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INVESTIGATION OF THE ZONE IN FRONT OF 
ROAD HEADS IN ORDER TO DETERMINE THE 

CAUSE OF ROCK AND GAS OUTBURSTS

ZS. SOM OSVÁRI

TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC 

[M anuscript received February 23, 1979]

Based on an analysis o f the interactions of the rock -gas system , it will be proved that 
the reason for outbursts occurring more frequently at road heads than in workings is th a t  the  
basic condition of outbursts, viz. the reduction of rock volum e, is always satisfied. In  workings, 
this condition is not valid  in case o f small P oisson’s ratios, m <  2.33.

The values o f layer strength (uniaxial com pressive strength) required to prevent o u t
bursts w ill be derived as a function of the in itial pore gas pressure, vertical prim ary stress, 
Poisson’s ratio and the angle of internal friction of the layer. This relationship explains, am ong  
others, w hy the frequency of outbursts increases w ith the increasing depths and drift cross 
sections and why could outbursts ensue in certain cases at very low pore gas pressure values  
(0.2 — 0.4 M Pa) while in other cases they do not occur at even much higher pressures. The 
relationship derived w ill also im ply that outbursts should generally occur in layers o f  low  
strength, even though in certain cases they can set in in layers o f greater com pressive stren gth  
as well.

In course of the analysis o f the in ten sity  o f outbursts, it  will be investigated w h y their  
in tensity  increases w ith the dirft cross section and w hy do we have outbursts of greater in ten 
sity  in drifts that cross the layer than in those driven w ith in  the boundaries of a g iven  layer. 
The calculations will furnish orders of m agnitudes for the intensities comparable w ith  th ose  e x 
perienced in actual cases.

F inally , connections between outburst danger and the effectiveness of supports and 
drifting speed will be analysed.
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Symbols

primary radial stress 
primary tangential stress 
primary axial stress 
primary shear stress 
secondary radial stress 
secondary tangentia l stress 
secondary axial stress 
secondary shear stress 
deform ation stresses 
effective stresses 
shear lim it stress 
Poisson’s ratio
Y oung’s m odulus of the surrounding rock
Y oung’s m odulus of the support ring
average bulk weight
radius of the plastic zone
depth beneath the surface
thickness o f support ring
radius of excavation
coefficient o f  viscosity
relaxation tim e
polar co-ordinates
tim e
distance from the face

1 Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



2 ZS. SOMOSVÁRI
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deformations
displacem ents
radial displacem ent o f  the drift surface far aw ay from the road head
yield stress
Brinke’s num ber
angle of internal friction
uniaxial com pressive strength
uniaxial com pressive strength in the presence of pore gas pressure
tota l stress
pore gas pressure
initial pore gas pressure
initial void  ratio
specific volum e change
coefficient o f loosening
volum e of deteriorated rock
weight o f  deteriorated rock

a , ß ,  a ' ,  ß ' ,  A ,  C, D , F  constan ts

A  great n u m b er o f u n ex p ec ted  rock a n d  gas o u tb u rs ts  occurs ev en  to d a y  
a ll o v e r  th e  w orld in  sp ite  o f  th e  g rea t e ffo rts  an d  expenses p a id  to  p ro te c tio n  
m e th o d s . This is b u t  a consequence of ou r p o o r u n d erstan d in g  o f th e  causes 
o f  o u tb u rs ts . W e do n o t a lw ays know  in  a d v a n c e  in  w hich seam  do we h a v e  to  
e x p e c t  o u tb u rs ts , w hile ev en  in  those  lay e rs  reg a rd ed  as dangerous th e  o u t
b u r s t s  c an  occur q u ite  u n ex p ec ted ly .

I n  a sim ilar w ay  as in  our prev ious s tu d ie s  [10], [11], [12], th e  in te r 
a c tio n s  o f th e  rock—gas sy s te m  will be in v e s tig a te d  in o rder to  d e te rm in e  th e  
c a u se s  o f  o u tb u rs ts . M ain  re su lts  o f our p rev io u s  investiga tions can  be  sum m ed  
u p  as follow s.

T h e  o u tb u rs t is a su d d en , exp losion-like  d e te rio ra tio n  process o f th e  
ro c k —gas system . T he basic  cause o f o u tb u rs ts  is th e  s tren g th -red u c in g  effect 
o f  th e  po re  gas p ressu re . T h e  basic co n d itio n  o f  o u tb u rs ts  is a load  th a t  reduces 
ro c k  vo lum e. No o u tb u rs ts  can  occur if  th e  ro c k  volum e increases d u rin g  d e te 
r io ra t io n . O n th e  su rface  o f  shafts and  d r if ts  fa r  aw ay from  th e  ro a d  head , 
n o  o u tb u rs ts  have ever se t in  because, h ere  v o lu m e  increase ta k e s  p lace  d u rin g  
ro c k  d e te rio ra tio n . O u tb u rs ts  alw ays occu r a t  rock  faces, ro a d  h e a d s , sh a ft 
so les a n d  w orkings b ecau se  th e  load  in  f ro n t  o f th e  face of ex cav a tio n s  causes 
a  v o lu m e  red u c tio n . In  w ork ings w ith in  co a l lay e rs  of ex trem ely  low  s tre n g th , 
i t  is possib le  to  h av e  a v o lu m e  increase ev e n  in  f ro n t o f th e  face [12]. I n  such  
c a se s , accord ing  to  ex p erien ce , no o u tb u rs t  occurs in  th e  w orkings.

I f  th e  rock vo lum e decreases in  f ro n t  o f  th e  rock face, its  p o re  vo lum e 
a lso  decreases so th a t  th e  pore  gas p ressu re  becom es g rea ter. In  f ro n t o f th e  
fa c e , th e  load  on th e  so lid  s tru c tu re  o f th e  ro c k  becom es g rea te r  d u e  to  th e  
tr a n s fe r re d  rock  p ressu re , w hile th e  s tre n g th  decreases because o f th e  increased  
p o re  gas pressure. T h u s  th e  cond ition  o f  d e te rio ra tio n  is easily  m e t. W ith  
a d v a n c in g  d e te rio ra tio n  th e  load is g ra d u a lly  tra n sfe rre d  from  th e  so lid  s tru c 
tu r e  o f  th e  rock on th e  p o re  gas, increasing  th e  gas pressure. W ith  th e  increase  
o f  th e  pore gas p ressu re  th e  s tren g th  fu r th e r  decreases, th e  co n d itio n  o f d e te 
r io r a t io n  w ill also be m e t a t  s tronger ro ck  p o in ts  and th e  process o f d é té rio ra -
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ZONE IN FRONT OF ROAD HEADS 3

tio n  proceeds fu r th e r . C onsequen tly , a chain  re a c tio n  com m ences d u rin g  w h ich  
rock  d e te rio ra tio n  is g rea tly  acce lera ted , sp read s  over a g rea t zone an d  ta k e s  
u p  an  explosion-like sh ap e  w hile th e  pore gas p re ssu re  increases to  m a n y  tim es  
its  in itia l va lue . T h e  resu lting  s ta te  can  b e  ch a rac te rized  by  a g re a t pore  
gas p ressu re  an d  th e  presence o f a rock  m ass possessing  hard ly  a n y  in te rn a l  
resistance . T hus a n  in ten siv e , explosion-like gas flow  s ta r ts  tow ards th e  open  
space th row ing  o u t a  g rea t am o u n t o f solid m a te r ia l. D uring th is  o u t- th ro w  
th e  adsorbed  gas p h ase  gets free an d  a g re a t a m o u n t of gas en ters th e  su r
ro u n d in g  m in ing  ex cava tions. T he above d e sc r ip tio n  o f th e  p h en o m en o n  of 
rock  and  gas o u tb u rs t  was derived  in  our p re v io u s  w orks [10, 11, 12].

E xperience  show s th a t  th e  v a s t  m a jo r i ty  o f o u tb u rs ts  occur a t  ro ad  
heads. O u tb u rs ts  are  r a th e r  ra re  in  w ork ings b ecau se  in  coals of e x tre m e ly  low 
s tre n g th  and  sm all P o isson ’s ra tio  th e  basic co n d itio n  of o u tb u rs ts  re q u ir in g  
a vo lum e re d u c tio n  d u rin g  d e te rio ra tio n  is n o t  sa tisfied . In  th e  P écs reg ion , 
H u n g a ry , p ra c tic a lly  no o u tb u rs ts  have  ev e r occu rred  in  w orkings b ecau se  
of ex trem ely  low  coal s tre n g th  an d  P o isso n ’s r a t io , 99 per cent o f th e m  have 
ta k e n  place a t  ro a d  heads. I t  is, th e re fo re , a n  a c tu a l ta sk , indeed , to  th o r 
ough ly  analyse th e  m echan ical s ta te  o f th e  ro c k  zone in  fro n t of th e  ro a d  head .

T he m ech an ica l behav iou r o f  th e  zone in  front o f  rock faces is h a rd ly  
d ea lt w ith  in  ro ck  m echanics, th e  few  av a ilab le  re su lts  can n o t be u sed  b u t  for 
q u a lita tiv e  conclusions. In  o rder to  o b ta in  q u a n ti ta t iv e  resu lts, we h a v e  to  
inv estig a te  th e  m echan ical b eh av io u r of th e  ro ck  zone in  fron t o f ro a d  heads. 
Since th e  m echan ica l s ta te  a ro u n d  d rifts  fa r  aw ay  from  th e  road h e a d  is well 
know n [1, 2, 3 ], i t  is ad v an tag eo u s to  s ta r t  o u t from  th is  know ledge fo r  th e  
analysis of th e  ro ck  zone in  f ro n t o f th e  ro a d  h ead .

1. M echanical state around a drift of circular cross section far aw ay
from the road head

T he elastic  secondary  stresses a ro u n d  a  h o riz o n ta l d rift of c irc u la r  cross 
section  w ith o u t su p p o rts  a fte r ex c a v a tio n  c a n  he described in  th e  po la r 
co -o rd inate  sy s tem  o f Fig. 1 as follows:

(Jr =
H y

2(m -  1)

Hy

1 -
R 2

+  — 2 )
R 2 R '

1 — 4 -------Ь 3 ---- 1 cos 2<p
r2 r-

2(m -  1)

<Jn

m ( m - 2 )  1 +  3
R x

cos 2<p

H y
2 -

R 2

T, „ =

2 (m — 1) m r2

H y
------- — (m —

m - 1 )
2) Í 3 - * _ 2 ^ -

r 4 r2
sin 2cp.

(1)
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4 z s .  s o m o s v a r i

Fig. 1. Co-ordinate system  schem atics

T h e  p r im a ry  stresses 
p o la r  co -o rd in a tes :

befo re  e x cav a tio n  are , a t  th e  sam e place an d  in  th e  sam e

Hy
oy = -----------[1 — (m  — 2) cos 2ç>]

m  — 1

Hv
(Ту = -----------[ 1 +  (m — 2) sin  2cp]

m  — 1

H y
m  — 1

( 2)

r r , f
H y  

m — 1
sin  2<p .

T h e  s tre s s  changes due to  e x cav a tio n , i.e. th e  d ifferences betw een  se c o n d a ry  
a n d  p r im a ry  stresses, th e  so-called  d e fo rm a tio n  stresses, are:

Aa.  =

^ 4  =

H y
2(m -  1) 

H y

R 2 I R 2 IV 1m ---- - -(- (m — 2) 4 ---------^3----  cos2<p

A ct,,

R 2 IV
m ---------(m  — 2) 3 ------ cos2a?

2(m -  1) r2 r«

H y (m  — 2) R 2
---------------- ------------ 4 ---- cos 2<p
2(m -  1) m r2

(3)

A r r . f  =  -
H y

2 (m — 1)
( m  —  2 )

R 2 K 4
2 —----- 3

r2 r 4
sin 2<p
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ZONE IN FRONT OF ROAD HEADS 5

w here  H  d ep th  o f  th e  excava tion ,
y  average b u lk  w eigh t of th e  o v e rb u rd e n , 
m  P o isson ’s ra t io ,
R  rad iu s  o f  excav a tio n .

F o r  m =  2 th e  above fo rm ulae  b eco m e m u ch  s tra ig h tfo rw ard . W h e n  
an a ly sin g  th e  ro c k  zone in  fro n t o f th e  ro a d  h e a d  one can  ta k e  m  == 2 fo r  
p laces fa r  aw ay fro m  th e  road  head . T h ro u g h o u t th e  in v es tig a tio n  th is  v a lu e  
w ill he used.

F o r su p p o rted  d rif ts , and ta k in g  th e  tim e  fa c to r  in to  acco u n t, th e  ab o v e  
stresses can  be ex p ressed  as follows [2].

S econdary  s tre sses :

<*r

Oa

Hy

=  f i t

l1- ( -r
1+ <R)—г j

a  =

[1 _ « ' ( ! _  e-P')]

[1 — a '  (1 — e  ̂O] 

E

—  v +  — R  
E  5

(4)

R

ß' =

2R¥  +  f " ’#
here  t tim e,

E  Y oung’s m odu lus of th e  su rro u n d in g  rock ,
E s Y oung’s m odu lus of th e  s u p p o r t r in g ,
V wall th ic k n e ss  o f th e  su p p o rt rin g , 
rj v iscosity ,
& re la x a tio n  tim e .
T hese e q u a tio n s  can  he derived  from  th q  P o y in tin g —T hom son  (s ta n d a rd )  

m odel.
D efo rm atio n a l stresses:

A or =  - H y  | ^ - ) 2 [1 —  « '(  l - « - /5'')]

Aoy =  H y [1 + « ' ( ! _  e-P'1)] (5)

A (ja =  0 .
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6 ZS. SOMOSVÁRI

D e fo rm a tio n s :

“( I  -  e~ßl) 

— e - ? 1)

Ea =  О

w h e re  er rad ia l d efo rm atio n ,
Eç, ta n g e n tia l d e fo rm a tio n ,
Ed ax ia l d e fo rm ation .

Er =  — H y
а  К  К

E sv

e =  H y
x 'R
E m

r

R  2
(1 (6 )

D isp lacem en ts  :

ur =  H y
x 'R 2
E sv

R
(1 e~ßt)

Uç, =  0

ua =  О

w h ere  ur rad ia l d isp lacem en t,
uv ta n g e n tia l d isp lacem en t, 
ua ax ia l d isp lacem en t.

( 7 )

I f  th e  seco n d ary  stresses a re  expressed  in  te rm s  o f  th e  rad ia l d iscp lacem en t, 
th e  fo llow ing  equ a tio n s a re  o b ta in e d :

T h u s  th e  d isp lacem en t—stress  re la tio n sh ip  is in d e p e n d e n t of tim e .

Aeta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



ZONE IN FRONT OF ROAD HEADS 7

T he rad ia l s tre ss  on th e  surface o f th e  e x c a v a tio n  a t r =  R  c an  be 
w r itte n  as

<JR =  v
urvE s

R 2
( 9)

T his gives, a t  th e  sam e tim e , th e  load  on  th e  s u p p o r t w hich, in  consequence, 
is lin ea rly  p ro p o rtio n a l to  th e  rad ia l d isp lacem en t.

A round  th e  d r if t , th e  elastic  s ta te  o f s tress does n o t alw ays ex ist. I f  th e  
seco n d ary  elastic s ta te  o f stress sa tisfies th e  co n d itio n  o f p las tic ity , a zone in  
p la s tic  s ta te  is fo rm ed  a ro u n d  th e  d rif t. Since th e  p ro p erties  of th e  p la s tic  
zone h av e  been m u ch  less s tud ied  th a n  in  th e  e la stic  s ta te , th e  p las tic  zone 
deserves a closer sc ru tin y .

The p lastic  ro ck  zone a round  a d rift of c irc u la r  cross section  fa r aw ay  
fro m  th e  road  head  c a n  be ch a rac te rized  as follow s. A p lastic  s ta te  is c re a te d  
if  C oulom b’s co n d itio n  o f p las tic ity

— Bor -)- oy ( 10)

is sa tisfied , w here

(Ту denotes th e  y ie ld  stress o f u n iax ia l com p ressio n , and 
В  is B rin k e’s n u m b er,

Ф)
В =  ta n 2 45° 4- — ( И )

w ith  Ф being th e  ang le  o f in te rn a l fric tion .
T he eq u a tio n  o f  equ ilib rium  becom es for p la n a r  defo rm ation :

or, b y  E q . (10)

dar <fr -  g , _  p
9 r r

~  =  -  К  (В  -  1) +  <rY] .
or r

( 12)

(13)

T h e  so lu tion  to  th is  lin e a r  d iffe ren tia l eq u a tio n  a t  r =  R,  sub jec t to  th e  co n 
d itio n  (Tr — oR, is

В  -  1

в  1

В  -  1
and

<7m =
В  -  1

a r +  a <p

+  °R
B -l

В  -
B - l

(14)

(15)
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8 ZS. SOMOSVÁRI

I f  th e  rad iu s  г =  q d en o tes  th e  lim it o f th e  p las tic  zone, th e  above  equ a tio n s 
a re  v a lid  for th e  zone r  p.

T h e  elastic zone a ro u n d  th e  p lastic  one can  be regarded  as a zone su r
ro u n d in g  an ex cav a tio n  o f  ra d iu s  q su p p o rte d  b y  a hom ogeneous lo ad  of th e  
in te n s i ty  ae. A t r =  q th e  s tresses can  be ca lcu la ted  b o th  from  th e  eq u a tio n s 
o f  t h e  elastic  zone and  fro m  th o se  o f th e  p la s tic  one. The ax ia l s tre ss  a t r =  q 
b eco m es

o„ = a r +  <*,f  __ H y  = °e “H °V _ °е "b В )  °Y (16)

H e n c e
2 Н у  — a у

В  f  1
J? I й 1 (17)

F ro m  th is  equation  th e  ra d iu s  o f th e  p las tic  rock  zone is

6 =  R H y ( B -  l )  +  o Y -1 1 
_ ß-1

a R (B 2 — 1) +  (B  -f- 1) <Ty

I f  w e h a v e  for th e  re a c tio n  o f  su p p o rt aR =  0, th e  rad iu s  becom es

Ну  (-B — 1) +  <Jy

(18)

e = R
1

B- 1 (19)
(B  +  l)<rY

N o p la s tic  zone is fo rm ed  i f  q =  R,  i.e. if  th e  v a lu e  of th e  reac tio n  o f  su p p o rt is

„  _  о Н у (В  -  ! )  +  <jy (rv
В 2 -  1 В  - 1

( 20)

T h e  e la s tic  stresses b eyond  th e  p lastic  zone, i.e. for (r >  q) becom e

a r — H y
/ - I f f ]

II 5 1 +
_ p j2

+
2 H y  — Oy 

B  +  l  

2 H y  — Oy
^ в Т Г

Oa =  H y .

( 21)

I n  ro c k s  o f  sm all s tre n g th , i.e . a sm all y ield  p o in t and  sm all angle o f  in te rn a l 
f r ic t io n , a very  large re a c tio n  o f su p p o rt is req u ired  to  p rev en t th e  fo rm a tio n  
o f  t h e  p la s tic  zone. T ak in g , e .g . о у  =  2 M N /m 2 and  В  =  2 w e o b ta in  qr == 
=  0 .67  H y  —  66.7. I f  H y  =  10 M N/m 2 w hich  ap p ro x im ate ly  co rresp o n d s to
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ZONE IN FRONT OF ROAD HEADS 9

a d e p th  of H  =  400 m , a reaction  o f  su p p o rt aR =  6 M N/m2 w ould h av e  been 
req u ired  to  avoid th e  fo rm atio n  o f th e  p las tic  zone. Since th e  su p p o rts  o f th e  
d rif ts  are  generally  ab le  to  exert a re a c tio n  o f su p p o rt around  aR с*; 0.5 —  1 
M N /m 2 a t m ost, th e  p la s tic  rock zone is a lm o st alw ays p resen t in  rocks of 
sm all s tren g th . I t  sh o u ld  be em phasized , h o w ev er, th a t  even if  th e re  w ere 
a p la s tic  zone a ro u n d  th e  d rift fa r  aw ay  from  th e  ro ad  head th is  does no t 
necessarily  im ply  t h a t  th e  rock zone in  f ro n t o f  th e  road  head is in  a p lastic  
s ta te  as well, since th is  zone is in  a m ore fa v o u ra b le  s ta te  of stress.

T he know ledge o f these  re la tio n sh ip s  is o f  u tm o s t im p o rtan ce  in  o rder 
to  ch arac terize  th e  m echan ical b eh av io u r o f  th e  ro ck  zone in fro n t o f th e  road  
h ead , since th e  m ech an ica l fields (stress, d e fo rm a tio n  and  d isp lacem en t) in 
th is  zone are no t in d ep en d en t of th e  fields a ro u n d  th e  d rift.

2. M echanical state in the rock zone in front of the road head

T he rock zone in  f ro n t of th e  ro ad  h ead  c a n  be considered as com posed 
o f tw o  p a rts  (F ig. 2). T h e  first is th e  ro ck  s u p p o r t o f a d rift of c ircu la r cross

TTTTГТТТТТ

Fig. 2. Rock cylinder in front o f the road head

sec tio n  if  r <C .R, th e  second is th e  rock  a ro u n d  a su p p o rted  d r if t o f c ircu la r 
cross section  a t r  ^  R .  -The th ick n ess  o f th e  su p p o rt is v =  R ,  its  Y o u n g ’s 
m odulus being E s — E .  T he rad ia l s tress on th e  m a n tle  of th e  rock  c y lin d e r is

<*R (x  ) =
“fl (*) E 

R
( 22)

T he rad ia l d isp lacem en t uR of th e  m an tle  d im in ish es  w ith  th e  d is tan ce  x  from  
th e  face.

T he rad ia l d e fo rm a tio n  of th e  rock  cy lin d e r in  fro n t o f th e  ro a d  h ead  can  
be w ritte n  as

T h e  tan g en tia l d e fo rm a tio n  is

(23)

E<P
2 Rn  — 2 (R  — u R)n 

2 R n
uR
R

= er (24)
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10 ZS. SOMOSVÁRI

T h e  defo rm atio n s can  also be ca lcu la ted  b y  m eans o f th e  genera lized  H o o k ’s 
law , f ro m  th e  d e fo rm atio n  stresses:

1
¥ Acs r -

e* =
1 [ _  Aar -f- Aoa 
E  

1
*a =  - \ A < * a -

m

Aar -f- A g.

(25)

dx ч—г

Gz

Fig. 3. Stresses acting on  a volum e elem ent in  front of the road head

B ecau se  o f  er =  Aor — Actф m u st ho ld , th u s

Aoa — E sa +  —— ^ • (26)
m

T h e  eq u ilib riu m  of a vo lum e e lem en t o f  th ick n ess  dx,  as illu s tra te d  in  F ig . 3, 
im p lie s  t h a t  th e  follow ing e q u a tio n  ho lds:

oaR?n —  (cra +  dera) R 2n  —  та_г 2R n  da: =  0 . (27)
H e n c e

doa _  2г0|Г

d*  R

T h e s h e a r  stress can  be w r it te n  as t a r =  — AAcsa th u s  we o b ta in  th e  lin ea r 
d if fe re n tia l  equation

d Oq

d*

2 A H y  
R

(29)
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ZONE IN FRONT OF ROAD HEADS 11

w hose so lu tion  is
2A

aa =  H y (  1 — e r X ) (30)

su b je c t to  th e  in itia l cond itions x  — 0 and  oa =  0. U sing th is  so lu tio n , we 
o b ta in  fo r th e  rock  c y lin d e r in  fro n t o f  th e  face th a t

J2A 2A
Aaa — — H y e  r X ; гa<r =  A H y e  r X  . (31)

In  o rd e r to  achieve b e t te r  a p p ro x im a tio n s  in  th e  follow ing discussion  we shall 
d ro p  th e  assum ption  m =  2 and will m ake use of th e  re la tio n sh ip s

<*a
H y  

m — 1

2A
1 - e  rX

A(fa
H y 2 A

e rX
m  — 1 *

H yл
2A

e rXTa,r m  — 1 e

(32)

L e t us tu rn  now to  th e  rad ia l stress. A ccord ing  to  o u r p rev ious re su lts  

m E er -)- Aaa 1
Aar =

-  1 -  1

m E u R(x)
R  +  °

(33)

T h e  ra d ia l d isp lacem en t uR(x) of th e  m an tle  of th e  rock  cy linder in  fro n t of 
th e  ro a d  head p roceeds under v e ry  sim ilar cond itions as th e  subsidences of 
th e  ov erb u rd en  lay e rs  above w orked  areas.

F o r  th is  reaso n  w e can  w rite  (b y  m ak ing  use o f [13]) th a t

Ur (x ) — u% 0.362
-3 .1

e
^ l x _ 8.,£npl*)

h +  0.138 e h

uR(x) =  uR U(x); x  > 0

(34)

w ith  h being th e  h e ig h t of th e  ro c k  zone above th e  ro ad  h ead  s till u n d er 
defo rm ation  and  d isp lacem en t,

uR th e  rad ia l d isp lacem en t o f th e  surface of th e  d rif t fa r  aw ay  from  th e  
road head .

A ccord ing  to  S ection  1, th is  d isp lacem en t is o f th e  fo rm  uR =  H y  CR2/E ,  th u s

Aor =  — ----- [m H y CRU(x)  +  z1cra] . (35)
m — 1
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12 ZS. SOMOSVÁRI

T h e  p a ra m e te r  C c h a ra c te r iz e s  th e  effectiveness o f th e  su p p o rt. A su p p o rt 
o f  sm a lle r  effectiveness e x e r ts  su ch  an effect on th e  tra n s fe rre d  stress as if  
th e  d r if t  radius w ere g re a te r . C onsequen tly , in  case o f a g rea t d rift rad iu s  
a n d  a su p p o rt of sm all e ffec tiv en ess , th e  tra n s fe rre d  s tre ss  is especially  h igh . 
A cco rd in g  to  the  p rev io u s co n sid e ra tio n s , th e  p a ra m e te r  C depends on tim e ,
i.e ., im p lic itly , on th e  sp eed  o f  d riftin g  as well. I n  case o f a q u ick er advance  
C b ecom es sm aller.

T h e  dim ensions o f th e  m o v ing  rock zone above th e  d r if t fa r  aw ay  from  
th e  ro a d  head s tro n g ly  d ep e n d s  on w hether o r n o t th e re  h a s  developed  a 
p la s t ic  zone around th e  d r i f t .  N e a re r  to  th e  road  h ead  th e  co n d itio n  of p la s tic 
i t y  becom es ever m ore d iff ic u lt to  satisfy . In s id e  th e  ro ck  cy linder, in  fro n t 
o f  th e  ro ad  head h u t  f a r  a w a y  from  it, th is  co n d itio n  is only  ex cep tiona lly  
m e t b ecau se  of th e  t r ia x ia l  s ta te  o f stress. T herefo re , h =  4 R  holds fo r th e  
ro c k  cy lin d er in f ro n t o f  th e  ro a d  head.

C onsequently ,

-  0 . 8 ^ - ’ X - 2 . 0  X
17(*) =  0.362 e R +  0.138 « R . (36)

I n  E q . (36) the  second te r m  on th e  rig h t-h an d  side d im in ishes m uch  m ore 
a p id ly  th a n  the  f irs t one fo r  in c reasin g  values o f x,  th u s , a p p ro x im a te ly

1

U(x) =  0.5 e R

Aar= H y  
m  — 1

fm— 1
0 .5 m C h e  R

(37)

(38)

S ince  A a r >  0 m ust h o ld ,

A  =  0.5 y m  _  1
y ie ld in g

T T  f m —  1

Aar =  7 e R ~ |0.5mCJR — > 0

ar =  H y  jl + 0.5  mCR
-  1 (m — l ) 2

m  — 1 

e R 1 >  H y .

(39)

(40)

T h e  co n d itio n  o> >  H y  h as  t o  be sa tisfied  in  case o f m =  2, to o , from  w hich  
CR  1 follows.

A ll th e  equations d e riv e d  ab o v e  re la te  to  th e  e lastic  s ta te . L e t us now  
in v e s tig a te  th e  cond itions b r in g in g  ab o u t p lastic  s ta te . T h e  axis o f  th e  d r if t

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



ZONE IN FRONT OF ROAD HEADS 13

w here Ta>r =  0 holds is in  a p las tic  s ta te  if  th e  co n d itio n

Or B(Ja '■'* CTy
is v a lid , i.e. if

У т -1

0.5 mCR + В
m — 1

— —  +  1 > - ^  
m — 1 Hy

(4 1 )

(42)

I f  th e  p la s tic  s ta te  h as  a lre a d y  developed a t  th e  face, it  w ill e x te n d  up  to  
a d is tan ce

R
O.SmCR 4 В  —

В

У  т
ln

( Ну m

m
B

1

- 1
(43)

In  th e  p lastic  ro ck  zone in  fro n t o f th e  ro ad  head  th e  stresses can  be 
expressed  as follows (a;.J> x 0)

Y m — lHy

уr =  Hy

m — 1

ov

I -  e R 

В
+

Hy m

m —  1
о R ~ X

(44)

T he d e p th  o f th e  p la s tic  rock  zone in  f ro n t o f th e  face is il lu s tra te d  in 
F igs 4— 7 for various p a ra m e te rs . As i llu s tra te d  b y  th e  F ig u res , th e  d ep th

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982
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o f th e  plastic rock zone sharp ly  decreases w ith  increasing strength . This is 
due to  th e  fact that the y ie ld  strength and B rinke’s number of rocks o f greater 
stren g th  are also greater. I t  is further seen from  the Figures th at th e  depth  
o f  th e  plastic zone at th e  face o f the drift increases w ith th e  value o f CR. 
T his m eans that the greater the radius of the drift or the sm aller the effec
t iv e n e ss  o f the built in support, the greater load will act on the rock cylinder  
n front o f the road head .

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982
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3. Volum e ch an g e  in  th e  rock zone in  f ro n t o f the drift face

I n  th e  firs t p a r t  o f  o u r s tu d y  we em p h asized  th e  im portance  o f  th e  sign 
of th e  v o lum etric  ch an g e  in  fro n t of th e  ro ck  face from  th e  s ta n d p o in t  of 
o u tb u rs t  d anger, i.e . w h e th e r th e  volum e o f th e  ro ck  decreases or increases. 

T he specific v o lu m e  change along th e  ax is  o f  th e  d rift is

A V
—p ~  =  er +  f ç> +  £a • ( 4 5 )

H ere , A V /V ^>  0 m eans a vo lum e red u c tio n , A V / V  < 0  a vo lum e in c rease . 
U sing th e  eq u a tio n s  o f  S ection  2

— 2er +  ea =  —— (2zlcrr -f- Aaa) .

M aking  use of

we o b ta in

mE

Aar — — I O.SmCR —

2 -

1 Aan

A V  . m - 2
------ =  Aa.  —

V  m E

m — 1 1 

m — 1
0.5 m(m — I )CIl — 1

(46)

(47)

(48)

Since CR^>  1 an d  A ar ^> 0 hold in  real cases (for m^>  2), we h av e  A V /V ^ >  0,
i.e. th e re  is alw ays a vo lum e red u c tio n  in  f ro n t  o f th e  road  head . T h e  sm aller

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982
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th e  Y o u n g ’s m odulus an d  th e  effectiveness o f  th e  su p p o rt b u ilt  in  or th e  
g r e a te r  th e  rad iu s  of th e  d r if t  and  th e  P o is so n ’s ra tio , th e  g re a te r  w ill be th e  
v o lu m e  increase.

I t  is a com m on experience  th a t  th e  freq u en cy  of o u tb u rs ts  increases 
w ith  th e  cross section  of th e  d r if t [5], [6]. T h is  is in  accordance w ith  o u r re su lt 
t h a t  th e  specific vo lum e re d u c tio n , i.e. th e  d a n g e r  o f o u tb u rs t as w ell, increases 
w ith  th e  rad iu s  o f th e  d ir f t .

I n  th e  p lastic  rock  zone in  fro n t of th e  face  (a  <  a 0) th e  specific  vo lum e 
c h a n g e  is zero. A t th e  p lace  o f th e  p lastic  ro c k  zone, how ever, th e  ro ck s  had  
a lre a d y  b een  in  th e  elastic  s ta te  (up to  th e  tim e  th e  d rift reached  th e re )  and  
th e  c o rre sp o n d in g  volum e ch an g e  has a lre a d y  ta k e n  place. C o n seq u en tly , th e  
p la s t ic  ro c k  zone does n o t p la y  any  role as re g a rd s  th e  sign o f v o lu m e  change 
( in c re a se  or decrease).

4. Stresses in the rock zone in front o f  the road head in the  
presence of pore gas pressure

I n  th e  presence o f po re  gas pressure, th e  so-called effective s tre s s  a '  in  
th e  so lid  s tru c tu re  has to  be d is tin g u ish ed  fro m  th e  pore gas pressure  o r  n e u tra l  
s tre s s  p .  T h e  re su lta n t o f th e se  tw o stresses is th e  to ta l  stress Of.

T h e  equ ilib rium  o f a vo lu m e elem ent o f  th ick n ess  da; in  th e  in v e s tig a te d  
ro c k  zo n e  can  be expressed  as (Fig. 8):

Aa'aR 2n —  [Acs'a +  d(Zl(Tí/ )] R 2n  -)- [Zip -f- d (zlp)] R 2ji — ApR2rc +  t'ar2Rii  d a  =  0.

(49)

H en ce

Fig. 8. Equilibrium  o f a volum e elem ent in  front o f the road head

d (z K )  d(Zlp) _  2т'а г  '
da; d a  R

(50)

T he c h a n g e  o f th e  pore gas p ressu re  Ap  due  to  ex cav a tio n  is a p p ro x im a te ly  
p ro p o r t io n a l  to  th e  specific vo lum e change o f  th e  rock . The specific v o lu m e
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change , how ever, is lin e a r ly  p ro p o rtio n a l to  th e  ax ia l d e fo rm a tio n a l stress 
Ao'a, i.e . th e  change o f  p o re  gas pressure can  be w ritte n  as Ap  =  — DAo'a. 
T his y ields th e  d iffe ren tia l eq u a tio n

, D  , d ( ^ K )  =  2 t ’qtr =  _  2 A A ct'a

 ̂ dx R  ~ R
(51)

h a v in g  th e  general so lu tio n
2A

Act' =  F  • e W>+«> .

S ince fo r X =  0

m u st h o ld , we have

m  — 1

F  - - Ну  -  pp
m — 1

i.e .

T J  ] i m — 1

Ao'a =  -  НУ Рое~Жв+Г)>
m — 1

(52)

(53)

(54)

(55)

w i t h i n  being  pore gas p re ssu re  before th e  ex cav a tio n . B y  E q . (55) th e  stresses 
in  th e  solid s tru c tu re  o f  th e  rock  can  be expressed  in  th e  seco n d a ry  s ta te  as:

On =
Hy — Po

m  — 1
1

fm—1
e  f í (D +l ) X

V r=  0.5 - 1
m  — 1

o'r =  (H y  Po) J l

fm -l
(.Hy Po)e *(D+'>

0.5 mCR  1

(mm 1

Ÿm- 1
R(D + 1)* _

(56)

O f course, we s till  h a v e  to  d e te rm in e  th e  p a ra m e te r  D.  F o r  a sm all 
specific  volum e change th e  pore  gas pressure o f m e th an e  is, acco rd in g  to  [12],

p  =  1.26 p 0-1 +  eo A V  
V  ;

A V  <
V  1 +  e0

(57)

e0 b e in g  th e  in itia l v o id  ra t io  o f th e  rock (belonging to  pore  gas p ressu re  p 0).
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Fig. 9. E lastic  and  p lastic  stresses in front o f  the drift face

F u rth e r ,
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C o n s id e r  now the v a r ia tio n  o f  stresses, for th e  v a lu es  m  =  4, В  =  4, E  =  400 
M N /m 2, e0 =  0.05, Я  =  400  m , y =  25 k N /m 3, R  =  2 m  and  CR =  4. W ith  
th e s e  v a lu es , we o b ta in  D  =  0.047 p 0.

U sing  these v a lu es , t h e  elastic  stresses becom e

=
100 — p 0 0.866

1 _  e  o .0 5 p ,+ r

0.866

o' =  (H y  -  p 0)(l +  2.556e o.osp.+i )

r  ___0.866

P =  P o  —  DAo'a =  p  0 1 +  0.016 (100 — Po) e °-05p*+1

(60)

(61)
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ZONE IN FRONT OF ROAD HEADS 19

T h e  stresses as a fu n c tio n  o f  d is tan ce  x  are p lo tte d  in  F ig . 9 fo r th e  p a ra m e te r  
v a lu es  p о =  0, 1, 2 a n d  4 M Pa. As seen from  th e  F ig u re , th e  g re a te r  th e  po re  
gas p ressu re , th e  g re a te r  th e  zone o f stress changes in  f ro n t o f th e  d r if t  face. 

T h e  stresses in  th e  e lastic  rock  zone are

Ym—l
1 — e R( ° + '>', H y -  p 0

<*a =  -------------—m  — 1

a’r =  (H y  - p 0)
H y  — Po m — 1 

T h e  d e p th  of th e  p la s tic  rock  zone is

+  •
В Ут— 1

1 _  e “ R(D + l)

1]
(6 2 )

R (D  +  1) ,
Xn =  — In

O.bmCR -\- В  —
m  — 1

l m - l  I a(m  — 1)
В

H------------—  1
H  — p 0 m  — 1

( 6 3 )

W ith  o u r p rev ious d a ta ,  an d  cry =  4 M N/m 2, th e  stresses o f th e  p la s tic  rock  
zone c a n  be expressed  as

0.866

(6 4 )
_  100 — poО n 1 -  e 0.05p,+ l

a; = (loo -  po)

P  =  Po  +  D A a ’a( x o ) .

T hese  stresses are  also i llu s tra te d  in  F ig . 9.

4 0  1 1 3 3  i l

0.866
„ 0.05p0+ 1 1

. 1 0 0  -  Po 1 I
(65)

5. Deterioration o f the rock zone in  front o f  the road head in  the 
presence of pore gas pressure

P o re  gas p ressu re  decreases th e  s tre n g th  o f  th e  rock . T he e q u a tio n  of 
th e  fra c tu re  lim it line can  he w ritte n  [10] as

г  = ac
2 Y B

В  -  1

ac
(at -  P) (66)

w here Oc is th e  u n ia x ia l com pressive s tre n g th  w ith o u t pore gas p re ssu re , and  
p  is po re  gas p ressu re .
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T h e  un iax ial co m p ressiv e  s tre n g th  becom es, in  th e  presence o f  po re  gas 
p r e s s u re  [10]:

° c  =  ° c  — (B  —  1) p  . (67)

I n  t h e  d r if t  axis, a ccep tin g  th e  lin ear f ra c tu re  lim it cu rve  d e te r io ra tio n  comes 
a b o u t  i f  th e  equality

a '  =  ac —  (В  —  1) p  +  Bo'a (68)

h o ld s . F ro m  th is e q u a tio n  th e  un iax ia l com pressive  s tre n g th  re q u ire d  to  p re 
v e n t  d e te rio ra tio n  can  he  ex p ressed  as:

а сп<1 — °r — Boa -f- (B  —• 1) p

tfcreq. =  (Hy  -  To)

lm—l
e R(D+ 1)X

m  — 1
|o.5mCR

1

m  — 1
+  1 - +

+  ( Б - 1 ) р 0 - №

T h is  re la tio n sh ip  show s t h a t  th e  g rea te r H y , th e  g rea te r th e  com pressive 
s t r e n g th  requ ired  to  p re v e n t  ro ck  d e te rio ra tio n . T h is explains w h y  does th e  
f r e q u e n c y  o f o u tb u rs ts  in c re a se  w ith  d ep th , fo r th e  g rea te r th e  com pressive 
s t r e n g th  requ ired  to  p re v e n t  d e te rio ra tio n , th e  m ore  freq u en tly  w ould  i t  occur 
t h a t  t h e  s tre n g th  is less t h a n  th is  lim it.

A  fu r th e r  lesson fro m  th e  above e q u a tio n  is th a t  th e  g re a te r  th e  d rift 
r a d iu s ,  th e  g reater co m p ressiv e  s tre n g th  is re q u ire d  to  p rev en t ro c k  d e te 
r io r a t io n .  T his explains th e  observ a tio n  t h a t  th e  frequency  o f o u tb u rs ts  
in c re a se s  w ith  increasing  d r i f t  cross sections.

T h e  com pressive s t r e n g th  requ ired  to  p re v e n t d e te rio ra tio n  is p lo tte d  
a g a in s t  a  dim ensionless d is ta n c e  m easured  fro m  th e  ro ad  head , fo r v a rio u s  
p a ra m e te r s ,  in  Figs 10— 13. T h e  com pressive s tre n g th  req u ired  to  p re v e n t 
d e te r io r a t io n  quickly  fa lls  to  zero  w ith  th e  d is ta n c e  from  th e  face i f  th e  pore 
gas p re s s u re  is sm all. W h en  zero  com pressive s tre n g th  is requ ired  th is  m eans 
th e  in te r n a l  friction  o f th e  ro c k  alone is su ffic ien t to  p rev en t d e te r io ra tio n . 
F o r  g r e a te r  pore gas p re ssu re s  th e  com pressive s tre n g th  req u ired  to  p re v e n t 
d e te r io r a t io n  does n o t te n d  to  zero w ith  th e  d is tan ce  from  th e  face . T hese 
cases  a re  v e ry  u n fav o u rab le  fro m  th e  p o in t o f  o u tb u rs t  danger. I f  th e  lay e r 
s t r e n g th  does no t change c o n sid e rab ly  an d  is sm alle r a t  th e  face th a n  th e  
c o m p re ss iv e  s tren g th  re q u ire d  to  p rev en t d e te r io ra tio n , rock  d e te r io ra tio n  
co m es a b o u t a t the  face. T h is , how ever, does n o t in d ica te  an  o u tb u rs t ,  fo r th e  
p o re  g a s  an d  th e  e v a p o ra tin g  ad so rb ed  gas c a n  easily  leave th e  face th u s  th e  
p o re  g a s  p ressu re  can n o t in c rea se . If , how ever, th e  d e te rio ra tio n  has p e n e tra te d  
to  a  g r e a te r  dep th  b eh in d  th e  face, th e re  is a  possib ility  for th e  p o re  gas
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Fig. 11. Compressive strength required to prevent deterioration
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Fig. 10. Compressive strength required to prevent deterioration
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Fig. 12. Com pressive strength required to  p rev en t deterioration

R(D*1)

Fig. 13. Com pressive strength required to p reven t deterioration

Acta Ceodactica, Geophysica et Montanistica Acad . Sei. Hung. 17, 1982



ZONE IN FRONT OF ROAD HEADS 23

p ressu re  to  increase, th e  d e te rio ra tio n  process gets acce lera ted  an d  an  o u tb u rs t 
ensues. T he s itu a tio n  is especia lly  dangerous i f  th e  coal s tre n g th  m ore qu ick ly  
decreases w ith  th e  d is ta n c e  from  th e  face th a n  th e  com pressive s tre n g th  re 
q u ired  to  p rev en t d e te r io ra tio n . In  such cases, d e te rio ra tio n  com es a b o u t fa r th e r  
fro m  th e  face. H ere , th e  po re  gas pressure  increases b u t  th e  in ta c t  ro ck  m ass 
o f th e  face does n o t a llow  th e  gas to  escape so th a t  a t  a c e r ta in  p o in t o f th e  
p rocess th e  gas p ressu re  w ill sudden ly  th ro w  o u t th e  face from  its  orig inal 
p lace . T his s itu a tio n  c a n  be  observed  n e a r geological d is tru b an ces  (fau lt zones, 
fo ld ings etc.).

I t  should be n o te d  th a t  th e  pore gas p ressu res g re a te r  th a n  p 0 =  
— (0.4 —  0.5) H y  fro m  am ong  th e  values (0 —  1.0) H y  in  F igs 10— 13 have 
no  p ra c tic a l im p o rtan ce . E xperience  show s, n am ely , th a t  pore gas pressure 
ran g es w ith in  0— 5 M P a , in  m any  cases on ly  b e tw een  0.5— 1 M P a, while 
v a lu es  a round  H y  ad 10 M P a should  be reg a rd ed  as general.

6. Intensity o f outbursts

T he in te n s ity  o f  o u tb u rs ts  is ch a rac te rized  b y  th e  w eigh t o f  th e  loose 
ro ck  th ro w n  out. T h e  m o st freq u en t in te n s ity  va lu e , from  am ong th e  m ore 
th a n  te n  th o u san d  o u tb u rs ts  hav ing  been  reco rded  u p  to  now  all over th e  
w orld , w as betw een  1 a n d  20 MN [6]. T he in te n s ity  o f th e  g re a te s t know n 
o u tb u rs t  (D onets b a s in , J u ly  1969) was 140 M N coal. As a check  of o u r p rev ious 
re su lts , le t us try  to  e x p la in  how  is it  possible th a t  v a s t  a m o u n t o f so lid  m a te ria l 
b e ing  th ro w n  ou t.

T he o u tb u rs t s ta r ts  w ith  th e  d e te rio ra tio n  o f th e  rock  cy lin d er in  fro n t 
o f th e  ro ad  head . D e te r io ra tio n  p e n e tra te s  in  f ro n t of th e  ro ad  h ead  in to  
a d e p th  ocR, w ith  a m a x im u m  o f a =  4. T he vo lum e o f th e  d e te r io ra te d  rock  
cy lin d er

(70)

W ith  a  =  4 and  R  =  2 m  th e  volum e becom es V x =  100 m 3. T h is gives th e  
w eigh t =  1.3 M N fo r  coal an d  Gx =  2.5 M N for w aste . T his o rd er o f  m agn i
tu d e  is ch a rac te ris tic  fo r o u tb u rs ts  of sm aller in te n s ity . I n  som e cases th e  
o u tb u rs t  ends w ith  th e  d e te rio ra tio n  of th e  ro ck  cy lin d er in  f ro n t o f  th e  ro ad  
h ead . H ow ever, i t  is o n ly  th e  beginning  in  som e o th e r  cases. W ith  th e  ou t- 
th ro w  o f th e  rock  c y lin d e r  in  fro n t o f ro ad  h ead , a new , u n su p p o rte d  free 
su rface  an d  road  h e a d  are  c rea ted  in  th e  rock . T he u n su p p o rte d  ro ck  m an tle  
fa lls in  and  heaves w hile  th e  rock  m ass is th ro w n  o u t, an d  th e  o u ts tream in g  
gas forces th is  deb ris  in to  th e  d rift. D e te rio ra tio n  p e n e tra te s  ra d ia lly  u p  to  
th e  d is tan ce  ßR.  T h u s  th e  vo lum e of th e  d e te rio ra ted  an d  th ro w n  o u t m a te ria l 
becom es

V  =  <xß2R 3n  . (71)
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Table I

Am ount o f  material thrown out by outbursts

p
V

m3
GCoal
MN

G waste
MN

^average
MN

1 10 0 1.3 2 .5 1 .9

2 4 0 0 5.2 1 0 .0 7 .6

3 9 0 0 11 .7 2 2 .5 17 .1

4 160 0 2 0 .8 4 0 .0 3 0 .4

7 4 9 0 0 6 3 .7 1 2 2 .5 93 .1

W ith  a  =  4 and R  =  2 m  th e  am o u n ts  o f th e  th ro w n -o u t m a te r ia l are  show n 
in  T a b le  I  for various v a lu es  o f ß. T he values in  T ab le  I  in d ica te  on ly  orders 
o f m a g n itu d e  since th e  v a lu es  o f a , ß  and  R  m ay  he  d iffe ren t. To f in d  ß ,  recall 
t h a t  th e  a ttr i t io n  of th e  u n su p p o rte d  rock  cy lin d er proceeds ra d ia lly  u n til 
th e  e x c a v a tio n  is filled  up  b y  th e  rock  due to  th e  effect o f loosening , i.e.

k ' [ ( ß R f  —  К * ] л  =  ( ßR T - л .

H en ce

(72)

(73)

w h ere  k '  is th e  coefficient o f  loosening .
T h e  v alue  of k '  v a rie s  w ith in  w ide b o u n d aries  fo r rocks o f d ifferen t 

q u a l i ty .  I t  is generally  1.02— 1.7 fo r gas-rich  coals. F o r rocks o f sm all s tre n g th  
i t  is sm a lle r , for rocks of g re a te r  s tre n g th  g rea te r. U sing th e  ex trem e  values 
o f th e  coeffic ien t o f loosening  we o b ta in  ß  =  1.6 —  7.1.

T h e  values of in te n s ity  o b ta in e d  b y  ca lcu la tio n  coincide w ith  th e  o rder 
o f m a g n itu d e s  found b y  ex p erien ce . A ccording to  th e  above ca lcu la tio n  th e  
in te n s i ty  o f  o u tb u rs ts  increases w ith  th e  th ird  pow er of th e  d rif t rad iu s . A lso, 
since ex p erien ce  proves th a t  th e  in te n s ity  ra p id ly  increases w ith  th e  cross 
sec tio n  o f  th e  d rift, we h av e  a fu r th e r  check o f o u r th eo ry .

I n  re a li ty , of course, i r re g u la r  ven ts  are fo rm ed  in  v a rio u s d irec tions 
a ro u n d  th e  face because o f th e  h e te ro g en e ity  o f  th e  su rro u n d in g  ro ck  body . 
I t  is w o r th  w hile to  sk e tch  th e  g re a te s t o u tb u rs t  over th e  w orld . O n th e  710 m 
level o f  th e  G agarin  m ine (D o n e ts  basin ) a p ro v o k in g  explosion  w as ca rried  
o u t w h ile  d riflin g  th e  m ain  c ro ss-cu t in fro n t o f th e  1 m  th ic k  M azurka  layer 
in c lin ed  a t  68°. The p ro v o k in g  exp losion  trig g ered  th e  o u tb u rs t  o f 140 MN 
coal a n d  250,000 m 3 m e th a n e . A fte r  th e  o u tb u rs t th e  v e n t o f o u tb u rs t  was 
in v e s tig a te d  and  it  w as fo u n d  th a t  th e  v e n t ascended  alm ost to  th e  u p p er
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level (F ig . 14). T h e  e x p la n a tio n  is th a t  th e  d e te r io ra tio n  and th e  o u t- th ro w  
o f th e  rock  cy lin d er in  f ro n t o f th e  road  h ead  p ro d u ced  an  u n su p p o rte d  free 
su rface . B ecause o f th e  tra n sfe rre d  p ressure  p e rp e n d ic u la r  to  th e  p lan e  o f  th e  
lay e r, th e  co n d itio n  o f d e te rio ra tio n  was sa tis f ie d  in  fro n t of th e  free  su rface  
w hile vo lum e re d u c tio n  to o k  place. T h  ch a in -reac tio n -lik e  d e te rio ra tio n  process 
qu ick ly  spread  u p w ard s  an d  sidew ards in  th e  lay e r. D e te rio ra tio n  d id  n o t 
p roceed  dow nw ards since because of th e  se lf-w eigh t a m ore fav o u rab le  s ta te  
o f stress  developed  n ea r th e  free surface. T h e  d e te rio ra tio n  a b ru p tly  s to p p ed  
n e a r th e  cross-cu t a t  th e  u p p e r level. This w as d u e  to  th e  fac t th a t  in  th e  rock  
zone a ro u n d  th e  u p p e r  cross-cu t a volum e in c rea se  to o k  place an d  th e  gas 
h ad  b een  d ra in ed .

Fig. 14. D isp lay of an outburst (G agarin m ine, 1969)

7. G eneral conclusions

T he resu lts  re p o rte d  in  th is  s tu d y  fo 'in  a sequel to  our p rev ious in v e s ti
g a tions [10, 11, 12]. Som e of th e  fu rth e r conclusions ab o u t th e  o u tb u rs ts , again 
in  ag reem en t w ith  experience, can  be su m m arized  as follows:

O u tb u rs ts  occur m ore freq u en tly  a t  ro ad  heads th a n  in  w ork ings 
because th e  basic  cond ition  o f o u tb u rs ts  is alw ays sa tisfied  in  fro n t 
of th e  ro ad  head . T his cond ition  re q u ire s  th a t  rock vo lu m e shou ld  
decrease. T h is co n d itio n  is no t m e t in  w orkings if  th e  P o isso n ’s ra tio  
is sm all, m <^ 2.33, i.e. if  th e  ro ck  s tre n g th  is too  sm all. T here fo re , 
no o u tb u rs ts  com e ab o u t in w ork ings in  such  cases.

—  T he freq u en cy  o f o u tb u rs ts  increases w ith  d ep th  because a  s tead ily  
increasing  ro ck  s tre n g th  w ould h a v e  been  requ ired  to  p re v e n t o u t
b u rs ts  a t  g re a te r  d ep ths. T hus, th e  ro ck  fails m ore fre q u e n tly  to  
p ro d u ce  such  a s tren g th .
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—  T h e  frequency  o f o u tb u rs ts  increases w ith  d rift cross sec tio n  because  
a n  increasing  ro ck  s tre n g th  w ould  h a v e  been req u ired  to  p re v e n t 
o u tb u rs ts  fo r g re a te r  d rif t rad ii. T h ere fo re , th e  rock  g en e ra lly  does 
n o t have th is  s tre n g th .

—  T h e  in te n s ity  o f o u tb u rs ts  increases w ith  d rift cross sec tio n  because  
th e  volum e o f th e  ro ck  zone exposed  to  th e  tran sfe rred  p re ssu re  in  
f ro n t o f th e  face increases w ith  th e  d r if t  rad ius.

—  T h e  o u tb u rs t in te n s i ty  is g rea tly  in flu en ced  by  th e  a c tu a l s ta te  of 
th e  su rround ing  ro c k  a t  th e  m o m en t o f  th e  o u tb u rs t. I f  th e  la y e r  is 
p e n e tra te d , th e  in te n s i ty  of o u tb u rs t  is generally  m uch  h ig h e r  th a n  
in  d rifts  w ith in  th e  b o u n d aries  of th e  la y e r, because a m u ch  g re a te r  
ro ck  zone is ra d ia lly  d e te rio ra ted .

—  T h e  o u tb u rs t d an g er is g rea te r  if  th e re  is a m ixed sec tion  c o n sis tin g  
o f  coal and  s tro n g e r rocks of g re a te r  Y o u n g ’s m oduli in  f ro n t  o f th e  
ro a d  head . In  th is  case , th e  coal su ffers a stronger com pression  due 
to  th e  in te rac tio n s . I n  consequence, po re  gas p ressu re  increases  
m ore  sharp ly  and  th is  reduces s tre n g th  a t  an  increased r a te .  T h is  is 
th e  case near in tru s io n s .

—  T h e  o u tb u rs t d an g e r is also affec ted  b y  th e  effectiveness of th e  su p 
p o r t  applied  in  th e  d r if t. T he sm aller th e  effectiveness of th e  su p p o r t 
(i.e. th e  g rea te r th e  c o n tra c tio n  o f th e  cross section  a llow ed), th e  
g re a te r  load will a c t on  th e  rock  zone in  f ro n t o f th e  face. T h u s , th e  
co n d itio n  of d e te r io ra tio n  is m ore easily  m e t, th e  danger o f o u tb u rs t  
becom es g rea te r. E x p erien ce  also show s th a t  co n sid e rab ly  few er 
o u tb u rs ts  occur i f  c lo sed -arch  su p p o rts  are used th a n  in  case  of 
o p en -arch  su p p o rts .

—  T h e  tim e  fac to r, or th e  d riftin g  sp eed  also influence th e  o u tb u rs t  
d an g er. The slow er th e  d riftin g , th e  lo n g er th e  tim e  av a ilab le  for 
defo rm ations an d  v o lu m e  red u c tio n  in  th e  rock  zone in  f ro n t o f  th e  
face  and , sim ilarly , fo r  th e  pore gas p re ssu re  to  increase an d  fo r  th e  
ro c k  s tren g th  to  d ecrease. A slow d rif tin g  is a fac to r in c reasin g  o u t
b u r s t  danger. A face s ta y in g  u n to u c h e d  fo r several days is e spec ia lly  
d angerous, as p ro v ed  b y  th e  ex perience  t h a t  qu ite  a few o u tb u rs ts  
h a v e  occurred a f te r  h o lid ay s or a f te r  th e  w aitin g  tim e  o f p ro v o k in g  
explosions.
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ИССЛЕДОВАНИЯ ОБЛАСТИ ПЕРЕД ТОРЦА ВЫРАБОТКИ В СИСТЕМЕ ПОРОДА- 
ГАЗ ДЛЯ ВЫЯСНЕНИЯ ПРИЧИН ВЫБРОСОВ ГАЗА И ПОРОД

Ж. ШОМОШВАРИ

РЕЗЮМЕ

На основе исследований взаимодействий системы порода-газ нами устанавливается, 
что выбросы на торце выработки происходя.' намного чаще чем на забоях потому, что в 
области перед забоем всегда выполняется основное условие выброса — уменьшение объема 
породы. На забоях это условие при небольших чисел Пуассона (М<  2,33) не выполняется.

Выводим значения прочности залежи (сопротивление давлению в одном назправле- 
нии), необходимые во избежание выброса, в зависимости от первоначального давления 
газа пор, вертикального первичного натяжения, числа Пуассона и угла внутреннего тре
ния залежи. Этим соотношением объясняется в частности тот опыт, почему увеличивается 
частота выбросов с увеличением глубины и поперечного сечения выработки, а также тот 
факт, что в отдельных случаях выбросы происходят при совсем малых значениях давления 
газапор (2 4 кп/см2), а в других случаях не происходят и при давении, значительно превы
шающем этого значения. Упомянутым выше соотношением объясняется и тот опыт, что 
выбросы происходят как правило в залежах с маленькой прочностью, а в отдельных слу
чаях взрывы происходят и в залежах с большей прочностью на сжатие.

При исследовании интенсивности выбросов получаем ответ на вопросы: почему по
вышается интенсивность с увеличением поперечного сечения выработки, почему интен
сивность выбросов в сбойсках обычно больше, чем интенсивность выбросов в выработках, 
проведенных в залежах. При помощи исчислений получаются такие же порядки величин 
интенсивности, которые были установлены эмпирическим путем.

Указывается связь между выбросоопасностыо и эффективностью предохранения а 
также взывоопасностью и скоростью проходки выработки.
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MECHANISM OF ROCK AND GAS OUTBURSTS

ZS. SOMOSVÁRI

TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC 

[M anuscript received March 28, 1979]

B ased on the investigation  of the physicochem ical, therm odynam ical and m echanical 
in teraction s of the rock-gas system , the m echanism  o f the rise o f rock and gas ou tb u rsts is 
described and basic causes, conditions and main param eters o f outbursts are determ ined . It is 
poin ted  out that in the rise o f outbursts an active role is played by the m echanical in teractions  
o f  the rock-gas system  while therm odynam ical and physicochem ical interactions have but a 
passive  effect.

I t  is emphasized th at there cannot be such a difference in the structure o f  th e  coal that 
w ould explain the danger of outburst in som e places and the lack of it elsewhere. O utbursts can 
occur in any rock (coal, sandstone, salt etc.) containing gas under certain circum stances, such 
as a su fficien tly  high pore gas pressure, sm all strength , sm all Young’s m odulus, etc . The rise, 
or the danger, of outburst is not a m atter o f lia b ility . Rather, the outburst is a process that 
com m ences w ith the deterioration of the load-bearing rock-gas system  under certain  circum 
sta n ces, and results in an explosion-like throw -out o f a great amount of rock and gas.

In outburst processes the main effect is exerted by the free gas in the pores, in sp ite of 
it s  very  sm all am ount com pared w ith the adsorbed gas. The adsorbed gas does n o t exert any 
effec t un til the beginning of the outburst when the decrease of the pore gas pressure in itiates  
a desorption process, replacing the free gas on the one hand and preventing pressure reduction  
o n  the other.
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Symbols

total gas am ount 
adsorbed gas 
free gas
m axim um  am ount of adsorbed gas 
constants
gas constant, radius o f drift 
absolute tem perature  
potential o f adsorption  
pore gas pressure 
atm ospheric pressure 
specific surface 
porosity (volum e of voids) 
void ratio
bulk density o f the rock
adiabatic exponent
polytropic exponent
specific volum e change of the rock
deform ation o f the rock
Young’s m odulus
Poisson’s ratio
axial effective stress
vertical e ffective  stress
shear lim it stress
total normal stress
cohesion o f the rock
angle o f internal friction of the rock
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В  Brinke’s num ber o f  the rock
Oq uniaxial com pressive  strength of the rock
а -p tensile stren gth  o f  the rock
a'c uniaxial com pressive  strength in the presence o f pore gas
a c t  triaxial com pressive  strength in the presence of pore gas
a'3 lateral e ffective  stress
X  distance from  th e  face
H  depth b eneath  th e  surface

R esearch  w ork  c a r r ie d  ou t all over th e  w o rld , involv ing  h igh  expenses 
a n d  g re a t efforts, h a s  fa iled  up  to  now to  d e te rm in e  exactly  th e  basic  causes 
a n d  cond itions of ro c k  a n d  gas o u tb u rs ts . T h e  v e ry  com plex p rob lem  to  be 
so lv e d  involves th e  fo llo w in g  details: geo logical—geochem ical q u estio n s con
c e rn in g  th e  rise of g ases; chem ical and p h y sico ch em ica l problem s o f th e  p lace 
a n d  equ ilib rium  of gases in  pores and on p o re  su rfaces; th e  th e rm o d y n am ics  
o f  th e  changes of s ta te  o f  gases; rock -physica l q u es tio n s  abou t th e  s tru c tu re  
o f  gas-rich  rocks; w e a lso  need  rock m ech an ics  to  describe th e  stresses and  
d e fo rm a tio n s  a round  m in in g  excavations an d  m in in g  technology  to  e v a lu a te  
th e  re sp ec tiv e  s itu a tio n s  o f  m ining ex cav a tio n s  in  space and  tim e , e tc . All 
th e s e  questions fo rm  a n  enorm ous field o f  re se a rc h  b o th  in  th e  v e r tic a l and  
h o r iz o n ta l senses, w h ere  g re a t  efforts have b e e n  lav ish ed  on m inor issues. M ay 
b e , th is  is w hy we s till  do  n o t  have an a d e q u a te  th e o ry  of th e  basic  causes of 
o u tb u rs ts .

S u re , a lot o f q u e s tio n s  have a lready  b e e n  seLtled and m uch is know n 
to d a y  ab o u t th e  v a r io u s  fac to rs  in fluencing  th e  phenom enon. T h e  basic 
c a u se s  o f  o u tb u rs t, h o w e v e r, h av e  no t been  d e te rm in e d  up  to  now, an d  a  g rea t 
n u m b e r  of p rac tica l o b se rv a tio n s  have re m a in e d  to  be answ ered. A  basic  
q u e s tio n  of th is k ind  w h y  d o  no t we have o u tb u rs ts  in  m any layers w ith  h igh 
gas c o n te n t while th e y  do occur, ra th e r  f r e q u e n tly  in  th e  presence o f m uch  
less g a s ; or, w hy no o u tb u r s ts  occur in  c e r ta in  w ork ings while th e y  do b o th  
in  w o rk in g s and d rifts  e lsew here. And th e re  a re  a legion of sim ilar q u estions 
t h a t  s t i l l  have no t go t a  p ro p e r  answ er.

A s some of th e  fa c to rs  affecting  o u tb u rs ts  h a d  becom e know n, a d is tin c t 
im p ro v e m e n t took p lace  in  th e  field  of p re v e n tiv e  m easu res. O f course, w ith o u t 
k n o w in g  th e  basic cau ses  o f  o u tb u rsts  no re a lly  effective p ro tec tio n  can  be 
w o rk e d  o u t. E ven  n o w a d a y s  o u tb u rs ts  occur in  v a rio u s  places o f th e  w o rld , 
in  th is  co u n try  as w ell, som e o f them  d em an d in g  h u m a n  lives.

1. R ev iew  of previous research work

M an y  theories h a v e  b e e n  proposed co n ce rn in g  th e  rise of o u tb u rs ts . 
S ince  som e of th em  show  s im ila r  fea tu res, a ll th e s e  theories will b e  g ro u p ed  
a n d  considered  as v a rio u s  re se a rc h  trends. T h ree  m a in  research  tre n d s  shou ld  
be  p o in te d  ou t w hich fo llo w ed  each other a lso  h is to r ic a lly  in  m ore or less th e
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sam e sequence as th e y  will be d iscussed  now . One of the  re se a rc h  tre n d s  
looked fo r th e  cause of o u tb u rs ts  in  gas accu m u la tio n , th e  o th e r  a t t r ib u te d  
g rea t im p o rtan ce  to  rock  p ressu re  in  b rin g in g  a b o u t o u tb u rsts , w hile th e  th ird  
one reg a rd ed  gas and ro ck  as eq u a lly  im p o r ta n t  and analysed gas c o n te n t, 
gas p ressu re  an d  rock  p ressu re  as well. T h ere  is no  d o u b t th a t  th e  la t te r  a p p ro a c h  
is th e  m ost u p -to -d a te  an d  successful. I t  w as f irs t  of all th e  en e rg y  cen te re d  
ap p ro ach  o f  P ro fessor H o d o t th a t  m ade an  im p o rta n t c o n tr ib u tio n  to  th is  
fie ld .

T here  are , o f course, lines o f th o u g h ts  th a t  do no t f it to  an y  o f  th e  afo re 
m en tio n ed  categories. O ne o f th e m  a t t r ib u te s  th e  cause of o u tb u rs ts  to  th e  
s tru c tu re  o f th e  coal.

W e th in k  th a t  even th e  m ost u p - to -d a te  and  successful t r e n d  h as  a t 
le a s t tw o m a jo r  deficiencies. T he f ir s t  is t h a t  even  though  b o th  ro c k  a n d  gas 
are  an a ly sed , th e y  are n o t reg a rd ed  as a sy s tem , i.e. th e ir  in te ra c tio n s  a re  no t 
in v e s tig a te d . T he second defic iency , t h a t  i t  has been only tr ie d  to  ex p la in  
experiences of o u tb u rs ts  an d  it  has n ev er b een  challanged to  u n d e rs ta n d  th e  
co n d itions o f  p rev en tio n , le t alone to  an sw er som e o ther basic q u e s tio n s . The 
basic  q u es tio n , e.g. w hy th e  o u tb u rs ts  a lw ays occur a t th e  rock face  a n d  never 
on th e  su rface  of d rifts  an d  shafts  has n ev e r b een  raised . In  sc ien tific  re sea rch  
i t  is, how ever, o f u tm o st im p o rtan ce  th a t  th e  m ethod  of analysis sh o u ld  su it 
th e  c h a ra c te r  o f th e  p rob lem  an d , also, t h a t  a ll re lev an t q u estions sh o u ld  be 
a sk ed  an d  answ ered.

W ith  th e  rea liza tio n  in  m ind  a re se a rc h  p ro jec t was la u n c h e d  in  1976 
a t  th e  T ech n ica l U n iv e rsity  of H e a v y  In d u s t r y  to  investiga te  th e  m ech an ica l 
in te ra c tio n s  of th e  rock—gas sy stem  in  o rd e r to  determ ine  th e  cau ses  o f  u n ex 
p ec ted  ro ck  and  gas o u tb u rs ts . T he gas a n d  solid phases are  s im u lta n e o u s ly  
an a ly sed , a due  a t te n tio n  being  p a id  to  th e ir  in te rac tions. In  o u r  in v e s tig a 
tio n s  we tr ie d  to  answ er basic  questio n s in  th e  firs t place. T h e  in te ra c tio n s  
can  he an a ly sed , of course, in  m an y  w ays. A t th e  beginning o f o u r  in v e s tig a 
tio n s we assum ed  th a t  th e  processes lead ing  to  o u tb u rs ts  are e sse n tia lly  m ech an 
ical ph en o m en a . This h y p o th esis  has been  ex ten siv e ly  verified  b y  th e  resu lts  
o b ta in ed . T h e  f irs t rep o rts  o f ou r in v e s tig a tio n s  w ere su b m itted  to  th e  M ecsek 
Coal M ines in  1977 [6].

T h e  in v es tig a tio n  based  on  th e  in te ra c tio n s  of th e  ro ck —gas system  
re p re se n ts  a new  research  tre n d  in  th e  th e o ry  o f  o u tb u rs ts . This re s e a rc h  policy 
h as  been  in  accordance w ith  th e  g enera l t r e n d  in  H ungarian  ro ck -m ech an ica l 
re sea rch , w here  i t  has la te ly  com e in to  th e  focus o f a tte n tio n  to  in v e s tig a te  
com plex  co n tin u a  (R ich te r) in  th e  fram e-w o rk  o f n a tu ra l sy s tem s (K apo ly i).
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2. Connection betw een  the two elem ents o f  the rock—gas system

T he sm allest s t r u c tu r a l  p arts  of coal a re  th e  m acrom olecules w hich  
g ro u p  in to  c ry s ta llite s . T h e  p a r tly  ordered b u n d le s  o f crystallites c re a te  d is
o rd e re d  micelles. W ith in  th is  s truc tu re  th e  p o re  size can range from  m acro- 
m o lecu la r  pores to  m ac ro p o re s . Pores below  10 ~ 5 m m  are called micropores, 
b e tw e e n  10-5— 10-4  m m  transition pores, th o s e  in  th e  range 10~4— 1 0 -3  m m  
submacropores and  p o re s  o f  a diam eter 1 0 -3 — 1 0 _1 m m  macropores. P ores 
a b o v e  0.1 mm are a lre a d y  visible. Beside p o re s , th e  coal also co n ta in s  n e t 
w o rk s  o f cracks of sm a lle r  o r greater size.

F ro m  am ong th e  v a r io u s  gases (C H 4, C 0 2 e tc .)  in  th e  e a r th ’s c ru s t , th e  
c o n n ec tio n  betw een m e th a n e  and coal (or o th e r  rocks) will be d ea lt w ith . 
M e th a n e  develops in  th e  process of c o a lif ic a tio n  th ro u g h  various chem ical 
a n d  biological re a c tio n s . T h e  developm ent o f  m e th a n e  goes on for as long  as 
a llow ed  b y  the  specific  th e rm o d y n am ic  c o n d itio n s  a t th e  given te m p e ra tu re  
a n d  pressure.

T h e  developed m e th a n e  is partly  ad so rb ed  o n  th e  Avails of th e  pores and  
c ra c k s , p a r tly  fills th e  p o re s  and  cracks in  th e  fo rm  o f a free gas. T he m a jo r ity  
o f  m e th a n e  is p h y sica lly  ad so rb ed  in th e  coal o n  th e  surface of th e  m icropores, 
fo r  th e  m icropores h a v e  a v e ry  great specific  su rface : 100—400 m 2/g . T he 
v o lu m e  of m icropores is in d ep en d en t of th e  e la s tic  deform ations of th e  rock , 
i ts  e ffec t on gas p e rm e a b il i ty  is also neg lig ib le . T h e  specific su rface o f  th e  
m acro p o res  (1—2 m 2/g) is considerably  sm a lle r  th a n  th a t  of th e  m icropores 
so t h a t  th ey  are m o s tly  f ille d  w ith  free gas. T h e  m acropores and th e  c racks 
across th e  coal d e te rm in e  th e  gas p e rm eab ility  a n d  are  especially su scep tib le  
to  defo rm atio n s. T he d e fo rm a tio n s  of th e  coal d u e  to  changes of load p roceed  
m a in ly  a t the  expense o f  m acropores and  c ra c k  sy s tem s, contain ing  free  gas.

A  p a r t  of th e  free  gas in  th e  m acropores a n d  c rack  netw orks can  escape 
fro m  th e ir  place of o rig in  a n d  invade the  po res o f  th e  side rocks.

T h e  equilib rium  o f  th e  gas adsorbed on  th e  w alls  o f th e  pores an d  o f  th e  
free  gas in  th e  pores is unam b ig u o u sly  d e te rm in e d  b y  th e  pore gas p re ssu re  p  
a n d  te m p e ra tu re  t. P h y s ic a l adsorp tion  is b ro u g h t  ab o u t by  th e  free su rface  
e n e rg y  o f th e  rocks. T h e  a d so rp tio n  process is f a ir ly  well described b y  m eans 
o f  L a n g m u ir’s m o n o m o lecu la r adsorption  th e o ry . A ccording to  th is  th e o ry , 
a d so rp tio n  continues as lo n g  as a full m o n o m o lecu la r sa tu ra tio n  is ach iev ed  
on th e  surface. L a n g m u ir’s th e o ry  could no t e x p la in  all aspects of th e  p h e n o m 
en o n  o f adsorp tion  b u t  th e  equation  given fo r  th e  am oun t of th e  ad so rb ed  
gas co incide  quite w ell w ith  experience. T he a m o u n t of th e  adsorbed  gas is, 
a cco rd in g  to  L an g m u ir’s th e o ry  [4]:

Va
b(t)p

1 +  b(t)p
(1)

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



ROCK AND GAS OUTBURSTS 33

w here  p  is pore gas p ressu re  (P a),
vm m ax im um  a m o u n t o f  ad so rbed  gas correspond ing  to  a fu lly  covered 

surface (cm 3/g),
b(t) co n s tan t, d ep en d in g  on te m p e ra tu re  b u t  in d e p e n d e n t o f  p ressu re  

( P a - 1).

T h e  m ax im um  a m o u n t o f gas vm to  be adsorbed  is in d e p e n d e n t o f te m 
p e ra tu re . I t  is d e te rm in ed , f ir s t  o f  all, b y  th e  specific su rface  a n d  th e  free 
su rface  energy of th e  solid p h ase  w ith  re sp ec t to  th e  gas.

P hysica l a d so rp tio n  is accom pan ied  b y  an  energy  release, i.e . th e  ad so rp 
tio n  process is ex o th e rm . M easu rem en ts h av e  show n th a t  th e  so-called  differ
e n tia l ad so rp tio n  h e a t, re fe rrin g  to  a u n it am o u n t of adso rbed  gas, decreases 
w ith  th e  increased am o u n ts  o f th e  adsorbed  gas. T his can  he ex p la in ed  b y  tw o 
reaso n s [4]:

—  Owing to  h e te ro g en e ities  in  th e  ad so rb en t th e re  a re  p o in ts  o f  various 
p o ten tia ls  (ac tiv itie s) an d  th e  gas m olecules get ad so rb ed  in  th e  order 
of th e  p o te n tia ls . T h u s , as th e  ad so rp tio n  p roceeds, less an d  less 
energy is re leased .

—  A polym olecu lar a d so rp tio n  lay er is fo rm ed , hence th e  a d so rp tio n  of 
gas layers f a r th e r  aw ay  from  th e  solid phase is com b in ed  w ith  less 
energy d ev e lo p m en t.

T h e  po lym olecu lar a d so rp tio n  th e o ry  of B ru n au er, E m e tt  an d  T eller 
w as based  on th is  l a t te r  idea. E xp erien ce  show s, th a t  th e  a m o u n t o f  adso rbed  
gas ca n  alw ays be a rra n g e d  in to  a  m onom olecular lay er on th e  su rface  o f  th e  
a d so rb a n t. T hus th e  m onom olecu la r th e o ry  m eets th e  d em an d s o f  p rac tice .

W illiam s, using  a k in e tic  ap p ro ach , d e te rm in ed  th e  a m o u n t o f  adso rbed  
gas in  te rm s of th e  a d so rp tio n  p o te n tia l an d  te m p e ra tu re . H is so lu tio n  was 
im p ro v ed  by  M iiekéi w ho exp ressed  th is  re la tio n sh ip  in  th e  fo rm  o f L a n g m u ir’s 
e q u a tio n  as:

v„ =  v„
b0e

Q_
RT

I и RT +  b0e p

( 2)

T h a t  is, in  L an g m u ir’s e q u a tio n

b(t) =  b J T (3)

w here T  
R
Q

abso lu te  te m p e ra tu re , 
gas c o n s ta n t,
ad so rp tio n  p o te n tia l  (h ea t), 
a co n stan t fac to r.
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T h e  equa tion  ex p resses  th e  am ount o f  a d so rb ed  gas as fu n c tio n  o f  p res
s u re  a n d  tem p e ra tu re  in  a  w a y  th a t  sa tisfies a ll req u irem en ts  o f  p rac tice . 
F o r  T  =  const, we get th e  e q u a tio n  of th e  a d so rp tio n  iso th e rm , fo r p  — const, 
th e  a d so rp tio n  isobar.

O f  course, qu ite  a few  em pirica l fo rm ulae  h a v e  b een  proposed  fo r th e  
a d s o rp t io n  iso therm , as e .g . th e  B oedecker— O stw a ld  q u a tio n :

va =  ccpß (4)

w h e re  «  an d  ß  are c o n s ta n ts . M easurem ents on  coal—m eth an e  system s have 
y ie ld e d  th e  values oc =  2.69 c m 3/g  and  1//3 =  0.56 [4]. F o r  th eo re tica l re sea rch  
p u rp o se s , how ever, it  is b e s t  to  avoid any  k in d  o f  em pirica l equations.

I n  th e  following d iscu ssio n s th e  L an g m u ir— H iick e l’s eq u a tio n  w ill be 
u se d ; i ts  p aram eters vm, Q /R  an d  b0 will be d e te rm in e d  from  th e  m easu red  
r e s u l ts  as follows. W e s ta r t  o u t from  p u b lish ed  v a lu es  [5] of th e  m ax im u m  
a m o u n t  vm o f adsorbed  gas as a fu nc tion  o f te m p e ra tu re  t fo r v a rio u s  coal 
la y e rs  g iven  as tab les  b a se d  on  th e  ad so rp tio n a l iso th e rm s a t  d iffe ren t te m 
p e ra tu re s .  The values a re  p lo tte d  in  a d iag ram  in  F ig . 1. T he curves show 
a  r a th e r  irregu lar shape . T h is  can  be a t tr ib u te d  f i r s t  o f all to  an  in a c c u ra te  
e v a lu a t io n  of the  a d so rp tio n a l iso therm s. N ev erth e less , th e y  are su itab le  for

Fig. 1. Maximum am ou n t o f absorbed m ethane as function  of temperature

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982
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o u r purposes since th e y  show  th a t  vm is in d e p e n d e n t o f te m p e ra tu re . I ts  
v a r ia tio n  ranges fro m  20 to  74 cm 3/g- In  [5] v a lu es  o f  1/6 are  also com piled  
as a fu n c tio n  o f te m p e ra tu re , fo r various coal lay e rs , in  tab le s  based  on th e  
a d so rp tio n  iso th e rm s a t  d iffe ren t te m p e ra tu re s . T hese  values a re  illu s tra te d  
in  F ig . 2. A t t == 20 °C 1/6 varies w ith in  0.3 an d  1.7 M P a, a t  t =  30 °C w ith in
0.4 and  2.5 M P a an d  a t  t =  40 °C w ith in  th e  ra n g e  0.5 an d  5.0 M Pa.

i /b 0 = 3.9 Xio* MPa 
T= 2.9 X 103 K° 
1/b0 = 3.2 x104 MPa 
T= 3.1 x Ю3 K°

1/b0 = 1.5x103 MPa 
T = 2.4x103 K°

W 0 10 20 30 40 50
t °C

Fig. 2. Param eter 1/6 as function o f tem perature

F ig u re  2 also show s th e  values co m p u ted  acco rd in g  to  th e  fu nc tions

(5 )

W e have l /6 0 =  3.9 • 104 M P a and  T  =  2.9 • 103 °K  for cu rve  2, l /6 0 =  
=  3.2 • 101 M Pa an d  T  =  3.1 • 103 °K fo r cu rv e  3 an d  l /6 0=  1.5 • 103 M Pa 
an d  T  =  2.4 • 103 °K  fo r curves 1, 4, 5 an d  6. T h e  gas c o n s ta n t o f m e th an e  
is 520 J /k g  K . U sing  th is  va lu e , we o b ta in  fo r th e  h e a t o f ad so rp tio n ,

Q =  0.85 —  1.09 J /c m 3.

T he values p u b lish ed  in  [5] fo r various k inds o f  coal fa ll in  th e  range

C orrespondingly ,

Q =  0.75 —  2.26 J /c m 3.

T  =  2.1 • 103 — 6.4 • 103 ° K .
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3 6 ZS. SOMOSVÁRI

T h e  adsorp tion  iso th e rm s  fo r  coal sam ples from  seam s 3 an d  7 o f  I s tv á n  
M in e , f ro m  seam  23 of S zéch en y i M ine and  from  th e  M ány a rea , re sp ec tiv e ly , 
a re  i l lu s tr a te d  in  Fig. 3. T h e  e q u a tio n  o f th e  ad so rp tio n  iso th e rm  fo r th e  coal 
s a m p le  fro m  seam  23 of S zéch en y i M ine is

V =  14 — 1,07 P - -  Cm 3/g, p  [M P a], t =  20 °C . (6)
1 +  1.07 p

p [MPa]

F ig. 3. Adsorption isotherm s

F o r  th e  coal sam ples from  seam s 3 an d  7 o f th e  I s tv á n  M ine an d  fro m  th e  
M á n y  a re a , th e  adso rp tio n  iso th e rm  is, ap p ro x im a te ly

0 41 T)
v° = 37 , cm3/S’ P [MPa]’ f = 25 °C • (?)1 +  0.41 p

I t  sh o u ld  be  po in ted  ou t t h a t  w h ile  o u tb u rs ts  are ra th e r  f req u en t in  seam  23 of 
th e  S zéch en y i Mine and  seam  7 o f  th e  I s tv á n  M ine, th e y  h av e  n ev e r occurred  
in  se a m  3 o f the  Is tv á n  M ine so fa r . N evertheless, th e ir  a d so rp tio n  iso therm s 
sh o w  h a rd ly  any  difference. T h e  a d so rp tio n  iso th e rm  of th e  coal sam p le  from  
th e  M á n y  area under d e v e lo p m e n t is p ra c tic a lly  id en tica l w ith  t h a t  o f th e  
c o a l sa m p le s  from  th e  I s tv á n  M ine.

U sin g  th e  adso rp tio n  iso th e rm , th e  specific surface o f th e  coa l can  be 
c a lc u la te d  since th e  n u m b e r o f  gas m olecules can  be d e te rm in ed  from  Avo- 
g a d ro ’s law  a t a given v o lu m e , p ressu re  and  te m p e ra tu re  an d  th e  size of th e  
m e th a n e  m olecules are also k n o w n . F ro m  th ese  d a ta  and  th e  specific  surface
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•we can  ca lcu la te  th e  am o u n t o f adso rbed  gas ensuring  a fu ll co v e ra g e  or, 
a lte rn a te ly , th e  specific surface can  be d e te rm in e d  from  vm [2] as

/ =  5.0 vm m2/g, vm [cm 3/ g ] . (8)

T he a m o u n t o f free gas in  th e  pores is d e te rm in ed  b y  th e  p o re  v o lu m e , 
p ressu re  an d  te m p e ra tu re :

273 np  

QgTPa
273 ep

9gT( 1 +  e)p'o
cm 3/g (9)

w here  T  is ab so lu te  te m p e ra tu re , °K , 
p  pore gas p ressu re , P a , 
n vo lum e of vo ids (porosity ), 
e void  ra tio ,
Q b u lk  d e n s ity  o f th e  rock , g /cm 3, 
pó a tm o sp h eric  p ressu re , P a .

T he to ta l  a m o u n t o f gas in  th e  ro ck  is

vt =  va +  vf .

W ith  vm =  30 cm 3/g , n — 5 % , q =  1.5 g /cm 3, T  =  3 • 103 °K  a n d  l /6 0 =  
=  3 • 105, th e  eq u ilib riu m  o f th e  ad so rb ed  a n d  free gas phases is i l lu s tra te d  
in  F ig . 4. T he eq u a tio n s of th e  cu rves in  th e  F ig u re  are

Va
Vm = ________ 30

_ f  З-Ю1

e T 3 - 1 0 5 -e  T

ЬоР P

273 np  10.5 p

Vf== QgTp'o =  T

+ 1

( 10)

( П )

I t  c an  be seen from  F ig . 4 th a t  if  th e  p o re  gas pressure p  ranges b e tw e e n  0 
an d  7 M P a, th e  free gas is b u t  a  sm all f ra c tio n  o f th e  to ta l  a m o u n t o f  gas. 
F u r th e r , w hile th e  a m o u n t of adso rbed  gas s tro n g ly  changes w ith  te m p e ra tu re ,  
th e  free gas c o n te n t is p rac tica lly  in d e p e n d e n t o f tem p era tu re  in  t h e  in te rv a l 
in v es tig a ted .

T he above su m m ary  o f th e  m ain  fe a tu re s  o f  th e  connection  b e tw e e n  rock 
an d  gas shou ld  suffice fo r our p resen t p u rp o ses . E v en  th o u g h  th e  q u es tio n  
h a s  been  d ea lt w ith  som ew hat len g th ily , th is  should  no t im p ly  t h a t  i t  w ere 
considered  as o f  basic  im p o rtan ce  in  th e  th e o ry  o f  o u tb u rsts . O n th e  c o n tra ry :
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1.0 2.0 3.0 4.0
P [MPa]

t =20°C
t=30°C 
t = 20°C 
t =40°C 
t=30°C 
t = 40°C

5.0 6.0 7.0

F ig. 4. A m ounts o f the free, adsorbed and total gas p lo tte d  against pressure, for various
temperatures

w ith  th is  analysis we tr ie d  to  prove th a t  gas a d so rp tio n  capab ilities do n o t 
d iffe r t h a t  m uch be tw een  coals o f various s tru c tu re s  as to  explain  w hy  c e r ta in  
k in d s  o f  coal are o u tb u rs t  dangerous while o th e r s  n o t. This c ircu m stan ce  is 
f u r th e r  em phasized  b y  th e  freq u en tly  n eg lec ted  fa c t th a t  o u tb u rs ts  do  n o t 
on ly  o ccu r in  coal lay e rs  b u t  in  th e  side rocks as w ell.

3. Effect of deform ation on the state o f  the rock-gas system

T h e  equ ilib rium  o f  th e  free and adso rbed  gases  in  th e  rock is u n a m b ig 
u o u s ly  d e te rm in ed  b y  th e  availab le  volum e, p o re  gas pressure and  te m p e r 
a tu re . T h e  change o f  a n y  o f  these  p a ram e te rs  in v o lv es  a change o f  s ta te  o f 
th e  fre e  gas phase an d  also  a change in  th e  e q u ilib r iu m  of th e  ad so rb ed  an d  
free gas phases. T h is m eans th a t  s im ultaneous th e rm o d y n am ic  and  p h y s ic o 
c h em ica l changes ta k e  p lace.

I n  th e  su rro u n d in g s o f underground  e x c a v a tio n s  the  m ining a c tiv i ty  
causes d isp lacem en ts  an d  deform ations. S ince ro ck s  are rheological m ed ia  
an d  th e  ex cav a tio n  p roceeds in  tim e, th e  d isp la c e m e n ts  and d e fo rm atio n s are 
also  tim e -d e p e n d e n t processes. The d e fo rm a tio n  o f th e  su rro u n d in g  ro ck  
m a in ly  proceeds a t th e  exp en se  of the  pores a n d  th e  crack  system  o f th e  ro ck .
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C o nsequen tly , th e  d e fo rm a tio n  o f th e  su rro u n d in g  rock im plies a volum e 
change o f th e  free gas. T h is  m eans, a m echan ical change (d efo rm atio n ) triggers 
th erm o d y n am ic  and  p hysicochem ical changes.

I f  th e  pore v o lu m e  o f th e  gas-bearing  ro ck  changes due to  d e fo rm atio n  
so th a t  its  void ra t io  becom es e in s tead  o f th e  o rig inal e0, th e  a m o u n t o f  free 
gas becom es

273 p n 0 e
Vj = ----------------- .

QoS1 Po eo

In  case o f negligible te m p e ra tu re  change

273 p n 0 e 
QogToPo e0

In  th e  general case th e  gas undergoes a  p o ly tro p ic  change, i.e.

P_
Po

w ith  x  being th e  p o ly tro p ic  exponen t,
X th e  ad iab a tic  e x p o n en t.

(14)

( 12)

(13)

T he tw o  ex trem e  cases will also be reg a rd ed  as p o ly tro p ic  w ith  x =  1 
for th e  iso th erm al ch an g e  o f s ta te  and  x =  x  fo r th e  ad iab a tic  ch an g e .

D uring  th e  ch an g e  o f  s ta te  th e  am o u n ts  o f free and  ad so rb ed  gas also 
change w hile th e  to ta l  a m o u n t o f gas rem ain s c o n s tan t. B efore d efo rm atio n

V, =  — bz° P ° Vm  +  =  c o n s t .

_ I  QoST oPo
e T +  b0p 0

(15)

w hile a f te r  d e fo rm atio n  th e  pressure and  te m p e ra tu re  are d e te rm in e d  by  the  
s im u ltaneous eq u a tio n s:

vt c o n st. == bpPVm
_T

e T +  b0p

273 n0ep 

QoS1 oeoPo
(16)
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T h e  change of vo id  r a t io  is de term ined  b y  th e  specific vo lum e change 
o f  t h e  su rround ing  rock

e _  j  _  A V  1 +  eo 
e0 V  e0

(17)

w h e re  A V jV  is th e  specific  v o lu m e  change o f th e  ro ck  d e te rm in ed  b y  th e  
d e fo rm a tio n s :

A V
7 7 ~  ~  e l  +  e 2 +  e 3 • ( 1 8 )

B y  m e a n s  o f these e q u a tio n s , th e  pore gas p ressu re  an d  te m p e ra tu re  a f te r  th e  
d e fo rm a tio n  become

vt =  const. =  - K p v ™ +  273 n°P

e ' + b 0p
Qoë^oPa

1 _  ^  1 +  Cp
V  en

JP_
To

1 T й- i

к
w ith

VmhPo +  273 n0p 0 

QoëPoPoJL
T ,e ' ’ +  b0p 0

T h e  s o lu tio n  of th e  s im u lta n e o u s  equations can  be  ex p lic itly  g iven as

AV
V 1 +  eo

gQoT o( 1 +  e0)pó
273 e0p

v mboPo
+

e T* +  b0p 0

+
273 e0p 0 vmb0P

(1 +  ea)gQ0T 0Po
■ Ш

AV

+

l7 1 +  eo

273 n0p '0 ( T 0 

ёвоТ0

1 —
gQoTop'o

273nn
■vmb о

К  P

( #

Vmbo

+

+  b0p 0

- J i( I i )  , T
t \ t  , , t« +  Kpo —

(19)

( 20)

( 21)

( 2 2 )
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U sing th e  ex ac t so lu tio n  to  th e  sim u ltan eo u s E q s  (19)—{20) we c o m p u te d  
th e  fu n c tio n

P ~  Pa =  ЛР = / ( Д У  
Pa Pa \ V  .

b y  a H ew le tt— P a c k a rd  9825 A ty p e  d esk -to p  ca lcu la to r, for th e  p a ra m e te rs  
q0 =  1300 k g /m 3, T  =  303 °K , T  =  4000 °K , l /b 0 =  104 M Pa, ü  =  1 an d  1.3, 
p 0 =  0 .5; 1; 3; 5 M P a an d  e0 =  0.05; 0.10; 0 .15 . T he resu lts  are d isp lay ed  in  
F ig . 5. T he F ig u re  show s th a t  th e  pore gas p re ssu re  sh a rp ly  changes w ith  vo id

Fig. 5. Change o f the pore gas pressure as function o f  the specific volum e change o f  th e  rock
for elastic deform ations

ra tio  w hile i t  is in d e p e n d e n t of л . This l a t te r  re su lt  proves th a t  i t  is o f  no 
im p o rtan ce  w h e th e r th e  p o re  gas pressure su ffe rs  an  iso therm al or a d ia b a tic  
change o f s ta te , o r som e k in d  of po ly tro p ic  ch an g e  betw een these  ex tre m e s , 
in  course o f  th e  d e fo rm a tio n .

In  o rd e r to  g e t an  exp lic it expression fo r  p o re  gas pressure, w e h a v e  to  
sim plify  expression  (21). Since in  p rac tica l cases

holds, we o b ta in

e
X
r , a * 0

A V eo Í Po
V 1 +  e0 \ p

Po
P

1 A V  1 - f  e0

(23)

(24)
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£ = » - * £ . = ------------ !---------------- I .  (25)
Po Po J _  1 +  во A V

eo V

T h e  sa m e  resu lt is o b ta in e d  i f  one assum es a  ch an g e  of s ta te  w here th e  a m o u n t 
o f  f re e  gas is un ch an g ed , i.e . Vf(T, p , e) =  v j{T 0, p 0, e0). T hus, th e  so lu tio n  
o b ta in e d  b y  neglecting  th e  ex p o n en tia l te rm  co rresponds to  th is  case. F u r th e r ,  
th e  e x a c t  so lu tion  can  be fa ir ly  well a p p ro x im a te d  b y  th e  ta n g e n t o f th e  above 
f u n c t io n  a t  th e  in itia l p o in t A V /V  =  0. T h e  e q u a tio n  of th e  ta n g e n t is

A P
Po

l  +  вр A V  
eo V

( « =  1 .0 - 1 .3 ) .

A  so m e w h a t b e tte r  a p p ro x im a tio n  is p ro v id ed  b y  th e  equa tion

(26)

A p  _  j  3 1 +  e0 A V  

Po eo V

T h is  s im p le  form ula sa tisfie s  all p ra c tic a l req u irem en ts .
I n  th e  range o f e las tic  defo rm atio n s (A V /V  < ~ 0  .02) th e  p o re  gas 

p re s s u re  change Ap  is u n iq u e ly  dete rm in ed  b y  th e  in itia l pore gas p re ssu re  p 0, 
th e  in i t ia l  void ra tio  e0 an d  th e  specific vo lu m e change of th e  rock. T h e  sm alle r 
th e  in i t ia l  void ra tio , th e  g re a te r  w ill he th e  ch an g e  of th e  pore gas p ressu re  
w ith  th e  change o f th e  specific  volum e.

F o r  elastic  d e fo rm atio n s  th e  change o f  th e  p o re  gas pressure is p ra c tic a lly  
in d e p e n d e n t on w h e th e r th e  free gas suffers a n  iso therm al or an  a d ia b a tic  
c h a n g e  o f  s ta te . J u s t  befo re  d e te rio ra tio n  se ts  in , w hen th e  pore v o lu m e  h ad

( * =  1 .0 - 1 .3 )  . (27)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
ÛV
V C7„]

Fig. 6. Change of pore gas pressure as a function o f  sp ec ific  volume change for an elastic  
deform ation. E xact and approxim ate solutions
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a lre a d y  decreased  to  su ch  a n  e x te n t th a t  th e  defo rm ation  can  n o t  p roceed  
fu r th e r  a t  th e  expense o f  p o re  vo lum e, th e  po re  gas pressure becom es sev era l 
tim es  o f  its  original va lu e  an d  depends on th e  change of s ta te  o f th e  free  gas, 
as w ell (F ig . 7). T he d ifference is, how ever, s till negligible, because x  is 1.3 a t 
an  a d ia b a tic  change o f s ta te  o f  th e  m e th an e , i.e. only  sligh tly  d e v ia te s  from  
u n ity . W h a t is m uch m ore im p o r ta n t, th e  increase  o f pore gas p re ssu re  accel
e ra te s  w ith  increasing specific  surface,

d H f )  ^  d (d P)
j.AV AH V

V I f
AV
~V~ 0

(28)

T h is ch an g e  has a g rea t sign ificance  for rock  d e te rio ra tio n .
T h e  re la tionsh ips an d  d iag ram s o b ta in ed  show  th a t  a d ecrease  in  rock 

vo lum e (A V /V >  0) m akes th e  pore  gas p ressu re  increase w hile a n  increase 
of ro ck  volum e (A V jV  <[ 0) reduces pore gas pressure. A d e fo rm a tio n a l p ro c 
ess c a n  lead  to  rock an d  gas o u tb u rs ts  only  i f  th e  pore gas p ressu re  increases,
i.e. i f  th e  defo rm ation  red u ces rock  volum e [6, 7, 8].

D efo rm ations red u c in g  ro ck  volum e occur in  fro n t of road  h e a d s , b e n e a th  
sh a ft soles and , fre q u e n tly , also in  f ro n t o f w ork ing  faces [6— 10]. T h is  is in  
acco rd an ce  w ith  experience t h a t  o u tb u rs ts  alw ays occur a t ro ck  faces  (road 
h ead s , sh a f t  soles, w ork ing  faces) b u t never on  th e  side walls o f sh a f ts  o r d rifts  
w here  th e  rock  volum e increases d u rin g  d efo rm atio n . No o u tb u rs ts  occur in  
su ch  w ork ings w here th e  s tre n g th  o f th e  coal lay e r is low (as e.g. in  th e  Pécs 
reg ion , S. H ungary ). As p ro v ed  in  [9], a low coal s tren g th  is a lw ays com bined  
w ith  a P o isso n ’s ra tio  a ro u n d  2, so th a t  in  such  a case th e  ro ck  v o lu m e  will

V e0

Fig. 7. Change of pore gas pressure as a function of specific volum etric change according to the
approxim ate solution
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in c re a se  in  fron t o f th e  w o rk in g  face during  th e  d e fo rm a tio n  and  no  o u tb u rs ts  
w ill s e t  in.

T h u s, th e  specific  v o lu m e  change of th e  ro c k  p lay s a d e te rm in a tiv e  role 
in  th e  ou tb u rsts . T h e  v o lu m e tr ic  change o f p o s itiv e  sign  (i.e. volum e red u c tio n ) 
is o n e  o f the  basic c o n d itio n s  of ou tb u rsts . N o o u tb u rs t  can  set in  if  th is  con
d i t io n  is no t m et.

4. Load assum ption and deterioration o f  the rock-gas system

T h e pressure o f  th e  f re e  gas in th e  pores a n d  c rack  system s o f th e  rock  
c a u se s  co n trad ic to ry  e ffe c ts :

—  on th e  one h a n d , i t  reduces th e  s tre sses  in  th e  solid s tru c tu re  of 
th e  rock

—  and, on th e  o th e r , i t  decreases th e  s t r e n g th  o f th e  rock.

W hen  in v es tig a tin g  ro c k -g a s  system s w e h a v e  to  d istingu ish  be tw een  
th e  effective stresses in  th e  solid  rock m a tr ix  a n d  th e  pore gas p ressu re  or 
neutral stresses. T he su m  o f  th e se  two stresses is th e  to ta l  stress d e te rm in ed  
b y  th e  ex te rn a l load .

B efore ex cav a tio n  th e  follow ing stresses a rise  in  th e  rock—gas sy s tem  in  
th e  e a r th ’s crust [6, 7 , 8 ]:

a'z =  HQg — p 0; HQg — Po 
rn — 1

(29)

w h ere  H
Q
m
Po/Oz

/Ox

is d ep th  b e n e a th  th e  surface,
average b u lk  d e n s ity  of th e  o v e rb u rd en ,
Poisson’s ra t io ,
pore gas p re ssu re ,
vertical e ffec tiv e  s tre ss ,
horizontal e ffe c tiv e  stress.

I n  th e  rocks s u rro u n d in g  th e  excava tions, d e fo rm a tio n s  and  v o lu m e tric  
c h a n g e s  ta k e  place a ffec tin g  b o th  th e  effective s tre s s  an d  th e  pore gas p ressu re .

E xperience  show s t h a t  th e  o u tb u rs ts  m o s t f re q u e n tly  occur on faces 
o f  d r if ts .  L et us co n sid e r t h e  s ta te  of stress in  f ro n t  o f th e  face o f th e  d r if t  
(fo r fu r th e r  details see o u r s tu d y  [10]). Since a  v o lu m e  red u c tio n  ta k e s  p lace  
in  f r o n t  o f the  road  h e a d  d u e  to  th e  tran sfe rred  s tre sse s , th e  pore gas p ressu re  
in c rea se s :

P =  Po +  d p  =  Po— — ~ f(m , 1/E , R )A o ’(x) (30)
eo
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w ith p 0 being th e  in i t ia l  pore gas p ressu re , 
e0 in itia l void  ra t io ,
E  Y oung’s m o du lus,
Aax ax ial e ffec tive  d e fo rm a tio n a l s tre ss , 
R  d rift rad iu s ,
X  d istance  fro m  th e  face.

W ith  th e  increase o f  th e  Y o u n g ’s m o d u lu s th e  pore gas p re s su re  change 
decreases.

T h e  v ertica l e ffec tive  stress in  f ro n t o f th e  road  head is

o'z =  ( HQg— p 0) +  Aa'z; a'z >  H g g — p 0

th e  h o rizo n ta l effective s tre ss  being

Heg  — Po 
m  — 1

-  Л<тх
Heg -  Po 

m — 1

(3 1 )

(32)

T h e  increased  v e rtic a l s tre s s  and  th e  decrease  o f th e  h o rizon ta l o n e  m ak e  th e  
m ech an ica l s ta te  to  a p p ro a c h  to w ard s  d e te rio ra tio n .

T h e  s tre n g th -re d u c in g  effect o f  th e  p o re  gas pressure p lay s a su b s ta n tia l  
ro le  in  th e  d e te rio ra tio n  process. In  th e  p resen ce  of pore gas or w a te r  p ressu re  
th e  e q u a tio n  of th e  lin e a r  fra c tu re  lim it c u rv e  o f  th e  rock can  be  w r i t te n  as:

t ' =  c (ot —  p)  ta n  Ф — (c —  p  ta n  Ф) -(- at ta n  Ф (33)

w ith  t ' th e  shear lim it s tress ,
Of to ta l  no rm al s tre ss , 
c cohesion of th e  rock ,
Ф angle of in te rn a l  fr ic tio n  o f  th e  ro c k .

T he above re la tio n sh ip  exp ressing  d e te rio ra tio n  of rock—w a te r  system s 
is a  g enera lly  accep ted  e q u a tio n  in  soil m echan ics. Since th e  re la tio n sh ip  is 
v a lid  no m a tte r  w h e th e r w a te r  or gas ex e rts  its  effect in  th e  p o re s , E q . (33) 
app lies fo r  th e  d e te r io ra tio n  of rock—gas sy s tem s as well.

I n  re a lity , i t  is o n ly  th e  so lid  p h ase  i.e . th e  rock m a tr ix  t h a t  suffers 
d e te rio ra tio n . N ev erth e less , th e  ex p ressio n  “ d e te rio ra tio n  o f th e  ro c k —gas 
sy s te m ”  is co rrec t, b ecau se  w ith  th e  d e te r io ra tin g  solid phase a lso  th e  ro c k —gas 
sy s tem  as a w hole ceases to  ex is t in  its  p rev io u s form . A fte r  d e te r io ra tio n  
a co m p le te ly  new k in d  o f  ro c k -g a s  sy s tem  com es in to  being, w h e re  th e  solid 
phase  does no t ca rry  a lo ad  an y  m ore  h u t ,  r a th e r , th e  solid p a r tic le s  w ill be 
su sp en d ed  in  th e  gas p h ase .
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A  m ore co n v en ien t fo rm  of the  f ra c tu re  lim it curve can  be  w r itte n  
as [6, 7J:

°cT =
2 m 1 + V (" - p)

(34)

w h e re  ac is the  u n ia x ia l  com pressive s tre n g th  w ith o u t pore gas p ressu re ,
Ф

is B rinke’s n u m b e r ,
(Jr

В  = ---- =  ta n 2
(J y

45 +

<Jt  is th e  ten s ile  s tr e n g th .

T h e  uniax ial c o m p ress iv e  stren g th  becom es, in  th e  presence of p o re  gas 
p re s su re  [6, 7]

ct'c —  <3C 1 _  Л (В _ 1 )
°c

oc — (В  — 1) p . (35)

T h e  g re a te r  the  angle o f  in te rn a l  friction  o r th e  B r in k e ’s num ber of th e  rock , 
th e  g re a te r  will be th e  d ecrease  of th e  u n ia x ia l  com pressive s tre n g th  w ith  
in c re a s in g  pore gas p re ssu re .

I n  th e  absence o f  p o re  gas pressure, th e  s t r e n g th  is in d ependen t o f  th e  
m a g n itu d e  of d e fo rm a tio n  a t  slow d efo rm ation  r a te s  and  a q u as is ta tic  lo a d ; 
i t  is de te rm ined  b y  th e  in te rn a l  resistance o f  th e  ro ck . H ow ever, in  case of 
p o re  gas pressure, th e  s t r e n g th  is affected b y  th e  m a g n itu d e  of th e  d e fo rm atio n , 
s in ce  th e  pore gas p re s su re  reduces th e  in te rn a l  re s is tan ce  of th e  ro ck . T he 
u n ia x ia l  com pressive s t r e n g th  in  th e  elastic d e fo rm a tio n  zone is

a’c =  ac — 1.3 (В  — 1 )p0 1 +  e0 A V

eo V
(36)

T h e  tr ia x ia l  com pressive s tre n g th  is

°Cf — o'c — ° c  — 1-3 (B !)T o
l  +  e0 A V  

4  V  .
+  B<*3 (37)

w ith  c’a being the  la te ra l  e ffec tiv e  principal s tre ss .
T h e  g reater th e  sp ec ific  volum e re d u c tio n  o f  th e  rock th e  g re a te r  th e  

s t r e n g th  reduction , i.e . th e  co n d itio n  of d e te r io ra tio n  w ill be m ore easier m et. 
N e a r  th e  d e te rio ra tio n , i f  th e  deform ation  ex ceed s th e  elastic lim it, w e can  
w rite

a‘ct =  ac — (В  — 1 )------------------------+  B a ’3. (38)
d K  1 +  e0
V  e0
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I f

Á V  1 ~b eo j  
V  e0

i t  is seen from  Fig- 7 t h a t  th e  pore gas p re ssu re  increases qu ick ly  a n d  g re a tly , 
th u s  also th e  s tre n g th  decreases th e  sim ilar w a y . U n d er such c ircu m stan ces  
th e  cond ition  of d e te r io ra tio n  is easily fu lfilled .

A p a rt from  its  s tre n g th  reducing  effec t, p o re  gas pressure also  a ffec ts  
th e  process of d e te r io ra tio n . In  th e  absence  o f  pore gas p ressu re  an d  for 
a  q u a s is ta tic  load , th e  d e te rio ra tio n  process o f  low -stren g th  rocks (oc <C 20 
M N /m 2) is slow an d  does n o t re su lt in  exp losion . I t  s ta r ts  in  th e  w eak est p o in ts  
o f  th e  p lanes of th e  m o s t u n favourab le  s ta te  o f  s tre ss , th e n  g rad u a lly  ex te n d s  
over a w ider a rea . I f  th e  rock  volum e d ecreases  during th e  d e fo rm a tio n , 
th e  pore gas p re ssu re  accelera tes th e  p rocess o f  d e te rio ra tion , th u s  rock  
p o in ts  are su d d en ly  d e te rio ra ted  over a la rg e  a rea . A t th e  b eg in n in g  of 
d e te rio ra tio n , po re  gas pressure  increases g re a tly  and  tù is  r a th e r  sh a rp ly  
reduces s tre n g th . C on seq u en tly , pore gas p re ssu re  increases s till fu r th e r , 
s tre n g th  becom es ev en  less, etc. So, in  th e  p resence  of pore gas p ressu re , 
a ch a in  reac tio n -lik e  process ensues a t th e  b eg in n in g  of d e te rio ra tio n . As a 
re su lt o f th is  process th e  solid rock s tru c tu re  su d d e n ly  deterio ra tes o v er a  w ide 
a rea , gets unab le  to  b e a r  an y  load and  th e  to ta l  load  will be tra n s fe rre d  to  th e  
pore  gas so th a t  its  p re ssu re  w ould app roach  th e  geo sta tic  (Hqg = 5  —  2 0 M Pa). 
T h e  process p ro d u ces a  g re a t gas pressure a n d  a  solid phase su sp en d ed  in  th e  
gas th a t  is unab le  to  b e a r  load. The gas p re ssu re  ac ts  on th e  ro ck  in  f ro n t 
o f  th e  face w here i t  is u su a lly  in a p lastic  s ta te  a n d  has a low gas p e rm e a b ility , 
an d  th ro w s it  o u t f ro m  its  original place. T h u s , a flow of rock  a n d  gas w ill 
s ta r t  to w ard s th e  o p en  space, i.e. an o u tb u rs t  se ts  in.

(39)

5. B asic causes and conditions o f outbursts

The basic cause  o f  rock  and  gas o u tb u rs ts  is th e  s tren g th -red u c in g  and  
d e te rio ra tio n -ac c e le ra tin g  effect of th e  pore  gas pressure. The basic  co n d itio n  
o f o u tb u rs t th a t  th e  ro ck  volum e should  d ec rea se  during  d e fo rm atio n . T here  
is no o u tb u rs t w ith o u t a reduc tion  in  ro ck  v o lu m e , sim ilarly , no  o u tb u rs t  is 
possible w ith o u t p o re  gas pressure. H ow ever, ro c k  dete rio ra tio n  is q u ite  pos
sible w ith o u t pore gas pressure  and rock  v o lu m e  reduc tion . A n explosion-like 
d e te rio ra tio n , h o w ev er, can  only ensue if  ro c k  volum e red u c tio n  ta k e s  place 
in  th e  presence o f  p o re  gas.

T hus, th e  free  gas in  th e  pores p lay s  a  m a jo r role in  b rin g in g  a b o u t 
o u tb u rs ts  in  sp ite  o f  its  sm all p ro p o rtio n  to  th e  to ta l am o u n t o f  gas. The

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



48 ZS. SOMOSVÁRI

a d s o rb e d  gas becom es a c tiv a te d  du ring  th e  o u tb u rs t . A d eso rp tio n  process 
b e g in s  due  to  th e  p re ssu re  red u c tio n  o f  th e  p o re  gas w hich s tre a m s to w ard s  
t h e  o p e n  space, rep lac in g  free  gas, th u s  p re v e n tin g  pressure re d u c tio n . This 
sh o w s th a t  the  p h en o m en o n  o f o u tb u rs t c a n n o t be com pared to  th e  m odel 
o f  a  gas-outflow  from  a re se rv o ir , ra th e r , i t  is s im ila r to  the  d ra in ag e  o f  a  gas 
re s e rv o ir  w ith  a s te a d y  rep lacem en t.

O u r th eo re tica l in v e s tig a tio n s  have also  ca lled  a tte n tio n  to  th e  im p o r ta n t  
ro le  o f  th e  s tren g th  p a ra m e te rs  (Tc , В  and  Ф. T h e  g rea te r  the  pore gas p ressu re , 
th e  an g le  of in te rn a l f r ic tio n  an d  B rin k e’s n u m b e r or th e  sm aller th e  co m p res
s iv e  s tre n g th , th e  g re a te r  w ill be th e  d an g er o f  o u tb u rs t . P o ro sity  a n d  Y o u n g ’s 
m o d u lu s  are also im p o r ta n t  fac to rs. T h e  sm alle r th e  po rosity  o r Y o u n g ’s 
m o d u lu s , th e  g rea ter th e  d a n g e r  of o u tb u r s t  C om pressive s tre n g th , Y o u n g ’s 
m o d u lu s  and  porosity  a re , how ever, n o t in d e p e n d e n t p aram eters . I n  gen era l, 
th e  s t r e n g th  and Y o u n g ’s m odu lus are sm alle r fo r  rocks of g re a te r  p o ro s ity  
a n d  vice versa. The effect o f  a low p o ro n ty  in  increasin g  th e  o u tb u rs t  d an g er 
w ill o n ly  be realized i f  th e  Y o u n g ’s m odulus o f  th e  rock  (coal) is sm a ll. T he 
e ffe c t o f  Y oung’s m o d u lu s is s tro n g er fo r rocks of great Y o u n g ’s m odu li 
( sa n d s to n e s ) , i.e. th e  o u tb u r s t  d an g er is g re a te r  fo r sandstones of sm all Y o u n g ’s 
m o d u lu s  and  high p o ro s ity .

I t  has also been  p ro v e d  th a t  th e  s tru c tu re , m ic ro stru c tu re  a n d  a d so rp 
t io n  p a ra m e te rs  60, T  a n d  vm h av e  no im p o r ta n t  effect upon  p ro v o k in g  o u t
b u r s ts .

P ra c tic e  has ju s tif ie d  th e  resu lts  o f o u r th e o re tic a l in v estig a tio n s. O b se r
v a t io n s  show  th a t  if  w e h a v e  m ining a c tiv i ty  below  or above som e la y e r , th is  
la y e r  w ill be stronger i f  i t  is affected  b y  gas d ra in ag e  (resu lting  in  a sm alle r 
p o re  g as  pressure) [1, 3]. A  p ro p e rly  v e n tila te d  a n d  d ra ined  coal face is r a th e r  
d if f ic u l t  to  w in, i.e. i t  is s tro n g e r  [1, 3]. S eam  4 o f  th e  Is tv á n  M ine I — I I  in  
P é c s b á n y a  of 9— 10%  p o ro s ity  shows no o u tb u rs t  danger while seam  11 of 
3— 4 p e r  cen t po ro sity  is a ffec ted  by  a serious danger of o u tb u rs t  [1, 8]. 
I t  h a s  a lso  been observed  t h a t  th e  po ro sity  o f  san d sto n es affected  b y  o u tb u rs t  
d a n g e r  in  th e  D onets b a s in  o r  th e  R u h r d is tr ic t  (10— 14 per cent) is tw ic e  as 
g r e a t ,  w h ile  th e ir  s tre n g th  is  on ly  h a lf t h a t  m easu red  in  sandstones w ith o u t 
o u tb u r s t  danger [3]. A f u r th e r  experience is t h a t  th e  g rea te r th e  s tre n g th  o f  th e  
co a l, th e  g rea te r th e  ra t io  o f  th e  specific gas a m o u n t released b y  o u tb u rs ts  
a n d  to  t h a t  released d u rin g  p ro d u c tio n . T h is m ean s th a t  a g rea ter gas c o n te n t 
o r  p o re  gas pressure is n ecessa ry  to  cause o u tb u rs ts  if  th e  coal s t r e n g th  is 
h ig h  [3 ].

I t  h a s  also been sh o w n  in  th e  s tu d y  t h a t  th e  m echanical in te ra c tio n  is 
th e  d e c is iv e  one am ong th e  possib le in te ra c tio n s  betw een  th e  solid  a n d  gas 
p h a se s . A lthough , n ecessa rily , th e rm o d y n am ic  a n d  physicochem ical in te r 
a c tio n s  also  take  p a r t in  th e  process, th e ir  e ffect is negligible an d  is lim ite d  
to  th e  in crease  of pore gas p re ssu re  while p o re  vo lu m e decreases.

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



ROCK AND GAS OUTBURSTS 49

R E F E R E N C E S

1. Sz ir t e s , L .: Szén- és gázkitörések leküzdése (Com bat Against Coal and Gas O utbursts).
M űszaki K önyvkiadó, B udapest, 1971.

2. F e j é r , L.-—R a d n a in é : A m ecseki alsó liász kőszenek gázfelvevő és gázleadó képessége
(Gas sorption and gas desorption capability  o f  Lower Liassic bitum inuous coals in  the 
Mecsek area). B ányászati és K ohászati L apok , B ányászat, 1978. No. 8.

3. K ovács, F.: Connection betw een the gas conten t and strength of rocks exposed  to gas
outburst danger. Acta Geod., Geoph., M ont. H ung., 16 (1981), 115— 130.

4. ХОДОТ, В. В.: Внезапные выбросы угля и газа. Государственное научно-техническое
издательство литературы по горному дели. Москва, 1961.

5. B u zá gh , A.: Kolloidika (Colloidics). Part I. Akadém iai Kiadó. B udapest, 1951.
6. S om o svá ri, Zs.: Zobák bányán a pillér hatásnak k ite tt területek kőzetfeszü ltségének  fel

oldása a bányam űvelés irányításával (R elief o f rock pressure in areas o f  th e  Zobák  
Mine exposed to pillar effect by the control o f m ining operations). Research R ep t. 1977.

7. S om o svá ri, Zs .: Investigation  of the deterioration o f  the rock-gas system  to  clarify the
cause o f rock and gas outbursts. Acta Geod., Geoph. M ont. Hung., 15 (1980), 257— 269.

8. Som o svá ri, Zs .: Investigation  of the load assum ption of rock-gas system s, a im ing at the
detection  of the causes o f  rock and gas outbursts. Acta Geod., Geoph. M om . H ung.,
15 (1980), 271— 294.

9. S o m o sv á ri, Zs .: Investigation  of the rock-gas system  in front o f the face o f w orkings in
order to determine the cause o f rock and gas outbursts. Acta Geod., Geoph. M ont. H ung.,
16 (1981), 131— 149.

10. S om o svá ri, Zs.: Investigation  o f the zone in  front o f road heads in order to  determ ine the 
cause o f rock and gas outbursts. Acta Geod., Geoph. M ont. Hung., 17 (1982), 1— 27.

МЕХАНИЗМ ВОЗНИКНОВЕНИЯ ВЫБРОСОВ ГАЗА И ПОРОД
Ж. ШОМОШВАРИ

РЕЗЮМЕ

В статье на основе исследования физико-химических, термодинамических и ме
ханических взаимодействий описывается механизм возникновения выбросов газа и пород, 
излагаются основные причины и условия выбросов, а также основные параметры возник
новения выбросов. Подчеркивается, что активную, главную роль в возникновении выбро
сов играют механические взаимодействия системы порода-газ, а термодинамические и физи
ко-химические взаимодействия играют пассивную роль.

В статье указывается и на то, что в структуре угля не могут быть такие качествен
ные различия, которые могли бы объяснить опасность или безопасность выбросов. В любой 
газоносной породе (уголь, песчаник, соль и т. д.) при определенном большом давлении 
поровых газов, небольшой прочности, небольшом динамическом модуле упругости и т. д., 
т. е. при определенных условиях выброс может произойти. Возникновение выброса и вы- 
бросоопасность не зависят от природы пород, а от разрушения несущей системы порода-газ, 
что происходит в определенных условиях и ведет к выбросам.

В возникновении выброса главную роль играет свободный газ, содержащийся в 
порах, несмотря на то, что его количество составляет Только незначительную часть ад- 
сорбционно связанного газа. Связанный газ играет роль только после начала выброса, 
когда из-за уменьшения давления газа пор начинается десорбционный, процесс, который 
одной стороны дополняет количество свободного газа, а с другой стороны препятствует 
уменьшению давления.
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MAIN PARAMETERS OF THE ROCK AND GAS 
OUTBURST DANGER

ZS. SOMOSVÁRI

TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC 

[M anuscript received Septem ber 22, 1979]

The m ost im portant, universal parameters of th e  danger o f rock and gas outbursts w ill be 
determ ined and their interrelationships analysed. The starting  point is that the outb urst m e
chanism  is brought about b y  the m echanic and therm al interactions of the two phases o f  the  
load-bearing rock -gas system . The following are the m ain  param eters characterizing th e  o u t
burst danger: pore gas pressure, com pressive strength and angle o f internal friction  o f  the  
gas-bearing rock, and the y ield  point-to-com pressive stren g th  ratio expressing the brittleness  
(toughness) o f the rock.

U sing the interrelationship betw een the m ain param eters determining outburst danger  
the stu dy  explains som e basic observations according to  w h ich  coal layers containing a sm all 
am ount o f gas are frequently  rather dangerous, while th o se  w ith  a higher gas content n ot a t all, 
from  the point o f  v iew  o f gas outburst. In certain areas a very  sm all pore gas pressure is su f
ficien t to  in itia te  outbursts; in  other regions, how ever, th e  sam e pore gas pressure does not 
involve an outburst danger.

The stu dy  em phasizes th a t the relationship b etw een  the m ain parameters determ ining  
outburst danger can be applied in alm ost all fields o f  th e  struggle against unexpected rock and  
gas outbursts, th a t is th ey  are of utm ost practical im portance.

Symbols
tensile strength  
uniaxial com pressive strength  
cohesion
angle o f internal friction  
triaxial com pressive strength  
P rotodiakonoff’s num ber 
yield  point
uniaxial com pressive strength in the presence of pore gas pressure 
P oisson’s ratio
average volum e w eight o f the overburden  
pore gas pressure 
in itial pore gas pressure 
layer depth
depth of the upper boundary of the gas-bearing zone 
horizontal d istance from the drift face 
thickness o f  the p lastic rock zone 
drift radius
specific volum e change 
effective radial stress 
effective axial stress 
void ratio 
Y oung’s m odulus
factor depending on  the effectiveness o f  drift support 
Brinke’s num ber
m easured triaxia l com pressive strength  
surface pressure applied at triaxial in v estiga tion s  
m easured uniaxial com pressive strength  
measured Y oung’s m odulus 
m easured P oisson’s ratio
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T h e  techn ica l l i te ra tu re  dealing  w ith  th e  m ain  p a ram ete rs  o f th e  rock  
a n d  g as  o u tb u rs t d an g er re lies f ir s t  o f a ll u p o n  experience, d e te rm in e s  th e  
b a s ic  in flu en c in g  fac to rs  f ro m  o b se rv a tio n s a n d  estab lishes em p irica l r e la tio n 
sh ip s  b e tw e e n  th e  v a rio u s  p a ra m e te rs . A lth o u g h  observations a n d  s ta t is t ic a l  
a n a ly se s  o f  o u tb u rs ts  c a n  in fo rm  us a b o u t th e  m o st obvious p a ra m e te rs , th e y  
c a n n o t  d e te rm in e  all p a ra m e te rs  of im p o rta n c e , o r reveal all possib le  re la t io n 
sh ip s  b e tw e e n  th e  im p o r ta n t  p a ra m e te rs ; th e  m o st we can  expect is to  g e t som e 
ru le s  o f  ap p ro x im ativ e  a n d  local v a lid ity .

T h e  un iversa lly  v a lid  re la tio n sh ip s  b e tw e e n  th e  m ain  p a ra m e te rs  o f  th e  
o u tb u r s t  danger can  o n ly  be  d e te rm in ed  b y  th e o re tic a l in v es tig a tio n s  based  
o n  e m p ir ic a l d a ta .

P re v io u s  in v es tig a tio n s  [10, 11, 12, 13, 14] on  th e  m echanical a n d  th e rm a l 
in te r a c t io n s  o f th e  lo ad -b ea rin g  d u a l ro ck —gas sy stem , i.e. on th e  b asic  causes 
a n d  c o n d itio n s  of rock  a n d  gas o u tb u rs ts , h a v e  revealed  th e  in te rc o n n e c tio n s  
o f  t h e  b a s ic  p a ram e te rs  ch a ra c te riz in g  o u tb u r s t  danger.

T h e se  th eo re tica l f in d in g s  g rea tly  en h an ce  th e  effectiveness o f th e  s tru g g le  
a g a in s t  o u tb u rs ts , in  tw o  b ro a d  fields:

—- in  fo recasting  o u tb u rs ts  and
—  in  th e  dev e lo p m en t o f p ro tec tiv e  m e th o d s  against o u tb u rs ts .

T h e  in te rre la tio n sh ip  o f  th e  m ain  p a ra m e te rs  can  be used  to  develop  
n ew  a n d  m ore re liab le  fo recas tin g  m eth o d s , to  increase th e  e ffec tiv en ess  of 
th e  p ro te c tiv e  m eans an d  to  in tro d u ce  new  a n d  m ore effective ones.

D u e  a tte n tio n  shou ld  be  p a id  to  th e  em p irica l d a ta  pu b lish ed  in  te c h 
n ic a l l i te ra tu re ,  since th e se  enab le  us to  check  th e  resu lts  o b ta in ed  b y  th e o re t
ic a l an a ly se s .

1. Experimental find ings on the m ain  parameters of the outburst
danger

A cco rd in g  to  o b se rv a tio n s , th e  basic  p a ra m e te r  of o u tb u rs t d a n g e r  is 
th e  s t r e n g th  of th e  g as-b ea rin g  ro ck  [1, 3, 4 , 5 ]. T he less th is  s tre n g th , th e  
g r e a te r  th e  o u tb u rs t d an g er.

I n  th e  Soviet l i te ra tu re  ty p e s  I —V coal are  d istingu ished  fro m  th e  p o in t 
o f  v ie w  o f  s tru c tu re . Coals w ith  in ta c t  s t ru c tu re  belong to  ty p e  I ,  s tro n g ly  
s h a t te r e d  ones to  ty p e  Y . E x p erien ce  show s t h a t  coals of h igher ty p e s  are 
m o re  co m m o n  a t p laces a ffec ted  b y  fre q u e n t o u tb u rs ts  [1, 3].

S tre n g th  d a ta  o f v a rio u s  coal ty p es  o f  th e  D on ets  basin  are  su m m arized  
in  T a b le  I  [3 ]. N o ta tio n s u sed  are as fo llow s:

а г  tensile  s tre n g th ,
Oc com pressive s tre n g th ,
c cohesion,
act tr ia x ia l com pressive  s tre n g th .
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Table I

Strength data 
MN/m*

Type of structure

I—II III IV—V

Op 0.13—0.38 0 .1 4 -0 .2 1 0 .0 5 -0 .0 9

c 0 .4 6 -0 .1 5 2 0.47— 0.93 0 .1 3 -0 .3

ac 3 .6—7.6 3 .5 - 3 .9 0 .9 -1 .5 5

a Cl
Cif n .  — 2 MN/m*l

4 .4 -1 5 .5

T ab le  I I  show s s tre n g th  d a ta  fo r th e  v a r io u s  ty p es of coals o f  V o rk u ta  
resources.

A ccord ing  to  th e  T ab les , th e  ex p erien ce  t h a t  coals belonging to  h ig h er 
ty p e s  are  m ore  f re q u e n t a t  places a ffec ted  b y  o u tb u rs ts , m eans t h a t  coals o f  
less com pressive  a n d  ten s ile  s tre n g th  a n d  less cohesion are m ore d a n g e ro u s  
from  th e  p o in t o f v iew  o f o u tb u rs ts .

I t  has also b een  experienced  th a t  p o re  gas pressure is a f u r th e r  basic  
p a ra m e te r  o f  o u tb u rs t  danger. T he g re a te r  th e  po re  gas p ressure , th e  g re a te r  
th e  d an g er o f  o u tb u rs t .  A ccording to  ex p e rien ce , pore gas p ressu re  in creases  
w ith  d e p th . F o r  th e  D o n e ts  basin  th e  c o rre la tio n  betw een  pore gas p re ssu re  p  
an d  d e p th  H  is g iven  b y  th e  em pirical e q u a tio n .

p  =  0.01 (H  —  h0) M N /m 2, H  [m]

h0 [m]

w ith  h 0 being  th e  u p p e r lim it of th e  g a s-b ea rin g  zone [8, 9]. F o r th e  P ro k o p ie v sk  
reg ion  o f th e  K u z n e tsk  basin  [7]

p  =  0.061 (H  —  h 0)o a +  0.25 M N/m2, Я  [m]

h0 [m]
an d  fo r th e  K am ero v o  a rea  [6]:

p  =  0.12 H  —  22 k p /c m 2, H  [in].

Table II

Strength data 
MN/m*

Type of structure

I—II III IV—V

Op 0 .1 6 -0 .2 2 0 .0 8 -0 .0 9 0 .0 1 5 -0 .0 2

c 0 .7 9 -0 .8 5 0.43— 0.53 0.15—0.23

a c 4.6—5.4 3.4 —3.5 0 .5 -1 .2
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E x p e r ie n c e  also shows th a t  ro c k  s tre n g th  an d  p o re  gas pressure do n o t in flu en ce  
th e  d a n g e r  of o u tb u rs t  in d e p e n d e n tly , b u t  in  s tro n g  connection  w ith  each  
o th e r . I n  case of a g rea t ro c k  s tre n g th  even  a  h ig h  pore  gas p ressu re  does n o t  
in d ic a te  serious o u tb u rs t  d a n g e r  an d  vice versa , fo r  a sm all s tre n g th  ro c k  ev en  
a  sm a ll p o re  gas p ressu re  c a n  in it ia te  o u tb u rs ts .

T h e  danger o f o u tb u rs t  is expressed  b y  th e  in eq u a lity

P >  1 9 / 2

fo r th e  K am ero v o  area  o f th e  K u zn e tsk  b a s in  [1, 6 ]. I f  th e  above in e q u a li ty  
h o ld s , th e r e  is o u tb u rs t d an g e r. In  th is  in e q u a lity  s tre n g th  is c h a ra c te riz e d  b y  
P ro to d ia k o n o ff ’s n u m b e r /w h ic h  a p p ro x im a te ly  co rresponds to  one h u n d re d th  
o f  th e  com pressive  s tre n g th . T h e  above ru le  is n o t  un iversa lly  va lid , fo r  i t  h as  
b e e n  e s ta b lish e d  for th e  K u z n e tsk  co n d itions o n  th e  one han d , an d , o n  th e  
o th e r , P ro to d ia k o n o ff’s n u m b e r is n o t an  a d e q u a te  p a ram e te r to  c h a ra c te r iz e  
ro c k  s tre n g th . T herefo re, th e  above c o rre la tio n  b e tw een  rock  s tre n g th  a n d  
p o re  g as  p ressu re  can  on ly  b e  considered  as s tro n g ly  app rox im ate .

T h e  d e p th  of th e  la y e r  is also a basic p a ra m e te r  for th e  d e te rm in a tio n  o f 
o u tb u r s t  d an g er accord ing  to  te ch n ica l l i te ra tu re  [2]. This view  is c o rro b o ra te d  
b y  th e  experience  th a t  th e  freq u en cy  and  in te n s i ty  o f o u tb u rs ts  in crease  w ith  
d e p th .  A ccord ing  to  p rev io u s co n sidera tions, one o f th e  reasons o f th is  t e n d 
en c y  is th e  inev itab le  in c rea se  w ith  d e p th  o f  th e  p o re  gas pressure. T h e re fo re , 
th e  d e p th  o f th e  lay e r sh o u ld  no t be considered  as a decisive p a ra m e te r  i f  
p o re  g as  p ressu re  has a lre a d y  been  ta k e n  in to  acco u n t.

I n  v a rio u s areas o f th e  w orld  a g rea t v a r ie ty  o f p aram eters , som e o f th e m  
r a th e r  a rtif ic ia l, have  been  in tro d u c e d  to  c h a ra c te r iz e  th e  o u tb u rs t d a n g e r. 
T h ese  p a ra m e te rs , how ever, do  n o t have  a g en e ra l v a lid ity  in  all areas.

A ll in  all, based  on experience, we a re  le f t w ith  tw o u n iv ersa lly  v a lid  
p a ra m e te rs  of o u tb u rs t d an g e r: rock  s tre n g th  a n d  pore gas pressure. N o  u n i
v e rsa l c o rre la tio n  betw een  th e  tw o p a ra m e te rs  an d  th e  danger o f o u tb u r s t  
h as , h o w ev e r, been ever es tab lish ed .

O b v io u sly , th e  co m p lica ted  m echanism  o f ro ck  and  gas o u tb u rs ts  m u s t 
d e p e n d  o n  m ore th a n  tw o  p a ra m e te rs . W ere th is  n o t  th e  case, th e  o b se rv a tio n s  
w o u ld  h a v e  fu rn ished  m uch  m ore  reliab le  re su lts  in  th e  struggle a g a in s t o u t 
b u rs ts .

T h e  m ain  p a ram e te rs  o f  o u tb u rs t  d an g e r a n d  th e ir  m u tu a l d ep en d en ce  
can  o n ly  be  de te rm ined  if  th e  m echanism  o f th e  developm ent o f o u tb u rs ts  
is w ell k n o w n . This m echan ism  will be d iscussed  in  th e  n ex t section.
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2. D evelopm ent of rock  an d  gas o u tb u rsts

T he m echan ism  o f th e  deve lopm en t o f  ro ck  a n d  gas o u tb u rs ts  has been 
in v es tig a ted  [10, 11, 12, 13, 14], here on ly  th e  m a in  fe a tu re s  w ill be  su m m a
rized  in  order to  m ake th e  follow ing discussions se lf-con ta ined .

R ock  an d  gas o u tb u rs ts  are  b ro u g h t a b o u t b y  a special m e c h a n ic a l-  
th e rm a l in te ra c tio n  o f  th e  load -b earin g  ro c k -g a s  sy stem . S tr ic tly  speak ing , i t  
is only  th e  solid ph ase  t h a t  d e te rio ra tes , i t  is s till co rrec t to  call th e  phenom enon  
th e  deterioration o f  the load-bearing rock-gas system , since a f te r  d e te rio ra tio n  a 
ro c k -g a s  system  o f a to ta l ly  d ifferen t c h a ra c te r  w ill be  p ro d u ced  con ta in in g  
solid partic les su sp en d ed  in  gas.

T h e  d e te rio ra tio n  o f th e  load -bearing  ro c k -g a s  sy s tem  ensues sudden ly , 
explosion-like, i f  th e  d e fo rm atio n  causes a  decrease in  ro ck  vo lum e. I f  rock  
vo lum e increases d u rin g  defo rm ation , th e  d e te r io ra tio n  proceeds slow ly and  
n o  o u tb u rs t sets in .

T he basic co n d itio n  o f o u tb u rs ts  th a t  th e  specific vo lum e change of th e  
ro ck  should  be a red u c tio n , i.e.

A V
V

> 0 . ( 1 )

T he basic cause  o f  o u tb u rs ts  is th e  ro ck  s tre n g th  red u c in g  effect o f pore 
gas pressure. T h e  u n ia x ia l com pressive s tre n g th  can  be w ritte n , using  e.g. th e  
lin ear frac tu re  lim it cu rv e

Ф
oc — ta n 2 45 H------

. 2
—  1 ( 2)

w ith  ac being th e  u n ia x ia l com pressive s tre n g th  o f th e  rock  w ith o u t pore 
gas p ressu re ,

Ф angle o f in te rn a l fric tio n , 
p  pore gas p ressu re .

I f  th e  ro ck  s tre n g th  is reduced  b y  po re  gas p ressu re  i f  a ro ck  volum e 
red u c tio n  ta k e s  p lace , an d  th e  load is q u a s is ta tic , th e  ro ck  d e te r io ra tio n  p ro 
ceeds as follow s. W ith  increasing  load  pore gas p ressu re  increases, rock  
s tre n g th  decreases, th u s  th e  s ta te  o f th e  rock  te n d s  to w ard s  d e te rio ra tio n  
because of tw o reaso n s: load  increase an d  s tre n g th  red u c tio n . W h en  d e te rio ra 
tio n  begins, som e lo ad -b ea rin g  po in ts d ro p  o u t w h ich  causes fu r th e r  volum e 
red u c tio n  an d  th e  lo ad  gets tra n sfe rre d  even  m ore  on th e  po re  gas. Con
seq u en tly , pore gas p ressu re  increases, s tre n g th  is fu r th e r  red u ced , som e m ore 
rock  po in ts d ro p  o u t from  th e  load -b earin g  sy s tem , e tc . T h is w ay  a  self- 
accelera ting  ch a in  re a c tio n  process com m ences w h ich  m akes th e  d e te rio ra tio n
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ex p lo sio n -lik e . A fter th e  en d  o f  d e te rio ra tio n  th e  ro ck  is c o m m in u ted , becom es 
u n a b le  to  ca rry  load  an d  a t  th e  sam e tim e  th e  pore gas p ressu re  g re a tly  
in c re a se s . As a resu lt o f a ll th is  a  ro ck  phase su sp en d ed  in  th e  gas com es in to  
b e in g , to g e th e r  w ith  a h ig h  gas pressure. This u su a lly  th ro w s th e  genera lly  
p la s tic  an d  low p e rm e a b ility  f ro n t  zone o f th e  ro ck  in to  th e  open  space. 
A n  o u tb u r s t  sets in : a g re a t a m o u n t of gas an d  ro ck  flow s in to  th e  m in ing  
e x c a v a tio n .

T h e  described m ech an ism  o f th e  d eve lopm en t of o u tb u rs ts  ex p la in s all 
e x p e rien ces  concerning o u tb u rs ts .

A s regards th e  fa c t t h a t  o u tb u rs ts  occur m ost fre q u e n tly  a t  d r if t  faces, 
th e  m a in  p aram eters  o f th e  o u tb u rs t  danger w ill be d e te rm in ed  from  th e  
a n a ly s is  o f  stresses a t d r if t  faces . O f course, we h a v e  to  o b ta in  th e  sam e re su lt 
no m a t te r  th e  analysis re fe rs  to  a sh a ft sole or a w ork ing .

3. R ock  d e te r io ra tio n  in  fro n t o f d rift faces

S tresses  in fro n t o f th e  face  o f a ho rizon ta l d r if t  o f c ircu la r cross sec tion  
h a v e  b e e n  described in  g re a te r  d e ta il  in  [13]. T h e  re su lts  are  illu s tra te d  in  
F ig . 2 , u s in g  th e  co -o rd in a te  sy s te m  of Fig. 1, an d  th e  n o ta tio n s :

Or effective rad ia l s tre ss  in  th e  rock  s tru c tu re ,
Oa effective ax ial s tre ss , 
p 0 in itia l pore gas p re ssu re ,
X  h o rizon ta l d is tan ce  f ro m  th e  d rift face.

T h e  rad ia l stress in c reases  to w ard s  th e  in te r io r , a t ta in s  a m ax im u m  a t 
som e X  — x 0, th e n  decreases. F o r  x 0 ]> x  >  0 th e  ro ck  is in  th e  p la s tic  s ta te , 
fo r  x  x 0 in  th e  elastic  s ta te .

T h e  stresses are, b y  [13]:

=  (Hy Po)
0.5 mCR

m  — 1

Ym- 1
e R(Dpa + 1 )X

On =
H y — po 

m — 1

Ym—1
~R(Dp„+\)X

(3)

(4 )

Fig. 1. Rock zone and coordinate system  around the drift f  1  j »
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E
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10 8 6 
X [ m )

Fig. 2. E ffective stresses in  front o f  the drift face

X < ]  x n

<f'r =  (Н у -  p„)
O y В 1

Km—1
e R(Dp0+ \)X

1 H y -  p 0 m  — 1

aa
Hy -  Po j

m  — 1

__ Vm~ 1 x-i
e R(Dp0+ 1)

w here H  is d ep th ,

and

у  average  volum e w eigh t o f th e  o v e rb u rd en , 
(7 у y ie ld  p o in t of th e  rock , 
m  P o isson’s ra tio  o f th e  rock,
R  d r if t rad ius,

В  =  ta n 2
Ф

45 -)------
2 ,

П =  1.3
m  —  2

m E

1 “
2 0.5 mCR -  1

m — 1

( 5)

( 6)

(” )

( 8 )
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w ith  e0 void  ra tio  o f th e  rock ,
E  Y oung’s m o d u lu s o f  th e  rock,
C fac to r  d ep en d in g  on th e  effectiveness o f  th e  d rift su p p o rt,

1
. 0.5 m C R - \ - B — —

--------------------------------  m ~ 1
m

(m  -  1)
H y  — Po

+
В
-  1

— 1
(9)

F ig u re  2 illu s tra te s  th e  stresses for th e  fo llow ing  choice o f th e  p a ra m e te rs : 
m  =  4 , В  =  4, E  — 400 M N /m 2, e0 =  0 .05, Я  =  400 m , у  =  25 k N /m 3, 
R  =  2 m , CR =  4, ay  =  4 M N /m 2.

R o ck  d e te rio ra tio n  com m ences a t q u a s is ta tic  load  if  th e  e q u a lity

a'r =  a'c +  R o 'á  =  <Ус —  (R  —  1) p  +  Rcrá ( 10)

h o ld s . Since th e  s tre ss  in  th e  rock  is m a x im u m  a t  x  =  x 0, th e  co n d itio n  o f  
d e te r io ra t io n  has to  be  exp ressed  for. th is  p lace . B y  su b s titu tin g  th is  v a lu e  
in to  th e  d e te rio ra tio n  co n d itio n

oc =  aY — (B  — 1) p  (11)

w ith  p  be ing  m ax im u m  gas pressure  in  f ro n t  o f  th e  rock  face. In tro d u c in g

î - ^ c i ( 12)

th e  c o n d itio n  of d e te r io ra tio n  becom es

Q’c   В — 1

p  1 —  q
(13)

T h e  sam e  re su lt is o b ta in e d  b o th  for th e  w o rk in g  an d  th e  sh a ft m ean ing  th a t  
th e  re la tio n sh ip  is o f u n iv e rsa l va lid ity .

4. M ain  p a ram e te rs  of th e  o u tb u rs t danger

A ccord ing  to  o u r p rev io u s co n sid era tio n s, th e  co n d ition  o f o u tb u rs ts  
is t h a t  th e  in eq u a lity

p 1 — q
sh o u ld  ho ld .
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T he in eq u a lity  is sa tisfied  if  th e  com pressive s tre n g th  o f  th e  rock  is 
sm all, its  angle of in te rn a l fr ic tio n  and  th e  po re  gas pressure a re  g re a t,  and  the  
y ie ld  p o in t is as n e a r th e  com pressive s tre n g th  as possible. T h e  com pressive 
s tre n g th  and  th e  angle o f in te rn a l fr ic tio n  are  n o t in d e p e n d e n t qu an tities  
since

Uc =  2 c ta n (15)

w here  c is cohesion.
I t  w ould be m ore  a p p ro p ria te  to  express th e  o u tb u rs t  d a n g e r  in  term s 

o f  in d ep en d en t p a ra m e te rs , i.e. b y

ta n z
Ф

45 +  —
2

2  ta n

1

1  -  q
(16)

T h e  com pressive s tre n g th , how ever, is a  m ore easily  av a ilab le  p a ra m e te r  th a n  
cohesion, there fo re  w e sha ll use th e  fo rm u la  of o u tb u rs t d a n g e r  as expressed 
in  te rm s  of com pressive s tre n g th . W e shou ld  no t fo rget, h o w ev e r, th a t  it is 
n o t ind iffe ren t from  th e  s ta n d p o in t o f  o u tb u rs t  danger w h e th e r  th e  same 
com pressive s tre n g th  re su lted  from  a g re a te r  cohesion a n d  a  sm alle r angle 
o f  in te rn a l fric tion , o r  vice versa. A  com pressive s tre n g th  v a lu e  m ad e  up of 
a g re a te r  in te rn a l fr ic tio n  and  sm aller cohesion  is especially  d isad v an tag eo u s 
concern ing  o u tb u rs t  d an g er.

E q u a tio n  (14) c o n ta in s  th e  m ain  p a ra m e te rs  c h a ra c te riz in g  th e  o u tb u rst 
d an g er. One of th e  m a in  p a ra m e te rs  is th e  com pressive s tre n g th  o f  th e  rock Uc- 
C oncerning th e  com pressive  s tre n g th , i t  shou ld  be n o ted  t h a t  th e  crackedness 
o f  th e  ro ck  changes s tre n g th  p a ram e te rs . B ecause o f th e  s e p a ra t io n  surfaces, 
th e  tensile  s tre n g th  decreases f irs t  o f  all, th e n  cohesion, a n d  le a s t  of all the  
com pressive s tre n g th . U n d e r com pression , nam ely , th e  s e p a ra t io n  surfaces 
m o s tly  get in  c o n ta c t w ith  each  o th e r an d  th e  in te rn a l re s is ta n c e  d u e  to  friction  
ex e rts  its  effect on all possib le surfaces. T h u s , we h av e  a lm o s t th e  sam e case 
as in  th e  absence o f  cracks. A ten sio n , how ever, sep a ra tes  c ra c k  surfaces so 
t h a t  th e  fric tion  c a n n o t ex e rt its  effect a long  th em . T h e re fo re , th e  s tren g th  
a g a in s t th is  ty p e  o f s tre ss  is con sid erab ly  red u ced  as co m p a re d  w ith  th e  case 
o f  no cracks.

A fu r th e r  m a in  p a ra m e te r  affec ting  o u tb u rs t d a n g e r is th e  angle of 
in te rn a l fric tion , Ф, o f  th e  rock . F o r rocks w ith o u t cracks th e  an g le  o f in te rna l 
fr ic tio n , and  th e  com pressive  and  ten sile  s tren g th s , re sp e c tiv e ly  are in th e  
follow ing re la tio n sh ip  w ith  each o th e r. B rin k e ’s n um ber o f  th e  rock :

B  =  - ^  (17)
(У j
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( 1 8 )

F o r  c ra c k e d  rocks
В  ^  В  b u t В  >  В .

T h e  v a lu e  of В  and th e  an g le  o f  in te rn a l fric tion  o f  c ra c k e d  rocks can  he d e te r 
m in e d  fro m  uni- and  t r ia x ia l  com pression  m easu rem en ts  b y  th e  follow ing w ay :

act ~  °c
°3

(19)

w h e re  act is m easured t r ia x ia l  com pressive s tre n g th , 
a 3 surface p ressu re  a p p lie d ,
Oc m easured u n ia x ia l  com pressive s tre n g th .

F o r  exam ple for th e  c o a l lay e rs  of th e  D o n e ts  b a s in  act =  4 .4 —  15.5
M N /m 2 h as  been o b ta in ed  f ro m  ат =  0.05 —  0.38 M N /m 2, oq =  0.9 —  7.6 
M N /m 2 a n d  er3 =  2 M N/m 2 [3 ]. T h u s  В  =  18 —  20 a n d  В  =  2 —  4. F o r coals 
w e g e n e ra lly  have В ш  2 — 4 , i.e . Ф =  11 —  37.

I t  alw ays has to  be t a k e n  in to  account t h a t  th e  la b o ra to ry  specim ens 
u s u a lly  o rig in  from  m ore or le ss  in ta c t ,  only slig h tly  c ra c k e d  p a rts  of th e  rock . 
C o n se q u e n tly , the  com pressive  s tre n g th  determ ined  in  th e  la b o ra to ry  is a lw ays 
g re a te r  th a n  in situ. On th e  o th e r  h an d , the  tensile  s t r e n g th  ob ta in ed  b y  la b o r
a to r y  m easurem ents is a lw a y s  sm aller th a n  its  in  situ  v a lu e  because o f th e  
d a m a g e  caused  w hen p re p a r in g  th e  specim ens. C ohesion , as de te rm ined  in  th e  
la b o ra to ry  is a p a ram ete r w h o se  v alue  can p ro p e rly  c h a ra c te riz e  th e  in  situ  
s ta te .  B a se d  on th is o b se rv a tio n , th e  com pressive s t r e n g th  ch a rac teriz in g  th e  
in  situ  s ta te  is:

A  fu r th e r  decisive p a ra m e te r  of o u tb u rs t d a n g e r  is th e  fac to r q t h a t  
c h a ra c te r iz e s  the  toughness o r  b rittle n e ss  of th e  ro c k : th e  m ore th is  q fa c to r  
a p p ro a c h e s  u n ity , th e  m ore b r i t t l e  is th e  rock, th e  less q, th e  to u g h er th e  rock . 
R o ck s o f  g re a t s tren g th  (ac ^> 50 M N /m 2) usually h av e  a  q v a lu e  a round  0.6, i.e. 
ro ck s  o f  g rea t s tren g th  a re  to u g h ,  ra th e r  th a n  b r i t t le .  Coals are genera lly  
sm a ll s t r e n g th  rocks (ac <  20  M N /m 2) b u t a t th e  sam e  t im e  th e y  are b r i t t le  
fo r th e i r  q factors are a ro u n d  0 .8 0 — 0.95. Since th e  v a lu e  o f  th e  q u o tien t q as 
d e te rm in e d  on lab o ra to ry  sp ec im en s  are also c h a ra c te r is tic  to  th e  in situ  
s ta te ,  th is  fac to r is a sen s itiv e  in d ic a to r  of th e  d a n g e r  o f  o u tb u rs t.

L a s t  b u t  no t least, po re  g as  p ressu re  p  should also  b e  considered  as a m ain  
p a ra m e te r  o f th e  o u tb u rs t d a n g e r . T h e  m axim um  p o re  gas pressure  in  f ro n t

(20)
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o f th e  ro ck  face depends on m any  v a ria b le s . W hile opening e x c a v a tio n s , th e  
in it ia l  po re  gas p ressu re  changes, i t  u su a lly  increases because o f th e  ch an g ed  
ro ck  vo lum e in  fro n t o f th e  rock face. A t th e  sam e tim e , th e  e v a p o ra tio n  th ro u g h  
th e  free  ro ck  su rface  reduces pore gas p re ssu re . T herefore, th e  m a x im u m  pore  
gas p ressu re  observed  in  fro n t o f th e  ro ck  face  o f low s tre n g th  coals, does no t 
exceeds som e 0.1— 0.5 M Pa. The p e rm e a b ility  o f  h a rd , to u g h  an d  less c rack ed  
coals is sm all, th u s  ev ap o ra tio n  also is sm all, an d  it  reduces pore gas p re ssu re  
o n ly  to  a sm all e x te n t. S trong  an d  to u g h  coals allow  a m uch h ig h er m a x im u m  
p o re  gas p ressu re  of 2— 5 M Pa. As a lre a d y  m entioned , pore gas p ressu re  
increases w ith  th e  d e p th  of th e  layer.

In  th e  fo llow ing discussions som e b asic  observations will be  e x p la in e d  
w ith  th e  help  o f  th e  m ain  p a ram e te rs  o f  o u tb u rs t  danger, based  on  la b o ra to ry  
m e a su re m e n ts .

5. E x p lan a tio n  o f som e basic observ a tio n s of th e  o u tbu rst d an g e r

E x p erien ce  show s th a t  in  m an y  cases th e re  is no danger o f  o u tb u rs t  in  
som e ty p e s  of coal con ta in ing  large q u a n ti t ie s  o f gas, while o th e r  coa l ty p e s  
w ith  m uch  less gas can  be ra th e r  d an g ero u s . I t  is well know n, e.g . t h a t  th e  
m in in g  a c tiv ity  in  th e  h igh ly  gaseous coa l la y e rs  o f th e  M ecsek reg ion , H u n g a ry , 
h a s  to  face th e  d an g e r o f o u tb u rs t w hile in  th e  T a ta b á n y a  reg io n  th e re  is no 
o u tb u rs t  d an g er even  th o u g h  th e  coal c o n ta in s  m uch  gas. To ex p la in  th is  o b se r
v a tio n , p a ra lle l ro ck  m echanical in v e s tig a tio n s  h av e  been  carried  o u t o n  M ecsek 
a n d  T a ta b á n y a  coal sam ples. F igures 3— 5 il lu s tra te  th e  s tress d e fo rm a tio n  
d iag ram s o f u n ia x ia l com pression e x p e rim e n ts  on som e M ecsek co a l sam ples. 
T h e  th re e  a —e curves in  F ig . 3 are re s u lts  o f experim en ts on  co a l sam ples

Zobdk mine
From the material of the outburst in December,

1970 
25

20

N 15 E 
z z

5 

0
0 0,005 0.010 0.015 0.020 0025

e

F ig . 3. Stress deformation curves o f  un iaxial compression experim ents

Acta Geodaelica, Geophysica et Montanistica Acad. Sei. Hung. 17. 1982



62 ZS. SOMOSVÁRI

Zobák mine

Fig. 4. Stress deform ation curves of un iaxial com pression experim ents

t a k e n  f ro m  places o f u n ex p ec ted  o u tb u rs ts  in  th e  Z obák  m ine, in  D ecem b er 
1978. A ccord ing  to  th e  F ig u res , q =  0.93 —  0.95. T h e  curves in  F ig . 4 c h a ra c 
te r iz e  th e  sam ples ta k e n  from  seam s 10 an d  16 o f level I  in  Z obák  m ine . 
A cco rd in g  to  th e  F ig u re , q =  0.93. F igu re  5 i l lu s tra te s  curves o b ta in ed  fro m  
m e a su re m e n ts  on sam ples from  seam s 3, 4 a n d  11 of th e  Is tv á n  m ine. T h e  
q u o t ie n t  q is in  th is  case 0.91— 0.95. T he v a lu es  o f  8  coal sam ples ta k e n  fro m  
th e  M ecsek reg ion  show  h a rd ly  an y  sc a tte r , th e y  v a ry  betw een  0.91 a n d  0 .95 . 
T hese  v a lu e s  in d ica te  a  coal ty p e  th a t  is d e f in ite ly  b r it t le . A t th e  sam e tim e , 
th e  v a lu e s  o f o th e r  ro ck  p a ra m e te rs  d e te rm in e d  fo r  th e  sam e sam ples show  
a m u c h  h ig h e r s c a tte r . T h e  com pressive s tre n g th  is Oc =  1.2 —  23 M N /m 2,

István mine

0 0.005 0.010 0.015 0.020
E

F ig. 5. Stress deform ation curves o f un iaxial com pression experim ents
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Tatabánya

Fig. 6. Stress deform ation curves of uniaxial com pression experim ents

th e  tensile  s tren g th  0 7 - =  0.1 —  2 M N/m 2, Y o u n g ’s m odulus E  =  350 —  2500 
M N /m 2, B rin k e’s n u m b e r В  — 12 —  24 an d  P o isso n ’s ra tio  m  =  2.1 —  2.5. 
T h e  w a te r  co n ten t o f th e  coal sam ples v a ried  b e tw een  1.0 an d  1 .5 % .

T he a —  e cu rves o f  coal sam ples from  sh a ft X I I  in  T a ta b á n y a  are 
illu s tra te d  in  Fig. 6 . T h e  correspond ing  p a ra m e te rs  are : q =  0 .58  —  0.84, 
oq =  4 —  25 M N/m 2 an d  Ё  — 2100 M N/m2. T h e  w a te r  co n te n t o f  th e  sam ples 
w as a round  15% . F ig u re  7 illu s tra te s  th e  a — e curves o f d ried  coa l sam ples 
from  T a ta b á n y a . In  th is  case q — 0.91 —  0.93, ac =  7 —  12 M N /m 2 and  
É  =  1200 —  2400 M N /m 2.

Tatabánya

Fig. 7. Stress deform ation curves o f un iaxial compression experim ents
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T he resu lts show  t h a t  th e  b rittlen ess  or to u g h n e ss  o f th e  coal ty p e s  are 
in  co rre la tio n  w ith  n a tu r a l  w a te r  co n ten t. Coal ty p e s  w ith  h ig h e r n a tu ra l 
w a te r  co n ten t are less b r i t t l e ,  those w ith  low er w a te r  c o n te n t are  v e ry  b r ittle . 
T h e  n a tu ra l  w a te r c o n te n t  o f  th e  coal lay ers  in  M ecsek is b e tw een  2  an d  5% , 
in  T a ta b á n y a  it is a ro u n d  1 5 % . O n the  basis o f  th e  ava ilab le  d a ta  i t  c an  be 
s t a te d  th a t  values o f qx =  0 .9 0 —-0.95 c h a rac te rize  th e  M ecsek coal lay ers  and  
q2 — 0.60 —  0.85 th e  T a ta b á n y a  ones. I t  follow s f ro m  E q . (14) th a t  a pore gas 
p re ssu re  higher by  a f a c to r  of

1 — q2 0.15 -  o.4o;_____ — _______________L =  3 _4

1 — qt 0.05 -  0.10

w o u ld  be required  to  in i t ia te  an  o u tb u rs t u n d e r th e  T a ta b á n y a  c ircum stances. 
T h is  is th e  m ain reaso n  w h y  no  o u tb u rs t d an g e r h a s  ev er occurred  in  th e  gas- 
r ic h  coal layers of T a ta b á n y a .

I t  can  also be g e n e ra lly  s ta te d  th a t  to u g h , less b r it t le , gas-rich  coals are 
n o t  a ffec ted  by  th e  d a n g e r  o f  o u tb u rs t w hile b r i t t le ,  less to u g h , gas-rich  coals 
sh o w  a  g rea t o u tb u rs t d a n g e r . T he tough  c h a ra c te r  o f  th e  coal is u su a lly  accom 
p a n ie d  b y  a great in  situ  s tre n g th  while b r i t t le  coals have  a low er in  situ  
s t r e n g th . This fact also c o n tr ib u te s  to  th e  d ifference  in  o u tb u rs t d an g er.

A  com m on ex p erien ce , t h a t  in  some coal b a s in s  (e.g. Mecsek) a  v e ry  low  
p o re  gas pressure, p  =  0.2 —  0.3 M Pa is su ffic ien t to  cause o u tb u rs ts , w hile 
in  o th e r  places such  a  p o re  gas pressure shou ld  n o t be considered  o u tb u rs t  
d a n g e ro u s . E q u a tio n  (14) c le a r ly  shows th a t  i f  th e  coal is b r ittle  an d  its  in  situ 
s t r e n g th  is low th e n  a  v e ry  low  pore gas p ressu re  is su ffic ien t to  in it ia te  th e  
ch a in -reac tio n -lik e  o u tb u r s t  m echanism .

L a b o ra to ry  m e a su re m e n ts  perfo rm ed  on coa l sam ples ta k e n  from  th e  
m a te r ia l  of a sudden  o u tb u r s t  in  th e  Z obák  m in e , 1978, gave th e  follow ing 
a v e ra g e  values:

ffC =  23 M N/m 2 

o r  =  0-4 M N /m 2 

q =  0.94 

В  =  57

В  =  2.5 (estim ated) .

U s in g  E q . (20), th e  in  situ  com pressive  s tre n g th  o f  a  h ig h ly  cokified , c racked  
co a l c a n  he ca lcu la ted  as Oq =  4.8 MN/m2. T he p o re  gas pressure re q u ire d  to  
p ro v o k e  an  o u tb u rs t c an  b e  w r it te n  as

P J - L l . ^ 4 . 8 1 - 0 - 9 4
В  — 1 2 . 5 - 1

0.19 M P a .
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T hus, in  th e  given case, a s ligh tly  h igher po re  gas p ressu re  th a n  0.19 M Pa is 
su ffic ien t to  cause o u tb u rs ts . As a m a tte r  o f fa c t, m easu rem en ts  estab lished  
th e  sam e m agn itu d e  o f po re  gas pressure  a t  th e  p lace o f o u tb u rs t.

T h is exam ple also suggests th e  conclusion  th a t  in  th e  su rro u n d in g  of 
in tru s io n s  th e re  is a g rea t o u tb u rs t  danger, f irs t o f  all because o f  th e  ex trem e 
b rittlen ess  o f cokified coal.

U sing th e  in te rd ep en d en ce  of th e  p a ra m e te rs  d e te rm in in g  th e  d an g er of 
o u tb u rs t , several o b se rv a tio n s  ab o u t o u tb u rs ts  c a n  be exp la ined . E q u a tio n  (14) 
can be used in  a lm ost all fie lds of th e  strugg le  ag a in s t o u tb u rs ts , th e re fo re  th is 
re la tio n sh ip  is o f a g rea t p rac tica l im p o rtan ce .
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ОСНОВНЫЕ ПАРАМЕТРЫ ВЫБРОСООПАСНОСТИ ПОРОД И ГАЗОВ
Ж . ШОМОШВАРИ

РЕЗЮМЕ

В статье на основе механизма выброса вызванного механическими и термическими 
взаимодействиями двух фаз несущей системы порода-газ определяются общепринятые основ
ные параметры выбросоопасности и функциональная зависимость выбросоопасности от 
основных параметров. Основными параметрами выбросоопасности являются: давление 
поровых газов, сопротивление давлению и угол внутреннего трения газообильной породы 
и отношение условного предела текучести к сопротивлению давлению, выражающее хруп
кость и цепкость породы.

На основе функциональной зависимости выбросоопасности от основных параметров 
в статье дается объяснение такого основополагающего опыта, соответственно которому 
менее газообильный уголь часто является выбросоопасным, а более газообильный уголь не 
характеризуется выбросоопасностью. В отдельных областях совсем малое давление поро
вых газов достаточно для наступления выброса, а в других областях такое давление поро
вых не ведет к выбросоопасности.

Статья обращает внимание на то, что зависимость, определяющую выбросоопас- 
ность от главных параметров можно использовать почти во всех областях в борьбе с вне
запными выбросами газов, поэтому она имеет исключительно большое практическое зна
чение.
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MECHANISM OF ACTION OF PROVOKING 
EXPLOSIONS

ZS. SOMOSVÁRI

TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC 

[M anuscript received January 30, 1980]

The study sum m arizes the causes and conditions o f  rock and gas outbursts and some 
new results explaining the action  mechanism of outbursts, b y  analysing the interactions of the 
two phases o f the load-bearing rock-gas system . It is po in ted  out that outbursts triggered by  
provoking explosions com e about in exactly the sam e w ay  as outbursts generally do. The 
action m echanism  of provoking explosions is described and the causes of outbursts occurring 
w ith a delay after provoking explosions are analysed. The stu d y  proves that seism ic vibrations 
caused by explosions are n ot direct causes o f the outbursts. T hey can only be considered аэ 
indirect causes as far as th e y  bring about changes in the affected rock zone th a t satisfy  the 
conditions of outbursts.

Symbole

о  tota l norm al stress
Ъг primary vertical to ta l stress
Ъ'г primary vertical effective stress
r 7 effective shear lim it stress
p 0 initial pore gas pressure
p  pore gas pressure
Ap  change of pore gas pressure
Pmax m axim um  pore gas pressure
Q average bulk den sity  o f overburden layers over the gas-bearing layer
g  acceleration due to gravity
c cohesion o f the rock
c cohesion o f the rock under the effect o f  pore gas pressure
Ф angle o f internal friction of the rock
Oy yield point o f  the rock
В  Brinke’s num ber
Oq uniaxial com pressive strength
o'c uniaxial com pressive strength of the rock
q coefficient characterizing the brittleness o f the rock
act triaxial com pressive strength of the rock under the effect of pore gas pressure
<73 lateral e ffective  principal stress
A V /V  specific volum e change of the rock
e0 initial void ratio o f  the rock
E  Young’s m odulus o f the rock
m  Poisson’s ratio o f the rock

O n of th e  m ost w ide ly  used p rev en tiv e  m e th o d s  ag a in st u n ex p ec ted  rock 
and  gas o u tb u rs ts  is th e  provoking explosion. T h e  a im  o f th is  m ethod  is to  cause 
a con tro lled  o u tb u rs t in  a p a r tic u la r  place an d  tim e  th u s  p re v e n tin g  o th e r 
su d d en  o u tb u rs ts . T he a d v a n ta g e  of provok ing  o u tb u rs ts  is, as co m p ared  w ith  
o th e r  local p ro tec tiv e  m e th o d s , th a t  th ey  can  be app lied  in  ev e ry  case (if 
explosions are p e rm itte d )  ev en  if  th e  use o f o th e r  local p ro tec tiv e  m ethods 
w ould be accom panied  w ith  th e  danger of su d d en  o u tb u rs t .  The on ly  d isad v an -
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ta g e  o f  p ro v o k in g  explosions is t h a t  th e y  g re a tly  h in d e r th e  n o rm a l w o rk in g  
p ro c e d u re  [ 1 0 ].

T w o  versions of p ro v o k in g  explosions h av e  b een  developed: th e  F re n c h  
a n d  th e  B elg ian  m ethods [10]. T h e  F ren ch  m e th o d , a p a r t from  sh a k in g  th e  
so lid  ro c k  b o d y , also ensures w in n in g s. In  th e  B elg ian  m ethod  th e  o n ly  effect 
o f  th e  ex p losion  is th e  v ib ra t io n  o f th e  coal layers o f low s tre n g th . T h e  te c h n o l
ogies o f  p rovok ing  explosions a d a p te d  a t th e  M ecsek Coal Mines a re  s im ila r 
t o  th e  B e lg ian  m ethod.

O u tb u rs ts  triggered  b y  p ro v o k in g  explosions se t in , in  c e r ta in  cases, 
w ith  a d e la y  and  u n ex p ec ted ly . E x p erien ce  has show n th a t  d e layed  o u tb u rs ts  
o c c u r in  th e  m ajo rity  of cases w h en  coal layers o f  low  s tre n g th  are  p ro v o k ed . 
I n  c o a l la y e rs  of g rea t s tre n g th , e.g. in  L ow er Silesia, th e  p rovok ing  exp losion  
e i th e r  cau ses  im m ediately  a n  o u tb u rs t  or no o u tb u rs t  sets in  ev en  a f te r  a 
d e la y  [1 0 ]. U nder such  c irc u m sta n c es , th e  p ro v o k in g  explosion g ives a 100 
p e r  c e n t  p ro tec tio n  ag a in st o u tb u rs ts .

U n d e r  th e  c ircu m stan ces o f th e  M ecsek Coal Mines, in  coal lay e rs  of 
e x tr e m e ly  low s tren g th , o u tb u rs ts  w ith  a c e r ta in  d e lay  a fte r p ro v o k in g  ex p lo 
s io n s o c c u r  ra th e r  fre q u e n tly : th e ir  p ro p o rtio n  is a b o u t 20 %  [10]. I n  o rder 
to  d e c re a se  th e  frequency  o f  d e lay ed  o u tb u rs ts  we have to  u n d e rs ta n d  th e  
a c t io n  m echan ism  of p ro v o k in g  explosions, a ta s k  th a t  has no t y e t b een  so lved  
b y  th e  re se a rc h  w orkers. M ost th eo rie s  t r y  to  a t t r ib u te  th e  cause o f  o u tb u rs ts  
to  th e  seism ic v ib ra tions o f su ffic ie n t energy  evoked  b y  th e  exp losion  a n d  th e y  
d e r iv e  t h e  m echanism  of a c tio n  s ta r t in g  from  th is  p o in t. E x p erien ce , h o w ev er, 
sh ow s t h a t  earth q u ak es h a v e  n ev e r caused  an y  o u tb u rs ts . T his fa c t  c a s ts  a 
s t ro n g  d o u b t on seismic v ib ra tio n s  as a d irec t cause  o f o u tb u rs ts  [1 ].

T h e  action  m echan ism  o f  p rovok ing  exp losions can n o t be e x p e c te d  to  
b e  fu l ly  understood  u n til  th e  basic  causes and  cond itions of o u tb u rs ts  are 
s a t is fa c to r i ly  explained, ev en  th o u g h  th is  m igh t seem  an u n u su a lly  h a rd  ta sk . 
H o w e v e r , th is  problem  has to  be solved f irs t if  we aim  to  achieve a n y  fu r th e r  
p ro g re ss  in  th e  p ro tec tio n  a g a in s t o u tb u rs ts  an d  in  p lann ing  th e  p ro te c tio n  
te c h n o lo g ie s .

O u tb u rs ts  are d e te rm in e d  b y  m any  p a ra m e te rs . O bv iously , som e of 
th e m  d e te rm in e  basically  th e  co n d itio n s of o u tb u rs ts  while som e o th e rs  only 
in f lu e n c e  th e  danger o f o u tb u rs t .  T h e  m an y  v a riab les  and  th e  g re a t a m o u n t 
o f  a c c u m u la te d  experience in d ic a te  th e  need o f a research  b ased  on  system s 
th e o r y .  A n investiga tion  w ith  su ch  a p o in t o f view  can  reveal th e  p a ra m e te rs  
a f fe c t in g  th e  rise of o u tb u rs ts  b u t  f irs t o f all th e  co rre la tion  or co rre la tio n s  
t h a t  d e te rm in e  th e  c o n d itio n s  of o u tb u rs ts .

T h e  m ain  fea tu re  o f o u r  research  is th a t  un like  th e  m ost o f  m odern  
r e s e a rc h  tren d s , it  does n o t an a ly se  th e  in d iv id u a l b eh av io u r of th e  ro c k  and  
g as  p h a se s  b u t em phasizes th e ir  in te rac tio n s  [3, 4, 5, 6 , 7, 8 , 9 ]. T h u s  the  
s u b je c t  o f the  analysis is th e  co m plica ted  in te ra c tio n s  betw een  th e  phases
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o f  th e  lo ad -b earin g  rock—gas sy stem . T h e  tw o  phases of th e  lo a d -b e a rin g  ro c k -  
gas sy stem  are  in

ch em ical, 
th e rm a l, an d  
m ech an ica l

in te ra c tio n s . T hese in te rac tio n s  can  be  an a lysed  b y  m eans o f  th e  law s of 
c o n tin u u m  m echanics and  irrev e rsib le  th e rm o d y n am ics. A t th e  b e g in n in g  of 
o u r in v e s tig a tio n s , based  on ex p erien ce , o u tb u rs ts  have b een  assu m ed  as 
e ssen tia lly  m echan ical phenom ena . C o n seq u en tly , f irs t o f all th e  m echan ica l 
in te ra c tio n s  o f th e  tw o  phases h av e  b een  th o ro u g h ly  in v es tig a ted . O f course, 
th e  th e rm o d y n a m ic a l changes o f s ta te  o f  th e  gas have n o t b e e n  neg lected . 
V ario u s o b se rva tions of o u tb u rs ts  p ro v e d  th e  resu lts  o b ta in e d  from  th e  
an a ly ses .

A n o th e r fea tu re  of our re sea rch  m e th o d  is th a t  it  seeks th e  causes of 
o u tb u rs ts  in d ep en d en tly  of th e  m a te r ia l  o r q u a lity  of th e  ro ck , o n ly  com m on 
c h a ra c te r is tic s  of th e  v a rio u s rocks a re  ta k e n  in to  co n sid e ra tio n . T h e  m ost 
im p o r ta n t  o f  th ese  is th a t  rocks are  co n sid ered  as porous m ed ia  w h ere  pores 
an d  c rack s fo rm  a m ore or less co m m u n ica tin g  system . T h u s  th e  analy sis  of 
th e  rise  o f o u tb u rs ts  is n o t b o und  to  th e  s tru c tu re  o f th e  co a l u n lik e ly  to  th e  
o th e r  —  to  our m ind  in co rrec t —  m e th o d s  o f in v estig a tio n . T h e  th e o re tic a l 
ana ly ses  in  ou r research  h av e  alw ays b een  carried  ou t so as to  ta k e  in to  con
s id e ra tio n  th e  rea l ro ck -g as  sy stem . E sse n tia lly , th e  effect o f o p en in g  ex cav a
tio n s  on  th e  gas-bearing  rock  (rock—gas system ) has been in v e s tig a te . T hus, 
ou r in v e s tig a tio n s  form  a p a r t  o f th e  re sea rch  of n a tu ra l sy s tem s  b ased  on 
sy stem s th e o ry  suggested  b y  L . K ap o ly i.

1. Requirements towards a new  theory of outbursts

A u n iv e rsa lly  valid  th e o ry  o f th e  rise  of o u tb u rs ts  has t o  ex p la in  all 
o b se rv a tio n s  reg ard in g  rock  an d  gas o u tb u rs ts  irrespective  o f th e  f a c t  w h e th e r 
th e  o u tb u rs t  is a c o a l-g a s , s a l t -g a s  o r sa n d s to n e -g a s  one, th e  o u ts tre a m in g  
gas is C H 4, C 0 2 or N 2 and  th e  o u tb u rs t  h ap p en s  in  a d rift, w o rk in g , ro o m  or 
sh a ft [6 ].

T h e  req u irem en ts  can  be su m m arized  as follows:
a)  A ny un iversa lly  va lid  th e o ry  shou ld  give an  equally  v a lid  e x p la n a tio n  

fo r th e  basic  causes, con d itio n s an d  m ech an ism  of c o a l-g a s , s a l t—gas, san d 
s to n e -g a s  or, in  general, ro c k -g a s  o u tb u rs ts .

b)  T h e  th e o ry  should  enab le  us to  derive  num erica lly , a n d  to  d e te rm in e  
in  fo rm  o f fo rm ulae , th e  m ain  p a ra m e te rs  and  all essen tia l fa c to rs  affecting  
th e  d an g er o f o u tb u rs t. T hese m ain  p a ra m e te rs  an d  fac to rs  h a v e  to  ch a rac 
te riz e  th e  d an g er of co a l-gas, s a lt—gas an d  san d sto n e—gas o u tb u rs ts  as well.
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c)  T h e  th eo ry  h as  to  an sw er th e  p rinc ipa l q u e s tio n : w hy  does no o u tb u rs t  
o ccu r in  c e r ta in  layers in  sp ite  o f  th e ir  g reat gas c o n te n t  w hile a t o th e r p laces, 
ro ck s  w ith  a m uch low er gas c o n te n t show a  g re a t d an g e r of o u tb u rs t.

d )  T h e  th e o ry  m u s t e x p la in  th e  o u tb u rs ts  in  d rif ts , w orkings, room s 
a n d  a t  sh a f t  soles, an d  th e  experience  w hy  o u tb u rs ts  occur m ost f re q u e n tly  
in  d r i f ts ,  w hile th e y  a re  e x tre m e ly  ra re  a t  sh a f t so les.

e)  T h e  th e o ry  sh o u ld  ex p la in  th e  exp erien ce  t h a t  o u tb u rs ts  n ev e r se t 
in  w h e n  th e  layers a ffec ted  b y  o u tb u rs t d an g e r a re  p e n e tra te d  b y  bo reho les 
fro m  th e  surface.

f )  T h e  th eo ry  h as  to  e x p la in  th e  experience  t h a t  no o u tb u rs t occurs in  
th e  w o rk in g s  of coal lay e rs  o f  low  stren g th  w hile th e y  do occur in  coal lay e rs  
o f g re a t  s tre n g th .

g )  T h e  th eo ry  has to  ex p la in  the  experience  t h a t  o u tb u rs t m ay  occur 
a t  so m e  p laces w ith  e x tre m e ly  low  in itia l p o re  gas p ressu re  of 0.2— 0.3 M P a, 
w h ile  in  c e r ta in  cases a  m u c h  g rea te r in itia l p o re  gas p ressure , 4— 5 M P a is 
n e c e s sa ry  to  cause an  o u tb u rs t .

h)  T h e  th eo ry  has to  an sw er the q u a n ti ta t iv e  q u estions of th e  in te n s ity  
o f o u tb u r s ts :  w hy does th e  in te n s i ty  increase w ith  increasing  w orking  d e p th .

2. B asic  causes, conditions and the m echanism  o f the outbursts based 
on the new  theory o f outburst

T h e  resu lts  o f our in v e s tig a tio n s  can be su m m arized  as follows [3, 4, 5, 
6 , 7, 8 , 9 ]. W hen  load , lo ad  assu m p tio n  and  stre sses  o f  th e  load-bearing  ro c k -  
gas s y s te m  are d ea lt w ith , s tre sses  in  the  solid s t ru c tu re  o f th e  rock  and  in  th e  
p o re  g as  h av e  to  be c lea rly  d is tingu ished . T h e  s tre sse s  in  th e  solid s tru c tu re  
o f  th e  ro c k  are  called  effective stresses — k eep in g  w ith  th e  term ino logy  o f soil 
m e c h a n ic s  -— w hile th o se  in  th e  free gas in  th e  po res a re  called pore gas pressure. 
T h e  su m  o f th ese  tw o  s tre sse s  is th e  so-called total o r  whole stress.

T h e  e x te rn a l load  on  th e  sy stem  determ ines th e  to ta l  stress. F o r exam ple  
a h o r iz o n ta l gas-bearing  ro c k  la y e r  in  the e a r th ’s c ru s t  is loaded b y  a v e r tic a l 
to ta l  p r in c ip a l stress

dz =  Hgg ( 1 )

w ith  Q th e  average b u lk  d e n s ity  of the  o v e rb u rd e n  layers above th e  g as
b ea rin g  layer,

g  acce lera tion  due  to  g ra v ity ,
H  d e p th .

I f  th e  pressure o f  th e  free  gas in  th e  po res o f  th e  gas-bearing rock  is 
p о th e n :

öz =  HQg =  о'г +  Po- (2)
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T his m eans th a t  th e  effec tive  v e rtica l s tress in  th e  solid s t ru c tu re  of the  
ro ck  becom es

К =  Heg—Po- (3)

C onsequen tly , th e  load  on  th e  gas-hearing  ro ck  lay er is d iv id ed  b e tw een  the  
solid s tru c tu re  o f th e  ro ck  and  th e  pore gas. T he la t te r  relieves a  p a r t  of the 
lo ad  from  th e  solid s tru c tu re  o f th e  rock to  th e  e x te n t of th e  po re  gas pressure.

T he d e te rio ra tio n  process of th e  lo ad -b ea rin g  rock—gas sy s te m  p lays a 
decisive ro le in  th e  rise  o f o u tb u rs ts . I n  re a li ty , i t  is only  th e  solid  p h ase  which 
can  suffer d e te rio ra tio n . N evertheless, i t  is su itab le  to  call th e  phenom enon  
the deterioration o f the load-bearing rock-gas system  since due to  th e  d e te rio ra tio n  
o f  th e  solid phase th e  ro c k —gas system  ceases to  ex ist in  its  p rev io u s  s ta te  and 
w ith  its  p ro p ertie s , i.e . i t  d e te rio ra tes . A fte r  d e te rio ra tio n  a ro c k —gas system  
w ith  a w holly  new  c h a ra c te r  com es in to  being . H ere th e  solid  p h a se  h a rd ly  
h ea rs  any  load , th e  sy s tem  is ra th e r  a m ass o f solid partic les su sp e n d e d  in  gas. 
B y  calling  th e  ph en o m en o n  d e te rio ra tio n  o f th e  ro c k -g a s  sy s te m , w e would 
em phasize  th a t  th e  tw o  phases are  reg a rd ed  as to  be in  a  close in te ra c tio n  
w ith  each o ther, even  w hen  ana ly sin g  th e  d e te rio ra tio n  o f th e  so lid  s tru c tu re  
o f  th e  rock .

T h e  e q u a tio n  o f th e  lin ear fra c tu re  lim it cu rve  of th e  ro c k , ta k in g  into 
acco u n t th e  pore p ressu re  (w ate r or gas), c an  he w ritten :

x' =  c (cr —  p ) ta n  Ф =  (c —  p  ta n  Ф) a ta n  Ф =  c' -f- a ta n  Ф, (4)

w ith  %' effective sh ea r lim it stress, 
a to ta l  n o rm al stress , 
c cohesion o f th e  rock ,
Ф angle o f in te rn a l fr ic tio n  of th e  rock .

T h is is th e  b asic  eq u a tio n  of th e  d e te rio ra tio n  of rocks s a tu ra te d  w ith 
w a te r, genera lly  accep ted  in  soil m echanics. Since th e  eq u a tio n  is in d ep en d en t 
o f w h a t k ind  o f m ed iu m  (w ater o r gas) ex e rts  its  effect in  th e  p o res , i t  is the 
basic eq u a tio n  o f th e  d e te rio ra tio n  of th e  load -bearing  ro c k -g a s  sy s te m  as well.

T he e q u a tio n  expresses th a t  th e  pore gas pressure red u ces  th e  shear 
lim it stress of th e  solid s tru c tu re  of th e  rock . T he g rea te r th e  p o re  gas pressure 
an d  th e  angle o f in te rn a l fric tio n  of th e  ro ck , th e  g rea te r th is  red u c tio n . The 
pore  gas p ressu re  ex e rts  its  effect in  such  a w ay  th a t  it red u ces  cohesion to  
th e  v a lu e  of с' =  c —  p  ta n  Ф.

T he eq u a tio n  o f th e  fra c tu re  lim it line can  be w ritte n  in  th e  following 
m ore p rac tica l fo rm :

gc_
2  Y В

, В  — I ,
I -\------ ------(a -  p)

°c
(5)
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w ith  <7c uniaxial co m p ressiv e  s tre n g th  in th e  ro c k  w ith o u t th e  effect o f  pore 
gas (p  -  0 ),

Ф 1
В  — ta n 2 45 -f- —j£- • (6 )

T h e  u n ia x ia l com pressive s t r e n g th  of the  rock  becom es in  th e  p resence  of 
p o re  gas

o'c =  (Ус — { в  —  1) P (7)

c o h e s io n  being given by

c =  c — p
В  - l
2 IIB

( 8)

T h e  t r ia x ia l  com pressive s t r e n g th  of th e  gas-b earin g  ro ck  can  be w r itte n  as

o'ct =  o'c +  Ba'3 =  ac —  (B  —  1) p  +  Ba'3 (9)

w h e re  a'3 is th e  la tera l e ffec tiv e  p rinc ipa l stress.
T h e  d eterio ra tion  p ro cess  o f rocks w ith  no p o re  gas un d er th e  effect o f 

q u a s is ta t ic  load can be s c h e m a tic a lly  described as follow s. W ith  th e  increase 
o f  th e  lo ad  on the rock, in  th e  w eak est point or p o in ts  o f  surfaces w ith  th e  m ost 
u n fa v o u ra b le  stress, su d d e n ly  d e te rio ra tio n  ensues. T h is tran sfe rs  a c e r ta in  
excess lo ad  on the  su rro u n d in g  ro ck  points. T h erefo re , d e te rio ra tio n  sets in  a t 
p o in ts  o f  g reater s tre n g th , to o , w h ich  transfers m u c h  h ig h er load on th e  s till 
i n ta c t  a n d  strong rock p o in ts  in  th e  neighbourhood. T h u s , d e te rio ra tio n  also 
co m es a b o u t in these p o in ts . F in a lly , w hen even th e  s tro n g est p o in ts  o f th e  
ro c k  d e te r io ra te  th e  p ro cess  o f  de te rio ra tio n  com es to  an  end. T he excess 
lo a d , cau sed  by  th e  d e te r io ra t io n  of rock p a rtic le s , reach es th e  su rro u n d in g  
s tro n g e r  rock  points in  im p u lse s . T he speed of th e  process depends, fo r th is  
re a so n , also  on Y oung’s m o d u lu s . T he g reater th e  Y o u n g ’s m odulus, th e  g re a te r  
th e  sp e e d  o f d e te rio ra tio n , s im ila r ly  to  th e  v e lo c ity  o f  elastic  w aves. T his 
e x p la in s  th e  observations g a in e d  in  lab o ra to ry  co m p ressio n  ex p erim en ts  th a t  
ro c k  specim ens of g rea t s t r e n g th ,  g rea t Y oung’s m o d u lu s  and  less degree o f 
n o n -h o m o g en e ity , d e te r io ra te  in  m a n y  cases in  an  exp losion-like  fashion.

I n  th e  presence o f p o re  gas, th e  d e te r io ra tio n  process becom es m ore 
co m p le x . E ssen tia lly , tw o  p ro cesse s  have to  be d is tin g u ish e d  in  th e  d e te r io ra 
t io n  o f  th e  load-bearing ro c k —gas system , d ep en d in g  on  w h e th e r th e  specific 
v o lu m e  change of th e  ro c k  d u r in g  dete rio ra tio n  is a  red u c tio n  (A V /V ^>  0) 
or a n  in c rease  (A V /V  < 0 ).

T ype  A . The load on th e  ro ck  causes a specific  red u c tio n  of vo lum e 
( A V / V ^ O ) .  I f  the  d e te r io ra t io n  o f th e  solid s t ru c tu re  s ta r ts  u n d e r such  
c irc u m s ta n c e s  then  w hile th e  so lid  s tru c tu re  g ra d u a lly  ceases to  ca rry  lo ad , 
th e  v o lu m e  reduction  gets m o re  in ten siv e , load is tra n s fe r re d  to  th e  pore gas,
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co n seq u en tly , pore  gas pressure  increases. T h e  increase  of th e  pore gas p re ssu re  
reduces th e  s tre n g th  o f th e  rock  th u s  th e  d e te r io ra tio n  process becom es g re a tly  
acce lera ted . U n d e r such  c ircum stances, d e te r io ra tio n  of th e  solid s t ru c tu re  
o f th e  rock  ensues in  a v e ry  sho rt tim e , in  th e  fo rm  o f an  explosion, w hile  pore 
gas p ressu re  fu r th e r  increases.

Type B . T h e  load  on th e  rock  cau ses  a specific increase o f  vo lum e 
(A V /V  0). I f  th e  d e te rio ra tio n  o f th e  so lid  s tru c tu re  s ta rts  u n d e r su ch  c ir
cu m stan ces, th e n  w hile  th e  solid s tru c tu re  g ra d u a lly  ceases to  c a rry  lo a d , th e  
vo lum e increase g e ts  m ore in tensive , in  co n seq u en ce , pore gas p ressu re  decreases . 
A re d u c tio n  in  th e  pore  gas pressure re su lts  in  a s tren g th  increase th u s  th e  
d e te rio ra tio n  process is slowed dow n. U n d e r  such  c ircum stances, th e  d e te 
rio ra tio n  o f th e  solid  s tru c tu re  of th e  rock  p ro ceed s  slowly, not like an  ex p losion  
and  th e  pore gas p ressu re  g rad u a lly  d ecreases .

In  m in ing  p ra c tic e , th e re  are ex am p les  o f  rock  d e te rio ra tio n  w ith  a spe
cific vo lum e re d u c tio n  or a  specific vo lum e in crease  as well. R ock d e te r io ra tio n  
a t  ro ck  faces (d rif t face, shaft sole and  v e ry  fre q u e n tly  a t faces o f  w o rk ing , 
too ) is accom pan ied  b y  a specific vo lu m e red u c tio n . On th e  c o n tra ry , rock  
d e te rio ra tio n  a t th e  m an tles  of d rifts  o f  c irc u la r  cross section a n d  sh a f ts  is 
accom pan ied  b y  a specific  volum e in crease . R ecalling  th a t  o u tb u rs ts  a lw ays 
occur a t  rock  face (d rift face, sh a ft sole o r  w orking) while th e y  n e v e r  do a t 
m an tle s  o f d rifts  o f  c ircu la r cross sec tion  a n d  sh a fts , i t  becom es o b v io u s th a t  
an  in d isp en sab le  co n d itio n  of o u tb u rs ts  is th e  specific volum e re d u c tio n  of 
th e  rock , i.e.

A V
V

> 0 ( 10)

or a  load  p ro d u c in g  th is  volum e ch an g e  b ecau se  in  th is  case Ap  0. C onsid
ering  th e  ty p e  A  d e te rio ra tio n  of th e  lo a d -b e a rin g  ro ck -g as sy s tem , th e  basic  
causes o f o u tb u rs ts  can  be sum m ed up  as:

—  th e  effect o f th e  pore gas p re ssu re  red u c in g  rock s tre n g th , an d
—  its  effect accelera ting  th e  d e te r io ra tio n  process.

T he o u tb u rs t  itse lf  is no th ing  else h u t  a  d e te rio ra tio n  process o f  th e  load- 
b ea rin g  ro c k -g a s  sy stem  th a t  proceeds exp losion -like  if  A V /V ^>  0. T h e  d e te 
r io ra tio n  o f th e  lo ad -h ea rin g  ro ck -g as s y s te m  does no t alw ays cau se  a n  o u t
b u rs t . I f  A V /V  0 is va lid  during  d e te r io ra tio n  (type  В ) th e n  no  o u tb u rs t  
ensues.

A ll in  all, th e  basic  cond ition  of o u tb u rs ts  is th a t  th e  load  sh o u ld  exceed 
th e  s tre n g th  o f th e  gas-bearing  rock  face : th is  w ill b ring  ab o u t d e te r io ra tio n . 
T h is is th e  n ecessary , b u t  no t sufficient c o n d itio n  o f th e  o u tb u rs t. B esides th is  
a n o th e r co n d itio n  th a t  has to  be sa tis fied  is th a t  th e  volum e c h a n g e  o f  th e  
ro ck  he a vo lum e red u c tio n .
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T h e  necessity  o f th is  la t te r  co n d ition  b ecom es obvious i f  we ta k e  in to  
a c c o u n t th e  experience th a t  in  th e  Pécs reg io n  in  S. H u n g ary , w here c ra c k e d  
coal la y e rs  o f low s tre n g th  a re  m ined, no o u tb u rs t  occurs in  th e  w ork ings w hile  
th e y  a re  r a th e r  f re q u e n t in  w orkings o f s tro n g e r  coal layers in  o th e r  p laces  
o f th e  w orld  [2, 10]. I t  can  be proved  [5, 9] t h a t  th e  rea l ex p lan a tio n  fo r  th is  
o b se rv a tio n  is th a t  th e  d isp lacem en t of th e  face to w a rd s  th e  m ining e x c a v a tio n  
is so g re a t in  th e se  c rack ed  coal layers o f sm all s tre n g th  and sm all P o is so n ’s 
ra tio  t h a t  th e  vo lum e change of th e  ro ck  a t  a n d  in  fron t of th e  face is an  
in c rea se . In  such cases th e  d e te rio ra tio n  of th e  ro c k  a t the  faces o f w o rk in g s  
does n o t  cause o u tb u rs ts .

A ccord ing  to  th e se  considera tions, th e  m ech an ism  of o u tb u rs ts  c a n  he  
e x p la in e d  as follow s. T he face, and  th e  ro ck  zone  in  fro n t of th e  face d r iv e n , 
is lo a d e d  w ith  an  excess load  tran sfe rred  fro m  th e  zone above th e  e x c a v a tio n . 
T h e re fo re , th e  stresses in  th e  zone in  fro n t o f  th e  face  are g reater th a n  in  o th e r  
zones fa r th e r  aw ay  an d  th e y  are  also less fa v o u ra b le  because th e  free side  o f  
th e  face  h as  no su p p o rt. D ue to  th e  excess lo a d , th e  rock  zone in  f ro n t o f  th e  
face su ffe rs  vo lum e re d u c tio n  and  th e  in itia l p o re  gas pressure increases to  
a  v a lu e  jo >  p {). T he  increase  o f th e  pore gas p re ssu re  reduces th e  in itia l s t r e n g th  
of th e  ro c k . I f  th e  s tre ss  in  th e  solid s tru c tu re  o f  th e  ro ck  exceeds th e  s t r e n g th  
of th e  ro c k  zone in  f ro n t o f th e  face, d e te r io ra tio n  s ta r ts  in  th is  zone. A t th e  
b eg in n in g  o f  th e  d e te iio ia tio n  th e  lo ck  vo lum e decreases , th e  pore gas p re ssu re  
in c reases , co n seq u en tly , th e  s tre n g th  of th e  ro c k  decreases fu rth e r. T h e  d e te 
r io ra t io n  th e n  goes on w ith  an  increased  speed , ro c k  volum e fu rth e r  d ec reases , 
p o re  gas p ressu re  increases, s tre n g th  reduces a n d  so on. Thus, th e  se lf -s tre n g th 
en ing  c h a in  reac tio n -lik e  process s ta r ts , re su ltin g  a t  th e  end in  a h igh gas p re s 
sure a n d  a rock  s tru c tu re  th a t  is h a rd ly  ab le  to  c a r ry  an y  fu rth e r load  an d  c a n  
on ly  e x e r t  som e in te rn a l re s is tan ce  b y  m eans o f  fr ic tio n . The h igh gas p r e s 
sure rem o v es  th e  f ro n t rock  zone th a t  is u su a lly  in  a p lastic  s ta te  an d  o f  low  
gas p e rm e a b ility , th u s  an  o u tb u rs t  ensues th ro w in g  a g rea t am oun t o f  gas a n d  
rock  in to  th e  open m ine space. D uring  o u tb u rs t  th e  pressure of th e  free  gas 
is d ra s tic a lly  red u ced , in  consequence of th is  a g re a t  am oun t of d eso rbed  gas 
gets in to  th e  m ine air.

I t  c a n  be seen th a t  th e  adsorbed  gas p la y s  a  passive role in  th e  p ro cess  
as c o m p a re d  w ith  th e  free gas, even th o u g h  i ts  a m o u n t exceeds th a t  o f  th e  
free gas.

T h e  m echan ism  o f o u tb u rs ts  should  be co n sid ered  as a d e te r io ra tio n  
process o f  th e  lo ad -b ea rin g  ro c k -g a s  system  a u to m a tic a lly  enforcing a n d  a c 
c e le ra tin g  itse lf, in  a ch a in  reac tio n -lik e  m an n er. S im ila r  k inds of chain  re a c tio n s  
can  b e  recogn ized  in  m ost dynam ic  p h en o m en a  o f  n a tu re .
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3. Main parameters of the danger of outburst

T he m ain  c h a ra c te ris tic s  o f  o u tb u rs t d an g e r shou ld  be p a ra m e te rs  th a t  
ch a rac te rize  th e  d an g er in d ep en d en tly  o f th e  local c ircu m stan ces , th e y  should  
be  eq ua lly  valid  fo r c o a l-g a s , s a lt—gas, and  sa n d s to n e -g a s  o u tb u rs ts  in  shafts , 
d rif ts  or w orkings as well. A set of such  p a ra m e te rs  is co n ta in ed  in  th e  
in e q u a lity  describ ing th e  basic  cond ition  of o u tb u rs ts  [6 , 9].

T he cond ition  o f d e te rio ra tio n  of th e  gas-bearing  ro ck  can  be w ritte n  as

t a n 2

Р т а х

Ф
45 H------

2
1  -  q

-  1

4 = ( 1 1 )

fo r th e  case of a d r if t  face, w ork ing  face or a sh a ft sole as w ell [6 , 9], w ith  
Ртах being th e  m ax im u m  pore  gas pressure in  f ro n t o f th e  ro ck  face and  oy 
th e  y ield  p o in t o f th e  rock . T his in eq u a lity  expresses th e  m ost im p o rta n t 
necessary , a lth o u g h  n o t su ffic ien t, cond ition  o f  o u tb u rs ts . A n  o u tb u rs t  can  
occu r only  if  th e  co n d itio n

A V / V > 0  or zip >  0
is also satisfied .

T he in e q u a lity  exp ressing  th e  basic co n d itio n  of o u tb u rs ts  is sa tisfied  if  
th e  com pressive s tre n g th  o f th e  rock is low , th e  pore gas p ressu re  in  f ro n t of 
th e  rock  face and  th e  ang le  o f  in te rn a l fr ic tio n  a re  g re a t an d  th e  y ie ld  p o in t 
o f  th e  rock  approaches th e  com pressive s tre n g th  as close as possib le.

T he in e q u a lity  exp ressing  th e  basic co n d itio n  o f o u tb u rs ts  enables us 
to  answ er m an y  essen tia l questio n s, as e.g. w h y  a v e ry  low  po re  gas p ressure  
is su ffic ien t to  in it ia te  o u tb u rs ts  in  ce rta in  cases w hile in  o th e r  cases no o u t
b u rs t  ensues b u t fo r v e ry  g rea t pore gas p ressu res. In e q u a lity  (11) show s th a t  
i f  th e  s tre n g th  o f th e  ro ck  is low , i.e. Oc 0  an d  i t  is v e ry  b r i t t le , i.e. q —► 1 , 
th e n  a v e ry  low pore  gas p ressu re  p max —*■ 0  is su ffic ien t to  cause  d e te rio ra tio n  
o f  th e  load -b earin g  ro c k —gas system , i.e. to  in it ia te  an  o u tb u rs ts . I f  rock 
s tre n g th  is g rea t an d  th e  ro ck  is to u g h , i.e. q is sm all, a  h igh  p o re  gas pressure 
is  needed  to  cause o u tb u rs t .

I f  th e  above in e q u a lity  is no t sa tisfied , no o u tb u rs t  c an  ensue, even in  
gas-rich  coal lay ers . T h is  exp la ins th e  o b se rv a tio n  th a t  m a n y  m ines w ith  
g rea t gas o u tp u ts  a re  n o t dangerous fo r o u tb u rs t .

T here  are som e fu r th e r  p a ram e te rs  th a t  c a n n o t be considered  as m ain  
fac to rs , b u t are  s till im p o r ta n t for th e  c h a ra c te r iz a tio n  o f  th e  d an g er of 
o u tb u rs t  :

—  void ra tio  o f  th e  gas-bearing  rock  e0,
—  Y oung’s m odu lus o f th e  gas-bearing  rock  E,
—  P oisson’s ra tio  o f  th e  gas-bearing  rock  m.
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T hese  p a ram ete rs  c h a ra c te r iz e  th e  o u tb u rs t  d an g e r in d e p e n d e n tly  of 
th e  q u a l i ty  of m a te ria l (coal, s a lt o r sandstone). F u rth e rm o re , i f  th e  m ax im um  
p o re  gas pressure p max in  f ro n t  o f  th e  rock  face is exp ressed  as a  fu n c tio n  o f th e  
in i t ia l  po re  gas p ressu re  p 0, th e  in eq u a lity  exp ressing  th e  co n d itio n  o f d e te 
r io r a t io n  of th e  lo ad -b ea rin g  ro c k —gas system  w ill also c o n ta in  th e  p a ra m e te rs  
e0, E  a n d  m [9]. H ow ever, th e  cond itio n  o f d e te r io ra tio n  expressed  th is  w ay  
g iv es  d iffe ren t in eq ua lities fo r  d r if ts , w orkings an d  sh a fts . T herefo re , accord ing  
to  o u r  v iew  concerning th e  m a in  p a ram e te rs , th e  p a ra m e te rs  e0, E  and  m should  
n o t  b e  considered as m a in  p a ra m e te rs  of th e  o u tb u rs ts .

I f  th e  Y oung’s m o d u lu s  o f  th e  rock  is sm alle r, th e  change o f vo lum e of 
th e  ro c k  -— i.e. th e  change o f  th e  pore gas p ressu re  as w ell —  becom es g rea te r  
a t th e  sam e stress, foi th is  r e a s o n  th e  danger o f o u tb u rs t  is g rea te r . I f  th e  void 
r a t io  o f  th e  rock  is sm all, th e  p o re  gas p ressu re  v a rie s  m ore in te n s iv e ly  w ith  
th e  v o lu m e  change o f th e  ro c k , th ere fo re  th e  d an g er of o u tb u rs t  is g rea te r . 
I f  th e  P o isso n ’s ra tio  is g re a t,  th e  rock  a t th e  face m oves on ly  s lig h tly  to w ard s  
th e  o p e n  space: th e  vo lum e re d u c tio n  and  th e  increase o f th e  po re  gas p ressu re  
a re  g re a te r  and, co n seq u en tly , also  th e  d an g er of o u tb u rs t  is g rea te r.

T h e  void ra tio , Y o u n g ’s m o d u lu s, P o isson ’s ra tio  an d  th e  s tre n g th  of th e  
ro c k  a re  n o t independen t q u a n ti t ie s . G enerally , rocks th a t  are  m ore com pact 
a n d  h a v e  a sm alle r p o ro s ity  a n d  v o id  ra tio , possess g re a te r  s tre n g th , Y o u n g ’s 
m o d u lu s  an d  P o isson’s r a t io .  Since th e  com pressive s tre n g th  o f th e  rock  
determ ines th e  d e te r io ra tio n  o f  th e  load -b earin g  rock—gas sy stem  w hile th e  
p a r a m e te r s  E , m and  e0 o n ly  influence i t, i t  m ig h t occu r th a t  th e  d an g er of 
o u tb u r s t  is g rea te r in  g a s-b ea rin g  rocks of g re a te r  v o id  ra t io , o r in  th o se  of 
s m a lle r  Y o u n g ’s m odulus a n d  sm aller P o isson ’s ra tio , because  th e  s tre n g th  
o f  th e  ro c k  is sm aller. T h e  p o ro s ity  o f san d sto n es o f th e  D o n e ts  an d  R u h r 
a re a , e .g . w here o u tb u rs ts  h a v e  occurred  is tw ice as la rge  w hile th e ir  s tre n g th  
is o n ly  h a lf  th a t  found  in  sa n d s to n e s  w ith o u t o u tb u rs ts  [2, 9, 10].

T h e  equations o b ta in e d  ab o v e  have  no t in c lu d ed  th e  gas permeability 
o f th e  g as-b ea iin g  rock . T h is  is d u e  to  th e  fa c t th a t  th e  gas p e rm e a b ility  o f  
ro ck s  is u su a lly  ex trem ely  sm a ll, an d  sm all va lues of gas p e rm e a b ility  do n o t 
h a v e  a n y  essen tia l effect on th e  re su lts . T h is does n o t m ean , how ever, t h a t  th e  
ro le  o f  gas perm eab ility  cou ld  be  to ta l ly  neg lec ted . In  c e r ta in  in v e s tig a tio n s , 
as e .g . in  th e  analysis o f th e  m e c h a n ism  of o u tb u rs ts  fo llow ing w ith  som e d e lay  
th e  p ro v o k in g  explosions, i t  is j u s t  th e  gas p e rm e a b ility  t h a t  p lay s an  e ssen tia l 
ro le  [7].

E x p e rien ce  has show n t h a t  gas p e rm eab ility  o f th e  coal a ffec ted  b y  an  
o u tb u r s t  is in  some cases f iv e  tim e s  sm aller th a n  o therw ise  [10]. S ince gas 
p e rm e a b il i ty  is de te rm ined  f i r s t  o f  all b y  th e  p o ro s ity  —  th e  sm aller th e  
p o ro s i ty , th e  sm aller is th e  gas p e rm eab ility  —  th is  experience  in d ic a te s  
t h a t  th e  d an g e r of o u tb u rs t in c rea se s  w ith  th e  decrease o f  th e  p o ro s ity  o r v o id  
ra t io .
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4. M echanism  of action  of p rovok ing  explosions

T he causes and  co n d itio n s of o u tb u rs ts  tr ig g e re d  by  provok ing  exp losions 
m u st be th e  very  sam e as th e  causes an d  co n d itio n s  o f o u tb u rs ts  in  genera l. 
Seism ic v ib ra tio n s  o f su ffic ien t energy c o n te n t can n o t be d irec t causes of 
o u tb u rs ts , fo r no e a rth q u a k e s  h av e  ever cau sed  a n  o u tb u rs t [1]. T h e re  is also 
a n o th e r  reason , w h y  seism ic v ib ra tio n s  c a n n o t be d irec t causes o f o u tb u rs ts :  
if  th e  o u tb u rs ts  w ere in itia te d  b y  a seism ic v ib ra tio n  of su ffic ien t energy  
c o n te n t, th e n  its  d e lay  a f te r  th e  p rovok ing  ex p losion  could have b een  avo ided  
b y  gen era tin g  seism ic v ib ra tio n s  of g re a te r  energy  co n ten t. E x p e rien ce , 
how ever, proves th a t  th is  is n o t th e  case.

I t  follows from  th e  p rev ious consid era tio n s th a t  seismic v ib ra tio n s  ra ised  
by  p ro v o k in g  explosions can n o t b ring  a b o u t o u tb u rs ts  in  a d irec t w ay , on ly  
in d irec tly , as fa r as th e y  cause changes in  th e  su rro u n d in g  rock , a lte r in g  th e  
m ain  and  in fluencing  p a ra m e te rs  of o u tb u rs ts  u n til  th e y  sa tisfy  th e  d iscussed  
co n d itio n s o f o u tb u rs ts .

T he force im pulses g en era ted  by  th e  p ro v o k in g  (shaking) exp losions m ake 
th e  a ffec ted  rock  zone c racked  b y  b r it t le  f ra c tu re , leading to  th e  fo llow ing 
changes:

-  th e  cohesion o f  th e  rock  decreases w hile  th e  in te rn a l fr ic tio n  h a rd ly  
changes,

—  th e  u n iax ia l com pressive s tre n g th  o f  th e  ro ck  decreases,
—  th e  Y o u n g ’s m odulus o f th e  ro ck  decreases , and
—  th e  gas p e rm e a b ility  o f th e  ro ck  increases.

O n ly  a p a r t of th e se  changes ac t so as to  encourage o u tb u rs ts , th e  o th e r 
p a r t  o f th e m  a c t th e  opposite  w ay. T he decrease  of th e  cohesion, com pressive  
s tre n g th  and  Y o u n g ’s m odulus of th e  ro ck  a re  fac to rs  p ro m o tin g  o u tb u rs ts  
w hile th e  increase o f gas p e rm eab ility  ac ts  a g a in s t it. T herefore  i t  is b y  no 
m eans su re , even  w hen  ap p ly ing  an  o th e rw ise  ad eq u a te  tech n o lo g y , t h a t  a 
p ro v o k in g  explosion w ould  alw ays b rin g  a b o u t o u tb u rs ts .

In d eed , experience  shows th a t  p a r t  o f  th e  provok ing  exp losions b rin g  
a b o u t o u tb u rs ts , a n o th e r  p a r t  do n o t, w hile  som e of th em  cause o u tb u rs ts  
b u t  w ith  a delay .

In  case o f rocks o f  g rea t s tre n g th , th e re  is a danger o f o u tb u rs t  if  th e  
po re  gas p ressu re  is g re a t. A p rovok ing  ex p losion  in  a rock o f g re a t s tre n g th  

, causes g rea t re d u c tio n  in  th e  v u g u la rity , cohesion , com pressive s tre n g th  and  
Y o u n g ’s m odulus. A t th e  sam e tim e , gas p e rm eab ility  g re a tly  increases. 
P ro v o k in g  explosions u su a lly  cause an  o u tb u rs t  because of th e  re d u c tio n  of 
th e  com pressive s tre n g th  if  th e  pore gas p re ssu re  is g rea t, i.e. if  th e  s ta te  before 
th e  explosion  was n e a r th e  o u tb u rs t. I f  p o re  gas pressure is sm all, i.e. if  th e  
s ta te  before th e  exp losion  h ad  been fa r  fro m  o u tb u rs t, p rovok ing  explosions
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do  n o t  cause o u tb u rs t, o n ly  an  in tensive  gas e v a p o ra tio n  due to  a co n sid erab le  
in c re a s e  in  gas p e rm e a b ility . T hus p ro v o k in g  explosion  is a re liab le  to o l in  
s u c h  cases in  th e  s trugg le  a g a in s t u n ex p ec ted  o u tb u rs ts .

F o r  a cracked coal w ith  ex trem ely  sm all s tre n g th  even a sm all po re  gas 
p re s s u re  in d ica tes  an  o u tb u rs t  danger. I n  th is  case, p rovok ing  exp losions on ly  
s l ig h tly  increase th e  v u g u la r ity  of coal an d  th e  gas perm eab ility , as co m p ared  
w i th  th e  orig inal s ta te , a n d  o n ly  s ligh tly  decrease  th e  cohesion, s tre n g th  an d  
Y o u n g ’s m odidus. In  such  cases o u tb u rs ts  c an  on ly  ensue if  th e  s ta te  before  
th e  ex p lo sio n  had  been v e ry  n e a r to  th e  o u tb u rs t .  I f  th e  p rovok ing  exp losion  
does n o t  cause an  im m e d ia te  o u tb u rs t, a  d e lay ed  o u tb u rs t can  be  ex p ec ted  
b e c a u se  th e  danger o f o u tb u rs t  is increased  d u e  to  reduc tions in  s tre n g th  
a n d  Y o u n g ’s m odulus. T h is  increase is n o t c o u n te rb a lan ced  b y  th e  effect of 
th e  in c rea sed  gas p e rm e a b ility . C onsequen tly , in  such  cases, c o n v en tio n a lly  
p e r fo rm e d  provok ing  exp losions do n o t y ie ld  a  re liab le  p ro te c tio n  ag a in s t 
u n e x p e c te d  o u tb u rs ts .

T h e  m echanism  of d e lay ed  o u tb u rs ts  c an  be described as fo llow s. P ro 
v o k in g  explosions su d d en ly  red u ce  rock  s tre n g th  an d  th e  Y o u n g ’s m o d u lu s 
a n d  in c re a se  gas p e rm e a b ility  in  th e  zone b efo re  th e  rock face. T h e  decrease 
o f  th e  Y o u n g ’s m odulus allow s fo r th e  ro ck  v o lu m e  to  decrease. Since th e  rock  
is a  rh eo lo g ica l m edium , th is  vo lum e re d u c tio n  m a y  tak e  a long  tim e . T h e  
v o lu m e  re d u c tio n  increases p o re  gas pressure  a n d  th e  o u tb u rs t su d d en ly  se ts  in , 
a c c o rd in g  to  th e  described  m echan ism .

T h e  chance of d e layed  o u tb u rs ts  ap p ro ach es zero in  case of a  s tro n g  rock  
face  b e c a u se , if  gas p ressu re  is h igh , th e  p ro v o k in g  explosion g rea tly  in creases  
gas p e rm e a b ili ty  enab ling  an  in ten siv e  gas flow  to w ard s  th e  open space. T h u s , 
th e  r e d u c tio n  of rock vo lu m e is n o t accom pan ied  w ith  an  increase o f p o re  gas 
p re s su re  an d  th e  chain  reac tio n -lik e  rise o f th e  o u tb u rs t  can n o t s ta r t .

C on seq u en tly , w ith  th e  help  of th e o re tic a l inv estig a tio n s, i t  cou ld  be 
p ro v e d  t h a t  p rovok ing  exp losions o f c o n v en tio n a l techno logy  can  n o t fu rn ish  
a t o t a l  p ro te c tio n  ag a in st u n ex p ec ted  o u tb u rs ts  in  strong ly  c rack ed  coal 
la y e rs  o f  ex trem ely  low s tre n g th . B o th  th e o ry  a n d  p rac tice  in d ica te  u n e q u iv o 
ca lly  t h a t  th e  effectiveness o f  p rovok ing  exp losions is necessarily  l im ite d  in  
coal la y e rs  o f ex trem ely  low  s tre n g th . T his does n o t m ean , of course, t h a t  no 
e x p lo s io n  techno logy  could  be  p lanned  th a t  w ould  be m ore effec tive  th a n  
th o se  in  c u rre n t use. I t  sh o u ld  be stressed , how ever, th a t  in  coal la y e rs  o f 
e x tre m e ly  low  stren g th , p ro v o k in g  explosions o f specia l technology  are  re q u ire d  
to  im p ro v e  th e  effectiveness o f  th e  p ro tec tio n  m eth o d s.
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ПРИНЦИП ДЕЙСТВИЯ ПРОВОКАЦИОННЫХ ВЗРЫВОВ
Ж. ШОМОШВАРИ

РЕЗЮМЕ

Одним из наиболее распространенных методов предохранения от неожиданных 
выбросов газов и пород является провокационный взрыв, цель которого на данном месте и в 
данном моменте вызывать выброс для предохранения возникновения неожиданного выбро
са. Преимущество провокационных взрывов по сравнению с другими локальными метода
ми предохранения заключается в том, что их можно применять в каждом случае (если взрыв 
разрешается), даже в том случае, когда применение другого способа предохранения могло 
бы вызвать неожиданный взрыв. Недостаток провокационных взрывов заключается в том, 
что они мешают нормальный режим работы [10].

Существуют два метода провокационных взрывов: франзузский и бельгийский ме
тоды [10]. Французским методом кроме сотрясения твердой среды пород обеспечивается и 
отбойка. Бельгийский метод не стремится к отбойке, его влияние проявляется только че
рез сотрясения в залежах угля малой твердости. Технологии провокационных взрывов, 
использованных в Объединении угольных шахт Мечек похожи на бельгийский метод.
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The paper deals w ith  the m athem atical form alism  o f the 2n~p type first-pow er factorial 
te st  planning whereby it is supposed that the in tu itiv e  decisions needed for p lanning are 
already m ade on the basis o f à priori inform ations. M athem atical formalism is g iven  to  the  
m ethods applied so far and a m athem atical m ethod is worked out for the retransform ation of 
the transformed function . T hus, the calculations g e ttin g  com plicated in case o f several factors 
can  be com puterized by m eans of algorithms developed for general cases.

a
D 2
f
к
m
n
P
r, p
X

У
a mod b

Symbols
coefficient 
square o f scatter  
function com ponent 
value o f defining contrast 
num ber o f  coefficients 
num ber of factors 
number o f fractional factors 
exponents
independent variable (factor) 
dependent variable  
rem ain after d ivision a/b

Indices
g  gradient
h, i, j . fc, l, r index o f  serial number
H  high
L  low
T  m atrix transform ation
— 1 m atrix inversion
* transform ed form

In  th e  follow ings u n d e r th e  concep t o f  “ sy s tem ” an a rb itra r i ly  lim ited  
p a r t  o f th e  w orld  is u n d e rs to o d  w hich is e x a m in e d  from  given p o in ts  o f  view . 
T he effect o f th e  e n v iro n m e n t on th e  sy s tem  is called  inpu t signal (or signals), 
th e  response o f th e  sy s tem  to  th e  in p u t s ig n a l o u tp u t signal (o r signals). 
H ere th e  case w ill be in v es tig a ted  w here th e  n u m b e r of in p u t signals is g re a te r  
th a n  one and  th e y  a re  in d ep en d en t from  each  o th e r , fu rth e r  th e  o u tp u t  signals 
depend  only  on th e  in p u t signals.

T he aim  is to  d e te rm in e  how th e  v a r ia t io n  o f  th e  o u tp u t s igna ls  depends 
on th e  v a r ia tio n  o f th e  in p u t signals w ith in  a  g iven range. F u r th e r  o n  we 
re s tr ic t ou iselves to  th e  in v es tig a tio n  o f one o u tp u t  signal, since th e  in v e s tig a 
tio n  of th e  o th e rs  is s im ilar. This m eans m a th e m a tic a lly  th a t  we look  fo r th e
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f u n c t io n  y  =  ^}(x) in  th e  ran g e

XjL  <  Xj  <  xjH ( j  =  1 , 2 . . .  n),
w h e re  x  =  (яу).

I n  th e  m a jo rity  o f  p ra c tic a l cases th e  m a th e m a tic a l m odel o f th e  sy stem  
is n o t  p ro p erly  know n or fo r  o th e r reasons i t  is adv isab le  to  a p p ro x im a te  th e  
f u n c t io n  tp on th e  basis o f  te s ts  w ith  a fu n c tio n  o f  th e  following fo rm :

m
ip Oá ip =  ] ?  ak ■ f k 

k= 1
w h e re

n
fk  =  / /  Xj rkj, rkj Ç V, R  =  {rkj} (1)

7=i

V  is  th e  set of th e  rea l, n o t-n e g a tiv e  n u m b ers .
W e call “ te s t”  th e  process, w hen fo r a g iven  co m bina tion  o f  in p u t 

s ig n a ls , i.e. for x, th e  re sp o n se  y , is d e te rm in ed .
In  th e  m a jo rity  o f  cases i t  is su ffic ien t to  d e te rm in e  the  f irs t-p o w e r fu n c 

t io n ,  i .e ., w h e n ÿ  is in  rkj  £ {0, 1}. One of th e  s im p le s t an d  m ost effec tive  m e th o d  
to  d e te rm in e  a fu n c tio n  o f  th is  ty p e  on th e  basis  o f te s ts  is th e  2 n~p ty p e  fac 
to r ia l  te s t  p lanning  m e th o d  o f B ox— W ilson  [1], th e  theo re tica l an d  p ra c tic a l 
p ro b le m s  o f w hich a re  d e a lt  w ith  by  sev e ra l a u th o rs  [ 2 ,3 ,4 ] .  T h e  m e th o d  
c a n  b e  easily  u n d ersto o d , b u t  in  case o f m ore  fa c to rs  th e  ca lcu la tio n  becom es 
c o m p lic a te d , th ere  are  m a n y  fac to rs  to  be ta k e n  in to  account, th e  p o ss ib ility  
o f  m is ta k e s  increases. T h e re fo re , it  is n ecessa ry  to  give a m a th e m a tic a l fo rm  
to  th e  algorithm s g en era lly  developed.

I n  th is  p ap er w e d ea l on ly  w ith  th e  m a th e m a tic a l d esc rip tio n  o f  th e  
f ir s t-p o w e r  Box— W ilso n ian  te s t  p lan n in g . W e suppose th a t  th e  in tu it iv e  
d ec is io n s  necessary fo r th e  p lan n in g  are a lre a d y  m ade (by u sin g  à  p rio ri 
in fo rm a tio n s ) . O ur ta s k  is to  develop th e  p la n n in g  m a tr ix  and  to  d e te rm in e  
th e  coeffic ien ts  ak.

T he ex ten sio n  of m a tr ix  opera tions

F o r  th e  m a th e m a tic a l descrip tion  o f  th e  te s t  p lanning  besides th e  
k n o w n  m a tr ix  opera tions th e  follow ing m a tr ix  o p era tio n s  m ust also be d e fin ed :

1 . —  direct m u ltip lic a tio n

A  O  B  =  C w here c,y =  a i j  • b, j  (2)

2 . -—- direct ra ise  to  p ow er

A □  В — C w here c,y =  £ ]  щр. (3)
S = 1
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M atrices A an d  В a re  congruous, i.e. A (m X  n) an d  В (n X r) is fu lfilled . F o r  th e  
m u ltip lic a tio n  an d  th e  ra ise  to  pow ers, th e  co n d itio n s and  co n n ec tio n s know n  
fo r th e  com plex n u m b ers  are  va lid , an d  le t  be  0 ° =  1 .

T h e  p r io r ity  o rd e r o f th e  m a tr ix  o p e ra tio n s  is:

1 ) Ц  (d irec t ra ise  to  pow er),
2 ) • (m u ltip lica tio n ),
3) Q , -f-5—  (d irec t m u ltip lica tio n , a d d itio n , su b trac tio n ).

T he follow ing connections arc v a lid :

ad . 1. (А О  B) □  C =  A  □  С О  В □  C . (4)

T he ( i , j )  e lem en t o f th e  m a tr ix  on th e  le f t side o i (4) is / j  (ais • Ь^У'1, th e
s

e lem en t o f th e  r ig h t side m a tr ix  is J [  a%*. J /  b%f on th e  basis of d e fin itio n s  2

s s
an d  3. T he ( i , j )  e lem en ts o f th e  left side a n d  o f  th e  rig h t side m a tr ix  a re  th e  
sam e, as i t  can  be  easily  seen a fte r  c a rry in g  o u t th e  operations fo r I I  an d  for 
th e  ra ise  to  pow er. Since (i, j )  is an  a rb itra ry  e lem en t o f th e  m a tr ix , th e  m a tr ix  
on th e  le ft sigh t is e q u a l to  th a t  on th e  r ig h t side , i.e. cond ition  (4) is fu lfilled .

ad . 2. (a О  b) • cr  =  a  • (bT О  cT) • (5)

T he n u m b e r on th e  le ft side is (asbs) cs, t h a t  on th e  rig h t s i d e ^ "  as(bscs).
s s

W hen  using  th e  fo rm u las  o f m u ltip lica tio n  a n d  ad d itio n  it  can  be  seen  th a t  
E q . (5) is fu lfilled .

ad. 3. (A  □  (—  E )) □  В =  A  □  (— B ) . (6 )

T he (i,jf) e lem ent o f th e  le ft side m a tr ix  is 1 1  ( a * 1)6* th e  (i, j )  e lem en t o f  th e

r ig h t side m a tr ix  I I  dis w hich are equal o n  th e  basis of th e  fo rm u la s  con-
s

cern ing  th e  ra ise  to  pow er an d  th e  m u ltip lic a tio n , consequen tly  E q . (6 ) is 
fu lfilled .

T h e  follow ing id e n ti ty  is w o rth  m en tio n in g , too :

А П ( В  +  С) =  А П В 0 А П С .

I t  is n o t th e  aim  o f th is  p a p e r  to  fin d  fu r th e r  connections, since th e y  a re  n o t 
n eeded  fo r th e  u n d e rs ta n d in g  o f th e  follow ings.
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The m ethod o f  the determ ination o f  coefficients

I n  o rd e r  to  fu lfil c e rta ir^ Js ta tis tica l re q u ire m e n ts , th e  B ox—-W ilson ian  
m e th o d  o f  te s t  p lann ing  a p p ro x im a te s  th e  fu n c tio n  ip w ith  a fu n c tio n  o f  th e  
fo llo w in g  fo rm :

V a  ip* =  J g  a* ■ f*
(= l

w h ere

an d

w h ere

( ? )

t f  =  2 * / 4 *  r‘j  e v ’ к *  =  Ц }j= 1

** =  X- i ^ L

XiH +  xjL

ß j

,  «  =  { * ; } ,  ß j  =

(8 )
vj H  —  X j L

• ß = { ß j )

T h a t  m e a n s  th a t  in s tead  o f th e  variab les x j  th e  v ariab les  x* described  b y  th e  
tr a n s fo rm a tio n  fo rm u la  8  a p p e a r  in  th e  th e  fu n c tio n  to  be looked fo r. E q u a tio n  
7 c a n  b e  tran sfo rm ed  in to  th e  fo rm  of E q . (1) b y  th e  inverse tra n s fo rm a tio n  8 , 
th is  p ro b le m  will be d e a lt w ith  la te r.

T h e  fu n c tio n  ip* c a n  be described w ith  m a tr ix  opera tions as fo llow s:

ip* =  x* □  R *T • a*r

w h ere  (9)

x* -  {*,*}, a* =  {«,*}

w ill b e  d e te rm in ed  so t h a t  N  >  m* te s ts  w ill be  ca rried  ou t an d  th e  m easu red  
re s u l ts  w ill be a d ju s te d  on  th e  basis o f ip* acco rd in g  to  th e  p rin c ip le  o f  th e  
le a s t  sq u a re s , i.e .:

J ( y / - t f ) 2 - m i n .
(=i

W ith  m a tr ix  op era tio n s:

(yT —  X* □  R *T • a*T)T • (yT —  X* □  R *T • a*T) — m in

w h e re

X* =  {xf}, у =  {у,} .

X* is th e  p lan n in g  m a tr ix , its  i - th  ro w  gives th e  v alue  o f  x* in  th e  
i - t h  te s t .
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T he re su lt o f  th e  a d ju s tm e n t is:

a*T =  [(X* □  R*T)T ■ (X* □  R *T) ] -1 • (X* □  R *r )T • y T . (10)

T he B ox— W ilson  m eth o d  d e te rm in e s  —  due to  th e  fu lf i lm e n t o f  th e  s ta 
t is t ic a l  req u irem en ts  —  in  case rfj £ {0 , 1 } th e  generally  v a lid  p la n n in g  m atrix  
t h a t  depends on th e  n u m b er o f fa c to rs  so t h a t  m a trix  (X* □  R * ; )r  • (X* □  R * r ) 
he  a  d iagonal m a tr ix , w hich  ensures th e  o rtho g o n ality  o f  th e  p la n , fu r th e r  
t h a t  D 2(y>*) shou ld  depend  on ly  on ] x* | , en su rin g  the  a c c e p ta b ili ty  o f  th e  p lan. 

rp* Ç  y>* an d  co n ta in s  on ly  th e  m a in  effects, i.e.:

=  « 0  +  afx*  +  «2 * 2* +  • • • +  «  ■

%p* is used  fo r th e  e s tim a tio n  o f  g ra d ie n ts .

The com position  o f th e  m atrix  R*

T he e lem ent r* o f th e  m a tr ix  R* c a n  be determ ined  as fo llo w s:

( 0  i f  x j  $  /,*
_* I
11 I 1  i f  x f  Я f *  '

L e t us e.g., com pose th e  m a tr ix  R* b e lo n g in g  to  th e  fu n c tio n

Г  =  a* +  a*x* +  a*x* +  a*x* +  a*x*x* +  a*x*x*x* .

As re su lt  we receive th e  follow ing m a tr ix :

~0 0 (Г
1 0 0
0 1 0
0 0 1
1 1 0

_1 1 1_

I n  th e  m a jo rity  o f  th e  p ra c tic a l cases is o f th e  ty p e  y>* c o n ta in in g  only 
th e  in d iv id u a l effect o f th e  d iffe ren t v a r ia b le s , fu rth e r th e  e ffec t o f  th e  p ro d 
u c t o f an y  tw o v ariab les  an d  a c o n s ta n t te rm . In  case of such  ty p e  fu n c tio n s:

m* =  1  + n (n  + -1) _i_ 1

2
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E .g ., in  case of th ree  v a r ia b le s :

a* +  a*x* - f  a^x*  -f- 0 **1 * 2 a*x*x* +  a*x\x* .

T h e  m a tr ix  R f can be w r i t te n  in  th e  form, of th e  fo llo w in g  h y p erm atrix :

w h ere

Из*
0 3 1

m* =  7

1 0 0

0 1

"
o

0

: 
О 1

1 1 0

1 0 1

0 1 1

N u m b e r  3 in  th e  in d ex  m e a n s  th e  num ber of v a r ia b le s , its  presence m ean s 
t h a t  th e  fu nc tion  is o f th e  a b o v e  y)* type. O n th e  b a s is  o f  th e  groups d en o ted

О

w ith  b ro k e n  lines in  m a tr ix  R *  i t  can  be easily  seen  t h a t  in  case of n v a riab le s  
i t  w ill b e :

w h ere

О E„

TSn-1 R*

e„ -i =  { 1 , 1  . . .  1 , 0 , o , ................  0 }

n _  1 (в — 1)-(д — 2 )
2

i.e .:

R *
n ( П )

C om position  of the p lan n in g  m a tr ix

T h e  m ain  p o in t o f th e  2 n -p  ty p e  facto ria l t e s t  p la n n in g  is th a t  th e  fa c to rs  
a re  v a r ie d  on tw o levels, o n  a n  upper and on a lo w er level. The upper level is 
d e n o te d  b y  + ,  the  low er b y  — , in  m atrix  n o ta tio n  b y  1 a n d  — 1. T h a t m eans, if:
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x j  — 1  th e n  xj =  XjH, if  X* =  — 1  th e n  Xj =  X j i .

E ach  v a r ia tio n  o f  th e  fac to rs  co rresponds to  a te s t  se ttin g . F o r  an  effec
tiv e  te s t  it  is n ecessa ry  to  com pose th e  v a ria tio n s  an d  th e  te s t  se ttin g s  accord
ing  to  some sy stem .

T otal fac to ria l test

A te s t w here  all possib le level com b in a tio n s o f th e  fa c to rs  are  realized 
is called a to ta l  fa c to r ia l te s t . One m e th o d  of th e  com p o sitio n  o f th e  p lanning  
m a tr ix  X„ is t h a t  th e  signs change in  th e  f irs t  co lum n in  each  row , in  th e  
second co lum n in  ev e ry  second row s, in  th e  th ird  co lum n  in  ev e ry  fo u rth  
row s, in  th e  fo u r th  co lum n  in  every  e ig h th  row s, in  th e  j - t h  co lum n  in  every 
2 ' - 1  row s. F o r th e  m a th e m a tic a l d esc rip tio n  o f th is  m e th o d  we propose th e  
follow ing:

1 if  0 <  i m od V  <, 2J'-1

— 1  if  X * ( i , j ) ^ l
or

[ —  1  if  0  < i  m od 2J <i 2J~1
X * ( i , j )  =

1  if  X * ( i , / ) 9 * — 1
(13)

w hich  are — 1  tim es  th e  o th e r, b u t th is  is o f no im p o rtan ce  due  to  sy m m etry  
cond itions. T he co rrec tn ess  o f th e  com positions (12) an d  (13) ca n  be easily  seen,

Table I

factors

Serial 
number of 
test settings

Xl X1 **

l . + + +

2 . — + +

3 . + — +

4 . — — +

5 . + + —

6 . — + —

7 .

8 .

+

— —

e.g. le t us consider th e  2 3 to ta l  fac to ria l te s t  com posed on th e  basis  o f E q . (12) 
(T able I). C orrespond ing  b y  th e  p lann ing  m a tr ix  w ill be
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-  1 1 1
— 1 1 1

1 — 1 1
— 1 — 1 1

1 1 — 1
— 1 1 — 1

1 — 1 — 1
1 — 1 — 1

I f  w e co m p o se  X* accord ing  to  th e  ru le  of th e  ch an g e  o f  signs (by  s ta r tin g  
w ith  -[ 1 in  th e  firs t colum n) w e w ill receive th e  v a lu es  o f T ab le  I . A n id en tica l 
re su lt c a n  b e  received, too , if  X* is com posed accord ing  to  E q . (13) or th e  ru le  
o f c h a n g e  is  s ta r te d  w ith  — 1. T h e  p lan n in g  m a tr ix  w h ich  corresponds to  l a t 
te r  is:

■ — 1 — 1 — 1"

1 — 1 — 1
— 1 1 — 1

1 1 — 1
— 1 — 1 1

1 — 1 1
— 1 1 1

1 1

—
1

i—H

a n d  i t  c a n  be seen th a t  th is  is  — 1  tim es th e  fo rm er.
F o r  th e  p lanning  m a tr ix  X * th e  following p ro p e rtie s  are valid :
—  p io p e r ty  of sy m m e try

J ? X S ( i , j - )  =  0 (14)
i= i

—  p ro p e rty  of no rm in g

N

2 № i J ) Y  =  N

—  p ro p e rty  of o r th o g o n a lity

N n

2  П  №J)]'v
i = i -

0 if m ax r j =  1
j

N if m ax *4 II О

j

rj 6 {0, 1}

(15)

(16)
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—  p ro p e rty  o f p o ssib ility  o f ro ta tio n

1  _J_ lx* I2
D2{Vg) =  D2(y) • 1 +  'X 1

П

(17)

w here  N  =  2" is th e  n u m b e r o f th e  te s t  s e ttin g s .

F rac tio n a l fac to ria l te s t

I n  case o f th e  to ta l  fac to ria l te s t  th e  d ifference  betw een  th e  n u m b e r  of
te s t  se ttin g s  an d  th e  n u m b e r of coefficients ca n  be g rea t, i.e .: N  m * . This
ra ises th e  p rob lem  o f re d u n d a n t te s ts , w h ich , c a n  be solved b y  th e  f ra c tio n a l 
fa c to ria l te s t ,  w here th e  n u m b e r of te s t  se ttin g s  is decreased so t h a t  th e  p la n 
n ing  does no t loose its  ch a rac te ris tic s  of sy m m e try , norm ing, o r th o g o n a lity  
and  possib ility  o f  ro ta tio n .

T he m ain  p o in t o f th e  m ethod  is th a t  am ong  th e  n fa c to rs , p  fa c to rs  
are  se t equal to  th e  p ro d u c t o f  fac to rs se lec ted  from  th e  rem a in in g  n — p  
fac to rs  accord ing  to  c e r ta in  aspects. E .g .: in  th e  23 _ 1  f ra c tio n a l te s t  be 
* 3  =  X *  ■ X * ,  co rrespond ing ly  th e  defin ing  c o n tra s t  will be 1 =  x* ’ x* • я*. 
(The defin ing  c o n tra s t is th e  p ro d u c t of co lum ns all elem ents o f  w h ich  are 
e ith e r  1  o r — 1 .)

T he general fo rm u la  o f th e  m eth o d  is:

n p
Xh =  k h /  /  x fp hj

(18)
h =  n — /> 4 - 1 ,  • • • n, (— 1 , 1 }, p hj  =  {0 , 1} P  =  { p h j }

w here

P h j  —
1 , if  x*  is ta k e n  in to  acco u n t in  th e  /i-th  fac to r  

0 , i f  x * is n o t ta k e n  in to  a c c o u n t in  th e  /i-th  fa c to r .

T h u s, th e  p lan n in g  m a tr ix  o f th e  2n p fra c tio n a l fac to ria l te s t  is a h y p e rm a tr ix  
com posed  of th e  p lan n in g  m a tr ix  of th e  2 " p to ta l  fac to ria l te s t  a n d  o f  th e  
m a tr ix  d e te rm in ed  on th e  basis of E q . (18):

(19)

К  can  be easily  o b ta in ed  as th e  follow ing h y p e rm a tr ix :

к = [ k V ... kr]
N
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w h e re

к  =  {kh} .

T h e  ch arac teris tic s  (14), (15), (16), (17) a re  also valid  for th e  p lan n in g  
m a t r ix  X*tP, N  =  2n~p is th e  n um ber of te s t  se ttin g s .

E .g .,  le t us com pose th e  p lann ing  m a tr ix  o f  th e  26 - 3  frac tio n a l fa c to ria l 
t e s t ,  w h e re  x* — x* ■ x*, x*  =  — x* • x*, x* =  x* ■ x* ■ **.

X f  has been a lre a d y  com posed  earlie r acco rd in g  to  E q . (12):

T 1 0

P  = 0 1 1

1 1 1 .

T h e  m a tr ix  К  is:
'  1 1 1 1 1

К  = — 1  - - 1  - - 1 — 1 - 1

1 1 1 1 1

B y  u s in g  th ese , th e  p la n n in g  m a tr ix  X*
6 , 3 w ill be on

x * , 3 =  [X? X* □  Р т О  K ]

r—1 

1____ 1 1 1

r-H! l
— 1 1 1 — 1 — 1 — l

1 — 1 1 — 1 l — l
— 1 — 1 1 1 l l

1 1 — 1 1 l — i
— 1 1 — 1 — 1 l l

1 — 1 — 1 — 1 — 1 l

1-4 

_____1 — 1 — 1 1 — 1 — l

D eterm ina tion  o f a*

A t a first-pow er te s t  p la n n in g  it  is r*j £ {0, 1}, and  b y  using th e  c h a ra c 
te r is t ic s  (14), (15), (16) i t  c a n  be proved  th a t

(X* □  R * r )T • (X* □  R * T) =  N  ■ E m. .

T h a t  m e a n s  th a t  E q . (10) c a n  be reduced  to  th e  follow ing form :

a * r = i r . ( X * D R * T)T - y T - (2 0 )
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F o r th e  coefficients th e  follow ings a re  v a lid :

/ =  1, 2 . . . m*Щ у )D2(a*) =

as well as

N

cov (a*, a*) =  0  l ^  r l, r =  1 , 2  . . . m*

( 21)

T h e sq u are  o f th e  re sid u a l s c a tte r  n ecessary  to  s ta tis tic a l in v e s tig a tio n s  is:

yyr  -  a* • (X* □  R *T)T ■ y r
D =^res

N  — m*
( 22)

D eterm in a tio n  o f  a

F o r p ra c tic a l req u irem en ts  i t  is n ecessa ry  to  re tran sfo rm  th e  fu n c tio n  
y)* in to  fu n c tio n  y), i.e . i t  should  he v a lid  fo r each  x:

V =  V*-
I n  a m a tr ix  form :

x □  R r  • aT =  x* □  R * r  • a* T. (23)

R  an d  a  are  to  be de te rm in ed .
F ro m  E q . (8 ):

x* =  (x — a) О  ß □ ( — E ) .

S u b s titu tin g  th is  in to  th e  r ig h t side o f E q . (23) an d  using (4) a n d  (6 ):

x* □  R *т . a *T =  (x —  a) □  R *r  О  ß  □  (— R*T) • а*т . (24)

L e t us in v e s tig a te  in  m ore d e ta ils  one m em b er (x —  a) Q  r f T o f  th e  
v ec to r (x  —  a) П  R *T. I t  can  be w ritte n :
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w here
rrj e V  and  0  <  r'rJ <  rfj (26)

a n d  ea c h  row  of th e  m a tr ix  R ; =  { f } is d iffe ren t.
T h a t  m eans n o th in g  else th a t  we have co m p o sed  all those  r* c o m b in a tio n s  

o f th e  e x p o n en ts  r rj  fo r w h ich  E q . (26) is v a lid .
L e t  us suppose 0 (J {xj\ w h a t can  he re a liz e d  in  th e  m ost of th e  p ra c tic a l  

cases. ( I f  a n y  Xj =  0, th e n  th e  ap p ro x im a tio n  Xj e can  be app lied , w h ere  s  
is a r a th e r  sm all n u m b er.)

N ow  b y  using  E q s  (25, 6 ) it  can  be w r i t te n :

(x  —  a) □  r f =  (— a) D r f  • [x □  Я Г О  (—  «) □  (—« ï ) ] q ï  (27)

w here

Ч / —  { Ç /r} ’ 9ir И
j = 1

/ г * .

L e t us d en o te  by  R  =  i rrj} th e  m a trix  in  w h ich  each  row  of th e  m a tr ix  R ; is 
p re se n t, an d  each m a tr ix  ro w  is d ifferen t. F u r th e r  le t be Q th e  m a tr ix  w ith  
th e  e lem en t:

П

4r =  T I
1

U sing  th is , (x —  x) □  R * ( can  be w ritten  on  th e  basis  of E q. (27) as fo llow s:

(x  —  a) □  R *T =  (— «) □  R *r  О  [x □  R T О  (— ос) □  (— R r )] Qr . (28)

L et us s u b s ti tu te  th is  c o n n ec tio n  in to  E q . (24), th e n  one gets: 

x* □  R * T • a*T =

=  [(— *) □  R *T O  [x □  R T О  (—a) □  (—  R T)] • QT О  ß □  ( - R * T)] • а*т =  

=  [ [ x  □  R T О  ( - « )  □  (- R т )] ■ QT О  [ ( - * )  О  ß  □  ( - Е ) ]  □  R *r ] • а* т  =  

[ [ x  D R T O H  □  ( - ß T)] • QT] • [ [ [ (— a ) 0 /3  □  (— E)] [I]R*T]T O a * r ] =  

=  [x □  R T 0  ( - a )  □  ( - R T)] ■ [Qr  • [ [ [ ( - * ) о  ß  □  (— E)] □  R *r f  O a ’ r ] ]  =  

=  x □  R T • [ [ ( - a )  □  ( r - R T) f  O  QT • [ [ [ ( - ^ )  О  ß  □  (— Е)Д □  R * T  O  a* r ]

(29)

w h ich  follow s from  th e  assoc ia tive  c h a ra c te r  o f  th e  m a trix  m u ltip lica tio n  and  
from  th e  rep ea ted  a p p lic a tio n  of connection  (5).
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F ro m  a com parison, o f E q . (29) w ith  E q . (23) follow s:

R =  R  (30)
a n d

a T =  [ ( - * )  □  ( - K T)]T O  Q7 • [ [ [ ( - « )  О  ß □  (— E )] □  R * 7 ]T О  a*r ]

since E qs (23) and  (29) m u st be fu lfilled  fo r each x. T he p ro b lem  now  is, how 
to  d e te im in e  R  and Q. T h is is very  d ifficu lt in a general case, th e re fo re  le t us 
su p p o se  for th e  fu n c tio n  xp* th e  follow ing:

L e t us deno te  th e  se t o f fu n c tio n s /;*  b y  F * . L e t be fu r th e r :

w here rf* <  r f  and  rf* £ V  (31)
J=i

th e n  one h a s /* *  £ F* in  case o f  any  rf*  <  r* .
T h a t m eans th a t  if  e.g. x*x*xf Ç F* th e n  1, x f ,  x*, x f x f ,  xfx%, xfx* 

is  also elem ent o f F*. C ond ition  (31) does n o t m ean a s tro n g  re s tr ic tio n  for th e  
fu n c tio n  ty p e , because in  th e  m a jo rity  o f th e  p rac tica l cases m a tr ix  R* has 
th e  fo rm  R* and  in  th is  case i t  is easy  to  see th a t  co n d itio n  (31) is fulfilled.

B y doing so, how ever, R  can  be easily  d e te rm in ed , n am ely  R  =  R*, 
since  th e  cond itions fo r R  and  R* are th e  sam e, i.e .:

R =  R* (32)

c a n  be received on th e  basis o f E q . (30).
M atrix  Q can  be com posed by  m eans o f th e  follow ing conn ec tio n :

since

4u u
J= t

r *  rjи C K*T

rf/rj

(33)

(34)

is  fu lfilled , because in  case o f f irs t pow er p lan n in g  i t  is r* Ç ( 0 , 1 } an d  therefore  
th e  possible com b in a tio n s are:

i ; =  i  =  i l
1

=  1 =  1° ,  (?
b 0 t 1

=  0  =  0 \ =  1  =  0 "

b y  using  th e  fo rm ulas o f  th e  b inom ial coefficients. In  o th e r  w ords, E q . (34) is 
fu lfilled , and  th a t  p ro v es th e  co rrec tness o f E q . (33).
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O n  th e  basis o f E q . (33) m a tr ix  Q is:

Q =  R* □  R*T. (35)

F ro m  th e  foregoings fu n c t io n  ip is

V =  X □  R*r  • aT (36)
w h e re

aT =  [(—<*)□(—R*T)]r O(R* □  R*T)T • [[[(—« )0 /З П (—E)]DR*T]r Oa*T].

F ro m  E q . (36) i t  c a n  h e  seen  th a t  ip can  be  d e te rm in ed  as th e  fu n c 
t io n  o f  th e  in itia l d a ta , i.e .:

ip =  y>(n, p ,  P , k , R * , у ,  X, a , ß) .

B y  m eans of th is  c o n n e c tio n  ip can he genera lly  com posed , th e  com posi
t io n  p ro cess  can be h an d led  as  a  sy stem , th e  in p u t signals o f w hich  are

n, p ,  P , k . R*, у ,  X, oc, ß  

a n d  th e  o u tp u t signals X *, ip*, ip.
F o r  th e  sake o f s im p lic ity  th is  system  w ill be  ca lled  Sp  (Fig. 1). T he 

s y s te m  is a com puter p ro g ra m  ca rry in g  ou t th e  ca lcu la tio n s  fo r th e  com po
s i t io n  o f  X *, ip* and ip on th e  b as is  o f th e  earlier.

■— SF system 
— SK system

le tte r s  w i th  sim ple underlin ing  d en o te  
v ec to rs , w i th  double  u nderlin ing  m atrice s

Fig. 1
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I f  R* =  R*, th e n  R* can  be o m itted  fro m  th e  in p u t signals since i t  is 
com posed b y  th e  sy s tem  on th e  basis of E q . (11).

F o r th e  ap p lica tio n  of th e  described  m e th o d  le t us see a p ia c tic a l 
exam ple .

In  gas p ro d u c tio n  i t  is o ften  n ecessary  to  com pute  th e  b o tto m  p ressu re  
o f th e  gas wells w ith  an  a p p ro p ria te  accu racy . I n  our p lan ts , th e  d iffe ren tia l 
eq u a tio n s govern ing  th e  gas flow  can be so lved  only  w ith  ro u g h  neg lections 
due to  lack  o f co m p u te rs . R esu lts  received  in  th is  w ay, how ever, o fte n  do no t 
fu lfil th e  req u irem en ts . B y  th e  ap p lica tio n  o f  th e  te s t  p lan n in g  m e th o d  it  is 
possible to  develop  a sim ple co m p u ta tio n  m e th o d  of su itab le  accu racy  for 
th e  d e te rm in a tio n  o f  th e  b o tto m  p ressu re  in  wells.

T he aim  is to  express th e  b o tto m  p re ssu re  in  th e  well as a {pn ty p e  fu n c
tio n  o f th e  v a riab le s . F o r th e  d e te rm in a tio n  o f  th e  function  th e  in p u t signals 
o f th e  system  m u st be given, in  th is  case th e y  w ill be:

n, p ,  P , к, X, «, ß .

T he te s t  is c a rried  o u t b y  a co m p u te r p ro g ra m , there fo re  th is  su b sy s te m  can 
be connected  b y  c e r ta in  com m ands w ith  th e  sy stem  S p  w hen one receives 
th e  system  S p  (F ig . 1), for w hich y is a lre a d y  no  in p u t signal an d  X* no o u tp u t 
signal. E .g ., b y  ta k in g  in to  accoun t th e  d a ta  o f  th e  gas field  S zánk , th e  n =  10 
v ariab les  g iven in  T ab le  I I  were chosen in  th e  g iven  ranges. Since th e  fu n c tio n

Table II

X j  Name of variables
Range of variables

lowest value highest value

* i qg — gas production (m 3/day) 30,000. 200,000.

*2 R c — ratio gas-condensatum  (m3/m 3) 8000. 20,000.

*3 R v — ratio gas-w ater (m 3/m 3) 18,000. 94,000.

*1 P n h — pressure at the casing head (bar) 80. 160.

Psep— seperator pressure (bar) 3. 80.

*9 d  — diam eter o f pressure pipe (m) 0.062 0.076

*7 T n — tem perature at the head of the w ell

<K) 300. 340.

X8 g  — relative gas density 0.633 0.709

*9 c — relative condensatum  density 0.724 0.807

*10 L  — length  of the producing pipe (m) 1750. 1850.

to  be  looked fo r is o f  th e  ty p e  ÿ)10, th e re fo re  m  =  56, hence o n ly  p lan n in g  
m a trices  m u st be  considered  for w hich  N  >  56 is va lid . T his co n d itio n  is 
en su red  b y  th e  p lan n in g  m a trix  X i0>4, i.e . p  — 4 . A ccording to  à p rio ri in fo r
m a tio n s:
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1 1 1 1 1 1
1 1 1 1 0 0
1 1 0 0 1 1
0 0 1 1 1 1

к =-• {1, 1, 1, 1}

V e c to r  x can be fo u n d  in  T ab le  I I ,  an d  th e  vecto rs x and  a , ß  c a n  be 
e a s ily  com posed  on th e  b asis  o f  E q . (8 ).

T<x

115,000.
14.000.
56.000.

120.

41.5
0.069

320.
0.671
0.766

1800.

ß ‘

85.000. 
6000.

38.000.
40.
38.5

0.007
20.

0.038
0.042

50.

F o r  th e s e  in p u t signals, o u r sy s tem  S к. de livered  th e  follow ing o u tp u t  signals:

xpto c*  143.36 - f  4.18 • x î  +  45 .4  • x* —  2.06 • +  1.74 • x% —  1.96 • x f x *  +

+  1.74 • x*xîo
re s p e c tiv e ly

Vio cx  1119.21 +  2.76 • IO " 4 • qg +  1.13 • p wh +  84.77 • d +  45.74 • yg —

—  1507.83 yc —  0.64 • L  —  3.29 • 1 0 ~3qgd +  0.84 ycL .

xp10 d e n o te s  th e  ca lcu la ted  p ressu re  p uj  ot th e  w ell b o tto m .
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T he sign m eans th a t  from  am ong th e  56 coefficients sev e ra l were 
neg lec ted  on th e  basis o f sign ificance inv estig a tio n s.

T he accuracy  o f th e  fo rm u la  was co n tro lled  by  17 p la n t m easu rem en ts , 
we received  from  th e m  th a t  th e  average ab so lu te  re la tiv e  e rro r  —  1 .6 8 %  
— is accep tab le . F igure  2 gives a clear p ic tu re  a b o u t th e  e rro rs .

I t  can  be said  th a t  th e  fo rm u la  received  is su itab le  fo r m a n u a l ca lcu la 
tio n s , in  our p lan ts  th e  p lan n in g  ca lcu la tions can  be m ade w ith  i t  qu ick ly  
an d  w ith  an  ap p ro p ria te  accu racy .

Fig. 2

S um m ary

T he p ap er deals w ith  th e  m a th e m a tic a l form alism  o f th e  2 n p ty p e  
firs t-p o w er fac to ria l te s t  p lan n in g . T he ca lcu la tio n s becom ing co m p lica ted  in  
case o f m ore fac to rs can  be m ade b y  co m p u te rs  using genera lly  developed  
a lg o rith m s. In  th is  w ay  th e  te s t  p lan n in g  can  he hand led  as a sy s te m , th e  
in p u t signals o f w hich are th e  te s t  cond itions d e te im in ed  on th e  basis  o f  th e  
à p rio ri in fo rm ations an d  th e  o u tp u t  signal is th e  re su lt expec ted  fro m  th e  te s t .
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МАТЕМАТИЧЕСКИЙ ФОРМАЛИЗМ ПЛАНИРОВАНИЯ ЛИНЕЙНОГО 
ФАКТОРИАЛЬНОГО ТЕСТА ТИПА 2п~р

Л. БАЛЛА 

РЕЗЮМЕ

В статье рассматривается математический формализм планирования линейного 
факториального теста типа 2п~р. Предполагается, что интуитивные решения, необходимые 
для планирования уже сделаны на основе априорных информаций. Дается математический 
формализм использованного до сих пор метода и разработан математический метод для 
обратного преобразования преобразованных функций. Таким образом, в случае нескольких 
факторов усложненные вычисления производятся с помощью ЭВМ используя алгоритмы 
разработанные для общих случаев.
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ÜBER DIE ERZEUGUNG YON DOLOMIT-MAHLGUT 
FÜR EDELYERPUTZ

SZ. P E T H Ő -E . TOMPOS

TECHNISCHE UNIVERSITÄT FÜR SCHWERINDUSTRIE, MISKOLC 

[M anuscript received Decem ber 30, 1979]

Im  Beschluß des M inisterrats vom  2. III . 1979 wurde neben sonstigen R ohstoffen auch 
die N utzung und Verwertung der heim ischen D olom itvorräte als Aufgabe ersten  R anges bezeich
net. H ierzu soll die vorliegende Studie Beihilfe gewähren. Der D olom it von  P ilisvörösvár ist 
der G rundstoff zur H erstellung von  Edelverputz, wofür ein D olom itm ateria l von  spezieller 
K orngrößenverteilung erforderlich ist. Die Abhandlung erörtert die M ahltechnologie, behandelt 
die Frage der Optim ierung und fügt den zw eckm äßigsten Stam m baum  für einen Betrieb mit 
geringsten Verlusten und m axim alen Ausbringen bei.

1. E in fü h ru n g  u n d  V orgeschichte

D ie D u n á n tú lé i (tran sd an u b isch en ) W erke des O EA V  (L andesun ter- 
n eh m en  fü r  E rz-, S teine- u n d  E rd en b e rg b au ) b e tre ib en  in  P ilisv ö rö sv ár auf 
G ru n d  eines ö ste rre ich ischen  P a te n te s  e in  W erk  zur E rzeu g u n g  v o n  D olom it
g ru n d s to ff  fü r E d e lv e rp u tz . D ie K o m p o n en ten  d ieser in  P ap ie rsäck en  in 
H an d e lsv e rk e h r g e b ra c h te n  E d e lv e rp u tzm ate ria lien  sind : D o lo m it von  be
s tim m te r  K o rn s tru k tu r , Z em en t, g e b ra n n te r  K a lk s ta u b , sow ie hydrophobe 
M ate rien  und  versch iedene  F arb sto ffe . D ie F a rb sto ffe  sind  ä s th e tis c h  gew ählt; 
d ie  A usw ahl is t re ich lich  u n d  d e r d a rau s  h erg este llte  V erp u tz  is t  seh r h a ltb a r .

D er G ru n d sto ff D o lo m it w ird  als M ah lgu t erzeugt. Z u r A u fg ab e  gelangt 
D o lom it von  5— 15 m m  K o rn g rö ß e , d er als F ra k tio n  d u rch  S iebe vom  R oh
fö rd e rg u t g e tren n t w ird . D ieser G ru n d sto ff  w ird  d an n  e inem  Z w eiflächen- 
B inder-S ieb  m it zwei S ieb flächen  von  8  u n d  5 m m  L ochw eite  aufgegeben, 
das m it zwei p ara lle l lau fen d en  g la tte n  W alzen b rech ern  in  geschlossenem  
K re is la u f a rb e ite t. V on h ie r ge lang t das M ahlgu t zu r T ro c k n u n g , d anach  
zu r K lassierung . D u rch  K lassie ren  w erden  folgende F ra k tio n e n

>  5, 3— 5, 1— 3, 0,3— 1 u n d  <  0,3 m m  erzeu g t

u n d  in  Silos abgezogen. D ie M asse d er d o rt gelagerten  S ie b fra k tio n e n  ist 
jew eils b e k a n n t, so d aß  d e r E d e lv e rp u tz g ru n d s to ff  in  der g ew ü n sch ten  Z usam 
m ense tzu n g  du rch  E in w aag e  h erg este llt w erden  k an n . G ew ünsch t is t folgende 
K o rn g rö ß en v erte ilu n g :
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> 5  m m 0 %
3— 5 m m 5-- i o %
1— 3 m m 35-- 4 0 %

0,3— 1 m m 40-- 4 5 %
< 0 ,3  m m 5-- i o %

N a c h  d er früheren  M ah ltechno log ie  erh ielt m a n  —  m it A usnahm e d er 
K o rn k la s se  0,3—-1 m m  —  v o n  je d e r  K orn frak tio n , in sb eso n d ere  aber von  d er 
K o rn g rö ß e  < 0 ,3  m m  einen  U b e rsch u ß , so d aß  die M assenausbringen  an  
b ra u c h b a re m  M aterial fü r E d e lv e rp u tz  nu r gering w ar. D esw egen b e a u ftra g ten  
d ie  O E A V -T ran sd an u b isch en  W e rk e  den L eh rs tu h l fü r  M in era lau fb e re itu n g  
a n  d e r  T echnischen  U n iv e rs itä t  fü r  Schw erindustrie , M iskolc (NM E) eine 
T e c h n o lo g ie  m it geringen U m än d e ru n g e n  zu  e ra rb e ite n , die eine E rh ö h u n g  
des N u tzau sb rin g en s  v e rsp rech e . Ü b er die an g este llten  techno log ischen  V er
su ch e , d e n  a u f  G rund d er E rg eb n isse  en tw orfenen  techno log ischen  S ta m m 
b a u m , dessen  H a u p tp a ra m e te r  u n d  die au f das E rz ie len  eines m ax im alen  
M assen au sb rin g en s a u sg e ric h te te n  R echenm ethoden  soll n u n  h ier wie fo lg t 
b e r ic h te t  w erden.

2. T echno log ische  G rundu n tersu ch u n g en

D ie  technologischen G ru n d u n te rsu ch u n g en  w u rd e n  m it einem  g la tte n  
W a lz e n p a a r  du rchgefüh rt. D ieses  W alzenpaar is t zu r F einzerk le in eru n g  (d. h . 
8 0 %  des B rechgutes e tw a  b e i 5 m m  K orngröße) eines h ä r te re n  M aterials als 
m i t te lh a r te r  K alkste in  (wie es auch  der D olom it v o n  P ilisvö rösvár ist) g u t 
g e e ig n e t u n d  erzeugt u n te r  d e n  in  Frage kom m en d en  E in ric h tu n g e n  bei fre ie r 
A u fg a b e  die möglich g e rin g ste  F e in frak tio n  (also < 0 ,3  m m ). D urch  die S p a lt
w e ite  w ird  die Dicke des im  M ah lg u t v o rh an d en en  g rö ß te n  K ornes b e s tim m t, 
d e s se n  m it einem  q u a d ra tis c h  gelochten Sieb b es tim m b ares  B re iten m aß  
e tw a  1,7 m al größer als d e r  S p a lt  ist.

D ie  F un k tio n en  des S ieb rü ck stan d es d e r ö r tlic h  „M ulm “  b e n a n n te n  
D o lo m itau fg ab e  von n o m in e ll 5— 15 mm K orn g rö ß e  is t in  A bb. 1 d a rg es te llt. 
D ie  P ro b e n  zu den m it I /a  u n d  I /b  bezeichneten  K u rv e n  w u rd en  bei tro c k e n e r 
W it te r u n g  genom m en. In  lu f ttro c k e ü e m  Z u s ta n d  e n tfa lle n  83 bzw. 87 M as
se n  %  dieser P roben  a u f  d ie  K o rn frak tio n  5— 15 m m , w ährend  der R est 
a u ß e rh a lb  dieser G ren zw erte  lieg ti Die m it I I  b eze ich n e te  d r it te  P robe  h a t te  
e in e  g roße  O berfläch en feu eh te  von  4% . D em en tsp réeh en d  w aren  23 ,5%  der 
P ro b e  < 5  m m ; wegen S ch ad h a ftw erd eü  des S iebgew ebes w ar auch  d er G rob
k o rn a n te i l  über 15 m m  z iem lich  be träch tlich  u n d  b e tru g  9 % .r
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X mm

Abb. 1. D ie K orngrößenverteilung der D olom it-R ohproben

2.1 E instufige Grunduntersuchungen

Als e rs te r S c h r it t  schien  die D u rch fü h ru n g  e in stu fig e r B asisp rü fungen  
no tw end ig  zu sein . D er rohe D o lo m itm u lin  w urde in  en g en  K orn g rö ß en 
grenzen  au se in an d erg es ieb t, die P ro b en  be i sy s th e m a tisc h e r Ä n d e ru n g  der 
S pa ltw eite  ze rk le in e rt, das B rech g u t n a c h  d en  in  den  G ü te v o rsc h rif te n  ange
fü h r te n  A bm essungen  k la ss ie rt, und  d a n n  die V erte ilu n g sfu n k tio n en  der 
K orngrößen  au fgenom m en .

D a der K o rn g rö ß en b ere ich  des D o lom itm u lm es g rößer als d e r  N ennw ert 
w ar, w urde er n ach  fo lgenden  F ra k tio n e n : ]>15, 15— 8, 8 — 5, 5— 3, 3— 1 mm 
ausgesieb t. D ie Ä n d eru n g en  d er g rö ß en g em äß en  V erte ilu n g  d e r aus diesen 
F ra k tio n e n  genom m enen  P ro b en  sind  als F u n k tio n e n  d e r  S p a ltw e ite  in  
A bb . 2, 3, 4, 5 u n d  6  d a rg es te llt. F ü r  je  eine S paltw eite  sind  d ie  M assenanteile  
d er gep rü ften  K o rn fra k tio n e n  ( > 5 ,  3— 5, 1— 3, 0,3— 1 u n d  < 0 ,3  m m ) in  den 
A bb ildungen  e in g e trag en  (ihre Sum m e is t also =  100) u n d  d u rc h  eine fo r t
lau fende L inie m ite in a n d e r v e rb u n d en , so d a ß  m it B en ü tzu n g  d e r  d isk re ten  
W erte  die fu n k tio n sg em äß en  V erän d eru n g en  g u t v erfo lg t w e rd e n  können . 
B ei den  einzelnen V ersuchsserien  w urde  die S paltw eite  im m er u m  je  0,5 m m  
g eän d ert.
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Abb. 2. D ie  K orngrößenverteilung des m it den Zerkleinerungswalzen erzeugten D olom it 
Brechgutes >  15 m m  als Funktion der Sp altw eite  R

A u s A bb . 2 , 3 u n d  4 i s t  zu  ersehen, d aß  d ie  B rechergebn isse  d er d re i 
g ro b e n  K o rn frak tio n en , n ä m lic h  > 1 5 ,  15— 8 u n d  8 — 5 m m  im  S p a ltw e iten 
b e re ic h  zw ischen  1 u n d  4 m m  im  großen  und  g an zen  das gleiche B ild zeigen. 
M it z u n e h m e n d e r  S pa ltw eite  n e h m e n  die zwei fe in s te n  K o rn k lassen  des B re c h 
g u te s  m it  exponentie llem  C h a ra k te r  ab und  d er M assen an te il des F ra k tio n  
0 ,3— 1 m m  is t im  a llgem einen  k le in e r  als jen e r d e r F ra k tio n  > 0 ,3  m m . D ie 
F r a k t io n  1— 3 m m  h a t m it 50— 5 5 %  bei der S p a ltw e ite  2,5 m m  ein M ax im um ,

A bb. 3. Korngrößenverteilung der m it den Brechwalzen hergestellten  D olom it-Fraktion  
8 —15 m m  als Funktion der Spaltw eite  R
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Abb. 4. K orngrößenverteilung der m it den Brechw alzen hergestellten D olom it-Fraktion  
5 — 8 mm als Funktion der Spaltw eite R

u n d  im  S p a ltb e re ich  1— 3,5 m m  m ach t diese F ra k tio n  im m er die größ te  
M assenquo te  aus. D er M assenan te il der F ra k tio n  3 — 5 m m  n im m t als F u n k tio n  
der S p a ltw e ite  zu u n d  e rre ich t ih ren  H ö c h s tw e rt m it 35 — 40%  bei 4 bzw.
4,5 m m  S p altw eite . B ei S p a ltw e iten  u n te r  e tw a  3 m m  b ildet sich k e in  gröberes 
K o rn  als 5 m m . —  D a diese F ra k tio n e n  des D olom itm u lm es sich beim  B rechen  
gleich  v e rh a lte n , is t  d as  gem einsam e B rech en  des P ro d u k te s  5 m m  wohl- 
b eg rü n d e t.

In  A bb. 5 u n d  6  sind  die fü r  die K o rn fra k tio n e n  3— 5 u n d  1— 3 m m  
des D olom itm ulm es g e ltenden  B rechergebn isse  zu  sehen. B ei dem  B rechen  
d ieser F ra k tio n e n  n eh m en  auch  h ier m it d e r  g rößeren  S paltw eite  die M assen
q u o te n  der K o rn k lassen  < 0 ,3  m m  und 0,3— 1 m m  exponen tie ll ab ; im  B rech g u t 
der A ufgabe 5— 3 m m  sind  sie im  großen u n d  ganzen  gleich, doch im  B rech g u t 
der A ufgabe 1— 3 m m  is t d er M assenan te il d e r F ra k tio n  0,3— 1 m m  größer. 
Bei e tw a  1 m m  S pa ltw e ite  e rre ich t der M assenan te il d ieser F ra k tio n  sogar 
50%  ( ! ); der A n te il der F ra k tio n  < 0 ,3  is t u m  15%  kleiner. Die d u rc h  B rechen  
aus dem  D olom itm ulm  von  3— 5 m m  K o rn g rö ß e  h ergeste llte  F ra k tio n  1— 3 m m  
h a t  bei e tw a  2,5 m m  S paltw eite  ein M ax im um  von  fast 6 0 % , w äh ren d  der 
M assenan te il von  < 0 ,3  m m  re la tiv  n ied riger is t u n d  zw ischen 10— 15%  lieg t. 
Im  S inne d ieser Y ersuchsergebnisse v e rh a lte n  sich die beiden  F e in k o rn fra k 
tio n en  des D o lom itm ulm es beim  B rechen m it gleicher S pa ltw eite  versch ieden , 
so d aß  h ier ein B rech en  bei versch iedenen  S p a ltw e iten  b e rech tig t is t.

D a das B rech g u t d er dre i g röberen M u lm frak tio n en  im  großen  u n d  ganzen 
die gleiche K o rn g rö ß en v erte ilu n g  zeigte, w u rd e n  zwecks P rü fu n g  des gem ein-
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Abb. 5 . Korngrößenverteilung der m it den Brechw alzen hergestellten D olom it-Fraktion  
3 —5 m m  als Funktion der Spaltw eite R

S am en B rechens V ersuchsre ihen  auch  m it d e r K orng röße > 5  m m  d u rc h 
g e fü h r t .  D ab e i w urde die S p a ltw e ite  um  je  0,5 m m  in  den  G renzen 1,5 m m  u n d
5,5 m m  v a riie r t. Die K o rn g rö ß en v e rte ilu n g  des B rechgu tes und  deren  Ä n d e 
ru n g e n  w u rd e n  fü r die F ra k tio n e n  in  A bb. 7 d a rg es te llt. Sie b e s tä tig te n  u n se re  
f rü h e re  A n nahm e, da  sie m it d en  E rgebn issen  in  A bb. 2, 3 und  4 eine g u te  
Ü b e re in s tim m u n g  zeigen.

Abb. 6. K orngrößenverteilung der m it den Brechwalzen hergestellten Dolom itfraktion 1 — 3 m m
als F unk tion  der Spaltw eite R
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Abb. 7. K orngrößenverteilung im  D olom it-B rechgut >  5 mm der Zerkleinerungswalzen als
Funktion der Sp altw eite  R

2.2 Technologische Konsequenzen der Grunduntersuchungen

D ie b isherigen  E rgebn isse  d e r m it dem  g la tten  W alzen p aar durchge- 
fü h r te n  G ru n d u n te rsu ch u n g en  k ö n n en  techno log isch  wie fo lg t a u sg en ü tz t 
w erden .

U m  die G ü tev o rsch riften  m it e in em  je  größeren M assenausb ringen  
erfü llen  zu kö n n en , is t es no tw end ig , d ie  K orngrößenk lasse  ^>5, 3— 5 und 
1— 3 m m  m it versch iedener S pa ltw eite  zu  zerk leinern . Zum  Z e rk le in e rn  des 
G robkorns ü b er 5 m m  schein t eine S p a ltw e ite  zw ischen 3 m m  u n d  4 m m  am 
g ü n stig s ten  zu sein. Bei solchen S p a ltw e ite n  g ib t es v e rh ä ltn ism ä ß ig  w enig 
M ateria l < 0 ,3  m m  im  B rech g u t; zug leich  en ts teh en  auch ein ige  P ro zen t 
M ate ria l > 5  m m  K orn g rö ß e , zu deren  Z erk le in eru n g  ein K re is la u f m it einem  
q u a d ra tisc h  a u f 5 m m  gelochten  Sieb a u fre c h t e rh a lten  w erden m u ß . B ei d ieser 
L ösung  b ild e t sich im  S iebdurchgang  in  g ro ß e r M enge die F ra k tio n  3— 5 m m , 
deren  T ren n u n g  zw eckm äßig  gleichfalls d u rc h  Sieben gelöst w e rd en  k an n . 
Die S pa ltw e ite  des g la tte n  W alzen p aares  fü r  die Z erkleinerung d iese r K o rn 
fra k tio n  m uß  gem äß den  G ru n d p rü fu n g en  zw ischen 2 und 3 m m  e ingeste llt 
w erden , um  den  A nte il < 0 ,3  m m  im B re c h g u t zu  verm indern . B ei so lch en  S p a lt
w e iten  k a n n  m an  noch  e rw arten , d aß  d e r A n te il der im  B rechgu t v e rb le ib en d en  
F ra k tio n  3— 5 m m  noch den  G ü te v o rsc h rif te n  genügt, aber d ie  M asse der 
F ra k tio n  1— 3 m m  is t g rößer, die F ra k tio n  0,3— 1 m m  aber k le in e r  als es den 
A n fo rd e ru n g en  en tsp rech en d  w äre.

Ü b er die K o rn v e rte ilu n g  des d u rc h  V erein igung des B re c h g u te s  vom  
zw eiten  g la tte n  W alzen p aar m it dem  S iebdurchgang  bei 3 m m  L ochw eite  
e rz ie lten  M ateria ls k a n n  das gleiche wie v o rh e r  gesagt w erden. D ies ze ig ten  
au ch  die E rgebn isse  je n e r  Z w eistufen-V ersuche, die m it Ä n d eru n g  d e r  S p a lt
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w eite  d u rch g e fü h rt w u rd e n . U n te r  diesen seien die m it S paltw eite  =  3,5 m m  
u n d  R 2 =  2 m m , sow ie m it Sieben von 5 m m  u n d  3 m m  Lochw eite d u rc h 
g e fü h r te n  V ersuche w ie fo lg t herausgegriffen:

3——5 m m  
1— 3 m m  

0,3— 1 m m  
< 0 ,3  m m

2 ,5 9 %
5 8 ,6 9 %
15 ,56%
2 3 ,1 6 %

100%

A us d em  V ergleich d ieser K o rn g rö ß en v erte ilu n g  m it dem  vorgeschriebenen  
K o rn a n fa ll und  den  E rg e b n isse n  der G ru n d u n te rsu c liu n g  betreffs des P io d u k -  
te s  1— 3 m m  in A bb. 6  fo lg t, daß  durch  eine W eite rzerk le in e ru n g  des v e rh ä lt
n ism äß ig  reichlich a n fa lle n d e n  P roduk tes 1— 3 m m  die gew ünschte K o rn 
s t r u k tu r  sich m it e in em  g roßen  M assenausb ringen  verw irklichen lä ß t. E s  
e m p fie h lt sich, dieses W e ite rzerk le in e rn  nach  d e r B u n k e ru n g  des g e tro ck n e ten  
u n d  k la ss ie rten  M ate ria ls  du rchzu füh ren . D ie M assen  der in  die B u n k e r 
g e sc h ü tte te n  S ieb frak tio n en  sind zufolge fo r tla u fe n d e r  B eobach tung  ih re r  
S c h ü tth ö h e  jew eils b e k a n n t. F ä llt  d ann  die F ra k t io n  1— 3 m m  in  g rö ß eren  
M engen  als vo rg esch rieb en  a n , so k an n  je  n a c h  B e d a r f  der auch du rch  B e rech 
n u n g  e rm itte lb a re , ü b ersch ü ssig e  A nteil d ieser K o rn fra k tio n  einem  d r i t te n  
g la t te n  W alzen p aar z u g e le ite t w erden.

I n  die B unker g e la n g t getrocknetes M a te ria l, desw egen fü h rte n  w ir a n  
d en  v o rg e tro ck n e ten  K o rn fra k tio n e n  neue G ru n d u n te rsu c h u n g e n  du rch .

2.3 Grunduntersuchungen an den getrockneten Kornfraktionen

D ie E rgebnisse d e r m it der g e tro ck n e ten  K o rn fra k tio n  1— 3 m m  d u rc h 
g e fü h rte n  G ru n d u n te rsu c h u n g e n  sind aus A b b . 8  bzw . Tabelle I  zu  e rseh en . 
A u ß e rd e m  w urden  au ch  m it der g e tro ck n e ten  K o rn fra k tio n  3— 5 m m  G ru n d -

Tabelle I

Brechversuche mit einem W alzenpaar und

Korngröße 
X mm

jR =  0,5 mm R =  0,7 mm R =  1,0 mm R =  1,0 mm R =  1,2 mm

4S % s D% .as % su  % <4S % S0  % /is % SD % /IS % SD %

1 — 3 1 8 ,9 6  1 8 ,9 6 3 6 ,4 0  3 6 ,4 0 3 9 ,3 2  3 9 ,3 2 6 1 ,9 1  61 ,91 6 7 ,2 8  6 7 ,2 8

0 ,3 1 5  — 1 ,0 5 3 ,2 0  7 2 ,1 6 4 0 ,6 8  77 ,08 3 9 ,6 8  7 9 ,0 0 2 5 ,1 6  87 ,07 2 1 ,3 7  8 8 ,6 5

< 0 , 3 1 5 2 7 ,8 4  1 0 0 ,0 0 2 2 ,9 2  100 ,00 2 1 ,0 0  1 0 0 ,0 0 1 2 ,9 3  100,00 1 1 ,3 5  1 0 0 ,0 0

100 ,00 1 0 0 ,0 0 1 0 0 ,0 0 1 0 0 ,0 0 1 0 0 ,0 0
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Abb. 8. K orngrößenverteilung im  getrockneten D olom it 1 —3 m m  des Zerkleinerungswalzen- 
B rechgutes als Funktion der Spaltw eite R

U ntersuchungen  an g este llt. Ih re  E rgebnisse sind  in  A bb . 9 e n th a lte n . D a die 
K o rn g rö ß en v erte ilu n g  des B rechgu tes d ieser F ra k tio n e n  schon  d u rch  geringe 
Ä nderungen  der S p a ltw e ite  seh r b ee in fluß t w ird , w u rd en  zu  diesen V ersuchen  
die S paltw eiten  0,5, 0,7, 1,0, 1,2, 1,5, 1,7, 2,0, 2,2, 2,5 u n d  2,7 m m  gew ählt. — 
W ird  ein M ateria l v o n  1— 3 m m  K orngröße aufgegeben , so b ild e t sich die 
F ra k tio n  0,3— 1 m m  m it dem  g rö ß ten  M assenanteil bei d er S p a ltw e ite  0,5 m m . 
D ieser M assenanteil b e trä g t  53% . Bei einer so lchen  S p a ltw e ite  ab er neig t das 
W alzen p aar schon zu V ersto p fu n g en  und  zugleich  fä llt  die F ra k tio n  < 0 ,3  m m  
in  ziem lich großer M enge an . M it V ergrößerung  d er S p a ltw e ite  s in k t die M assen
q u o te  der zwei F e in k o rn k la ssen , und  die F ra k tio n  1— 3 m m  n im m t zu. Bei 
1 m m  S paltw eite  sind  die M assenanteile  d er im  B rech g u t v o rh a n d e n e n  F ra k 
tio n en  1— 3 m m  und  0,3— 1 m m  m it e tw a 40%  n ah ezu  gleich; das G u t < 0 ,3  m m  
w ird  ~ 2 0 % .  K o m m t g e tro ck n e te r  D olom it von  3— 5 m m  K orngröße zur

getrocknetem M aterial von 1— 3 mm Korngröße

R =  1,5 mm R =  1,7 mm R =  2,0 mm R =  2,2 mm Allgem. Form

% Sß % % S D  o/o /is  % S D % /IS % S o  % /IS % Sfl %

86,67 86,67 93,04 93,04 93,77 93,77 96,73 96,73 P P
7,92 94,59 3,53 96,57 3,36 97,13 1,47 98,20 Я P + Я
5,41 100,00 3,43 100,00 2,87 100,00 1,80 100,00 r p  +  q  +  r =  1

100,00 100,00 100,00 100,00
1
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A bb. 9 . Korngrößenverteilung des getrockneten D olom ites 3 — 5 m m  aus dem  B rechgut de 
Zerkleinerungswalzen als Funktion der Spaltw eite R

A u fg a b e , so b ildet sich d ie , d en  engen Q u e rsch n itt d a rs te llen d e  F ra k tio n  
0 ,3— 1 m m  m it dem  g rö ß te n  M assenan te il, näm lich  m it 45—4 8 %  bei einer 
S p a ltw e ite  von <[ 1  m m  u n d  s in k t  bei g rößeren  S p a ltw eiten .

3. Die R e c h e n te c h n ik  der gep lan ten  Technologie

U m  ein m axim ales M assen au sb rin g en  zu erzielen , is t eine R ech en tech n ik  
e r fo rd e r lic h , die auch  fü r  d ie  R echenm asch ine  p ro g ram m ie rt w erden  k a n n . 
D esw eg en  sollen im fo lg en d en  je n e  M ateria lg le ichungen  e rö r te r t  w erden , die 
z u r  B estim m u n g  der v o rg esch rieb en en  K o rn g rö ß en v e rte ilu n g  des der d r i t te n  
S tu fe  zu zu fü h ren d en  M a te ria ls , sow ie des K lassie rungs-B rechkreis lau fes e rfo r
d e r lic h  s in d .

3.1 Bestimmung der M asse des Materials fü r  die dritte Stufe

D ie  in  den vorherigen  zw ei A b b ild u n g en  u n d  in  der T abe lle  I  d a rg e s te llte n  
E rg e b n is se  der G ru n d u n te rsu c h u n g e n  können  zuverlässig  re p ro d u z ie rt w erd en . 
A u c h  n a c h  dem  F a c h sc h r if t tu m  [1, 2 , 3] k an n  die K o rn g rö ß en v e rte ilu n g  des 
B re c h g u te s  m it H ilfe m a th e m a tis c h e r  F u n k tio n e n  v o rh e rb e rech n e t w erden , 
w en n  gew isse B edingungen e r fü ll t  sind , h au p tsäch lich  bei e iner A ufgabe von  
u n v e rä n d e r te n  E ig enschaften . (A n d ieser Stelle sei a u f  die Schule v o n  P ro fesso r 
H e n tz s c h e l  hingew iesen.)

I m  folgenden soll n u n  d ie K o rn g rö ß en v erte ilu n g  des B rech g u tes  vom  
g la t te n  W alzen p aar als F u n k t io n  d er S pa ltw eite  in  dem  Sinne als k o n s ta n t 
b e t r a c h te t  w erden, daß  m it ih re r  H ilfe das v o rau ssich tlich e  B rechergebn is 
v o rh e rb e re c h n e t w ird. A u f G ru n d  der b isherigen  P rü fergebn isse  fä llt n ach
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dem  zw eistu figen  B rechen  die F ra k tio n  Г— 3 m m  in re la tiv  zu g ro ß en  M engen 
an , so d aß  ein Teil d av o n  in  der d r it te n  S tu fe  w eiter zerk le inert w e rd en  m uß . 
U m  die d o rth in  zu le iten d e  M ateria lm enge genau  zu b estim m en , m u ß  a u f  
G ru n d  der e rs ten  zw ischen tex tlichen  T abelle  die Z usam m ensetzung  des K o rn 
an fa lls  fü r den  G ru n d sto ff zu E d e lv e rp u tz  gen au  festgeleg t w erden:

3— 5 mm 
1— 3 m m  

0,3— 1 m m  
< 0 ,3  m m

1 0 %
4 0 %
4 0 %

1 0 %

1 0 %
35%
45%
1 0 %

1 0 0 % 1 0 0 %

D iese T abe lle  im  T ex t e n th ä lt zwei K o rn g rö ß en v erte ilu n g en . B ei b e id en  V er
te ilu n g en  b e trä g t die M assenquo te  der F ra k tio n e n  3— 5 m m  u n d  < 0 ,3  m m  
10% . D as V erhä ltn is  h d e r M assenprozen te  d e r beiden  m ittle ren  K o rn g rö ß e n 
fra k tio n e n  b e trä g t im  einen  F a ll =  1, im  a n d e ren  ab er (35/45) =  0,7 . E s  seien 
n u n  n ach  d er zw eiten  S tu fe  die M assenan te ile  d er F rak tio n en  1— 3 m m  bzw. 
0,3— 1 m m  B 2 u n d  B 3 b e n a n n t. V om  M ate ria l d er M asse B 2 soll d ie M enge x 
a u f  d ie  d r i t te  S tufe  gele ite t w erden . D ieses M ateria l der M asse x  w ird  zu xq 
v o n  1— 3 m m , xp  von 0,3— 1 m m  und  xr  <  0,3 m m . Die Sum m e d e r  W erte  
q, p  und  r w ird  nach  T abelle  1 = 1 .  A u f G ru n d  der b isherigen  A n a ly se  k a n n  
d em n ach  n ach  der d r it te n  S tufe  das V e rh ä ltn is  d er F rak tio n en  1— 3 m m  u n d  
0 ,3— 1 m m  im  E n d p ro d u k t wie fo lg t au fgesch rieben  w erden:

( В г - х )  +  хд = h  (1)

B 3 +  xp

W ird  diese G leichung n ach  x  gelöst, so e rh ä lt m an :

B 2 — h B 3

1 — q + hp
( 2)

3.2 Benötigte Materialgleichungen zur Erzielung 
der vorgeschriebenen Korngrößenverteilung

E ine  K o rn g rö ß en v erte ilu n g  genau  n a c h  d er V orschrift zu rea lis ie ren , is t 
se lb st bei d re istu figem  B rechen  des M ateria ls  n ich t m öglich. Im  V erg leich  zur 
A ufgabe m uß  m it einem  V erlust gerechne t w erden . D ieser V erlu s t w ird  sich 
h au p tsä c h lic h  bei der F ra k tio n  < 0 ,3  m m , even tu e ll bei 3— 5 m m  zeigen; 
be i den  an d eren  beiden  ab er n ich t, d a  m a n  j a  gerade m it d er d r i t te n  S tufe  
d as  v o rh e r festgeleg te  V erh ä ltn is  d er be id en  m ittle ren  K o rn k la ssen  sicher
s te llen  k an n .
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Tabelle П

Korngrössenverteilung in  allgemeiner Form nach der dritten Stufe

Kornklasse
mm

Massenanteil 
nach der dritten Stufe

Massenanteil 
nach der zweiten 

Stufe

3 - 5 B i =  Cf Bf
1— 3 № 1 + к =  c 2 Bt

0 ,3 — 1 B 3 +  p x =  C 3 B 3
< 0 , 3 +  r*

+
 

II 
o

| 
О B t

+  в

Im  folgenden fü h re n  w ir jen e  M ateria lg le ich u n g en  vor, die zu r g en au en  
E rz e u g u n g  der v o rg esch rieb en en  K o rn g rö ß en v e rte ilu n g  erfo rderlich  sind . 
H ie rb e i h ilft T abelle I I ,  in  w elcher m an  im  a llgem einen  die K o rn g rö ß e n v e r
te i lu n g  n ach  der d r i t te n  B rech stu fe  bzw . die D a te n  fü r  die zu den  e inzelnen  
K o rn k la sse n  gehörigen M assen v o rfinden  k a n n . A us der F ra k tio n  3— 5 m m  
d e r M asse Cx m uß  ein M assen an te il y ,  aus d e r F ra k tio n  < 0 ,3  m m  d er M asse 
C t e in  M assenan teil z ab g e le ite t w erden, d a m it ih r  V erhältn is  zum  G e sa m t
m a te r ia l  C — у  —  z g leich a bzw . d w erde. H ie rfü r  g e lten  folgende G leichungen :

beziehungsw eise

Ih re  L ö su n g  nach  y  bzw . z la u te t

Ci - y
C - y  -

=
C - y  - z

( 3)

( 4)

u n d

Q l  -  d ) -  a { C -  Cf) 
1 — а — d

C4( 1 -  o) -  d{C -  C J
1  — а — d

I s t  a —  ti, so e rh ä lt m an

u n d

Ci -  a(C +  Cf — C4) 

i  -  2  а

Cf -  a(C +  Cf -  C J
1 -  2a

( 5)

( 6)

(? )

(8 )
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W enn  jed o ch  der e rw ü n sch te  M assenan te il fü r  beide S iebklassen  1 0%  b e trag en  
soll, m ith in  a =  d =  0 , 1  is t , so w ird

9 Q  +  C4 -  C
8

u n d
9 C4 +  Q  -  Cz = ---- -----------------

8

(9)

( 10)

W enn in d er K o rn k lasse  3— 5 m m  zu  w enig M ateria l v o rh a n d e n  is t und 
h ie rv o n  n ich ts  ab g e le ite t w erden  m uß , d a n n  is t fü r das A b le ite n  d er über
schüssigen  F ra k tio n  < 0 ,3  m m  die B eziehung

C - z

n a c h  z wie folgt zu lösen:

C4 ~ C d
z =  — ---------

1  -  d

( И )

( 12)

3.3 Berechnung der Masse des im  K reislau f gehaltenen Materials

D a nach  d er g ep lan ten  T echnologie  das Sieb von  5 m m  L ochw eite  m it 
dem  e rs ten  g la tte n  W alzen p aar in  geschlossenem  K re is la u f a rb e ite t ,  is t zur 
B estim m u n g  d er H a u p tp a ra m e te r  der be id en  E in rich tu n g en  d ie  E rrech n u n g  
des im  K re is lau f bew eg ten  M ateria ls erforderlich . E in e  H ilfe  b ie te t hier 
A bb . 10. Die S iebaufgabe en tsp ric h t d e r M asse jV, u n d  ebensov ie l M aterial 
g eh t als S iebdurchgang  aus dem  S ystem  ab . D er S ieb d u rch g an g  se tz t sich aus

Abb. 10. Berechnung des M aterialkreislaufes K lassieren-Brechen
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zw ei T eilen  zusam m en: A us je n e m  S p N  Teil d e r  A u fg ab e , der feiner als die 
L o c h w e ite  des Siebes is t, sow ie aus der F rak tio n  s'FX  des als u n b ek an n t b e tra c h 
t e t e n  B rechgu tes X ,  die eb en fa lls  feiner als die S ieb lochw eite  is t, w ird  la u t  
B ez ieh u n g :

N  — SpN  +  s'FX  . (13)

W ird  d iese G leichung n a c h  X  gelöst, so e rh ä lt m an :

X  =  N  1 ~ SF. =  N - ^ - .  (14)
’ $ F  s 'f

I n  d e r obigen G le ichung  is t sD die in d er A u fg ab e  vo rh an d en e  M assen
q u o te , d ie  gröber als die L o ch w e ite  des Siebes is t. D as g la tte  W alzenpaar m uß  
fü r  d a s  G robkorn  X ,  das S ieb ab er fü r das G em enge N  -f- X  (A ufgabe B re c h 
g u t)  bem essen  w erden.

4. B estim m ung  des optim alen M assenausb ringens

D ad u rch , daß  der A n te il < 0 ,3  mm des F e r tig p ro d u k te s  m it 10%  fe s t
g e leg t w urde  (W ah lm ög lichke it zw ischen 5 u n d  1 0 % ), k a n n  das M assen
a u sb r in g e n  erhöht w erden , d a  v o n  den sich als U b e rsch u ß  b ildenden  K o rn - 
f r a k tio n e n  weniger ab g e le ite t w erd en  m uß. D er zw eite  G esich tsp u n k t b e s te h t 
d a r in , d ie  F ra k tio n  3—3 m m  a u f  1 0 %  oder e tw as  n ied rig e rem  W ert qu h a lte n  
(W ah lm ö g lich k e it auch  h ie r zw ischen  5 und  10% ); so m it b ild e t sich auch  aus 
d ie se r F ra k tio n  w eniger M a te ria l < 0 ,3  mm. D as A u sb rin g en  k a n n  auch d ad u rch  
e rh ö h t w erden , daß die M assen  d e r F rak tio n en  1— 3 m m  u n d  0,3— 1 m m  gle ich
g ro ß  g e w ä h lt w erden, som it in  d er Beziehung (2) h =  1 w ird .

U m  das optim ale  M assenausb ringen  zu e rm itte ln , w urde von uns fo l
gen d e  technologische V ersu ch sre ih e  du rchgefüh rt. D as au s dem  D olom itm ulm  
a u sg e s ie b te  P ro d u k t <-5 m m  w u rd e  au f einem  W a lz e n p aa r  bei R 1 =  3 m m ,
3,5 m m  u n d  4 m m  S pa ltw e ite  ze rk le in e rt, d anach  das B re c h g u t zw ischen einem  
Sieb v o n  5 mm Lochw eite u n d  dem  W alzenpaar m it versch iedenen  S p a lt
w e ite n  in  K reislau f gese tz t. D a n a c h  w urde der aus d em  P ro d u k t < 5  m m  
a b g e s ie b te  Teil 3— 5 m m  eb en fa lls  dem  W alzen p aar au fgegeben , w obei die 
S p a ltw e ite n  2 , 2 , 2  und 2,5 m m  b e tru g e n . N ach d er zw e iten  B rechstu fe  erfo lg te 
das T ro c k n e n . Mit den  b ish e rig en  S ch ritten  der V ersu ch sre ih e  e rre ich ten  w ir, 
d aß  im  B rech g u t die K o rn g rö ß e  > 5  m m  versch w an d ; d e r A n te il des K ornes 
3— 5 m m  e tw a  dem  g ew ü n sch ten  W ert en tsp rach , die F ra k tio n  0,3— 1 m m  
sich a u f  12 und  18%  belief, d ie  F ra k tio n  1— 3 m m  a b e r  50— 60%  b e tru g . 
H ie rn a c h  w urde ein Teil des P ro d u k te s  1— 3 m m  a u f  e in  d r it te s  W alzen p aar 
g e le ite t, an  dem  die S p a ltw e ite n  0,7, 1,0 und  1,2 m m  eingeste llt w urden .
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Die M asse des h ie rh in  geleite ten  P ro d u k te s  w urde  m it der B ez ieh u n g  (2) 
errech n et.

D ieser le tz te  T eil u nserer ex p e rim en te llen  A rbeit bzw. die p ra k tisc h e  
A nw endung d e r R ech en tech n ik  soll h ie r e ingehender v o rg e fü h rt w e rd en . 
In  T abelle  I I I  is t in  d e r zw eiten  K olonne d ie  K o rn g rö ß en v erte ilu n g  n a c h  d er

. -  ■ i . ' > ' ! ............ ! •  I . ■ I ' И  .  . .  . " •  > ,

Tabelle III

D ie Anwendung der Rechentechnik bei der dritten Brechstufe

Korngröße
mm

=  3,5 mm
as %

Rt =  2 mm 
AS %

Dritte Stufe Rt = L mm

AS*i % AS«. % AS, % AS*3 % JS ,

3 - 5 33,39 2,59 2,59 ’ _; 2,59 2,59 3,46
1 - 3 37,82 58,69 8,32 24,09 32,41 32,41 43,27

0 ,3 - 1 10,45 15,56 15,56 16,85 32,41 32,41 43,27
< 0 ,3 18,34 23,16 23,16 9,43 32,59 7,49 10,00

100,00 100,00 49,63 50,37 100,00 74,90 100,00

e rsten  S tufe  zu  Sehen, bei einer S paltw eité  R t == 3,5 m m . H ie rv o n  w u rd e  das 
M ateria l von  3— 5 m m  als 33 ,39%  A n te il a u f  das n lit R 2 =  2 m m  S p a ltw e ite  
lau fende W a lzen p aa r abgezw eigt, wo w ir d ie in  K olonne 3 angegebene K o rn 
g rö ß en v erte ilu n g  e rh ie lten . A uf die d r it te  S tu fe  w urde ein Teil des P ro d u k te s  
1— 3 m m , u n d  zw ar von  58,69%  ein A n te il 50 ,37%  geleite t. D iese M assen 
p ro zen te  w u rd en  m it A nnahm e eines V erh ä ltn isses  h =  1 e rrech n e t. R 3 =  1 
m m , desw egen w erd en  sich n u n  —  m it B erü ck sich tig u n g  d er D a te n  in  T abelle  
I  n ach  dem  M ahlen  vo raussich tlich  die fo lgenden  R esu lta te  ergeben :

1— 3 m m : 50,37 ■ 0,4783 =  24,09%
0,3— 1 m m : 50,37 • 0 ,3346 =  16,85%

< 0 ,3  m m : 50,37 • 0,1871 =  9,43%

50,37%

Diese E rg eb n isse  sind auch in  T abe lle  I I I  zu  finden . In  d e r n ä c h s te n  
K olonne der T ab e lle  e rschein t —  m it A st b eze ich n e t — die Sum m e je  F ra k tio n  
des M ateria ls m it d en  M aßen 49,63 und  5 0 ,3 7 % . Im  Sinne dieser K o rn g rö ß e n 
v erte ilu n g  is t h ie r m it 32,59%  zuviel M a te ria l < 0 ,3  m m  v o rh a n d e n , so daß  
ein T eil ab g e le ite t w erden  m uß. D ie B e rech n u n g  erfolgte m it d e r B eziehung  
(12). D a m an  —  um  die vorgeschriebene K o rn g rö ß en v erte ilu n g  zu  e rfü llen  — 
aus dem  M ateria l < 0 ,3  m m  einen A nte il v o n  25 ,10%  ab le iten  m u ß , w ird  das 
M assenausbringen  zu 74,90% . W erden  die M assenprozen te  der K o rn fra k tio n e n  
a u f dieses M assenausbringen  bezogen, so g e lan g t m an zur en d g ü ltig en  K o rn 
g rö ß enverte ilung , w ie sie in  der le tz te n  K o lo n n e  der T abelle zu  seh en  is t.
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D ieselben  E rg eb n isse  f in d e t m an  z u sam m en g e faß t in  T abelle IV , w enn  
d ie  S p a ltw e ite n  der S tu fe  2 u n d  3 g e ä n d e rt w erd en  und  R 1 =  3,5 m m  is t. 
B e i =  3 u n d  4 m m  sind  d ie  E rgebn isse  sc h le c h te r , weswegen sie h ie r g a r  n ich t 
m i tg e te i l t  w erden. I n  d e r  T abe lle  sind  die M assenausbringen  (u n te rs tr ic h e n ), 
d ie  e n d g ü ltig e  K o rn g rö ß en v e rte ilu n g , die d e r d r i t te n  S tufe au fgegebenen  
M a sse n a n te ile , sch ließ lich  a u c h  die V erlu ste  zu  fin d en . Aus den E rg eb n issen  
k a n n  fe s tg es te llt w erd en , d a ß  m an  das g rö ß te  M assenausbringen , n äm lich  
7 5 ,5 5 5 % , m it den S p a ltw e ite n  R 1 =  3,5 m m , R 2 =  2,2 m m  und  R 3 =  1 m m  
e rz ie le n  k a n n ; in  d iesem  F a lle  m uß  der d r i t te n  S tu fe  M ateria l von  49,61 M as
s e n  %  aufgegeben w erden .

5 . S tam m baum  der Technologie v o n  o p tim a le r M ateria lb ilanz

D e r  nach  den obigen E rg eb n issen  o p tim ie r te  S tam m b au m  is t in  A b b . 11 
d a rg e s te l l t .  D er D o lo m itm u lm  gelang t a u f  e in  zw eideckiges Sieb d e r B a u a r t  
B in d e r  m it den L o chw eiten  5 u n d  3 m m . D as P ro d u k t > 5  m m  g e lan g t a u f  
e in  W a lz e n p a a r  m it R 1 =  3,5 m m  S p a ltb re ite , w o n ach  das B rech g u t a u f  die 
S ie b e in r ic h tu n g  zu rü ck g e le ite t w ird . B e trä g t d ie A ufgabe des Siebes 10 t /h ,  
d a n n  is t  das R ü c k la u fp ro d u k t 11 t /h , die S ieboberfläche  m uß also fü r  21 t /h  
b e m e sse n  w erden. D as P ro d u k t 3— 5 m m  d u rc h lä u f t  das im  offenen K re is la u f  
a rb e i te n d e  g la tte  W a lz e n p a a r  bei e iner S p a ltw e ite  von  R 2 =  2,2 m m . D as

Tabelle IV

Korngrößenverteilung bei Ä nderung

Korngröße
mm

i?2 =  2 mm

Rs =  0,7 mm i?3 =  1 mm i?3 =  1,2 mm jRj =  0,7 mm

ASB% 4S  % 4S*% JS  % ASBX  % ASB% Лв %

3— 5 2,59 3,48 2,59 3,45 2,59 3,46 4,14 5,52

1— 3 32,16 43,26 32,413 43,27 32,358 43,27 31,68 42,24

0 , 3 - 1 32,16 43,26 32,413 43,27 32,359 43,27 31,68 42,24

< 0 ,3 7,43 10,00 7,49 10,00 7,479 10,00 7,50 10,00

Z usam m en 74,34 100,00 74,906 100,00 74,786 100,00 75,00 100,00

D er S tu fe 3 aufge-
gebener Materialan-
teil 35,254 50,368 115,69 34,723

aus 3—5
mm .--- — — —

V erluste aus < 0 ,3
mm 25,66 25,09 25,21 25,00

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



DOLOMIT-MAHLGUT FÜR EDELVERPUTZ 115
10 t/h

Abb. 11. Endgültiger Stam m baum  der Technologie sam t M aterialbilanz

der Spaltweiten in Stufe 2 und 3

R2 =  2,2 mm jRa =  2,5 mm

i?8 =  1 mm Ra =  1,2 mm R s =  0,7 mm Ra =  1 mm R t — 1,2 mm

ASr % A S  % A S s %  A S  % A S jt%  A S  % A S „ %  A S  % A S j ,%  J S  %

4,14 5,48 4,14 5,48 7,295 10 7,36 10 7,34 10
31,93 42,26 31,875 42,26 29,18 40 29,43 40 29,38 40
31,93 42,26 31,875 42,26 29,18 40 29,43 40 29,38 40

7,555 10,00 7,544 10,00 7,295 10 7,36 10 7,35 10

75,555 100,00 75,434 100,00 72,950 100,00 73,58 100,00 73,45 100,00

49,609 113,95 34,412 49,165 112,93

— — 3,68 3,61 3,62

24,445 24,566 23,37 22,81 22,93
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n a c h  d e r  T rocknung  fo lg en d e  K lassiersieb m uß  fü r  14,96 t /h  D u rch sa tz  au s
g e leg t w erden , da  aus d em  B u n k e r fü r das M a te ria l von  1— 3 m m  fo rtlau fen d  
4 ,9 6  t / h  a u f  das d r i t te  W a lz e n p aa r  von 1 m m  S p a ltw e ite  ab g e le ite t w erden  
m u ß . D e r B unker is t fü r  8 ,15  t /h  zu  bem essen. V o m  M ateria l < 0 ,3  m m  sind 
au s  d essen  B unker 2,44 t / h  ab zu le iten , w äh ren d  0 ,76  t / h  in  das F e r tig p ro d u k t 
g e h ö re n .
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О П Р О И ЗВ О Д С Т В Е  ДОЛОМ ИТОВОГО ПРОМОЛА  
Д Л Я  Ш ТУКАТУРКИ  Т Е Р Р А Н О В Ы

С. П Е Т Ё -Е . ТОМПОШ

РЕЗЮ МЕ

Постановлением Совета министров (2. Ш/1979) наряду с утилизацией других.сырье- 
вых источников намечается в качестве первоочередной задачи использование отечествен, 
ных доломитовых ресурсов. Авторы хотят оказывать помощь к решению этого задания- 
Доломит, добываемый в Пилишвёрёшваре представляет собой основный материал и для 
производства штукатурки террановы. Для производства требуеТся доломит определенного 
гранулометрического состава. В статье изучается оптимизация и технология размола.
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AN DER TECHN. UNIVERSITÄT FÜR SCHWERINDUSTRIE, MISKOLC

[E ingegangen am 14. Juli 1980]

Die Arbeit gibt eine eingehende Erörterung der G rundsätze für die Anwendung kom binier 
ter A bbausystem e, die eine wirksam ere Ausbeutung der m ineralischen R ohstoffvorkom m en  
gewährleisten. In diesem  R ahm en werden die grundlegenden, im  Bergbau üblichen Abbauver
fahren, wie der T a g e b a u — К , T iefbau — M , U nterw asserabbau — V, Bohrlochabbau — F  
näher beschrieben, und dabei ihre kennzeichnenden K ostenfunktionen m itgeteilt. Zum Schluß  
enthält die Abhandlung eine M ethodik zur richtigen A usw ahl der zweckm äßigsten K om bination  
dieser Verfahren.

1. E in le itung

D er in  W e ltre la tio n  s tän d ig  ste igende B e d a rf  an  m ineralischen  G ru n d 
sto ffen  einerseits, w ie au ch  das im m er schnellere  S chw inden  der zu r V erfügung  
s teh en d en  b e k a n n te n  M in era lv o rrä te  e rfo rd e rn  schon  in  unseren  T agen  d rin 
gend das Schaffen  u n d  die V erw irk lichung  e in er neuen  W irtsc h a ftsp o litik  
b e tre ffs  d er B o d en sch ä tze . D ies w ird —— w ie an zu n eh m en  ist; —  in Z u k u n ft 
noch  v ie l s tä rk e r  erfo rderlich  w erden . D ie E rfü llu n g  d ieser K avd inalau fgabe 
e rfo rd e rt, von d e r E rk u n d u n g  an  bis z u r  G ew innung , das P rin z ip  e in er 
m öglichst g rö ß ten  K o m p le x itä t.

In  den versch iedenen  P h asen  des Suchens und  E rk u n d en s  neuer M ineral- 
v o rrä te  b ed e u te t das P rin z ip  der K o m p le x itä t das V ordringen  bis in  die T iefe 
des G rundgeb irges, u n d  m it allen  M itte ln  das E rfa sse n  u n d  S am m eln  säm tlich e r 
e rre ich b are r In fo rm a tio n e n  ü b e r die festen , tro p fb a r-flü ss ig en  u n d  gasförm igen  
M ineralrohstoffe  in  q u a n ti ta t iv e r  und  q u a li ta t iv e r  B eziehung, sowie n ach  
ih ren  sonstigen  M erkm alen ; d an ach  die V e ra rb e itu n g  und  N u tzan w en d u n g  
all d ieser D a ten .

B ei der G ew innung  b e d e u te t das Z u rg e ltu n g b rin g en  des K o m p le x itä t
p rin z ip s  die k o m b in ie rte  A nw endung d er v e rsch ied en en  b e rg b au tech n isch en  
u n d  A bbau-V erfah ren , um  d am it die A b b a u v e rlu s te  und  die V e rd ü n n u n g  
zu  senken.

Bei den V erarbe itungsp rozessen  e rm öglichen  ab er die kom plexen  V er
fah ren , d aß  aus den  m eisten  M inera lrohsto ffen  m ehrerle i K o n z e n tra te  bzw . 
E n d p ro d u k te  e rzeug t w erden  können .

E in  to ta le s  E rfassen  u n d  V erfolgen des K o m p lex itä tp rin z ip s  und  seiner 
L ösungen  du rch  die e rw äh n ten  großen  S ystem e w ü rd e , wegen d er gegenseitigen
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B e z ie h u n g e n  und W ech se lw irkungen , den  R ah m en  d ieser A b h an d lu n g  zu  sehr 
ü b e rs c h re ite n . Deswegen so ll in  d en  fo lgenden  D arlegungen  das A u g en m erk  
v o r  a lle n  D ingen  au f die M ö g lich k e iten  der E rh ö h u n g  der E f fe k tiv i tä t  der 
b e rg b a u lic h e n  Lösungen f ü r  G ew innungs- bzw . -A b b au tech n ik  g e ric h te t 
w e rd e n .

D ie  H au p tv o rte ile  des E in sa tz e s  k o m b in ie rte r B e rg b au b e trieb s- u n d  
A b b a u v e r fa h re n  können  w ie fo lg t b eze ichnet w erden :

a)  E rm öglichung des A b b a u s  auch  solcher Teile des M inera lvo rkom m ens, 
d ie  a n s o n s te n  m it einem  g eg eb en en  A b b au v erfah ren  aus tech n isch en , ö kono
m isc h e n  o d er S ich erh e itsg rü n d en  n ic h t ab g eb au t w erd en  k ö n n ten .

b)  D u rch  die v e rsc h ie d e n a rtig e n  G ru b en b e trieb s-, u n d  A b b a u m e th o d e n  
k a n n  d ie  P ro d u k tio n  m engen- u n d  gü tem äß ig  s tab ilis ie rt bzw . die S tö ru n g s
a n fä ll ig k e it  verm indert w erd en .

c )  D u rch  K o m b in a tio n  d e r G ew innungsm ethoden  k a n n  die D a u e r  des 
A b b a u s  eines G rubenfeldes o d e r des ganzen  S ch ach tb e trieb es  v e rlä n g e rt w erden . 
D a d u rc h  gew innt m an Z e it, n e u e  F e ldeste ile  e ingehender zu  e rk u n d e n  u n d  fü r 
d e n  A b b a u  sorgfältiger v o rz u b e re ite n ; ebenso au ch  fü r  die E ra rb e itu n g  der 
zw ec k m ä ß ig s te n  A b b a u ta k tik  u n d  B e trieb sfü h ru n g ss tra teg ie . S ch ließ lich  
g e w in n t m a n  dam it auch  d ie  M öglichkeiten  fü r  ein  m ehrfaches E in b rin g e n  
d e r In v e s titio n sk o s te n .

d )  D ie bei den v e rsch ied en en  b e rg techn ischen  O p era tio n en  an fa llen d en  
A b fa lls to f fe  können a u f  e in fa c h e  W eise in  die au sg ek o h lten  G ru b e n rä u m e  
z u rü c k g e fü h r t ,  und dam it d e r  S c h u tz  d er n a tü rlic h e n  U m w elt besser gew äh rt 
w e rd e n .

e)  A n  die zu den  e in ze ln en  b e rg b au tech n isch en  S ystem en  geh ö ren d en  
E rsc h lie ß u n g ss tru k tu re n  (w ie: E in b ru c h g ra b e n  bei T agebauen , G ru b en ersch lie 
ß u n g s s tre c k e n  usw.) k ö n n en  s ich  versch iedene A b b au m eth o d en  an sch ließen . 
D a d u rc h  k a n n  die W irk sa m k e it d e r  b ergbau lichen  In v e s titio n e n  w esen tlich  
v e rb e s s e r t  w erden.

f )  B ohrlöcher, die als H ilfsd ien ste  fü r  versch iedene B e rg b a u a rb e iten  
—  z. B . f ü r  den A bbau  —  h e rg e s te ll t  w urden , k ö n n en  auch  an d ere  A u fg ab en  
v e r r ic h te n ;  z. B. au f dem  G e b ie t d e r E rk u n d u n g , W asserabsenkung , j a  sogar 
be i d e r  G ew innung selbst.

g )  In teg rie rte  b e rg b au lich e  T echnologiesystem e k an n  m an  b e isp ie ls
w eise m i t  A nw endung d e r k o m p lex en  H y d ro m ech an isa tio n  a u sg e s ta lte n . 
I n  so lc h e n  F ällen  d ient in  d en  v e rsch ied en en  G ru b en b e trieb ssy stem en  dasselbe 
A rb e itsm e d iu m  — W asser —  zu m  G ew innen, W eite rb efö rd ern , T ra n sp o rtie re n  
in  b e lie b ig e r  R ich tung , j a  so g a r  n o ch  zu r A u fb ere itu n g  des F ö rd e rg u te s . B ei 
d iese r L ö su n g  können die P ro d u k tio n se in r ic h tu n g e n  großen teils ty p is ie r t  
w e rd e n . A ußerdem  lä ß t s ich  d ie  W irtsch a ftlich k e it d er P ro d u k tio n  noch  
d a d u rc h  erhöhen , daß m an  d a s  A rb e itsm ed iu m  rez irk u lie ren  lä ß t.
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2. M öglichkeiten  der K opplung  v o n  B ergbautechnologien

Bei der G ew innung der M inera lrohsto ffe  b esteh t die M ög lichke it, die 
b e triebs- u n d  ab b au tep h n isch en  V erfah ren  a u f  die versch iedenste  W eise  m it
e in an d er zu  ko p p e ln , w obei m an  von  d en  e in fach sten  zu den k o m p liz ie rte s te n  
S tru k tu re n  fo r tsc h re ite t. S e lbstredend  b e s tim m t ein e rh ö h te r K o m p le x itä ts -  
g rad  n ic h t zugleich  e indeu tig  auch  die R an g o rd n u n g  der W irtsc h a ftlic h k e it, 
obw ohl m an  m it kom plexeren  G ew in n u n g sv erfah ren  gew öhnlich  a u c h  das 
E ffe k tiv itä ts fe ld  e rw eitern  kan n .

D ie m it d er G ew innung der M inera lro h sto ffe  verbundenen  u n d  in  E in 
k lang  g e b ra c h te n  berg b au tech n isch en  L ö su n g en  können  —  ohne A n sp ru ch  
a u f  V o lls tän d ig k e it —  kurz  wie fo lg t a u fg e z ä h lt w erden:

1. E in  gegebenes Mineralvorkommen soll ausschließlich nur m it einer 
Grubenbetriebs- und Abbaumethode gewonnen werden.

In  d iesem  F a ll k a n n  der G ew inn aus fo lg en d er Beziehung b e re c h n e t w erden :

N  =  Qi(ka —  kt) [P m ],
H ierin  sind :

Qt g ew in n b arer M inera lvo rra t (in  t) ,
кa V erkau fsp re is  (W eltm ark tp re is) des gegebenen M in era lrohsto ffes 

(in  P e /t) ,
ki k ennze ichnende  durchschn . G ew innungskosten  des g eg eb en en  G ru 

b en b e trieb - und  A b bausystem s (in  P e /t) . Bei lan g fris tig e r P la n u n g  
soll d ieser W ert zw eckm äßig m it B erücksich tigung  d er v o ra u s s ic h t
lichen  technologischen  V e rä n d e ru n g en  d isk o n tie rt w erden .

Des w eite ren  soll der V e rs tä n d lic h k e it zuliebe die G eldm asse  (D ollar, 
R ubel, DM  o d er sonst irgend  ein  Z ah lu n g sm itte l)  m it Pm  b eze ich n e t, als A us
d ru ck  d er G eldeinheit aber die D im ension  P e  angew endet w erden.

2. Das gegebene Mineralvorkommen soll ausschließlich m it einem  berg
technischen System, innerhalb dessen aber nach verschiedenen Abbauverfahren 
gewonnen werden (z. B . du rch  T ie fb au , je d o c h  dabei en tw eder m it S tre b b a u , 
K am m er-P fe ile rb au  oder m it einem  so n stig en  A b bauverfah ren  k o m b in ie r t) . 
In  d iesem  F a ll k a n n  d e r erzielbare G ew inn  au s folgender B eziehung  e rre c h n e t 
w erden:

N  ~  Qu • (kat —  k ti) [P m ] .
i=i

H ierin  sind :

Qu a b b a u b a re r  M inera lvo rra t d e r e inze lnen  B aufelder b zw . M inera l
v o rra tb lo ck s  (in  t),
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k ai bei dein  A b b a u  deb M inera lvorra ts d e r  versch iedenen  B au fe ld e r 
e rz ie lbarer m it t le re r  V erkaufspreis (in  P e /t) ,

kn fü r  die e inzelnen  A bbau m eth o d en  k en n ze ich n en d e  m ittle re  S e lb s t
k o sten  (in P é /t) . •

K o m b in a tio n sm ö g lich k e iten  höherer O rd n u n g  ergeben  sich d an n , w en n  
sich  •—  u m  ein M inera lv o rk o m m en  abzubauen  —  fü r  die W ahl und  K o p p lu n g  
n ic h t n u r  der A b b a u m e th o d e n , sondern au ch  d e r  G ru b en b e trieb sm eth o d en  
eine M öglichkeit e rg ib t. H ie rb e i sind dann  die fo lg en d en  G rundfälle  m öglich :

3. Einzelteile des Mineralvorkommens werden m it —  räumlich getrennten —  
doch gleichzeitigen bergtechnischen Verfahren abgebaut (z. B. T ag eb au  u n d  
T ie fb a u ).

B ei solchen L ösungen  sind zwei V a ria n te n  m öglich :
a)  Jed es  der b e id en  be rg b au tech n isch en  S y stem e  a rb e ite t m it e in e r 

b e s tim m te n  A b b au m eth o d e .
b) In n e rh a lb  d e r gegebenen  be rg tech n isch en  System e kom m en A b b a u 

k o m b in a tio n e n  zum  E in sa tz .

4. Die einzelnen Teile des Mineralvorkommens werden mit räumlich und  
zeitlich getrennten bergbautechnischen Systemen abgebaut.

A u ch  h ier sind  zw ei V a ria n te n  m öglich:
a )  A b b au  m it e inem  gegebenen A b b a u v e rfa h re n ,
b)  A bb au  m it k o m b in ie rte n  A b b au m eth o d en .

5 . Die einzelnen Teile des Mineralvorkommens werden räumlich anschlie
ß en d , zeitlich mit aufeinander folgenden bergtechnischen Systemen abgebaut 
(z. B . zu e rs t T ag eb au , d a n a c h  T iefbau).

A u ch  in  d iesem  F a lle  k a n n  die O pera tion  w ie fo lg t verlaufen:
a)  m it einem  gegebenen  A bbau typ ,
b)  m it k o m b in ie rten  A bbauverfah ren .

D ie  A nzahl d e r  in  F ra g e  kom m enden A b b au lö su n g en  k ann  noch  w e ite r  
zu n e h m e n , w enn m an  b e rü ck s ich tig t, daß d e r T a g e b a u  m it einer k o n tin u ie r 
lich en  oder zy k lisch -k o n tin u ie rlich en  L ösung  b zw . m it deren K o m b in a tio n  
b e tr ie b e n  w erden  k a n n . E b en so  k an n  auch d e r T ie fb a u  du rch  eineD S c h le p p 
sc h a c h t oder einen  S e ig e rsch ach t erschlossen u n d  b e tr ie b e n  w erden bzw . m it 
k o n tin u ie r lic h e r  oder p e rio d isch er S ch ach tfö rd e ru n g  arbe iten .

6. Einzelne Teile des M ineralrohstoff-Vorkommens werden räumlich m it
einander gekoppelt gleichzeitig abgebaut oder m it zeitlich aufeinanderfolgenden  
Grubenbetriebs- bzw. Abbaumethoden gewonnen. E in e  solche Lösung is t b e isp ie ls 
w eise e in  von  der A rb e itss tro sse  des T agebaus o d e r au s  dem  offenen S tre c k e n 
n e tz  h e rg este llte s  B o h rlo ch  und  der von  d a  au sg eh en d e  A bbau , w ä h re n d  
d er A b b a u  auch m it den  v o rerw äh n ten  B e rg b a u m e th o d e n  zur gleichen Z e it
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lä u f t  oder laufen k an n . A uch  bei dieser V a ria n te  k ö nnen  die e inzelnen  B ergbau-
system e:

a)  m it einer gegebenen  A b b au m eth o d e ,
b)  m it A b b a u -A lte rn a tiv en  fördern .

Im  H inblick  a u f  d ie  In v es titio n en  is t diese L ösung d esh a lb  besonders 
gün stig , da  die E rsch ließungs- und  G rubenerö ffnungsbaue  d e r einzelnen 
B erg b au m eth o d en  au ch  zu  D ien stle is tu n g en  bei anderen  techno log ischen  
S ystem en  des B erg b au s herangezogen  w erd en  können .

Die im  Schoß d er E rd e  verbo rgenen  M ineralrohstoffe  k ö n n e n  n ach  vier 
g ru n d sä tz lich  v e rsch ied en en  B erg b au sy stem en  (T agebau  —  K ,  T ie fb a u —  M , 
U n te rw asse rab b au  —  V, B o h rlo ch ab b au  —  F ) bzw . deren  K o m b in a tio n en  
gew onnen und  zu tag e  g e fö rd e rt w erden.

D er E in fach h e it h a lb e r soll die B erech n u n g  des m it k o m b in ie rte m  B erg
b a u b e tr ie b  erz ie lbaren  G ew inns, dès w eite ren  m it der A n n ah m e eines gege
b enen  A bb au v erfah ren s d u rch g efü h rt w e id en . S e lbstredend  s tö ß t  au ch  dann  
das A ufschreiben d er d e ta illie r te ren  B eziehungen  n ich t a u f b eso n d ere  Schwie
rig k e iten , w enn in n e rh a lb  d er einzelnen B erg b au sy stem e versch ied en e  A bbau
lösungen  zur A nw endung  kom m en.

N ach  V oraussch icken  dieser E rlä u te ru n g e n  sollen n un , z u r  B erechnung  
des m it den versch iedenen  A b b au m elh o d en  erz ie lbaren  G ew innes, d ie folgenden 
kennzeichnenden  F ä lle  n ä h e r u n te rsu ch t w erden .

A) Der gleiche M ineralrohstoff (Kohle, B auxit)  wird in den einzelnen 
Teilen der Lagerstätte m it verschiedenen Abbaumethoden gewonnen.

N  =  Qicftak — k//() +  QM • (к„м —  к/м) -)- Qv(kav — kiv) rf- Qf ' (kap —  k/p)
(in  P m ) .

H ie rin  sind :

Qk ;Qm;Qv;Qf: M in era lv o rra tsq u o ten  (in  t) ,  die m it T ag e b a u , T iefbau ,
U n te rw asse rab b au , B o h rlo ch ab b au -T ech n ik  g e fö rd e rt w er
den  kö n n en ,

k ap ;  ком'-, k av  k ap ‘ P reiserlös (in P e /t) , d e r m it den  v e rsch ied en en  A b b au 
m e th o d en  erzielt w erden  k an n ,

K tx;  K tM', K/v; К /p: P ro d u k tio n sk o sten  (in P e /t) , die m it d en  versch iedenen  
A b b au v e rfah ren  erw achsen  (in  P e /t).

In  dem  F a ll, w enn  d er V erkaufspreis d e r m it v ersch ied en en  B erg b au 
m eth o d en  gew onnenen n u tz b a re n  M ineralrohsto ffe  p rak tisch  ü b e re in s tim m t, 
k a n n  der erzielbare G ew inn als folgende G leichung au fgeschrieben  w erden:

r t  =  ka 2 Q , j  (in  Pm ).
1 = 1  ' k a I
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H ie r in  s in d :
k a d u rch sch n ittlich e r V erkau fsp re is , (in  P e /t) ,
Qt] , , i“ -ter Teil je n e s  M inera lvo rra tes , d e r  m it dem  „ j “ -ten  B e rg b au 

technologiesystem  a b g e b a u t w ird, (in  t) ,
kij  kennzeichnende S e lb s tk o s te n  (in P e /t)  fü r  je n e n  Teil „ i “  des M ineral

vo rra tes, der m it d e m  „ j ” -ten  B e rg b au sy stem  ab g eb au t w ird . 
S e lbstredend  dü rfen  b e i  d e r  B erechnung d e r E rlö se  u n d  K o sten au sg ab en  

n u r  je n e  B ergbaum ethoden  b e rü ck s ich tig t w erden , die im  H inb lick  a u f T ech 
n ik , Ö konom ie  und  G ru b e n s ic h e rh e it ü b e rh a u p t in  F ra g e  kom m en  k ö n n en .

B ) Die verschiedenen Mineralgrundstoffe (S a n d , Ton, Kohle usw .) 
können  m it einem bestimmten Bergbausystem ( z . B . Tagebau)  abgebaut werden. 
In  d ie se m  Fall kann  d er e rz ie lb a re  Gewinn aus fo lg en d er B eziehung e rrech n e t 
w e rd e n :

N =  Qi ' (kal —  kt) -|- Q2 ■ (ka2 •—  &/) +  • • •  +

+  Qn ■ ( k a n - k t) =  kt • 2 Q ,  ikn

H ie r in  sind :
i=  1 k t

- 1 (P m ).

QiQ2i • • ., Qn gew innbarer M in e ra lv o rra t aus d en  versch iedenen  M ineral
ro h sto ffa rten  (in  t) ,

kai V erkaufspreis d e r  versch iedenen  M inera lg rundsto ffe  (in  P e /t) ,
k t P ro d u k tio n s-S e lb s tk o sten  (in P e /t) , kennze ichnend  fü r  eine

bestim m te B e rg b au m e th o d e .

C) Die allgemeinste M öglichkeit liegt vor, wenn die verschiedenen M ineral
rohstoffe m it kombinierten Bergbau- und Abbaumethoden gewonnen werden 
können. I n  diesem F a ll k a n n  d e r erzielbare G ew inn  au s fo lgender G leichung 
b e re c h n e t  w erden:

______ A _ _ _

Qaij i^aij  k ait) (P m ).

H ie r in  s in d :

1, 2 , . . ., A  A nzah l d e r  gew innbaren  N u tzm in e ra ls to ffe  (L a g e rs tä tte n , 
Flöze),

1 , 2 , . . ., N  A nzahl d e r  fü r  die G ew innung d e r versch iedenen  M inera l
rohsto ffe  in  F ra g e  kom m enden B erg b au tech n o lo g ie-S y stem e, 

1, 2 , . . ., n A nzahl d e r  in  d en  versch iedenen  B e rg b au sy stem en  an w en d 
b a ren  A b b a u v e rfa h re n ,
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kajj k ennzeichnende P ro d u k tio n sse lb s tk o sten  fü r  die k o m b i
n ie r te n  B ergbau- u n d  A b b au m e th o d en  bei v ersch ied en en  
M inera lrohsto ffen  (in  P e /t) .

B ei der G ew innung  der versch iedenen  M ineralrohsto ffe  m it k o m b in ie rte n  
M ethoden  k a n n  es V orkom m en, d aß  ih re  G ew innungskosten  in  e inzelnen  
F e ld este ilen  v o rü b erg eh en d  den  P reiserlös ü b ers te ig en . In  solchen F ä lle n  m uß  
die B e rg b a u ta k tik  d a ra u f  au sg erich te t w erd en , d aß  der M ehrgew inn  aus den 
günstigeren  R ev ie ren  das D efizit ü b e rtre ffe . In  d er M ehrzahl d e r  F ä lle  is t 
näm lich  das E rse tz e n  e iner D rau fzah lu n g  aus einem  gegebenen M ineral
vo rkom m en  viel v o r te ilh a f te r  u n d  schneller d u rc h fü h rb a r, als n eu e  F u n d o rte  
in  P ro d u k tio n  zu se tzen , oder even tue ll e ine Im p o rtlö su n g  zu  tre ffe n .

3. Technisch-ökonom isches Modell der grundlegenden 
Bergbautechnologie- System e

Alle g rund legenden  T echnologiesystem p im  B ergbau , die zu r G ew innung 
v o n  n u tz b a re n  M inera lg rundsto ffen  d ien en  ( K  — T agebau , M  —  T iefbau , 
V  —  U n te rw asse rb au , F  —  B o h rlo ch b au ), h ab en  eine c h a ra k te ris tisch e  
K o s te n s tru k tu r . I n  je d e r  von  diesen a b e r erscheinen  als H a u p tp a ra m e te r :  
d ie op tim a le  E rs tre c k u n g  des Schach tfe ldes (im  S treichen  u n d  F a llen ), fe rner 
die F ö rd e rk a p a z itä t u n d  die A bbau g ren z tie fe .

I n  tech n isch er H in s ich t h a t jedes B erg b au sy stem  G renzen  seiner L ei
s tu n g sfäh ig k e it, d ie sich  jed o ch  d u rch  die w issenschaftlich -techn ische  E n t 
w icklung  im m er s tä rk e r  ausdehnen . Als B eisp iel h ierfü r ist zu  e rw äh n en , daß  
die A b b au g ren z tie fe  be i G ro ß tag eb au en  a u f  K ohle  heu te  bere its  300— 400 m  
e rre ich t, w äh ren d  d ieser G renzw ert im  E rz b e rg b a u  m ancher L ä n d e r  bere its  
500 m  b e trä g t. D ies besag t m it an d eren  W o rte n , daß  die A u srü s tu n g  der 
T agebaue  m it h och le istungsfäh igen  u n d  b illig  p roduzierenden  M asch inen  und  
E in rich tu n g en  diesem  techno log ischen  B e rg b au sy stem  erm öglich t h a t ,  se lbst 
in  solche B ereiche v o rzu d rin g en , die frü h e r  d em  A nschein n ach  aussch ließ lich  
dem  T ie fb au  V orbehalten  w aren. D abei is t  au ch  jen e  T endenz n ic h t zu  v e r
k ennen , daß  die ra tio n e lle  K o n z e n tra tio n  d e r  A bbau- und  F ö rd e r tä tig k e it  die 
F ö rd e rk a p a z itä t der T ie fb au g ru b en  (bei K oh lenbergw erken  5— 7 M ill, t /a ,  bei 
E rzb erg w erk en  10— 15 Mill, t/a )  in  R eg io n en  fü h r t , die f rü h e r  n u r  d u rch  
T ag eb au  fü r  gew in n b ar ga lten .

3.1 Tagebau

D er H a u p tv o r te il  der m it dem  A b rä u m e n  der D eck sch ich ten  v e rb u n 
denen  T agebau g ew in n u n g  d er M in era lv o rrä te  b esteh t d a rin , d aß  m an  die 
P ro d u k tio n sk a p a z itä t  d u rch  den  E in sa tz  w e ite re r  hoch le istungsfäh iger Gewin-
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n u n g sm a sc h in e n  und  A u srü s tu n g e n  elastisch  e rh ö h en  u n d  beschleunigen k a n n , 
j e  n a c h  dem  es der sch w an k en d e  B ed arf d e r V erb rau ch er e rfo rd e rt. D a b e i 
s in d  d ie  spezifischen G ew in n u n g sk o sten  w egen  des k leineren  B edarfes a n  
p h y s is c h e r , m enschlicher A rb e itsk ra f t  b ed e u te n d  n ied riger als bei T ie fb a u .

D ie  fü r  den A bbau  d u rc h  T agebau  eines V orkom m ens k en n ze ich n en d en  
K o s te n  k ö n n en  prinzip iell n a c h  d e r Skizze in  A b b . 1 aufgeschrieben  w e rd e n ,

>

Wosserabsenk - Bohrlöcher

Schnitt C-C

Abb. 1. Prinzipskizze eines Tagebaus

w o b e i d ie  in  der P rax is g e fo rd e rte  G enauigkeit zw ar u n b e e in trä c h tig t e inge
h a l te n  is t ,  doch wegen w ese n tlic h e r E rle ich te ru n g  d e r  B erechnung die u n reg e l
m ä ß ig e n  K o n tu ren  des S ch ach tfe ld es  durch  reg e lm äß ig e  K o n tu ren  e rse tz t s in d .

M it B erücksich tigung  des O bengesag ten  k ö n n e n  die fü r den  T a g e b a u  
k e n n z e ic h n en d e n  K osten  w ie fo lg t au fgeschrieben  w erden :

1. Herstellungskosten fü r  Bohrlöcher zur Wasserspiegelabsenkung:

(A  +  2 a . l ) - ( B  +  2b . l )  H , k
(in  P m ).
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H ie r in  sind :
\ s u - ,  ■ , ; • j i - ,  - .»4.  y Д  •. !

A! E rs tre c k u n g  des T ag eb au fe ld es  im  Streichen in  d e r  F lözebene 
gem essen (in  m),

В  E rs treck u n g  des T ag eb au fe ld es  im  E infallen  (in  m),
l  gegenseitiger A b stan d  d er W asserabsenkbohrlöcher (in m),
«  F a k to r  des Ü bergreifens d er B o hrlöcher aus S ic h e rh e itsg rü n d e n  in 

der S tre ich rich tu n g . D ieser W ert k an n  in den e in ze ln en  B erg b au 
gebieten  m it versch iedenen  geologischen G egebenheiten  d u rc h  sy ste 
m atische  hydrogeologische M essungen  und  A u sw ertu n g en  b e s tim m t 
w erden,

b S ich e rh e itsfak to r fü r  das Ü b erg re ifen  der W asse rab sen k b o h rlö ch er 
in  der E in fa lls rich tu n g ,

H '  L änge der W asserab sen k u n g sb o h rlö ch er, wobei au c h  d ie  ob lig a to 
rische E in d rin g tie fe  in  das L iegende des Flözes o d e r  d e r  Flöze 
b e rü ck sich tig t w erden  m uß , (in  m),

k k г spezifische H e rs te llu n g sk o sten  d e r W asse rab sen k b o h rlö ch er
(in  Pe/m ).

2. Kosten der Wasserspiegelabsenkung :

K ki =  (A  -f- 2a ■ l) ■ (B  -\- 2b ■ l) ■ Hr ■ kki (in  Pm ).

H ie r in  sind :

H v A b stan d  des ru h en d en  W assersp iegels  vom  L iegenden , d e r  zum  
A bbau  vorgesehenen  L a g e rs tä t te  (Flöz) des n u tz b a re n  M ineral
rohstoffes (in  m),

k k 2  spezifische K o sten  d er W a sse rh eb u n g  (in  P e /m 3).
t . .• . s ' ’ > . •. . . , . •, • ■ ‘ t ■ • ■ • . . .  . • I ' ■

3. Investitionskosten der Obertageobjekte :

K k 3  =  qk ■ к кл (in  Pm ).

H  ie rin  sind :

qk Ja h re s fö rd e rk a p a z itä t des T ag eb au s  (10e t/J a h r) , 
k k 3 spezifische In v e s titio n sk o s te n  z u r  Schaffung der E in h e it  d e r P ro 

d u k tio n sk a p a z itä t
P m  • J a h r  

1 0 et
! . • 1

D ie G röße dieses F a k to rs  k a n n  so b estim m t w erden , d a ß  m an  die 
In v e s titio n sd a te n  von  T a g e b a u e n  ähn licher K a p a z itä t  d u rc h  K o rre 
la tio n sb erech n u n g en  a u sw erte t.
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v — 0,5 — 1 F a k to r  v o n  solcher G röße, w o b e i d ie  geologischen G egeben
heiten  u n d  d e r M echan isierungsgrad  zu  berücksich tigen  sin d . 
L etz tere  k ö n n e n  gleichfalls du rch  K o rre la tio n sb e rech n u n g en  e rm it
te l t  w erden .

4. Auffahrungskosten des Aufschlußgrabens:

K k 4 =  ~  - {[ (B  +  2H  • ctg  ß) • ( A '  +  2H  • c tg  ß)] +

+  V ( B  +  2H  • c tg  ß )  ■ (A ' +  2 Я  • c tg  ß )  ■ В  ■ А ’ +  В  ■ А ’} кн  (in P m ).

H ie r in  sind:

A ’ s tre ichende E rs tre c k u n g  des A u fsch lu ß g rab en s  (in  m ),
ß  G enera lböschungsw inke l (in  °),
k k4 spezifische A u ffah ru n g sk o sten  des A u fsch lu ß g rab en s (in P e /m 3).

5 . Kosten fü r  Transport des Materials aus dem Aufschlußgraben a u f  die 
Außenhalde :

K k5= ^ - { [ ( B  +  2H  • ctg ß) ■ (A '  +  2 H  ■ c tg  ß)] +

+  V ( B  +  2H ■ c tg  ß) • ( A '  +  2H  • ctg  ß) • В  ■ Ä '  +  b ■ A ' j  ■ e ■ lh ■ kki
(in  P m ).

H ie r in  sind:

lk E n tfe rn u n g  d e r A u ß en h a ld e  vom  A u fsc h lu ß g ra b e n  (in  m ),
Q d u rc h sc h n ittlic h e  D ich te  der a b z u rä u m e n d e n  D eckschich ten

(in t /m 3),
k k5 spezifische T ra n sp o r tk o s te n  vom  A u fsch lu ß g rab en  bis zu r A u ß e n 

halde (in P m /tm ) .

6 . Gesamtabtragungskosten der Abraumberge:

K k6 =  Y  {[(В +  2H  ■ Ctg ß) ■ (A -  A ' ) }  +  (A -  A' )  ■

■У B  ■ ( B  +  2  H  ■ ctg ß) +  В  ■ ( A —  A' ) }  kke (in  P m ).

H ie r in  is t

k ke spezifische A b ra u m k o s te n  (in P e /m 3).

7. Transportkosten f ü r  Abraumberge innerhalb des Tagebauraumes. B ei 
d ie se r  K o stenposition  m u ß  die Bewegung d e r  au s  dem  A ufsch lußgraben
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gelösten  Berge n ic h t m e h r b e rü ck sich tig t w erden :

Я
K k 7  =  {[{B +  2 Я -  ctg  ß)(A -  A' )] +  ( A -  A ' )  ■

■ У В  ■ ( В  -+- 2 Я  - c tg  ß) +  В  - ( А -  А')} ■

М - Л ' )  , в _ . к
К к1с T "  K k7d

4 4

(in Pm ).

H ierin  sind :

kfc7c spezifische B ew egungskosten  fü r  A brau m b erg e  in  d e r  S tre ich 
ric h tu n g  (in  P e /t  • m),

kföd spezifische B ew egungskosten  fü r  A braum berge  in  d e r E in fa lls
r ic h tu n g  (in  P e /t  • m).

8. Gesamtkosten fü r  Bewegung des Nutzmineralrohstoffes in  der Flözebene :

H ierin  sind :

K h 8 A - B  dk (in  Pm ).

ök m ittle re  F lö z p ro d u k tiv itä t  bei T a g e b a u b e trie b  (in  tim 2),
kksc spezifische B ew egungskosten  in  d er S tre ich rich tu n g  des ta g e b a u 

m äßig  gew onnenen  n u tzb a ren  M ineralrohsto ffes (in  P e /t • m),
kksd spezifische B ew egungskosten  in  d e r E in fa lls rich tu n g  des n u tz b a re n  

M inera lrohsto ffes (in  P e /t  • m).

9. Kosten der Vertikalbewegung sämtlicher tagebaumäßig gewonnenen 
nutzbaren Mineralrohstoffe :

K k9 =  А  • В  • ôk • H s • kk9 (in Pm ).

H ie rin  sind :

H s A b stan d  des S chw erpunk tes des ta g e b a u m ä ß ig  gew onnenen  M ineral
v o rra te s  v o n  d e r  T agesoberfläche  (in  m),

hk 9 spezifische K o s te n  der V ertika lbew egung  (in  P e /t  • m ).

10. Transportkosten des geförderten Mineralvorrates zum  Aufbereitungs
werk oder zum Zielverbraucher :

В  \
K kl0 — А  • В  • 6k • I— +  L i • ккю (in  Pm ).

Acta Geodaelica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



128 , J. PATVAR0S

H ie r in  sind :

L  E n tfe rn u n g  v o m  T ag eb au  bis zum  A u fb ere itu n g sw erk  oder dem  
Z ie lverb raucher ( in  m ),

k k 10 spezifische K o s te n  fü r  O bertagsbew egung  des tag eb au m äß ig  abge
bau ten  n u tz b a re n  M ineralrohsto ffes (in P e /t  • m ).

■ 1 ' ' 1

11. Rekultivierungskosten fü r  die abgeräumten Deckschichten :

K kU =  {[(A —  A ')  + 2 H  ■ c tg  ß ] ■ (B  +* 2 H  ■ c tg  ß ) }  • kku  (in  P m ). 

H ie r in  is t:

к/ai spezifische R e k u ltiv ie ru n g sk o s te n  (in P e /m 2).

M it H ilfe der au fg esch rieb en en  K o sten fu n k tio n en  k a n n  der O p tim a lw ert 
d e r  T a g e b a u -H a u p tp a ra m e te r  d u rch  E rrech n u n g  d e r E x trem w erte  m it fol
g e n d e n  Z ielfunk tionen  b e s t im m t w erden:

1. D as eine O p tim ie ru n g sk rite r iu m  k an n  das a u f  d en  ganzen  a b b a u b a re n  
M in c ra lv o rra t  des T ag eb au s  p ro jiz ie rte  K o sten m in im u m  sein, la u t G leichung:

o d e r  b e i einer L a g e rs tä tte  m it  regelm äßiger K o n tu r :

■i
К

Z K k
А  ■ B  -ôk

m in  .

2 . E benso k ann  au ch  d e r  m ax im al e rre ich b are  G ew inn  das O p tim ie ru n g s
k r i te r iu m  sein:

N  =  Q • ka — E  K k —*■ m a x  .
H ie r in  is t:

k a Y eikaufspreis (W e ltm a rk tp re is )  des n u tz b a re n  M inera lg rundsto ffes
(in  P e /t) .

O der im F alle  e in es  regelm äßigen  S ch ach tfe ld es:

N =  A  • В  ■ ök • ka K k

E s  is t im m er ra ts a m , d ie  W erte  d er o p tim a le n  H a u p tp a ra m e te r  m it 
b e id e n  K rite rien  zu b e s tim m e n . Z u le tz t m üssen d a n n  je n e  B ereiche d er H a u p t
p a r a m e te r  festgelegt w e rd en , w elche die beiden  K r ite r ie n  m öglichst am  b e s te n  
e rfü lle n .

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



BERGBAULICHE TECHNOLOGIESYSTEME 129

Im  F alle  n u r  e iner v a ria b le n  G röße k ö n n en  zu r B erechnung  der spezifi
schen  K o sten  bzw . des erz ie lbaren  G ew innes fo lgende F u n k tio n sk o m b in a 
tio n e n  aufgeschrieben  w erden :

fr* =  fAA) +  bzw. N  =  g ^ A )  +  Pi

oder oder

k k = f 2(B) +  c., N  =  g2(B)  +  P 2

oder oder

fr* — /з ( Я )  +  C 3 N  =  g 3(H)  +  P 3

oder oder

fr* =  fAq) +  c i N ^ g A q )  +  B i .

A us diesen B eziehungen  k ö nnen  m it d e r B erechnung  der e in v ariab len  
E x tre m w e rte  au ch  a n a ly tisc h  a u f v e rh ä ltn ism äß ig  einfache W eise die o p ti
m alen  W erte  (A ; В ; H  bzw . q) e rm itte lt  w erden .

In  b iv a riab lem  F a ll k ö nnen  folgende F u n k tio n sk o m b in a tio n e n  u n te r 
su c h t w erden:

kk =  hi (A; B)  -f- Ri  bzw. N  =  j \ ( A ; B) -f~ S 3

oder oder

fr* =  Ii2(A; H)  - f  R 2 N  =  j 2(A; H ) +  S 2

oder oder

fr* =  k 3(A; q) +  R 3 N  = j 3(A;q)  +  S 3

oder oder

fr* =  fr4( ß ;  H)  +  R i N  =  j \ (B;H)  +  S i

oder oder

fr* =  к5{B; q) +  R s N  =  JAB;  q) +  S 5

oder oder

fr* =  к AH;  q) +  R a N = j A H ; q )  +  S a .

A us diesen F u n k tio n e n  kön n en  d u rch  an a ly tisch e  oder N äherungslösung  
d e r d u rch  B erechnung  d e r E x tre m w e rte  e rh a lte n e n  a lgebra ischen  G leichungen 
d ie O p tim a lw erte  d er H a u p tp a ra m e te r  b e s tim m t w erden .

Im  F alle  v o n  d re i V ariab len  können  fo lgende F u n k tio n sk o m b in a tio n en  
a n a ly s ie rt w erden:
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kk =  lx (A;  B ; H)  +  T x bzw. 
oder

kk — B ; q) -)- T 2
oder

h  =  l3(A; H ; q) -f T 3 
oder

kk =  ^ (B ;  B ;  g) ! /  4

TV =  m x(A;  В ; Я )  +  F 4

oder
JV =  m 2(A ; B ; g) +  F ,

oder
В  =  m 3(A ; H;q)  - f  T 3 

oder
TV =  m 4(B ; H; q) +  F 4 .

A u ch  aus diesen F u n k tio n e n  k a n n  m an  d u rch  L ösung je n e r  a lg eb ra isch en  
G le ic h u n g e n , die m an  n a c h  d e r D u rch fü h ru n g  d er B erechnung  d er E x tre m 
w e r te  bekom m en h a t, die E x tre m w e rte  der H a u p tp a ra m e te r  b es tim m en .

Schließ lich  können  —  a ls d e r a llera llgem einste  F a ll — die E x tre m w e rte  
d e r  fo lg en d en  Z ie lfunk tionen  u n te rsu c h t w erden , um  die K o m b in a tio n en  der 
o p tim a le n  H a u p tp a ra m e te r  zu  e rm itte ln :

kk =  n(A;  B ; H; q) -f- Ux bzw. N  — p( A;  В; H;  q) -j- Z x .

I n  d ie sem  Falle ist es am  zw eckm äß igsten , zu r B estim m ung  d er o p tim a len  
H a u p tp a ra m e te rw e r te  e n tsp re c h e n d e  C om p u ter-P ro g ram m e abzusp ie len .

D e r  E insa tz  von  E D V -A n lag en  zu den  w eite ren  U n te rsu ch u n g en  und  
z u r  O p tim ie ru n g  der H a u p tp a ra m e te r  is t in  je d e r  H insich t von  V o rte il u n d  
n o tw e n d ig , da m an bei d e r  D u rch fü h ru n g  dieser A nalysen  noch fo lgendes 
b e rü c k s ic h tig e n  m uß:

1. W enn  der T ag eb au  n ic h t als se lb ständ ige  P ro d u k tio n se in h e it, so n d ern  
e in g e b e t te t  in  die O rg an isa tio n  des Industriezw eiges an a ly sie rt w erd en  soll, 
d a n n  m ü ssen  die O p tim a lw erte  fü r  das ganze große System  d u rch  lin ea re  oder 
d y n a m isc h e  P ro g ram m ieru n g  b e s tim m t w erden .

2 . D ie L ebensdauer des T agebaus m uß  sow ohl bei dem  Z in sen d ien st 
d e r  In v e s titio n sk o s te n , w ie a u c h  bei der D isk o n tie ru n g  der B e trieb sau sg ab en  
in  R e c h n u n g  gestellt w erden .

3. D ie spezifischen K o s te n  (A b rau m k o sten , M ateria lbew egungskosten  
u sw .) ä n d e rn  sich oder k ö n n e n  sich als F u n k tio n e n  der H a u p tp a ra m e te r  
ä n d e rn . Sehr oft läß t sich a b e r  d ieser Z usam m enhang  in  F o rm  einer a n a ly ti
sc h e n  F u n k tio n  gar n ich t au sz u d rü c k e n . In  solchem  F alle  k a n n  m an  e igen tlich  
b zw . is t  es zw eckm äßig die B erech n u n g en  m it dem  P ro d u k t der fix e n  W erte  
d e r  spezifischen  K osten  d u rc h z u fü h le n .

4 . D ie spezifischen K o s te n  än d e rn  sich —  in  A bhäng igke it v o n  den  
je w e ilig e n  technologischen L ö su n g en  — m eist m it u n te rb ro ch en em  C h a ra k te r . 
I n  so lc h e n  Fällen  d a rf  m a n  n a tü r lic h  n u r  m it jen en  spezifischen K o s te n 
fu n k t io n e n  arbeiten , die fü r  d ie  einzelnen  B ereiche g ü ltig  sind , u n d  bei deren  
A n w e n d u n g  selbst der O rt d e r  U n te rb re c h u n g sp u n k te  bezeichnet w erd en  m uß. 
Tn d e r  M ehrzahl der F ä lle  k a n n  m an  den  U n te rb re c h u n g sc h a ra k te r  d ad u rch
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elim in ieren , d aß  m an  A usg le ich funk tionen  an w en d e t, deren  G e n a u ig k e it den 
A nsp rüchen  der P ra x is  en tsp rich t.

5. Die n a tu rg eg eb en en  P a ra m e te r  (z. B . L ag ers tä tten - [F lö z -]P ro d u k - 
t iv i tä t )  oder die spezifischen  K osten  sind  m e is t W ah rsch e in lich k e itsv a riab len , 
deren  v o rau ss ich tlich e r W ert n u r a n g e n ä h e rt b estim m t w erden  k a n n .

Die aus den  e rw äh n ten  F ak to ren  h e rrü h re n d e  U nsicherheit k a n n  w esen t
lich d ad u rch  e ingeeng t w erden, w enn m an  m it B erück sich tig u n g  d e r m ög
lichen  techn isch -w issen sch aftlich -tech n o lo g isch en  E n tw ick lung  —  m ehrere  
A lte rn a tiv e n  d er K o s te n - (Gewinn-) F u n k tio n e n  au fste llt, u n d  m it ih re r  H ilfe 
die techn isch -ökonom ischen  O p tim alb ere ich e  bezeichnet, in n e rh a lb  d e re n  eine 
V erän d eru n g  d e r H a u p tp a ra m e te r  das K osten m in im u m  bzw. d a s  G ew inn- 
inax im um  um  n ich t m ehr als ^ 5 — 1 0 %  ü b e rsch re ite t.

3.2 T iefbau

D as k en n ze ich n en d e  K ostenm odell fü r  die tie fb au m äß ig e  B e rg b a u 
technologie k a n n  a u f  G rund  von A bb. 2 aufgeschriebeu  w e id en , w obei m an  
—  um  den C h a rak te r d e r E in flußgrößen  b esse r hervorzuheben  — a n s ta t t  der

Zeichenerklärung :
Sza - Förderschacht 
Szaf - Hauptförderstrecke
La -Wetterschacht 
Laf - Hauptwetterstrecke 
Sze - Fördergesenk

Le - Wettergesenk 
Szs - Förderbremsberg 
Ls - Wetteraufbruch 
Fszv- Abbaustrecke 
Flv - Kopfstrecke 
Fh - Abbaustoß

Abb. 2. Prinzipskizze einer Tiefbaugrube
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u n re g e lm ä ß ig e n  w irk lichen  K o n tu r  des S ch ach tfe ld es  die U n tersu ch u n g en  a n  
e inem  reg e lm äß ig  gefo rm ten  S chach tfe ld  a n s te llt .

D a s  K ostenm odell des B e rg b au tech n o lo g ie-S y stem s „T iefbau“ k a n n  au s  
fo lg en d en  K o m p o n en ten  au fg e b a u t w erden:

1. Investitionskosten der Obertagsobjekte :

K m \  =  5m ' ^m l (in  P m ).

H ie r in  s in d :

P e - J a h r
k mj  spezifische In v e s titio n sk o s te n  ---- ---------- , die im techno log ischen

S ystem  „T ie fb au “  zu m  Schaffen der E in h e it  der P ro d u k tio n sk a p a 
z itä t  nö tig  sind ,

qm J a h re s -F ö rd e rk a p a z itä t  des T ie fb au -B erg w erk s (in 106 t / J a h r ) ,
V E x p o n e n t zw ischen  0,5 und  1, dessen  k o n k re te  G röße sich im m er 

n a c h  den  jeg lich  an g ew an d ten  tech n o lo g isch en  Lösungen g e s ta lte t .

2. A b teu f kosten der Grubenerschließungsschächte:

K m 2  — n ' H  ‘ k m 2 (in  P m ).

H ie r in  s in d :

n  A nzah l d er S ch äch te , die fü r G ru b en fö rd e ru n g , B ew ette i'u n g , 
F a h ru n g  usw . e rfo rderlich  sind,

H  m ittle re  S ch ach ttie fe  (in  m ),
k m2 m ittle re  spezifische S c h a c h ta b te u fk o s ten  (in  P e /m ).

3. Auffahrungskosten der Hauptausrichtungs-Grubenräume (S ch ach tfü ll
o r te , G ru n d s tre c k e n ):

K m3 =  n' (A  —  2L) • k m3 (in  P m ).

H ie r in  s in d :

n '  A nzah l der zu r G ru b e n h a u p ta u s r ic h tu n g  n ö tig en  G rundstrecken , die 
be i flözgerech tem  A u fb au  2 -f- 3 b e tr ä g t ;  bei S chach tsoh len -A bbau  
sich  aber je  n ach  d e r S ohlen teilung  r ic h te t ,

L  m ittle re  S tre ich en d erstreck u n g  d er B au fe ld e r, m eist die m itt le re  
B au länge der S treb fe ld e r (in  in),

k m3 m ittle re  spezifische A u ffah ru n g sk o sten  d er G rundstrecken  u n d  
sonstiger H a u p ta u s r ic h tu n g sb a u  (v o r a llem  von der G röße des 
jew eiligen S treck en au sb ru ch -Q u ersch n itte s  abhängig) (in  P e /m ).
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4. Auffahrungskosten der В  aufeldenschluß strecken:

A
Km4 — 2  * (В  ---  l) • —  • k mi (Pm ).

H ie rin  sind :

A  S ch ach tfe ld ers treck u n g  im  S tre ic h e n (in m),
В  S chach tfe ld e rs treck u n g  im  E in fa llen (in  m),
l m ittle re  S treb sto ß län g e (in  m),
k m 4 spezifische A u ffah ru n g sk o sten  d e r B au fe ld an sch lu ß streck en

(in  P e /m ).

5. Auffahrungskosten der Abbau-Vorrichtungsstrecken:

H ierin  sind :

К mb (in  P m ).

M  A bbauw ürd ige  F lö zm äch tig k e it (in  m),
s A b g eb au te  S ch e ibenm äch tigke it ( in  m),
kms spezifische A u ffah ru n g sk o sten  d e r A b b a u v o rric h tu n g ss tre c k en

(in  P e /m ).

6. Kosten fü r  Ausgestaltung der Strebstöße :

H ierin  is t:

K,mQ :
M

2 ‘ В  • • k mQ
s

(in  P m ).

k m<\ spezifische K o sten  fü r  S treb sto ß -A u sg esta ltu n g , inch  spezifischer 
A ufw and fü r  Auf- u n d  A b m o n tag e  (in  P e /m ).

7. Gesamtkosten fü r  Fahrung und Materialbewegung innerhalb des Schachl-
feldes :

r  _  , , A-Bl-Öm ,
i v m 7 —  — - к т 7 с  I " “  —  ' K

4 2

, A (B  — B sf  . . .. _  ,
■m7s H-----------------------------<5m • fern?« ( m  P m )*

H ierin  sind :

öm F lö z p ro d u k tiv itä t bei A nw endung  d er T ie fbau techno log ie  (in  t /m 2), 
B s E rs tre c k u n g  des S chach tfe ld flügels  in  der B re m sb e rg ric h tu n g

(in  m ),
km7s spezifische G esam tk o sten  fü r  F a h ru n g  u n d  M ateria lb ew eg u n g  in 

B rem sb erg rich tu n g  (in  P e /tm ) ,
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k m-jc spezifische G esa m tk o s te n  fü r F a h ru n g  u n d  M ateria lbew egung in  
der S tre ic h ric h tu n g  (in  P e /tm ),

kmie spezifische G e sa m tk o s te n  fü r F a h ru n g  u n d  M ateria lbew egung in  
G esen k -R ich tu n g  (in  P e /tm ).

8. Gesamtkosten fü r  Fahrung und Materialbewegung in Schachtrichtung :

K mS =  A  • В • ôm - H  ■ k m8 (P m ).

H ie r in  s in d :

k m8 Spezifische G e sa m tk o s te n  fü r F a h ru n g  u n d  M ateria lbew egung zum  
Schacht h in  (in  P e /tm ) .

9. Obertags-Transportkosten fü r  den ganzen gewinnbaren Mineralvorrat :

K m 9  ~  -A * B ôm * Lfc * k mg (in P m ).

H ie r in  s ind :

L k E n tfe rn u n g  des O b e rtag s tran sp o rte s  b is  zum  A ufbere itungsw erk  
oder zum  Z ie lv e rb ra u ch e r (in  m ),

k mg spezifische G esam tk o s ten  fü r o b e rtä g ig e  M ateria lbew egung
(in  P e /tm ).

S e lb s tred en d  e rw e ite r t sich der K reis d e r m it d e r „T iefbau“ -T echnologie 
v e rb u n d e n e n  K o sten  w e ite r , w enn  m it den K o s te n  fü r  eine W asserab sen k u n g  
bzw . fü r  eine an  den  G ru b e n b e tr ie b  ansch ließende M in era lau fbere itung  g e rech 
n e t  w e rd e n  m uß.

O hne w eiter a u f  E in z e lh e ite n  einzugehen, k a n n  festgestellt w erd en , d aß  
z u r  O p tim ie ru n g  d er H a u p tp a ra m e te r  auch  be i d em  technologischen T ie fb a u 
sy s te m  ähn liche K o m b in a tio n e n  u n te rsu ch t w e rd e n  können , wie dieses oben , 
b e i d e r  A nalysierung  des tag eb au m äß ig en  A b b a u s , vorgezeigt w urde.

3.3 Unterwasser-Abbau

D as A b b au sy stem  fü r  die u n te r dem  W assersp iegel gelagerten  M in era l
g ru n d s to ffe  is t h in s ic h tlic h  der S tru k tu r  eine d e r e in fachsten  L ösungen . 
B e rü c k s ic h tig t m an  n o ch , d a ß  der größte  T e il d e r  noch  gew innbaren  M in era l
v o r r ä te  in  den  T iefen  d e r M eere zu finden  is t , so h a t  dieses B ergbau techno log ie- 
S y s te m  p o ten tie ll n och  eine  sehr große Z u k u n ft.

Seine w ich tig sten  tech n isch en  V orzüge k ö n n e n  wie folgt k u rz  sk izz ie rt 
w e rd e n :

a) U m  B o d en sch ä tze  u n te r  dem  o ffenen  W asserspiegel a b zu b au en , is t 
e in  A b räu m en  von  D eck sch ich ten  n ich t e rfo rd e rlich .
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b)  S ind die U n terw asserg este in e  (S an d , K ies, B a u x it usw .) v o n  D eck
sch ich ten  ü b e rlag e rt, so k a n n  m eist d er A b b a u  des n u tz b a re n  M inera lroh 
stoffes schon nach  e in er m in im alen  A b rä u m a rb e it beginnen.

c) D ie E rsch ließungs- u n d  G ew innungsm aßnahm en  k ö n n en  m ite in an d e r 
verschm olzen  w erden .

d)  D ie B a u o b je k te  fü r  G ew innung u n d  M in era lau fb e re itu n g  h a b e n  einen 
e in fachen  A ufbau  u n d  k ö n n en  k o n z e n tr ie rt angeleg t w erden.

e) D as G ew innen, F ö rd e rn , j a  sogar au ch  das A nre ichern  des M ineral
rohsto ffes k an n  m it H ilfe  desselben  A rbe itsm ed ium s, des W assers, v e rr ic h te t 
w erden . U m  dabei e inen  m ax im alen  E ffek t zu erreichen , k a n n  das zu  d en  v er
sch iedensten  P rozessen  b e n ü tz te  W asser re z irk u lie rt w erden.

f )  D ie bei d er G ew innung  und  V e ra rb e itu n g  an fa llenden  B erge können  
m it T ra n sp o rt ü b e r R o h rle itu n g en  a u f dem  k ü rzes ten  W ege in  d ie  m it dem  
A b b au  para lle l fo r tsc h re ite n d en  u n d  abzuw erfenden , au sg ek o h lten  G ru b en 
räu m e  gefüllt bzw . v e rse tz t  w erden.

B ei dem  A b b au  d e r U n terw asser-M inera lvo rkom m en  is t h e u te  n och  die 
F ö rd e rk a p a z itä t d e r G e rä te  u n d  E in ric h tu n g e n  bzw. die v e r tik a le  T iefen
grenze d er M ateria lbew egung  die H a u p tsc h ra n k e  der E n tw ick lu n g .

Jen e  K o sten , die aus dem  A nw enden  d er U n te rw asse r-B e rg b au tech n o 
logie erw achsen, k ö n n en  wie fo lg t gekennze ichne t w erden:

Leitung zum Verarbeitungswerk

Schnitt C-C

T T x t T1 0 T T í z ; T T T : t/ w *i_LL/r »1
T T 0 T L L3

r ,№ m
W r ж T 1>/ T r r 1 
1 ■" ’ ’ "1

; _____ EË 1 . . ■ V j
\ *r /H tn » 0t M m ■* 4* 4» .•( 0t j M ЛГ Лк m SK

Abb. 3. Prinzipskizze einer Unterwassergrube für feste M ineralrohstoffe
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1. Investitionskosten fü r  die Obertags-Objekte :

K v 1 =  qv • kvi (P m ).

H ie r in  s in d :

qv F ö rd e rk a p a z itä t d es  G rubenbetriebes m it U n te rw asse rab b au
(in 1 0 6 t / J a h r ) ,

v =  0,5 — 1 K o n s ta n te  zw ischen  den b e id en  G renzw erten , 
k vi spezifische In v e s titio n sk o s te n  zur S ch affu n g  v o n  1 P ro d u k tio n s 

k a p a z itä t-E in h e it  b e i A nw endung d e r  U n terw asserb au -T ech n o lo g ie
. P e - J a h r
i n ------------------ -  .

1 0 et

2. Kosten fü r  die H erstellung des Aufschlußgrabens:

K V2  =  ^  [ (B  +  2 Я  ■ ctg  ß) ■ (A '  +  2 H  • c tg  ß) +

+  y  (B  +  2H  • c tg  ß ){ A ’ +  2 I I  • c tg  ß) ■ A ~ B  +  A '  l B] kv2 (P m ). 

H ie r in  sind :

A '  E rs treck u n g  des A ufsch lußgrabens im  S tre ic h e n  (in  m ),
В  E rs treck u n g  des A ufsch lußgrabens im  E in fa lle n  (in  m ),
H  D u rc h sc h n ittsm ä c h tig k e it der a b z u rä u m e n d e n  D ecksch ich t (in  m ), 
ß  G enera lböschungsw inkel (in  °),
k v2  spezifische A b ra u m k o s te n  (in  P e /m 3).

3. Kosten des Bergetransports aus dem Aufschlußgraben zur Außenhalde :

K rа =  —  [(В  +  2H  ■ c tg  ß) ■ (A ' +  2H  • c tg  ß) +

+  f  (В  +  2 Я  • c tg  ß) ■ (А ' +  2H  ■ ctg  ß) ■ A ’ ■ В  +  А ’ ■ B ] lh ■ k v3 (P m ).

H ie r in  sind :

lh E n tfe rn u n g  d e r A u ß en h a ld e  vom  A u fsch lu ß g rab en  (in  m ),
k v3 spezifische M ateria lb ew eg u n g sk o sten  d e r B erge aus dem  A u fsch lu ß 

graben (in  P e /tm ).

4. Gesamtkosten der Abraumberge:

K vi =  (А  —  A ')  ■ (В  +  H  ■ c tg  ß) ■ H  • kvi (P m ).
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H ie rin  sind:

kvi spezifische A b rau m k o sten  der D eck sch ich ten (in  Pm ).

5. Gesamtkosten fü r  das Bewegen der Abraumberge innerhalb der Tage
baugrube :

(A  -  A ' f
K V5 = ■ (B  - f  H  • c tg  ß) ■ H  ■ Q • kv5c +

+  (A  A ' ) . {B +  H ' Ct gß) 2 - I I - o . k l5d
(P m ).

H ie rin  sind:

g d u rc h sc h n ittlic h e  D ich te  der D eck sch ich ten  (in  t /m 3)§
ktsc spezifische G esam tk o sten  fü r  M ateria lbew egung  im  S tre ich en  

in n e rh a lb  d e r T agebaugrube  (in  P e /tm ),
kvsa spezifische G esam tk o sten  fü r  M ateria lbew egung  im  E in fa llen , 

in n e rh a lb  d e r T agebaugrube (in  P e /tm ).

6. Gesamtkosten fü r  Gewinnung des nutzbaren Mineralrohstoffes in  der 
Unterwasser-Tagebaugrube :

K v6 =  (A  +  M  ■ c tg  ß) ■ (B  +  M  ■ c tg  ß) ■ <5„ • kce (Pm ).

H ie rin  sind:

A  s tre ich en d e  E rs treck u n g  der fü r  U n te rw asse rab b au  vo rgesehenen  
n u tz b a re n  M in era llag e rs tä tte  (in  m ),

В  e in fallende E rs tre c k u n g  der M in e ra lla g e rs tä tte  (in  m ),
M  M äch tig k e it des ab zu b au en d en  M ineralflözes (in  m ),
öv m ittle re  F lö z p ro d u k tiv itä t des M ineralvorkom m ens be i U n te r

w asse rab b au  (in  t/m 2).

7. Gesamte Materialbewegungskosten des nutzbaren Mineralrohstoffes in 
der Unterwasser-Tagebaugrube :

K v 7 =
(A  +  M -  ctg/5 ) 2 (В  +  M - c t g /5) +  (А  +  M  ■ c tg  ß) ■

(В  M  ■ c tg  ß f
(P m ).

• k v -J

H ierin  sind :

kvi spezifische K o s te n  fü r die g e sam te  M ateria lbew egung des n u tz 
b a re n  M ineralrohsto ffes in  d er U n te rw asse r-T ag eb au g ru b e  (in  P e /tm ).
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8. Gesamtkosten fü r  Vertikalbewegung des abgebauten nutzbaren M ineral 
grundsto ffes :

K vs =  (A  - f  M  • c tg  ß) ■ (B  -f- M  ■ c tg  ß) ■ öv ■ H  +
M

■ k,,a (P m ).

H ie r in  i s t :

k vs gesam te  spezifische G esam tk o sten  fü r  V ertika lbew egung  des u n te r  
W asser ab g eb au ten  n u tz b a re n  M ate ria lro h sto ffes  (in  P e /tm ).

9. Gesamtkosten fü r  Transport des abgebauten nutzbaren M ineralrohstoffes, 
bis zu m  Verarbeitungswerk oder zum  Zentrallagerplatz :

K VQ -- (A  +  M  ■ c tg  ß) ■ (B  +  M  ■ c tg  ß) ■ 6V ■

H ie r in  s in d :

+  (H  +  M ) ■ c tg  ß  + к i'j (P m ).

If E n tfe rn u n g  vom  R a n d  der fö rd e rn d en  U n te rw asse r-T ag eb au g ru b e  
b is  zum  V era rb e itu n g sw erk  oder d em  Z en tra llag erp la tz  (in  m ), 

k vg spezifische G e sam tk o s ten  fü r  M ateria lbew egung  bis zum  V e ra rb e i
tu n g sw erk  oder dem  Z e n tra lla g e rp la tz  (in  P e /tm ) .

10. Rekultivationskosten :

K vlо =  (А  —  A ')  ■ (В  +  Я  - c tg  ß) ■ kvl0 (P m ).

H ie r in  i s t :

k vio R e k u ltiv a tio n sk o s te n  je  F läch en e in h e it d e r B erghalde (in  P e /m 2).

11. Aufbereitungskosten fü r  den (d ie) unter Wasser abgebauten nutzbaren 
M inera lgrundsto ff ( e) :

M it d iesem  K o sten p o sten  m u ß  gew öhnlich  d a n n  gerechnet w erden , w en n  
die M in e ra la u fb e re itu n g  d ire k t am  G ew in nungso rt angeleg t is t. W ird  je d o c h  
das A u fb e re itu n g sw e rk  o rg an isa to risch  vom  G ru b en b e trieb  g e tre n n t, d a n n  
k a n n  d ie se r  K o stenan te il in  d em  K o sten au fw an d  fü r  das B ergbau techno log ie- 
S y s te m  v e rn a c h lä ß ig t w erden .

D ie  A u fb ere itu n g sk o sten  fü r  den  u n te r  W asser ab g eb au ten  M in era l
ro h s to f f  k ö n n e n  aus fo lgender B ez iehung  b e re c h n e t w erden.

K m  =  (A  +  M  ■ c tg  ß) • (В  +  M  ■ c tg  ß) • bv • kvU (P m ).
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H ierin  is t:

kuli gesam te spezifische A u fb ere itu n g sk o sten  fü r n u tz b a re n  M ineral
g ru n d sto ff (oder G rundsto ffe ) (in  P e /t) .

A uch  bei der B estim m u n g  d e r o p tim a len  H a u p tp a ra m e te r  des U n te r
w asser-A bbausystem s fü r  M inera lrohsto ffe  k a n n  m an —  g e s tü tz t  a u f  säm tliche 
K o sten fu n k tio n en  —  alle b e re its  beim  technologischen  S y stem  „ T a g e b a u “ 
vo rgezeig ten  K o m b in a tio n en  u n te rsu ch en .

3.4 Bohrloch-Abbau

D as B ergbau techno log ie-S ystem  des A bbaus n u tz b a re r  M inera lroh 
sto ffe  m it H ilfe von  B ohrlöchern  is t h e u te  in  der ganzen W elt a m  w eitesten  
z u r G ew innung flu id e r R ohsto ffe  (w ie: E rd g as , E rdö l, W asse r usw .) v er
b re i te t .  N euerd ings se tzen  sich a b e r im m er m ehr auch jen e  tech n o lo g isch en  
S y stem e  durch , bei den en  versch iedene M ineralstoffe von fe s te m  A ggrega t
z u s ta n d  a u f diese W eise ab g eb au t w erden .

U n te r  den  festen  M inera lrohsto ffen  w ird  vo r allem  die G ew in n u n g  von 
Schw efel und  S teinsalz in  zah lre ich en  L än d e rn  (Sow jetunion , U S A , M exiko, 
P o len  usw .) m it H ilfe v o n  B o h rlö ch ern  seit J a h rz e h n te n  m it E rfo lg  betrieben . 
I n  m eh re ren  B erg b au rev ie ren  lau fen  erfo lgreiche V ersuche, und  is t  m a n  b em üh t, 
d ie  v o rh an d en e  K ohle u n te r tä g ig  zu  vergasen . E iner A n w en d u n g  dieses 
V erfah ren s im  G ro ß b e trieb sm aß stab  ab e r s te h t einstw eilen n och  d ie m indere 
Q u a li tä t  des dabei e rzeu g ten  G ases wie au ch  die schwere R e g u lie rb a rk e it des 
V erb rennungsprozesses im  W ege. E b enso  is t es der schw eren R e g u lie rb a rk e it 
zuzusch re iben , daß  die V erän d eru n g  des A ggregatzustandes v o n  E rz lag e r
s tä t te n ,  und  ih re  A u sb eu tu n g  d u rch  g u t lenkbare  physikalisch -chem ische  
R e a k tio n e n , e instw eilen  n u r u n te r  L ab o ra to riu m sb ed in g u n g en  re a lis ie r t  w er
den  k o n n te .

U n te r  den  heim ischen  V erh ä ltn issen  k a n n  die V erb re itu n g  d e r  B ohrloch- 
A b b au techno log ie  zu n äch st bei d er G ew innung  von B au x it u n d  sonstigen  
T o n m in era lien  e rw a rte t w erden . E s b ra u c h t näm lich  bei dem  A b b a u  dieser 
M inera lrohsto ffe  n u r  das e in fachste  V erfah ren  der A g g reg a tzu s tan d sän d eru n g , 
das H erste llen  einer A rb e its trü b e , an g ew en d et w erden.

Als die h a u p tsä c h lic h s te n  V orzüge d er B o h rloch -A bbau techno log ie  
k ö n n en  die fo lgenden au fg ezäh lt w erden :

1. Die zum  A b b au  vorgesehene n u tz b a re  M in e ra llag e rs tä tte  k a n n  au f 
dem  k ü rzes ten  und  schne llsten  W eg d u rc h  ein v ertika les B o h rlo c h  erreich t 
w erd en .

2. W ird  die B o h ru n g  fü n d in g , so k a n n  das E rk u n d u n g sb o h rlo c h  m it 
re la tiv  geringem  A ufw and  in  k ü rz e s te r  Z e it in  eine F ö rd e rso n d e  um g eh au t 
w erden .
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3. D ie G e w in n u n g ss tru k tu r  ist hier am  e in fa c h s te n , d a  sich an  das B o h r
lo ch  —  als Förderw eg -— u n m itte lb a r  der A b b a u b e re ic h  anschließt.

4 . D urch  F lu id is ie ru n g  k a n n  das G ew innen , L a d e n  und  R äum en , das 
F ö rd e rn  u n d  das A u fb e re ite n  des nu tzb aren  M inera lg ru n d sto ffes  als eine einzige 
tech n o lo g isch e  K e tte  a u s g e b a u t w erden.

5. M an k ann  d en  g ew onnenen  N u tz m in e ra lg ru n d s to ff  im  vollen  Q u er
s c h n i t t  in  der F ö rd erso n d e  h o chström en  lassen.

6 . Im  V ergleich zu  a n d e re n  B erg b au sy stem en  g ew äh rt dieses V erfah ren  
e in e  g rößere  B e tr ie b ss ic h e rh e it, und  erm öglicht a u c h  eine größere w ir tsc h a ft
lich e  A bbau tiefe .

7 . Z u r V errich tu n g  d e r  A b b au b ark e it m ü ssen  sich  keine M enschen a u f  
d e r Sohle  des B ohrloches a u fh a lte n .

8 . D ie sich bei d em  A b b a u  ergebenden p r im ä re n  M ineralverluste  k ö n n en  
zw ar g rö ß er (40— 50% ) se in , a ls sie für andere B e rg b au sy stem e  kennzeichnend  
s in d , doch  können die V e r lu s te  h ier durch se k u n d ä re  bzw . te r tiä re  A b b a u 
v e rfa h re n  b e träch tlich  v e rm in d e r t  w erden.

D ie K osten  fü r  d as  techno log ische  S ystem  des B ohrloch-A bbaus k ö n n en  
a u f  G ru n d  von A bb. 4 au fg esch ricb en  w erden. M it E rfü llu n g  der in  d er P rax is  
g e fo rd e r te n  G enau igkeit, je d o c h  zwecks e in fach e rem  A usdruck  der k e n n 
ze ich n en d en  Z u sam m en h än g e  sei angenom m en, d a ß  m a n  das G ebiet des zum
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Abb. 4. P rinzipskizze einer Bohrlochabbau-G rube
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A bb au  vorgesehenen  M ineralvoTkoinm ens in  rege lm äß iger A n ordnung  m it 
B o h rlo ch ab b au -B ere ich en  bedecken  kann .

M it B erü ck sich tig u n g  des O bigen k ö n n en  je n e  kennzeichnenden  K o sten , 
die aus dem  B o h rlo ch -A b b au sy stem  a u f  fe s te  M inera lrohsto ffe  erw achsen , 
m it den  fo lgenden  F u n k tio n e n  au sg ed rü ck t w e rd en :

1. Investitionskosten der obertägigen Bauobjekte :

K j 1 =  q) • kf l  (P m ).

H ierin  sind :
qj F ö rd e rk a p a z itä t  des G ru b en b e trieb es  m it B o h rlo chabbau techno log ie

(in 106 t / J a h r ) ,
V =  (0,5 —  1) k o n s ta n te r  E x p o n en t zw ischen  d en  beiden  G renzw erten , 

d er d u rch  A u sw ertu n g  m it R eg ressionsana lyse  der D a te n  aus 
B ergw erken  äh n lich en  T yps b e s tim m t w erd en  kan n , 

kj 1 spezifische In v e s titio n sk o s te n  zu r S ch affu n g  der K a p a z itä tse in h e it 
bei B ohrloch-A bbau techno log ie

. P e /J a h r )  
i n ------------- .

106.t I

2. Herstellungskosten der Förderbohrlöcher :

K/2 =  ~ .  (H  +  M ) ■ kf2 (in  P m ).
Jf

H ierin  sind:
F A B

n  = ----=  ■ — — A nzah l d e r F ö rd erso n d en ,
f f  ' к ы

kj2 spezifische A b teu f- u n d  S o n d en k o m p le ttie ru n g sk o sten  der F ö rd e r
sonde (in  P e /m ),

H  L ag eru n g stie fe  des fü r den  B o h rlo c h a b b a u  vorgesehenen M inera l
m assives (in  m ),

M  M äch tig k e it des ab zu b au en d en  M inera lm assiv s (in  m ),
F  F läch e  des Schach tfe ldes fü r  B o h rlo c h a b b a u  (bei rege lm äß iger 

K o n tu r  A  • В) (in  m 2),
f f  m it einem  einzigen  B ohrloch  a b b a u b a re  F läch e  (R2 • л  be i reg e l

m äß iger K o n tu r)  (in  m 2),
R  W irk u n g srad iu s  des B ohrloch-A bbaus (in  m ).

3. Materialbewegungskosten des Produktes zur Fördersonde :

Kf3 =  • R 2 • л  ■ &f  ■ ■ k/3 (in  P m ).
Jf z
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H ie r in  s ind :

ôf m ittle re  F lö z p ro d u k tiv itä t  bei B ohrloch -A bbau  (in  t/m 2),
k f3 K osten  fü r  h o rizo n ta le  M ateria lbew egung  des a b g e b a u te n  n u tz b a re n  

M ineralrohstoffes zum  B ohrloch  (in  P e /tm ).

4. Kosten fü r  Vertikalbewegung des abgebauten nutzbaren M ineralroh
stoffes in  den Fördersonden :

H ie r in  is t :

F

JK ft  = ----- B ? - n - ö r н  +  К
2

■kV4 (in  P m ).

kf  4 spezifische K o s te n  fü r  Y ertik a lb ew eg u n g  des ab g eb au ten  n u tz b a re n  
M ineralrohstoffes in  den  F ö rd e rso n d en  (in  P e /tm ).

5. Gesamtbewegungskosten des abgebauten nutzbaren Mineralgrundstoffes 
innerhalb des Schachtfeldes :

K J5 =  A . B  .kf5c+ ^ - æ - n . ô r ^ . A . k f5d (in  P m ).
/ /  4  f f  4

H ie r in  s ind :

kf5c K osten  fü r  das B ew egen  des a b g e b a u te n  n u tz b a re n  M in e ra lg ru n d 
stoffes in  der S tre ic h ric h tu n g  (in  P e /tm ),

k/sd spezifische B ew egungskosten  fü r  den  ab g eb au ten  n u tz b a re n  M ineral
ro h sto ff in  d er E in fa llr ic h tu n g  (in  P e /tm ).

6. Gesamtbewegungskosten des abgebauten nutzbaren M ineralgrundstoffes 
vom Schachtfeld bis zur Verarbeitung, bei Bohrlochabbau:

KH =  — • R 2 ■ л  ■ ôf ■ +  Z/| • kf6 (P m )-

H ie r in  sind :

lf E n tfe rn u n g  vom  S ch ach tfe ld  m it B o h rlo ch ab b au  b is zu m  V er
arbe itungsw erk  (in  m ),

k fü spezifische G e sam tk o s ten  fü r B ew egung des P ro d u k ts  v o m  A b b a u 
feld m it B o h rlo ch ab b au  bis zu m  V erarb e itu n g sw erk  (in  P e /tm ).

7. Kosten fü r  das Versetzen der durch Bohrlochabbau entstandenen 
Flohlräume :

F
K fi =  —  • R 2 ■ л  • M  ■ rj • kf-j 

J f
(in  Pm ).
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H ie rin  sind :

r] V ersa tzw irk u n g sg rad ; bei S p ü lv e rsa tz  0 ,8— 0,9,
spezifische V ersa tzk o sten  (in  P e /m s).

D u rch  Z usam m enziehen  der K o s ten p o s ten  kön n en  je  nach  d en  k o n k re te n  
L ag e rs tä tten g eg eb en h e iten  a u f  v e rh ä ltn ism ä ß ig  einfache W eise die T e ilk o sten - 
F u n k tio n e n  abgele ite t u n d  die n ö tig en  O p tim u m -B erech n u n g en  d u rc h g e fü h rt 
w erden . In  m u ltiv a riab len  F ä llen  k a n n  die W irk sam k e it der U n te rsu c h u n g e n  
d u rc h  das A bspielen  von  C o m p u te rp ro g ram m en  geste igert w erden.

4. Grundprinzip der Auswahl der zweckm äßigsten K om binationen bei 
der Anwendung gekoppelter Bergbautechnologie-System e

Z u r G ew innung  des M in era lv o rra tes  eines gegebenen V orkom m ens k an n  
das A usw ählen  des zw eckm äß igsten  B ergbau techno log ie-S ystem s d u rch  
B estim m u n g  des d am it e rz ie lbaren  G ew innes erfolgen. Z ur E rm it t lu n g  des 
o p tim a le n  B ergbau techno log ie-S ystem s sei d e r du rch  T ag eb au  e rz ie lb are  
G ew inn  m it —  N p ,  der d u rch  T ie fb au  erz ie lbare  m it — N m , der d u rc h  U n te r
w a sse rab b au  erzielbare m it —  Ny  u n d  der d u rc h  B o h rlo ch ab b au  e rz ie lb are  
G ew inn  m it —  N p  bezeichnet.

I n  dem  e in fachsten  F a ll, w enn  die G ew innung  des R o h s to ffv o rra te s  eines 
gegebenen  M inera lvorkom m ens n u r  d u rch  A nw endung  eines oder des a n d e ren  
bergbau tech n o lo g isch en  S ystem s m öglich is t, k ö nnen  fü r den  e rre ic h b a re n  
G ew inn  fo lgende U n g le ichheiten  au fgesch rieben  w erden:

Np  §  Nm Nm Щ N v N v Щ Np

Np  I  N m Щ Np

NK Щ N p .

A u f G rund  der vorgeze ig ten  U ng le ich h e iten r m uß d an n  je n e s  b e rg b a u 
techno log ische  S ystem  ausg ew äh lt w erden , fü r  das sich die g rö ß te  G ew in n 
sp an n e  e rg ib t. S e lbstredend  m uß  m an  in  d er P lan u n g sp h ase  au ch  d ie w eite re  
techn isch -techno log ische  E n tw ick lu n g  in  B e tra c h t ziehen, w obei sich  die 
R ic h tu n g  der U ng le ichheiten  —  a u f  einen  Z e ith o rizo n t von 10 bis 15 J a h re n  
p ro jiz ie r t —  je  n ach  den  E n tw ick lu n g sten d en zen  sogar u m k eh ren  k a n n .

B ei d er A nw endung v o n  techno log ischen  D oppelsystem en  s in d  —  w enn 
d e r gek o p p elte  T agebau  u n d  T ie fb au  m it a n d e ren  A b b au k o m b in a tio n en  v e r
g lichen  w erden  soll —  die fo lgenden  F ä lle  m öglich .
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+  N k

N K  +  N m : ^ N k  +  N y

N K  +  N M 4 N K  +  N P  

N к  +  N M  5  N M  +  N  y  

N K  +  N M  Щ N M  - ) -  N p -

N K  +  N M %  N y  +  N K

N  к  ~ b  N M  Щ N  y  - f -  N M  

N f  +  N M % N V  +  N f  

N  к  +  N M  Щ N f  +  N K  

N K  +  N M n N F  +  N M  

N  к  - f -  N M  Щ  N f  - f -  N  y  .

W en n  zur G ew in n u n g  des M inera lvorkom m ens die K o m b in a tio n  v o n  drei 
B e rg b au sy stem en  in  F ra g e  kom m en k a n n , u n d  d a n n  zuerst d e r T ag eb au  
an g e le g t w ird, sind  d ie  fo lgenden  K o m b in a tio n e n  m öglich:

N K  +  N M  +  N y  

N k  +  N M  +  N F  

N K  - f -  N y  N m  

N K  +  N f  +  N M  

N p  +  N y  - j -  N p

N k  +  N p  - f -  N y  .

M it V erm eidung w e ite re r  D eta illie rung  sei n u r  noch gesagt, d aß  die 
A n z a h l säm tlicher m ö g lich e r R eihenfolgen 24 b e trä g t  und  d abei insg . 23 
U n g le ich h e itsp aa re  au fg esch rieb en  w erden k ö n n e n .

W enn  aber z u r  G ew innung  des gegebenen  M ineralvorkom m ens eine 
V ie re rk o m b in a tio n  a n  B e rg b au tech n o lo g ie -S y stem en  rea l in  F rag e  k om m en  
k a n n , u n d  zuerst d e r T a g e b a u  angelegt w ird , d a n n  sind fo lgende R e ih en 
fo lg en  möglich:

N K  +  N M  +  N y  +  N p

N p  +  N m  N p  - f -  N v

N p  +  N y  - f -  N m  +  N p
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N K  N y  N p  N m  

N p  4 -  N p  - f -  N v  - f -  N M  

N K  +  N p  +  N M  +  N v .

A uch bei dem  V ie re rsy s tem  d er B erg b au tech n o lo g ien  is t die A nzah l der 
m öglichen  K o m b in a tio n en  24, u n d  die A nzah l d e r U n g le ich h e itsp aa re  23.

A us obigem  fo lg t, d aß  b e i dem  V ergleichen d e r m eh r als zwei b e tra g e n d e n  
K o m b in a tio n en  der B ergb au tech n o lo g ie-S y stem e je n e  R eihenfo lge ausgew äh lt 
w erden  m uß, m itte ls  w elcher die g röß te  G ew inndifferenz e rz ie lb a r is t. W enn  
dab e i einige S y stem k o m b in a tio n en  der B ergbau techno log ie  n ah ezu  d en  gleichen 
G esam tgew inn  ergeben , d a n n  soll die endgü ltige  R eihenfo lge a u f  G ru n d  der 
tech n isch en  D u rc h fü h rb a rk e it, d er zu r V erfügung  s teh en d en  B e trie b sm itte l, 
d e ren  L e is tu n g sfäh ig k e it u n d  Z u v erläß ig k e it bzw . jen es  Z e itp u n k te s  fe s t
gelegt w erden , an  dem  sie in  die P ro d u k tio n  e in tre te n .
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СИНТЕЗ ГОРНОЗАВОДСКИХ ТЕХНОЛОГИЧЕСКИХ СИСТЕМ
Й. ПАТВАРОШ

РЕЗЮМЕ

В статье рассматриваются основные принципы применения комбинированных раз
работанных систем, обеспечивающих более эффективную эксплуатацию месторождений 
минералов. Подробно описывается формула эксплуатационных расходов, характеризу
ющая основные способы разработки (открытая добыча — К ;  разработка под землей — М; 
добыча подводой — V; извлечение скважинами — F ). В заключение приведена методика 
выбора наиболее целесообразных комбинаций.
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ON THE CONCEPTS OF COMBINATION 
OF DOPPLER SATELLITE AND TERRESTRIAL 

GEODETIC NETWORKS
J . ÁDÁM

SATELLITE GEODETIC OBSERVATORY, PENC

F. HALM OS f
GEODETIC AND GEOPHYSICAL RESEARCH INSTITUTE OF THE HUNGARIAN 

ACADEMY OF SCIENCES, SOPRON

M. V A RG A
TECHNICAL UNIVERSITY, BUDAPEST 

[M anuscript received January 3, 1980]

General alternative procedures can be used for com bination of D oppler satellite  and 
terrestrial geodetic networks. These procedures are shortly reviewed. T hree-dim ensional 
transform ation models betw een Doppler satellite  and terrestrial geodetic coord in ate  system s 
and networks are analysed. Their estim ation  procedures are also review ed. G eneral remarks 
on Doppler stallite and terrestrial geodetic net works and their coordinate system s are presented. 
F in ally , experim ental results are given.

1. In tro d u c tio n

T he D oppler sa te llite  p o sitio n in g  is an  effective m eth o d  to  c o n tro l the  
sy s te m a tic  erro rs o f a n e tw o rk  an d  to  im p ro v e  even well d e fin e d  te rre s tr ia l 
geodetic  ne tw orks. W eak  p a r ts  o f  a n e tw o rk  can be s tre n g th e n e d  w ith  it.

T rad itio n a lly , th e  w eaknesses in  th e  tr ian g u la tio n  n e tw o rk  h av e  been 
e lim in a ted  by  m easu ring  m ore lines, m ore d istances or m ore a z im u th s  in  the 
n e tw o rk . These o b se rva tions req u ire  m u ch  xvork and  tim e, e .g . re b u ild in g  of 
th e  observ a tio n  tow ers. F u r th e r , s tre n g th e n in g  a ne tw o rk  b y  ad d itio n a l 
classical observ a tio n s is v e ry  ex p en siv e . O n th e  o ther h a n d , th e  D oppler 
sa te llite  position ing  tech n iq u es a re  v e rsa tile , econom ic an d  h ig h ly  accu ra te  
m eans o f p rov id ing  local co n tro l n e tw o rk s . D opp ler receivers a re  p o rtab le  
an d  re a d y  for use in  m inu tes. D o p p le r o b se rv a tio n s are n o t ex p en siv e  and 
fu lly  in d ep en d en t o f th e  w e a th e r co n d itio n s.

T he e s tab lish m en t o f geodetic  n e tw o rk s  by  D oppler s a te ll i te  an d  by 
classical te rre s tr ia l tech n iq u es a re  tw o  b as ica lly  different m e th o d s . D oppler 
sa te llite  techn iques p rov ide  th ree -d im en sio n a l geocentric c o o rd in a te s . T heir 
accu racy  is ra th e r  poor b u t in d e p e n d e n t from  th e  d istance  o f  th e  D oppler 
p o in ts . On th e  o th e r h an d , th e  classical m ethods provide tw o -d im en sio n a l 
co o rd in a tes  on th e  surface o f th e  re fe rence  ellipsoid w ith  co n sid e rab le  re la tive  
accuracies o f neighbouring  p o in ts . T he acc u ra cy  o f th e ir  lo ca tio n  o n  th e  ellips
oid and  long d is tan ce  s tre n g th  a re  r a th e r  poor. In  add ition  to  th is  h o rizon ta l 
reference  system , th e  classical te c h n iq u e s  req u ire  a vertica l re fe ren ce  system  
to  o b ta in  th e  tr ip le ts  o f e llipsoidal c o o rd in a te s . I t  is ev id en t t h a t  D oppler 
sa te llite  and  classical (ho rizo n ta l an d  v e rtica l)  geodetic te ch n iq u es  use  d ifferen t

1 Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982
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d a ta  a n d  com pletely d if fe re n t processing of th e se  d a ta .  C onsequently , th e  com 
b in a t io n  of D oppler s a te l l i te  an d  classical te r r e s tr ia l  d a ta  is an  e ffec tive  
m e a n s  o f  contro lling  d is to r t io n s  in  the local n e tw o rk  an d  of s tren g th en in g  th e  
o r ie n ta t io n  and scale. N o w a d a y s , the  co m b in a tio n  o f these tw o b asica lly  
d iffe re n t d a ta  types is a n  u rg e n t  scientific an d  p ra c tic a l  ta sk , see e.g. A nderle  
[1 ,2 ] , A shkenazi [4], B o u c h e r  e t  al. [13], E h rn sp e rg e r— H orn ik  [16], K o u b a  [31], 
M ead e  [41], Moose— H e n rik se n  [43], M ueller [47 ], T hom pson— K ra k iw sk y  
[54, 5 5 ]. F u rth e r , th e  D o p p le r  technique has an  e ffec tiv e  p a r t in on th e  s te lla r  
tr ia n g u la t io n  net [48].

I t  should he n o te d  t h a t  system atic  erro rs in  a local netw ork  can be iso 
la te d  a n d  determ ined  o n ly  b y  ex te rna l com parison  w ith  an o th er o b se rv a tio n a l 
s y s te m , such as a set o f  D o p p le r  satellite  d e te rm in e d  coord inates. This m e th o d  
c a n  in d ica te  such e rro rs  [4 ].

2. G eneral r e m a rk s  on Doppler sa te llite  an d  terrestria l 
geodetic n e tw o rk s  and the ir co o rd in a te  system s

G eodetic n e tw o rk s a re  given in som e re fe ren ce  fram e, th e re fo re , i t  is 
a lw a y s  necessary to  d e fin e  th e  ap p ro p ria te  re fe ren ce  fram e for u n iqueness 
o f  th e  netw ork  d a ta . T w o e ssen tia lly  d ifferen t te c h n iq u e s  are applied  in  th e  
n e tw o rk  de te rm in a tio n :

1. In  the  f irs t case, th e  ne tw o rk  is o b ta in ed  b y  th e  trad itio n a l su rv ey in g . 
I t  is th e n  a “ te rre s tr ia l n e tw o rk ” . The re ference  f ra m e  in  w hich th is  n e tw o rk  
is g iv e n  is connected g e n e ra lly  w ith  some re ference  su rface , usually  an  ellipsoid  
o f  rev o lu tio n . This f ra m e  is  b ased  on a g eo m e trica l m odel.

2. In  the  second case , th e  netw ork is d e te rm in e d  b y  the  geodetic a p p li
c a t io n  o f  satellites an d  o th e r  e x tra te rre s tr ia l sou rces. I t  is th en  called “ sa te llite  
n e tw o rk ” . The reference f ra m e  in the geodetic a p p lic a tio n  of th e  sa te llite s  is 
n o t  co nnec ted  w ith  a n y  su rfa c e , i t  is based  on a p h y s ica l m odel, b u t  n o t on 
a m a th e m a tic a l one. T h e  p rin c ip le  of such a m o d e l is th e  dynam ics o f  th e  
m o tio n  o f th e  sa te llites .

T h e  reference fra m e s  o f  th ese  tw o ty p es  o f  n e tw o rk s  were d ifferen t from  
th e  v e ry  beginning as th e i r  purposes were e s se n tia lly  d ifferent. T he a c tu a l 
p ro b le m  of the  geom etric  a n d  dynam ic re la tio n s  o f  te rre s tr ia l and  sa te llite  
n e tw o rk s  is the p rob lem  o f  th e  connections b e tw e e n  reference fram es used  
in  th e  geodetic a p p lic a tio n  o f  satellites. T he p ro b le m  o f com bination  o f  th e  
tw o  n e tw o rk  types can  be  co n sid e red  as th e  p ro b le m  o f  re la tio n  betw een  a p p ro 
p r ia te  reference fram es.

T h e  D oppler s a te llite  n e tw o rk  in  w hich th e  p o in ts  are given is a g lobal 
th ree -d im en sio n a l g eo cen tric  C artesian  coordinate sy s te m . T his is the  m ost im p o r
t a n t  am o n g  satellite  n e tw o rk s . G eocentric co o rd in a te s  c a n n o t be easily  o b ta in e d
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as th e  m om en taneous accu ra te  p o sitio n  o f  th e  m ass cen tre  o f  th e  E a r th  is no t 
kn o w n  because o f  high-speed m o tio n s  in  th e  a tm o sp h ere , m ass re d is tr ib u tio n  
an d  o th e r geophysical processes. I f  b ro a d c a s t ephem eris are  used  in  D oppler 
m easu rem en ts , th e  reference fra m e  is defined  b y  a set o f th ree -d im en sio n a l 
C artesian  co o rd in a tes  of c e r ta in  te r re s tr ia l  po in ts  (track in g  s ta tio n s ) . This 
reference  fram e involves m a n y  u n c e rta in tie s  w hich lim it th e  accu racy  of 
co o rd in a tes  o f  th e  given p o in ts . Som e o f th ese  fac to rs a re  th e  follow ing:

a)  This reference fram e is assum ed  to  be connected  so lid ly  w ith  th e  
E a r th  i.e. th e  coord inates o f th e  tra c k in g  s ta tio n s  rem ain  u n c h a n g e d  in  re
sp ec t to  each o th e r. I f  th is is n o t fu lfilled  i.e. th e  coord inates assu m ed  u n ch an g 
in g  m ove due to  some geophysica l process, th e  d e fin ition  o f  th e  reference 
fram e  becom es inco rrec t.

b) A reference  fram e d e fin ed  in  such  a w ay  depends g e n e ra lly  on  th e  
d is tr ib u tio n  o f  th e  sta tio n s on th e  E a r th ’s surface w hich fo rm  th e  basis  o f th e  
fram e . M oreover it depends on th e  freq u en cy  o f observations. R e p e a te d  m eas
u re m e n ts  of th e  s ta tio n s  w hich a im  to  im p ro v e  th e  accu racy  o f  th e  reference 
fram e  change th e  defin ition  o f  th is  fram e  an d  consequen tly  th e  co o rd ina tes 
o f  p o in ts  given in  th is  fram e wdll be m odified .

c) D uring  D oppler m easu rem en ts  we h av e  to  know  th e  p o s itio n  o f the  
sa te llite s . T he p o sitio n  of th e  s a te llite  is d e te rm in ed  b y  a n u m erica l in te g ra tio n  
o f  th e  e q u a tio n  o f  m otion. T his e q u a tio n  can  be described e x a c tly  in  an  in e r
tia l fram e on ly , b u t  no t in an  E a r th - f ix e d  one. The ce lestia l sy s te m  defined  
b y  s ta rs  is considered  as a good in e r tia l fram e. C onsequently  we h a v e  to  know  
th e  re la tio n  be tw een  th e  in e rtia l fram e  an d  th e  D oppler sy stem . T h e  tra n s fo r
m a tio n  can n o t be m ade d irec tly  since th e re  is no physical c o n n ec tio n  betw een  
th e se  tw o sy stem s.

In  th e  f i r s t  s tep  th e  ce lestia l sy s tem  is tran sfo rm ed  in to  a  p h ysica l 
fram e  connected  som ehow  w ith  th e  E a r th .  T here  are essen tia lly  fo u r  possible 
w ays of defin ing  th e  d irection  o f  co o rd in a te  axes: T isse ran d ’s m ean  b o d y  
axes, th e  p rin c ip a l axes of in e r t ia , in s ta n ta n e o u s  ro ta tio n a l axes a n d  CIO. 
F o r  tra n sfo rm a tio n s  we have to  k n o w  e.g. th e  value of th e  p recession  c o n s ta n t, 
v a r ia tio n  o f th e  ro ta tio n a l v e c to r  o f  th e  E a r th  (dö(t)/d t), th e  p o la r  m o tio n , 
va lu es  o f C™, S™, e tc .

In  th e  second step  the  a p p ro p r ia te  reference  fram e is f i t te d  to  th e  D o p p 
le r  sy stem  w hich  is de term ined  b y  th e  co o rd in a tes  of its  p o in ts .

T he positio n  of a sate llite  in  an  E a r th -f ix e d  reference fram e  show s w h a t 
k in d  o f errors are  produced  in  th e  co o rd in a tes  o f ne tw o rk  p o in ts  d e te rm in ed  
by  D opp ler m easu rem en ts.

N ex t we rev iew  th e  typ es o f  re fe rence  fram es needed in  D o p p le r  m easu re 
m e n ts . E ssen tia lly  tw o d ifferent fram es are  used :

A )  In e r tia l  fram e.
B )  E a r th -f ix e d  reference fram e .
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(A) is applied  fo r th e  d esc rip tio n  of th e  m o tio n  o f th e  sa te llite  an d  in  
(B ) a re  g iven  th e  c o o rd in a te s  o f th e  po in ts. P ro b le m s arise in  d e fin itio n  of 
b o th  sy stem s.

I t  is v e ry  sim ple to  d e fin e  (A) d ynam ica lly  b u t  in  p rac tice  (A) is o b ta in e d  
b y  a p p ro x im a tio n .

a)  F irs t  we use th e  m ean -ec lip tic  (celestial) sy s te m  w hich is called “ quasi- 
in te r t ia l” . In  D oppler m e a su re m e n ts  th is m ean -ec lip tic  system  is considered  
a s  an  in e r tia l  fram e. T h e  b as is  o f th is  system  is th e  F K  4 or F K  5 ca ta lo g u e  
in  w h ich  tw o  fu n d a m e n ta l p o in ts  determ ine th e  d ire c tio n  o f axes:

—  m ean  pole o f  th e  ec lip tic  and
—  m ean  equ inox .

S ince o u r  puspose is to  f in d  a system  in d ep en d en t o f  th e  m o tio n  o f th e  E a r th  
in  sp ace , (a) is no su ita b le  w ay . On th e  one h a n d  a ca ta lo g u e  is n o t a c cu ra te  
b ecau se  of

—  inaccu racy  o f  th e  p ro p e r  m otion o f  s ta rs ,
-— inaccu racy  o f  th e  c o n s ta n ts  of p recession  a n d  m u ta tio n  and
—  possib ility  o f  th e  secu la r m otion o f e q u in o x , an d  on th e  o th e r  h a n d  

th is  sy s te m  varies w ith  tim e  because of
—  p la n e ta ry  p recession ,
—  d ifferen tia l ro ta t io n  o f  th e  Solar S y stem  in  th e  G alaxy , and
—  p ro p er m o tio n  o f  th e  Solar System .

T h e  p la n e ta ry  precession  p ro d u ces a slow ro ta t io n  o f  th e  eclip tic  (0 ."5 /y e a r)  
a n d  i t  re su lts  in th e  w e s te r ly  m otion  of th e  e q u in o x  b y  ab o u t 1 2 ."5 /c e n tu ry  
a n d  a decrease in th e  o b liq u ity  of the  eclip tic  o f a b o u t 4 7 ''/c e n tu ry .

T h is system  is so in a c c u ra te  due to  th e  ab o v e  effects th a t  i t  c a n n o t 
be u sed  in  high p rec ision  m easu rem en ts . So we sh o u ld  fin d  a reference fram e  
in d e p e n d e n t of no t o n ly  th e  E a r th  h u t of all d irec tio n s  of m otion or p lane o f  
G a lax y .

b)  In  the  second  s te p  th e  in e rtia l fram e  is defin ed  b y  a ca ta logue  of 
e x tra g a la c tic  rad io  sou rces. I t  is based  on th e  m o m e n ta ry  positions o f  a b o u t 
tw e n ty  rad io  sources w h ich  a re  p resen tly  d e te rm in e d  w ith  an  overall in te rn a l 
a c c u ra c y  of 0 ." 0 3 —0 ." 0 8 . T h e  in ertia l fram e is d e te rm in e d  b y  th ree  a rb itr a ry  
ra d io  sources w hich a re  n o t on  th e  sam e s tra ig h t  lin e . As th e re  are on ly  a few  
o b je c ts  w hich have a n  o p tic a l co u n te rp a rt, th e  tra n s fo rm a tio n  becom es d iffi
c u lt. T h e  problem  can  be  so lved  b y  d iffe ren t m e th o d s  app ly ing  th e  recen t 
m e a n s  o f space geodesy . (See in  details in  [29]).

c)  T here is a n o th e r  p o ssib ility  to  define  an  “ ab so lu te  in e rtia l f ra m e ”  
in d e p e n d e n tly  o f (a) o r (h). I t  is based  on th e  d ire c tio n  o f th e  cosmic b ack g ro u n d  
ra d ia t io n . This d irec tio n , how ever, is no t k n o w n  p recise ly  an d  a lo t o f la b o 
rio u s  a stronom ica l m e a su re m e n ts  would be n eed ed  for th e  tra n sfo rm a tio n , 
th e re fo re  we shall n o t  d iscuss th is  possib ility  he re .

*
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A fte r  th is  in v es tig a tio n  o f  in e r tia l fram e , we s tu d y  th e  p ro b lem s of 
E a r th -f ix e d  reference fram es. S everal m odels an d  th e  tra n sfo rm a tio n s  b e tw een  
th e m  are  p resen ted  in th e  follow ing c h a p te rs .

В )  To estab lish  a physica l m odel o f  p h en o m en a , a d e fin itio n  o f  th e  re fe r
ence fram e  is needed  w hich can  be re la te d  to  th e  deform able E a r th  a n d  th e  
d iffe ren t p h enom ena  can  he clearly  in te rp re te d  an d  m easured  in  th is  reference  
fram e . T he te rre s tr ia l fram e shou ld  be  asso c ia ted  w ith  th e  n o n -rig id  E a r th  
in  som e w ell-defined w ay  so th a t  th e  ro ta t io n a l  m otions of th e  w hole E a r th  
are  rep resen ted  b y  th e  tra n s fo rm a tio n  p a ra m e te rs  of th e  te r re s tr ia l  sy s tem  to  
th e  in te r t ia l  sy stem . A t p resen t th e re  is n o t  an y  reference fram e  h av in g  an 
a p p ro p r ia te  accu racy  a lth o u g h  an  a t te m p t  w as m ade b y  G ra fa ren d  e t al. [20] 
to  d efine  such a system .

In  th e  case o f an  E a rth -f ix e d  re fe ren ce  fram e we shou ld  k n o w  th e  
fo llow ing ch arac te ris tic s :

a)  origin
b)  d irec tio n  o f axes and
c)  m o tio n  o f  th e  reference fram e  in  th e  in e rtia l fram e.
a)  T his reference fram e shou ld  h a v e  i ts  origin (the  geo cen tre ) a t  th e  

m ass cen tre  o f th e  en tire  E a r th .  T he g eo cen tre  is u n d erstood  as t h a t  o f  th e  
to ta l  E a r th  inc lu d in g  its  a tm o sp h ere . T h e  p o sitio n  of geocentre is k n o w n  w ith  
an  accu racy  ^ 5  m ; i t  varies w ith  t im e  a n d  th is  v a ria tio n  causes im p lic it 
co o rd in a te -v a ria tio n s  [2 1 ].

b) W e can  choose th e  d irec tio n  o f  th e  coo rd in a te  axes in  d iffe re n t w ays 
d e p en d in g  on th e  pu rpose  we w a n t to  use i t ,  i.e. w hich p h en o m en a  we in te n d  
to  describe . T he follow ing possib ilities em erge for z axis:

T isse ran d  axes, i.e. one o f  th e  axes o f  th e  an g u la r m o m en t. I t s  a d v a n 
ta g e  is th a t  th e  eq u a tio n s o f m o tio n  o f  th e  E a r th  in  th is  sy stem  a re  fo rm ally  
th e  sam e as tho se  o f th e  m otion  o f  a rig id  b o d y . T he d isad v an tag e  o f  th is  choice 
is its  n o n -o b se rv ab ility  [37].

—  O ne o f th e  p rin c ip a l axes o f  in e r t ia  (po lar axis). T he in e r t ia l  ten so r 
o f such  a system  is a d iagonal. I t  is th e  o n ly  system  in  w hich th e  coeffic ien ts  
C\ — Si  =  0. N evertheless th e  d irec tio n  o f  th e  axes p e rp e n d ic u la r  to  th e  
z ax is is n o t well defined .

—  R o ta tio n  ax is o f th e  E a r th .  T h is sy s te m  is used in  laser a n d  D o p p ler 
sa te llite  m easu rem en ts . I t  supposes t h a t  th e  coefficients C\ — S \  =  0. The 
use o f th is  values w ith  th e  concep t o f  th e  ro ta tio n  axis is n o t e x a c t.

—  C IO . I t  is a well know n sy stem  in sa te llite  dynam ics. C IO  does n o t 
coincide w ith  th e  z ax is of in e rtia .

T he 2  axes are supposed  to  go th ro u g h  th e  geocentre in  e a c h  sy s tem . 
T h is is a good ap p ro x im a tio n  o f re a lity .

c) H av in g  defined  an  E a rth -f ix e d  sy s te m , th e  tra n s fo rm a tio n  b e tw een  
th e  in e r tia l and  te r re s tr ia l reference fram es shou ld  be given. T his tra n s fo rm a -
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t io n  is th e  m o tion  o f th e  E a r th  in  space. T h e  tw o  sep ara te  co m p o n en ts  o f 
m o tio n  a re  th e  follow ing:

—  rev o lu tio n  a ro u n d  th e  Sun and
—  ro ta tio n .

T h e  re v o lu tio n  is fo rced  b y  g ra v ita tio n a l effects o f  th e  Sun and  o th e r o b jec ts  
o f  th e  S o la r S ystem . I t  is described  b y  th e  N e w to n ia n  in e rtia l theo rem s. I f  th e  
S o la r  S y s te m  is supposed  to  be  a closed sy s tem  a n d  th e  celestial o b jec ts  a re  
c o n s id e re d  to  be p o in ts , th e n  th e  eq u a tio n  o f  m o tio n  of a p lanet hav ing  a m ass 
m, a n d  a p o sition  v e c to r  r, is th e  follow ing:

d 2r  n
Щ - 7 7  =  G 2  Í1 ~~ ôu) mimj I ri — r j I 

d r  /= 1

w h ere  <5,y is th e  K ro n eck er-sy m h o l; G is th e  g ra v ita tio n a l c o n stan t; | r, —  r,j 
m e a n s  th e  d is tan ce  of p o in ts  i an d  j ;  j  =  1 , 2 , . . . , n m eans th e  n u m b e r of 
c e le s tia l o b jec ts .

F o r  th e  d esc rip tio n  o f th e  m otion  o f th e  E a r th ,  it  is necessary  to  d e fin e  
an  E a r th -m o d e l w hich is d e te rm in ed  by  as tro n o m ica l an d  geophysical c o n s ta n ts . 
T h is m o tio n  can  be rep re se n te d  b y  th e  m o tio n  o f  a reference fram e e w h ich  is 
f ix e d  to  th e  E a r th  an d  is g iven  b y  th e  m odel. T h is  fram e is nam ed  “ m o v in g  
f ra m e ” .

I n  a n  epoch t0 th e  p o sitio n  o f e in  th e  E in e r tia l  fram e is g iven b y  a 
r o ta t io n a l  m a tr ix :

e =  R 3 ^ ) R 1(^ )R 3(Vi)E =  R  E (1)

w h ere  <p, ft and  y) a re  th e  E u le rian -ang les (an d  th e y  correspond со, i a n d  Q, 
re sp e c tiv e ly , w hich are  th e  o rb ita l elem ents in  ce lestia l m echanics) [28]. As 
e v a r ie s  w ith  tim e  c o n tin u o u s ly , e =  e(f), th e  m o tio n  o f e in  E is o b ta in e d  
b y  d if fe re n tia tio n  o f  E q . 1:

de(t)

d t
d R (t)

d t
•E  +  R (t) .

dE

d t
<y(t)R(t)E

w h ere  d E /d f =  0 and
dR (t)

dt
=  co(t)R(t).

( 2)

( 3)

co(t) is a n  an ti-sy m m etric  o p e ra to r . E lem en ts  o f  th is  “ C a rta n -m a trix ”  are  non- 
in te g ra b le , anho lonom  v e lo c ity  coo rd inates [17, 18, 19]. The m oving fram e  e 
d e fin e d  b y  E qs 1 an d  2 is an  anholonom  fram e  in  com parison  to  E . F ro m  th e  
an h o lo n o m  co o rd ina tes we can  get holonom  c o o rd in a te s  by  using th e  F ro b en iu s  
m a tr ix  (m a tr ix  o f in te g ra tin g  facto rs) [18].
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M otion o f  e in  E can be g iven  n o t o n ly  k in em atica lly  b u t also d y n a m i
cally . The m o tio n  o f  a rigid bo d y  a ro u n d  a f ix e d  po in t is described  b y  th e  
E uler-L iouv ille  eq u a tio n . F o r th is  pu rpose  we shou ld  know  th e  m ass d is tr ib u 
tio n  o f th e  w hole E a r th .  Since th e  d is tr ib u tio n  is n o t know n, an  a p p ro p r ia te  
m odel has to  be used . To describe th is  m o tio n  exac tly , th e  c o n s ta n ts  o f 
precession an d  n u ta t io n  m ust be know n  a n d  we have to  observe th e  p o la r 
m o tion  an d  U T 1 w hich  ch arac terizes  th e  ro ta t io n  o f  th e  E a rth , an d  to  m easu re  
th e ir  irreg u la ritie s .

F u r th e r  d e ta ils  can  be found  e.g. in  [10, 11, 30, 47].

3. Comparison o f Doppler satellite and terrestrial geodetic coordinate 
system s and netw orks

3.1 The coordinate systems used

T hree c o o rd in a te  system s are  co nsidered  here (Fig. 1). T h e  Average 
Terrestrial (AT) co o rd in a te  system  is assu m ed  to  coincide w ith  th e  sy s tem  
defined  b y  th e  co o rd in a tes  of th e  tra c k in g  s ta tio n s  as ob ta ined  from  sa te llite

geodesy. I ts  Z -ax is  is d irec ted  to w a rd  th e  av e rag e  n o rth  te r re s tr ia l  pole as 
defined  by  th e  In te rn a tio n a l P o la r  M otion S erv ice (IPM S) com m only  k n o w n  
as th e  C onv en tio n a l In te rn a tio n a l O rig in  (C IO ). T he X Z  p lane is p a ra lle l to  
th e  m ean G reenw ich  astronom ic m erid ian  as d e fin ed  b y  the  B u reau  I n te r n a 
tio n a l de l’H eu re  (B IH ). The te r ra in  p o in t c o o rd in a te s  are given b y  th e  co m 
p o n en ts  o f th e  positio n  v ec to r q. T he th ree -d im en sio n a l sa te llite  D o p p le r 
de te rm in ed  co o rd in a te s  of te rra in  p o in ts  d e fin e  a S ate llite  D opp ler c o o rd in a te  
system  (e.g. N W L -9 D , W GS-72), w hich  is a ssu m ed  to  he th e  A T -system . T he 
D oppler system  is on ly  an  es tim a tio n  o f th is  idea l coord inate  sy s te m  [1 ].
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T h e  Geodetic (G) c o o rd in a te  system  is th e  re ference  fram e o f th e  te r re s tr ia l  
n e tw o rk . T he Z g  axis is co in c id en t w ith  th e  m in o r ax is o f th e  reference e llipso id  
(h o r iz o n ta l d a tu m ), w hile th e  X g Y g  p lane  is co in c id en t w ith  th e  e q u a to r ia l  
p la n e  o f  th e  reference e llipso id . The G -system  is u su a lly  positioned an d  o rie n te d  
b y  so m e specified  geodetic  p a ra m e te rs  a t  th e  in it ia l  p o in t К  of th e  te r re s tr ia l  
n e tw o rk , see e.g. M ueller [47] and  K o u b a  [31]. T h e  te rre s tr ia l n e tw o rk  m u s t 
be  m a d e  th ree -d im en sio n a l from  a h e te ro g en eo u s n e tw o rk . F irs t, o r th o m e tr ic  
h e ig h ts  com bined  w ith  geoid heigh ts are u sed  to  form  heights (h) ab o v e  th e  
e llip so id . T hese are co m b in ed  w ith  la titu d e s  (<p) a n d  longitudes (A) o f th e  h o r i
z o n ta l  n e tw o rk  to  fo rm  tr ip le s  of e llipso idal co o rd in a tes  w hich can  be  th e n  
c o n v e r te d  along w ith  th e ir  v arian ce -co v arian ce  m a tr ix  in to  th ree -d im en sio n a l 
C a rte s ia n  coo rd inates:

Х а  =  ( X  -(- h) cos q  cos A

Y g  =  (N  -)- h) cos q  sin  A (5)

Zg =  [N(l  —  e2) -f- h] sin  q

in  w h ic h  e denotes th e  f i r s t  eccen tric ity  o f th e  ellipsoid  and  N  is th e  ra d iu s  of 
c u rv a tu re  in  th e  d irec tio n  o f th e  p rim e v e r tic a l. T h is ( X g ,  Y g ,  Zg )  c o o rd in a te  
sy s te m  is in trin sica lly  th ree -d im en sio n a l a n d  ho lonom . N ote th a t  tw o  d iffe ren t 
(h o r iz o n ta l an d  v e rtica l)  reference system s m u s t be considered here , a n d  th e  
m o s t im p o r ta n t  p rob lem  is th e  p ro p er d e te rm in a tio n  of th e  ellipsoidal h e ig h ts  
o f  te r r e s t r ia l  tr ia n g u la tio n  n e tw o rk  po in ts  [15].

T h e  th ird  co o rd in a te  sy stem  is th e  Local Geodetic (LG) system . I t  m a y  be 
a r ig h t-h a n d e d  sy stem , lo ca ted  a t th e  te r re s tr ia l  in itia l p o in t K .  I t s  X g g  
ax is  is ta n g e n t to  th e  geodetic  m erid ian  w ith  p ositive  d irection  to w a rd  th e  
s o u th , th e  Y Lg  axis is p e rp en d icu la r  to  th e  m erid ian  p lane an d  i t  is p o sitiv e  
e a s tw a rd , an d  th e  Z^q ax is is along th e  e llip so idal n o rm al a t К  w ith  its  p o s itiv e  
d ire c tio n  u p w ard . T he p o sitio n  vecto rs o f te r re s tr ia l  geodetic n e tw o rk  p o in ts , 
Tk i , a re  expressed  in  th e  system .

I n  th e  e s tab lish m en t o f  a te r re s tr ia l  geodetic  netw ork , th e  a im  is to  
a v o id  sy s tem a tic  erro rs in  th e  ne tw o rk  o b se rv a tio n  and  c o m p u ta tio n  re su lts , 
a n d  fu r th e r ,  th e  axes o f  th e  G -system  shou ld  be p ara lle l to  those o f th e  (AT 
D o p p le r)-sy s tem . T hese a re  d ifficu lt o b jec tiv es  to  insure. U sually , th e  orig in  
o f  th e  G -system  is d isp laced  from  th e  g eo cen tre  w ith  the  com ponen ts o f  th e  
t r a n s la t io n  v ec to r, rg. F u r th e r , th e  ax is  o f  th e  G- and  (AT =  D o p p le r)- 
sy s te m s  m ay  no t be p a ra lle l. The n o n -p ara lle lism  is given by  th ree  ro ta tio n s , 
ex, ey a n d  e2. B ecause o f  th e  accu m u la tio n  o f  th e  sy s tem a tic  errors in  th e  te r re s 
t r ia l  g eodetic  n e tw o rk , th e  axes o f th e  L G -sy stem  a t th e  te r re s tr ia l  in it ia l  
p o in t  К  a re  ro ta te d  in  th e  az im u th  (dA ),  m e rid ia n  (d/t), and  p rim e v e r tic a l 
(d r) d irec tio n s . F in a lly , th e re  is th e  p ro b lem  o f  a scale difference (x).  This 
p a ra m e te r  can  be in te rp re te d  as a d ifference in  th e  scale of G- a n d  (A T c*:
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D opp ler)-system s (system  scale difference) o r  as a te rre s tr ia l n e tw o rk  scale 
d is to rtio n .

W e n o te  t h a t  in  a general case, th e  tra n s fo rm a tio n  p a ram e te rs  depend  
on tim e. D ep en d en cy  m ay  be period ic  (w ith  long  o r sh o rt period ), secu lar 
or random . So th e  tim e  t will he  a tra n s fo rm a tio n  p a ra m e te r  in  th e  tra n s fo r 
m atio n s o f re fe ren ce  fram es an d  co n seq u en tly  th e  re su ltin g  co o rd in a tes  will 
be tim e-d ep en d en t. This fie ld  o f  geodesy is called space-time geodesy o r four
dimensional geodesy. This te rm  “ sp ace-tim e”  m a y  be m islead ing  especia lly  for 
non-geodesists. T h is  te rm  “ sp ace -tim e”  is n o t u sed  in  th e  sam e m ean in g  as 
in  G eneral R e la tiv ity , i.e. a sp ace-tim e in te rv a l  is n o t defined. In  geodesy  t 
does no t d ep en d  on  velocity  b u t  i t  is a g enera l p a ra m e te r ;  “ th e  tim e  is u n iq u e  
everyw here” .

The q u e s tio n  arises w hy we do n o t use th e  te rm s  o f G eneral R e la tiv ity  
in  space geodesy. I t  is well kn o w n  from  E in s te in ’s th eo rem s th a t  th e  g ra v ita 
tio n a l field  is cu rv e d , i.e. i t  is n o t  E u c lid ean . T h en  w hy  do we suppose  th e  
space near th e  E a r th  to  he E u c lid e a n ?

In  sa te llite  geodesy m ost m easu rem en ts  a re  in  th e  region o f th e  Solar 
S ystem . H ere th e  g ra v ita tio n a l fie ld  is w eak  an d  th e  velocities are  sm all 
(v < 5  c, t)max 30 km /s). T herefo re , in  “ f ir s t  o rd e r” , th e  N ew ton ian  g ra v ita 
tio n a l th eo ry  ho lds in  th e  case o f  Solar S y stem . T he accu racy  o f second o rd er 
corrections ( th e  so-called p o st-N ew to n ian  co rrec tio n s) is th e  follow ing:

—  d eflec tio n  o f lig th : ~ 1 0 ~ 6 second o f  arc .
—  re la tiv is tic  d e fo rm ations o f th e  E a r th ’s o rb it:  ~ 1 0  cm.

I t  is clear, t h a t  th e se  values are  w ell u n d e r th e  accu racy  of p resen t m easu ring  
techn iques. T here fo re , th e re  is no  need in  th e  sev en ties  to  use h ig h er o rder 
corrections a cco rd in g  to  th e  p o st-N ew to n ian  a p p ro x im a tio n , so we can  suppose 
th e  space n e a r  th e  E a r th  to  be E u c lid ean . T he tra n s fo rm a tio n s  are  in  E u c lid ean  
space and  th e  tim e  appears as fo u r th  co o rd in a te  [59].

3.2 Three-dimensional transformation models

I f  th e  D o p p le r  sate llite  (Qj )d and  te r re s tr ia l  (ry)G position  v ec to rs  are 
th e  observables, th e  Bursa  o r BurSa— W olf model [14, 62] is given by

F, =  (r0)d +  (1 +  *) • R. • (rj )G —  (qj)d =  0 (6)

w here R£ is th e  p ro d u c t o f th ree  consecu tive  o rth o g o n a l ro ta tio n s  a ro u n d  th e  
ax is o f th e  G -sy stem :

R, = Rx(ex) • Ry(£ y ) ' К г( g ) =

T 0 0 '
[cos ey 0 --- s i n f i y COS E z s i n  E z 0

— 0 COS E x s i n  г х I 0 —- S i n  E z COS E z 0

0 --- s i n  E x cos exJ s i n  E y 0 COS E y -
0 0 1
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T h e  an g le s  ex, ey, ez are p o s itiv e  for coun ter-clockw ise ro ta tio n s  a b o u t th e  
re sp e c tiv e  X G, Y a, Z G axes as v iew ed from  th e  end  o f th e  p ositive  ax is . Since 
th e y  a re  sm all, it is p e rm issib le  to  sim plify  E q . 7 as

T  0 O' 0  e z  — e y

Re =  I  +  Q, = 0  1  0 + £2 0 Ex

0  0  1 Ey  -----Ex  0

S u b s t i tu t in g  (8 ) in to  (6 ) a n d  n eg lec tin g  seco n d -o rd er te rm s in  scale x  a n d  r o ta 
tio n s  (ex, Ey, ez) and th e ir  p ro d u c ts , th e  B u rsa— W olf m odel can  be w r it te n  as

F j =  {ra)D +  (гД з +  X ■ (Tj)G +  Qe(rj)a —  {Qj)d =  0  . (9)

T h e  p a ra m e te r  y. is in te rp re te d  as a system  scale d ifference, an d  th e  co o rd i
n a te s  o f  th e  te rre s tr ia l in it ia l  p o in t К  are red efin ed  (scaled an d  ro ta te d ) .

T h e  Molodenskii— Badekas model is described  in  [8 ] an d  is a t t r ib u te d  
to  M olodensk ii [42]. F o r  d esc rib in g  th is  tra n s fo rm a tio n , M olodenskii used 
d if fe re n tia l  tra n sfo rm a tio n  e q u a tio n s  an d  th e  f irs t  v ec to r in te rp re ta t io n  o f it  
is B a d e k a s ’ one. S im ilarities a n d  differences b e tw een  th e  o rig inal M olodenskii 
fo rm u la s  an d  B ad ek as’ in te rp re ta t io n  o f th e se  equ a tio n s a re  d esc rib ed  b y  
S o le r [53] in  detail. T his m odel can  he expressed  in  th e  sa te llite  D o p p le r  system  
as fo llow s:

F  j  =  ( r  g ) d  +  ( f k ) g  +  ( 1  +  *)Ку(гк/)о —  (Qj)d =  0  • ( 1 0 )

I t  is assu m ed  th a t  th e  p o s itio n  v ec to r o f th e  in itia l po in t is k n o w n  in  th e  
g e o d e tic  system  th a t  is p a ra lle l to  th e  sa te llite  D opp ler (saáAT) sy s te m . In  
th is  case , th e  scale d ifference  p a ra m e te r  у  a n d  th e  d iffe ren tia lly  sm a ll r o ta 
t io n s  ipx,ipy, and y>z [Ry, =  R х(грх) ■ R y(y>y) • R z(y2)l are in te rp re te d  as p e r ta in 
in g  to  th e  te rre s tr ia l n e tw o rk  rep re sen ted  b y  th e  observables ( r Ky)G. A ll o th e r  
n o ta t io n  is th e  sam e as in  E q . ( 6 ). A fte r o m ittin g  second-order te rm s  in  x and  
y)x, ify, rpz an d  in th e ir  p ro d u c ts , th e  M odel (10) becom es

Fj =  (rG)o +  (гк)о +  (rKj)a  +  Qv(rK/)ű +  x ( t k j ) g  ~  (Qj )d  =  0 • (П)

T h e  Veis model [60], in  w hich  th e  observab les are th e  D o p p le r sa te llite  
p o s it io n  vectors (Qj )d a n d  th e  te rre s tr ia l p o sitio n  v ec to r d ifferences ( rKj)G 
is g iv e n  b y

Fy =  {*g)d +  ( f k ) g +  (1 +  к )Щ гКу) 0  —  Q>j )d =  0 - (12)

w h e re  th e  ro ta tio n  m a tr ix  [8 , 60]
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1  ;-f~dz4 • sin (рк  —
du • cos (рк

M = — d А  ■ sin (рк +  
-(-du • cos 9ок

1

— d A  • cos (pK sin —
— d/t ■ cos XK —

du • sin cpK • sin XK 
; + d A  ■ cos epK ■ cos XK-
— d/t • sin Я*--)-
-|-du • sin epK • cos XK

-(-dA ■ совс р^- вт Я^- ) - : — d^4 • cos(pK-cosXK-j- 
—f-d/u • cos XK -f- + d jtt • sin XK— 1
- f  du • sin (pK sin  XK du • sin cpK ■ cos XK

(13)
•where <pK, XK are th e  geodetic  co o rd ina tes o f th e  in itia l p o in t К  o f th e  te rre s tr ia l 
geodetic  ne tw ork . In tro d u c in g  M, =  M -(- I an d  de le tin g  th e  second-order 
te rm s  in  scale an d  ro ta tio n s  and  th e ir  p ro d u c ts , th e  M odel (12) becom es

F y  —  ( f g ) d  +  ( г к ) о  +  ( 1  +  J<) M 1( r Kj ) G —  ( Qj ) d  —  0  • ( 1 4

T he th re e  ro ta tio n s  d^4,d,u, d r  are re la te d  to  th e  ro ta tio n s  ex, ey, s 2 o f B u rsa— 
W o lf’s or M olodenskii— B ad ek as’ m odel as follow s [38]:

d  A sin  (pK cos cpK sin COS (pK cos XK £z
dfi = 0 cos — sin XK
d p  _ — cos <pK sin (pK sin sin  (fK COS XK

T he m ain  c h a ra c te r is tic  of th e  B u rsa — W olf, M olodenskii— B ad ek as and  
V eis m odels is th a t  th e y  co n ta in  a m ax im u m  o f seven  u n k n o w n  tra n s fo rm a tio n  
p a ra m e te rs . F u r th e r  d e ta ils  concern ing  th e  d ifferences an d  s im ila rities betw een  
th e se  m odels can  be fo u n d  in  [34, 38, 54, 55, 53, 23, 24]. W hen  using  an y  of 
th e se  m odels (9), (11) o r  (14), one o b ta in s  id en tica l va lu es  fo r th e  ro ta tio n  p a ra m 
e te rs  (ex =  грх, ey =  ij)y, ez =  y>z) an d  scale d ifference. W ith  th e  B u rsa— W olf 
m odel (9) th e  geodetic  p o sition  v ec to r  (r ,)G o f  each  p o in t is scaled a n d  ro ta te d , 
w hile w ith  th e  M olodenskii— B adekas (11) an d  Yeis m odels (14) only  th e  in te rs ta 
tio n  vecto rs ( rKj)G a re  scaled and  ro ta te d . T he p o sitio n  v ec to r  o f  th e  in itia l 
p o in t К  is no t red e fin ed .

In  th e  n ex t tw o  m odels, tw o se ts  o f ro ta tio n  p a ra m e te rs  are  in tro d u ced : 
one se t to  resolve th e  d ifferences b e tw een  th e  D o p p le r an d  G eodetic  system s 
an d  a n o th e r  set to  m odel th e  u n k n o w n  sy s te m a tic  erro rs in  th e  te rre s tr ia l 
n e tw o rk . In  th e  Hotine model [26] th e  tw o  se ts  o f  ro ta tio n  p a ra m e te rs  are  th e  
fo llow ing: (ex, sy, ez) fo r  th e  G -system  an d  (da , Aß) to  rep re sen t th e  sy s tem a tic  
e rro rs  in  th e  te r re s tr ia l  n e tw ork . T h is m odel co n ta in s  n ine  un k n o w n  p a ra m 
e te rs . I t  is expressed  as follows [12, 55]:

F y  =  (f g ) d  +  K [ ( r K)0  +  (1  +  *)M0 • RH • M<>(f k / ) g ] (q j )d  ~  0 •> 0 ^ )
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w h ere  M 0  is a m a tr ix  of p assag e  betw een  th e  D o p p ler an d  th e  L G -system  
(Mo is  tra n sp o se d  of M 0), an d

1 — da cos oiKjd ß
d a 1 sin  txKjd ß

0 1
COS QtK j

(17)

w h ere  a Kj  is th e  geodetic  a z im u th  from  th e  in it ia l  p o in t o f th e  te r re s tr ia l  
n e tw o rk  to  an  a rb itra ry  n e tw o rk  p o in t j .  T he a z im u th  change, da, is a ro ta tio n  
o f  e a c h  in te rs ta tio n  v ec to r  ( rk j )g a b o u t th e  Z -ax is o f th e  L G -system  a t  p o in t
K . T h e  z e n ith  d istance  p a ra m e te r , dß, is a c o n s ta n t ap p lied  to  a ll n e tw o rk  
d iffe re n c e  vecto rs (rxj)a- T he  scale  difference p a ra m e te r  К  is in c lu d ed  to  m odel 
th e  s y s te m a tic  errors in  th e  scale  in  th e  te r re s tr ia l  n e tw o rk .

I n  th e  Krakiwsky— Thomson model six  p a ra m e te rs  (3 tra n s la tio n s , 3 
ro ta t io n s )  are included  fo r th e  G -system  an d  fo u r p a ra m e te rs  (one scale d iffe r
ence  x  a n d  3 ro ta tio n s , d r , d/r, dA )  are in c lu d ed  to  m odel th e  sy s te m a tic  
e r ro rs  in  th e  te rre s tr ia l n e tw o rk . I n  fu n c tio n a l fo rm  th is  m odel is as follows 
[34, 54 , 55].

F j =  (t g) d  +  ( 1  +  *)R.[(*k)o +  К Д г к у Ы  —  (Öj ) d  =  H • ( 1 8 )

T h e G -sy s tem  is ro ta te d  w ith  re sp e c t to  th e  D opp ler system  an d  th e  te r re s tr ia l  
n e tw o rk  is ro ta te d  w ith  re sp e c t to  th e  G -system . T h is m odel com bines th e  b est 
f e a tu re s  o f th e  B u rsa— W o lf a n d  M olodensk ii—B ad ek as o r Yeis m odel. A 
s y s te m  scale is used as in  th e  B u r s a —W olf m odel. The n e tw o rk  ro ta t io n  con
c e p t o f  th e  M olodenskii— B a d e k a s  m odel is ap p lied . A fte r assu m in g  d iffe ren 
t ia l ly  sm a ll ro ta tio n s  an d  n eg lec tin g  second-order te rm s in  x, (ex, ey, ег) and  
(ipx, xpy, rpz) an d  in  th e ir  p ro d u c ts  th e  M odel (18) becom es

F j —  ( t g ) d  +  (г к  +  t k j )g  +  Q v ( t k j )g  ~b Q e(r K ß ~ r K j ) o  +  y- ( r K~\~r K j ) o  (Qj )d  — 8 .

(19)

T h e  re la tionsh ips b e tw een  th e  AT-, D opp ler an d  G -system s a re  considered  
in  th e  Vanicek— Wells model. I t  is assum ed th a t  th e  G -system  is a fixed  
f ra m e w o rk  in v a ria n t w ith  re sp e c t to  a d ju s tm e n t of th e  geodetic  n e tw o rk . 
P ro c e e d in g  from th is  a s su m p tio n  an d  th e  classical d e fin itio n  of a G -system  it 
is sh o w n  b y  V anicek an d  W ells  [58] th a t  in  th e  tra n s fo rm a tio n  b e tw een  such 
a G -sy s te m  and th e  A T -sy stem  th e  th re e  ro ta tio n  angles a re  n o t in d e p e n d e n t, 
b e in g  fu n c tio n s  of a single ro ta t io n  A o f th e  G -system  a ro u n d  th e  ellipsoidal 
n o rm a l a t  th e  in itia l p o in t K .  T h is  m odel is as follow s [55, 61]:

F  j  =  (tg ) a t  +  R a ' x ( t k  +  t k j ) g  ( г о ) л т  R e(é(/)d =  0 ,  (20)
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w here (rq ) a t  *s th e  tra n s la tio n  v e c to r  b e tw een  th e  AT- an d  G -system s, (rD)AT 
is th e  tra n s la tio n  v e c to r  b e tw een  th e  AT- a n d  D opp ler sy stem s, x  is th e  scale 
difference in  th e  G sy stem , R E, ( r ;< -|- r Kf)  an d  (Qj )d are p rev io u sly  defined  
an d  R j  is a ro ta t io n  m a tr ix :

l
— A sin  cpK 
A cos cpK sin XK

A • sin  cpK — A cos cpK sin
1 A cos rpK cos XK

---A  COS (pK cos ?.K 1
( 21)

T here  are e igh t unkn o w n s to  be solved in  th is  m odel: ex, ey, ez, A, x, (rG)D. 
T he la s t q u a n ti ty  is th e  d ifference v ec to r  o f  (rD)AT an d  (ra)AT since th e  cen tre  
o f  g ra v ity  (origin o f th e  A T -system ) is u n k n o w n . In tro d u c in g  R e =  Qe I 
and  R.i =  Q j -)- I, th e  M odel (20) becom es

Fy — (го)о“Н гк +  t k j )g  +  x ( t k  +  гку)о +  (М гк +  г к  j)a Q Á Q j ) d  ( Qj ) d  —  0  •

( 22)

H ence w here (rK -f- r Kj)0 is m u ltip lied  b y  th e  sm all q u a n titie s  x  an d  Qj, 
rep lac in g  it  by  (Qj )d will in tro d u ce  less th a n  1 cm  erro r. So E q . 22 becom es [61]

Fj  =  (ra)o +  (гк +  rKj)a — [Q «  — Q j  — x ] ' (Qj ) d  (Qj ) d  =  ® • (23)

W e have t r e a te d  above six  tra n s fo rm a tio n  m odels to  e lim in a te  d isc rep an 
cies betw een  a te r re s tr ia l  n e tw o rk  an d  th e  D o p p le r sa te llite  n e tw o rk . These 
d iscrepancies a re  lik e ly  due p a r t ly  to  th e  d ifferences in  th e  c o o rd in a te  system s 
an d  p a r tly  to  th e  n e tw o rk  d is to rtio n s . T he choice o f th e  tra n s fo rm a tio n  m odel 
depends on th e  a c tu a l physica l c ircu m stan ces  an d  on th e  assu m p tio n s  one 
w ishes to  m ake. C oncerning th e  c ircu m stan ces  g iven , we h av e  to  de te rm ine  
o n ly  tho se  p a ra m e te rs  w hich we can  ex p la in  physica lly .

3.3 Estimation procedures o f  the transformation parameters

A so lu tion  o f  th e  B u rsa —W olf, M olodensk ii—B adekas an d  Veis m odels 
is o b ta in ed  b y  a least-sq u ares  e s tim a tio n  p ro ced u re  of th e  com bined  ty p e . 
E q s 9, 11 and  14 fo rm  th e  m a th e m a tic a l m odel [57].

F(L„, X,,) =  0  o r F(L„ +  V, X 0 +  X) =  0 (24)

w here La d eno tes th e  a d ju s te d  o b se rv a tio n s , X a th e  a d ju s te d  p a ra m e te rs , 
L b th e  ob se rv a tio n s, X 0 th e  a p p ro x im a te  p a ra m e te rs , V th e  re sid u a ls  and  X the  
un k n o w n  “ p a ra m e te rs”  to  be solved. T h e  usual a d ju s tm e n t procedure 
V PV =  m in, su b jec t to  th e  co n d itio n
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a p p lie s , w here

B V  +  AX +  W  =  0

В
3F

~3L„
A

3F

9X 7’
W  =  F  (L j, X0)

(25)

(26)

a n d  P  is  th e  weight m a tr ix . E a c h  p o in t c o n tr ib u te s  th re e  eq u a tio n s  to  th e  
e q u a t io n  system  (25), e.g ., fo r  p o in t P j,  ta k in g  X 0 =  0, w ith  th e  B u rsa — W olf 
v e rs io n  one has

B y Vy
1 0 0 - 1  0 0' ~VXG~
0 1 0  0 - 1  0 VyG
0 0  1 0 0 - 1. Vza

V x d

V  y d

' - V Z D  -

Ay X

1 0 0 X G Y g —Z g 0 ~ A X -
0 1 0 Y q —X q 0 Z G A Y
0 0 1  ZG 0 X G — Y G_J A Z

X

«г
£У

l_£x _
(27)

E q . 25 leads to  the  w ell-k n o w n  expressions [57]:

X =  —  (A TM - 1A ) - 1A TM - 1W (28)

V =  —  P - ^ M - ^ A X  +  W ) (29)

al =  Vr P V /fiF (30)

M =  B P ^ B 1 (31)

Vr PV  =  -  K [ w (32)

K L =  — M -!(A X  +  W ) , (33)

w h ere  D F  is th e  degree o f freed o m . The v a rian ce -co v arian ce  m a tr ix  o f  u n k n o w n  
p a ra m e te rs  is

—  ff0 ■ Qx (34)

Qx =  (ATM - 1A )-1 . (35)

F o r  th e  d eriv a tio n  using  su b m a tric e s , th e  p a r t i t io n  o f th e  m a trices  o f  E q . 
25 is as follows [38]:
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I
3,3

- I
3,3

0 0  . . . . . .  0

1—о

0 0 i - I  ... . . .  0 0
3,3 3,3 :

Ó 6 Ó Ó i
3,3

- i
3 ,3 _

r ^ i l r v w -
v 2 V l D

K g v J X a v J X d

= K d w here  V  j G = v J Y o and  V jD  — v J Y d

'■ -  v J Z o  - -  V J Z D

K g

- V r - L v rD u

r  I  А 14П Wi~ r lG Qi d3,3 3
A  - I  A 24 a n d  W  — K = r2G i?2D3r,n=7 3,3 3 3r, 1

.

1  Art1—3,3 3 J _ w r _ - T r G  — i ' r D  -

(36)

(37)

(38)

To d e te rm in e  th e  tra n s fo rm a tio n  p a ra m e te rs  w ith  B ur§a— W o lf m odel in 
d iffe ren t so lu tions, a c o m p u ta tio n a l p ro g ram  is w ritte n  in  F O R T R A N  language 
b y  K u m a r [35].

A special e s tim a tio n  p ro ced u re  is req u ired  to  o b ta in  a so lu tio n  of th e  
H o tin e , K rak iw sk y — T hom son  a n d  V an icek— W ells m odels. A  p h a se d , com 
b ined  case le a s t-sq u a re  e s tim a tio n  te c h n iq u e  is p roposed  b y  K ra k iw sk y  and 
T hom son  [34], T h o m so n  an d  K rak iw sk y  [54, 55] in  w hich th e  se ts  o f  com m on 
D o p p ler sa te llite  a n d  te r re s tr ia l  C artesian  co o rd ina tes are  sp lit in to  tw o  zones.

N o te  th a t  th e  co llocation  m eth o d s w ere applied  fo r c o o rd in a te  tra n s 
fo rm atio n s b y  M oritz  [44, 45, 46], Schw arz [51, 52], T sch ern in g  [56], G roten  
an d  S chaab  [2 2 ].

3.4 Some experimental results

A shkenazi a n d  Sykes [6 ] h av e  o b ta in ed  some s ig n if ican t d iscrepancies 
be tw een  th e  geocen tric  co o rd in a tes  o b ta in ed  b y  using th e  tw o  ep h em eris  types. 
A shkenazi [5] recom m ended  som e em pirica l co rrec tion  p a ra m e te r  to  tran sfo rm  
th e  p o in t positions co m p u ted  w ith  B ro ad cas t E phem eris in to  th e  coord inate  
system  o f Precise E p h em eris . B oucher e t al. [13] im p ro v ed  th e se  values, 
using  th e  co o rd in a tes  o f 29 s ta tio n s , th e y  d e te rm in ed  th e  tra n s fo rm a tio n  param -
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e te rs  b e tw een  the  c o o rd in a te  system s of B ro a d c a s t an d  Precise E phem eris  
b y  th e  B ursa— W olf t r a n s fo rm a tio n  fo rm ula :

X B E Y  p e —  B E 1 —  £z e y X p E

Y  B E = Y  P E - B E +  ( ! + » ) e z  1 —  e x Y  P E

Z  B E - - Z  p E — B E - . —  By e x  1  _ - Z p E -

(39)

F ro m  T ab le  I, the  so lu tio n  5 can  be re ta in ed  as tra n s fo rm a tio n  p a ra m e te rs  
fo r  E u ro p e :

X  p e - b e  =  0-9 ±  0 .5  m
YpE-~BE =  1-9 4- 0 .6  m  x =  - - 0 .85 J ;  0.13 ppm  (40)
Z PE^ BE =  8.0  ±  0 .6  m  ez =  - 0 .1 0 "  ±  0.03".

I t  is  to  be noted th a t  s t ro n g  correlations w ere ex p erien ced  betw een  som e 
p a ra m e te rs  using th e  B u rs a — W o lf m odel. I t  is d u e  to  th e  non-g lobal coverage 
o f  th e  n e tw o rk  used. T he M o lo d en sk ii— B adckas m o d e l decreased  th e  co rre la 
t io n ,  cf. B oucher [12]. I t  w as  u sed  as proposed in (15):

* b e Y  PE Y  P E — B E — £ У Y  РЕ Y m ]

Y  B E = Y  P E + Y  P E — B E + ег У. ~ е х Y  Р Е Y M
Z  B E - - Z p E . . Y-p e - b e . е х X . %РЕ • z M.

w h e re  [ X M, Y M, Z M] =  Х д  is th e  ba ry cen tre  o f th e  n e tw o rk .
T h e  tran sfo rm atio n  fo rm u la  (39) was used to  d e te rm in e  th e  tra n sfo rm a tio n  

p a ra m e te rs  betw een th e  N W L -9 D  (Precise E p h em eris) an d  th e  ED -50 sy stem s. 
T h e  re s u lts  are in  T able I I  w h e re  th e  solutions 5 is th e  m o st im p o rta n t. C oord i
n a te s  o f  23 com m on s ta tio n s  w e re  used by  B oucher [12] an d  B oucher e t al. [13].

T o  determ ine th e  a c c u ra c y , o rien ta tio n , a n d  sca le  o f th e  sa te llite  D opp ler 
s y s te m , com parisons are  b e in g  m ade w ith  e x te rn a l s ta n d a rd s  inc lud ing  th e  
U S T ra n sc o n tin e n ta l G e o d im e te r  T raverse  and  e x tra te r re s tr ia l  geodetic system s 
su ch  as m obile and fix ed  V e ry  L ong Baseline In te r fe ro m e try  (V L B I), L u n a r 
L a se r  R an g in g  (L L R ), S a te l l i te  L aser R ang ing  (S L R ), an d  Deep Space N e t
w o rk  (D S N ). H othem  [25] r e p o r te d  th e  la te s t re su lts  t h a t  a scale decrease 
o f  0 .4  ^  0.1 ppm  and  a lo n g itu d e  ro ta tio n  o f 0('80 ^  0"05 eastw ard  shou ld  
be  a p p lie d  to  the  N W L -9D  D o p p le r  coo rd in a tes .T h e  N W L -9 D p o le  is co n sis ten t 
w ith  o th e r  system s w ith in  o f  th e  0.05" level. T he o rig in  o f  th e  N W L-9D  sy stem  
a p p e a rs  to  be geocentric w ith in  ap p ro x im a te ly  one m e tre  [3 ] .These co rrec tions 
w h ich  a re  recom m ended v a lu e s  c a n  be tak en  in to  a c c o u n t to  get a la te s t m ean  
g e o c e n tr ic  (Doppler) c o o rd in a te  sy stem  a p p ro x im a tin g  th e  A verage T e rre s tr ia l 
s y s te m . E .g . sim ilar c o rre c tio n s  (-f-0 .65"in  lo n g itu d e  a n d  — 0.4 ppm  in  scale) 
w ere  co nsidered  for th e  P ro p o s e d  G eodetic R eference  S y stem  of th e  C an ad ian  
T e s t A d ju s tm e n t, o f [31, 32 , 33 ].
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Table I

Transformation N W L-9D  Broadcast Ephemeris

Solution
No. of 
param
eters

XPE-*BE
(m) XpE~.BE

(m)
ZPE-*BE

(m)
У

(ppm)
£x

(") (") (")
Unit

variance
a

1 3 - 2.2 ±  0.2 — 0.5 ±  0.2 3.9 ±  0.2 1.2
2 4 1.2 ±  0.6 0.0 ±  0.2 8.0 ±  0.1 — 0.85 ±  0.13 — — — 1.0
3 6 - 3 . 3  ±  1.0 0.2 ±  1.6 4.7 ±  0.8 — - 0 .0 4  ±  0.05 0.04 ±  0.04 -0 .0 8  ±  0.04 1.1
4 4 — 2.5 ±  0.2 1.4 ±  0.7 3.9 ±  0.2 — — — -0 .1 0  ±  0.04 1.1
5 5 0.9 ±  0.5 1.9 ±  0.6 8.0 ±  0.6 - 0 .8 5  ±  0.13 — — -0 .1 0  ± 0 .0 3 0.9
6 7 0.1 ±  0.9 0.6 ±  1.3 8.8 ±  0.9 — 0.85 ±  0.12 - 0 .0 4  ±  0.04 0.04 ±  0.03 --0 .0 8  ±  0.03 0.9

Table П

Transformation N W L-9D  European Datum E D  50

Solution
No. of 
param

eters
XpE-+ED

(m)
XpE~.ED

(m)
ZPE-*ED

(m)
У

(ppm) (") A (")
Unit

variance
ar

1 3 81.0 ± 1 .2  113.5 ±  1.2 118.7 ±  1.2 5.8
2 4 96.9 ± 3 .5  114.6 ±  1.1 138.2 ±  4.3 — 4.04 ±  0.86 — — — 5.0
3 6 84.2 ±  4.6 96.0 ±  10.2 117.1 ± 4 .0 — 0.21 ±  0.29 - 0 .0 7  ±  0.19 1.18 ±  0.23 4.4
4 4 82.7 ±  0.9 88.9 ±  3.5 118.7 ±  0.9 — — — 1.29 ±  0.18 4.3
5 5 98.6 ±  2.2 90.0 ±  2.6 138.2 4- 2.7 — 4.04 ±  0.54 — — 1.29 ±  0.13 3.2
6 7 100.1 ±  4.0 97.1 ±  7.5 136.6 ±  4.0 — 4.04 ±  0.55 0.21 ±  0.21 - 0 .0 7  ±  0.14 1.18 ± 0 .1 7 3.2

Table III

Corrected precise (D oppler 78) to Ordnance Survey o f  Great Britain (O SB G )  77 transformation parameters over the U K

Solution
No. of 
param

eters
Xa

(m)
Ya
(m)

ZG
(m)

У
(ppm

fix
) (") A

ez
(")

Unit
variance

И

1 3 — 369.4 ±  0.3 ± 1 1 2 .1  ±  0.8 -430.5 ±  0.3 2.57
2 4 — 354.8 ±  4.0 ± 1 1 1 .5  ±  0.4 —410.9 ± 5 .4  — 3 . 8 - - 1.1 2.18
3 5 - 3 5 4 .6  ±  4.1 ± 1 1 6 .0  ±  4.7 — 410.9 ± 5 .4  - 3 . 8 - : 1-1 - 0 . 2  ±  0.3 2.19
4 7 - 3 4 4 .6  ±  7.9 ±  59.8 ±  17.9 —420.2 ± 7 .5  — 3.8 ±  1.0 ± 1 .6  ±  0.5 ± 0 .4  ±  0.3 - 0 . 7  ±  0.4 1.93

D
O

PPL
E

R
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N
D
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E

R
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E
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R
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L
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A sh k en az i [5] h as  d e te rm in ed  th e  tra n s fo rm a tio n  p a ra m e te rs  b e tw een  
th e  m e a n  geocentric (D o p p ler) coo rd in a te  sy s te m  an d  th e  O rdnance  S u rv ey  
o f  G re a t  B rita in  (OSGB) 77 te r re s tr ia l  sy s tem . T hese are  co m p u ted  fo r 3, 4, 5 
a n d  7 tra n s fo rm a tio n  p a ra m e te rs  to g e th e r  w ith  th e ir  m ean  square  e rro rs  in 
o rd e r  to  de term ine  th e ir  sign ificance , see T ab le  I I I .

T h e  second E u ro p e a n  D opp ler O b se rv a tio n  C am paign (ED O C -2) w as 
o b se rv e d  d u rin g  th e  p e rio d  from  1977 A pril 23 to  1977 M ay 07. A l i t t le  la te r , 
tw o  D o p p le r  receivers, a JM R -1  an d  a CM A -722B, have been w ork ing  a t  th e  
S a te ll i te  G eodetic O b se rv a to ry  (SGO), Реп с, fro m  Ju n e  28 to  J u ly  1 o f  1977. 
T h e  d a ta  observed w ere p rocessed  b y  d iffe ren t p ro g ram s, e.g. m easu rem en ts  
o f  th e  JM R -1  b y  SP-2 u s in g  only  B ro a d c a s t E phem eris . T he co o rd in a te s  
o b ta in e d  are  pub lished  b y  A d am  an d  C zobor [7]:

X BE =  405 2449.70 m  
Y be =  141 7664.78 m  
Z BE =  470 1391.00 m  .

U sin g  th e  tra n sfo rm a tio n  p a ra m e te rs  (40) a n d  th e  fo rm ula  (39), we c a n  get 
th e  co o rd in a te s  in  N W L -9D  system  of th e  P rec ise  E phem eris:

x n w l - 9 d  =  405 2451.56 m 
y n w l - 9 d  — 141 7666.05 m 
Z n w l s d  — 4^0 1387.00 m  .

U sin g  th e  solu tion  5 o f T ab le  I I  as th e  m o st sign ifican t values we ca n  get 
th e  fo llow ing  co o rd ina tes o f  p o in t 001 a t  th e  SGO in  th e  E D -50 sy s te m :

x ED - 5 0  =  4 0 5  2524.92 m 
Y e d - 5 0  =  !41 7775.66 m  
^ e d - so =  470 1506.21 m  .

A ccord ing  to  A sh k en az i [5] D oopler c o o rd in a te s  in  th e  N W L -9D  sy s tem  
sh o u ld  be  tran sfo rm ed  in to  th e  recen t m ean  geocen tric  system  (D o p p le r 78) 
b y  a p p ly in g  th e  co rrec tio n s —078 in  lo n g itu d e  (ro ta tio n  ab o u t th e  Z -ax is) 
a n d  — 0.4 ppm  in scale o b ta in e d  b y  H o th em  [25]:

X D =  405 2444.44 m  
Y d =  141 7681.20 m 
Z D =  470 1385.12 m  .

T h e  tw ofold  tra n s fo rm a tio n  (B E  —► N W L -9 D  —► m ean geocentric  D o p p le r  
78) e q u a ls  to  th e  fo llow ing tra n s fo rm a tio n  p a ra m e te rs :
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X b e -~d — 
Y be-~d =

— 0.9 m 
— 1.9 m X =  0.45 ppm (42)

ZßE~D — 8 . 0  m ez  =  0Г90 .

S u b tra c tin g  th e  co o rd ina tes o f th e  B ro ad cas t E p h em eris  sy s te m  from  
th o se  in  th e  recen t m ean  geocentric  D o p p le r  78 system , we get

A X D̂ BE =  —  5.26 m 
A Y d_̂ be =  16.42 m
A Z D^ BE --- -- —  5.88 m .

T h ese  co o rd in a te  d ifferences are  co n sid e rab le  values, w hich  m u s t be ta k e n  
in to  acco u n t in  d iffe ren t geodetic  p ro b lem s (e.g. geoid d e te rm in a tio n , etc.).

4. Combined adjustm ent of Doppler satellite  and terrestrial geod etic  data

T here  arc  d iffe ren t a lte rn a tiv e  p ro ced u re s  for th e  s im u lta n e o u s  a d ju s t
m e n t o f D opp ler sa te llite  an d  te r re s tr ia l  g eodetic  netw orks. I f  th e  tra n s fo rm a 
tio n  p a ra m e te rs  b e tw een  th e  D o p p le r s a te llite  and  te rre s tr ia l g eo d e tic  coord i
n a te  system s an d  n e tw o rk s a re  u n k n o w n , D o p p ler sa te llite  d e riv ed  d is tan ces  
m a y  he in tro d u ced  in to  th e  te r re s tr ia l  h o rizo n ta l ne tw ork . I n  th is  case th e  
sp a tia l  d is tan ces  a re  a p p ro x im a te ly  re d u c e d  to  geodetic d is ta n c e s , th e  la t te r  
o f  w hich  are t r e a te d  as d istance  o b se rv a tio n s  in  th e  n e tw o rk  a d ju s tm e n t. 
T h o m so n  and  K ra k iw sk y  [54] have  e x a m in e d  th e  effects o f  th e  a d d itio n  of 
sa te llite  de te rm in ed  d is tan ce  d a ta  on th e  A tla n tic  C anada g eo d e tic  n e tw o rk . 
T h is  re a d ju s tm e n t p rocedure  caused a s ig n if ican t effect on th is  n e tw o rk . A 
scale  change o f — 2.3 ppm  an d  a ch an g e  in  o rien ta tio n  o f  -j-071 h a v e  been 
fo u n d . F u r th e r  i t  is possib le to  co m p are  th e  sa te llite  D opp ler d e r iv e d  d istances 
w ith  th o se  o b ta in ed  from  te r re s tr ia l  t r ia n g u la tio n  ne tw o rk  c o o rd in a te s  for 
d e te rm in a tio n  o f th e  scale d ifference p a ra m e te r  к [27].

I f  th e  tra n s fo rm a tio n  p a ra m e te rs  a re  know n th e  D opp ler s a te ll i te  coord i
n a te s  m ay  serve as a th ree -d im en sio n a l fra m e w o rk  for th e  tr ia n g u la t io n  n e tw o rk . 
Such  a fram ew ork  m ay  be used in  its  in h e re n t th ree-d im ensiona l s ta te  (w ith X , 
Y , Z  coo rd inates), o r, a f te r  tra n s fo rm a tio n  o f th e  re c ta n g u la r  co o rd in a tes , 
X , Y , Z  in to  th e  geodetic  co o rd in a tes  cp, A, h th e  la tte r  c o o rd in a te s  m a y  be 
d iv id ed  in to  tw o  p a r ts . T he geodetic  la t i tu d e  (<p) and lo n g itu d e  (A) m ay  be 
u sed  in  th e  h o rizo n ta l n e tw o rk , see e.g . B e a ttie  e t al. [9] a n d  K o u b a  [32] 
a n d  th e  ellipsoid h e ig h t (h) in  th e  v e r tic a l ne tw o rk  or geoid d e te rm in a tio n  
[36, 24, 49]. A lte rn a tiv e ly , th e  D o p p ler sa te llite  de te rm ined  c o o rd in a te s  can 
b e  used  to  derive sp a tia l d istances, a z im u th s  an d  vertica l angles t h a t  a re  used 
in  a te r re s tr ia l  n e tw o rk  re a d ju s tm e n t, see e.g . A nderle [2], M eade [39, 40, 41],

2* Acta GeoJaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



166 J. ÁDÁM et al.

M oose a n d  H enriksen  [43]. T h is  procedure re q u ire s  a priori  know ledge o f  th e  
c o o rd in a te  system  tra n s fo rm a tio n  (only tra n s la t io n  A X ,  A Y ,  AZ) p a ra m e te rs  
w ith o u t using  th e  a c c u ra te  d e te rm in a tio n  o f d a tu m -s h if t  p aram eters  fo r t r a n s 
fo rm in g  D oppler co o rd in a te s  to  an  o ther ellipsoid . H o w ev e r th e  space a z im u th s  
d e r iv e d  from  D oppler c o o rd in a te s  need to  be c o rre c te d  before com paring  th e m  
w ith  sp ace  az im uths b a se d  on  th e  te rre s tr ia l g eo d e tic  positions [41]. T he 
c o rre c tio n s  to  he ap p lied  are  eq u iv a len t to  th e  L ap lace  an d  deflection  co rrec 
tio n s . T h e  converted  D o p p le r  resu lts  ob ta ined  co u ld  be th e n  used as o b se rv a 
tio n  e q u a tio n s  in a r e a d ju s tm e n t of the  tr ia n g u la t io n  netw ork .

Som e problem s a rise  in  connection  w ith  th e  s im u ltaneous a d ju s tm e n t 
o f  D o p p le r  satellite  an d  te r re s tr ia l  geodetic o b se rv a tio n s  such as th e  m e th o d  
o f a priori  w eighting  o f  th e  D o p p le r positions an d  te r re s tr ia l  d a ta , th e  choice 
o f  d a tu m  on w hich to  re d u c e  a ll th e  observ a tio n s b efo re  proceeding w ith  th e  
a d ju s tm e n t .  A ccording to  A sh k en az i [4] th e re  a re  th re e  a lte rn a tiv es  to  choose 
a re fe ren ce  d a tu m  as a b as is  fo r carry ing ou t th e  sim u ltan eo u s a d ju s tm e n t:

a)  th e  local (n a tio n a l)  te r re s tr ia l  d a tu m  (g iv en  ellipsoid and  g eodetic  
p o s itio n  o f  origin)

b)  th e  D oppler g eo d e tic  reference ellipsoid (e.g . W GS-72)
c)  a geodetic sy s te m  o f  C artesian  co o rd in a te s , see e.g. K ouba [31, 33].

T h e  f i r s t  a lte rn a tiv e  is p a r t ic u la r ly  conven ien t w h en  th e  n a tio n a l n e tw o rk  is 
r e la t iv e ly  sm all, a lread y  w ell observed  and  p ro p e r ly  a d ju s te d  and th e re  is an  
a d e q u a te  supp ly  of a s tro g e o id a l in fo rm ation . In  th is  case, only th e  sa te llite  
d e riv e d  geocentric  p o s itio n s  h a v e  to  be tra n s fo rm e d  fro m  th e  W GS-72 sy s te m  
to  th e  loca l d a tu m . W h en  th e  n e tw o rk  to  be r e a d ju s te d  is th a t  of a large c o u n try  
o r a  su b -c o n tin e n t, one m a y  w ell consider one o f  th e  tw o  o th e r a lte rn a tiv e s .

F in a lly , on th e  b as is  o f  P eterson  [50] a n d  H a lm o s [23], we give th e  
o b se rv a tio n  equations fo r  th e  th ree-d im ensiona l s im u ltan eo u s  a d ju s tm e n t of 
D o p p le r  sa te llite  and  te r r e s t r ia l  geodetic d a ta . T h e  p o sitio n  observation  e q u a 
tio n  fo r  tr ia n g u la tio n  d e te rm in a tio n s  is:

1 0  0 ' \ X j ~ X j ] v x ;

. . . 0  1  0 . . . AXj = Y j  -  Y J + V Y J

0  0  1 . I Z j  -  Z j \ i v Z j ]

AZj

an d  th e  position  o b se rv a tio n  eq u a tio n  for D o p p le r  o b serv a tio n s:
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1 0 0 - 1 0 0 - y DJ Z DJ 0 A X ,
. . 0 1 0 . . . 0 - 1 0 X DJ 0 - Z DJ A Y j

0 0 1 0 0 — 1 — Z dj 0 QX1 Y d  J A Z j

' X DJ
1 

—

X1

1----X

= Y DJ - Y j + v YJ
Z DJ - Z ' j  J VVZJ\

A X
A Y
A Z

' X
«X
ey

l_ e2 —

(44)

w here X Dj, Y Dj , Z Dj a re  observed  D o p p le r  coord inates,
X j ,  Y j ,  Z j  observed  tr ia n g u la t io n  coord inates,
V Xs  VYj, VZj residuals  on th e  observed  coord inates,
A X j ,A  Y p  A Z j  co rrec tion  to  be a d d ed  to  ap p ro x im ate  c o o rd in a te s  to  

give th e  f in a l a d ju s te d  coordinates X j ,  Y j , Z j  
X j ,  Y j ,  Z j  ap p ro x im a te  c o o rd in a te s  and

th e  o th e r  sym bols are  m en tio n ed  ea rlie r.
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О П РИ Н Ц И П Е К О М Б И Н А Ц И И  Д О П П Л Е Р О В С К И Х  И Н А ЗЕ М Н Ы Х  
ГЕ О Д Е ЗИ Ч Е С К И Х  СЕТЕЙ

Й . А Д А М - Ф .  Х А Л М О Ш -М . В А Р Г А  

РЕЗЮ МЕ

Общие альтернативные процедуры можно использовать для комбинации доппле
ровских и наземных геодезических сетей. Кратко рассматривая эти процедуры исследуют 
трёхмерные модели преобразований между допплеровскими и наземными геодезическими 
системами координат и сетками. Рассматриваются также оценочные процессы. Представле
ны общие замечания о допплеровских и наземных геодезических сетях и их систем коорди
нат. В заключении даются экспериментальные результаты.
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DOPPLER LOCATION EQUATIONS FOR PLATFORM 
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GEOPHYSICAL DEPARTMENT, EÖTVÖS LORÁND UNIVERSITY, BUDAPEST 

[M anuscript received March 18, 1980]

The paper is a continuation  o f the study presented in  [1]. Here we give the com plete 
derivation of the platform  D oppler location  equations used in our previous paper. A  brief 
com parison w ith tw o other solutions is also given to dem onstrate the equivalence of the 
different solutions.

1. In troduc tion

The d iffe ren t a u to m a tic  p la tfo rm  loca tio n  sy stem s using  sa te llite s  are 
well know n. T h ree  m e th o d s  can  m ain ly  he used  fo r p la tfo rm  position ing : 
ran g e  only, D o p p le r (or ran g e  ra te )  only  and  th e ir  co m b in a tio n . T he physica l 
q u a n titie s  in v o lv ed  a re  ran g e  an d  D oppler sh ift, m easu red  in  a one- o r tw o- 
w ay  com m u n ica tio n  lin k  b e tw een  a p la tfo rm  an d  th e  sa te llite . T he sa te llite  
p la tfo rm  lo ca tio n  sy s tem s using  these  d a ta  are  rev iew ed  e.g. in  [1, 2, 3]. 
T h e  p resen t s tu d y  is lim ite d  to  th e  discussion o f th e  v a rio u s  eq u a tio n  system s 
fo r  p la tfo rm  loca liza tio n  w ith  th e  D oppler m e th o d . I t  is n o t in te n d e d  to  discuss 
h e re  all of th e  so lu tio n s p ro p o sed  or applied  up  to  now , o n ly  to  give th e  d e riv a 
t io n  o f th e  e q u a tio n s  used  in  ce rta in  p a r tic u la r  m a th e m a tic a l m odels w hich 
are  re p re se n ta tiv e  o f  th e  com m only  used so lu tions.

Two c o o rd in a te  sy stem s are  considered as i t  can  be seen in  F ig . 1: 
X Y Z  and  T h e  re c ta n g u la r  coord inate  sy s tem  X Y Z  is a geocen tric  system . 
I t s  Z -ax is is d ire c te d  to w a rd  th e  average n o r th  te r re s tr ia l  pole. T he X Z -p lane  
is para lle l to  th e  m ean  G reenw ich  astronom ic m erid ian . T he sa te llite  positions 
an d  velocities are  su p p o sed  to  be know n in  th is  sy s tem , given b y  th e  coord i
n a te s  X si, Y Si, Z si a n d  v e lo c ity  com ponen ts Ÿ sî- Ÿ si’ Z si o r d irec tion  
cosines mt, n ^ p j  o f th e  sa te llite  velocity  v ec to r \ si (i — 1, 2, 3, . . t denotes 
successive m o m en ts). V alues o f  th e  d irec tion  cosines m t, n,-, p t a re :

w here

m, = * s t  .

|v s , |
n i an d

у  s í  I —  V ^ s t  +  Ÿ h  +  Z h  •

(U
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A fte r  lo ca liza tio n  m e a su re m e n ts , th e  position  o f  th e  p la tfo rm  is derived  in  
th is  sy s te m . The re c ta n g u la r  co o rd in a te s  X p, Y p, Z p of th e  p la tfo rm  can  be 
e x p re sse d  w ith  th e  geodetic  co o rd in a te s  rpa, AG, ha re fe rred  to  a chosen  re fe r
ence e llip so id  as

X P =  ( N  +  ha) • cos (pa ■ cos Xa

Y P =  ( N  -f  hG) • cos <j>a • sin  Ac (2)

Zp =  [1V( 1  —  e2) +  hG] ■ sin  cpa

w here e den o tes  th e  f irs t  e c c e n tr ic ity  o f th e  ellipso id , N  is th e  rad iu s  o f c u rv a 
tu re  in  th e  d irection  o f  th e  p rim e  v e rtica l. E qs (2) p e rm it th e  co m p u ta tio n  
o f th e  re c ta n g u la r  co o rd in a te s  X p, Y P, Z P from  th e  geodetic  co o rd ina tes 
(pa , Xa, ha. T he inverse p ro c e d u re , th e  c o m p u ta tio n  o f cpG, Aa, hc from  given 
X p, Y p , Z p, is more co m p lica ted  because E q s (2) c an n o t be so lved  fo r <pG, 
Ag, ha in  a closed fo rm ; acco rd in g ly , th e  c o m p u ta tio n  m u s t be done i te ra 
tiv e ly  [4]. U sing an  average  te r re s tr ia l  sphere w ith  rad iu s  rp (e.g. in  th e  case 
o f th e  o cean s and seas), th e  re la tio n  betw een  th e  C artesian  co o rd in a tes  an d  th e  
sp h e ric a l coord inates rp , cpp , a n d  Xp reduces to
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X p  =  rp • cos (pp • cos ЯР

Y р =  rP ■ cos ерp • s in  ЯР (3)

Z р  —  Г р  * sin (pp.

T h e o th e r re c ta n g u la r  coord inate  sy s te m  (|rjC)/ is cen tred  a t  th e  in s ta n 
tan e o u s  sa te llite  positions, w ith  its  f -a x is  d ire c te d  along th e  v e lo c ity  v e c to r  
\ Si. T he  tra n s fo rm a tio n  form ula co n n ec tin g  th e  coord inate  sy s te m s  X Y Z  
an d  is g iven  b y

Xp =  Aj" • f p< +  X 6,  (4)

w here X p =  [X P, Y p, Z p] and  X£(- =  [X s i, Y si, Z Si\ are th e  p o s itio n  v ec to rs  
o f p la tfo rm  P  to  be  lo ca ted  and  of th e  sa te ll i te  in  th e  X Y Z -sy s te m , resp ec
tiv e ly , | P(. =  [ f pi, rjPi, Cpi] is th e  p o sitio n  v e c to r  of p latfo rm  P  in  th e
sy stem , and

A , =
cos (X £() 
cos (Xrjj) 
cos (X i,)

COS ( Y |, )  
cos ( Yr?() 
cos (YC,)

cos (Z |,)" 
cos (Zr?,) , 
cos (ZC, )_

( 5)

is th e  ro ta tio n  m a tr ix  betw een  th e  tw o  c o o rd in a te  system s. T he m a in  p ro p e r
tie s  o f  a ro ta t io n  m a tr ix  like E q . (5) a re  t h a t  th e  sum  o f sq u a re d  e lem en ts  
o f a n y  row  or co lum n  is equal to  u n ity , a n d  th e  scalar p ro d u c t o f  a n y  tw o 
row s o r an y  tw o  co lum ns is equal to  zero .

2. L ocation  equations o f th e  D oppler only m ethod

A single D o p p le r m easu rem en t A f t lo ca te s  th e  p la tfo rm  o n to  a cone of 
ang le  &i a ro u n d  th e  in stan tan eo u s  v e lo c ity  v e c to r  vsi o f th e  s a te llite  (F ig . 1), 
acco rd ing  to  th e  re la tio n

4 ft =  / , - / „ = -  ^  ^  v S, • cos  0,. (6)
c d t c

w here f 0 an d  / j  a re  th e  tra n sm itte d  a n d  received  frequencies, re sp ec tiv e ly , 
c is th e  ve lo c ity  o f  lig h t in  free space, an d  p, is th e  d istance b e tw een  th e  sa te llite  
an d  th e  p la tfo rm  a t  m om en t tr I t  is e a sy  to  see th a t  the  eq u a tio n  o f  th is  cone 
in  th e  sa te llite  c o o rd in a te  system  is

w  +  =  c f  ■ t g * e , . ( 7 )

O n th e  o th e r  h a n d , a D oppler m e a su re m e n t yields th e  ra d ia l  ve lo c ity  
dp ,/d t =  Qi be tw een  th e  sa te llite  an d  th e  o b se rv e r w hich is also  o f te n  used 
in  fo rm u la tin g  th e  location  eq u a tio n s.
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2.1 Derivation o f  the location equations

I f  th e  p la tfo rm  (e.g. a b u o y ) is lo ca ted  on  th e  ocean or sea su rface  w h ich  
ca n  b e  a p p ro x im a te d  b y  a n  ellipsoid or sp h e re  o f  know n p a ra m e te rs , th e n  
h a v in g  m easu red  A f  fo r a t  le a s t tw o successive positions of th e  sa te ll i te  we 
c a n  w rite  a system  o f th re e  eq u a tio n s fo r  th e  in te rsec tio n  of th e  e llipso id  
a n d  th e  tw o  cones:

X 2P + Y 2 + Z 2 =  r2p  (8 a)

I? +  r,2 =  t ,2 • tg 2 в ,  ( i =  1 , 2 ) .  (8 b)

W ith  m in o r  a lte ra tio n s  E q . (8 a) hold also fo r th e  case w hen th e  h e ig h t  o f  
th e  p la tfo rm  above th e  re fe ren ce  ellipsoid is k n o w n .

I n  a general case, h o w ev er, w hen th e  p la tfo rm  is n o t located  on a  k n o w n  
su rfa c e  (e.g. it is bo rne  b y  a f lo a tin g  ballo o n ), th e  in te rsec tio n  of th re e  cones 
is n e c e s sa ry  to  o b ta in  th e  coo rd inates X p , Y P, Z p .

I n  a n y  case, in  o rd e r to  proceed  w ith  th e  so lu tio n , E q . (7) has to  be  t r a n s 
fo rm e d  in to  th e  X Y Z  sy s tem .

A d d in g  С/ to  b o th  sides o f  E q . (7), we get

I? +  V- +  Cf =  Cj( 1 +  tg 2© ,.). (9)

U sin g  E q . (4), it follows from  E q. (9) th a t

[ (X P -  X st) • cos (XI,.) +  ( Y P -  Y Si) ■ cos ( Y |. )  +  (ZP -  Z Si) • cos (Z | , . ) ] 2 +  

+  [(X p  -  X Si) • cos (X 4<) +  ( Y p -  Ys/) .c o s  ( Yrjj) +  (ZP - Z s ,) .c o s (Z 4f)]* +  

+  [(X p  -  X s ,) .c o s (X |,)  +  (Y p -  Y s , ) .c o s ( Y |, )  +  (Z P Z Si)-cos (Z|,.)]= =  

=  i ( X P -  X Si) . cos (X Í,)  +  (Y p  -  Y Si) . cos (Y t,.) +  (ZP- Z SI) • c o s (Z £ ,) f  •

. ( l + t g 2©,.).  ( 1 0 )

A cco rd in g  to  th e  p ro p e rtie s  o f  th e  ro ta tio n  m a tr ix  (5), a f te r  sq u a rin g  th e  
le f t s ide  o f  E q . (10) we a rr iv e  a t

(X p -  X Siy  +  ( Y p -  Y Sif  +  (Zp -  Z Sif  =

=  [(X p  -  X Si) . cos (Xf,.) +  ( Yp -  Y st) • cos (YC,) +  (Z P - Z Si) • cos (Z ; , - ) ] 2 •

. ( l + t g 2 ©, ) .  ( 1 1 )

N o te  t h a t  o n ly  elem ents o f  th e  th ird  row  of th e  ro ta t io n  m a trix  (5) are co n se rv ed  
in  E q .  (11) b y  th e  above m an ip u la tio n . T h is is a g rea t ad v an tag e , b ecau se  
th u s  th e  know ledge o f th e  o th e r  com ponen ts o f  th e  ro ta tio n  m a trix  (5) is n o t  
n e c e ssa ry  a t  all w h a t sim plifies g rea tly  th e  c o m p u ta tio n s .
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Lot us in tro d u ce  th e  n o ta tio n

«/ =  1  г  tg 2 0 (. ( 12)

an d  recall th a t

m t =  cos ( X Q  

nf =  cos ( Y f,) 

P i  =  cos (ZC,)

( 13)

th e n  sq u arin g  b o th  sides o f E q . (11) an d  perfo rm ing  som e m a n ip u la tio n s  we 
a rr iv e  a t th e  eq u a tio n

I f  th e  p o sitio n  an d  v e lo c ity  o f  th e  sa te llite  are know n a t  th re e  d ifferen t 
m o m en ts  an d  th e  co rrespond ing  D o p p le r sh ifts  Aft (i =  1, 2 , 3) a re  also 
m easu red , we o b ta in  a second o rd e r sy s tem  o f th ree  eq u a tio n s b y  w ritin g  E q . 
(14) fo r £ = 1 , 2 ,  3. F ro m  th re e  second o rd e r equ a tio n s o f th is  ty p e , th e  co o rd i
n a te s  X p , Y p , Z p o f  th e  p la tfo rm  can  be d e te rm in ed  b y  using  v a rio u s  n u m e ri
cal p rocedures. A ccord ing  to  o u r experiences [1], Pow ell’s h y b rid  m e th o d  [5, 6 ] 
p ro v ed  to  be v e ry  stab le  in  so lv ing  E q . (14). O f course, E q . (14) can  be used 
also in  a leas t sq u ares  o r m ax im u m  likelihood  so lu tion  w hen  th e  n u m b e r  of 
D opp ler m easu rem en ts  is g re a te r  th a n  th ree .

r kjZp I,- —  0 (14)
w here

1 2a  i =  1 —  m i u i 

b, =  1 —  n-Uj

ct =  1  —  P ,4

d j  =  — 2 m in i u t 

ei =  — 2nip iui 

f t  =  — 2miPiui

(15)

St =  — 2 at X st —  d, Y SI — f ,Z s, 

ht =  — 2b i Y sl —  dj X si —  e,Zs/ 

ki =  — 2 ciZsl —  et Y sl — fiX s i

=  atX l i  +  b iY 2Si +  CiZli +  d iX s lY Si +  et Y slZ sl + f X SlZ s i .

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



176 J. ÀDÂM and GY. TÁRCSÁI

2.2 Location equations o f  other solutions

I t  is in te re s tin g  to  rev iew  here b rie fly  tw o  o th e r  so lu tions w hich d iffer 
fro m  th e  one o u tlin ed  ab o v e .

F o r  a p la tfo rm  lo ca liza tio n  by  th e  D o p p le r m e th o d , th e  follow ing e q u a 
tio n  is p roposed  in  [7]:

С/ -— I “b +  C'f ‘ cos 0,- — 0 , (16)

w h ere  cos 0 ; is kn o w n  from  E q . (6). A fte r tra n s fo rm in g  th e  coord inates 
Г}(, С,- in to  th e  g eocen tric  sy s tem  X Y Z ,  an d  ex p ressin g  th e  f irs t m em ber of 
E q . (16) as th e  sca la r p ro d u c t  o f th e  to p o cen tr ic  v e c to r  g and  th e  norm alized  
v e lo c ity  v ec to r v si, one g e ts

mi{Xp X si) -f- u ,(Y p —  Eg,-) +  Pi(ZP — Z st) =

=  У (X p  -  X Sif  +  ( Y P -  Y sif  +  (Z p -  Z sif  • cos 0 ,..

A fte r  sq u a rin g  b o th  sides o f  E q . (17) and  p e rfo rm in g  le n g th y  m an ip u la tio n s, 
th e  fo llow ing e q u a tio n  sy s te m  can  be o b ta in e d :

A,X% +  l i , Y 2P +  CiZ2P +  DiXpYp +  EiYpZp +  F,XPZP +  

+  GjXp  -f- H jY p  -j- KjZp  -f- L t =  0
w here

Ai =  m,2 — cos2 0

в, =  nï — cos2 0 l

Ci =  Pt —  'BOS2 0 ,

Di =  2 m-Ui

Ei =  2 njPi

Fi =  2miPi

(18)

(19)

G,. =  - 2 A,XSI -  Dj YSi -  FiZSi 

Hi =  —2B,Yst -  DiXSi -  EiZSi 

K,  =  —2C,Zst -  Ej Y Si -  F,XSI

H  =  A iX l i  +  B i Y l i  +  CiZ\i +  D iX SiY Si +  E<YsiZ Si +  F,.XSÍZ S,..

T he basic e q u a tio n  fo r p la tfo rm  loca liza tio n  in  [8] is o b ta in ed  b y  ta k in g  
th e  tim e  d e riv a tiv e  o f  th e  e q u a tio n  o f a sphere  o f  ra d iu s  gt a ro u n d  th e  sa te llite  
p o s itio n :
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Giêi =  t f s i  -  X p )  ■ ( X Si -  X p )  +  ( Y st  -  Yp)  • (Ÿs i  -  Ÿ p )  +

+  ( z s, Xp) ■ (Z Si Z p ) ,
w here

( 20)

X S i ,  Y s í ,  Z s i  

X p ,  Y p ,  Z p  

X sp> Ÿ s i’ Z s ,

X p ,  Y p, Zp

co o rd in a te s  o f th e  i- th  sa te llite  p o s itio n  in  th e  X Y Z -sy stem , 
c o o rd in a te s  o f th e  p la tfo rm  to  be d e te rm in ed , 
co m p o n en ts  o f th e  sa te llite  v e lo c ity  v e c to r  a t  th e  £-th sa te llite  
p o sitio n ,
co m p o n en ts  o f th e  p la tfo rm  v e lo c ity  v ec to r,

Bt  =  V ( X s l  -  X p f  +  (  Y S i  —  Y p f  +  ( Z S i  -  Z p f  ( 2 1 )

an d  Q, is know n from  E q . (6 ) th ro u g h  th e  m easu red  A f(.
The v e lo c ity  co m p o n en ts  X p ,  Ÿ p ,  Zp  a re  supposed  to  be know n  in  th is  

so lu tion . In  th e  f ir s t  tw o  so lu tions, th e  v e lo c ity  co m p o n en ts  o f th e  p la tfo rm  
are  n o t invo lved  in  th e  eq u a tio n s , th e y  can  also be ta k e n  in to  acco u n t as 
co rrec tions to  th e  m easu red  d a ta . I t  is to  be n o te d  th a t  basica lly  E q . (20) 
is used  also in  th e  T W E R L E  m a th e m a tic a l m odel fo r p la tfo rm  loca tio n  b y  th e  
RA M S D oppler sy s tem  [9], b u t  th e  v e lo c ity  co m p o n en ts  o f th e  p la tfo rm  are 
n o t  supposed  to  be  k n o w n  an d  can  be d e te rm in ed  a long  w ith  X P, Y P, Z P.

S u b s titu tin g  E q . (21) fo r p, in to  E q . (20) an d  a f te r  sq u a rin g  b o th  sides 
o f E q . (20) we can  o b ta in  th e  following eq u a tio n

a'n X p  -f- a'22Y p  -)- a‘33Zp  -f- a[2X PY P -j- a23Y pZ p -)-
( 22)

~b a i3 X p Z p  -f- a '„A p  -f~ 024^ p  ~b a 34Z p  -)- Ö44 =  0 ,
w here

«il =  - e l  + (Xst — X p f

«22 = - e l  + (.tsi -  Yp)2 

« и  =  — é l  +  ( Z S i  —  Z p ) 2 

« '1 2  =  2(xSi- x P) • (Y s i  —  Y P)
«23 =  2(Ysi Yp) ■ ( z Si Zp)

« 1 3  =  ~(X$i Xp) • (Zsi Zp)

« 1 4  — — 2(a'n Asi +  a[2Ysi +  a[3Z si)

ai 4 =  — 2 (aÍ2Ysi +  a\2Xst +  al23Z sl) (23)

« 3 4  =  — 2(аз3 Z Si +  « 2 3  Y  si +  au X Si)

«14 =  -  e l ( X 2sl  +  YJ, +  z 2sl) +

+  [AS,(ÁSÍ —  Xp)  +  YSi(Ys, -  Yp) +  ZSi(Zs, -  Zp)]2.
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N o te  t h a t  th e  coefficients а 44, al2i a n d  Oj4 as w ritte n  on page  94 o f  [8] are 
in  e r ro r .

3. N um erical co m p ariso n  of the  coefficients

H e re  we p resen t a b r ie f  n u m e ric a l com parison  o f th e  coeffic ien ts  o f th e  
a b o v e  e q u a tio n  system s. F o r  th is  we use th e  d a ta  o f  sa te llite  p o s itio n  5 and  
p la tfo rm  3 o f  Fig. 1 in  [1]:

X p  =  400 2609.2395 
Y P =  88 7289.2587 
Z P =  488 5976.0575

fu rth e rm o re

m
m an d
m Z s

=  478 9635.1126 m  
=  41 9181.2332 m 
=  526 2410.2065 m ,

X s  =  — 5529.2332 m /s 
Ÿ s  =  —  483.9508 m /s 
Z s  =  5066.7869 m /s

X p =  Ÿ p  

cos 0  =  0.2!

m =  — 0.735 735 26455 
or n =  — 0.064 395 84449

p  =  0.674 200 85709

; Zp  =  0 m /s ,

066 21270 .

N u m e ric a l values of th e  coeffic ien ts  (15), (19) an d  (23) are  show n in 
T ab le  I .  F ro m  th is  T able i t  is c le a r  t h a t  th e  th re e  sets o f coeffic ien ts a re  basica lly

Table I

Numerical values o f the coefficients fo r  the three Doppler location solutions 
outlined in  the paper

Coefficients of the method 
described in [7]

Coefficients of 
our solution

Coefficients of the 
method desribed 

in [8]

l 0.452 462 912 — 5.092 810 162 25 554 633.58

2 — 0.084 696 642 0.953 324 370 — 4 783 577.822

3 0.365 703 329 — 4.116 265 835 20 654 543.29

4 0.094 756 587 — 1.066 556 612 5 351 753.66

5 — 0.086 831 467 0.977 353 427 — 4 904 151.148

6 — 0.992 066 692 11.166 456 28 — 56 030 892.68

7 846 677.1976 — 9 529 988.245 4.781 94E +  13

8 74099.8067 — 834 049.0198 4.18508E +  12

9 939 073.7256 — 10569980.62 4 .30 3 8 0 E + 1 3

10 — 4 .5 1 4 0 6 E + 1 2 5.08092E +13 — 2.54950E +  20
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id en tica l w ith  each  o th e r, because an y  o f th e m  can  be tra n sfo rm e d  in to  th e  
o th e r  b y  s im p ly  m u ltip ly in g  all its  coeffic ien ts  b y  a c o n s ta n t. T h e re fo re  th e  
th re e  so lu tions lead  to  th e  sam e system  o f eq u a tio n s . F o r th e  f ir s t  tw o  so lu 
tio n s w hich  are  b ased  on g eom etrica l co n sid e ra tio n s, th is  fa c t is r a th e r  ev id e n t, 
because  E q . (16) can  be easily  tran sfo rm ed  in to  E q . (7). I t  is in te re s tin g  th a t  
th e  th i rd  so lu tio n  w hich a f te r  all uses th e  sim ple concept o f ra d ia l v e lo c ity , 
re su lts  in  th e  sam e second o rd e r basic  e q u a tio n  as th e  o th e r tw o.

R E F E R E N C E S

1. T á r c sá i, Gy .— A dám , J . :  Accuracy of satellite platform  location techniques: A  stu d y  of
error propagation. Acta Geod., Geoph. M ont. H ung. 13 (1978), 3— 24.

2. T á r c sá i, Gy .— F f ie n c z , Cs.: Platform  location b y  satellites (in Hungarian). M anuscript,
10 p ., B udapest, 1974.

3. T á r c sá i, Gy .: Sum m ary of platform  location and data  collection satellite system s. Manu
script, 15 p., B udapest, 1975.

4. H e is k a n e n , W .—M o ritz , H .: P hysical G eodesy. Freem an and Co., San Francisco— Lon
don, 1967.

5. P o w e l l , M. J. D.: A hybrid m ethod for nonlinear equations. Num erical M ethods for N on
linear Algebraic E quations, Gordon and Breach, New York, 1970.

6. H a jn a l n É, A.: Programs for nonlinear equation system s (in Hungarian). CDC 3300 Fel
használói Ism ertetők , No. 6., MTA SzT A K I, B udapest, 1974.

7. ШЕБШАЕВИЧ, В. С.: Введение в теорию космической навигации. Издательство «Сове-
ское радио», Москва, 1971.

8. ЧУРОВ, Е. П.: Спутниковые системы радионавигации. Издательство «Советские радио»,
Москва, 1977.

9. G r e e n . Т.: Satellite  Doppler data processing for platform  navigation. IE E E  T rans, on
Geoscience Electronics, GE-13 (1975), 28— 38.

ДОППЛЕРОВСКИЕ ЛОКАЦИОННЫЕ УРАВНЕНИЯ ДЛЯ ОПРЕДЕЛЕНИЯ 
МЕСТОНАХОЖДЕНИЯ ПЛАТФОРМ ПРИ ПОМОЩИ ИСКУССТВЕННЫХ

ЗЕМЛИ
Й. АДАМ -ДЬ. ТАРЧАИ

СПУТНИКОВРЕЗЮМЕ

Данная статья представляет собой продолжение исследований, приведенных в ра
боте II] Задается полный вывод допплеровских локационных уравнений платформы, 
использованных в нашей предыдущей статье. Дается также краткое сравнение с двумя 
другими решениями, чтобы показывать эквивалентность разных решений.
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AMPLIFYING RESIDUAL FILTERS

L. CSERNYÁK
COLLEGE OF FINANCE AND ACCOUNTANCY, BUDAPEST

F. S T E IN E R
TECHNICAL UNIVERSITY OF HEAVY INDUSTRY, MISKOLC 

[M anuscript received March 3, 1980]

The paper describes som e residual map transform ations which realize an am plification  
o f  the gravim etric ind ications o f  geological structures.

G rav im etric  f i l te rs  are  called re s id u a l ones tres(x, y)  if  th e y  e lim in a te  
th e  B ouguer-effect o f deep  anom alous bod ies. T his p ro p e rty  m ean s in  th e  fre 
q u e n c y  dom ain  th a t  th e  va lu e  o f th e  tra n s fe r  o f th e  residua l f i l te r  T res(p, q) 
in  th e  p o in t p  =  q =  0 o f th e  freq u en cy  p lan e  is zero {Tre(0, 0) =  0), i.e. 
th e  sum  of th e  m a tr ix  e lem en ts o f th e  f i l te r  is zero.

T he expression  “ re s id u a l”  suggests  th a t  a lth o u g h  m an y  u sefu l in fo rm a
tio n s  becom e v isu a lly  ap p rec iab le  on th e  re s id u a l m ap, th e  sig n a l a m p litu d es  
can  on ly  decrease. T h is s ta te m e n t seem s to  be confirm ed b y  th e  experience 
t h a t  w hile isolines are  d raw n  on B o u g u er-m ap s m ostly  in  in te rv a ls  o f  1 m G al, 
th e  m o st com m on iso line-d ifference of re s id u a l m aps is 0.1 m G al. C learly, 
i f  th e  residua l v a lu e  “ re s”  is d e te rm in ed  in  a p o in t P  b y  s u b tra c tin g  from  
th e  B o u g u e r-an o m a ly  v a lu e  g p o f th e  p o in t P  a regional v a lue  “ re g ”  co m p u ted  
b y  treJ x ,  y)  deduced  on th e  basis of an y  th e o re m , th e n  th e  re s id u a l tra n s fo r
m a tio n

fres(*> У) =  b(x, y )  —  treg(x, y)  (1)

has th e  effect o f sp li t t in g  th e  B o u g u er-an o m aly  in to  tw o p a r ts

gp =  reg +  res (2 )

a n d  th is  o p era tio n  can  h a rd ly  re su lt in  an  am p lifica tio n .

1. The error o f the filtered values and the transform ations 
o f the type <5(x, y )  — treg(x , y)

F o r th e  sake o f  e x p la n a tio n s  fo llow ing below  it is w o rth  su m m ariz in g  
th e  causes w hy th e  tra n s fo rm a tio n s  of th e  ty p e  ( 1 ) can n o t re su lt p ra c tic a lly  in  
a m p lif ic a tio n  o f th e  signals.
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B e th e  circu larly  sy m m e tr ic  fu nc tion  tres(x, y )  u sed  fo r th e  d ed u c tio n  
o f th e  reg io n a l values fro m  th e  B ouguer m ap  as

reg  {x, y ) =  g(x, y)  * treg{x, y )  (3)

th e  r e s u l t  o f an y  k ind  o f c o n sid e ra tio n s , i t  is g e n e ra lly  a R iem an n -in teg rab le  
fu n c tio n  in  its  original (u n d ig itiz ed ) form  an d  i t  h a s  v e ry  often  n o th in g  b u t  
n o n -n e g a tiv e  values. As fo r  re g io n a l filte rs  i t  m u s t h e  p rescribed  th a t

J  ^  tteg{x, y)d.r dy  =  1 (4)

in  o rd e r  to  ensure th a t  th e  f i l te r  o f th e  ty p e  (1 ) sh o u ld  be rea lly  a res id u a l one, 
f u r th e r  as it  is desirable th a t  th e  f ilte r  should h a v e  non-zero  values in  a r a th e r  
b ig  a re a  a ro u n d  th e  re ference  p o in t in order to  ge t re a lly  regional effect fro m  
E q . 3, —  therefo re  it is c lea r t h a t  treg(x, y)  can  h a v e  o n ly  sm all abso lu te  v a lu es .

In  p rac tica l c o m p u ta tio n s  E q . 3 is s u b s ti tu te d  b y  co nvo lu tiona l p ro d u c t 
su m s. I f  th e  g rav im etric  m easu rem en ts  h av e  b een  ca rried  ou t in  th e  in te r-  
se c tio n  p o in ts  of a q u a d ra tic  g rid  w ith  a side le n g th  o f  s, th e n  it is ad v isab le  
to  c o m p u te  th e  d ig ita l v a lu es  o f  treg(x, y)  also in  th e  p o in ts  of th e  sam e g rid , 
a n d  in  t h a t  case th e  reg io n a l v a lu e  can  be co m p u te d  re fe rrin g  to  th e  sy m m e try  
p o in t  o f  t ieg(x ,y) ,  as to  o rig in  accord ing  to  fo rm u la :

n

re g =  ks) • g(isi k s ) • (5 )
i, k = —n

T h e  v a lu e s  t[eg(is, ks) c o n s t i tu te  th e  regional f i l te r  m a tr ix  whose e lem ents are  
o f  sm a ll abso lu te  value as e x p la in e d  earlier, in  d is tan ces  g rea te r th a n  n X s 
f ro m  th e  origin th e  v a lu es  tre,T can  a lready  be neg lec ted  in  th e ir  su m m a tio n , 
to o . —- T h e  fac t th a t  E q . 5 is u se d  referring  to  th e  o rig in  m eans no re s tr ic tio n , 
as a n y  g rid  p o in t o f th e  g -v a lu e s  can  be chosen  as o rig in , and  la te r  (a f te r  a 
s u ita b le  tran s la tio n ) th e  sam e  p o in t can  be th e  sy m m e try  p o in t o f th e  f i l te r  
m a tr ic e s  tteJ(x, y)  and  tieg(is, ks),  respective ly .

T h e  “ reg” reg ional v a lu e  o b ta in ed  from  E q . 5 y ields a lread y  acco rd ing  
to  E q . 2  th e  residual v a lu e  “ re s ” . I f  th e  “ res”  v a lu e  is to  be o b ta in ed  fro m  a 
sin g le  f ilte r in g  o p era tio n , th e  co m p u ta tio n s  can  be  ca rried  ou t w ith o u t a n y  
p ro b le m  as

П

res =  treS(»s, ks) ■ g{is, ks) (6 )
i, k = —n

w h e re  th e  elem ents o f th e  re s id u a l f ilte r  m a tr ix  <res (is,As) o u ts id e  o f th e  o rig in  
a re  (— 1 ) tim es th e  e lem en ts  o f  th e  reg ional f i l te r  m a tr ix  ireg(is, ks), w hile in  
th e  sy m m e try  p o in t one h a s
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tres(0, 0) =  1 -  treg(0, 0 ) . (7)

T he va lu e  o f tres(0, 0) differs on ly  s lig h tly  from  th e  u n it as th e  a b so lu te  values 
o f  treg are  sm all. —  As m ost sim ple ex a m p le  le t us consider th e  m a p  tra n s fo rm a 
tio n  d en o ted  in  [8 ] b y  t 0: here  th e  a v e rag e  o f th e  g-values in s id e  o f  a circle 
w ith  a rad iu s  o f g can  be accep ted  as reg io n a l value; i.e.:

~Z~  i f  V* 2 +  У2 <  (JQ“7l

0  if

I f  e.g . g =  10/y 7Г, w hich  is (acco rd ing  to  th e  exam ples in  [8 ]) a v e ry  sm all 
f i l te r  d im ension , i 0 ,reg(^’ 0) =  0.01, th e re fo re  from  E q . 7 one g e ts  fo,reg(0î 0) =  
=  0 .99; in  case of g re a te r  f i l te r  sizes i 0 res(0, 0) is even n e a re r  to  th e  un it.

L e t us now  consider th e  p ro b lem  o f th e  sc a tte r  of th e  re s id u a l value D 
co m p u te d  from  E q . 6 , if  th e  e rro rs  o f  th e  g-values due to  in a c c u ra c ie s  in  the 
m easu rem en ts  an d  in  th e  co rrec tions c a n  be  characterized  b y  a  s c a t te r  o f Dg. 
T his prob lem  can  be easily  solved ev en  fo r general res id u a l f i l te r in g s  ( th a t 
m eans n o t only  for th o se  h av in g  th e  fo rm  o f E q . 1), as th e  v a r ia n c e  o f any  
lin e a r  co m b in a tio n  o f th e  in d e p e n d e n t random  v a ria b le s  can  be
co m p u ted  as (see e.g. in  [3]). T h u s  th e  variance  of th e  re s id u a l value is

5* =  Щ -  ±  t2es( i ,k )  (9)
i,k—~n

w here  accord ing  to  th e  general use th e  le n g th  u n it is th e  sa m p lin g  d is tan ce  s. 
—  T he sum  o f th e  e lem ent squares o f  th e  residua l f ilte r  m a tr ix  a p p e a rin g  in 
E q . (9) is sim ply  eq u a l to  th e  v a lu e  o f  th e  in teg ra l

f f ^resi*’ У) da;dy ( 1 0 )

i f  tres(x, y)  is R iem an n -in teg rab le . T h is a g a in  is, in te rp re ted  as a  m o re  general 
in te g ra l concep t, eq u a l w ith o u t a n y  re s tr ic tio n  for an y  re s id u a l f i l te r  w ith 
i ts  n o rm  square  ||t res||2.

L e t us com pu te  th e  norm  sq u are  o f  th e  tran sfo rm atio n  t0 res fo r  g =  1 0 /^л ,  
in  th is  case as th e  sq u are  sum  o f th e  e lem en ts  o f th e  f ilte r  m a tr ix . T h e  elem ent 
in  th e  orig in , as i t  has been  show n, is e q u a l to  0.99, its sq u a re  is  0 .98. The 
m a tr ix  co n ta in s fu r th e r  д2л  —  1 =  99 e lem en ts of th e  v a lu e  — 0.01, th e ir  
sq u a re  sum  is rough ly  eq u a l to  0.01, th e re fo re  | | i 0 r e s | | 2 =  0 .99 fo r  th e  given 
size g, i.e. I |t 0 res 11 =  0.995. —  E q u a tio n  9 shows clearly  t h a t  th e  s c a tte r  of 
th e  re sid u a l values is in  a v e ry  good ap p ro x im a tio n  equal w ith  th e  s c a tte r  of

' o . r e g  =
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th e  g-v a lu es , and  th e  sam e  co n c lu sio n  can be d ra w n  fo r  a n y  residual tra n s fo r
m a tio n  o f  th e  ty p e  ( 1 ).

N o w  i t  is clear t h a t  th e  s c a tte r  of th e  re s id u a l va lues is equal to  th e  
s c a t te r  o f  th e  g-values as th e  m a tr ix  elem ent in  th e  sy m m e try  po in t is v e ry  
g re a t w ith  respect to  th e  o th e r  m a tr ix  e lem ents. —  T h e  fac t itse lf th a t  th e  
e r ro r  o f  th e  residual v a lu e  sh o u ld  be equal w ith  th e  e rro r  of th e  B ouguer- 
a n o m a lie s  g can be a p p ro v e d , m oreover th is  can  b e  ta k e n  as a basic re q u ire 
m e n t in  o rd er to  enable  a n  e a s ie r  review  of th e  r e s u lts .  T h is m eans accord ing  
to  E q . 9 and  to  th e  fo llo w in g  row s th a t  th e  re q u ire m e n t

M i l  =  1  (И )

m u s t be  fu lfilled; if  a n y  tra n s fo rm a tio n  i res does n o t  fu lf il E q. 11, it m u st lie 
n o rm e d  to  u n it, i.e. th e  tra n s fo rm a tio n

( 12)
M l

m u s t be  carried  ou t in  o rd e r  to  reach  D =  Dg.
I f  in stead  of th e  D ira c -0  appearing  in th e  tra n s fo rm a tio n s  of th e  ty p e  

( 1 ), w e ig h ted  averages fro m  se v e ra l points are u sed  in  th e  tran sfo rm atio n , th e  
so c o n s tru c te d  tres(x, y )  m u s t  he  m ultip lied  b y  a f a c to r  l / | | i res|| being possib ly  
m u c h  g re a te r  th a n  1  to  g e t th e  tres(x, у ) to  be u se d  w h ich  resu lts in  th is  w ay  
in  a n  am plifica tio n  o f  th e  s ig n a l w ith  an  e rro r h a v in g  th e  sam e value. —  I f  
e .g . th e  t 0 res of th e  e a r lie r  e x a m p le  is m odified so t h a t  th e  un it weight o f th e  
D ira c -ô co n cen tra ted  in  th e  sy m m etry  p o in t is d is tr ib u te d  equally  to  th e  9

1  1c e n tra l  po in ts , th e n  one h a s  in  a good a p p ro x im a tio n  ||t r e s | | 2 ^  9 ~  — , 

a n d  th e re fo re  th e  m u ltip lie r  is here  l / | | t res|[ % 3.

I t  should be m e n tio n e d  th a t  such a “ sm e a rin g ”  o f  th e  cen tra l D irac-d h as  
n o t  o n ly  th e  m a th e m a tic a l ad v an tag es  described  in  th e  previous p a ra g ra p h s , 
b u t  i t  is also p lausib le f ro m  a physical p o in t o f  v iew : it  is qu ite ly  u n ju s t i 
f ie d  to  consider th e  g- v a lu e  o f  th e  reference p o in t as th e  on ly  carrier o f in fo rm a 
t io n  concern ing  th e  loca l s t ru c tu re ,  as it is done in  th e  residual m ap tra n s fo r 
m a tio n s  o f th e  ty p e  ( 1 ).

2. The m ap transform ation t0 0 and the concept of the 
m axim um  am plification

S ta r tin g  from  th e  tra n s fo rm a tio n  t0 res(a:, y ) ,  —  w hich should be ta k e n  
as rea lized  in  a size o f  q -— a  n e x t  residual t ra n s fo rm a tio n  can be o b ta in ed  b y  
th e  m e th o d  described a b o v e : th e  u n it w eight o f  th e  D ira c -<5 of t 0 res shou ld  be
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d is tr ib u te d  un ifo rm ly  on  th e  su rface  o f a circle w ith  th e  ra d iu s  p(< tp )- The 
f ir s t  q u estio n  is how  to  choose g fo r a given g?

W h en  com pu ting  th e  sq u a re  sum  one o r severa l too  b ig  m a tr ix  e lem ents 
ca n  s rto n g ly  increase th e  v a lu e  o f  th e  no rm  b y  decreasing  th e  fa c to r  l / | | t res||. 
T h erefo re  i t  should  be d em a n d e d  th a t  th e  ab so lu te  value o f a ll e lem en ts  of 
th e  f i l te r  m a trix  inside o f  th e  circle w ith  th e  rad iu s  g should  be e q u a l. I t  fol-

1
low s now  th a t  th e  va lu e  o f  “ — (w hich is th e  p a r t  o f th e  D irac -<5 re m a in in g  in

th e  o rig in , an d  also th e  v a lu e  o f  th e  w eights in  th e  o th e r g r id -p o in ts  inside
1

o f th e  circle w ith  th e  ra d iu s  g) m u st be tw ice o f —r—, th u s  th e  v a lu e  o f  th e
q l 7l

1
t-m a tr ix  elem ents is -|—-— in side  o f  th e  circle w ith  th e  rad iu s  g, a n d  on  th e

g2n
1

c irc u la r  ring  betw een  th e  ra d ii g an d  g i t  i s ----- -—. I t  is ev id en t t h a t  in  th is
jf n

case g can  only  be g/Y 2- A fte r  n o rm in g  le t us den o te  th e  resid u a l tra n s fo rm a tio n  
o b ta in e d  b y  <0 0 (я:, y ), w h ich  can  be ch a rac te rized  w ith  a o n e -v a riab le  fu n c tio n  

o f  X == ~YX2 -f- y 2 due to  its  c ircu la r sy m m etry :

+  - 4 = >  if  * < e / f 2
g\Jn

------ if  ôlV 2  <[ ж <  Q
д]/л

0 , if  X >  о .

(13)

T he tra n s fo rm a tio n  t 0 0(x, y) o b ta in ed  its  f in a l form  b y  m u ltip ly in g  
w ith  th e  norm ing  fa c to r  pj/тг. T his value, how ever, c an n o t be co n sid e red  as an 
am p lifica tio n  fac to r, since th e  signals are  am plified  to  th e ir  p j/тг-fold value 
on ly  w ith  respect to  a n  ea rlie r phase of th e  d ed u c tio n  (earlie r d e n o te d  b y  t), 
a n d  w hen  a f ilte r  t 0 0 w ith  th e  size g are used  e.g. fo r th e  so lu tio n  in  a s tru c tu ra l 
e x p lo ra tio n  prob lem , i t  is a b so lu te ly  u n im p o rta n t w hich v a lu e  h a d  th is  fac to r.

M uch m ore im p o r ta n t  is th e  ra tio  w hich  shows th e  a m p litu d e  increase 
in  th e  effect of a p o in t-lik e  anom alous b o d y  m  in  a d e p th  z (a n y  geological 
s tru c tu re  can be s u b s ti tu te d  b y  th e  sum m arized  effect o f  su ch  bodies) in 
case o f a residual m ap  c o m p u ted  b y  using  t0 0 w ith  resp ec t to  th e  u n filte red  
B ouguer-m ap . In  th e  fo llow ing, th is  ra tio  is called a m p lif ica tio n  a, an d  th is 
m eans th a t  th e  effect is as i f  th e  m ass w ould  be a ■ m  in s te a d  o f  m. —  I t  is 
ev id en t th a t  in  case o f  a 1  (and  even m ore in  case if  a 1 ) su c h  g rav im etri- 
ca lly  “ s ilen t” zones m a y  a p p e a r  on th e  m ap  w hose g ra v im e tric  exp lo ra tio n  
w ould  be hopeless w ith o u t using  am plify ing  f i l te r  (e.g. due  to  a v e ry  sm all 
Aa  d en s ity  c o n tra s t a t  th e  b o u n d a ry  surface).
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T he value o f a d e p e n d s  n a tu ra lly  on th e  d e p th  z; th e  n e x t p rob lem  is 
th e re fo re  to  de te rm ine  th e  am p lifica tio n  fa c to r  fo r  anom alous bodies in  d if
f e r e n t  d ep th s  z below  th e  reference  po in t.

I t  can  be easily  fo u n d  b y  in teg ra tio n  th a t  th e  av erag e  of th e  g-values of 
a m a ss-p o in t m in  a d e p th  z ta k e n  on th e  su rface  o f  a circle o f rad iu s  q' in  epi- 
c e n t r a l  position is:

1

1  +  №  '
(14)

F ro m  th is  expression a n d  fro m  th e  defin itio n  o f  t0 0 b y  E q . 13 follow s th e  
e ffe c t o f  th e  m ass-po in t m  o n  th e  m ap f ilte re d  w ith  t0 0 in  a p o in t above it, 
w h ic h  d iv ided  by  th e  e ffec t on  a B ouguer m ap , i.e . b y  fm /z2 y ields th e  am p li
f ic a t io n  function :

,_ч 2z2[/ÿt \л , 1________________2
«0 ,oW Q L + y r +  g2 / 2 2 ]f 1  : 0 .5 (o2 /z2)

T h e  fu n c tio n  a00(z) is sh o w n  fo r some values o f  th e  p a ra m e te r  p in  F ig . 1.

(15)

0  2 A 6 8 10

Fig. 1. T h e  d e p th  dependence o f  th e  am plification  a long  th e  v e r tic a l  line  x = y  =  0 fo r th e  
filters of th e  m a p  tra n s fo rm a tio n  t0 0(я, у )  w ith  d iffe re n t sizes Q
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— B y  d e riv a tio n  i t  can  be easily  p roved  th a t  th e  m ax im u m  value is reach ed  a t 
0.71733 • Q, an d  th is  va lu e  is а тах =  0.289p. I t  is p rac tica lly  su p e rflu o u s  to  
give these  figu res w ith  g rea t n u m b e r of d ig its ; i f  th e  place o f th e  m ax im u m
o f E q . 15 is deno ted  b y  zmax, one has:

« m a x  =  ° - 2 9  •  <?
(16)

an d

" m a x  =  ° ' 7 2  •  Q ■ (17)

In  E q . 16 g is expressed  in  u n its  o f s ; i t  is d im ensionless, as i t  is th e  ra tio  of 
p(km) an d  b o th  exp ressed  in  u n its  o f k m -s . T his can  be ta k e n  sim ilarly
in  E q . 17 an d  now  zmax is again  dim ensionless, expressed  in  u n its  o f  s. —  H ere, 
how ever, zmax can  be considered  as expressed  in  k m , to o , and  i f  q is expressed  
in  th e  follow ing also d im ensionless, in s tead  o f  E q . 17 th e  fo llow ing can  be 
w ritte n :

* m a x ( k m )  =  9 Л 2  ' Q ’ S (km ) • (17a)

T h is form  o f zmax is im p o r ta n t, because in  th e  p rac tice  th e  ex p lo ra tio n  d ep th s  
are  th e  p rim ary  d a ta , an d  because i t  is d esirab le  to  realize here  th e  m ax im um  
am p lifica tio n , i.e . th is  w ill be th e  v a lu e  o f zmax(km). As n e x t s te p  i t  m u st be 
decided  (in know ledge o f  p rev iously  kn o w n  a n d /o r supposed  values) w hich 
am p lifica tio n  a max is to  be reach ed  in  th a t  p a r tic u la r  d ep th . T h is v a lue  yields 
from  E q . 16 th e  v a lu e  o f  th e  d im ensionless q, an d  by  s u b s titu tin g  th is  value 
o f  amaJ 0.29 in to  E q . 17a one gets th e  sam p lin g  in te rv a l fo r t0 0:

% m) =  0 .4 0 -V * (km> . (18)
« m a x

I f  a h igh  am p lifica tio n  is to  be reached , th e  v a lu es  o f s to  be u sed  are consider
ab ly  sm aller th a n  th e  values co m p u ted  w ith o u t ta k in g  in to  acco u n t th e  e rro r 
caused  b y  s c a tte r  on ly  on th e  basis o f in te rp o la tio n  p rob lem s (see [7]); th e  
la t te r  re su lt in  side len g th s  s o f  the m easu rem en t g rid  eq u a l to  th e  s ix th  or 
fo u rth  o f th e  ex p lo ra tio n  d ep th .

3. The transform ation tup>up and its am plification  
function a uP( Up(x> У, z )

T he sim p lic ity  o f th e  tra n s fo rm a tio n  t 0 , 0 ensures an  easy  m an ip u la tio n . 
—  In  th e  follow ing we shall use no tio n s d efin ed  in  [4]; fo r th e m  an d  fo r th e ir  
connection  w ith  th e  am p lifica tio n  th e  tra n s fo rm a tio n  tup up will be a v e ry  
sim ple exam ple.
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L e t us denote  b y  to(x, y ,  z) th e  fu n c tio n  b y  w h ich  th e  m ass o f  th e  m ass 
p o in t m  in  the  po in t (x , y , z) m u s t be m u ltip lied  in  case o f a g iven f i l te r  m a tr ix  
to  g e t th e  filte red  effect o f  th e  m ass p o in t in  th e  reference  p o in t (in  th e  p o in t 
(0 , 0, 0 )). I f  th e  f ilte re d  m a p  is d en o ted  b y  r(x, y )  a n d  th e  th ree -d im en sio n a l 
d e n s i ty  d is trib u tio n  b y  cr, i t  is ev id en t th a t

ЛХ’У ) = \  Í Í cr{x,y,z)-iv((x — x ) , ( y — y) ,z )dxdydz  (19)
J  — oo J  — oo J  0

th u s ,  th e  fu nc tion  w(x, y ,  z) is th e  m ost im p o r ta n t ch a rac te riz in g  v a lu e  o f th e  
c o n n e c tio n  betw een g ra v im e tr ic  anom alous bodies an d  f ilte red  m ap s. —  I ts  
d e te rm in a tio n  can be c a rr ie d  o u t m o stly  b y  n u m erica l m eth o d s (see [9]).

I t  c an  be seen from  E q . 19 th a t  i f  th e  w(x, y ,  z 0) values of a c e r ta in  d e p th  
lev e l a re  deno ted  b y  w (x ,y) ,  th e  filte red  effect o f th e  surface d e n s ity  d is tr ib u 
t io n  a \ x ,  y )  o f th is  level c a n  be co m p u ted  as

r(x , y )  =  a'(x, y)  * w(x, y) ( 20)

w h ic h  co rresponds to  th e  co n n ec tio n  b e tw een  th e  F o u rie r- tran sfo rm s d en o ted  
b y  c a p ita ls :

R (p , q) =  Z '(p ,  q) • Щ р , q) (21)

in  th e  sense o f th e  co n v o lu tio n  th eo rem  here p  =
2 л

4 =
2л

Ax/s .
T h e  effect o f th e  sam e su rface  d en sity  d is tr ib u tio n  a '(x ,y )  in  a  d e p th

z 0 o n  th e  B ouguer-m ap is:

w h ere
g(x - У) =  a \ x -> У) * е(ж, у) 

е(х ,у )  = ----------^ z°

I t  is  ev iden t th a t
(*2 - f  f  +  z2)3'2 

G(p, q) =  S ' ( p ,  q) ■ E (p ,  q)

a n d  o n  th e  basis of E q . 23 i t  c a n  be seen (e.g. from  [2]) th a t

Щр- q) =  2?r/e
-г,Ург+9г

(22)

(23)

(24) 

(25a)

w h ich  c a n  be  w ritten  m ore  s im p ly  w hen  ta k in g  a d v a n ta g e  o f th e  c ircu la r 

s y m m e try  in  th e  frequency  d o m a in  an d  in tro d u c in g  th e  v a riab le  p  =  Yp 2 -j- q2 

w ith  th e  o ne-variab le  fu n c tio n

E (p )  =  2nfe~z°P . (2 5 )

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



AMPLIFYING FILTERS I

189

I f  th e  u n filte re d  case is considered  as a filte rin g  w ith  a u n i t  D ira c -<5, 
th e n  b y  co m p arin g  E q s. 20 and  22 one g e ts  th a t  for th a t  case (i.e . fo r th e  
B ouguer-effect) th e  fu n c tio n  wg(x, y)  is id e n tic a l w ith  e(x, y),  th e re fo re  (see 
E q . 23)

wg{x,y, z) f z _
(x2 -f- y 1 -)- г2 ) 3 /2

(26)

T h is could  have  also  been  w ritten  d irec tly  f ro m  th e  defin ition  o f th e  »«-function 
fo r th e  g -values. O u r p resen t aim , h o w ev er, is to  explain  th e se  n o tio n s  in  
o rd e r to  p ro m o te  th e ir  p resen t and  fu tu re  u se , fo r w hich purpose i t  is n ecessary  
to  know  th e  co n n ec tio n  betw een  th e  »«-function and  th e  f i l te r  fu n c tio n  
t (x ,y ) .  I f  th e  B o u g u er-m ap  is deno ted  b y  g(x, y)  and  th e  f i l te re d  m a p  by  
r(x, y ) , th e n  acco rd in g  to  th e  basic e q u a tio n  o f  th e  filte ring  one g e ts

r(x, y)  =  g(x, y )  * t{x, y)

an d  th is  m eans a connection  in  th e  fo rm  o f

(27)

K{p, q) =  G(p , q) ■ T(p , q) (28)

b e tw een  th e  F o u rie r-tran sfo rm s. B y  s u b s ti tu t in g  in  place of G(p, q) th e  p ro d u c t 
from  E q . 24, an d  co m p arin g  th e  re su lt w ith  E q . 21, one gets th e  im p o r ta n t  
fo rm ula

W (p,q) =  T (p ,q )  ■ E (p ,q ) .  (29)

A fte r th is  in tro d u c tio n  (w hich will b e  u se d  in  th is  ch ap te r  o n ly  p a r tia lly )  
th e  n e x t s tep  w ill be th e  in tro d u c tio n  o f  th e  tran sfo rm a tio n  iupup.

L et us co n sid e r as regional value th e  u p w a rd  co n tin u a tio n  to  a  leve l h. 
I f  th is  w ould be s u b tra c te d  from  gp, i.e . fro m  th e  B o u g u er-an o m aly  o f  th e  
reference p o in t, one w ould  get a k n o w n  m e th o d  for th e  d e te rm in a tio n  of 
res id u a l anom alies. A n y w ay  since th is  f i l te r in g  belongs to  ty p e  (1) a m p lif ic a 
tio n  c a n n o t be a w a ite d  from  it. T herefo re  le t  us use in stead  o f g p a n  u p w ard  
c o n tin u a tio n  to  a leve l low er th a n  h , th is  is n a m e ly  m ath em a tica lly  a  w e ig h ted  
average  w hich ta k e s  in to  accoun t n o t o n ly  th e  value of gp, b u t  a lso  th e  g- 
values in  its  v ic in ity  w ith  no t negligible w e ig h ts , and  so it  can  be re g a rd e d  as 
an  effective sp read  o f  th e  un it D irac -Ô.

I f  s im ila rly  to  t0 0  th e  m a trix  e lem en t o f  th e  filte r m a tr ix  re fe rr in g  to  
th e  reference  p o in t is ex p ec ted  to  be tw ice  g re a te r  for th e  low er lev e l t h a n  th e  
m a tr ix  e lem ent o f  th e  f ilte r , referring  to  th e  sam e p o in t for th e  u p w a rd  con
tin u a tio n  to  th e  level h, th e n  th e  low er lev e l m u st lie in  a h e ig h t o f  A /^2 . 
— T he fo rm  o f th e  tra n sfo rm a tio n  is b efo re  no rm in g :
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^up.upí*)
1

2n
h / p

_(i2+ A 2/2)3/2 ( i 2 +  ft2)3/2J •

A cco rd in g  to  E q . 1 2  one g e ts  th e  following n o rm e d  form :

h][ 2 [ h / Y 2 A
h i p ,  u p ( - * )

Y 7r (3 2  ■ Y 2 —  4 5 )  L (* 2 +  A2/ 2 ) 3/2 ( i 2 +  A2)3'2

(30a)

(30)

O ne h as  here th e  a d v a n ta g e o u s  s itu a tio n  t h a t  th e  function  teup up o f  th e  
m ap  tra n s fo rm a tio n  tup up c a n  be given in  an  a n a ly tic a l  form , as only th e  d iffe r
ence o f  th e  v e rtic a lly  sh if te d  (by  h / p  an d  b y  A, respectively) fu n c tio n s  
wg(x, y ,  z) o f  a know n a n a ly tic a l form  (see E q . 26) m u st be m u ltip lied  w ith  
th e  a lre a d y  know n n o rm in g  fac to r:

w’up.upO *^ г)
f h У А/j/ 2 +  z

( * 2 +  J 2 +  (N Y  2 +  z f p

h z
(X2 +  y 2 +  (A +  z)2)3/2_ '

(31)

T he a m p lif ic a tio n  can  also be  w ritten  a n a ly tic a lly  fo r  th e  sem i-space, as i t  is 
n o th in g  else th a n  th e  v a lu e  o f  th e  ac tu a l w d iv id e d  b y  wg:

«up,up(*> У-, 2)
h Y  8 л  ( * 2 +  У2 +  г2)3;2 J- h / Y 2 +  г

г  • Y 3 2  • f 2  -  4 5  _ ( * 2 +  У 2 +  W Y 2 +  2)2) 3'2

A +  2

“ ( * 2  +  y 2 +  (A +  z f p \

(32)

b u t  p ra c tic a l ly  th is  fu n c tio n  m u st be k n o w n  o n ly  along th e  v e r tic a l line 
X  =  у  =  0 show ing th e  g re a te s t  ic-values (w here  th e  m ost sim ple n o ta t io n  
a(z) w ill be  used  in s tead  o f  th e  e x a c t n o ta tio n  a(0, 0, 2 )). —  I t  should be m e n tio n e d  
th a t  b y  u s in g  an  am p lify in g  tra n s fo rm a tio n  th e  f ilte re d  values in  th e  o rig in  
can  b e  ca lc u la ted  th e o re tic a lly  fo r a g iven d e n s ity  d is trib u tio n  сг(ж, y ,  z) so 
t h a t  th e  B ouguer-effect o f  th e  d ensity  d is tr ib u tio n  a (x ,y ,z )  • a(x, y ,  z) is 
d e te rm in e d .

T h e  fu n c tio n  aup ир(г) h as  its  m ax im um  a t

W  -I- 1
* m a x  =  - 4 i 7 = - - A = l - 6 8 4 6 . A .  (33)

I 2

T his m a x im u m  here has th e  value

omax =  1.0164 • A. (34)
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U sing th e  sam e sequence  o f ideas as a t  th e  end o f  C h ap te r  2, one gets 
t h a t  fo r a given d e p th  level an d  for a p rescrib ed  am p lifica tio n  v a lu e  one has 
to  use a square  grid  w ith

s(km) =  0.603 ^ ax(km). (35)
a max

for th e  g rav im etric  m easu rem en ts .

4. General relations with respect to the am plification

S ta rtin g  from  th e  sp a tia l  form  of E q . 29:

w(x, y)  =  e(x, y)  * t(x, y) (36)

we sh a ll consider a t  f ir s t  th e  qu estio n , how  th e  fu n c tio n  w is m od ified  i f  in s tead  
o f  th e  n o rm ed -to -u n it t(x, y )  th e  f ilte rin g  is c a rried  o u t b y  a fc-times s tre tch ed  
fo rm  ék\ x , y )  a fte r  a n o rm in g  again  to  u n it, n\ x ,  y).  As th e  fc-times s tre tc h e d  
f i l te r  has th e  form :

t(k\ x ,  y) = x y  
fc’ к

(37)

i t  follow s from  th e  d e fin itio n  o f th e  no rm  sq u a re  an d  from  th e  fa c t th a t  th e  
o rig in a l t h ad  been n o rm ed  to  u n it th a t

| | t ( fc> | | 2 = / C2 . | | t | | 2 =  ( 3 8 )

a n d  th e re fo re  th e  fo rm  o f th e  fc-times s tre tc h e d  f i l te r  no rm ed  to  u n i t  is acco rd 
in g  to  E q . 12:

t№n>(*,y) =  — * 
к

X у
к к

(39)

S ta r tin g  from  E q . 36 le t us consider th e  fu n c tio n  ŵ k;n\ x , y )  o f  th is  f ilte r  
re fe rrin g  to  level z0, i.e . th e  fu n c tio n  w^’ n)(x, y ,  z0) :

w(k:n)( x , y , z 0) e ( x , y ) * —-t
к

L
к

e(x — u , y  — v) ■

f tp  _____
( (* _  ц ) 2 +  ( J  _  v ) 2  +  2y )3,V

и
к

V

к
d u d v  =
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T h is  r e s u lt  can be described  as follow s: a fte r a &-times s tre tc h in g  an d  a n o rm in g  
to  u n i t  o f  t, th e  iso lin e-sy stem  w^k'n  ̂ o f th e  new  f i l te r  is also s tre tc h e d  ou t 
in  a ll d irec tio n  k-tim es, o n ly  th e  values o f th e  iso lines decrease k-tim es.

H a v in g  th is  re su lt, t h e  connection  b e tw e e n  th e  am p lifica tio n  a<-k,n* 
c o rre sp o n d in g  to  t ^ n'> a n d  th e  am plifica tion  a co rresp o n d in g  to  t can  be easily  
o b ta in e d :

a(k‘n\ x , y ,  z)

1 X y  z
■--- W --- 5 — 5 ---

у , г) к к к к 
wg(x, у , z) wg( x , y , z )

—— w 
к 2

g

—, —, —I
к  к к I

I j ü  у_ Лу
| к ’ к ’ к

у_  z_ 

к '  к '

(41)

T h is  re s u lt  m eans th a t  i f  one  uses f ,£; in s tead  o f t, th e  o rig inal iso line-system  
o f am p lifica tio n s  is s t r e tc h e d  o u t к -tim es, a n d  th e  am p lifica tio n s increase  
к - tim e s . E .g . a t к =  2, th e  m ax im u m  a m p lif ic a tio n  along th e  v e r tic a l line 
X =  у  =  0 also increases b y  a fa c to r  of tw o , b u t  th is  double  m ax im u m  am p li
f ic a t io n  is reached in  a d o u b le  d ep th . T herefo re  i f  one in te n d s  to  re m a in  in  
a g iv e n  d e p th  level, th e  m o s t im p o r ta n t c o n te n t o f  E q . 41 is, th a t  th e  am p li
f ic a t io n s  a t  th e  sam e p o in t increase  к-tim es i f  th e  sam pling  in te rv a l s is de
c re a se d  к -tim es. The u p p e r  lim it o f th e  realizab le  am p lif ica tio n  is set b y  th e  ra tio  
b e tw e e n  th e  value of th e  in fo rm a tio n  su rp lu s  d u e  to  th e  decrease o f s an d  
th e  su rp lu s  expense o f th e  d en sifica tio n  o f th e  m easu rem en ts .

In  th e  following th e  g en e ra l m ethod  fo r  th e  co m p u ta tio n  of th e  am p li
f ic a t io n  a(z) along th e  m o s t im p o r ta n t  v e rtic a l х  =  у  =  0 w ill be g iven . H ere  
w e m a k e  use of th e  fac t t h a t  th e  inverse F o u rie r- tra n s fo rm a tio n  along x =  y = 0  
is n o th in g  else as th e  v a lu e  o f  th e  in teg ra l fo r th e  w hole freq u en cy  p lan e  m u lti
p lied  b y  a co n stan t, a n d  th e  la t te r  double in te g ra l is on its  tu r n  th e  c o n s ta n t-  
t im e s  m u ltip lied  in te g ra l a f te r  p  betw een  0  an d  oo o f th e  in te g ra n d  m u lt i
p lied  b y  p.  B y tak in g  in to  ac c o u n t Eqs 29 as w ell as 23, 26 an d  25 one gets:

a(z) =
w(0, 0, z) J (Г P ' WW P  J 0~ P ■ T(P) • E(P)dP
ws(0,0,z) f - p . w j f i d p  \ ~P-E(p)dp

I p  • T (p )  ■ e~zPdp
=  JJ4 ^ ---------- ;-------- = * 2 J 0 P ■ T (p )  ■ e - * d p

p  • e_2^dp

(42)

w h ic h  enab les the  c o m p u ta tio n  o f all im p o r ta n t d a ta  ( f irs t o f all th e  p lace 
o f  th e  m ax im um  zmax a n d  th e  m ax im um  a m p lif ic a tio n  e max) in  d ependence
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o f T  e ith e r  a n a ly tic a lly  or nu m erica lly . I t  is in  ce rta in  cases a d v a n ta g e o u s  
i f  zmax is d e te rm in ed  as th e  ro o t o f th e  e q u a tio n

2Zz{p • T{p)} -  z • £z{p2 • T(p)}  =  0 (43)

w hich  is deduced  fro m  E q . 42 by  d e riv a tio n . (£z m eans th e  L a p la c e -tra n sfo rm  
co n ta in in g  z as v a riab le ).

5. The m ap tra n s fo rm a tio n  t e(x ,y)

T he m ap tra n s fo rm a tio n  tup ир(л;, у)  (a s  i ts  values converge to w a rd s  zero 
v e ry  slow ly if  к  —>- с о )  re su lts  in  f i l te r  m a tr ic e s  o f g reat sizes. T h e  f 0  0 (x , y)  
y ie ld s  v e ry  p ra c tic a l f i l te r  m a trix  sizes, b u t  i ts  F o u rie r-tran sfo rm :

T 0,0 У 2  - Л JiiQ'P) (44)

has som e neg a tiv e  v a lu es  (see also F ig . 2) a n d  th is  could resu lt in  re lu c ta n c e  
fo r c e r ta in  users. W e do n o t w a n t to  d iscu ss  th e  un foundedness o f  th e se

Fig. 2. The function Tn 0(p ), characterizing the transfer T0> 0(p, q) of the map transform ation
*о,о(*»У) case o f в  =  12s
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p ro b le m s (or even th e y  c a n n o t be considered  in  th e  fram ew ork  of a q u a n t i ta 
tiv e  in te rp re ta t io n ) , —  in s te a d  we should  lik e  to  define an am plify ing  m ap  
tra n s fo rm a tio n  w hich  necessita te s  w ith o u t h a v in g  negative  tra n s fe rs  on ly  
sm all m a tr ix  sizes. S ince a lre a d y  a n u m b e r o f  n u m erica l indices are o ccu p ied  
fo r th e  n o ta tio n  o f  d iffe re n t k inds o f m ap tra n s fo rm a tio n s  (see e.g. [8 ]), le t 
us d e n o te  th is  m ap tra n s fo rm a tio n  by  t6(x ,y )  a n d  define i t  as follows:

ге(*) =  T7=r !n y
1  — 4  У

4 / ,
( 4 5 )

T he tr a n s f e r  o f th is  tra n s fo rm a tio n  show s t h a t  i t  is a residual one:

T 6(p) =  4уУny ■ p 2 • в yp\  (46)

A t p  — q =  0, T 6 is re a lly  eq u a l to  zero. ( I t  c a n  be  show n from  E q s  o f  [1] 
t h a t  th e  tw o -v a riab le  F o u rie r- tran sfo rm s w ith  c ircu la r sy m m etry  c a n  he 
o b ta in e d  fo r c ircu la rly  sy m m etric  fu n c tio n s as H an k e l-tran sfo rm s (e.g. from  
[2])). I f  th e  in te g ra l o f  t\{x, y )  is co m p u ted  fo r  th e  whole plane ( x ,y ) ,  th is  
w ill be  e q u a l to  u n it , th e re fo re  E q . 45 y ields th is  m ap  tran sfo rm a tio n  a lre a d y  
in a n o rm e d  form .

O n  th e  basis o f E q s  42 and  46, th e  d e te rm in a tio n  of a e(z) is n o t  m ore 
th a n  a sim ple in te g ra tio n  p rob lem :

w here

a 6( z ) = 2 z 2 \  7L [1 +  ri2- Y n - e r( l  — Ф(г])){г1л +  1.5 •»?)], (47)
I У

V =
2  ][ÿ

in d
2  П

<%) = тНУ n j  о
2  Г  - “’Л—= е du

is th e  G aussian  e rro r-fu n c tio n .
T h e  v alue  o f  r] m ean s a d e p th  m easu red  in  u n its  p ro p o rtio n a l w ith  th e  

size o f  th e  m a tr ix . T h u s , i t  is adv isab le  to  choose th e  value 2-]ry  as th e  f i l te r  
p a ra m e te r  P  w hich is p ro p o rtio n a l w ith  th e  m a tr ix  size (it can  be d ire c tly  
seen  fro m  E q . 45 th a t  th e  zero place of t e occu rs ex ac tly  a t th e  sam e p lace  
X  =  2] /y ) . E x p ressin g  b y  th is  value u e(z), i ts  m a x im u m  will be a t :

2 m a x  =  1 . 0 8  •  P  ( 4 8 )
w ith  th e  value:

« ш а х  =  0 . 7 5  •  P .  ( 4 9 )

C o n seq u en tly , if  one d e m a n d s  in  a d e p th  o f  zmax (km) a m ax im um  am p lif ic a tio n  
« m a x ’  t l 1 6  c o n s ta n t s o f  th e  n ecessary  m easu rin g  g rid  fo r th e  m ap tra n s fo rm a -
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t io n  i e w ill be:

s(km) ~  0.69 . (50)
®max

6. The map transformation t? Zi(x , y)

T he d e fin ition  o f  th e  m ap  tra n sfo rm a tio n  t- 2>(x, y )  is th a t  it  is a norm ed- 
to -u n it  m ap tr a n s fo rm a tio n  w hich p roduces a ic -function  p ro p o rtio n a l to

V *
■%*2

1 -

4  y

4y a t a  lev e l z 0. ( In  th e  do m ain  o f  g re a t w -values th is  is very

sim ila r to  th e  su rface  e 4y ta k e n  w ith  y  =  0.454 • y, w hich is rea lized  hy  th e  
tra n sfo rm a tio n  ty z< acco rd in g  to  [5]; th e  v a lu e  o f  tv decreases b y  a  fac to r of 
2 a t  th e  sam e d is ta n c e  Xiu in  b o th  cases, as seen in  F ig . 3). I f  th e  norm ing  
fa c to r  referring  to  Ц Zo is d en o ted  by  c, th e  tra n s fe r  on  th e  basis  o f  E qs 29 
an d  46 is:

T-vJ p ) p — y  p ' + Z o P (51)

an d  b y  using th e  in v e rse  H a n k e l- tran sfo rm atio n  one ge ts:

с Г"“ -yp ’+Z.p
%.*,(*) =  ~ 2 n jo P3 ' e • Jo(*  • p)  • dP  • (52)

I t  is adv isab le  to  c o m p u te  th e  norm ing  fac to r  on th e  basis o f E q . 51; w hereby  
th e  P a rsev a l-fo rm u la  m u s t be ta k e n  in to  acco u n t. T he v a lu e  o f  th e  norm ing

4 Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982
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fa c to r  is :

с =  4 - У 2 л: 7>3 [а 4 +  4.5а2 +  2 +  еа’ -Ул(1 +  Ф (а))(а 5 +  5 а 3 +  3 .7 5 а ) ] - ‘л (53)

w h ere

а  =  - ß =  ■
У 2 у

T h e  am plification  a lo n g  th e  z-axis is:

a-Y, z M  =  ~  [1 +  ß2 - V ” - Л 1 -  0 ( ß W 3 +  1 -5 « ]  , (54)
2 ^

w h ere

I f  th e  m axim um  a m p lif ic a tio n  should  occur a t  th e  sam e d e p th , w here

th e  p ro p o r tio n a lity  of w w ith 1
4y

• e 1 has been  d em an d ed  (i.e. w here

m a x im u m  la te ra l u n se n s itiv ity  h a s  been rea lized  fa r th e r  th a n  a  c e r ta in  x), 
th e n  th e  tran sfo rm a tio n  h a s  o n ly  a single p a ra m e te r , z0, as th e  m a x im u m  of 
a- 7>(z) occurs a t z =  z 0 if

ÿ  =  i - 2 2. (55)

B y  c h o o sin g  a y  according to  E q . 55, th e  m ax im u m  a m p lif ica tio n  a t  zmax =  z 0 

c a n  b e  co m p u ted  from  th e  v a lu e  o f  z0 regarded  as f i l te r  p a ra m e te r  P :

« W  =  -jr*o- (56)

I f  a  m a x im u m  am p lifica tio n  o f  a max is to  he rea lized  in  a d e p th  o f z 0 km  b y  
m e a n s  o f  t - z%(x ,y)  reg a rd ed  as o n e-p a ram ete r f ilte r , th e  side le n g th  o f  th e  
m e a s u re m e n t square grid  m u s t  b e  chosen as:

2 z o(km)
s(km) —

^  a m ax

(57)

T h e  y  c a n  be th en  c o m p u te d  fro m  th e  follow ing fo rm u la :

2  z o(km) 2 

5  ^(km ) .

(55a)
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7. P lanning o f a m esuring and filtering complex 
for the realization of a given am plification in  a given depth

I t  follows from  th e  g enera l conclusions o f  C h ap te r 4 th a t  b y  in tro d u c in g  
a p a ra m e te r  P  p ro p o rtio n a l w ith  th e  f i l te r  size fo r th e  t re a tm e n t o f  am plify ing  
filte rs , th e  m ax im u m  v a lu e  o f  th e  am p lifica tio n  a(z) will be:

« ш а х  =  A - P  (58)

an d  its  d e p th  va lu e  can  be co m p u ted  as

2max =  Z  P  (59)

w hile th e  side le n g th  o f th e  m easu rem en t grid  can  be o b ta in ed  from

w here

_ __  c  2 m ax(km )
%m) — *3--------------

« ш а х
(60)

(60a)

T he fo llow ing T ab le  p resen ts  all p ra c tic a lly  im p o r ta n t c o n s ta n ts  fo r  th e  
m ap  tra n sfo rm a tio n s  w hich  h av e  been d iscussed  in  C hap te rs 2, 3, 5 a n d  6 . I f  
f a r th e r  am plify ing  f ilte rs  will be  in tro d u c e d , i t  is adv isab le  to  use fo r  th e ir  
d esc rip tio n  th e  sam e c o n s ta n ts .

In  case o f  th e  use o f a n y  o n e -p a ra m e te r  f ilte r , th e ir  se lec tion  defines 
a lread y  th e  va lu e  o f A ,  an d  E q . 58 y ields th e  f ilte r  p a ra m e te r  P  in  u n its  of 
s in  fu n c tio n  o f th e  n ecessary  m ax im u m  am p lifica tio n  a max. W ith  S  know n 
from  T ab le  I  an d  th e  given d e p th  o f  th e  m ax im u m  a m p lifica tio n  in  km , 
E q . 60 y ields th e  side le n g th  o f th e  m easu rem en t grid , s^kmj .

Table I

Characteristic parameters o f  am plifying m ap transformations

Amplifying map
transformation

*o,o(*’ У ) е 0 .2 9 0 .7 2 0 .4 0

*up, upO*’ У ) и 1 .0 2 1 .6 8 0 .6 0

1Л * ’ У) Vív 0 .7 5 1 .0 8 0 .6 9

(  4  Л Z q
2

1
2

V =  Т  2° J 3 3
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8 . R em arks to  th e  s im u ltaneous in c rease  o f resolving 
pow er and  am plifica tion

T h e  a u th o rs  do n o t k n o w  p rev ious p u b lic a tio n  dealing  w ith  g rav im e tric  
s ig n a l a m p lif ic a tio n ; th e  b a s ic  idea o f th e ir  re a liz a tio n  th a t  n am e ly  th e  
d iffe re n c e  o f  tw o  reg io n a l- ty p e  m a p  tra n s fo rm a tio n s  re su lts  in  a c e r ta in  e n h a n 
c e m e n t o f  a d e p th , can  a lre a d y  be found  in  [6 ].

U p  to  now , th e  p re se n t p a p e r  dealt w ith  th e  p o in t o f view  o f th e  am p li
f ic a t io n , a n d  from  am ong  o th e r  im p o r ta n t c h a ra c te r is tic s  only  th e  la te ra l  
in s e n s i t iv i ty  has been m e n tio n e d  in  connec tion  w ith  th e  m ap  tra n s fo rm a tio n

W * ’ * )•
R e s id u a l m ap tra n s fo rm a tio n s  m ay  c o n tr ib u te , how ever, b y  an  in crease  

o f  th e  re so lv in g  pow er (or d is in te g ra tin g  pow er d) to  th e  e x p lo ita tio n  o f im p o r
t a n t  in fo rm a tio n s  in  th e  g ra v im e tr ic  d a ta  sy s tem . T he reso lv ing  pow er d is 
d e f in e d  as  th e  recip rocal o f  th e  m in im um  d is ta n c e  in  a d e p th  2  w hich  m u s t 
be  su rp a s s e d  b y  th e  d is ta n c e  b e tw een  tw o p o in t- lik e  anom alous bodies in  
o rd e r  to  g e t tw o d is tin c t m a x im a  on th e  f il te re d  m ap . I t  can  be easily  seen 
t h a t  i f  th e  m ax im um  v a lu e  a t  x  =  y  =  0  fo r th e  level z decreases b y  a fa c to r  
o f  tw o  o n  a d istance  o f х 1/г, th e n

d = -------. (61)
2x1/2

O u r p re sen t p rob lem  is, how ever, how  m u ch  tim es  g re a te r  is th e  reso lv ing  
p o w e r o f  a  ce rta in  f ilte re d  m a p  fo r a ce rta in  d e p th  level th a n  th e  reso lv ing  
p o w e r o f  th e  B ouguer-values fo r  th e  sam e d e p th  leve l ? —  I f  th e  la t te r  is d en o ted  
b y  d „, i t  c a n  be easily  seen t h a t

da
0.6524

(62)

since  fo r  th e  dg values one h as

*1/2 =  2  • f Y 4  —  1 =  0.76642 (62a)

I f  a q u a n t i ty  of D is d e fin ed  as

d =  D ■ dg (63)

i t  is e v id e n t  th a t  th e  q u a n t i ty  D  is th e  m easu re  o f  th e  increase of th e  reso lv ing  
p o w e r  to  be determ ined .

T h e  o n e-p a ram ete r f i l te r  p resen ted  in  T ab le  I I  do n o t in fluence  p ra c t i 
c a lly  th e  reso lv ing  pow er in  th e  d e p th  2 max (i.e. fo r th e m  D  яв I) . I t  w ould  
be  e r ro n e o u s , how ever, to  conc lude  from  th is  fa c t th a t  em plify ing  f ilte rs  c a n 
n o t  in c re a se  th e  reso lv ing  po w er.
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Table II

The filter m atrix t~f z„(x,y) in case o f  y  — 7.11 and II©M

0.26466 0.23514 0.15979 0.07020 0.00206 -0 .0 4 0 5 1 0.04686 — 0.03450 — 0.01768 — 0.00498 0.00137 0.00309 0.00275 0.00172
0.20785 0.13868 0.05664 -0 .0 0 8 7 5 -0 .0 4 2 3 9 — 0.04634 -0 .0 3 3 4 7 -0 .0 1 6 8 2 — 0.00446 0.00154 0.00309 0.00257 0.00172

0.08513 0.02283 -0 .0 2 4 7 2 -0 .0 4 6 1 7 -0 .0 4 4 2 8 -0 .0 2 9 8 6 -0 .0 1 4 0 7 -  0.00309 0.00206 0.00309 0.00257 0.00154
— 0.01476 -0 .0 4 0 5 1 -0 .0 4 7 5 4 — 0.03913 -0 .0 2 4 0 3 -0 .0 1 0 1 3 -0 .0 0 1 2 0 0.00257 0.00309 0.00223 0.00138

-  0.04754 — 0.04325 -0 .0 3 1 0 7 -0 .0 1 6 8 2 - 0 .0 0 5 6 6 0.00086 0.00309 0.00291 0.00206 0.00120
-0 .0 3 3 4 7 -0 .0 2 0 7 7 — 0.00944 -0 .0 0 1 5 4 0.00223 0.00309 0.00257 0.00172 0.00086

-0 .0 1 0 8 1 -0 .0 0 3 0 9 0.00137 0.00309 0.00291 0.00223 0.00138 0.00069

0.00103 0.00292 0.00309 0.00240 0.00172 0.00103 0.00051
0.00309 0.00257 0.00188 0.00120 0.00069 0.00034

0.00188 0.00120 0.00069 0.00051 0.00017

0.00086 0.00051 0.00034 0.00017
0.00034 0.00017 0.00017

0.00017 0.00000 

0 . 0 0 0 0 0
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T h e  p resen t p ap er does n o t  in te n d  the  d e ta ile d  d iscussion  of th is  p ro b lem , 
b u t  i t  is ap p ro p ria te  to  m a k e  a n  unam biguous h in t  h e re . T he firs t p o in t to  be 
m e n tio n e d  is th a t  E q . 54 is n o t  only  valid  fo r th e  o n e -p a ra m e te r  filte rs , an d  
y ie ld s  th e  am p lifica tio n -v a lu es  n o t only for th e  m a x im u m  case. H ence, i t  is 
p o ss ib le  to  dem and a c e r ta in  increase  of th e  re so lv in g  pow er in  th e  av e rag e  
lev e l o f  th e  exp lo ra tion  z0. T h is  condition  can  be w r i t te n  as

• 0.76642 • z Q

a n d  b y  ta k in g  in to  a c c o u n t t h a t  for the  fu n c tio n

*Ut =  1-122 ■ Ь

th u s  in  a d ep th  z0 one h a s  t o  realize  w w ith  th e  p a ra m e te r

У
0.76642 j2 

1.122 ) 0 .4 6 6 6 - ^ - .
H 2

(64a)

(64b)

(64)

T h e  tra n sfo rm a tio n  t- 2>(д;, у )  g o t in  th is  w ay  h as  i ts  m ax im u m  am p lifica tio n  
in  a d e p th  z <  z0 w ith  D  >  1, i.e. in case o f  a re a l increase  of th e  reso lv ing  
p o w e r th e  m axim um  a m p lif ic a tio n  will be in  th e  d e p th  z < 7  z0; e.g. in  case of 
z 0  =  4 , zmax can be c a lc u la te d  as y 0,7. (For th e  sh if t o f  th e  level zmax, fu r th e r  
fo r  th e  values x Xf2 c h a ra c te r iz in g  th e  resolving p o w er see Figs 4 an d  5; th e  
co rre sp o n d in g  filte r m a tr ic e s  a re  show n in T a b le s I I  a n d  I I I .)  —  I f  th e re  are  
no im p o r ta n t  anom alous b o d ie s  above the  d e p th  d o m a in  to  be exp lo red , th is  
c au ses  n o  troub le , an d  th e  v a lu e  o f s can  be d ec rea sed  as long as th e  a m p li
f ic a t io n  requ ired  ap p ears  in  a  d e p th  z0 accord ing  to  E q . 54. Thus, a m p lif ic a 
t io n  a n d  resolving pow er c a n  b e  b o th  increased a t  th e  sam e tim e. I t  is, how ever, 
c le a r  t h a t  if  the  values o f  D  a n d  amax are ta k e n  ir re a lis tic a lly  g rea t, one f in d s  
l im its  se t by  econom ical co n s id e ra tio n s  m uch e a r lie r  th a n  if  only th e  v a lu e  of 
°max w ou ld  be p rescrib ed .

9. A possib le direction of further investigations

I n  th e  previous C h a p te r  i t  has been show n t h a t  using  the  m ap tr a n s fo r 
m a tio n  t- 2< it is possible to  increase  s im u lta n e o u s ly  b o th  the  am p lifica tio n  
a n d  th e  resolving pow er, to  w h ic h  th e  very  re m a rk a b le  a d v a n ta g e  of th e  la te ra l  
u n sen sitiv en ess  in h e re n t in  t h e  defin ition  o f  t- ,  c a n  be  added . Beside th ese  
a d v a n ta g e s  enabling a n  e a s ie r  and  more a c c u ra te  geological in te rp re ta tio n
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1 2 a
j ---------------1------------p .

K)6t

500 m

Wy.z0(x.z) 
Ÿ *4 z0-4

th e  d isad v an tag e  o f t- z>, n am e ly  th a t  th e  m a tr ix  e lem ents are  to  be  d e te rm in ed  
b y  num erica l in te g ra tio n  o f  th e  ty p e  52 looks sm all (in all o th e r  p re se n te d  cases 
th e  m a tr ix  e lem ents can  be co m p u ted  b y  a p o ck e t ca lcu la to r). T h e  ad v a n ta g e s  
do n o t m ean , how ever, th a t  o n ly  th e  use o f th is  am plify ing  f i l te r  is adv isab le , 
as e.g. if  only  sm all m a tr ix  sizes can  be rea lized , i t  is b e tte r  to  use  t n 0 (or if  
a n y  ad v an tag e  can  be o b ta in e d  from  an a n a ly tic a l know ledge o f  w(x, у ,  г), 
*up up  *s to  be use<l e tc .). T h a t  m eans th a t  i t  w ould be too  e a r ly  to  consider 
th e  p ro b lem atics  o f th e  am p lify in g  filte rs  as closed, since in  p ra c tic a l ex p lo ra 
tio n  problem s o th e r d em an d s  are  m et for th e  am plifica tio n , fo r th e  increase 
o f th e  reso lv ing  pow er, fo r th e  la te ra l  unsensitiveness, for a ra p id  decrease of

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982

Fig.  4.  The system  of isolines o f  u ) ÿ !o(x,  z) and the curve aÿ_2o in case o f  y  =  7.11 and z0 =  4

z T
Fig.  5. The system  of isolines o f wÿ  2о(я, z) and the curve aÿi2o in case o f y  =  4 and z0 =  4
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0.3764

Table III

The filte r matrix ty, г0(д‘> У) in case o f у  = 4 and zQ — 4

0.2921 0.1107 -  0.0329 0.0739 -0 .0 4 5 9 -0 .0 1 0 0 0.0061 0.0067 0.0032 0.0010 0.0003

0.2208 0.0691 -0 .0 4 6 6 0.0728 -0 .0 4 1 9 -0 .0 0 7 8 0.0065 0.0065 0.0031 0.0009 0.0002

0.0152 -0 .0 6 9 4 0.0652 - 0 .0 3 0 5 -0 .0024 0.0073 0.0059 0.0026 0.0008 0.0002

— 0.0709 0.0459 — 0.0148 0.0035 0.0074 0.0048 0.0019 0.0005 0.0002

— 0.0205 -0 .0 0 0 9 0.0071 0.0064 0.0034 0.0012 0.0004 0.0001

0.0065 0.0071 0.0045 0.0020 0.0007 0.0002 0

0.0049 0.0025 0.0010 0.0003 0.0001 0

0.0010 0.0004 0.0002 0 0

0.0001 0.0001 0 0

0 0 0

0 0

0
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th e  te-values w ith  th e  d e p th  e tc ., to  w hich  som e o th e r co n d itio n s , e.g. fo r th e  
m a tr ix  size can  he ad d ed . All th e se  n ecessita te  fu r th e r  re sea rch  on  th e se  top ics. 

In  th e  follow ing a possible d irec tio n  o f  fu tu re  re sea rch  is ou tlined . 
I t  is ad v isab le  to  look  fo r new  resid u a l tra n s fo rm a tio n s  in  th e  g roup  of 

th e  fu n c tio n  h av in g  th e  fo rm :

n
«(*) =  £  W i l t * )  (6 5 )

1= 0

because th e  p arab o lic  cy lin d rica l fu n c tio n s rpk h av e  values o f  p ra c tic a lly  zero 
beg inn ing  from  a c e r ta in  va lu e  x  (w hich depends on k), w h a t can  he seen from  
th e  expression  of (pk(x ):

<Pk(x) =

if
e 2 H k( i)

]/к'.2к ]/л
(66)

(here  H k(x) m eans a H erm ite -p o ly n o m ia l), th u s  no too  g rea t m a tr ix  sizes are 
to  he feared .

I f  only  a m ax im u m  am p lifica tio n  is desired  in  a d e p th  z 0 beside a m in i
m u m  prescribed  v a lu e  o f th e  reso lv ing  pow er, th e  la t te r  can  be  rea lized  w ith  
a ie-value being  zero in  a g iven  d is tan ce  x 0 from  th e  orig in  fo r a level z0:

D em an d in g  fo r th e  orig in

t o ( i 0,  0 ,  Zg)  =  0  .

n>(0 , 0 , z0) =  1

a f i l te r  t(x) o f th e  ty p e  65 is to  choose fo r w hich

11*112 =  È  C2 i =  m in  
/ = 0

(67)

( 68)

(69)

is fu lfilled  in  o rd e r to  ensure  a m ax im um  increase  of th e  w -value  1 in  E q . 6 8  

a f te r  th e  n o rm ing . F o r  th e  values o f c2(- th e  eq u a tio n  ex p ressin g  th e  residual 
c h a ra c te r  m u st also he considered , th u s  fo r th e  fu lfilm en t o f  th e  m in im um  
co n d itio n  69 (no t fo rg e ttin g  E qs 67 an d  6 8 ) a va lu e  of a t  le a s t n =  3 m ust 
be ta k e n , i.e. t(x) is to  be looked for in  fo rm  o f a t  least 4 p a rab o lic  cy lindrical 
fu n c tio n s. In  th e  in v es tig a tio n s  th e  fu n c tio n s <P2i(x, z) in tro d u c e d  in  [10] can 
be ad v an tag ep u sly  u sed ; in  th e  sam e p a p e r a sim ple co n d itio n  is given for the  
c2j-s to  get m ap  tra n s fo rm a tio n s  accord ing  to  E q . 65 w hich  are  rea lly  residual

/ * o o  /* o o

ones, i.e. t(x, y )d x d y  =  0  is ab ovo fu lfilled .
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УСИЛИВАЮЩИЕ РЕЗИДУАЛЬНЫЕ ФИЛЬТРЫ
Л .  Ч Е Р Н Я К - Ф .  Ш Т Е Й Н Е Р

РЕЗЮМЕ

В статье излагаются некоторые резидуальные трансформация карт, при помощи 
которых осуществляется усиление гравитационных индикаций геологических структур.
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The paper supplem ents the known characteristics o f  the te-function by som e sta tem en ts  
which can prom ote the derivation  of gravim etric m ap transform ations t(x, y )  characterized  
by prescribed w(x, y ,  z ) functions.

T he w eight fu n c tio n  w(x, y ,  z) has b een  in tro d u ced  in [5] fo r th e  c h a ra c 
te r iz a tio n  o f th e  co n n ec tio n  betw een  th e  f i l te re d  g rav im etric  m ap s r(x, y )  and  
th e  d e n s ity  d is tr ib u tio n  o(x, y ,  z) o f geologic s tru c tu re s . I t  is d e fin ed  b y  th e  
follow ing e q u a tio n :

r(x ’У) =  I I I cr(x,y,z) ■ w ( x — x), ( y — ÿ , z ) d x d ÿ d z . ( 1 )

T he effective use o f  th e  th e o ry  o f  th e  F o u rie r- tra n sfo rm a tio n  is e n a b le d  by  
th e  fa c t th a t  —  in  co n n ec tio n  w ith  th e  co n s id e ra tio n s  ab o u t th e  te -fu n c tio n  — 
th e  f ilte re d  effect o f  a su rface d en sity  d is tr ib u tio n  cr'(x, y)  in  a d e p th  lev e l z0 

is o b ta in e d  b y  a tw o -v a ria b le  conv o lu tio n , as i t  can  be seen from  E q . 1. T he 
m ost im p o r ta n t fo rm u lae  o f th e  f ilte r  fu n c tio n  t(x ,y ) ,  its  F o u rie r- tra n s fo rm  
T (p , q), th e  fu n c tio n  e(x) — f z 0(x2 -f- zl)~3*2 ch a rac teriz in g  th e  g ra v im e tr ic  
effect an d  E(p) =  2лfe ~ z°P being its  tra n s fe r , as well as those o f th e  B ouguer- 
m ap  g(x, y ) an d  o f  G(p,q)  =  aF{g(x, y)} a re  p re se n te d  in  [5], th e re fo re  th e y  

are n o t inc luded  in  th is  p ap e r (x =  ][x2 -f- у 2, p  =  Уp 2 -(- q2). I n  [7] th e se  
fo rm ulae  are  also su m m arized  (see p re sen t issue).

I t  w ould  be v e ry  help fu l if  a m ap tra n s fo rm a tio n  t(x, y)  cou ld  be g iven  
to  an y  a rb itra ry  w(x, y ,  z) w hich realizes i t .  E .g . th e  in te rp re ta tio n  w o u ld  be 
sim ple if  w(x, y ,  z) w o u ld  have  values d iffering  fro m  zero only in a sm a ll d o m a in  
lim ited  from  all d ire c tio n s ; how ever, th is  re q u ire m e n t as o th e rs , to o ,  c an n o t 
be fu lfilled . L et us th e re fo re  q uo te  th e  ic -p ro p erties  whose d e d u c tio n  and  
p ra c tic a l im p o rta n c e  can  be found  in [2 ].

a)  T he  in te g ra l o f  an y  w(x, y ,  z0) fu n c tio n  for th e  w hole p la n e  (x, y)  
is a c o n s ta n t n o t d ep en d in g  on z0.

b) T he q u a d ra tic  in teg ra l o f an y  v)(x ,y ,  z u) fo r th e  p lane (x, y )  decreases 
rigo ro u sly  m o n to n ica lly  w ith  th e  increase o f  z0, and th e  fu n c tio n  is convex  
everyw here.
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c)  T h e  q u a d ra tic  in te g ra l ||м> | |2 of w ( x , y , z 0) o f  a m ap tra n s fo rm a tio n  
c h a ra c te r iz e d  by  th e  t r a n s fe r  T(p) can  be  e a s ily  o b ta in ed  using  th e  u(z) 
L a p la c e -tra n s fo rm  o f th e  fu n c tio n  p  ■ T 2(p)

u(z) =  t { p  ■ T*(p)} (2 )
in  th e  fo llow ing  form :

IИ  I2 =  2л/ 2 • u(2z) . (3)

(F o r  th e  coefficient in  th is  eq u a tio n  see [3].)
d )  N o m ap tra n s fo rm a tio n  ex ists w h ich  p ro d u ces a t a d e p th  lev e l z 0 

a w ( x , y , z 0) being eq u a l w ith  0(x, y).  T h e re fo re  i t  is an  irrea lizab le  a im  to  
p ro d u c e  a f ilte r  m a tr ix  w h ich  yields an  r(x, y )  be in g  ex ac tly  p ro p o rtio n a l 
w ith  th e  abso lu te  h e ig h t o f  a d en sity  c o n tra s t  su rface .

T h e  f irs t  s ta te m e n t o f  th e  p resen t p a p e r  is :
1. The functions w(x, y ,  z) are harmonic ones. This s ta te m e n t c a n  be 

p ro v e d  as follows. As

w(X, y ,  z) = J  J  e(x — и, у  —  V, z) ■ t(u , v)dudv , (4)

Aw{x, y ,  z) =   ̂ [exx(x —  u, y  —  v , z )  +  eyy(x — u, у  — v, z) +

ezz(x -— и, у  —  v, z)] • t (u , v)dudt> =  (5)

Ae(x  —  и, у  —  v, z) • t(u, v)dudt> =  0 ,

w h e re  A deno tes th e  L ap lace -o p e ra to r a f te r  x, y ,  z, and  e(x, y ,  z) =  f z ( x 2 -f- 
+  у 2 -f- z2) - 3/2, w hich is c le a rly  a harm on ic  fu n c tio n  (supposing th a t  in te g ra l 
5 e x is ts ;  th is  co n d ition  m ean s no p rac tica l re s tr ic t io n  for i). I f  th e  f i l te r in g  
is re a liz e d  b y  a f i l te r  m a tr ix ,  th e  s ta te m e n t is n e a r ly  triv ia l, as in  t h a t  case 
w is th e  lin ea r  co m b in a tio n  o f  a fin ite  n u m b e r  o f  e-functions, an d  th e  lin e a r  
c o m b in a tio n  of h arm o n ic  fu n c tio n s  is e v id e n tly  also harm onic.

T w o im p o r ta n t consequences follow fro m  th is  (see e.g. [4], p . 333):
2 . Let us choose a sphere which is included in  the half-space z >  0; the 

average o f  the w-values on the surface o f  this sphere is equal with the value of  
w(x, y ,  z) in the centre o f  the sphere.

3. Be V  an arbitrary closed domain in  the half-space z >  0; w(x, y ,  z) 
can have its maximum only at the boundary o f  the domain .

T h ese  consequences m ean  f irs t of all t h a t  the maximum w-value o f  an 
upper level is always higher than the m ax im um  w-value o f  a lower level (the  
p ro p e r t ie s  a and  b are  n o t suffice  to  exclude th e  oppo site  case). C o n seq u en tly , 
as a  sp ec ia l case, th e  m a x im u m  value wmax o f  w  can n o t be g rea te r  th a n  th e  
v a lu e  2 n f  • tmax re fe rrin g  to  th e  level z 0 =  0 .
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T h e o th e r p ra c tic a lly  v e ry  im p o r ta n t  consequence o f th e se  s ta te m e n ts  
is t h a t  it is impossible to produce high w-values in a certain exploration depth 
Zq (e.g. a t  X  =  y  =  0) so that the immediate and/or the farther v icin ity  should 
have only smaller w-values.

I t  is also p ra c tic a lly  im p o r ta n t  to  k n o w  w h a t m eans th e  s p a tia l  h a r 
m on ic  p ro p e rty  o f w ( x ,y , z )  in  th e  ( i ,  z ) -q u a rte r  p lane c h a ra c te r iz e d  b y  
X ,  z  0 in  w hich acco rd ing  to  [6 ] th e  fu n c tio n s  w are in v e s tig a te d  (m ak ing  
use o f  th e  cy lindrica l sy m m e try  o f th e  w(x, y ,  z)-s co rresponding  to  c ircu la rly  
sy m m e tric  t(x, y ) -s) —  an d  on  w hich q u a r te r  p lane  th e  re q u ire m e n t fo r w 
a re  s ta te d  w hen th e  m ap  tra n s fo rm a tio n  t(x, y )  fu lfilling  th e  re q u ire m e n ts  for 
w a re  looked for.

4. A  map transformation t(x, y )  producing a certain w can be fo u n d  only 
i f  w fu l f i ls  the following differential equation on the plane (x. z):

Э2гс(ж, z) dw(x, z) Э2w(x,z)  0

dx2 x dx 3 z2

E q u a tio n  6  follows d irec tly  from  th e  sp a tia l h arm o n ic  and  cy lin d rica l sy m m e t
ric  p ro p e r ty  o f w (x ,y ,  z).

T h e la s t s ta te m e n t is closly co n n ec ted  to  s ta te m e n t 4.:
5. The set o f  functions w(x, y ,  z) is identical with the set o f  the cylindrically 

symmetric , in the half-plane z >  0 harmonic functions which disappear i f
Z  —► OO.

P ro o f: The h arm o n ic  an d  cy lin d rica lly  sy m m etric  fu n c tio n s  f ( x , z) are 
d e riv ed  as so lu tions o f  E q . 6 . B eing re s tr ic te d  to  th e  half-space z  >  0 and  
su p p o sin g  th e  fu lfillm en t of

lim  f ( x ,  z) =  0  ,

E q u a tio n  6  should  be solved b y  se p a ra tio n  o f  variab les (see e .g . p . 31 in 
[1]). In  th is  case th e  so lu tio n  can  be w ritte n  in  th e  form

f (x ,  z) =  — Г pC(p) ■ e ■ J n(p ■ *)dP (7)
2 л  Jo

w h ich  is ev id en tly  th e  in v erse  H a n k e l- tra n sfo rm  o f C (p) ■ e ~ pZ b u t  th e  la t te r  
is fu lly  id en tica l w ith  th e  g enera l exp ression  o f  IP(p) (if C(p) =  2n fT (p );  see 
E q s  29 an d  25a in  [7]).
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КРАТКОЕ ЗАМЕЧАНИЕ К  ЗАДАННЫМ IF-СВОЙСТВАМ
Л . Ч Е Р Н Я К  — Ф . Ш Т Е Й Н Е Р - Л .  З И Л А Х И - Ш Е Б Е Ш

РЕЗЮМЕ

Содержащиеся в докладе некоторые установления позволяют дополнить для исвест- 
ных до сих пор свойств »’-функций, учет которых может быть полезным при выводе преоб
разований гравитационных карт t(x, у), характеризующихся заданной весовой функцией 
w(x, у, г).
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COMPARISON BETWEEN RESULTS 
OF THE GYRO-AZIMUTHS DETERMINED WITH OLD 

AND NEW GYROTHEODOLITES*

A B D E L H A M ID  K AM AL H ASSAN

BANHA UNIVERSITY, FACULTY OF ENGINEERING, CAIRO, EGYPT 

[M anuscript received February 13, 1981]

The paper presents an investigation  for the calibration results and th e  gyro-azim uth  
m easurem ents w ith  a new and an old gyrotheodolites typ e  MOM Gi-B2. The ca libration  and 
the azim uth m easurem ents were made in  Sopron, H ungary in 1979 and 1980.

The object o f the investigation  is to study  the accuracy of the gyro-azim uth s o f both 
the new and the old gyrotheodolites. Therefore a detailed  study was made for the calibration  
and the gyro-north m easurem ents o f the old gyro-theodolite  to evaluate its  e ffic ien cy .

In this research som e solutions are proposed for the calculation o f th e  gyro-azim uth  
from  the m easurem ents o f the old instrum ent to ob ta in  results o f similar accuracy as that 
obtained  w ith the new instrum ent. This will m ake it  possible to utilize old gyroth eod o lites in 
higher order geodetic works sim ilarly as the new gyrotheodolites.

The calibration results o f the tw o gyrotheodolites as well as the gyro-north  m easure
m ents o f the old gyrotheodolite  are tabu lated . F in a lly  a comparison is m ade betw een  the 
azim uth results of the old gyrotheodolite obtained from  the proposed solution and th e  azim uth  
results o f the new gyrotheodolite , then all the results are also compared w ith th e  astro-azim uths 
o f  the same directiors. The results are also tab u la ted  together with the accuracies.

1. In tro d u c tio n

T he g y ro th eo d o lite s  used  in  th e  in v e s tig a tio n  are of th e  ty p e  MOM 
B i-B 2 . T he f irs t  g y ro th eo d o lite  is an  old one, i t  w as used for th e  a z im u th  d e te r 
m in a tio n  an d  fo r o r ie n ta tio n  pu rp o ses  in  geodetic  w orks fo r se v e ra l years, 
i t  h a s  been used  fo r m ore  th a n  3000 a z im u th  d e te rm in a tio n s  w ith  in d e p e n d e n t 
s ta r ts ,  th e  n u m b e r o f  rev ers io n  p o in ts  o b se rv ed  in  each az im u th  d e te rm in a tio n  
w as b e tw een  4 an d  8  reversion  p o in ts . T h e  in s tru m e n t has also b een  tra n s p o r te d  
sev era l tim es fo r long d is tan ces . T he second  g y ro theodo lite  is a new  one i t  has 
n o t been  so m uch  used as th e  f irs t , b u t  i t  w as o n ly  used for some m e a su re m e n ts  
fo r  its  ca lib ra tio n  an d  a few  m easu rem en ts  to  co n tro l its accu racy  b y  co m p arin g  
its  a z im u th  re su lts  w ith  th e  a s tro n o m ica l a z im u th  of a know n d ire c tio n .

The g y ro th eo d o lite s  MOM G i-B 2  h a v e  special fea tu res w h ich  d iffe ren 
t ia te  th is  ty p e  from  th e  o th e r  ty p e s  o f  gy ro th eo d o lite s , these fe a tu re s  are  as 
fo llow s:

1. In  th e  MOM Gi-B2 g y ro th eo d o lite , th e  gyroscope u n it a n d  th e  th e o 
d o lite  u n it are  m o u n te d  to g e th e r, b u t  th e y  can  be m oved in d e p e n d e n tly  of 
each  o th e r.

%
* Paper presented at the X V I th  Congress o f  the International Federation o f  Surveyors 

(F IG ) in M ontreux, 9 — 18. A ugust, 1981, Sw itzerland
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2. T he reversion  p o in ts  o f  th e  oscillations c a n  be re la ted  w ith  th e  lim b  
(h o riz o n ta l circle) o f th e  th e o d o lite  th ro u g h  an  a u to co llim a tio n  op tica l sy s tem  
( th e  au to co llim a to r). T h e  im age of the  a u to c o llim a to r  scale g ra d u a tio n  is 
h a lv e d  b y  a coincidence p r ism . As a fac ility  to  in c rea se  th e  accu racy  o f  th e  
re a d in g s , th e  tw o h a lv es  o f  th e  im age m ove in  o p p o s ite  directions.

3. T he th eo d o lite  is n o t  used for fo llow ing th e  swing of th e  gy roscope, 
b u t  i t  is used  only fo r  m e a su rin g  th e  am p litu d e  o f  th e  swing on th e  h o riz o n ta l 
c irc le .

4. T he sw inging g y ro sco p e  is followed b y  a n  a u to m a tic  follow -up dev ice. 
In  th is  system , th e  m ir ro r  o f  th e  au to m a tic  fo llo w -u p  device re flec ts  lig h t 
s ig n a l (contro lling  th e  fo llow -up  action), on  tw o  p ho to resisto rs v a ry  th e ir  
re s is ta n c e  according to  th e  in te n s ity  of th e  in c id e n t  lig h t. The rig h t h a n d  or 
th e  le f t  h an d  re s is to r  is ex p o sed  to  ligh t, d e p e n d in g  on th e  position  o f  th e  
m irro r  o f th e  system , th is  causes unbalance in  th e  p h o to -resisto rs, as a re su lt 
o f  th is  unbalance  an  e le c tro n ic  system  drives a se rv o -m o to r and  th e  a u to m a tic  
o p tic a l system  is tu rn e d  to g e th e r  w ith  th e  u p p e r  en casing  b rack e t of th e  su s
p en sio n  b an d  so th a t  i t  fo llow s th e  swing of th e  g y ro sco p e . C onsequently , th e  d if
fe ren ce  betw een  th e  b a n d  to rq u e  zero p o in t a n d  th e  scale zero p o in t is k e p t 
to  a lm o s t nil.

5. E ach  scale d iv is io n  o f  th e  scale of th e  g y ro sco p e  w hich is re a d  in  th e  
a u to c o llim a to r  eyepiece re p re se n ts  30 seconds o f  arc .

T h e  ca lib ra tio n  o f  th e  tw o  gy ro th eo d o lites  w as m ade in  th e  B á n fa lv a  
o b s e rv a to ry  in  S opron , H u n g a ry . The c a lib ra tio n  o f  th e  new  g y ro th eo d o lite  
la s te d  in  1979 for th re e  d a y s , th e  old g y ro th eo d o lite  w as ca lib ra ted  in  1980 fo r 
n in e  d ay s . The c a lib ra tio n  o f  th e  tw o in s tru m e n ts  in c lu d ed  th e  d e te rm in a tio n  
o f  th e  in s tru m e n t c o n s ta n t  a n d  th e  C -factor ( th e  m o m en t ra tio ; th e  ra tio  
b e tw e e n  th e  m om ent o f  th e  suspension b an d  o f  th e  gyroscope and  th a t  o f  th e  
gy ro sco p e  itse lf m u ltip lie d  b y  th e  angu lar e q u iv a le n t  to  one scale d iv is io n  
o f  th e  au to co llim ato r). T h e  ca lib ra tio n  re su lts  fo r  b o th  in stru m en ts  a re  t a b u 
la te d , th e  accuracy  o f  th e  in s tru m e n t c o n s ta n t is also  show n in th e  ta b le s .

T h e  gy ro -azim u th  m easu rem en ts  were m ad e  in  S opron , to o ,th e  m easu rin g  
s ta t io n  w as the  n o r th e rn  e n d  o f th e  base line o f  th e  tr ian g u la tio n  n e t o f  th e  
c ity . F iv e  reference o b je c ts  w ere sighted fro m  th is  s ta tio n .

T h e  g y ro -az im u th  v a lu e s  of th e  tw o  g y ro th eo d o lite s  were co m p ared  
w ith  th e  astro n o m ica l a z im u th  values o f th e  sam e  reference o b jec ts . T he 
c a lib ra tio n  resu lts, th e  g y ro -n o r th  m easu rem en t, a n d  th e  ca lcu la ted  a z im u th  
v a lu e s  a re  show n in  th e  T a b le s . The az im u th  re s u lts  o f  th e  new  g y ro th eo d o lite  
m e a su re d  in  d iffe ren t d a y s  are  of an  in n e r a c c u ra c y  of ^ 1  second o f  arc , 
a n d  w hen  com pared  w ith  th e  astronom ical a z im u th  values, th e  acc u ra cy  
w as also  ^ 1  second o f  a rc . I n  th e  m easuring  re s u l t  o f  th e  old g y ro th eo d o lite  
a d e f in ite  d rift p h e n o m e n o n  w as detec ted , th is  d r i f t  caused  a clear te n d e n c y  
fo r  th e  gy ro -n o rth  v a lu e s  to  be of sm aller v a lu e s  th a n  th e  value o b ta in e d  in
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th e  f irs t in d ep en d en t d e te rm in a tio n  w hen re p e a tin g  th e  az im u th  m easu rem en ts  
fo r  th e  sam e re ference  o b jec t. T he d rift is o f  a sy s te m a tic a l b eh av io r, it  a ffec ted  
g re a tly  th e  fin a l re su lt fo r  th e  in s tru m e n t c o n s ta n t in  th e  c a lib ra tio n  as 
well as th e  fin a l v a lu es  o f  th e  az im u th  ca lcu la ted  from  rep ea ted  m easu rem en ts  
w ith  in d ep en d en t s ta r ts  w hen  com pared  w ith  th e  astro n o m ica l a z im u th  values.

In  th e  p a p e r, a s tu d y  is m ade a b o u t th e  ca lib ra tio n  re su lts  and  
g y ro -az im u th  m e a su re m e n ts  o f th e  old g y ro th eo d o lite . Som e so lu tio n s are 
g iven  to  e lim inate  th e  e rro rs  due to  th e  d r if t  phenom enon . T he accu racy  
o b ta in ed  from  th e se  so lu tio n s is m uch b e tte r  th a n  th e  resu lts  o b ta in e d  from  
th e  orig inal m easu rem en ts .

A com parison  w as m ade betw een  th e  a z im u th  resu lts  o f th e  old g y ro th e o 
do lite  o b ta ined  from  th e  proposed  so lu tions a n d  th e  az im u th  re su lts  o f  th e  
new  gy ro th eo d o lite , an d  f in a lly  betw een  th e  re su lts  o b ta in ed  w ith  b o th  th e  
new  and  th e  old g y ro th eo d o lite s  and  th e  a s tro n o m ica l az im u th s o f th e  
sam e d irections. T h e  re su lts  agree w ith  th e  a s tro n o m ica l az im u th  w ith  h igh 
accu racy , th e  a z im u th  re su lts  w ith  th e ir  accu racies are  ta b u la te d  in  th e  
T ab les. The follow ing n o ta tio n s  are used in  th e  T ab les

V  —  sing le  v a lu e  —  m ean value ,
V  =  sing le v alue  —  astro  va lu e ,
p 0 =  m ean  sq u are  e rro r o f th e  u n it  w eight using [uu],
и,, =  m ean  sq u are  e rro r of th e  u n it  w eight using  [vv],
pAm =  m ean  sq u are  e rro r o f th e  m ean  va lu e  using  [un],
u Am =  m ean  sq u are  e rro r of th e  m ean  v alue  using  [üü].

2. The m ethods used  in  the  d eterm ination  o f th e  reversion points

Tw o m ethods o f  o b se rv a tio n  were used  fo r th e  d e te rm in a tio n  o f th e  re 
version  po in ts; m e th o d s  w ith  follow ing an d  w ith o u t follow ing. In  th e  f irs t 
m eth o d  th e  reversions o f  th e  gyroscopic sw ingings are  read  on th e  h o rizo n ta l 
circle o f th e  th e o d o lite , in  th e  second m eth o d  th e  reversions are  read  on  th e  
scale o f th e  a u to c o llim a to r. T he to rsion  effect o f  th e  b an d  w as ta k e n  in to  
acco u n t in  th e  tw o  m e th o d s .

2.1 Determination o f  reversion points ivith folloiving

In  th is  m e th o d  th e  to rs io n a l res t position  N o '  o f th e  ro ta tio n  ax is o f  th e  
gyroscope is d e te rm in e d  from  th e  reversion  p o in ts  read  on th e  h o rizo n ta l 
circle accord ing  to  th e  S ch u le r— Fox fo rm ula  as follow s:

■(»< +  nr)
3 r-2
' (n2 +  n 3 +  . . .  +  ur__j) +  V  n,
4 £Ts

( 1 )
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w h ere  N o' —
n
r

th e  to rs io n a l re s t  p o sition  o f th e  ro ta tio n  axis o f th e  gyroscope, 
th e  reversion  p o in ts  (F ig . 1) an d  
th e  n u m b e r o f th e  reversion  po in ts .

T h is  to rsional re s t p o s itio n  is id en tica l to  th e  d irec tion  of th e  re su lta n t 
o f  th e  gyroscopic  m o m en t a n d  th e  m om en t o f th e  suspension  b a n d  a n d  of th e  
sp ira ls  (F ig . 2), i t  dev ia tes  fro m  th e  n o rth  d irec tio n  b y  a sm all a m o u n t ANo',

A N o '  =  К Мь
( 2 )

w h ere ANo'  =  th e  to rs io n  co rrec tio n  in  seconds o f arc,
К  =  th e  a n g u la r  equ ivalence  to  one scale d iv ision  o f  th e  a u to 

co llim ato r (К  =  3 0 " ) ,
Мь — th e  m o m en t o f  th e  suspension  h a n d ,
Mg = t h e  m o m en t o f  th e  gyroscope,
u 0  =  th e  to rs io n -free  positio n  o f th e  b a n d  (the  zero p o in t) .

T h e  torsion-free p o s itio n  o f th e  b a n d  u 0 is de te rm in ed  b y  free sw inging 
w h e n  th e  gyroscope is n o n -sp in n in g  w ith  observ ing  th e  rev e rsio n  p o in ts  и,

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



GYRO-AZIMUl'H DETERMINATION 213

in  th e  au to co llim a to r, th e  re s t position  c a n  be ca lcu la ted  from  th e  observed  
rev e rs io n  in  a s im ila r m an n e r as in E q . 1.

T he ra tio  M J M g can  be ca lcu la ted  b y  m easu ring  th e  sw ing ing  tim e  of 
a com ple te  sw ing m easu red  w ith  fo llow ing an d  w ith o u t fo llow ing  w hich 
d iffe r a t  d iffe ren t geograph ica l la titu d e s  [H alm os, 1966— 1968].

(3)

w here  T , =  sw ing tim e  m easu red  w ith  fo llow ing , and  
T wf =  sw ing tim e  m easu red  w ith o u t follow ing.

M b T )
M g ~ T l f

M
In  E q . 2 th e  coeffic ien t К  ----- is th e  C -fac to r and  d en o ted  b y  C. T he

1 orsion  co rrec tion  fo rm u la  w ill be

A N o' =  C u0 . (4)

T he co rrec ted  re s t positio n  can  be co m p u te d  from  th e  fo llow ing fo rm u la :

No  =  No' -\~ A N o' or 

No  =  No' A C u0 .
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2.2 Determination o f reversion poin ts without following

I n  th is  m eth o d , th e  to rs io n a l res t p o s itio n  n'0 o f  th e  ro ta tio n  ax is o f  th e  
g y ro sco p e  is c a lcu la ted  acco rd in g  to  F o rm u la  1 fro m  th e  reversion  p o in ts  
nt r e a d  in  th e  au to co llim a to r.

A s n o  follow ing is m ad e  d u rin g  th e  m e a su re m e n ts , th e  to rs io n  effect 
m u s t b e  ta k e n  in  th e  v a lu e  n'0 tw ice . a.M ( th e  h o riz o n ta l circle read ing ) in  th is  
p o s itio n  m u s t be read  as a basic  o rien ta tio n . T h e n  th e  re s t position  co rre c ted  
fo r to r s io n  is:

No =  a M +  K n ’0 —  Cn’0 +  C u0 . (6)

T he c o m p u ta tio n a l fo rm u la  o f  th e  az im u th  d e te rm in a tio n  w ith  th e  g y ro th eo d o - 
lite  w ith  b o th  m ethods is

A  =  I  —  No  +  A (7)

w h ere  A  =  th e  a z im u th  to  be  de te rm in ed ,
I  =  th e  read in g  on  th e  h o rizo n ta l c irc le  in  case of p o in tin g  to  th e  

d irec tion  to  be de te rm in ed ,
N o  =  th e  h o riz o n ta l circle read ing  fo r th e  co rrec ted  rest p o s itio n ,
A  =  th e  in s tru m e n t c o n s ta n t d e te rm in e d  b y  th e  ca lib ra tio n .

3. The calibration

F o r  b o th  th e  new  an d  th e  old in s tru m e n ts , th e  ca lib ra tio n  m easu rem en ts  
w ere  m a d e  in  th e  B á n fa lv a  o b se rv a to ry  o f  S o p ro n , H u n g ary  o f la t i tu d e  
cp — 4 7 °  4 0 ' 55!56. I t  w as c o n s tru c te d  u n d e r a m o u n ta in  of ab o u t 60 m  h e ig h t, 
i t  co n se rv e s  hum id  a ir  a n d  keeps alw ays f ix e d  te m p e ra tu re  (a b o u t 13 °C) 
all o v e r  th e  w hole y e a r  due  to  th e  n a tu re  o f  its  lo ca tio n . The o b se rv a to ry  is 
c o n s tru c te d  specially  fo r th e  geodynam ical m e a su re m e n ts , it  is in  th e  fo rm  of 
tw o  p e rp e n d ic u la r  tu n n e ls , each  ab o u t 50 m  len g th , th e  cen te r  lines of 
th e  tw o  tu n n e ls  are o f k n o w n  astronom ica l a z im u th s , these  az im u ts  a re  c o n t
ro lled  p e rio d ica lly  b y  th e  geodetic  d e p a r tm e n t o f  th e  G eodetic an d  G eo p h y si
ca l R e se a rc h  In s t i tu te  o f  th e  H u n g a ria n  A c a d e m y  o f Sciences, S opron .

T h e  g y ro th eo d o lite  w as set up  on a co n c re te  p illa r estab lished  spec ia lly  
fo r  p re c ise  m easu ring  p u rp o ses , i t  was m o u n te d  o n  a h eav y  stee l m o u n t to  
in su re  good  s ta b ility  fo r th e  in s tru m e n t. T h e  g y ro theodo lite  w as c e n tre d  
u n d e rn e e th  a fix ed  p o in t in sid e  th e  m ain  tu n n e l  o f  th e  o b se rv a to ry , geo d e tica l 
s ig h ts  w ere  m ade to  th e  en d  p o in ts , th e  f i r s t  e n d  p o in t was occupied  w ith  a 
W ild  t a r g e t  w hich w as c e n tre d  a ccu ra te ly , i ts  v e r tic a li ty  w as ch eck ed  w ith  
a th e o d o lite . T he o th e r  en d  p o in t was d e fin e d  w ith  p lum b bob w h ich  w as 
c o m p le tly  dam ped  to  in su re  accu ra te  sigh tin g .
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T he g y ro th eo d o lite  w as le f t in  its  positio n  d u ring  th e  w hole  period  of 
c a lib ra tio n  to  avo id  ce n tr in g  e rro rs due to  rep ea ted  occupa tion  o f  th e  s ta tio n . 
A t th e  begin ing  o f  each  d a y  m easu rem en ts , th e  cen trin g  o f  th e  in s tru m e n t 
an d  th e  v e r tic a lity  o f  th e  s ig h tin g  ta rg e t  w ere checked.

T he ca lib ra tio n  o f each  g y ro th eo d o lite  included  th e  d e te rm in a tio n  of the  
C -fac to r and  th e  in s tru m e n t c o n s ta n t, fo r th e  new  in s tru m e n t i t  la s te d  in 
A u g u st, 1979 th re e  d ay s an d  fo r th e  old in s tru m e n t it  la s te d  in  M ay, Ju n e  
an d  J u ly , 1980 n ine  days.

3.1 Determination o f  the C-factor

. . . 1 3 .
The sw inging tim es  o f — , 1 ,—  sw ings w ere m easured  w ith  sp in n in g  gyro-

2 2
scope w ith  th e  tw o  m eth o d s  (w ith  follow ing, an d  w ith o u t fo llow ing), an d  the  
m ean  value re p re se n ts  th e  sw inging tim es o f a com plete  sw ing  (Ту an d  Twfj 
w h ere  used  in  th e  ca lcu la tio n  o f  th e  C -fac to r w ith  th e  fo llow ing  fo rm ula 
[H alm o s, 1968]:

C = К seconds o f  arc /one  scale d iv ision .

In  th e  above e q u a tio n  К  — 30 seconds o f  arc. T he re su lts  o b ta in e d  fo r the 
C -fac to r are as fo llow s: fo r th e  new  g y ro th eo d o lite : C =  — 5'TO/one scale 
d iv ision . F o r th e  old g y ro th eo d o lite : C =  — 5"83/one scale d iv is io n .

T he fo llow ing ta b le  c o n ta in s  th e  m ean  v alue  o f th e  sw ing  tim e s  Ту and 
7'Hy an d  th e  ca lcu la ted  C -fac to r va lues from  eigh t in d e p e n d e n t m easu rem en ts  
w ith  th e  old g y ro th eo d o lite .

No.

/1  3 \Time of l — +  1 -f — j swings The swing time
The calculated 

C-factorwith following without following Tf
m S m S m 8 m 8

l 28 35.9 26 09.8 9 31.97 8 43.27 — 5.842

2 28 38.7 26 10.9 9 32.90 8 43.63 — 5.885

3 28 36.7 26 11.7 9 32.23 8 43.90 — 5.794

4 28 36.2 26 10.2 9 32.07 8 43.40 - 5 .7 9 9

The mean value of C for the old instrum ent — 5.830

Precautions in  observations and measurements

T he follow ing im p o r ta n t p recau tio n s  w ere ta k e n  in to  co n sid era tio n s 
d u rin g  th e  m easu rem en ts  fo r th e  in s tru m e n t c o n s tan t an d  fo r  th e  az im u th  
d e te rm in a tio n s  :
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1. Before s ta r tin g  th e  m easu rem en ts , th e  gy roscope  was le t to  sw ing 
w i th o u t  sp inning  for a b o u t h a l f  an  hour to  e lim in a te  sm alle r b an d  to rsions an d  
d e fo rm a tio n .

2 . T he gyroscope w as w a rm e d  up before  m e a su re m e n ts  for a b o u t one 
h o u r  to  reach  a h ea t e q u ilib r iu m  to  avoid an y  sh if t in  th e  equ ilib rium  p osition .

3 . A set of a t le a s t s ix  in d ep en d en t d e te rm in a tio n s  was m easu red  for 
th e  d e te rm in a tio n  o f th e  in s tru m e n t  c o n s tan t o r  fo r  th e  az im u th  in  ev e ry  
s e t t in g  u p  of the  in s tru m e n t to  increase th e  a c c u ra cy .

4 . T he zero po in t p o s it io n  o f the  b an d  w as re g u la te d  n e a r to  zero; i t  
w as n o t  m ore th a n  ^ 1 . 5  sca le  divisions to  m ak e  th e  d is tu rb in g  effects an d  
to rs io n s  sym m etrical a long  th e  w hole sw inging p a th  to  th e  zero position , i.e. 
to  th e  re s t  position.

5. T he zero p o in t p o s it io n  u 0 was dete rm in ed  b y  fo u r  observed  half-sw ings 
w i th o u t  sp inning before a n d  a f te r  th e  d e te rm in a tio n  o f  th e  to rsiona l res t p osi
t io n  o f  th e  spinning g y ro sco p e . T his is to  e lim in a te  th e  effect o f changes o f 
th e  ze ro  po in t position  d u r in g  th e  m easurem ents o f  th e  reversion  po in ts . T he 
m e a n  v a lu e  is th en  used ,

u 0 (before) +  u0 (a f te r )
u0 = ----------------- ------------------  . (»)

F o r  th e  new  g y ro th eo d o lite , th e  average v a lu e  o f  th e  change in  th e  zero 
p o in t  w as 1", and th a t  fo r  t h e  old one was 1"5.

6. T h e  num ber o f th e  o b se rv e d  reversion  p o in ts  w as 6 to  e lim inate  in itia l 
th e r m a l  effect, and th e  e ffec t o f  d esarresta tio n .

7. W hen  the  a m p litu d e  m e th o d  (w ith o u t fo llow ing) was used, a good 
p re l im in a ry  o rien ta tio n  w as m a d e  to  m inim ize as possib le  th e  effects o f th e  
r e a d in g  erro rs in  th e  re v e rs io n  p o in ts  ni as th e ir  m ean  va lu e  is used tw ice in  
th e  a z im u th  calcu lation .

8 . T he po in ting  to  th e  re fe ren ce  object w as m a d e  tw ice  before an d  a f te r  
th e  g y ro -m easu rem en ts  a n d  th e  m ean  value w as u sed  as I  in  o rd er to  e lim ina te  
th e  w a rp in g  of the  h o r iz o n ta l circle during th e  g y ro m easu rem en ts .

j  I  (before) +  I  (a f te r )

~  2

T h e  av e ra g e  difference b e tw e e n  I  (before) an d  I  (a f te r)  w as n ea rly  0"5 fo r 
th e  n e w  in s tru m en t an d  1"5 fo r  th e  old one.

9. T he in s tru m en t w as a lw ay s  checked to  en su re  its  h o rizo n ta lity .
10. The C-factor w as d e te rm in e d  in th e  c a lib ra tio n  s ta tio n  and  d u rin g  th e  

f ie ld  m easu rem en ts  to  av o id  th e  changes in th e  sw ing  tim e  due to  th e  change 
o f  th e  la t i tu d e  and to  th e  c h a n g e s  of the  o u te r te m p e ra tu re . I t  was found  th a t  
th e  d iffe ren ce  betw een  th e  C -fa c to r  de term ined  in  th e  ca lib ra tio n  s ta tio n  an d  
t h a t  d e te rm in ed  in  th e  f ie ld  s ta t io n  is insign ifican t a n d  can  be neglected .
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3.2 Determination o f the instrum ent constant A

The in s tru m e n t c o n s ta n t zl is th e  angle b e tw een  th e  axis o f th e  te lescope 
an d  th e  p e rp en d icu la r to  th e  sw inging m irro r, i t  is ca lcu la ted  from  E q . (7) 
as follows:

zl =  A  —  I  +  N o  (10)

w here A  =  th e  k n o w n  a s tro n o m ica l az im u th  o f  th e  co n tro l line,
I  =  th e  read in g  on  th e  h o rizon ta l c irc le  w hen  sigh ting  th e  co n tro l 

line (geodetic  sigh ting ), and
No  =  th e  h o riz o n ta l circle read ing  for th e  co rrec ted  rest positio n .

The in s tru m e n t c o n s ta n t Zl o f th e  new  g y ro th eo d o lite  was ca lcu la ted  
from  th e  m easu rem en t o f  th re e  days. Six m e a su re m e n ts  w ith  in d ep en d en t 
s ta r ts  were m ade in  each  d ay . F o r each  in d e p e n d e n t m easu rem en t, tw o 
v a lu es  fo r Zl w ere ca lc u la ted  because tw o reference  o b jec ts  o f know n a s tro n o m 
ica l az im u th s  (d e te rm in ed  w ith  an  accu racy  o f  ^0 7 8 8 ) were s ig h ted  before  
an d  a fte r  th e  g y ro -m easu rem en ts , th e  average  m ean  sq u are  e rro r o f s ig h tin g  
an d  read in g  th e  geode tica l d irec tio n s was ^ ( к З  fo r  th e  new  in s tru m e n t and  
Jb0"5 fo r th e  old one. T h e  m ean  Zl w as ca lcu la ted  fo r  each  in d ep en d en t m easu re 
m en t. The ca lcu la ted  va lu es  o f  Zl for the  new in s tru m e n t are show n in T ab le  I, 
th e  m ean  values o f th e  th re e  day s agree w ith  h ig h  accu racy , th e  m ean  sq u are  
e rro r  o f a single m e asu rem en t is betw een  ^ 2 — 3 seconds o f arc an d  th e  m ean  
sq u are  e rro r o f th e  m ean  v a lu e  o f th e  six m e a su re m e n ts  is ^ 1  second o f arc,

Table I

Results o f the calibration 
Instrum ent: MOM Gi-B2 No 770106 (new)

The calibration station: Sopron, Bánfalva observatory Temperature: 13 °C

Date 14 August, 1979 15 August, 1979 16 August, 1979

No A V A V l 1 V

l 8 8 °4 9 '08"19 1T80 8 8 °4 9 '03767 — 2 : 7 6 88°49' 09791 3751
2 88 49 04.32 2.07 88 49 06.24 0.19 88 49 08.96 2.56
3 88 49 09.54 3.15 88 49 04.83 1.60 88 49 04.82 -1 .5 8
4 88 49 07.41 1.02 88 49 07.18 0.75 88 49 02.59 3.81
5 88 49 04.91 -1 .48 88 49 09.43 3.00 88 49 07.42 1.02
6 88 49 03.96 2.43 88 49 07.20 0.77 88 49 04.68 — 1.72

Mean 88 49 06.39 0.00 88 49 06.43 0.00 88 49 06.40 0.00

Mean ±2.31" l“ 0 ± 2 .02" î O ±2.82"
square
errors ^ A ± 0 .9 4 P a ± 0 .8 2 1UA ± 1 .1 5

Mean vailue of the instrum ent constant (/J) 88°49' 06".41 ±1" .00
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Table П

Instrument constant (A) used in  azimuth calculations 

Instrum ent: MOM Gi-B2 N o. 023119 (old)

Calibration station: Sopron, Bánfalva observatory 
Date of calibration: 12 May, 1980 Temperature: 13 °C

A from A from 
direction 2—1 direction 2—4

Mean A 
affected with 

syst. error
A values used in azimuth 

calculations

l 90'’l l ' 55?27 90‘’l l ' ' 53"77 90‘’l l ' 54"52 m ean of 1st

2 90 11 50.01 90 11 50.36 90 11 50.19 901Т Г 52'.'36 (4 .)  2 values

3 90 11 47.41 90 11 50.16 90 11 48.79 90 11 51.17 ( 4 )  3 values
4 90 11 45.46 90 11 45.81 90 11 45.64 90 11 49.78 (A4) 4 values

5 90 11 45.26 90 11 43.66 90 11 44.46 90 11 48.72 (Z)5)  5 values

6 90 11 42.78 90 11 43.63 90 11 43.21 90 11 47.80 (zle) 6 values

7 90 11 45.45 90 11 45.20 90 11 45.33 90 11 47.44 (d 7) 7 values

th e  d ifference  betw een  th e  f in a l v a lue  an d  each  single value w as b e tw een  ^ 3  
seco n d s o f  arc. The m ean  v a lu es  of A fo r each  of th e  th ree  day s d e v ia te  from  
e a c h  o th e r  by  J : 0''04 an d  fro m  th e  f in a l va lu e  b y

T h e  in s tru m en t c o n s ta n t o f th e  old g y ro th eo d o lite  w as c a lc u la ted  from  
th e  m easu rem en ts  of n ine  d ay s . In  som e d ay s m ore th a n  six  m easu rem en ts  
w ith  in d p e n d e n t s ta r ts  w ere m easu red , also fo r each  in d ep en d en t m easu rem en t 
th e re  w ere  tw o values fo r A, th e  m ean  value  w as ta k e n  as a single in d e p e n d e n t 
d e te rm in a tio n . T able I I  show s in  th e  f irs t th re e  colum ns A v a lu es  o b ta in ed  
fro m  s ig h tin g  th e  tw o c o n tro l d irec tions (2— 1) an d  (2— 4) a n d  th e i r  m eans. 
T h e  re su lts  shown in  T ab le  I I  are from  th e  f irs t  d ay  o f th e  ca lib ra tio n . 
I t  is o b v io u s from  th e  c a lib ra tio n  resu lts  t h a t  th e re  is a c lear te n d e n c y  fo r A 
v a lu e s  to  get sm aller in  a sy s te m a tic  w ay ; besides th e  o b se rv a tio n  a n d  ran d o m  
e rro rs , th is  ten d en cy  is also show n in  Figs 3— 5, w here th e  line re p re se n tin g  
A  v a lu e s  is going dow n w ard s. T ab le  I I I  show s th e  g y ro -n o rth  v a lu es  o f  th e  
f i r s t  c a lib ra tio n  d ay  w h ich  seem  to  be a ffec ted  in  th e  sam e m a n n e r. The 
c a lc u la tio n s  showed th a t  th e  m ean  sq u are  e rro r  o f a single v a lu e  o f A  in 
d if fe re n t day s is be tw een  ^ 4 — 5 seconds o f a rc , an d  for th e  m ean  v a lu e  i t  is 
b e tw e e n  i l . 5— 2 seconds o f  a rc . On th e  a ssu m p tio n  th a t  th e  d r if t is a fu n c tio n  
o f  t im e , th e  f irs t value o f A in  each  d a y  can  be considered as n e a r ly  free of 
s y s te m a tic  effect. T herefo re  in  co rrec tin g  th e  d r if t, th e  su b seq u en t A  values 
sh o u ld  be  reduced  to  th e  f ir ts  v a lu e , i.e ., to  th e  s ta r t ,  a t th is  in s ta n t ,  no d rift 
h a s  y e t  occu rred  [G regerson, 1970]. To e v a lu a te  th e  system atic  e ffec t, a lin ear 
in te rp o la t io n  is su ffic ien t good estim a tio n  fo r th e  d rift effect as i t  is caused 
fro m  th e  h e a t changes due to  m easu rem en ts  fo r long periods, a n d  because 
th e s e  h e a t  changes m a y  be exp ressed  as ex p o n e n tia l fu n c tio n , w h ich  differs
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Table III

Results o f  the calibration  

Instrum ent: MOM GÍ-B2 No. 023119

Station: Sopron, Bánfalva observatory 
Date: 12 May, 1980

Temperature: 13 °C 
Weather: humid air

Meas.
No.

Before correcting 
the systematic effect

Syst.
effect

After correcting 
the systematic effect

Gyro-north
No V Gyro-north

No V

l 82°1 O '43732 6ПЗ o:oo 82°10 '  43732 0796

2 82 10 39.51 2.32 — 2.07 82 10 41.58 — 0.78

3 82 10 37.71 0.52 — 4.14 82 10 41.85 0.51

4 82 10 35.81 — 1.38 — 6.21 82 10 42.02 0.34

5 82 10 34.66 — 2.53 — 8.28 82 10 42.94 0.58

6 82 10 32.13 — 5.06 — 10.35 82 10 42.48 0.12

Mean 82 10 37.19 0.00 Mean 82 10 42.36 0.00

Ro ± 3 '9 4  fiNo ±Г .61 Ro ± o :6 7 flNo ±0'.27

Table IV

Results 1o f  the calibration

Instrum ent: Gi-B2 No. 023119 (old)

Station: Sopron, Bánfulva observatory 
Date: 12 May, 1980

Temperature: 13 °C 
Weather: humid air

Meas.
No.

Before correcting 
the systematic effect

After correcting 
the systematic effect

Instrument
constant

A
V

effect Instrument
constant

A
V

l 90°11' 54'.’52 7707 o'.'oo 90°11'54"52 2716

2 90 11 50.19 2.74 — 1.64 90 11 51.83 - 0 . 5 3

3 90 11 48.79 1.34 — 3.28 90 11 52.07 — 0.29

4 90 11 45.64 - 1 .8 1 — 4.92 90 11 50.56 - 1 . 8 0

5 90 11 44.46 — 2.99 — 6.56 90 11 51.02 — 1.34

6 90 11 43.21 — 4.24 — 8.20 90 11 51.41 — 0.95

7 90 11 45.33 — 2 12 — 9.84 90 11 55.17 2.81

Mean 90 11 47.45 0.00 Mean 90 11 52.36 0.00

Ro ± 3 :9 6  ц А ±1750 Ro ± i: 7 7  f t , ±0T67
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F ig . 3. The instrum ent co n sta n t (A). Instrum ent: MOM G i-B2 No 023119 (old)

o n ly  s lig h tly  from  a lin e a r  o n e . T h e  slope o f th e  f i t t e d  line  rep resen ts th e  ra te  
o f th e  sy s tem a tic  effect. T h e  lin e a r  in te rp o la tio n  w as also ca lcu la ted  fo r  th e  
g y ro -n o r th  (No) values o f  e a c h  d ay  and  a m ean  v a lu e  o f  th e  d rift r a te  (S ) 
w as c a lc u la ted  and fo u n d  to  be  ap p ro x im ate ly  2 seconds of arc p er ev e ry  
m e a su re m e n t excluding th e  f i r s t  m easu rem en t. T h e  in s tru m e n t c o n s ta n t 
v a lu e s  w ere  th e n  ca lcu la ted  a f te r  e lim inating  th e  d r if t .  T he resu lts  o f  f ir s t  
d a y  o f  th e  ca lib ra tion  a re  show n  as an  ex am p le  in  th e  second p a r t  of 
T a b le  IV ; i t  is clear t h a t  th e  re su lts  are o f b e t te r  accu racy . F igures 3— 5 
show  th e  resu lts  a fte r th e  e lim in a tio n  of th e  d r if t . T h e  resu lts  o b ta in ed  a f te r  
th e  e lim in a tio n  of th e  d r if t  a re  o f  m ean  square e rro r  b e tw een  ± 0 .5 — 2 seconds 
o f  a rc  fo r  a single va lu e , a n d  fo r  th e  m ean v a lu e  i t  is less th a n  ± 1  second  of 
a rc . T h e  su m m ary  o f th e  c a lib ra tio n  resu lts o f th e  n in e  days is show n in 
T ab le  V . T h e  A values sh o w n  a re  tho se  a fte r th e  e lim in a tio n  of th e  d rif t effec t, 
th e  n in e  va lu es  agree w ith  a h ig h  accuracy , th e y  d e v ia te  from  each o th e r  b y  
(0 .5— 4) seconds of arc  a n d  f ro m  th e  fina l v a lu e  b y  ± 2  seconds of a rc . T he
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i
Д

55 - 
50 - 
45 -

о 4 0 :
90 11 35

i
23. June. 1980

° ~°

Time

Д<

55 -  
5Ö - 

45 -
„ 40 -  

90 11 35 -

1 1 1 I— 1 1 1 1 1 I 1 I 1 1 1 1 r
9 10 11 12 13 14 h 
‘25. June, 1980

Time

Д
»1

5 5 -  
50 -  

4 § -

o . 4° "
90 11 35 '

— 1— 1— I— T— 1-----r ~ 1— 1-----1— I— 1— 1— 1— 1— : 1— г
9 10 11 12 13 14 h 
i
26. June, 1980

°" Time

—

— 1— 1— r T— 1-----1— 1 1 1 1 1 1 1 1 I 1 ’ 1"
9 10 11 12 13 14 h 

-  : Д before correcting  th e  system atical effect 
- : Д  a f te r  correcting  th e  sy s te m a tic a l effect

F ig. 4. The instrum ent constant (A ). Instrum ent: MOM Gi-B2 No 023119 (old)

Table V
Summary o f  the calibration results 

Instrument: MOM Gi-B2 No. 023119 (old)

Date
No. of

indep. measts.
Adjusted 

values of A V

12. May, 1980 m ean o f 7 m easts. 90°11'52:'36 0?56

18. June, 1980 m ean o f 7 m easts. 90 11 52.10 0.30

19. June, 1980 mean of 7 m easts. 90 11 53.23 1.43

23. June, 1980 mean o f 6 m easts. 90 11 51.76 — 0.04

25. June, 1980 mean o f 7 m easts. 90 11 53.84 2.04

26. June, 1980 mean o f 8 m easts. 90 11 49.30 - 2 . 5 0

27. June, 1980 mean o f 7 m easts. 90 11 52.21 0.41

30. June, 1980 mean o f 8 m easts. 90 11 50.34 — 1.46

1. July, 1980 mean of 8 m easts. 90 11 51.06 — 0.74

Mean value of 9 days m easurem ents 90 11 51.80 0.00

fi  of the instrum ent constant ±0''47
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Fig.  5. The instrum ent co n sta n t (A).  Instrum ent: MOM Gi-B2 No 023119 (old)

f in a l  v a lu e  of Л (th e  m e a n  o f  9 days m easu rem en ts ; i.e. th e  m ean  o f 65 in d e 
p e n d e n t m easu rem en ts) is o f  a n  accuracy  o f  ^ 0 .4 7  second  of arc.

4. M easurem ents for the azim uth determ ination

T h e  m easuring  s ta t io n  w as  in  Sopron, H u n g a ry ;  i t  is th e  n o rth e rn  en d  of 
th e  b a se  line of th e  tr ia n g u la t io n  n e t of th e  c i ty  o f  la t i tu te  q> =  47° 4 0 ' 49"47. 
T h e  in s tru m e n t s ta tio n  is d e fin e d  b y  the  p o in t o f  in te rse c tio n  of tw o p e rp e n d ic 
u la r  lin e s  e tched  on a b ra s s  p la te  fixed  rig id ly  on  th e  to p  of a concrete  p illa r. 
T h e  g y ro th eo d o lite  w as m o u n te d  on a heav y  s tee l m o u n t p laced  on th e  co n cre te  
p il la r , a lw ays, it  was w ell p ro te c te d  against w in d  a n d  its  effect.

F ro m  th e  m easu rin g  s ta t io n s , five d irec tio n s co u ld  he sigh ted , th e  a s tro 
n o m ic a l azim uths o f th e se  d irec tio n s  are k n o w n , th e y  w ere d e te rm in ed  w ith  
an  a c c u ra c y  of ^ 0 .3 " .  T h e se  d irections are  th e  lin es  jo in in g  th e  m easu rin g  
s ta t io n  an d  th e  fo llow ing re fe ren ce  objects a t  th e  follow ing d istances from  
th e  m easu rin g  s ta tio n .
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1. T he to p  o f th e  c ity  to w er, 1160 m .
2. T h e  s ta r  on th e  to p  o f th e  p o st office, 666 m.
3. T he w estern  to w e r o f  th e  tw o -to w ered  church , 689 m .
4 . T he easte rn  to w er o f  th e  tw o -to w ered  chu rch , 692 m .
5. T he K áro ly  p an o ram ic  to w er, 1750 m .

T hese geodetic  d irec tio n s w ere s igh ted  an d  read  w ith  an  av e rag e  m e a n  square  
e rro r  ± 0 ? 5 .

4.1 A zim uth  measurements with the new gyrotheodolite

T h e  m easu rem en ts o f  a z im u th  w ith  th e  new  g y ro th eo d o lite  w ere  m ade in 
1979 th re e  days, i t  w as good h o rizo n ta l v is ib ility  a fte r  l i t t le  r a in  rem ained  
tw o  d ay s . M ore th a n  six  in d e p e n d e n t d e te rm in a tio n s  were m ad e  e ach  d ay , in 
som e d ay s  th e  tw o m eth o d s  o f  a z im u th  d e te rm in a tio n  (w ith  fo llow ing  and 
w ith o u t following) w ere used  to  d e te rm in e  th e  C -fac to r.T he m ean  v a lu e s  o f  the 
a z im u th  o f each d irec tio n  m easu red  in  d iffe ren t days w ere c a lc u la te d  and 
co m p ared  w ith  th e  a stro n o m ica l a z im u th s , som e of th e  re su lts  a re  show n 
in  T ab les  V I, V II . T he m ean  sq u are  e rro r  is ^ 1 . 5 —2 seconds o f  a rc  for a 
single m easu rem en t a n d  0.5— 1 second  o f arc  fo r th e  m ean  v a lu e . W hen 
c o m p arin g  w ith  th e  a s tro n o m ica l a z im u th s  n ea rly  th e  sam e a c c u ra c y  was 
o b ta in e d .

Table VI

Results o f  the gyro-azimuth  

Instrum ent: MOM Gi-B2 No. 770106 (new)

Measuring station: the northern point of the base line in Sopron 
Sighted station: the city tower Astro-azimuth : 27o52'38:80

Date: 23 August, 1979 Date: 3 September, 1979
jyfeas Temperature: 19 °C-—26 °C Meas. Temperature: 15 °C—23 °C
N o . --------------------------------------------------------------- N o . ----------------------------------------------------

Azimuth V V Azimuth V V

1 27°52' 38t79 0 : 9 6  - 0 : 0 1 1 2 7 °5 2 '40^50 1 : 9 9 T 7 0

2 27 52 37.70 — 2.05 1 . 1 0 2 27 52 40.62 2.11 1.80
3 27 52 38.80 — 0.95 0 . 0 0 3 27 52 36.03 — 2.48 2.77
4 27 52 42.38 2.63 3.58 4 27 52 36.70 — 1.81 2.10
5 27 52 41.90 2.15 3.10 5 27 52 37.10 — 1.41 1.70
6 27 52 38.90 — 0.85 0.10 6 27 52 40.10 1.59 1.30

Mean 27 52 39.75 0.00 0.95 Mean 27 52 38.51 0.00 0.29

Mean
square
errors

Vo 
1“ A 
Vo 
VA

±1Г91
± 0 .7 8
± 2 .1 7
± 0 .8 9

Mean
square
errors

Vo
VA
Vo
VA

± 2 П 1
± 0 .8 6
± 2 .1 4
± 0 .8 7
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Table VII

Results o f the gyro-azim uth  

Instrum ent: MOM GÎ-B2 No. 770106 (new)

Measuring station: the northern point of the base line in Sopron 
Sighted station: E. tower of the church Astro-azimuth: 40°45'53700

Meas.
Date: 23 August, 1979 

Temperature: 19 °C—26 °C Meas.
Date: 3 September, 1979 
Temperature: 15 °C—23 °C

No. No.
Azimuth V V Azimuth V V

l 40°45'55i93 2709 2 : 9 3 1 40'345' 54730 i n  9 ИЗО
2 40 45 54.70 0.86 1.70 2 40 45 53.78 0.67 0.78
3 40 45 55.08 1.24 2.08 3 40 45 52.43 - 0 .6 8 -  0.57
4 40 45 51.90 — 1.94 1.10 4 40 45 50.97 - 2 .1 4 — 2.03
5 40 45 52.30 — 1.54 — 0.70 5 40 45 52.10 — 1.01 — 0.90
6 40 45 53.10 0.74 0.10 6 40 45 55.10 1.99 2.10

M ean 40 45 53.84 0.00 0.84 Mean 40 45 53.11 0.00 0.11

M ean
square
errors

go 
ifA 
go  
gA

± 1763
± 0 .6 7
± 1 .8 7
± 0 .7 6

Mean
square
errors

№0
VA
Vo
V A

±1754
± 0 .6 2
± 1 .5 5
± 0 .6 3

4.2 A zim uth  measurements with the old gyrotheodolite

T h e  az im u th  m e a su re m e n ts  w ith  th e  old g y ro th e o d o lite  were m ade in  
1980 a t  th e  same m e a su rin g  s ta tio n  th ree  d ay s , m o re  th a n  six in d ep en d en t 
d e te rm in a tio n s  were m ad e  in  each  day, th e  tw o  m e th o d s  o f az im u th  d e te r 
m in a t io n  were also u sed  to  de te rm ine  th e  C -fac to r. Som e o f th e  a z im u th  
re s u l ts  a re  show n in  th e  f i r s t  colum n o f T ab le  V I I I ,  th e  az im u ths fo r 
one  d ire c tio n  of th e  th re e  d a y s  are ta b u la te d , an d  co m p ared  w ith  th e  a s tro 
n o m ic a l az im u th . The o b ta in e d  accuracy  fo r a sing le  m easu rem en t is ^ 4 — 6 
seco n d s  o f arc and fo r th e  m e a n  value th e  m e a n  sq u a re  e rro r is ^ 2 — 2.5 
seco n d s  o f arc, w hen th e  r e s u lts  w ere com pared w ith  th e  astronom ica l a z im u th  
v a lu e s , th e  m ean sq u are  e r ro r  o b ta ined  for a sing le  m easu rem en t is b e tw een  
± 6 — 8 seconds of arc a n d  fo r  th e  m ean value i t  is b e tw een  ^ 2 — 3.5 seconds 
o f  a rc . T h is  shows th a t  th e  f in a l  resu lts  of th e  a z im u th s  a re  fa r  from  th e  a s t 
ro n o m ic a l values. I t  is c le a r  a lso  from  th e  ta b u la te d  re su lts  th a t  th e re  is a 
s y s te m a tic  increase in  th e  a z im u th  values due to  th e  sy s tem a tic  decrease in  
th e  g y ro -n o r th  (No) v a lu es . A lso  it  is clear t h a t  th e  f i r s t  az im u th  va lu e  is 
th e  n e a re s t  to  th e  a s tro n o m ic  value . F igures 6, 7 show  th e  d rift in  som e o f 
th e  re s u lts ,  th e  line jo in in g  th e  p lo tte d  az im uths is go in g  u p w ard s ap p ro x im a tly  
w ith  a  lin e a r  function , th e  slo p e  of the  f i t t in g  lin e  rep re sen ts  th e  r a te  o f  
th e  sy s te m a tic  effect. F ig u re  8 show s the te n d e n c y  in  th e  No  values fo r th e  
m e a su re m e n ts  of som e d a y s .
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Tabic V n i

Results o f  the gyro-azim uths 

Instrum ent: MOM GÎ-B2 No. 023119 (old)

Measuring station: the northern point o f the base line in Sopron 

Sighted station: the c ity  tower — Astro-azim uth: 27°52' 38^80

Date: 3 July, 1980 Temperature: 17 °C—21 °C Weather: windy

Meas.
Before correcting 

the systematic effect Syst.
After correcting 

the systematic effect

Azimuth V V Azimuth V V

l 27°52' 35''39 — 6'.'73 — ЗГ41 0"00 27°52' 35"39 — 0"64 — 3'.'41

2 27 52 37.80 — 4.32 — 1.00 2.44 27 52 35.36 — 0.67 — 3.44

3 27 52 40.91 — 1.21 2.11 4.88 27 52 36.03 0.00 — 2.77

4 27 52 44.86 2.74 6.06 7.32 27 52 37.54 1.51 — 1.26

5 27 52 48.56 6.44 9.76 9.76 27 52 38.80 2.77 0.00

6 27 52 45.20 3.08 6.40 12.20 27 52 33.00 3.03 — 5.80

Mean 27 52 42.12 0.00 3.32 Mean 27 52 36.03 0.00 — 2.77

/'o ±4.98" До ±6.16" Vo ±2.00" До ±3.64"

/ 'A ±2.03" Да ±2.52" i“ A ±0.82" Да ±1.49"

Date: 14 July, 1980 Temperature: 19 °C—24 °C Weather: stable

Before correcting After correcting
деа8> the systematic effect Syst. the systematic effect
N o . --------------------------------------------------------------- e f f e c t --------------------------------------------------

Azimuth V V Azimuth V V

1 27°52' 37(15 4"67 — 1"65 o'.'oo 27°52' 37(15 0?04 — 1*65

2 27 52 37.24 4.58 1.56 1.88 27 52 35.36 1.75 — 3.44

3 27 52 42.32 0.50 3.52 3.76 27 52 38.56 1.45 — 0.24

4 27 52 42.89 1.07 4.09 5.64 27 52 37.25 0.14 1.55

5 27 52 46.85 5.03 8.05 7.52 27 52 39.33 2.22 0.53

6 27 52 44.44 2.62 5.64 9.40 27 52 35.04 2.07 — 3.76

Mean 27 52 41.82 0.00 3.02 Mean 27 52 37.11 0.00 — 1.69

l“ 0 ±3.91" Vo ±5.12" ih ±1.70" <“ o ±2.51"

1“A ±1.60" Д а ±2.09" 1“ A ±0.69" Д а ±1.02"
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( C on tinu ed  Table V I I I )

Date: 15 July, 1980 Temperature: 21 °C—28 °C Weather: stable

Meas.
No.

Before correcting 
the systematic effect Syst.

After correcting 
the systematic effect

Azimuth V V Azimuth V V

l 27°52' 36?64 — 6"78 — 2('16 o"oo

Ю0t- 36"64 —0'.'98 — 2"16
2 27 52 41.97 — 1.45 3.17 2.32 27 52 39.65 2.03 0.85
3 27 52 40.54 — 2.88 1.74 4.64 27 52 35.90 — 1.72 — 2.90
4 27 52 46.13 2.71 7.33 6.96 27 52 39.17 1.55 0.37
5 27 52 45.76 2.34 6.96 9.28 27 52 36.48 — 1.14 — 2.32
6 27 52 49.48 6.06 10.68 11.60 27 52 37.88 0.26 — 0.92

M ean 27 52 43.42 0.00 4.62 Mean 27 52 37.62 0.00 — 1.18

ßo ±4.60't ßo ±6 .84" Iм 0 ±1.54" Vo ±2.01"

!1a ± 1 .8 8 rr
ß A ± 2 .79" ßA ± 0 .6 3 ' ß A ±0.82"

------------: /Az./ a f t e r  correcting  th e  sy s tem atica l e ffe c t

F ig . 6. The azim uth o f th e  c ity  tower. Instrum ent: MOM Gi-B2 No 023119 (old)
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F ig. 7. The azim uth of the E . tow er o f the church. Instrum ent: MOM Gi-B2 N o 023119 (old)

5. E valuation of the error due to the drift

L in ear in te rp o la tio n  w as ca lcu la ted  fo r th e  d ifferen t se ts  o f  th e  az im u th  
re su lts  on  th e  a ssu m p tio n  th a t  th e  f irs t  m easu rem en t is n e a r ly  free  from  the  
sy s te m a tic  effect (as i t  is c lear from  th e  com parison  w ith  th e  a s tro -a z im u th s) . 
T h e  in te rp o la tio n  ca lcu la tio n s w ere m ade fo r 12 sets o f  a z im u th  resu lts , 
each  set consisting  o f  6 in d e p e n d e n t d e te rm in a tio n s . T he sy s te m a tic  effect 
fo r each  in d ep en d en t m easu rem en t o f som e sets is show n as a n  exam ple  in 
th e  fo u r th  co lum n o f T ab le  V I I I .  T he m ean  v alue  o f th is  r a te  is a b o u t 2 seconds 
o f  a rc  p er each m easu rem en t, it  increases sy stem a tica lly  ex c lu d in g  th e  firs t 
m easu rem en t.

6. Methods o f  elim ination o f the system atic effect

6.1 D rift compensation method

In  az im u th  d e te rm in a tio n  fo r th e  o rie n ta tio n  purposes u s in g  th e  gyro- 
th e o d o lite  in geodetic w orks th e  leas t n u m b e r o f  in d ep en d en t d e te rm in a tio n s  
is tw o  d e te rm in a tio n s  w ith  tw o  d iffe ren t s ta r ts .  This n u m b er in c reases  in  higher
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o rd e r  geode tic  w orks, i t  m a y  reach  six or e ig h t in d e p e n d e n t m easu rem en ts .
T o  ge t b e tte r  a z im u th  re su lts  w ith an  o ld  g y ro th eo d o lite  accord ing  to  

th is  m e th o d , the number o f  independent measurements made in the calibration 
is the same as the number o f  independent measurements in  the azimuth determina
tion , a n d  th e  values o f th e  in s tru m e n t  co n stan t o b ta in e d  from  th e  ca lib ra tio n  
a re  u s e d  w ith  th e  sam e o rd e r  o f  th e  g y ro -m easu rem en ts  fo r th e  ca lcu la tio n  of 
th e  a z im u th  values, i.e. th e  f i r s t  value of A, is u sed  to  ca lcu la te  th e  a z im u th  
(A j) f ro m  th e  firs t g y ro -n o r th  (N o j), and th e  second  va lu e  gives th e  second 
a z im u th  va lue , and  so on , o r  in  o th e r  w ords one h a s  to  use th e  A va lues (A x, 
A 2, . . ., A n ) in  th e  c a lc u la tio n  o f az im uths ( A t, A 2, . . ., A n) re sp ec tiv e ly , 
u s in g  th e  gy ro -no rth  v a lu es  (N o v No2, . . ., N on). F o r  exam ple  if  (S) is th e  
r a te  o f  th e  system atic  e ffec t, a n d  th ree  in d e p e n d e n t m easu rem en ts fo r th e  
a z im u th  a re  requ ired , th e n  th e  ca lib ra tio n  is also re p e a te d  th ree  tim es to  ge t 
th r e e  v a lu e s  for zl.As th e  f i r s t  m easu rem en t in  th e  c a lib ra tio n  and  in  th e  a z i
m u th  a re  considered free f ro m  th e  system atic  effec t, th e n  th e  values of A an d  
N o  in  th e  th ree  m e a su re m e n ts  are :

A c ta  Geodaetica, Geophysica et M o n ta n is tic a  A c a d . Sei. H ung. 17, 1982
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Ay, A2 +  S, A 3 -)- 2 S and  

N o v N o2 4~ S, N o 3 -f~ 2S  .

T h en  th e  ca lcu la ted  values for th e  a z im u th  Ay, A 2 an d  A 3 a re :

A j = ' I 1 —  No y 4- Ay 

A 2  =  I 2 —  (N o2 — |— S )  (A2 4" £*')

A  3 =  I 3 —  (N o 3 4- 2S) 4- (A 3 +  2S) .

T he m ean  va lu e  A  is:

i  [I ] - [ N o ]  +  [A] or
3

A  =  [ / ]  -  [No]  +  [A] (11)
n

w here n =  n u m b e r  o f th e  in d e p e n d e n t m easu rem en ts .
In  th e  above e q u a tio n  i t  is c lear t h a t  th e  sy s tem a tic  e ffec t is com pen

sa te d  even if  th e re  ex is ts  a sm all d r if t  in  th e  f irs t  A an d  No  v a lu es . The 
fo llow ing tab le s  show s th e  coeffic ien ts o f  (S) in  b o th  th e  in s tru m e n t c o n s tan t 
( A )  and  th e  g y ro -n o rth  (No)  fo r each  m easu rem en t in  se ts  w ith  d iffe ren t n u m b er 
o f m easu rem en ts : (2, 3, 4 , 5, 6) m easu rem en ts . The coeffic ien ts a re  o f th e  sam e 
v a lu e  an d  o f opposite  sign , th e re fo re  (S) is co m p en sa ted  in  th e  a z im u th  cal
cu la tio n s.

No
No of measurements in the set

â
No of measurements in the set

2 3 4 1 5 6 2 3 4 1 5 6

or
d

er
 o

f 
in

de
p.

 m
ea

s.
 

o
f 

th
e 

se
t

jSf 0 0 0 0 o  s 1st 0 0 0 0 0
2 nd — l —  1 —  1 — 1 —  1

.

2nd l l l 1 1

3 rd - 2 —  2 __2 о «  “
---Z T) ® 3 rd 2 2 2 2

4 " 1 - 3 3 --- 3 'и
О О

3 3 3

5 ,л - 4
j и

—  4  «  чз 5,ft 4 4

6 ,л : 6 (Л 5

SUM - 1 —  3 - 6 —  10 - 1 5  SUM 1 3 6 10 15

I t  is qu ite  in co n v en ien t to  use m ore th a n  one v alue  fo r  th e  in s tru m e n t 
c o n s ta n t fo r th e  sam e g y ro th eo d o lite , an d  i t  is m ore p ra c tic a l to  have  only  
one A v a lue  fo r th e  g y ro th eo d o lite . T herefo re  in  th is  so lu tio n  i t  is p referab le
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Table IX

Results o f  the gyro-azim uths affected w ith the drift

Sighted station: the city tower Astro-azimuth: 27°52'38"80

Azimuth values of 3 July, 1980

Meas.
the calculated azimuth values

No. using At using A3 using A 4 using A% using A%

] 2 7 ° 5 2 ' 35Í95 2 7 c5 2 ' 3 4 '7 6 27 ’5 2 ' з з ':з 7 2 7 c5 2 ' 32731 2 7 c5 2 ' 3 1 .3 9

2 2 7  52  3 8 .3 6 27 52 3 7 .1 7 27 52 3 5 .7 8 27 52 3 4 .7 2 27 52 3 3 .8 0

3 1 27 52 4 0 .2 8 27 52 3 8 .8 9 27 52 3 7 .8 3 27 52 3 6 .9 1

4 1 27 52 4 2 .8 4 27 52 4 1 .7 8 27 52 4 0 .8 6

5 T  27 52 4 5 .4 8 27 52 4 4 .5 6

6 27 52 4 1 .2 0

Mean 2 7  52  3 7 .1 6 27 52 3 7 .4 0 27 52 3 7 .7 2 27 52 3 8 .4 2 27 52 3 8 .1 2

Azimuth лalues of 14 July, 1980

l 2 7  52  37 .71 27 52 3 6 .5 2 27 52 3 5 .1 3 27 52 3 4 .0 7 27 52 3 3 .1 5

2 2 7  52  3 7 .8 0 27 52 3 6 .6 1 27 52 3 5 .2 2 27 52 3 4 .1 6 27 52 3 3 .2 4

3 1 27 52 4 1 .6 9 27 52 4 0 .3 0 27 52 3 9 .2 4 27 52 3 8 .3 2

4 27 52 4 0 .8 7 27 52 39 .81 27 52 3 8 .8 9

5 1  27 52 4 3 .7 7 27 52 4 2 .8 5

6 27 52 4 0 .4 4

Mean 2 7  5 2  3 7 .7 6 27 52 3 8 .2 7 27 52 3 7 .8 8 27 52 3 8 .2 1 27  52 3 7 .8 2

Azimuth values of 15 July, 1980

l 2 7  5 2  3 7 .2 0 27 52 3 6 .0 1 27 52 3 4 .6 2 27 52 3 3 .5 6 27 52 3 2 .6 4

2 2 7  52  4 2 .5 3 27 52 4 1 .3 4 27 52 3 9 .9 5 27 52 3 8 .8 9 27 52 3 7 .9 7

3 L 27 52 3 9 .9 1 27 52 3 8 .5 2 27 52 3 7 .4 6 27 52 3 6 .5 4

4 27 52 44 .11 27 52 4 3 .0 5 27 52 4 2 .1 3

5 1 27 52 4 2 .6 8 27 52 4 1 .7 6

6 27 52 4 5 .4 8

Mean 2 7  5 2  3 9 .8 7 27 52 3 9 .0 9 27 52 3 9 .3 0 27 52 3 9 .1 3 27 52 3 9 .4 2

to  u se  th e  m ean  of th e  c a l ib ra te d  Л values as th e  in s tru m e n t c o n s ta n t, i.e .,

t o  b e  used in  th e  c a lc u la tio n  of in d ep en d en t a z im u th s . In  th is  case th e

d r if t  w ill b e  com pensated  in  th e  m ean  of th e  a z im u th s  b u t  s till rem ain s in  
th e  in d e p e n d e n t values.

T a b le  IX  shows th e  a z im u th s  ca lcu la ted  acco rd in g  to  th is  m e th o d , th e  
ta b u la te d  re su lts  rep resen t 5 se ts  o f  2, 3, 4, 5 an d  6 in d e p e n d e n t m easu rem en ts . 
T he c a lib ra t io n  resu lts o f th e  f i r s t  d ay  show n in  T ab le  I I  w ere used in  th e  
c a lc u la t io n  o f T able  IX . I n  T a b le  I X  th e  m ean  a z im u th  o f each  set is o f h igh 
a c c u ra c y  w h en  com pared  w ith  th e  a stro n o m ica l a z im u th , th e  difference be tw een  
th e se  m e a n  values an d  th e  a s tro n o m ic a l a z im u th  is b e tw een  ^  1 second of 
a rc , b u t  s ing le  az im u th  v a lu e s  a re  s till co n ta in  th e  sy s te m a tic  effect.
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To ca lcu la te  th e  accu racy  o f th e se  m easu rem en ts  an d  th e  m ean  square 
e rro r fo r th e  m ean  v a lu es , th e  d rift m u s t be e lim ina ted . T h e  fo llow ing fo r
m u la  gives th e  d rif t d in  th e  in d e p e n d e n t az im u th s, i t  is v a lid  fo r az im u ths 
o f  an y  o rd er in  o b se rv a tio n  se ts  h av in g  a n y  n u m b er o f in d e p e n d e n t m easu re
m en ts :

dU — 2
■S ( 12)

w here  rfy =  th e  d r if t p re se n t in  th e  a z im u th  n u m b er j  o f an  o b se rv a tio n  set 
co n sisting  o f  i in d e p e n d e n t m easu rem en ts, 

i — th e  n u m b e r o f in d e p e n d e n t m easu rem en ts  in  th e  se t, 
j  =  th e  o rd e r o f th e  in d e p e n d e n t values in  th e  se t,
S =  th e  ra te  o f  th e  d rift.

I f  S  is know n fo r an y  g y ro th eo d o lite , th e n  th e  d rift co rrec tio n s can  be calcu
la te d  and  app lied  to  d iffe ren t a z im u th s  o f  an y  o b se rv a tio n  se t co nsists  o f a 
g iven n u m b er o f  m easu rem en ts  (E q . 12).

F o r th e  g y ro th eo d o lite  u n d e r in v es tig a tio n , S — 2", as p rev iously  
e s tim a te d , i t  w as used  in  th e  c a lc u la tio n  o f  th e  d rift (E q . 12) in  d ifferen t 
a z im u th s  o f th e  sets show n in  T ab le  IX , th e  following T ab le  show s th e  d rift 
d is tr ib u tio n  (in seconds o f  arc) in  th e  a z im u th s  of these  se ts.

No of measurements in the set

2 3 4 5 6

a i s' r 2" 3" 4" 5 '

2nd — 1 0 l 2 3

-о t/‘ c  £
3rd — 2 — 1 0 1

•- Л
О bw

4'" — 3 _  2 — 1
M °V 5'л - 4 - 3
о 6"1 - 5

SUM 0 0 0 0 0

T he az im u th  values co rrec ted  fo r th e  d rift can  be c a lc u lta e d  d irec tly  
using th e  follow ing fo rm ula ,

i — 2/ +  1
A ^ I j - N oj +  A , ------------- o r

A u =  I . - N o j  +  A i - d iJ (13)

w here  i, j  h av e  th e  sam e m ean ing  as in  E q . 12,
A  =  th e  ca lcu la ted  a z im u th  free o f  th e  d rift,
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I ,  No,  A have th e  sa m e  m ean ing  as in  E q . 7. F o r  illu s tra tin g  E q . 12 
le t  u s  c a lc u la te  for ex am p le  th e  th ird  az im u th  in  a se t consisting  o f 5 in d e 
p e n d e n t  m easu rem en ts, th e n ,  A 53= I 3— N o 3 -j- A 5 —  d53, here  A5 m eans 
th e  m e a n  o f 5 in d ep en d en t v a lu e s  ob ta ined  in  th e  ca lib ra tio n .

S om e of the  a z im u th  r e s u lts  a fte r th e  e lim in a tio n  o f  th e  d rift effect are  
t a b u la te d  in  Tables X , X I ,  th e  m ean  square e rro r  fo r th e  single m easu rem en t 
is ^ 0 . 5 — 2 seconds o f a rc  a n d  fo r th e  m ean  v a lu e  ± 0 .2 — 1 second o f arc . 
W h e n  th e  resu lts  were c o m p a re d  w ith  th e  a s tro n o m ica l az im u th s , th e  accu racy  
w as ^ 1 — 3 seconds of a rc  fo r  th e  single v alue  a n d  ;E 0 .5 — 2 seconds o f a rc  
fo r  th e  m ean  value.

6.2 Other correcting methods

T h e re  are o th e r tw o  possib ilities fo r c a lc u la tin g  th e  gy ro -az im u th s 
free  o f  th e  d rift effect u s in g  th e  ca lib ra tion  an d  a z im u th  m easu rem en ts. T he 
f i r s t  is  to  m ake linear in te rp o la t io n  for th e  c a lib ra tio n  resu lts  (Table IV ) to  
g e t v a lu e s  fo r the  in s tru m e n t c o n s ta n t free from  d r if t ,  th e  sam e o p era tio n  
is to  b e  m ade for th e  g y o r -n o r th  observations c f  th e  a z im u th  m easu rem en ts 
to  o b ta in  values free fro m  d r if t ,  th e n  th e  ca lc u la ted  az im u th s , in th is  case 
a re  f re e  from  the  d rift. U sin g  th is  m ethod  th e  o b ta in e d  resu lts  agreed w ith  
good  a c c u ra c y  when c o m p a re d  w ith  th e  a s tro n o m ica l az im u th s, th e  m ean  
s q u a re  e rro r  ob tained  fo r  a sing le m easu rem en t w as b e tw een  ^ 1 — 4" an d  
fo r  th e  m ean , it  is b e tw een  ^ 1 — 2".

T h e  second p o ss ib ility  is to  use th e  c a lib ra tio n  resu lts  co rrec ted  fo r 
th e  d r i f t  (Table IV) in  th e  ca lcu la tio n s of th e  a z im u th s  using th e  m ea
su re d  g y ro -n o rth  values th e n ,  lin ea r in te rp o la tio n  is to  be m ade fo r th e  
o b ta in e d  az im u ths to  ge t th e  d rif t-free  values, T ab le  V I I I  shows some of th e  
o b ta in e d  resu lts . The o b ta in e d  accu racy  is b e tw een  ^ 1 . 5 — 2" for th e  single 
v a lu e  a n d  betw een J ;0 .7 -— 1.0" fo r th e  m ean  v a lu e , w hile w hen com pared  
w ith  t h e  astronom ical a z im u th , it  was found  to  be b e tw een  2—4" fo r th e  
sing le  v a lu e  and  b e tw een  — 1.5" for th e  m ean  v a lu e .

T h e  above tw o p o ss ib ilitie s  for ca lcu la tin g  az im u th s  free from  th e  
d r if t  e ffe c t are also easy  to  b e  ap p lied , because th e  lin e a r  in te rp o la tio n  m ade 
fo r th e  m easu rem en ts can  be  ach iev ed  easily an d  q u ick ly  using  a p ro g ram ab le  
b ő k e t  ca lc u la to r .

T a b le  X I I  shows a c o m p a riso n  betw een a z im u th  re su lts  o f a given d irec 
t io n  m e a su re d  in some d a y s  w ith  b o th  th e  new  a n d  th e  old g y ro theodo lites, 
a f te r  c o rre c tin g  the  d rif t p re s e n t  in  th e  m easu rem en ts  o f  th e  old one accord ing  
to  th e  p ro p o sed  m ethod . T h e  re su lts  of b o th  in s tru m e n ts  w ere also com pared  
w ith  th e  astronom ical a z im u th s . I t  is clear from  th is  T ab le  th a t  th e  re su lts  
o f b o th  th e  new and  th e  o ld  gy ro theodo lites ag ree w ith  a h igh  accu racy .

A d a  Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982

I



Results o f the gyro-azim uths after the elimination o f  the system atic effect ( the d rift )  

Instrum ent: MOM Gi-B2 No. 023119 (Old)

Table XI

Measuring station: the northern point of the base line in Sopron
Sighted station: the city tower The calibration station: Sopron, Bánfalva observatory
Value of the astro-azimuth: 27°52'38780 Date of the calibration: May, June, July, 1980
Date of the gyro-measurement: 15 July, 1980 Temperature of the calibration: 13 °C
Weather: stable. Temperature: 21—28 6C Calibrated value of instrument constant (J): 90°11'51Г80

Mens. 2 measurements 3 measurements 4 measurements 5 measurements 6 measurements
No. Azimuth V V Azimuth V V Azimuth V V Azimuth V V Azimuth V V

l 27°52' 38120 -1 1 6 7  -0 1 6 0 27°52' 38101 — 1108 — 0179 2 7 ° 5 2 '37162 — 1168 1118 27°52' 37156 — 1157 —1'24 27°52' 37164 — 1178 — 1116

2 27 52 41.53 +  1.66 + 2 .7 3 27 52 41.34 +  2.25 + 2 .5 4 27 52 40.95 +  1.65 ± 2 .1 5 27 52 40.89 +  1.76 +  2.09 27 52 40.97 +  1.55 + 2 .1 7

3 L 27 52 37.91 — 1.18 — 0.89 27 52 37.52

COСЯ7со7

27 52 37.46 - 1 .6 7 - 1 .3 4 27 52 37.54 — 1.88 — 1.26

4 1 27 52 41.11 +  1.81 + 2 .3 1 27 52 41.05 +  1.92 +  2.25 27 52 41.13 +  1.71 +  2.33

5 27 52 38.68 — 0.45 - 0 .1 2 27 52 38.76 —0.66 — 0.04

6 27 52 40.48 — 1.06 +  1.68

Mean 27°52' 39187 0.00 + 1 .0 7 27°52' 39109 0.00 + 0 .2 9 27°52' 39130 0.00 + 0 .5 0 27°52' 39113 0.00 + 0 .3 3 27°52' 39142 0.00 + 0 .6 2
(Am)

4>
c3 Re ± 2 .3 5 Ro ± 1 .9 5 Ro ± 2 .0 0 Ro ±1 .75 i“o ± 1 .6 5

& g f^Am ± 1 .6 7 Iх Am ± 1 .1 3 l-LAm ± 1 .0 0 IхAm ± 0 .7 8 И-Ат ± 0 .6 7
fl Èas « Й. ± 2 .7 0 7*o ± 1 .9 8 7*o ± 2 .0 8 ± 1 .7 9 7*o ± 1 .7 8

й Iх Am ± 1 .9 1 l*Am ± 1 .1 5 Iх  Am ± 1 .0 4 Iх  Am ± 0 .8 0 Iх  Am ± 0 .7 3



Table X

Results o f  the gyro-azim utlis after the elimination o f  the systematic effect ( the d rift)  

Instrum ent: MOM GÎ-B2 N o. 023119 (Old)

Sighted station: the city tower 
Value of the astro-azimuth: 27°52'38"80 
Date of the gyro-measurement: 14 July, 1980 
Weather: stable. Temperature: 19—24 °C

Measuring station: the northern point of the base line in Sopron
The calibration station: Sopron, Bánfalva observatory 
Date of the calibration: May, June, July, 1980 
Temperature of the calibration: May, June, July, 1980 
Calibrated value of instrument constant (j): 90о11/51Г80

Meas.
No.

2 measurements 3 measurements 4 measurements 5 measurements 6 measurements

Azimuth V V Azimuth V V Azimuth V V Azimuth V V Azimuth V V

l 2 7°52 ' 38171 + 0 : 9 6 — 0 : 0 9 27°52' 38!52 +0.'25 -0 Г 28 27°52' 38Г13 + 0 :2 5  -0 1 6 7 27 552' 38!07 + 0 : 1 4 — 0 : 7 3 27°52' 38:i5 + о : з з  — o :6 5

2 27 52 36.80 - 0 .9 6 — 2 . 0 0 27 52 36.61 —  1 .6 6 — 2.19 27 52 36.22 —  1.66 — 2.58 27 52 36.16 - 2 .0 5 —  2.64 27 52 36.24 1.58 - 2 . 5 6
3 " 1 27 52 39.69 +  1.42 +  0.89 27 52 39.30 +  1.42 + 0 .5 0 27 52 39.24 +  1.03 + 0 .4 4 27 52 39.32 +  1.50 + 0 .5 2
4 27 52 37.87 — 0.01 - 0 .9 3 27 52 37.81 - 0 .4 0 — 0.99 27 52 37.89 + 0 .0 7  - 0 .9 1
5 1 27 52 39.77 +  1.56 + 0 .9 7 27 52 39.85 +  2.03 + 1 .0 5
6 1 27 52 35.44 2.38 3.36

Mean
(Am)

2 7 ° 5 2 '37:76 0.00 —  1.04 27°52' 38:27 0.00 —0.53 27°52' 37:88 0.00 — 0.92 27 °52 '38:21 0.00 —  0.59 2 7 °5 2 '37:82 0.00 — 0.98

<15
cd

Ro ± 1 : 3 5 i“ 0 ± 1:55 (“ O ±i:'22 Ro ± i: 4 0 R  0 ± И 7 1
E <л 
tr* ** Iх Am ± 0 .9 6 IхAm ± 0 .9 0 IхAm ± 0 .6 1 Iх  Am ± 0 .6 3 Iх Am ± 0 .7 0
* £ E N
cS « 7*o ± 2 .0 0 ~i*o ± 1 . 6 8 7*o ± 1 . 6 6 /^ 0 ± 1 .5 5 ßo ± 2 .0 2
15

S Iх  Am ' ± 1 .4 2 Iх Am ± 0 .9 7 Iх Am ± 0 .8 3 Iх Am ± Ű.69 Iх Am ± 0 .8 3
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Table XII

Final results o f  gyro-azimuths o f  the new and old gyrotheodolites 

(Comparison)

Measuring station: the noi them point of the base line in Sopron
Sighted station: 1the city tower Astro-azimuth value: 27 °52,38780

The new gyro theodolite The old gy rot heodolit e

Meas. 23 August, 1979 3 Sept«;mber, 1979 14 July, 1980 15 July, 1980
No. Azimuth V V Azimuth F V Azimuth V V Azimuth V V

l 27°52' 38779 -  0'.'96 -0 7 0 1 27°52' 40"50 1(99 1770 27°52' 38Г15 0'.'33 — o:'65 27°52' 37764 - 1778 -1 7 1 6
2 27 52 37.70 — 2.05 — 1.10 27 52 40.62 2.11 1.80 27 52 36.24 — 1.58 - 2 .5 6 27 52 40.97 1.55 2.17
3 27 52 38.80 - 0 .9 5  0.00 27 52 36.03 — 2.48 - -2.77 27 52 39.32 1.50 0.52 27 52 37.54 - 1.88 — 1.26
4 27 52 42.38 2.63 3.58 27 52 36.70 - 1 .8 1  - 2.10 27 52 37.89 0.07 — 0.91 27 52 41.13 1.71 2.33
5 27 52 41.90 2.15 3.10 27 52 37.10 - 1 .4 1  - -1.70 27 52 39.85 2.03 1.05 27 52 38.76 - 0.66 — 0.04
6 27 52 38.90 -  0.85 0.10 27 52 40.10 1.59 1.30 27 52 35.44 — 2.38 — 3.36 27 52 40.48 - 1.06 1.68

Mean
(Am) 27 52 39.75 0.00 0.95 27 52 38.51 0.00 - 0.29 27 52 37.82 0.00 — 0.98 27 52 39.42 0.00 0.62

Оfa /'o ±1791 <“o ± 2 : i l l“ o ±1"71 Vo ±1765
S «er £ VAm ± 0 .7 8 VAm ± 0 .8 6 l1 Am ± 0 .7 0 VArn ± 0 .6 7

lxC free « До ± 2 .1 7 До ± 2 .1 4 Vo ± 2 .0 2 До ± 1 .7 8
± 0 .8 9 Длт ± 0 .8 7 * Am ± 0 .8 3 ^A m ± 0 .7 3
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7. Conclusion

G y ro th eo d o lites  a re  w id e ly  used on th e  su rfa c e  an d  in th e  u n d e rg ro u n d  
su rv e y in g  fo r o r ie n ta tio n  a n d  az im u th  d e te rm in a tio n  purposes. In  g eodetic  
w orks o f  h igher o rd e r, a z im u th  m easu rem en ts  m u s t  he rep ea ted  w ith  in d e 
p e n d e n t s ta r ts  to  get th e  accu racy  needed fo r  su ch  geodetic w orks. A lso in  
th e  c a lib ra tio n  it  is n e c e ssa ry  to  repeat th e  in d e p e n d e n t gy ro -n o rth  m e a su re 
m e n ts  fo r  a d irection  o f  k n o w n  astronom ical a z im u th  to  get a re liab le  v a lue  
fo r th e  in s tru m e n t c o n s ta n t .

U sin g  th e  new ly  m a n u fa c tu re d  g y ro th e o d o lite  o f MOM, th e  req u ired  
a c c u ra c y  can  be o b ta in e d  b y  repea ting  th e  a z im u th  d e te rm in a tio n s . This 
su its  th e  requ ired  a c c u ra c y  w ith o u t fac ing  th e  problem  of th e  d rift. 
A lso a  re liab le  v a lue  fo r  th e  in s tru m en t c o n s ta n t  c an  be ob ta ined  from  th e  
c a lib ra tio n  w ith o u t fa c in g  th is  problem .

In  th e  resu lts  o f  th e  o ld  in s tru m en t th e re  w as a clear te n d e n c y  fo r th e  
g y ro -n o r th  values to  d ec rea se  w hen rep ea tin g  th e  in d ep en d en t m easu rem en ts , 
th e re fo re  th e  ca lcu la ted  a z im u th s  are g rea tly  a ffe c ted , i.e. we get a sy s te m a tic  
in c rea se  in  th e  az im u th s  o f  re p e a te d  m easu rem en ts , an d  th e  m ean  v a lu e  o f th e  
a z im u th  is fa r from  th e  astro n o m ica l az im u th s . A lso th e  value of th e  in s tru m e n t 
c o n s ta n t  o b ta in ed  fro m  th e  ca lib ra tio n  will n o t  b e  reliab le .

W h en  using th e  p ro p o se d  simple m eth o d s o f  th e  e lim ination  of th e  sy s te m 
a tic  e ffec t, a re liab le  v a lu e  o f  th e  in s tru m e n t c o n s ta n t can be o b ta in e d  an d  
a z im u th  re su lts  of h ig h  a c c u ra cy  can also be o b ta in e d , th is accu racy  is n ea rly  
th e  sa m e  as th e  acc u ra cy  o b ta in e d  w hen using  a  new  gyro theodo lite . A ccord ing  
to  th e  proposed  m e th o d  o f th e  e lim ination  o f  th e  system atic  effect ( th e  sim 
p le s t m ethod) the number o f  independent measurements made in the calibration 
for the determination o f  the instrument constant m ust be the same as the number 
o f independent measurements for the azimuth o f  the required direction. This 
n u m b e r  o f  in d ep en d en t m easu rem en ts  is o f  co u rse  decided acco rd ing  to  th e  
a c c u ra c y  requ ired , i.e . a cco rd in g  to  th e  o rd e r o f  th e  su rv ey in g  w ork .

T h e  conclusion o f  th e  p a p e r  is th a t  th e  o ld  g y ro th eo d o lite s  can  be u tilized  
w ith  th e  sam e e ff ic ien cy  as th e  new  g y ro th e o d o lite s , and  can g ive a z im u th  
re su lts  o f  high acc u ra cy  n eed ed  for d iffe ren t g eo d e tic  works.

In  developing c o u n tr ie s  w here g rea t a re a s  a re  unsurveyed , a g re a t n u m 
b e r  o f  geodetic n e tw o rk s  a n d  traverses a re  n e e d e d  to  estab lish  a sy s tem  of 
h o riz o n ta l contro l. T h e  o r ien ta tio n  of su ch  n e ts  and  traverses n eed  m an y  
m easu rem en ts  fo r a z im u th  de te rm in a tio n . A lso in  th e  countries w ho a re  rich  
in  m in in g , m an y  u n d e rg ro u n d  traverses a re  n eed ed  in  mine su rv ey in g , such 
tra v e rse s  are also o r ie n te d  b y  m aking  a z im u th  m easu rem en ts. In  su ch  cases, 
g y ro th eo d o lite s  are  w id e ly  used for th e  o r ie n ta t io n  purposes on th e  surface 
a n d  in  th e  u n d e rg ro u n d , there fo re  th e y  m a y  becom e exhausted  d u e  to  th e ir  
use fo r  a long tim e  in  n u m ero u s  m easu rem en ts  o f  az im u th  w ith  in d e p e n d e n t
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s ta r ts ,  an d  in  th e  sam e tim e  it  m a y  b e  f in a n c ia lly  d ifficu lt to  ge t new  g y ro t- 
heod o lites  due to  th e ir  high prices.

T he resu lts  o f  th e  p ap er m a y  p re se n t a p rac tica l and cheap  so lu tio n  for 
th is  p rob lem  because  th e  research  h a d  p ro v ed  th a t  i t  is possible to  u tilize  th e  
old g y ro th eo d o lite s  w ith  th e  sam e e ffic iency  as th e  new g y ro th eo d o lite s  and  
can  g ive a z im u th  re su lts  o f h igh  accu racy .
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РЕЗУЛЬТАТЫ ОБРАБОТКИ ДАННЫХ И МЕТОДЫ ОПРЕДЕЛЕНИЯ АЗИМУТА 
С ПОМОЩЬЮ СТАРЫХ И НОВЫХ ГИРОТЕОДОЛИТОВ

АБД ЕЛ ХАМИД КАМАЛ X.

РЕЗЮМЕ

В статье рассматриваются результаты эталонирований гиротеодолитов старых и 
новых типов MOM Gi В2 а также результаты измерений гироазимута проведенных при 
помощи этих инструментов. Измерения были проведены в Шопроне в 1979 — 1980 гг.

Цель данной работы — исследование точности значений гиро-азимутов при исполь
зовании двух инструментов. Поэтому автор подробно исследовал эффективность эталониро
вания и определения гироскопического севера при помощи старого инструмента.

В результате исследований автором предлагаются новые методы, чтобы точность 
измерений гиро-азимутов, полученных с помощью старого инструмента достигали точность 
нового инструмента. Таким образом станет возможным применение старых гидротеодолитов 
в более сложных геодезических работах подобно новым гидротеодолитам.

Результаты эталонирований двух гидротеодолитов и измерений гироскопического 
севера проведенных с помощью старого инструмента приведены в таблице. Наконец сравни
ваются точности определения азимута с помощью старого инструмента и предложенного 
нового метода с измерениями, проведенными с помощью нового инструмента, а Также оба с 
астрономическим азимутом одного и того же направления. Результаты и точность также 
приведены в таблице.
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LASER RANGING OBSERVATIONS AT THE 
SATELLITE GEODETIC OBSERVATORY (SGO)

I. K A R D O S— T. BO RZA— T. VASS

SATELLITE GEODETIC OBSERVATORY, PENC, HUNGARY 

[Manuscript received February 14, 1981]

This paper describes the installation  o f the laser ranging system  at the SGO, Р еп с and 
presents its in itial results. The system  is m ounted on the satellite  telescope Zeiss SB G  and it 
was developed and installed in an INTERCOSM OS cooperation  during 1977 and 1978. The 
ranging perform ance is typical for a first generation instrum ent. During best transits 50 cm  
RMS values can be obtained. In 1979, 27 passes o f GEOS-1 and GEOS-3 were observed . In 
1980 until Septem ber 1, 44 passes w ith 1081 echoes have been registered.

In tro d u c tio n

A n SGO te a m  has been  dealing  w ith  th e  sy s te m a tic  p h o to g rap h ic  o b se r
va tio n s o f sa te llite s  since 1975. W e h a v e  tw o  observ ing  in s tru m e n ts  to  th is  
end: one S ov ie t cam era  o f ty p e  A FU -75 an d  one cam era  from  th e  G D R  (ty p e  
SBG, S a te lliten b eo b ach tu n g sg erä t) . As th e  P o ts d a m  group has succesfu lly  
com bined  its  SBG  w ith  a lase r ran g in g  e q u ip m e n t and  IN T E R C O S M O S  
assured  a f ir s t  gen era tio n  laser gun  to  th e  SG O , i t  was exped ien t to  deve lop  
a k ind  o f  la se r rang ing  e q u ip m en t w hich  co n sis ted  o f a laser-gun , m o u n te d  
on an  SBG  an d  con tro lled  b y  special e lec tron ics.

D ue to  th e  IN TER C O SM O S co o p e ra tio n , we received in J u n e  1977 th e  
laser-gun , c o n s tru c te d  a t  th e  Charles U n iv e rs ity  in  P rague. To e n a b le  its  
m o u n tin g  on th e  SBG, we had  to  m ak e  p re v io u s ly  tw o  m echanical m o d ific a 
tions, n am ely :

a)  to  ad d  a holding-console fo r th e  m o u n tin g  o f th e  lase r-g u n  a n d  to  
com pensate  fo r th e  increased  w eigh t. Since th e  lase r-h ead  was re la tiv e ly  fa r  
positioned  from  th e  ro ta tio n -a x is , th is  b a la n c in g  was a real p ro b lem . T he 
laser-head  h as  a w eight o f 30 kg, th e  console o f  30 kg, so a c o u n te r-w e ig h t 
of 350 kg h ad  to  be in sta lled ,

b) to  m od ify  th e  receiv ing-op tics so t h a t  th e  reflected  ligh t sh o u ld  fall 
on th e  ca th o d e  o f th e  PM T (P h o to m u ltip lie r) .

T he te lescope w as co n v erted  fo r c o n tin u o u s  pho tog raph ic  o b se rv a tio n s . 
The a u x ilia ry  m irro r (see F ig . 3) re flec ts  th e  lig h t on to  th e  PM T in  th e  focus 
o f th e  C assegra in -system ; th is  m irro r  can  be p u lled  ou t by  a single m o tio n , 
co n seq u en tly  th e  telescope is a d a p te d  to  m ak e  p h o to g rap h s in  a S c h m id t
system .
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F o r  th ese  m o d ifica tio n s , th e  e lec tro n ica l u n its  were p a r tly  p u rc h a se d , 
p a r t l y  b u il t  in  th e  w o rk sh o p  o f th e  SGO.

1.

Construction of the laser ranging equipment

T h e  laser-rang ing  e q u ip m e n t m o u n ted  o n  th e  SBG cam era  co n sis ts  of 
3 m a in  u n its :

la s e r  tra n sm itte r  
la s e r  receiver 
e lec tron ics.

T h e  b lock -schem e of th e  eq u ip m en t is show n in  F ig . 1.

Observation room

Fig. 1
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O f th e  u n its  show n, th e  t r a n s m it te r  a n d  th e  PM T belonging to  th e  
receiver are  p laced  in  th e  o b se rv a tio n a l room  o f  th e  SBG, th e  re s t is in  th e  
in s tru m e n t room  below  i t ;  th e  tim e-serv ice  is in  th e  m ain  building.

1.1 Laser transmitter

T h e tech n ica l d a ta  o f th e  lase r-gun , m ad e  b y  th e  Charles U n iv e rs ity  
(P rag u e) w ith in  th e  fram ew o rk  o f th e  IN T E R C O S M O S  coopera tion  a re  as

follow s: 
ac tiv e  m a te ria l 
w ave len g th  
Q -sw itch
len g th  o f  one pulse 
energy  o f one pulse 
re p e titio n  freq u en cy  
b eam  d ivergence w ith  telescope 
cooling

T he laser tr a n s m it te r  consists

—  laser h ead ,
—  high  v o ltag e  su p p ly  u n it,
—  cooling sy stem ,
—  co n tro l u n it.

T he h ead  co n ta in s  an  osc illa to r, a p h o to d io d e  (P D ) and  th e  t r a n s m it te r -  
te lescope. T he l a t te r  is o f  th e  G alile i-type a n d  i t  m agn ifies 10 tim es th e  b eam  
d ia m e te r  com ing  fro m  th e  o scilla to r. T he sc h e m a tic  d iagram  o f th is  la se r  
h ead  is show n in  F ig . 2. To m inim ize noise an d  to  p ro te c t  th e  PM T, a d ia p h ra g m

ru b y  ro d  d ia m . 10 m m , len g th  150 m m  
694.3 m m  
rev o lv in g  m irro r  
20— 30 ns 
1 Jo u le  
1 Hz
0.8— 1.0 m ra d  
d is tilled  w a te r

o f 4 m a in  u n its :
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a n d  a  n a rro w -b an d  in te rfe ren ce  f ilte r  (0.5 n m ) a re  used. The m a in  m irro r  only 
fo r  d e te c tio n , tra c k in g  is ca rried  o u t b y  th e  tra c k in g  telescope. I t s  re la tiv e  
i l lu m in a tin g  pow er is su ff ic ien t only to  o b se rv e  b r ig h t ob jec ts .T o  t r a c k  sm aller, 
d i s t a n t  sa te llites (S T A R L E T T E , L A G E O S ) th e  m ain m irro r h a d  to  be 
m a d e  su itab le  for tra c k in g . This is possib le  i f  a m irro r w ith  spec ia l re flec tin g  
c a p a c i ty  (dichroic f ilte r)  is used in s tead  o f  th e  f la t  m irror.

1.2 Receiving electronics

F o r  th e  m easu rem en t o f th e  tra v e l tim e  o f th e  light pulse, tw o  d iffe ren t 
m e th o d s  have been a d o p te d . E arlier, a 100 M H z coun ter was u sed  (m ade b y  
E M G , H u n g ary ) w ith  a n  in te rv a l-m e asu re m e n t accu racy  of 10 ns. T h is  c o u n te r  
is s ta r te d  b y  th e  S T A R T  signal, com ing  fro m  th e  pho tod iode  (P D ) w hich 
d e te c ts  th e  o u tp u t signal o f  th e  laser-gun . T h e  c o u n te r  is s to p p ed  b y  th e  STO P 
s ig n a l com ing  from  th e  PM T . The p h o to d io d e  (PD ) is s itu a te d  b e tw e e n  th e  
re v o lv in g  m irro r an d  th e  ru b y  rod  (F ig. 2). T h e  shape of th e  pu lse  d e tec ted  
b y  th e  P D  is show n in  F ig . 4.

T h e  detec tio n  o f  th e  STA R T pulse is accom plished  b y  th e  le a d in g  edge 
d e te c t io n  m ethod , w hile a c o n s ta n t f ra c tio n  d isc rim in a to r is ap p lied  to  d e te c t 
a S T O P  pulse. T he la t t e r  is carried  o u t b y  a n  ORTEC ty p e  d isc rim in a to r  
w h o se  ca lib ra tio n  level is 50 mV. T he P M T  is o f Soviet m a n u fa c tu re  (ty p e  
F E U -8 4 ) .
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As th e  ST A R T  pulse is d e tec ted  b y  a le ad in g  edge de tec to r, th e  a m p litu d e  
f lu c tu a tio n  o f th e  la se r pu lse  w ould lead  to  t im in g  erro rs. T herefore th e  en erg y  
o f all passes is m easu red . A high speed  3 h it  ana lo g -d ig ita l c o n v e rte r  (ADC) 
p roduces th e  d ig it w hich  is p ro p o rtio n a l to  th e  pu lse  energy. T h is  d ig it is 
reco rded  to g e th e r  w ith  th e  tim in g  d a ta .

T he 100 M H z-co u n te r is m odified  in to  an  e v e n t- tim e r (re so lu tion  1 ns). 
T h is can  reco rd  th e  epochs o f th e  ST A R T  a n d  S T O P  pulses w ith  a re so lu tio n  
o f 1 ns. In  th is  case, th e re  is no need  to  reco rd  th e  epoch sep a ra te ly , as b o th

Adressing

Fig. 5

th e  tra v e l tim e  an d  th e  epoch can  be  d e te rm in e d  from  these tw o ep o ch s. T he 
e v e n t- tim e r  is d riv en  b y  an  a tom ic  fre q u e n c y  s ta n d a rd  and  is s ta r te d  and  
synch ron ized , re sp ec tiv e ly , by  th e  m in u te  an d  second signals o f  th e  tim e  
service.

T h is e v e n t- tim e r  has tw o d iffe ren t in p u ts , one of th em  is g a te d  like 
th e  ST O P in p u t o f  th e  co u n te r. T he g a tin g  signal is p roduced  b y  a g a tin g  
c ircu it; th e  g a tin g  m ay  he m an u a l or a u to m a tic .

In  th e  m an u a l m ode th e  values a re  se t c o n tin u o u sly  du ring  th e  o b se rv a 
tio n  b y  th e  o p e ra to r . In  th e  a u to m a tic  m ode, th e  g a te  values a re  h e ld  in  a 
RA M  in  steps 5 an d  10 s, re sp ec tiv e ly ; i t  se ts  th e  desired  values a u to m a tic a lly  
h av in g  s ta r te d  th e  tra c k in g . The sch em atic  b lo ck  d iag ram  o f th e  g a tin g  c ircu it 
is show n in  F ig . 5.

T he g a tin g  tim e  is a d ju s ta b le  from  1 fis to  99.999 m s, in  s tep s  o f  1 fis 
an d  10 fis. T he  w id th  o f th e  gate  is a d ju s ta b le  from  1 fis to  9.999 m s. T h e  v alue
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o f  th e  g a tin g  tim e is in v o lv ed  in  th e  p re d ic tio n  w ith  steps of 5 an d  10 s, resp . 
(see T a b le  I).

A  d ig ita l clock se rves fo r th e  d e te rm in a tio n  o f th e  epoch w ith  a re so lu 
t io n  o f  100 /is. This clock is synchron ized  b y  th e  s-signal of th e  c e n tra l  tim e- 
se rv ic e  an d  is d riven  b y  th e  a tom ic  freq u en cy  s ta n d a rd .

T ra v e l tim e an d  ep o ch  are reco rded  to g e th e r  so th a t  th e  v a lu e  o f  th e  
d ig i ta l  clock is tra n s fe r re d  b y  th e  ST A R T  sig n a l in to  a s to rag e ; w hen  th e  
S T O P  signal arrives, th e se  tw o  v alues are  p u n c h e d  and  p rin ted . A k e y -b o a rd  
b e lo n g in g  to  the  d a ta  reco rd in g  a p p a ra tu s  en ab les  to  sto re  also o th e r  d a ta  
o n  th e  p u n ch -tap e  (pass, m eteoro logy).

F o r  th e  analysis o f  th e  STA R T an d  S T O P  (pulses) an  oscilloscope of 
350 M H z (m ade b y  IW A T S U ) is used  w hich  is su p p lem en ted  by  a sco pepho to - 
c a m e ra . T he e v e n t- tim e r d a ta  are  ch a ra c te riz e d  b y  th e  sam e reco rd in g , here  
th e  S T A R T  m om ent is s to re d  till th e  a rr iv a l o f  th e  STO P signal.

1.3 M ounting , tracking

T h e  realized m o u n tin g  is  th e  cam era  SB G  itse lf  w hich is m o d ified  to  
f i t  t o  laser-head . This c a m e ra  has 4 axes, th e  tra c k in g  occurs a lo n g  th e  3 rd  
o n e . T h e  4 th  axis serves fo r  th e  se ttin g  o f  co rrec tio n s . T he axes are  d r iv e n  b y  
D C -m o to rs  and  tra c k in g  is co n tro lled  b y  p u n c h e d  tap e . The v e lo c ity  ta p e  is 
se le c te d  from  th e  ca ta lo g u e , o r  it  is co m p u ted  a n d  punched  fo r th e  g iven  pass 
w ith  th e  help  of th e  p re d ic tio n  p ro g ram . D u rin g  tra c k in g  th e  v e lo c ity  v a lu es  
a n d  th e  position  o f th e  4 th  ax is  are  a d ju s te d  b y  a p o te n tio m e te r . T h e  e q u ip 
m e n t c a n  tra c k  sa te llites  o n ly  b y  n ig h t w h en  th e y  are  illu m in a ted  b y  th e  S un . 
F o r  tra c k in g  th e  h a irc ro ss  o f  th e  tra c k in g  te le sco p e  is used.

1.4 Time-service

T h e  epoch of th e  la se r  o b se rv a tio n  is th e  epoch  o f th e  o u tp u t  o f  th e  
la se r-p u lse  w hich is reco rd ed  in  U T C -system . T h e  accu racy  re q u ire m e n ts  fo r 
su c h  e q u ip m en ts  are  a p p ro x im a te ly  ^ 1 0 0  fis. T h e  synchron iz ing  p u lses fo r 
th e  c lo c k  an d  for th e  e v e n t- tim e r  are  su p p lied  b y  th e  tim e-serv ice  o f  th e  
SG O . I t  is based on  a ru b id iu m -o sc illa to r  ( ty p e  X S R -B  o f R /S ) w ith  
s ta b i l i ty  o f ^ 5  • 1 0 -11/m o n th . W ith  th is  f re q u e n c y  s ta n d a rd  a d ig ita l clock  
( ty p e  M IK I  for H u n g ary ) is d riv en  h av in g  a re so lu tio n  o f 100 /is. F o r  ro u g h  
c o n tro l  a n  ex te rn a l c o m p ariso n  w ith  th e  s igna ls  o f th e  sh o rt-w av e  t r a n s 
m it te r - s ta t io n  OLB-5 is ap p lied . F o r v e ry  a c c u ra te  U T C -com parisons th e  
T V -sy n ch ro n o u s  signals a re  m easu red  in  co -o p e ra tio n  w ith  th e  H u n g a ria n  
B u re a u  o f  S tan d ard s  a n d  th e  tim e-serv ice  o f  U R E  CSAV in  P ra g u e . B y  
th e s e  m ean s , th e  accu racy  o f  th e  U T C -tim e-serv ice  am o u n ts  to  ^ 1 0  fis.
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The fre q u e n c y -s tan d a rd  is con tro lled  b y  a V L F  ph asem ete r rece iv in g  
50 kH z s ta n d a rd  signals o f th e  s ta tio n  OMA. In  a  m easu rem en t series d u rin g  
a few days, th e  freq u en cy  ca n  be ca lib ra ted  w ith  a re la tiv e  accu racy  o f  a b o u t 
5 • 1 0 - ]2.

The sim plified  b lo ck -d iag ram  o f th e  tim e-se rv ice  is show n in  F ig . 6 .

syncronisation

Fig. 6

1.5 Concept for fu ture projects

The p re se n t firs t g en e ra tio n  system  is p la n n e d  to  be  u p d a te d  in to  a second  
g en era tio n  one. T his im plies tw o  m ain  ta sk s :

— to  increase  th e  a c c u ra cy  o f ran g in g ,
—  to  a u to m a tiz e  th e  tra c in g .
The accu racy  is in flu en ced  by  th e  shape o f  th e  laser pulse, its  s ta b il i ty , 

th e  d e tec tio n  o f th e  STA R T a n d  ST O P pulses a n d  th e  reso lu tion  o f th e  c lock . 
T he g rea tes t p rob lem s are  a t  p re se n t th e  sh ap e  a n d  s ta b ility  of th e  pu lses . 
W e p lan  to  im p ro v e  th e  Q -sw itch  b y  su b s ti tu t in g  th e  revolv ing  m irro r  w ith  
a P ockel’s cell, la te r  to  red u ce  th e  w id th  o f th e  p u lses by  a p u lse -sp littin g  c ir 
c u it. The acc u ra cy  o f th e  d e te c tio n  could b y  in c rea sed  b y  a fa s te r PM T  w ith  
a g rea te r  effic iency  (type  R C A  310034 A). T hus th e  ran g e  o f th e  m easu rem en ts  
can  be in c reased , too .

The e ffe c tiv ity  of th e  o b se rv a tio n s  could  be co nsiderab ly  in creased  b y  
a u to m a tic  tra c k in g . The SB G  in  P o tsd am  was su ccesfu lly  m odified in  th e  Z IP E  
on  th e  sam e basis we also p la n  to  develop o u r m o u n t for au to m a tic  tra c k in g .
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A ccord ing  to  experiences ab o u t th e  c o m p u te r  con tro l o f m o tio n s  o f th e  
3 rd  a n d  4 th  axes th e  a u to m a tic  tra c k in g  co u ld  be realized . W e p la n  to  m ake 
th e s e  m od ifica tio n s p a r t ly  b y  ow n d ev e lo p m e n t p a r tly  by  p u rch ases .

2.

2.1 Prediction program

A lth o u g h  th e  la se r-sy stem  p re se n tly  enab les only th e  o b se rv a tio n  of 
v is ib le  sa te llites , th e  o rg an iza tio n  an d  sch ed u lin g  of o b se rv a tio n  cam paigns 
a re  p ro m o te d  b y  a long -period  p ro g ra m , th e  so-called visibility prediction 
program .

T h is  p rog ram  gives th e  v is ib ility  c o n d itio n s  of sa te llites fo r  400 ( ± 4 )  
d a y s  a n d  100 ( i l )  d ay s . These in fo rm a tio n s  can  be o b ta in ed  fo r  th e  whole 
g lobe  o r fo r given s ta tio n s  (locations). I n  th e  f irs t  case, th e  p ro g ra m  m akes 
c a lc u la tio n s  in  degrees o f geographic  la t i tu d e . In  th e  la t te r  case th e  p ro g ram  
in d ic a te s  o f th e  sh ad o w -en try  an d /o r th e  shadow -ex it are o b se rv ab le . This 
p ro g ra m  is ru n  on a CDC-3300 co m p u te r.

F o r  every  d a y  o b se rv a tio n s  th e  ep h em eris  program  is b ased  on  SAO 
o r b i ta l  elem ents received  w eekly  b y  te le x . T h e  in p u ts  of th is  p ro g ra m  are  th e  
e le m e n ts  on te le x -ta p e , th e  d a te  an d  th e  p red ic ted  d u ra tio n  in  d ay s . The 
d iffe ren ce  betw een  th e  c a lcu la ted  an d  m easu red  s lan t-ranges is in  general 
a b o u t  1  km .

T h e  p rog ram  ca lcu la tes  th e  se ttin g  d a ta  o f th e  tra c k in g  sy s te m , gives 
th e  a c tu a l  catalogue n u m b e r of th e  v e lo c ity -co n tro llin g  ty p e , th e  e s tim a ted  
m a g n itu d e  of th e  sa te llite , th e  in p u t d a ta  fo r  m ak ing  a v e lo c ity -ta p e  an d  th e  
d a ta  fo r  th e  gate co n tro l. T he la t te r  v e lo c ity  p rog ram  is used  i f  th e re  is no 
s u ita b le  ta p e  in th e  ca ta lo g u e .

F o r  ga te  co n tro l essen tia lly  g a te  t im e s  are  needed b u t  th e  p ro g ram  
c a lc u la te s  in  ad d itio n  th e  epoch belong ing  to  th e  position , th e  p o s itio n  o f th e  
3 rd  ax is , th e  s lan t-ran g e  an d  th e  angle o f  e leva tion , too . T h is p ro g ram  is 
w r i t te n  fo r th e  desk  c a lc u la to r  H P  9830. O ne exam ple is show n in  T ab le  I.

2.2 Preprocessing and filtering  programs

T h e  observations, n am ely

-— th e  sy n ch ro n iza tio n  co n tro l d a ta  o f  th e  d ig ita l clock,
—  th e  m easu rem en ts  to  th e  ta rg e t ,
—  th e  m easu rem en ts  to  th e  sa te llite ,
-— th e  sy n ch ro n iza tio n  co n tro l d a ta  o f  th e  d ig ita l clock are  reco rd ed  on 

an  8 -ch an n e l p u n ch -tap e  in  A SC II-code. T h e  m eteorological d a ta  are  recorded  
in  th e  ob se rv a tio n a l re p o rt.
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Table I

Laser

6508901 
TK =  22 55.0 
Ap =  310.4 
Zp =  69.2 
Del =  6.5 
Tape 86

77

To

1980 7 21—22 
Monday-Tuesday

=  22 53 44
=  25.3

left

Magnitude: 7.9

Fk =  1240.4 
Hk =  1122.1

7.8 8.5

Observer

UT Time Sigm. No. G. time Range El.

22 53 44 0 0 23.7 0 894 1354.76 53.1
22 53 54 0 10 20.8 l 879 1328.93 55.0

22 54 4 0 20 17.8 2 866 1306.10 56.7

22 54 14 0 30 14.7 3 855 1286.42 58.3
22 54 24 0 40 11.6 4 846 1270.05 59.7

22 54 34 0 50 8.3 5 840 1257.11 60.9

22 54 44 1 0 5.0 6 0 836 1247.72 61.8

22 54 54 1 10 1.7 7 836 1241.95 62.4

22 55 4 1 20 — 1.7 8 835 1239.86 62.5

22 55 14 1 30 — 5.0 9 836 1241.47 62.3

22 55 24 1 40 — 8.4 10 839 1246.76 61.7

22 55 34 1 50 - 1 1 .7 11 845 1255.69 60.7

22 55 44 2 0 — 14.9 12 853 1268.18 59.5

22 55 54 2 10 — 18.1 13 864 1284.13 58.0

22 56 4 2 20 21.2 14 877 1303.40 56.3

22 56 14 2 30 -  24.3 15 892 1325.85 54.5

22 56 24 2 40 — 27.2 16 909 1351.33 52.6

22 56 34 2 50 — 30.0 17 928 1379.65 50.7

22 56 44 3 0 — 32.7 18 948 1410.66 48.8

22 56 54 3 10 — 35.3 19 971 1444.16 46.8

22 57 4 3 20 — 37.8 20 995 1480.00 44.9

22 57 14 3 30 — 40.1 21 1020 1517.99 43.1
22 57 24 3 40 — 42.4 22 1047 1557.98 41.2

22 57 34 3 50 — 44.6 23 1075 1599.82 39.5

22 57 44 4 0 — 46.6 24 1104 1643.36 37.7

22 57 54 4 10 — 48.6 25 1134 1688.47 36.1

T he preprocessing  o f  th e  o b se rv a tio n a l d a ta  is ru n  on th e  d esk  com p u ter 
H P  9830 B. The in p u ts  o f  th is  p ro g ram  a re  th e  follow ing:

—  p aram ete rs  a n d  id en tifie rs  o f  th e  m easu rin g  co n d itio n s (d a te , num ber 
o f  sa te llite , m eteoro log ica l d a ta , e tc .),

—  d a ta -ta p e  o f  m easu rem en ts ,
—  SAO o rb it e lem en ts  of th e  sa te llite .
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Sequence o f  the calculations :

a)  R aw  filtering  of m e a su re m e n t d a ta  (low er lim it 500 km , u p p e r  lim it 
3000 k m ).

b)  C om pu ta tion  of th e  re d u c tio n  of th e  m e a su re d  d a ta  (d e te rm in a tio n  
o f  t h e  ran g in g  epoch an d  to p o c e n tr ic  d istances). T h e  corrections fo r  th e  
c lo c k tim e  an d  clockrate o f th e  d ig ita l  clock, th e  t im e  d e lay  w ith in  th e  sy stem , 
c a lc u la te d  from  ta rg e t m e a su re m e n ts , th e  a tm o sp h e ric  co rrections a n d  th e  
e x c e n tr ic i ty  of the laser h e a d  r e la te d  to  th e  g eo m etric  reference p o in t o f  th e  
s ta t io n  a re  tak en  in to  a c c o u n t.

c)  F in e  filtering  of m e a su re m e n t d a ta . F irs t th e  p red ic ted  ran g e  o f  th e  
s a te l l i te  is calculated from  th e  SAO o rb it e lem en ts  fo r th e  o b se rv a tio n a l 
ep o c h s . T h e n  the  difference o f  th e  p red ic ted  and  m e a su re d  range is co m p u te d . 
(O b se rv a tio n s  w ith laser d iffe re n c e  sm aller th a n  5 k m  are  neglected .) F in a lly , 
th e  d iffe re n c e  ratios for seco n d s  a re  calcu lated . T h e  processing an d  an a ly sis  
o f  th e s e  d a ta  lead to  th e  f i l te r e d  d a ta .

d )  E s tim a tin g  th e  c o n fid e n c e  of the  m easu rem en t d a ta . O n th e  basis 
o f  th e  f i l te re d  da ta  th e  c o e ffic ien ts  of a 6 th  o rd er p o ly n o m ia l are d e te rm in ed  
b y  re g re ss io n  analysis. A cco rd in g  to  our experience, th is  po lynom ial a p p ro x i
m a te s  w ell th e  topocen tric  d is ta n c e s  of the  sa te llite  passin g  over th e  s ta tio n . 
T h e  p ro g ra m  contains also m o re  f ilte r in g  possib ilities .T h e  e s tim a ted  con fidence  
o f  th e  m easu rem en ts  is c a lc u la te d  from  the  residua ls. B ased  on ex trem e ly  large 
re s id u a ls  rep ea ted  filte ring  is p o ss ib le  if  the  analysis o f  th e  s ta n d a rd  d ev ia tio n s  
m a k e s  i t  reasonable.

I n p u t s  of the p ro g ram  (o n  8 -channel p u n ch  ta p e  o r m ag tap e):

—  epochs of shoots in  M J D  (M ean Ju lia n  D a te ) ,
-— m easu red  ranges in  M  m e te r .

T h e  resu lts  of m e a su re m e n ts  in  1980 are sh o w n  in T able I I .  F ig u re  7 
c o n ta in s  d a ta  for one pass (G E O S -1 , A ugust 28, 1980). T his is a pass o f  an  
a v e ra g e  p o in t num bers; th e  u p p e r  p a r t  shows th e  m easu red  values, th e  low er 
one th e  dev ia tio n s from  th e  a p p ro x im a tin g  6 th  o rd e r  po lynom ial in  fu n c tio n  
o f  t im e .  T h e  derived R M S -erro r is 0.89 m.

I n  1980, we p a r tic ip a te d  in  th e  M E R IT  cam p a ig n . D uring  A ugust 1980, 
la se r  o b se rv a tio n s  (7 passes, 167 p o in ts) for G EO S-3 w ere ob ta in ed .

2.3 U tilisation o f  observation results

O u r  observational d a ta  a re  processed by  a p ro g ra m  based  on th e  sh o rt-  
a rc  m e th o d . In  an in te rn a tio n a l  coopera tion  th e  d a ta  a re  reg u la rly  se n t to  
th e  A s tro so v ie t coo rd inating  c e n tre . This co o p era tio n  prov ides a p o ss ib ility  
to  t r e a t  d a ta  of qu asisy n ch ro n o u s la se r  ranging an d  p h o to g ra p h ic  o b se rv a tio n s .
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Table II

Total no of usebul returns 1103 
GEOS-A

DATE h Ш h m UR

800511 20 58 21 2 41

800512 21 1 21 6 29

800513 21 5 21 8 21
800514 21 12 21 15 3

800716 0 32 0 34 14
800721 2 2 53 22 55 16
800801 21 35 21 38 33

800802 21 39 21 42 38

800803 21 44 21 46 20

800807 19 55 19 59 47

800809 20 4 20 6 20

800822 23 8 23 10 14

800828 21 28 21 30 26

800903 19 49 19 52 15
800904 19 53 19 56 33
800905 19 57 20 0 25

GEOS-C

DATE h m h m UR

800410 19 23 19 26 8

800411 19 8 19 10 16

800413 20 18 20 21 22

800414 20 3 20 6 19
800415 19 47 19 51 48

800417 19 19 19 20 17

800507 22 36 22 38 9

800511 23 16 23 18 38

800513 22 47 22 49 20

800523 23 35 23 38 14

800526 0 43 0 46 40
800624 20 40 20 42 15

800680 20 50 20 43 8

800707 22 24 22 25 16

800708 22 8 22 9 7

800710 21 39 21 41 19
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(Continued Table I I )

Date b m h I II UR

800711 23 2 23 6 13

800712 22 47 22 51 41

800715 22 3 22 6 27

800715 23 42 23 43 15

800717 23 12 23 15 26

800718 22 58 23 0 19

800721 23 51 23 55 45

800726 0 31 0 33 14

800727 0 16 0 19 26

800801 0 40 0 44 30

800802 0 25 0 29 29

800805 1 20 1 23 27

800806 1 4 1 8 23

800807 0 50 0 51 10

800808 0 35 0 37 32

800811 1 29 1 32 15

2.31 Photo-laser method

F o r  th e  loca tio n  o f  a  p o in t of th e  o rb it th e  follow ing are  necessary :

a)  th ree  s ta tio n s  w ith  synch ronous laser o b se rv a tio n s,
b)  synchronous p h o to g ra p h ic  and  la se r o b se rv a tio n s a t  tw o  d ifferen t 

s ta t io n s ,
c)  synchronous p h o to g ra p h ic  and  la se r o b se rv a tio n s  a t  one s ta t io n

I n  Case c, th e  d is ta n c e  o f th e  tw o d iffe ren t e q u ip m en ts  is o n ly  som e 
h u n d r e d  m eters, so i t  is e a sy  to  tran sfo rm  th e ir  co o rd in a tes  w ith  h ig h  accu racy  
in to  o n e  com m on sy s te m  a n d  th e n  to  red u ce  th e  m easu red  d a ta  accord ing  
to  t h e  com m on system .

I n  Cases a, and  b, th e  e ffec t o f d ifferen t c o o rd in a te  erro rs o f  som e s ta tio n s  
is  a lso  to  be tak en  in to  a c c o u n t besides th e  p rob lem s o f o rg an isa tio n .

I t  seems to  be e v id e n t t h a t  Case c, is th e  b e s t choice fo r us, co n seq u en tly  
a  c o m p u te r  program  S A M U L P O  (Short A rc M ethod  U sing L ase r an d  P h o to 
g ra p h ic  O bservations) h a s  b e e n  developed fo r th e  H P  9830 desk  co m p u te r 
(see F ig . 8 ).

As in  the  SGO p h o to g ra p h ic  as w ell as la se r o b se rv a tio n s  are  possible 
a  sp e c ia l short-arc  m e th o d  h a s  been  w orked o u t. T h is m e th o d  de te rm in es th e  
o b s e rv e d  short-arc  w ith  a re la tiv e ly  h igh accu racy . I f  a t  a n o th e r  s ta tio n  laser 
o b se rv a tio n s  are o b ta in e d  fo r  th e  sam e sh o rt-a rc  th e  co o rd in a tes  o f  t h a t  s ta tio n

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. J7, 1982



LASER RANGING OBSERVATION 249

1A0

1.35

1.30

1 25

1.20

[1000 km]

' +-ц-н**

1980 Aug 28
UTC: 21 H 28 M 21.182A5 S
6508981

+
++

+
+

+

/

: is]

2.00

1.00

0  H

- 1.00 -

- 2.00

[m]

+ + +

+
+

1  +

+ +

+ + 
+

+
+

+ +

S

RM S-i0.89m

Fig. 7

can  also been d e te rm in e d . T h is m ethod  is ca lled  Photo-laser. R eferring  to  th eО
block -d iag ram  o f F ig . 8  th e  m ethod  can be su m m arized  as follows.

2.311 Short-arc determination

U sing q u asisy n ch ro n o u s  p h o tog raph ic  a n d  la se r observa tions fo r th e  
sam e pass, one can  d e te rm in e  th e  m easured  v e c to rs  p o in tin g  from  th e  s ta tio n  
to  th e  sa te llite . B y  th e  p re d ic tio n  program  p re d ic te d  vecto rs are ca lcu la ted  
fo r th e  sam e epochs. F ro m  th ese  tw o vec to rs th e  d ifference vecto rs (m easu red  
m inus ca lcu la ted ) are  c o m p u te d  and  decom posed in to  a lo n g -track , c ro ss -tra c k , 
an d  rad ia l co m ponen ts. T h is decom position  se p a ra te s  th e  effects o f th e  p h o to 
g raph ic  and  laser o b se rv a tio n s  to  th e  sh o rt a rc  ( th e  rad ia l com ponen t com es
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Samulpo

Fig. 8

f ro m  th e  laser, the  o th e rs  from  th e  p h o to g ra p h ic  observations). O n th e  o th e r 
h a n d  th e  tim e  shift w hich  is one o f th e  m o st p rob lem atic  e rro r  sources is 
id e n t ic a l  w ith  th e  a lo n g -tra c k  com ponen t.

H a v in g  com pleted  th e  p rocedure  th e  co m p o n en ts  are in v o lv ed  in to  th e  
o rb i t  im p ro v em en t process b y  ite ra tio n . F o r  th e se  series o f o rb it im p ro v em en ts  
(see T a b le  I I I )  th e  p o ly n o m ia l

E x _ 3 =  C 4 +  C2 • t C3 • cos A  -\- C4 sin A

ca n  b e  app lied , w here 

l is tim e,
A  is a fu n c tio n  o f  tim e  an d  of sa te llite  velocity ,
C 4  —  C 4 are coeffic ien ts  to  be d e te rm in ed  b y  a d ju s tm e n t.

T h e  polynom ial coeffic ien ts  are d e te rm in e d  b y  a least sq u a re s  a d ju s t
m e n t .  T h e  function  o f o rb it im p ro v em en ts  in  rad ia l d irec tion  (E 3) is derived
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Table Ш

GEOS-3 21.07.1980 To =  23* 52“  19.0453* Penc

t =  UT-To
(вес)

photogtaphic laser

E,  (m) E,  (m) E,  (m)

0.0000 — — - 3 3 .4

9.9438 — — — 42.3
29.1842 — — — 48.8

39.6607 — 19.8 56.7 —

43.2877 19.9 — 58.8 —

49.2726 — — — 50.2

63.3054 — — -5 2 .5

82.3992 — — -55.8

99.0487 — — - 5 5 .9

112.0367 — — - 6 0 .6

125.7717 - 8 5 .4 — 80.2 —

128.2407 — — - 6 3 .2

152.0110 — — — 75.7

171.7202 — — - 8 7 .9
182.2927 — 150.6 — 107.1 —

187.7507 — 148.9 - 9 9 .3 —

RMS ±  3.2 ±  3.6 ±  1-4

w ith  an  accu racy  o f In  due  to  th e  lase r m easu rem en ts .T h e  a lo n g -tra c k  im p ro v e 
m e n ts  (E x) accu racy  is 10— 20 m , th e  c ro ss-track  (E2) is 3— 5 m , d u e  to  th e  
low er accu racy  o f p h o to g rap h ic  o b serv a tio n s (see T able I I I ) .

T h e  c o n s tan t te rm  o f th e  o rb it im p ro v em en t fu nc tion  can  he d e te rm in ed  
fro m  th e  series o f laser m easu rem en ts  (tim e  sh if t see Fig. 9) w ith  a n  accu racy  
o f  a few  m eters th u s  th e  rea l accu racy  o f th e  sh o rt arc is 5— 10 m .

Determination o f station coordinates

H av in g  a su ffic ien t n u m b e r o f d e te rm in ed  sho rt arcs, all sy n ch ro n o u s  
o b se rv a tio n s  fo r th ese  a rcs  a t  o th e r  s ta tio n s  a re  exam ined . T he c o o rd in a te s  of 
th e  o b se rv in g  s ta tio n  c a n  be d e te rm in ed  w ith  an  accu racy  of 1  m  fro m  a few 
passes i f  th e  geom etry  is sa tis fa c to ry . T he ab so lu te  coo rd inates o f  th e  second 
s ta t io n  d ep en d  on th e  co o rd in a te s  o f th e  f irs t  one from  w hich th e  sh o r t  arcs 
w ere d e te rm in ed . T he accu racy  o f  th e  re la tiv e  co o rd ina tes o f th e  tw o  s ta tio n s , 
h o w ev er, depend  on ly  on  th e  accu racy  o f th e  la se r m easu rem en ts .

L e t lj be th e  m easu red  d is tan ce , an d  к,- th e  p red ic ted  v e c to r  fo r  th e  
o b se rv a tio n  epochs.
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T h e vectors are  c o m p u te d  from  th e  p re lim in a ry  coord inates an d  th e  
d e te rm in e d  short a rcs.

In  th is  case th e  c o rre c tio n  is

vi = \ k i - Â k i \ - l i
w here

A k t is th e  p re lim in a ry  coo rd inate  im p ro v e m e n t.
Ak[ is d e te rm in ed  b y  a d ju s tm e n t.

T h is co rrec tion  is c o m p u te d  by  th e  C O D E L O  prog ram .

^ -a n g e
time shift evaluat ion

2.32 Preliminary results

A t th e  SGO s ta t io n  16 synchronous (p h o to g rap h ic -la ser) o b se rv a tio n s 
o f  G E O S-3 have been  co llec ted  in 1980. T h e  d e te rm in a tio n  o f th e  sh o rt arc 
w as m ad e  by  the. S A M U L P O  program . T he o b ta in e d  accu racy  co rresponds to  
i ts  th e o re tic a lly  e s t im a te d  va lu e . A sh o rt a rc  d e te rm in a tio n  for G EO S-3 is 
d e m o n s tra te d  in  T ab le  I I I .

W e accum ula te  a n d  process co n tin u o u sly  a ll availab le  synch ro n o u s 
o b se rv a tio n s  a t o th e r  s ta t io n s  for all d e te rm in ed  sh o r t arcs. U n til now  th re e  
sy n ch ro n o u s  o b se rv a tio n s  h a v e  been o b ta in ed  fro m  th e  Z IP E , P o tsd am .

T h e  coord inates o f  th e  P o tsd am  s ta tio n  h a v e  been  de te rm in ed  b y  th e  
C O D E L O  program . T h e  g eo m e try  of these  passes  w as n o t sa tis fac to ry , th u s  
th e  o b ta in e d  accu racy  is o n ly  13 m , considered  as a v e ry  p re lim in a ry  value . 
T h e  d ev ia tio n  from  th e  co o rd in a tes  d e te rm in ed  b y  D opp ler m easu rem en ts  is 
36 m . As th e  effect o f  th e  p h o to g rap h ic  o b se rv a tio n s  seem s to  be neglig ib le, 
in  th e  case of an  a d e q u a te  geo m etry  of th e  p asses  th e  b est accu racy  to  be ob
ta in e d  is es tim ated  in  a b o u t 1  m.
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РЕЗУЛЬТАТЫ ЛАЗЕРНОЙ ДАЛЬНОМЕТРИИ В ОБСЕРВАТОРИИ КОСМИЧЕСКОЙ
ГЕОДЕЗИИ

Т .  К А Р Д О Ш - Т .  Б О Р З А - Т .  В А Ш

РЕЗЮМЕ

В статье описывается установка лазерного дальномера в Обсерватории косми
ческой геодезии (Пенц) и рассматриваются первые результаты. Инствумент размещается на 
спутниковом телескопе типа СБГ Цейс и был установлен в рамках сотрудничества Ин
теркосмос в 1977 -  78 гг. Точность дальнометра соответствует характеристикам инстру
ментов первого поколения. При лучших прохождений достигается значение средней квад
ратической ошибки 50 см. В 1979 г. наблюдалось 27 прохождений спутников ГЕОС-1 и 
ГЕОС-3. До 1-го сентября 1980 г. наблюдалось 44 прохождений с 1081 отражениями.
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MAGNETOTELLURIC DATA ON THE GEOELECTRIC 
STRUCTURE IN THE NORTH-EASTERN 

PART OF THE RALTIC SHIELD

A. G. K RA SN O B A E V A  B. P. DIAK ONOV— P. F. A S T A F IE V -O . V. BATALOVA—  
V. S. V ISH N E V — I. E . G AVRILOVA— R. B. Z H U R A V L Y O V A — S. K. K IR ILLO V

INSTITUTE OF GEOPHYSICS OF URAL SCIENTIFIC CENTER, SVERDLOVSK, USSR 

[M anuscript received A ugust 25, 1980]

The anom alies o f the MT fields along the profile T itovk a— Ponoi and D . Zelentsi—  
Lovozero indicate d istortions in  the frequency range o f short-period pulsations. The results 
of DMTS (deep m agnetotelluric soundings) along the M urm ansk ledge of the ancient platform  
(N E -part of the B altic  Shield) are discussed.

A quantative interpretation  of the Qj and ipj-curves shows the inhom ogeneous structure 
of the upper m antle where a conductive layer at a depth  50— 70 km  w ith  a longitudinal con
du ctiv ity  20—270 [Í7 1 ] was detected . The boundary o f the E arth’s conductive layer is found  
at a depth of about 600 km  w ith  a specific electric res istiv ity  o f 1 ohm  • m.

E lec tro m ag n etic  m easu rem en ts  w ith  an  e lec tric  c u rre n t im pulse source 
(1) have  been ca rried  o u t on th e  K ola P e n in su la  since 1976. As a re su lt o f th is  
re search  large-scale b locks w ith  d ifferen t e lec tric  re s is tiv ity  w ere se ttle d  o u t 
in  th e  E a r th ’s c ru s t. T h e  rocks w ith  e lec tron  c o n d u c tiv ity  h av e  a q-value o f 
1 0 2— 1 0 3 ohm  • m a n d  ç o f  nonm odified  g ra n ite s  an d  g ran ite  gneisses is 
% 10s ohm  • m  (th e  M u rm an sk  an d  th e  C en tra l K o la  b locks). T he use o f M H D - 
g en era to rs  in  e lec tric  su rv ey s  enables to  o b ta in  th e  electric  c o n d u c tiv ity  a t  
considerab le  d e p th s . H ow ev er th is  co m plica ted  e x p e rim en t resu lts  in  d iffe ren t 
in te rp re ta tio n s  o f th e  received  d a ta  and  a m ore so p h is tic a te d  an a lysis  is needed . 
T herefore  a re sea rch  o f  th is  k in d  was carried  o u t b y  th e  In s t i tu te  o f  G eophysics 
o f  th e  U ral Scien tific  C en te r in  1978 w ith in  th e  large  p rog ram m e “ K h ib in es”  
in  th e  n o rth -e a s te rn  p a r t  o f th e  B altic  Shield . T h e  geoelectric  s tru c tu re  o f  th e  
E a r th ’s c ru s t an d  u p p e r  m an tle  was o b serv ed  using  tw o  m eth o d s o f deep 
geoelectrics: deep m ag n e to te llu ric  sound ing  (D M TS) an d  geom etric  sound ing  
w ith  a M H D -g en era to r. T hese m ethods w ere su p p o sed  to  increase th e  co n fi
dence of th e  p a ra m e te rs  m easured  and  to  solve som e m eth o d ica l p rob lem s. 
In  p resen t p a p e r th e  re su lts  o f MTS are ex am in ed . As MTS is a ra th e r  com plex  
m eth o d , special a t te n t io n  w as p a id  to  th e  o b se rv a tio n  area  (h igh la titu d e s) .

A ccording to  re c e n t geological and  geoph y sica l su rveys th e  M urm ansk  
ledge of th e  an c ien t p la tfo rm  is considered to  be m ost fav o u rab le  fo r e lec tro 
m agnetic  research . T h e  h ig h ly  resistive g ran ite -g n e iss ic  fo rm a tio n  enab les to  
reco rd  th e  im pulses a t  th e  m ax im um  possib le  d is tan ce  from  th e  M H D - 
g en e ra to r an d , th e re fo re , in fo rm atio n  from  th e  m ax im u m  d e p th s  can  be 
o b ta in ed . M oreover, th e  un ifo rm  geoelectric s tru c tu re  o f th e  E a r th ’s u p p e r
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c ru s t  im p ro v es  th e  M T S -in te rp re ta tio n  an d  m akes i t  possible to  co m p are  th e  
re s u lts  o f  th e  artific ia l an d  n a tu ra l  fie ld s. T he o b se rv a tio n  po in ts  w ere s itu a te d  
a lo n g  a  500 km  long p ro file  on  th e  M urm ansk  block . To s tu d y  th e  “ co as ta l 
e f fe c t” , observ a tio n s w ere m ad e  be tw een  th e  s ta tio n s  L ovozero a n d  D aln ie  
Z e le n ts i. A ll th e  s ta tio n s  are  show n  in  th e  schem atic  geological m a p  (F ig . 1).

F ig. 1. Schem atic geologic structure of the K ola Peninsula (after B elyaev, Zadorodny, P etrov, 
V olosh ina [2]). Structural stratigrapliical units: 1 —  terrigenous rocks of the R iphean form ation
—  P R 3; 2 —  sedim entary-volcanogenic rocks of the K arelian form ation —  P R 2; 3 —  sedi
m en tary- volcanogenic rocks o f unknow n age; 4 —  crystalline schists, gneisses, m etavolcanics
—  P R !; 5 —  aluminiferous crystalline schists —  P R ,; 6 —  biotite  and am phibolite gneisses, 
am p h ib o lites —  P R ,; 7 —  gneisses and granite gneisses in  the basem ent —  A R  —  P R ,;  
8 —  gn eisses, diorites, gneissic granodiorites and plagiogranites of the ancient basem ent —  
A R ?  In strusive  formations: 9 —  nepheline-syenite; 10 —  alkaline gabbro; 1 1 —- laucocratic  
g ra n ites , a laskites — y |; 12 —  post-orogenic porphyric granitoids —  y |; 13 —  alkaline gran
ites  —  y \;  14 — charnocrites, enderbites —  Vi-.', 15 — plagiom icrocline granites, gneissic 
gran ites y \  —  y |; 16 — diorites, quartz-diorites, granodiorites, plagiogranites —  y 0_ j; 17 —  
gabbro and gabbro-anorthosites o f d ifferent age; 18 —  ultrabasitic blocks of different form a
tions; 19  —  geological boundaries; 20 —  dislocation w ith  a break in continuity: a )  m ain, 
b) a d d ition a l. Points of observation: 21 —  MTP; 22 —  DMTS; 23 —  records of im pulses from

a condensator source; 24 —  records of im pulses from  a M HD-generator
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A ccord ing  to  th is  m ap  th e  DM TS in th e  p o in ts  L ovozero an d  L osinga  are 
s itu a te d  in  d iffe ren t s tru c tu ra l- te c to n ic  zones. T h e  o b se rv a tio n  m e th o d  was 
based  on  sim u ltan eo u s M TS in  a w ide freq u en cy  range  from  1 to  1 0 “ 3 Hz. 
M agneto te llu ric  s ta tio n s  M TL-71, m a g n e to v a ria tio n  s ta tio n s  “ IZ M IR A N -4 ” 
an d  oscillographs OMS-2 as well as “ M EV S-5”  w ere used fo r th is  purpose . 
T he p o in t Lovozero  n e a r  to  th e  a irp o rt used  fo r tra n s p o r ta tio n  o f  th e  field  
s ta tio n s  w as chosen as p o in t o f reference. A co n tin u o u s reco rd in g  o f  field  
v a ria tio n s  was m ade s im u ltan eo u sly  a t  th re e  (one basis  and  tw o  fie ld ) s ta tio n s . 
T he id e n ti ty  o f th e  reco rd ers  a t  th e  s ta tio n s  w as checked a t  th e  b eg in n in g  of 
th e  o b se rv a tio n s. T he p a rtie s  used rad io  co m m u n ica tio n . T im e signals were 
given a u to m a tic a lly  from  th e  ra d io s ta tio n  “ M a ja k ” . The 100— 200 m  long 
m easu rin g  lines w ere o rien ted  along th e  m ag n e tic  m erid ian  (X -ax is) an d  the  
la t i tu d e  (Y -axis).

W e used co n tin u o u s P c l-P c 5  and  ir re g u la r  P i l — Pi3 p u lsa tio n s , as well 
as geom agnetic  bay s w ith  a d u ra tio n  of 20 m in u te s  to  3 hours fo r co n stru c tin g  
th e  M TS curves. H ig h  la ti tu d in a l record ings o f  th e  m ag n e to te llu ric  fie ld  are 
ch a rac te rized  b y  h igh  am p litu d e  v a ria tio n s  an d  b y  a w ide freq u en cy  range 
even in  a sh o rt tim e  in te rv a l w hich p ro v id e  fav o u rab le  co n d itio n s for deep 
m a g n e to te llu ric  sound ing . T hus e.g. a t m idd le  la titu d e s  P c i  occu r only  a t 
n ig h t an d  in  th e  m o rn in g , here  th e y  are oh se rved  in  th e  d a y tim e , too . This 
also  concerns Pc5 .

A ll th e  p h o to reco rd in g s  of th e  m ag n etic  an d  te llu ric  fields w ith  th e  to ta l  
ex ten s io n  of 2.5 km  could  n o t be used. O n ly  som e p a rts  o f th e se  records free 
o f noises an d  c h a ra c te riz e d  b y  q u asi-sinuso ida l v a ria tio n s  in  a ll th e  field 
co m p o n en ts  w ith  an  a m p litu d e  m ore th a n  1 0  m m  were selec ted  fo r fu r th e r  
tre a tm e n t .  T he m odu le  an d  a rg u m en t o f th e  in p u t im pedance w ere p rim arily  
d e te rm in ed  b y  tw o  m e th o d s : b y  th e  le a s t sq u ares  m eth o d  an d  a t  th e  stage 
o f p re lim in a ry  in te rp re ta t io n  [3] by  th e  m e th o d  o f a p p a re n t im pedances. 
T he sp ec tra l m e th o d  w as on ly  used for reco rd in g s from  th e  p o in t Lovozero.

F o r th e  m ag n e to te llu ric  an d  m a g n e to v a ria tio n  o b se rv a tio n s, th e  n a tu ra l 
fie ld  is assum ed to  be hom ogeneous w ith in  lim ited  regions o f  th e  E a r th ’s 
su rface . T his su p p o sitio n  m akes it  easier to  d e te rm in e  th e  in n e r  anom alous 
p a r t  o f  th e  fie ld  w hich  ex ists  due to  anom alous con d u c tiv e  o b jec ts  (geoelectric 
inhom ogeneities) in  th e  E a r th ’s cru st. T he d e te c tio n  o f c o n d u c tiv ity  anom alies 
is b ased  ty p ic a lly  on profiles o f in te n s ity  v a ria tio n s  in d iffe ren t field  com 
p o n en ts . T he p ro b a b ility  o f  local anom alies is here  h igh since th e  p ro file  of 
s im u ltan eo u s o b se rv a tio n s  is m ade on th e  M u rm an sk  block w here sed im en tary  
fo rm a tio n s  sh ie ld ing  deep  o b jec ts  are  a b se n t. F igure  2 show s d a ta  on the  
re la tiv e  an o m aly  (г/) fo r d iffe ren t periods. T h is  v a lue  r] is g iven b y

Уе.
- E v

Ve,-
E у .

Jxb Ey ь
Ун.

Hx
Hrl Ун, _  Ну

H
У н . =

уЬ
I{JL
П-н
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F ig. 2 . T h e  anomalous field com p on en ts along the profile T ito v k a  —  Ponoi (a) and the “coastal
e ffe c t”  in  the field com ponents (b)

w h ere  E xb, E yb, Hxb, Hyb, H zb a re  th e  am plitudes o f  v a r ia tio n s  fo r th e  c o rre sp o n d 
in g  p e r io d s  in  the po in t L o v o zero , E x, Ey, H x, H y, H z are  th e  sam e v a lu es  in  
fie ld  s ta t io n s .

A ccord ing  to  th e  v a r ia t io n s  o f  77 along th e  p ro file  S t. T ito v k a — P onoi, 
th e  h o r iz o n ta l  m agnetic fie ld  (H x an d  Hy co m ponen ts) is norm al. S lig h t v a r ia 
tio n s  a re  observed in th e  e le c tr ic  com ponen t in  th e  d irec tion  o f  th e  y -a x is  
b e in g  n e a r ly  th e  E -po larized  f ie ld . T his proves th e  co rrec tness of th e  su p p o sed  
p o la r iz a t io n . A nom alous f ie ld  v a ria tio n s  are o b serv ed  in  th e  po in ts  S ereb ry - 
a n k a  a n d  L um bovka. T he e ffe c t occurs in th e  E x a n d  H z com ponen ts. T here  
is a lso  a  te n d e n c y  of th e  c o n d u c to rs  to  s trik e  in  n o r th -e a s te rn  d irec tio n . T he 
m a x im u m  o f the  anom alous e ffe c t is in  th e  range o f  36— 64 sec in  S e re b ry a n k a  
an d  o f  144  —220 sec in L u m b o v k a . T h is period range  o f  th e  v a ria tio n s  p e n e tra te s  
in to  th e  asthenosphere  an d  c h a ra c te r iz e s  p ro b a b ly  reg ional inhom ogeneities 
in  th e  M u rm an sk  block. T h e  n a rro w  conductive  zones m ay  be m o st lik e ly  
c o n n e c te d  w ith  faults in  th e  E a r t h ’s c ru st. I f  i t  is so th e n  tw o local an om alous 
zones a re  observed  in th e  e le c tro m a g n e tic  fields. T hese  zones are ch a ra c te riz e d  
b y  th e i r  d eep  locations an d  co rre sp o n d  to  a v io la tio n  of h o rizo n ta l lay e rin g  
in  th e  g eo leec tric  cross sec tio n .

S im u lta n e o u s  MT p ro filin g  w as carried  o u t a long  th e  profile  D. Z e le n ts i— 
L o v o ze ro  to  d isplay  th e  e ffec t o f  th e  anom alous f ie ld  re su ltin g  from  th e  co n 
ta c t  o f  m a ss iv e  rocks in  th e  c o a s ta l  p a r t  of th e  K o la  P en in su la  an d  th e  sea 
(“ c o a s ta l  e ffe c t” ). In  sp ite  o f  co n sid erab le  re s is t iv i ty  c o n tra s ts  reach in g  5— 6  

o rd e rs  o f  m agn itu d e  in  th e  c o a s ta l  zone, on ly  a re la tiv e ly  w eak an o m alo u s 
effect o c c u rs  in the  H z an d  E x com p o n en ts  (F ig . 2b). T he anom aly  is a b se n t 
in  th e  c o m p o n e n ts  used for th e  c o n s tru c tio n  o f th e  D M TS curves w ith  E -p o la r 
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iza tio n  (Ey, H x). T h is fa c t can  be well e x p la in e d  b y  th e  p h y sica l m odel of 
an  ex ten d ed  g en tly  slop ing  she lf [4].

The correc t in te rp re ta t io n  o f m ag n e to te llu ric  d a ta  is based  on  im pedance 
p o la r d iag ram s w hich  enab le  to  ch a rac te rize  th e  degree o f  in h o m ogeneity  
o f th e  m edium  an d  to  c o n s tru c t th e  qt cu rves w ith  th e  leas t possib le d is to r
tio n . F igure 3 show s im p ed an ce  d iagram s o f th e  o b se rv a tio n  p o in ts  for short 
period  v a ria tio n s . T he m ain  im pedance  d iag ram s a re  ellipses, w hile th e  second
a ry  im pedance  has a q u a te rfo il fo rm  and  h in ts  a t  a tw o -d im en sio n a lly  inhom o
geneous m edium . T hese form s are  also p re se rv ed  fo r o th e r  periods, b u t  th e  
a z im u th  of th e  in h o m o g en e ity  axis can  change as fo r exam ple  in  K h arlo v k a . 
T he p o la r d iag ram s a re  o rien ted  p e rp en d icu la rly  to  th e  m ain  s tr ik e  o f  th e  basic 
s tru c tu ra l elem ents. T he a z im u th  o f th e  h o m o g en e ity  axis o f 120° (d irection  
o f E -po la riza tio n ) co rresp o n d s to  th is  reg io n a l d irec tion . T he im pedance  
d iag ram s v a ry  in  th e ir  o rie n ta tio n  from  p o in t to  p o in t an d  th u s  re flec t local 
inhom ogeneities in th e  geoelectric  s tru c tu re  o f th e  u p p e r horizons o f  th e  E a r th ’s 
c ru s t. So th e  m in o r ax is  o f  th e  m ain  im p ed an ce  d iag ram  does n o t alw ays 
correspond  to  th e  E -p o la riz a tio n . In  Lovozero th e  m a jo r axis coincides w ith  
th is  d irec tion . In  th e  p o in ts  L osinga and  P an o i th e  m easu ring  lines are  o rien ted  
along th e  m ain  axes o f  th e  im p ed an ce  ten so r, w here  th e  a d d itio n a l im pedances 
are m in im um . This m eans th a t  th e  Z ^ -c o m p o n e n t can  be assu m ed  as E -p o la ri
za tio n  in  these  po in ts  an d  Z xy as E -p o la r iz a tio n . In  a tw o -d im en sio n a lly  
inhom ogeneous m ed ium  th e  lo n g itu d in a l cu rv es  a re  leas t d is to r te d  b y  th e  
inhom ogeneity  o f th e  h o rizo n ta l m edium .

T he curves c o n s tru c te d  for th e  K ola P en in su la , co rresp o n d in g  to  th e  
E- an d  E -p o la riz a tio n  (see F ig . 4) have  ty p ic a lly  sim ilar form s, b u t  a t th e  
sam e tim e  th e y  are d isp laced  a lo n g  th e  ax is o f o rd in a te s , w h a t h in ts  a t  th e  
ga lvan ic  d isto rtio n s o f th e  fie ld . As th e re  are  no effective w ays o f th e  reg is tra 
tio n  o f  d is to rtio n  fac to rs , tw o  v a r ia n ts  are possib le  in  th e  c o n s tru c tio n  o f the  
h y p o th e tic a l geoelectric  cross section  for th e  n o r th -e a s te rn  p a r t  o f  th e  B altic  
Shield .

In  v a ria n t I th e  p a ra m e te rs  o f th e  cross sec tion  w ere o b ta in e d  from  
th e  in te rp re ta tio n  o f  th e  cu rves w ith  E -p o la riz a tio n  (Fig. 4a).

In  v a r ia n t I I  th e  a u th o rs  suggest th e ir  ow n w ay  of th e  re g is tra tio n  of 
fie ld  galvan ic  d is to rtio n s . L e t us assum e th a t  th e  geoelectric  p a ra m e te rs  are 
a t  a d e p th  of 500— 600 k m  everyw here  th e  sam e a n d  th a t  E -lin e  ( th e  descend
ing  b ran ch ) ind ica tes th e  g lobal d is tr ib u tio n  pr [5 ] .T h u s  all curves m u s t coincide 
b y  th e ir  rig h t-h an d -sid e  descending  b ranches w ith  th e  “ no rm al c u rv e ” .

T he “ n o rm al c u rv e ”  (con tinuous th ic k  line in  Fig. 4 an d  F ig . 5a) was 
c o n s tru c te d  th ro u g h  th e  use o f th e  DM TS d a ta  o b ta in ed  b y  th e  au th o rs  in  
th e  ea s te rn  p a r t  of th e  E a s t-E u ro p e a n  p la tfo rm  (pp . A rti, N ugush ). Curves 
fo r W este rn  S iberia  (S a lo m ato v o , S t. Z aim ka, O rlovo) are  show n here for 
com parison . T he fac t th a t  th ese  curves coincide w ith  th e  global co n tin e n ta l
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Fig. 4. A m plitude and phase DM TS-curves for E-polarization (a) and H -polarizatio  n (1.

cu rv e  qt (th e  region o f shad ing  in  F ig . 5a), w ith in  th e  periods o f 5000— 80,000 
sec. c an  serve as th e  c rite rio n  fo r th e m  being  u n d is to rted .

F ig u re  4a shows th a t  th e  lo n g itu d in a l cu rves in  Lovozero, L u m b o v k a  and  
K h a rlo v k a  ap p ro x im a te  in  th e ir  r ig h t-h an d -s id e  descending b ran ch es  th e  line 
c h a ra c te riz in g  th e  n o rm al geoelectric  cross sec tion  (dashed line in  F igs 4 , 5a), 
o th e r  cu rves lie e ith e r h ig h er or low er o f  i t .  I f  we displace now  a ll cu rv es  qt 
along  th e  ax is of o rd ina tes fo r th e ir  r ig h t-h an d -s id e  b ranches to  co incide  w ith  
th e  a sy m p to te , we o b ta in  a sequence o f  cu rves in  Fig. 5a.

I n  v a r ia n ts  I  and I I  a q u a n ti ta t iv e  in te rp re ta tio n  of th e  cu rv es  w as 
ca rr ied  o u t b y  selection. T he se lection  o f th e  gr  curves w ith  th e  c o m p u te r  
“ M ir-I”  ensu red  th a t  th e  ca lcu la ted  cu rve  ap p ro ach ed  th e  e x p e rim e n ta l one 
w ith  an  e rro r less th a n  15— 2 0 % , w hile th e  ex trem e  am plitude  ra t io  a n d  th e  
co incidence of th e  ex trem e p o in ts  in  th e  tim e  axis were k e p t u n ch an g ed . 
A b o u t 30 la y e r  sequences w ere ca lcu la ted  in  o rd e r to  in te rp re t a D M TS cu rv e .

T h e  la y e r  sequence w ith  a m ost a c c u ra te  coincidence b e tw een  e x p e ri
m e n ta l and th eo re tica l cu rves w as considered  to  be reliable (see T ab le  I).
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a)
pßm-i
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F ig . 5. R esu lts o f DMTS curves (a ), schematic geoelectrical cross section of the N orth-E astern  
R a llie  Shield (b) 1 —  the region  w ithin which according to  MTS data the real global conti- 

în ta l curve is situ ated  [5 ], specific electrical r es is t iv ity  in ohm.m: 2 —  45 —  50 • 103, 
—  1.7— 5 • 103, 4 —  1, 5 —  S , longitudinal co n d u ctiv ity  in  ß _1, 6 — zones w ith  high S t

(5.4 —  31 Í 3 - 1)

ne
3
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Table I

Interpretation parameters o f  Oj curves

Layers

Stations I и III IV V Notes

S e • 103 h S Q• 103 h 0 h

Lovozero* 6 .5 4 5 5 2 2 7 0 1 .3 5 5 0 1 oo Curves w ith
Spiridon — 4 5 6 0 28 3 . 3 5 0 1 oo E -polarization  

(variant I)
Enozero 2 2 .8 4 5 7 0 80 5 4 5 0 1 oo

Lumbovka* — 5 0 5 0 4 3 2 .3 4 0 0 1 oo

Goloyavr 5 0 4 5 2 4 0 2 3 0 0 1 oo

Kharlovka* 3 8 4 5 7 5 85 2 .3 4 0 0 1 oo

Lovozero 5 .4 4 5 7 0 192 1 .7 5 5 0 1 oo
Spiridon — 4 5 8 0 20 5 5 0 0 1 oo Displaced
Enozero i6 4 5 7 0 5 0 5 .5 5 5 0 l oo curves
Losinga — 4 5 80 4 5 4 5 0 1 oo (variant II)
Lum bovka — 5 0 70 2 6 4 5 0 0 1 oo
Ponoi — 5 0 70 2 1 .4 2 450 1 oo
K harlovka 31 4 5 1 0 0 5 7 3 500 1 oo

I, II , III, IV, V — layer numbers. Parameters o f  a layer sequence: Q — specific electric 
resistance in ohm. m

h - thickness in km  
S — longitudinal conductivity in Q ~ l 
* — the least distorted curves

A ccording to  T ab le  I  th e  in te rp re ta t io n  p a ra m e te rs  o f th e  d isp laced  
curves h av e  less s c a tte r  in  d e p th  dow n to  in te rm e d ia te  lay er I I I  a n d  th e  
va lu es  o f  S  are  less th a n  th a t  in  v a r ia n t I.

T he c o n s tru c tio n  o f th e  geoelectric cross sec tio n  for th e  n o r th -e a s te rn  
p a r t  o f th e  B altic  Shield is based  on th e  d a ta  fo r  v a r ia n t  I I  (F ig. 5b). F ig u re  5b 
show s th a t  th e  E a r th ’s c ru s t and  th e  u p p e r  m a n tle  dow n to  a d e p th  o f  70 k m  
is h igh ly  resistive . T he re s is tiv ity  of th e  u p p e r  lay e rs  is 45— 5 0 -103 o h m -m . 
H ow ever, th is  la y e r  is ch a rac te rized  b y  a geoelec tric  inhom o g en eity . In  th e  
p o in ts  L ovozero , E nozero  an d  K h a rlo v k a  th e re  a re  h ig h ly  conductive  zones th e  
geological n a tu re  o f w hich  is no t y e t c lear. T h e  h ig h ly  conductive  la y e r  a t  a 
d e p th  o f 50— 70 k m  ap p ea rs  in  a 0.4— 0.5 km /sec-decrease  of th e  e lastic  w ave 
velo c ity  [ 6 ]. A ccording to  th e  p resen t n o tio n s, th e  h igh c o n d u c tiv ity  can  be 
re la te d  to  th e  tra n s it io n  o f  th e  m a te ria l in to  an  am o rp h o u s s ta te . T he S  v a lu e  
is b e tw een  4 and  200 ß -1 . T he ex trem e v a lu es  w ere ob ta in ed  in  th e  p o in ts  
L osinga an d  L ovozero , respective ly . T he lo n g itu d in a l c o n d u c tiv ity  o f  th e  
in te rm e d ia te  lay e r w ith in  th e  M urm ansk  b lock  varies  from  21 ß _ 1  (P o n o i) 
to  85 ß _ 1  (K h arlo v k a), ex cep t th e  p o in t G o lo y av r, w here th e  c o n s tru c te d  
cu rv e  w as less re liab le  due  to  th e  absence o f th e  descending  b ran ch . T h e  low
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r e s is t iv i ty  lay er (gr  % 1  o h m  • m) co rresponds to  th e  global d is tr ib u tio n  and  
c a n  b e  id en tified  w ith  th e  b o u n d a ry  o f th e  C -zone (th e  G olitsyn  lay e r) a t a 
d e p th  o f  600 km .

F o r  th e  d e te rm in a tio n  o f co n d u c tiv e  lay e rs , th e  T ik h o n o v — C agn iard  
th e o r y  supposes a stepw ise  change of th e  e lec tric  p a ra m e te rs  a t  th e  b o u n d a ry . 
I n  case  o f  th e  E a r th ’s c ru s t  a n d  u p p e r m a n tle , th is  suggestion  is c o n firm ed  b y  
se ism ic  d a ta  and la b o ra to ry  ex p erim en ts  c a rr ie d  ou t a t sim ilar te m p e ra tu re  
a n d  p re ssu re . H ow ever, fo r  th e  in te rp re ta tio n  o f  th e  DM TS curve i t  is o f  g rea t 
in te r e s t  a sm ooth  ch an g e  o f  th e  electric c o n d u c tiv ity  w ith  d e p th . H ere  th e  
D M T S  cu rv e  in  th e  p o in t S a lom atovo  (in  th e  T ran s-U ra l) is in te rp re te d  b y  
D m itr ie v  an d  R u d n ev a  (from  th e  M oscow S ta te  U n iversity ) on th e  basis  to  
o b ta in  th e  in p u t im p ed an ce  a t th e  E a r th ’s su rface  w ith  an  e lec tric  co n d u c
t i v i t y  increasing  e x p o n e n tia lly  w ith  th e  d e p th . In  add itio n  to  th is  DM TS 
c u rv e , a global curve qt fo r  long  periods is also c o n stru c ted  (see F ig . 5).

T h e  electric c o n d u c tiv ity  in  th e  la y e r  Y  changes accord ing  as

w h e re

w h ere

o r

- a ( —---—)
a(z) — an_ j • e ' 2 Zn~1'

*n- 1 < z < - z n

* ( * )  =  <*n(Z >  ZJ ’ a (Zn - 1) =  a n~  1

*n * z n - 1 • In

n —1 n —2

2 h> - 2 - h‘
Í  =  1 i = l  Ia  = ----------------------- In

K - i
Qn—i

Qn

h/ a n d  Qi are th e  th ic k n e sse s  and  re s is tiv itie s  o f  th e  respective  lay e rs .
T h e  resu lts o f th e  jo in t  in te rp re ta t io n  o f  b o th  th e  e x p e rim e n ta l and  

“ g lo b a l”  curves en ab led  to  e v a lu a te  th e  e lec tric  co n d u c tiv ity  dow n to  1300 km . 
T h e  following conclusions can  be d ra w n  from  th is  s tu d y :
1. T he m ain  an d  se c o n d a ry  im p ed an ce  d iag ram s in d ica te  th a t  th e  m ed ium  

in  th e  observation  p o in ts  can  be reg a rd ed  as tw o -d im ensiona lly  in h o m o g e
n e o u s . T he d irection  o f  th e  E -p o la riz a tio n  (a  s; 120°) is in  good ag reem en t 
w ith  th e  m ain  s trik e  o f  th e  K ola  basic fo rm a tio n . All po in ts are ch a ra c te riz e d  
b y  a  h o rizo n ta l in h o m o g en e ity  o f th e  m ed iu m . D ue to  th is  fa c t a q u a n ti ta t iv e  
in te rp re ta t io n  of th e  D M T S curves for th e  lo n g itu d in a l po lariza tio n  o f th e  fie ld  
(m in o r  axes of th e  im p ed an ce  d iagram s) does n o t to ta lly  e lim in a te  th e  in f lu 
en ce  o f  galvanic d is to r tio n s . T his p rob lem  ca n  be solved b y  th e  use o f  th e  d a ta  
o f  th e  “ global”  so u n d in g  cu rve .
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2. T he analysis o f th e  ex p e rim en ta l pT-curves shows th a t  on th e  K ola 
P e n in su la  v a ria tio n s in  th e  freq u en cy  range o f  Pc5 and  Pi2 p u lsa tio n s  can  be 
a p p ro x im a te d  b y  a tw o-d im ensiona l w ave, w hile for b ay -ty p e  v a r ia tio n s  th is  
case does no t hold.

3. A ccording to  s im u ltan eo u s o b se rv a tio n s  o f th e  n a tu ra l  f ie ld , tw o 
h ig h ly  con d u ctiv e  local zones w ere fo u n d  w ith in  th e  E a r th ’s c ru s t. T h e  a n o m 
alous v a ria tio n s  of E x an d  i ï 2-com ponen ts in  S erebryanka an d  L u m b o v k a  
in d ic a te  a n o rth -ea s te rn  s trik e  o f th e  co n d u c to rs .

4. A w eak “ co asta l e ffec t”  in  th e  n a tu ra l  v a ria tio n s can  be co n n ec ted  
w ith  th e  e x te n t shallow  shelf.

5. A deep m ag n e to te llu ric  su rv ey  in  th e  n o rth -e a s te rn  p a r t  o f  th e  B altic  
Shield  enab led  to  c o n s tru c t a to ta l  geoelectric  lay e r sequence o f deep  horizons 
in  th e  E a r th ’s c ru st an d  u p p e r m an tle , to  d is tin g u ish  th e  in te rm e d ia te  co n d u c 
tiv e  la y e r  a t a d ep th  o f 50 —70 k m  an d  to  e v a lu a te  its  lo n g itu d in a l c o n d u c tiv 
i ty  as 20— 270 ß _1, w h a t enab les us to  s tu d y  th e  s ta te  of th e  m a te r ia l  in  th e  
u p p e r  m an tle .
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MAI НИТОТЕЛЛУРИЧЕСКИЕ ДАННЫЕ ОТНОСИТЕЛЬНО ГЕОЭЛЕКТЯИЧЕСКОЙ 
СТРУКТУРЫ СЕВЕРО-ВОСТОСНОЙ ЧАСТИ БАЛТИЙСКОГО ШИТА

А. Г. КРАСНОБАЕВА-Б. П. ДЯ К О Н О В -П . Ф. ОСТАФЬЕВ-О. В. БАТАЛОВА —В. ,Ш. В Ы Ш Н Е В - 
И. Е. ГАВРИЛОВА-Р. Б. Ж УРАВЛЕВА-С. К. КИРИЛЛОВ

РЕЗЮМЕ
В статье излагается интерпретация магнитотеллурических зондирований, прове

денных на северо-восточной территории Балтийского щита. Описывается искажение 
электромагнитного поля в исследуемой области (влияние берега, роль хорошопроводящих 
дайков). Предполагая двухмерную неоднородность выбираются кривые зондирований с 
поляризацией Е, содержание наиболее вероятную информацию. Нисходящие ветви, по
являющиеся у наибольших периодов измененных кривых зондирований, прилаживаются 
к «нормальным кривым», характеризующим распределение электрической проводимости 
кристаллических щитов и платформ.

В глубине 50 70 км выявляется промежуточных хорошопроводящий слой с го
ризонтальной проводимостью 20 -270  Û -1.
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LOCALIZATION OF THE Pc5-SOURCE 
AND OF THE AURORAL OVAL

O. M. RA SPO PO V
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[Manuscript received A ugust 25, 1980]

On the basis o f  m aterial from  observatories in  the subamoral and auroral zones, 
a correlation has been found betw een the position  o f the Pc5-source and the am oral 
oval, w hereby the Pc5-source lies near to the equatorial boundary of the o v a l at different 
leve ls o f the geom agnetic activ ity . I t  is know n from  satellite  data that the ex c ita tio n  o f  Pc5 
is connected  w ith  the drift o f plasm a instab ilities from  the night-tim e region o f  the m agneto
sphere towards the daytim e side dm ing substorm s. The azim uthal drift o f the p u lsation  source 
could also be detected  from  surface observations. The drift velocity is about 0 .5— l.l° /m in .

The observed characteristics o f the P c5 -a ctiv ity  are compared w ith th eoretica l predic
tions.T he m ost likely generation m echanism  is the drift o f the instabilities which can  be observed  
at the inner edge of the plasm a layer in  the m orning sector of the m agnetosphere d m in g  the 
growing phase of substorm s.

P c5  ty p e  p u lsa tions h av e  gained  re c e n tly  a qu ite  increasing  im p o rta n c e . 
T h is is m a in ly  due to  th e  fa c t th a t  a s tu d y  o f  th e se  pu lsations en ab les  a c la ri
f ic a tio n  o f th e  physica l n a tu re  an d  o f  th e  m a in  fea tu res of th e  e x c ita t io n  of 
re so n a n t p h en o m en a  in  th e  m ag n e to sp h ere .

T h e  periods and  am p litu d es  o f  th e  P c5  p u lsa tions are g rea t en o u g h  to  
allow  th e ir  s tu d y  b y  using  n o rm a l m a g n e to g ra m s, as well as to  c a r ry  o u t an  
an a ly sis  o f ce rta in  p henom ena co n n ec ted  w ith  th e m , e.g. p u lsa tio n s  o f  th e  
a u ro ra , p u lsa tio n s  in  th e  r io m ete r a b so rp tio n  an d  rad io  au ro ra ; p u lsa tin g  p a r
tic le  c u rre n ts  in  th e  m ag n eto sp h ere , e lec tric  fie ld s  o f  th e  pu lsa tions in  th e  iono 
sphere  e tc . A ll th ese  p h enom ena  help  to  h y p o th è se  abou t th e  g e n e ra tio n  and  
p ro p a g a tio n  p ro p ertie s  o f th is  ty p e  o f  geom agnetic  pulsations.

U p  to  now  th e re  is no genera lly  a c c e p ted  th e o ry  on th e  p h y s ica l n a tu re  
o f th e  P c5  ty p e  p u lsa tio n s. T he p ro p o sed  m echan ism s can exp la in  o n ly  a p a r t  
o f th e  o b served  ch arac te ris tic s  o f th e m ; th e y  en ab le  only  a q u a lita tiv e  d e sc rip 
tio n  o f  th e ir  p a ra m e te rs  in  te rm s o f  m ag n e to sp h eric  resonances o r o f  th e  
th e o ry  o f  d r if tin g  w aves using  q u a n ti ta t iv e  e s tim a tio n s  of ce rta in  m o d e l p a r a m 
e te rs . T h u s , a n u m b e r o f au th o rs  supp o se  th a t  the  gen era tio n  o f  P c 5  is 
co n n ec ted  w ith  th e  d eve lopm en t o f th e  K e lv in — H elm holtz  in s ta b il i ty  a t  th e  
b o u n d a ry  o f  th e  m agnetosphere  an d  th e n  w ith  th e  p ropaga tion  o f  th e se  w aves 
in to  th e  m ag n e to sp h ere  [D ungey, 1961; A tk in so n  an d  W atan ab e , 1966, D u n g ey  
an d  S o u th w o o d , 1970; S am son, 1972]. In  o th e r  papers th e  p o ss ib ility  o f  th e  
in n e r-m ag n c to sp h e ric  ex c ita tio n  o f Pc5 is ex p la in ed  on th e  basis o f  th e  analy sis  
o f  p rocesses inside th e  d is tu rb e d  m ag n e to sp h e re  [Cladic, 1971; H aseg aw a , 
1969; P u d o v k in  e t ah , 1976; R o sto k e r a n d  H in g -L an  Lam , 1978].
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I n  p rev ious p a p e rs  o f  th e  p resen t a u th o rs  a c lea r connection  h as  been  
show n betw een  th e  g e n e ra tio n  of Pc5 in th e  m o rn in g  sec to r and  th e  d ev e lo p 
m e n t o f  substo rm s in  th e  n ig h t secto r [R a sp o p o v  e t ah , 1972; A fan asy ev a  
e t ah , 1973, 1974, 1977a, 1977b]. I t  has b een  fo u n d  th a t  th e  a rea  o f  Pc5 
g e n e ra tio n  is s itu a te d  n e a r  th e  E aste rn  edge o f  th e  W este rn  au ro ra l e le c tro je t 
a n d  signalizes its  t r a n s i t .  T h e re  is a co rre la tio n  b e tw een  th e  in te n s ity  o f  th e  
su b s to rm s  and  th e  a m p litu d e s  of Pc5. I t  w as sh o w n  b y  A fanasyew a e t ah  
(1973) t h a t  th e  p a ra m e te rs  o f  Pc5 app earin g  in  th e  m o rn in g  sector o f th e  m ag 
n e to sp h e re  are in  c o n n e c tio n  w ith  th e  p a ra m e te rs  o f  th e  p lasm a p h en o m en a  
(irre g u la r  beam s o f e lec tro n s  w ith  energies > 6 0  keV ) d rifting  aw ay  fro m  th e  
n ig h t-s id e  p a r t o f th e  m ag n e to sp h ere  during  g eo m ag n e tica lly  d is tu rb ed  tim es . 
T h e  re su lts  have p ro v e d  th e  supposition  t h a t  th e  ph y sica l n a tu re  o f  P c5  in  
th e  m o rn in g  secto r o f  th e  m agnetosphere  is in  c o n n ec tio n  w ith  th e  d ev e lo p 
m e n t o f  processes in  th e  a re a  of p lasm a in s ta b ili t ie s  w hich are p resen t in  th e  
d is tu rb e d  m ag n e to sp h ere  d u rin g  substo rm s. T h e  g en era tio n  of Pc5 can  ta k e  
p lace  b o th  n ear th e  b o u n d a ry  of th e  au ro ra l zone a n d  in  th e  area o f  p la sm a  
in s ta b ilitie s  d riftin g  fro m  th e  night-side p a r t  to w a rd s  th e  m orning se c to r  o f 
th e  m agnetosphere .

In  th e  p ap e r som e re su lts  of in v es tig a tio n s  a re  described  w hich c o n tin u e d  
th e  re sea rch  of th e  in te rc o n n e c tio n  b e tw een  th e  gen era tio n  o f Pc5 a n d  th e  
d ev e lo p m en t of su b s to rm s . F u r th e r  su p p le m e n ta ry  p ro o f is given fo r th e  
ex is ten ce  o f the  lo n g itu d in a l d rift o f th e  P c5  so u rce , an d  a con n ec tio n  o f  th e  
p o s itio n  o f th e  e q u a to r ia l  b o u n d a ry  of th e  a u ro ra l zone in  th e  m o rn in g  an d  
fo ren o o n  sectors w ith  th e  a rea s  of th e  e x c ita tio n  o f  Pc5 (the  area  o f  th e  m a x i
m u m  am p litu d es, m a x im u m  frequency  o f occu rren ce ) is also show n.

Longitudinal drift o f  the Pc5 source. I t  h a s  b e e n  show n b y  A fan asy ev a  
e t al. (1973) on th e  b as is  o f  th e  d a ta  of th e  sa te ll i te  “ E lek tro n ”  th a t  th e  Pc5 
source  has p ro b ab ly  a lo n g itu d in a l d rift. A n im p o r ta n t  problem  is to  f in d  th is  
lo n g itu d in a l d rift o f  th e  p u lsa tio n  source b y  su rface  m easurem ents. As i t  is 
k n o w n  Pc5 can be re c o rd e d  in  an  o b se rv a to ry  d u rin g  su ffic ien tly  long  tim e  
in te rv a ls , w hich can  re a c h  in  certa in  cases ev en  8 — 10 hours. In  th e  case o f 
s tro n g  Pc5 a c tiv ity  b e g in n in g  in  th e  m orn ing  h o u rs  i t  can  last till noon . Pc5 
p u lsa tio n s  have v e ry  o f te n  a m odula tion  w ith  a n  envelope period  o f  a b o u t 
one h o u r. This c h a ra c te r is tic s  of Pc5 enables a n  e s tim a tio n  of the  t r a n s i t  o f  th e  
p u lsa tio n  source fro m  th e  cha rac teris tic  e le m e n ts  o f  synchronous reco rd s o f 
p u lsa tio n s  in  s ta tio n s  d iffe rin g  in  th e ir  lo n g itu d in a l position . In  th is  analy sis  
o n ly  P c5  even ts h a v e  b e e n  used w hich w ere s im u ltan eo u sly  observed  a t  th e  
a u ro ra l zone s ta tio n  p a ir s  o f  Lovozero (A =  35° 0 5 ')  —  D ixon (A =  80° 3 4 '), 
a n d  L ovozero— C hely u sk in  (A =  104° 17') d u rin g  th e  years 1971—-1973. O nly  
p u lsa tio n s  w ith  q u as is in u so id a l form s an d  c le a rly  visible m o d u la tio n  o f  th e  
a m p litu d e s  were a c c e p ted . O n  th e  basis of th e  c h a ra c te r is tic  s tru c tu ra l e lem en ts , 
th e  d e lay  in  th e  a p p e a ra n c e  o f Pc5 has b een  e s tim a te d  a t th e  E a s te rn  s ta tio n s
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Table I

Tim e delay o f the structural elements o f  Pc5 at the stations Chelyuskin and Dixon  
with respect to the station Lovozero

Lovozero—Chelyuskin Lovozero—Dixon

Date Hour Date Hour

January 20, 1971 2 h 01 m December 16, 1972 0 h 42 m

March 22, 1973 1 h 15 m May 16, 1972 0 h  40 m

March 23, 1973 1 h 12 m March 22, 1973 0 h  54 m

April 19, 1973 1 h 36 m March 23, 1973 0 h  40 rn

July  1, 1973 2 h 08 m April 18, 1973 0 h  40 m

July  11, 1973 2 h 00 m August 24, 1973 1 h 30 m

August 6. 1973 1 h 43 m June 30, 1973 2 h 00 m

A t=  1 h 12 m June 11, 1973 1 h 12 m

August 24, 1973 1 h 26 m

At— 1 h  06 m

LTLov UT +  2 1, LTDix -  UT +  5 h; LTChel =  UT +  7 h

w ith  resp ec t to  th e  W este rn  ones (T able I). T he de lay  At o f th e  b eg in n in g  of 
m o d u la ted  s tru c tu re s  or o f th e  m ax im u m  am p litu d es  o f  th e  p u lsa tio n s  in  a 
lo n g itu d in a l d istance  o f / 1Я ~  50— 70° changes from  case to  case b e tw een  
40 and  120 m in, co rrespond ing  to  d rift velocities in  th e  ran g e  o f  0 .5— 1.1 
d eg ree /m in . Supposing th a t  th is  effect is due to  a g rad ien t d r if t , i t  is possib le  
to  e s tim a te  th e  energy o f  th e  p a rtic le s  [A fanasyeva  e t al., 1976]. T h e  en erg y  
o f  th e  p a rtic le s  is th u s  15— 20 keV . I t  m u st be, how ever, m en tio n ed  t h a t  th is  
e s tim a tio n s  have only  an  a p p ro x im a tiv e  c h a ra c te r  as i t  has been  su p p o sed  th a t  
th e  p itch -an g le  of th e  pa rtic le s  is n e a rly  90° an d  th e  d rif t o f th e  p a r tic le s  due 
to  co n v ec tiv e  electric fie ld s w ith  g rea t d im ensions, E , has b een  n eg lec ted .

Connection o f the area o f the generation o f Pc5 with the position o f  the 
auroral oval in the morning-forenoon sector. I t  is w ell know n th a t  th e  g e n e ra tio n  
o f  Pc5 in  th e  m orning  an d  fo renoon  hou rs  occurs a t  la titu d e s  above  65— 67°. 
S uch  a h ig h -la titu d e  p o sitio n  of th e  Pc5 source is one o f th e  e ssen tia l fac to rs  
w hich  p ro v e  th a t  th e  e x c ita tio n  o f  Pc5 is n o t co nnec ted  w ith  in n e r  m ag n e to - 
spheric  processes in  th e  a u ro ra l zone, b u t  th e y  are  g en era ted  a t  th e  b o u n d a ry  
o f th e  m agnetosphere . In  th is  con n ec tio n  a com parison  o f th e  p o sitio n  o f  Pc5 
sources (area  of th e  m ax im u m  am p litu d es  an d  occurrence frequencies) w as 
m ad e  w ith  th e  position  o f  th e  b o u n d a ry  o f th e  a u ro ra l zone.

As exp erim en ta l m a te ria l, reco rds o f geom agnetic  p u lsa tions in  an  o b se rv a 
to ry  n e tw o rk  from  several years  w ere used , fu r th e r  resu lts  o f ex p erim en ts  h a v in g  
th e  aim  to  record  p u lsa tio n s on s ta tio n  a rray s  synch ronously . T he p a ra m e te rs  
o f th e  in s tru m e n ts , reco rd ing  tim e  an d  geom agnetic  coord inates o f  th e  s ta tio n s
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Table II

Instrum ental constants in stations used fo r  the analysis 
o f  the time-space distribution o f  Pc5

Scale value, yjmm

Station Code

Corrected
geomagnetic
coordinates

Paper

1

speed -
1 2

2
H D Z H D z

Ф м A h mm/m mm/h

1. H eiss H 74.3° 144.1° 6 20 1.33 0.96 0.96 _ _ _
2. Cap Zhelaniya Zh 71.1 147.5 15 20 — — — 9.3 4.5 10.1
3. R yb ach y R 66.2 114.9 6 20 — — — 12.9 11.7 16.1

4. Loparskaya Lp 64.9 114.1 6 20 0.4 0.4 — 8.2 4.0 5.2
5. Lovozero Lv 64.1 127.0 6 20 0.3 0.35 0.25 10.9 6.5 7.7
6. U m ba U rn 62.8 114.4 — 20 — — — 8.3 7.6 10.4

7. K em Km 61.1 114.2 6 20 0.25 0.25 0.1 3.5 3.6 5.7

8. Sogra s 56.0 132.0 6 — 0.17 0.33 — — — —

can  be  seen in  T able I I .  F ig u re  l a  shows th e  d iu rn a l v a r ia tio n  of th e  occurrence 
fre q u e n c y  o f Pc5 (P n  is th e  p e rcen tu a l ra tio  o f  h o u rs  w hen  th is  ty p e  o f p u lsa 
tio n  ap p ea red ) a t d iffe ren t o bserva to ries, F ig . l b  an d  lc  show  th e  d iu rn a l v a r ia 
tio n  o f  th e  am plitudes a n d  o f  th e  periods. T he d iu rn a l v a ria tio n  of th e  occurrence 
fre q u e n c y  can be c h a ra c te r iz e d  by  a clear m a x im u m  in  th e  m orn ing  and  fore
n o o n  h o u rs  a t  la ti tu d e s  66— 71°. The m a x im u m  a t  la titu d e s  6 6 ° seem s to  be 
sh if te d  to w ard s  ea rlie r h o u rs  in  respect o f s ta tio n s  a t h igher la titu d e s . A t 
s ta t io n s  Фм ^  64° a second  m axim um  ap p e a rs  in  th e  a fte rnoon  hours. T hus, 
a t  th e  s ta tio n  Lovozero  (ФM ~  64°) th ese  p u lsa tio n s  include ab o u t 20 p er cen t 
o f a ll tim es  w hen p u ls a tio n  a c tiv ity  w as p re se n t. T he ex c ita tio n  o f Pc5 p u l
sa tio n s  in  th e  a fte rn o o n  h o u rs  takes p lace m a in ly  in  q u ie t tim es and  in  Sam son 
e t a l . ’s op in ion  (1971) in  th e  o u te r m ag n e to sp h e re , i.e. th e y  have  a physica lly  
d iffe re n t source from  t h a t  o f  th e  m orn ing  P c5 .

T h e  d iu rn a l v a r ia t io n  o f  th e  p u lsa tio n  a m p litu d e s  a t  h igh la ti tu d e  s ta tio n s  
(Фм  ~  66— 71°) show s th e  a lread y  d iscussed  te n d e n c y  (F ig. lb ) . A t la titu d e s  
Фм  ~  64°, the tim e  v a r ia tio n s  of th e  a m p litu d e s  h av e  a sm oo th  c h a ra c te r  b o th  
in  fo ren o o n  and  in  a f te rn o o n  hours, as it  h as  b een  a lread y  observed  [G u p ta , 
1974].

F ig u re  lc  show s th e  d iu rn a l v a ria tio n  o f  P c5  periods w hich has been  com 
p u te d  sim ila rly  to  t h a t  o f  th e  am plitu d es u s in g  th e  least squares m e th o d . A t 
h ig h  la t i tu d e  s ta tio n s , a re la tiv e ly  sm all sh if t o f  th e  periods w as fo u n d  from  
sh o r te r  periods in  th e  m o rn in g  hours to w ard s  lo n g er ones in  th e  d a y tim e  sim i
la r ly  to  th e  v a ria tio n  d esc rib ed  [G upta , 1974b]. A t low er la titu d e s  (Фм  ~  64°) 
th e  d iu rn a l v a ria tio n  in  th e  m orn ing  h ours is e ith e r  opposite  or no change can
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a b e

Fig. 1. Diurnal distribution o f the occurrencefr equcncy. a )  N um ber o f hours w ith Pc5 (P nP co , 
%); b) am plitude (A , y); c) period, (T , s) on the basis o f  observations in a station  network

in 1973

be observed  p ro v in g  again  th e  difference in  th e  p h y s ic a l n a tu re  o f h ig h -la titu d e  
an d  su b au ro ra l Pc5-s.

F igure 2 re p re se n ts  th e  occurrence f re q u e n c y  o f  Pc5 (P n  Pc5 % ) in  
fu n c tio n  o f th e  K p -in d e x  a long  th e  s ta tio n  a r ra y . T h e  P n  Pc5 values re fe r to  
th e  occurrence tim e  o f each  K p -in d ex  d u rin g  th e  t im e  o f th e  ex p erim en t. 
In  th e  to p  o f th e  fig u re  d a ta  are  show n from  th e  s ta t io n  L ittle  A m erica (L A , 
Фм  =  — 74°) [H irasaw a , 1970]. T he following re g u la r itie s  have been fo u n d  in  
th e  d is tr ib u tio n  o f  P n  Pc5 in  fu n c tio n  of th e  K p -in d e x . I t  can  be seen th a t  
a t  a la titu d e  o f 74°, Pc5 can  be observed  p ra c tic a lly  o n ly  if  K p =  1. A t a la t i 
tu d e  o f Фм  ~  71°, how ever, w ith in  a wide ran g e  o f  K p-ind ices (from  2 to  5) 
Pc5 appears w ith  a b o u t th e  sam e occurrence freq u en cy . This ten d en cy  is no 
m ore  valid  a t  even  low er la ti tu d e s . T hus, a t Ф ~  6 6 °, Pc5 has a c lear m a x i
m u m  a t K p  =  4 , a n d  a t  Ф ~  64°, a t K p ^  5.
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L e t  us now  discuss th e se  re su lts  w ith  reg a rd  to  th e  p rob lem  o f th e  posi
t io n  o f  th e  Pc5 source an d  o f  th e  b o u n d a ry  o f  th e  au ro ra l oval.

I n  F ig . 3, s ta tis tic a l re su lts  a re  show n on th e  position  o f  th e  au ro ra l 
o v a l a t  d iffe ren t levels o f  th e  K p -in d ex  [S ta rk o v  and  F e ld s te jn , 1968]. The

10
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4 5 6 
П  П П Lv
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10 

5 4
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Г-I n  П

Um
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5

À  К 
г, 59.Г
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F ig . 2 . Occurrence frequency of Pc5 (P nP c5, % ) in  the station network in fun ction  of the 
K p -in d ex . The top shows the d istribution  o f Pc5 occurrence frequency at d ifferent K p-indices 

for the year 1969 at the station  L ittle  Am erica [H irasawa, 1970]

Acta Geodaetica, Geophysica ct Montanistica Acad. Sei. Hung. 17, 1982



PcS-SOUnCE AND AURORAL OVAL 273

F ig u re  also show s th e  positio n  o f  th e  s ta tio n s  w here th e  o b se rv a tio n  o f  th e  Pc5 
a c tiv i ty  has been  carried  o u t. V ertica l sh ad in g  shows th e  a rea  o f  d a ily  occur
rence  m ax im u m  o f th e  occurrence freq u en cy  o f these  p u lsa tio n s  on  th e  basis 
o f  d a ta  from  th e  s ta tio n s  Cap Z h elan iy a  (ФM ~  71 °) and  R y b a c h y  (Фм  ~  6 6 °). 
C ircles w ith  do ts show  th e  m ax im um  o f th e  m erid ional d is tr ib u tio n  o f  the  
p u lsa tio n  am p litu d es in  acco rdance  w ith  G u p ta  (1974a). I t  fo llow s from  this 
F ig u re  t h a t  th e  area  o f th e  e x c ita tio n  o f P c5  (area of th e  m a x im u m  occurrence 
freq u en c ies  and  o f th e  m ax im u m  am p litu d es) is a t th e  e q u a to r ia l  b o u n d a ry  
o f th e  a u ro ra l zone. This fa c t could  be co n firm ed  and  m ade m o re  e x a c t using 
th e  re su lts  p resen ted  in  th is  p ap e r. T h u s , a t  a la titu d e  o f Фм  ~  74°, th e  
e q u a to r ia l  b o u n d a ry  o f th e  a u ro ra l zone appears only in  case o f  v e ry  low 
geo m ag n etic  a c tiv ity  (K p  1). As a m a t te r  o f fact Pc5 can  be  reco rd ed  a t 
th e  s ta t io n  L ittle  A m erica on ly  in  such  a case. In  case o f  a g re a te r  a c tiv ity  
(K p  2), th is  s ta tio n  lies a lw ays in sid e  th e  au ro ra l zone. A t Фм  ~  71° 
(Cape Z h e lan iy a  s ta tio n ) th e  e q u a to r ia l b o u n d a ry  can be p re se n t in  case of

Fig. 3. S tatistical position of the auroral zone at different levels o f the K p-ind ex  according 
to  Starkov and Feldstein (1968). Thin lines show the position of the stations where Pc5 obser
vations were made; circles w ith dots indicate the position  of the m axim um  in  the meridional 

distribution of the pulsation am plitudes according to Gupta (1974a)
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b o th  low  an d  s trong  g eo m ag n e tic  activ ities. T h e  a p p e a ra n c e  of th e  Pc5 a c tiv 
i ty  w ith in  a ra th e r  w ide  ra n g e  of th e  K p -in d ex  m a y  be in  connection  w ith  
th is  s i tu a tio n . A t s ta tio n s  a t  even  lower la ti tu d e s  (e.g . R y b ach y , Ф м ~  6 6 °), 
th e  e q u a to r ia l  b o u n d a ry  o f  th e  au ro ra l zone is n e a r  to  th e  s ta tio n  on ly  in  case 
o f h ig h e r  geom agnetic  a c t iv i ty ,  an d  th is  can  be th e  rea so n , w hy ex c ita tio n  o f 
P c5  occu rs only  in  case o f  h ig h e r values of th e  K p -in d e x  Q 4 ) .

I t  follow s from  F ig . 3 t h a t  th e  m ax im um  in  th e  d iu rn a l v a ria tio n  o f th e  
occu rren ce  freq u en cy  o f  P c5  m u s t lie in earlier h o u rs  a t  low er la titu d e  s ta tio n s . 
T h is is also in  acco rdance  w ith  th e  ex p erim en ta l f a c t  th a t  th e  sh ift o f  th e  
m a x im u m  in  th e  d a ily  v a r ia t io n  is ab o u t 2 h o u rs  b e tw e e n  th e  sta tio n s R y b a c h y  
a n d  Gap Z helan iya , w h e reb y  Cap Z helan iya  show s th e  la te r  occurrences. I t  
sh o u ld  b e  rem a rk e d  th a t  th e se  charac teris tics  o f  th e  P c5  p aram eters  are o n ly  
p re s e n t  a t  s ta tio n s  ly in g  a t  la ti tu d e s  higher th a n  6 4 — 65°. A t m iddle la ti tu d e  
s ta tio n s  ly in g  a t g re a te r  d is tan ces  from  th e  b o u n d a ry  o f th e  au ro ra l zone th e  
a p p e a re n ce  o f Pc5 w aves is th e  consequence o f th e  p ro p a g a tio n  of M H D  w aves 
to w a rd s  low er la titu d e s  o r th e y  resu lt from  processes n e a r th e  p lasm apause .

Sum m ary o f results. T h e  experim en ta l re su lts  described  in  th is  p a p e r  
are  in  acco rdance  w ith  th e  conclusions o f th e  p re se n t au th o rs  in  p rev ious 
p a p e rs  acco rd ing  to  w hich  th e  ex c ita tio n  of Pc5 in  th e  m orn ing  sector is closely 
c o n n e c te d  to  th e  d e v e lo p m en t o f d is tu rb an ces in  th e  n ig h t tim e m a g n e to 
s p h e re . T h is  proves t h a t  th e  ex c ita tio n  of P c5  occu rs inside of th e  m a g n e to 
sp h ere  in  th e  m o rn in g  an d  fo renoon  hours a t  la t i tu d e s  Фм  ~  64— 64°.

A review  o f th e  possib le  excita tio n  m ech an ism s o f Pc5 was g iven  b y  
R a sp o p o v  e t al. (1978), A fan asy ev a  (1978) an d  L am  (1976), and  a co m p ariso n  
o f th e  consequences o f  d iffe re n t theories w ith  th e  re su lts  o f observations w as 
also m ad e . A m ost co m p le te  ex p lan a tio n  o f th e  e x p e rim e n ta l facts is y ie lded  
in  o u r  op in ion  b y  th e  th e o ry  o f  th e  d rifting  in h o m o g en e itie s  w hich has b een  
p ro p o sed  b y  M ikhailovsky  e t  al. (1963) used fo r th e  ex p lan a tio n  of m agneto - 
sp h eric  processes b y  C o ro n iti an d  K ennel (1970) a n d  fu r th e r  developed  b y  
M ik h a ilo v sk y  and  P o k h o te lo v  (1975). All e x p e r im e n ta l fac ts  prove th a t  Pc5 
p u lsa tio n s  are  excited  in  th e  m agnetosphere  due  to  d r if t in g  in stab ilities  o f th e  
in n e r  b o u n d a ry  o f th e  p la sm a  sheet. In  acco rd an ce  w ith  th e  th eo ry , th e  sp ec 
t ru m  o f  th e  grow ing w aves fu lfils  th e  reso n an ce  c o n d itio n  со <[ ooD, w here 
œ D =  k ± V D is th e  d r if t v e lo c ity , k± is th e  со m p o n e n t of th e  w ave v e c to r  
p e rp e n d ic u la r  to  th e  o u te r  m ag n etic  field B , V D is th e  d rift velocity  o f th e  
p a r tic le s . T he resonance  freq u en cy  w hich c o rre sp o n d s  to  th e  m ax im um  in c re 
m e n t is accord ing  to  M ik h a ilo v sk y  and P o k h o te lo v ’s e s tim a tio n  (1975) in  
th e  fre q u e n c y  range  o f  P c5 . T he increm en t o f  th e  grow ing waves is o f  th e  
m a g n itu d e  у/ю ~  ß. H ere  у  is th e  in crem en t, со <5 V Dk x , ß =  8 лр /В 2 is th e  
r a t io  o f  th e  p lasm a p re ssu re  p  to  th e  m agnetic  p re ssu re . T hus, th e  in s ta b ili ty  
grow s m o st s tro n g ly  in  case o f su ffic ien tly  g re a t v a lu e  o f the  p a ra m e te r  ß. 
T h is  co rresponds to  th e  ex p e rim en ta l fac t th a t  P c5  a c tiv ity  is m ost o ften
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p re se n t in m ag n etica lly  d is tu rb e d  periods. T he am p litu d e  of th e  p u lsa tio n s  is 
also gro -ving w ith  th e  increase  o f th e  m ag n e tic  a c tiv ity  level. In  a w ide  ran g e  
Pc5 am p litu d es are  p ro p o rtio n a l w ith  th e  am p litu d es  of m agnetic  b a y s  [A fa
n asy ev a  e t ah , 1974]. T he a m p litu d e  is th e  g re a te r , th e  g rea te r th e  in c re m e n t 
y  ~  ß  is. T he v a lu e  o f  ß  increases w ith  in creasin g  m agnetic  a c tiv ity . H e re  also 
a q u a n tita tiv e  co incidence o f th e o ry  an d  o b se rv a tio n  can be fo u n d . T he 
in stab ilitie s  are fo u n d  in  th e  m orn ing  sec to r o f  th e  m agnetosphere  n e a r  th e  
m orn in g  b o u n d a ry  o f  th e  p lasm a-sh ee t. T he d is tr ib u tio n  of Pc5 a t  d iffe re n t 
la ti tu d e s  shows a loca liza tio n  o f its  source n e a r  th e  eq u a to ria l b o u n d a ry  of 
th e  oval, to  w here th e  in n e r b o u n d a ry  o f th e  e q u a to r ia l b o u n d ary  o f th e  p lasm a- 
sheet is p ro jec ted . T he lo n g itu d in a l d is tr ib u tio n  o f  Pc5 is ch a rac te rized  b y  a 
m ax im u m  in th e  ea rly  m orn in g  hours. A W e st—E a s t d irected  a z im u th a l d rif t 
o f th e  s tru c tu ra l e lem ents o f  Pc5 series has been  observed.

T he resu lts  o f  th e  s tu d y  of Pc5 show  th a t  in  a case of its  e x c ita t io n  it 
can  h av e  several sources each  o f  th e m  h av in g  a ch a rac te ris tic  p e rio d . T he 
d im ension  of th e  Pc5 source in  la ti tu d in a l d irec tio n  is ra th e r  sm all a n d  does 
n o t reach  m ore th a n  1— 2°. [A fanasyeva e t ah , 1977a], being also in  acco rd an ce  
w ith  th e  th eo ry .

T he th e o ry  describes th e  g en era tio n  o f th e  pu lsa tions as e x c ita tio n  of 
A lfvén  w aves b y  h ig h  en erg e tic  p artic les . T he h igh energy partic les  a re  here  
e lec trons w ith  energies o f )> 20  keV. T he h igh  co rre la tio n  of Pc5 w ith  e lec tro n  
flu x es d riftin g  from  th e  n ig h t tim e  p a r t  o f  th e  m agn eto sp h ere  to w ard s th e  d a y 
tim e  p a r t  was show n b y  A fan asy ev a  et al. (1973).

T h u s, th e  m a in  c h a rac te ris tic s  o f  Pc5 exc ited  in th e  m orn ing  se c to r  of 
th e  m agn eto sp h ere  can  be su ffic ien tly  well ex p la ined  by  th e  th e o ry  o f  th e  
d r if tin g  in s tab ilitie s . N a tu ra lly  a n u m b e r o f  th e  exp erim en ta l re su lts  o n  Pc5 
needs fu r th e r  su p p le m e n ta ry  th e o re tic a l ana lysis . As a fina l rem ark  to  th is  
s tu d y  o f Pc5 p u lsa tio n s, i t  shou ld  be em phasized  th a t  th e  observed d iffe rences 
in  th e  b eh av io u r o f th e  m o rn in g  an d  a fte rn o o n  Pc5 do n o t allow to  re je c t th e  
possib ility  th a t  long period  p u lsa tio n s in  th e  Pc5 period  range are also e x c ite d  
in side  th e  m agnetosphere .
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ЛОКАЛИЗАЦИЯ Рс5 И ОВАЛ ПОЛЯРНЫХ СИЯНИЯ
О. М. РАСПОПОВ - Л .  Т. АФАНАСЬЕВА

РЕЗЮМЕ

По материалам сети наземных обсерваторий, расположенных в субавроральных 
широтах и авроральной зоне показана связь Рс5 с овалом полярный сияний, приурочен
ность области генерации Рс5 к экваториальной границе овала при различном уровне маг
нитной активности. По спутниковым данным известно, что возбуждение Рс5 связано с 
дрейфом плазменных неоднородностей из ночного региона магнитосферы на дневную ее 
часть во время суббури. Азимутальный дрейф источника колебаний обнаружен и по назем
ным данным. Скорость дрейфа ~  0,5—1,1 град/мин.

Сделано сопоставление выявленных закономерностей с имеющимися теориями воз
буждения пульсаций Рс5. Наиболее вероятным механизмом генерации колебаний явля
ется дрейфовая неустойчивость, развивающаяся на внутренней границе плазменного 
слоя в утреннем секторе магнитосферы во время восстановительной фазы суббури.
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ABLEITUNG VON FELDTRANSFORMATIONEN 
FÜR PROFILE VON POTENTIALFELDANOMALIENEN

R. R Ö SL E R —H. L IN D N E R

BERGAKADEMIE FREIBERG, SEKTION GEOWISSENSCHAFTEN WISSENSCHAFTSBEREICH 
ANGEWANDTE GEOPHYSIK

[Eingegangen am October 1. 1980]

Bei der Bearbeitung von  Potentialfelddaten, die auf P rofilen  vorliegen , kann vielfach  
die Berechnung von  G radienten sowie der zw eiten A bleitung die In terpretation  erleichtern. 
D ie Anwendung der H ilbert-Transform ation und deren Realisierung durch die Fourier-Trans
form ation erlaubt eine praktische Ableitung der gew ünschten Feldtransform ationen. Die 
A nw endung einer w ellenzahlgebundenen B eschneidungsfunktion sichert eine variable Tief
paßfilterung und dam it eine Unterdrückung von Feldanteilen , welche die Interpretation  beein
trächtigen. Vor allem bei hochgelegenen Störkörpern führt dieser Transform ationsvorgang zu 
einer Extrem w ertverflachung bei gleichzeitiger Verm inderung des Fortpflanzungsfehlers. 
D ieses Verhalten dem onstrieren zwei praktische Beispiele. D ie Anw endung der Hilbert-Trans
form ation bietet m öglicherw eise auch ein H ilfsm ittel bei der A bleitung von  Störungen des 
gravim etrischen V ertikalgradienten in der R eduktion sowie bei der D ichtebestim m ung über 
zweidim ensionalen geologischen Strukturen.

1. E in le itung

D ie s tän d ig  schw ieriger w erdenden  E rk u n d u n g sa u fg a b e n  erfordern 
in sb eso n d ere  in  den  P o te n tia lm e th o d e n  eine um fassende A usschöpfung  der in 
d e n  M eßdaten  e n th a lte n e n  In fo rm atio n en . D ie N u tzu n g  fe ld tran sfo rm ie ren d er 
B ea rb e itu n g sv e rfah re n  n im m t dajjer seit längerem  einen  fe s te n  P la tz  in  der 
In te rp re ta tio n  ein , w enn  es d a ru m  geh t, f lä ch en h a fte  P o ten tia lfe ld an o m a lien  
geologisch zu d e u te n . In sb eso n d ere  d u rch  die E in fü h ru n g  aero- u n d  seegeo
p h y sik a lisch e r M eß m eth o d en  b es teh t jed o ch  h ier v ie lfach  die A ufgabe in 
e in e r  D eu tu n g  p ro f ilh a f t angeleg ter M essungen. D ies is t d e r G ru n d  fü r zah l
re ich e  B estrebungen , au ch  u n te r  diesen B ed ingungen  ü b e r die B erechnung 
v o n  G rad ien ten  die A ussagefäh igke it der P o te n tia lm c th o d e n  zu  optim ieren  
[N ab ig h ian , 1972; G reen— S tan ley , 1975; S tan ley , 1977]. D a zu m in d est in der 
G ra v im e tr ie  eine ökonom isch  a rbe itende  M essung sow ohl des H o rizo n ta l- als 
a u c h  des Y e rtik a lg rad ien ten  m angels geeigneter G erä te  d erze it n ic h t m öglich ist, 
e rsch e in t eine rechnerische  H erle itu n g  aus d e r g em essen en  F e ldg röße  nach 
wie v o r sinnvoll. D ies g ilt auch  fü r m agnet ische und  geo th erm isch e  P ro fil
au fn ah m en . Bei d er B e rech n u n g  der Feld  tra n s fo rm a tio n e n  e rsch e in t insbe
so n d ere  die D iskussion des H o rizo n ta lg rad  ie n le n  in  d er G rav im e trie  fü r die 
S tö ru n g se rk u n d u n g  u n d  die K o m b in a tio n  des H o rizon ta l- u n d  des V ertik a l
g ra d ie n te n  in d er M ag n etik  fü r  die A bgrenzung  la te ra le r  B lo c k s tru k tu re n  
n ü tz l ic h . V ielfach e rfo rd e rn  außerdem  die k o m pliz ie rten  E rk u n d u n g sp ro b lem e  
v o n  h e u te  eine kom plexe  In te rp re ta tio n  aller h e rle ith a ren  F e ld g rö ß en .
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2. B e rech n u n g  v o n  F eld tran sfo rin a tio n en

B is  E n d e  der 60iger J a h r e  erfo lg te die A b le itu n g  a ller in  der I n te r 
p r e ta t io n  benö tig ten  F e ld g rö ß e n  fa s t  auschließlich ü b e r  die V erfah ren  der 
K re is su m m a tio n , d.h. ü b e r d ie  p u n k tw e ise  B erech n u n g  sog. F u n k tio n e n  des 
a r i th m e tis c h e n  K reism itte ls . D iese  E n tw ick lung  m u ß  m it der um fan g re ich en  
B e re its te l lu n g  um fangreicher F o rm e lsä tz e  versch iedener F e ld tra n s fo rm a tio n e n  
n a c h  d ie se m  Prinzip  d u rch  G rosse  (1967) als abgeschlossen  b e tra c h te t  w erden . 
V e rsc h ie d e n e  Problem e, die b e i d ie se r  M ethode, in sb eso n d ere  bei d er R ealisie
ru n g  g rö ß e re r  E ind ring tiefen  (z. B . durch  die zw angsläu fige  S chaffung  au f
p u n k ts lo s e r  Zonen in  der U m g e b u n g  des U rsprungs) a u f tr a te n , gaben  A nlaß  
zu  w e ite rfü h re n d en  E n tw ic k lu n g e n . F rü h er b ek an n tg ew o rd en e  A rb e iten  von 
D e a n  (1964) und Z urflueh  (1967) m ach ten  deu tlich , d a ß  auch  m it den  V er
fa h re n  d e r  F o u rie r-T ran sfo rm atio n  die B erechnung v o n  F e ld tra n sfo rm a tio n e n  
m ö g lich  is t .  Als V orteil d ieser B ea rb e itu n g stech n ik , die u .a . zu den V erfah ren  
d e r  W ellen län g en filte ru n g  [L in d n e r— Scheibe, 1977] u n d  d er m agnetischen  
R e lie fb e re ch n u n g  [H ahn , 1965] fü h r te , m uß angezogen w erden , d aß  säm tliche  
F o k lw e r te  einschließlich des Z e n tra lp u n k te s  in die B erech n u n g  eingehen , ohne 
d a ß  v o r h e r  aufteendige M itte lw e rtb ild u n g en  erfolgen. E ine  k o n seq u en te  A n
w e n d u n g  d e r F o u rie r-T ra n sfo rm a tio n  fü r die B ea rb e itu n g  von  F e ld tra n sfo rm a 
tio n e n  g ib t  B aranov (1975), d e r  e igen tlich  als V e r tre te r  d e r K re issu m m atio n s
v e r f a h re n  E nde der 50iger J a h r e  in te rn a tio n a l im  M itte lp u n k t s tan d .

D iese  S ituation  e rsch e in t a u c h  fü r  die B earb e itu n g  p ro f ilh a f t vorliegender 
P o te n tia lfe ld a n o m a lien  rich tu n g sw e isen d . Zudem  v erlie fen  frühere  V ersuche, 
h ie r  M e th o d e n  der K re is su m m a tio n  einzusetzen, als w en ig er erfo lgversp rechend  
(P ro b le m  der R an d v e rlu s te ) . A ngereg t du rch  versch ied en e  A rb e iten  der 
N u tz u n g  v o n  V e rtik a lg ra d ien te n  [Fajklew icz e t al-, 1972] u n d  H o rizo n ta l
g ra d ie n te n  [H am m er— A n zo leag a , 1975] in der G rav im e trie  fü r  die In te rp re ta 
t io n  w ird  versuch t, eine T e c h n ik  fü r  die B earb e itu n g  v o n  p ro filh a ft vo rliegen 
d e n  M essungen  zu e n tw ic k e ln . D abe i wird z. T . a u f  ä lte re  A rb e iten  von  
N a b ig h ia n  (1972) und  R o s ie r— L in d n e r (1980) zu rückgegriffen .

2.1 Grundlagen

D ie  dargestellten  E n tw ic k lu n g e n  gelten p rin z ip ie ll fü r  alle g eo physika li
s c h e n  P o ten tia lfe ld e r, w elche d ie  L aplace-G leichung erfü llen  (z. B . M agnetik , 
G e o th e rm ie ) . Aus G ründen  d e r  Ü b ersich tlichke it e rfo lg t h ie r n u r  die D a rs te l
lu n g  f ü r  die Belange der G ra v im e tr ie .

F ü r  zw eidim ensionale F e ld e r  definieren beide K o m p o n en ten  des G rad ien 
te n  d es  P o ten tia ls  W  eine k o m p le x e  F u n k tion

V(u) =  W x(u) +  iW z(u) , (1)
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die im  M eßraum  (z < 7  0) u n d  a u f  der л:-A chse eine regu lä re  F u n k tio n  der 
kom plexen  V erän d erlich en  и — z - f  ix  is t. M it H ilfe d er C au ch y -sch en  In te 
gra lfo rm el k an n  m a n  eine B eziehung fü r die W erte  d er F u n k tio n  V(u) a u f  der 
л;-A chse ( 2  =  0) a n g eb en  [R osier, 1976]

V{x) = ± r  Z^ldx' .  (2)
711 J  — 00 X  —  X

D arau s  folgt d u rch  Z erlegung  in  Real- u n d  Im ag in ä rte il:

W x(x) =  —  Г - ^ 1  Ax' =  K { W z(x'), x )  . (3)
Л  J  X  —  X

D ieser A usdruck  w ird  als H ilb e rt-T ran sfo rm atio n  beze ich n et. Ü b e r eine 
D arste llu n g  von (3) d u rc h  das F a ltu n g s in teg ra l [R osier— L in d n e r, 1980] k ann  
die H ilb ert- in  die F o u rie r-T ra n sfo rm a tio n  ü b e rfü h rt w erden , w as zu  einer 
R eihe  von  rech en tech n isch en  V orteilen  fü h r t .  S e tz t m an im  W ellenzah lbere ich

I IÜx(x) exp  (— icox)dx =  IF{ №х(х), со} =  f (œ )  , (4)

so e rg ib t sich

1Ух(х) =  oF_1{i sign (ft>)cf{ Wz(x ) ,  со}, x  } (5)

d .h . Wx(x) läß t sich d u rc h  eine inverse F o u rie r-T ran sfo rm atio n  au s  dem  S pek
tru m  d er gem essenen F e ld g rö ß e  Wz(x) d a rs te llen . D urch D iffe re n tia tio n  und  
N u tz u n g  der L ap lace-G le ichung  können  säm tlich e  zur In te rp re ta t io n  e rfo rd e r
lichen  F eldgrößen  au s  (5) ab g e le ite t w erden . E in e  w echselseitige B ere its te llu n g  
von  H orizon ta l- aus V e rtik a lg ra d ien te n  und  u m g ek eh rt, wie sie z. B . N ab ig h ian  
(1972) vorsch läg t, e rsc h e in t d ah e r ü b erflü ß ig .

B ezeichnet m an  m it Q(co) die Ü b e rtrag u n g sfu n k tio n , d a n n  k a n n  aus den 
a n  d er E rd o b erfläch e  ( 2  =  0) gem essenen F e ld w erten  (hier Wz) n a c h  (5) ein 
um fassendes S ystem  v o n  F e ld tra n sfo rm a tio n e n  abgele ite t w erden .

^transf.i** z) =  S - 'iQ ioo l& iW A x ',  0 ), со}, x} . (6 )

Bei V orliegen a n d e re r  geophysikalischer F e ld e r können  die b e n ö tig te n  
F e ld ;ra n s fo rm a tio n e n  in  analoger W eise m it (6 ) berechnet w e rd en . A n die 
S telle  von tf/z(x, 0) t r i t t  z. B. öT(x, 0) (M agnetik) oder T(x, 0) (G eo therm ie) 
usw . F ü r  die B elange d e r G rav im etrie  sind in  T abe lle  I einige T ra n sfo rm a tio n e n  
: u.>an.inengestellt.
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T a b e lle  I

F  eldtransformationen

a Feldgröße Bedeutung Übertragungsfunktion Q(D(w)

1 Wx(x, 0) — i sign (со)

2 Wx2(x, 0) H orizontalgradient ici)

3 Wa (x. 0) V ertikalgradient M

4 Wz (x, z) F  eldfortsetzung  
z  <  0 — nach oben 
z >  0 — nach unten

exp  (г |tu|)

5 Wz2z(x, 0) Z w eite Ableitung CO2

6 Wz(x, 0) G lättu ng (siehe 2.2) (sin  œa/ioa)2
7 Wa (x, о) geg lä tteter  Vertikalgradient Q ( 3\ o j )  ■ t / ß w )

1 1 S W .

2.2 Einfluß einer Glättung au f  die Fehlerfortpflanzung

D ie h ier beschriebene F e ld tra n sfo rm a tio n  k a n n  in  b e s tim m ten  F ä llen  
v o n  e in e r  V erstärkung  k u rzp e rio d isch e r u n d  u n e rw ü n sc h te r  A n o m alien an 
te ile  b eg le ite t w erden. D ie B e to n u n g  dieser K o m p o n e n te n  s tö rt d en  I n te r 
p re ta tio n sp ro z e ß , so d aß  d u rc h  die A nw endung g ee igne te r G lä ttu n g so p e ra 
to r e n  im  Sinne einer T ie fp a ß f il te ru n g  n u r die den  In te rp re te n  in te ressie ren d en  
A n o m a lie n  tran sfo rm ie rt w e rd e n .

Z w eckm äßigerw eise v e r la g e r t  m an den G lä ttu n g sv o rg a n g  in den  W ellen 
z a h lb e re ic h . Die Ü b e rtra g u n g sfu n k tio n

0 П
sin œa 2

œa
( ? )

b e d e u te t  eine zw eim alige g le iten d e  M itte lung  im  In te rv a ll der L änge  4a 
(G lä ttu n g s fe n s te r)  fü r  d en  O rtsb ere ich , d. h.

_______  J rx+ a  J r u + a  rx + 2  a
JVz(x) =  —-  —  Wz(v)dvdu =  Wz(u)q(x —  u )d u  .

£ a  J  u=x—a J  v = u —a J u = x  — 2a
( 8 )

D ie f ü r  den  O rtsbereich  w irk sam e  G ew ich tsfu n k tio n  q la u te t

q(x) =
(2 a  -(- *)/4a2

(2 a  —  x)/da2 fü r
0

au s  d e r  sich durch F o u rie r-T ra n s fo rm a tio n  (7)

— 2 a  < ; t: <  0 
0  X <[ 2 a 

2 a  <7 I X I

e rg ib t.

(9)

Aela Gêodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



POTENTIALFELDANOMALIEN 281

Diese A rt d e r G lä ttu n g  w urde in T abelle  I  m it Q̂ 6\co) bezeichnet. D ie 
in  (7) angegebene w ellenzah lgebundene G e w ich tsfu n k tio n  k ling t m it w ach sen 
den  W ellenzahlen  sch n e lle r ah  als die sin aco/aco-F u n k tio n  (einfache M itte lu n g  
im  In te rv a ll 2a). Ih re  A m p litu d e  nach  der e rs te n  N ullste lle  b e trä g t n u r  e tw a  
4 %  des zen tra len  M ax im um s (со =  Q) u n d  es g ilt näherungsw eise

Q(co) — 0 fü r  I со I >■—  .
а

( 10)

E ine D äm pfung  k u rzp e rio d isch e r Anteile im  W ellenzah lbere ich  m itte ls  (7) 
n u tz te  auch  B erezk in  (1973).

Bei einem  A b ta s tin te rv a ll  s der gem essenen A nom alien  liegen a u f  e inem  
A b sch n itt der L änge 2a in sg esam t к =  2a/s P u n k te . D er “ G lä ttu n g sp a ra m e te r”  
к w ird  d am it zu  einem  M aß fü r  die B re ite  des G lä ttu n g sfen ste rs . V on d e r 
M itte lb ildung  w erden  d a h e r  2k — 1 A b ta s tp u n k te  e rfa ß t. B ek an n tlich  ist 
eine W ertereihe  d e r L änge  X ,  bestehend  aus N  =  X /s  W erten , d u rch  die 
A ngabe von N  ä q u id is ta n t  im  N y q u is tin te rv a ll 0,2л /s v e rte ilten  S p e k tra l
w e rten  v o llständ ig  b esch rieb en  u n d  es gilt fü r  die W ellenzah l

CO =  lAco =  l —  . (11)
s N

F ü r die in  die G lä ttu n g  einbezogenen 2k —  1 A n o m alien p u n k te  e rg ib t 
sich а =  ks/2 und  es fo lg t aus (7) und (10)

<?, =  Q(lAco) =

sin  n k l jN  i2 

n k l /N  ) 

0

Qn-,

fü r

l =  0 , 1 , . . ., N /k

1 =  N /k  +  1, . . ., IV/2 

1 =  N /  2 +  1......... IV — 1.

( 12)

W enn auch  bei d e r M itte lung  im  O rtsb e re ich  n u r  ein ganzzahliges к 
sinnvoll is t, so b e s te h t d azu  hei der D efin ition  d e r Ü b ertrag u n g sfu n k tio n  (12) 
keine N o tw end igke it. F ü r  den  Fall к =  0 w ird  die G lä ttu n g  au fgehoben . 
D . h . fü r v ariab le  к e n ts te h e n  verschiedene V a ria n te n  d e r berechne ten  F e ld 
größe, die sich du rch  eine un te rsch ied liche  B e to n u n g  d e r tran sfo rm ie rten  W ellen
zah lbere iche  auszeichnen  (z. B. zu r T rennung  v o n  v e r tik a l angeo rdneten  S tö r
körperensem bles). A bb. 1 zeig t den  V erlau f v o n  (^ -F u n k tio n en  fü r versch ie-
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d e n e  W e rte  von N x =  N /к. N 2 g ib t an , das W ievielfache des h a lb e n  M ittel- 
u n g s  fen s te rs  gleich d er P ro fillän g e  X  is t.

N 1 =  N /k  =  X /2  a (13)

D ie  zugehörigen  fc-W erte sind  fü r  N  =  64 u n d  N  =  80 P u n k te  in  T abelle  I I  
d a rg e s te l l t .

Tabelle II

Zusammenhang von Glättunsparameter к und dem 
Verhältnis des halben M ittelungsfensters zur Profillänge

N l
к

N  =  64 N = 8 0

16 4 5

24 2,67 3,33

32 2 2,5

40 1,6 2

Y on Rosier (1980) w u rd e  fü r  versch iedene F e ld tra n sfo rm a tio n e n  der 
m it t le r e  quad ra tische  F e h le r  n a c h  dem  F eh le rfo rtp flan zu n g sg ese tz  berech n e t. 
F ü r  d ie  K om bination  d e r B erech n u n g  des S chw ereg rad ien ten  m it d e r h ier 
b e sc h rie b e n en  G lä ttu n g  e rh ä lt  m an  die in  A bb. 2 d arg este llte  A b n ah m e des 
F e h le rs  m it der V erg rößerung  d er B re ite  В  des G lä tte ru n g sfen ste rs , fü r  die 
d e r  P a ra m e te r  к ein M aß is t.

2.3 Extremwertwiedergabe

D u rc h  M odellberechnungen  k o n n te  gezeigt w erden, d aß  bei e in er unge- 
g lä t te te n  B ea rb e itu n g sv a rian te  m it dem  o.g. A lgorithm us n u r  E x tre m w e r t
b esch n e id u n g en  von e tw a  1 %  im  V ertik a lg rad ien ten  a u f tre te n  [R o s ie r— 
L in d n e r , 1980]. Es lieg t d a h e r  die F rag e  a u f  d e r H an d , wie diese S itu a tio n  bei 
N u tz u n g  der darg este llten  G lä ttu n g  im  W ellenzahlbereich  e in zu sch ä tzen  ist. 
D a b e i w ird  au f die sog. re la tiv e  E x trem w ertw ied erg ab e

R(t) =  lE2 (0)transf/I F 2 (0)theoret (14)

n a c h  G rosse (1967) zu rückgegriffen . A u f G rund  d er gefo rderten  Z w eid im ensiona- 
l i t ä t  d e r  b e trach te ten  P o te n lia lfe ld e r  erfo lg t die W ahl des liegenden  Z ylinders 
als M odell. Den g e g lä tte te n  V e rtik a lg ra d ien te n  e rh ä lt m an d u rch  eine F a ltu n g  
m it d e r  G ew ichtsfunktion

W zz(x, 0) =  W zz(x, 0)*q{x) (15)
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z. В . fü r  den  liegenden  Z ylinder:

Wzz(x, 0)
t2 -  (x  -  л: ' ) 2

[l2 +  (ж -  л: ' ) 2 ] 2

d x '. (16)

ytbb. i .  Glättungsfunktionen

Abb. 2. Fehlerfortpflanzung des Vertikalgradienten als Funktion des Glättungsparameters

Die
F u n k tio n

B esch rän k u n g  a u f  den U rsp ru n g  (x =  0) erg ib t 
des Y e rtik a lg rad ien ten

aus (16) die R(t)-

m
^ » ( 0 . 0 )
ИММ)

(17)
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A b b . 3 v e rd eu tlich t d en  V erlau f dieser F u n k t io n  fü r  verschieden g ew äh lte  
G lä ttu n g s p a ra m e te r  к  u n d  v a ria b le  Teufen des M odells. Es erg ib t s ich  das 
au ch  v o n  anderen  F e ld tra n sfo rm a tio n e n  h e r g e w o h n te  B ild:

1. E in e  E rh ö h u n g  des G lä ttu n g sp a ra m e te rs  к  (en tsp rich t im  O rtsb e re ich  
e in e r V e rb re ite ru n g  des z u r G lä ttu n g  v e rw e n d e te n  F en ste rs  m it d er B re ite  
4a) f ü h r t  zu  einer E x trem w ertsb esch n e id u n g  des N u tzsig n a ls .

2. T iefer gelegene S tö rk ö rp e r  folgen d ieser T en d en z  w eniger als ober- 
f lä c h e n n a h e re . D ieser E ffek t te n d ie r t in R ic h tu n g  d e r W ellen längen filte rung , 
d. h . je  h ö h e r  der G lä ttu n g sg ra d  is t, umso m eh r t r e te n  die kurzw elligen A n te ile  
im  tra n s fo rm ie r te n  A n o m alien b ild  zurück.

3. Anwendung

N a ch d em  bere its  f rü h e r  fü r  eine seh r g la t te  Schw ereanom alie fe s t
g e s te llt  w erd en  k o n n te , d a ß  d ie  gleichzeitige B e re its te llu n g  von H o rizo n ta l-  
u n d  V e rtik a lg ra d ien te n  m itte ls  d er H ilb e rt-T ran sfo rm atio n  ohne G lä ttu n g  zu 
g u te n  E rg eb n issen  fü h rte  [R o s ie r—L indner, 1980], w urde zur B e a rb e itu n g  
g e s tö r te r  F e ld e r ü b erg eg an g en . D abei zeigte sich  seh r rasch, daß ohne eine 
B e sch n e id u n g  kurzw elliger A nom alien teile  n u r  sch w er in te rp re tie rb a re  T ra n s 
fo rm a tio n e n  en ts teh en . A usg eh en d  von E rfa h ru n g e n  m itte ls  der o.g. U b e r
tr a g u n g s fu n k tio n  eine G lä ttu n g  im  W ellenzah lbere ich  fü r  geotherm ische A no
m alien  zu  erzielen [R o sie r e t a b , 1980], erfo lg te eine A nw endung  des V erfah ren s 
in  d e r  G rav im etrie .

3.1 Bearbeitung gravimetrischer Profile

A b b . 4 zeigt die g rav im e trisch c  L o k a lan o m a lie  einer A uskesselung im  
k r is ta ll in e n  G rundgeb irge , d ie  m it leichten  n eo g en en  Sedim enten  g e fü llt is t. 
E in e  G ra d ie n te n b e re c h n u n g  e inschl. der zw eiten  A b le itu n g  zeigte eine s ta rk e  
B e to n u n g  des kurzw elligen  M inim um s bei 4,5 k m . E r s t  die A nw endung e in er 
w ellen zah lg eb u n d en en  G lä ttu n g  erb rach te  die d a rg e s te llte n  F e ld tra n sfo rm a tio 
n en , d ie  e in er In te rp re ta t io n  zugänglich  sind . B ei e inem  A b ta s tin te rv a ll von  
0,1 k m  u n d  einem  N /iV j-V erhältn is  von 1 e rg eb en  sich die in T abelle  I I I

Tabelle III

Fortpflanzungsfehler der in Abb. 4 und 5 dargestellten Anomalien

Anomalie s in m *n niGal
mw m w  *n" xz> zz 

mGal • m -1
m«rzz, in 

mGal • m 1

Abb. 4 1 0 0 0 ,1 5 •

1О

1 , 4  • 1 0 - 6

Abb. 5 1,5 0 ,0 2 6 6  • О 1 lU 2 , 2  • 1 0 - 3
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Abb. 4. Feldtransform ationen über einer A uskesselung im Kristallin
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Abb. 3. Extrem wertwiedergabe über dem  Zylindermodell
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d a rg e s te ll te n  F o rtp flan zu n g sfeh le r . E ine w esen tlich  unruh igere  A nom alie  aus 
d em  M ikrobere ich  zeig t A b b . 5. Bei 13,5 m  ze ig t die L okalanom alie  e in  M ini
m u m , d as  die Lage eines b erg m än n isch en  H o h lrau m es anzeigt. D ie  s ta rk e  
R a u h ig k e it  des M eßbildes e rfo rd e rte  bei e inem  A b ta s tin te rv a ll von  1,5 m 
die W a h l eines V e rh ä ltn issen  N / N 1 % 1,25. D ie b erech n e ten  F e ld tra n s fo rm a 
tio n e n  b ild en  das M inim um  d eu tlich  ab u n d  zeigen  das über einem  H o h lra u m  
g e w o h n te  B ild. Die en tsp re c h e n d en  F o rtp fla n z u n g sfe h le r  sind in  sy m b o lisch er 
D a rs te l lu n g  in  Abb. 5 e n th a lte n  und  gleichfalls in  T abelle I I I  d a rg e s te llt .

D ie  in  Tabelle I I I  zu sam m en g este llten  F o rtp flan zu n g sfeh le r fü r  völlig  
u n te rsc h ie d lic h e  A nom alien  zeigen u.a. die s ta rk e  A bhängigkeit d e r  F eh le r 
v o m  A b ta s tin te rv a ll  s. D ie angegebenen  W e rte  liegen  dabei durchw egs in  der 
G rö ß e n o rd n u n g , wie sie a u c h  von anderen  F e ld tra n sfo rm a tio n e n  h e r  b e k a n n t 
s ind  [R o sie r , 1980].

3.2 Reduktion und Dichtebestimmung

B ei d er E rh ö h u n g  d e r G enauigkeit gem essener S chw ereanom alien  g ilt 
es, d e n  erzielten  hohen  S ta n d  der re inen  M eßgenau igkeit (ca. 0,01 m G al) 
n ic h t  d u rc h  den n ach fo lg en d en  R e d u k tio n sv o rg an g  in  Frage zu ste llen . N eben  
d em  P ro b le m  der G e län d e red u k tio n  k an n  in  v ie len  I ’älle die U n k e n n tn is  des
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F re ilu ftg ra d ie n te n  zu  fe h le rh a f te n  A nom alien  fü h ren . G ötze e t al. (1978) e rrech 
n en  u n te r  ex trem en  V erh ä ltn issen  a lp iner H ochgebirge F eh le r d e r  B ouguer- 
A nom alien  bis zu 20(!) m G al, die sich aus diesem  S ach v e rh a lt a b le ite n  und 
b es tim m en  den w ahren  F re ilu ftg ra d ie n te n  em pirisch  aus Z w ein iv eau m essu n 
gen. E in e  nachfo lgende G lä ttu n g  m itte ls  S p lin e -F u n k tio n en  w irf t d a h e r  die 
F rag e  auf, inw iew eit h ie r  d e r m itte ls  der H ilb e rt-T ran sfo rm atio n  berech n e te  
G rad ien t u . U. n ich t zu  e inem  ähn lichen  E rgebn is fü h rt. E n tsp re c h e n d e  A nw en
dungsbeisp ie le  sind in  V o rb e re itu n g . E rsch w eren d  w irk t sich h ie r  allerdings 
die G eb u ndenhe it des V erfah ren s  an  zw eidim ensionale S tru k tu re n  aus. Bei 
A n n ah m e d er G leichheit v o n  Wz(0) eines Zylinder- u n d  k u g e lfö rm ig en  S tö r
k ö rp e rs  e rg ib t sich fü r  d as  V erh ä ltn is  der zugehörigen  V e rtik a lg ra d ie n te n

^ z z ( 0 K u g e l ) /^ 2 z ( 0 )z y i ln d e r  =  2

d. h . die A m plitude  des m it d er H ilb e rt-T ran sfo rm atio n  b e re c h n e te n  (G lä t
tu n g sp a ra m e te r  к =  0!) b e s itz t  im  E x trem fa ll n u r  die H ä lfte  des ü b e r  einer 
d re id im ensionalen  S tr u k tu r  zu  e rw arten d en  W ertes. D iesem  S a c h v e rh a lt ist 
d a h e r en tsp rech en d  R e c h n u n g  zu trag en .

In  ähn licher W eise t r i t t  diese P ro b lem a tik  auch  bei d er D ic h te b e s tim 
m u n g  m itte ls  Wzz(0) -W e rte n  auf. T h yssen— J a c o b y  (1971) u n d  B lizkovsky  
(1979) bestim m en  m itte ls  g rav im e trisch e r Z w ein iveaum essungen  die D ich te 
v e rh ä ltn isse  im O b erfläch en b ere ich . Die U n k en n tn is  d er n o rm a len  F re ilu ft
g ra d ie n te n  bei dieser M e th o d ik  [R osier— L in d n er, 1980] k a n n  h ie r d u rc h  N iveau 
v e rfä lsch u n g en  P rob lem e aufw erfen , die m it dem  o.g. T ra n sfo rm a tio n sp ro zeß  
n ich t gegeben ist. A llerd ings g ilt h insich tlich  d er K o n fig u ra tio n  d e r an gesp ro 
chenen  D ic h te in h o m o g en itä ten  das u n te r dem  R ed u k tio u sp ro b lem  G esagte  in 
g leicher W eise.

3.3 E ine  verbesserte Freiluftreduktion.
Die Anwendung des Vertikalgradienten a u f  die Freiluftreduktion

Z u r B estim m ung  d e r  B ouguer-A nom alie  g rav im e trisch e r M essungen  sind 
n ach  dem  A bzug d er N orm alschw ere  y 0 die G elän d ered u k tio n  <5gTop, die B ou
g u e r-R ed u k tio n  ögB u n d  die F re ilu ftre d u k tio n  anzubringen .

W ir setzen  die fü r  bgTop u n d  ögB erfo rderliche D ich te  a ls h in re ichend  
g enau  b e k a n n t voraus u n d  u n te rsu ch en  h ie r die F rag e  d er gen au en  B estim m u n g  
d e r F re ilu f tre d u k tio n  bgF. F ü r  diese w ird  üblicherw eise d er V e rtik a lg ra d ien t

F  =  =  —  =  3086 • IO “ 9 s “ 2 (fü r <p =  50° B reite) 
dz

v e rw en d e t, jedoch  w e is t schon  Ju n g  (1961) d a ra u f  h in , d aß  d ie  Schw ere
an o m alien  Ag" no tw en d ig erw eise  auch  m it e iner A nom alie  des V ertikal-
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g ra d ie n te n  Agz v e rb u n d en  s in d . E ine exakte R e d u k tio n  so llte  ab er u n te r  V er
w e n d u n g  des w ahren V e rtik a lg ra d ien te n  F  +  Agz erfo lgen. In  den  obigen 
A u sfü h ru n g e n  w urde g eze ig t, d a ß  durch die b e sch rieb en en  T ran sfo rm a tio n en  
a u c h  d ie  A nom alien des V e rtik a lg ra d ien te n  aus d e r  S chw ereanom alie , speziell 
au s  d e r  B ouguer-A nom alie Ag"(x) berechnet w erd en  k ö nnen  und  zw ar gilt 
n a c h  ( 6 ) m it Q(a>) =  |<w|:

Agz(x) =  ®-'{\co\§{Ag"{x'), ta}, *} , (18)

so d a ß  d ie  exakte  F re i lu f tre d u k tio n  für eine H ö h e  h des M eßpunk tes ü b e r 
d e m  R ed u k tio n sn iv eau

bgFix ) =  {F  +  4  gz{*))h (19)

b e t r ä g t .  N un ergibt sich d ie  B ouguer-A nom alie in  fo lgender W eise aus den  
M e ß w e rte n  g(x):

A g " ( x )  =  g { x )  —  Го +  ô£ top  —  <%в +  ö g  F

=  dg*(x)  +  ôgF(x) ^

w o b ei d ie  ersten  v ier G lied e r z u  Ag* zu sam m en g efaß t w orden  sind. A us (20) 
e r h ä l t  m a n  m it (18) u n d  (19) e ine Integralgleichung fü r  die B ouguer-A nom alie

Ag"{x) =  Ag*{x) + [ F +  ® - i{H $ {A g ' ' (x ') ,  m}, x}]h

Ag*(x) + Ag"(x’)e -  dx'dco
( 21 )

h.

U n te r  B eachtung  d e r  T a tsa c h e , daß die A nom alie  (18) des V e rtik a l
g ra d ie n te n  Agz(x) k lein  geg en  d en  V ertik a lg rad ien ten  d er N orm alschw ere is t:

И&(*)1 <  F  ( 22)

k a n n  m a n  ein I te ra tio n s v e r fa h re n  zur Lösung d e r In teg ra lg le ich u n g  (21) au f
s te lle n . D en  üblichen A u sd ru c k  d er B ouguer-A nom alie  e rh a lte n  w ir aus

Ag; +1(x) =  Ag*(x) +  [F  +  AgZk(x)]h (23)

als e r s te  N äherung  fü r к =  0, w en n  Agz (x) =  0 g e se tz t w ird . M it

AgZt(X) =  &-4\a>\S{AÜ(x'), со}, X } (24)

k a n n  i te r a t iv  aus (23) die B ouguer-A nom alie  Ag'^+l{x) fü r  к =  1, 2, . . . b e rech 
n e t  w e rd en . F ü r p ra k tisc h e  A nw endungen  d ü rf te  d e r  e rs te  I te ra tio n s sc h r it t
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(к =  1) eine au sre ich en d e  G enauigkeit des ite ra tiv e n  N äh e ru n g sv e rfah ren s  
h ie ten . E s sei jed o ch  v e rm e rk t, d aß  an  d ieser S telle  keine A ngaben  ü b e r  die 
K onvergenz des I te ra tio n sv e rfah re n s  g em a c h t w erden  können . G e rad e  bei 
geringen  G rößen  v o n  S chw ereanom alien  is t an  lokalen  A nom alien  m it ober
f lä c h e n n a h en  U rsach en  m it A nom alien  des V e rtik a lg rad ien ten  zu  rech n en , 
die he i v e rä n d e rlich e r S ta tio n sh ö h e  zu  e in e r m erk lichen  B ee in flu ssu n g  der 
A nom alien  fü h re n . E s sei an  d ieser Stelle a n  A bb . 5 e rin n e rt, in  d er d ie  A no
m alie von  Ag2 m ax im al 200 • 10 _ 0  s - 2  b e t r ä g t  und  an  das v o n  R o s ie r— 
L in d n e r (1980) gezeigte B eispiel m it 300 • 1 0 ~ 9 s~ 2.
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РАСЧЕТ ПРЕОБРАЗОВАНИЙ ОТ ПРОФИЛЕЙ ПОТЕНЦИАЛЬНОГО ПОЛЯ

Р. Р Ё З Л Е Р - Х .  Л И Н Д Н Е Р

РЕЗЮМЕ

При обработке данных потенциального поля, измеренных на профилях, расчет гра
диентов и второй производной может часто облегчать интерпретацию.

Применение преобразования Гильберта и его реализация через преобразование 
Фурье позволяет на практике получить желаемое преобразование поля. Применение 
множителей, связанных с волновыми числами, обеспечивает высокочастотную фильтра
цию и, таким образом, подавление составляющих поля, затрудняющих интерпретацию. 
Особенно при неглубоко лежащих возмущающих телах этот процесс преобразования при
водит к уменьшению экстремальных значений при одновременном уменьшении ошибки. 
Это показано на двух практических примерах. Применение преобразования Гильберта в 
отдельных случаях позволяет определение помех вертикального градиента силы тяжести, а 
также определение плотности двумерных геологических структур.
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КОМПЛЕКСНАЯ ГЕОФИЗИЧЕСКАЯ РАЗВЕДКА 
В ПУСТИНЕ ГОБИ

Л. НЕМ ЕШ И
ВЕНГЕРСКИЙ ГЕОФИЗИЧЕСКИЙ ИНСТИТУТ ИМ. Л. ЭТВЕША

Е. БОГНАР
ВЕНГЕРСКОЕ ГИДРОТЕХНИЧЕСКОEfПРОЕКТНОЕ ПРЕДПРИАТИЕ „ВИ ЗИ ТЕРВ”

ЛАВДАНСУРЕН -  ХОВДХАН  
МОНГОЛЬСКАЯ т о п о -г е о ф и з и ч е с к а я  э к с п е д и ц и я

Т. МАЙКУТ ч .  т о т
ВЕНГЕРСКИЙ ГЕОФИЗИЧЕСКИЙ ИНСТИТУТ ИМ. Л. ЭТВЕША

[Поступило 8 Февраля, 1981 г.]

Авторы показали методику геологической интерпретации комплексных геофизи- 
ческих-гидрогеологических работ, выполненных в пустынных, полупустынных областях 
Гоби.

Описанные приемы показывали, что применение нескольких методов геофизики 
может предоставлять и такие результаты, которые иногда ни один метод не может дать 
самостоятельно. А с другой стороны чувствуется экономическая эффективность комп
лексных исследований. Приемы, которые описали выше могут быть применены на решение 
других задач и в пределах других районов. Но так думаем, что данный прием является 
хорошим примером, что при поисках подземных вод в районах развития терригенных 
отложений, которые имеют в свою очередь частую и быструю вертикальную и горизон
тальную изменчивость, как раз имеется большой необходимостью применение комплекс
ных исследований такого характера. Так как часто имеется совпадение физических пара
метров водоносных толщин параметрами неперспективных — с точки зрения водоснабже
ния — образований (например, кажущееся сопротивление водообильных песков совпадает 
с Q неперспективных эффузивов; или скорость распространения сейсмических волн в во
дообильных песках и непродуктивных плотных глинах и т. д.). Но совместным применением 
нескольких методов интерпретации можем производить однозначно.

Правильность наших рассуждений до настоящего времени доказывалась многими 
буровыми скважинами.

В  1 9 7 4 — 1 9 7 5 -ы х  г о д а х  в п р е д е л а х  п у с т ы н и  Г о б и  р а б о т а л а  к о м п л е к с н а я  

г е о ф и з и ч е с к а я -г и д р о г е о л о г и ч е с к а я  э к с п е д и ц и я . З а д а ч е й  э к с п е д и ц и и  я в л я л а с ь  

п о и с к и  п о д з е м н ы х  в о д , и н т е р е с н ы е  г е о ф и з и ч е с к и е  р е зу л ь т а т ы  к о т о р ы х  х о т и м  

о п и с а т ь  в н а с т о я щ е й  с т а т ь е .

П л о щ а д ь ю  и с с л е д о в а н и й  я в л я л а с ь  т е р р и т о р и я  4 5 0 0  к м 2; в п р е д е л а х  и в 

о к р у ж а ю щ е й  е ё  о б л а с т я х  з а  п о с л е д н и е  9 0  л е т  н а  р е ш е н и и  р а з н о о б р а з н ы х  з а 

д а ч , р а з н о й  д е т а л ь н о с т и , в ы п о л н и л и  р а б о т ы  о к о л о  3 0  г е о л о г и ч е с к и х  и  г е о 

ф и з и ч е с к и х  о т р я д о в .

И з  э т и х  о т р я д о в  н е п о с р е д с т в е н н о й  ц е л ь ю  р а б о т  я в л я л и с ь  п о и с к и  п о д 

з е м н ы х  в о д  о д н о г о  о т р я д а  (г р у п п а  В а с и л ь е в а ) .  О н и  з а н и м а л и с ь  —  г л а в н ы м  

о б р а з о м  п о и с к о м  т р е щ и н о в а т ы х  п о д з е м н ы х  в о д  в о б л а с т и  в ы х о д а  н а  п о в е р х 

н о с т ь  г р а н и т о в , и о к о м л я ю щ е й  и х  в з о н е  к о л л ю в и а л ь н ы х  п о г р е б н ы х  о б р а з о 

в а н и й . К о л и ч е с т в о  о т к р ы т ы х  т а к и м  о б р а з о м  п о д зе м н ы х  в о д  с к а з а л о с ь  н е 

д о с т а т о ч н ы м . Ц е н т р а л ь н ы е  ч а ст и  б а с с е й н о в  о н и  и зу ч а л и  н е д о с т а т о ч н о , п о 

э т о м у  м ы  с в о и  си л ы  н а п р а в и л и  на  р а з в е д к у  д а н н о й  о б л а с т и . И з  р е з у л ь т а т о в  

п р е д ы д у щ и х  р а б о т  (к а к , н а п р и м е р , г р у п п ы  Ф о м и н ы  и В а с и л ь е в а )  б ы л о  о ч е 
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в и д н о , ч т о  о б л а с т ь ю  н а ш и х  и с с л е д о в а н и й  я в л я е т с я  п о г р у ж е н н а я , о с а д к а м и  

з а п о л н е н н а я  в п а д и н а , п р о т я ж е н н о с т ь ю 3 0 — 6 0  к м , к о т о р а я  с в о с т о к а  о т к р ы т а .  

Н а  е ё  к р а я х  п р о с т и р а н и е м  в о с т о к -с е в е р о -в о с т о к , з а п а д - ю г о -з а п а д  — з а л е г а ю т ,  

г л а в н ы м  о б р а з о м , э ф ф у зи в ы , и н т р у зи и , с л а н ц ы  п а л е о з о й с к о й  г р у п п ы  ( о б р а 

з о в а н и е  к о т о р ы х  п р о и з о ш л о  м е ж д у  о р д о в и н с к о й  и  п е р м с к о й  с и с т е м ), и  р е ж е  

э ф ф у зи в ы  м е з о з о й с к о й  г р у п п ы . В п а д и н а  з а п о л н е н а  т е р р и г е н н ы м и , о б л о м о ч 

н ы м и  о т л о ж е н и я м и  н е б о л ь ш о й  м о щ н о ст и  ю р с к о й  си ст ем ы , но  г л а в н ы м  о б р а 

зо м  м е л о в о й  и  п а л е о г е н о в о й - н е о г е н о в о й  с и с т е м :  к о н г л о м е р а т а м и , п е с ч а н и к а 
м и  о з е р н ы м и  г л и н а м и  и  э ф ф у зи в а м и . Р а н е е  п р о в е д е н н ы е  р а б о т ы  о п р е д е л и л и ,  

м а к с и м а л ь н у ю  м о щ н о с т ь  к а к  2 0 0 0 — 5 0 0 0  м е т р о в .  В  к о н ц е  к о н ц о в  э т и  и с с л е 

д о в а н и я  и  д а л и  х о р о ш у ю  о с н о в у  д л я  п р о е к т и р о в а н и я  п р о в о д и м ы х  р а б о т .

Д л я  и з у ч е н и я  в н у т р е н н е г о  с т р о е н и я  в п а д и н ы  п р и м е н и л с я  к о м п л е к с  г е о 

ф и з и ч е с к и х  м е т о д о в , т а к и х  к а к , м а г н и т о р а з в е д к а , г р а в и р а з в е д к а , э л е к т р о р а з 

в е д к а  ( т е л л у р и ч е с к и е  и с с л е д о в а н и я  и В Э З ,  р а с п о л о ж е н и е м  э л е к т р о д о в  

A M N B  и  Д Э З ) ,  и с е й с м о р а з в е д к а  м ет о д о м  о т р а ж е н н ы х  в о л н . С ц е л ь ю  о п р е д е 

л е н и я  г л у б и н ы  в п а д и н ы  и е ё  в н у т р е н н е г о  с т р о е н и я  в ы п о л н я л и с ь  н а б л ю д е н и я  

н а  3 0 0 0  г р а в и т а ц и о н н ы х , 2 0 0 0  м а г н и т н ы х , 6 5 0  т е л л у р и ч е с к и х  и м ы с т а х ; п р о 

в е л и  с е й с м и ч е с к и й  п р о ф и л ь  о б щ е й  д л и н о й  4 0 0  к м  и 5 0 0  к р и в ы х  В Е З .  Э ти  и з 

м е р е н и я  в ы п о л н и л и  в в ы ш е о п и с а н н о м  п о р я д к е , с  у ч е т о м  э к о н о м и к и  и  в р е м е н и  

н е о б х о д и м о г о  д л я  о б р а б о т к и . Р е зу л ь т а т ы  г е о ф и з и ч е с к и х  р а б о т  и н т е р п р е т и р о 

в а л и с ь  с л е д у ю щ и м  о б р а з о м :

К а р т ы  г р а в и т а ц и о н н ы х  (а н о м а л и и  Б у г е )  и  т е л л у р и ч е с к и х  а н о м а л и й  

п о к а з ы в а л и  б о л ь ш о е  с х о д с т в о . И з  э т и х  к а р т  —  п о  п е р в и ч н о й  о б р а б о т к е  в и д н о ,  

что в н у т р и  п л о щ а д и  и с с л е д о в а н и й  р а с п о л о ж е н ы  д р у г  о т  д р у г а  р а з д е л е н ы  р а з 

л о м а м и , г р е б н я м и  и  в ы х о д а м и  ф у н д а м е н т а  н а  п о в е р х н о с т ь  д о л и н ы , б а л к и ,  

л о ж б и н ы .

К а р т ы  м а г н и т н ы х  ( A Z )  а н о м а л и й  и  к а р т ы  г р а в и т а ц и о н н ы х  о с т а т о ч н ы х  

а н о м а л и й  п о к а з ы в а л и , что в п р е д е л а х  д о л и н ы  в о с а д о ч н ы х  п о р о д а х  р а с п о л о 

ж е н о  ч р е з в ы ч а й н о  б о л ь ш о е  к о л и ч е с т в о  в у л к а н и ч е с к о г о  м а т е р и а л а  о с н о в н о г о  

с о с т а в а . П р и  с а м о с т а н о в л е н и и  д а н н ы х  м а г н и т о р а з в е д к и  и г е о л о г и ч е с к о г о  

о п ы т а  с н а м и  бы л  с д е л а н  о ч е н ь  и н т ер есн ы й  в ы в о д : эф ф у зи в ы  о с н о в н о г о  с о с т а в а  

о б р а з о в а н и я  р а н н и х  с и с т е м  п о л е о з о й с к о й  г р у п п ы  и м е ю т  о т р и ц а т е л ь н ы е  ( A Z ) 

а н о м а л и и , б о л е е  р а н н и х  с и с т е м  п о л е о з а й с к о й  г р у п п ы  сл а б о  п о л о ж и т е л ь н ы е  

( A Z ), а  о б р а з о в а н и я  м е з о з о й с к о й  г р у п п ы  (м е л о в о й  си ст ем ы ) и н т е н с и в н ы е  

п о л о ж и т е л ь н ы е  ( A Z )  а н о м а л и и , по  о т н о ш е н и ю  в ы б р а н н о г о  ф о н а  (п о  о т н о ш е 

н и ю  н у л е в о г о  A Z  и з о д и н а м а  а э р о м а г н и т н ы х  а н о м а л и й ) . Эти д а н н ы е  ч р е з в ы 

ч а й н о  п р а к т и ч н о  и с п о л ь з о в а л и с ь  в н е о д н о з н а ч н ы х  с л у ч а я х  о п р е д е л е н и я  

в о з р а с т а .

К а ч е с т в е н н ы й  г е о ф и з и ч е с к и й  м о д е л ь , к о т о р а я  бы ла п о с т р о е н а  с  п о 

м о щ ь ю  к л а с с и ч е с к и х  м е т о д о в  г е о ф и зи к и , с т а р а л и с ь  д о п о л н и т ь  к о л и ч е с т в е н 

ны м  с о д е р ж а н и е м . Д л я  э т о г о  с л у ж и л и  В Э З ,  с е й с м и ч е с к и е  р а б о т ы  и  в н е к о 

т о р ы х  с л у ч а я х  б у р е н и я  г л у б о к и х  с к в а ж и н , и  в ы п о л н е н н ы е  в н и х  п р о с т ы е
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к а р а т а ж н ы е  р а б о т ы . С у в е л и ч е н и е м  к о л и ч е с т в а  м а т е р и а л а , п о л у ч е н н о г о  из  

к о л и ч е с т в е н н ы х  м е т о д о в , с т а л о  я с н ы м , ч т о  о с а д к и , з а п о л н я в ш и е  в п а д и н ы  

( п о х о ж е  н а  н ы н еш н ю ю  м о р ф о л о г и ю ) б ы л и  св я за н ы  р ек а м и  и о з е р а м и , с  д и а 

м е т р о м  в н е с к о л ь к о  к и л о м е т р о в . Н а  э т о  у к а з ы в а ю т  и часто  м е н я ю щ и е с я  п а р а 

м ет р ы  к а к  в г о р и з о н т а л ь н о м , т а к  и в в е р т и к а л ь н о м  н а п р а в л е н и я х . В  п р е д е л а х  

у ч а с т к а  и с с л е д о в а н и й  н а м  у д а л о с ь  р а з л и ч и т ь  II б а с с е й н о в , к о н т у р ы  к о т о р ы х  

в г р у б ы х  ч е р т а х  б ы л и  и зв ест н ы  п о  а н о м а л и я м  Б у г е , а  т а к ж е  п о  к а р т а м  т е л 

л у р и ч е с к и х  а н о м а л и й , и в п р е д е л а х  к о т о р ы х  ф и зи ч еск и е  п а р а м е т р ы  о т н о 

с и т е л ь н о  п о с т о я н н ы е . И з  э т и х  II б а с с е й н о в  б ы в а ю т  и т а к и е , к о т о р ы е  п о х о ж и  

д р у г  н а  д р у г а .  И т а к  в к о н ц е  к о н ц о в  в р е з у л ь т а т е  к о м п л е к с н о й  и н т е р п р е т а ц и и  

г е о ф и з и ч е с к и х  и зм е р е н и й  н а м  у д а л о с ь  р а з д е л и т ь  7  р а зн ы х  г е о л о г и ч е с к и х  

м о д е л е й . Э ти  м о д е л и  п о к а зы в а е м  н а  7  с х е м а т и ч е с к и х  п р о ф и л я х , п р и ч е м  в 

в е р х н е й  п о л о в и н е  р а з р е з о в  д а ю т с я  р е з у л ь т а т ы  г е о ф и зи ч е с к и х  и с с л е д о в а н и й , а 

п о д  н и м и  и х  г е о л о г и ч е с к а я  и н т е р п р е т а ц и я .

П е р в ы й  т и п  (р и с . 1). Т о л щ а , з а п о л н я ю щ а я  с р е д н ю ю , г л у б о к у ю  ч асть  

в п а д и н ы  и  и м е ю щ а я  с р е д н ю ю  с к о р о с т ь  с е й с м и ч е с к и х  в о л н  3 3 0 0  м /с е к  п р е д 

с т а в л е н а  к о н г л о м е р а т о м . К р о в л е й  я в л я е т с я  г р а н и ц а  р а зд е л а  q >  6 0 — 8 0  омм

I. тип.
О 5 10 15 20КМ
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п о  В Э З .  В е р х н я я  т о л щ а , с  м о щ н о с т ь ю  5 0 0 —  6 0 0  м ;  с  э л е к т р и ч е с к и м  с о п р о 

т и в л е н и е м  (д  =  2 ,5  -т- 5  о м м ) и со  с р е д н е й  с к о р о с т ь ю  с е й с м и ч е с к и х  в о л н  

1 8 0 0 —  2 0 0 0  м /с е к  —  г л и н о й . (Э т а  то л щ а  в с к р ы т а  и  б у р е н и е м ) . Г р а в и т а ц и о н 

н ы е а н о м а л и и  и м е ю т  г л а д к о е  и зм е н е н и е , и х о р о ш о  п р о с л е ж и в а ю т с я  с е й с м и 

ч е с к и м  у р о в н е м  в о л н  4 8 0 0 — 5 8 0 0  м /с е к . М а г н и т н ы е  а н о м а л и и  я в л я ю т с я  з е р 

к а л ь н ы м и  по о т н о ш е н и ю  г р а в и т а ц и о н н ы х .

В н а ч а л е  р а з р е з а  а н д е з и т о в ы й  п о р ф и р и й  п а л е о з о й с к о й  г р у п п ы  и м е е т  

к о р е н н ы й  в ы х о д  н а  п о в е р х н о с т ь  — п р е д п о л а г а е т с я , ч то  д а н н о е  о б р а з о в а н и е  

я в л я е т с я  ф у н д а м е н т о м  в ы с о к о й  с к о р о с т ь ю  с е й с м и ч е с к и х  в о л н . О н и  и м е ю т  

н а в е р н я к а ,  с л а б у ю , о т р и ц а т е л ь н у ю  н а м а г н и ч е н н о с т ь , к о т о р а я  п р и  в ы х о д е  н а  

п о в е р х н о с т ь  и м е е т  и н т е н с и в н о с т ь  A Z  =  — 2 5 0  у .

Т е л л у р и ч е с к и е  а н о м а л и и  в н а ч а л е  р а з р е з а  х о р о ш о  с о в п а д а ю т  с  м о р ф о л о 

г и е й  ф у н д а м е н т а . Н о  в ц е н т р а л ь н ы х  ч а с т я х  р а з р е з а  б ы в а ю т  т а к и е  м и н и м у м ы , 

к о т о р ы е  р а зл и ч а ю т с я  о т  г л у б и н ы  ф у н д а м е н т а , о п р е д е л е н н о й  сей см о - и г р а в и 

р а з в е д к о й , и н е  м о г у т  б ы т ь  о б ъ я с н е н ы  г р а н и ц е й  р а з д е л а  о т л о ж е н и й , о п р е д е 

л е н н о й  с п о м о щ ь ю  В Э З .  П о э т о м у  п р и д е т с я  п р е д п о л о г а т ь , что ф у н д а м е н т  

и м е е т  н е о д н о р о д н о е  э л е к т р и ч е с к о е  с о п р о т и в л е н и е . (Г л у б и н н о с т ь  и с с л е д о в а 

н и й  и с п о л ь зо в а н н ы м и  т е л л у р и ч е с к и м и  и м п у л ь с а м и  >  5  к м , а  г л у б и н н о с т ь  

В Э З  <  2  к м ).

В т о р о й  т и п  ( р и с .  2 ) .  В  н а ч а л е  р а зр е з а  п о р ф и р и т  за л е г а е т  в н е б о л ь ш о й  

г л у б и н е ,  в с е р е д и н е  р а з р е з а  в ы х о д и т  на п о в е р х н о с т ь ,  а  п о т о м  в д о л ь  н е с к о л ь 

к и х  р а з л о м о в  с б р а с ы в а е т с я  д о  г л у б и н ы  2 0 0 0  м . В д о л ь  р а зл о м о в  по  м н о г и м  

к а н а л а м  п р о и з о ш л о  и з в е р ж е н и е  э ф ф у зи в о в  о с н о в н о г о  со с т а в а , к о т о р о е  о т 

ч е т л и в о  п о к а зы в а е т  к а р т а  м а г н и т н ы х  а н о м а л и й . Б а з а л ь т  м е зо з о й с к о й  г р у п 

пы  о т  ц е н т р о в  и з в е р ж е н и я  п о к р ы в а л  о с а д к и  м о щ н о с т ь ю  н е с к о л ь к о  с о т  м е т р о в  

п о д  н ы н е ш н е м  у р о в н е м  в г л у б и н е  п р и м ер н о  5 0 0 — 6 0 0  м . К р о в л я  б а за л ь т а  н а  

к р и в ы х  В Э З  р а зн о с о м  Л В —  1 2 0 0 — 1600 м о к а з а л а с ь  д „ ,  и по с е й с м и ч е с к о й  

с к о р о с т и  я в л я л а с ь  п о в е р х н о с т ь ю  г р а н и ч н о й  с к о р о с т и  4 0 0 0  м /с е к . Н е  о д н о 

з н а ч н о , ч то  б а за л ь т  з а л е г а е т  н е  н е п о с р е д с т в е н н о  н а  ф у н д а м е н т е , а  и м е е т с я  

п р о м е ж у т о ч н а я  т о л щ а , п о к а з а н о  с е й см и ч еск и м  д а н н ы м  и х о р о ш о  в ы р а ж а е т с я  

и п о  т е л л у р и ч е с к и м  а н о м а л и я м , к о т о р ы е и м е ю т  х о р о ш у ю  к о р р е л я ц и ю  о ч е р 

т а н и е м  ф у н д а м е н т а  в ы с о к о й  сей с м и ч е с к о й  с к о р о с т ь ю , д о к а за н о  э т и м , ч то  

у д е л ь н о е  э л е к т р и ч е с к о е  с о п р о т и в л е н и е  2 0 0 0  м е т р о в  т о л щ и  н е б о л ь ш о е , з н а ч и т  

б а з а л ь т  в ы с о к о г о  g  п о  о т н о ш е н и ю  в сей  т о л щ и  и м е е т  н е б о л ь ш о е  р а с п р о с т р а н е 
н и е  и  о б ъ е м .

В е р х н я я  т о л щ а , н а д  б а за л ь т о м  по с е й с м и ч е с к и м  с к о р о с т я м  р а з д е л я е т с я  

н а  д в а  о т л о ж е н и я , к о т о р ы е  и м е ю т  с е й с м и ч е с к у ю  с к о р о с т ь  1 6 0 0 — 2 1 0 0  м /с е к  и 

3 3 0 0  м /с е к .  И н т е р е с н о  з а т о  и т о , что о б е  эти  т о л щ и  и м е ю т  н е б о л ь ш и е  g по  б у р о 

вы м  с к в а ж и н а м  с к о р о с т и  в в е р х у  б о л е е  р ы х л ы е , в н и з у  б о л е е  п л отн ы е г л и н ы ,  

а р г и л л и т ы .

И з - з а  п л о т н ы х  г л и н  с в ы с о к о й  п л о с к о с т и , и б а з а л ь т о в , за л е г а ю щ и е  п о д  

э ф ф у зи в н ы м и  о б р а з о в а н и я м и , н еза в и си м о  о т  б о л ь ш и х  и зм ен ен и й  г л у б и н ы
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». тип.
О 5 10 15 20 КМ

ф у н д а м е н т а  Б у г е  м е н е е  х а р а к т е р н ы е , о т ч е т л и в ы е , чем  в п р е д ы д у щ е м  с л у ч а е .

Т р е т и й  т и п  ( р и с . З ) .  В  д а н н ы й  т и п  в к л ю ч а ю т с я  б а с с е й н ы  м е л к о й  и с р е д 

н е й  г л у б и н ы  з а л е г а н и я  ф у н д а м е н т а .

С а м а я  х а р а к т е р н а я  и х  ч е р т а , с о в п а д е н и е  с е й с м и ч е с к и х  и э л е к т р и ч е с к и х  

г р а н и ц , з н а ч и т  у р о в е н ь  в ы с о к о й  с к о р о с т и  с е й с м и ч е с к и х  в о л н , с о в п а д а е т  с 

г р а н и ц е й  Т а к  к а к  в д о л ь  р а з р е з а  н е б о л ь ш и е  и зм е н е н и я  м а г н и т н ы х  а н о 

м а л и й  х о р о ш о  к о р р е л и р у ю т  и зм е н е н и е м  м о р ф о л о г и и  ф у н д а м е н т а  п р е д п о л а г а 

е т с я , ч то  ф у н д а м е н т  с о с т о и т  и з  с л а б о -о с н о в н ы х  ( в е р х н е п а л е о з о й с к и х )  о б р а з о 

в а н и й . В  п р е д е л а х  о с а д о ч н о й  т о л щ и  н е т  о с н о в н ы х  э ф ф у зи в о в , и с р е д н я я  п л о т 

н о с т ь , с р е д н е е  q в д о л ь  р а з р е з а  о ч е н ь  с л а б о  м е н я е т с я . Э то я в л я е т с я  с л е д с т в и е м  

с о в п а д е н и я  т е л л у р и ч е с к и х  и Б у г е  а н о м а л и й  о т  м о р ф о л о г и й  ф у н д а м е н т а .  

З а т о  о с а д о ч н а я  т о л щ а  я в л я е т с я  н е о д н о р о д н о й , гл ав н ы м  о б р а з о м , п о  В Э З ,  но  

о п р а в д в е т с я  эт а  н е о д н о р о д н о с т ь  и п о  ег о  б у р е н и я м . С о п р о т и в л е н и е  ч а ст о  

м е н я е т с я ,  что с о о т в е т с т в у е т  ч е р е д о в а н и е м  с л о е в  г л и н , п е с к о в , к о н г л о м е р а т о в  

и п е с ч а н н и к о в , но  б ы в а ю т  п р е с н о в о д н ы е  и з в е с т н я к и . Н о  н ам  н у ж н о  за м е т и т ь ,  

ч то  ч а с т о  о д и н а к о в ы е  п а р а м е т р ы  н е  о з н а ч а ю т  о д и н а к о в ы е  о б р а з о в а н и я .
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III. Т И П .

О 5 10 15 20 КМ

Г е о л о г и ч е с к и е  и с с л е д о в а н и я , б у р е н и я  д о к а з ы в а л и , что т о л щ а , с  д  =  

=  6 0 — 8 0  ом м  м е с т а м и  п р е д с т а в л я ю т  э ф ф у зи в ы , и н о г д а  с у х и е  гл и н ы , н о  м о г у т  

б ы т ь  и к о н г л о м е р а т ы , п е с к и  с в о д о й , б е з в о д н ы е  п е с ч а н и к и . Н о  п р и  II  Н ем  

т и п е  п р и с у т с т в и е  э ф ф у з и в о в  и с к л ю ч а е т  о т с у т с т в и е  м е с т н ы х  г р а в и т а ц и о н н ы х  

и  м а г н и т н ы х  а н о м а л и й .

Н и з к о е  с о п р о т и в л е н и е  б о л е е  г л у б о к и х  г о р и з о н т о в  у к а зы в а е т , г л а в н ы м  

о б р а з о м , н а  п р и с у т с т в и е  г л и н ы . Т о л щ а  г л и н ы  м о ж е т  п р е р ы в а т ь с я  п р о с л о я м и  

к о н г л о м е р а т о в , н а  п р и с у т с т в и е  к о т о р ы х  м о ж е м  с у д и т ь  н а  о с н о в е  с л а б о  п р о 

я в л я ю щ е г о с я  о т р а ж е н и я  с е й с м и ч е с к и х  в о л н , с  п о в е р х н о с т и  г о р и з о н т а  с к о 

р о с т ь ю  о т  2 9 0 0  д о  3 3 0 0  м /с е к .

Ч е т в е р т ы й  т и п  ( р и с .  4 ) .  Н а  о с н о в е  г е о ф и з и ч е с к и х  и с с л е д о в а н и й  н а 

и б о л е е  т р у д н о  и н т е р п р е т и р у е т с я  д а н н ы й  т и п  с т р о е н и я . Г р а н и ц а  с о т 

ч е т л и в о  н а х о д и т с я  н а  4 0 0 —  5 0 0  м  вы ш е, ч ем  г р а н и ц а  с т р о е н и я  с е й с м и ч е с к и х  

в о л н  5 5 0 0 — 6 0 0 0  м /с е к  (н а  р и с у н к е  о т  0  д о  15 к м ) .  Н а  у ч а с т к е  м е л к и х  г л у б и н  

( о т  0  д о  5  к м ) п о л у ч и л и  о б ъ я с н е н и е  д а н н о г о  я в л е н и я :  з д е с ь  у ж е  в г л у б и н е  

Н  =  6 0  м  в ск р ы л и  б у р о в ы м и  с к в а ж и н а м и  а н д е з и т .
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IV. тип.
0 5 10 15 20 КМ

У р о в е н ь  в ы с о к о й  с к о р о с т и  с е й с м и ч е с к и х  в о л н  на  у ч а с т к е  0 — 15  к м  м о 

ж е м  с о п о с т а в и т ь  а н д е з и т о м , н а  о с н о в е  м а г н и т н ы х  а н о м а л и й  и д а н н ы х  б у р е 

н и я . А н д е з и т  я в л я е т с я  к р о в л е й  о б я з а т е л ь н о  о с а д о ч н ы х  п о р о д , т а к и х  к а к  

гл и н ы  g =  8 — 11 о м м , а р г и л л и т ы ; а  к р и с т а л л и ч е с к и й , б о л е е  д р е в н и й  ф у н д а 

м е н т  н а х о д и т с я  п о д  э т о й  т о л щ и . Т а к  к а к  с к о р о с т ь  р а с п р о с т р а н е н и я  с е й с м и 

ч е с к и х  в о л н  в ф у н д а м е н т е  м е н ь ш е  и л и  р а в н о  с к о р о с т и  в а н д е з и т а х ,  ф у н д а 

м е н т  н е  о п р е д е л я е т с я  с п о м о щ ь ю  M O B . З а т о  а н д е з и т  — к р о м е  у ч а с т к а  п р о 

ф и л я  7  к м  — н е  и м е е т  б о л ь ш о й  м о щ н о с т и , т а к  к а к  д л я  В Э З  д а н н ы й  у р о в е н ь  н е  

я в л я е т с я  q„ .

Н а  у ч а с т к е  1 4 — 2 0  к м  в д о л ь  м н о г о ч и с л е н н ы х  р а зл о м о в  п о д н я л с я  на  

п о в е р х н о с т ь  б о л е е  д р е в н и й  — п а л е о з о й с к и й  —  ф у н д а м ен т , с о с т о я щ и й  и з  

э ф ф у з и в о в . М а г н и т н ы е а н о м а л и и  — х а р а к т е р н о  д л я  д р е в н и х  п а л е о з о й с к и х  

э ф ф у з и в о в  — и м е ю т  о т н о с и т е л ь н о  о т р и ц а т е л ь н ы е  в ел и ч и н ы . Г р а в и т а ц и о н н ы е  

а н о м а л и и  г р у б о , н о  с о в п а д а ю т  с  м о р ф о л о г и е й  к р о в л и  ф у н д а м е н т а , н о  ч у в 

с т в у е т с я , что н а и б о л е е  г л у б о к и е  ч а ст и  б а с с е й н а  за п о л н е н ы  о т л о ж е н и я м и  б о л е е  

в ы с о к о й  п л о т н о с т и . Т е л л у р и ч е с к и е  а н о м а л и и  н а х о д я т с я  в х о р о ш е м  с о в п а -
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д е н и и  з о н д и р о в а н и я м и , н о  п о р о ж а е т  у ч а с т о к  о т  1 4 — 18 к м , св я за н о  с  к о т о р ы м  

н у ж н о  за м е н и т ь , что п е р п е н д и к у л я р н о  н а  э т о т  у ч а с т о к  п о м еш а л о  с и л ь н о е  

к а н а л и з а ц и о н н о е  д е й с т в и е . П о д  эти м  и м е е т с я  т о ,  что в п р е д е л а х  д а н н о г о  

у ч а с т к а  п р о х о д и т  з о н а  т р е щ и н о в а т о с т и , к о т о р а я  х о р о ш о  о п р е д е л я е т с я  и  с е й 

с м о р а з в е д к о й , и в к о т о р о й  м о г у т  бы ть э л е к т р и ч е с к и  х о р о ш о  п р о в о д я щ и е  ( н а 

п р и м е р , р у д н ы е ) зо н ы .
О с а д о ч н ы е  о б р а з о в а н и я , п о к р ы в а ю щ и е  т о л щ у  в ы со к о й  с к о р о с т и  —  к а к  

и  в т р е т ь е м  т и п е  —  п р е д с т а в л я ю т  с о б о й  ч е р е д о в а н и е  сл о е в  п е с к а , г л и н ы ,  

п е с ч а н н и к а  и к о н г л о м е р а т а , и  и м ею т к о н с о о б р а з н о е  ст р о е н и е .

П я т ы й  т и п  (р и с . 5 ) .  О т н о с и т е л ь н о е  п р о с т о е  с т р о е н и е , п о х о ж е  н а  т р е 

т и й  т и п , в эт о м  с м ы с л е , е г о  с е й с м и ч е с к и й  у р о в е н ь  в ы с о к о й  ск о р о ст и  п р и м е р н о  

с о в п а д а е т  с у р о в н е м  q „ .  М е с т а м и  п о я в л я е т с я  г р а н и ц а  со  ск о р о ст ь ю  4 0 0 0  м /с е к ,  

к о т о р а я  т а к ж е ,  к а к  во  в т о р о м  т и п е  с в я за н а  б а з а л ь т а м и . П р и п о д н и м а н и е  ф у н д а 

м е н т а  в у ч а с т к е  1 5 — 2 0  к м , г р а в и т а ц и о н н ы й  и т е л л у р и ч е с к и й  м а к с и м у м , и 

о т р и ц а т е л ь н ы е  м а г н и т н ы е  а н о м а л и и  к а к  и  в п е р в о м  т и п е  п р е д с т а в л я ю т  э ф ф у -  

зи в ы  п а л е о з о й с к о й  г р у п п ы . Н о в о е , что в э т о м  с л у ч а е ,  и з-за  н е д о с т а т о ч н о г о
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VI. ТИП.
О 5 10 15 20 КМ

Рис. 6

к о л и ч е с т в а  г е о ф и з и ч е с к и х  д а н н ы х , т о л ь к о  п о  б у р е н и я м  п о л у ч и л и  д о с т а т о ч 

н у ю  и н ф о р м а ц и ю  о в е р х н е й  2 0 0 — 3 0 0  м е т р о в о й  т о л щ е . В  эт о м  и н т е р в а л е  

в с к р ы л и  н е с к о л ь к о  р а з  с л о и  б а за л ь т о в , м о щ н о с т ь ю  1 0 — 3 0  м , д а ж е  на  т е х  

м е с т а х , гд е  на в е с ь  р а з р е з  х а р а к т е р н о  с л а б ы е  п о л о ж и т е л ь н ы е  м а г н и т н ы е  
а н о м а л и и .

С к о р о ст ь  с е й с м и ч е с к и х  в о л н  в к о н г л о м е р а т а х  м ест а м и  н е  п р е в ы ш а л а  

2 0 0 0  м /с е к . Н а  м н о г и х  у ч а с т к а х  р а зр е з а  м о щ н о с т ь ю  н е с к о л ь к о  с о т е н  м е т р о в  — 

в с к р ы л и  б у р о в ы м и  с к в а ж и н а м и , но н е д о б у р и л и  д о  п о д о ш в ы  — к о н г л о м е р а 

ты  с Q =  10— 11 о м м .

Ш е с т о й  т и п  (р и с . б ) . Б ы в а е т  на о т н о с и т е л ь н о  н е б о л ь ш о м  у ч а с т к е . Х а 

р а к т е р н о , что у ж е  о т  п о в е р х н о с т и  д о  г л у б и н ы  п р и м е р н о  1 0 0 0  м е т р о в  з а л е г а е т  

т о л щ а , с к о р о с т ь ю  с е й с м и ч е с к и х  в ол н  3 5 0 0  м /с е к , в е р х н я я  1 5 0 — 2 5 0  м е т р о в а я  

зо н а  к о т о р о й , в е р о я т н о , г л и н а , а р г и л л и т  с  д  =  3 — 5  о м м . П о д  н и м и  д о  10 0 0  

м е т р о в  п р е д п о л а г а е м  п р и с у т с т в и е  т о л щ и  к о н г л о м е р а т а , на о с н о в е  в ы со к о й  

с р е д н е й  п л о т н о с т и  (1 . Р а з р е з  Б у г е ) ;  в ы с о к о й  в ел и ч и н ы  q к а ж у щ е г о с я  с о 

п р о т и в л е н и я  ( В Э З  и т е л л у р и ч е с к и й  п р о ф и л ь )  и н е й т р а л ь н о й  м а г н и т н о й

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



300 Л . НЕМЕШ И и др.

VII. ТИП.
О 5 10 15 20 КМ

Рис. 7

в е л и ч и н е .  П о сл е  с о п о с т а в л е н и й  с г е о л о г и ч е с к и м и  и с с л е д о в а н и я м и , и н т е р е с 

н ы м  с о в п а д е н и е м  я в л я е т с я  т о , что п р и  11 км  н а х о д и т с я  р а зл о м , о т ч е т л и в о  вы 

р а ж е н н ы й  и на п о в е р х н о с т и ,  в д о л ь  к о т о р о г о  у ч а с т к а  0 — 11 к м  п р и п о д н я т , и 

б о л е е  м о л о д ы е  (м е н е е  п л о т н ы е )  о б р а з о в а н и я  п о д в е р г а л и с ь  в ы н о с у . Н а  этом  

у ч а с т к е  о б р а зо в а н и я  ю р с к о й  и н и ж н е г о  о т д е л а  м е л о в о й  си с т е м  н а х о д я т с я  на  

п о в е р х н о с т и .  У ч а с т о к  о т  11 д о  2 0  к м  п о -с у щ е с т в у  с о в п а д а е т  с  п е р в ы м  т и п о м .

С е д ь м о й  т и п  (р и с . 7 ) . Я в л я е т с я  х а р а к т е р н ы м  на 2 0 %  о т  в с е й  т е р р и т о р и и  

н а ш и х  и с с л е д о в а н и й . Н а  г р а в и т а ц и о н н ы х  и т е л л у р и ч е с к и х  к а р т а х  п о 1)™  п о л 

н о с т ь ю  о т с у т с т в у ю т  а н о м а л и и , х о т я  ф у н д а м е н т  в ы со к о й  с к о р о с т и  д о  н а ч а л а  

р а з р е з а  с 5 0 0  м о п у с к а е т с я  д о  1 5 0 0  м . Н а  м е с т е  у г л у б л е н и я  ф у н д а м е н т а  п о 

я в л я е т с я  ч етк ая  п о л о ж и т е л ь н а я  м а г н и т н а я  а н о м а л и я  и с е й с м и ч е с к а я  г р а 

н и ц а  ( =  п о к р о в  б а з а л ь т а )  с о  с к о р о с т ь ю  4 0 0 0  м /с е к  на  г л у б и н е  1 5 0 — 3 0 0  м . 

Т о л щ а , м о щ н о ст ь ю  б о л ь ш е  ч ем  100 0  м ; с р е д н е й  с к о р о с т ь ю  4 0 0 0  м /с е к , и 

у д е л ь н ы м  с о п р о т и в л е н и е м  1 9 — 2 2  ом м  н и  в к о е м  с л у ч а е  н е м о ж е т  бы ть  ч и сты й  

б а з а л ь т ;  нам  н у ж н о  п р е д п о л а г а т ь ,  что в н ем  п р и с у т с т в у ю т  п р о с л о и  гл и н ы  

—  г л а в н ы м  о б р а зо м  — к о н г л о м е р а т о в  и п е с ч а н н и к о в . Т о л щ а  о б я з а т е л ь н о
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Рис. 8

д о л ж н а  с о с т о я т ь  и з  т о н к и х  п р о с л о е в , т а к  к а к  н и  с е й с м о р а з в е д к а , н и  В Э З  н е  

м о г л и  р а с ч л е н и т ь  м о щ н у ю  т о л щ у  на с л о и .

В  к о н ц е  к о н ц о в  о к о н т у р и в а н и е  11 б а с с е й н о в  и п о с т р о е н и е  с е м и  в ы ш е

о п и с а н н ы х  м о д е л е й  д а л и  в о з м о ж н о с т ь  п о с т р о е н и я  с т р у к т у р н о й  к а р т ы , и 

о к о н т у р и в а н и ю  у ч а с т к о в  р а с п р о с т р а н е н и я  эф ф у зи в о в . П р и  п о с т р о е н и и  

к а р т ы  г л у б о к о й  с т р у к т у р ы  и к ар ты  ф у н д а м е н т а  и с х о д и л и  и з т о г о  м е т о д а ,  что 

п р и н я л и  н а и г л у б о к и й  у р о в е н ь  и ст и н н ы м  и з  в с е х  г л у б и н , п о л у ч е н н ы х  г е о 

д е зи ч е с к и м и  м е т о д а м и . В  г е о л о г и ч е с к о й  ф о р м у л и р о в к е  э т о т  « ф у н д а м е н т »  

п р е д с т а в л я е т  с о б о й  т а к у ю  п а л е о з о й с к у ю  п о в е р х н о с т ь , п о д  к о т о р о й  р ы х л ы е  

о с а д о ч н ы е  о б р а з о в а н и я  о т с у т с в у ю т . Д а н н а я  г л у б и н а  с о о т в е т с т в у е т  —  к р о м е  

ч е т в е р т о г о  т и п а  —  с к о р о с т и  с е й с м и ч е с к и х  в о л н  5 5 0 0 — 6 0 0 0  м /с е к ,  а  в ч ет 

в е р т о м  т и п а  И с с л е д о в а л и  д а л е е  и т о , ч то  р е зу л ь т а т ы  р а з н о о б р а з н ы х  г е о 

ф и з и ч е с к и х  м е т о д о в  (г л а в н ы м  о б р а з о м , г р а в и т а ц и о н н ы х  и т е л л у р и ч е с к и х  

м е т о д о в )  в к а к и х  с л у ч а я х  м о ж е м  п р и м е н я т ь  д л я  о п р е д е л е н и я  г л у б и н ы  з а л е 

г а н и я  ф у н д а м е н т а  н а  т е х  м е с т а х , г д е  н е  п р о в о д и л а с ь  с е й с м о р а з в е д к а , и л и  

В Э З  с о о т в е т с т в у ю щ е е  р а д и у с у  A B ,  с к р ы в а ю щ и й  ф у н д а м е н т . П е р в ы й  р а з  

и с с л е д о в а л и , что к а к а я  к о л и ч е с т в е н н а я  з а в и с и м о с т ь  с у щ е с т в у е т  м е ж д у  с е й 

см и ч е с к и м и  г у л б и н а м и  и а н о м а л и я м и  Б у г е .  Н а  р и с . 8  о т д е л ь н ы е  т о ч к и  м н о 

ж е с т в а  п о л у ч и л и  т а к , что в за в и с и м о с т и  о т  г л у б и н ы  з а л е г а н и я  с л о я  в ы с о к о й
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с е й с м и ч е с к о й  с к о р о с т и  и з о б р а ж а л и  а н о м а л и ю  Б у г е .  Э тот  р и с у н о к  н а  п е р в ы й  

в з г л я д  п о к а з ы в а е т  н а  з н а ч и т е л ь н у ю  н е о д н о р о д н о с т ь  п л о т н о ст и  о с а д о ч н о й  

т о л щ и . Б о л е е  о т ч ет л и в ы е  р е з у л ь т а т ы  п о л у ч а е м  в т о м  с л у ч а е , е сл и  р а с с м о т р и м  

о т д е л ь н о  т о ч к и , с о о т в е т с т в у ю щ и е  р а н н е е  о п и с а н н ы м  г е о л о г и ч е с к и м  м о д е л я м  

( I — V I I  т и п ы ).

Т о ч к и  о д и н а к о в ы х  г е о л о г и ч е с к и х  м о д е л е й  о т н о с и т е л ь н о  н е б о л ь ш и м  

р а з б р о с о м  о п р е д е л я ю т  п р я м ы е , к о т о р ы е  п о к а з ы в а е м  на р и с у н к а х . С а м а я  

в е р х н я я  к р и в а я  с о о т в е т с т в у е т  б а с с е й н а м , к о т о р ы е  за п о л н е н ы  о с а д к а м и  н а 

и б о л ь ш е й  п л о т н о с т и  ( V I .  и  V I I  т и п ы ). З д е с ь  п р е д п о л а г а л и  т о л щ у  и з  б а з а л ь т о в  

и  к о н г л о м е р а т о в , м о щ н о с т ь ю  вы ш е 1 0 0 0  м . П р я м а я , р а с п о л о ж е н н а я  п о д  э т о й  

п р я м о й , х а р а к т е р и з у е т  I I .  т и п , в к о т о р о м  з а м е ч а е т  зн а ч и т е л ь н о е  к о л и ч е с т в о  

б а з а л ь т о в ,  но п ом и м о  б а з а л ь т о в  с о д е р ж и т  п л о т н ы е  гл и н ы . С л е д у ю щ а я  п р я 

м а я  х а р а к т е р н а  д л я  г л у б о к о г о  б а с с е й н а  V . т и п а ,  в к о т о р о м  у ж е  к о л и ч е с т в о  

э ф ф у з и в о в  и к о н г л о м е р а т о в  п о  с р а в н е н и ю  с п р е д ы д у щ и м  м ен ь ш е . С л е д у ю щ и е  

т р и  п р я м ы х  х а р а к т е р н ы  д л я  б а с с е й н а  н е б о л ь ш о й  г л у б и н ы , и и з к о т о р ы х  у ж е  

о т с у с т с т в у ю т  эф ф у зи в ы .

М о ж н о  за м е т и т ь , ч то  ч ем  м ен ь ш е  с р е д н я я  п л о т н о с т ь , тем  б о л ь ш е  п р и з н а 

к о в  п р и с у т с т в и я  по д а н н ы м  с е й с м о р а з в е д к и  и э л е к т р о р а з в е д к и  в у л к а н и ч е с к о 

г о  м а т е р и а л а ,  к о н г л о м е р а т а , и п л о т н ы х  г л и н . Т а к  н и ж н и е  тр и  п р я м ы е  —  с в е р 

х у  н а  н и з  — х а р а к т е р н ы  н а  I , IV  и II I  т и п .

С л е д у ю щ и м  ш а г о м  о п р е д е л и л и , что н а  р а з л и ч н ы е  у ч а с т к и  и с с л е д о в а н и й  

и з  п р я м ы х  р и с . 8 . к а к и е  п р я м ы е  х а р а к т е р н ы , а  п о т о м  с  и с п о л ь зо в а н и е м  э т и х  

з а в и с и м о с т е й  о п р е д е л и л и  г л у б и н ы , на  в с е х  п и к е т а х  г р а в и р а з в е д к и . Д а н н ы й  

п о д х о д  п р е д п о л а г а е т , что п л о т н о с т ь  ф у н д а м е н т а  н е  м е н я е т с я , что в ы п о л н я е т 

с я  т о л ь к о  ч а ст и ч н о . П о э т о м у  п р и ш л о с ь  о п р е д е л и т ь  г л у б и н ы  и с п о м о щ ь ю  

д р у г и х  м е т о д о в .

В Э З  о т н о с и т е л ь н о  н е б о л ь ш о г о  к о л и ч е с т в а  н е п о с р е д с т в е н н о  у к а з ы в а е т  

н а  г л у б и н ы  з а л е г а н и я  ф у н д а м е н т а , а  т е л л у р и ч е с к и й  м е т о д  т о л ь к о  в т о м  с л у 

ч а е , е с л и  с р е д н е е  с о п р о т и в л е н и е  о с а д о ч н ы х  т о л щ  по д р у г и м  м е т о д а м  у ж е  

о п р е д е л и л и .  У с л о в и е м  п р и м е н е н и я  э л е к т р о р а з в е д к и  я в л я е т с я  и с с л е д о в а н и е ,  

п о  к о т о р о й  р а с с м о т р и м , что « ф у н д а м ен т » , г д е  д а е т  О б я за т е л ь н о  п р и д е т с я  

и с к л ю ч а т ь  и  т е  о б л а с т и , г д е  т е л л у р и ч е с к и е  а н о м а л и и  о б у с л о в л е н ы  н е о д н о р о д 

н о с т ь ю  ф у н д а м е н т а , к а к  н а п р и м е р , на  н е к о т о р ы х  у ч а с т к а х  I и IV  т и п о в .  

Д а л е е ,  р а с с м о т р е л и , ч то  у  I , I I . ,  IV  т и п о в  у р о в е н ь  д е й с т в и т е л ь н о  с о о т в е т 

с т в у е т  л и  ф у н д а м е н т у , и л и  т о л ь к о  к а к а я -т о  э к р а н и р у ю щ а я  п о в е р х н о с т ь , п о д  

к о т о р о й  е щ е  м о г у т  бы ть о с а д о ч н ы е  о б р а з о в а н и я  н и зк и м  с о п р о т и в л е н и е м , и и з 

м е р е н и я  м е т о д о м  В Э З  о п р е д е л и л и  у р о в н е м  « р „ » , т о л ь к о  п о т о м у , ч то  к р и в ы е  

В Э З ,  в с т у п а ю щ и е  н а в е р х  п о д  у г л о м  4 5 °  н е  п р о д о л ж и л и  д а л ь ш е  и з м е р я т ь  и л и  

и м е е т с я  т а к а я  о б л а с т ь , д л я  к о т о р о й  х а р а к т е р н о  э л е к т р и ч е с к о е  с т р о е н и е  т и п а  

« Л »; и  к р и в а я  я в л я е т с я  к о р о т к о й  д л я  н а й д е н н о й  и н т е р п р е т а ц и и . Д л я  д е 

м о н с т р а ц и и  и с с л е д о в а н и й  п р о б л е м  т а к о г о  х а р а к т е р а  с л у ж и т  р и с . 9 ,  н а  к о т о 

р о м  и с с л е д о в а л и  о к о л о  2 0 0  к р и в ы х  В Э З , и м е ю щ и е  о к о н ч а н и е  п о д  у г л о м  4 5 ° .
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З д е с ь  и з о б р а з и л и  з н а ч е н и я  S  к р и в ы х  В Э З ,  в з а в и с и м о с т и  о т  з н а ч е н и я  А ~ х 

т е л л у р и ч е с к и х  н а б л ю д е н и й , п о л у ч е н н ы х  н а  т е х  ж е  са м ы х  п и к е т а х  п р о ф и л е й .

П р и  б о л е е  т щ а т е л ь н о м  и с с л е д о в а н и и  р и с у н к а  з а м е т и л и , ч т о  т е  точ к и  

к о т о р ы е  с о о т в е т с т в у ю т  д а н н ы м  т а к и х  м е с т  н а б л ю д е н и й , п р и  к о т о р ы х  у р о в н и  

В Э З  с о о т в е т с т в у ю т  у р о в н я м  в ы с о к и х  с е й с м и ч е с к и х  с к о р о с т е й  и л и  н а х о д 

я т с я  г л у б ж е  р а с п о л о ж е н н ы е  в л е в о м  в е р х н е м  к в а д р а т е  р и с у н к а .  У с р е д н и в  

эт и  т о ч к и , п о л у ч и л и с ь  т а к и е  п р я м ы е , р а з б р о с  к о т о р ы х  н е  б о л ь ш е , ч ем  п о г 

р е ш н о с т ь  т е л л у р и ч е с к и х  и з м е р е н и й , и В Э З .

Д л я  в т о р о й  п о л о в и н ы  т о ч е к  в п р а в о й  н и ж н е й  ч асти  р и с у н к а  х а р а к т е р н о  

т о , что о н и  о т н о с и т с я  б е з  и с к л ю ч е н и я  у ч а с т к а м  I и II т и п о в . З н а ч и т , эт и  те  

т о ч к и , на м е с т е  и з м е р е н и й  к о т о р ы х  у р о в е н ь  з о н д и р о в а н и й  с о о т в е т с т в у е т  

сей сл  и ч еск и м  у р о в н я м , с к о р о с т ь ю  3 3 0 0 — 4 0 0 0  м /с е к , з н а ч и т  п о в е р х н о с т и  

в у л к а н и ч е с к и х  о б р а з о в а н и й , п о к р ы в а ю щ и е  о с а д о ч н у ю  т о л щ у . З н а ч и т  эти  

г л у б и н ы , т о л ь к о  к а ж у щ и е с я  у р о в н и  q „. Этот вывод о п р а в д ы в а ю т  и т е  т е л 

л у р и ч е с к и е  и с с л е д о в а н и я , к о т о р ы е  и м е л и  б о л ь ш е  г л у б и н н о с т ь  и с с л е д о в а н и й .
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Т о л щ и  у ч а с т к о в  I и IV  т и п о в  и м е ю т  ч е р е д о в а н и е  г л и н к о н г л о м е р а т о в  ф у н д а 

м е н т а ,  и  с т р о е н и е  т и п а  «А », в  со о т в ет ст в и и  с  р и с у н к о м  №  9 , к о н т р а с т н о с т ь  

м е ж д у  г л и н а м и  с о п р о т и в л е н и е м  3 — 4  ом м  и к о н г л о м е р а т а м и  с о п р о т и в л е н и е м  

6 0 — 8 0  о м м , б о л ее  з н а ч и т е л ь н а я ,  чем  м е ж д у  к о н г л о м е р а т а м и  и ф у н д а м е н т о м .  

Т о ч к и  р и с . 9 , п о л у ч е н н ы е  с  у ч а с т к о в  I . и IV . т и п о в  и м е ю т  н е зн а ч и т е л ь н ы й  

р а з б р о с  о т  в ы р а в н ен н о й  п р я м о й  S  =  { (А -1), с у ч е т о м  п о г р е ш н о с т и  и зм е р е н и й .  

Н о  д л я  т о ч е к  у ч а с т к а  I I .  т и п а  х а р а к т е р е н  б о л ь ш о й  р а з б р о с  о т  в ы р а в н е н и й  

п р я м о й . И з  эт о го  м о ж н о  с д е л а т ь  с л е д у ю щ и е  в ы в о д ы : м е ж д у  у р о в н я м и  д „  

т е л л у р и ч е с к и х  и с с л е д о в а н и й  и в е р т и к а л ь н ы х  э л е к т р и ч е с к и х  з о н д и р о в а н и й  

р а с п о л о ж е н а  т о л щ а , г л а в н ы м  о б р а зо м , х а р а к т е р н ы м  н и зк и м  э л е к т р и ч е с к и м  

с о п р о т и в л е н и е м , з н а ч и т  у р о в е н ь  4 0 0 0  м /с е к  и « g „ »  я в л я е т с я  т о л ь к о  « э к р а 

н о м » , н а п р и м е р , п о к р о в н ы м  б а за л ь т о м , п о д  к о т о р ы м  з а л е г а ю т  ещ е о б р а з о в а 

н и я  с  н и зк и м  с о п р о т и в л е н и е м . Э ти о б р а з о в а н и я  с  н и з к и м  с о п р о т и в л е н и е м  

м о ж е м  о х а р а к т е р и з о в а т ь  е д и н с т в е н н ы м  п а р а м е т р о м  —  и х  п р о в о д и м о с т ь ю  

( / 1 S ) .  З н а ч е н и я  п р о в о д и м о с т и  ( z lS )  м о ж е м  о п р е д е л и т ь  и з  с л е д у ю щ и х  р а с с у ж 

д е н и й :  е с л и  к р и в у ю  В Э З  п р о д о л ж и л и  бы д а л ь ш е  и з м е р я т ь  д о  т е л л у р и ч е с к о г о  

у р о в н я  т о гд а  и з  к р и в ы х  В Э З  м о гл и  бы о п р е д е л и т ь  т а к у ю  в е л и ч и н у  S, 
к о т о р а я  со в п а д а л а  бы  с к а к о й - т о  то ч к о й  А - 1 в ы р а в н е н н о й  п р я м о й  р и с у н к а  

№  9 .  З н а ч и т , и з р и с у н к а  м о ж е м  о п р е д е л и т ь  п о  т о ч к а м  т е  р а зн е с т и  S,  к о т о р ы е  

п о л у ч и л и  бы при п р о д о л ж е н и и  и зм ер ен и я  к р и в о й  В Э З .  О тм ети м , что е с л и  

п р е д п о л а г а е м  с о в п а д е н и е  с е й с м и ч е с к о г о  у р о в н я  в ы с о к о й  с к о р о с т и  и т е л л у 

р и ч е с к о г о  у р о в н я  с т о г д а  и з  вел и ч и н ы  A S  и д а л е е  и з  д и ф ф е р е н ц и и  по  

г л у б и н е  у р о в н е й  4 0 0 0  м /с е к  и  в ы со к о й  с к о р о с т и  м о ж е м  о п р е д е л и т ь  у д е л ь н о е  

с о п р о т и в л е н и е  э к р а н и р у ю щ е й  т о л щ и , к о т о р о е  п р и  I I .  т и п е  о к а за л о с ь  р а в н ы м  

2 — 5  о м м . П о эт о м у  м ы  п р е д п о л а г а л и  зд е с ь  а р г и л л и т ы  и гл и н ы , п о к р ы т ы е б а 

з а л ь т а м и . В  к о н ц е  к о н ц о в  и з  з о н д и р о в а н и й , п о п а в ш и е  в в ы р а в н е н н о й  п р я м о й  

р и с .  9  м о ж е м  н е п о с р е д с т в е н н о  р а ссч и т а т ь  г л у б и н ы . И  п р и  э л е к т р и ч е с к и х  м е 

т о д а х  р а з в е д к и  и м еет ся  е щ е  о д н а  в о з м о ж н о с т ь  —  м о ж е м  о п р е д е л и т ь  с р е д н е е  

с о п р о т и в л е н и е  о с а д о ч н о й  т о л щ и . П о с л е д н е е  м о ж е м  и с п о л ь з о в а т ь  — п р и  и з о б 

р а ж е н и и  в в и д е к а р т  —  д л я  т р а н с ф о р м а ц и и  т е л л у р и ч е с к и х  зн а ч е н и й  в в е л и 

ч и н у  г л у б и н . Д а н н а я  к а р т а  н е  р а с п р о с т р а н я е т с я  н а  у ч а с т к и , на  к о т о р ы х  

и м е е т с я  р а зв и т и е  э к р а н и р у ю щ и х  т о л щ и н , но  и д л я  э к р а н и р у ю щ и х  т о л щ и н  

м о ж е м  п о л у ч и т ь  п р и б л и з и т е л ь н о е  с р е д н е е  с о п р о т и в л е н и е  та м , г д е  п р е д п о л а 

г а е т с я  т о ж д е с т в о  у р о в н е й  д ^  т е л л у р и ч е с к о г о  м е т о д а  и в ы с о к и х  с к о р о с т е й  с е й 
с м о р а з в е д к и .

Н а  р и с . Ю зн а ч е н и ю  в е л и ч и н ы  т е л л у р и ч е с к о г о  б а з а  А - 1 =  1 ,0 0  п р и н а д 

л е ж и т  с е й с м и ч е с к а я  г л у б и н а  —  сл у ч а й н о  —  к а к  р а з  1 0 0 0  м ( # с) . Ч е р е з  

д а н н у ю  т о ч к у  и н а ч а л о  к о о р д и н а т  п р о в ед ем  п р я м у ю  д'а =  1 (зн а ч и т , с о п р о 

т и в л е н и е  о т л о ж е н и й  н а  т е л л у р и ч е с к о й  б а зе  с ч и т а е м  ед и н и ч н ы м ). С ч и т а я  

в е л и ч и н у  т е л л у р и ч е с к о г о  А - 1 о т н о с и т е л ь н о й  в е л и ч и н е  «S», д л я  з а д а н н о й  

г л у б и н ы  и за д а н н о й  А ~ х в е л и ч и н а м  р а зн ы е да =  c o n s t . ,  зн а ч е н и я  к о т о р ы х  

т е о р е т и ч е с к и м  п у тем  о п р е д е л и л и  и н а ч ер т и л и  н а  р и с .  10. С п о м о щ ь ю  п о с л е д -
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H сейс[м ]

н и х  п р я м ы х  м о ж н о  н а ч е р т и т ь  на в есь  у ч а с т о к  р а б о т  х а р а к т е р н у ю  к а р т у  с о 

п р о т и в л е н и й  о т л о ж е н и й .
В  к о н ц е  к о н ц о в  и з  т е л л у р и ч е с к и х  и зм е р е н и й  и д а н н ы х  с р е д н и х  с о п р о 

т и в л е н и й  с л е д у ю щ и м  о б р а з о м  м о ж е м  п о л у ч а т ь  с в е д е н и я  о  г л у б и н а х :  

и з  з н а ч е н и я  А - 1, с о о т в е т с т в у ю щ и е  о т н о с и т е л ь н ы м  в е л и ч и н а м  S ,  на  о св о в е  

в ы р а в н и в а е м о й  п р я м о й  р и с . 9 , м о ж е м  о п р е д е л и т ь  д е й с т в и т е л ь н ы е  з н а ч е н и я  S ,  

и д а л е е  д л я  т е х  ж е  м е с т  н а б л ю д е н и й  и зм е р е н н ы е , и л и  п о  р и с . 10  р а с с ч и т а н 

н ы е зн а ч е н и я  q„ м о ж е м  п о л у ч а т ь . П о с л е  у м н о ж е н и я  д в у х  д а н н ы х  п о л у ч а е т 

с я  г л у б и н а :  Н  =  S  • Qa .

П р и  п о с т р о е н и и  к а р т ы  г л у б и н  о п о р н ы м и  т о ч к а м и  с л у ж и л и  н е п о с р е д 

с т в е н н ы е  точ к и  г л у б и н  В Э З  и с е й с м о р а з в е д к и .

Н а  т е х  у ч а с т к а х ,  г д е  н е  п р о и з в о д и л и с ь  ни с е й с м и ч е с к и е  р а б о т ы , ни  В Э З ,  

т а м  в м ест о  и н т е р п о л я ц и и  по  о п и са н н ы м  р а с с у ж д е н и я м  и с п о л ь з о з а л л  д а н 

н ы е г р а в и р а з в е д к и , т е л л у р и ч е с к и е  н а б л ю д е н и я  и м е ст н ы е  з н а ч е н и я  с р е д н и х  

с о п р о т и в л е н и й .
И н т е р е с н ы м , н о  т о л ь к о  к а ч ест в ен н ы м  р е зу л ь т а т о м  к о м п л е к с н ы х  и с с л е 

д о в а н и й  я в л я е т с я  к о н т у р и р о в а н и е  и и з о б р а ж е н и е  на к а р т а х  п о г р е б е н н ы х  

э ф ф у зи в о в . Д л я  с о с т а в л е н и я  к ар ты  и с х о д и л и  и з  т о г о , что п о г р е б е н н ы е  в у л 

к а н и ч е с к и е  т е л а , с в я за н н ы е  с ц ен т р а м и  и з в е р ж е н и й  с о з д а ю т  м а г н и т н ы е  и 

г р а в и т а ц и о н н ы е  о с т а т о ч н ы е  а н о м а л и и . Э ти  у ч а с т к и  и з о б р а ж е н ы  на к а р т а х .  

С у ч е т о м  р а сч ет а  м а г н и т н ы х  д е й с т в и й  и к а р т ы  в ы х о д а  м о г л и  р а с ч л е н и т ь  б а 

за л ь т ы  и а н д е зи т ы , и п а л е о з о й с к и е  и м е з о з о й с к и е  эф ф у зи в ы . Г л у б и н у  и х
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з а м е ч а н и я  м о г л и  точ н о  и д о с т о в е р н о  о п р е д е л и т ь  и з  с е й с м о р а з в е д к и  и э л е к т р о 

р а з в е д к и ,  н о  д о в о л ь н о  х о р о ш е е  с о в п а д е н и е  п о л у ч и л и  и з  р а с ч е т а  м а г н и т н ы х  

т е л .  О к о л о  ц ен т р о в  и з в е р ж е н и я  п о я в и л и с ь  э л е к т р и ч е с к и е  э к р а н и р у ю щ и е  

п р о с т о и .  И х  м е с т о п о л о ж е н и е  с о в п а д а е т е  г е о г р а ф и ч е с к и м  м е с т о м  п р а в о й , н и ж 

н е й  ч а с т и  р и с . 9 . Э к р а н и р у ю щ и м и  п р о с л о я м и  я в л я л и с ь  а н д е з и т  — г р а н и ч н о й  

с е й с м и ч е с к о й  с к о р о с т ь ю  5 5 0 0 — 6 0 0 0  м /с е к  и б а за л ь т ы  с к о р о с т ь ю  п р о х о ж д е 

н и я  с е й с м и ч е с к и х  в о л н  4 0 0 0  м /с е к .

Э т и  э к р а н и р у ю щ и е  с в и т ы  и м е ю т  з н а ч и т е л ь н у ю  м о щ н о с т ь  т о л ь к о  о к о л о  

ц е н т р о в  и з в е р ж е н и я , и на  э т и х  м е с т а х  д л я  В Э З  п о я в л я ю т с я  к а к  с л о и  с 

н о  о б х о д я  о т  ц ен т р о в  и з в е р ж е н и я  и х  м о щ н о ст ь  у м е н ь ш а е т с я , и т о л ь к о  с е й 

с м о р а з в е д к о й  в о зм о ж н о  и х  о п р е д е л е н и е ;  а в к о н ц е  к о н ц о в  о н и  н а с т о л ь к о  т о н 

к и е , ч т о  н и  о д н и м  г е о ф и з и ч е с к и м  м е т о д о м  н е л ь з я  о п р е д е л и т ь  х о т я  б у р е н и е  

с к р ы л и  м о щ н о с т и  о т  8  д о  2 0  м е т р о в .

П о  р е зу л ь т а т а м  н а ш и х  и с с л е д о в а н и й  в ы ч ер т и л и  м о щ н ы е  и т о н к и е  э к р а 

н и р у ю щ и е  п р о с л о и . М о ж е м  т в е р д о  с к а з а т ь , что на  т е х  м е с т а х , г д е  н а ш а  к а р т а  

я в л я е т с я  п у с т о й , там  э к р а н и р у ю щ а я  э ф ф у зи в н а я  т о л щ а  м о ж е т  и м ет ь  к р а й н е  

н е з н а ч и т е л ь н ы е  м о щ н о ст и , т а к  к а к  п р и с у т с т в и е  в у л к а н и ч е с к о г о  м а т е р и а л а  не  

м о ж е т  б ы т ь  н е в а ж н о й  п р и  о п р е д е л е н и и  м е с т о п о л о ж е н и й  с к в а ж и н . Н о  в а ж н о  

о т м е т и т ь , ч то  у д е л ь н о е  с о п р о т и в л е н и е  б а за л ь т о в  и н е к о т о р ы х  р а з н о в и д н о с т е й  

а н д е з и т о в  к а к  р а з  с о в п а д а е т  с  в е л и ч и н о й  к а ж у щ и х с я  с о п р о т и в л е н и й  в о д о 

н а с ы щ е н н ы х  п е с к о в  — 6 0 — 8 0  о м м .

П р о с у м м и р о в а т ь  и т о г и  н а ш и х  и с с л е д о в а н и й  т а к  ч у в с т в у е м , что н а ш и  

р а б о т ы  и  р е зу л ь т а т ы  я в л я ю т с я  х о р о ш и м  о б о с н о в а н и е м  п р и м е н е н и я  к о м п л е к с 

н ы х  г е о ф и з и ч е с к и х  м е т о д о в  р а з в е д к и . Г л а в н ы м  о б р а з о м , в с л у ч а е  р а зв е д к и  

б а с с е й н о в ,  за п о л н е н н ы х  т е р р и г е н н ы м и  о б р а з о в а н и я м и —  д л я  к о т о р ы х  х а р а к 

т е р н о  к а к  и ч а ст о е  г о р и з о н т а л ь н о е  и зм е н е н и е  ф и з и ч е с к и х  п а р а м е т р о в , т а к  и 

с о в п а д е н и е  в ел и ч и н  н е к о т о р ы х  ф и з и ч е с к и х  п а р а м е т р о в  р а з н о о б р а з н ы х  о б р а 

з о в а н и й . А  в это м  с л у ч а е  д о с т о в е р н ы е  к а ч е с т в е н н ы е  и б ы ст р ы е р е зу л ь т а т ы  

м о ж е м  п о л у ч и т ь  т о л ь к о  п р и м е н е н и е м  н е с к о л ь к и х  м е т о д о в  р а зв е д к и .

C O M PL E X  G EO PH YSICAL E X P L O R A T IO N  IN  T H E  G OBI D E SE R T
NEMESI, L__BOGNÁR, E.—LAVDANSUREN—HOVHDAN—MAJKUT, T.—TÓTH, CS.

SUM M ARY

T h e paper presents the geological interpretation of the com plex geophysical-hydro
geological exploration  made in the arid-sem iarid Gobi desert.

T he resu lts presented prove th a t  a com m on use of m any geophysical m ethods enables 
con clu sion s w hich could not be reached  using any single m ethod. On the other hand, the  
econom ic advantage of the com plex exp loration  can also be seen. The tricks described here 
can also be used  in  other areas and for other purposes. The authors, how ever, consider it neces
sary to  carry^ out similar com plex ex p loration s in basin areas w ith  terrigenous filling of hori
zonta lly  an d  vertically quickly changin g  character when looking for water. N am ely, certain  
ph ysica l param eters of the productive layers coincide with the param eters o f the unproductive  
ones (e .g . th e  electric resistivity o f th e  productive sand in sim ilar to th a t o f the inproductive  
effusive  form ation s, or in productive sansd the seismic ve loc ity  coincides w ith that in unpro
du ctive  c la y ). U sing sim ultaneously severa l m ethods, the interpretation  can be made unam bi
guous, b u t  the correctness o f the in terp retation s presented here are also supported by m any  
borehole d a ta .
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INSTITUTO ANTARCTICO ARGENTINO, BUENOS AIRES AND LABORATOIRE 

DE GEOOMAGNETISME A L’ECOLE NORMALE SUPÉRIEURE DE PARIS

[M anuscript received April 7, 1981]

The M T-sounding o f Zarate w as made by J. C. Gasco for im plem enting h is m aster’s 
thesis, to be presented at the B uenos Aires U n iversity , Decem ber 15th 1980 [1]. The new  
apparatus and the technical aspect are described in another com m unication [2].

T he position  of th e  site  s tud ied  has th e  coord inates: L a t. =  34° 05 ' 
S o u th , L ong . =  59° 10 ' W est. T he a p p a ra tu s  w as o p era ted  along th e  ru n w a y s  
of th e  a m a te u r  a irp o rt o f Z a ra te  a t  ab o u t 90 k m  W — N W  from  B u en o s A ires. 
G eologically , th e  site  is over th e  cra to n ic  a re a  o f  E a s te rn  A rg en tin e ; th e  age 
is a p p ro x im a te ly  2  • 1 0 9 y ea rs .

T h e  p ro v iso ry  re su lts  are  tw o M T -curves w hich perfectly  co in c id e ; one 
o f th e  te llu ric  lines is p ara lle l to  th e  genera l t re n d  of the  reg ional te c to n ic s  
(N m  54° W m ); th e  o th e r  is o rtho g o n al to  i t .

T h e  d ispersion  o f  th e  in d iv id u a l va lu es  o f  q is very  sm all a cco rd in g  to  
th e  gen era l b eh av io u r o f  M T-results. A te n so ria l analysis is in  p re p a ra tio n .

T h e  sed im en ta ry  sec tion  was d e te rm in ed  b y  an  electric S ch lu m b erg e r 
soun d in g  tran sp o sed  in to  eq u iv a len t MT b y  th e  m eth o d  proposed in  1977 by  
B e n d e r it te r  e t al. [3].

F ig u re  1 show s th e  com m on trace  fo r th e  tw o  curves o b ta in e d  fo r  th is  
p a r tic u la r  sound ing . W e offer here tw o co m m en ts  concerning th? M T -curve 
considering  th a t  th e  se d im e n ta ry  cover has a th ick n ess  of only m  w ith  a 
low  re s is tiv ity  value —  see th e  left sec tion  in  F ig . 1.

1. I f  one in te rm e d ia te  conducting  la y e r  ex is ts  in  th e  low er c ru s t  o r a t 
th e  to p  o f  th e  U p p er M antle  i t  m u st be v e ry  negligible acco rd in g  to  th e  
left-side p o sitio n  and  th e  s tra ig h tn ess  o f th e  ascending  b ran ch  o f  th e  MT- 
curve —  18 cagn iards [4] —  in  th e  te tra lo g a r ith m ic  abacus (from  300 m  to  
300 km ). This is n o t in  fav o u r o f th e  presence  o f  th e  asth en o sp h ere , ex cep t 
if  we ac c e p t th e  d ev e lo p m en t given in  [5] co n cern in g  th e  p ercen tage  o f  m elted  
frac tio n  in  th e  U pper M antle .

2. I n  consequence o f  th e  very  th in  se d im e n ta ry  cover we c a n  assum e 
th a t  th e  h igh  re s is tiv ity  lay e r of th e  U pper M an tle  has a th ick n ess  o f  400 km  
w ith  a m in im u m  re s is tiv ity  o f 1 0 , 0 0 0  ohm  m  in  a whole.

A s an  in h e ren t w eakness o f th e  M T -m ethod , we canno t d e te rm in e  th e  
tru e  sequence  o f th e  re s is tiv ity  values o f th e  lay e rs  th a t  one can  th e o re tic a lly
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Fig. 1. Cross section given by the Zarate MT-sounding interpretation . MT curve Z =  Zarate; 
MT cu rve Ch =  Chivilcoy. The thicknesses and resistiv ities o f  the layers are: 1 m — 10 ohm m ; 
8 m — 1.5 ohm m ; 140 m — 10 ohm m ; 100 m — 3.3 ohm m ; 400 K m — 10,000 ohmm; « K m — 9 ohm m .

N ote: in  (4) we see that: 1 cagniard =  =  0 .0012566 . . . ohm; 1 ohm  =  795.77488 . . .

cagniard

su p p o se  an d  ca lcu la te , considering  th e  case o f  in c reasin g  values o f th e  re s is tiv 
i ty  w ith  d e p th ; th e  e lec trica l sounding m e th o d  is m ore a p p ro p ria te  fo r  th is  
p u rp o se .

T h e  250 m th ick n ess  o f th e  sed im en ta ry  co v er stopped  th e  increasing  
o f  th e  v a lu e  of Q a t  th e  in flex io n  point g iv ing  a th ick n ess  of 400 k m  fo r th is  
h ig h  re s is tiv ity  lay er o f th e  U pper M antle . W e shall try , in  th e  fu tu re , to  
r e p e a t th is  experim en t on  M artin  G arcia I s la n d , 40 km  NW  of B uenos A ires, 
w here  th e  c ra to n  is u n co v ered , to  try  to  f in d  if  th e  re sis tiv ity  o f th is  p a r t  of 
th e  U p p e r  M antle is y e t g re a te r  th a n  w h a t w e fo u n d  a t  th is  Z a ra te  so und ing .

T h e  in te rp re ta tiv e  cu rv e  of th e  M T -sound ing  of Chivilcoy also o n  th e  
c ra to n  a re a  (L a t. =  34° 5 6 ' S o u th , Long. =  70° 0 6 ' W est), is n o t in  c o n tra 
d ic tio n  w ith  th e  d e p th  o f w h a t we nam e th e  u l t im a te  conductive la y e r  below  
Z a ra te .
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МАГНИТОТЕЛЛУРИЧЕСКОЕ ЗОНДИРОВАНИЕ И УДЕЛЬНОЕ СОПРОТИВЛЕНИЕ 
ВЕРХНЕЙ КОРЫ В ГОРОДЕ ЗАРАТЕ

Я. Ц. ГАСКО-Й. М. ФЕБРЕР—Я. Д Е М И К Е Л И -Х .  Г. ФУРНИЕ

РЕЗЮМЕ

Магнитотеллурическое зондирование было сделано Й.Ц. Гаско для дополнения ее 
диссертации в университете Буенос Айрес [1] 15 декабря 1980 г. Новое оборудование и 
технические отношения излагаются в другой публикации [2]. Имеются некоторые пред
варительные замечания в отношении магнитотеллурической кривой и астеносферы.
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25 YEARS OF THE PETROLEUM ENGINEERING  
RESEARCH LABORATORY OF THE HUNGARIAN  

ACADEMY OF SCIENCES

J. TÓTH
PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

T he decree 9/1957. M TA o f th e  P re s id en t o f  th e  H u n g a ria n  A cad em y  of 
Sciences, in  ag reem en t w ith  th e  M in ister o f H e a v y  In d u s try  a n n o u n c e d  th e  
e s tab lish m en t o f th e  P e tro le u m  E n g in eerin g  R esearch  L a b o ra to ry  b y  d ec la r
ing  th a t

“ on 1st N o v em b er 1957 a P e tro le u m  E n g in eerin g  R esearch  L a b o ra to ry  
is e s tab lished  to  organize a n d  ca rry  o u t th e  fu n d a m e n ta l re se a rc h  and  
to  develop p ra c tic a l sc ien tific  m ethods in  p e tro leu m  e n g in ee rin g .”  
P ro fessor Z o ltán  G y u lay  w as th e  in it ia to r  o f th e  e s ta b lish m e n t o f  th e  

L a b o ra to ry  an d  h ad  been  its  f ir s t  d irec to r u n til  his re tire m e n t in  1971. R y 
d e fin ing  th e  d irec tions o f fu n d a m e n ta l re search  in  p e tro leu m  en g in eerin g , he 
also d e te rm in ed  th e  d ev e lo p m en t o f  th is  field  o f  science.

T he scien tific  basis  o f  p e tro le u m  eng ineering  includes f irs t  o f  a ll a th o r 
ough  an d  sc ien tifica lly  e x a c t in v e s tig a tio n  in to  th e  basic  p h en o m en o n  o f th e  
reco v ery  process. T h e  b asic  p h en o m en o n  is w ell know n: d isp lacem en t o f  the  
oil from  a porous o r fissu red  solid  sy stem  (rock) b y  a su itab le  flu id . B ecause  of 
th e  porous c h a rac te r  o f  th e  solid sy s tem  th e  flow ing  flu ids in te ra c t  w ith  each 
o th e r  an d  th e  rock  on a re la tiv e ly  large  su rface , an d  w ell-defined d isp lacem en t 
phase-o il-rock  in te rfaces  are  fo rm ed . L arge in te rfaces  possess a considerab le  
free in te rfac ia l energy , th e  la b o ra to ry  in v es tig a tio n  o f th e  fu n d a m e n ta l p h e
no m en o n  is there fo re  based  on tw o  s tro n g ly  co n n ec ted  d iscip lines: m icro  flu id  
m echan ics an d  su rface p h ysica l ch em is try .

In  v iew  o f th is  basic  re sea rch  princip le , th e  25-year-o ld  h is to ry  a n d  scien
tif ic  progress o f th e  L a b o ra to ry  can  be d iv ided  in to  fou r d is tin c t perio d s.

T he f irs t  period  s ta r te d  fro m  th e  fo u n d a tio n  an d  ended  in  th e  early  
s ix ties . T he m ain  re sea rch  d irec tio n s o f  th e  L a b o ra to ry , viz. m icro  f lu id  m e
chan ica l research  an d  th e  in v e s tig a tio n  o f re la te d  basic  in te rfac ia l p h en o m en a  
(surface an d  in te rfac ia l ten s io n , w e ttin g  etc .) to o k  shape in  th is  p e rio d .

The second perio d  te rm in a te d  in  th e  e a rly  seven ties. A t th e  b eg inn ing  
o f  th is  s tage  a v e ry  im p o r ta n t  fa c t w as rea lized : in  o rd er to  ach ieve  p rac tica l 
re su lts  fo r engineering  pu rposes, th e  m icro f lu id  m echan ical a n d  in te rfac ia l 
p h en o m en a  should  be jo in tly  in v es tig a ted  a t  fo rm a tio n  p ressu res a n d  tem -
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p e ra tu re s .  R esearch ca rried  o u t  in th is phase c o n tr ib u te d  to  th e  in tro d u c tio n  
o f  a h igh -p ressu re , h ig h - te m p e ra tu re  m easu rem en t tech n iq u e  an d  en su red  its 
a p p lic a t io n  and fu r th e r  d e v e lo p m e n t.

T h e  th ird  period  to o k  s t a r t  in  the  e a rly  sev en tie s  an d  in  fa c t has been 
c o n tin u in g  even to d a y . T h is  p h ase  can be c h a ra c te r iz e d  b y  th e  s tro n g ly  in te r 
tw in e d  fu n d am en ta l an d  a p p lie d  research  an ti b y  som e in v es tig a tio n s  w ith 
d i r e c t  engineering p u rp o se s . T hese tasks a re  so lv ed  b y  th e  L a b o ra to ry  in  a 
w id e -ra n g e  co-operation  w ith  an d  help and  c o n tro l o f  th e  in d u s try .

T h e  fo u rth  period  s ta r t e d  tow ards th e  end  o f  1976 w ith  th e  com pletion  
o f  th e  new  th ree -s to rey ed -b u ild in g  of the  L a b o ra to ry  th a t  co n ta in ed  11 lab o 
ra to r ie s ,  a te rm ina l c o n n e c te d  to  a m odern c o m p u te r  cen tre  and an  ex p erim en 
ta l  w o rk sh o p . New su rro u n d in g s  ensured  new  p o ssib ilitie s : th e  scope o f  research  
h a s  b e e n  w idened b ey o n d  th e  ta sk s  of p e tro leu m  en g ineering  an d  an  exp lic itly  
in te rd isc ip lin a ry  science h a s  b e e n  created  th a t  m a y  b e  called m ining ch em istry .

A fte r  th is general o v e rv ie w  o f d eve lopm en t o f  th e  L a b o ra to ry , we w ould 
g ive  a m ore  com plex p ic tu re  a b o u t a few c h a ra c te r is tic  ta sk s  an d  re su lts .

E v e n  in  the  ea rly  s ix tie s  g rea t efforts w ere  focussed  on d e te rm in in g  th e  
ro le  o f  cap illa ry  forces in  oil d isp lacem en t. F o r  th e  in v estig a tio n s a w ell-con
tro l le d  a n d  defined a r tif ic ia l  cap illa ry  sy stem  —  a  solid phase m an u fac tu red  
o f  m o n o d isp erse  spherica l g lass  pow der — w as u sed . T he in v es tig a tio n s  p roved  
t h a t  th e  m ost su itab le  d isp la c e m e n t ve locity  fo r oil recovery  is th a t ,  w hich 
d e v e lo p s  sp o n taneously  a c c o rd in g  to  th e c a p illa ry  p ro p e rtie s  o f th e  w a te r  —oil- 
so lid  sy s te m . I t  was fo u n d  t h a t  th e  value o f  th e  o p tim a l sp o n tan eo u s velocity , 
an d  re c o v e ry  itself, d e p e n d  to  a g rea t e x te n t on  th e  w e ttin g  c h a ra c te r  o f th e  
so lid  p h a se . This o b se rv a tio n  d rew  our a t te n t io n  to  th e  necessity  o f  a m ore 
in te n s e  in v estig a tio n  in to  w e t t in g  p roperties.

I n  th e  early  s ix tie s  o n e  o f  th e  m ost im p o r ta n t  research  ta sk s  w as to  
d e te rm in e  th e  w ettin g  p a ra m e te rs  of th e  N ag y len g y e l reservo ir rocks. O ur in 
v e s t ig a tio n s  proved t h a t  th e  N agylengyel lim esto n e  reservo ir, in  sp ite  o f its  
b a s ic a l ly  w a te r w et p ro p e r t ie s , becam e oil w e t a f te r  g e ttin g  in  c o n ta c t w ith  
o il, a s  a re su lt o f a d so rp tio n  processes. C o n seq u en tly , th e  a c tu a l sy s tem  u n d e r 
r e c o v e ry  h ad  to  be re g a rd e d  oil w et and p ro d u c tio n  m ethods chosen acco rd 
in g ly . T h is  research  re s u lt  p ro v e d  to  have a d ire c t b e a rin g  on oilfield p rac tice .

A lso , our in v e s tig a tio n s  in to  th e  w e ttin g  p ro p e rtie s  o f th e  N agy lengyel 
re s e rv o ir  th rew  lig h t u p o n  th e  fa c t th a t  m ore re liab le  re su lts  can  be  o b ta in ed  
i f  th e  b a s ic  in te rfac ial p a ra m e te rs  (in terfac ial te n s io n , c o n ta c t angle or o th e r 
d a ta  ch a rac teriz in g  th e  w e t t in g  p roperties) a re  m easu red  u n d e r fo rm a tio n  con
d itio n s .

F ir s t ,  the  te ch n iq u e  o f  m easu ring  th e  c o n ta c t  angle an d  in te rfa c ia l te n 
s io n  w as developed. R e c e n tly , th is  tech n iq u e  w as co n v erted  in to  a m icro 
m e th o d , an d  a m e a su re m e n t sy s te m  unique in  i ts  m easu rem en t accu racy  and  
v e r s a t i l i ty  was developed  a n d  p a te n te d . V e rsa ti l i ty  can  be d e m o n s tra te d  by
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th e  fa c t th a t  th e  in te rfac ia l tension  can  be m easured  b o th  w hen th e  o ily  and 
aq u eo u s phases a re  s a tu ra te d  by  th e  sam e  or b y  d iffe ren t gases. F u r th e r  efforts 
m ad e  concerned th e  d e te rm in a tio n  o f  th e  m ost im p o rta n t p a ra m e te r  o f  porous 
re se rv o ir rocks, i.e. th e  cap illa ry  p re ssu re  cu rve  u n d e r reserv o ir co n d itio n s . 
T w o p a te n te d  m easu rem en t te c h n iq u e s  w ere ob ta in ed  as re su lts  o f  th is  re 
sea rch . One o f th e m  is an  im p ro v ed  fo rm  o f th e  co n v en tiona l “ d e sk ”  m eth o d , 
th e  o th e r  enables th e  researcher to  m easu re  cap illa ry  p ressure  in  th e  presence 
o f  a h igh-pressure  gas (e.g. carbon  d io x id e). F ro m  am ong th e  sev era l p a te n te d  
m e th o d s  we succeeded  to  add to  o u r  h igh -p ressu re  la b o ra to ry  te c h n iq u e  th e  
m a n o s ta tic  a u to m a tic  h igh-pressure  co m presso r shoulel be especially  e m phasiz- 
ed t h a t  avoided th e  use o f m ercu ry  a n d  ensu red  flow  velocities n eed ed  in  m icro 
f lu id  m echan ical in v estig a tio n s o f  re se rv o irs  u n d e r pressures up  to  100 M Pa.

O ur L a b o ra to ry  w as th e  f ir s t  to  develop  and  co n stru c t in  th e  la s t  years 
a d isp lacem en t e q u ip m e n t th a t  en su re d  in v es tig a tio n s  on long  (1.2-— 1.5 m) 
conso lid a ted  rock  sam ples and  th e  d e te rm in a tio n  of s a tu ra tio n  p ro file s  d u rin g  
th e  d isp lacem en t process a t  e x p e rim e n ta l p ressu res an d  te m p e ra tu re s . The 
e q u ip m e n t is b ased  on electron ic  m e th o d s , applies a m icroprocessor fo r d a ta  
p rocessing , an d  avoids an y  in te rfe re n ce  w ith  th e  in v es tig a ted  sy s te m . The 
e q u ip m e n t is su ita b le  to  re liab ly  c a rry  o u t la b o ra to ry  te s ts  n eed ed  fo r  m odern  
seco n d a ry  oil re co v e ry  m ethods (p o ly m er, m icroem ulsion  e tc . f loods). T he p a 
te n ts  and  know -how  requ ired  fo r th e  m ass p ro d u c tio n  o f th is  e q u ip m e n t were 
p u rch ased  by  a n  A u s tr ia n  f irm  w ith  th e  in te n t  o f w orld-w ide m a rk e tin g . O ur 
m icroprocessor te c h n iq u e  is being  c o n tin u o u s ly  developed  in  c o -o p e ra tio n  w ith  
th is  firm  to  m ee t th e  ra p id ly  in c rea s in g  in te rn a tio n a l s ta n d a rd s .

W hile th e  developed  m e a su re m e n t m e th o d s ensure an  e x a c t la b o ra to ry  
m odelling  o f th e  recovery  processes, no  fu ll physica l-chem ical u n d e rs ta n d in g  
o f  th e  reservo ir sy stem s can be a t ta in e d  w ith o u th  a d e ta iled  chem ica l analysis 
o f  th e  fo rm a tio n  flu id s . W ith  th e se  aim s, co lum n c h ro m a to g ra p h ic  an d  IR  
sp e c tro p h o to m e tric  in v estig a tio n s o f  c rude  oils w ere also u n d e r ta k e n . F u r th e r  
develop ing  th e  m e th o d s o f in v e s tig a tio n  (UV sp e c tro p h o to m e try , C H N  a n a 
ly s is , g a sch ro m a to g rap h y  and  h ig h -p re ssu re  liq u id  c h ro m a to g ra p h y ) we jo in ed  
th e  n a tio n a l o rgan ic  geochem ical re se a rc h  in  th e  early  seven ties w ith  th e  p r in 
c ip a l aim  o f com piling  a h y d ro c a rb o n  prognosis. W ith in  th is  re se a rc h  p rog 
ram m e  ou r L a b o ra to ry  d e te rm in ed  th e  connections b e tw een  th e  r e la tiv e  age 
a n d  th e  genetica l p a ram e te rs  o f c ru d e  oils.

One o f th e  im p o r ta n t re su lts  in  th e  la s t  decade w as th e  in tro d u c tio n  in  
H u n g a ry  o f p o lym ers fo r oil d isp la c e m e n t. In it ia l  in v es tig a tio n s  w ere  aim ed 
a t  th e  d e te rm in a tio n  o f  th e  s t ru c tu re  o f  d ilu te  aqueous p o ly m er so lu tions. 
A s a re su lt o f  th is  research  we cou ld  d e te rm in e  th e  in f lu tn c e  o f  p o ly m e r con
c e n tra tio n , m o lecu la r m ass, degree o f  hyd ro ly sis , q u a lity  an d  q u a n t i ty  o f  fo
re ig n  ions and  th e  te m p e ra tu re  on  th e  v isco sity  o f th e  so lu tio n , in  te rm s  o f  th e  
a c tu a l size o f th e  m olecule in th e  so lu tio n . I t  w as also p roved  th a t  a  con sid er
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a b le  frac tio n  of th e  p o ly m e r  is re ta in ed  on  th e  ro ck  surface due to  so rp tio n  
w h ich  is essential b o th  econom ically , and  th ro u g h  its  role w ith in  th e  d isp lace
m e n t m echanism  in  o ilfie ld  prac tice .

A fte r com pleting  th e s e  essen tia lly  p h y sica l-ch em ica l in v es tig a tio n s , flow  
p ro p e rtie s  of po lym er so lu tio n s  and  o f th e  aq u eo u s  phases  follow ing th e  p o ly 
m e r h av e  been s tu d ie d  in  w a te r  w et, in te rm e d ia ry  (n a tu ra l)  an d  oil w et con
so lid a te d  porous sy s te m s . W e succeeded in  p o in tin g  o u t th a t  even th o u g h  
p o ly m e r flood is an  e ffec tiv e  too l for m o b ility  co n tro l, th e  physica l-chem ical 
p a ra m e te rs  in flu en c in g  th e  sh ap e  an d  size o f  m olecules an d  th e  so rp tio n  p h e 
n o m e n a  also have a d e te rm in a n t  role in  th e  d isp la c e m e n t processes. T he e x te n 
sive  re sea rch  fu rn ish ed  a n  accep tab le  m odel fo r  th e  ac tio n  m echanism  o f th e  
p o ly m e r flood.

H a v in g  recognized th e  ro le  o f w e tta b ility  in  p o ly m e r flood , a so-called do u b le
s lu g  procedure  w as d ev e lo p e d  fo r th e  in te n s iv e  reco v e ry  o f crude oils from  
p o ro u s  m edia. This m e th o d  un ifies m ob ility  c o n tro l w ith  th e  benefic ia l effects 
o f  su rfa c ta n ts  on th e  in te r fa c ia l  tension  an d  w e tta b il i ty . T his m ethod  as well 
as th e  ap p ro x im ativ e  d e te rm in a tio n  of th e  w e tt in g  c h a ra c te r  o f porous rocks 
b a s e d  on polym er a d so rp tio n , are p ro tec ted  b y  H u n g a r ia n  p a te n ts .

T h e  research  o n  a p p lic a tio n s  of po lym ers in  o u r L a b o ra to ry  is s tro n g ly  
c o n n e c te d  w ith  th e  m a n u fa c tu r in g  o f these  chem icals . In  v iew  o f th e  re q u ire 
m e n t t h a t  po lym er a p p lic a tio n  in  H u n g a ry  sh o u ld  be  based  on H u n g a ria n  
ch em ica ls , th e  L a b o ra to ry  in it ia te d  th e  m a n u fa c tu re  o f  a su itab le  scale of 
p o ly ac ry lam id es  fo r c ru d e  o il d isp lacem ent. W ith  th e  help  o f th e  M in is try  of 
H e a v y  In d u s try  a c o -o p e ra tio n  w ith  th e  N itro ch em ica l W orks has been  e s ta b 
lish e d . T h is co -o p era tio n  en su red  th a t  a p o ly a c ry la m id e  p ro d u c t fam ily  has 
b eco m e availab le fo r  o il re co v e ry  purposes a n d  fo r  genera l in d u s tr ia l use as 
w ell (as floccu lation  a g e n t in  m ineral and  ore d ressin g , in  th e  en v iro n m en ta l 
te c h n iq u e  etc.).

A n o th e r im p o r ta n t  r e s u lt  o f th e  L a b o ra to ry  is t h a t  we realized  th e  a p p li
c a b i l i ty  o f various o rg an ic  a n d  inorganic  gels a n d  gel sy stem s fo r oil recovery . 
T h is  m e th o d  is based  on  th e  f a c t  th a t  those p a r ts  o f  th e  porous m ed ium  a lread y  
f lo o d e d  b y  w ater (be ing  b a r re n  from  th e  p ro d u c tio n  p o in t o f view) can  be 
s e p a ra te d  b y  in situ ge lling . T h is  m ethod  ensu res a p ra c tic a l possib ility  fo r th e  
m o d if ic a tio n  of th e  p o re  s t ru c tu re  o f th e  re se rv o ir . I t  has also been  p o in ted  
o u t  t h a t  th e  various gels o ffe r a fu rth e r  p o ss ib ility  for m ob ility  co n tro l and  
as  c a r r ie r  m edia in  s u r f a c ta n t  procedures. B ased  on  la b o ra to ry  an d , to  som e 
e x te n t ,  oil-field e x p e rim e n ts , i t  can  be said  t h a t  o rg an ic  an d  ino rgan ic  gels 
o r  co m p lex  gel sy s tem s h a v e  revealed  q u ite  n ew  fie ld s o f ap p lica tio n  in  se
c o n d a ry  an d  te r tia ry  oil re c o v e ry  and  in  b o tto m  hole  tre a tm e n t.

T h e  need for m a th e m a tic a l  m odelling o f  oil d isp lacem en t processes has 
n e c e ssa rily  em erged in  th e  co u rse  of our resea rch . R e su lts  h av e  been  ach ieved  in  
d e te rm in in g  b y  co m p u te r  th e  shape of p o lym er f ro n ts  form ed b y  th e  flow  of
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h igh -v isco sity  d isp lacem en t ph ase  in  porous m edia. T he ca lcu la tio n s p roved  
th e  th eo re tica lly  a n tic ip a te d  fro n t-e q u a liz in g  effect o f po lym ers. S ta r t in g  ou t 
fro m  sim u la tion  m eth o d s, app lied  fo r  w a te r  d rive  in  H u n g a ry  a n d  orig inally  
deve loped  for p o ly m er flood a b ro a d , th e  tw o-d im ensional th re e -p h a se  m a th e 
m a tic a l s im u la tio n  o f  areal p o ly m er flood  has been  developed  in  co -opera tion  
w ith  th e  D e p a r tm e n t o f R eserv o ir E n g in eerin g  o f th e  M ining U n iv e rs ity  in 
L eo b en , A u stria . A lthough  th is  m a th e m a tic a l m odel req u ires  fu r th e r  deve lop 
m e n t in  our op in io n , th e  re su lts  o b ta in e d  to  d a te  m ay  give a good s ta r tin g  
p o in t  fo r th e  m a th e m a tic a l s im u la tio n  o f  oil d isp lacem en t p rocesses u sin g  a d 
d itiv e s .

I t  is hoped  th a t  th is  se lection  o f  re su lts  and  th e  s tu d ies  p u b lish ed  in  th is  
v o lu m e  n o t on ly  re flec t the  p a s t a n d  p re se n t o f th e  L a b o ra to ry  b u t  also  im ply  
som e o f th e  possib ilities o f th e  fu tu re . T he rap id  d ev e lopm en t o f in te rd isc ip lin 
a ry  sciences p u t  so m uch em p h asis  on th e  fu n d a m e n ta l re se a rc h , and 
ap p lied  research  in  physical c h e m is try  an d  th e rm o d y n am ics  —  besides 
th e  co n v en tiona l fu n d am en ta l sc iences o f  m in ing  —  th a t  th e  acq u ired  know 
ledge anel re su lts  have  created  a n  independent discipline ex te n d in g  o v er th e  
f ie ld s  of m ining o f  flu id  and solid m in era l raw  m a te ria ls , d ressing  an d  u tiliz a 
t io n  o f  m ine p ro d u c ts , m ining s a fe ty  prob lem s and  environm < n t  p ro tec tio n . 
T h e  m ain  top ics o f  th is  science t h a t  m ay  be called m ining ch em is try  a re :

—  ph y sica l chem ical and  m icro  flu id  m echan ical re sea rch  fo r e s ta b lish 
ing flu id  m ining techno log ies. T he m inera l raw  m a te r ia l —  in d e p e n d 
e n tly  o f  its  original s ta te  —  reaches th e  surface in  th e  fo rm  o f  a flu id  
(oil, w a te r , s lu rry , su sp en sio n , chem ical so lu tio n , co m b u s tio n  p ro 
d u c t e tc .) ;

— so lu tio n  o f  th e rm o d y n am ica l, physico-chem ical an d  a n a ly tic a l chem i
cal p ro b lem s concern ing  in te ra c tio n s  o f  m inerals an d  f lu id s ;

—  p re p a ra to ry  stud ies on th e  u tiliz a tio n  o f m inera ls  as b asic  m a te ria ls  
in  th e  chem ical in d u s try  an d  m inera l p rocessing tech n o lo g ies; 
n u m erica l and  physica l (la b o ra to ry ) m odelling o f flu id  m in in g  te c h 
nologies;

— design , co n stru c tio n  a n d  ap p lica tio n  o f  special m o d ern  eq u ip m t n t  for 
physica l m odelling an d  m e a su re m e n t o f physica l-chem ical p a ra m e te rs .

The few to p ics  m en tioned  h e re  w ell i l lu s tra te  th e  need  fo r d ev e lo p in g  
th is  discipline to w ard s  a sc ien tific  school. T h is in te n tio n  is ex p ressed  b y  th e  
s ta te m e n t o f th e  P resid ium  o f th e  H u n g a ria n  A cadem y o f Sciences №  32/1980:

“ The P e tro leu m  E n g in ee rin g  R esearch  L a b o ra to ry  o f  th e  H u n g a ria n
A cadem y o f Sciences and  its  re sea rch  profile  seem su itab le  to  be  developed
so as to  e s tab lish  th e  b as is  in s t i tu tio n  d ev o ted  to  th o se  p h y sica l an d
chem ical research  p ro g ram m es th a t  m ay  lead  to  new  anti specia l p ro d u c-
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tio ii and  p rocessing  m eth o d s based on “ in  s i tu ”  change o f s ta te  (so lu tion , 
leaching , co m b u stio n ) in  th e  fields of m in in g  b o th  solid and flu id  m iner
a ls .”

T h is s ta te m e n t d e te rm in es  th e  fu tu re  o f  th e  L a b o ra to ry  whose n e x t 
tw e n ty -f iv e  years w ill o n ly  be  filled w ith  c rea tiv e  c o n te n t if  th e  problem s will 
h av e  b een  solved b y  a com b in ed  e ffo rt o f gen ius a n d  ex cep tional zeal. G enius 
an d  zeal. L et it  be a desire  an d  m essage to  y o u n g  sc ien tis ts  who are expected  
to  c a rry  ou t th e  g re a te r  p a r t  o f th is  work.
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MODELLING OF FLOW PHENOMENA IN POROUS MEDIA

L. BALLA
PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

The modelling of flow phenomena in porous media is dealt with in the study and the 
knowledge acquired so far is summarized. Based on mathematical correlations of the flow, the 
scaling criteria are described and their suitability for practical use is analyzed.

The scaling criteria derived in the study require that the porous structure of the model 
and that of the prototype should be the same. Further investigations are, however, needed to 
reproduce the porous structure of the prototype in the model because the parameters charac
terizing the porous structure are theoretically not yet defined unambiguously and there is no 
exact measurement method available.

Further investigations are required to decide whether the permeability к and exponent 
n of the capillary pressure function can unambiguously characterize the porous structure 
from the point of view of fluid mechanics, or some further parameters have to be defined.

If the parameters characterizing the porous structure are unambiguously defined, the 
next task is to analyse the effect of these parameters on the relative permeability and the wet
tability, and to express mathematically these relationships.

Knowing the parameters characterizing the porous structure and their effect on other 
parameters influencing the flow, the mathematical model of the flow can be modified. Scaling 
criteria derived on this basis allow greater possibility in modelling the porous systems.

S ym bols
a, b. c function parameters
a parameter vector
/ fractional function
К acceleration due to gravity
G porous space
h height
И similarity group
к permeability
К relative permeability
L macroscopic size
L linear matrix operator
£ linear operator
m number of parameters
n parameter of capillary pressure function
N ratio
P , P pressure
9 pore structure
S saturation of the wetting phase
t time
U velocity
X ,  y ,  Z Cartesian co-ordinates
a parameters
<P response function
V mathematical model
Ф porosity
g density
T normalized time
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differentiation with respect to S  

* normalized
dimension 

{}  set
S u b sc r ip ts
ас average capillary
c capillary
g  gravity
i, j  number
m  model
p  prototype
rm  relative mobility
nui non-wetting
n w r non-wetting residual
ui wetting
w r  wetting residual

Introduction

T he m odelling  o f  flow  phenom ena in p o ro u s  m ed ia  com prises th e  analysis 
o f  th e  follow ing fo u r tra n sfo rm a tio n s :

—  tra n s fo rm a tio n  o f  th e  m acroscopic d im ensions of th e  po rous m edia,
—  tra n s fo rm a tio n  o f th e  m icroscopic d im ensions o f th e  po rous m ed ia ,
—  tra n s fo rm a tio n  o f th e  p roperties o f  th e  flow ing  fluids an d  th e  porous 

m edia,
—  tra n s fo rm a tio n  o f th e  in itia l and b o u n d a ry  conditions re fe rrin g  to  th e  

flow ing flu id s  an d  th e  porous m ed ia .
M odelling is possib le  o n ly  if  th e  m odels a p p lie d  correspond to  th e  scaling 

c r ite r ia  derived  from  th e  m a th em a tica l m odel a )  =  0, a  =  {ay} describ ing  
th e  flow .

L e t N(tXj) d en o te  th e  ra t io  of th e  values o f  p a ra m e te r  a  j in  th e  m odel and  
in  th e  p ro to ty p e , i.e.

N(«j)  =  ^  .
x j p

L e t u s  define  th e  lin e a r  m a tr ix  o p era to r L as

L = { £ , ;}  w here £ y  =  { ^

A p p ly in g  th e  lin ea r tra n s fo rm a tio n

a m =  L ap
the  s im ila r ity  groups

m
H ,  =  П  N(0Lj)m‘< H  =  { # ,}

J= 1

can  be fo rm ed  so t h a t  H £  H j  holds if  i ^  j .  H e re  m (;- denotes th a t  e x p o n e n t 
( re q u ire d  b y  yj) o f th e  j '- th  p a ra m e te r  in  th e  i - th  s im ila rity  group.

i f  i = 7  
if  i ^  j .
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T he b eh av io u r o f  th e  p ro to ty p e  ca n  be  analyzed  by  m eans o f  th e  m odel 
if  th e  scaling  c rite rio n

V»(am) =  c ’ V(ap) c ^ °  (!)

is m e t. T he values o f  c an d  H d ep en d  on  th e  s tru c tu re  of ip.
T h e m odelling  o f  tw o-phase la m in a r  flow  o f im m iscible, incom pressib le  

flu id s  in  hom ogeneous, iso tropic, p o ro u s m ed ia  w ill he d ea lt w ith  in  th e  p resen t 
s tu d y , because th is  ty p e  of flow re p re se n ts  th e  m ost fre q u e n tly  occurring  
p h en o m en a  in  p e tro le u m  reservoirs.

D erivation o f th e  sca lin g  criteria

T he beg inn ing  o f  m odelling is m a rk e d  b y  th e  d im ensional an a ly s is  of 
L e v e re tt  e t  al. (1942) w hich, how ever, h a s  been  replaced b y  th e  e q u a tio n a l 
an a ly sis  based  on th e  m a th em atica l m o d e l o f  th e  flu id  flow because th e  p rev ious 
one lack ed  th e  rea l physica l b ack g ro u n d .

F o r our case th e  m a th em a tica l m o d e l o f th e  flow in p o ro u s m ed ia  can 
be fo rm u la te d  acco rd in g  to  R a p o p o rt (1955) as

1 d i Æ
as*

grad  (p w +  Qu,gh) =
gw ÖT

(iS* 1 К  \
2 . —  +  Uf  g rad  S* d iv  (еш Vnu)fgk g rad  A (2 )

bz * gnw ]

div f k ^ P ' c  g rad  S * | = 0
gnw /

w here

a — Уч S  , u, Qnw, QW 4 g. g ra d  A, fXllun A, K nw. P c}

г  =
ф . ( 1  ß • S nwr — S wr) 

K„,

_____ Vy
К i + Kn

s*
< .. s

1  - ß - S _ q
n w r *^wr

ß — 0  ho lds for d ra in ag e , ß =  1  fo r  im b ib itio n . I t  should be n o te d  t h a t  i t  is 
b ey o n d  th e  scope o f  th is  paper to  in v e s tig a te  problem s of m o d ellin g  m a te ria l 
p ro p e rtie s  an d  in itia l an d  b o u n d a ry  c o n d itio n s  since these be lo n g  to  th e  topics
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o f p h y s ic s , chem istry  an d  ex p erim en ta l te c h n iq u e s  an d , on the  o th e r  h a n d , 
th e y  d e p e n d  on th e  a c tu a l sy s tem .

A p p ly in g  linear tra n s fo rm a tio n  L on m a th e m a tic a l model (2), th e  c ri
te r io n

N (x)  =  JV(y) =  N(z)

is o b ta in e d , save th e  o n e-d im en sio n a l case. T h is  c rite rio n  involves th e  g eo 
m e tr ic  s im ila r ity  o f th e  m acroscop ic  d im ension  L  o f  th e  p ro to ty p e  an d  t h a t  
o f  th e  m odel, i.e.

Gm =  N(L)Gp. (3)

V an D a a le n  and  v an  D o m se laa r  (1972) tr ie d  to  use an  o th e r tra n s fo rm a tio n  
in s te a d  o f  (3) b u t  th e ir  re su lts  c a n  only he ap p lied  w ith in  a ra th e r  n arro w  ran g e . 

F u r th e r  scaling c r ite r ia  can  be derived  fro m  th e  relationsh ips

N N  (
Ы  1 L j 1

(Piv Qnu> ) ‘ £  ! g ra d  h \ f k K  П

PnW L

N f k K mvP 'cS*

Prm'L2
( 4 )

if  g ra d  h =  co n stan t. I f  g ra d  h co n s tan t, o n ly  N (jgrad A|) =  1 can  h o ld . 
F u r th e r ,  th e  co rre la tion

Ifih 1 öh\ a h
—  =  N — =  TV
W 9 У1 9*,

m u st b e  m e t th a t  im plies th e  s im ila rity  of th e  v e c to r  fie ld  grad  h.

N(S*)  =  1 since 0 <  Sm,p <  1.

O n  th is  basis, th e  w ell know n  s im ila rity  g ro u p s  are ob tained  if  6 ’* is 
c o n s id e red  to  be th e  d e p e n d e n t v ariab le  and  ru /L  th e  in d ependen t one.

T h e  s im ila rity  g roups a re

H r N H w ■ K ni/Av
I Pnw ' K w ,

N  Í (£ш -  Qnw) fe • K nw I g ra d  h | g

H, -  N K n w P'c k

H'nw ’ и  ' L

H
и d e n o te s  th e  velocitv  and

{Hrn„ H e, H c).

(5)

(6 ) 

(?)
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N (ux) =  N (u y) =  N (u z) (8 )

m ust hold  because of re la tio n sh ip s  (2) an d  (3) re q u ir in g  th e  s im ila rity  o f  th e  
velocity  field .

T he e lem ents o f v ec to r  H  are

H =  {1 , 1, 1} (9)

b ecau se  o f /V(/) =  1 since 0 < / m.P ^  1 .
F u r th e r , th e  re la tio n sh ip

T m =  T* w ith  r*  =  ru /L  ( 1 0 )
m u st hold .

C riterion  (9) in  th e  form  (5), (6 ), (7) is r a th e r  d ifficu lt to  m eet because  
th e  s im ila rity  groups invo lve  th e  re la tiv e  p e rm e a b ility  and  cap illa ry  p ressu re  
fu n c tio n s w hich depend  on fu r th e r  fa c to rs . T h e  form s o f these fu n c tio n s  are , 
how ever, n o t ex ac tly  know n. These fa c to rs  are

—  surface  ten sio n  o f b o th  flu id s,
—  w e tta b ility ,
—  p a ra m e te rs  ch a rac te riz in g  th e  po ro u s s tru c tu re .

Since th e  tw o  la t te r  fac to rs  are n o t e x a c tly  d e fin ed  for porous sy s tem s, th e y  
are v e ry  d ifficu lt to  be ta k e n  in to  acco u n t.

R a p o p o rt (1955) also requ ires th e  re la tiv e  p e rm eab ility  and  th e  c a p illa ry  
pressure fu n c tio n s  and  th e ir  d e riv a tiv e s  to  be id e n tic a l in the  m odel a n d  th e  
p ro to ty p e . T h is re s tr ic tio n  has been overcom e b y  th e  L e v e re tt’s (1941) ./- fu n c 
tio n  in tro d u c e d  by  G eerstsm a e t al. (1956) an d  b y  th e  norm alized re la tiv e  p e r
m eab ility  fu n c tio n s  suggested  by  P e rk in s  a n d  C ollins (1960). The m odel law s 
of B en tsen  (1976) a lread y  do n o t invo lve  th e  d e r iv a tiv e  o f th e  cap illa ry  p ressu re  
fu n c tio n , o n ly  a v a lue  ch a ra c te ris tic  o f th e  av e rag e  cap illa ry  p ressure . T h e  d is
a d v a n ta g e  o f  these  law s how ever is th a t  th e y  o n ly  hold for d rainage p rocesses. 
The cap illa ry  pressure  fu n c tio n

Pc =  - P ac( \ n S * r  (11)

in tro d u ced  b y  Milley and  W agner (1975) is v a lid  fo r b o th  d ra inage  a n d  im b i
b itio n . As show n in [B alia, 1980b]:

n ch a rac terizes  th e  pore sh ap e  an d  d is tr ib u tio n  and 
P ac ch a rac terizes  th e  average  c a p illa ry  p ressu re .

The va lu e  o f  n depends on th e  v ec to r  n  d e te rm in in g  th e  pore shape an d  d is tr i
b u tio n . U pon d iffe ren tia tin g  (11), we o b ta in

p;  =  p ac ■ p *'(s *. n) ( 1 2 )
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w ith

p * '  
1  с

1 - п

(ln S*) п 
п ■ S*

T h e  norm alized  re la tiv e  p e rm eab ility  fu n c tio n s  to  be used to  fu r th e r  s im 
p lify  th e  sim ila rity  g ro u p s, can  be fo u n d  in  B e a r ’s book (1972). I n  th e  p re se n t 
s tu d y  th e  functions in tro d u c e d  by  F a t t  a n d  D y k s tra  (1951) w ill be  app lied  
b e c a u se  th e y  add  on ly  fo u r p a ra m e te rs  to  th e  v a riab les  to  be tra n s fo rm e d  and  
a re  in  con n ec tio n  w ith  th e  g iven  system  th ro u g h  th e  cap illa ry  p re ssu re  fu n c 
t io n . T h e  norm alized re la tiv e  p e rm eab ility  c u rv e s  are defined as

s*

о

0 <  K wr <  1

0 < K nwr< l . (13)

L e t us now  assum e t h a t  bw and  bnw d e p e n d  only  on th e  pore  sh ap e  an d  
d is t r ib u t io n , i.e. on n . F o r a capillaric  m odel we have bw =  bnw =  2, in  
p r a c t ic a l  cases some o th e r  v a lu e  gives a b e t te r  ap p ro x im a tio n  o f th e  n o rm alized  
p e rm e a b il i ty  curves. bw an d  bnw m ay  be co n sid e red  as c o n s tan t fo r a g iven  
s y s te m . A ny  difference m a y  be  a t tr ib u te d  to  changes in pore size a n d  d is tr i
b u t io n  th e re fo re  bw an d  bnw w ill be assum ed  to  be  functions of n  a lone . S u b s ti
tu t in g  cap illa ry  p ressu re  fu n c tio n  (11) in to  re la tio n sh ip  (13), we o b ta in

w h ere

К *-* v и

K w =  K wr ■ K *(S* ,  n) 

K nw =  K nwr ■ K * W(S*, n)

s* f>„
f ( ln  S*) ~iTdS* 
0
“Ï bw
f ( - l n  S*) ~n dS*

6

1 bnuI
( - I n S * )  X d S *

s* ______
bnw

f ( - l n S * )  ~n dS*
b

(14)

I n  re la tio n sh ip s  (14) P oc is e lim in a ted  th u s  th e  no rm alized  re la tiv e  p e rm e a b ility  
, fu n c tio n s  on ly  depend  on  th e  pore shape a n d  d is tr ib u tio n  and  on th e  re la tiv e  

p e rm e a b il i ty  of one o f th e  phases  m easured  a n d  th e  un reducab le  s a tu ra t io n  o f

Acta Geodaetica, Geophysica et Montanislica Acad. Sei. Hung. 17, 1982



FLOW IN POROUS MEDIA 323

th e  o th e r  phase , c h a ra c te r is tic  o f average  flow  cond ition . B y m a k in g  use  of 
re la tio n sh ip s  (12) a n d  (14) th e  s im ila rity  g ro u p s  becom e

F o r N (n) =  1

H rm =  N

H g =  N

H ,  =  N

P'w K nwr K n w

P 'n w  ^ - x v r

(Q w - Qnw)g\g™&h \ b K n w r  К  m t

f*nwu
P  kK  K* P * ’\л. acn±^nu,r±\.nw ± c

H rm =  N

H g =  N

H C =  N

IUnw uL

' K nwr

ИтV ’ -̂ w 

(Q w  -  8 n w )  »  I g ra d  h k K  П
f*nw 11

P  h Кс а  xv n XVr
VnwuL ,

(15)

(16)

(17)

(18)

(19)

( 20)

hold . Since th e  s im ila r ity  groups o b ta in ed  do  n o t  com prise fu n c tio n s a n y  m ore, 
th e  scaling  c r ite r ia  h av e  becom e m ore s im p le . As for K nwr an d  K wr, fu r th e r  
in v es tig a tio n s  sh o u ld  be m ade to  d e te rm in e  w hich  factors do th e y  d e p e n d  on.

F ro m  th e  p rev io u s  considera tions i t  shou ld  becom e obv ious t h a t  th e  
m a jo rity  o f  ex p e rim e n ts , carried  ou t on th e  basis  o f th e  scaling c r i te r ia  used 
u n til  now , could  n o t  y ield  valuab le  in fo rm a tio n  ab o u t th e  p ro to ty p e  because  
on ly  th e  p e rm e a b ility  к ch aracteriz ing  th e  av e rag e  pore size have  b e e n  im plied  
while o th e r  im p o r ta n t  m icroscopic p ro p e rtie s  viz. pore shape an d  d is tr ib u tio n  
have  been  n eg lec ted , even  th o u g h  all th e se  p a ra m e te rs  p lay  an  im p o r ta n t  role 
in  d e te rm in in g  th e  m icroscopic s tru c tu re  o f  th e  porous system . E v e n  w h ere  th e  
ap p lica tio n  o f th e  re la tiv e  perm eab ility  a n d  cap illa ry  pressure fu n c tio n s  seem s 
to  in d ica te  th a t  th e  pore shape and  d is tr ib u tio n  have been tak en  in to  acco u n t, 
th e  processes in  th e  m odel and  in  th e  p ro to ty p e  are n o t n ecessarily  th e  sam e 
in  all cases, since th e  fu n c tio n  has n o t b e e n  d e te rm in ed  u n d er d y n a m ic  con
d itions.

U n til th e  e ffec t o f  th e  porous sy s te m  o n  th e  flow  will be k n o w n , N (k)  =  
=  N (n) =  1 is a n  a p p ro p ria te  choice, i.e .

( 21 )

M an u fac tu rin g  a m odel t h a t  satisfies th is  re q u ire m e n t needs, h o w ev er, fu r th e r  
exp erim en ts .
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T h e  va lu e  of P ac c h a rac te riz in g  th e  a v e rag e  cap illa ry  pressure sh o u ld  be 
d e te rm in e d  u n d er d y n am ic  co n d itio n s w hich in c rea se s  th e  accuracy  o f  m o d e ll
ing . A  possib le  m easu rem en t m e th o d , th a t  th e  tim e  o f th e  sp o n tan eo u s im b i
b i t io n  is u sed  to  conclude som ehow  on th e  v a lu e  o f  P ac. This m ethod , h o w ev er, 
c an  o n ly  be  applied  a f te r  fu r th e r  in v es tig a tio n s .

I f  S*  is reg a rd ed  as d e p e n d e n t an d  r*  as a n  in d ep en d en t v a ria b le , th e  
sca lin g  c r ite r ia  becom e

N(S*) =  1 N (  г*) =  1

Gm = N ( L ) G p ®m =  ®p (22)

u m =  N H UP gra d  К  =  iV (|g rad  ft|) g rad  hp

H  =  {1, 1, 1}.

T h ese  re la tio n sh ip s  m ay  be  com ple ted  b y  th e  in i t ia l  and  boun d ary  c o n d itio n s  
o f  th e  g iv e n  case.

T h e  m odel ex p e rim en ts  b ased  on th ese  sca lin g  c rite ria  can  on ly  fu rn ish  
as a c c u ra te  in fo rm a tio n  a b o u t th e  p ro to ty p e  as accu ra te ly  гр describes th e  
flo w , as a c cu ra te ly  th e  m acroscop ic  and  m icro sco p ic  ch a rac teristics o f  th e  
p r o to ty p e  are  know n, an d  as precisely  th e  p ro p e r tie s  required  b y  th e  m odel 
can  b e  rep ro d u ced .

M odelling flu id  re se rv o irs

W o rk in g  flu id  re se rv o irs  h as  alw ays to  b e  c a rr ie d  ou t so as to  en su re  an  
o p tim u m  fo r  fu n c tio n  cp ch a rac te riz in g  th e  a c tu a l  c ircum stances. F u n c tio n  <p 
is d e te rm in e d  b y  th e  m acro sco p ic  space G o f th e  p o ro u s system , by  th e  m a th e 
m a tic a l  m odel ip describ ing  th e  flowr, b y  its  in i t ia l  and  b o u n d ary  c o n d itio n s  
ip0 a n d  th e  p a ra m e te r  v e c to r  a , i.e.

cp =  <p{G, y (a ), y>0).

A ssu m e fo r  fu n c tio n  cp t h a t  i ts  op tim u m  co incides w ith  its  m ax im um . ( I f  th e  
o p tim u m  o f fu n c tio n  cp w ere i ts  m in im um , th e  o p tim u m  of l/cp w ould co incide  
w ith  th e  m ax im u m  th u s  th e  co n d itio n  can be  re g a rd e d  as general.) T he m a x i
m u m  o f  fu n c tio n  cp shall be  d en o ted  b y  (pmax fo r  th e  case of given G,ip,ip0, i.e .

^шах — '/la opt) (i,

T h e sc a lin g  c rite ria  (22) re q u ire  th e  m acroscop ic  d im ensions of th e  m odel a n d  
th e  p ro to ty p e  to  he g eo m e trica lly  sim ilar. I n  th e  m a jo rity  of p rac tica l cases,
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Fig. 1. G eom etrically similar characteristic space

Fig. 2. G eom etrically sim ilar one-, tw o- and three-dim ensional characteristic spaces

th is  cond itio n  can n o t be m e t because  o f th e  size and  co m p lex ity  o f  th e  p ro to 
ty p e . T herefo re, a c h a ra c te ris tic  space of th e  p ro to ty p e  is chosen fo r  m odelling
(F ig . 1).

Gli.U ç  G[l], [L ]m £  [L]p.

I n  th e  p a r t  G{/*ra o f th e  re se rv o ir we can a lre a d y  sa tisfy  th e  c r ite r io n  o f  geo
m e tr ic  s im ila rity :

GU-]„ =  щ ц  . GU-]„_

T h e  ex p erim en ts  are ca rried  o u t in  th e  po rous space G ^ " ‘ m ee tin g  th e  scaling 
c r ite r ia  (22). T he ex p erim en ts  are  aim ed a t  d e te rm in ing

f rj[ L ] m  -- m i n " 1 ^
r m a x , m  (r \ t t o p t /G m , У(»ш), Vo.m
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a n d  aopt* I f  »opt is k n o w n , aopt is de te rm ined  u s in g  th e  s im ila rity  g roups

i.e .

m  т у  paopt * ti : a0pt

^ m a x jp  9^(a opt)Gp  ̂ , У(лр), y0,p*

C onclusions m ade fro m  q> \ £ . o n  th e  value

<Pmk = rP(aopt)alpL]p, n*p).Vo,p
o f  th e  reserv o ir are re liab le  i f  th e  ra tio

Q lL U /Q W p  <  1

is g r e a t  a t  given [L ]r L j mи >. j I

ф т а х , р  9 ^ m a x , p  ^  9 ^ m a x , p  ^  9 ^ m a x .  p

Gp ç  Gj ç  Cj ç  GpL]p

F ig . 3. Two-level factorial experiment-planning
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Fig. 4. Determining the optimum parameters

T his s ta te m e n t im plies th a t  m ax im u m  c h a ra c te r is tic  space has to  b e  selected  
and  can  be  m odelled  so as to  m eet th e  c r ite r ia  o f geom etric s im ila r ity  (F ig . 2). 
T he one-d im ensiona l m odel y ields in fo rm a tio n  only ab o u t th e  m icroscopic  
flood ing .

A tw o-d im ensiona l m odel is re q u ire d  to  investiga te  th e  e ffec t o f  area l 
flood ing  while th e  g ra v ita tio n a l seg reg a tio n  can only be m odelled  in  th ree  
d im ensions if  all th ree  effects h av e  to  be k n ow n .

O n th e  basis  o f th ese  s ta te m e n ts , flow  phenom ena in  re se rv o irs  should  
p o ssib ly  be m odelled in  several s tep s .

F ir s t ,  th e  o p tim u m  ranges o f  th e  p a ra m e te rs  are d e te rm in ed  b y  m eans 
o f a one-d im ensional m odel, fo r th is  re q u ire s  th e  g rea test n u m b e r  o f  ex p e ri
m en ts  an d  th e  costs  o f one-d im ensional cores are  re la tive ly  low.

N arrow ing  th e  ranges of p a ra m e te rs  a n d  determ in ing  a£pt a re  c a rr ie d  ou t 
on tw o- o r th ree -d im en sio n a l m odels d e p e n d in g  on the  n a tu re  o f  th e  p rob lem .

T h e  d e te rm in a tio n  o f th e  o p tim u m  p a ra m e te rs  dem ands a g re a t  n u m b er 
o f ex p e rim en ts . T herefo re , because o f  th e  costs and  tim e  o f m o d e llin g , th e  
e x p e rim e n ts  h av e  to  be p roperly  d esig n ed . T h e  tw o-level fa c to ria l m e th o d  of 
ex p erim en t-d es ig n  [B alia, 1980a] can  be used  for th is  pu rpose  (F ig . 3). The
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n e c e ssa ry  p a ram e te rs  a re  d e te rm in ed  by  c o m p u te r  from  th e  m easu rem en t re 
su lts  o b ta in e d . U sing th e se  d a ta ,  the  b eh av io u r o f  th e  reservoir is s im u la ted  
b y  c o m p u te r  b y  m eans o f  th e  m a th em atica l m o d e l w hile th e  accuracy  o f  m o 
d e llin g  can  be checked b y  p ilo t  p lan t ex p e rim en ts  (F ig . 4).
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DETERMINATION OF THE DIFFUSION MASS 
TRANSPORT COEFFICIENT OF A CO,-CH4 GAS MIXTURE 
IN POROUS MEDIA AT RESERVOIR TEMPERATURE

AND PRESSURE

K. B A U E R

PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

The study reports experim ental devices for investigation  of diffusion transport processes 
of gas m ixtures at high pressure. A m easurem ent m ethod is described for the determ ination  
of the m olecular diffusion coefficient o f a binary C 0 2— CH 4 gas m ixture in reservoir rock and 
at form ation conditions, and w ays for the evaluation  of experim ental data obta ined  by the gas 
eluation  m ethod are reported.

The results o f laboratory experim ents have been used for predicting gas diffusion pro
cesses in gas caps of depleted oil reservoirs worked secondarily by C 0 2.

Symbols
L) average d iffusivity

diffusivity
G total molar flow  rate
H length of rock sam ple in vertical arrangem ent
L  length of rock sam ple in horizontal arrangem ent
M molecular m ass
N  specific molar flow rate (density)
p  pressure
Ap  pressure difference
t tim e
T  temperature
u, V average rate o f  molar volum etric change of the system  
V volum e, rock pore volum e
X, z local co-ordinates
y  molar fraction
Q molar density o f gas m ixture
First subscripts 
A  COo gas
В CH“ gas
О interm ediate point
e state  o f equilibrium  w ithout natural convection

state  o f equilibrium  w ith natural convection  
Second subscripts 
О initial state
К  final state
E eluation space
Third subscripts 
О in itial state
К  final state
E  eluation space
a. ft, c. d, . . . function constants

In  reserv o ir m echan ics, one has to  know  th e  value o f diffusion m ass t r a n s 
p o rt in gas reservo irs  o r in gas caps o f  d ep le ted  oil reservoirs w orked  seco n d 
a rily  b y  C 0 2. D iffu siv ity  ch a rac te ris in g  th e  m ass tra n s p o r t  fti th e  space  d ep en d s  
on p ressu re  and te m p e ra tu re  as well as th e  com position  o f th e  gas m ix tu re .

in »
m2s - 1 
m ole s “ 1 
in 
m
kg
m ole e ‘m 2
Pa
Pa
s
К
in s -1
m '1
III

m ole m -:l
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D iffu siv ity  o f a n  a p p ro x im a te ly  b in a ry  C 0 2— C H 4 m ix tu re  can  also be 
e s t im a te d  b y  c a lcu la tio n  [7, 18]. I t  is, h ow ever, m o st su itab ly  d e te rm in ed  
e x p e rim e n ta lly  on ro ck  sam p les  ta k e n  from  th e  re se rv o ir  in  o rder to  ta k e  in to  
a c c o u n t th e  d ispersion  e ffec t o f th e  rock.

F o r  th e  in v e s tig a tio n  o f  diffusion processes o f  b in a ry  gas m ix tu re s  a t  
h ig h  te m p e ra tu re  an d  h ig h  p ressu re , porous m ed ia  viz. s in te red  glass d ia 
p h ra g m s , porous b ro n ze  e tc . are  generally  o n ly  u sed  to  stabilize th e  process 
in  th e  m easu rem en t cell [5— 7, 11].

A t th e  sam e tim e , th e re  are a v a r ie ty  o f  m e th o d s  to  in v es tig a te  free 
d iffu s io n  processes o f gas m ix tu re s  a t  m edium  an d  low  pressure. T he u n s te a d y - 
s ta te  m eth o d  is th e  m o st w idely  used am ong  th e m . T he d iv ided-cell m eth o d  
w as f i r s t  in tro d u ced  b y  L o sch m id t [3], while th e  gas e luation  m eth o d  is due  
to  S te fa n  [1, 2]. T he d iv id e d  cell w as n o th in g  b u t  tw o  opposed S te fa n ’s cells.

M any  varie ties o f  L o sc h m id t’s m ethod  are  k n o w n  for high p ressu re  an d  
h igh  te m p e ra tu re  [3— 9, 10— 11, 13, 15] b u t  th e  gas e lu a tio n  m ethod  has been  
u sed  fo r  h igh te m p e ra tu re s  a t  low pressure on ly  because  of techn ica l d ifficu l
t ie s  in  stab iliz ing  th e  h ig h  p ressu re  e luation  p rocess [12, 14].

T h e  tasks o u tlin e d  h ere  raise re q u ire m e n ts  ag a in st th e  m easu rem en t 
m e th o d  th a t  w idely  d iffe r from  th e  a tm o sp h eric  co n d itions and  m ake i t  n e 
ce ssa ry  to  determ ine  th e  m ass tra n sp o rt coeffic ien t —  co n cen tra tio n  re la tio n 
sh ip . T h eo re tica lly , v a r ie tie s  o f th e  L o sch m id t m e th o d  for high p ressu re  an d  
h ig h  te m p e ra tu re  w o u ld  h a v e  fu rn ished  g re a te r  a c c u ra cy  b u t  th e  m easu rem en t 
m e th o d  h a d  to  be su ita b le  fo r  th e  in v es tig a tio n  o f  th e  d iffusion m ass tr a n s p o r t  
in a d ry  rock  as well as a t  re s id u a l flu id  s a tu ra t io n . F o r th is  reason , a h igh  
p re ssu re  p rocedure o f  th e  gas e lua tio n  m e th o d  h as  been  developed in  o rd e r 
to  e n su re  th e  s ta b iliz a tio n  o f  th e  diffusion m ass t r a n s p o r t  d u ring  m easu rem en ts . 
T h e  a m o u n t of th e  e lu a te d  C 0 2 was m easu red  d u rin g  th e  ex p erim en t an d  th e  
p seu d o -eq u ilib riu m  se c tio n  o f  th is  recovery  cu rv e  h a s  been used for th e  e v a lu 
a tio n . O n th e  o th e r h a n d , in  o rd e r to  check th e  m easu rem en t resu lts  o b ta in e d  
b y  th e  gas e lua tio n  m e th o d , a closed-cell m e a su re m e n t device was b u ilt  a cco rd 
ing to  G av a las’ su g g estio n  [15]. D uring  th e  m easu rem en t, cell p ressu re  w as 
re c o rd e d  as a fu n c tio n  o f  tim e  an d  th e  p seu d o -eq u ilib riu m  section  o f th e  cu rve  
h a s  b een  used for th e  e v a lu a tio n .

N a tu ra l gas w ith  0 .98 m e th an e  c o n te n t a n d  0.99 p u rity  C 0 2 w as used  in  
th e  ex p erim en ts . M easu rem en ts  w ere carried  o u t a t  336 °K te m p e ra tu re  an d  
a t  5 an d  10 M Pa p ressu res .

M easurem ent device and m easurem ent procedure based on gas eluation principle

A schem atic  v iew  o f  th e  m easu rem en t dev ice  is show n in F ig . 1. R ock  
sam p le  О is placed in  s ta in le ss  steel sleeve N  sea led  b y  a te flon  ring  an d  fix ed  
inside  th e  diffusion cell. O ne side of th e  ro ck  sam ple  com m unicates w ith
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Fig. 1. Schem atic diagram  of the gas eluation m easurem ent equipm ent. A  — im iter vcsselin  
front o f the rock, В buffer vessel connected to the eluation slit, C — pressure transducers, 
D — differential pressure gauge, E  — m icrocom pressor, F  — conductom cter, G — bubble 
flow  m eter, H — fluid therm ostat, I — digital data recorder, J — co n d u ctiv ity  electrode, 
К  — filter pipe, L — stain less steel pipe, M — condu ctiv ity  cell, N  •— stain less steel sleeve, 

P — eluation slit, T tem perature detectors

C H 4— C 0 2 gas m ix tu re  w hile th e  o th e r  side faces e lu a tio n  s lit P . B uffer con
ta in e r  В co n ta in in g  C H 4 is connected  to  th e  low er p a r t  o f  th e  e lu a tio n  slit. 
O ne side of p ressu re  d iffe ren tia l gauge D is connected  to  th e  c e n tra l p a r t, 
w hile needle v a lv e  5 rem o v in g  th e  e lu a ted  gas m ix tu re  is c o n n e c te d  to  th e  u p 
p er p a r t .  V alves 7 a n d  3 co nduc ting  C 0 2 an d  C H 4 gases lead  to  th e  u p p e r p a r t , 
w hile th e  o th e r side o f  p ressu re  d iffe ren tia l gauge to  th e  c e n tra l  p a r t  on th e  
o th e r  side, of c o n ta in e r  A.

P ressure gauge C2 leads to  th e  u p p e r  p a r t ,  w hile v a lv e  3 conducting  
m e th a n e  and  th e  m icrocom pressor tra n s p o r tin g  th e  e lu a tin g  gas lead  to  the  
low er p a r t  o f b u ffe r-c o n ta in e r  В c o n ta in in g  th e  e lu a tin g  m e th a n e . O u ter in- 
an d  o u tle t  valves 1 a n d  2 fo r C 0 2 a n d  C H 4 an d  cell te m p e ra tu re  m easuring  
tra n s is to rs  T 4 an d  T 2, an d  te m p e ra tu re  co n tro l tra n s is to r  T 3 o f  th e  a ir th e r 
m o s ta t  are p laced  in sid e  th e  th e rm o s ta t .

T he e lu a ted  gas m ix tu re  flow s from  needle valve  5 th ro u g h  a th in  s ta in 
less stee l pipe sp ira l an d  f i l te r  pipe in to  co n d u c to m e try  vessel M  conta in ing  
one n o rm al K O H  so lu tio n  in  fine ly  d ispersed  s ta te . T he v o lu m e tric  flow 
ra te  o f  th e  flow ing  gas m ix tu re  is m easu red  an d  c o n tin u o u sly  reco rd ed  b y  
e lec tro n ic  p ressu re  gauge C 4.
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T h e  К О Н  solution  fix es  C 0 2 in  form  of K 2C O ;! w h ich  resu lts  in  a change 
o f th e  sp ec ific  electric c o n d u c tiv ity  o f the so lu tion . T h is is in d ica ted  b y  elec
tro d e  K . T h e  DC signal o f th e  co n d u c to m ete r is m easu red  an d  recorded  as a 
fu n c tio n  o f  tim e  by  a 0.01 m illiv o lt accuracy  d ig ita l v o ltm e te r . T he c o n d u c to 
m e try  e lec tro d e  and th e  vesse l co n ta in in g  K O H  so lu tio n  are  k e p t in  th e  w a te r  
b a th  a t  te m p e ra tu re  298 ^  0.1 °K . T he volum e o f m e th a n e  b u b b lin g  th ro u g h  
th e  K O H  so lu tion  can be d e te rm in e d  in vessel G b y  m easu rin g  th e  p ressu re  
c h an g e  b y  electronic p ressu re  tra n sd u c e r  C4. The signal o f  th is  in s tru m e n t is 
also c o n tin u o u s ly  reco rded . T h e  m icrocom pressor co n n ec ted  to  co n ta in e r В 
is c o n tro lle d  b y  the  signal o f  d iffe ren tia l p ressure gauge D. T his ensures fo r 
the  p re s su re  d ifferen tia l b e tw e e n  b o th  sides o f th e  ro ck  sam ple  to  be k e p t a t  
m in im u m  (less th an  1 k P a )  d u r in g  e luation .

Closed-cell device and m easurem ent procedure

T h e  device is i l lu s tra te d  in  F ig . 2. The rock  sam p le  glued in to  sta in less 
stee l s leev e  is placed in to  d iffu s io n  cell A. The u p p e r  end  o f  vessel A co n ta in in g  
C 0 2 is  co nnec ted  th ro u g h  v a lv e  1 to  b u ffe r-co n ta in e r  В con ta in in g  C H 4. 
L ow er e n d s  of vessels В an d  C a re  in  connection  w ith  p ressu re  d iffe ren tia l gauge 
D , a n d  th ro u g h  valves 2 a n d  3 w ith  doub le-ac ting  co m p resso r E 4. C om pressor 
E 4, a n d  vessels A and  В c a n  b e  s im u ltaneously  filled  w ith  C 0 2 o f req u ired  
p re s su re  th ro u g h  valves 4 a n d  5 fro m  blow -case vessels F 4 and  F 2. V alves 4 
a n d  5 a re  closed during  th is  p ro cess . A fter filling  u p  th e  sy stem , valves 3 an d  
6  a re  c lo sed . A fter ach iev ing  th e  th e rm a l eq u ilib riu m  w hich  is in d ica ted  b y  
th e rm o m e te rs  T 2 and  T 4, c o m p resso r E j is set in  m o tio n  a n d  v alve  1 is opened . 
T h e  c o m p resso r pum ps m e th a n e  o f  volum e V  in to  vessel В w ith  a v e lo c ity  
g re a te r  b y  one order o f m a g n itu d e  th a n  th a t  o f th e  d iffusion  m ass t r a n s p o r t ,  
a n d , s im u ltan eo u sly , th e  sa m e  volum e of C 0 2 is e x tra c te d  from  vessel A. 
V a lv es  2 , 8  and  3 are closed a t  th e  m om ent o f s to p p in g  th e  com pressor w hich  
e n a b le s  p ressu re  d iffe ren tia l g au g e  D to  m easure  p ressu re  d iffe ren tia l Ap(t) 
b e tw e e n  vessels В an d  C as a  function  o f tim e . T h e  v a ria tio n  o f Ap(t) 
c h a ra c te r iz e s  the process o f c o n c e n tra tio n  e q u a liz a tio n  th ro u g h  diffusion.

The diffusion model

W h e n  real gases are m ix ed  b y  diffusion, th e  m o la r  d en sity  o f th e  m ix tu re  
is n o t  c o n s ta n t  a t th e  v a rio u s  p o in ts  of the  cell b u t  i t  changes d u rin g  th e  p ro 
cess so t h a t  a t the  b eg in n in g  a d en sity  eq u a liza tio n  p roceeds ap p ro x im a te ly  
w ith  th e  velocity  of d iffu sio n  in  add itio n  to  th e  p h en o m en o n  o f m o lecu lar 
d iffu s io n  o f  ideal gases. T h is p ro cess  has to  be ta k e n  in to  acco u n t as a n a tu ra l  
c o n v e c tio n .
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Fig. 2. Schem atic diagram  o f  the closed-cell m easurem ent equipm ent. A — rock sam ple, 
В — buffer vesse l, C — pressure transducer, D — differential pressure gauge

The d e n s ity  eq u a liza tio n  proceeds to w a rd s  th e  low er m olar d e n s ity  from  
th e  h ig h er one acco rd in g  to  th e  o rig inal p o s itio n  o f  th e  pu re  c o m p o n en ts . The 
velo c ity  o f  th e  m o la r  m ass tra n s p o r t  a lo n g  th e  len g th  o f th e  cell c a n  be ex 
pressed  as

N
V =  —

Q

w here v den o tes  th e  r a te  o f th e  m olar v o lu m e tr ic  change o f th e  m ix tu re .
F o r closed-cell in v es tig a tio n s , th e  av e rag e  m olar d en sity  c a lc u la te d  w ith  

re sp ec t o f  th e  le n g th  o f  th e  cell is c o n s ta n t th u s  th e  m ixing re su lts  in  changes

( 1 )
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o f p re s s u re  p  and  co m p ress ib ility  fac to r г in  th e  sam e sense, accord ing  to  th e  
r e la t io n s h ip

P
'  z R T  '

C o n tra ry  to  th is , th e  p ressu re  o f  th e  system  does n o t  change a t  th e  gas e lu a tio n  
m e th o d , th e re fo re  th e  av e rag e  o f  th e  value zp a lo n g  th e  cell is c o n s ta n t. T h u s , 
d e p e n d in g  on w heth er th e  m o la r  den sity  of th e  e lu a tin g  gas is sm aller o r g re a 
te r  t h a n  t h a t  o f th e  e lu a te d  one , th e  m olar d e n s ity  o f th e  m ix tu re  d ecreases 
a n d  th e  com p ressib ility  fa c to r  increases in  th e  cell o r vice versa: th e  d e n s ity  
in c re a se s  a n d  coefficient z decreases to  th e  sam e e x te n t.

T h e  r a te  of th e  in it ia l  n a tu ra l  convec tion  in  th e  closed cell e v e n tu a lly  
d e c re a se s  to  zero due to  e q u a liz a tio n  of th e  m ix tu re  d ensity . This ensues s u b 
s ta n t ia l ly  fa r th e r  th a n  in  case o f  th e  gas e lu a tio n  m eth o d e  w here th e  av e rag e  
v a lu e  o f  VQ is a p p ro x im a te ly  c o n s ta n t along th e  le n g th  o f th e  cell.

B a se d  on these co n sid e ra tio n s , th e  n u m b e r  o f  m olecules (e.g. o f  co m p o 
n e n t  A )  fro m  am ong th o se  crossing  a u n it  su rface  e lem ent of an  im a g in a ry  
p la n e  a t  som e a rb itra ry  p o in t d u rin g  u n it  tim e  ca n  be  ca lcu la ted  for th e  in itia l 
s ta g e  o f  m ix in g  for an y  o f th e  m eth o d s b y  F ic k ’s f i r s t  law  as

N A =  6Av - D AB?§à. .  (3)
dx

T a k in g  in to  accoun t th e  m a te r ia l  balance fo r v o lu m e  elem ent

^ -  +  —  (gt>) =  0 .  ( 4 )
Qt dx

F ic k ’s seco n d  law  can be w r i t te n  for c o m p o n en t A  an d  for th e  co n d itio n s  o f  
n a tu r a l  co n v ec tio n  as

dQA 9
D dQAU AB

8 1 Эл; dx
двА
dx

(5)

I t  is u se fu l to  in troduce  av e rag e  values

an d

D ab{x , t) dx

L

v(x, t ) dx.

( 6)

( ? )
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M aking  use o f these  exp ressions, e q u a tio n

ZQa 
91 ( 8 )

can  be used fo r th e  e s tim a tio n  o f d is tr ib u tio n  QA(x, t) in  th e  d iffu sio n  cell, 
in s te a d  of E q . (5).

Since th e  c o n c e n tra tio n  d is tr ib u tio n  in  th e  in itia l s tage  0 <  t <  t0 of 
gas m ixing as e s tim a te d  b y  E q . (8 ) s ig n ifican tly  differs from  th e  re a l d is tr i
b u tio n  qa(x, t) in  th e  cell, th e  ev a lu a tio n  h as  to  be re s tr ic te d  to  th e  section 
t ]> t0 o f th e  C 0 2-reco v ery  curve  M(t),  w here th e  change o f p a ra m e te rs  D(t) 
a n d  u(t) can  be  neg lec ted .

W ith  th e  in itia l co n d itio n

Qa =  Qa o '-. t =  0; 0 О  <  L

an d  th e  b o u n d a ry  con d itio n s

Qa  =  ело! t >  ° ;  *  =  0

Qa  =  Qa k ; * >  t 0; X — L  (9)

o f  e lu a tio n , d is tr ib u tio n  gA(x, t) can  be ca lcu la ted  b y  F o u rie r tra n s fo rm a tio n

T h u s , fina lly

Qa {x , t) =  qao

' их “ 2 Л nW
D t  . sin2 D ib  )

' 2  °
L2 ■

n= 1

uî
2 D (Qao - C(*))

. raf s in ----
L ■d i

их u L их
e D —  e D l - e  о

u L
1 -  eD

+  Qak u L
1 - e D

_  Qao^ Q a k  e~ [ ^ {L x)+ -Ш  ' ] .  
L

” п л  2 ( - i r
Á  L  | ” 2

2 u

U J 2D

nnx D t
s i n -------e L 2

( 10)

( П )

T h e  to ta l  m olar flow  ra te  th ro u g h  th e  d ischarge  cross-section  o f  th e  ro c k  facing 
th e  e lu a tio n  s lit can  be w r itte n  accord ing  to  (1 1 )

G л =  АФ vQa k  ~ 11 л в к

C
j

CO

dx K.
( 12)
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F ro m  th e  m ateria l b a lan ce  w r itte n  up  for th e  e lu a tio n  slit

_ C A
Qa e k  ~  Qa e b  —  '

4
w ith

Qa e b  —  0 -

( 13)

T h e  n u m b e r  of th e  c u m u la te d  m olecules o f  co m p o n e n t A  e lu a ted  from  th e
s y s te m  becom es

(14)

In te g ra t in g  (14) u n d e r c o n d itio n  (13), th e  fo llow ing  re la tio n sh ip  is o b ta in ed  
fo r  M (i)

u L  _  u _ L

_ Qa q C 0  Qa k  e D

D ,
1  — e D

M(t)  =  АФ v Qa k  +  D a b k ■t +

Qao — Qa k D L
1 L  и 2 12

n2 D +  —
D n n  2 J

I ) 2]  >yJj
L e tt in g  t —у oo in  E q . (15), th e  dynam ic s ta te  o f  eq u ilib riu m  w ill be c h a ra c te 
r iz e d  b y  th e  s tra ig h t line

M(t) =  A +  Bt.  (16)

F o r  t >  t 0 th e  curve M(t)  c a n  be fairly  a c c u ra te ly  a p p ro x im a ted  b y  th e  f irs t  
te rm  o f  in fin ite  series (15), i.e . i t  can  be describ ed  a sy m p to tic a lly  as

M (t) =  A  +  Bt  — Ce (17)

I f  th e  m easu rem en ts  a re  ev a lu a ted  b y  m e a n s  o f  re la tio n sh ip s  (16) an d  
(17), th e  lo garithm  o f th e  d ifference  of (16) a n d  (17) ta k e n  a t  th e  sam e in s ta n t ,  
s ta r t in g  from  some t ^> t 0, c a n  be linearized  as a  fu n c tio n  o f tim e . D oing  so, 
e q u a tio n

L n M (t) =  L n  [ M J t )  — M (t)] =  L n C -  ast (18)
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of th e  s tra ig h t line is o b ta in e d  w hose slope

Л 2 Г 1 I L  u ) 2 lD  +  — -----------
L2 D [ я  2

(19)

can be  de te rm in ed  fro m  th e  re su lts  of th e  ex p e rim en ts . F ro m  th e  q u ad ra tic  
e q u a tio n

D 2 -  Das
£

л
2 u2

+  7 ( 20)

th e  va lu e  o f  D is c a lcu la ted  as th e  roo t.

D +
a 2 L 4 uL 2 '

л 4 4 2л 2

In itia l and  b o u n d a ry  co n d itio n s

Qa  =  Qa o '-> Í =  0: о <  г <  z 0

- ^ -  =  0; t >  0; z =  0; z =  H  
Dz

( 21) .

( 22 )

(23)

are u sed  to  solve th e  d iffe ren tia l eq u a tio n  (5) fo r th e  closed cell b y  F ourier 
tra n sfo rm a tio n . T h u s , assu m in g  v =  0 an d  D AB — c o n s ta n t, th e  v a ria tio n  of 
Qa ( z ,  t) in  a rock  sam ple  in  v e rtic a l position  can  be w ritte n  as

6 a ( z ,  0 =  V a c  +
2 Gao

71
^ ’ sin
n= 1

TIj T Z q

H
cos ^ _ e D^  (t -)2 '

H
(24)

D is tr ib u tio n  (24) can  be reg a rd ed  as accu ra te  in  th e  la te r  p h ase  o f  m ix ing  a t 
t >  t 0 because i f  tim e  ap p ro ach es in fin ity , v —<- 0 an d  g —► ge h o ld  w hile DAB 
ap p ro ach es D ABe. I f  th e  m o la r co n cen tra tio n  q =  q[qa , p(t),  T] is de te rm in ed  
from  th e  equ ilib riu m  va lu e  ge =  g(gAe, p e, T)  fo r th e  period  t >  t 0, th e  follow 
ing a p p ro x im a te  re la tio n sh ip  can  be o b ta in ed  from  a d ev e lo p m en t in to  T ay lo r’s 
series

Q{Qa , P(0 .  T ) =  GÍQa c  Pc, T ) + ~ ( P ( l )  -  P e )  +
9  P)e

dA>e
' ( 6  A  —  G A c )  +  - ( P ( t ) - P e ) *  +

+
0 2g

д Р д в А  le
( / > ( * )  -  P c )  ( G a  -  в А е )  +

-  еле)2- (25)
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S ince th e  cell is closed,

h o ld s  w h ile

H
J  ( в  A  -  е л е )  S>z  =  0

H

I’ (6a -  QAeY dz =  < ^ e ~
J n= 1 *
0

2n2n2D ABt
H*

(26)

(27)

T a k in g  in to  accoun t th ese  re s u lts ,  we can express th e  p ressu re  d ifferen tia l 
f ro m  E q . (25) and, m ak ing  u se  o f  th e  sam e n eg lec tion  as in  G avalas [15], we 
f in a lly  g e t

Pi1)

9 2q

of e
4 9  в'

дР e

WDjb
Н г (28)

T h e  lo g a r i th m  of the  d ifferences b e tw een  p(t) d e te rm in ed  b y  th e  m easu rem en ts  
a n d  p e c a n  be linearized  a c c o rd in g  to  th e  re la tio n sh ip

L n (p(t)  -  p e) =  L n a  -  2Л‘̂ АВ t (29)
H 1

s ta r t in g  fro m  t 7> t0. T he v a lu e  o f  D AB can now  be d e te rm in e d  from  th e  slope 
o f  th e  l in e  ob ta ined .

A nalysis of th e  in fo rm a tio n  obtained by th e  m easu rem en ts

I n  o rd e r to  estab lish  th e  re la tio n sh ip  b e tw een  th e  coeffic ien t D AB and  
th e  c o n c e n tra tio n  of C 0 2 a t  c o n s ta n t  p ressure a n d  te m p e ra tu re , se ts  o f  ex 
p e r im e n ts  have  to  be c a rr ie d  o u t using  e ith e r th e  e lu a tio n  or closed-cell 
m e th o d s .

A p p ly in g  the  e lua tio n  m e th o d , th e  conditions fo r th e  v a rio u s  ex p erim en ts  
ca n  h e  a d ju s te d  b y  chan g in g  th e  com position  o f th e  in it ia l  gas m ix tu re  an d  
k e e p in g  th e  ra te  q o f e lu a tio n  a n d  o u tle t  valve opening  c o n s ta n t. I t  is, how ever, 
m o re  c o n v e n ie n t to  keep th e  in i t ia l  gas com position  c o n s ta n t and  to  h av e  d if
f e r e n t  r a te s  o f e luation  an d  o u t le t  va lv e  openings.

T h e  o u tle t valve open in g  can  on ly  be con tro lled , as a ru le , r a th e r  coarsely  
a t  c o n s ta n t  system  p ressu re . T h e re fo re , th e  various ex p e rim en ts  w ith  d iffe ren t 
r a te s  o f  e lu a tio n  are m ore c o n v e n ie n tly  carried  o u t a t  th e  sam e v a lv e  opening.

I n  in v estiga tions o f th is  ty p e  th e  value as is an a ly zed  as a fu n c tio n  of 
th e  r a t e  q o f  e luation  (Figs. 3 a n d  4). Curve as has a p a rab o lic  shape an d  crosses 
i ts  m in im u m  w ith  increasing  q.
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T his p h en o m en o n  is in connection  w ith  th e  fac t th a t  th e  v a lv e  open ing  
is k e p t c o n s ta n t in  th e  ex perim en ts w ith  in c reas in g  q. A t sm all v a lu es  o f q, 
a m ass tra n s p o r t  o f  th e  sam e sense is a d d ed  to  th e  n a tu ra l co n v ec tio n  due  to  
a sligh t ex p an sio n  o f  th e  d iffusion cell. A t g re a t  values o f q, m ass a c c u m u la tio n  
tak es  p lace w ith  a d irec tio n  opposite  to  t h a t  o f  th e  n a tu ra l convection .

Fig. 3. Variaton o f as (full line) and D  (dash-and-dot line) as functions o f volum etric flow  
rate o f  eluation in a C 0 2— CH4 system  w ith 5 MPa pressure

Fig. 4. V ariation of as and D  as functions of volum etric flow rate o f eluation in a C 0 2 — CH4
system  with 10 MPa pressure
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S in ce  a gas s tre a m  ric h  in  m e th an e  leaves now  th ro u g h  th e  need le  v a lv e , 
th e  sp e c if ic  cap ac ity  o f th e  v a lv e  increases d u e  to  a decrease in  th e  v isco sity  
o f  th e  m ix tu re . T h a t is w h y  a fu r th e r  increase  o f  q com pensates fo r th e  effect 
o f  n a tu r a l  convection  s ta r t in g  from  th e  m in im u m  o f a s and th e  change o f  a s 

is in  c o n n e c tio n  w ith  th e  e ffec t o f  th e  increase o f  D  caused  by  th e  re d u c tio n  of 
c o n c e n tra t io n  gAK a t  th e  o u tle t  end  o f th e  ro ck . T h is assum ption  is also  ju s t i 
fied  b y  D ab  values d e te rm in e d  b y  th e  closed-cell m ethod .

I f  th e  effect o f th e  a r tif ic ia l an d  n a tu ra l  convec tion  is s u b tra c te d  from  
th e  s e c tio n  before th e  m in im u m  of a s (th is can  be done w ith  th e  help  o f  th e  
v a lu e  N  co rrespond ing  to  q — 0), th e  co rrec ted  sec tio n  of curve a s in creases  
m o n o to n o u s ly  w ith o u t a ssu m in g  a m in im um . T h e  corrected  curve o f  a s  can 
be d ire c t ly  used to  ca lcu la te  th e  values o f D.  F ro m  th e  slopes o f th e  ta n g e n ts  
a t  th e  in i t ia l  and  end  p o in ts  o f  th e  m easured  cu rv es  in  Figs. 5 and  6 , th e  ra tio  
Qa /Q a o  b elong ing  to  a s o b ta in e d  from  th e  m ea su re m e n t, can be d e te rm in ed . 
C o n se q u e n tly , th e  re su lts  g a in ed  b y  th e  gas e lu a tio n  an d  the  closed-cell m e th 
ods, re sp e c tiv e ly , can  be c o m p ared . O n th e  o th e r  h a n d , ce rta in  values c h a ra c 
te r iz in g  th e  co n cen tra tio n  of C 0 2 cau he o b ta in e d  fo r each D -value ca lc u la ted

Fig. 5. S ec tio n  C of the measured C 0 2 recovery curve and logarithm s of the values calculated  
b y  the asym ptotic form ula for a C 0 2 CH4 m ixture w ith  5 MPa pressure
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Fig. 6. Section C of the m easured C 0 2 recovery curve and logarithm s of the values calculated  
by the asym p totic  formula for a C 0 2 -C H 4 m ixture w ith 10 MPa pressure

from  as. T hus th e  v a r ia tio n  o f D can  be c a lcu la ted  as a fu n c tio n  o f  m olar 
frac tio n  у A.

A full e x a m in a tio n  based  on th e  e lu a tio n  m ethod  can be d iv id ed  in to  
sections A, В a n d  C as illu s tra te d  in  F ig . 7.

In  section  A, th e  ca lib a ra tio n  o f a p a r tic u la r  valve open in g  is carried  
o u t a t  closed v a lv e  4 (F ig . 1) an d  th e  th ro u g h p u t cap ac ity  o f  th e  v a lv e  is 
d e te rm in ed . A t th e  la s t  sec tion  o f  A th e  d ead  sp ace  o f th e  o u tle t p a r t  is d e te rm 
ined by  closing v o lu m e tric  v a lve  before  needle  valve 5.

Section  В is th e  a c tu a l m easu rem en t sec tio n  s ta r tin g  w ith  o p en in g  valve 
4 an d  v o lu m etric  v a lv e  before valve 5 and  sw itch in g  on com pressor E . A fter 
s tab iliz in g  sec tion  B , v a lv e  4 is closed an d  th e  com pressor sw itched  off.

Section  C serves to  check th e  m ea su re m e n t resu lts  in sec tio n  В an d  th e  
effect o f th e  gas e lu a tio n . T he area  u n d e r th e  cu rve  up  to  th e  s ta b iliz a tio n  of 
sec tion  C is p ro p o rtio n a l to  th e  a m o u n t o f CO , in  th e  rock sam ple  a t  th e  end 
o f th  e m easu rem en t sec tio n .

A t th e  end o f  sec tio n  C th e  C 0 2 c o n te n t o f  th e  o u tle t dead space  is d e te rm 
ined again  b y  closing th e  c o n s ta n t vo lum e v a lv e  o f valve 5. In  th is  w ay  th e

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



342 К. BAUER

F ig . 7. S ec tio n s of the C 02 recovery curve obtained by the gas eluation  m ethod. A — calibra
tion section, В — m easurem ent section, C — checking section

F ig. 8. A b so lu te  pressure of the sy s tem  and logarithm s o f the values calculated b y  th e  asym p 
totic formula as fun ction s of tim e for closed-cell investigation
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av erag e  co n cen tra tio n  of C 0 2 is o b ta in ed  on  th e  side o f th e  rock  to w a rd s  ves
sel A a t  th e  end  o f  section  B.

T he closed-cell in v es tig a tio n  th e o re tic a lly  does n o t req u ire  a d d itio n a l 
m easu rem en ts  to  d e te rm in e  coeffic ien t D AB. T he  co n cen tra tio n  o f  C 0 2 cor
re sp o n d in g  to  coeffic ien t DAB ca lcu la ted  from  th e  m easu rem en t, can  he  d e te rm 
ined  e ith e r  from  eq u a tio n s  o f s ta te  QAo{p, T)  an d  QBo{p, T)  using  th e  vo lum es 
o f  vessel A, o f C H 4 in jec ted  in to  vessel A a n d  o f  C 0 2 ex trac ted  p a ra lle lly  from  
i t ,  o r from  th e  an a ly s is  o f an  eq u ilib riu m  gas sam ple  ta k e n  from  v esse l A.

T he closed-cell m ethod  is ex trem ely  sen s itiv e  to  the  accu ra te  th e rm o s tin g  
d u rin g  m easu rem en t since pressure  d iffe ren tia l betw een  vessels В a n d  A con
ta in in g  gas w ith  d iffe ren t m olar d ensities in  a space  th erm o sted  a t  te m p e ra tu re  
T  can  also he caused  by  a te m p e ra tu re  d iffe ren tia l betw een th e  vesse ls and  
b y  a te m p o ra ry  change o f te m p e ra tu re  o f  th e  system . The rea l fu n c tio n  p(t) 
can  on ly  be d e te rm in ed  if  th e  te m p e ra tu re  co rrec tion  curves p(t )x o f  vessels 
В an d  A are ta k e n  in to  acco u n t. F igu re  8  i l lu s tra te s  th e  co rrec ted  fu n c tio n  
p(t) an d  th e  cu rve  f i t te d  accord ing  to  re la tio n sh ip  (29) for a system  w ith  10 M Pa 
p ressu re . T he v a lu es  D AB d e te rm in ed  b y  th e  closed-cell m ethod  a re  i llu s tra te d  
in  F ig . 4 beside th e  re su lts  o f th e  e lu a tio n  ex p erim en ts . The d a ta  h av e  been 
id en tif ied  w ith  th e  help  o f ra tio s  Qa/ qAc• T h e  resu lts  of th e  in v e s tig a tio n  can 
be  reg a rd ed  as rea l, ta k in g  in to  acco u n t th e  difference D —  D AB.

C onclusions

a)  D iffusion  processes in  a b in a ry  sy s te m  o f real gases can  b e  describ ed  
b y  versions o f F ic k ’s f ir s t  an d  second law s v a lid  fo r convective d iffu sion .

b)  O ur h ig h -p ressu re  gas e lu a tio n  m e th o d  stab ilizes th e  e ffec t o f  n a tu ra l  
con v ec tio n  in  th e  ph ase  n e a r th e  eq u ilib riu m  o f th e  e luation  process. T h e  effect 
o f  th e  n a tu ra l  co n v ec tio n  has to  be ta k e n  in to  acco u n t in  ca lcu la tin g  D  from  
th e  m easu rem en t re su lts . T herefo re , a d d itio n a l m easurem ents a re  n eed ed  to  
d e te rm in e  b o th  D,  an d  th e  co n cen tra tio n  у A co rrespond ing  to  D.

c) I f  th e  m easu rem en t is ca rried  o u t a t  c o n s ta n t valve o p en in g  a t  th e  
o u tle t  side, th e  r e s u lta n t  ra te  o f th e  n a tu ra l  an d  artific ia l convec tio n s is zero 
in  th e  section  b eh in d  th e  m in im um  o f cu rve  as(q) th u s  D can be d ire c tly  d e te rm 
ined  from  as.

d)  P ressu re  p(t)  o b ta in ed  b y  th e  m easu rem en ts  should be co rre c ted  b y  
p x(t) ch a rac te riz in g  th e  change o f  te m p e ra tu re  because  of th e  g rea t te m p e ra tu re -  
se n s it iv ity  o f th e  closed-cell m e th o d . Since th e  effect of n a tu ra l co n v ec tio n  
can  be  neg lected  in  th e  phase o f th e  in v e s tig a tio n  n ea r equ ilib rium , coeffic ien t 
D ab  can  be d ire c tly  d e te rm in ed  from  th e  co rrec ted  curve p(t). T he  c o n c e n tra 
tio n  o f  th e  gas m ix tu re  co rrespond ing  to  th e  d iffusion  coefficient c a n  be ca l
c u la te d  e ith e r  fro m  th e  com pressed an d  e x tra c te d  volum es o f gas a n d  th e
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e q u a tio n s  o f s ta te  o f th e  p u re  com ponen ts, o r fro m  th e  analysis of th e  gas sam p  
e q u a tio n s  o f s ta te  o f  th e  p u re  com ponen ts, o r f ro m  th e  analysis o f th e  gas 
sam ple  ta k e n  from  th e  cell a f te r  the  m ixing h a s  ta k e n  place.
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STABILITY OF POLYACRYLAMIDE SOLUTIONS IN 
PRESENCE OF CARBON DIOXIDE

I. LAKATOS-Mrs. LAKATOS, J. SZABÓ
F E IK C LEIM  ENCIKEF BIEG RESEARCH FABCRATORY OF 1 HE HUNGARIAN ACADEMY OF SCIENCES

The paper deals with the compatibility of systems containing polymers and carbon 
dioxide. The effect of the polymer type (degree of hydrolysis), the pressure of the carbon dioxide, 
the salinity of the aqueous phase, the presence of oil, rock and temperature on polymer degra
dation is discussed. Laboratory investigations have proved that the stability of polymer so
lutions greatly decreases with increasing degree of hydrolysis. Within the degradation process 
the authors distinguish on the one hand chemical degradations dependent and independent of 
the foreign electrolytes and on the other hand the so-called salt degradation caused by the dis
solution of rock components (calcium, magnesium) due to carbon dioxide. According to experi
mental results, unhydrolyzed or slightly (<10% ) hydrolized polyacrylamides of great relative 
molecular mass must be applied for profile equalization and mobility control if carbon dioxide 
injection is used for enhanced oil recovery.

LKrw
p
t
Hydr.
Mr
R F
R R F
S F

S F r

T
a
P
Pr
,'1/t
M

Symbols

concentration, g dm-3, mg dm-3, mole dm-3 
permeability, f ini2

.  ^ » d e g r a d e d
relative permeability, —j----------- ,

o r i g i n a l
pressure, bar 
time, hour
hydrolysis, percentage
relative average molecular mass, —
resistance factor
residual resistance factor
screen factor

^  ^ d e g r a d e drelative screen factor, -  -------- , —
*  *  o r i g i n a l

temperature, °C 
expansion factor, — 
viscosity, mPas

.  .  .  ^ d e g r a d e d
relative viscosity, ----------— , —

/ ‘ o r i g i n a l
salt sensitivity, mPas 
intrinsic viscosity, cm3 g~ l

In tro d u c tio n

I t  is a genera l o b se rv a tio n  th a t  i f  he te rogeneous m u lti- la y e r re se rv o irs  
are flooded  b y  carb o n  d iox ide , th e  a rea l an d  v e rtic a l sw eep efficiencies o f 
flood ing  are  r a th e r  sm all because  o f  th e  g re a t m ob ility  o f th e  d isp lac in g  phase. 
T h u s th e  ad v an tag eo u s  e ffec t o f  th e  in jec ted  carb o n  d iox ide im p ro v in g  d is
p lacem en t effic iency  is lim ited  to  a sm all p a r t  o f th e  lay e r c o n ta in in g  h y d ro 
carb o n . T h is m ay  be a possib le  reason  fo r th e  excess oil fa lling  sh o r t  o f th e  
ex p ec ted  v alue  in  ce rta in  cases. T his s ta te m e n t leads to  th e  conclusion  th a t  a
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346 I. LAKATOS and J. LAKATOS

jo in t  ap p lic a tio n  of th e  c o n v e n tio n a l carbon  d iox ide  flood ing  an d  th e  profile  
e q u a liz a t io n  b y  polym ers as w ell as th e  su b seq u en t flood ing  m ay  im prove  
th e  v o lu m e tr ic  sweep e ffic ien cy  w hich can re su lt in  a considerab le  increase 
o f  th e  p ro d u ced  excess oil.

T h e  polym er flood ing , h ow ever, can n o t be effec tive  in  th e  presence of 
c a rb o n  d iox ide  unless th e re  is n o  d o u b t ab o u t th e  s ta b il i ty  of po lym ers u n d e r 
re s e rv o ir  conditions ( te m p e ra tu re , pressure, co n n a te  w a te r , rock  etc .). P u b li
c a tio n s  in v es tig a tin g  th e  s ta b i l i ty  problem s o f p o ly m ers , viz. K n ig h t (1973), 
C h a u v e te a u  and K ohler (1974), H ill e t al. (1974), M aerker (1974, 1976), T in k e r 
a n d  B o w m an  (1974), B ilh a r tz  a n d  Charlson (1975), S p arlin  (1975), Vela e t al. 
(1976), M orris and Ja c k so n  (1978), C astor an d  E d w a rd s  (1979), Szabó (1979) 
a n d  L a k a to s  e t al. (1980) do  n o t  o r h a rd ly  deal w ith  th e  c o m p a tib ility  o f  p o ly 
m ers  a g a in s t  carbon d iox ide . S ince carbon d iox ide  in je c tio n  can  be ex p ec ted  
to  p la y  a n  im p o rta n t role in  th is  co u n try , d e g ra d a tio n  p h en o m en a  in  a ca rb o n  
d io x id e  —  po lyacry lam ide  s y s te m  have been  th o ro u g h ly  in v es tig a ted . T he 
s tu d y  d ea ls  w ith  th e  effect o f  th e  ty p e  of p o ly m er (degree of h yd ro lysis), th e  
p re s su re  o f  th e  carbon  d io x id e , th e  sa lin ity  of th e  aq u eo u s phase , th e  p resence 
o f  o il, ro c k  and  te m p e ra tu re  on  th e  po lym er d e g ra d a tio n . Some d a ta  are  p re s 
e n te d  fo r  th e  influence o f th e  d eg rad a tio n  on th e  flow  p ro p ertie s  in  th e  porous 
m e d iu m .

E x p e rim en ta l conditions

L a b o ra to ry  in v e s tig a tio n s  have  been carried  o u t w ith  po lym ers h av in g  
v a r io u s  average m olecular m ass  an d  degree o f h y d ro ly s is  (Table I). P o ly m er 
s o lu tio n s  w ith  given co m p o sitio n  were p rep ared  a t  40— 50 ’C u n d e r slow s t i r 
r in g . I n  som e cases, in  o rd e r  to  reduce b io logical an d  o x id a tiv e  d eg rad a tio n , 
th e  so lu tio n s  con ta ined  0 . 2  g d m - 3  fo rm aldehyde .

T h e  s ta b ility  te s ts  w ere  ca rried  o u t in  ion-free (d istilled) w a te r, sod ium  
c h lo r id e  so lu tion  and  n a tu r a l  b rin e . T herm al t r e a tm e n t  of flu id  sam ples w as

Table I

Denomination and characteristic data o f  the polymers investigated

Denomination
Degree of hydroly

sis
%

Mr
10e

A 0 0.7

В 5 - 7 1.0

C 30 2.2

D 40 3.5

E 40 9.5
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p erfo rm ed  in  a h ig h -p ressu re  cell k e p t in an  a ir  th e rm o s ta t . T he flu id  phase 
w as s a tu ra te d  w ith  gas an d  th e  cell p ressu re  m a in ta in ed  b y  a blow  case. 
A 99.98 p er cen t b y  vo lum e p u r ity  gas w as used  for th e  m easu rem en ts  under 
carbon  dioxide a tm o sp h e re . M ixing o f th e  cell co n ten t d u rin g  th e rm a l t r e a t
m en t w as carried  o u t b y  period ica l gas c ircu la tio n . S am pling  w as m ade accord
ing to  th e  ra te  o f th e  d e g rad a tio n  process, g enera lly  a t  0— 0.5— 1.0— 1.5— 2.5 — 
5.0— 7.5— 10— 20— 40 hours. To d is tin g u ish  th e  effects o f th e  oil a n d  rock, the  
sam ples have  been  k e p t  a t  a ce rta in  te m p e ra tu re  in  th e  p resence  o f  fo rm ation  
oil an d  n a tu ra l  c lay -co n ta in in g  carbonaceous reservo ir rock  an d  m arbel, re 
spec tive ly .

D eg rad a tio n  o f  p o ly m er so lu tions has been  ch arac te rized  b y  m easuring 
the  change o f  d y n am ic  v iscosity  an d  screen  fac to r  a t  24 °C. A fte r therm al 
t re a tm e n t, th e  flow  p a ra m e te rs  of th e  o rig inal an d  deg raded  p o ly m er solutions 
viz. re s is ta n t fac to r, re s id u a l re s is ta n t fac to r, a p p a re n t p e rm e a b ility  etc. were 
d e te rm in ed . A n a tu ra l  san d sto n e  m odel w ith  th e  follow ing p a ra m e te rs  was 
used:

D iam eter
L en g th
P o ro sity
P erm eab ility

30 m m  
30 m m  
0.21— 0.23 
0 .180— 0.270 fim2

Flow  p io p e rtie s  w ere d e te rm in ed  w ith  a s ta n d a rd  device a t  an  average 
reserv o ir flow  ra te  o f  0.5 m /d ay  an d  90 °C.

R esults and  discussion

M any a u th o rs  h av e  rep o rted  earlie r in  connection  w ith  th e  s ta b ility  of 
p o ly acry lam id e  so lu tions th a t  besides m echan ical and  bio logical d eg rad a tio n , 
o x id a tiv e  effects an d  th e  presence o f  oxygen  cause th e  m o st serious problem s. 
T his is th e  reason  fo r ad d in g  oxygen  scavengers viz. sod iu m -h y d ro g en -su lfite , 
fo rm ald eh y d e  e tc . a n d  p rep arin g  so lu tions in  an  in e r t (n itro g en ) a tm osphere  
in  in d u s tr ia l use o f  w a te r-so lub le  po lym ers. T herefo re, o u r c o m p a tib ility  in 
v es tig a tio n s  w ere focussed  f ir s t  on th e  ra te  o f  d eg rad a tio n  in  p resence  of ca r
bon  d iox ide co m p ared  w ith  th e  values m easu red  u n d e r in e r t  a n d  ox idative  
c ircu m stan ces . F ig u re  1 illu s tra te s  th e  v a r ia tio n  o f v isco sity  o f th e  p a rtia lly  
hyd ro lized  p o ly ac ry lam id e  so lu tion  C w ith  a 30-percent degree o f  hydro lysis 
and  1 g d m - 3  co n c e n tra tio n , as a fu n c tio n  o f tim e . The th e rm a l tre a tm e n t 
w as carried  o u t a t  90 °C te m p e ra tu re  and  1 M P a cell-pressure.

F ro m  F ig . 1 th e  conclusion can  be d raw n  th a t  h y d ro lized  po ly acry l
am ides suffer in  th e  p resence o f ca rbon-d iox ide  a sign ifican t v isco sity  deg ra
d a tio n  excessing th e  value  m easu red  in  an  o x id a tiv e  a tm o sp h e re . T he ra te  of
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a  b

F ig. 1- V isco sity  degradation (a) and screen factor (b) of a partially  hydrolized polyacrylam ide
in  various gas atmospheres

t , hr

Fig. 2. V iscosity  degradation of a partia lly  hydrolized polyacrylam ide at various carbon
dioxide pressures

d e g ra d a t io n  is m ax im um  in  th e  e a r ly  stage of th e rm a l tre a tm e n t, p ra c tic a lly  
xyith in  1— 5 hours. L a te r  th e  c h an g e  rem ains sm all. S im ila rly  to  o th e r  d eg ra 
d a tio n  p h enom ena  th e  w o rsen in g  o f flow p a ra m e te rs  e.g . screen fa c to r  is 
g re a te r  he re , too , th a n  th a t  e x p e c te d  according to  th e  decrease of v iscosity .

T o  determ ine  th e  e ffec t o f  th e  pressure an d  ca rb o n  dioxide sa tu ra tio n  
a 1  g d m - 3  co n cen tra tio n  s o lu tio n  o f po lym er C w ith  a 30-percen t degree of 
h y d ro ly s is  w as used. The r e s u lts  o f  th e rm a l tr e a tm e n ts  a t  0.5— 1— 2— 3— 4— 
10 M P a  p ressures and  90 °C te m p e ra tu re  are illu s tra te d  in  Fig. 2. T ho u g h  th e
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POLYACRYLAMIDE SOLUTIONS 349

po in ts sc a tte r  to  som e e x te n t w ith in  th e  envelopes ch a rac te ris tic  for 0.5 and  
10 M Pa p ressures, d e g ra d a tio n , how ever, show s a general ten d e n c y  o f sligh t 
increase w ith  in c rea s in g  pressure and  s a tu ra t io n  (dissolved) co n cen tra tio n . 
T he v iscosity  d e g ra d a tio n  vs. p ressu re  re la tio n sh ip s  for chem ical d eg rad a tio n  
in  th e  presence o f  oxygen  and  carbon  d io x id e  show  sim ilarities. T herefo re  it  
can  be assum ed th a t  ca rbon  dioxide p lay s th e  role o f th e  free rad ica l fo rm ing  
ag en t in  th e  ch a in  re a c tio n  lead ing  to  d e g ra d a tio n .

In  ou r fu r th e r  in v es tig a tio n s  th e  e ffec t o f th e  po lym er s tru c tu re  was 
analyzed . F igure  3 show s th e  v a ria tio n  o f v isco sity  an d  screen fac to r  as func
tions of tim e  for aq u eo u s so lu tions of 5 v a rio u s  po lyacry lam id es (T able I) w ith  
th e  sam e c o n c e n tra tio n  a fte r  a th e rm a l t r e a tm e n t  a t  90 °C te m p e ra tu re  and  
5 M Pa carbon  d iox ide  p ressure . Screen fa c to r  S F r is given in  p ercen ts  o f th e  
orig inal value.

The curves p ro v e  th a t  d eg rad a tio n  d ra s tic a lly  increases w ith  increasing  
degree of hyd ro ly sis . I t  seem s th a t  th e  degree  o f hyd ro lysis  o f th e  p o ly m er 
beyond  30 p e rcen t is n o t likely  to  reduce  th e  p o ly m er s ta b ility  an y  longer. 
T h is, how ever, h as  no p rac tica l im p o rtan ce  since 70— 80 p e rcen t o f th e  v is
cosity -increasing  effect o f  a po lym er h y d ro lized  to  30 p e rcen t is lo st w hile 
th e  decrease o f th e  screen  fac to r is even g re a te r . T he average m olecu lar m ass 
o f th e  po lym er has an  essen tia lly  less e ffec t on s ta b ility  th a n  th e  degree of 
hyd ro lysis . V iscosity  changes of po lym ers C an d  D a fte r  a 40 -hour th e rm a l 
t r e a tm e n t show  a d ifference h a rd ly  a m o u n tin g  to  1 0  p e rcen t an d  th e  difference 
o f screen fac to rs  is a ro u n d  5 p e rcen t d e sp ite  th e  g rea t d ifference in th e m o le c -

a

Fig. 3. V iscosity degradation (a) and screen factor (b) o f  polym ers w ith various degrees o f  
hydrolysis in carbon dioxide pressure of 5 MPa
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Fig. 4. V iscosity  degradation (a) and screen factor (b) o f  polym ers w ith  various degrees o f h y d 
rolysis as a function of tem perature

u la r  m asse s  of these  p o lym ers. C on seq u en tly , we com e to  th e  conclusion  th a t  
th e  c o m p a tib il i ty  of a sy s tem  co n ta in in g  po ly ac ry lam id e  an d  carbon  d ioxide 
is b a s ic a lly  d e te rm ined  b y  th e  io n iza tio n  s ta te  o f th e  p o lym er and in  a n  ion- 
free s o lu tio n  by  th e  degree o f  h y d ro ly sis .

I f  w e assum e th a t  th e  d e g ra d a tio n  o f  p o ly acry lam id es in  p resence  of 
c a rb o n  d iox ides is a consequence  o f  a chem ical re a c tio n , th e n  th e  an a ly sis  of 
th e  e ffe c t o f  tem p e ra tu re  on th e  process c a n n o t be neg lec ted  e ith e r. T horough  
in v e s tig a tio n s  have only  b een  e x te n d e d  on p o lym ers A an d  C, b ea rin g  in  m ind  
t h a t  o n ly  non- or s ligh tly  h y d ro lized  po lym ers can  be considered  fo r in d u s tr ia l 
u se . P o ly m e r  so lu tions free o f  in o rg an ic  e lec tro ly tes  w ere th e rm a l- tre a te d  at 
10 M P a  p ressu re  and  50— 70— 90 °C te m p e ra tu re s . T he resu lts  o f 40 -hour 
th e rm a l  tr e a tm e n ts  are i l lu s tra te d  as fu n c tio n s  o f  te m p e ra tu re  in  F ig . 4.

F ro m  Fig. 4 th e  conclusion  can  be d raw n  th a t  accord ing  to  e x p e c ta tio n s  
th e  s ta b i l i ty  o f polym ers in p resen ce  o f  ca rb o n  dioxide d e te rio ra tes  w ith  in 
c rea s in g  te m p e ra tu re . I t  shou ld  be ad d ed , how ever, th a t  th e re  is no s ig n if ic a n t 
d iffe ren ce  in  th is  ten d en cy  b e tw een  th e  v a rio u s po lym ers or th e  effect o f  te m 
p e ra tu re  in  th e  range be tw een  50 an d  90 °C.

I n  o il-field  ap p lica tio n  o f  p o lym ers th e  in je c te d  w a te r  and  th e  b rin e  
c o n ta in  m ore  or less ino rgan ic  io n s. I t  is a w ell-know n experience th a t  th ro u g h  
th e  so -ca lled  sa lt effect these  e lec tro ly te s  s ig n ifican tly  in fluence  th e  s tru c tu re  
o f  p o ly m e r  so lu tions an d  th e ir  p ro p e rtie s  show n in  porous sy stem s. I t  seem ed, 
th e re fo re , o f  basic  im p o rtan ce  to  c a rry  o u t s ta b ili ty  te s ts  w here v a rious a m o u n ts  
o f in o rg a n ic  sa lt, in  our case so d iu m -ch lo rid e , w ere ad d ed  to  th e  so lu tio n  b e 
sides p o ly m e rs , in  o rder to  m odel ion  s tre n g th . D y n am ic  an d  re la tiv e  v isco s ity  
d a ta  a re  illu s tra te d  in  Fig. 5 fo r  0 degree o f hy d ro ly sis  an d  in  F ig . 6  for 30 p e r
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c en t w here p o lym er so lu tions co n ta in in g  so d iu m -n itra te  conclusion  can  be 
m ade on th e  a c tu a l re d u c tio n  o f  th e  average  m olecular m ass o f th e  po lym er.

F igures 5 an d  6  p ro v e  th a t  th e  s ta b ili ty  o f  polym ers an d  p o ly m er so lu 
tio n s  im proves w ith  in creasin g  sa lin ity . S ta b ili ty  increase of h y d ro ly zed  po ly 
acry lam id e  is, o f  course, m ore s ig n ifican t th a n  th a t  of n o n -h y d ro ly zed  po ly 
m ers. Besides chang ing  s ta b ili ty  a sa lin ity  in crease  reduces th e  a b so lu te  value 
o f  th e  so lu tion  v isco sity  in  th e  w ell-know n m an n er. T hus, th o u g h  s ta b ility  
s ig n ifican tly  im proves, so lu tio n  v iscosity  g re a tly  decreases b ecau se  o f salt

Fig. 5. Absolute (a) and relative (b) v iscosity  degradation o f a non-hydrolized polyacrylam ide
at various salt concc ntrations

a b

Fig. 6. Absolute (a) and relative (b) v iscosity  degradation o f a partially hydrolized polyacryl
amide at various salt concentrations
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Fig. 7. Salt sen sitiv ity  o f polyacrylam ides as a fun ction  of hydrolysis degree

se n s it iv ity . I t  is also o b v io u s from  the  curve in  F ig . 7 th a t  th e  v isco sity -red u c
tio n  e ffec t of sa lin ity  a n d  th e  s ta b ility  im p ro v e m e n t due to sa lin ity  increase 
w ith  th e  degree of h y d ro ly s is .

T h e  effect o f th e  h y d ro ly s is  and  sa lin ity  on  po lym er s ta b ility  can  be 
b ro u g h t in to  connec tion  w ith  th e  s tru c tu re  a n d  s tru c tu ra l  change o f th e  ra n 
d o m  m olecu lar coil. W ith  increasing  degree o f  hy d ro ly sis  th e  d en sity  o f the  
ra n d o m  m olecular coil d ecreases  while its  d im en sio n  increases. A t low  sa lin ity  
o r in  a n  ion-free so lu tio n  th e  po lym er chain  o f  io n ic  po lyacry lam ides can  tak e  
an  e x p a n d e d  or rig id  s ta te .  W ith  increasing  a m o u n t o f foreign e lec tro ly tes  
th is  sh ap e  has th e  te n d e n c y  to  change to w ard s  a sp h erica l or hypso id  co n figu 
ra t io n . M eanw hile th e  deg ree  of overlapp ing  an d  th e  d en sity  of th e  random  
m o lecu la r coil also in c rea se . This k ind  of s t ru c tu ra l  change o f th e  b u o y a n t 
ra n d o m  m olecular coil c a n  b e  followed th ro u g h  th e  v a r ia tio n  of th e  expansion  
fa c to r , w hich  is defined  h ere  accord ing  to  F lo ry  (1971) b u t  in  a basica lly  d iffe r
e n t w a y  as

/ [ /^solution 

H  lMNaNO*

I f  v iscosity  d e g ra d a tio n  of polym ers A — E  is p lo tte d  ag a in st ex p an sio n  
fa c to r  ca lcu la ted  as sh ow n , F ig . 8  re flec ting  th e  com bined  effect o f th e  degree 
o f h y d ro ly s is  and sa lin ity  is o b ta ined . T he cu rv es  illu s tra te d  prove t h a t  b e 
sides th e  d e tr im en ta l c h a ra c te r  o f the  s tru c tu re  th e  d eg rad a tio n  of all po lym ers 
in c rea se  w ith  increasing  ex p an sio n  fac to r. I t  c an  b e , therefo re , assum ed  th a t  
th e  sp h erica l shape, s im ila rly  to  m echanical d e g ra d a tio n , encourages th e  in-
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Fig. 8. Viscosity degradation of polym ers w ith  various degrees o f hydrolysis as a function of
expansion factor

crease of chem ical s ta b il i ty  due to  th e  red u c tio n  of accessab ility  o f  free rad i
cals to  th e  chain  m a te ria l.

S tab ility  te s t  in  1 mole d m - 3  so d iu m -n itra te  so lu tio n s p ro v id ed  valu 
ab le in fo rm atio n s in  tw o  resp ec ts . Since th e  shape o f th e  ra n d o m  m olecular 
coil a t  th is  g rea t ion  s tre n g th  ap p ro ach es th e  spherical one a n d  i t  p rac tica lly  
does n o t change w ith  fu r th e r  increase o f sa lin ity , on one h a n d  deg radation  
m easu red  under such  co n d itio n s can be considered as a m in im u m  value which 
is observed  in th e  presence  o f ca rb o n  dioxide in  an y  case an d  on  th e  o th e r hand  
th e  red u c tio n  o f  th e  av erag e  m olecular m ass can be ca lc u la ted  from  th e  v is
co sity  decrease. D a ta  ch a rac te riz in g  d eg rad a tio n  o f five  p o ly m er typ es are 
sum m arized  in  T ab le  I I .  I t  can  be seen from  th e  d a ta  th a t  th e  m in im um  vis
co s ity  d eg rad a tio n  o f n o n -h y d ro lized  p o lyacry lam ides is o n ly  a b o u t 5 percent 
w hile th a t  of g re a tly  h y d ro lized  po lym ers w ith  g rea t m o lecu la r m ass  exceeds 
ev en  30 p ercen t. M ore u n fav o u rab le  is th e  decrease o f sc reen  fa c to r  varying

Table 11

Percentage o f degradation o f  polym ers i C in a 1 mole dm ~3 N a N 0 3 solution without rock
(M inim um  chemical degradation)

Polymer I SFr M о/ lnr* /о

A
I

4.7 9.8 12

В 6.8 17.4 20

C 19.5 55.0 62

I) 30.1 64.4 76

E 35.5 71.1 78
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b e tw e e n  a t  least 10— 60 p e rc e n t . T h e  surp rising ly  g re a t change o f th e  av e r
age m o le c u la r  mass is in  fu ll acco rd an ce  w ith  th a t .  T h e  d iffe ren t e x ten ts  of 
v is c o s ity  a n d  m olecular m ass re d u c tio n  are only  a p p a re n tly  in  co n trad ic tio n  
b e c a u se  th e  v iscosity  o f p o ly m e r so lu tions is less sen s itiv e  to  changes of th e  
m o le c u la r  m ass th a n  e.g. sc reen  fa c to r  or o th e r flow  p ro p e rtie s .

I f  po lyacry lam ides are  a p p lie d  in  th e  p resence  o f  ca rb o n  dioxide, the  
s a l in i ty  o f  b rine  or th e rm a l o r  su rface  w ate r e tc . u sed  fo r p re p a ra tio n  o f so lu
tio n s  h a s  tw o  ra th e r  im p o r ta n t  effects w hich h av e  to  be ta k e n  in to  accoun t.

a )  D ynam ic  v iscosity  o f  th e  po lym er so lu tion  g re a tly  decreases w ith  in 
c re a s in g  sa lin ity  having  u n fa v o u ra b le  influence on flow  p ro p ertie s .

b)  W ith  increasing s a l in i ty  th e  random  m o lecu la r coil g rad u a lly  takes 
on a sp h e ric a l o rp seu d o -sp h e rica lch ap e  because of th e  re d u c tio n  of d issociation. 
S p h e ric a l shape, how ever, in c re a se s  s tab ility  of th e  m olecule  ag a in st chem ical 
e ffec ts . I n  th is  sense, in o rg an ic  e lec tro ly tes p lay  th e  ro le o f  stab ilizer.

I n  th e  lab o ra to ry  in v e s tig a tio n s  the  effects o f  oil a n d  rock  were also th o r 
o u g h ly  an a ly zed . As for th e  p re sen ce  of oil, i t  can  be d e fin ite ly  po in ted  ou t 
t h a t  i t  does no t ex ert s ig n if ic a n t effect on p o ly m er s ta b ili ty . In v estig a tio n s 
c a rr ie d  o u t  in  the  presence o f  ro c k  sam ples p roved , h o w ev er, th a t  d eg rad a tio n  
is g r e a te r  th a n  th a t  m easureel w ith o u t rock m a te ria l. F ig u re  9 illu s tra te s  th is  
p h e n o m e n o n  by  m eans o f d e g ra d a tio n  curves o f  po ly m ers  A— C w ith  and  
w ith o u t  ro ck  sam ples. F u r th e r ,  i t  should  be noteel t h a t  i t  is a general tendency  
t h a t  th e  g re a te r  th e  m o lecu la r m ass  th e  m ore u n fa v o u ra b le  th e  effect o f rock  
on s ta b i l i ty .

F i r s t  we tried  to  e x p la in  th e  effect of rock b y  ta k in g  in to  accoun t th e  
a d s o rp t io n  of certa in  a m o u n t o f  p o lym er on th e  ro ck  su rface  an d  concen tra-

t , hr 1, hr

Fig. 9. V iscosity  degradation of po lym ers w ith various degrees o f hydrolysis w ithout (a) and
w ith  rock (b)
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tio n  red u c tio n  caused b y  i t  w hich ap p ea rs  as a v ir tu a l d e g ra d a tio n . T h e  rock 
sam ple  p laced  in to  th e  cell adsorbs, h o w ever, on ly  as m uch p o ly m e r as 0 .0 ].—
0.001 g i.e. on ly  0.1— 1.0 p e rcen t o f th e  p o ly m er mass in  so lu tio n . T h u s  the  
h y p o th es is  t h a t  th e  ad so rp tio n  loss p lay s an  im p o rta n t role in  th e  d e g ra d a tio n  
h a d  to  be re jec ted . E v e n tu a lly  i t  tu rn e d  o u t  t h a t  the  decisive e ffec t has to  be

10 
t , hr

20

Fig. 10. V iscosity  degradation of polym er C (b) and variation  of calcium and m agnesium  content 
of solution (a) at 1 and 10 MPa pressures

a

t , hr t , h r

Fig. 11. V iscosity  degradation of polym er B (b) and variation of calcium  and m agnesium  
content o f solution (a) at 1 and 10 MPa pressures
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lo o k ed  fo r  in  th e  d isso lu tion  o f  calcium  and m ag n esiu m  ions of the  rock  acco r
d in g  to  th e  equ ilib rium  c o n c e n tra tio n  o f c a rb o n  d iox ide . These ions reduce  
th e  v is c o s ity  of th e  so lu tio n  a n d  d e te rio ra te  flo w  p roperties by  th e ir  s a lt 
e ffec t a n d  form ing  cross-linkage.

T h e  effect of th e  d isso lu tio n  o f rock co m p o n en ts  is illu s tra ted  in  F igs 10— 
1 2  sh o w in g  v iscosity  re d u c tio n  an d  the  v a r ia tio n  o f  calcium  and m agnesium  
c o n c e n tra t io n  as fu n c tio n s o f  tim e  for po lym ers C— A  a t  pressures 1 an d  10 
M P a . F ig u re  13 sum m arizes th e  curves of p o ly m ers  A— C ob ta ined  a t  10 M Pa 
p re s su re  in  o rder to  p ro v id e  a good com parison.

1.0

10.5

Pco?:1Mpa

pc o 2 :10M Pa

Hydr. :0 7 . (A)

^polymer :1gdm-3

T :67°C
Rock :Budafa form.

10
t,hr

20

F ig. 12. V isco sity  degradation of polym er A (b) and the v a ria tion  o f the calcium and m agnesium  
content o f  the so lution  (a) at 1 and 10 M Pa pressures

a b

F ig. 13. V iscosity  degradation o f polym ers A —C (b) and the variation  of the calcium and m ag
nesium content o f  the solution (a) at 10 M Pa pressure
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As show n in  F ig . 10 th e  orig inal ca lcium  an d  m agnesium  c o n te n t o f  th e  
aqueous so lu tio n  i.e. 30 m g d m - 3  inc reases even  above 400 m g d m - 3  d u ring  
a period  o f keep ing  i t  a t  h igh te m p e ra tu re . A ccord ing  to  th e  e q u ilib riu m  pres
sure an d  te m p e ra tu re  o f ca rbon  dioxide th e  a m o u n t of inorganic  ions is g rea te r 
a t  10 M Pa p ressu re  th a n  a t  1 M Pa. T he d e g ra d a tio n  of th e  p o ly m er so lu tion  
is in  ag reem en t w ith  th e  change of th e  a m o u n t o f  b iv a len t ca tions i.e . a t  h igher 
pressu re  a n d , co rrespond ing ly , a t g re a te r  ca lc ium  and  m agnesium  c o n c e n tra 
tio n  th e  re d u c tio n  o f v iscosity  is also g re a te r . C om paring Figs 10— 12 the  
conclusion can  be d raw n  th a t  w ith  d ecreasin g  degree of h y d ro lysis  th e  effect 
o f p ressu re  an d  b iv a le n t cations reduces. O n th e  o th e r h an d  th e  s ta b ili ty  of 
po lym ers follows th e  sam e o rder in  th e  p resence  o f rocks th a t  has been  d e te r
m ined from  ex p erim en ts  w ith o u t rock. F in a lly , a t te n tio n  should be p a y e d  to  the  
le f t-h an d  side o f F ig . 13 because —  acco rd in g  to  th e  curves —  th e  equ ilib rium  
sa lt c o n c e n tra tio n  depends on th e  ty p e  o f  p o ly m er in  th e  so lu tion , f i r s t  o f all 
on th e  degree o f hyd ro lysis .

C o m p a tib ility  in v estig a tio n s in  th e  presence  of rock have  p ro v ed  th a t  
besides a c tu a l d e g ra d a tio n  th e  change o f  th e  com position  o f th e  aq u eo u s phase 
in  ca rb o n  d ioxide a tm o sp h ere  d isa d v a n ta g e o u s ly  influences th e  m acroscopic 
p ro p e rtie s  o f  th e  p o ly m er solu tion . S a lt e ffec t reduces th e  d issoc ia tion  of the  
ionic g roups o f th e  p o ly m er chain  w hich , in  tu rn ,  resu lts  in  a v isco s ity  reduc
tio n  o f  th e  so lu tio n  an d  in  an  u n fa v o u ra b le  change of flow p ro p e rtie s . F rom  
th e  s a lt se n s itiv ity  o f po lym ers, especia lly  from  th e  effect of b iv a le n t calcium  
an d  m ag n esiu m  ions illu s tra te d  in  F ig . 14 follow s th a t  th e  g re a te r  th e  ion iza
tio n  degree o f th e  po ly m er th e  g rea te r  th e  sa lt effect w hich is su p erp o n ed  on

Fig. 14. E ffect o f the calcium  content o f the so lution  on the dynam ic v iscosity  o f the aqueous
solutions of polym ers A — C
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F ig. 15. E ffe c t  o f salinity on the to ta l v iscosity  degradation (a) and m inim um  v iscosity  degra 
dation (b) o f  polym er D in the presence o f rock

th e  c h e m ic a l deg radation  d e te rm in e d  b y  th e  p o ly m er and th e  orig inal b rin e  
s a lin ity . T h e  fac t th a t  th e  e q u ilib riu m  calcium  an d  m agnesium  co n c e n tra tio n  
d e p e n d s  o n  th e  ty p e  of p o ly m er can  be in te rp re te d  b y  assum ing  th a t  th e  v a lu e  
o b ta in e d  fo r  non-hydro lized  p o ly m er a p p ro x im a te ly  corresponds to  th e  e q u i
lib r iu m  v a lu e  in  the  so lu tion  w hile  th e  excess o b se rv ed  for o th e r p o lym ers is 
e q u a l to  th e  am oun t of ions b o u n d  to  th e  po lym er.

D e g ra d a tio n  in th e  p resen ce  of rock  can  be d iv ided  in to  th e  follow ing 
c o m p o n e n ts :

1 . ch em ica l d eg rad a tio n  co n sis tin g  of
a)  m in im u m  chem ical d e g ra d a tio n  ta k in g  p lace  in  an y  case regard less o f  

s a l in i ty  a n d
b)  s a l in i ty — bound ch em ica l d eg rad a tio n  w h ich  g rad u a lly  increases w ith  

d e c re a s in g  sa lin ity  of th e  so lu tio n  s ta r tin g  from  a m in im u m  value;
2 . s a l t  effect w hich in flu en ces th e  p ro p ertie s  o f  th e  so lu tion  due  to  th e  

in c rea se  o f  so lu tio n  sa lin ity  a n d  sa lt sen s itiv ity  o f  th e  so lu tion .
I n  o rd e r  to  determ ine a n d  se p a ra te  th e  e ffec t o f  th e  p a ram ete rs , a series 

o f e x p e r im e n ts  have been p e rfo rm ed  w ith  th e  s tro n g ly  hydro lized  p o ly m er 
D. T h e rm a l  tre a tm e n t in  th e se  ex p erim en ts  w as m ad e  on solutions o f v a rio u s  
sa lin itie s  in  th e  presence o f m a rb le . A fter d e te rm in in g  v iscosity  re d u c tio n  f.ir 
in  th e  u s u a l  w ay, as m uch so d iu m  n itra te  w as a d d e d  to  th e  sam ple to  be in 
v e s t ig a te d  as to  ad ju st th e  io n  s tre n g th  to  1 m ole. (Possib le d ilu tio n  is ta k e n  
in to  a c c o u n t  b y  m eans of co rrec tio n .)  V iscosity  re d u c tio n  NaNOafb o b ta in e d  
in  th is  w a y  can  be used to  d e te rm in e  th e  p ercen tag e  caused  b y  sa lt effect and  
ch em ica l d e g ra d a tio n  w ith in  th e  so-called to ta l  d e g ra d a tio n . The e x p e rim en ta l 
d a ta  a re  su m m arized  in  F ig . 15. T he d iagram s show  th a t  th e  sm aller th e  orig-
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ina i sa lin ity  o f th e  po lym er so lu tion  th e  g re a te r  th e  viscosity  re d u c tio n  caused  
by  sa lt effect. O n th e  o th e r hand , it  is r a th e r  su rp ris in g  th a t  the  ch em ica l de
g ra d a tio n  am o u n ts  to  th e  sam e p e rcen tag e , v iz . 35—40 p ercen t, re g a rd le ss  of 
sa lin ity . Since d e g ra d a tio n  d a ta  o b ta in ed  fo r vario u s salinities h a rd ly  differ 
from  th a t  m easu red  in  a 1 mole d m - 3  so d ium  n itr a te  so lution, th e  s ta te m e n t 
can  be  ad d ed  to  o u r prev ious ones th a t  th e  d e g rad a tio n  observed  in  th e  p res
ence o f rock  an d  carb o n  dioxide can o n ly  be reg a rd ed  as the  so -ca lled  m in i
m um  chem ical d e g ra d a tio n  w hich is in d e p e n d e n t o f the  e lec tro ly te  c o n c e n tra 
tio n  an d  caused  by  th e  sa lt effect o f th e  d isso lu tio n  of inorganic ions fro m  th e  
rock.

B ased on th e  la b o ra to ry  ex p erim en ts  a t  various salin ities a n d  in  th e  
p resence o f  rock , th e  p rac tica l conclusion can  be m ade th a t  th e  s ta b i l i ty  of 
p o ly m er so lu tio n s in  th e  presence of ca rb o n  d iox ide is g rea tly  in flu e n c e d  by  
th e  sa lin ity  o f b rin e  an d  th e  chem ical co m p o sitio n  o f th e  rock. The re la tio n sh ip s  
show  th a t  th e  d e g ra d a tio n  of p a rtia lly  h y d ro lized  polym er so lu tions is possib ly  
fa r less in  th e  p resence of rocks w ith  low  calcium  and  m agnesium  c o n te n t 
and  a t  low ca rb o n  dioxide sa tu ra tio n  (eq u ilib riu m  pressure and  c o n c e n tra tio n ) 
th a n  in  th e  case o f reservo ir m ateria l rich  in  lim estone and d o lo m ite  an d  a t  
h igh  carb o n  d iox ide  sa tu ra tio n .

T he p h en o m en a  discussed here h av e  to  be tak en  in to  a c c o u n t w hen 
an a ly z in g  th e  q u es tio n  o f ad d itives im p ro v in g  th e  co m p atib ility  o f  sy stem s 
c o n ta in in g  po lym ers an d  carbon  d ioxide. In  th is  respect fo rm ald eh y d e , p o ta s 
sium  h y d ro g en su lfite  and  sodium  h y d ro x id e  h av e  been in v es tig a ted  as s ta b i
lizers. Special a tte n tio n  has been pay ed  to  th e  abso rp tion  o f c a rb o n  d ioxide 
in th e  form  o f chem ical com pounds and  to  th e  use o f sodium  h y d ro x id e  as th e  
only  chem ical w ith  p rac tica l im p o rtan ce  in  th is  respect. I t  has b e e n  p roved  
th a t  o th e r  in o rg an ic  sa lts , m ain ly  a lka line  hy d ro x id es  used besid es  fo rm al
d eh y d e  im prove  s ta b ili ty  only to  such an  e x te n t  th a t  could be en su re d  b y  a d d 
ing o th e r  in o rg an ic  sa lts  e.g. NaCl alone b ecau se  o f  th e  un lim ited  c a rb o n  d ioxide 
su p p ly . Since th e  increase o f ion s tre n g th  in  th e  po lym er so lu tion  m ak es  sense 
on ly  u n til  th e  equ ilib riu m  so lu tion  s tru c tu re  (ap p ro x im ate ly  th e  spherica l 
ran d o m  m olecu lar coil) is fo rm ed and  th is  is u su a lly  ensured b y  th e  sa lin ity  
o f n a tu ra l  b rin es , a d d itio n  o f o th e r s ta b i l i ty  increasing a d d itiv e s , besides 
fo rm ald eh y d e , is unnecessary . W ate r an d  a lk a lin e  spacers b e tw een  flood ing  
slugs for f ix in g  th e  residual carbon  d iox ide  or purg ing  th e  b rin e  w ith  g rea t 
calcium  an d  m agnesium  co n ten t can n o t be  excluded  in ce rta in  cases , th e ir  
ap p lica tio n , how ever, should  be decided b y  special analyses.

T he analy sis  o f th e  app licab ility  o f  p o lym ers in system s c o n ta in in g  c a r
bon  d ioxide is com ple ted  b y  flu id  m ech an ica l investiga tions. R e s is ta n c e  fac to r 
R F ,  re s id u a l re s is tan ce  fac to r R R F  an d  a p p a re n t  perm eab ility  re d u c tio n  are 
considered  as flu id  m echan ical p a ram e te rs . T hese  pa ram ete rs  h av e  b e e n  d e te r 
m ined  for an  a rb itra r ily  chosen n a tu ra l b rin e  —  oil —  rock system  o f th e  B u d afa

4 Acta Geodaetica, Geophvsica et Montanistica Acad. Sei. Hung. 17, 1982



360 I. LAKATOS and J. LAKATOS
Table HI

Fluid mechanical para  meters o f polym ers A  — C in porous media
kw =  0 . 1 8 - 0 . 2 7  p m ?

A Í c
original degraded original degraded original j degraded

Degree o f  hydrolysis, % 0 5 - - 7 3 0
R F , — 2.2 1.8 7 .4 3 .9 1 7 .0  I 8.0
R R F ,
A pparent permeability-

1 .7 1 .5 3 .2 1.8 8.2
1

3 .5

reduction , % 4 1 .6 3 3 .3 6 9 .0 4 4 .5 8 7 .7  j 7 1 .5

Table IV

Fluid mechanical parameters o f polym ers A — В in porous media 
kw =  0 . 0 2 5 - 0 . 0 5 0  p m 2

A В
original degraded original degraded

Degree o f hydrolysis, % 0 5 - - 7

R F , - 1 9 .7 7 .7 12.8 7 .1

R R F , 7 .5 6 .5 6 .5 5 .9

A pparent perm eability-reduction, % 88.0 8 3 .8 8 5 .3 8 4 .0

fie ld  (H u n g a ry )  using  1 g d m “ 3 co n cen tra tio n  o rig in a l and  degraded  p o ly m er 
so lu tio n s . T he in v e s tig a tio n  w as ex ten d ed  on ly  to  po lym ers A— C w hile p o ro u s 
s a n d s to n e s  w ith  m ed ium  (0 .18— 0.27 pm2) a n d  v e ry  low (0.025— 0.040 p m 2) 
p e rm e a b il i ty  w ere used  as m odels. H ow ever, th e  m odels w ith  v e ry  low  p e r 
m e a b il i ty  w ere n o t flo o d ed  b y  po lym er C b e c a u se  o f fear o f s tro n g  p lu g 
g ing e ffe c t. E x p e rim e n ta l d a ta  are sum m arized  in  T ab les I I I  and IV .

T h e  re su lts  com piled  in  th e  tab les  suggest th e  follow ing flu id  m ech an ica l 
p ro p e r tie s .

a)  A n  effective m o b ility  con tro l caused  b y  p o ly m er flooding in  m ed iu m  
or g re a t  p e rm eab ility  rocks can  only be e x p e c te d  b y  h igh ly  h ydro lized  p o ly 
a c ry la m id e s . U n fo rtu n a te ly  th e se  polym ers a re  u n s ta b le  in  th e  p resence  o f  
c a rb o n  d io x id e . H ow ever, n o n - or sligh tly  h y d ro liz e d  polym ers th a t  a re  s ta b le  
u n d e r  su c h  cond itions do n o t  cause effective m o b ili ty  control if  used  in  co n 
v e n tio n a l  co n cen tra tio n s . T h ese  polym ers can  e x e r t  a p rac tica lly  v a lu a b le  ef
fec t i f  th e i r  co n cen tra tio n  is increased  up  to  1 .5—-2 . 0  g d m “ 3 or th e ir  av e rag e  
re la tiv e  m o lecu la r m ass a b o v e  1 0  ■ 1 0 e.

b)  I n  low  p e rm e a b ility  rocks in  w hich p o ly m e r C hydrolized to  30 p e r 
c en t w as  n o t  in jec ted  b ecau se  o f  th e  plugging e ffec t, non- or sligh tly  h y d ro lized  
p o ly m ers  A  and  В p ro d u ce  a su ffic ien t m o b ility  c o n tro l. Since th e ir  s ta b il i ty  
is a lso  a d e q u a te , th e ir  use m a y  be suggested  fo r  flooding  fo rm atio n s w ith
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p e rm eab ility  less th a n  0 . 1 0  ц m2 w ith o u t an y  h aza rd  even in th e  p re sen ce  of* 
carbon  d ioxide.

F in a lly , ou r know ledge a b o u t d e g ra d a tio n  phenom ena of p o ly m ers  and 
th e ir  aqueous so lu tions in the  presence o f  ca rb o n  dioxide, brine an d  ro ck  can 
be sum m arized  so th a t  desp ite  th e  u n fav o u rab le  p ic tu re  regard ing  h y d ro lized  
po lym ers, non- or slig h tly  ( < 1 0 % ) hydro lized  polyacry lam ides m e e t th e  se
vere req u irem en ts  fo r th e ir  s ta b ility . T he e ffec tive  m obility  co n tro l a n d  p ro 
file eq u a liza tio n  in  th e  presence o f ca rb o n  d iox ide dem and , h o w ev er, th a t 
po lym ers w ith  av erag e  m olecular m asses g re a te r  th a n  norm al, s u ita b ly  ex 
ceeding 10 • 10° shou ld  be used for th is  p u rp o se . Chem ical experts  an d  research  
w orkers m u st b e a r  in  m ind  th a t  th e  d em an d s  o f  oil in d u stry  for th is  ty p e  of 
p o lyacry lam ides shou ld  be p ro p erly  re flec ted  in the  varie ties o f  p o lym ers 
offered by  chem ical in d u s try .

Sum m ary

Laboratory com patib ility  investigations of system s containing polymers and carbon  
dioxide have provided the following conclusions.

1. Degradation of polyacrylam ides in the presence of carbon dioxide is greater th an  that 
measured under ox idative  conditions.

2. The stab ility  o f polyacrylam ides and their solutions depends to a great e x te n t  on the 
degree of hydrolysis and is independent o f the average relative molecular mass. It holds even  
in the presence o f carbon dioxide that the greater the hydrolysis degree of the polym er the 
greater the degradation.

3. In an aqueous solution, w ithout rocks, degradation only negligibly depends on the 
pressure (saturation) o f the carbon dioxide. It can be assum ed that similarly to red-ox processes, 
carbon dioxide p lays the role o f a free radical form ing agent in chemical degradation.

4. W ith increasing tem perature the stab ility  o f polym er solutions also reduces in the 
presence of carbon dioxide but to a less ex ten t than  expected .

5. Salts in aqueous solutions im prove the sta b ility  o f polym er solutions. W ith  increasing  
salt concentration the degradation decreases and approaches a lim it. This lim it can be regarded 
as a degradation m inim um  ensuing in the presence o f carbon dioxide independently o f the com 
position of the aqueous phase.

6. The stab ility  o f non-hydrolized polyacrylam ides is independent o f sa lt co n ten t. The 
stabilizing effect o f the salt content also increases w ith  increasing degree of h yd rolysis in case 
of partially hydrolized polyacrylam ides.

7. Oil content does not influence the stab ility  o f polymers in the presence o f carbon 
dioxide.

8. H ydrolized polym er solutions show stronger degradation in the presence o f rocks 
than w ithout it. The apparently less stab ility  is caused by the salt effect of calcium  and m agne
sium  ions of rock dissolved under the effect o f carbon dioxide.

9. The presence of rock practically does not effect the degradation o f non-hydrolized  
polyacrylam ides. For partially hydrolized polym ers, the greater the degree o f hyd rolysis the 
greater the effect o f the rock.

10. Because o f a partial dissolution of rock com ponents the viscosity-reduction  and dete
rioration of flow properties o f polymer solutions depends on the pressure (saturation) o f  carbon 
dioxide.

11. Chemical degradation is the same while sa lt effect due to dissolution o f calcium  and 
m agnesium  varies w ithin the degradation m easured in solutions with various sa lt content in 
the presence of rock.

12. Because o f the unlim ited supply on carbon dioxide no significant im provem ent can 
be expected  from the use of inhibitors e.g. alkaline hydroxides preventing the e ffec t o f  carbon 
dioxide.

13. It is advantageous for the application o f polym ers in the presence o f carbon dioxide 
if the aqueous solution  contains as much and such inorganic electrolytes th at ensure the equi
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lib r iu m  solution structure i.e. th e  spherical or pseudospherical random molecular coil configu
ration .

B ased on our in vestiga tion s the final conclusion can be drawn that non-hydrolized p o ly 
acry lam id es with average m olecular masses greater th a n  usual depending on reservoir perm ea
b ility , are suitable for profile equalization and m obility  control combined w ith carbon dioxide  
in jectio n .
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A COMPARATIVE LABORATORY STUDY OF WELL- 
TREATMENT TECHNIQUES BASED ON I N  S I TU  

CROSS-LINKING AND POLYMERIZATION

I. LAKATOS M RS. LAKATOS, J . SZ A B Ó —MRS. K ISS, M. G Á SP Á R

PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

The study deals w ith  techniques based on in si tu  setting including cross-linking of po ly
mers w ith  m ultivalent cations and polym erization o f monomer solutions. For th e  purpose of  
the investigation  various typ es o f polyacrylam ides were used as polymers and acrylam ide and 
N ,N -m ethylene-b is-acrylam ide as monomer. The perm eability-reduction effect o f  the gel was 
determ ined on a linear non-consolidated porous system , and the effect on the w ater-oil ratio on 
a radial sandstone core. A com parative analysis o f  the m ethods proved th a t th e  upper lim it o f 
therm al stab ility  o f gels cross-linked by m ultiva len t cations does not exceed  8 0 — 100 °C. The 
m ethod can be greatly  intensified by adding aliphatic alcohols or applying a polym er-silicate  
system . The m ethod based on in situ polym erization  is more advantageous in  m any  respects 
than  the first-m entioned placem ent technique. H ow ever, since it is more ex p en sive , the cost 
factor should be taken  into  account w hen m aking a decision about its application .

Symbols

c concentration, g d m -3 , mg d m -3 , m ole d m -3
kw perm eability, gm !
km  relative perm eability
t tim e, min
M r relative average m olecular m ass, —
T  tem perature, °C
V  volum e, cm 3
Vp pore volum e, cm 3
fi v iscosity , m Pas
Subscripts,  abbreviations 
AA acrylamide
IP A  iso-propyl alcohol
P A A  polyacrylam ide

Introduction

V arious p o ly m er w e ll- tre a tm en t te ch n iq u es  have b een  d ev e lo p ed  to  
im p ro v e  th e  w a te r/o il ra tio  in  p ro d u c in g  w ells, am ong o thers b y  S a n d ifo rd a n d  
G rah am  (1972). W h ite  e t  al. (1971— 73), S p a rlin  (1976), K och  a n d  M cL augh lin  
(1970), G oddard  e t  al. (1973, 1975), S lo a t (1975), M cL aughlin  e t  al. (1975), 
F ő id  an d  K e lld o rf (1976) and  K n a p p  a n d  W elb o u rn  (1978). T h ese  p ro ced u res  
can  be d iv ided  in to  th re e  groups: s im ple p o ly m er solu tion  p la c e m e n t te c h 
n iq u es, those  u s in g  lin e a r  po lym ers gelled  b y  cations, and  m e th o d s  b ased  on 
in situ  p o ly m eriza tio n  an d  p a r tia l c ross-link ing  of m onom er so lu tio n s . All well- 
t r e a tm e n t  tech n iq u es  h av e  been  th o ro u g h ly  in vestiga ted  in  th e  P e tro leu m
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E n g in e e rin g  R esearch  L a b o ra to ry  o f the  H u n g a r ia n  A cadem y of Sciences in  
th e  la s t  y ea rs . The m o tiv a tio n  for th is  s tu d y  w as th e  u n d e rs tan d in g  th a t  th e  
p ro file  eq u a liza tio n  o f p ro d u c in g  an d  in jec tion  w ells h a s  to  be p u t in to  p ra c tic e  
in  th e  n e a r  fu tu re . L a b o ra to ry  analyses of th e  sim p le  po lym er so lu tion  w ell- 
t r e a tm e n t  techn iques w ere co m p le ted  in  1978 [L a k a to s , 1978]. R egard ing  th e  
fa c t t h a t  th e  effectiveness o f  th is  ty p e  of te c h n iq u e s  is in ferio r to  those o f  th e  
o th e r  tw o , in  th e  p resen t s tu d y  on ly  the c o m p a ra tiv e  la b o ra to ry  in v es tig a tio n  
o f  p o ly m e r  w e ll- trea tm en t te c h n iq u e s  using in situ c ross-link ing  and p o ly m e ri
z a t io n  will be d ea lt w ith .

E xperim ental

P o ly ac ry lam id es o f H u n g a r ia n  and fo re ign  m ad e  o f average m o lecu la r 
m asses o f  1— 10 • 106 a n d  1 0 — 30%  degree o f h y d ro ly s is  were used in  th e  la b 
o ra to r y  in v es tig a tio n s . A c ry lam id e  and  N ,N -m eth y len e-b is-ac ry lam id e  w ere 
u sed  as m onom ers to  in v e s tig a te  th e  m ethods b a se d  o n  in situ po ly m eriza tio n . 
G elling  th e  po lym er so lu tio n  an d  ca ta lyz ing  th e  p o ly m eriza tio n  were ca rr ied  
o u t  b y  chem icals of a n a ly tic a l  p u rity  (p o tassiu m -a lu m in iu m -su lfa te , a lu m i
n iu m -ch lo rid e , a lu m in iu m -c itra te , am m o n iu m -p ero x i-d isu lfa te). For th e  in te n 
s if ic a tio n  o f the  processes a n d  as chain -carrier, a lcoho ls of an a ly tica l p u r i ty  
(iso -p ro p y l alcohol, te r t - b u ty l  alcohol, glycerine) w ere  u sed  while th e  a v a ilab le  
so d iu m  silica te  to  p ro d u ce  po lym er-silica te  gel w as o f  techn ica l q u a lity . T o  
m odel th e  ion s tre n g th  o f  b r in e s , sodium  ch lo ride  w as added  to  th e  aq u eo u s 
p o ly m e r so lu tions.

T h e  p e rm e a b ility -red u c tio n  effect o f gels w as in v es tig a ted  on a lin e a r  
n o n -c o n so lid a te d  san d -m o d e l. T he p a ram ete rs  o f  th is  m odel were:

d ia m e te r  30 m m
le n g th  300 m m
p o ro s ity  (b roken) 0 .38—0.44
p e rm e a b ili ty  0.76— 0.88 /im-

T h e  m odel was m ad e  o f  silica sand o f 100— 200 /tm  grainsize w ith a s i l i -  
c iu m  d iox ide  co n ten t o f o v e r 99% .

F o r  m odelling th e  w a te r /o il ra tio  as a fu n c tio n  o f  tim e  and  th e  p la c e m e n t 
te c h n iq u e  in  general, a r a d ia l  m odel m ade o f  c o n so lid a te d  n a tu ra l san d s to n e  
w as u sed  w ith  th e  fo llow ing  p a ram e te rs :

d ia m e te r  80— 100 m m
le n g th  120—140 m m
p o ro s ity  (b roken) 0 .19— 0.23
p e rm e a b ility  0 .200—0.400 fim2
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T h e o u tle t p o in t (p e rfo ra tio n ) o f th e  flu id  in  th e  rad ia l m odel w as a 2 m m  
d ia  hole a t  1/3 o f th e  le n g th  o f  th e  core. The base an d  to p  o f th e  cy lin d e r were 
im p erm eab le  th u s  flu id s could  on ly  en te r th e  porous m odel th ro u g h  th e  curved 
su rface  o f th e  cy linder. T he sa tu ra tio n  w as w a te r-o il-w a te r ty p e , sa tu ra tio n  
co n d itio n s  w ere a d ju s te d  w ith  Alg-2 crude.

T h e  la b o ra to ry  in v e s tig a tio n s  were u su a lly  ca rried  o u t a t  80 °C. The 
p ressu re  in  th e  cores en su red  th a t  no gaseous phase  could develop . T he flow 
ra te  o f  th e  flu id s  co rresp o n d ed  to  th e  av erag e  flow  ra te  in  th e  reservo ir 
( ~ 3 0  cm /d). T he v e lo c ity  in  th e  rad ia l m odel th ro u g h  th e  cu rved  su rface  was 
7— 19 cm /d w hile a t  th e  p e rfo ra tio n  p o in t i t  a t ta in e d  ~ 3 5 0 0  cm /d.

Results and discussion

1. Study o f  polymer gels cross-linked by cations

C ations in  th e  aq u eo u s so lu tion  c o n tra c t th e  p a r tia lly  h yd ro lized  po ly 
acry lam id es d epend ing  on th e  valency , o r cross-link  th e m  th ro u g h  poorly  
d issoc ia tin g  sa lt p ro d u c tio n . In  case o f m u ltiv a le n t ca tio n s th e  degree o f cross- 
lin k in g  can  be p a r tia l or to ta l  depend ing  on  th e  co n cen tra tio n . T h u s , i f  cross- 
lin k in g  tak es  p lace in  a po rous m edium , th e  re su lt can  be a p lugg ing  effect 
w hich  provides a long la s tin g  resistance  a g a in s t flu id s flow ing  in  th e  m edium .

M ethods fo r tre a t in g  p ro d u c in g  wells are  know n  in  th e  l i te ra tu re  an d  th ey  
h av e  a w ide range  o f p ra c tic a l ap p lica tions. Since v a rio u s ty p e s  o f  polym ers 
(b iopo lym ers, ac ry lam id e  de riv a tiv es) are  u sed , a n d  th e  c ircu m stan ces o f ap 
p lica tio n  also v a ry , sev era l m eth o d s have  been  developed . T he m o st freq u en tly  
used  m eth o d  is based  on su b seq u en t in jec tio n  in to  th e  lay e r o f  th e  aqueous 
so lu tio n s o f th e  a d e q u a te  lin ea r  po lym er an d  th e n  th e  ino rg an ic  com pound 
used  fo r cross-linking. T h is m ay  be carried  o u t in  severa l cycles. C ross-linking 
is perfo rm ed  m ostly  b y  m e ta l sa lt of Cr6+ or M n7+ red u ced  in  th e  re se rv o ir by  
m ean s o f a lk a li (sodium ) su lfa te s , h y d rogen  su lfide or n a tu ra l  gas con ta in in g  
h y d ro g en  su lfide. T he re d u c in g  m edium  is n o t  ab so lu te ly  n ecessa ry  fo r cross- 
lin k in g , in  its  absence h o w ev er lower v a len cy  ca tio n s, e.g. Cr3+ or A l3 + o f the  
m e ta l should  be app lied .

O ur in v es tig a tio n s  w ere concerned w ith  th e  fo rm in g  o f p o ly acry lam id e  
gels cross-linked  b y  a lu m in iu m  ions. Since th is  p o ly m er is gelled qu ick ly  and  
th e  in jec tio n  o f p o ly m er so lu tions gelled on  th e  su rface  is su b jec t to  techn ica l 
p rob lem s, o n ly  th e  p la c e m e n t techn ique  b ased  on in situ gelling h as  been  in 
v e s tig a te d . T he effect o f  gels in  reducing  w a te r-p e rm ea b ility  w as de te rm ined  
on n on-conso lida ted  sand -m o d els  o f h igh  p e rm e a b ility  follow ed b y  rep resen 
ta t iv e  in v estig a tio n s o n  ra d ia l  m odels m ade o f n a tu ra l  san d sto n e . All lab o ra 
to ry  m easu rem en ts w ere ca rried  o u t a t  80 °C.
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A s th e  f irs t s tep  o f  th e  ex p e rim en ta l p ro g ram  i t  has been  s tu d ied  to  w h a t 
e x te n t  th e  p e rm e a b ility -red u c tio n  in  a n o n -co n so lid a ted  lin e a r  po rous m odel 
is a f fe c te d  b y  th e  ty p e  o f  th e  po ly m er. F igu re  1 show s th e  re su lts  o b ta in e d  b y  
g e llin g  polym ers of a p p ro x im a te ly  th e  sam e degree o f h y d ro lysis  b u t  of sign if
ic a n t ly  d iffe ren t average  m o lecu la r m ass. T he fig u re  d e m o n s tra te s  th a t  w ith  
in c re a s in g  average m o lecu la r m ass a m ore m assive  gel is fo rm ed  in  th e  porous 
m e d iu m , i.e. p e rm eab ility  d ecreases  to  a g re a te r  e x te n t. T h o u g h  th e  resistance  
o f  th e  m odel s ta r ts  to  in c re a se  as soon as th e  p o ly m er so lu tio n  is in jec ted  and  
c o n tin u e s  to  do so as long  as  non-cross-linked  po lym ers are  s till p re se n t, it  
c a n  b e  s ta te d  th a t  gel re m a in s  in  th e  porous sy s tem  fo r a long period .

F ig u re  2 sum m arizes th e  re su lts  of th e  in situ  gelling o f  po lym ers w ith  
a p p ro x im a te ly  th e  sam e re la t iv e  m olecular m ass b u t  h y d ro lized  to  0 — 1 0 — 
20— 3 0 % . T he only d iffe rence  from  th e  p rev ious ex p erim en ts  t h a t  th e  t r e a t 
m e n t w as carried  o u t in  tw o  cycles and  th e  c o n c e n tra tio n  o f th e  p o tassiu m  
a lu m in iu m  su lfate  w as low er.

B y  com paring  th e  p e rm e a b ility -red u c tio n  effects o f th e  gels o b ta in e d  b y  
c ro ss -lin k in g  polym ers w ith  v a r io u s  degrees o f  hy d ro ly sis  i t  shou ld  be clear 
t h a t  o n ly  th e  stro n g ly  io n iz e d  po lym er w ith  3 0 %  degree of h y d ro ly sis  can  
fu rn is h  p rac tica lly  usefu l re su lts . T he ac tu a l v a lu e  o f  th e  p e rm e a b ility -red u c 
t io n  e ffe c t obviously  d ep en d s  on th e  e x p e rim e n ta l co n d itions. H ow ever, it  
c an  b e  s ta te d  th a t  in  gen era l th e  g rea te r th e  degree o f h y d ro lysis  o f  th e  p o ly 
m er, th e  stronger th e  gelling  an d , co n seq u en tly , th e  g rea te r  th e  decrease of 
w a te r  p e rm eab ility .

T h is  re la tio n sh ip  b e tw e e n  th e  p e rm eab ility -red u c tio n  effect an d  degree 
o f  h y d ro ly s is  can be th e o re tic a lly  in te rp re te d  in  te rm s  of th e  ionic b o n d  betw een  
th e  c a rb o x y l groups an d  th e  m u ltiv a le n t ca tio n s. F ro m  th e  p o in t o f  v iew  of 
th e  s t r u c tu r e  and  s ta b ility  o f  th e  cross-linkage, th e  role o f th e  fac to rs  d e te r 
m in in g  th e  properties o f th e  fre e ly  flo a tin g  ra n d o m  m olecu lar coil c a n n o t be n eg 
le c te d . A m ong  these p a ra m e te rs  th e  effect o f th e  cross-link ing  ion , th e  foreign  
e le c tro ly te s  and  th e  te m p e ra tu re  deserve special a tte n tio n . I t  does n o t req u ire  
m u c h  e x p la n a tio n  th a t  th e  in c re a se  in  th e  p o ly m er co n cen tra tio n  encourages 
g e lling  to w a rd s  to ta l p lugg ing . T h e  q u a lity  an d  q u a n t i ty  o f th e  ino rg an ic  ions 
in f lu e n c e  th e  properties o f th e  gels th ro u g h  th e  d issoc ia tion  eq u ilib riu m  o f th e  
p o ly e le c tro ly te  and, in  co n seq u en ce , th ro u g h  th e  co n fig u ra tio n  o f th e  po lym er 
m o lecu le . A t low e lec tro ly te  c o n c e n tra tio n  th e  cha in -like  m olecule o f  th e  ionic 
p o ly m e rs  assum es an  e x p a n d e d  sh ap e  because o f th e  to ta l  d issoc ia tion  o f th e  
c a rb o x y l groups. This en co u rag es  cross-link ing  a n d  th e  lose coils fo rm  a gel 
o f  h ig h  v isco s ity  a t  a low  p o ly m e r c o n cen tra tio n  an d  sm all degree o f cross- 
lin k in g  a lso .

T h e  gelling of th e  p o ly m e r is clearly  also d e te rm in ed  by  th e  a m o u n t o f 
th e  c ro ss-lin k in g  ion. G elling a 1 g d m ~ 3 c o n c e n tra tio n  so lu tio n  o f  p o lym er 
h y d ro liz e d  to  30%  w as tr ie d  b y  u sin g  p o tassiu m  a lu m in iu m  su lfa te  in  th ree
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Fig. 1. Effect o f m olecular m ass o f polym ers on perm eability-reduction o f porous system s

Fig. 2. E ffect o f hydrolysis o f polymer on perm eability-reduction o f porous system s

d iffe ren t co n c e n tra tio n s . T he p e rm eab ility  re su lts  o b ta in ed  fro m  th e  experi
m en ts  were r a th e r  su rp ris in g  (th e  d a ta  are  expressed  as p e rcen tag es  o f the  
orig inal value):

gd m -3 l*ru>

1 0 .4 3

0 .2 5 0 .2 8

0.1 0 .1 5
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T h e  phenom enon p re su m a b ly  has a m o lecu la r e x p lan a tio n . O n th e  one 
h a n d , a t  0 . 1  g d m ~ 3 c o n c e n tra tio n  alum in ium  ion s a re  p re sen t in  an  excessive 
a m o u n t  from  a m olecu lar r e s p e c t com pared  w ith  th e  m onom er c o n cen tra tio n  
(s e g m e n t concen tra tio n ) o f th e  acry lic  acid w h ich  co rresponds to  0.3 g d m -3 . 
F u r th e r ,  i t  has to be ta k e n  in to  considera tion  t h a t  p o tassium  ions in  a m olec
u la r  c o n c e n tra tio n  id e n tic a l to  th a t  o f th e  a lu m in iu m  ions are b ro u g h t in to  
th e  so lu tio n . The sa lt e ffec t, im p o r ta n t  in  itse lf, b rin g s  a b o u t th e  c o n tra c tio n  
o f  th e  p o ly m er m olecule. T h is  change of size can  re a c h  as m uch as 100 n m  a t  
a  g iv e n  co n cen tra tio n . T h e re fo re  i t  is reasonable  t h a t  th e  gel cross-linked a t  a 
sm a lle r  p o tassium  c o n c e n tra tio n  w ould  have  a h ig h e r  v iscosity ; co n seq u en tly , 
th e  p e rm e a b ility -red u c tio n  e ffec t w ould also he g re a te r . U n fo rtu n a te ly , the  
s a l in i ty  o f  brines is in  g en era l g re a te r  th a n  0.5 g d m “ 3, th u s  th e  effect o f th e  
e q u iv a le n t  ca tion  d isso lved  w ith  th e  cross-link ing  ion  is no t a p p a re n t in 
p ra c tic e .

T h e  gelling, an d  esp ec ia lly  i ts  ra te , are also in flu en ced  b y  th e  d issoc ia tion  
e q u ilib r iu m  of the  cross-lin k in g  com pound. F ro m  th is  p o in t of view  th e  gelling 
e ffec t o f  th e  a lum inium  co m p o u n d s  con ta in in g  v a rio u s  an ions was in v e s tig a te d . 
F o llo w in g  th e  in jec tion  o f th e  p o ly m er, a lum in ium  ch lo ride , a lu m in iu m  c itra te  
a n d  p o ta ss iu m  alum in ium  su lfa te  so lu tions o f e q u a l a lum in ium  c o n te n t w ere 
in je c te d  in to  th e  porous m e d iu m . Ignoring  n o rm a l s ta n d a rd  d ev ia tio n , th e  
re su lts  o b ta in e d  do n o t d iffe r fro m  each o th e r and  no tre n d  could h av e  been  
e s ta b lish e d . F rom  th is  o b se rv a tio n  i t  can be co n c lu d ed  th a t  th e  gelling is es
s e n tia l ly  in d ep en d en t o f th e  q u a l i ty  o f the  an ion , p ro v id in g  th a t  a fu lly  d isso 
c ia tin g  in o rg an ic  com pound  is  u sed  fo r cross-linking in  aqueous so lu tion . T h u s 
i t  is  lo g ic a l th a t  poorly  d isso c ia tin g  com pounds, especially  organ ic  m e ta l 
co m p lex es , have  to  be se lec ted  fo r  th e  cross-linking on  th e  basis o f co n tro llin g  
th e  io n  p ro d u c tio n .

F ro m  th e  ionic c h a ra c te r  o f  th e  bond  b e tw een  th e  a lum in ium  an d  th e  
c a rb o x y l g roup  of the  p o ly m er i t  follows th a t  th e  s ta b il i ty  o f th e  cross-linkage 
an d  th u s  t h a t  o f th e  gel d ep en d s  a g rea t e x te n t on te m p e ra tu re . W ith  in c re a s
in g  te m p e ra tu re  th e  e q u ilib riu m  s ta te  of th e  gel m oves to w ard s d issoc ia tion , 
i.e . gel b reak in g . This can  be  u n am b ig u o u sly  p ro v e d ; see F ig . 3 illu s tra tin g  
th e  p e rm e a b ility -red u c tio n  e ffe c t o f  system s gelled  a t  v a rio u s te m p e ra tu re s  
b u t  o th e rw ise  under th e  sam e ex p e rim en ta l co n d itio n s. I n  fac t, F ig. 3 th ro w s 
lig h t o n  th e  g rea test p rob lem  o f  gels cross linked  b y  m e ta l ions viz. th e y  possess 
th e  r e q u ir e d  advan tageous p ro p e r tie s  w ith in  on ly  a lim ite d  te m p e ra tu re  ran g e  
o f m a x . 8 0 — 100 °C. Sm aller o r  g re a te r  differences in  th e  s ta b ility  o f p o ly m er 
gels c ro ss-lin k ed  by  d iffe ren t m e ta l  ions e.g. F e 3+, A l3 + , Cr3+ or T i3+ can  ex is t, 
d e p e n d in g  on  th e  ac tu a l v a lu e  o f  th e  degree o f d isso c ia tio n ; th e ir  general p ro p 
e r ty  is , how ever, th a t  th e y  sp o n tan eo u sly  d is in te g ra te  above 100 °C. I t  is 
f o r tu n a te  i f  w ith  th e  decrease o f  te m p e ra tu re  th e  gel fu lly  regains its  p rev io u s 
s t ru c tu re .  B u t th is ra re ly  occu rs in  p ractice  because  cross-link ing  can  be  re-
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V, cm3

Fig. 3. Influence of tem perature on perm eability-reduction effect o f gels cross-linked with
alum inium  ions

p ca ted  on ly  w ith  a considerab le  h y ste re s is  an d  even so only  p a r t ia l ly , due  to  
chem ical d e g ra d a tio n  o f th e  po lym er a t  h ig h  te m p e ra tu re . W hile th is  phen o m e
non can  be ad v an ta g e o u s  in  ce rta in  o p e ra tio n s  e.g. frac tu rin g , i t  is d e fin ite ly  
d isad v an tag eo u s  in  tre a tin g  p ro duc ing  w ells because th e  gel is m obilized  and 
i ts  effect g ra d u a lly  decreases an d  e v e n tu a lly  d isappears. Since th e  s ta b ility  
o f  p o lym er gels cross-linked  b y  ca tio n s h a s  b een  found to  d ep en d  on te m p e ra 
tu re , i t  can  be s ta te d  th a t  th e  u p p e r l im it  o f  ap p lica tio n  is 100 °C.

T h e  n ecessary  co n d ition  of th e  in situ  cross-linking b y  c a tio n s  is t h a t  the  
p o ly m er so lu tio n  an d  th e  so lu tion  c o n ta in in g  th e  cross-linking m a te r ia l  should  
be m ixed  in  th e  po rous system . G elling  is th ere fo re  in flu en ced  b y  all p a ra 
m eters  th a t  d ire c tly  or in d irec tly  re la te  to  h y d ro d y n am ica l d isp e rs io n . E x p e ri
m en ts , e.g. G all (1976) th a t  tr ied  to  d im in ish  th e  effect o f d isp e rs io n  b y  p re 
vious an d  p a r t ia l  cross-link ing  of th e  p o ly m er so lu tion  can be r a th e r  considered  
as tr ia ls  th a n  so lu tions. M ixing in  th e  po ro u s m edium  is m ost easily  in fluenced  
b y  th e  size o f  th e  slugs and  th e  n u m b e r o f  cycles. The resu lts  o f  t re a tm e n ts  in  
one an d  in  tw o cycles, resp ec tiv e ly , a re  i l lu s tra te d  in  Figs 1 an d  2. T re a tm e n ts  
in  m ore cycles genera lly  re su lt in  g re a te r  p e rm eab ility -red u c tio n  effects im 
p ly ing  th a t  th e  increase  in  th e  n u m b e r o f  cycles is only lim ited  b y  considera
tio n s  o f  cost. O ur la b o ra to ry  re su lts , h o w ev er, suggest th a t  an  in c rease  in  the  
n u m b e r o f cycles bey o n d  4— 5 does n o t fu rn ish  an y  p rac tica l re su lt .

/  T he  m ix in g  o f th e  in jec ted  so lu tio n s  is g rea tly  im p ro v ed  i f  th e  sam e 
a m o u n t o f  chem icals  is in tro d u ced  in to  th e  reservo ir in  a g re a te r  n u m b e r of 
cycles b u t  in  slugs o f  sm aller v o lum e. L ocal c ircum stances m ay  d e te rm in e  the  
m in im um  an d  m ax im u m  lim its  on  th e  size o f  th e  slugs. In  th e  lin e a r  high- 
p e rm e a b ility  san d  m odel ex p erim en ts  w ere ca rried  ou t w ith  p o ly m er an d  alum
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slugs. A n  estim a ted  15— 2 0 %  increase in  p e rm e a b ility -red u c tio n  can be ach iev ed  
i f  th e  p lacem en t occurs in  5 cycles w ith  slugs o f  0.1 pore volum e as in s te a d  
o f a  s in g le  cycle an d  0.5 p o re  vo lum e slugs.

A t  id en tica l slug  size th e  dispersions o f th e  tw o  flu id s  are also in flu en ced  
b y  m o b ili ty  cond itions. W ith  increasing  v isco s ity  o f  th e  po lym er so lu tio n  th e  
d isp e rs io n  o f th e  f ro n t re d u c e s . A t a v iscosity  ra t io  o f  5 a p iston-like sw eep ing  
ta k e s  p la c e  even in  case o f  m iscib le  flu ids an d , in  consequence, gelling ex ten d s  
fo r o n ly  a ra th e r  n a rro w  zone . A n increase in  v isc o s ity , how ever, encourages 
d isp e rs io n  o f th e  tw o flu id s  a t  th e  back . T h u s , u s in g  th e  cyclic in jec tio n  te c h 
n iq u e , th in  (fron t) an d  th ic k  (back) gelled zones a re  fo rm ed  in  th e  po ro u s sy s
te m  b e c a u se  o f th e  sy m m e tr ic a l f ro n t p ro file  o f  th e  po lym er so lu tion . H o w 
ev e r, p ro g ram m in g  th e  c o n c e n tra tio n  or th e  v isc o s ity  o f  th e  po lym er so lu tio n , 
c ro ss-lin k ed  zones of a p p ro x im a te ly  th e  sam e th ic k n e ss  can  be p ro d u ced  in  th e  
re se rv o ir .

I n  connec tion  w ith  th e se  considera tions th e  e ffec t o f rep ea ted  t r e a tm e n ts  
was in v e s tig a te d . A t th e  f i r s t  tre a tm e n t co n sis tin g  o f  10 cycles (F ig . 4) th e  
size b o th  o f  th e  po lym er so lu tio n  and  of a lum  w as 0.1 pore volum e. T h e  t r e a t 
m e n t w as  la te r  re p e a te d , u s in g  h a lf  am o u n t o f  th e  chem icals. I t  can  be  seen 
th a t  th e  second  t r e a tm e n t, th o u g h  i t  has a c e r ta in  e ffec t, does n o t cause as sig
n if ic a n t  a p e rm eab ility  re d u c tio n  as was caused  b y  th e  f irs t one. A re p e a te d  
t r e a tm e n t ,  th ere fo re , is o n ly  u sefu l if  th e  o rig inal im p ro v e m e n t in  th e  w a te r/o il 
ra t io  o r  th e  red u c tio n  o f  w a te r  p e rm eab ility  d im in ish es  because of th e  e x tra c 
tio n  o f  th e  po lym er, o r th e  o p en in g  of new in-flow  d irec tio n s . This phen o m en o n , 
h o w ev e r, cou ld  n o t be m o d elled  by  th e  lin ea r p o ro u s  system  used in  o u r e x 
p e r im e n ts .

B esid es  s tu d y in g  th e  tec h n iq u e s  described  in  th e  lite ra tu re  we h a v e  also

Fig. 4. E ffect o f repeated treatm ent on perm eability  o f porous system s
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succeeded  in  im prov ing  on th e  m e th o d . O ne ta sk  to  he solved w as th e  cross- 
lin k in g  o f alcoholic po lym er so lu tio n . T he ad d itio n  o f alcohol or th e  ap p lica tio n  
o f  w ater-a lcoho l m ix tu res  can  m ain ly  be tra c e d  in  p a te n ts :  T in e r e t  a l. (1975) 
an d  E ly  e t al. (1975) cross lin k  b iopo lym ers and  cellulose d e riv a tiv e s  w ith  al
deh y d es and  tita n iu m  in  m ix tu re s  w ith  an  alcohol c o n te n t o f less th a n  7% . 
R h u d y  and  K n ig h t (1976) suggested  in  th e  case of th e  gelling  o f  h y d ro lized  
p o lyacry lam ides by  ch ro m iu m  ion  th a t  th e  solid po lym er be ad d e d  to  the  
w a te r  in  an  iso -p ropy l alcohol suspension . All th ree  m eth o d s w ere designed 
to  p ro d u ce  a fra c tu re  flu id  an d  th e  ap p lica tio n  o f alcohol is aim ed a t  increasing  
th e  efficiency o f th e  process, th o u g h  th e  au th o rs  fail to  give su ffic ien t ex
p la n a tio n  as to  w h a t is th e  a d v a n ta g e o u s  effect o f th e  alcohol.

The s tru c tu re , rheologic p ro p e rtie s  and  flow  c h a ra c te ris tic s  in  porous 
m ed ia  o f alcoholic p o lym er so lu tions h av e  been  in v es tig a ted  in  o u r L a b o ra to ry  
in  a d e ta iled  basic re sea rch . I t  h as  been  found th a t  a lip h a tic  a lcohols w ith  
1— 5 carb o n  a tom s up  to  a c o n c e n tra tio n  o f  40— 50%  b y  vo l. g re a tly  increase 
th e  d y n am ic  v iscosity  o f p o lym er so lu tions. This v iscosity  v a lu e  can  be 5— 10 
tim es th a t  o f an  aqueous p o ly m er so lu tio n . T he anom alous b e h a v io u r  can  be 
ex p la ined  b y  th e  s tru c tu re  o f  th e  w a te r/a lcoho l so lu tion  an d  th e  so lv a tio n  of 
th e  po lym er. Also, even  w ith o u t an y  th eo re tica l reasons an d  e x p la n a tio n s  it  
can  be expected  th a t  sy stem s show ing  considerab le  v iscosity -in crease  a t  the  
sam e po lym er c o n te n t, will also possess in  th e  gelled s ta te  m ore  fav o u rab le  
p ro p e rtie s  th a n  tho se  o b ta in ed  b y  cross-link ing  pure  aq u eo u s so lu tio n s. To 
p rove th is  h y p o thesis , so lu tio n s o f po lym ers o f 0— 10— 20— 3 0 %  degree of 
hy d ro ly sis  and  w ith  v a ry in g  alcohol c o n te n t were gelled b y  p o ta ss iu m  a lu m i
n iu m  su lfa te . T hese in v e s tig a tio n s  h av e  p roved  unam b ig u o u sly  t h a t

i) w ith  increasing  alcohol c o n te n t, up  to  a b o u t 40— 5 0 %  b y  vol. the 
v isco sity  o f  th e  cross-linked  gel increases using any  k ind  o f  a lcohol,

ii) th e  ty p e  o f a lcohol ( th e  n u m b e r o f  carbon  a tom s) in flu en ces th e  p ro p 
ertie s  o f th e  gel, th e  m ost fav o u rab le  effect was found  w hen  u s in g  iso-propyl 
alcohol,

iii) w ith  increasing  te m p e ra tu re  th e  favourab le  effect o f  th e  alcohol de
creases b u t  i t  can  be p o sitiv e ly  observed  a t  as h igh as 80— 90 °C.

F igure 5 illu s tra te s  th e  re su lts  o f tw o ex perim en ts ca rried  o u t  in  th e  sam e 
sy s tem , w ith  th e  sam e p o ly m er a t  80 °C. T he d ifference b e tw een  th e  tw o  ex
p e rim en ts  is th a t  in  one o f  th e  cases th e  po lym er so lu tio n  in je c te d  in to  the  
m odel also co n ta in ed  30%  iso -p ro p y l alcohol. T he resu lts  c learly  in d ic a te  th a t  
w a te r  p e rm eab ility  decreases m ore qu ick ly  and  to  a so m ew h at g re a te r  e x te n t 
if  th e  po lym er so lu tion  to  be gelled co n ta in s  alcohol, th a n  if  i t  is a p u re  aqueous 
so lu tion .

Gelled sodium  silicates h av e  been suggested  for w e ll- tre a tm en t an d  flood
ing firs t by Biles (1972) and  Sarem  (1974, 1975). The m e th o d  has also been
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Fig. 5. Influence of alcohol on the perm eability-reduction effect of polym er gels cross-linked
w ith  aluminium ions

in v e s tig a te d  in  our L a b o ra to ry  [H einem ann  e t  a l., 1979]. T hese gels are know n, 
a p a r t  fro m  th e ir  effective p e rm e a b ility -red u c tio n  effec t, m a in ly  for th e ir  good 
th e rm a l  s tab ility . T he th e rm a l  s ta b ility  of gels c ross-linked  b y  m eta l ions an d  
th e  sy n erg ism  of th e  p o ly m er-s ilic a te  system  su g g ested  th e  developm ent o f a 
w e ll- tre a tm e n t tech n iq u e  b a se d  on th e  sirm d tan eo u s gelling o f com bined p o ly 
m ers a n d  silicates. T he sy n e rg ism  of sodium  silica te  i tse lf  can  be exp la ined  b y  
so lv a tio n a l and  assoc ia tiona l in te ra c tio n . T he rea so n  fo r th e  flex ib ility  o f th e  
co m b in ed  system  of f lo o d in g  an d  w e ll-trea tm en t is t h a t  gelling, an d  th e  ty p e  
o f  gel, c an  be con tro lled  w ith in  w ide lim its n o t on ly  b y  th e  co n cen tra tio n  b u t  
also th ro u g h  the  p o ly m er/s ilic a te  and  Al3 +/C a2+ ra tio s . B y  increasing  th e  
a m o u n t o f  th e  silicate a n d  ca lc iu m  fo r exam ple, v e ry  m assive  plugs w ith  good 
th e rm a l  s ta b ility  can be p ro d u c e d .

O u r flow  ex p erim en ts  w ere  carried  o u t on lin e a r  m odels w ith  so lu tions 
o f  0 .2—-1.0 g d m ~ 3 an d  1— 1 0 %  silicium  dioxide c o n te n t. T h ree  d iffe ren t w ays 
seem ed  to  be available to  gel th e se  com bined sy stem s w ith  th e  follow ing re 
su lts :

i) G elling the p o ly m er b y  m u ltiv a len t ions, th e  space of cross-linkage 
fo rm ed  b y  th e  po lym er is filled  b y  sodium  silica te  so lu tio n . The v iscosity  of 
th e  gel o n ly  sligh tly  increases as  com pared  w ith  a p o ly m er gel w ith o u t sili
ca te . (T he  free silicate can  be  spo n tan eo u sly  p re c ip ita te d  b y  b iv a len t cations 
in  th e  re se rv o ir, in  th is  case th e  p lugg ing  effect n a tu ra l ly  increases.)

ii) G elling the  so d iu m  silica te  b y  b iv a le n t ca tio n s, th e  p rec ip ita ted  
m ic ro c ry s ta llin e  calcium  s ilica tes  or silicate gels are  s tab ilized  b y  th e  po lym er 
so lu tio n  o f  h igh v iscosity . T he v isco s ity  of th e  gel is s ig n ifican tly  g rea te r th a n  
th a t  o f  p u re  silicate gels.
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iii) T he po lym er an d  the  sodium  silica te  a re  s im ultaneously  cross-linked 
or gelled b y  bi- or m u ltiv a le n t cations. I n  th is  case an  im m obile phase  is form ed 
th a t  c rea tes a m assive b a rr ie r  and  can n o t m ak e  b u t  ex trem ely  lim ited  d isp lace
m ents.

A ccording to  o u r ex p erim en ts  on th e  lin e a r  m odel, gelled so lu tio n s con
ta in in g  only  silicate  (5 %  S i0 2) yield 40 %  p e rm e a b ility  red u c tio n . I f  th e  in jec ted  
so lu tion  co n ta in s  b o th  po lym er and  silicate  in  th e  sam e c o n cen tra tio n  as in 
th e  prev ious e x p e rim en t, an d  gelling is c a rr ie d  o u t  by  an  A F+— Ca2+ system  
p e rm eab ility  is 6 5%  less th a n  th e  orig inal v a lu e . T hese findings are  believed 
to  prove th a t  th e  po lym er-silica te  system  is su ita b le  for profile eq u a liza tio n  
a ro u n d  p ro duc ing  wells or m ore precisely fo r co rrec tin g  channel-fo rm ing  and 
reducing  w a te r p e rm eab ility .

The resu lts  o f th e  la b o ra to ry  in v e s tig a tio n s  of in situ cross-link ing  by  
m u ltiv a le n t ca tions can  be sum m arized  b y  sa y in g  th a t  th e  m eth o d  is su itab le  
for effectively  chan g in g  th e  w ater/o il ra tio . H o w ev er, because o f th e  fac to rs 
d e te rm in in g  th e  gelling o f the  po lym er so lu tio n , m an y  req u irem en ts  h av e  to  
be m et. I t  is a d isad v an tag eo u s  fea tu re  t h a t  th e  conven tional p ro ced u re  can 
on ly  be app lied  u p  to  90— 100 °C due to  th e  io n ic  c h a ra c te r  of th e  cross-linkage. 
T he p ro p erties  o f th e  in situ form ed gel a re  s ig n ifican tly  im p ro v ed  b y  the  
presence o f alcohol. T he o th e r  w ay of in te n s if ic a tio n  viz. app ly ing  a com bined  
po lym er-silicate  sy s tem  ensures a successful w e ll- tre a tm e n t even ab o v e  a te m 
p e ra tu re  o f 1 0 0  °C in th e  fo rm ation .

2. Study o f  methods based on in situ polymerization o f  monomer solutions

In situ cross-link ing  by  m eta l ions has tw o  m ajo r d isad v an tag es :

i) The bonds am o n g  th e  po lym er chains a re  o f ionic ch a ra c te r  a n d  th e re 
fore the degree o f  gelling g rad u a lly  decreases w ith  increasing  te m p e ra tu re  be
cause of th e  d ependence  o f d issociation  on te m p e ra tu re .

ii) T he m ix ing  o f  th e  polym er and  th e  gelling  m ateria l in jec ted  in  sep a
ra te  slugs is g rea tly  a ffec ted  b y  th e  h y d ro d y n a m ic  d ispersion in  th e  reservo ir.

The w e ll- tre a tm en t tech n iq u e  developed  b y  M cLaughlin (1975) an d  Ford 
an d  K elld o rf (1976) based  on in situ p o ly m eriza tio n  avoids ju s t  th e se  d isad 
v an tag es  b y  in jec tin g  in to  th e  reservoir th e  m o n o m er o f a w ater-so lub le  po lym er 
an d  th e  ad d itiv e s  req u ired  for the p o ly m eriza tio n . D epending  on th e  ty p e  of 
the m onom er i t  is possib le to  produce a b lo ck in g  polym er so lu tio n  o f high 
v iscosity  b u t  co n ta in in g  essen tia lly  a linear p o ly m e r or a p a rtia lly  cross-linked 
stab le  p o lym er gel in  th e  reservoir. B o th  m e th o d s  have  th e  a d v a n ta g e  th a t  by 
using  an a p p ro p ria te  m onom er so lu tion  th e  v iscosity  of th e  in je c te d  fluid 
w ould h a rd ly  d iffer from  th a t  of w a te r an d  p o ly m eriza tio n  on ly  com m ences 
a t  fo rm atio n  te m p e ra tu re .
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Fig. 6. G elling of acrylamide — bis-acrylam ide m onom er solutions of various com position  as
function of tim e

T h e  lab o ra to ry  in v e s tig a tio n s  were focussed  on techn iques b a se d  on in 
situ  p o ly m eriza tio n  e n su rin g  p a r tia l  cross-link ing . B ecause of econom ical and 
c o m m erc ia l considerations a sy s tem  of ac ry lam id e  (AA) and  N ,N -m eth y len e- 
b is -a c ry la m id e  (b-AA) w as chosen . As th e  f ir s t  s te p  o f our in v e s tig a tio n s , th e  
m e c h a n ism  and  cond itions o f  th e  p o ly m eriza tio n  o f th is p a ir o f m onom ers 
w ere  an a ly zed  in  d e ta il.

T h e  polym eriza tion  o f  ac ry lam id es p roceeds in  form  of free ra d ic a l p o ly 
m e r iz a tio n , correspond ing ly  th e  aqueous m o n o m er solu tion  also c o n ta in s  free 
ra d ic a l  fo rm in g  com pound  a n d  ch a in -p ro p ag a tin g  add itiv es . F o r sake  o f  sim 
p lic i ty , o n ly  those re su lts  w ill be  considered t h a t  w ere o b ta ined  a t  a c o n s ta n t 
c o n c e n tra tio n  of the  free ra d ic a l fo rm ing  c o m p o u n d  (am m onium  p e ro x i d i
su lfa te )  a n d  a t v a ry in g  ty p e  a n d  c o n cen tra tio n  o f  alcohol used as c h a in -c a r
r ie r . T o  m odel the ion  s t r e n g th  o f th e  b rine , th e  so lu tions co n ta in ed  sod iu m  
ch lo rid e  in  a co n cen tra tio n  o f  2 g d m -3 . The a m o u n t o f acry lam ide w as changed  
w ith in  th e  rang  of 15— 25 g d m - 3  and  th a t  o f  b is-acry lam ide  w ith in  0— 3 g 
d m “ 3 to  op tim ize the  m o n o m er com position . F ig u re  6  shows th e  re su lts  o f  one 
cd’ th e  experim en ts  ca rr ied  o u t  a t  80 °C. T h e  m onom er so lu tion  c o n ta in e d  
25 g d m “ 3 acrylam ide a n d  a v a ry in g  c o n c e n tra tio n  of b is-acry lam ide  in  th is  
e x p e r im e n t.

T h e  resu lts  o f th e  e x p e rim e n ts  to  d e te rm in e  th e  m onom er ra t io  can  he 
su m m a riz e d  as follows:

i) T h e  degree o f cross-lin k ag e  increases w ith  increasing  a m o u n t o f  bis- 
a c ry la m id e , and. as a co n seq u en ce , th e  d y n am ic  v isco sity  of th e  so lu tio n  also 
s te e p ly  increases. I t  is f u r th e r  ch a rac te ris tic  o f  th e  po lym eriza tion  t h a t  th e  
r a te  o f  gelling a b ru p tly  ch an g es  a t  a ce rta in  b is-acry lam ide  c o n c e n tra tio n .
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T h e c ritica l c o n cen tra tio n  o f th e  gelling m a te r ia l and  the  m onom er ra t io  are, 
fo r v a rio u s acry lam ide  co n cen tra tio n s , as fo llow s:

'А Л - g  <*">“ • • b - A A - g  d™ 8 CA A /Cb —A A

15 2 .9 —3.0 5
20 1.3— 1.5 14

25 0.7 0.9 31

li) A t a c o n s ta n t b is-acry lam id e  c o n c e n tra tio n  an  in creasin g  ac ry lam id e  
c o n te n t s ig n ifican tly  increases th e  v isco sity  o f  th e  so lu tion , or th e  g re a te r  th e  
ac ry lam id e  c o n cen tra tio n  o f  th e  m onom er so lu tio n , th e  sm aller a m o u n t o f  bis- 
ac ry lam id e  is needed  to  e ffec tive ly  gel th e  sy stem .

iii) C ross-linking a t  80 °C ta k e s  a b o u t 50 m inu tes, th e  ra te  o f th e  re a c tio n  
d ep en d in g  on th e  m onom er c o n c e n tra tio n . I n  d ilu te  so lu tions th e  p o ly m e riz a 
t io n  accelera tes on ly  a f te r  a n  in d u c tio n  p e rio d  o f  10— 15 m in u te s , w hile  in  
dense so lu tions th e  r a te  o f  p o ly m eriza tio n  is th e  h ighest ju s t  in  th is  period .

To com pare p o ly m eriza tio n  in  sy stem s w ith  various m o n o m er ra tio s , it  
w as essen tia l to  d e te rm in e  th e  effect o f  te m p e ra tu re  on th e  process. T h e  in v es
t ig a tio n  w as p erfo rm ed  on  th re e  so lu tions o f  vario u s com position  u n d e r  d y 
n am ic  cond itions in  a rheov isco sim eter. T h e  curves o f Fig. 7 w ere  o b ta in e d  
b y  co n tin u o u sly  increasin g  th e  te m p e ra tu re  o f  th e  m onom er so lu tio n  a t  a sh ear 
r a te  o f  656 s - 1  u p  to  90 °C a n d  b y  m e a su rin g  th e  a p p a re n t v is c o s ity  o f  th e  
so lu tio n  a fte r  each  10 °C te m p e ra tu re  in c re m e n t.

I t  is a com m on fe a tu re  o f th e  th re e  cu rv es  o f Fig. 7 th a t ,  d is reg a rd in g  
g re a te r  o r sm aller d ev ia tio n s , gelling se ts  in  a t  te m p e ra tu re  o f  4 5 — 50 °C.

Fig.  7. Gelling of acrylam ide — bis-acrylam ide m onom er solutions of various com position  as
function  of tem perature
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T h is  ca n  be u n am b ig u o u sly  exp la ined  by  th e  f a c t  t h a t  th e  fo rm atio n  o f  free 
ra d ic a ls  an d  th e  d é s in té g ra tio n  o f am m onium  p e ro x id e  su lfa te  tak es  p lace  in  
th e  so lu tio n  a t  th is  te m p e ra tu re . The figu re  also  show s th a t  p o ly m eriza tio n  
a n d  cross-link ing  is c o m p le te d  a t  60— 70 °C. T a k in g  in to  accoun t th e  h e a tin g  
ra te  o f  0.5 °C m in -1 , i t  is c le a r  th a t  th e  process ta k e s  50— 60 m inu tes in  each  
cases.

I t  is o f e x tra o rd in a ry  im p o rtan ce  fo r p ra c tic e  t h a t  m onom er so lu tio n s 
o f  g iv e n  com position  a re  s ta b le  a t  a te m p e ra tu re  n o t  h igher th a n  45 °C fo r 
a v e ry  long  (p rac tica lly  u n lim ite d ) period a n d  th e i r  v iscosity  does n o t re a c h  
ev e n  1 m P as. The s ta b il i ty  o f  gels above 60 °C, h o w ev e r, is v e ry  good an d  th e y  
re s is t  m echan ical d e g ra d a tio n  excellen tly , w hile  th e  v isco sity  and  m ech an ica l 
d e g ra d a tio n  of gels c ro ss-lin k ed  b y  cations ab o v e  60 °C depends on te m p e ra 
tu r e  to  a m uch g re a te r  e x te n t .

In  th e  n ex t s tag e  o f  o u r  investig a tio n s i t  h a s  b een  s tu d ied  to  w h a t e x te n t  
th e  ty p e  and  a m o u n t o f  a lcoho ls used as c h a in -c a rr ie r  influences gelling and  
th e  p ro p e rtie s  of th e  gel. Iso -p ro p y l alcohol, te r t - b u ty l  alcohol and  g lycerine 
w ere u sed  as m odels. As a ch a rac te ris tic  ex am p le  th e  effect of th e  iso -p ro p y l 
a lco h o l is show n in  F ig . 8  a t  tw o  various m o n o m er com positions. The experience  
a b o u t th e  effect of a lcoho ls ca n  he sum m arized  as follow s:

i) R egardless th e  m o n o m er com position , a lcoho ls generally  e x e r t an  
u n fa v o u ra b le  effect o n  th e  gelling  of th e  a c ry la m id e —bis-acry lam ide  sy s tem  
a n d  co n sid e rab ly  b re a k  d o w n  th e  v iscosity  o f th e  gel.

ii) U sing iso -p ro p y l a lcoho l th e  v isco sity  o f  th e  gel m onotonously  d e 
c reases  w ith  th e  c o n c e n tra tio n  o f th e  c h a in -ca rrie r, w hile for te r t-b u ty l  a lcoho l 
a s l ig h t  increase up  to  2 — 8 %  b y  volum e an d  th e n  a decrease can be o b se rv ed .

Fig. 8. E ffect of iso-propyl alcohol on gelling of acrylam ide — bis-acrylam ide m onom er
solutions of various com position
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T he effect of th e  l a t t t r  alcohol is, how ever, r a th e r  n e u tra l  th a n  positive, as 
reg a rd s  the  e x te n t o f  th e  change.

iii) The t i iv a le n t  a lcohol (g lyceiine) has th e  sam e effect as th e  iso-prop) I 
alcohol and  it  red u ces th e  v iscosity  o f th e  gel v e ry  qu ick ly  (a t 8 %  hy  volum e 
to  one th ird  of th e  p rev io u s value).

S um m arizing  th e  re su lts  ab o u t th e  effect o f alcohols i t  can  be s ta ted  
t h a t  th e ir  ap p lica tio n  is superfluous an d  even h a rm fu l b ecau se  th e y  do no t 
encourage  m assive, v iscouos cross-linked gels to  develop .

F o r p rac tica l p u rp o ses  in situ po lym erized  gels w ith  v a rio u s  com positions 
can  be  chosen. T h eo re tica lly , th e re  is n o th in g  to  p re v e n t us to  produce  gels 
w ith  ap p ro x im a te ly  th e  sam e p ro p ertie s  fo r sm all p o ly m er co n c e n tra tio n  and 
h igh  degree o f cross-linkage  or h igh p o ly m er co n c e n tra tio n  and  low  degree of 
cross-linkage. E co n o m ica l fac to rs  m ay  d e te rm in e  a decision  as to  th e  applica
tio n  o f  a ce rta in  so lu tio n . I t  m ay  be here  ta k e n  in to  acco u n t t h a t  th e  p resen t 
p rice  o f  N ,N -m cth y len e-b is-acry lam id e  is 50— 100%  h ig h er th a n  th a t  o f the  
acry lam id e . R eg a rd in g  th e  fa c t, how ever, th a t  i t  is b ey o n d  th e  scope of th is  
p a p e r  to  de te rm ine  th e  o p tim u m  com position  on th is  basis ; th e  f lu id  m echani
cal experim en ts  in  po ro u s m ed ia  w ere carried  o u t w ith  th e  m o n o m er solutions, 
th e  d a ta  and f ig u res  on  w hich  have  a lread y  been considered . T hese  com posi
tio n s  can , b y  no  m ean s, reg a rd ed  as o p tim a l, th e ir  on ly  com m on  fea tu re  is 
t h a t  th e y  c o n ta in  b is-ac ry lam id e  a t  th e  g iven ac ry lam id e— co n cen tra tion  
(15— 20— 25 g d m “ 3) in  th e  so-called c ritica l q u a n ti ty .

T he p e rm e a b ility -red u c tio n  effect o f th e  selected  th re e  ac ry lam id e  — bis- 
ac ry lam id e  system s w as d e te rm in ed  in  a lin ea r porous s y s te m .T h e  perm eabil
i ty  o f  th e  n o n -co n so lid a ted  sand  m odel used  in  th e  e x p e rim e n ts  w as 0.85-— 
0.95 fim 2. The c o n d itio n s  o f  in v e s tig a tio n  fo r th e  in situ  cro ss-link ing  were 
s lig h tly  m odified : th e  te m p e ra tu re  o f th e  m odel w as in creased  g rad u a lly  from  
25 °C to  80 °C on ly  a f te r  th e  in jec tio n  o f  th e  m onom er so lu tio n . F ig u re  9 show's 
th e  p e rm e a b ility -red u c tio n  effect o f th e  th re e  m onom er so lu tio n s (in  percr n tage 
o f th e  original p e rm e a b ility )  as a fu n c tio n  o f th e  in jec ted  f lu id  v o lu m e.

T he p e rm e a b ility -red u c tio n  effect o f th e  th re e  v a rio u s  sy s tem s  show n in 
th e  figu re  co rresponds to  th e  v iscosity  o f  gels an d  cross-linked  po lym ers. The 
gel co n ta in in g  15 g d m “ 3 ac ry lam id e  caused  th e  low est r e d u c tio n  n o t h igher 
th a n  14% , w hile th e  sy s tem  w ith  25 g d m “ 3 c o n c e n tra tio n  d ec reased  perm ea
b ili ty  below  h a lf  o f  i ts  o rig in a l va lue . A com m on fe a tu re  o f  th e  cu rv e  th a t  th e  
p e rm eab ility  s ta r ts  to  decrease a t  th e  beg inn ing  o f  h e a tin g  th e  m odel. I t  is 
W'orth no ting  th a t  ev en  th o u g h  p e rm eab ility  considerab ly  v a r ie s  a f te r  th e  rap id  
change during  h e a tin g , th e  p a r tia l  b lo ck ing  effect p rev a ils  o v e r a long period. 
T h is phenom enon  is be liev ed  to  be due to  th e  re a rra n g e m e n t o f  th e  gel partic les 
in  th e  porous sy s tem .

T he resu lts  o f  th e  p ro ced u re  b ased  on in situ p o ly m eriza tio n  can  be com 
p a red  w ith  th o se  o f  gelling  w ith  ca tio n s. T he p e rm e a b ility -red u c tio n  effect
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F ig .  9. Effect of acrylamide — bis-acrylamide monomer solutions of various composition on 
permeability of non-consolidated linear porous models as function of injected fluid volume

sh o w n  in  F ig . 9 can be a c h ie v e d  also  by  gels cross-linked  w ith  a lum . F o r ex 
a m p le  2 5 — 40%  p e rm e a b ility -re d u c tio n  was o b ta in e d  in  one s tep  w ith  th e  
p o ly m e r  h av in g  m edium  m o le c u la r  m ass and  a h y d ro ly s is  degree o f 30% , as 
w ell as a  p lacem ent flu id  o f  0 .5  p o re  volum e. On th e  o th e r  h a n d , a cyclic in 
je c t io n  w as  needed to  ach ieve  th e  req u ired  p e rm e a b ility -red u c tio n  using in situ 
p o ly m e riz a tio n  and 25 g d m ~ :i ac ry lam id e  c o n c e n tra tio n . T he a m o u n to fm o n - 
o m e r  so lu tio n  was, how ever, 0 . 2  p o re  volum e and  w e tr ie d  to  ensure a pseudo- 
m o b il i ty  fo r  the  gel o b ta in e d  f ro m  po lym eriza tion . N am ely , in  all th re e  cases, 
a n  in c re a se  o f the am o u n t o f  b is-acry lam id e  b y  0 . 1 — 0 . 2  g dm  3 w ould  h av e  
r e s u l te d  in  a full p lugging. T h is  m ean s th a t  a v e ry  sm all change o f th e  com 
p o s i t io n  (i.e. of the  ra tio  с д д / с ь - а д )  can  yield  ex tre m e  e ffec t in  th e  ap p lica tio n  
o f  in  s i tu  po lym erization .

T h e  effectiveness o f  w e ll- tre a tm e n t tech n iq u es u sin g  m onom er so lu tions 
w as a lso  in v estig a ted  on ra d ia l  m odels of n a tu ra l c o n so lid a te d  rocks. A re liab le  
c o m p a r is o n  has, how ever, b e e n  g re a tly  h indered  b y  th e  lack  of th ree  n a tu ra l  
m o d e ls  o f  th e  sarpe s tru c tu re . E v e n tu a lly , core sam ples o f  th e  sam e size, w ith  
a  p o ro s i ty  o f  0.18—0.24 a n d  p e rm e a b ility  o f 0.15— 0.45 /im 2 w ere chosen for 
th e  e x p e rim e n ts . D espite  th e  d ifferences betw een  th e  ro ck s, s a tu ra tio n  d a ta  
sh o w s a  good agreem ent, w ith in  Jz 4 % . F igure 10 show s th e  effects of th re e  
gels w i th  rep re sen ta tiv e  c o m p o s itio n s . The t r e a tm e n t b eg a n  in  all o f th e  cases 
a t  a W O R  o f 50 and using  30 c m 3 (ap p ro x im ate ly  0.2 pore  vo lum e) o f m onom er 
m ix tu re .  A fte r in jecting  th e  f lu id ,  th e  system  was closed fo r 24 hours and  k e p t 
a t  a te m p e ra tu re  of 80 °C. T h e n  th e  m odel was p u t  in to  p ro d u c tio n  and  th e  
f lu id  sa m p le s  collected an d  a n a ly z e d .

T h e  figure proves t h a t  ac ry lam id e  so lu tions o f  20 an d  25 g d m - 3  co n 
c e n t r a t io n  can ensure an  e ffe c tiv e  im p ro v em en t o f  W O R . I t  is a l i t t le  su rp ris-
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ing , h o w ever, th a t  ap p ro x im a te ly  eq u a l effic iency  was ach ieved  w ith  th e  tw o 
liq u id s , fo r th e  v iscosity  of th e  gel o b ta in ed  from  th e  2 0  g d m - 3  c o n c e n tra tio n  
so lu tio n  is co n sid e rab ly  sm aller th a n  th a t  o f  th e  25 g d m - 3  so lu tio n . T h e  ex 
p la n a tio n  m a y  be th a t  th e  p e rm eab ility  o f th e  m odel tre a te d  w ith  th e  2 0  g dm  3 

p o lym er so lu tio n  is a p p ro x im a te ly  h a lf  o f th e  o th e r an d , also, its  h e te ro g en e ity  
is p ro b a b ly  g rea te r. As an  effect o f th e  t r e a tm e n t w ith  th e  tw o  so lu tio n s , the  
in it ia l  w a te r/o il ra tio  o f  50 te m p o ra r ily  decreased  to  10 and  5, re sp ec tiv e ly . 
A decrease o f  th is  e x te n t in  in d u s tr ia l scale is an  ex trem ely  effective tre a tm e n t .  
I t  is em p h asized  again  th a t  in  o u r ex p e rim en ts  a m onom er m ix tu re  w as in 
je c te d  in to  th e  m odel th a t  p ro d u ced  a gel o f  lim ited  m ob ility  due  to  p o ly m eri
za tio n  an d  p a r tia l  cross-link ing . A n in crease  o f  th e  am o u n t o f b is-ac ry lam id e  
m ay  fu r th e r  im prove  th e  w ate r/o il ra tio  a n d , in  consequence, th e  e ffec t o f th e  
t r e a tm e n t.

W hile  th e  change in  oil s a tu ra tio n  alone is n o t regarded  a d e fin ite  proof 
in  c o m p arin g  th e  vario u s m eth o d s (th e  d im ensions of th e  rad ia l m o d e l do not 
allow  b u t  th e  m odelling  of a 5-m  ra d ia l d o m ain  a ro u n d  a well in  a 10-m  th ick  
lay e r), th e  va lu es  o f excess o u tp u t  can  also su p p o rt th e  conclusions d ra w n  from  
th e  w a te r/o il ra tio  d a ta . A fte r th e  d isp lacem en t o f a flu id  a m o u n t o f  3 %  of 
th e  pore v o lu m e  th e  residua l oil s a tu ra tio n  in  th e  porous sy stem  decreased  by 
7 %  i f  a gel o f  20 g d m - 3  ac ry lam id e  c o n te n t was used. As no  p o ly m e r was 
fo u n d  in  th e  p roduced  w a te r d u rin g  th is  p erio d , th e  excess oil p ro d u c tio n  was 
e n tire ly  d u e  to  th e  opening  o f new  flow  ch anne ls and  d irec tions.

F ro m  th e  ev a lu a tio n  o f th e  in situ  po lym erized  and  p a r tia lly  cross-linked  
ac ry lam id e  —  b is-acry lam ide  system s i t  is concluded  th a t  th e ir  effic iency  is

V,cm3
F ig .  10. Effect of acrylamid — bis-acrylamide monomer solutions of various composition on

WOR in radial porous systems
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h ig h e r  th a n  of th e  gels c ross-linked  by ca tions. B ecause  o f th e  d ifferen t ch a ra c te r  
o f  th e  b o n d s in  th e  c ross-linkage  th e  follow ing p ro p e rtie s  ch a rac te iize  th is  ty p e  
o f  ge l:

a)  T he gel is s tab le  ev en  a t te m p era tu res  a b o v e  80 °C.
b)  G elling is in d e p e n d e n t of dispersion p h en o m en a .
c)  T he p ro p e rtie s  o f gels can  be v a ried  w ith in  a w ide range.
d )  T he p ro p ertie s  o f gels can  be a d ju s te d  a t  th e  w ell-site.
e)  G elling does n o t occu r a t  th e  m ix ing  f ro n t  b u t  i t  spreads over th e  

w ho le  vo lum e of flu id .
f )  T he effect o f th e  p lacem en t in th e  t r e a te d  d irec tio n  is m ore s tab le  or 

p e rm a n e n t depend ing  on th e  ty p e  of gel.

A s regards econom ical considera tions, i t  shou ld  be no ted  th a t  th o u g h  
th e  p rice  o f m onom ers is o n ly  a frac tion  o f t h a t  o f  po lym ers, th e  tech n iq u es 
b ased  on  in situ p o ly m eriza tio n  are more ex p en siv e , because h igher m onom er 
c o n c e n tra tio n s  are req u ired .

Sum m ary

Comparative laboratory investigations of well-treatment techniques based on in  si tu  
cross-linking and polymerization proved that

i) The techniques based on in  s i tu  cross-linking with multivalent cations are suitable to
the effective reduction of the permeability of water. Because of the parameters influencing the 
gelling of polymer solutions, many requirements have to be met. It is a disadvantage of con
ventional procedures that they can be applied only below 80 100 °C because of the ionic
character of the cross-linkage. Aliphatic alcohols improve the behaviour of the in  si tu  produced 
gel. Another possibility to improve the efficiency is a treatment with a combined polymer/sili- 
cate system. In the latter method the flexibility of the gels is combined with a high thermal 
stability.

ii) Main advantage of the method based on in  s i tu  polymerization compared with gelling 
with cations is that the stability of this type of gel meets the requirements even at temperatures 
in excess of 100 °C, gelling is independent of dispersion phenomena and extends over the whole 
volume of injected fluid and the parameters of gels can be varied within a wide range and 
adjusted at the well-site.
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A NEW METHOD OF MODELLING CAPILLARY 
PRESSURE CURVES

GY. MILLEY — O. WAGNER
PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

A probability distribution function is introduced in the paper to model capillary pres
sure curves characterizing the capillary properties of porous media. The applicability of the 
relationship is verified on the basis of published technical data and by experimental measure
ments. The suggested probability distribution function can be a useful tool both for modelling 
purposes and for the theoretical investigation of coarse disperse systems, because it contains 
only a few parameters that can be easily determined by experiments. The lognormal distribu
tion also enabled us to simplify the experimental determination of capillary pressure curves.

Symbols

b constant
n constant
p c capillary pressure
Tn pore radius
Vp pore volume
I 2 a  cos 0
о  surface tension
0 contact angle
S u bscr ip ts
D  displacement
p c referring to capillary pressure
Гр referring to pore radius

T h e pore size d is tr ib u tio n  o f porous m ed ia  is an  im p o r ta n t  p a ram e te r  
f ro m  th e  po in ts  o f v iew  o f re sea rch  and  o f th e  in d u s try , as w ell. S ince i t  would 
be a lm o s t im possib le to  define  e x a c tly  th e  te rm s  ‘pore size’ a n d  ‘pore sh ap e’, 
th e y  are  u sually  re fe rred  to  as indefin ed  p a ra m e te rs  or th e ir  th eo re tica l def
in itio n s are  used [Scheidegger 1960 or B ear 1972]. T he m o s t p ra c tic a l and 
w idely  used m eth o d  to  in v e s tig a te  th e  pore s tru c tu re  o f  a p o ro u s  b o d y  is th e  
m easu rem en t o f c ap illa ry  p ressu re  being  th e  s im p lest in d ic a to r  o f th e  cap illa ry  
p ro p e rtie s  accord ing  to  W iggs (1958), Scheidegger (1960), M orrow  e t al. (1965), 
M orrow  (1970) an d  B e a r (1972). A dso rp tion  m eth o d s w ill n o t  be considered , 
since th e  system s in v e s tig a te d  belong  to  th e  g roup  o f coarse  d isperse  system s.

T he pore s tru c tu re s , even  in  n ea rly  idea l a r tif ic ia l p o ro u s bodies, are 
v e ry  com p lica ted , th e ir  m a th e m a tic a l tre a tm e n t is r a th e r  d iff ic u lt an d  does 
n o t p ro v id e  th e  ex p ec ted  re su lts  in  m any  cases. S ta tis tic a l m e th o d s  as rep o rted  
am ong  o th e rs  by  Scheidegger (1960), B ear (1972) and F a rre l e t  al. (1972) seem
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v e ry  p ro m isin g . In  p rac tice , h o w ev er, ex p erim en ta l o b se rv a tio n s  are  u n av o id 
ab le  e v e n  w hen using th ese  m e th o d s .

D u llien  (1972, 1975), G re e n k o rn  (1972) an d  D u llien  e t al. (1974, 1975) 
r e p o r te d  resu lts  in te res tin g  b o th  in  th e  th eo re tica l and  p ra c tic a l respects , ob
ta in e d  b y  p h o to m ic ro g rap h ica l tech n iq u es. T his e x p e rim e n ta l tech n iq u e  is, 
h o w e v e r, n o t generally  a v a ila b le  in  th e  lab o ra to rie s  fo r ro u tin e  m easu rem en ts.

T h e  exp erim en ta l a p p ro a c h  shou ld  s till be co nsidered  as th e  m ost useful 
m e th o d . Since the  n u m b er o f  p o ro u s  system s w ith  specific  p ro p ertie s  is g rea t, 
th e  e m p ir ic a l and sem i-em pirica l re la tio n sh ip s  o f L e v e re tt  (1941), D rak e  e t al. 
(1945), R ose et al. (1949), S che idegger (1960) an d  B ea r (1972) are used even 
th o u g h  th e se  m ethods re q u ire  a  g re a t am o u n t o f m easu rem en t d a ta .

T h e  au th o rs  of th is  p a p e r  do  n o t in te n d  to  ad d  one m ore re la tio n sh ip  to  
th e  f a m ily  o f sem i-em pirical fo rm u la e  describ ing c ap illa ry  p ressu re  curves b u t 
su g g e s t a re la tionsh ip  th a t  is u se fu l in ex p erim en ts, b en efic ia l in  calcu lations 
an d  c o n ta in s  only a few p a ra m e te rs .

T heoretical

L a b o ra to ry  analysis o f  p a c k e d  beds m ade o f glass b ead s  and  conso lida ted  
p o ro u s  bod ies m ade o f s in te re d  glass beads has p ro v ed  th a t  th e  p ro b ab ility  
d is t r ib u t io n  function  p u b lish e d  b y  R osin e t al. (1933) an d  la te r  b y  H erd an  
(1960) is  su itab le  for th e  d e sc r ip tio n  of th e  gra in  size d is tr ib u tio n  o f glass bead 
u sed  fo r  p roducing  porous b o d ie s .

I t  h a s  been concluded  t h a t  since th e  R osin— R a m m le r’s th e o ry  provides 
th e  m o s t su itab le  eq u a tio n  fo r  th e  descrip tion  o f  th e  grain  size d is tr ib u tio n , 
th e  sa m e  should  app ly  to  th e  pore  size d is tr ib u tio n  o f  po ro u s bodies m ade of 
th e  sa m e  partic les.

L e t  us consider th e  p o re s  o f  a porous bo d y  as a f ic tiv e  g rind  p ro d u c t. 
U sin g  th is  hypo thesis an d  th e  m easu rem en t m e th o d  o f cap illa ry  pressure 
c u rv e s , th e  values o f c a p illa ry  p re ssu re  can be reg a rd ed  as m em bers o f a fic tive  
sieve  s e t  i.e . the  pore v o lu m e  f ra c tio n  (V p)D Pc s a tu r a te d  b y  th e  d isp lacing  
p h a se  a t  a given cap illa ry  p re ssu re  p c is a fic tiv e  sieve residue .

C onsequen tly , th e  p o re  vo lu m e d is tr ib u tio n  can  he described  b y  the  
p r o b a b i l i ty  function

( V p ) d ,P c =  exP [— 1b ■ Pc] (!)

w h e re  b an d  n are c o n s ta n ts  ch a ra c te riz in g  th e  pore size an d  th e  m a te ria l p ro p 
e r tie s  o f  th e  porous body .

O b serv a tio n s m ade b y  L e v e re tt  (1941), C arm an  (1956), E v e re tt  (1958), 
de B o e r (1958) and M elrose (1956) suggest th a t  th e  p o re  s tru c tu re  o f a porous 
s y s te m  (e.g. sandstone, san d  p a c k ) can be m odelled by  a cap illa ry  p ipe b und le .
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If  so, th en  by  
E q . (1)

L ap lace ’s eq u a tio n , we have  for th e  pore size d is tr ib u tio n  from

(V p)D,rp =  exp ( 2)

w here r ;, is t th e  av erag e  rad iu s  o f th e  pores fo rm ing  the; p a r t  (F _ )D r o f the 
pore space 

£ =  2a  cos 0
a is surface ten s io n  and
0 th e  c h a ra c te r is tic  c o n ta c t angle.

T he d iffe ren tia l d is tr ib u tio n s  o f pore vo lum e and  pore size can  be ob ta in ed  
b y  d iffe ren tia tin g  E q s (1) an d  (2)

=  [ b . n . p „ ex p  ( b-p?)]  (3)
d Pc

Ä  6  • f  ' • r-^+ D  ■ ex p  ( - b -  Çn -r~n). (4)
d r P

C apillary  p ressu re  an d  cap illa ry  (pore) rad iu s  ch a rac te riz in g  th e  d is tr i
b u tio n  can be ca lcu la ted  as th e  second d e iiv a tiv e s  o f E qs (1) a n d  (2).

T ak in g  tw ice th e  lo g a rith m  of E q . (1) an d  p lo ttin g  log log ( V p)D against 
log p c we o b ta in  a s tra ig h t line o f slope n, w herefrom  th e  c o n s ta n t b , can 
be de te rm in ed . I f  one de te rm in es tw o p a irs  o f q u a n titie s  ( V p)D p an d  p c 
th e  pore vo lum e d is tr ib u tio n  will be fu lly  k now n . T his fin d in g  is o f  g rea t im 
p o rtan ce  from  th e  p o in t o f v iew  o f ex p e rim en ta l tech n iq u es since th is  w ay 
th e  tim e  needed  for cap illa ry  p ressu re  m easu rem en ts  can be co n sid e rab ly  re 
duced . Also, h ig h -p ressu re  eq u ip m en ts  can  be co n stru c ted  m ore s im p ly  th a t  
is especially  im p o r ta n t  fo r th e  d e sa tu ra tio n  m ethod  p rov id ing  th e  m ost accu
ra te  d a ta .

I f  th is  co n sid e ra tio n  is co rrec t, E q . (1) can  be assum ed to  be  v a lid  w ith 
a good a p p ro x im a tio n  for th e  d escrip tion  o f  th e  cap illa ry  p re ssu re  curves of 
sed im en ta ry  rocks, e.g. san d sto n e , as well.

V erification  o f th e  th eo ry

To verify  th e  th e o ry , n u m ero u s p u b lished  cap illa ry  p ressu re  cu rv es  have 
been in v es tig a ted  in  v iew  o f E q . (1). R esu lts  o b ta in ed  b y  d iffe re n t au th o rs  
rep re sen t m easu rem en ts  perform ed on v a rio u s  porous m a te ria ls  w ith  various 
ex p e rim en ta l tech n iq u es . C om pu ter analysis has show n a v e ry  good ag reem en t 
be tw een  ca lcu la ted  an d  m easured  d a ta . R esu lts  o f  ca lcu la tions fo r  a few rep 
re se n ta tiv e  exam ples are  illu s tra te d  in  Fig. 1.
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Fig. 1. C alculated capillary pressure curves (continuous line) and the measured values. Curve 1 
A m y x  e t  al. (1960). Curve 2 Roper e t  al. (1968). Curve 3 H offm an (1963). Curve 4. Blair (1964).

Curve 5 W agner et al. (1766)

Fig. 2.  Pore size distributions corresponding to the capillary pressure curves in  Fig. 1, deter
m ined  according to Eq. (4)

F ig u re  2 shows th e  p o re  size d is trib u tio n s  c a lc u la ted  b y  E q . (4) fro m  th e  
c a p il la ry  pressure cu rves o f  F ig . 1.

80 cap illa ry  p ressu re  cu rv es  pub lished  in  th e  li te ra tu re  have  b een  a n a 
ly zed  b y  th e  com puter. T h e  analysis of th e  c o m p a ra tiv e ly  g rea t a m o u n t o f 
e x p e r im e n ta l  d a ta  rev ea led  a d u a l ch a rac te r fo r a p a r t  o f th e  cap illa ry  p ressu re  
c u rv e s , also ind ica ted  b y  T h o m e r’s (1960) d a ta . T h is  d u a l ch a ra c te r , how ever,
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c a n n o t be com pared  w ith  th e  d u a l d is tr ib u tio n  curves of D u llien  (1972) and  
D u llien  e t al. (1972), a lth o u g h  a s im ila r e v a lu a tio n  of ex p e rim en ta l d a ta  seem s 
possib le.

T he low -pressure sec tion  o f  c a p illa ry  p ressu re  curves can  b e  a c c u ra te ly  
describ ed  b y  th e  suggested  d is tr ib u tio n  fu n c tio n , using only tw o  m e a su re m e n t

Fig. 3. Measured (dots) and calculated (continuous lin e) capillary pressure curves o f  consolidated  
porous m edia com posed of glass beads o f various size. Curve A particle size fraction  177—297 
/im.  Curve В particle size fraction 88 — 177 /m i. Curve C particle size fraction  4 4 — 88 /an. 

Curve D particle size fraction 20 — 40 /tm. Curve E  particle size fraction 8 — 12 /an

m
<

rp ,pore  rad iu s , pm

о
Ф>t_3о

О
Ф>
=jо

lu
Ф>w_ОФ

10

8
d(Vp)Dfp 

drp
6

4

2

0

Fig. 4. Pore size distributions corresponding to  the capillary curves o f  F ig . 3, 
determ ined according to  E q . (4)
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d a ta .  T o  h av e  an  e x a c t d e sc rip tio n  of th e  h ig h -p re ssu re  section of th e  cu rv es  
as w ell, tw o  m ore p a irs  o f  m easu rem en t d a ta  a re  re q u ire d  i.e. new c o n s ta n ts  b 
an d  n  h a v e  to  be d e te rm in e d  th e  sam e w ay as b e fo re .

T ak in g  in to  a c c o u n t M orrow ’s (1970) th e rm o d y n a m ic  co n sid era tio n s 
a n d  o th e r  ex p erim en ta l r e s u lts ,  cap illary  p ressu re  cu rv es  can only he d esc rib ed  
u n am b ig u o u s ly  if  th e  f lu id s  in  th e  pore space o f  th e  porous body fo rm  c o n tin 
u o u s  p h ases . This re q u ire m e n t is m et b y  th e  low -pressure  portions o f  th e  
c a p illa ry  pressure cu rv es , in  ag reem en t w ith  th e  o b se rv a tio n  th a t  th e  flow  p ro p 
e r tie s  a re  d e te rm in ed  m o s t o f  all by  th e  po re  sp ace  o f  g rea te r pore ch an n e ls  
a n d  p o res .

F ig u re  3 shows c a p illa ry  pressure curves d e te rm in e d  b y  th e  B ruce (1947) 
d e s a tu ra t io n  m ethod  on  sy n th e tic , conso lida ted  p o ro u s  bodies.

P o re  size d is tr ib u tio n  cu rves ca lcu la ted  b y  E q . (4) th a t  co rrespond  to  
th o se  o f  F ig . 3 are i l lu s tr a te d  in  Fig. 4.

A p p lica tio n  of E q . (1) to  n a tu ra l porous ro ck s  h as  proved  th a t  th e  e x p o 
n e n t  n  is ch a rac te ris tic  to  ro c k  q u a lity . The co n c lu sio n s are also su p p o rte d  b y  
th e  f a c t  th a t  the  c o n s ta n ts  in  E q . (1) have a d e f in ite  physical m ean ing . T he 
a n a ly s is  o f  co n stan ts  n a n d  b is  s till in  progress, b u t  th e  resu lts  o b ta ined  a lre a d y  
su g g e s t t h a t  th e  c h a ra c te r is tic  groups of n a tu ra l  p o ro u s  rocks (sandstones an d  
lim esto n es), conso lid a ted  a n d  non-conso lida ted  sy s te m s  and  sy n th e tic  p o ro u s 
b o d ies  cou ld  be classified  b y  m eans o f th e  v a lu e s  o f  th e se  constan ts. T he e x a c t 
d e p e n d en ce  of th e  c o n s ta n ts  o f  E q . (1) on po re  s t ru c tu re  should be c leared  b y  
f u r th e r  research .

Conclusions

D a ta  o b ta in ed  fro m  ex p e rim en ts  and  re su lts  o f  o th e r  au thors have  p ro v e d  
th e  h y p o th es is  th a t  th e  p o re  vo lum e d is tr ib u tio n  a n d  pore size d is tr ib u tio n  of 
p o ro u s  system s can  be  c h a ra c te r iz e d  by  th e  p ro b a b il i ty  d is trib u tio n  fu n c tio n  
E q . (1).

T o  describe c a p illa ry  p ressu re  curves, tw o  p a irs  o f qu an tities  (V p)Dpc 
a n d  p c h a v e  to  be k n o w n  fo r  sim ple d is trib u tio n s  a n d  fo u r  pairs for d u a l d is t r i 
b u tio n s . These re su lts  c a n  b e  used  to  reduce  th e  t im e  needed for th e  e x p e r i
m e n ts  a n d  to  sim plify  e x p e r im e n ta l techn iques.

T h e  co n stan ts  b a n d  n o f  E q . (1) p rov ide  in fo rm a tio n  abou t the  m a te r ia l  
a n d  p o re  s tru c tu re  p ro p e r tie s  so th a t  th ey  cou ld  be  b enefic ia l for in v e s tig a tin g  
a n d  m odelling  coarse d isp e rse  system s.

E q u a tio n  (1) su g g ested  fo r th e  d esc rip tio n  o f  cap illa ry  pressure cu rv es  
(p o re  size d is tr ib u tio n  c u rv e s)  provides e ssen tia l ad v a n ta g e s  for i t  c o n ta in s  
o n ly  a few  p a ram e te rs  t h a t  c a n  be easily d e te rm in e d  experim en ta lly .
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APPLICATION OF MATHEMATICAL SIMULATION TO 
POLYMER FLOOD DESIGN

M. M U N K A

PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

Published m athem atical m odels suitable for the analysis o f polymer flood ing  are sum 
m arized. H einem ann’s sim ulator developed in H ungary is considered in more detail. The results 
of five-spot experim ents prove the feasibility  o f the m ethod in practice. A planning m ethod is 
also discussed that enables the results o f m odelling to be applied or extended to other fields. 
The exam ples em phasize that sim ulation m ethods cannot be om itted in the design o f modern  
production technologies.

Symbols

A  am ount of polym er adsorbed on a grid block, kg m “ 3
fí formation volum e factor
D  distance from the reference plane, m
R s d issolved gas content in oil
S saturation
a adsorptive capacity  o f the rock, kg in -3
c polym er concentration, kg m -3
c0 initial polym er concentration, kg in -3
g  gravitational constant
h form ation thickness, m
к absolute perm eability
kr relative perm eability
p  pressure, Pa
q injection rate, m 3/d ay
t time
и filtration rate, m s-1
Ф porosity
[I dynam ic v iscosity , m Pas
Q density
Subscripts 
g  gas phase
I grid block num ber in the я-direction
о oil phase
tv aqueous phase

In tro d u c tio n

W ith  th e  decrease o f  oil reserves re sea rch  has begun all o v e r th e  world 
to  develop  new  oil p ro d u c tio n  techno log ies to  achieve a s u b s ta n tia l  increase 
in  reco v ery . O ne o f th ese  new  tech n iq u es  is po lym er flood g iv ing  rise  to  g rea t 
e x p ec ta tio n  in  H u n g a ry  as well.

P o ly m er flood ing  has been in v e s tig a te d  in  the P e tro leu m  E n g in ee rin g  
R esearch  L a b o ra to ry  o f  th e  H u n g a rian  A cad em y  of Sciences since  th e  early
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sev en tie s . R esearch in c lu d e d  the  analysis o f  p o ly m er properties an d  o f  th e  
m ech an ism  o f floo d in g  a n d  design of a sm all-sca le  in d u s tr ia l ex p e rim en t. F o r 
th e  d esign  o f a f iv e  s p o t ex p erim en t, a c o m p u te r  p ro g ram  was re q u ire d  to  
m o d e l po lym er flood . T h is  p rob lem  was all th e  m o re  u rg e n t because th e  design 
o f  p ro d u c tio n  of a c tu a l re se rv o irs  is no m ore fea s ib le  w ith o u t using m a th e m a t
ica l m odels. This s ta te m e n t  especially refers to  th e  new  production  m eth o d s  
w here  th e  role of p ra c tic e  is m uch  less im p o r ta n t  th a n  used to  he w ith  th e  co n 
v e n tio n a l  m ethods.

T h e  co m p u te r s im u la to r  used for th e  m o d e llin g  o f polym er flood an ti th e  
m a in  re su lts  of design  o b ta in e d  by  th is  m a th e m a tic a l too l w ill be consid ered  
in d e ta ils .

M athem atical m odel

T h e  f irs t s im u la to r  cap ab le  of m odelling  p o ly m e r flood was deve loped  
b y  J e w e tt  and  Schurz (1970). T his tw o-phase , tw o -d im en sio n a l m odel is b ased  
on B u ck ley — L e v e re tt’s f ra c tio n  flow eq u a tio n s .

F u r th e r  s im u la to rs  d ev e lo p ed  b y  P a tto n  e t  a l. (1971), S later and  F a ro u q - 
Ali (1970), G orbunov an d  T o k a rev  (1977), V ela e t  a l. (1976) can be c h a ra c te r 
ized  b y  th e  com m on fe a tu re  t h a t  th ey  consider th e  f lu id  as incom pressib le , n eg 
le c t th e  cap illa ry  force a n d  a re  only valid  fo r a d is t in c t  well p a tte rn . T he m o b il
i ty  co n tro llin g  effect o f  th e  po lym er is n o t a d e q u a te ly  m odelled b y  th e  s im 
u la to rs .

B o n d o r e t al. (1972) h av e  reached  a m a jo r  im p ro v em en t in  p o ly m er 
flo o d  m odelling  b y  ta k in g  in to  account all im p o r ta n t  effects in  p o ly m er d is
p la c e m e n t. T hus, th e ir  p o ly m e r flood m odel is o f  th e  m ost general v a lid ity . 
I t  is  b a sed  on th e  d iffe re n tia l equations o f flo w  o f  th re e  nonm iscib le p h ases  
in  p o ro u s  m edia. T h e  p o ly m e r solu tion  is t r e a te d  b y  th e  m odel as a se p a ra te  
p h a se  so th a t  one m ore  e q u a tio n  ch a rac te riz in g  th e  p o lym er solu tion  is ad d ed  
to  th e  sy stem  of d iffe re n tia l eq ua tions. T he so -ca lled  perm eab ility  re d u c tio n  
fa c to r  is in tro d u ced  as a fu n c tio n  of ad so rp tio n . D ispersion  of th e  p o ly m er slug 
is a t t r ib u te d  to  th e  d iffe re n t m obilities o f th e  p h ases  and  it  is ca lcu la ted  b y  
m ean s o f  th e  so-called m ix in g  p a ram e te r m odel d ev e lo p ed  for m ixing d isp la c e 
m en t.

T h e  m odel developeel b y  B ondor et al. (1972) w as f irs t to  estab lish  a s im 
u la to r  ensuring  th e  a n a ly s is  o f po lym er flood  in  com plex  reservoirs. A d is 
a d v a n ta g e  o f th e  m odel t h a t  i t  tre a ts  th e  p o ly m e r as a sep ara te  phase, m ak in g  
th e  co m p ariso n  o f th e  e x p e rim e n ta l and c a lc u la ted  re su lts  som ew hat d iff ic u lt. 
N u m e ric a l dispersion c a n  be  considerab le in  th e  c a lc u la tio n . This fac t, b ecau se  
d isp e rs io n  does ex ist in  r e a l i ty  as well, m ay  d is tu rb  th e  evaluation  o f th e  re 
su lts . A beneficial fe a tu re  o f  th e  m odel th a t  i t  is  c ap a b le  of m odelling th e  b e 
h a v io u r  o f  th e  gaseous p h ase  besides of the  oil an d  aq u eo u s phases. The p h ases
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m ay be com pressib le , and  th e  g ra v ita tio n a l and cap illa ry  fo rces as well as 
d ispersion  an d  a d so rp tio n  a re  also ta k e n  in to  accoun t.

A tw o-d im ensional th ree -p h ase  s im u la to r  su itab le  fo r m o d ellin g  of poly
m er flood  w as developed  in  H u n g a ry  b y  H einem ann  (1977). I t  is b a sed  on tin- 
d iffe ren tia l eq u a tio n s o f th e  flow  o f th re e  non-m iscib le phases in  p o ro u s  m edia:

V
kkrw

k k r o

B o b

(VPw +  i>wg\'D) — <lw =  -<)t
Ф*»,
B w

d 0S,,
<lo =  —

9* Bo

hk kk
V (VPf, +  QggVD) f  Rs — (\ p, +  QogVD)

BgPg В о  fi„
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Ф g S O

a t _ B  g B  J .

( 1 )

( 2 )

(3)

T he eq u a tio n s are  m od ified  for po lym er flood by rep lac in g  th e  viscosity 
of w a te r  a n d  th e  re la tiv e  p e rm e a b ility  w ith  respect to  w a te r  b y  th e  logarithm ic  
averages o f  th e  co rrespond ing  v a lu es  for w a te r and  po lym er:

P 'w  —  P p  P iV  1

i*  p  
K r p  K r w

( 4 )

(5)

T he ch an g e  of a d so rp tio n  in  a f in ite  e lem en t o f len g th  A x  d u r in g  tim e  At. as
sum ing  a perfec t slug-like d isp lacem en t, can  be ca lcu la ted  as

uc0 a At
S wc0 +  а ФАх ( b )

T he c o n cen tra tio n  o f the  p o ly m er flow ing betw een  tw o  b locks can be 
given b y  follow ing eq u a tio n  fo r a p e rfec t slug

0 if  Aj <  о or Cj =  0 (7)
eH if  Aj =  a and ct ]> 0 .

B ecause o f d ispersion , how ever, th e  ou tflow  o f po lym er from  a given block 
s ta r ts  even  before full a d so rp tio n  sa tu ra tio n  has been ach iev ed . T he a u th o r
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o f  th i s  m odel takes in to  a c c o u n t  th is  d ispersion  e ffec t b y  in tro d u c in g  a co r
r e c t io n  function

C!+l/ 2  — C0(P ( 8 )

w h e re  (p an d  xp are em p irica l c o rre c tio n  fu n c tions. T h e  ch an g e  of co n cen tra tio n  
is  c a lc u la te d  by the  m a te r ia l  co n se rv a tio n  e q u a tio n  o f  th e  po lym er.

T h e  essential p a ra m e te rs  (adsorp tion , re la t iv e  p e rm eab ility  red u c tio n , 
m o b il i ty  contro l effect) as r e g a rd s  th e  m echanism  o f  a c tio n  o f th e  po lym er are 
a d e q u a te ly  m odelled b y  H e in e m a n n ’s (1977) p o ly m er flood  sim u la to r. B y  c a l
c u la t in g  th e  m ovem ent o f  th e  co n cen tra tio n  f ro n ts  w ith in  th e  blocks, th e  
n u m e r ic a l  dispersion in  th e  s im u la tio n  of slug d isp la c e m e n t is e lim inated . The 
c o r re c tio n  function  used  fo r  m odelling  physica l d isp e rs io n  deserves special 
a t t e n t io n .  Calculations u s in g  v a rio u s  co rrec tion  fu n c tio n s  have  p roved  th a t  
th e y  c a n  be easily f i t te d  to  a ll c o n cen tra tio n  p ro fils  in  p ra c tic e  [M unka, 1978].

Modelling sm a ll-sc a le  industria l ex perim en ts

I n  1977/78 a p o ly m er f lo o d  experim en t w as p e rfo rm ed  ou t in  th e  A lgyő 
F ie ld  o f  th e  N agyalfö ld  O il a n d  Gas P ro d u c in g  C o m p an y  [L akatos c t al., 
1 9 8 0 ]. T h e  experim en t w as designed  by H e in e m a n n ’s p o lym er flood m odel. 
S im u la tio n  calculations w ere  u se d  to  p red ict

a )  th e  expected  a m o u n t  o f  excess oil;
b)  th e  effect of e x te rn a l  fac to rs  in fluencing  flow  p a t te rn  in  th e  ex p e ri

m e n ta l  u n i t  and w ays o f a v o id in g  these effects;
c)  place of the  p o ly m e r  slug  in  the  fo rm a tio n  a f te r  in jec tio n  and  th e  

a m o u n t  o f  polym er loss.
A  no rm al five-spo t e le m e n t has been selected  fo r  ex p e rim en ta l purposes 

in  th e  A lgyő-2 fo rm ation . T h e  a re a  selected re p re se n te d  th e  general geological 
f e a tu re s  o f  the  fo rm atio n . T h e  m ain  geological p a ra m e te rs  o f th e  f iv e -sp o t 
e le m e n t  are

heff =  9.75 m
Ф =  24.2%
S w =  47.5%  
к =  1.56 • 1 0 - 3 cm 2.

T h e  experim en ta l a rea  w a s  125 X 125 m an d  th e  m odelled  one 600 X 600 m , 
c o v e re d  b y  a 15 X 15 m  g rid . P a ra m e te rs  of th e  flu id  a re  sum m arized  in  T ab le  I.

T o  answ er the  ab o v e  q u e s tio n s  the  s im u la tio n  o f  th e  exp erim en t was 
c a lc u la te d  in  three v e rsions:
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Table I

Parameters o f the A lgyő experiment

Parameter Value

Bubble point pressure 19.31 MPa

Irreducible water saturation 0.26

Residual oil saturation 0.22

Critical gas saturation 0.1

D ensity o f water 1.004 g em -3

D ensity o f oil 0.831 gem -3

D ensity o f gas 9.08 • 1 0 -1 gem -3

Viscosity o f water 0.28 m Pas

Viscosity o f oil 0.64 m Pas

Viscosity o f gas 0.018 m Pas

Form ation volum e factor of water 1.0312

Form ation volum e factor of oil 1.312

Formation volum e factor of gas 5.7 ■ 1 0 - 3

Concentration of polym er solution 1 gd m “ 3

Viscosity o f polym er solution 1.09 m Pas

Adsorptive capacity o f rock 6 • i o - 2 kgm -3

R elative perm eability reduction factor 0.6

V ersion A  The in je c tio n /p ro d u c tio n  ra tio  ca lc u la ted  as w ell-site  vo lum es is 
1 : 1 .  T he b o u n d a ry  cond itio n  assum es an  open  rese rv o ir.

V ersion  В  The in je c tio n /p ro d u c tio n  ra tio  is 2 : 1, th e  re se rv o ir is open  also 
in  th is  case.

V ersion C The b o u n d a ry  co n d ition  d iffers fro m  t h a t  o f  version  A. Since p ro 
d u c tio n  also ex te n d s  o u tside  th e  e x p e rim e n ta l a rea , fo u r p ro d u c tio n  
wells w ere p laced  in to  th e  o u tm o s t line o f g rid  to  s im u la te  o u tside  
p ro d u c tio n .

T h e  resu lts  o f th e  s im u la tio n  o f a 12 -m o n th  period  h av e  p ro v ed  th a t  th e re  
is no s ig n ifican t d ifference  betw een  versions A  an d  C, i.e. th e  a ssu m p tio n  o f 
an  open  b o u n d a ry  can  ensu re  d a ta  o f  th e  re q u ire d  accu racy . P o ly m er flood 
s im u la tio n , th e re fo re , w as on ly  carried  o u t fo r  versions A an d  B. T h e  concen
tr a t io n  o f  th e  in je c te d  p o ly m er so lu tion  w as 1  g d m - 3  co rrespond ing  to  a pore 
vo lum e V  of 0.23 o f  th e  f iv e  sp o t e lem ent.

T he resu lts  o f  th e  m a th e m a tic a l s im u la tio n  o f  th e  d isp lacem en t processes 
can  be sum m arized  as follow s.
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F ig . 1. D aily oil production according to sim ulation calculations of version A  and В

1. O il p ro d u c tio n  o f  th e  p ro d u c in g  well is i l lu s tra te d  as a fu n c tio n  o f  th e  
v o lu m e  o f  in jec ted  flu id s  in  F ig . 1. T he fav o u rab le  effect o f p o lym er in jec tio n  
is c le a r ly  d em o n stra ted . T h e  a m o u n t o f excess oil com pared  to  th e  cu m u la tiv e  
a m o u n t  o f  oil p roduced  b y  w a te r  d isp lacem en t is 9 %  in  version  A an d  3 %  in  
v e rs io n  B.

2. T h e  considerab le d iffe rence  betw een  th e  a m o u n ts  of excess oil o b ta in ed  
in  th e  tw o  versions is cau sed  b y  th e  oil flow ing in to  th e  a rea  of th e  e x p e rim e n ta l 
e le m e n t. 82 %  of th e  excess oil s tem s from  th e  la y e r  ou tside  th e  e x p e rim e n ta l 
e le m e n t in  version  A w hile  3 3 %  in  version  B . T h e  d a ta  suggest th a t  a n  in je c 
tio n /p ro d u c tio n  ra tio  o f 2  : 1  h as  to  he ach ieved  to  e lim ina te  th e  e ffec t o f  ex 
te r n a l  fa c to rs .

3. I n  b o th  versions, 6 6 %  o f th e  in jec ted  p o ly m er so lu tion  rem a in s  w ith in  
th e  b o u n d a rie s  of th e  e x p e r im e n ta l e lem ent a n d  3 4%  escapes. O ne th i rd  o f 
th e  in je c te d  polym er sh o u ld  th u s  be reg a rd ed  as loss. A t th e  end  o f p o ly m er 
in je c t io n  90 %  of th e  p o ly m e r is in  so lu tion  an d  10%  is adso rbed  on th e  ro ck  
o f  th e  ex p e rim en ta l e lem en t. A s reg a rd s th e  m ech an ism  of ac tio n , th e  p o ly m er 
c a n  e x e r t  b o th  its  v isco s ity  in c reas in g  an d  re la tiv e  p erm eab ility  decreasing  
e ffec ts .

B a se d  on th e  d a ta  o f  th e  fiv e -sp o t in d u s tr ia l  ex p e rim en t, an  a posteriori 
m o d e llin g  o f  th e  ex p e rim e n t w as carried  o u t. T h e  re su lts  o f th e  a posteriori 
m a th e m a tic a l  s im ula tion  a re , h o w ever, only  o f  th e o re tic a l im p o rtan ce , because  
f lo o d in g  w as n o t p erfo rm ed  acco rd in g  to  th e  o rig in a l p lans due to  te c h n ic a l 
re a so n s  (po lym er was in je c te d  in  th e  o th e r lay e rs  as well n o t only  in  th e  p lan n ed  
o n e). N evertheless, a posteriori s im u la tio n  th re w  lig h t upon  th e  fa c t  th a t
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an  u n s te a d y  ra te  o f in jec tio n  an d  d iffe re n t in je c tiv ity  o f  th e  w ells sign ifican tly  
decreased  th e  re su lts  o f th e  ex p e rim en t.

M odelling o f  th e  f iv e -sp o t in d u s tr ia l  exp erim en t could n o t  an sw er certa in  
s im u la tio n  q u estions (d e te rm in in g  th e  d ispersion  co n stan ts , f i t t in g  co n cen tra 
tio n  d a ta  e tc .), b u t  i t  has p roved  th a t  th e  re su lts  of th e  m odel c a n  be used for 
design purposes.

P o lym er flood design  in  th e  Algyő Field

The feas ib ility  o f  po lym er flo o d  in  H u n g a rian  oil fie ld  p ra c tic e  w as scru
tin ized  b y  a co m m ittee  o f ex p erts . I n  choosing  the  su itab le  re se rv o ir  physical 
p a ra m e te rs , s tru c tu re  and  te m p e ra tu re  o f  th e  reservoir, f lu id  p ro p e rtie s , p ro
d u c tio n  h is to ry  an d  th e  a m o u n t o f  re se rv es  played a decisive ro le . Oil fields 
w ere classified  in to  th re e  groups.

G roup one, in c lu d in g  th e  fo rm a tio n  Szőreg-1, offers th e  m o s t favourable  
co n d itio n s for p o ly m er flood ing : h ere  th e  b e s t re su lt can  be e x p e c te d . In  the 
second g roup  th e  cond itions an d  e x p e c te d  resu lts  are m o d e ra te , w hile in the 
th ird  g roup , also in  fo rm a tio n  A lg y ő -1, po o r and  u n ce rta in . W ith  th e  assist
ance o f th e  R esearch  an d  D ev e lo p m en t In s t i tu te  for Oil an d  G as In d u s try  sim 
u la tio n  ca lcu la tio n s were carried  o u t  fo r th e  fo rm atio n  Szôreg-1 a n d  A lgyo-l. 
T h e  fo rm a tio n  S zo reg -l show s th e  effec ts to  be il lu s tra te d  m ore  clearly. 
T herefo re , th ese  ca lcu la tio n s w ill now  be  sum m ed up.

Szoreg-l is a m u lti-lay e r re se rv o ir  w ith  a g rea t gas c a p , i ts  geological 
fea tu re s  are c h a ra c te r is tic  o f th e  A lgyő  fie ld . I t  ex tends o v e r a g re a t area, 
consists o f m an y  lay e rs  sep a ra ted  b y  s ilts to n e  beds th a t  fa iled  to  d ev e lo p  in  all 
p laces. P ro d u c tio n  a t  th e  p re se n t t im e  proceeds u n d er u ti l iz a t io n  o f  n a tu ra l 
energ ies a t  a red u ced  ra te . W a te r  in je c tio n  is scheduled fo r  th e  n e x t  years. 
I t  w as o u r a im  in  perfo rm in g  s im u la tio n  calcu la tions to  p re d ic t  th e  p ro duc tion  
p ro ced u re  ta k in g  in to  acco u n t re se rv o ir  h e te ro g en e ity , well p a t te r n ,  th e  s ta te  
o f  th e  re se rv o ir a t  th e  beg inn ing  o f  p o ly m er flood and  th e  e ffec t o f  o th e r in 
flu en c in g  fac to rs .

A ccord ing  to  o u r aim s, th e  m odelled  procedure can  be d iv id e d  in to  two 
p a r ts :  f i t t in g  p ro d u c tio n  h is to ry  an d  p re d ic tin g  th e  p ro d u c tio n  p rocess on the 
basis  o f an  a c cu ra te  geologic m odel. P re d ic tio n  was m ade in  th re e  versions: 
f ir s t ,  a ssum ing  a b ila te ra l w a te r  flo o d  accord ing  to  th e  p re se n t tech n o lo g y  in 
A lgyő; th e n  an  a rea l w a te r  flood  usin g  in te rsec tin g  in jec tio n  w ells a n d , finally , 
a po lym er flood  w ith  in te rse c tin g  lines o f  wells.

T he m odelled  p a r t  of th e  Szőreg-1 reservo ir can  be  d iv id e d  in to  tw o 
lay e rs  co m m u n ica tin g  p rac tica lly  o n ly  o u ts id e  th e  oil b o d y , th ro u g h  th e  gas 
cap  an d  th e  w a te r  b o d y . T he low er la y e r  is th e  more im p o r ta n t  a n d  decisive 
from  th e  p o in t o f  v iew  o f p ro d u c tio n  p a ra m e te rs . Some o f th e  p ro d u c in g  wells 
p e n e tra te  b o th  lay e rs , b u t  th e  m a jo ii ty  p roduces from  o n ly  o n e  o f  th e  layers.
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F ig. 2. Comparison o f  m easured and calculated cu m u lative  productions

T h e  m easured an d  c a lc u la te d  cum ulative p ro d u c tio n s  o f th e  in v es tig a ted  
p a r t  o f  th e  tw o layers a re  sh o w n  in  Fig. 2. A m ore  a c c u ra te  geologic m odel 
w o u ld  h a v e  fu rth e r red u ced  th e  e rro r, b u t th e  m o s t im p o r ta n t  aim  of our ca l
c u la tio n s , i.e. d istingu ish ing  th e  in fluencing  fa c to rs , co u ld  also he achieved a t  
th e  le v e l o f  a m odera te  a c c u ra c y .

T h e  resu lts  of p re d ic tio n  a re  d isplayed in  F ig . 3, also in  a sum m arized  
fo rm  fo r  th e  tw o layers. C a lcu la tio n s  show th a t  re v e rs in g  th e  flow  field  g re a tly  
c o n tr ib u te d  in  increasing  th e  a m o u n t of excess o il co m p ared  to  th a t  o f b i la t 
e ra l  w a te r  flood.

T o  com pare th e  v e rs io n s , oil recovery  an d  c u m u la tiv e  w a te r p ercen tag e  
c u rv e s  allow ing  general c o n c lu s io n s , are i llu s tra te d  as fu n c tio n s  of th e  effective 
f lo o d  r a t io  in  Fig. 4. T h e  r e s u l ts ,  including th e  A lg y o - l fo rm ation , suggest 
t h a t  re v e rs in g  the  p o te n tia l  f ie ld  alone can y ield  a 1 to  5 %  excess oil reco v ery  
a t  i t s  o p tim u m  while in je c tio n  o f  polym er so lu tio n  re su lts  in  a fu rth e r  0.5 to  
3 %  in c re a se .

T h e  m odelling re su lts  w e re  ex tended  d u rin g  th e  design  for th e  o th e r la y 
ers in te n d e d  to  be flooded  b y  po lym ers. An a t te m p t  h a s  been  m ade to  express 
th e  e ffe c ts  o f the  in flu en c in g  fa c to rs  in  a q u a n ti ta t iv e  fo rm  using the  follow ing 
a s s u m p tio n s :

1. T he tw o m odelled  fo rm a tio n  p a rts  can  be re g a rd e d  as ex trem e cases. 
T h e  p a ra m e te rs  of th e  o th e r  fo rm a tio n s  were d e te rm in e d  b y  assum ing lin e a r  
c h a n g e s  betw een  those e x tre m e  ones.
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2. T h e  effect o f th e  well p a tte rn ,  fo rm a tio n  geology and  b e g in n in g  of 
p ro d u c tio n  o f  th e  a m o u n t o f excess oil can  be determ ined .

U n d e r th ese  assu m p tio n s, th e  te ch n o lo g y  o f  po lym er in jec tio n , p ro d u c in g  
an d  in je c tio n  well p a tte rn  and th e  p re d ic tio n  o f p roduction  a n d  in jec tio n  
could  be designed  for fu r th e r  4 layers.

H o w ev er, i t  shou ld  be n o ticed , th a t  a considerab le  p a r t  o f  th e  re su lts  
h av e  b een  b ased  on estim a tio n s . I t  is o bv ious th a t  a p red ic tion  b a se d  on  these 
so m ew h at u n c e rta in  d a ta  bears  its  u n c e r ta in tie s , too . T herefo re, f u tu re  in-

--------  bilateral water flood
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Fig. 4. Oil recovery and cum ulative water percentage as functions of the effective  flood  ratio
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r lu stria l-sca le  a p p lica tio n s  m u s t be preceded b y  a t  least one u n am b ig u o u s in 
d u s tr ia l  ex p erim en t. T h e  in c rease  in  the  a c c u ra c y  o f  th e  design p ro ced u re  can 
be o n ly  g rad u a lly  ach iev ed , b y  using p rev ious know ledge and re su lts  o f  su c 
cessfu l in d u s tr ia l e x p e rim e n ts .

Summary

M athem atical m odels o f  polym er flooding suggest th a t the simulators developed in  the 
last years ensure that the s im u la tion  calculations could be used  in  practical design. The results 
o f a design  work carried out w ith  H einem ann’s tw o-d im ension  three-phase m odel can be su m 
m arized as follows.

1. Designing a fiv e -sp o t scale industrial experim ent enabled us to determ ine the in jec
tion-production  ratio th a t e lim inates the effect o f e x tern a l factors. Further, inform ation was 
gathered  about the am ounts o f  excess oil and polym er loss.

2. A production tech n o lo g y  was designed to in v estig a te  the feasibility o f the polym er  
flood  m eth od  in the A lgyő field . The design method enabled  u s to  extend the results o f m odelling  
for other layers.

T he exam ples discussed in  th e  paper prove th at th e  sim ulation  of oil and gas reservoirs 
could be a useful tool for th e  reservoir engineer in designing m odern oil production technologies.
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MODIFICATION OF PORE STRUCTURE BY INORGANIC 
GELS TO INCREASE DISPLACEMENT EFFICIENCY
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GY. M ILLEY O. W A G N E R

PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

The study distinguishes ideal and real porous m edia. In real porous m ed ia  the greater 
part o f the oil remains in the form  of m acroscopic spots after displacem ent b y  w ater. This oil 
fraction can not be m obilized unless the ratio o f v iscous to capillary forces, expressed as 
ufi/aow, is increased by at least four orders o f m agnitude. A real possibility for th a t seldom  exists.

H owever, even a m oderate decrease in surface tension can be effective, if  th e  pore chan
nels already filled by the displacing phase are closed and the displacing m edium  contain
ing chem icals can be forced to  rem ove the oil spots through alternative routes. D isplacem ent 
efficiency can be considerably im proved by m odifying the pore structure at th e  proper place 
and tim e, i.e. in a programmed way.

Symbols

Eft production efficiency, i.e. ratio o f  the produced and initial am ounts o f oil in the reservoir, 
dim ensionless

AEft difference betw een the efficiencies o f production w ith water and gels, dim ensionless
к perm eability, //n r
N c capillary number, dim ensionless
Ap  differential pressure, Pa
R Si in itial ratio o f dissolved gas-oil, m 3/m 3
S0 oil saturation, dim ensionless
S0ft residual oil saturation, dim ensionless
S 0rc residual oil saturation after secondary disp lacem ent, dimensionless
A R 0ft change of residual oil saturation, dim ensionless
Sw water saturation, dim ensionless
u displacem ent velocity , m /s
ß  v iscosity , Ns/m 2
© contact angle, radian
a ow w ater-oil interfacial tension, N /m
Q0 density , kg/m 3

In tro d u c tio n

D isp lacem en t o f c rude  oil from  th e  re se rv o ir  rocks is a c o m p lic a te d  p ro 
cess n o t fu lly  u n d e rs to o d  even  to d a y . I t  w ou ld  be ex trem ely  im p o r ta n t  to  have 
an  e x a c t know ledge a b o u t th is  p h en o m en o n , since a t  th e  p re s e n t  level of 
science a n d  techno logy  som e s ix ty  p e r c e n t o f  th e  oil rem ains u n reco v erab le  
in  reservo irs .

I t  is know n th a t  th e  efficiency o f  oil recovery  can  be a sc rib e d  to  tw o 
fac to rs , viz. to  th e  displacement efficiency  g iv ing  th e  frac tio n  o f  oil t h a t  can  be 
p ro d u ced  b y  a g iven m edium  from  a hom ogeneous porous m ed iu m  u n d e r  given
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c irc u m sta n c es  and  to  flood ing  efficiency ex p ressin g  th e  p a r t  o f th e  re se rv o ir 
t h a t  is flo o d ed  b y  th e  d isp la c e m e n t m edium .

T h e  p resen t d ay  u n d e rs ta n d in g  of th e  p a ra m e te rs  de term in ing  th e  a m o u n t 
o f re s id u a l  oil and  th e  p o te n t ia l  fo r its  m o b iliza tio n  is sum m arized  b y  S tege- 
m eier (1977): “ T rap p in g  a n d  release of oil in  n a tu ra l  petro leum  rese rv o irs  
o ccu r u n d e r  a w ide v a r ie ty  o f  in te rre la ted  in it ia l  a n d  applied  cond itions. F a c 
to rs  w h ic h  determ ine  th e  m icroscopic  d isp lacem en t m echanism s are

a )  geom etry  of th e  p o re  ne tw ork ;
b)  f lu id -flu id  p ro p e r tie s , v iz . in te rfac ia l te n s io n , den sity  d ifference, b u lk  

v is c o s ity  ra tio , and  p h ase  b e h a v io u r;
c)  f lu id -ro ck  p ro p e rtie s , includ ing  w e t ta b il i ty ,  ion-exchange, a n d  a d 

s o rp tio n ; an d  fina lly
d)  app lied  p ressu re  g ra d ie n t and  g ra v ity .
T h e  tra p p e d  ph ase  c a n  be  released  e ith e r  b y  in c reasin g  th e  ra tio  o f  v is 

cous to  c ap illa ry  forces (1.) o r b y  changing re la tiv e  p h ase  volum es (2 .).”  T hese 
ch an g es  can  he ach ieved  b y  d isp lacem en t te c h n iq u e s  using  polym ers, su rfa c 
ta n ts ,  m ice lla r and  c au stic  so lu tio n s , m icroem ulsions, ca rbon  dioxide, alcohols 
an d  r ic h  a n d  h igh-pressure  d ry  gas, as well as th e rm a l  m ethods th a t  are w idely  
k n o w n . G enera lly , th ese  m e th o d s  com bine v a r io u s  effects and  th e y  can  be 
assig n ed  to  groups (1 ) a n d  (2 ) accord ing  to  th e ir  d e te rm in a n t facto rs.

M oore and Slobod (1956) expressed  th e  ra t io  o f  viscous to  cap illa ry  forces 
b y  a  d im ension less c a p illa ry  n u m b e r, N c =  up/cr0UJ cos 6, and  th e y  e s tab lish ed  a 
c o rre la tio n  betw een  th e  re d u c ib ility  of re s id u a l oil s a tu ra tio n  and  N c. T h e ir 
re su lts  h a v e  been co n firm ed  b y  o th e r au th o rs , b u t  as seen in  Fig. 1 o f S tege- 
m eier (1977) th e  values o f  N c p lo tte d  aga in st S oRCj S oR are sca tte red  o v er tw o  
o rd e rs  o f  m ag n itu d e . T h is  sugg ests  th a t  fu r th e r  p a ra m e te rs  of th e  po ro u s m e
d iu m , o th e r  th a n  those  in  iVc, also p lay  a d e fin ite  ro le . D ullien  (1975) re p o r te d  
t h a t  th e  “ s tru c tu re  c o m p le x ity  in d e x ”  c a lcu la ted  w ith  th e  average po re  d ia 
m e te r  a n d  th e  average p o re  in le t d iam eter w as in  good co rre la tio n  w ith  
S oRc /S oR, a t  a given v a lu e  o f  N c.

F o r  w a te r  drive th e  c a p illa ry  num ber is v e ry  low , N c <  10-7, a n d  m u s t 
be in c re a se d  by  a t le a s t tw o  o rders of m ag n itu d e  to  achieve a no ticeab le  re 
d u c tio n  in  th e  residual oil s a tu ra t io n , and  b y  tw o  fu r th e r  orders of m a g n itu d e  
(N c =  1 0 -3 ) to  displace th e  g re a te r  p a r t  ()> 7 0 % ) o f  res id u a l oil.

A s w ell know n, th e  n u m e ra to r  of q u o tie n t N c can  be increased  b y  a t  
m o st one  o rd e r of m a g n itu d e  since th e  d isp lacem en t v e lo c ity  u in  an  oil re se r
v o ir  is  d e te rm in ed  b y  th e  p e rm e a b ility  and  w e ll-p a tte rn . I f  th e  v isco s ity  o f 
th e  d isp la c e m e n t phase is s ig n if ican tly  in creased , v e lo c ity  is reduced  an d  th e  
p ro d u c t  ug, scarcely in c reases . C onsequently , su rface  ten sio n  o0W has to  be 
re d u c e d  b y  th ree  or fo u r o rd e rs  o f m agn itude  to  ach iev e  a s ign ifican t increase  
in  d isp la c e m e n t efficiency. T h e  a t te n d a n t d ifficu ltie s  are  know n from  re c e n tly  
p u b lish e d  stud ies [R eed e t  a h , 1977]. E ven  i f  th e  n ecessary  cond itions are
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produced  in  th e  la b o ra to ry , th e y  u su a lly  h a v e  a very  narro w  ra n g e  o f p a r 
am e te rs  (te m p e ra tu re , c o n cen tra tio n , sa lin ity , d u ra tio n  tim e etc .) t h a t  a re  h a rd ly  
possible to  m a in ta in  in  th e  field . A t th e  sam e tim e , in  o rder to  m ee t these  
req u irem en ts , ex p en siv e  m ateria ls  and  p ro ced u re s , inc lud ing  te r t ia ry  te c h n o l
ogies, are inv o lv ed , im p ly in g  h igh c a p ita l co sts , low ra te  of re tu rn , an d  g rea t 
econom ic risk.

Ideal and  real po ro u s m edia

The q u es tio n  arises, is i t  rea lly  n ecessa ry  to  reduce su rface  ten s io n  to  
such  an  e x te n t ? I f  a red u c tio n  o f one or tw o  o rd e rs  o f m agn itude  w ere su ffic ien t, 
th e  econom ics o f  te r t ia ry  oil recovery  w ould  be considerab ly  im p ro v ed . To 
answ er th is  q u es tio n  a w ork ing  h y p o th es is  is needed  concern ing  th e  resid u a l 
oil d is tr ib u tio n  in  th e  porous m edium  a f te r  w a te r  d isp lacem en t.

L et us f ir s t  consider a reg u la r te t r a h e d ra l  a rran g em en t o f  spheres of 
id en tica l d iam e te r, s a tu ra te d  b y  a n o n -w e ttin g  phase. I f  the  n o n -w e ttin g  flu id  
p h ase  is d isp laced  b y  a w e ttin g  one in  th is  po rous m edium , an d  th e  d isp lace
m en t process is a b so lu te ly  s tab le , th e  d isp lac in g  fro n t will be a re g u la r  surface 
consisting  o f p o in ts  m oving  w ith  th e  sam e v elocity . C o nsequen tly , none of 
th e  d isp laced  p h ase  w ill rem ain  in  th e  re se rv o ir . This case, o f cou rse , does n o t 
ex is t in  re a lity , as ev e ry  sign ifican t p a ra m e te r  (co n tac t angle, pore sh ap e  etc .), 
d iffers to  a g re a te r  or lesser e x te n t from  p o re  to  pore, giving rise  to  local p e r
tu rb a tio n s . D isp lacem en t velocity  in th e  po res is, therefo re , also a ran d o m  v a r 
iab le  f lu c tu a tin g  a ro u n d  som e average  v a lu e . In  an  u n fav o u rab le  case, d is
p lacem en t v e lo c ity  in  a ce rta in  pore is less th a n  th e  expected  v a lu e  w hile i t  
exceeds th a t  in  th e  su rro u n d in g  pores. T h e  b o u n d a ry  betw een  d isp lac in g  and  
d isp laced  phases can  th u s  locally  rem a in  one or even  m ore pores (pore sizes) 
b eh in d  th e  su rro u n d in g  po in ts . Such local in eq u a litie s  in  th e  p h ase -b o u n d a ry  
can  th e n  lead  to  d isco n tin u itie s  and  seg reg a tio n  o f th e  iso la ted  flu id  drop . 
Since th e  ph en o m en o n  is o f ran d o m  c h a ra c te r , th e  residual oil is d ispersed  and  
show s a hom ogeneous d is trib u tio n .

One a rriv es  a t  a sim ilar conclusion fo r m odels o f m ore com plex  s tru c tu re  
com posed o f cap illa ries  or pore system s o f v a rio u s  sizes in  a ra n d o m  m an n er; 
see F a t t  (1955), Scheidegger (1974) an d  D ullien  (1975). W hile th e  d is tr ib u tio n  
o f  th e  re sid u a l oil is hom ogeneous here  as w ell, th e  sizes o f th e  d ispersed  flu id  
pa rtic le s  s c a tte r  w ith in  a w ider ran g e . In  th e  follow ings, po rous m ed ia , con
ta in in g  resid u a l oil s a tu ra tio n  in  th e  fo rm  o f hom ogeneously  d is tr ib u te d  d is
persed  oil p a rtic le s  a f te r  a sa tu ra tio n  w ith  oil an d  d isp lacem en t b y  w a te r , will 
be called ideal porous media; while th o se  lack in g  these  p ro p ertie s  w ill be called 
real porous media.

C h an ten ev er an d  C alhoun (1952) o bserved  m icroscopically  th a t  th e  re 
sidual oil s a tu ra tio n  rem ained  in  th e  fo rm  o f sm aller and  g rea te r  oil sp o ts  a fte r
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bein g  d isp la c e d  b y  w a te r in  a  sy n th e tic  porous m ed iu m . T his fin d in g  suggests  
t h a t  e v e n  a n  a rtif ic a l porous b o d y  b u ilt  o f sp h ere  partic les  can n o t a lw ays be 
c o n s id e red  an  ideal porous m ed ium  accord ing  to  th e  above d e fin ition . T h ro u g h  
th e  p o ro u s  b o d y  sm all ch an n e ls , a few  pore-sizes w ide, are form ed a n d  th e se  
c h a n n e ls  c o n d u c t th e  m a jo rity  o f  th e  f i l t ra t in g  f lu id  an d  only  a v e ry  l i t t le  o f 
th e  d isp la c e d  phase rem ains in  th e m . T h is p h en o m en o n  can n o t be ex p la in ed  
b y  th e  h e te ro g e n ity  of th e  p o ro u s m ed ium , since i t  w as carefu lly  com posed  o f 
sp h eres  o f  th e  sam e size.

H o m o g e n ity  an d  h e te ro g e n ity  are  in te rp re te d  as m acro -p ro p ertie s  o f 
th e  p o ro u s  m edia. T he m ed iu m  is considered  hom ogeneous i f  p o ro s ity , p e r 
m e a b ili ty , cap illa ry  fu n c tio n  an d  re la tiv e  p e rm e a b ility  functions are e q u a l for 
its  v a r io u s  p a r ts ;  are  th e y  n o t, th e  m ed ium  is he te ro g en eo u s. These p a ra m e te rs  
are m a c ro -p ro p e rtie s  because th e y  are  on ly  d e fin ed  fo r porous bodies w hose 
d im en sio n s  exceed  th e  pore size b y  severa l o rd e rs  o f m ag n itu d e . T h is w ay , 
h e te ro g e n e o u s  ideal porous m ed ia  an d  hom ogeneous rea l porous m ed ia  can 
be in te rp re te d  w ith o u t an y  d iff ic u lty . H ow ever, i t  shou ld  be em phasized  th a t  
ideal a n d  re a l porous m ed ia  h a v e  on ly  h y p o th e tic a l m eaning.

T h e  essen tia] difference b e tw een  id ea l an d  rea l porous bodies is th a t  th e  
re s id u a l s a tu ra t io n  o f th e  d isp laced  phase  is d is tr ib u te d  in  d ifferen t w ays a fte r  
a n o n -m isc ib le  d isp lacem en t process.

L e t  us now  assum e on th e  basis  o f  M oore— S lo b o d ’s (1956) d iag ram  (F ig . 1) 
th a t  th e  in te rfa c ia l ten sio n  b e tw een  d isp lac ing  an d  displaced phases  is 
red u ced  b y  ad d in g  su rfa c ta n ts  in  a d isp lacem en t process w ith  sm all c ap illa ry  
n u m b e r , N c <C 1 0~ 7. T he d isp lac in g  phase  c o n ta in in g  ad d itiv es  w ill, o f 
course , f lo w  th ro u g h  th e  sam e po re  channels w here  th e  flow  w ith o u t a d d itiv e s

F ig . 1. Recovery of residual oil as a function of capillary number (Stegeineier)
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h ad  gone before. S u rfa c ta n ts  w ill, th e re fo re , a c t m ainly  on t h a t  p a r t  o f  the 
re s id u a l oil d ispersed  u n ifo rm ly  in  th e  m ed iu m  as sm all d ro p le ts . T h e  su rfac
ta n ts  can  on ly  reach  th e  resid u a l oil, r e ta in e d  in  hete rogeneously  d is tr ib u ted  
spo ts of th e  size o f  severa l pores, th ro u g h  d iffusion  th a t  su b s ta n tia l ly  decreases 
th e  p ro b a b ility  o f  th e  in ten d ed  effec t. C hances o f increasing  th e  efficiency 
th ro u g h  th e  re d u c tio n  o f surface te n s io n  alone are th u s b e tte r  in  an  id ea l me
d iu m  th a n  in  a rea l one.

As th e  v iscosity  o f th e  d isp lac ing  p h ase  or th e  velocity  o f  d isp lacem ent 
is in creased , g rea te r  p ressu re  d iffe ren tia ls  a c t betw een  th e  tw o  e n d s  o f  th e  oil 
sp o t. T h is, in  tu rn ,  m ay  rem ove th e  oil s p o t, c rea tin g  fav o u rab le  c o n d itio n s  for 
a d irec t c o n ta c t w ith  th e  flow ing d isp lac in g  phase and th e  s u r f a c ta n ts  in  it. 
A ccord ing  to  th is  m odel these  tw o e ffec ts  do  n o t  appear in  c o m b in a tio n  in  the 
m icroscopic ran g e , o r in a m u tu a lly  in c rea s in g  rela tionsh ip , h u t  in  sequence. 
V iscous forces h av e  to  rem ove f irs t th e  oil sp o ts  from  th e ir  p lace s , th e n  dis
perse th em  so th a t  th e  su rfa c ta n ts  cou ld  red u ce  th e  cap illa ry  r e ta in in g  forces.

M odification of the pore structure

I f  th is  h y p o th e tic a l m odel even p a r t ia l ly  corresponds to  r e a l i ty ,  one has 
to  conclude  th a t  th e re  is no need to  red u ce  th e  surface te n s io n  o r  to  increase' 
th e  v iscous forces to  th e  e x te n t t h a t  ev en  a w eak effect o f  th e  displacing 
phase  shou ld  sw eep aw ay th e  re ta in e d  oil sp o ts , h u t it  is su ffic ien t to  d ire c t the 
m ain  flow  to  th e m . T he a lready  sw ep t o u t  flow  channels m u s t b e  closed be
tw een  th e  re ta in e d  oil spo ts , th u s  fo rc in g  th e  displacing p h a se  con ta in ing  
a d d itiv e s  to  rem ove th e  oil spo ts. In  o th e r  w ords, the  pore s t r u c tu r e  o f the 
p o ro u s b o d y  has to  be changed .

T he fav o u rab le  effect o f pore s t ru c tu re  m odification  can  a lso  be  observed 
in a lte rn a te d  g as-w ater in jec tio n  an d  p o ly m er and em ulsion in je c tio n , as a 
sid e -e ffec t an d  w ith  a w eaker force. T h e  m a in  problem  of th e  k n o w n  a n d  applied 
v e rs io n s o f these  m eth o d s th a t  th e  ch em ica ls  needed to  close se lec tiv e ly  the 
pore ch anne ls have  to  be fo rw ard ed  fo r  g re a t d istances, a n d  t h a t  th e y  are 
re q u ire d  to  block th e  re la tiv e ly  w ide c h an n e ls  and  leave open th e  n a rro w  pas
sages —  a co n d itio n  v e ry  h a rd  to  m ee t. T h e  sligh t increase in  th e  effic iency  of 
oil p ro d u c tio n  is a consequence o f  th e  fa c t  th a t  there  are  b o tt le n e c k s  in  the 
“ w ide ch an n e ls”  w ith  d im ensions sm alle r th a n  those of th e  “ n a r ro w  channels ' 
w h ich  can  cause s ta tis tic a lly  s ligh t m o d ifica tio n s  in the  ac tiv e  p o re  s tru c tu re . 
V aluab le  re su lts  can , how ever, only  be e x p e c te d  if  the  b locking  s lu g  is produced 
a t  th e  r ig h t tim e  an d  place in  th e  re se rv o ir . T he process can  be  re a liz e d  by  so
d iu m  silica te  so lu tions, such  as w a te r  g lass an d  b iva len t m e ta l s a lts , such as 
ca lc ium  chlo ride . T he com bined use o f  th e se  chem icals te rm e d  “ m o b ility  con
tro lled  cau stic  flo o d ”  w as suggested  b y  S arem  (1974).
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Solu tions of w a te r-so lu b le  silicates are s tro n g ly  a lkaline . T heir p ro p e rtie s  
a re  su m m arized  by  W eldes a n d  Lange (1969). S o d iu m  silica tes  w ith  a S i0 2/N a 20  
m o la r  ra t io  of 2.4 or ab o v e  h a v e  long been u sed  as c e m e n t additives to  b lo ck  
w a te r  b reak -th ro u g h  a n d  h ig h -p e rm eab ility  zo n es; see F ron ing  (1968). U sing  
th e s e  m eth o d s, sod ium  s ilic a te  reac ts  w ith  th e  b iv a le n t  ions in  th e  la y e r  an d  
th e  p re c ip ita te s  p ro d u c e d  re d u c e  perm eab ility .

S a rem ’s (1974) m e th o d  applies sodium  o rth o s il ic a te  w ith  a S i0 2/N a 20  
m o la r  ra t io  of 0.5 an d  a p H  ap p ro x im ate ly  e q u a l to  t h a t  o f a N aO H  so lu tio n  
o f  th e  sam e c o n c e n tra tio n . T h e  sodium  o rth o s ilic a te  reduces w ater-o il i n te r 
fa c ia l ten s io n  m ore e f fe c tiv e ly  th a n  the  cau stic  so d a . T herefore, i t  is h ig h ly  
su ita b le  fo r p roducing  in  s itu  or well-site em ulsions w hose  effects in  m o b ility  
c o n tro l an d  in  in creasin g  e ffic iency  in  areal a n d  v e r t ic a l  sweeping h av e  b een  
sh o w n  b y  McAuliffe (1973).

S od ium  silicate re a c ts  w ith  bi- or m u ltiv a le n t c a tio n s  originally  p re se n t 
in  th e  la y e r  and w ith  th e  so lu tio n  in jected  a f te r  th e  s ilica te  solution. T he re a c 
tio n  p ro d u ces a silicic ac id  gel th a t  can be c o n v e r te d  in to  a m icrocrysta lline  
p re c ip ita te  depending o n  te m p e ra tu re , c o n c e n tra tio n  an d  tim e. The m e c h a 
n ism  o f  th e  process is d e sc rib e d  as by  S arem  (1974), w ith  ce rta in  a d d i
tio n s .

1. T he high p H  so d iu m  silicate so lu tion  re a c ts  w ith  the e o m jo m n ts  o f 
th e  c ru d e  oil and  as a r e s u l t  su rfac tan ts  are  p ro d u c e d  in situ t h a t  decrease  
su rfa c e  tension , increase  th e  m o b ility  of the  oil a n d  p ro d u ce  a re la tive ly  s ta b le  
em u ls io n . The em ulsion re d u c e s  th e  speed of a d v a n c e  o f  th e  fron t and im p ro v es  
th e  v o lu m e tric  sw eeping e ffic ien cy . The form  o f th e  em ulsion  produced in situ  
d e p e n d s , o f course, on th e  ch em ica l ch arac ter o f  th e  a c tu a l crude oil.

2. T he d ilute ca lc iu m  ch lo rid e  solution in je c te d  a f te r  th e  silicate so lu tio n  
p ro v id e s  th e  m u ltiv a len t c a tio n s  for the  reac tio n  w ith  th e  o rthosilicate  y ie ld in g  
a f in e  p rec ip ita te . T h is p re c ip ita te  can pass th ro u g h  th e  high p e rm e a b ility  
c h a n n e ls  and m ay red u ce  p e rm e a b ility , ju s t  as th e  m ig ra tin g  m ateria ls. A fte r  
th e  h ig h  perm eab ility  c h a n n e ls  have been p a r t ia l ly  closed, w ater can  e n te r  
th e  p rev io u sly  inaccessib le  p a r t s  o f the  rock and  th e  efficiency of v o lu m e tr ic  
flood  im proves. R e p e a tin g  th e  p rocedure cyclically , a n  oil h a n k  can be p ro d u ced  
a n d  th e  w ater can  be  p re v e n te d  from  fo rm in g  fin g erin g s th ro u g h  th e  oil 
b a n k .

3. T he silicate so lu tio n  a lte rs  the w 'etting c h a ra c te r  of the reserv o ir t o 
w a rd s  a wrater-w et s ta te . T h is  e ffec t is caused b y  th e  c a u s tic  b u t even m ore  b y  
th e  “ s ilic a te ”  n a tu re  o f  th e  so lu tio n .

S arem  (1974, 1975) su g g ested  the  use o f o r th o s il ic a te  solutions w ith  c o n 
c e n tra t io n s  ranging  b e tw e e n  0.01 and  0.8%  b y  w e ig h t. Surface ten sio n  is r e 
d u c e d , there fo re , m ost e ffe c tiv e ly  in  th is c o n c e n tra tio n  range , as show n b y  th e  
in v e s tig a tio n s  of C am pbell (1977) w hich ach ieved  a su iface  tension of 1 0~ 4—  
1 0 _<i N /m  depe nding on th e  ty p e  of oil.
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A su b seq u en t in jec tio n  o f  co m p ara tiv e ly  sm all slugs a c cu m u la tes  in 
creasing  am o u n ts  o f  p re c ip ita te s  a round  th e  in je c tio n  well in  th e  h ig h -p e rm ea 
b ility  p a rts , c o u n te rb a lan c in g  th e  u n fav o u rab le  effect o f h e te ro g en e ity . V arious 
tech n iq u es  based  on th e  above princip le  h av e  been  p a te n te d  [S arem , 1974, 
1975].

A ccording to  o u r w o rk ing  h y p o th esis , we p roceed  here  w ith  th e  m od ifi
ca tio n s o f  th e  pore s tru c tu re , th is  can  be ach iev ed  b y  p roducing  a gel p rec ip i
ta te  in  th e  r ig h t p lace. T o  o b ta in  a su itab le  gel p re c ip ita te , a re la tiv e ly  concen
tr a te d  sodium  m eth as ilic a te  so lu tion  is used  in s te a d  o f  sodium  o rth o silic a te . 
T he p H  o f th e  sod ium  m eth as ilic a te  so lu tio n  is som ew hat low er th a n  th a t  of 
th e  o rth o silica te  so lu tio n . I t  is, th ere fo re , less effec tive  in  decreasing  in te rfac ia l 
ten s io n  an d  p ro duc ing  em ulsions b u t i ts  reac tio n s  w ith  b iv a le n t m e ta l ions 
y ie ld  m ore vo lum inous a n d  s tab le  g e l-p rec ip ita tes . T he m echan ism  o f d isp lace
m en t is in te rp re te d  as follow s.

1. T he sodium  m e th a s ilic a te  so lu tio n  reduces th e  w ater-o il su rface  te n 
sion and  fav o u rab ly  a lte rs  th e  w e tta b ili ty  p ro p ertie s  o f th e  ro c k ; in  a con
c e n tra te d  so lu tion  i t  im p ro v es th e  v iscosity  ra tio  an d  d isplaces t h a t  p a r t  of 
th e  residua l oil th a t  c an  be d isp laced  acco rd ing  to  th e  increased  c a p illa ry  n u m 
b e r  N c.

2. The sodium  m eth as ilic a te  slug an d  th e  follow ing CaCl2 so lu tio n  are 
d ispersed  in  each o th e r  d u rin g  d isp lacem en t an d  produce  a gel-like p rec ip ita te  
o f g rea t volum e, p a r tia lly  or fu lly  b locking  th e  pore channels. T h e  pressure  
g ra d ie n t locally  increases a n d  th e  CaCl2 so lu tio n  rem oves th e  p rev io u sly  im 
m ovab le  oil spo t. T he m eth as ilic a te  so lu tio n  m oves in  f ro n t o f  th e  oil spo t, 
red u c in g  surface ten s io n , an d  i t  is follow ed b y  th e  CaCl2 so lu tio n . N o p rec ip i
ta te  is  form ed on th e  ro u te  o f th e  m oving  oil sp o t. I f  th e  oil sp o t s to p s for 
som e reason , th e  tw o  so lu tio n s com e in to  c o n ta c t again , th e  p ressu re  g ra d ie n t 
locally  increases an d  th e  oil sp o t s ta r ts  to  m ove ag a in . T his m echan ism  can  n o t 
rem ove  oil d ispersed  in  th e  fo rm  o f d ro p le ts , because  b locking  th e  su rro u n d in g  
“ aq u eo u s”  channels o n ly  produces a fu r th e r  o b s tru c tio n  in  th e  w ay  o f the  
d ro p le ts . T he expression  “ oil sp o t”  has been  d e lib e ra te ly  used in  o u r p rev ious 
d iscussions to  m ake a d is tin c tio n  from  d ispersed  d rop le ts  an d  th e  oil b an k . 
To define q u a n tita tiv e ly  th e se  expressions rem a in s  a prob lem  to  be solved.

I f  ou r h y p o th esis  concern ing  th e  d is tr ib u tio n  an d  c a p ac ity  fo r m ob iliza
tio n  o f  th e  residua l oil h o ld s , a considerab le a m o u n t of res id u a l oil can  be d is
p laced  b y  th is  m echan ism  from  a hom ogeneous re a l porous body .

Displacem ent tests on short cores

T he f irs t  set o f e x p e rim e n ts  were ca rried  o u t on a rtific ia lly  co n so lid a ted  
ro ck  sam ples 0.25 m  long  w ith  a cross-section  o f  0.02 • 0.02 m 2. T h e  a rtif ic ia l 
ro ck  w as m ade o f su ita b le  sieve frac tio n s o f  q u a r tz  san d  by  ad d in g  a m ix tu re
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o f C a F 2, N a F , N a 2S iF 6 a n d  g lass pow der to  i t ,  hom ogen iz ing  and  fo rm in g  it  
u n d e r  p re ssu re  and  f in a lly  s in te r in g  i t  a t  a te m p e ra tu re  o f 560— 810 °C in  a 
sp e c ia l fu rn ace . The ro ck  sa m p le s  w ere reg a rd ed  as hom ogeneous an d  accep ted  
as s u i ta b le  for th e  te s ts  i f  th e  p o ro s ity  and  p e rm e a b ility  of 0 . 0 2  m long  sec tions 
co in c id e  w ith in  ^ 5% .

T h e  m ain  p a ra m e te rs  o f  th e  silicate so lu tio n  ap p lied  in  th e  ex p e rim en ts  
a n d  th e  surface ten sio n  in  r e la t io n  to  th e  c ru d e  oil used  are su m m arized  in  
T a b le  I .

T h e  rock  sam ples w ere  f i r s t  s a tu ra te d  w ith  w a te r  (NaCl so lu tio n  of 
2 . 0  • 1 0 ~ 3 kg/kg) th e n  th e  w a te r  w as d isp laced  b y  fo rm a tio n  oil o f d en sity  
823.7  k g /m 3 and  З х Ю - 3  N s /m 2 v iscosity  u n ti l  re s id u a l w a te r  s a tu ra tio n  w as

Table I

C h aracteris tic  param eters o f  silica te  so lu tion s

Concentration
Si02 • io -2 

kg/kg

Density kg/m3
24 °C

Viscosity • К ~3 Ns/m2 Vow N/m

24 °C 95 °C 24 °C 95 °C

1.0 988.7 2.15 2.03 2.2 • 1 0 - 3 1.3 ■ i o - 3

2.5 1004.1 2.17 2.04

n1О

00 W O 1

4.0 1018.8 2.21 2.05

«SI1Осоas 5.2 • 1 0 - 4

5.0 1029.5 2.23 2.06 9.1 • 1 0 - 4 CO co O 1

10.0 1029.5 2.41 2.14 2.6 • 1 0 -4 9.8 • 1 0 -5

Table II

D a ta  o f  displacem ent experim en ts

N®
Displacement fluid

Parameters of rock 
samples

Concentration
10- “ kg/kg Water Gel

Ур Ф jam2* 1 0 -3 s„ Si02 CaCl2 SoB Er X dS0R ЛЕв, %

1.1 0.234 281 0.74 1.0 — 0.43 42 0.04 6

1.2 1.0 water 0.224 275 0.72 2.5 — 0.42 42 0.04 6

1.3 0.2 N a2S i0 3 0.198 278 0.84 4.0 — 0.46 45 0.07 8
1.4 0.8 water 0.229 280 0.71 5.0 — 0.39 45 0.02 3

1.5 0.349 277 0.78 10.0 — 0.40 49 0.04 5

2.1 1.0 water 0.225 271 0.77 1.0 2.0 0.43 44 0.12 16

2.2 0.2 N a ,S i0 3 0.312 279 0.76 2.5 4.5 0.42 44 0.12 19

2.3 0.02 water 0.267 276 0.87 4.0 7.5 0.53 39 0.15 17

2.4 0.2 CaCL 0.257 269 0.86 5.0 9.0 0.46 46 0.27 32

2.5 0.6 water 0.244 281 0.85 10.0 18.0 0.43 49 0.20 23
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ach ieved . T his w as follow ed by  a d isp lacem en t w ith  w a te r o f 1.0 p o re  vo lum e 
( V p) re su ltin g  in  39— 4 9 %  oil recovery .

In  th e  f irs t se t o f ex p erim en ts  0.2 V p o f  sod ium  m eth asilica te  slug w rs 
in jec ted  a fte r  th e  d isp lacem en t by  w a te r an d  th e n  an  in jec tio n  o f  0.8 Vp of 
w a te r  follow ed. T he co n c e n tra tio n  o f th e  silica te  so lu tions was 1 .0 X ; 2.5 X ; 
4.0 X ; 5.0 X ; lO .O x lO - 2  k g /k g  w ith  re sp ec t to  S i0 2.

In  th e  second g roup  o f experim en ts th e  0.2 V’ sodium  m eth asilica te  slug 
was follow ed b y  a 0 . 0 2  V’ w a te r  slug and  th e n  CaCl2 w as in jec ted  in  th e  sam ple 
in  s to ich io m etric  c o n c e n tra tio n . T he excess o u tp u t ,  i.e. th e  d ifference betw een  
th e  efficiencies o f th e  p ro d u c tio n  m ethods A E R w as 3.4— 7.9%  w ith  re sp ec t 
to  th e  in itia l oil in  p lace. In  th e  second g ro u p , how ever, w here gels w ere p ro 
duced , th e  v alue  o f  excess oil reached  15.9— 32 .2% . The resu lts  a re  collected 
in T ab le  I I .

T hese re su lts  do n o t allow  d efin ite  conclusions as to  th e  effect o f th e  con
c e n tra tio n  o f w a te r  glass so lu tio n s. I t  a p p e a rs , how ever, th a t  th e  cau stic  ef
fec t decreases reco v ery  w hile  th e  gel e ffect increases  i t  w ith in  th e  co n c e n tra 
tion  range  lX  and  1 0 x 1 0  2 kg /kg  S i0 2.

T he second se t o f  e x p e rim e n ts  w as re p e a te d  w ith  w a te r slugs, sep a ra tin g  
slugs an d  CaCl2 slugs o f  v a r io u s  d im ensions as w ell as a t  c o n c e n tra tio n  ra tio s 
d iffe rin g  from  sto ich io m etric . T he excess o u tp u ts  A E R va ried  b e tw een  16 and 
4 0 % . H ow ever, a p a r t  from  a ten d en cy  o f  th e  excess o u tp u ts  to  re la te  to  th e  
q u a n ti ty  o f  th e  p re c ip ita te  p roduced  in  th e  sam p le , no q u a n tita tiv e  co rre la tion  
could have  been  e s tab lish ed  betw een  th e  p a ra m e te rs  o f th e  sam ple  and  o f the  
d isp lacem en t, an d  th e  excess o u tp u t.

As a m a tte r  o f  fa c t, th is  k in d  o f c o rre la tio n  had  n o t been ex p ec ted  for 
th e  reaso n s d iscussed  above, since th e  p ro p e rtie s  of pore s tru c tu re  w hich 
d e te rm in e  th e  sp a tia l loca liza tio n  o f th e  re s id u a l oil, th e  m ic ro -d is trib u tio n  of 
th e  flow  v e lo c ity  o f  th e  d isp lacem en t p h ase  a n d  th e  m echan ism  an d  effect o f 
gel fo rm in g  on th e  ac tiv e  pore  system  in  th e  m acrophysica lly  hom ogeneous 
po rous m ed ium  are  n o t  know n.

T he re su lts  p e rm it th e  conclusion t h a t  su rface  ten sio n  an d  m o b ility  re 
d u c tio n s can  m obilize t h a t  p a r t  o f  th e  re s id u a l oil w hich is in  th e  m a in  flow  
ch anne ls o f th e  d isp lacem en t phase , i.e. th e  d ispersed  fra c tio n  o f th e  re sid u a l
oil. T h is  m ig h t be due to  th e  fa c t th a t  th e  s u r fa c ta n ts  c a n n o t reach  th e  surface 
o f se p a ra te d  oil spo ts , an d  th e  d isplacing p h ase  keeps on flow ing th ro u g h  th e  
sw ep t-o u t channe ls.

Displacem ent tests on long cores

To d e te rm in e  th e  effect o f pore s tru c tu re  m o d ifica tio n , d isp lacem en t te s ts  
w ere perfo rm ed  on th re e  long  cores in  co n n ec tio n  w ith  a d isp lacem en t p ro 
g ram m e using  po lym ers an d  su rfac tan ts . T h e  ex p e rim en ta l device is discussed

7* Acta Geodaetica, Geophysica et Montanislica Acad. Sei. Hung.' 17, 1982
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VP

Fig. 2. F irst disp lacem ent experim ent on long cores

Vp

Fig. 3. Second disp lacem ent experim ent on long cores

Fig. 4. Third disp lacem ent experim ent on  long cores
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Table III

Data o f  displacement experiment on long cores

Length
Cross-section
Temperature
Pressure

1.2 in 
0.02 • 0.02 m* 

368 °K  
20.0 M Pa

Po

Displacement f lu id s
Gas
Water
PAA 10 -3  kg/kg PAA solution

823.7 kg /in3 
3.3 • 10- 4 N s/m 2

94% ÇH,
2.0 • 10~ 3 kg/kg NaCl solution

a ow =  1.2 • 1 0 -2 N/m; 
N c =  7.7 • 1 0 - ’ 

P -SU L F  8 • 10~2 kg/kg petroleumsulphonate solution;
a ow =  6.0 ■ 10~6 N/m; 
N c =  1.5 ■ 1 0 -1

N a»S i03 0.1 kg/kg (with respect to SiO..);
aow - 2.0 ■ 1 0 -4 N/m; 
N c =  4.6 • 1 0 -5

CaCl., stoichiometric solution
Num ber o f experiment 
Porosity
Perm eability, pm? ■ 10-3 
Sw
ft si- m '/m 3

I. I I .  111.
0.31 0.29 0.29

177 198 192
0.19 0.25 0.257

42

in  m ore  d e ta il b y  M illey e t al. (p resen t issue). T he m ain p a ra m e te rs  a n d  re 
su lts  o f  th e  d isp lacem en t ex p erim en t a re  su m m arized  in  T ab les I I I  an d  IY.

T h e  d isp lacem en t processes are  i l lu s tra te d  in  Figs 2, 3 an d  4 . A p a r t  from  
th e  reco v e ry  curves i t  is w o rth  n o tin g  th e  sh ap e  of th e  d ep ression  curves. 
T he f i r s t  increase in  depression  follow s th e  in jec tio n  of th e  p o ly ac ry lam id e  
slug (P A A ), th e  second one com es a f te r  th e  CaCl2, i.e. th e  fo rm in g  o f  p rec ip i
ta te .  T h e  second increase  is a b o u t h a lf  th e  f i r s t  one.

T h e  cap illa ry  n u m b e r ca lcu la ted  fo r  sod ium  silicate slug b y  M oore— 
S lo b o d ’s m eth o d  (1956) w as 4.6 • 1 0 “ 5 in  a ll th re e  experim en ts. I n  th e  ex p eri
m en t w ith  p e tro leu m  su lp h o n a te  th e  c a p illa ry  n u m b er am o u n ted  to  1.5 • 10 ~ 4 

an d  in  t h a t  w ith  p o ly m er to  7.7 • 10~7, u s in g  in te rfac ia l ten sio n s a n d  v iscosi
tie s  o f  th e  p e tro leum  su lp h o n a te  and  o f  th e  p o lym er slugs, re sp e c tiv e ly .

A ccord ing  to  th e  co n ven tiona l th e o ry  o f  oil d isp lacem ent b a se d  on  v is
co u s-cap illa ry  forces, p e tro leu m  su lp h o n a te  d isp lacem en t w ould  b e  ex p ec ted  
m ore e ffic ien t. D isp lacem en t re su lts , h o w ev er, do n o t su p p o rt th is  v iew , in 
d ic a tin g  th e  need to  im prove  th e  th e o ry  a n d  th e  im portance  a n d  feas ib ility  
o f  pore s tru c tu re  m o d ifica tion .

Conclusions

In  hom ogeneous rea l rocks, a f te r  d isp lacem en t w ith  w a te r , a consider
ab le p a r t  o f  th e  resid u a l oil is sep a ra ted  in  th e  fo rm  of oil spo ts w ith  d im ensions 
sev era l tim es th e  average  pore size. T h e  sp o ts  can  be m obilized b y  b locking
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Table IV

Displacement experiment on long cores

№
Injected Oil production

Eg- %
Fluid Vv

cm3

Gas 0.5 62.5 30.6

PAA 0.2 80.5 70.3

l. W ater 1.3

N a,S iO ;i 0.2

W ater 0.2 49.6 94.3

CaCl., 0.2

W ater 0.5

Water 1.0 144.5 60.8

P -SU L F 0.15

PAA 0.3 14.9 67.1

W ater 1.0

2. N a2S i0 3 0.2

W ater 0.2 78.3 96.0

CaCl., 0.2

W ater 0.6

W ater 1.0 85.9 52.1

P -SU L F 0.15

PAA 0.30 30.6 70.6

3. W ater 0.65

N a„ S i0 3 0.2
W ater 0.3 36.4 92.7

CaCL 0.2

W ater 0.6

th e  m a in  flow  ch an n e ls  in  th e  porous m edium  a n d  b y  d iverting  th e  d isp lace 
m e n t p h ase  th ro u g h  th e se  sp o ts .

D ecrease o f th e  c a p illa ry  forces and in c re a se  o f th e  viscous forces can  
s ig n if ic a n tly  reduce  re s id u a l oil sa tu ra tio n  o n ly  in  case of an ex trem e ly  h igh  
c a p illa ry  n u m b er. I f  th e  p o re  s tru c tu re  is also  m o d ified , even a m o d e ra te  r e 
d u c tio n  o f  surface te n s io n  o r v iscosity  increase ca n  be  effective.
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P rec ip ita te s  p ro d u ced  in situ  in  th e  porous m edium  by  su b se q u e n t in 
jec tio n  o f sodium  silica te  an d  calcium  ch lo iid e  solu tions are  su ita b le  for the 
m o d ifica tio n  of th e  pore s tru c tu re . A t th e  sam e tim e, v isco s ity  o f  th e  sodium 
silica te  so lu tion  is g re a te r  th a n  th a t  o f  w a te r  and because o f  i t s  h igh  pH  it 
has a caustic  effect. T hese ano rg an ic  chem icals are n o t sen s itiv e  to  tem p era
tu re , can  only be dam aged  by m u ltiv a le n t ions, th ey  a re  a v a ila b le  in  great 
q u a n t i ty  a t  low prices; co n seq u en tly  th e y  seem to  be v e ry  su ita b le  for the 
pu rposes o f te r t ia ry  oil recovery .
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LONG CORE MODEL APPARATUS FOR THE 
LABORATORY INVESTIGATION OF OIL RECOVERY

PROCESSES

GY. M IL L E Y -O . W A G N E R -K . J Ó N A P - B .  B U K T A  - J .  LÖVEI

PETROLEUM ENGINEERING RESEARCH LABORATORY OF TH E HUNGARIAN ACADEMY CE5

Model equipm ent capable o f holding 120-cm -long rock sam ples for pressures up to 30 
MPa and tem peratures up to  120 °C has been developed to  m odel underground fluid flow phe
nom ena in oil recovery, and to provide a means to stu d y  the relevant theoretical problems. 
Since a great am ount o f data has to be recorded during long experim ental periods in the model 
equipm ent, data acquisition has been solved by a m icroprocessor controlled data logger.

The model equipm ent its main operational param eters and the microprocesssor data 
logger are discussed in detail. This technical inform ation will hopefully prove beneficial for 
research workers dealing w ith similar experim ental problems.

Symbols

c saturation m easured by capacity m easurem ent
kw perm eability to water
L  length

inlet pressure 
p 2 outlet pressure
p 3 pressure in the annular space of the cell 
Ap  pressure drop along the rock sample
£ qinj tota l injected am ount o f fluid 
q0 flow rate o f oil
qw flow  rate o f  water •
T  temperature
Vp pore volum e

Ф porosity

1. In tro d u c tio n

Flow  p h en o m en a  in  porous m edia are  e ssen tia lly  p hysica l an d  physico 
chem ical processes t h a t  c an n o t be in v e s tig a te d  in  th e ir  o rig in a l en v iro n m en t. 
T h e ir s tu d y  is e ssen tia lly  a sc ru tin y  o f  answ ers o f  th e  in v e s tig a te d  system  on 
questio n s im posed b y  th e  ex p erim en ta l too ls . T he resea rch er has to  p u t  his 
q u estions in  a s tr ic t  fo rm  dete rm in ed  b y  th e  in it ia l  an d  b o u n d a ry  cond itions, 
his too l o f in q u iry  is th e  m odel eq u ip m en t itse lf .

In  d eve lop ing  seco n d ary  and te r t ia ry  oil recovery  m eth o d s, num erous 
q u estio n s have to  be  answ ered  a p a r t  from  th e  in fo rm a tio n  supp lied  b y  th e  
n a tu ra l  sy stem  d u rin g  p rospec ting . T hese in v e s tig a tio n s , n a tu ra lly , are con
cerned  w ith  specific  co n cre te  q uestions, w h ich  as a ru le , do n o t req u ire  general 
in fo rm a tio n  a b o u t th e  de ta ils  o f th e  porous sy s tem  and  th e  flu id s  flow ing  in  it . 
F o r th is  k in d  o f  in v e s tig a tio n  only a n a tu ra l  p ro to ty p e  could  be used  as a 
m odel. I f  in v e s tig a tin g  h y d ro d y n am ie  p h en o m en a  in a g iven porous system

Acta Geodaetica, Geophyaica et Montaniatica Acad. Sei. Hung. 17, 1982



4 1 6 GY. MILLEY et al.

(p e tro le u m  reservoir), g e n e ra lly  specific questions w ith  narro w  scope are  fo r
m u la te d . C orrespondingly, sp ec ific  answ ers are  ex p ec ted  w ith  v a ry in g  accu racy  
re q u ire m e n ts , w ith  th e  le a s t  possib le  in v e s tm e n t an d  w ith in  as sh o rt a tim e  
as p o ss ib le .

L ik e  in  all w ays of sc ie n tif ic  in v es tig a tio n , also in  reservo ir eng ineering  
m o d e llin g  th e  researcher h a s  to  se t d u a l aim s: f ir s t  he has to  fin d  th e  causes 
o f  th e  p h enom ena  to  be ab le  to  guess —  a t  le a s t a p p ro x im a te ly  —  th e  con
se q u e n c e s  o f any of his in te rfe re n ce s . F ro m  am ong  th e  tw o possible re sea rch  
a l te rn a t iv e s  (a) the  m a th e m a tic a l analysis ap p ears  m ore su itab le . H ow ever, even 
an  e x a c t  analysis can on ly  fu rn ish  so lu tions for sim ple reservo ir geom etries 
a n d  i t  c a n n o t help to  u n d e rs ta n d  th e  effects o f chem ical and  physico-chem ical 
p ro cesse s  w hich c o n tin u o u sly  a n d  rap id ly  gain  in  im p o rtan ce . A t th e  sam e 
t im e , re s u lts  ob ta ined  b y  p u re ly  m a th e m a tic a l too ls do n o t a lw ays p ro v id e  
s u i ta b le  so lu tions for en g in ee rin g . A n o th e r possib le m e th o d  is (b) to  rep ro d u ce  
th e  in v e s tig a te d  p h en o m en o n  u n d e r  ex p erim en ta l cond itions in  la b o ra to ry  
sca le  e q u ip m e n t, su b s ta n tia lly  d iffering  from  th e  n a tu ra l  system  in  its  d im en 
sio n s.

W ith o u t analyzing th e  law s o f s im ila rity  in  d e ta il, i t  should  be obvious 
t h a t  th e  geom etrical, k in e m a tic  an d  dynam ic  co n d itions o f s im ila rity  m ain ly  
a p p ly  fo r  th e  m acroscopic p ro p e r tie s . M icroscopic p ro p ertie s  and  chem ical and 
p h y sico -ch em ica l p rocesses/p lay in g  d e te rm in a n t role in  secondary  an d  te r t ia ry  
p e tro le u m  recovery , can  o n ly  be m odelled up  to  a lim ited  degree i f  a t  all. 
T h is  s ta te m e n t ,  n a tu ra lly , re f le c ts  th e  lim its  o f ou r p resen t d ay  know ledges 
a n d  s e ts  th e  fu rth e r aim s o f  th e o re tic a l and  p ra c tic a l re sea rch  in  m odelling . 
A p a r t  f ro m  developing m o d e l e q u ip m en ts , p rom ising  effo rts  have  b e e n  m ade 
also  in  th is  field  by  th e  P e tro le u m  E ng ineering  R esearch  L a b o ra to ry  o f th e  
H u n g a r ia n  A cadem y o f Sciences.

I t  h a s  to  be em phasized  t h a t  th e  recen tly  ca rried  o u t m odel ex p e rim en ts  
se rv e  f i r s t  o f all for th e  s tu d y  o f  im p o r ta n t p a r tia l  p rob lem s in s tead  o f  genera l 
law s. T h is  res tric tio n  is m a in ly  due to  th e  in h e re n t th eo re tica l p ro b lem s of 
n m d e llin g  an d  no t to  th e  s ta n d a rd s  o f  our ava ilab le  experim e n ta lto o ls .T h e o re t
ica l p ro b le m s of m odelling a re  also  re flec ted  b y  th e  com prom ises in c o rp o ra te d  
in  th e  la b o ra to ry  m odels. I f  e. g. a d isp lacem en t m odel is c o n stru c ted  on th e  
b as is  o f  m odelling  law s, th e  f lu id  v iscosities, f ro n t velocities an d  rock  p e rm e a b il
itie s  m u s t  be d ifferent fro m  th o se  o f th e  p ro to ty p e , i.e. b o th  th e  f lu id s  and 
th e  p o ro u s  m edium  are re p la c e d  b y  m odels. W hile  th is  so lu tion  p rov ides 
s u ita b le  la b o ra to ry  co n d itio n s fo r  th e  ex p erim en ts , we have  to  a d m it th e  su b 
s ta n t ia l  d ev ia tio n s fiom  th e  law s o f s im ila rity  since th e  im p o r ta n t m icroscopic  
a n d  physico -chem ical p ro p e r tie s  c a n n o t be tra n s fe rre d  from  th e  p ro to ty p e  to  
th e  m o d e l. F or exam ple, th e  b a s ic  in fluence  of th e  n a tu ra l  su rfa c ta n ts  o f 
c ru d e s  o n  th e  w e ttab ility  c h a ra c te r  of th e  re se rv o ir rock  obv iously  c a n n o t 
be su ccessfu lly  “ f i t te d ”  b v  th e  m odel.
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B ecause o f th ese  prob lem s, those  m o d elling  m ethods have becom e m ore 
w idesp read  for th e  s tu d y  o f ce rta in  de ta ils  o f  p ro d u c tio n  processes t h a t  ap p lied  
orig inal reserv o ir rocks an d  flu ids a t re se rv o ir  te m p e ra tu re  and  p ressu re . T hese 
consid era tio n s suggest th a t  em pirical m e th o d s  shou ld  be used in  d raw in g  co n 
clusions for th e  n a tu ra l  sy stem  from  m odel e x p e rim e n ts  and in  an a ly z in g  th e  
processes in  n a tu ra l  sy stem s. H opefu lly , th is  p ro b lem  will be c ircu m v en ted  b y  
co n tin u o u sly  d ev e lop ing  m odel th eo ry  an d  th e  e x p e iim en ta l tech n iq u es .

S econdary  an d  te r t ia ry  oil reco v ery  m e th o d s  requ ire  an  analy sis  o f  th e  
fo llow ing specific p h en o m en a  and  processes b y  la b o ra to ry  m odel e x p e rim en ts : 

flow  b e h a v io u r  of one- and m u ltip h a se , one- and m u ltic o m p o n e n t, 
flu id s;
m ob ility  an d  s ta b ility  cond itions o f  flu id  slugs applied in  flood  sys
tem s;
effect o f th e  v iscosities of th e  f lu id  p h ases  and of th e  flu id -f lu id  in te r 
facial te n s io n  on flow  b eh av io u r;
flu id  m o b ility  p rob lem s, especially  how  to  f i t  the  m obilities o f  th e  
flood sy stem s to  th a t  of th e  d isp laced  oil or b rine ; 
effect o f chem ica l m ethods an d  ch em ica l ad d itives in c reas in g  sw eep
ing effic iency  on th e  o il-w ate r-rock  sy stem s;
d ev e lo p m en t, d is tr ib u tio n  and  fu r th e r  decrease of re s id u a l oil s a tu 
ra tio n  b y  red u c in g  th e  surface en e rg y  and  op tim izing  th e  m o b ility  
con d itio n s;
tendenc ies o f  p ressu re  bu ild -u p  processes in  various flood ing  sy s tem s; 

-  p lacem en t an d  m ob ility  con d itio n s o f  viscous slugs p ro d u ced  in  situ  
or by  th e  in je c tio n  of h ig h -v iscosity  f lu id  phases to  te m p o ra r ily  o r f i 
na lly  close th e  a lready  w a tered  p o re  channels;
beneficial or non-beneficial e ffects on th e  d isp lacem ent p rocesses of 
th e  d isperse  phases  p roduced  in  co u rse  o f m u lti-phase  flow .

T h is lis t o f  re sea rch  ta sk s  gives n a tu ra l ly  only  a general o u tlin e  o f  th e  
fie ld  to  be in v e s tig a te d . D eta ils w hich m ig h t be  im p o r ta n t and  h av e  n o t been 
em phasized  here  can  he a tta c h e d  to  one or a n o th e r  of th e  groups lis ted .

T he p a p e r describes a long core m odel e q u ip m e n t designed fo r th e  s tu d y  
o f th e  m en tio n ed  fie ld s in d iv idua lly  or sev e ra l o f  th em  a com bined  w ay .

2. E xperim en ta l

T he block d iag ram  in Fig. 1 i l lu s tra te s  th e  u n its  o f th e  tech n o lo g ica l 
schem e and  its  fu n c tio n s .

As seen, th e  m odel is one-d im ensional (lin ear). The au x ilia ry  u n its  have  
been  designed so as to  ensure the  m ost f re q u e n t values of reserv o ir p ressu re , 
te m p e ra tu re  and fluiel velocities, up to  th e  fo llow ing lim its:
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m ax im u m  ex p e rim en ta l p ressu re  30 M Pa
m ax im u m  ex p e rim en ta l te m p e ra tu re  120 °C
in jec tio n  ra te  a t  th e  ex p e rim en ta l p ressu re  and
te m p e ra tu re , co n tin u o u sly  a d ju s ta b le  1 — 1 0 0  cm :l/h .

T he o p e ra tio n  o f  th e  eq u ip m en t w ill be  exp la ined  in  c o n n ec tio n  w ith  a  
w ate r d rive  e x p e rim en t. T he m ain  step s  o f  th e  ex p erim en t are

1 . m odelling  o f  th e  oil accu m u la tio n  p rocess, and
2 . m odelling  o f  th e  w a te r d rive .

L e t us analyze  a gas-free system  for sake o f  sim plic ity . T he m odelling  o f  oil 
tra p p in g  is p erfo rm ed  as follows:

—  s a tu ra tio n  o f  th e  a p p ro p ria te ly  p re p a re d  rock  sam ple w ith  w a te r ;
—  d isp lacem en t o f  w a te r b y  th e  e x p e rim e n ta l oil phase.

T he aim  o f th is  p rocess is to  a d ju s t th e  in it ia l  sa tu ra tio n  s ta te  in  th e  reserv o ir 
m odel, an  oil d riv e  is used  to  a d ju s t th e  s a tu ra t io n  of irreduc ib le  w a te r  an d  
th e  in itia l oil s a tu ra tio n . G enerally  a w a te r-o il s a tu ra tio n  is req u ired  b u t  th e re  
are  cases w hen a low  sa tu ra tio n  o f  irred u c ib le  w a te r  has to  be ach iev ed  (less 
th a n  30%  o f V p) w h ich  is done b y  w ater-o il-o il sa tu ra tio n  m e th o d . As an  es
sen tia l p a r t  o f  th is  m e th o d  f ir s t  th e  h ig h -v isco sity  d is tilla tio n  c u t  (above 
200 °C) is in jec ted  in to  th e  w a te r s a tu ra te d  core. In jec tio n  ra te  is f i r s t  slow, 
th e n  g rad u a lly  in c reased . W hen oil s a tu ra t io n  reaches th e  in te n d e d  in itia l 
v a lu e , th e  oil ph ase  is rem oved  b y  in je c tin g  o rig in a l crude oil.

W ith o u t fu r th e r  lingering  a t  th e  d e ta ils  o f ad ju s tin g  th e  in it ia l  s ta te , 
th e  m ain  steps o f  th e  ex p erim en t will be as follow s (F ig. 1):

—  th e  w a te r  a n d  oil to  be used  in  th e  ex p e rim en t are fed  in to  h ig h -p re s
sure pow er cy linders 12 an d  13;

—  a fte r  s ta r t in g  th e  com pressor u n i t  o f  th e  eq u ip m en t, g ear p u m p  25 
p u m p s h y d ra u lic  flu id  in to  th e  p r im a ry  cy linder 8  o f th e  com presso r 
th ro u g h  h y d ra u lic  con tro l u n it  24. T he pressure to  be a d ju s te d  or 
experienced  in  th is  c ircu it follow s th e  p ressu re  a d ju s ted  or ex p erien ced  
on  th e  seco n d a ry  side. I ts  v a lu e  u su a lly  does n o t exceed  1.2— 1.4 
M Pa. B y  m ov ing  th e  p is to n  o f th e  p r im a ry  cy linder in to  one d irec tio n , 
one o f th e  h igh-pressure  cy lin d ers  on  secondary  side 9 o p e ra te s  in  
d ischarge  s tro k e , th e  o th e r  in  su c tio n  s troke . T hus th e y  p u m p  th e  
flu id  fro m  ta n k  1 1  to  th e  com pressor-side  o f th e  p is to n s in  pow er 
cy linders 12 an d  13. T he flu id  is u su a lly  brine  b u t because i t  is sep 
a ra te d , i t  c an  be an y  o th e r  f lu id ;

—  from  th e  m odel-side o f pow er c y lin d e r 1 2  th e  sa tu ra tin g  w a te r  en te rs  
rock  sam ple  1 th ro u g h  in le t h ead  6  o f  cell 2. T hen  i t  leaves th e  rock  
sam ple  th ro u g h  o u tle t head  7 an d  e n te rs  sep a ra to r 22 th ro u g h  e le c tro 
m ag n etic  v a lv e  20 as d irec ted  b y  ch eck  valves 21. O n its  w ay  i t  passes 
b e tw een  th e  p la te s  o f  s a tu ra t io n  d e tec to rs  4 th a t  g ive e lec trica l
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signals p ro p o rtio n a l to  w a te r s a tu ra t io n  to w ard s th e  a p p ro p ria te  
ch an n e l o f m ic rop rocesso r d a ta  logger 36. T he p rin te r  o f th e  d a ta  
logger (discussed in  th e  sec tion  d ea lin g  w ith  th e  e lec tron ic  u n it)  
p r in ts  ou t a t  re q u ire d  tim es  th e  s a tu ra t io n  values. S a tu ra tio n  w ith  
w a te r  is ca rried  on u n til  all fiv e  s a tu ra t io n  d e tec to rs  in d ica te  n o n 
v a ry in g  valu es;

—  in  th e  fin a l p h ase  o f  sa tu ra tio n  b y  w a te r , we m easure th e  m odel 
p e rm eab ility  to  w a te r  a t  th e  flow  (in jec tio n ) r a te  th a t  w ill be app lied  
d u rin g  th e  e x p e rim e n ts , a d ju s te d  b y  c o n tro l v a lve  27. T he flow  ra te  
is generally  a ro u n d  0.5 m /d ay , i t  is d e te rm in e d  from  th e  n u m b e r  o f 
stro k es per u n i t  tim e  (coun ted  b y  s tro k e  co u n te r 23) and  fro m  th e  
k n o w n  stroke  v o lu m e . T he p ressu re  loss fo r th e  ca lcu la tion  o f  p e r
m eab ility  is p ro v id e d  b y  p re ssu re -d iffe ren tia l tran sd u ce r 18 fo r  th e  
a p p ro p ria te  ch an n e l o f th e  m icroprocessor d a ta  logger;

—  n e x t, th e  te m p e ra tu re  an d  th e  p ressu re  o f  th e  experim en ts is a d ju s te d  
b y  closing th e  v a lv e  b e tw een  o u tle t h ead  7 an d  cross v a lve  20 a n d  b y  
in jec tin g  w a te r  in to  th e  m odel u n til  th e  req u ired  pressure v a lu e  is 
in d ica ted  b y  th e  d a ta  logger an d , s im u ltan eo u sly , b y  th e  p r in te r . 
T em p era tu re  is a d ju s te d  an d  co n tro lled  b y  a ir th e rm o s ta t 3 w hose 
2  kVA electric  h e a tin g  u n it  is p laced  in to  th e  cen tre , to  th e  ax is  of 
th e  cell. A d u a l im p e lle r e lectric  v e n tila to r , opera tin g  in  po sitiv e  
p ressu re  sy stem  a n d  p laced  u n d e r th e  h e a te r , c ircu lates h o t a ir  in  
th e  th e rm o s ta t a n d  m ixes i t  -with cold  a ir in  p roper p ro p o rtio n . 
A  th y ris to r  u n it  co n tro ls  th e  o p e ra tio n  o f  th e  electric  h ea te r  to  com 
p en sa te  for h e a t losses. T he e x p e rim e n ta l te m p e ra tu re  is m easu red  
a n d  fed to  th e  m icrop rocesso r d a ta  logger b y  te m p e ra tu re  tra n s d u c e r
19;

-— in  th e  inner a n n u la r  space o f cell 2  b e tw een  th e  rock sam ple a n d  th e  
cell case, w hich  c o n ta in s  rock  1  in  sy n th e tic  resin  and is filled  w ith  
o il, th e  sam e p re ssu re  bu ild s u p  th a n  th a t  m easured  b y  p ressu re  
tra n sd u c e r  16, th is  h a p p e n s  th ro u g h  th e  fo llow -up pressure re g u la to rs  
a tta c h e d  to  th e  in le t  h ead  and  th e  a n n u la r  space. This ensu res for 
th e  rock sam ple to  b e  su rro u n d ed  b y  a p ressu re  iden tica l to  th e  a c tu a l 
one, th a t  is th e  p re ssu re  g rad ien t across th e  sy n th e tic  re s in  la y e r  
n ev e r exceeds th e  dep ression  a long  th e  le n g th  L  of th e  ro ck  sam ple  
a n d  i t  is d irec ted  to w a rd  th e  axis o f  th e  m odel rock  so th a t  th e re  is 
no  danger fo r th e  re s in  la y e r  to  b u rs t ;

—  th e  ex p erim en ta l oil ph ase  is in je c te d  in  th e  n e x t step , th is  s ta r ts  b y  
opening  th e  v a lv e  a t  th e  o u tle t en d . D u rin g  oil in jec tio n  th e  ab so lu te  
v a lu e  of th e  in le t  p ressu re  is m easu red  b y  pressure tra n sd u c e r  15, 
th e  pressure loss a long  th e  le n g th  L  b y  depression tra n sd u c e r  18, 
a n d  th e  o u tle t p ressu re  i.e . th e  a d ju s te d  pressure  of th e  e x p e rim en t
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by  pressure  tra n sd u c e r  16. P re ssu re  d a ta  are fed in to  th e  m icro p ro 
cessor d a ta  logger and  p r in te d  a t  ce rta in  in te rv a ls . S ignals sen t by 
th e  sa tu ra tio n  d e tec to rs  to  th e  m icroprocessor in d ica te  th e  decreasing 
w a te r  s a tu ra tio n  i.e. an  in c rea s in g  oil sa tu ra tio n  b y  decreasing  
n u m erica l va lues.

T he re liab le  m ain ten an ce  o f  th e  ex p e rim en ta l p ressu re  is en su red  by 
th e  specia lly  designed com pressor u n it .  H igh -p ressu re  d ra in in g  p u m p s  10 tak e  
th e  flu id s  o ff from  th e  system  a t  p rec ise ly  th a t  flow  ra te  q, as th e y  are  in jec ted  
in to  th e  rock  sam ple by  h igh -p ressu re  p u m p s 9. The s tro k e  v o lu m es o f  pum ps 
10 are  eq u a l to  those  o f pum p s 9. Iso la tio n  from  th e  low -pressure  space and 
se p a ra tio n  o f th e  d ischarged  f lu id  sam p les  an d  th e  au to m a tic  f lo w ra te  m easu r
em en t is ensu red  b y  th e  e lec tro m ag n etic  servo  valve  (cross v a lv e ) 2 0 , b y  the  
a p p ro p ria te ly  connected  system  o f check  valves 2 1 , as well as b y  flow  m eter 
an d  se p a ra to r  2 2 .

H av in g  a d ju s te d  th e  in itia l oil s a tu ra tio n , th e  reservo ir m odel is read y  
fo r th e  d isp lacem en t ex p erim en t. T he p rocess essen tia lly  consists  o f in jtc tin g  
a g iven  vo lum e of b rin e  (expressed in  te rm s  o f V p) in to  th e  ro ck  sam p le , while 
th e  m icroprocessor d a ta  logger reco rds th e  follow ing d a ta : 

p ressu re  o f th e  ex p erim en t o u tle t p ressure
in le t pressure 
depression

te m p e ra tu re  o f th e  ex p erim en t, 
tim e  a f te r  s ta r t  (day , h o u r, m in u te ) , 
s a tu ra t io n  d a ta  a t  5 p o in ts  o f th e  core, 
flow  ra te  d a ta , o il-w ater a m o u n t, 
cu m u la tiv e  in jec ted  flu id  v o lu m e, 
n u m b e r o f strokes.

W h en  m odelling  a secondary  reco v ery  p rocess b y  th e  d isp lacem en t ex p e rim en t, 
a f te r  th e  w a te r  d rive  th e  above in je c tio n  o p era tions have  to  b e  ca rried  ou t 
w ith  th e  selected  d isp lacem en t m ed ia , in  a p re -d e te rm in ed  o rd e r an d  w ith  
p re -d e te rm in ed  slug sizes.

F o r  ex p erim en ts  w ith  gas slugs o r d isso lved  gases, th e  m odel eq u ip m en t 
h as  to  be com ple ted  w ith  su p p le m e n ta ry  u n its  28— 35 show n in  F ig . 1. The 
h ig h -p ressu re  equ ilib riu m  cells 29 a n d  30 in  th e rm o s ta t  28 are  u se d  to  a d ju s t 
th e  re q u ire d  gas sa tu ra tio n  o f th e  f lu id  p h ases . T he in d e p e n d e n t h ig h -p ressu re  
f lu id  com presso r consisting  o f u n its  31— 33 a d ju s ts  th e  req u ired  p re ssu re  and  
ensures th e  su itab le  m ix ing  o f th e  f lu id  a n d  gas phases. T he a d ju s tm e n t of 
th e  f lu id -g as  eq u ilib riu m  is perfo rm ed  th e  follow ing w ay : a fte r  re a c h in g  th e  
re q u ire d  p ressu re  o f th e  w a te r, oil an d  gas phases in  cells 29 an d  30, com pres
sor 31 ta k e s  o u t th e  oil or w a te r fro m  th e  low er p a r t  o f th e  e q u ilib riu m  cells 
b y  sw itch ing  th e  valves of th e  s a tu ra t io n  u n it  to  th e  a d e q u a te  p o sitio n . The 
flu id s  are  th e n  p um ped  back  w ith  th e  h ig h -p ressu re  side to  th e  su ita b le  eq u i
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lib r iu m  cell. T he u p p e r cover o f th e  equ ilib rium  cells ensures for th e  in jec ted  
f lu id  to  e n te r  th e  gas space o f  th e  cells in  th e  fo rm  o f fine sp ray . T h u s th e  
e q u ilib r iu m  can  be ach ieved  ex trem e ly  qu ick ly , a p p ro x im a te ly  in  2— 3 h o u rs , 
d ep e n d in g  on  th e  s a tu ra t io n  v a lu e , gas q u a li ty  a n d  flu id  am o u n t an d  on 
p re ssu re  a n d  te m p e ra tu re . S im ila rly , com pressor 31 pum p s th e  phases s a tu 
ra te d  w ith  gas in to  th e  m odel eq u ip m en t, d ire c tly  to  th e  in le t end  o f  th e  rock  
sam p le  o r to  pow er cy linders 12 an d  13. In  th is  l a t t e r  case com pressor 8  in je c ts  
th e  f lu id s  to  th e  rock .

F ig u re  1 shows on ly  th e  m ost im p o r ta n t u n its ,  som e au x ilia ry  too ls an d  
e q u ip m e n ts  have  been  o m itte d  from  the  la y o u t. T h e  d iscussion o f th e  w hole 
e q u ip m e n t w ould be b ey o n d  th e  scope of th is  s tu d y , on ly  th e  m ost im p o r ta n t 
e x p e r im e n ta l u n its  w ill be to u c h e d  upon. T h ey  are

a )  a h ig h -p ressu re  cell w ith  va riab le  le n g th ;
b)  a h igh -p ressu re  fo u r-s tag e  flu id  com presso r, su itab le  for sim u ltan eo u s 

f lu id  d ra in a g e ;
c) a m icroprocessor d a ta -lo g g e r.
B efo re  d iscussing th e  ex p erim en ta l u n its , a few  w ords on th e  m odel 

rock , i.e . on  th e  m ed ium  o f th e  ex p erim en t w ould  b e  in  o rder. Core sam ples o f 
n a tu ra l  ro c k  exceeding 1 2 0  cm  or enab ling  to  com pose th is  len g th  of tw o pieces, 
are  v e ry  ra re  to  o b ta in . Also ap p ro x im a te ly  s im ila r rocks are never av a ilab le  
fo r c o m p a ra tiv e  re p e a te d  ex p erim en ts . I t  seem ed , th ere fo re , reasonab le  to  
d ev e lo p  th e  m an u fa c tu rin g  tech n iq u e  of sy n th e tic , conso lida ted  rock  m odels 
w ith  p a ra m e te rs  (fcu„ Ф, specific  surface) close to  th o se  o f n a tu ra l san d sto n es. 
T he th e rm a l  conso lida tion  m e th o d  of th e  P e tro le u m  R esearch  L a b o ra to ry  o f 
th e  H u n g a r ia n  A cadem y  o f Sciences enables us to  p ro d u ce  rock  m odels even  
w ith  c la y  c o n te n t an d  a d ju s ta b le  w e tta b ility . T he m a in  obstacle  to  seria l ex 
p e r im e n ts  has th u s  been  rem o v ed , even th o u g h  th e  m an u fac tu rin g  o f m odel 
ro ck s  s ti l l  h as  to  be im p ro v ed  b o th  in  q u a n tita tiv e  a n d  q u a lita tiv e  sense.

2.1 High-pressure core holder

M odel ex p erim en ts  a t  h ig h  pressure a n d  h ig h  te m p e ra tu re  req u ire  core 
h o ld e rs  t h a t  enable th e  re sea rch er to  ca rry  o u t m a n y  k in d s  o f m easu rem en t, 
th e y  sh o u ld  n o t he to o  h e a v y  a n d  shou ld  be easy  to  in s ta ll. A p a rt from  m ee tin g  
th e  p re ssu re  an d  te m p e ra tu re  cond itions, th e  d esig n  o f th e  cell m u st allow  fo r 
ro ck  sam p les  of 1 . 2  m  le n g th , i t  also has to  en su re  place for sam ples w ith  
le n g th  d iffe re n t from  th a t ,  u su a lly  sh o rte r b u t  so m etim es g rea te r. T his re q u i
re m e n t co incided  w ith  th o se  o f easy  assem bling . E lec tric  connection  w ires 
also h a d  to  lead  o u t from  th e  h igh-pressure  space a n d  p ressu re  ta p p in g  p laces 
h a d  to  b e  f i t te d  to  th e  e q u ip m e n t. In le t a n d  o u t le t  heads w ere req u ired  to  
a llow  p h a se  p e rm eab ility  m easu rem en ts , a p a r t  fro m  th e  d isp lacem en t e x p e ri
m en ts .
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F igure 2 illu s tra te s  th e  cross-section  o f  a h igh-pressure  core ho lder th a t  
m ee ts these  re q u ire m e n ts . R ock sam ple 6  is b e d d e d  in  sy n th e tic  resin  and  is 
connec ted  to  in le t head  1 th ro u g h  sleeve 7 f i t te d  in to  th e  borehole of th e  in le t 
h ead . F lu id  spaces are  iso la ted  by  0-rings 8 . T h e  in le t end  of th e  core touches 
m ix ing  piece 5 also f i t te d  by  a О-ring g ask e t to  th e  in le t head . 0 -iin g  gaskets 
also  com pensate  fo r th e rm a l d ila ta tio n s  d u iin g  te m p e ra tu re  b u ild -u p . T he in 
le t head  is eq u ip p ed  w ith  pressure  ta p p in g  p o in ts  for th e  m an o m ete r, dep res
sion m eter, for th e  fo llow -up  pressure re g u la to rs  and  for th e  in le ts  o f th e  flu ids 
used  in  th e  ex p e rim en ts . T he m ixing piece is m ade of h ig h -p e rm eab ility  sy n 
th e tic  sand sto n e  or sta in less  steel-sponge. T h e  cell itse lf consists o f sep a ra te  
sections 2 connected  b y  flanges. F ive co n n ec tin g  lin g s  3 ensure p ressu re  tap p in g  
an d  places for th e  e lec tric  connection  leads, th e y  also sim plify  assem bly . The 
cell body  b u ilt  o f sm all u n its  also enables th e  resea rch er to  c o n s tru c t cells of 
un ifo rm  s tre n g th  fo r ro ck  sam ples of v a rio u s  len g th s . T he a n n u la r  space b e 
tw een  th e  cell case an d  th e  sy n th e tic  re s in  co v er of th e  rock  sam ple  is filled  
w ith  oil to  ensure  th e  p ressu re  necessary  on th e  cu rv ed  su rface o f  th e  sam ple 
an d  a un iform  h e a t tra n s fe r . The cell sections a re  o f  d iffe ren t sizes, th e ir  leng th  
reduces to w ard s o u tle t  h ead  4 w hich allow s specia l o b serv a tio n s n e a r th e  ou t-

1 2  3 4

/ /  v  У / / /  У  У  
у  У / У / / /  / /  / /

Fig. 3. Cable outlet for capacity measurement
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le t  e n d  (cap illa ry  end-effect in v e s tig a tio n , m easu rem en t o f local dep ressions 
d u r in g  th e  flow  of v iscous s lugs e tc .). The co n n ec tin g  rings are  f i t te d  w ith  0- 
r in g s  t h a t  p rov ide flex ib le  jo in ts  an d  leak ag e-p ro o f sealing.

T h e  connecting  rin g s a re  eq u ip p ed  w ith  s tu b s  fo r  p ressu re  ta p p in g  p ipes 
a n d  e le c tr ic  cables as i l lu s tr a te d  in  F ig . 3.

O th e r  stubs on th e  c o n n e c tin g  rings ensu re  access for th e  cab les o f  th e  
th e rm o e le m e n t m easuring  cell te m p e ra tu re , fo r  th e  cable o f th e  cell p ressu re  
t r a n s d u c e r  an d  for th e  p ipes a llow ing  fill-up  w ith  oil a n d  co m pensa tion  fo r th e  
d i la ta t io n  due to  p ressu re  b u ild -u p  d u rin g  th e  h ea tin g -u p  period .

A  specia l version o f  in le t  h ead  1 co n ta in s  a pow er cy linder in  i ts  f ro n t 
p a r t  w h ic h  stores 0.1 or 0.2 V p (20— 25 an d  40— 50 cm 3, re spec tive ly ) o f  th e  
d isp la c e m e n t flu id . This so lu tio n  relieves pow er cy linders 12 an d  13 illu s tra te d  
in  F ig . 1 an d  avoids th e  use o f  a n  ou tside  th e rm o s ta t .

2.2 High-pressure f lu id  compressor

O ne of the  m ost im p o r ta n t  u n its  of th e  m odel eq u ip m en t is th e  flu id  
c o m p re sso r  th a t  ensures th e  re q u ire d  p ressu re  fo r th e  ex p erim en t an d  th e  flu id  
in je c t io n  a t  th e  p re -d e te rm in ed  ra te . T he com pressor has to  m eet th e  fo llow ing 
re q u ire m e n ts :

—  s te a d y  flu id  flow  r a te  u n d e r  p ressu res u p  to  30 M Pa;
—  re liab le  step less v a r ia t io n  o f th e  flow  ra te  in  th e  ran g e  o f e x tre m e ly  

sm all values (0.5— 10 cm 3/h );
—  i t  has to  ensure h ig h  in je c tio n  ra te s  (1 0 — 1 0 0  cm 3/h ), w ith  s tep less 

reg u la tio n , as o fte n  re q u ire d  b y  sa tu ra t io n  o p era tio n s;
—  i t  has to  d ra in  f lu id  fro m  th e  ro ck  sam ple  a t  th e  o u tle t en d  a t  th e  

exp erim en ta l p re ssu re  an d  to  p u m p  th e  f lu id  to  th e  se p a ra to r  a fte r  
selecting  th e  sam p le  fro m  th e  h ig h -p ressu re  system .

S ince  flu id  com pressors m ee tin g  these  re q u ire m e n ts  are n o t com m erc ia lly  
a v a ila b le , th e y  have b een  d esigned , developed , a n d  m a n u fa c tu red  b y  th e  
P e tro le u m  E ngineering  R e se a rc h  L a b o ra to ry  o f th e  H u n g a ria n  A cad em y  o f 
S c iences. T he o p era tiona l p rin c ip le  o f th e  f lu id  com pressor used in  th e  e x p e ri
m e n ts  is  illu s tra te d  in  F ig . 4 . O bv iously , v a rio u s  in d u s tr ia l  or la b o ra to ry  co m 
p re sso rs  can  be designed on th e  sam e p rincip le , th is  s tu d y  only  d iscusses th e  
la b o r a to r y  scale e q u ip m e n t b u i l t  fo r th e  p ressu res an d  te m p e ra tu re s  o f  ou r 
e x p e r im e n ts . The h y d rau lic  m o tiv e  flu id  is supp lied  b y  a S u n d s tra n  (Sw eden) 
g e a r p u m p  in sta lled  in  p o in t A  an d  equ ip p ed  w ith  a m ag n etic  va lv e . T h e  m o 
t iv e  f lu id  en ters h y d rau lic  c o n tro l u n it  consisting  o f  m agnetic  v a lv es  9-— 12 
th ro u g h  reg u la tin g  v a lv e  13. L e t  us assum e th a t  th e  p is to n  o f p r im a ry  cy lin d er 
1 m o v e s  to w ard s the  r ig h t-h a n d  side end  p o sitio n  (cf. Lig. 4). V alves 12 an d  10 
a re  n o w  open , from  am o n g  th e  v a lv es  9-— 12. T he low -pressure  (0.6— 1.2 M Pa)
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m o tiv e  f lu id  en ters p r im a ry  cy lin d er 1 b e h in d  th e  p rim ary  p is to n  th ro u g h  
v a lv e  12 a n d  s tu b  7.

T h e  f lu id  in  f ro n t o f  th e  p is to n  o f th e  p r im a ry  cy linder is pu sh ed  th ro u g h  
s tu b  8 to  th e  po in t b e tw een  valves 9 an d  10 o f  w h ich  9 is closed a n d  10 is 
o p en . T h e  flu id  flow s th e re fo re  th ro u g h  pipe В  to  th e  flu id  reservo ir fro m  w here 
i t  e n te r s  th e  suc tion  p ipe  o f th e  gear p u m p . W h ile  th e  p rim ary  p is to n  m oves 
to  th e  r ig h t ,  th e  flu id  in  th e  r ig h t-h a n d  side o f  h igh -p ressu re  cy lin d er 2 flow s 
th r o u g h  a check v alve  to  p ip e  D  w hich, in  tu r n ,  lead s to  th e  in le t h e a d  o f  th e  
m o d e l. T h e  pressure o f  th e  f lu id  leav ing  c y lin d e r 2 corresponds to  th e  ra t io  of 
th e  c ro ss-sec tio n s  o f th e  p r im a ry  an d  se c o n d a ry  (h igh-pressure) p is to n s . I f  
T’j : f  2 =  30, a p rim a ry  p re ssu re  o f 1 M Pa is in c rea sed  to  30 M Pa. M eanw hile  
th e  p is to n  of le ft-h an d  side cy linder 2 m oves to w ard s  th e  suc tion  s tu b  an d  
b e fo re  re a c h in g  th e  r ig h t-h a n d -s id e  end p o sitio n  i t  sucks the  flu id  fro m  p ip e  C. 
A t th i s  d ire c tio n  o f m o tio n , p o sitiv e  p ressu re  is m a in ta in ed  in  th e  r ig h t-h a n d  
side  c y lin d e r  3 and  th e  f lu id  sam ple ta k e n  a t  th e  en d  of th e  m odel in  th e  p re 
v io u s  cycle  is pum ped  to  th e  sep a ra to r. M eanw hile , suction  tak es  p lace  in  th e  
le f t -h a n d  side cy linder 3 a n d  flu id  is d ra in ed  a t  th e  ou tle t end o f th e  m odel. 
T h e  s t ro k e  volum es o f th e  p lu n g ers  in  h ig h -p ressu re  cylinders 2 an d  3 a re  id e n 
t ic a l ,  c o n seq u en tly , cy lin d ers  3 d ra in  flu id  a m o u n ts  equalling  th o se  p u m p e d  
th ro u g h  h igh -p ressu re  side 2. T he e x p e rim e n ta l device can th is  w ay  be  p ro 
te c te d  a g a in s t ex trem e ly  h a rm fu l p ressu re  su rg es , h arm fu l f lu c tu a tio n s  o f  th e  
d e p re ss io n  and  b ack w ard  p ressu re  m o m en ta . W h en  reaching  th e  r ig h t-h a n d  
s id e  e n d  positio n , a sig n a l is se n t from  te rm in a l sw itch  6 to  th e  e lec tro n ic  u n it  
w h ic h  opens valves 9 a n d  11 and  closes v a lv e s  10 and  12 by  s im u ltan eo u s  
c o n tro l  com m ands. A t th e  sam e tim e, a c o n tro l co m m an d  is sen t to  th e  e le c tro 
m a g n e tic  servo  valve as w ell w hich  is th e  m o st im p o r ta n t  m em ber o f th e  d ra in 
in g  s y s te m  (cf. F ig . 1). As a re su lt, th e  d ra in in g  d irec tion  is t ra n s fe r re d  to  
r ig h t - h a n d  side cy lin d er 3. T h e  m otive f lu id  flow s now  in th e  p rim a ry  c irc u it 
th r o u g h  v a lv e  9 to  s tu b  8 a n d  m oves th e  p lu n g e r  o f the  p rim ary  c y lin d e r to  
th e  le f t .  A t th e  le ft-h an d -s id e  end  position  th e  ch an g e  of d irection  is p e rfo rm ed  
b y  te rm in a l  sw itch  5. T a k in g  in to  acco u n t t h a t  th e  gear pum p  in th e  p rim a ry  
c ir c u i t  p u m p s  th e  d r iv in g  f lu id  a t  a s te a d y  ra te  an d  a s tead y  p re ssu re , th e  
c h a n g e  o f  d irec tion  does n o t cause p u lsa tio n  in  th e  secondary  p ressu re , because  
i t  is  p e rfo rm ed  in s ta n tly , w ith o u t acce le ra tin g  a n d  decelerating  sec tions.

A s seen in  Fig. 4, th e  com pressor s im u ltan eo u s ly  opera tes th re e  in d e p e n d 
e n t  f lu id  circu its w hich  a re , how ever, in  a v e ry  s trong  hydrau lic  co n n ec tio n . 
T h e se  c ircu its  a re: th e  low -pressure  p rim a ry  c irc u it , th e  h igh -p ressu re  seco n d 
a ry  c irc u it  and  th e  h ig h -p ressu re  d ra in in g  c irc u it  a t th e  o u tle t en d . I f  th e  
p o w er cy lin d er of th e  seco n d a ry  c ircu it is in  a c tio n , th e  exp erim en ta l flu id  flow s 
in  th e  fo u r th  c ircu it se p a ra te d  even from  th e  seco n d ary  circu it. T hese  s e p a ra 
tio n  p o ssib ilities  re n d e r  th e  w hole system  e x tre m e ly  versa tile , w h ich  is b e n e 
fic ia l f i r s t  o f all, w hen aggressive  flu id s an d  gases a re  applied  in  th e  e x p e rim en ts .
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O ne o f th e  m ain  a d v an tag es  of th is  co m presso r ty p e  is its  low en e rg y  consum p
tio n . T he au to m a tic  flu id  com pressors ap p lied  p resen tly  are  ca p a b le  o f  p ro 
d u c in g  100 M Pa fin a l p ressu re  w ith  120 YA d riv ing  power.

3. M icroprocessor-based p ro g ram m ed  data-logging  system

As in d ica ted  in  th e  p rev ious d iscussions, a g rea t nu m b er o f  p h y s ica l p a ram 
e te rs  h av e  to  be m easu red  an d  s to red  d u rin g  th e  experim en ts w ith  th e  long- 
core m odel eq u ip m en t. These d a ta  are  e ssen tia l in  ev a lu a tin g  th e  ex p erim en ts , 
th u s  a d a ta  logger w as req u ired  to  m ee t th e  dem ands. In  v iew  o f  th e  p a ra m e 
te rs  to  be m easu red  and  th e  m e asu rem en t ta sk s  i t  was obv ious t h a t  th e  com 
m erc ia lly  availab le  devices are expensive  an d  can n o t be used w ith o u t m odifi
ca tio n s.

T he long-core m odel e x p e rim e n t can  be  regarded  as a m easu rem en t 
sy s tem  o f m edium  com p lex ity , th e re fo re  i t  w as decided to  deve lop  an d  m a n u 
fa c tu re  a d a ta  logger specially  designed  fo r our exp erim en ta l p u rp o ses . An 
e s tim a tio n  o f th e  req u irem en ts  (co m m u n ica tio n  w ith  th e  sy s te m , collecting  
th e  m easu red  d a ta , perfo rm ing  ca lcu la tio n s , p rov id ing  v a rio u s  signals and 
co m m an d s and  record ing  th e  re su lts) show ed th a t  the  ta sk  can  be  sa tis fac to rily  
so lved  b y  a m icroprocessor (p P )  device. T he developm ent o f th e  d a ta  logger 
w as b ased  on th e  IN T E L  8080 ц Р  fam ily  bein g  v e ry  p o p u la r in  /iP -te c h n iq u e . 
T he c irc u it reserves and  easy  p ro g ra m m a b ility  of th is sy stem  allow s fo r the 
fu r th e r  dev e lo p m en t an d  ex ten s io n  o f  th e  d a ta  logger accord ing  to  th e  accu
m u la te d  ex p e rim en ta l re su lts .

T h e  d a ta  logger is a p u rp o se -o rien ted  device of sim ple c o n s tru c tio n  and 
easy  accessib ility . I ts  o p e ra tio n  does n o t need  special skills an d  know ledge  in  
d ig ita l m easu rem en t an d  ц Р  te ch n iq u es . C onstruc tion  an d  o p e ra tio n  o f  th e  
d a ta  logger and  experiences acq u ired  d u rin g  its  app lica tion  w ill b e  d iscussed 
in  th e  follow ing section .

3.1 Measurement technique

As seen from  th e  o p e ra tio n a l p rin c ip les  o f  th e  m odel e q u ip m e n t i llu s tra te d  
in  F ig . 1, th e  follow ing physica l p a ra m e te rs  are  m easured :

P i
P 2

P  3
Ap
P 15 T 2, T 3

in le t p ressu re  (p ressure tra n sd u c e r) , 
o u tle t p ressu re  (p ressure  tra n sd u c e r) ,
p ressu re  in  th e  a n n u la r  space o f  th e  cell (pressure tra n s d u c e r ) , 
pressure d rop  along th e  rock  sam p le  (pressure tra n sd u c e r) , 
te m p e ra tu re  va lu es  (sensor A D  590),
sa tu ra tio n  va lu es  m easu red  th ro u g h  capacity  m ea su re m e n t,
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— 4inj to ta l  in je c te d  a m o u n t of fluid d e te rm in e d  b y  counting  com pressor
strokes,

qa a n d  qw flow  ra te s  (d e te rm in e d  by  flow m e a su re m e n t ce an d  c7).

T h e  electric  signals o f  th e  pressure an d  d iffe re n tia l p ressure tra n sd u c e rs  
a re  fed  th ro u g h  a s ta n d a rd  c u t-o ff  resistance to  th e  d a ta  logger. T he o u tle ts  
o f th e  te m p e ra tu re  senso rs h a v e  a sen sitiv ity  o f  1 p A /K . The signals a t  th is  
o u tle ts  a re  c u t off b y  v e ry  a c c u ra te  resistances a n d  c o n v e rte d  in to  signal changes 
o f  1 mV/К  and  are  fed  in to  th e  in p u t m u ltip le x e r . T he schem atic  la y o u ts  
o f th e  analogue in p u t c h a n n e l selector and  th e  A /D  co n v e rte r are il lu s tra te d  
in  F ig . 5.

T h e  signals o f th e  senso rs an d  tra n sd u c e rs  a re  fo rw arded  th ro u g h  th e  
tw o -p o in t analogue m u ltip le x e r  an d  buffer a m p lif ie r  to  th e  A/D c o n v e rte r  
w hose o u tle t  is co n n ec ted  to  th e  pP -system .

C o n tro l signals fo r  th e  m u ltip lexer an d  fo r  th e  A /D  converter are  also 
su p p lie d  b y  th e  p P -sy s te m . A  th ree -p o in t d ry  R eed  re la y  w as used as an  a n a 
logue m u ltip lex e r, th e  A /D  is a n  ADC 1100 ty p e , 1 1 -b it A /D  converter o f A nalog  
D ev ices.

T h e  g rea tes t te c h n ic a l p ro b lem  in  c a p a c ity  m easu rem en t was th e  fu lly  
in d e p e n d e n t m easu rem en t o f  th e  discrete c a p a c ity  v a lu es . This p rob lem  has

Fig. 5. Analogue input channel selector and A/D converter

X
T ------------------

C *
X
TL-----------------

AMUX
mea- < £ ü ç d > AJ Psuring

rrieas- system

X __ urement
T  _ ____

i

*  s ta r t

AMUX оcоо

F ig . 6. Connection of capacity measuring points
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b een  solved by  a m easu ring  p o in t se lec to r using  a tw o -po in t R e e d  re la y  w hich 
en ab led  th e  analogue m u ltip lex e r ca rd  an d  th e  cap ac ity  m easu rin g  p o in t se
le c to r  ca rd  to  h av e  id en tica l c o n s tru c tio n  p ro v id in g  co n siderab le  ad v an tag es  
fo r th e  whole system .

T he cap ac ity  m easu rem en t w as red u ced  to  tim e  m easu rem en t. T he o u tle t 
pulse w id th  o f a m o nostab le  m u ltiv ib ra to r  (MMV) w ith  a good  te m p e ra tu re  
coeffic ien t is m easured  b y  a q u a rtz -s ta b iliz ed  h igh -frequency  sig n a l, th e  signal 
is led  to  a co u n te r c ircu it, and  d isc re te  va lu es  being  p ro p o rtio n a l to  th e  capac
i ty  va lu es  connected  to  th e  in p u t to  th e  ММУ, are fo rw arded  to  th e  p P -un it
(F ig . 6 ).

3.2 Digital signal processing unit (p P  system)

3.21 Hardware

T he d ig ita l signal p rocessing  u n it  has th e  follow ing fu n c tio n s :
—  receiv ing  th e  d ig ita l v a lu es  o f  th e  in p u t  p a ram e te rs ;
—  a d a p tin g  th e  analogue in p u t signals to  th e  ac tu a l p h y s ica l p a ram e te rs  

(p a ram etriz in g ) ;
—  p ro v id in g  m easu rem en t tim e  d u rin g  th e  m odel e x p e rim e n t;
—  com m unica tion  w ith  a special co n tro l u n it;
—  com paring  th e  m easu red  p a ra m e te rs  to  th e  co rresp o n d in g  m axim a 

and  m in im a an d  p ro v id in g  a la rm  signal (correction  co m m an d );
—  au to m a tic  self-contro l po ssib ility .
T he p P -system  has been  c o n s tru c te d  accord ing  to  th e  la y o u t  o f  F ig . 7 

u sing  an  IN T E L  8080 C PU  and  th e  a p p ro p r ia te  c ircu its.
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9
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3

R U N

T IM E

•
P R IN T

T IM E

P A P E R

N O R M

T R A C E

S T E P

Fig . 8. Layout of the KEYBOARD. PAPER =  paper forwarding; NORM =  normal program 
running; TRACE =  waiting for the NORM or STEP programs; STEP =  step by step program 
execution; DATA IN =  setting minima and maxima; END OF DATA =  end of minima and 
maxima; DISPLAY =  determining the measuring point to be displayed; CLEAR DISPL =  
clearing the value on the display; STOP =  stopping the program; RUN =  running the pro
gram; TIME—= entering correct time; PRINT TIME =  setting the printing interval; PRINT =  

entering measuring points for the measurement

T h e  address an d  d a ta  su p p lied  b y  th e  C P U  u n i t ,  an d  th e  co n tro l signals 
p ro v id e d  b y  the  system  co n tro lle r , are fo rw ard ed  to  th e  m em ory  an d  to  th e  
p a ra lle l  in te rface . T he A /D  c o n v e rte r  and th e  d ig ita l c a p ac ity  m eter are  con
n e c te d  to  th e  in p u t of th e  p a ra lle l in te rface  I  8255. T h e  d ig ita l tim e r coun ts 
th e  1 -m in u te  tim e base fro m  th e  signal of a q u a rtz -s ta b iliz e d  oscillator. I f  th e  
tim e  b a se  reaches th e  IN T E R R U P T  of the  C P U , i ts  o p e ra tio n  is in te rru p te d . 
T h e  IN T E R R U P T  ro u tin e  en su res  th a t  the  a c tu a l tim e  is u p d a te d  b y  rep ea ted  
a d d itio n s  to  th e  co rrec t in i t ia l  tim e  a d ju s ted  a t  th e  b eg in n in g  of th e  m easu re
m e n t. R ecause  of th e  r e la tiv e ly  long tim e (20 — 40 d ay s) an d  th e  c h a ra c te r  of 
th e  m easu rem en t, a o n e -m in u te  accuracy  suffices. A  special easy -to -h an d le  
K E Y R O A R D  was designed  fo r com m unica tion  p u rp o ses  w ith  th e  system . 
S e rv ic in g  o f  th e  K E Y B O A R D  b u ilt o f 4 x 7  m a tr ix  p u sh  b u tto n s  is p erfo rm ed  
b y  th e  f iP  sy stem  th ro u g h  th e  in te rface  c ircu it. T he la y o u t o f th e  K E Y R O A R D  
is sh o w n  in  Fig. 8 .

T h e  d a ta  en te red  on  th e  K E Y B O A R D  also a p p e a r  on a 6 -d ig it d isp lay . 
T h e  d isp la y  is b u ilt o f 7 -seg m en t L E D s and  is co n tro lled  b y  th e  in te rface  c ir
c u it . T h e  p r in te r  is co n tro lled  and  o p era ted  b y  th e  d ig ita l signal processing  
u n i t .  T h e  p r in te r  co n tro lle r, se p a ra te d  o p to e lec tro n ica lly , is also co nnec ted  to  
th e  in te r fa c e  circu it. P r in t in g  o p e ra tio n  is p e rfo rm ed  in  th e  following cases:

-— a t  p re -se t tim es;
—  i f  th e  d ifference b e tw een  th e  m easu red  c a p a c ity  value an d  th a t  

m easured  in  th e  p rev io u s  s tep  exceeds J z l 0 %  (accelera ted  processes 
shou ld  he in v e s tig a te d  in  m ore de ta ils); 
i f  some p re-se t m in im a  or m ax im a are  ex ceeded .

In  th e  l a t te r  case p r in tin g  is  perfo rm ed  w ith  a d is tin c tiv e  colour (red ). An 
e x a m p le  fo r th e  p r in to u t  is :
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18 19 . 87 (M Pa)

n u m b e r o f m easured
m easu rin g  va lu e
p o in t

T h e  A LA RM  u n it  p roduces a w arn in g  signal (correction  co m m an d ) if  any  of 
th e  p re -se t m ax im a  or m in im a has b een  exceeded . A sc h em a tic  v iew  of the 
u n it  is il lu s tra te d  in  F ig . 9. In  case o f  an  ALA RM  signal th e  o u tle t  o f the 
in te rface  c ircu it p roduces th e  d ig ita l signals. U sing th e  fo u r m o s t sign ifican t 
b its  of th e  10-b it d ig ita l-an a lo g u e  co n v e rte r  (DAC 371— 10) fo u r  d iffe ren t levels 
o f  analogue v o ltag e  are o b ta in ed . T he v o lta g e  values o f th e  D A C a re  led  to  the 
v o ltag e -freq u en cy  co n v e rte r  H U F  03 an d  signals o f v a rio u s  p itc h e s  are p ro 
duced . T he lo u d sp eak er is o p e ra ted  th ro u g h  a d riv in g -am p lifie r a n d  gives a 
w ell p ercep tib le  A L A R M  signal.

The d ig ita l signal p rocessing  u n it, th e  A /D  u n it and  th e  c a p a c ity  m easure
m e n t u n it  w ith  th e  o u tle t  m u ltip lex ers , an d  th e  p rin te r  w ith  th e  IN T E R F A C E  
are  m a n u fac tu red  as a s ta n d a rd  K O N T A S E T  system  o f ca rd s . T h e  system  is 
com posed o f th e  follow ing p lug-in  ca rd s:

1. CPU  card
2 . M em ory card
3. F o u r A M U X  card s (each 8  A M U X )
4. A/D co n v e rte r  card
5. C ap ac ity  m easu rem en t card
6 . A LA R M  card
7. T IM E R  card
8 . P r in te r  in te rface  card
9. Pow er su p p ly  card

In  v iew  o f fu tu re  en la rg em en ts , free ca rd  p laces have been le f t in  th e  in s tru m e n t 
bo x .

F ig . 9. Schematic layout of the ALARM unit
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3.22 Software

T h e  contro l p ro g ram  o f  th e  d a ta  logger h a s  been  sto red  in  th re e  
1 -k b y te  E PR O M s (IN T E L  2708). 512 by te  RAM  ( IN T E L  2111) is used fo r te m 
p o ra ry  d a ta  storage d u rin g  m easu rem en ts . T he le n g th  o f  th e  p rog ram  is on ly  
a p p ro x im a te ly  1.8 k b y te  th u s  th e  system  can  be f u r th e r  ex tended . T he p ro 
g ra m  c a n  be fu nc tiona lly  d iv id e d  in to  four m ain  p a r ts :

a)  m a s te r  p rogram : c o n tro ls  th e  execution  o f  th e  p ro g ra m m e d  m easu rem en t
a lg o rith m  and  th e  co m m u n ic a tio n  w ith  th e  u se r;

b)  K E Y B O A R D  (d isp lay) p r in t in g  m odule: c o n ta in s  th e  su b rou tines se rv in g
th e  K E Y B O A R D , d is p la y  an d  p rin te r;

c)  m e a su re m e n t m odule: c o n ta in s  th e  su b ro u tin es  s e rv in g  th e  cap ac ity  m e te r ,
A /D  converter, a n d  A L A R M  signal and  th e  p ro c e d u re  serv icing  th e  in te r 
ru p tio n s  of th e  h a rd w a re  tim er;

d)  u t i l i ty  m odule: c o n ta in s  th e  u tilities  serv in g  th e  th re e  prev ious groups.

K E Y B O A R D  functions. T h e  u se r  com m unicates w ith  th e  ru n n in g  p ro g ra m  
th ro u g h  the  k e y b o a rd . T h e  following fu n c tio n s  h a v e  been  defined  ta k in g  
in to  accoun t th e  p o ss ib ilitie s  of th e  K E Y B O A R D :

a)  ru n n in g  (NORM AL or S T E P ) :  enables th e  o p e ra to r  to  ru n  th e  p ro g ram
n o rm a lly  or step  b y  s te p ;  th e  step  by  step  o p e ra tio n  is used for a d ju s tin g  
th e  in itia l p a ra m e te rs  (p ressu re , te m p e ra tu re ) ;  th u s  th e  u n n ecessary  
p r in tin g  during  ra p id  ch an g es  can be av o id ed ;

b)  t im in g  (TIM E): th e  a c c u ra te  tim e  can be e n te re d  in to  th e  p rog ram  an d  can
b e  d isp layed ; since th e  e x p e rim e n ts  tak e  lo n g  t im e , d ay , ho u r an d  m in u te  
h a v e  to  be defined ;

c)  p r in t in g  in te rv a l (P R IN T  T IM E ): defines th e  tim e  la p se  betw een  tw o p r in t 
in g s  (1— 99 m in). G e n e ra lly  slow processes a re  in v e s tig a te d  by  th e  e x p e ri
m e n ts , therefore a  m o re  f re q u e n t p rin tin g  is n o t  necessary . H ow ever, i f  
th e  lim its  are exceeded  o r  th e  capac ity  a b ru p tly  ch an g es b y  1 0 %  or m ore, 
th e  se t tim e in te rv a l  is  overdefined  an d  im m e d ia te  p rin tin g  b eg ins;

d )  se le c tin g  m easuring p o in t  (P R IN T ): th e  n u m b e r  o f  th e  m easuring  p o in t
to  be  activ ized  can  be  se lec ted . The h a rd w are  a llow s th e  m easu rem en t in  
32 m easuring  p o in ts ; a l l  th is  possib ility  is, h o w ev e r, n o t exp lo ited  in  o u r 
c u r re n t  m easu rem en ts . T o  ensure sim ple p ro g ra m  co n stru c tio n , th e  m eas
u r in g  poin ts have  b e e n  g ro u p ed  as follow s:

1— 16 capac ity  ( s a tu ra t io n ,  flow ra te )
17— 20 pressure
25 to ta l in je c te d  f lu id  (num ber o f s tro k es)
O n ly  m easuring p o in ts  d efin ed  th is  w ay  a re  u se d  d u rin g  ru n n in g  th e  
p ro g ram .
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e) d e fin in g  d isp lay  (D IS P L A Y ): th e  m easu ring  p o in t to  be d isp lay ed  can be
defined . T he va lu es  m easu red  in  th e  selected  m easu rin g  p o in t can  be 
co n tin u o u sly  d isp lay ed  on th e  6 -d ig it d isp lay , th e  f ir s t  tw o  d ig its  showing 
th e  n u m b er o f th e  m easu rin g  p o in t an d  th e  3 rd — 6 th  ones th e  m easured 
v alues. I f  no m easu rin g  p o in t is selected  th e  p ro g ram  d isp lay s  th e  runn ing  
tim e .

f )  s e tt in g  lim its (D A TA  IN ): low er an d  u p p e r lim its  can  be  e n te re d  to  the
p ro g ram , if  th e y  a re  exceeded , an  A L A R M  signal is o b ta in e d . S ix  4-digit 
decim al in tegers can  be  defined , th e  f ir s t  p a ir  define  th e  m in im u m  and 
m ax im um  for th e  c a p a c ity , th e  second p a ir  fo r th e  p re ssu re , an d  the 
th r id  pa ir fo r th e  te m p e ra tu re . I f  th e y  are exceeded  or a n  ex trem e 
v a lu e  is m easu red , im m ed ia te  p rin tin g  an d  A LA R M  sig n a l follow s.

g)  s to p  p rog ram  (ST O P): susp en d  th e  ru n n in g  o f th e  p ro g ram . T h e re a f te r  the
o p era tio n a l m e th o d  can  be re-defined  or th e  a c tu a l p a ra m e te rs  m odified. 
T h e  p rog ram  o n ly  s to p s  w hen  p ressing  th e  ST O P b o tto n  i f  th e  running  
m easu rem en t cycle h as  been  com pleted .

h)  s ta r t  p rogram  (R U N ): r e - s ta r t  a s to p p ed  p ro g ram .

i )  c lea r d isp lay  (C L E A R  D IS P ): d a ta  on th e  d isp lay  are  c lea red  b y  th is  func
tio n , used d u rin g  d a ta  in p u t. Since th e  d a ta  are also d isp lay ed , incorrect 
d a ta  can be c leared  an d  co rrec t ones en te red .

j )  fo rw ard ing  th e  p a p e r  (P A P E R ): th e  p ap e r o f th e  p r in te r  c a n  be  m anually
fo rw arded . T he co m m an d  is only  fu n c tio n a l if  th e  p ro g ra m  is n o t  runn ing ; 
w ith in  a p ro g ram  th e  p a p e r is con tro lled  b y  p rin tin g  in s tru c tio n s .

Testing

W h en  s ta r tin g  a p ro g ra m , th e  h ard w are  is checked b y  th e  follow ing tests:
—  D IS P L A Y  te s t :  checks th e  d isp lay  d ig its b y  d isp lay in g  ru n n in g  8  

ch a rac te rs ;
—  P R IN T E R  te s t :  checks th e  p r in te r  b y  p rin tin g  9999 fo r m easuring 

p o in t 1 ;
—  analogue M U L T IP L E X E R  te s t :  selects each  m easu rin g  p o in t once 

on th e  analogue m u ltip lex e r ca rd s  (successful se lec tions a re  ind ica ted  
b y  flash in g  L E D s);

—  acoustic  A L A R M  te s t :  sounds w arn in g  signals in  th e  A L A R M  un it 
co rrespond ing  to  each  o u tp u t b i t  co m b in a tio n .

Measurement

T h e m easu ring  p o in ts  a re  cyclically  sam pled  d u rin g  th e  ex p e rim en t. An 
an a lo g u e  m u ltip lex in g  w ith  a R eed re lay  in  th e  f ir s t  s tep , th is  precedes the  
s ta r t in g  of th e  c a p a c ity  m e te r  an d  th e  A /D  co n v e rte r  (ADC 1100) m easuring 
p ressu re  and te m p e ra tu re . A fte r sw itch ing  th e  R eed  re lay s th e  p ro g ram  com-
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Fig. 10a .  Flow chart of the master program

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



OIL RECOVERY PROCESS 435

(return to the beginning of a  new 
m easurem ent cycle]

F ig . 10b

m an d s to  s ta r t  th e  A /D  conversion  or c a p a c ity  m easu rem en t. A fte r  th e  execu
tio n  of conversion , d a ta  en te rin g  com m ences: c ap ac ity  va lu es  in  4 BCD ch ar
ac te rs , th e  o u tp u t  o f  A /D  conversion  in  11 b its  b in a ry  fo rm  co n v e rte d  la te r  
in to  4 BCD c h a ra c te rs  b y  th e  p ro g ram . T he resu ltin g  d a ta  are  co m p ared  w ith  
th e  low er and  u p p e r lim its . I f  th e  lim its  are  exceeded, th e  m easu red  values are 
p r in te d  o u t in red  an d  an  acoustic  A L A R M  signal is given.

The flow' c h a r t  o f  th e  m aste r p ro g ram  is illu s tra ted  in  F igs. 10a, 10b and
1 0 c.
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[return to the beginning 
of a  new TRACE cycle]

Fig. 10c
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DETERMINATION OF THE DEGREE OF CRUDE OIL 
METAMORPHISM WITH APPLICATION TO PROSPECTING

PURPOSES

J. TÓTH—MRS. M1LLEY TÓTH MRS. LAKATOS J. SZABÓ
PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

Degree of m etam orphism  was determ ined for crude oils from the P annonian basin  and 
from Paleogene reservoirs in Northern H ungary. T he degree of m etam orphism  has show n, in 
contradistinction w ith previous opinions, no direct correlation with the age o f the oil or the 
source rock. The determ ination o f this correlation w ould require a knowledge o f the geotherm al 
conditions and detailed investigations into the hydrogenation of crude oils. У -values can  only  
be used directly for a relative correlation that allow s conclusions on the vertical len g th  of oil 
m igration.

Symbols
aj constant in Eq. (3)
a j  constant in Eq. (4)
ay constant in Eq. (5)
A  constant in Eqs (6) and (7)
bf constant in Eq. (3)
b y  constant in  Eq. (4)
by constant in Eq. (5)
II constant in Eqs (6) and (8)
mj depth of form ation
mr depth of the reservoir
Af ratio o f the form ation and reservoir depths 
X  content o f arom atic carbon atom s, m ass %
У saturated hydrocarbon content, m ass %

T he long-range aim  o f g enetica l an a ly ses  is to  help h y d ro ca rb o n  p ro sp e c t
ing  an d  to  answ er som e basic  questio n s. A t th e  p resen t s ta te  o f a r t  th e  m ost 
im p o r ta n t q u estio n  genetica l analyses h a v e  to  answ er: w h a t is th e  age o f  th e  
source rock  th e  c rude  oil in  the  in v e s tig a te d  a rea  orig inates from  ? T h is  is a 
com plex , in te rd isc ip lin a ry  prob lem  th a t  ch allenges b o th  th e  geo log ist a n d  the  
ch em ist. G enetical analyses o f chem ical c h a ra c te r  s tu d y  th e  basic  re a c tio n s  in 
the  fo rm a tio n  o f c rude  oils and d e te rm in e  th e  degree of m e ta m o rp h ism . To 
ju s t ify  th e  la t te r  ta sk , reca ll th a t  th e  deg ree  o f  m etam orph ism  o f  th e  crude 
oil is p ro b ab ly  connec ted  wdth th e  age o f th e  source rock even if  on ly  in d ire c tly . 
T he c la rifica tio n  o f these  connections b y  chem ica l m ethods and  som e co n c lu 
sions m ade on th e  basis o f  ex p erim en ta l re su lts  w ill be rep o rted  in  w h a t follows.
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D ete rm in a tio n  o f  th e  degree of m e tam o rp h ism  of crude oils

T h e  degree o f c ru d e  oil m e tam orph ism  h as  to  be defined  w ith  p a ra m e te rs
th a t

a)  are in  c o n n e c tio n  w ith  syngenetic  p ro p e r tie s  of th e  crude oil i.e . th e y  
h a v e  developed  in  th e  source  rock  d u rin g  genesis an d  have no t u n d e rg o n e  
a n y  m a jo r  fu r th e r  ch an g e  d u rin g  m ig ra tio n , a c c u m u la tio n  and  s to rage ,

b)  are derived  fro m  com m on p ro p e rtie s  o r  com ponen ts of cru d e  oils. 
T hese tw o c o n d itio n s  a re  m et w ith  good a p p ro x im a tio n  in  the  K isie low —

M arzec (1969) m e th o d  w h ere  th e  m ass %  o f s a tu ra te d  hy d ro carb o n s У  a n d  
a ro m a tic  carbon  a to m s X  a re  de te rm ined  in  th e  a sp h a lt- , resin- and  p a ra ff in -  
free  f ra c tio n  (called “ o il” ) o f  th e  200 °C d e s t in a tio n  residue of crude oils. T h e  
schem e o f analysis is i l lu s tra te d  in  Fig. 1.

Fig. 1. Scheme of determ ination  of the degree o f  m etam orphism  (Y )  of crude oils

T h e au th o rs  h a v e  p ro v e d  w ith  e x p e rim e n ta l te s ts  and  theo re tica l co n sid e r
a tio n s  th a t  th e re  is an  u n am b ig u o u s  co rre la tio n  b e tw een  th e  У- and X -v a lu e s . 
O n th e  basis of an  a n a ly s is  o f  99 crude oils f ro m  th e  C arp a th ian  F o re lan d  th e  
re la tio n sh ip

У = — 2 . 2 5 X +  105 ( 1 )

w as fo u n d  fo r X -  an d  У -v a lu es  w ith  a c o rre la tio n  coefficien t o f 0.885.
A  th eo re tica l in te rp re ta t io n  to  th is em p irica l re la tio n sh ip  has also b een  

fo u n d , see F ig . 2. All possib le  chem ical reac tio n s  a n d  em pirical d a ta  co n cern in g  
m etam o rp h ism  are p lo tte d  in  а У — X  co o rd in a te  sy stem . The d iagram  show s
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Fig. 2. Theoretically possible chem ical reactions in m etam orphism  according to K isie low  and 
Marzec (1969) 1. Intram olecular disproportionation, 2. Intermolecular d isproportionation , 

3. H ydrogenation, 4. Measured lin e, 5. Cleavage reactions

th a t  th e  ex p e rim en ta lly  de te rm in ed  line 4 c a n  be  com posed as a s u ita b le  com 
b in a tio n  o f  reac tio n s  1, 2, 3 an d  5.

K isielow  an d  M arzec, how ever, c o n v in c in g ly  proved w ith  N M R , IR  and  
UY m easu rem en ts  th a t  reac tio n s 1 and  2 d id  n o t  ta k e  place. The m a in  re a c tio n  
o f  m e tam o rp h ism  is h y d ro g en a tio n  3, w ith  a  m in o r co n trib u tio n  o f  c leavage 
processes 5. E x p e rim e n ta l d a ta  also p ro v ed  t h a t  oils w ith  Y -values o f  50— 57 
o rig in a ted  from  E ocene an d  Oligocène re se rv o irs  -while those w ith  71— 78 cam e 
from  o lder, M esozoic fo rm atio n s.

T he abo v e-m en tio n ed  au th o rs  d raw  tw o  im p o r ta n t conclusions:
a)  T he  Y -va lue  can  be regarded  as a p a ra m e te r  charac teriz ing  th e  degree 

o f  m e tam o rp h ism  of crude  oils;
b)  T h e  Y -value  can  be b ro u g h t in to  d ire c t correlation  w ith  th e  age of 

c rude  oils.
Tw o basic  q u estions arise from  th ese  im p o r ta n t  s ta tem en ts .
a)  A re th e  p a ra m e te rs  o f th e  K isielow — M arzec line, i.e. th e  s lo p e  — 2.25 

an d  in te rc e p t + 1 0 5  o f general v a lid ity  or i f  n o t ,  how  sign ifican t d e v ia tio n s  m ay  
occur an d  w h a t is th e ir  rea so n ?

b)  Is  i t  possible to  de te rm ine  a c o rre la tio n  betw een  the Y -v a lu e  a n d  th e  
age o f c rude  oils from  geological cond itions o th e r  th a n  those of th e  C a rp a th ia n  
F o re lan d  ?

9 A cta  Geodaetica, G eophysica  et M ontanistica  Acad. S e i. H u n g . 17 , 1982



4 4 0 J . TÓTH et al.

C om parison of th e  Y -v a lu e s

T o answ er th e  a b o v e  questions, У- a n d  N -v a lu e s  of 37 c rude  oils w ere 
d e te rm in e d  and  i t  h as  b een  found  th a t  th e y  f i t  to  th e  line

У  =  — 1.76X +  94 .35  (2)

w ith  a  co rre la tio n  co e ffic ien t 0.914 (Fig. 3). F ig u re s  a t  th e  m easu rem en t p o in ts  
in d ic a te  serial n u m b ers  o f  th e  crude oils in v e s tig a te d . Oil sam ples w ere  ta k e n  
fro m  th e  P a n n o n ia n  b a s in , e a s t  of river T isza a n d  th e  Paleogene basin  in  N o r th 
e rn  H u n g a ry .

F ig u re  3 allow s to  d ra w  th e  following conc lusions.
a)  C rude oils o f H u n g a ry  in v estig a ted  so f a r  can  be classified so m e w h a t 

a rb i t r a r i ly  b u t  fa irly  d is tin c tly , in to  th ree  g ro u p s  o f  m etam orph ism :
I . low  degree o f  m etam o rp h ism  w ith  У  =  50— 62,

I I .  m edium  degree  o f  m etam orph ism  w ith  У  =  65— 72,
I I I .  h igh degree o f  m etam orph ism  w ith  У  =  73— 80.

F ig . 3. Relationship Y — X  for H ungarian crude oils and crude oil groups according to  their
degrees o f m etam orphism
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Fig' 4. Comparison of the degree of m etam orphism  o f Paleogene-Plio-M iocene crude oils from  
H ungary and Paleogene-M esozoic crude oils from the Carpathian Foreland

b)  M ost crude oils w ith  low  degree o f  m etam orph ism  o rig in a te  fro m  rese r
vo irs  o f  th e  n o rth e rn  Paleogene b a s in  w ith  an  average d e p th  o f 1280 m .

c) T he m a jo rity  of c rude  oils belong ing  to  groups I I .  an d  I I I .  are  from  
y o u n g  P liocene (Low er P an n o n ian ) an d  M iocene reservo irs. W ith  increasing  
Y -v a lu e  th e  reserv o ir d e p th  in creases . In  g roup  I I .  th e  average  d e p th  is 1639 m 
w hile i t  am o u n ts  to  2310 m in  g ro u p  I I I .

To in te rp rè te  these  d a ta , th e  K isielow — M arzec line (1) w as com pared  
w ith  t h a t  o f Paleogene and  P lio-M iocene c rude  oils in  H u n g a ry  (2). T h is com 
p a riso n  is illu s tra te d  in  F ig . 4 w here  b o th  th e  sim ilarities an d  d ifferences be
tw een  th e  tw o  lines can  be easily  o b se rv ed . F o r Y -values less th a n  60— 65 i.e. 
fo r oils o f  low  degree o f  m e tam o rp h ism , th e  tw o re la tio n sh ip s  p ra c tic a lly  coin
cide. In  th e  range of h igh degree o f  m e tam o rp h ism  how ever, th e re  is a co n sid er
ab le d ifference betw een  th e  tw o lines, viz. th e  line rep resen tin g  c ru d e  oils from  
H u n g a ry  ru n n in g  som ew hat below  t h a t  o f crudes from  th e  C a rp a th ia n  F o re lan d .

T h is d ifference does n o t c o n tra d ic t  to  th e  s ta te m e n t th a t  th e  degree of 
m e tam o rp h ism  o f Plio-M iocene c ru d e  oils from  H u n g ary  p ra c tic a lly  equals
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t h a t  o f  M esozoic oils fro m  th e  C arp a th ian  F o re la n d . W ith  o th e r w ords: fo r oils 
f ro m  th e  C arp a th ian  F o re la n d  th e  age of th e  re se rv o ir  rock  increases w ith  in 
c re a s in g  Y -values a long  line  (1) w hile for H u n g a r ia n  c rude  oils th e re  is an  in 
v e rse  re la tio n . F ro m  o u r consid era tio n s an d  fro m  F ig s  3 and  4 th e  follow ing 
co n c lusions can be d raw n .

1. H y d ro g en a tio n  a n d  cleavage reac tio n s w ere  th e  p rincipal fac to rs  o f 
m e ta m o rp h ism  for a ll c ru d e  oils in v es tig a ted  a n d  th e  ra tio  of these  reac tio n s 
d e te rm in e d  th e  p a ra m e te rs  o f  th e  У — X  line .

2. T he d ifference b e tw een  Paleogene-— M esozoic oils from  the  C a rp a th ian  
F o re la n d  an d  the  Paleogene-P lio-M iocene oils fro m  H u n g a ry  is th a t  hy d ro g en a 
t io n  reac tio n s  p lay ed  a m ore  d o m in an t ro le d u rin g  th e  m e tam orph ism  o f th e  
l a t t e r  ones. This is i l lu s tr a te d  in  th e  d iagram  b y  th e  som ew hat g rea te r slope of 
line  (2) ru n n in g  m ore closely  to  th e  pure h y d ro g e n a tio n  curve (see Fig. 2).

3. C om parison o f  th e  degree of m e ta m o rp h ism  o f crude oils from  th e  
C a rp a th ia n  F o rtla n d  a n d  H u n g a ry  suggest th a t  the Y  values cannot be brought 
into direct correlation with the age o f  crude oils. T h is s ta te m e n t follows from  th e  
a p p ro x im a te ly  equal deg rees of m e tam o rp h ism  o f th e  Mesozoic oils from  th e  
C a rp a th ia n  F o re land  a n d  o f  th e  Plio-M iocene c ru d e  oils from  H u n g ary . T h e re 
fo re , th e  Y -valu rs o f th e  Kisielow-—M arzec “ oil”  f ra c tio n  can only  be d irec tly  
p ro p o r tio n a l to  th e  m a x im u m  tem p e ra tu re  T  o f  oil fo rm a tio n . This co rre la tion  
p o ss ib ility  in ev itab ly  fo llow s from  th e  equ ilib riu m  law s o f th e  chem ical p ro 
cesses o f  h y d ro g en a tio n .

4 . T he chem ical co m p o sitio n  of the  “ oil”  f ra c tio n , i.e. th e  Y- an d  X -  
v a lu e s  as well depends p re d o m in a n tly  on te m p e ra tu re  an d  on th e  chem ical 
a n d  p h y s ica l cond itions o f  th e  source rock while m ig ra tio n  processes do n o t h av e  
a co n sid e rab le  effect o n  “ o il”  pa ram ete rs . T he m a in  rea so n  for th is  is th a t  d u r 
in g  m ig ra tio n  p rim arily  th e  a sp h a lt- , resin- an d  p a ra ff in  co n ten ts  change. T he 
“ o il”  fra c tio n , how ever, does n o t con ta in  a n y  o f th e se  com ponents.

Use o f  th e  Y -values for p rospecting  purposes

T h e  basic q u es tio n  o f  o u r in v es tig a tio n  w as to  decide w heth er th e  Y- 
v a lu e s  m ig h t be b ro u g h t in to  connection  w ith  th e  age of th e  source rock . I t  has 
b e e n  fo u n d  th a t  no d ire c t co rre la tio n  ex ists, co n se q u e n tly , only in d irec t w ays 
c a n  b e  p u rsu ed . L e t us m ak e  th e  following a ssu m p tio n s  in  th e  fu r th e r  d iscus
s io n :

a )  F o r crude oils fo rm ed  in  a basin  h av in g  geologically  un iform  s tru c tu re  
th e  d e p th  of fo rm a tio n  nij is assum ed  to  be l in e a r ly  re la te d  w ith  th e  d e p th  of 
th e  re se rv o ir  mr

mf =  aj mr -f- bf  (3)

w h e re  a,  and  bj are c o n s ta n ts .
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b)  T he  m ax im u m  te m p e ra tu re  T ,  o f fo rm a tio n  can  be lin e a rly  co rre la ted  
w ith  th e  d e p th  o f fo rm a tio n  i.e. no sig n ifican t g eo th erm al an o m aly  occurred  in 
th e  v e r tic a lity  o f  th e  fo rm a tio n . C orrespond ing ly ,

Tj  =  aTnij -f- bT (4)

w ith  som e c o n s ta n ts  aT an d  bT.
c)  O n th e  basis o f  these  consid era tio n s i t  can  be assum ed  w ith  a g rea t 

p ro b a b ility  th a t  th e  degree o f m e tam o rp h ism  lin ea rly  changes w ith  th e  te m 
p e ra tu re  o f fo rm a tio n  i.e.

Y  =  ayTf  +  by (5)

a y and  by being c o n s ta n ts .
O n su b s titu tin g  E qs (3) an d  (4) in to  E q . (5)

Y  =  A m r +  В  (6 )

w ith

A  =  ayaTaf  (7)
an d

В =  ayaTbj +  iiyby +  by (8 )

E q u a tio n  (6 ) expresses th a t  i f  cond itions (3) to  (6 ) are  m e t, th e  Y -values of 
th e  c rude  oils w ould also change lin ea rly  w ith  th e  d e p th  o f th e  reservoir.

F ig. 5. Relationship betw een the degree of m etainorphism  of H ungarian crude oils and the
depth o f reservoir
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F ig. 6. Three sets of crude oils from  H ungary according to the relationship betw een the degree
of m etam orphism  and reservoir depth

P ossib ilities and  e x te n t  o f  th is  co rre la tion  are  il lu s tra te d  in  F ig . 5, w here 
th e  Y -v a lu e s  of the d iscussed  H u n g a ria n  crude oils a re  p lo tte d  ag a in st re se rv o ir 
d e p th .  T h e  d a ta  fit th e  line

Y  =  4 .69 • 10“ X  +  57.7 (9)

w ith  a n  accu racy  c h a ra c te riz e d  b y  a co rre la tion  coeffic ien t of 0.45. T he reaso n  
o f  th is  r a th e r  poor c o rre la tio n  is p ro b ab ly  th e  fa c t t h a t  cond itions (3) an d  (4) 
do n o t  h o ld  for all c rude  oils. T h e  m ere fact th a t  th e re  is a co rre la tio n  a t  all, 
su g g e s ts  t h a t  conditions (3) a n d  (4) can  be app lied  b u t  w ith  d iffe ren t coeffi
c ie n ts  aj, b p  aT, b T  for d if fe re n t oils. This p o ssib ility  is o u tlin ed  in  F ig . 6  con
s t r u c te d  th e  following w ay . P a ra lle l  (do tted ) lines h a v e  been  d raw n  below  an d  
a b o v e  th e  regression line (9) re p re se n tin g  w ith  good ap p ro x im a tio n  th e  s ta n d a rd  
d e v ia t io n s  o f the  Y -values (see also Fig. 3). T h is w ay  th ree  sets of d a ta  viz. 
s e ts  I., II. and III . are  o b ta in e d  w ith in  w hich sa tis fa c to ry  co rre la tio n s (0.65; 
0 .80  a n d  0.70) can be o b ta in e d  b y  using linear re la tio n sh ip s  sim ilar to  E q . (9). 
I t  m e a n s  th a t  th ree re la tio n sh ip s  o f ty p e  (3), an d  th re e  o f ty p e  (4), h av in g  d if
f e re n t  coeffic ien ts should  be assu m ed  for th e  p lace o f  fo rm a tio n  of c rude  oils. 
O f c o u rse , fu rth e r  a rtif ic ia l se ts  o f  Y -values an d  fu r th e r  re la tio n sh ip s  o f  ty p e  
(3) a n d  (4) could have b een  c o n s tru c te d  b u t  th is  w ould  y ie ld  u n reaso n ab ly  b e t 
te r  c o rre la tio n s  th an  e x p e c ta b le  on  th e  basis o f th e  s ta n d a rd  d ev ia tio n s o f th e  
Y -v a lu e s .

C ond itio n s (3) to  (5) in  th e  th re e  sets o f F ig . 6  are  th u s  only  valid  w ith  th e  
r e s t r ic t io n  th a t  the re sp e c tiv e  c o n s ta n ts  in  E qs (3) an d  (4) are d iffe ren t for
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th e  various se ts . T he m eth o d  and  possib ility  o f  co n stru c tio n  of tr ip le  se ts  as 
illu s tra te d  in  F igs 3 and  6  are also su p p o rted  b y  th e  fac t th a t  a t a s ign ificance  
level of 9 5%  c ru d e  oils w ith  low degrees o f  m e tam o rp h ism  lie in  se t I .,  th o se  
w ith  m ed ium  degrees in  se t I I .  and  those w ith  h igh  degrees in set I I I .

These c o n sid e ra tio n s  suggest th a t  an  a b so lu te  co rrelation  b e tw e e n  Y -  
values and  th e  source rock  (d ep th  of fo rm a tio n ) o f  c rude  oils is only  possib le  if

i) th e  c o n s ta n ts  ay and by are d e te rm in e d  from  chem ical an a ly se s . T his 
p roblem  can  be so lved  b y  a fu rth e r  (a rtif ic ia l)  hyd rogenation  o f c ru d e  oils 
w ith  low degree o f m etam o rp h ism .

ii) th e  coeffic ien ts  aT and  bT c h a ra c te riz in g  th e  geotherm al co n d itio n s  
are a priori k now n .

I f  th e se  co n d itio n s are  m et, th e  c o n s ta n ts  o f E q . (3) can  be ca lc u la ted  
from  re la tio n sh ip s  (7) an d  (8 ) as:

A
af  =  —----  ,

Cl yCL'j'

В aybr — by
bf  = -------

f l  y d  у

У -values, a p a r t  from  th e  possib ility  o f  a n  abso lu te  co rre la tio n , b u t  in  
a m uch sim p ler w ay , can  also be used fo r th e  relative iden tifica tio n  o f  th e  re se r
vo ir and  source rock . F ro m  re la tionsh ip  (3)

M  =  h .  +  af
m ,

w here

„ „  m fM  — -A -
mr

is th e  ra tio  o f  th e  d e p th  o f fo rm atio n  to  t h a t  o f  th e  reservoir. T he p o ss ib ility  of 
re la tiv e  c o rre la tio n  is due to  th e  fac t t h a t  E q . (12) also gives th e  r a t io  Y /m r 
b u t  w ith  d iffe re n t c o n s ta n ts . F rom  E q . (6 ), n am ely

y  D
—  =  —  + A .  (14)
mr mr

P lo ttin g  th e  Y /m r va lu es  ag a in st mr, h y p e rb o la e  o f ty p e  (14) are  o b ta in e d  for 
each  o f th e  th re e  sets g iv ing  o rien ta tio n  a b o u t th e  relative values o f  M .  C orres
pond ing ly , F ig . 7 suggests an  increasing  te n d e n c y  of M  tow ards low  rese rv o ir  
d ep th s  i.e. th e  le n g th  o f  vertical migration increases. The hyperbo lic  c h a ra c te r  
o f th e  re la tio n sh ip  in d ica tes  th a t  a v e ry  g re a t v a lu e  o f M  m igh t co rre sp o n d  to

( 12)

(13)

( 10)

(И)
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Fig. 7. Y/m r values reflect the relative len g th  o f vertical migration

sha llo w  rese rv o irs , i.e. in  th e se  reservo irs th e  c ru d e  oil can  accu m u la te  a f te r  a 
v e ry  lo n g  v e r tic a l m ig ra tio n . Geological in v e s tig a tio n s  supp o rted  th is  a s su m p 
tio n  b y  p ro v in g  th a t  c rude  oils w ith  g rea t Y l m r v a lu e s  m igra ted  a long  d isc o rd 
ance  p la n e s  from  sev era l th o u sa n d  m etre  d e p th s  to  th e ir  p re se n t p o s itio n .

S u m m ariz in g  o u r co nsidera tions, i t  can  b e  s ta te d  th a t  Y -values co m b in ed  
w ith  p ro p e r  geologic in v es tig a tio n s  can give v a lu a b le  in fo rm atio n  on th e  re la tiv e  
le n g th  o f  v e r tic a l m ig ra tio n . A t th e  sam e tim e , w ith  ex tended  chem ical an a ly ses  
an  a b so lu te  co rre la tio n  o f source and  rese rv o ir ro ck s  can  be o b ta in ed .
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POSSIBLE ROLE OF MECHANICAL EFFECTS IN CRUDE 
OIL GENERATION AND GEOCHEMICAL 

INVESTIGATIONS OF HYDROCARBONS

J. TÓTH MRS. M ILLEY J. TÓTH

PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

Chemical reactions in various organic m aterials have been studied during grinding 
(m echanical dispersing) o f pure m odel system s and natural sedim entary rocks.

These reactions had very likely also taken place during the generation o f  crude oil. It is 
pointed out that in the geochem ical investigations o f hydrocarbons the param eters o f bitumen  
diagnosis greatly depend on the circum stances o f preparatory grinding. T his fact has to be 
taken into account in future investigations.

BAM
M
M
CT
r̂°rg

SB
S N
Cr/Ct
ß x

ß B
ß A

Symbols

benzeiie-acetone-m ethanol 
molecular mass
fraction of the rock non-soluble in  hydrochloric acid
carbon content o f the carbonate-free part o f the rock
organic carbon content
am ount of chloroform-soluble bitum en
am ount of BAM -soluble bitum en
organic carbon content non-soluble in chloroform
diagenesis coefficient
coefficient o f chloroform -soluble bitum en  
molar extinction coefficient 
coefficient o f BAM -soluble bitum en  
coefficient o f bitum en A

C hem ical reac tions due to  specifica lly  m echan ical effects h a v e  b een  know n 
since long. H ow ever, th e  f ir s t  sy s te m a tic  an d  m odern  s tu d y  on  th e  to p ic  was 
on ly  p u b lished  in  1962 b y  P e te rs . H e in tro d u c e d  th e  te rm  “ m echanochem ica l 
re a c tio n s”  for chem ical processes d u rin g  th e  grind ing  (m ech an ica l dispersing) 
o f solids. T hese reac tio n s w ith o u t an y  ex cep tio n  belong to  th e  scope o f the 
c lassical inorgan ic  ch em istry . Ju h á sz  (1975) po in ted  ou t th a t  th e  m a jo rity  of 
th e se  reac tio n s can be ascribed  to  seco n d ary  processes p roceed ing  a f te r  m echan
ica l a c tiv a tio n .

T he fac t th a t  su b s ta n tia l  chem ical changes occur in  o rg an ic  m ateria ls  
u n d e r m echan ical effects (e.g. fr ic tio n ), is well know n and  in v e s tig a te d  in  tri- 
b o ch em is try . This has to  be em p h asized  since o u ts tan d in g  re p re se n ta tiv e s  of 
tr ib o c h e m is try , such as T hiessen  e t  al. (1967) were the  f irs t  to  recognize the  
possib le role o f m echan ical effects in  th e  genera tio n  of c rude  oil a n d  n a tu ra l
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gas. A ccord ing  to  th e ir  h y p o th e s is  the  m echan ical energy  was p rov ided  b y  
m icrose ism ic  processes.

S ince lam inar te c to n ic s  seem s to  su p p o rt th is  h y p o th esis , i t  was rea so n 
ab le  to  investig a te  b y  a few  sim ple m odel e x p e rim e n ts  w hether P e te rs ’ 
m ech an o ch em ica l reac tio n s  w ere  feasible in  sim p le  h y d ro carb o n s, w h a t was 
th e  c h a ra c te r  and d irec tio n  o f  th ese  processes a n d  t h a t  th e y  could or could  n o t 
h a v e  ta k e n  place d u rin g  c ru d e  oil generation .

Model ex p erim en ts  on pure hyd ro carb o n -so lid  system s

In  selecting  th e  m odel m a te ria ls  for th e  e x p e rim e n ts , care has been tak en
th a t

—  th e  h y d ro ca rb o n  sh o u ld  be typ ica l, o c cu rrin g  in n a tu ra l crude oils, of 
flu id  s ta te  and  o f  c o m p a ra tiv e ly  sim ple co m p o sitio n , its  ca rbon-carbon  
bonds be a p t to  c leav ag e  due to  m ech an ica l effects;

—  th e  solid shou ld  a llo w  a th o ro u g h  an d  u n ifo rm  m ixing w ith  th e  liqu id  
hyd rocarbon , a n d  i ts  com position  shou ld  be s im ila r to  th a t  g en e ra tin g  
or genera ted  c ru d e  oils could m eet u n d e r  n a tu ra l  c ircum stances.

A ccord ing  to  these  c r ite r ia , calcium  c a rb o n a te -to lu e n e  and q u a rtz  sand- 
to lu e n e  system s have b een  chosen  as the  f irs t m odel m a te ria ls . In  our fu r th e r  
e x p e rim e n ts , an  a t te m p t  w as m ade tow ards c leav in g  th e  para ffin  ch a in  for 
w h ich  p u rp o se  q u a rtz  s a n d -n -h e p th a n e  and  q u a r tz  san d -n -h ep tad ecan e  m ix 
tu re s  w ere  used. E x p e r im e n ta l conditions, re su lts  a n d  conclusions will be d is
cu ssed  below .

E xperim ental

T h e  hydro carb o n s, so lv e n ts  and  the  ca lc ium  c a rb o n a te  were chem icals 
o f  a n a ly tic a l  p u rity , th e  l a t t e r  w as p rec ip ita ted  c h a lk . Q u artz  sand of F e h é r
v á rc su rg ó  was acid ified , w a sh e d  and e x trac ted  fo r 1 0 0  hours in a m ix tu re  of 
b en zen e -e th an o l in th e  r a t io  o f  1  : 1 , th en  th e  so lv e n ts  w ere rem oved and  th e  
so lid  d ried .

A hom ogeneous m ix tu re  p rep ared  from  th e  h y d ro c a rb o n  and  th e  solid in 
ra t io  I  : 4 (20 and 80 g) w as p laced  in to  a v ib ra tio n  m ill w hich  had  been  c a re 
fu lly  c lean ed . G rinding w as c a rr ie d  ou t over 100 h o u rs  w ith o u t in te r ru p tio n  
u s in g  500 pieces of 8  m m  d ia m e te r  high-alloy  stee l b a lls . T em p era tu re  changes 
w ere m easu red  by  b u ilt- in  th e rm o e lem en ts , th e  a tm o sp h e re  inside th e  mill 
cou ld  be  changed  th ro u g h  v a lv e s . A fter grind ing , th e  g rin d  p ro d u c t w as e x tr a c t
ed b y  a 1  : 1 m ix tu re  o f b en zen e -e th an o l, th e  e x tra c t  w as ev ap o ra ted  on w a te r  
b a th  a n d  th e  e lem en tary  co m p o sitio n  of the so lv en t-free  e x tra c t and  th e  a v e r
age m o lecu la r mass of th e  benzene-so lub le  p a r t  w ere d e te rm in ed . The resu lts  of 
th e  an a ly se s  are show n in  T a b le s  I and  II.
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D iscussion

T able I sum m arizes th e  re su lts  of th e  ex p erim en ts  on calcium  c a rb o n a te -  
to lu en e  and  q u a rtz  san d -to lu en e  sy stem s. T h e  tendencies found h o ld , as a ru le, 
for o th e r  system s as well. T he only  d ifference betw een  grind ing  e x p e rim e n ts  1 
an d  2  carried  o u t in  an  a ir a tm o sp h ere , w as th e  d ifferen t in itia l te m p e ra tu re  
o f th e  ex p erim en ts . B asic changes an d  c h a ra c te ris tic s , how ever, cou ld  be  d is
tin g u ish ed  even in  these  tw o ex p erim en ts . T h e  follow ing fac ts  an d  conclusions 
can be  recognized from  th e  d a ta  o f  T ab le  I :

com pounds w ith  average  m o lecu la r m asses 3— 8  tim es g re a te r  th a n  
th a t  o f to luene  are  form ed d u rin g  g rind ing ;
th is  ty p e  o f change, how ever, is s lig h t, on ly  60— 160 mg re a c tio n  p ro d 
u c t is p ro d u ced  from  2 0  g to lu en e ;
h id ro gena tion -like  processes are in d ic a te d  b y  C/H ra tio s  o f  th e  reac 
tio n  p ro d u c ts  be ing  m uch  low er th a n  th a t  of th e  to lu en e ; 
i t  was su rp ris in g  th a t  re a c tio n  p ro d u c ts  also con ta ined  n itro g e n  th a t  
could have  only  o rig in a ted  from  th e  a ir or in  ex p erim en t 3 fro m  the  
n itro g en  a tm o sp h ere . T he in c o rp o ra tio n  of n itrogen  decreases w ith  
increasing  te m p e ra tu re , b u t  i t  s till ta k e s  place even in  v a c u u m  p ro d 
uced b y  an  oil pu m p ;

—  o x id a tiv e  processes also ta k e  p lace . T h is is proved  b y  E  v a lu e s  th a t  
are h igh even  in n itrogen  a tm o sp h e re  and  vacuum . (E  v a lu es  o b ta in ed

T a b le  I

Data o f  100-h-gririding and analysis o f calcium-carbonate-toluene and quartz sand-toluene systems
in the ratio o f  4  : 1

No Mill

Extract
ed by 
1 : 1

benzene-
ethanol
mixture

fi

Benzene-
soluble

Aver.
mol.
mass

benzene-

CHN analysis of benzene- 
ethanol extracts Initial

temper-
Temper
ature

atmosphere part
vol. % soluble

part
M

c % H% N% E% C/H
attire
°C

rise
°C

l . a ir 0.0860 88.4

calci

275

um  carb  

22.49

onate-tc

3.39

duene

1.49 67.82 6.63 30 7.4

2. air 0.0690 26.8 323 21.72 3.43 0.29 69.16 7.91 60 4.6

3. nitrogen 0.0620 88.2 779 45.80 6.46 2.62 45.11 7.09 30 10.8

4. vacuum 0.0664 69.7 422 57.53 7.48 0.35 34.64 7.69 30 6.9

5. air 0.1172 48.0

q u art

375

z sand-t( 

61.03

duene

7.50 1.17 30.30 8.13 22 3.4

6. air 0.4788 14.6 417 11.02 2.25 0 . 0 86.73 4.9 60 18.0

d a ta  of pure tolu ene 92 91.30 8.70 0.00 0.00 10.49
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b y  e le m e n ta ry  an a lysis  p ra c tic a lly  in d ic a te  oxigén co n te n t besides 
som e iro n  co n ta m in a tio n .)  T herefo re  ox ig én  is assum ed to  h av e  b een  
in c o rp o ra te d  also fro m  th e  calcium  c a rb o n a te  in to  the  re a c tio n  p ro d 
u c t;

—  in fra re d  sp e c tro p h o to m e tric a l m e a su re m e n ts  proved  th a t  ox igén  is 
p re sen t in  th e  re a c tio n  p ro d u c t in  th e  fo rm  o f este r and  o th e r ca rb o x y l 
bond s;

—  w hen  g rin d in g  q u a r tz  sand -to luene  sy s te m , th e  am o u n t of re a c tio n  
p ro d u c t is in c reased , o th e r ten d en c ie s  a n d  changes are essen tia lly  
id e n tic a l w ith  th o se  observed  in  th e  ca rb o n a te -to lu en e  system .

T a b le  I fails to  i l lu s tra te  an  im p o r ta n t  o b se rv a tio n  viz. a p e n e tra tin g , 
p u n g e n t gas (p resu m ab ly  fo rm ald eh y d e) w as n o tic e d  in  all six experim en ts  a f te r  
o p en in g  th e  m ill cover. A ll th e se  o b se rv a tio n s su g g est th a t  th e  gross m echano- 
ch em ica l reac tio n  o f th e  so lid -to luene sy s tem  is essen tia lly  a d isp ro p o rtio n  
w here  co m pounds w ith  g re a te r  and  sm aller m o lecu la r m asses th a n  th a t  o f th e  
to lu e n e  a re  fo rm ed.

I n  th e  n e x t s tep  o f  ou r exp erim en ts , p a ra f f in  h y d rocarbons w ere g ro u n d  
iy  th e  p resence  o f q u a r tz  san d  hoping  th e  C— C b o n d s  m ight be cleaved. R esu lts  
are  g iv e n  in  T ab le  I I ,  th e  follow ing should  be  n o te d :

—  th e  a m o u n t o f re a c tio n  p ro d u c ts  is 20— 30 m g, less th a n  in  th e  e x p e ri
m en ts  w ith  to lu en e ;

—  n itro g en  in c o rp o ra tio n  can  also be o b se rv ed , even m ore in te n s iv e ly  
th a n  in  th e  to lu en e  ex perim en ts;

—  o x id a tiv e  p rocesses p lay  an  im p o r ta n t  ro le  b u t  no ester b o n d  w as 
fo u n d  in  th e  re a c tio n  p ro d u c t;

Table II

D ata o f  100-h-grinding and analysis o f quartz sand-n-heplane and quartz sand-n-heptadeca ne
systems in  the ratio o f  4 : 1

Mill-atmos
phere

Extract
ed by 

1 : 1
benzene-
ethanol
mixture

g

Benzene-
soluble

Aver, 
mol. 
mass 
of the

CHN analysis of benzene- 
ethanol extracts Initial

temper-
Temper

ature
part 

vol. %
benzene-
soluble

part
M

c% H % N% E% C/H%
ature

°C
rise
°C

quartz sand-n-heptane

7. air 0.0252 80.01 1
_ 41.95 7.38 4.81 45.86 5.68 22

data of pure n-heptane
1 I

84.00 16.00 0.00 0.00 5.25
1 1 1

quartz sand-r
1

i-heptadecane

8. air 0.0266 ! 90.7 — 62.21 10.17 2.36 25.27 6.12 22

j data of pure n-heptadecane 85.00 15.00 0.00 0.00 5.67
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— th e  gross process o f  th e  reac tio n  is in  th is  case v e ry  likely  n o t a d is
p ro p o rtio n , fo r no com pounds w ith  m o lecu la r m asses sm aller th a n  
th a t  o f th e  in it ia l  m a te ria ls  w ere in d ic a te d  w ith  g asch ro m ato g rap h y  
using flam e io n iza tio n  d e tec to r;

— because o f th e  sm all a m o u n t o f th e  re a c tio n  p ro d u c ts , th e  m olecular 
m ass has n o t  b een  de te rm in ed .

These ex p erim en ts  w ith  p u re  m odel m a te ria ls  are  on ly  reg a rd ed  as o f  an  
in fo rm a to ry  c h a ra c te r , a m ore d e ta iled  analysis o f  th e  re a c tio n  m echan ism  was 
b eyond  th e  scope o f th is  s tu d y . H ow ever, th e  q u e s tio n  asked  in  th e  in tro d u c 
tio n  of th is  pap er can  be answ ered : m echanochem ical reac tio n s  observed  by  
P e te rs  can also he p e rfo rm ed  in  liqu id  h y d ro ca rb o n s  th o u g h  th e  ra te  o f  chem ical 
changes is less th a n  in  solid com pounds. T he c h a ra c te r  an d  d irec tion  o f  th e  
reac tio n s allows for th e m  h av in g  ta k e n  place in  o rgan ic  m a te ria ls  th a t  w ere th e  
sources of crude oil g en e ra tio n  or in  th e  crude  oils them selves.

This conclusion led  to  th e  m echanochem ical in v e s tig a tio n  o f n a tu ra l sed i
m e n ta ry  rocks c o n ta in in g  oil and b itu m en . M easu rem en ts  o f b itum eno logy  and  
th e  degree o f diagenesis are  well know n in th e  g eo ch em istry  o f hyd ro carb o n s. 
T hese in v estig a tio n s allow  local or regional fo recast (prognosis) a b o u t th e  occur
rence of h y d ro ca rb o n s  using  th e  p roperties o f o rgan ic  m a te ria ls  in  th e  rocks 
soluble or non-so luble  in  v a rious so lvents. W h en  c a rry in g  o u t th is  k in d  of 
analysis , some k ind  o f  g rin d in g  alw ays tak es  p lace  in  th e  p re p a ra to ry  phase , 
so th a t  i t  seem ed im p o r ta n t  to  d e te rm in e  th e  chan g es in  th e  b est know n b itu 
m en and  diagenesis p a ra m e te rs  due to  g iin d in g .

M echanochem ical investig a tio n s in  n a tu ra l rocks co n ta in in g  b itu m en  an d  oil

Experimental

A Pliocene (L ow er P an n o n ) sandstone  sam p le  fro m  a d e p th  of 1950 m 
w as chosen for th e  an a ly sis . T he sam ple w as reco v ered  b y  core d rilling  n e a r an  
oil reservo ir. T hree  specim ens w ere m ade o f th e  sam p le  b y  vario u s m ethods and  
g rind ing  ra te s  (specim ens A, В an d  C).

A )  The san d sto n e  sam ple  was p o u n d ed  to  an  ap p ro x im a te  size of 
0 .5— 1.0 cm in a b ra y in g  m o rta r  w ith  lig h t b low s. D u rin g  th is  process th e  easily  
w ea th e red  p a rts  w ere d eg rad ed  below 200 pm.  T h is  f ra c tio n  w ith  pa rtic le s  less 
th a n  2 0 0  pm  w as consid ered  as m echanically  u n tre a te d  specim en.

B )  One p a r t  o f  th e  m a te ria l o f size 0.5— 1.0 cm  w as period ica lly  g round  
in  a v ib ra tio n  m ill. T h a t  is, th e  m ill was d ism an tled  each  h o u r, th e  sam ple sieved 
on  a 200 pm  sieve an d  th e  sieve residue re tu rn e d  fo r fu r th e r  grind ing . The 
g rind ing  w as carried  on  u n til  th e  to ta l  a m o u n t w as g ro u n d  below  200 pm .  The 
fu ll tim e  o f g rind ing  w as 30 hours.
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C ) A n o th er p a r t  o f th e  0.5-—1.0 cm  m a te ria l w as c o n tin u o u s ly  g round 
fo r  30 h o u rs  w ith o u t d ism a n tlin g  th e  m ill an d  rem ov ing  th e  p a rtic le s  below 
200 / I m .

T h e  san d  specim ens w ith  g ra in  sizes less th a n  200 цm  o b ta in e d  b y  t r e a t 
m e n ts  A , В and  C w ere e x tra c te d  b y  ch loroform  an d  a 70 : 15 : 15 m ix tu re  of 
b en zen e -ace to n e -m e th an o l (B A M ). B y  th is  m e th o d  th e  a m o u n ts  o f  chloroform - 
so lu b le  a n d  BAM b itu m en s  w ere  d e te rm in ed . T he end  p o in t o f th e  e x tra c tio n  
w as d e te rm in e d  b y  w eigh t m e a su re m e n t a fte r  e v a p o ra tio n  o f  th e  sam p le  ta k e n  
f ro m  th e  u p p er p a r t  o f th e  e x tra c tio n  device. A fte r e x tra c tio n  th e  solvents 
w ere  re m o v e d  b y  v acu u m  d is ti l la tio n  an d  th e  residue w as e v a p o ra te d  a t  40 °C 
in  v a c u u m .

T h e  basic  geochem ical p a ra m e te rs  w ere d e te rm in ed  b o th  fo r b itu m e n s  and  
fo r th e  ro c k . To in v es tig a te  th e  c h a ra c te r  o f th e  chem ical changes, e lem en ta ry  
a n a ly s is  a n d  m olecular m ass m e a su re m e n ts  w ere perfo rm ed  a n d  in f ra re d  sp ec tra  
w ere  ta k e n .

D iscussion

I n  th e  experim en ts no  e sse n tia l changes or tendenc ies w ere estab lish ed  
as r e g a rd s  th e  m olecular m asses , e le m e n ta ry  com positions an d  th e  p a ra m e te rs  
c a lc u la te d  from  the  in fra red  s p e c tra  concern ing  th e  ch lo ro fo rm -so lub le  b i tu 
m en s o f  specim ens A, В and  C. T he p re se n ta tio n  of th e  m easu red  d a ta  is th e re 
fore  o m itte d .

B A M  b itum ens, h o w ev er, show ed  essen tia l an d  d e fin ite  ch an g es. The 
a v e ra g e  m o lecu lar m asses a n d  e le m e n ta ry  com positions of th e  BAM  b itu m en s  
a re  sh o w n  in  T able I I I ,  an d  th e  d a ta  ca lcu la ted  from  th e  in fra re d  m easu rem en ts  
in  T a b le  IV .

T a b le  I I I  shows th a t  w ith  in c reasin g  degree o f th e  m ech an ica l tre a tm e n t 
th e  a v e ra g e  m olecular m ass a n d  n itro g e n  c o n te n t o f th e  BAM  b itu m e n s  g rad 
u a lly  dec reases  while th e  C /H  ra t io  increases.

S ince  in fra red  sp ec tra  w ere  ta k e n  in  a c a rb o n te trac h lo rid e  so lu tion , 
p e a k s  a ro u n d  700— 800 c m - 1  w av e  n u m b e r m ig h t n o t be an a ly zed . T h e  values

Table III

Elem entary composition o f B A M  bitumens

Mechanical
treatment M c% H % N% E% C/H

A 1452 47.31 5.97 1.41 45.30 7.91
В 1253 62.50 7.43 1.24 28.82 8.41

C 1160 70.75 7.93 1.12 19.93 8.62 ■
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Table IV

Data o f infrared spectrophotometry o f  B A M  bitumens

Mechanical
treatment e,71° eU00 emo

с 1470
еюоо
e1470

e»38o
eu,°

A 184 458 0.655 1.471 0.448

В 271 133 1.210 0.665 0.426

c 277 111 1.092 0.446 0.381

gi7io m olar extinction coefficient o f the peak at 1710 cm -1 wave number (characteristic o f C = 0  
bond)

Ei6oo molar extinction coefficient o f the peak at 1600 cm -1 wave number (generally C C and 
C=;N aromatic bonds)

e1470 molar extinction coefficient o f the peak at 1470 cm “ 1 wave number ( CH2 group) 
gi38o molar extinction coefficient o f the peak at 1380 cm “ 1 wave number (—CH3 group)

c a lc u la ted  from  th e  in f ra re d  sp ec tra  allow conclusions a b o u t o x id a tio n  during  
th e  m echan ical t r e a tm e n t  ( th e  ex tin c tio n  coeffic ien t o f th e  p eak  a t  1710 c m - 1  

w av e  n u m b er increases). T h e  sh ift of the  p eak  a t  1600 c m - 1  w ave n u m b e r sug
gests  an  in tensive  ch an g e  o f th e  ty p e  of n itro g en  co n ta in in g  com pounds while 
a ra p id  reduc tion  in  th e  e x tin c tio n  coefficient o f  th e  p eak  in d ica tes  a red u c tio n  
o f  th e  n itrogen  c o n te n t, t h a t  is in  coincidence w ith  th e  change o f th e  elem en
ta r y  com position . T hese changes can also be o bserved  in  th e  va lu es  o f  th e  ex
tin c tio n  coefficients as co m p ared  to  p eak  a t  1470 c m - 1  w ave n u m b er. The 
s lig h t redu c tio n  o f th e  e1 3 8 0 /e 1 4 7 0  ra tio  in d ica tes  th e  c leavage o f th e  — C H 3 groups.

T able  Y co n ta in s  th e  basic  geochem ical p a ra m e te rs  and  o rgan ic  geochem i
ca l p a ram ete rs  fo r b itu m e n s  an d  rocks, T ab le  V I show s p a ra m e te rs  an d  th e ir  
chan g es used in  b itu m e n  diagnosis and in  th e  d e te rm in a tio n  o f th e  degree of 
d iagenesis, d ed u c ted  fro m  th e  d a ta  of th e  p rev io u s ta b le . T he w ay  o f ca lcu la tion  
is also in d ica ted  below  th e  designations.

Tabic V

B asic geochemical parameters o f  hydrocarbons

Mechanica
treatment S s% SB % M % Cr%

A 1.0076 0.0572 74.81 0.10

В 1.0019 0.0552 72.44 0.19

C 0.9888 0.0353 72.28 0.20

Sj( amount of chloroform-soluble bitumen
S ß  amount of В AM -soluble bitumen
M  in hydrochloric acid non-soluble part o f the rock 
C j  carbon content o f the carbonate-free part o f the rock 
A ll data refer to mass per cuts o f the rock.
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Table VI

Derived organic geochemical (bitumen diagnostic) and diagenesis parameters

Mechan
ical
treat
ment

S y
M

Ct 'T oo

S 'k
0.8 • SK

s  в0.8 • SB
Q>rg

S 'К +  S y
ßK
s ' k

P b

S 'b
Pa

S 'k  +  S ' в Cr ICt
Q>rg Corg Corg

A 0.0748 0.8061 0.0457 0.8809 0.9151 0.0519 0.9670 0.733

В 0.1376 0.8015 0.0442 0.9391 0.8535 0.0472 0.9005 0.654

C 0.1445 0.7910 0.0283 0.9355 0.8455 0.0302 0.8758 0.586

Sjy organic carbon content non-soluble in chloroform
Corg organic carbon content, both in m ass per cent of the rock
ß x  coefficient of the chloroform-soluble bitumen
ß ß  coefficient of the BAM -soluble bitum en
/?д coefficient o f the bitum en A
C p jC j  diagenesis coefficient, CR ind icates the residual (rem anent) carbon content after a pyro

ly s is  a t 900 °C in an oxigen-free nitrogen stream

W h ile  th e  ch lo ro fo rm -so lub le  b itu m en  show s on ly  a v e ry  lim ited  re d u c 
tio n , B A M  b itu m en  decreases sh a rp ly , especially  in  specim en C. T he p a r t  of 
ro c k  n o n-so lub le  in  h y d ro ch lo ric  ac id  also show s a decreasing  ten d e n c y , w hile 
th e  c a rb o n  co n ten t o f th e  ca rb o n a te -free  p a r t  increases. T his fa c t allow s th e  
c o n c lu s io n  th a t  besides th e  ch em ica l com position  o f th e  b itu m en s  th e  com po
s itio n  o f  th e  rock itse lf  also c h an g ed , s im ilarly  to  ou r a ssu m p tio n  a t  th e  ca l
c iu m -ca rb o n a te -to lu en e  sy s tem .

S u m m in g  up, th e  fo llow ing  conclusions can  be  d raw n  from  T ab les I I I —V I:

—  in  th e  case of n a tu ra l  sed im en ta ry  ro ck s P e te rs ’ m echanochem ica l 
re a c tio n  can on ly  be o b se rv ed  in  a c e r ta in  g roup  o f o rgan ic  m a te ria ls , 
th e  so-called BAM  so lub le  b itu m en s;

—  th e  basic ten d en cy  o f  th e  reactions is p re su m ab ly  a b reak d o w n  of 
o x id a tiv e  c h a ra c te r  d u r in g  w hich th e  o rgan ic  m a te ria l re a c ts  w ith  th e  
ino rg an ic  com ponen ts o f  th e  rock, to o ;

—  th e  reactions su b s ta n c ia lly  in fluence th e  d iagnostic  p a ra m e te rs  b ased  
o n  th e  BAM b itu m e n  a n d  th e  values o f  th e  d iagenesis coeffic ien t. 
T herefo re , in  d e te rm in in g  of these  p a ra m e te rs , th e  changes due  to  
g rin d in g  have to  be ta k e n  in to  acco u n t in  th e  fu tu re .

R E F E R E N C E S

J u h á s z , Z. 1975: Réz-szulfát m echanokém iai reakciói (M echanochem ical reactions o f copper  
su lp h a te ). K ém iai Közlem ények, 43, 225— 245.

P e t e r s , К . 1962: M echanochemische R eaktionen. Sym p. Zerkleinern. Düsseldorf.
T h i e s s e n , P . A .— M e y e r , К .— H e i n i c h e , G. 1967: Grundlagen der Tribochem ie Akad. Verlag, 

B erlin .

Acta Geodaetica, Geophysica et Montanistica Acad. Sei. Hung. 17, 1982



Acta Geodaet., Geophys. et Montanist. Acad. Sei. Hung. Vol. 17 (3 —4), pp. 455 —  471 (1982)

ENERGY CONSUMPTION OF UNDERGROUND GAS
STORAGE

(INDEPENDENCE OF SPECIFIC STORAGE ENERGY ON RESERVOIR
STRUCTURE)

GY. ZOLTÁN
PETROLEUM ENGINEERING RESEARCH LABORATORY OF THE HUNGARIAN ACADEMY OF SCIENCES

Energy consum ption o f the change of sta te  in  underground gas reservoirs w ill be con
sidered using the relationships between the work done b y  the compressing system  and the state  
o f  energy of the reservoir. Com ponents o f the to ta l energy consum ption can be clearly  d istin
guished according to their place and role, they  can be compared and measured. S p ecific  storage 
energy i.e. the work required to store a unit am ount o f  energy is shown to be independent of 
reservoir structure. Energy consum ptions of the gas storage in reservoirs o f various structures 
m ay be different, but the “ energy cost” to store an am ount of natural gas representing unit 
energy does not depend on reservoir structure.

Sym bols

n  mole number, num ber o f observations
p ,  P  pressure
R  gas constant
S  saturation
T  temperature
V  volum e
W  work, energy
Z  com pressibility factor
Subscripts 
c capillary
ck capillary threshold
g  gas
gk  with V: gas volum e, constant, in laboratory
gkt gas volum e, constant, in reservoir
gv  gas volum e, varying, in laboratory
gvt gas volum e, varying, in reservoir
p k  pore volum e, in  laboratory rock sam ple
p k t  pore volum e, in reservoir
m ol mole volum e
norm  normal value  
std  stored
stg  storing, needed to storing
w  water

In tro d u c tio n

T he f irs t  s tu d ies  [1, 2] in  th is  fie ld  d e te rm in e d  the  energy  n e e d e d  to  over
com e th e  cap illa ry  forces due to  in te ra c tio n s  be tw een  the  solid a n d  f lu id  phases 
p lay in g  im p o r ta n t ro le in  u n d erg ro u n d  gas sto rage , especially  in  w a te r-w e t 
reservo ir rocks. T here  h av e  rem ained , h o w ev er, tw o u n se ttled  q u e s tio n s : f irs t.
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w h e th e r  th e  accu racy  o f  th e  applied  m eth o d  w ere  sa tis fac to ry  for m odelling  
th e  p h y s ica l p h enom enon  o f  th e  change o f p h a se ; an d  second, shou ld  th e  
e n e rg y  needed  to  overcom e th e  cap illary  forces b e  reg a rd ed  as g rea t or n eg li
g ib le  co m p ared  w ith  th e  c o m p o n en ts  of th e  to ta l  e n e rg y  consum ption  of s to ra g e .

T h e  f irs t q u es tio n  w as answ ered  by  a th e o re tic a l  analysis [3] using  basic  
law s o f  ph ysica l ch em is try  a n d  th erm o d y n am ics to  describe  th e  change o f p h ase  
in  a  re se rv o ir  w ith  an  id e a liz e d  pore s tru c tu re . I t  has been proved  th a t  th e  
en e rg y  co n sum ption  o f  th e  d isp lacem en t of th e  p r im a ry  w ater phase b y  a less 
w e tt in g  gaseous phase  c a n  h e  determ ined  w ith  s a tis fa c to iy  accu racy  u sin g  
la b o ra to ry  m odels b u il t  o f  e lem en ts  of n a tu ra l  re se rv o irs , by  m eans of th e o re t
ic a l considera tions b a se d  o n  th ese  observations. T h e  second question  h as  b een  
an sw e re d  b y  considering  th e  change of s ta te  o f  a c o n s ta n t  gas m ass an d  co m 
p a r in g  th e  energy n eed ed  to  overcom e cap illa ry  fo rces  w ith  th e  co rrespond ing  
c h an g e  in  th e  energy  fa c to rs  [4]. The resu lts  o b ta in e d  from  the  com p ariso n  
h a v e  also  proved  th a t  th e  en erg y  needed to  ov erco m e capillary  re s is tan ce  
c a n n o t  be neglected  i f  i t  is reg a rd ed  as a c o m p o n e n t o f th e  to ta l energy  c o n 
su m p tio n  in  the  s te a d y  o p e ra tio n  of the reserv o ir. T h e  prob lem  is of g re a t p r a c 
t ic a l  im p o rtan ce  if  th e  r e n ta b i l i ty  of savings a c h ie v e d  b y  m odifying th e  su rface  
p ro p e r tie s  is in v es tig a ted .

Total energy consum ption of the change o f  state in the reservoir

L e t our la b o ra to ry  e x p e rim e n ta l sy stem  b e  com posed  of a rock  sam p le  
o f  p o re  vo lum e Vpk s a tu r a te d  w ith  w ater, in  d ire c t c o n ta c t w ith  a c o n s ta n t gas 
v o lu m e  v gk w here th e  m ass o f  gas co n stan tly  in c rea se s  (F ig . 1). The to ta l  v o lu m e

Vpk=K7.75cm3

Fig. 1. E xperim ental reservoir model for laboratory  measurements
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o f  th e  gaseous phase  rem a in s  c o n s tan t as long  as i ts  p ressu re  does n o t re a c h  or 
exceed  th e  cap illa ry  th re sh o ld  o f fo rm ation  p re ssu re  rep resen ted  b y  th e  p ressu re  
o f  th e  aqueous phase . P ressu re  balance in  th is  in s ta n t  can  be w ritte n  as

P g  ~  P w  “ H  Р е к '

a n d  th e  s ta te  o f  th e  gas o f  n moles as

pgVg =  n Z R T ,  (1)

w here  th e  te m p e ra tu re  o f  th e  system  is re g a rd e d  as c o n s ta n t and  eq u a l to  th a t  
o f  th e  fo rm atio n .

T he basic  e q u a tio n  o f  th e  change o f  s ta te  in  d ifferen tia l d im ensions is 

Pgd V g +  Vgdpg =  R T d [ n Z ] .  (2)

I f  th e  o b se rv a tio n  o f  th e  energy c o n te n t  s ta r ts  a t  th e  in s ta n t  w hen

P g  —  P w i

P c  =  0,

(see F ig . 2), th e  ch an g e  o f  th e  energy c o n te n t o f  th e  system  can be ca lcu la ted  
fo r an  a rb itra ry  change o f  s ta te  from  th e  a b o v e  d iffe ren tia l eq u a tio n  as

] ' p t  d V g +  f  V g dPg =  R T  f  n d Z  +  R T  J  Zdre , (3)
Vga Pg* Zo ft*

w here th e  low er lim it o f  th e  in teg ra ls  deno te  th e  s ta te  p a ram e te rs  co rresp o n d in g  
to  P c  =  0. T he e q u a tio n  expresses th e  ch an g e  o f  energy  accom pany ing  th e  
ph y sica l phenom enon  as accu ra te ly  as th e  p a ra m e te rs  o f s ta te  o f th e  p h e n o m 
enon  (i.e. p ressu re , v o lu m e , m ass an d  th e  co m p ress ib ility  fac to r o f th e  gas —  
th e  la t te r  depend ing  on  p ressu re  an d  te m p e ra tu re )  can  be observed . F o r  th e  
p a ram e te rs  o f s ta te

P g  =  P w +  P c

an d

Vg= r # +  V
n = ri[ -f- n II

Z  =  Z\  =  Z u , (4)

w here su b sc rip t I  d en o tes  v ariab les  ch a ra c te riz in g  changes in  th e  c o n s ta n t gas 
vo lum e ou tside th e  po res w hile su bscrip t I I  s ta n d s  fo r th e  m ass and  com pressi-
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F ig . 2. Param eters o f  the change of sta te  in  an experim ental reservoir

b il i ty  f a c to r  o f th e  gas w ith  ch an g in g  vo lu m e in  th e  pores. T he v a lu es  o f  Z  are 
e q u a l in  b o th  volum es since th e  p ressu re  a n d  te m p e ra tu re  can  be  re g a rd e d  
e q u a l b o th  in  the  pore vo lu m e an d  o u tside  i t .

O n  su b s titu tin g  E qs (4) in to  E q . (3) a n d  rew ritin g  th e  lim its  o f  th e  in te 
g ra l w e o b ta in

V ,  V ,  p ,  p ,

J  PwdVg +  j  p cd V g +  J  Vg k d p g +  j  V gvd p g =
V до У  go P g o  P go

Z  Z  n j  п и
=  R T  f m d z  +  R T  f n n d Z  +  R T  f Z dn t  +  R T  f  Z d n u . (5)

Z  о Z 0 П io  ^ П о

T h is  eq u a tio n  expresses th e  to ta l  ch an g e  o f energy c o n te n t d u e  to  th e  
c h a n g e  o f  s ta te  in th e  re se rv o ir  as a fo rm  o f severa l com ponen ts. T h e  te rm s 
s ta n d  fo r  th e  follow ing co m p o n en ts  of th e  ch an g e  of energy:

—  v o lu m etric  w ork  o f  th e  e x p an d in g  gas aga in st c o n s ta n t w a te r  p res
su re  i.e. fo rm atio n  p ressu re ,

—  v o lu m etric  w ork  o f  th e  e x p an d in g  gas aga in st c ap illa ry  p re ssu re ,
—  com pression  w ork  in  th e  c o n s ta n t gas vo lum e r #  o u ts id e  th e  pore 

vo lum e,
—  com pression  w ork  in  th e  v a ry in g  gas vo lum e Vgv in  th e  p o re  vo lu m e ,
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change o f th e  in te rn a l energy  o f th e  gas in  th e  pore vo lum e,
-  energy needed  to  increase th e  m ass o f th e  gas in  th e  c o n s ta n t gas 

volum e,
energy n eeded  to  increase  th e  m ass o f th e  gas in  th e  v a ry in g  gas 
volum e in  th e  pores.

A dding  th e  tw o la t te r  te rm s , expression

т  п ц  n
R T  I Z  d n , -f- R T  I Zdrin =  R T  I Z  dn  , (6 )

m„ пц. ii0

y ie lds th e  w ork req u ired  from  th e  com pressing  system , co n seq u en tly , i t  has to  
be eq u a l to  th e  a lgeb ra ic  sum  of th e  o th e r te rm s.

E q u a tio n  (5) gives th e  ra te  o f change in  th e  energy  o f th e  sy s tem  under 
rea l cond itions, n ev erth e less , its  ap p lica tio n  seem s to  be d isad v an tag eo u s . 
F irs t , th e  engineer m ig h t f in d  i t  in co n v en ien t to  use mole n u m b ers  in s tead  of 
vo lum es and  pressures, second , th e  n u m b er o f u n know n  p a ra m e te rs  is unneces
sa rily  h igh, hid ing th e  p h y sica l phenom enon  beh ing  th e  fo rm u lae . E q u a tio n s  
(5) an d  (6 ) should th e re fo re  be tran sfo rm ed  to  ensure u n ch an g ed  accu racy  and 
a m eans to  use vo lum e an d  pressure  d a ta  o b ta in ed  from  ex p e rim en ts .

I t  is obvious th a t

П \ У  mo\n, = -----------

and

T hese equ a tio n s can be used  to  express gas m ass in  te rm s  o th d r th a n  mole 
n u m b ers . In  w hat follow s, p ro d u c ts  n [F m0| an d  n n E m0|w i l l  be d e te rm in ed .

W ritin g  ou t E q .( l )  fo r s ta te  p 0 and  T norm, an d  exp ressing  gas vo lum e by  
m ole vo lum e, we o b ta in

P  0n 1 ' m o l  — n Z aR T norm

fo r th e  new  s ta te . F rom  E q s  (1) an d  (7) we have

(?)

nV,m o l
_  Z o  ^  n o r m  P g  -гг

fjl ry S ’
P i ) 1 z

I t  shou ld  be em phasized  th a t  th e  system  has been tra n s fe rre d  from  an  a rb i
t r a r y  s ta te  to  an o th e r one w hile keep ing  gas m ass c o n s ta n t.
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Since th e  gas vo lum e o u ts id e  th e  pores is d e te rm in ed  b y

a n d  t h a t  inside th e  pores b y
V *

V  pk  S g  >

th e  m ole num bers of th e  gas in  th e  tw o gas vo lu m es becom e

«T

n „

7  T^ ( ) L n o r m V * P g

P o  ^ m o l T z
7  T^ 0 *  n o r m Vpk P g

^ 0  ^ m o l T z

L e t us now  in tro d u ce  th e  n ew  fac to rs

a n d

Pg
Z

J

F o r  a gas m ass of one m ole

7  T  1n o r m  _ _  1

Po ̂  mu 1 P

h o ld s  in  th e  second s ta te  w h e reb y  mole n u m b ers  n\ an d  пц  s ta n d in g  for the  
gas m asses Ъ есо те

n i  =  K i ! L J ,
R T

n n = VJ ^ K ,
R T

a n d  th e  changes of m ole n u m b e rs

d tt|
V

d j
R T

a n d

d n n Ü ^ d  К .  
R T
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S u b s titu tin g  th e  va lu es  o f n an d  dn in to  E q s (5) and  (6 ), th e  follow ing m ore 
conven ien t fo rm s arise:

and

j' p wd V g +  (  Pcd V g +  j'" Vgk dPg +  I' V gvd p g =
V  go V  go PffQ Pg 0

= V gk f  J d Z  +  V pk f  K d Z  +  Vgk {  Z d J  +  V pk f  Z d K  ,
z о z 0 j„ ko

R T  J  Z  dn =  Vgk j  Z d J  +  V pk I  Z d K .
n„ j ,  ko

( 8 )

(9)

E q u a tio n  (8 ) expresses th e  changes in  th e  s ta te  o f th e  u n d erg ro u n d  gas 
s to rin g  rese rv o ir, i.e. tho se  of gas m ass, p ressu re , vo lum e and  in te rn a l energy 
c o n te n t in  te rm s  o f energy . T he a lgebra ic  su m  o f these  te rm s equals th e  w ork 
done by  th e  com pressing  eq u ip m en t th a t  is se p a ra te ly  expressed  b y  E q . (9). 
T hese eq u a tio n s  enab le  us to  d e te rm in e  th e  role o f th e  energy  com ponen ts, 
to  com pare th e m  an d  to  use th e ir  re la tiv e  an d  ab so lu te  va lues to  p re d ic t th e  
energy  c o n su m p tio n  due to  changes in  th e  sy s tem . T his know ledge proves to  be

338.234(11) 1 (11)338.246

338.202(1) f (1)338.220

332.218 (II) \ (11)332.231

332.188(1) I (1)332.205

327.223 (II) l (11)327246

327.202 (I) 1 (I) 327.220

321.448 (II) )1 (II) 321.460

321.418 (I) 1 (I) 321.435

Acrit

315702(11) 1 (II) 315714

315.673 (1)
0.1 0.2

10MPQ

8 MPa

6 MPa

AMPa

(1)315690
2MPa

0.3 0A 0.5

Fig. 3. R atio o f stored and storing energy as a function o f gas saturation
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338.197 (I)

(11)338.288 

(I) 338.294
10 MPa

332.209 (11) 

332.183 (1)

(II) 332.271 
(1)332.277

8MPa

327.223(11)

327.197 (I)

321.438(11)

(II) 327287 
“(I) 327292

6 MPa

(II) 321.500

321.413 (I)

315.693 (II) 

315668 (I)

(I) .321.506
4 MPa

Д crit
(II) 315.754 

(I) 315.758
2 MPa

0.1 0.2 0.3 0.4 0.5
S„

F ig .  4. Ratio of stored and storing energy as a function of gas saturation for a reservoir different 
from that in Fig. 3 (“high-energy pore volume”)

a u se fu l too l in techn ica l a n d  econom ical e v a lu a tio n  o f th e  o p e ra tio n  o f u n d e r
g ro u n d  gas storing  rese rv o irs . S ince th e  com p o n en ts  o f E q . (8 ) can  be e x a c tly  
d e te rm in e d ,

Vgk /  Z A J  =  f  Vgk APg -  Vgk f J  AZ (10)
Jo Pgo Z 0

a n d
К  V  g V  g P g  Z

Vpk j  Z  AK =  J  p wAVg +  J  p cAVg +  I  VgvAPg V pk j  K A Z  (11)
K o  V  до V  go Pgo Z q

m u s t h o ld . E q u a tio n s (10) a n d  (11) y ield  th e  w ork  req u ired  from  th e  co m p res
s in g  e q u ip m e n t in  te rm s co rresp o n d in g  to  th e  rea l processes, i.e. to  th e  w ork  
d o n e  in  th e  gas vo lum e o u ts id e  th e  pores an d  to  th a t  in  th e  v a ry in g  gas vo lum e 
in s id e  th e  pores.

C o m p u te r analysis o f  th e  energy  co m p o n en ts  o f  E q . (9), an d  of th e  to ta l  
c h a n g e  o f  th e  energy c o n te n t due  to  th e  change o f s ta te  in  th e  re se rv o ir g iven 
b y  E q . (8 ), suggested th a t  th e  ra tio  o f th e  en erg y  co n ta in ed  b y  th e  v a ry in g  
gas m ass  in  th e  reserv o ir to  th e  energy  needed  to  p roduce  th e  change o f th e
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gas m ass is in d e p e n d e n t of th e  reserv o ir s tru c tu re :

^ f ^ s t n r e d . d )   ̂  ̂^  s t o r e d , <11) ( 1 ^ )

^ ^ s t o r i n g , (1) A  ^ s t o r i n g , ( I I )

w here su b sc rip ts  I  an d  I I  deno te  re se rv o irs  o f  en tire ly  d iffe ren t s tru c tu re s . 
F igu res 3 an d  4 i l lu s tra te  th e  ra tio  o f th e  s to red  energy to  t h a t  need ed  for 
s to rin g , in  v a rious reservo irs . T he re su lts  w ere o b ta ined  a t  v a rio u s  fo rm atio n  
p ressures an d  w ith  tw o  rock  sam ples o f d iffe re n t ch a rac te r. T he d ia g ra m s  show 
th a t  th e  difference b e tw een  th e  le f t - a n d  r ig h t-h a n d  sides o f E q . (12) is such 
sm all th a t  i t  can  on ly  be observed  b y  v e ry  e x a c t figures.

To in v es tig a te  th e  cause of th is  p h en o m en o n , sto red  energy  a n d  th a t  n eed 
ed for s to rin g  w ere p lo tte d  ag a in s t gas s a tu ra t io n  in  the  n e x t f ig u res . T h e  d ia 
g ram s w ere aim ed to  decide w h e th e r th e  ap p ro x im a te  e q u a lity  ex p ressed  by  
re la tio n sh ip  (1 2 ) is on ly  due to  som e ra n d o m  coincidence or to  in te rn a l  p ro p e r
ties o f  th e  sy stem . H ow ever, n e ith e r  F igs 5 a n d  6  no r Figs 7 a n d  8  (referring  
to  tw o  d iffe ren t ro ck  ty p es) have  en ab led  us to  estab lish  w h e th e r  an  in te rn a l 
law  w as observed  or th e  p h enom enon  w as ra n d o m . C onsidering F ig s  5 to  8 , i t  
can  be seen th a t  th e  energy  values A W std a n d  A W slg are e n tire ly  d iffe ren t,

Fig.  5. Stored and storing energy as functions o f gas saturation in pore vo lum e
reservoir o f  F ig. 3
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n e v e rth e le ss , th e ir  q u o tie n ts  A W sti/A W slg g ive “ e q u a l an d  h a rd ly  v a ry in g  
ra t io s ”  il lu s tra te d  in  F igs 3 a n d  4. This o b se rv a tio n  once again em phasizes 
th e  q u e s tio n  how  is i t  possib le  fo r th e  q u o tien ts  o f en e rg y  change to  b e h av e  as 
in  F ig s  3 an d  4 in  sp ite  o f th e  difference in  ro c k  ty p e s  an d  in  the  c h a ra c te rs  o f 
fu n c tio n s  A W std an d  A W stg. T h e  ra tio  A W stdj A W stg p lo tte d  against s a tu ra t io n  
Sg in  F ig s  3 and  4 is a lm o s t paralle l to  th e  h o riz o n ta l axis. I t  is a p p a re n tly  
in d e p e n d e n t o f th e  s a tu ra t io n  b u t  in  rea lity  i t  s t r ic t ly  m onotonously  increases  
ev en  th o u g h  a t  a v e ry  m o d e ra te  ra te . To em p h asize  th e  sligh t change, th e  in i
t ia l  a n d  closing values co rresp o n d in g  to  Sg =  0 . 1  a n d  S g — 0.5 are in d ic a te d  in  
th e  f ig u re s  show ing m o d e ra te  changes due to  re g u la r  varia tio n s.

T h e  prob lem  w h e th e r th e  find ing  of E q . (12) is due to  chance or is i t  a 
law , is w orth -w hile  sc ru tin iz in g  for th e  rec ip ro ca l o f  expression  ( 1 2 ) gives th e  
sp ec ific  en erg y  o f s to rin g  i.e . th e  s to ring  w ork  o f  a u n i t  o f sto red  energy  w h ich  
is o f  g re a t  econom ical im p o rta n c e  in  u n d e rg ro u n d  gas storage.

F ig u re  9 illu s tra te s  th e  re se rv o ir used in  o u r  th e o re tic a l ex p erim en t. Gas- 
w a te r  c o n ta c t (GW  C) p rio r  to  o u r  observa tion  is d e n o te d  b y  g/м . Suppose we h av e

Fig. 6. S tored and storing energy as functions of gas satu ration  in pore volum e Vpkt o f  the
reservoir o f Fig. 3
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Fig. 7. Stored and storing energy as functions o f gas saturation in  pore vo lum e Vgk/ o f the
reservoir o f  Fig. 4

vo lum e Vght in  th e  gas space above GW C an d  a  volum e Vpkt be low  i t .  F o r these 
tw o  vo lum es

V g k t —  V p k t

holds, an d  th e  w a te r  s a tu ra tio n  in  th e  p o re  vo lum e above GW C eq u a ls  th e  resi
d u a l w a te r  s a tu ra tio n  S wr. P o re  v o lu m e  can  be ca lcu la ted  as

Vgkt =  V —  swr)
w hile vo lum e Vpkt is p e rfec tly  s a tu ra te d  w ith  w ate r. A m ore lib e ra lly  th in k in g  
allow s, t h a t  th e  vo lu m e Vgkt can  also  be  reg a rd ed  as a cav e-lik e  vo lum e in 
s te a d  o f th e  pore vo lum e o f a po rous ro ck , i ts  volum e eq u a llin g  pore volum e 
vpM s a tu ra te d  w ith  w a te r . In je c tio n  o f  gas in to  th e  re se rv o ir occu rs co n tin u 
ously  an d  we s ta r t  o u r o b se rv a tio n  a t  th e  in s ta n t w hen  G W C  reaches pore 
vo lum e Vpkt, or m ore e x a c tly  w hen  sa tu ra t io n  in  th is  space s ta r ts  to  change.
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Fig. 8. Stored  and storing energy as fun ctions of gas saturation  in  pore volum e Vpkt of the
reservoir of Fig. 4

G as p re s s u re  a t  th is  in s ta n t e q u a ls  p g0. A t the f in a l in s ta n t  o f  an  a rb itra ry  period , 
o b s e rv a tio n  is te rm in a ted  in  th e  i - th  s ta te  of th e  re se rv o ir  an d  th e  pressure  is 
now  e q u a l  to  p gi. The changes o f  th e  norm al vo lum es can  be de te rm ined  from  
th e  c h a n g e  o f  th e  gas m ass in  th e  in v es tig a ted  v o lu m e  from  th e  s ta te  i =  0  to  
th e  i - t h  s ta te  i.e. to  th e  en d  o f  th e  o b serva tiona l p e rio d .

E q u a t io n  (12) can also b e  fo rm u la te d  a n o th e r  w ay , know ing  the  changes 
o f n o rm a l vo lum es and th e  c h a n g e  in  th e  p a ram e te rs  o f  s ta te . T h rough  th e  p o s
sible re d u c tio n  th is fo rm u la tio n  y ie ld s the  fo llow ing  e q u a lity  or in e q u a lity :

Pgi _ PgO 
Zj Z 0

Pg' e Pgn s
y  ^gi у  ^  go

< ^  i ^0
Ji 5= K i
1 Z d J i Z  d K

jo ko

(13)

T h is e x p re ss io n  corresponds to  t h a t  in  E q. (12), its  le f t-h a n d  side re ferring  to  
v o lu m e  Vgkt, th e  r ig h t-h a n d  s id e  to  Vpht.
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I t  should be n o te d  in  con n ec tio n  w ith  E qs (8 ) to  (11) th a t  th e  values of 
th e  in teg ra ls  h a d  to  be co m p u ted  num erica lly , w ith  an  a p p ro x im a tio n  based  
on th e  fac t th a t  we d id  n o t h av e  an y  re la tio n sh ip s  betw een  th e  in d ep en d en t 
v a riab le  (gas m ass) an d  its  fu n c tio n s b u t  in  th e  m easu red  p o in ts . T herefore, 
accord ing  to  th e  p ro ced u re  ap p lied , we have  in  th e  d en o m in a to rs  o f  re la tio n 
sh ip  (13)

f z d J ^ Z i(J i - J i_1) +  Z i_1(J i_1- J i_2) +  . . . +  Z 2(J2-  J J  +  ( Л -  J 0),
j.
w here

rf  __ Z j  +  Z ,-_J

2 ’ ’

ÿ  _ Z  i—I +  Z j  2

“  “ “  T
e tc .
S im ilarly ,

f z d K ^  Z i( K i -  K H ) +  Z ^ K ^  -  K f_ 2) + . . . .
Ko

. . . . + Z 2(K2 - K 1) +  ZI(K1 - K 0)

an d  in  th e  sam e w ay  as seen above.
F ac to rs  J  and  К  are  ca lcu la ted  as

h i
z t

= J i ,

Pgo
Z 0

=  Jo

Fig. 9. Theoretical experim ental reservoir w ith param eters o f state
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F ig .  10. F u n c t io n s  J(Sg ) a n d  K (Sg)  a s  fu n c t io n s  o f  g a s  s a t u r a t io n  in  th e  e x p e r im e n ta l
reserv o ir

an d

Pei c — jr
y  Sgl — iS-< ’

Pgо e _  к— — Ogo —

S u b s t i tu t in g  now th e  a p p ro x im a te  values fo r th e  in te g ra ls  in to  th e  d en o m in a
to rs  in  E q . (13), an d  th e  d iffe rences

J  i Л
a n d

K , ~ K 0

in to  th e  n u m era to rs , th e  n u m e ra to rs  can be rep laced  b y  tw o  series o f positive  
a n d  n e g a tiv e  term s each  p a ir  o f  th e m  hav ing  th e  sam e ab so lu te  v a lues:

J ,  J i - l  +  J i— 1 J i — 2 "b J l —2 J i — 3 J i — 3 .............

........  J 3 J 3  J 2 +  J 2 ~  J l  +  J l  J 01 (14)
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and
Ki — Ki-i  +  1 — Kj_2 -f- 1C,_2 — Kj_ 3 +  Kj_ 3 — .........

.......... —  K 3 +  K 3 —  K 2 -)- K 2 —  -iCj -(- K l —  K 0. (15)

I f  functions

J  =  J ( S g )

and

к  =  K ( S g)

are  p lo tte d  in  co -o rd in a te  system s J  —  S g a n d  К  —  Sg (F ig. 10), i t  is  e a sy  to  
p rove  th a t  one can  alw ays fin d  such

AS gi =  Sgi -  S „ _ i

in te rv a ls  for w hich

( J i  J  i—l )  ( J i — l  J i —2 ) =  { J i — 2  J 1—3 ) = ..............

........ =  ( J 3  —  J 2 )  =  (J2 -  J i) =  (J i -  J o ) ,

and
(K i  -  К ,_ ,)  =  (K ,_ j -  K ,_ 2) =  (X ,_ 2 -  X ,_ 3) = ..........

..........=  ( K3 -  K 2) =  (K2 -  K J  =  (K,  -  K 0),

hold, i.e. E q . (13) can  be w ritte n  in  th e  fo llow ing  form :

n(Jj —Jf_i) _  n(Kt — Kj_j)

( J t - J i - i )  2 ^  ( K i - K t -г) 2 z t
i=o  1 = 0

R ela tio n sh ip  (16) does n o t exclude th e  p o ssib ility  o f th e  tw o  sides’ 
being  eq u a l b u t  i t  does n o t p rove i t  e ith e r . I t  is nam ely  tru e  t h a t  w e can 
alw ays fin d  differences

a j ;
and

A K j

in  functions J ( S g) an d  K ( S g) w hich are  s tr ic tly  eq u a l. H ow ever, th e  cu rv es  of 
fu n c tio n s J ( S g) an d  K ( S g) are  n o t para lle l, o r m ore  exac tly , th e  d e r iv a tiv e s  of 
fu n c tio n s J ( S g) an d  K ( S g) are  equal only  a t  a  single va lu e  o f Sg b u t  in  no  o th e r  
p o in ts . C onsequen tly , d ifferences A S gi d e te rm in in g  A J t and  A K t a re  also  u n 
eq u a l an d , necessarily , th e y  can n o t have  th e  sam e end  po in ts  S gj a n d  S gi_ v
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T h e re fo re , te rm s Z, g iven  b y  fu n c tio n

Z  =  Z [p g(Sg); T ]

in  th e  su m  of E q . (5) are  n o t  equa l, w hich  su g g ests  th a t  th e  co rrec t fo rm  of 
E q . (16) h as  to  be w r itte n  as

11 n
n    n   

2 z t 2 z 'ii= 0 1 = 0

(17)

I f  n  is  su ffic ien tly  h igh , i.e . a g rea t n u m b er o f  differences A J  and  A K  a re  in 
v o lv e d  in  th e  ca lcu la tio n , th e  sum s o f d iffe ren t com pressib ility  fa c to rs  Z i and  
Z'i m a y  h a p p e n  by  chance  to  be  eq u a l or n e a r ly  eq u a l. This w as th e  case w ith  
th e  o b se rv a tio n  ou tlin ed  in  co n n ec tio n  w ith  E q . (12).

H o w ev er, considering  eq u a tio n

Ji
d j

J.
Ji
j  Z d J

Jo

K i
[ d К

К о  __
Ki
f Z d K

К о

(18)

w ith  th e  sam e p hysica l c o n te n t  as th a t  o f  E q . (13) b u t  expressed  in  a m ore 
e x a c t  fo rm , th e  in e q u a lity  w ill be rep laced  b y  a n  e q u a lity  since th e  m ore  th e  
n u m b e r  n  o f th e  eq u a l d ifferences

J  j J  ,_x

a n d
Kt -  K ,_x

in c re a se s , th e  m ore th e  f in i te  d ifferences a p p ro a c h  th e  d ifferen tia ls , i.e .

a n d
A J  ->- AJ  

A K  — d X .

D iffe re n tia ls  d j  and  d X  in  tu r n  req u ire  also d iffe ren tia l changes dS , th e re fo re , 
te rm s  Zi  an d  Z\, to  be su m m arized  in  E q . (17) also differ from  each  o th e r  by  
d if fe re n tia l  am ounts o n ly , th u s  E q s (12) a n d  (13) can  be w ritte n  as a s tr ic t 
e q u a l i ty

^  I f ^ s t o r e d ,  (1) __  ^  f f ^ s t o r e d ,  ( I I )

^  ^ s t o r i n g , (I) ^  ^ s t o r i n g ,  ( I I )
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T he fac t th a t  re la tio n sh ip  (12) has also  show ed a n e a r-e q u a lity , can  be 
ex p la ined  b y  th e  c ircu m stan ce  th a t  th e  n u m b e r  o f observa tions w as chosen  for 
th e  possible g re a te s t n u m b e r w ith in  th e  s a tu ra t io n  in te rv a l from  S g =  0  to  
Sg =  0.5. T hus th e  d ifferences betw een  each  p a ir  o f sa tu ra tio n  w ere eq u a l to  
/1Sg =  0.005. T h is re su lted  in  a h igh  a c c u ra cy  o f th e  resu lts  a lth o u g h  a t  the  
expense of a lab o u ro u s  ev a lu a tio n . T he d ifference  betw een  th e  tw o  sides of 
re la tio n sh ip  (8 ) g iv ing  th e  to ta l  change o f en e rg y  c o n ten t, does n o t  exceed 
5 — 10 ergs a t  a to ta l  change of energy  c o n te n t  o f several th o u sa n d  m illions 
ergs.

Conclusions

E q u a tio n s  (8 ) an d  (9) give th e  co m p o n en ts  o f th e  to ta l  en erg y  balance  
an d  allow  th e ir  se p a ra tio n  accord ing  to  th e ir  p lace and  role. T h is enab les us 
to  define th e  o p tim u m  place of the  com pressing  eq u ip m en t, u tiliz in g  o u r k n ow l
edge of th e  reserv o ir p a ra m e te rs  and  of th e  v o lu m e  and  place o f th e  gas spaces 
ou tside  th e  pore v o lum e.

D a ta  o b ta in ed  fo r th e  lab o ra to ry  sy s te m  can  be applied  to  rea l reservo irs  
o f any  size w ith  th e  help  o f E q . (8 ). E n erg y  co n su m p tio n  can  be exp ressed  in  
sim ilar te rm s b o th  fo r rea l reservoirs and  fo r th e  lab o ra to ry  sy stem . W ork  and  
abso lu te  and  re la tiv e  va lu es  of its  co m p o n en ts  to  be done b y  th e  com pressing  
eq u ip m en t to  change th e  m ass an d  s ta te  o f  th e  system , can be prec ise ly  ca l
cu la ted .

I f  energy is s to red  in  th e  form  of n a tu ra l  gas, th e  ra tio  o f th e  s to red  energy 
to  th a t  needed fo r s to rin g  does n o t d ep en d  on  th e  s tru c tu re  o f th e  reservo ir, 
and  vice versa, th e  spécifie  energy re q u ire m e n t o f sto rage , i.e. th e  w ork  needed 
to  sto re  a u n it en erg y , is in d ep en d en t o f  w h e th e r  th e  gas is s to red  in  a steel 
co n ta in er, u n d e rg ro u n d  hole, cav ity  or a p o ro u s  m edium  from  w hich  th e  con
n a te  w a te r  h av in g  s a tu ra te d  th e  pores p r im a rily  m u st firs t be d isp laced  b y  th e  
in jec ted  gas.

F in a lly , i t  shou ld  be no ted  th a t  th e  en e rg y  needed to  s to re  c an n o t be 
neglected  if  co m p ared  w ith  th e  s to red  en e rg y  w hich em phasizes th e  econom ic 
aspects  o f u n d e rg ro u n d  gas sto rage .

R E F E R E N C E S

1. Zo ltá n , G y . 1978: E n erg y  req u irem en ts  o f th e  c h an g es  in  phase  lim it su rface  in  u n d e rg ro u n d
gas storage. Kőolaj és Földgáz, 6, 173— 178. (In  Hungarian.)

2. Z o l t á n , G y . 1980: Der Energiebedarf der Phasengrenzenflächenänderungen bei unterirdi
scher G asspeicherung. A d a  Geod. Geoph. M ont.  Hung., 15, 143— 159.

3. Zo l t á n , Gy . 1979: Theoretical analysis o f the energy requirement of changes in phase lim it
surface. Kőolaj és Földgáz, 1, 7 9. (In H ungarian.)

4. Zo l t á n , Gy . 1979: Energy value of the change o f sta te  in an underground gas storing reser
voir with w ater-w et rock. Kőolaj és Földgáz, 7, 207—211. (In H ungarian.)

Ada Gcodaetica, Geophysica el \1ontanistica Acad. Sei. Hune;. 17, 1982





CONTENTS

Tóth , J . :  25 years o f the Petroleum  Engineering Research Laboratory o f the H ungarian
Academ y of Sciences ......................................................................................................................  311

Balia, L . :  Modelling of flow  phenom ena in porous m edia ..........................................................  317

Bauer, K .  : Determ ination of the diffusion m ass transport coefficient o f  a C 0 2 CH 4 gas
m ixture in porous m edia at reservoir tem perature and pressure ................................  329

Lakatos, / .  — Mrs. Lakatos, Szabó, ./. : S tab ility  o f polyacrylam ide solutions in  presence
o f carbon dioxide ..................................................................................................................................  345

Lakatos, I. Mrs. Lakatos, Szabó, ./. Mrs. K iss ,  Gáspár,  M. : A com parative laboratory  
study of w ell-treatm ent techniques based on  in situ cross-linking and polym eri
zation ............................................................................................................................................................. 363

Milley, Gy. Wagner, 0 . :  A new m ethod of m odelling capillary pressure curves ............  383

Munka, M. : Application o f m athem atical sim ulation  to polymer flood design .................  391

Heinemann, Z. Milley, Gy. Wagner, 0 . :  M odification of pore structure b y  inorganic
gels to increase displacem ent efficiency ..................................................................................... 401

Milley, G y .— Wagner, 0 .  Jónap, К . — Bukta, B . —Lövei, J . :  Long core m odel apparatus
for the laboratory investigation  o f oil recovery p r o c esse s ...................................................  415

Tóth, J .— Mrs. Milley, Tóth, J .  — Mrs. Lakatos, Szabó, J . :  Determ ination o f the degree of
crude oil m etam orphism  w ith  application to prospecting purposes ........................... 437

Tóth, J .  — Mrs. Milley, Tóth, J . :  Possible role o f  m echanical effects in crude oil genera
tion  and geochem ical investigations o f hydrocarbons ...................................................... 447

Zoltán, Gy. : Energy consum ption of underground gas storage (Independence o f  specific
storage energy on reservoir structure) .......................................................................................... 455



PRINTED IN HUNGARY

Akadémiai Nyomda



— treble underlining: bold-face italics
— red underlining: Greek letters
— green underlining: script letters.

Rules for m athem atical-physical notations:
— trigonometric, logarithm ic, analytic sym b ols , sym bols for u n its and functions are in rom an  

type (not underlined)
letter sym bols in  m athem atical and ph ysica l formulas, scalars, and subscripts o f algebraic  
and physical quantities are in italics (underlined)

— vectors, m atrices, operators in probab ility  theory are in bold-face roman type (double  
underlining)

— tensors, operators and some special fun ction s are in script letters (green underlining). These  
cannot be bold.

— Greek letters (red underlining) cannot be bold or extra bold ty p e  (thus they cannot be used
for vectors or tensors)

— avoid upper lines e.g . for vectors
avoid possible confusion between о (letter) and 0 (zero), 1 (letter) and 1 (one), v (Greek nu) 
and v, u (letters) etc.

— explain am biguous or uncom m on sym bols b y  making m arginal notes in pencil
— be careful about superscripts and subscripts
— formulae must be num bered consecutively  w ith  the number in parentheses to the right o f  the  

formula. References in  tex t to the equations m ay then usually  be m ade by the num ber in  
parenthesis. W hen the word equation is used w ith a number, it  is to be abbreviated, E q . or 
Eqs in the plural

— the International System  of Units (SI) should  be used.
Authors are liable for the cost of a lteration  in the proofs. I t  is, therefore, the responsib i

lity  of the author to check the tex t for errors o f facts before su bm ittin g  the paper for pu b li
cation.

3. References are accepted only in th e  H arvard system . C itations in  the text should be as: 
. . . (Bom ford 1971) . . .  or Bom ford (1971)
. . . (Brosche and Sündermann 1976) . . .
. . . (Gibbs et al. 1976b) . . .
The list of references should contain nam es and initials o f all authors (the abbreviation  

et al. is not accepted here); for journal articles  year of publication, the title  of the paper, title  
o f the journal abbreviated , volum e num ber, first and last page.

For books or chapters in books, the t it le  is followed by the publisher and place of pu b li
cation.

All item s m ust appear both in the te x t  and references.
Examples:

Bom ford G 1971: G eodesy. Clarendon Press, Oxford
Brosche P, Sünderm ann J 1976: Effects o f  oceanic tides on the ro ta tion  o f the earth. M anus

cript. U niv. o f Bonn
Buntebarth G 1976: Tem perature calculations on the Hungarian seism ic profile-section N P -2 . 

In: Geoelectric and Geothermal Studies ( East-Central Europe , Soviet A s ia ) ,  K A P G  Geo
physical Monograph.  Akadémiai K iadó, Budapest, 561 566.

Gibbs N E, Poole W  G, Stockm eyer P К  1976a: An algorithm for reducing the bandwidth and  
profile o f a sparse m atrix. S I A M  J .  Number. Anal ., 13, 236 — 250.

Gibbs N E, Poole W G, Stockm eyer P К  1976b: A comparison of several bandwidth and profile  
reduction algorithm s. A C M  Trans, on Math. Software, 2, 322 330.

Szarka L 1980: Potenciáltérképezés analóg m odellezéssel (A nalogue modeling of poten tia l 
mapping). M agyar Geofizika, 21, 193 200.
4. Footnotes should be typed on separate sheets.
5. Legends should be short and clear. The place of the tab les and figures should be in 

dicated in the tex t, on the margin.
6. Tables should be numbered serially w ith  Rom an num erals. V ertical lines are not used . 
All the illustrations should contain the figure number and author’s name in pencil on the

reverse.
Figures will be redrawn. Therefore th e  m ost important point is clearness of the figures, 

even  pencil-drawings are accepted (with a duplicate).
Photographs and half-tone illustrations should be sharp and w ell contrasted.
If a specific reduction or enlargem ent is required, please ind icate  this in blue pencil 

on the figure.
The editors w ill send information to the first author about the arrival  and acceptance of  

the papers. A galley proof is also sent to th e  first author for correction. Hundred offprints  are 
supplied free of charge.

These instructions are valid as from 1982.



Periodicals of the Hungarian Academy of Sciences are obtainable 
at the following addresses:

AUSTRALIA
C .B .D .  LIBRARY A N D  S U B S C R IP T IO N  SERVICE 
B ox  4886, G.P.O., Sydney N .S . W. 2001 
C O S M O S  BOOKSHOP, 145 A ckland  Street 
S t. Kilda ( Melbourne), Victoria 3182

A U ST R IA
G L O B U S ,  Höchstädtplatz 3, 1206 Wien X X  

B E L G IU M
O F F I C E  IN T ERN AT IO N A L D E LIBRA IRIF
30 Avenue Marnix, 1050 Bruxelles 
L I B R A IR IE  DU M ON D E E N T IE R  
162 rue du Midi, 1000 Bruxelles

BULGARIA
H E M U S ,  Bulvár Ruszki 6, Sofia  

CANADA
P A N N Ó N IA  BOOKS, P.O. Box 1017 
Pos ta l  Station “B”, Toronto, Ontario M 5 T  2T8

C H IN A
C N P IC O R ,  Periodical Depar tm ent ,  P.O. Box 50 
P eking

CZE CH O SL O VA K IA
M A D ’ARSKÁ K U LT ÚR A , N á ro d n í  tïida 22 
115 66 Praha
P N S  DOVOZ TISKU, V inohradská  46, Praha 2 
P N S  DOVOZ TLACE, Bratislava 2

D E N M A R K
E J N A R  M UN KSGAARD, N orregade  6
1165 Copenhagen К
F E D E R A L  REPUBLIC O F  G E R M A N Y  
K U N S T  UN D  WISSEN E R IC H  BIEBER 
Postfach 46, 7000 Stuttgart 1

FIN L A N D
A K A T E E M I N E N  K IR JA K A U P P A ,  P.O. Box 128
SF-00101 Helsinki 10
FR A N C E
D A W S O N -FRANCE S. А., В. P. 40, 91121 Palaiseau 
EU R O P É R IO D IQ U E S  S. A.,  31 Avenue de Ver
sailles, 78170 La Celle St. Cloud
O F F I C E  IN T ERN AT IO N A L D E D O CU M E N T A 
T I O N  ET LIBRAIRIE, 48 rue Gay-Lussac 
75240 Paris Cedex 05
G E R M A N  DEMOCRATIC R E P U B L IC  
H A U S  DER U N G A R IS C H E N  K U L T U R  
K a r l  Liebknecht-Straße 9, D D R-102 Berlin 
D E U T S C H E  POST Z E IT U N G S V E R T R IE B S A M T  
Sraße  der Pariser Kom m une 3-4 , DDR-104 Berlin
G R E A T  BRITAIN
B L A C K W E L L ’S PE RIO DICA L S DIVISION 
H y th e  Bridge Street, O xford 0 X 1  2E T  
B U M P U S ,  HALDANE A N D  M AX W EL L LTD. 
C o w p er  Works, Olney, Bucks M K 46 4BN  
C O L L E T ’S HOLDINGS LTD.,  Denington Estate 
Wellingborough, N or t liants N N 8 2Q T  
W M . DAWSON A ND SONS L T D .,  Cannon House 
Folkstone, Kent CT19 5EE  
H .  K .  LEWIS AND CO.,  136 G ow er  Street 
London W C IE 6BS
G R E E C E
K O S T A R A K IS  BROT HERS IN T E R N A T IO N A L  
BOOKSELLERS, 2 H ippokra tous  Street, Athens-143
H O L L A N D
M E U L E N H O F F -B R U N A  B.V.. Bculingstraat 2,
A msterdam
M A R T IN U S  NIJHOFF B.V.
Lange  Voorhout  9-11, Den Haag

SWETS SUBSCRIPTION SERVICE 
347b Heereweg, Lisse

IN DIA
A L L IE D  PUBLISHIN G PRIV A TE LTD., 13/14 
A saf  Ali Road, New Delhi 110001 
150 B-6 Mount Road, M adras 600002 
IN T ER N AT IO N A L B O OK  HO U SE PVT. LTD. 
M adam e Cama Road, Bom bay 400039 
T H E  STATE T R A D IN G  C O RP O R A T IO N  O F  
I N D I A  LTD., Books Im por t  Division, Chandralok 
36 Janpath, New Delhi 110001

ITALY
INTERSCIENTIA , Via Mazzé 28, 10149 Torino 
L IBRE RIA  CO M M ISS IO N A RIA  SANSONI, Via 
Lam arm ora  45, 50121 Firenze 
SA N T O  VANASIA, Via M. Macchi 58 
20124 Milano
D .  E. A., Via Lima 28, 00198 Roma  

JA P A N
K IN O K U N IY A  B O OK-STORE CO. LTD.
17-7 Shinjuku 3 chôme, Shinjuku-ku,  Tokyo 160-91 
M A R U Z E N  C O M PA N Y  LT D .,  Book Department, 
P.O. Box 5050 Tokyo International , Tokyo 100-31 
N A U K A  LTD. IM P O R T  D E P A R T M E N T  
2-30-19 Minami Ikebukuro, Toshima-ku, Tokyo 171

KOREA
C H UL PA N M UL , Phenjan 

NORW AY
TA N U M -T ID S K R IF T -S E N T R A L E N  A S. ,  Karl 
Johansgatan 41-43, 1000 Oslo

POLAND
WÇGIERSKI IN STYTUT K U LT UR Y , Marszal-
kowska 80, 00-517 Warszawa
C K P  1 W, ul. Towarowa 28, 00-958 Warszawa

ROUMANIA
D. E. P., Bucureçti
ILEXIM , Calea Grivitei 64-66, Bucaresti 

SO V IE T UNION
SOJUZPECHAT -  IM P O R T ,  Moscow 
and  the post offices in each town 
M E Z H D U N A R O D N A Y A  K N IG A ,  Moscow G-200

SPAIN
D IA Z  DE SANTOS, Lagasca 95, Madrid 6 

SWEDEN
ALMQVIST AND W IKSE LL,  Gamla Brogatan 26
101 20 Stockholm
G U M P E R T S U N IV ERSITET SBOKHANDE L AB 
Box 346, 401 25 Göteborg 1

SWITZERLAND
K A R G E R  LIBRI AG, Petersgraben 31, 4011 Basel 

USA
EBSCO SUBSCRIPTION SERVICES 
P.O. Box 1943, Birmingham, Alabama 35201 
F. W. FAXON C O M P A N Y ,  INC.
15 Southwest Park, W estwood Mass. 02090 
T H E  M OORE-COTTRELL SUBSCRIPTION 
AGENCIES. North Cohocton, N. V. 14868 
R EA D -M O RE PUBLICATIONS, INC.
140 Cedar Street, New York, N . Y. 10006 
STECHERT-M ACM 1LLAN, INC.
7250 Westfield Avenue, Pennsauken N. J. 08110

YUGOSLAVIA
JUGOSLOVENSKA K N JIG A ,  Terazije 27, Beograd 
F O R U M , Vojvode MiSióa 1, 21000 Novi Sad

In d e x :  26.031 H U  ISSN  0374— 1 8 4 2 I


	1. szám��������������
	Somosvári, Zs.: Investigation of the zone in front of road heads in order to determine the cause of rock and gas outbursts���������������������������������������������������������������������������������������������������������������������������������
	Somosvári, Zs.: Mechanism of rock and gas outbursts����������������������������������������������������������
	Somosvári, Zs.: Main parameters of the rock and gas outburst danger��������������������������������������������������������������������������
	Somosvári, Zs.: Mechanism of action of provoking explosions������������������������������������������������������������������
	Balla, L.: Mathematical formalism of the 2n-p type first-power factorial test planning���������������������������������������������������������������������������������������������
	Pethő, Sz.–Tompos, E.: Über die Erzeugung von Dolomit-Mahlgut für Edelverputz������������������������������������������������������������������������������������
	Patvaros, J.: Die Synthese bergabulicher Technologiesysteme������������������������������������������������������������������

	2. szám��������������
	Ádám, J.–Halmos, F.–Varga, M.: On the concepts of combination of Doppler satellite and terrestrial geodetic networks���������������������������������������������������������������������������������������������������������������������������
	Ádám, J.–Tarcsai, Gy.: Doppler location equations for platform localization using satellites���������������������������������������������������������������������������������������������������
	Csernyák, L.–Steiner, F.: Amplifying residual filters������������������������������������������������������������
	Csernyák, L.–Steiner, F.–Zilahi-Sebess, L.: A short note to prescribed w-properties������������������������������������������������������������������������������������������
	Abdelhamid Kamal Hassan: Comparison between results of the gyro-azimuths determined with old and new gyrotheodolites���������������������������������������������������������������������������������������������������������������������������
	Kardos, I.–Borza, T.–Vass, T.: Laser ranging observations at the Satellite Geodetic Observatory (SGO)������������������������������������������������������������������������������������������������������������
	Krasnobaeva, A. G.–Diakonov, B. P.–Astafiev, P. F.–Batalova, O. V.–Vishnev, V. S.–Gavrilova, I. E.–Zhuravlyova, R. B.–Kirillov, S. K.: Magnetotelluric data on the geoelectric structure in the North-Eastern part of the Baltic Shield����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	Raspopov, O. M.–Afanasyeva, L. T.: Localization of the Pc5-source and of the auroral oval������������������������������������������������������������������������������������������������
	Rösler, R.–Lindner, H.: Ableitung von Feldtransformationen für Profile von Potentialfeldanomalien��������������������������������������������������������������������������������������������������������
	Nemesi, L.–Bognar, E.–Lavdanszuren-Hovdan-Majkum, T.–Tot, Cs.: Kompleksznaja reofizicseszkaja razvedka v pusztine Gobi�����������������������������������������������������������������������������������������������������������������������������
	Gasco, J. C.–Febrer, J. M.–Demicheli, J.–Fournier, H. G.: Zarate MT sounding and upper mantle resistivity����������������������������������������������������������������������������������������������������������������

	3–4. szám����������������
	Tóth, J.: 26 years of the Petroleum Engineering Research Laboratory of the Hungarian Academy of Sciences���������������������������������������������������������������������������������������������������������������
	Balla, L.: Modelling of flow phenomena in porous media�������������������������������������������������������������
	Bauer, K.: Determination of the diffusion mass transport coefficient of a CO2–CH4 gas mixture in porous media at reservoir temperature and pressure����������������������������������������������������������������������������������������������������������������������������������������������������������
	Lakatos, I.–Lakatos Szabó, J.: Stability of polyacrylamide solutions in presence of carbon dioxide���������������������������������������������������������������������������������������������������������
	Lakatos, I.–Lakatos Szabó, J.–Kiss Gáspár, M.: A comparative laboratory study of well-treatment techniques based on in situ cross-linking and polymerization�������������������������������������������������������������������������������������������������������������������������������������������������������������������
	Milley, Gy.–Wagner, O.: A new method of modelling capillary pressure curves����������������������������������������������������������������������������������
	Munka, M.: Application of mathematical simulation to polymer flood design��������������������������������������������������������������������������������
	Heinemann, Z.–Milley, Gy.–Wagner, O.: Modification of pore structure by organic gels to increase displacement efficiency�������������������������������������������������������������������������������������������������������������������������������
	Milley, Gy.–Wagner, O.–Jónap, K.–Bukta, B.–Lövei, J.: Long core model apparatus for the laboratory investigation of oil recovery processes�������������������������������������������������������������������������������������������������������������������������������������������������
	Tóth, J.–Milley Tóth, J.–Lakatos Szabó, J.: Determination of the degree of crude oil metamorphism with application to prospecting purposes�������������������������������������������������������������������������������������������������������������������������������������������������
	Tóth, J.–Milley Tóth, J.: Possible role of mechanical effects in crude oil generation and geochemical investigations of hydrocarbons�������������������������������������������������������������������������������������������������������������������������������������������
	Zoltán, Gy.: Energy consumption of underground gas storage (Independence of specific storage energy on reservoir structure)����������������������������������������������������������������������������������������������������������������������������������

	Oldalszámok������������������
	_1���������
	_2���������
	_3���������
	_4���������
	_5���������
	_6���������
	1��������
	2��������
	3��������
	4��������
	5��������
	6��������
	7��������
	8��������
	9��������
	10���������
	11���������
	12���������
	13���������
	14���������
	15���������
	16���������
	17���������
	18���������
	19���������
	20���������
	21���������
	22���������
	23���������
	24���������
	25���������
	26���������
	27���������
	28���������
	29���������
	30���������
	31���������
	32���������
	33���������
	34���������
	35���������
	36���������
	37���������
	38���������
	39���������
	40���������
	41���������
	42���������
	43���������
	44���������
	45���������
	46���������
	47���������
	48���������
	49���������
	50���������
	51���������
	52���������
	53���������
	54���������
	55���������
	56���������
	57���������
	58���������
	59���������
	60���������
	61���������
	62���������
	63���������
	64���������
	65���������
	66���������
	67���������
	68���������
	69���������
	70���������
	71���������
	72���������
	73���������
	74���������
	75���������
	76���������
	77���������
	78���������
	79���������
	80���������
	81���������
	82���������
	83���������
	84���������
	85���������
	86���������
	87���������
	88���������
	89���������
	90���������
	91���������
	92���������
	93���������
	94���������
	95���������
	96���������
	97���������
	98���������
	99���������
	100����������
	101����������
	102����������
	103����������
	104����������
	105����������
	106����������
	107����������
	108����������
	109����������
	110����������
	111����������
	112����������
	113����������
	114����������
	115����������
	116����������
	117����������
	118����������
	119����������
	120����������
	121����������
	122����������
	123����������
	124����������
	125����������
	126����������
	127����������
	128����������
	129����������
	130����������
	131����������
	132����������
	133����������
	134����������
	135����������
	136����������
	137����������
	138����������
	139����������
	140����������
	141����������
	142����������
	143����������
	144����������
	145����������
	146����������
	146_1������������
	146_2������������
	146_3������������
	146_4������������
	146_5������������
	146_6������������
	147����������
	148����������
	149����������
	150����������
	151����������
	152����������
	153����������
	154����������
	155����������
	156����������
	157����������
	158����������
	159����������
	160����������
	161����������
	162����������
	163����������
	164����������
	165����������
	166����������
	167����������
	168����������
	169����������
	170����������
	171����������
	172����������
	173����������
	174����������
	175����������
	176����������
	177����������
	178����������
	179����������
	180����������
	181����������
	182����������
	183����������
	184����������
	185����������
	186����������
	187����������
	188����������
	189����������
	190����������
	191����������
	192����������
	193����������
	194����������
	195����������
	196����������
	197����������
	198����������
	199����������
	200����������
	201����������
	202����������
	203����������
	204����������
	205����������
	206����������
	207����������
	208����������
	209����������
	210����������
	211����������
	212����������
	213����������
	214����������
	215����������
	216����������
	217����������
	218����������
	219����������
	220����������
	221����������
	222����������
	223����������
	224����������
	225����������
	226����������
	227����������
	228����������
	229����������
	230����������
	231����������
	232����������
	232_1������������
	232_2������������
	233����������
	234����������
	235����������
	236����������
	237����������
	238����������
	239����������
	240����������
	241����������
	242����������
	243����������
	244����������
	245����������
	246����������
	247����������
	248����������
	249����������
	250����������
	251����������
	252����������
	253����������
	254����������
	255����������
	256����������
	257����������
	258����������
	259����������
	260����������
	261����������
	262����������
	263����������
	264����������
	265����������
	266����������
	267����������
	268����������
	269����������
	270����������
	271����������
	272����������
	273����������
	274����������
	275����������
	276����������
	277����������
	278����������
	279����������
	280����������
	281����������
	282����������
	283����������
	284����������
	285����������
	286����������
	287����������
	288����������
	289����������
	290����������
	291����������
	292����������
	293����������
	294����������
	295����������
	296����������
	297����������
	298����������
	299����������
	300����������
	301����������
	302����������
	303����������
	304����������
	305����������
	306����������
	307����������
	308����������
	309����������
	310����������
	310_1������������
	310_2������������
	310_3������������
	310_4������������
	310_5������������
	310_6������������
	310_7������������
	310_8������������
	311����������
	312����������
	313����������
	314����������
	315����������
	316����������
	317����������
	318����������
	319����������
	320����������
	321����������
	322����������
	323����������
	324����������
	325����������
	326����������
	327����������
	328����������
	329����������
	330����������
	331����������
	332����������
	333����������
	334����������
	335����������
	336����������
	337����������
	338����������
	339����������
	340����������
	341����������
	342����������
	343����������
	344����������
	345����������
	346����������
	347����������
	348����������
	349����������
	350����������
	351����������
	352����������
	353����������
	354����������
	355����������
	356����������
	357����������
	358����������
	359����������
	360����������
	361����������
	362����������
	363����������
	364����������
	365����������
	366����������
	367����������
	368����������
	369����������
	370����������
	371����������
	372����������
	373����������
	374����������
	375����������
	376����������
	377����������
	378����������
	379����������
	380����������
	381����������
	382����������
	383����������
	384����������
	385����������
	386����������
	387����������
	388����������
	389����������
	390����������
	391����������
	392����������
	393����������
	394����������
	395����������
	396����������
	397����������
	398����������
	399����������
	400����������
	401����������
	402����������
	403����������
	404����������
	405����������
	406����������
	407����������
	408����������
	409����������
	410����������
	411����������
	412����������
	413����������
	414����������
	415����������
	416����������
	417����������
	418����������
	419����������
	420����������
	421����������
	422����������
	423����������
	424����������
	425����������
	426����������
	427����������
	428����������
	429����������
	430����������
	431����������
	432����������
	433����������
	434����������
	435����������
	436����������
	437����������
	438����������
	439����������
	440����������
	441����������
	442����������
	443����������
	444����������
	445����������
	446����������
	447����������
	448����������
	449����������
	450����������
	451����������
	452����������
	453����������
	454����������
	455����������
	456����������
	457����������
	458����������
	459����������
	460����������
	461����������
	462����������
	463����������
	464����������
	465����������
	466����������
	467����������
	468����������
	469����������
	470����������
	471����������
	472����������
	473����������
	474����������
	475����������
	476����������


