
ACTA
T E C H N IC A

ACADEM IAE SCIENTIARUM  
H UNG ARICAE

ADI UV ANTI В US

L. G IE E E M O T , GY. H E V E S I , I. R Á Z SÓ , 
K. SZ É C H Y , G. T A R J Á N

R E D IG IT

A. G E I v E J I

T O M U S

VOLUMEN IUBIUARE

ACTA TECHN. HUNG.

A K A D É M IA I  K IA D Ó , B U D A P E S T
1 9 6 5



ACTA TECHNICA
A M A G Y A R  T U D O M Á N Y O S  A K A D É M I A  

M Ű S Z A K I  T U D O M Á N Y O K  O S Z T Á L Y Á N A K  
K Ö Z L E M É N Y E I

S Z E R K E S Z T Ő S É G  É S  K I A D Ó H I V A T A L :  B U D A P E S T  V . ,  A L K O T M Á N Y  U .  2 1 .

Az Acta Technica német, angol, francia és orosz nyelven közöl értekezéseket a műszaki 
tudományok köréből.

Az Acta Technica változó terjedelmű füzetekben jelenik meg, több füzet alkot egy 
kötetet.

A közlésre szánt kéziratok a kővetkező címre küldendők:

Acta Technica 
Budapest V., Nádor u. 7.

Ugyanerre a címre küldendő minden szerkesztőségi és kiadóhivatali levelezés.
Az Acta Technica előfizetési ára kötetenként belföldre 80 forint, külföldre 110 forint. 

Megrendelhető a belföld számára az „Akadémiai Kiadó”-nál (Budapest V., Alkotmány utca 21. 
Bankszámla 05-915-111-46), a külföld számára pedig a „Kultúra” Könyv- és Hírlap Kül
kereskedelmi Vállalatnál (Budapest I., Fő utca 32. Bankszámla: 43-790-057-181) vagy annak 
külföldi képviseleteinél és bizományosainál.

Die Acta Technica veröffentlichen Abhandlungen aus dem Bereiche der technischen 
Wissenschaften in deutscher, französischer, englischer oder russischer Sprache.

Die Acta Technica erscheinen in Heften wechselnden Umfanges. Mehrere Hefte bilden 
einen Band

Die zur Veröffentlichung bestimmten Manuskripte sind an folgende Adresse zu senden:

Acta Technica 
Nádor и. 7.
Budapest V.

Ungarn

An die gleiche Anschrift ist auch jede für die Schriftleitung und den Verlag bestimmte 
Korrespondenz zu richten.

Abonnementspreis pro Band: 110 Forint. Bestellbar bei dem Buch- und Zeitungs-Außen
handels-Unternehmen »Kultúra« (Budapest I., Fő utca 32. Bankkonto Nr. 43-790-057-181) 
oder bei seinen Auslandsvertretungen und Kommissionären.



ACTA
TEC H N IC A

A C A D E M I A E  S C I E N T I A R U M  
H U N G A R I C A E

ADIUVANTIBUS
L. G IL L E M O T , G Y . H E V E S I , I. R Á ZSÓ  

K. S Z É C H Y , G. T A R J Á N

R E D I G I T

A.  G E L E J I

T O M U S  50

VOLUMEN IUBILARE

ACTA TECHN. HUNG.

A K A D É M I A I  K I A D Ó ,  B U D A P E S T  
1965





P R E F A C E

TO  V O L U M E  50

Before th e  L ib e ra tio n  o f H u n g a ry  sc ien tis ts  w ho w ished to  publish  

p ap e rs  or lec tu res in  a foreign lan g u ag e , could  o n ly  do so ab ro a d , o r w ith in  

th e  lim ited  space av a ilab le  in th e  Publications o f  the Faculty o f  M in in g  and  

Geotechnics, Sopron, or b y  th e  Publications o f  the University  o f  Technical 
Sciences, Budapest.

W ith  th e  reo rg an iza tio n  of th e  H u n g a rian  A cad em y  of Sciences in  1949 

th e  s itu a tio n  w as ra d ic a lly  ch an g ed . The A cad em y ’s Section  o f T echnical 

Sciences s ta r te d  tw o  sc ien tific  rev iew s: one p u b lish ed  in  H u n g a ria n  and  th e  

o th e r , th e  Acta Technica,  in fo reign  languages.
The f irs t vo lum e o f th e  A cta  Technica  w as p u b lish ed  in  1950 an d  to 

d a y , in 1965, th e  2 0 th  y e a r  a fte r  th e  L ib e ra tio n , th e  5 0 th  vo lum e is to  ap p ear. 

T h is m eans some 25 000 pages o f  sc ien tific  l i te ra tu re  w ith in  fo u rteen  years.

W hen s ta r tin g  th e  Acta  Technica, we w a n te d  th is  review  to  becom e a 

com prehensive  scien tific  su rv ey  o f th e  resu lts  ach iev ed  in  th e  re sea rch  in ti tu te s  

o f  th e  A cadem y o f Sciences an d  in  those su p p o rte d  b y  th e  A cadem y . Since 

th e n  progress in th e  techn ica l sciences b ro u g h t w ith  i t  an  ever ex p an d in g  
research  a c tiv ity , w hich  of course m ean t an  in c rea s in g  n u m b er o f sc ien tific  

com m unica tions. So th a t  th e  Acta  Technica  h av e  o u tg ro w n  th em selv es . I t  is 

th e re fo re  p lan n ed  to  b re a k  i t  up in to  severa l series, th e  f irs t o f w hich  is Series 

Geodaetica et Geophysica.
I t  appears th a t  th e  A cta  Technica  h av e  fo u n d  a m eritab le  p lace  in  th e  

li te ra tu re  an d  are  now  in te g ra te d  am ong  th e  a p p re c ia te d  te c h n ic a l jo u rn a ls  

o f  th e  w orld; a sign o f th is  is th e  increasin g  n u m b e r o f  foreign  sc ien tis ts  u tiliz 
in g  th e ir  space.

On th e  occasion o f th e  p u b lica tio n  of th is , th e  f if t ie th , vo lum e of Acta  

Technica  we w ish to  express o u r th a n k s  a n d  g ra ti tu d e  to  th e  responsib le  

g o v e rn m en t a u th o ritie s , to  th e  H u n g a ria n  A cad em y  o f Sciences, a n d , la s t h u t
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4 PREFACE

n o t  le a s t ,  to  all the  w o rk ers , p a s t  an d  p resen t, w ho help ed  c re a tin g  th is  in te r 

n a t io n a l  forum  for b rin g in g  to  th e  notice o f th e  w orld  tech n ica l-sc ien tifico  

r e s u lts  ach ieved  b y  re se a rc h e rs  in  th is  c o u n try . O u r special th a n k s  are  due 

to  th o s e  foreign sc ien tis ts  w h o  h o n o u red  us b y  c o n tr ib u tin g  th e ir  v a lu ab le  

a r tic le s  to  th e  p resen t issue .

P ro f. D r. A. G eleji
M em ber o f th e  H u n g a ria n  A cadem y 

of Sciences,
E d ito r-in -C h ie f  o f th e  A cta  Technica

Acta Techn. Hung. 50. (1965)



UBER DIE BERECHNUNG  
DER DURCHBIEGUNG EINER MEMBRAN

J .  B A R T A

DOKTOR DER TECHNISCHEN WISSENSCHAFTEN 

[E ingegangen  am  1. O k to b e r 1964]

Der R and  is t u n v ersch ieb lich . Die L a s t is t g leichm äßig  v e r te ilt . Die D u rch b ieg u n g  im  
P u n k te  P  is t m it Wp beze ich n e t. In  diesem  A u fsatz  is t bew iesen, d a ß  fü r Wp die E in sch rä n k u n g  
(3) g ilt. E in num erisches B eispiel e r lä u te r t  die A nw endung  der F o rm el (o).

Die M em bran  is t d u rch  den  ebenen  B ereich  В  u n d  d u rch  die a u f  die 
L än g en e in h e it bezogene S p a n n k ra f t S  c h a ra k te ris ie r t. W ir b e sc h rä n k e n  uns 
a u f  den F all, wo В  e in fach  zu sam m en h än g en d  is t. D er R a n d  v o n  В  wird 
m it R  bezeichnet (B ild  I) . S en k rech t a u f  die M em bran  w irk t eine g leichm äßig  
v e r te ilte  L ast von  d e r In te n s i tä t  q. D ie D u rch b ieg u n g  der M em bran  w ird  m it 
w(x, y )  bezeichnet. W ie es ü b lich  is t, w ird  u>(x,y) als k lein  v o rau sg ese tz t. 
S  u n d  q sind gegebene K o n s ta n te n . D ie F u n k tio n  w(x, y )  is t, w ie b e k a n n t, 
d u rch  die D iffe ren tia lg le ichung

Aw  in  В  ( 1)
S

u n d  d u rch  die R an d b ed in g u n g
w =  0 an  R

b e s tim m t. D abei is t А  == д21'дх2 -)- 92/9y2 d e r L ap lacesche  O p e ra to r. w(x, y )  is t 
also die Lösung des R an d w ertp ro b lem s (1), (2).

P  sei ein g eg eb en er P u n k t des B ereiches B.  M it ivp beze ich n en  w ir den 
W ert von w(x, y )  im  P u n k te  P.  E s  soll h ie r gezeigt w erden , w ie eine u n te re  
u n d  eine obere S c h ra n k e  fü r  d en  W ert wp e rm itte lt  w erden  k ö n n en . M an 
n im m t eine F u n k tio n  (o(x, y ) ,  d ie im  В  zw eim al s te tig  d iffe ren z ie rb a r und  
so n st beliebig is t , u n d  b e n ü tz t d a n n  die F orm el

(üp  —  w R

{— A w ) B

Bei d er B ildung  des M inim um s u n d  des M axim um s is t <x>R d e r W e rt von 
io(x, y )  am  R an d e  R ,  u n d  ( — zlco)B d e r W e r t  von  — Aco im  B ereich  B .

min ( — à i s (3)

w v —  °>R

( A oj)B min

ч
s

Acta Techn. Hung. 50. (1965)



6 J. BARTA

i s t  a lso  eine u n te re  S c h ran k e ,

ы р  -  °>R J

( A(ü)B . max S

ein e  obere  S chranke fü r  wp.

D er Beweis der F o rm e l (3 )

G (x ,y ;  I ,  rj) is t d ie G reensche  F u n k tio n  des B ereiches B .  D an n  is t

1 f  9G  t p  1w„ = ----- ----- ív a n ----------
2 л  J R Эn 2 л

D ie G leichung  (4) d rü c k t  eine b ek a n n te  E ig en sch a ft d er G reenschen F u n k tio n  
au s . I n  analoger W eise lä ß t  sich

G A w d B .  (4)
в

1 г ЭС 1oj d H ----
2л J  ff дп 2 л

G A w d B ( 5 )
в

sc h re ib e n . F ü h ren  w ir (1) u n d  (2) in  (4) ein , so e rh a lte n  w ir die G leichung

wp —2— Г G d B .
2л  S  J B

( 6)

E in e  w eitere  E ig en sch aft d e r G reenschen F u n k tio n  is t, d aß  G u n d  3G/dn 
n ic h t  n e g a tiv  sind. D a h e r d ü rfe n  w ir au f die b e id en  In te g ra le  in  (5) den  M itte l
w e r ts a tz  der In te g ra lre c h n u n g  anw enden. So is t

f  ,
2л: J  R дп 2 л  J  в

w obei со* der W ert v o n  w(x, у )  an  einer geeignet gew äh lten  S telle von  R  is t, 
u n d  (Aw)**  derjen ige v o n  Aco an  einer gee ig n e t gew äh lten  Stelle von  B .  
E s  i s t  fe rn er, wie b e k a n n t,

' ^ L d R  =  2 л .
R 3 П

Acta Techn. Hung. 50. (1965)



ÜBER DIE BERECHNUNG DER DURCHBIEGUNG EINER MEMBRAN 7

(7) h a t  also die F o rm  

o der, w as dasselbe is t,

( Z H <

0 -  ШР ~ Ш

W erden  (6) u n d  (8) ad d ie rt, so w ird

2л ' B

ч 4
s 2 л  S ,

-  w* <1
\m)** S

G d B

G d B  .

( - Л

H ie rau s  fo lg t u n m itte lb a r  die E in sc h rä n k u n g  (3).

( 8)

P rak tisch e  W inke fü r  die A nw endung der F orm el (3 )

Die zw eim al s te tig  d iffe ren z ierb are  F u n k tio n  cu(x, y ) d a r f  m a n  beliebig 
w äh len , doch w ird  m an  b e s tre b t se in , sie so zu w ählen , daß  die u n te re  Schranke

JL
s( — Am)  g

m öglichst groß oder die obere S ch ran k e

m p  —  M R 4

( A m )B max S

m ög lich st k lein  sei. W ährend  d e r  B ildung  des M inim um s u n d  des M axim um s 
w ird  P  als ein fe s te r P u n k t b e tra c h te t .  D as M inim um  bzw. das M ax im u m  ist 
so zu b ilden , d aß  mR und  ( — A m )B sich u n ab h än g ig  v o n e in a n d e r v e rän d e rn . 
D esha lb  is t die A nw endung d e r F o rm e l (3) n ic h t allzu einfach. D o ch  w ird  sie 
z iem lich  ein fach  sein, w enn m a n  en tw ed er

oder
A m  — k o nst, in B , (9)

m =  0 an R ( 10)

w ä h lt. E in  geeignetes w(x, y )  w ird  d u rch  P ro b ie ren  oder d u rch  d ie  V erw endung  
d e r so g en an n ten  K o llo k a tio n sm eth o d e  (oder an d erer b e k a n n te n  N äh e ru n g s
m eth o d en ) gefunden .

Beispiel

D er B ereich  der M em bran sei e in  sy m m etrisch es P arabelsegm en t (B ild  2). Ih re  a u f  die 
L än g en e in h e it bezogene S p a n n k ra ft sei S . Ih re  L a s t h ab e  die k o n s ta n te  I n te n s i t ä t  q. Gesuch 
i s t  die D urch b ieg u n g  im  P u n k te  P.

Ada Techn. Hung. 50. (1965)



Dazu setzen wir zuerst

D ie se r  A n sa tz  erfü llt (10) u n d  l ie fe r t

M ith in  lie fert die Form el (3) d ie  E in sch rän k u n g

Sod an n  setzen w ir

A u c h  d ieser A nsatz e rfü llt (10). A u s  ih m  folgt

G e m ä ß  (3) haben wir also d ie  E in sch rä n k u n g

E s is t leicht eine so lche F u n k t io n  a>(x, y) zu f in d en , d a ß  e in e rse its  (9) e rfü llt is t, und 
a n d e rs e i ts  c nur zwischen en g en  G ren zen  variiert. Sie sei v o n  d e r  F orm



ÜBER DIE BERECHNUNG D ER DURCHBIEGUNG EINER MEMBRAN У

w o rin  a, b, c K o n s ta n te n  sind. D urch  (11) is t  (9) e rfü llt. D ie zah len m äß ig en  W erte  de r K o n 
s ta n te n  a, b, c h ab en  w ir d u rch  die so g e n a n n te  R a n d k o llo k a tio n  e rm it te lt ,  u n d  so fan d en  w ir

со =  -  j 2 +  0 ,7853у  -  0,22747 (3 x - у  -  y 2) _  0,01277 (5 * ' y  -  10 x 2y 2 +  y 5) ■

U n te r  de r B enü tzu n g  dieses A nsatzes h a b e n  w ir

V)p =  -  0,52 - f  0 ,7853 • 0,5 -  . . .  =  0 ,1 7 0 6 .. .  ,

f 0 an  A  O B  ,

{ 0 ,03904y  — 0 .18989y-  - f  0 ,29132 y 3 -  0,1277 y '  -  0,01277 y 6 a n  A C B  .

D a ra u s  folgt 

F e rn e r  e rg ib t sich 

D a m it la u te t  die E in sch rä n k u n g  (3) 

0 ,1706. . . — 0,003

f0/?min У 1 ,fJR max ' 0 ,003 .

— Аси =  2 .

q 0 ,1 7 0 6 .. .
~S~ < w p ^  2

-  0

0.0838 <  Ivp <  0,0854

fo lg t. D as a rith m e tisch e  M itte l ist

<1
S  ’

0,0838 +  0,0854 
2 4 - =  0 , 0 8 4 6 - | - .

H ie rau s  is t ersich tlich , d a ß  der W ert 0 ,0846  q /S  sich um  w eniger als 1%  von  dem  stren g en  W ert 
Wp u n te rsch e id e t. D ie G en au igkeit des R e s u l ta te s  kan n  no ch  g es te ig e rt w erd en , w enn  m an  in 
(11) m ehrere  G lieder b e rü ck s ic h tig t.

ON T H E  D E F L E C T IO N  A N A LY SIS O F  A M E M B R A N E
J .  BARTA

SU M M A R Y

T he c ircum ference is im m ovable a n d  th e  load  is un ifo rm ly  d is tr ib u te d . T he d isp lacem en t 
in p o in t P  is d eno ted  b y  wp. In  th is  p a p e r , a u th o r  d em o n s tra te s  t h a t  th e  in e q u a lity  (3) is v a lid  
for n>p. A num erica l ex am p le  e luc idates th e  a p p lica tio n  o f fo rm u la  (3).

CA LC U L D U  D É P L A C E M E N T  D ’U N E  M E M B R A N E
J .  BARTA

R É S U M É

Le bord  de la m em b ran e  est une co u rb e  p lane in am o v ib le , la charge  e st u n ifo rm é m en t 
ré p a r t ie .  Le d ép lacem en t d ’un p o in t P  é t a n t  désigné p a r lOp, l’a u te u r  d é m o n tre  que l ’in é g a lité  
(3) e s t  v a lab le , c’es t-à -d ire  que wp p e u t ê tre  soum is à u n e  l im ita tio n . U n exem ple  n u m ériq u e  
i l lu s t r a n t  l’ap p lica tio n  de la form ule (3) te rm in e  l’é tude .

О РАСЧЕТЕ ПЕРЕГИБА ПЛЕНКИ
Й. Б А РТ А

РЕЗЮМЕ

Край пленки представляет собою несдвигаемую плоскую кривую, нагрузка ее 
равномерно распределяется, wp означает перегиб точки Р . В данной работе доказано, 
что имеет место неравенство (3), то есть wp можно ограничить верхним и нижним пре
делами. Применение формулы (3) объясняется числовым примером.

Act.г Techn. Hung. 50. (1965)





SOME CONCEPTS OF MODEL INVESTIGATIONS 
ON SEDIMENT TRANSPORTING WATERCOURSES

J .  L . B O G Á R D I

CORRESPONDING MEMBER OF THE HUNGARIAN ACADEMY OF SCIENCES 

[M anuscrip t rece ived  J u ly  18, 1963]

T he fu n d a m e n ta l problem  in scale m odel in v e s tig a tio n s  is to  ensure s im ila r ity  b e tw een  
th e  m odel an d  th e  p r o to ty p e .l t  w ill be reca lled  t h a t  fu ll m echan ical sim ilarity  c a n n o t be re a l
ized  in h y d ro m ech an ica l scale m odel te s ts . In  th e  m a jo r i ty  o f cases, aside from  g e o m e tric  and  
k in em a tic  s im ila rity , p a r tia l  d y nam ic  s im ila rity  can  be ach ieved  a t best, w here  th e  s im ila r
i ty  o f tw o forces considered  sign ifican t fo r th e  p h en o m en o n  u n d e r s tu d y  is on ly  e n su re d . T he 
s im ila rity  o f o th e r  forces is sacrificed in  fu ll a p p rec ia tio n  o f th e  erro r in tro d u ced  th e re b y .

W hen re p ro d u c in g  n a tu ra l  w a terco u rse s in  th e  m odel even th e  c riterion  o f g eo m etric  
s im ila rity  m u st o ften  be neglected  because o f th e  n ecess ity  o f  d is to rtin g  the v e rtica l d im ensions 
in o rd e r to sa tis fy  th e  c rite ria  o f re p ro d u c ib ility  a t  th e  g iven  h o rizo n ta l scale, e.g. to  e n su re  tu r 
b u len t flow  in  th e  m odel. The d is to rtio n  of g eo m etric  d im ensions involves th e  n e ce ss ity  of 
d is to r tin g  o th e r p h y sica l q u a n titie s  as well.

I f  th e  p ro to ty p e  to  be in v es tig a te d  in  th e  m odel is a sed im en t tran sp o rtin g  w a te rc o u rse , 
th e n , n a tu ra lly , th e  cond itions of sed im e n t t ra n s p o r ta tio n  m u st also be a llow ed  fo r. T hese 
ad d itio n a l c rite ria  are  likely  to in tro d u c e  fu r th e r  in co n sis ten c ies. The conclusion e v e n tu a lly  
a rriv e d  a t  is, t h a t  s tu d ies  of th is n a tu re  can  be p e rfo rm ed  in  d is to rted  m odels o n ly , in w hich  
aside  from  th e  g e o m e try  of the  m odel th e  d iam e te r, o r ev en  th e  specific g rav ity  o f th e  sed im en t 
p a rtic les is d is to rte d . T h is , how ever, in v o lv es th e  d is to r tio n  of o th er q u an titie s  as w ell. V arious 
c rite ria  can  be com b in ed  in to  a se t o f c o n d itio n  e q u a tio n s  w hich  lacks any e x a c t so lu tio n  b e 
cause  of i ts  in h e re n t inconsistencies. In  th e  know ledge o f th e  problem  there  is a p o ss ib ility  
for sa tis fy in g  p a r tic u la r  condition  e q u a tio n s  w hich  are  th e  m o st significant fo r th e  p h e n o m e 
non u n d e r co n sid era tio n  an d  for c o n ce n tra tin g  th e  e rro rs  in  th e  condition  e q u a tio n s  w hich 
c o n ta in  th e  less s tr in g e n t c riteria .

1. The A cting  Forces an d  th e  P ro p ertie s  o f the M oving F lu id

T he five  forces generally  ta k e n  in to  co n sid e ra tio n  during  in v e s tig a tio n s  
o f  flu id  m o tion  are  each re la ted  to  a specia l p ro p e rty  of the  flu id , r.e ., th e ir  
v a lu e  alw ays dep en d s also on one p ro p e r ty  o f  th e  flu id . I t  will be re ca lled  th a t  
in e r tia  forces are  re la ted  to  th e  in e r tia  m ass o f  th e  flu id . The in e r tia  m ass is 
n o t id en tica l w ith  th e  so-called p o n d ero u s  m ass, b u t since th e  in e r t ia  o f  m a
te r ia l  is p ro p o rtio n a te  to  the  m ass m easu red  b y  its  w eight, th e  q u a n t i ty  used 
d u rin g  th e  in v es tig a tio n s  is a lw ays th e  p o n d ero u s m ass, or e sse n tia lly  th e  
w eigh t d en sity  Q o f th e  flu id . C o n seq u en tly , from  am ong the p ro p e rtie s  o f the  
flu id  th e  in e r tia  force in h y d ro in ech an ica l in v es tig a tio n s  is re la te d  to  d en sity . 
T h e  co rrespond ing  c o u n te rp a rts  a re  th e  fric tio n  force and  th e  d y n am ic  v isco sity  
1] o f th e  flu id , g ra v ity  force an d  th e  d e n s ity  Q o f  th e  flu id , th e  c a p illa ry  force 
a n d  th e  m o lecu la r com position  o f  th e  f lu id , an d  fina lly  the  e lastic  fo rce  and 
th e  e la s tic ity  o f th e  flu id .
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A s i t  is k n o w n  fro m  th e  descrip tio n  o f  th e  special m odel law s a n d  th e  
Re, F r ,  We  a n d  Си n u m b e rs , th e  s im ila rity  o f  a single force besides th e  in e r tia  
force, t h a t  is, th e  s im ila r ity  o f altogether two forces  is alw ays en su red  b y  th e  
id e n t i ty  o f one o f  th e se  dim ensionless n u m b e rs  [1, 2 ].

W h ich ev e r o f  th e  fo u r d im ensionless n u m b e rs  is a d o p ted  as th e  on ly  
c rite r io n  o f  s im ila r ity , th e  s im ila rity  o f th re e  forces is obviously  n eg lec ted . 
On th e  o th e r  h a n d , since th e  n u m b er of c r i te r ia  to  be sa tisfied  fo r en su rin g  
(p a r tia l)  s im ila r ity  is red u ced  to  one, in  s im ila r  cases th e  selection  o f  th e  scale 
ra tio s  is la rg e ly  u n re s tr ic te d . The m ost im p o r ta n t  consequence th e re o f  is 
th a t  th e  p ro p e rtie s  o f  th e  m odel flu id  in v o lv ed  in  th e  dim ensionless n u m b e r  in  
q u e s tio n  m a y  be se lec ted  a t  will. T he  p ro to ty p e  flu id  being  m o s tly  w a te r , 
m o stly  th e  sam e is u sed  in  th e  m odel as well. I t  sh o u ld  be n o ted  here  t h a t  to d a y  
th e re  a re  a lre a d y  sev era l ad d itio n a l c r ite r ia  to  b e  ta k e n  in to  ac c o u n t, w h ich  
o f cou rse  e n ta il c e r ta in  re s tric tio n s .

T h e  a d o p tio n  o f  tw o  of th e  above d im en sio n less  num bers as s im ila r ity  
c r ite r ia  e n ta ils  m ore  s tr in g e n t re s tric tio n s w h ich  a re  in  m any cases im possib le  
to  co m p ly  w ith . T h e  o b se rv a tio n  of tw o  d im en sio n less  num bers w ould  in v o lv e  
th e  id e n tic a l re p ro d u c tio n  o f th ree  forces. I t  sh o u ld  be observed im m e d ia te ly  
th a t  th e  c r ite r ia  o b ta in e d  will differ acco rd in g  to  w h e th e r th e  th ree  forces are  
re la te d  to  th re e , or ex cep tio n a lly  b u t  to  tw o  p ro p e rtie s  of th e  flu id . T h e  la t te r  
co n d itio n  arises i f  b o th  th e  in e r tia  force an d  g ra v i ty  force are in c lu d ed  am ong  
th e  th re e  forces. B o th  o f th ese  tw o forces a re  n am ely  re la ted  to  th e  sam e 
p ro p e r ty , i.e. d e n s ity .

Let us consider f i r s t  th is  re la tiv e ly  sim ple case , w here in e rtia  a n d  g ra v ity  
are  in c lu d ed  am o n g  th e  th re e  forces. In  v iew  o f th e  phenom enon  of f lu id  m o tio n  
th e  th i rd  force to  be in c lu d ed  is usually  th e  f r ic tio n a l force w ith  th e  d y n am ic  
v isco s ity  r] coup led  to  i t .  T he  crite rion  of s im ila r ity  in  th is  case is th e  id e n t i ty  
of th e  d im ension less n u m b ers .

R e  - = i.il F r
v~

gl

w hence i t  w ill be o b ta in e d  th a t  the  s im ila rity  o f  th e  th ree  forces se lec ted  can 
n o t be en su red  un less th e  ra tio  of th e  d y n am ic  v iscosities of th e  flu id s  in  th e  
p ro to ty p e  a n d  th e  m o d el, in  sh o rt th e  scale r a t io  o f  dynam ic v isco s ity  is c a l
cu la ted  fro m  th e  ex p ressio n

=  ( 1 )

W ith  th e  m odel an d  th e  p ro to ty p e  in th e  sam e g eograph ic  location , Ag b ecom es 
equal to  u n ity  an d  th u s  [3, 4]
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P ass in g  o v er to  k in em atic  v isc o s ity , th e  s im ila rity  of th e  th re e  forces 
se lec ted  can  be en su red  by  sa tisfy in g  th e  eq u a tio n

A „ = - ^ -  =  A p . (3)

As rev ea led  b y  E q . (2) above, one o f th e  tw o  p ro p erties  o f th e  m o d e l flu id  
m a y  be se lec ted  a rb itra r ily , b u t th e n  th e  o th e r  p ro p e rty  is d e te rm in e d  b y  th e  
g iven  le n g th  scale ra tio . C o nsequen tly , ev en  in  th e  case w here no m o re  th a n  
tw o  p ro p e rtie s  o f  th e  flu id  are in v o lv ed , th e  s im ila rity  of th ree  fo rces c a n n o t 
he en su red  unless a flu id  d iffering  in  d y n a m ic  v iscosity  or d e n s ity  f ro m  th e  
p ro to ty p e  is u sed  accord ing  to  E q . (2) in  th e  m odel. A m odel f lu id  w ith  th e se  
p ro p e rtie s  shou ld  n o t be too  d ifficu lt to  p ro d u ce .

Let as consider hereaf ter th e  case w here  each  of th e  th ree  forces to  be  m o d 
eled are  re la te d  to  d iffe ren t p ro p e rtie s  o f  th e  flu id . A n exam ple fo r th is  p h e 
nom enon  is th e  in f iltra tio n  of f lu id  th ro u g h  a g ran u la r soil. T he v e lo c itie s  an d  
especia lly  th e  changes in  velocity  being  sm all, th e  neglection  o f in e r t ia  forces 
w as fo u n d  to  cause  no e rro r o f ap p rec iab le  m ag n itu d e . On th e  o th e r  h a n d , th e  
e ffec t o f  c ap illa ry  forces m ay  be s ig n if ic a n t in  th e  v ic in ity  o f th e  su rfa c e  o f  th e  
in f i l t ra t in g  f lu id . F o r th is  reason  th e  th ird  force to  be considered  besid es  g ra v 
i ty  an d  fric tio n  is u su a lly  cap illa ry . T he th re e  p roperties re la te d  to  th e  th re e  
forces are  f lu id  d en sity  p, d y n am ic  v isc o s ity  r] an d  surface te n s io n  <p of 
th e  flu id .

T h e  scale ra tio s  n  o f th e  forces a re  d e fin ed  b y  th e  follow ing fa m ilia r  ex 
p ressions:

fo r g ra v ity  forces n  =  AgAfAg , (4)

fo r fr ic tio n  forces л  =  A;A4A(, (5)

for c a p illa ry  forces 71 =  A/Aç; . (6)

F ro m  th e  id e n t i ty  of th e  scale ra tio s  n  o f  th e  th ree  forces, i.e. f ro m  th e  
e q u a lity  o f E q s . (4), (5), and  (6) tw o  c o n d itio n  eq u a tio n s  are o b ta in e d . A ssum 
in g  id e n tic a l g eo graph ica l locations, i.e. Ag =  1, these  will be as fo llow s:

Ag A, =  Â  Af1, (7)

Ae A? =  Ay . (8 )

A lto g e th e r fiv e  unknow n scale ra tio s  a re  invo lved  in  E qs. (7) a n d  (8), 
so th a t  in  p rin c ip le  th e  v alue  of th re e  o f th e m  m a y  be selected  a rb i t r a r i ly ,  p ro 
v id ed  th a t  no o th e r  c rite ria  are  observ ed . O ne o f th e  free scale ra tio s  is o b v i
ously  th e  one fo r len g th s  A;. The second m a y  be one o f th e  p ro p e rtie s  o f  the  
f lu id  (d e n s ity , d y n am ic  v iscosity  or su rface  ten sio n ). T he th ird  sca le  ra tio  to  
be se lec ted  free ly  could  be th e  scale ra tio  o f  tim e  A(, b u t  since th e  p h en o m en o n  
u n d e r c o n sid e ra tio n  is flu id  m o tion , th e  a rb i t r a ry  ad o p tion  th e re o f  is p re v e n te d
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b y  c e r ta in  k in em atic  re la tio n sh ip s . In  th e  p re se n t case of in f iltra tio n  th e  D arcy - 
law  co u ld , for ex am p le , be one of these  re la tio n sh ip s . E ven  i f  th e  d ifficu ltie s  
e n c o u n te re d  in  th e  a d o p tio n  o f  Xt were d is re g a rd e d , i t  is a lm o st inco n ce iv ab le  
t h a t ,  fo r  in s ta n c e , a t  a n y  p rese lec ted  d en sity  q th e  dynam ic  v iscosity  a n d  s u r 
face  te n s io n  o f th e  f lu id  sh o u ld  be ex ac tly  th e  v a lu e  defined  b y  E qs. (7) an d  
(8). I n  a n y  u n iq u e  so lu tio n  o f  th e  cond ition  e q u a tio n s  (7) an d  (8) all scale  r a 
tio s  a re  eq u a l to  u n ity , i.e . th e  m odel and  th e  p ro to ty p e  have  th e  sam e d im e n 
sions. T h e  s im ila rity  o f th re e  forces w hich a re  re la te d  to  th ree  p ro p e rtie s  of 
th e  f lu id  can  th u s  be en su red  o n ly  in  a m odel w h ich  in  every  respect is id e n tic a l 
w ith  th e  p ro to ty p e  [3].

I t  th u s  follow s th a t  th e  s im ila rity  of m o re  th a n  th ree  forces can  o n ly  be 
e n su re d  in  a m odel w hich  is id en tica l w ith  th e  p ro to ty p e .

S ince  th e  flu id  ap p e a rs  in  b o th  th e  m o d e l an d  th e  p ro to ty p e  w ith  all 
i ts  p ro p e r tie s  an d  all th e se  forces re la ted  to  th e se  la t te r s  becom e effective, fu ll 
m e c h a n ic a l s im ila rity  can  be a tta in e d  only  in  a  m odel w hich is in  ev e ry  r e 
sp e c t id e n tic a l w ith  th e  p ro to ty p e . In  a m odel o f  th is  ty p e , all c rite ria  can  be  
s a tis f ie d  [5].

D isreg ard in g  ex cep tio n s th e  m odel f lu id  in  h y d ra u lic  scale m odel te s ts  is 
u s u a lly  w a te r . T hus, s tr ic tly  speak ing  in  a m o d e l b u il t  w ith  dim ensions d iffe r
ing  f ro m  th o se  o f th e  p ro to ty p e  ex ac t m ech an ica l s im ila rity  can n e v e r  be  
a t ta in e d .

2. Special Form s o f the Known D im ensionless Numbers

S cale  m odel te s ts  an d  h y d ro m ech an ica l in v e s tig a tio n s  lead  to  th e  d is 
co v e ry  t h a t  in d iv id u a l p h en o m en a  in th e  m o tio n  o f w a te r are  especially  well 
d e sc rib e d  b y  o th e r form s o f th e  dim ensionless n u m b e rs . These special fo rm s o f  
th e  d im en sio n less  n u m b ers , w h ich  can n o t a c tu a lly  be reg a rd ed  as new, b y  th e ir  
in tro d u c tio n  as s im ila r ity  c r ite r ia  for d is to r te d  m odels resu lted  in  co n d itio n s 
d e p a r t in g  from  tho se  g iven  b y  th e  original d im ension less num bers. E x am p les  
fo r th e s e  are  o b ta in ed  b y  in tro d u c in g , in  th e  case  o f sed im en t se ttlin g , in to  
th e  R e  a n d  F r  n u m b ers  th e  se ttlin g  velo c ity  w  as th e  ch a rac te ris tic  v e lo c ity  
an d  th e  p a r tic le  d iam e te r  d  as th e  ch a rac te ris tic  le n g th , or if  th e  shear v e lo c ity  
U * is  u sed  as c h a ra c te ris tic  ve loc ity .

T h e  above co n sid e ra tio n s  can  be i l lu s tra te d  b y  th e  following exa m p le :
In tro d u c in g  in to  a n y  a rb itra ry  s im ila rity  c rite r io n  th e  shear v e lo c ity  

U X in s te a d  o f th e  m ean  v e lo c ity  v as th e  c h a ra c te r is tic  velocity , th e  e q u a lity

l u .  =  K  (9)

m u s t b e  v a lid . Since U * =  \fg h J 9

31/2
K. = W яу2 = АУ2 - = я, хт* = xv, (io>

Àf1*
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w here i t  is assum ed th a t  th e  m odel and  th e  p ro to ty p e  are g eo g rap h ica lly  in 
th e  sam e loca tio n .

W h ere  besides in e r t ia  th e  second force co n tro llin g  th e  p h en o m en o n  in 
v e s tig a te d  is g rav ity , th e  F ro u d e  crite rio n  m u s t  also be sa tisfied . T h u s ,

K  =  W 2 - (11)

T he cond itions ex p ressed  b y  E qs. (10) a n d  (11) can be sa tis f ied  o n ly  in  a 
m odel w here  th e  leng ths a n d  d ep th s  are u n d is to r te d .

I f  th e  c rite rio n  to  be sa tis f ied  is th a t  o f  R ey n o ld s , th en

К  — ^T1 • (12)

T he cond itions ex p re ssed  by  E qs. (10) a n d  (12) can n o t be s a tis f ie d  un less

h  =  K 112 (13)

w hich  is im possib le  in  th e  m a jo r ity  of cases.
I t  is to  be seen fro m  th e  above co n sid e ra tio n s  th a t  the  in tro d u c tio n  o f 

th e  special d im ensionless n u m b ers  u su a lly  in v o lv es  ad d itio n a l re s tr ic tio n s .
F o r tu n a te ly  th e  re q u ire m e n t to  o b se rv e  e x a c t m echan ica l s im ila r ity  

c rite ria  is n o t  th is  s tr ic t in  engineering  p ra c tic e . In  m ost of th e  p h en o m e n a  to  
be in v e s tig a te d  certa in  p ro p e rtie s  of th e  f lu id  p la y  a p p a re n tly  a b u t  in s ig n if i
c an t ro le. In  such  cases th e  req u irem en ts  o f m ech an ica l s im ila rity  m a y  be re 
garded  as a p p ro x im a te ly  sa tis fied . In  th e  case o f d is to rted  m odels, how ever, 
i t  w ould  be basica lly  w ro n g  to  speak  of m ech an ica l s im ila rity , since th e  scale 
ra tio s  o f  q u a n titie s  o f id e n tic a l d im ension a p p re c ia b ly  differ from  each  o th e r

3. Sim ilarity in the Case o f  Scale Models of 
Sedim ent Transporting W atercourses

T he genera l conclusions arriv ed  a t  in  co n n ec tio n  w ith  scale  m odel in 
v es tig a tio n s  also app ly  to  m odels in  w hich p ro b lem s of sed im ent tr a n s p o r ta t io n  
a re  to  be considered  to o . B esides th e  h y d ra u lic  fac to rs  p ro p er th e  q u a li ty  o f 
th e  sed im en t (nam ely  i ts  p a r tic le  size d , i ts  specific  g rav ity  y 1, i ts  g ra in  size 
d is tr ib u tio n ) , th e  sed im en t q u a n titie s  tra n s p o r te d  (qh to ta l  an d  qB b e d  load  
ra te ) , th e  m a n n e r in w h ich  th e  sed im ent is t ra n s p o r te d , an d  in  som e cases even 
th e  reg im e o f m o v em en t m u s t be tru ly  re p ro d u c e d  in  these  m odels. S tud ies 
o f th is  ty p e  invo lve o b v io u sly  ad d itio n a l d ifficu ltie s  w hich are  also  re flec ted  
b y  th e  tr e n d  in  th e  d e v e lo p m en t o f th e  m e th o d s  used. In  early  tim e s  th e  sim 
ila r ity  o f th e se  m odels p o sed  alm ost in so lu b le  p rob lem s.

In  th e  f ir s t  period  o f  sed im en t m odel s tu d ie s  th e  key to  th e  so lu tio n  of 
th e  p ro b lem  w as believed  to  be h idden  in  th e  se lection  of a m odel sed im en t 
m a te ria l su ita b le  for th e  a im  of a p a r tic u la r  s tu d y , o r in th e  case o f  a given 
sed im en t m a te ria l, in  th e  d e te rm in a tio n  o f  th e  su itab le  slope.
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I t  h  as been suggested , fo r  in stan ce , b y  H . K r e y  [6] th a t  th e  m o v em en t 
o f  th e  sed im en t in th e  m o d e l is ensu red  i f  th e  w a te r  d ep th  h" is w ith in  th e  
ra n g e

d"
20 J "

<  h" <
d" 

8J "
(14)

O n e  o f the  lim it slopes ( th e  low er lim it)  in  th e  m odel w ould th u s  be

J "  =
d" 

8 h"

T h e  o th e r  lim it slope is d e fin e d  by  th e  c irc u m sta n c e  th a t  no rm al flow  in  th e  
p r o to ty p e  should  be re p ro d u c e d  in  th e  m odel as n o rm a l flow . T h u s th e  o th e r 
l im it  s lo p e  (the  upper lim it)  is de te rm in ed  b y  th e  cond ition

(15)c "

w h ere  g" is th e  g ra v ita tio n a l acce lera tion  a t  th e  lo ca tio n  of th e  m odel, while 
c" is th e  velo c ity  fac to r o f  th e  m odel.

T h e  conclusions o f K r e y  w ere la te r  c o m p le te d  by  S. R o h r i n g e r  [7] 
w h o  su g g e s te d  th a t  th e  m odel slope should  h a v e  th e  sam e ra tio  re la tiv e  to  th e  
f ix e d  l im i t  values as in  th e  p ro to ty p e .

F u n d a m e n ta l  law s o f  sed im en t m o v em en t w ere su b seq u en tly  a d o p te d  
as b a s ic  s im ila rity  c r ite r ia . T h e  tra c tiv e  force r 0 w as rep roduced  b y  m an y , 
in v o lv in g , on th e  basis o f th e  re la tio n sh ip  T0 =  y h j , and  assum ing  Яу =  1, 
t h a t  Я/, =  Я] “.

A s id e  from  th e  re p ro d u c tio n  o f c ritica l v e lo c itie s , m an y  in v e s tig a to rs  
a d o p te d ,  especially  in  re c e n t tim es , som e fo rm  o f  th e  channel s ta b il i ty  fa c to r  
fo r  s a t is fy in g  the  s im ila rity  c r ite r ia . T he a u th o r , to o , has ad o p ted  in  h is ea rlie r 
in v e s t ig a tio n s  th e  channel s ta b i l i ty  fac to r d / h j ,  in tro d u c e d  b y  h im  in  1943, 
as th e  s im ila r ity  c rite rio n . T h e  consequence o f  a d o p tin g  th e  fa c to r  d j h j  is, 
fo r  e x a m p le , th a t

S in c e  th e  channel s ta b i l i ty  fa c to r  is r e la te d  to  th e  concept o f th e  s tab le  
c h a n n e l ,  th e  idea of u sin g  in  sed im en t m odel s tu d ie s  th e  c h a ra c te ris tic s  of 
th e  s ta b le  channel as b asic  s im ila r ity  c rite ria  la y  close to  h an d . A n ex am p le  
fo r  th is  is  th e  re la tionsh ip  d ev e lo p ed  b y  T. B l e n c h  [8 ], who suggested  o n  th e  
b as is  o f  th e  re la tionsh ip  e x is tin g  betw een  th e  w id th  B,  th e  d e p th  h a n d  slope 
J  o f  th e  s ta b le  channel, an d  th e  discharge Q th e  fo llow ing ra tio s for th e  c o rre 
sp o n d in g  scale ra tios:

Яв : Ял :Яу =  Я ^ : Я ^ : Я^/«.  (16)

Acta Techn. Hung. 50 (1965)
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From  E q . (16) we o b ta in  fo r th e  scale ra tio  of d ep th s

h  =  4 ' -  (17)

Several in v e s tig a to rs  a tte m p te d  to  ensure  s im ila rity  in  m odel studies 
o f  sed im en t tra n sp o r tin g  n a tu ra l  w atercourses on th e  basis o f  m orphological 
ch a rac te ris tic s . A lth o u g h  no ob jec tion  can  be raised  a g a in s t th e  idea  itself, 
th e  q u a n tita tiv e  d esc rip tio n  o f  m orphology  is b o u n d  to  in tro d u c e  d ifficu lties
[9, 10].

T he a tte m p ts  l is te d  in  th e  foregoing are  u su a lly  c h a ra c te r iz e d  b y  th e  
en d eav o u r to  ensure s im ila r ity  on th e  basis o f  no m ore th a n  one, o r tw o  p ro p 
e rtie s  o f sed im en t m o v e m e n t only . No a t te m p ts  w ere m ade to  sa tis fy  o ther 
c rite r ia  while i t  m u st be  conceded  th a t  no p o ss ib ility  e x is ted  th e re fo re .

M odels of th is  ty p e  m u s t u sua lly  be d is to r te d  an d  th e  q u a n t i ty  affected 
th e re b y  is u sua lly  th e  d e p th , w hich involves a t  th e  sam e tim e  th e  d is to r tio n  of 
th e  slope as well. T h e  scale ra tio s  are u su a lly  d e te rm in ed  wri th  th e  help of 
F ro u d e ’s m odel law . S ev era l d is tu rb in g  inconsistencies a n d  co n trad ic tio n s 
a re  in tro d u ced  b e tw een  th e  m odel and  th e  p ro to ty p e . P ro m  am o n g  th e  in 
consistencies tho se  in te rfe r in g  w ith  th e  s im ila rity  of th e  p h en o m en o n  to  be 
s tu d ie d  should  be n a tu ra l ly  e lim inated . T his pu rpose  is served  b y  th e  operation  
re fe rred  to  as verification,  w hich  consists essen tia lly  of th e  in tro d u c tio n  of 
a d d itio n a l d is to rtio n s  w ith  th e  aim  to  c o u n te ra c t th e  effect o f  th e  f irs t , origi
n a l d is to rtio n . I t  is n o t  in te n d e d  here to  discuss in a n y  d e ta il th e  ru les and 
p rocedure  of v e rif ic a tio n , i t  shou ld  suffice to  m en tio n  th a t  i t  is n o th in g  bu t 
a tr ia l  and  erro r p rocess, an d  a fa irly  d iff icu lt one a t  th a t .  T h e  re a so n  fo r th is 
is th a t  ce rta in  q u a n tit ie s  (such  as e.g. ?.t, A/,, ?.f)  h av e  been  assigned  defin ite  
n u m erica l \7alues, so t h a t  th e  a d ju s tm e n t is even  m ore le n g th y  to  f in d . A fu r
th e r  d raw back  o f th is  m e th o d  is th a t  these  m o d ifica tio n s a re  n o t  de term ined  
b y  reg u la r m a th e m a tic a l m e th o d s and  ca lcu la tio n s, b u t  m o s tly  on th e  basis of 
th e  re la tio n  of a few  q u a n tit ie s  and  w ith o u t allow ing for o th e r  re la tionsh ips. 
T h e  m ethod  of v e rif ic a tio n  is nevertheless still w idely  u sed , a n d  m ay  even 
be regarded  in  m an y  cases as th e  single m e th o d . T he e x p la n a tio n  fo r th is  lies 
in  th e  am ple p ra c tic a l experience  gained in  th is  fie ld  w hich th e  ex p erim en ter 
is capab le  of ex p lo itin g  ad v an tag eo u sly . S everal m o d ifica tio n s can  be realized 
b y  verifica tio n . A rb itra ry  changes are th u s  u su a lly  effec ted  in  Aq, in  roughness 
co n d itio n s, in  th e  slope d is to r tio n  resu ltin g  from  th e  d is to r tio n  o f  d ep th s , etc.

T he la te s t  m odel te ch n iq u es , w hich we believe to  ensu re  th e  b e s t possible 
rep ro d u c tio n , are  e ssen tia lly  also some form  o f v erifica tio n , b u t  in stead  of 
su b seq u en t tr ia l an d  e rro r  p re lim in ary  ca lcu la tio n s are  used  a t  a tim e  when 
a ll scale ra tio s  can  be se lec ted  freely an d  w hen  th e  e x te n t, a n d  even  m ore im 
p o r ta n t  th e  p o in t o f o ccu rrence  of d ev ia tio n s can be c o n tro lle d . Q uite  ob
v io u sly  th e  tro u b le  cau sed  b y  th e  dev ia tions is least d is tu rb in g  i f  th e y  occur a t 
th e  least s ign ifican t p o in t, or q u a n tity  w ith  re sp ec t to  th e  p h en o m en o n  stud ied .
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4. D im ensional A n a ly s is  for D eterm ining  S im ilarity  Criteria

I t  shou ld  he e s ta b lish e d  a t  th e  o u tse t t h a t  d im en sio n a l analysis  is r e 
g a rd e d  as a m ethod  o f p a r a m o u n t  im portance  a n d  sign ificance  in  d e te rm in in g  
th e  c r i te r ia  of s im ila rity . T h e  im p o rtan ce  of th e  m e th o d  is re flec ted  b y  th e  
c irc u m s ta n c e  th a t  s im ila r ity  c r i te r ia  alm ost w ith o u t ex cep tio n  can  an d  usu a lly  
a re  d e r iv e d  w ith  th e  aid  o f  d im e n s io n a l analysis. I t  sh o u ld  be recognized , how 
e v e r , t h a t  dim ensional a n a ly s is  is  n o t  a solution to  e v e ry  p ro b lem . As long as th e  
p h y s ic a l  q u an titie s  an d  h y d ra u lic  fac to rs invo lved  in  th e  p h enom enon  are  n o t 
c le a r ly  u n d ersto o d , no a t te m p ts  a t  d im ensional an a ly s is  can  be m ade. In s ig h t 
in to  th e  physica l q u a n titie s  in f lu e n c in g  in d iv idua l p h en o m e n a  can , on th e  o th e r 
h a n d , b e  gained by  le n g th y  in v e s tig a tio n s  only . A n y  successfu l ap p lica tio n  o f 
th e  d im en sio n a l analysis is th u s  seen to  depend  on th e  e x te n t to  w hich  th e  
p h y s ic a l q u an titie s  c o n tro llin g  th e  phenom enon can  be  clarified .

A  fu r th e r  co n sid e ra tio n  to  be taken  in to  a c c o u n t before  d im ensional 
a n a ly s is  is applied is th a t  in  d is to r te d  m odels, an d  sed im en t m odels are  as a 
ru le  d is to r te d , each s im ila r ity  re q u ire m e n t e n c o u n te re d  in  a new  form  p resen ts  
a t  th e  sam e  tim e an a d d it io n a l  c rite rio n . A s im ila r s i tu a tio n  arises fre q u e n tly  
w ith  u n d is to r te d  m odels as w ell. The original c o n d itio n s  do, of course, n o t 
e x p ire  w ith  the  in tro d u c tio n  o f  ad d itio n a l new c r ite r ia , an d  com pliance w ith  
th e m  re m a in s  com pulsory . T h is  is especially tru e  fo r c rite r ia  d o m in a tin g  th e  
p h e n o m e n o n , w hich m u s t b e  s a tis f ie d  even in  th e  case o f  so-called h y d rau lic  
s im ila r i ty .  In  the a p p lic a tio n  o f  d im ensional an a ly s is  com pliance w ith  th e  
o r ig in a l c r ite r ia  is f re q u e n tly  n eg lec ted , and th is  lead s occasionally  to  essen tia l 
a n d  im p erm issib le  d ev ia tio n s .

L e t  us consider now  an  exam ple  of a m odel in  w hich  sed im en t t r a n s 
p o r ta t io n  is also involved .

I f  i t  is assum ed th a t  as f a r  as sed im ent t r a n s p o r ta t io n  is concerned  th e  
p h y s ic a l p roperties are d e te rm in e d  for the  flu id  (w a te r) b y  th e  d en sity  Q an d  
th e  k in e m a tic  v iscosity  v, fo r  th e  sed im ent th e  su b m erg ed  specific  g ra v ity  
(y1— y)  a n d  the  partic le  size d, w h ile  th e  dynam ic c o n d itio n  of th e  w ate rco u rse  
is d e sc r ib e d  by  the  sh ear v e lo c ity  I/* , th en  th e  ab o v e  f iv e  p a ra m e te rs  can  be 
c o m b in e d  to  a ltoge ther tw o  d im ension less n u m b ers  o f  th e  form

I/*  d
=  Re* ,

V

u% У - F,- __^
gd У1-У

1 1 *
Ух-У

(18)

(19)

w h ic h  m a y  be on some p o w er, o r  m ay  occur in  a p ro d u c t  form .
I t  shou ld  be n o ted  h e re  t h a t  th e  tw o re la tio n sh ip s  (18) an d  (19) could  

be  d e r iv e d  w ith  th e  aid o f  d im en sio n a l analysis a f te r  le n g th y  an d  lab o rio u s
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re se a rc h  w ork on ly , w hich revealed  U  * as th e  m o st im p o rta n t f a c to r  in  sed i
m e n t tra n s p o r ta t io n  as i t  is m uch  m ore  c h a ra c te ris tic  for th e  m o v e m e n t of 
se d im e n t th a n  e ith e r  th e  m ean  v e lo c ity , o r th e  slope-dep th  p ro d u c t.

F ro m  th e  foregoing  consid era tio n s i t  shou ld  be obvious t h a t  th e  id e n tit ie sD Г>

anti
Re*  =  Ее*

— — F r  J  =
[Vi—Y

__y

У1—У
Fr

( 20 )

( 21)

m u st be regarded  as th e  s im ila rity  c r ite r ia  o f sed im en t m odels [11, 12 ]. I f  the  
f lu id  in  b o th  th e  m odel and  p ro to ty p e  is w a te r , i.e., Ac =  A„ =  Ay =  1 an d  
th e  geographical lo ca tio n  is the  sam e , i.e. Ag =  1, th e n  from  E q s. (20) a n d  (21) 
we o b ta in  th e  fo llow ing tw o co n d itio n  e q u a tio n s

Ad =

1 _ « U*
Ád —  -

'7 i  - 7 )

( 22)

(23)

Since acco rd ing  to  E q . (10) p re se n te d  ea rlie r Ay^ =  Ad ' A j f r o m the  
c o n d itio n  eq u a tio n s  (22) and  (23) w e o b ta in

A(71_ Y) =  A i .  =  . (24)

A ssu m e  f i r s t  no d isto rtio n  fo r  th e  q u a n titie s  having  le n g th  d im en sio n ,
i.e .

A; A,, =  Ad .
In  th is  case Aj =  1.

W ith  th ese  values

A7l —7) =  A?/2, an d  th u s  A3y* =  A?/2, or Ay* =  A]/2,

on th e  o th e r h a n d , according to  E q . (22)

Aи *

w hence  we o b ta in  th e  value A; —- 1. T h is, how ever, leads to  th e  co n c lu s io n  th a t  
all scale ra tio s  w ill be u n ity , i.e ., without distorting the quantities o f  length d i
m ension  the Ее* and  F r * criteria can be satisfied in the prototype only .

Let us consider subsequently th e  case w here d isto rtio n  is p o ssib le , i.e.

А/ ф  A„ ф  Ad an d  ).j =  - .
A;

2* Ada Techn. Hung. 50. (1965)
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I n  th is  case

Я - я зя (у | - 7 )  h =  AjSAf*/*.

T h e  scale ra tio  o f sh e a r  v e lo c ity  is th u s

a n d  fro m  E q . (22)

Д1/2

Л и . =  № - ~ Г  =  *ьЛ г112, 

^  =  V  Ц 12.

( 2 5 )

(26)

I t  is know n, on th e  o th e r  hand , th a t  fo r free  su rface  flow  th e  F r  c r ite r io n  
m u s t  also be sa tis fied . T h u s , considering E q . (25) as well

Я„ =  A)/2 Лг1/2- (27)

I t  was d e m o n s tra te d  in  th e  foregoing t h a t  i f  th e  F r  criterion  is sa tis f ie d , 
A„ =  A и is possible in  a geom etrica lly  u n d is to r te d  m odel only. In  fa c t, a c c o rd 
in g  to  E q . (27)

V /2 = Яг1'2,
T h u s  from  E({. (25) 

a n d  accord ing  to  E q . (26) 

w h ile  f in a lly

o r Xh — A; an d  n a tu r a l ly  Aj =  1

; — 31/2Av *  —  Ai

К  =

^ - v) =  A f2 .

(28)

(29)

(30)

C onsequen tly  th e  co n d itio n s for th e  s im u lta n e o u s  v a lid ity  o f  th e  
F r * y'l(yi —y), Re* a n d  F r  c r ite r ia  are:

a )  th e  g eo m etry  o f  th e  m odel m ust n o t he  d is to r te d ,
b)  th e  p a rtic le  size o f  th e  sed im ent m u s t b e  d is to r te d , n am ely  in s tead  

o f  Xd =  A,
h  =  (31)

m u s t  be  used.
c)  T he su b m erg ed  w e ig h t of th e  sed im en t m u s t  also differ from  th a t  in  

th e  p ro to ty p e , i.e. a sca le  ra t io

=  (32)
m u s t  h e  in tro d u ced .

T h e  scale ra tio s  c a lc u la te d  according to  E q s . (31) and  (32) are , how ever, 
n o t  su ite d  for p ra c tic a l u se . E .g . for A; =  100 a se d im e n t hav ing  a d ia m e te r  
te n  tim e s  as large as in  th e  p ro to ty p e , an d  a su b m erg ed  w eight th o u sa n d  
tim e s  low er th a n  th a t  o f  th e  p ro to ty p e  sed im en t w o u ld  be necessary.
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I f  e ith e r  Ad =  A;, or Ad =  1, fu r th e r  i f  regard less of these  А(У1_у) — A;, 
or А(У1_у) — 1, all scale ra tio s  will be equal to  u n ity , or, in  o th e r w o rd s, th e se  
c r ite r ia  can  be sa tis fied  b y  th e  p ro to ty p e  only .

5. Calculation of Models o f Sediment Transporting W atercourses

W ith  reg ard  to  th e  above c o n sid e ra tio n s , th e  idea of d e te rm in in g  th e  
scale ra tio s  of sed im en t m odels on th e  basis o f  th e  s im ila rity  c rite r ia  ex p ressed  
b y  E q s. (20) and  (21) m u st be a b an d o n ed . As h as  a lread y  been p o in te d  o u t a 
tr ia l  an d  e rro r m e th o d  m u st be used  in s te a d , th e  ca lcu la tions b e in g  b a se d  on 
su ita b ly  selected  co n d ition  eq u a tio n s .

I t  shou ld  be n o te d  a t  th is  ju n c tu re  th a t  th e  c rite ria  F r t)iy l y l — y, Re^  
an d  F r  c r ite r ia  are  also in c lu d ed  in  th e  m e th o d  o f H . E i n s t e i n  [13], w h ich  is 
b ased  on n ine co n d itio n  eq u a tio n s . In  th e  m o d ified  m ethod  developed  b y  th e  
a u th o r  th e  F r  c rite rio n  is p rese rv ed , w hile th e  F r „ and  R e # c r ite r ia  a re  re 
p laced  b y  a p a ra m e te r  sa tisfy in g  b o th  s im u ltan eo u sly  as a s im ila rity  c r ite r io n  in  
th e  se t o f  equ a tio n s on w hich th e  ca lcu la tio n s  are  founded  [14, 15].

I t  follows from  th e  foregoing th a t  h y d ra u lic  s im ila rity  in  m odels o f  sed i
m en t tra n sp o r tin g  w atercou rses can  m ost p ra c tic a lly  be ensured  b y  verifica
tion, b y  w hich

possib le m od ifica tio n s can be  d e te rm in ed  a fo reh an d , a sy s te m a tic  ca lcu 
la tio n  can  be a d o p ted , and th e  d ev ia tio n s  can  be co n cen tra ted  a t  p o in ts  w here  
th e ir  d is tu rb in g  e ffec t on th e  p h en o m en o n  u n d e r  considera tion  is le a s t  fe lt.

F ro m  am ong th e  m eth o d s b ased  on th is  p rin c ip le  those  o f H . E i n s t e i n  
an d  N i n g  Ch i e n  [13], and  th e  fo rm  th e reo f m od ified  b y  us [14, 15] can  be 
m en tio n ed . Since th e  p u b lica tio n  o f these , o th e r  app roaches have  also  a p p e a re d  
in  th e  lite ra tu re . In  princ ip le  th ese  resem ble  th e  m e th o d  o f E i n s t e i n , d ifferences 
being , in  general, in th e  form  o f th e  co n d itio n  eq u a tio n s only. F o r d e ta ils  re 
ference  is m ade to  th e  a tta c h e d  b ib lio g ra p h y  [16, 17].
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D IE  F R A G E  D E R  Ä H N L IC H K E IT , U N T E R  B E S O N D E R E R  B E R Ü C K S IC H T IG U N G  
D E R  M O D E L L V E R S U C H E  AN G E S C H IE B E F Ü H R E N D E N  W A S S E R L Ä U F E N

J. BOGÁRDI

Z U SA M M EN FA SSU N G

D ie grund legende  F rag e  de r M o d e llun tersuchungen  is t  die F rage der Ä hn lich k e it des 
M odells u n d  des O riginals. E s is t  b e k a n n t, daß  bei h y d ro m ech an isch en  M odellversuchen  die 
v o lls tä n d ig e  m echanische Ä h n lich k e it n ich t gesichert w e rd en  k a n n . In  einer g ro ß en  Z ah l von 
F ä llen  k a n n  neben  der g eo m etrischen  u n d  der k in em a tisc h en  Ä hnlichkeit n u r  v o n  te ilw eiser 
d y n a m isc h e r  Ä hn lichkeit die R ede se in , bei welcher b lo ß  d ie Ä hn lich k e it von zwei, vom  S ta n d 
p u n k t  d e r  u n te rsu c h te n  E rsc h e in u n g  m aßgebenden  K rä f te n  gesichert w ird ; von  d e r Ä h n lich 
k e it  d e r  ü b rig en  K rä fte  w ird  abgesehen , u n d  der d a m it v e rb u n d en e  Fehler w ird  b e w u ß t in 
K a u f  gen o m m en .

B e i de r M odellierung v o n  n a tü r lich e n  W asserläu fen  m u ß  oft auch  die B ed in g u n g  der 
g e o m e trisch e n  Ä hn lichkeit aufgegeben  w erden , da die H ö h en m aß e  v e rze rrt w erd en  m üssen , 
u m  be i gegebenem  w aag rech tem  M a ß stab  die B ed in g u n g en  fü r  die N ach b ild b ark e it e in h a lte n  
zu  k ö n n e n , z .B . die, d aß  die W asserbew egung  im  M odell no ch  tu rb u le n t b leib t. D ie V erze rru n g  
de r g e o m e trisch e n  M aße h a t  die N o tw en d ig k eit der V e rze rru n g  w eite rer physik a lisch er G rößen  
zu r F o lg e .

B ei d e r U n te rsu ch u n g  de r G eschiebebew egung v o n  W asserläu fen , welche a u ch  G eschiebe 
fü h re n , m ü sse n  auch  die B ed in g u n g en  der G esch iebebew egung  b e a c h te t w erden. D iese w e ite ren  
B e d in g u n g e n  hab en  w eitere  W id ersp rü ch e  zur Folge. Im  E n d erg e b n is  kan n  fe s tg es te llt w erden , 
d a ß  d e ra r t ig e  U n te rsu ch u n g en  n u r  an v e rze rrten  M odellen  d u rc h g efü h rt w erden  k ö n n e n , wo 
n ic h t  n u r  d ie  geom etrischen  M aße des M odells, sondern  a u ch  die K o rndurchm esser des G eschie
bes, e v e n tu e ll  sein spezifisches G ew ich t v e rze rrt w erd en . D ies z ieh t n a tü rlich  d ie V erze rru n g
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w eite rer G rößen n a c h  sich . Die verschiedenen B edingungen  können in  ein System  von G leichun
gen zusam m engefaßt werden. D as G leichungssystem  e n th ä l t  in n ere  W idersprüche u n d  h a t  keine 
k o rrek te  L ösung. In  K e n n tn is  de r A ufgabe können  d ie jen ig en  B edingungsg leichungen  erfü llt 
w erden , welche vom  S ta n d p u n k t  der u n te rsu ch ten  E rsc h e in u n g  am  w ichtigsten s in d  u n d  die 
F eh ler können  a u f  d ie jen ig en  B edingungsg leichungen  k o n z e n tr ie r t  werden, w elche w eniger 
w ich tige  B edingungen  e n th a lte n .

LE  P R O B L È M E  D E  LA S IM IL IT U D E , AVEC C O N S ID É R A T IO N  P A R T IC U L IÈ R E  D ES 
ESSAIS SU R  M O D È L E S  R É D U IT S  D ES C O U R S D ’E A U  T R A N S PO R T A N T  D E S

M A TIÈ R E S S O L ID E S

J. BOG/ÍRDI

RÉSUMÉ

Le problèm e fo n d a m e n ta l des essais sur m odèles ré d u its  consiste  dans la s im ilitu d e  de 
l ’ouv rag e  e t du  m odèle  ré d u it .  On sait q u ’en cas d ’essa is su r m odèles h y d ro m écan iq u es, on ne 
sa u ra it g a ra n tir  la s im ilitu d e  m écanique com plète . D a n s  la p lu p a r t  des cas, la s im ilitu d e  géo
m étriq u e  e t c in é m atiq u e  ne  s’accom pagne que d ’une  s im ilitu d e  dynam ique p a rtie lle , la s im i
litu d e  des deux  forces considérées comm e im p o rta n te s  d u  p o in t de vue du phénom ène e x am in é  
é ta n t  seule g a ran tie . Q u a n t à la sim ilitude des a u tre s  fo rces, on en fa it a b s tra c tio n  to u t  en 
a c c e p ta n t certa in es e rre u rs  se p ro d u isan t en conséquence.

Lors de l’é ta b lis se m e n t des m odèles de cours d ’eau  n a tu re ls , il fau t so u v e n t ren o n ce r 
aussi au  c ritère  de la  sim ilitu d e  géom étrique. L ’échelle  ho rizo n ta le  é ta n t une fo is fix ée , les 
d im ensions en h a u te u r  d o iv en t, en effet, ê tre  dé fo rm ées si l’on v e u t respecter les c o n d itio n s  
d ’é tab lissem en t des m odèles, p a r  ex. la tu rbu lence  d u  m o u v em en t de l’eau, e tc  . . . L a  d é fo r
m atio n  des d im ensions géo m étriq u es en tra în e  n écessa irem en t celle d ’au tres q u a n ti té s  p h y s i
ques.

E n cas d ’essais su r m odèles réd u its  de cours d ’e a u  t ra n s p o r ta n t  des m atiè re s  so lides, il 
f a u t  aussi ten ir  c o m p te  des cond itions du  charriage . Ces nouvelles conditions fo n t n a î t r e  à leu r 
to u r des c o n tra d ic tio n s  nouvelles. On p eu t c o n s ta te r , en d é fin itiv e , que de tels e ssa is ne p eu 
v e n t ê tre  effec tués que  sur des m odèles ré d u its  d é fo rm és, où  non seulem ent les d im en sio n s 
géom étriques du  m odèle , m ais aussi le d iam ètre  des g ra in s  d u  m até riau  de fond , e t é v e n tu e lle 
m en t m êm e leur po ids spécifique son t su je ts à d é fo rm a tio n , fa it qui en tra îne  n a tu re lle m e n t la 
d é fo rm atio n  d ’a u tre s  q u a n tité s . Les d ifféren tes co n d itio n s  p eu v en t être ex p rim ées p a r  un  
systèm e d ’éq u a tio n s . Ce sy s tèm e  d ’éq uations re n fe rm a n t des co n trad ic tio n s in te rn e s  ne com 
p o rte  pas de so lu tion  ex ac te . E n  connaissance d u  p ro b lèm e , on peu t satisfaire  les é q u a tio n s  de 
co n d itio n  les p lus im p o r ta n te s  du  p o in t de vue d u  p h én o m èn e  à é tud ier, e t c o n c e n tre r  les 
e rre u rs  chez les é q u a tio n s  c o n te n an t des cond itions m o in s essentielles.

ВОПРОС ПОДОБИЯ, УДЕЛЯЯ ОСОБОЕ ВНИМАНИЕ ПРОВОДИМЫМ НА
МОДЕЛЯХ ИССЛЕДОВАНИЯМ ВОДНБ1Х ПОТОКОВ С НАНОСАМИ

Я. Б О Г А Р Д И

РЕЗЮМЕ

Основным вопросом исследований на моделях является подобие образца и модели. 
Известно, что в случае проведения гидромеханических исследований на моделях не пред
ставляется возможным обеспечить полное механическое подобие. В большинстве случаев 
при геометрическом и кинематическом подобии можно говорить лишь о частичном дина
мическом подобии, когда может быть обеспечено подобие только двух, решительно важ
ных с точки зрения исследуемого явления сил; от подобия остальных сил приходится 
отказаться, сознательно приняв в расчет происходящую от этого погрешность.

При моделировании естественных водных потоков часто приходится отказываться 
и от условия геометрического подобия, так как бывает необходимо искажать размеры 
высоты, чтобы при заданном масштабе горизонтальных размеров сохранить условия 
возможности моделирования, напр. чтобы движение воды в модели еще оставалось турбу
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лентным. Искажение геометрических размеров влечет за собой необходимость искажения 
также других физических количеств.

При модельном исследовании движения наносов водных потоков с наносами не
обходимо принимать во внимание также условия движения наносов. Эти дополнитель
ные условия приводят к новым противоречиям. В результате можно установить, что такие 
исследования можно проводить лишь на искаженных моделях, где искажены не только 
геометрические размеры, но и диаметр зерна наноса, а возможно и его удельный вес. 
Это естественно обуславливает искажение и других величин. Отдельные условия могут 
быть объединены в систему уравнений. Система уравнений, содержащая внутренние про
тиворечия, правильного решения не имеет. Если известно задание, можно удовлетворить 
те уравнения условий, которые с точки зрения исследуемого явления наиболее важны. 
Погрешности же мог ут быть сконцентрированы в уравнения условий, содержащие менее 
важные условия.
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THE INCREASE OF INFORMATION CAPACITY 
OF LONG-DISTANCE BROAD BAND 

MICROWAVE RADIO RELAY SYSTEMS

G. B O G N Á R
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[M an u scrip t received  D ecem ber 8, 1964]

T he problem s of th e  lo n g -d is tan ce  b ro ad -b an d  m icrow ave rad io  lin k s  a re  d e a lt  w ith  
a s  p a r t  o f a com m unication  n e tw o rk  covering  th e  w hole E a r th . T he possib ilities o f bu ild ing  
a sy s te m  of a netw ork  covering  th e  E a r th  a re  considered . T he general b u ild -u p  o f e q u ip m e n ts  
u sed  in  u p -to -d a te  lo n g -d is tance  m icrow ave rad io  lin k s an d  th e  re q u ire m e n ts  fo r th e m  are 
desc rib ed . T he noise p rob lem s o f m icrow ave rad io  links a re  analysed . The po ss ib ilities  o f using 
v a rio u s  ty p es  of low-noise m icrow ave  p ream plifiers a re  ev a lu a ted . F in a l re su lts  o f th eo re tic a l 
in v es tig a tio n s  concerning in te rm o d u la tio n  noise, an d  noise due to  in te rfe ren ce  b e tw een  th e  
n e ig h b o u rin g  radio ch annels are  re p o rte d . F in a lly , th e  possib ilities o f  fu r th e r  tre n d s  o f 
d ev e lo p m en t in b ro ad -b an d  co m m u n ica tio n  are  p o in ted  ou t.

I. In troduction

T he con tinua lly  g row ing  req u irem en ts  in  th e  field  o f co m m u n ica tio n  
ju s t ify  th e  crea tion  o f h ig h -cap ac ity  com m unica tion  system s cov erin g  th e  
w hole E a r th . All necessary  e lem en ts o f th e  com plete  system  are  n o t  y e t  av a il
ab le . T here  are som e n o tio n s  fo u n d ed  on p re lim in ary  ex p e rim en ts  b u t  th e ir  
im p lem en ta tio n  and th e ir  a p p lica tio n  in  a com m unica tion  sy s tem  covering  
th e  E a r th  is th e  ta s k  o f th e  n e x t  y ears . W ith in  th is  period , acco rd in g  to  th e  
d em an d s  to  be expec ted , i t  w ill be necessary  to  bu ild  up  such lo n g -d is tan ce  sys
te m  on and  betw een th e  co n tin e n ts  w hich is ab le  to  tra n sm it sev era l th o u sa n d , 
ev en  m ore th a n  ten  th o u sa n d , te lephone  channels, as well as som e te lev ision  
ch an n e ls  for th e  exchange o f  in te rn a tio n a l te lev ision  p rog ram s.

O ne of th e  m eans fo r th e  tra n sc o n tin e n ta l transm ission  o f so m a n y  te le 
p h o n e  channels an d  o f te lev ision  channels is th e  coaxial cab le . O n th e  long
d is ta n c e  coaxial cables u sed  to d a y  a m ax im um  o f 2700 te lep h o n e  ch an n e ls  can  
be  tra n sm itte d , d ep en d in g  on th e  q u a lity  o f th e  cable, on th e  u sed  te rm in a l 
e q u ip m e n t and  on th e  d is tan ce  betw een  th e  re p e a te r  s ta tio n s . F o r  th e  t r a n s 
m ission  o f 2700 te lep h o n e  channe ls, a b a seb an d  o f 12 Me w id th  m u s t be 
covered .

H ow ever, th e  b a n d w id th  o f th e  cable a t  p resen t crossing  th e  A tla n tic  
O cean  is considerab ly  sm alle r: i t  equals no m ore th a n  0,4 Me. T h is b a n d w id th  
does n o t allow to  c a rry  o u t m ore th a n  100 te lephone ta lk s  s im u ltan eo u sly . 
T h e  direct transm ission  o f  te lev ision  p ic tu re  w ith in  th e  given b a n d  w id th  is, o f
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co u rse , n o t possible. H o w ev e r, i t  has been tr ie d  to  tra n s m it m oving  p ic tu res  
w ith  sp eed  slowed dow n a cco rd in g  to th e  b a n d w id th . In  th is  w ay, fo r th e  t r a n s 
m ission  o f a scene la s tin g  f iv e  m inutes, ea. 50 m in u te s  w ere req u ired .

A n o th e r  m eans fo r  th e  long-d istance  tra n sm iss io n  o f a g rea t n u m b e r of 
te le p h o n e  channels or te le v is io n  p rogram  w ith in  a c o n tin e n t is th e  p o in t-to - 
p o in t b ro a d -b a n d  m ic ro w av e  rad io  re lay  co m m u n ica tio n . T he b ro a d -b a n d  
m ic ro w av e  rad io  tra n sm iss io n , according to  o u r p re se n t know ledge, can  be

Fig. 1

a c h ie v e d  only  by p ro p a g a tio n  w ith in  op tical s ig h t. To ensure  op tica l s ig h t, w hen 
c o v e rin g  g rea t d is tan ces , re p e a te r  sta tio n s m u s t be in c luded . These rep ea te rs  
can  be  ac tiv e  or passive. T h e  ac tiv e  repea te rs (F ig . 1) receive th e  e m itte d  signal 
w ith in  th e  d istance  o f o p tic a l s ig h t and , a f te r  am p lifica tio n , tra n s la te  i t  to  th e

F ig. 2

n e x t r e p e a te r  s ta tio n . T h e  p ass iv e  re p e a te r  (F ig . 2) is, as a m a tte r  o f  fa c t, a 
su rface  re flec tin g  th e  m ic ro w av es w hich fo rw ards th e  o p tica l s igh t b y  re flec tio n  
b e tw e e n  a tra n s m itte r  a n d  a receiver s ta tio n .

T h e  oceans c a n n o t be  b rid g ed , in  p rac tice , b y  m eans o f a g rea t n u m b e r 
o f  re p e a te r  s ta tio n s  se t u p  on  stab ilized  flo a ts .

P re lim in a ry  c a lc u la tio n s  have  been m ad e , p lan s  p rep ared  an d  p re e x 
p e r im e n ts  s ta r te d  to  cross th e  oceans by  m eans o f a rtif ic ia l sa te llites . These 
c a n  b e  ac tiv e  or passive re p e a te rs . In  th e  la s t case, as fa r  as possible, a large 
re f le c tin g  surface shou ld  be  env isaged ; th is can  be rea lized  in  p rac tice  b y  m eans
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o f a balloon  m ade o f very  th in  p la s tic  foil w ith  a m etallized  su rface  a n d  h av in g  
a d iam e te r o f  ca, 30 m.

The a rtif ic ia l sa te llite  fu n c tio n in g  as ac tiv e  re p e a te r  c o n ta in s  a m icro- 
w ave b ro ad -b an d  am plifier w ith  a pow er o f a few w a tts . T his a m p lif ie r  is 
fed  by  th e  e lec tric  energy o b ta in e d  b y  tran sfo rm in g  th e  ra d ia tio n  e n e rg y  of 
th e  Sun.

The sa te llite s  acting  as re p e a te rs  w ould go ro u n d  th e  E a r th  a t  a n  a l t i tu d e  
o f  4 -7- 5000 k m  in ca. 2 hours. T o  ensu re  th e  c o n tin u ity  of c o m m u n ic a tio n  ca. 
20 4- 25 such  a rtific ia l sa te llite s  m u s t be k e p t in  th e ir  o rb its .

T he a n te n n a  system  o f th e  tra n s m itte r  s ta tio n  an d  th a t  o f th e  rece iv e r 
s ta tio n  follow  th e  sa te llite  a c tu a lly  above th e  horizon  on th e  basis o f  d a ta  p re 
d ic ted  by  e lec tron ic  co m p u te rs  a n d  co rrec ted  by  m eans o f o p tica l a n d  ra d a r  
m e th o d s. T he sharp  beam  o f th e  tra n s m itte r  irra d ia te s  th e  s a te llite  a n d  th e  
receiver on th e  off shore rece ives th e  re flec ted  or, in  case o f a c tiv e  re p e a te r , 
am p lified  signals.

To co n tro l th e  ca lcu la tio n s, in  1960 a ba llo o n  w ith  a d ia m e te r  o f  30 m  was 
sh o t up  in  th e  US according to  th e  te rm s of th e  E cho  p ro g ram . T h e  t r a n s m it 
tin g  pow er w as 1 0 kW . By m eans o f  a ca .20  m d ia . p arabo lo id  re fle c to r  co n tro lled  
w ith  an accu racy  of 0 ,2° i t  su cceed ed  in  m ak in g  a te lep h o n e  c o m m u n ic a tio n  
usin g  th e  re flec tio n  from  th e  a r tif ic ia l sa te llite .

A ccord ing  to  the  te rm s o f  th e  Syncom  p ro g ram , th e  su rface  o f  th e  w hole 
E a r th  can p rac tica lly  be i r r a d ia te d  b y  m eans o f th ree  a rtif ic ia l sa te ll i te s  o r
b itin g  a t  a d is tan ce  of ca. 35 ,000 k m  from  th e  E a r th .T h e  o rb itin g  a n g u la r  speed 
o f  these  sa te llite s  w ould be e q u a l to  th e  ro ta tin g  an g u la r speed  o f  th e  E a r th , 
a n d  w ould th e re fo re  seem to  s ta n d  in  one p lace  w ith  resp ec t to  th e  E a r th  su r
face. T his c ircum stance  fa c il i ta te s  th e  follow ing of th e  a rtif ic ia l sa te llite s .

A tm o sp h eric  s tra ta , m e te o rs , celestial bodies causing  s c a tte r in g , w hich 
can  be reg a rd ed  as “ n a tu ra l”  re fle c to rs , c an n o t be used for lo n g -d is tan ce  b ro a d 
b a n d  com m unica tion . S c a tte r in g  due to  th e  low er s t r a ta  o f th e  ionosphere  
in  th e  freq u en cy  ran g e  of 30 ! 60 Me an d  sc a tte rin g  due to  tro p o sp h e ric  p h en o m 
en a  in  th e  m icrow ave ra n g e  h a v e  been o b served  in  recen t y e a rs . T h e  tro p o 
spheric  sc a tte r in g  is due to  th e  s tra tif ic a tio n  of th e  d ie lec tric  c o n s ta n t  o f the  
tro p o sp h e re  or to  tu rb u le n c e  occu rrin g  th e re in . B o th  p h en o m en a  sp re a d  over 
a large su rface  or assum e a la rg e  vo lum e, allow ing  th e re b y  th e  m u ltiw a y  p ro 
p a g a tio n  an d  p rev en tin g  th e  b ro a d -b a n d  tran sm iss io n  of th e  re q u ire d  q u a lity .

N o tw ith s ta n d in g , th e  co m m u n ica tio n  based  on tro p o sp h e ric  sc a tte re d  
p ro p ag a tio n  lim ited  to  dozens o f  te lephone channels is an  im p o r ta n t  m eans of 
lo n g -d is tan ce  co m m u n ica tio n .

T he ce lestia l bo d y  n e a re s t  to  us, th e  M oon, can n o t be u sed  as a b ro a d 
b an d  re fle c to r , e ither, a lth o u g h  th e  ir ra d ia tio n  of th e  M oon h a v in g  a v isual 
angle of 0,5° w ould no t m eet w ith  an y  d ifficu lties. D isreg ard in g  th e  f in e r  s tru c 
tu r e  of re flec tio n  and co n sid e rin g  only th e  d im ensions o f th e  M oon (h av in g  a
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ra d iu s  o f  1500 km ), i t  m a y  be  realized th a t  re fle c tio n s  occur from  vario u s 
p o in ts  o f  th e  Moon su rface  a t  various m om en ts, w ith  a m ax im u m  tim e d ifference 
o f  10 m s according to  th e  ra d iu s  of th e  M oon. T h is  tim e  difference reduces th e  
t r a n s m itta b le  b a n d w id th  to  100 c.

D ire c t te lephone  t a lk  w ould  also be d e la y e d  b y  th e  tim e  o f 2 ,66 sec 
n e c e ssa ry  to  cover th e  d is ta n c e  of 2 X 400 000 k m .

I n  add ition , th e  S u n  h a v in g  also a v isu a l an g le  o f 0,5° an d  being a t  a dis
ta n c e  o f  8 m inu tes is a s tro n g  noise source . C o nsequen tly , th e  “ n a tu ra l” 
re f le c to rs , a t  leas t a cc o rd in g  to  our know ledge o f  to d a y , are  o u t o f questio n  
fro m  th e  v iew poin t o f  m id tic h a n n e l te lephone  tran sm iss io n .

T h e  tra n sc o n tin e n ta l  sy stem s consisting  o f  m icrow ave links an d  co ax ia l 
c a b le s , covering d is tan ces  o f  several ten  th o u s a n d  k m , a re  w idely  u sed  to d a y .

W ith in  a tra n sm iss io n  sy stem , be i t  w ired  (co ax ia l cable) or m icrow ave 
ra d io  lin k , generally  se v e ra l b ro ad -b an d  ch an n e ls  a re  u n ite d  to  a b eam , an d  
in  th is  w ay  th e  tra n sm is s io n  o f several th o u s a n d  te lep h o n e  channels and  
som e te lev ision  channels o n  a  ro u te  can be  en su red .

A n  im p o rta n t fa c to r  in  th e  creation  o f tra n s c o n tin e n ta l  com m unications 
is to  en su re  the  in te rc o n n e c tio n  of the  coaxial cab le  system s and  th e  m icro- 
w a v e  ra d io  relay  links. T h is  in v o lv es  th e  co n d itio n  th a t  th e  tran sm iss io n  range 
a n d  th e  transm ission  p a ra m e te rs  of th e  m ic ro w av e  rad io  re lay  lin k  shou ld  
c o in c id e  w ith  those o f  th e  c a rr ie r  system  o f th e  co ax ia l cables.

II. L ong-D istance Broad-Band M icrowave Systems

T h e  opera ting  b a n d  o f  th e  long-d istance b ro a d -b a n d  m icrow ave sy stem s 
fa lls  in  th e  ranges of 2000, 4000 and  6000 Me. T h e  low er lim it of th e  freq u en cy  
u se d  is  d e te rm ined  b y  th e  b a n d w id th  of 44 -500  Me req u ired  for th e  tra n sm is 
s io n  o f  severa l m icrow ave channels. The in creases  o f th e  used freq u en cy  is 
l im ite d  b y  th e  a tm o sp h e ric  a tte n u a tio n  in c reasin g  w ith  th e  frequency .

M ost of th e  lo n g -d is ta n c e  b ro ad -b an d  sy s tem s  a c tu a lly  in  service op era te  
in  th e  frequency  ran g e  o f  4000 Me. These sy s tem s  co n ta in , w ith in  th e  given 
ra n g e , genera lly  six b ro a d -b a n d  and  two n a rro w -b a n d  channels. F ive  o f  th e  
s ix  b ro a d -b a n d  channels a re  u sed  for signal tra n sm iss io n  as reg u la r channe ls, 
th e  s ix th  channel be ing  th e  com m on s ta n d -b y  c h an n e l. E ach  m icrow ave ch a n 
ne l is ab le  to  tra n sm it 600 o r  m aybe 960 s im u lta n e o u s  te lephone  ta lk s  o r one 
te le v is io n  p ic tu re  ch an n e l w ith  sound . The sy s tem  is ab le , therefo re , to  tra n s m it  
a t  m a x im u m  30004-5000 te le p h o n e  channels. T h e  n a rro w -b a n d  channels lo c a t
ed  a t  th e  edges of th e  fre q u e n c y  bands serve to  c a r ry  o u t th e  service te lephone  
ta lk s ,  fo r  th e  rem ote c o n tro l o f  th e  u n a tte n d e d  re p e a te r  s ta tio n s , fo r th e ir  
re m o te  con tro lling  as w ell as fo r  the  a u to m a tic  p ro te c tio n  sw itch ing -over to  
th e  co m m o n  s tan d -b y  e q u ip m e n t (Fig. 3).
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I f  th e  c h a rac te ris tic s  o f q u a lity  reco m m en d ed  by  th e  CCIR a re  fu lfilled , 
th e  su b jec tiv e  observer lis ten ing  to  th e  te lep h o n e  ta lk  or looking a t  th e  te le 
vision  p ic tu re  can  h a rd ly  d iffe ren tia te  b e tw een  th e  signal applied to  th e  sy stem  
a n d  th e  signal o b ta in ed  from  th e  sy s tem  w hich  h ad  a lread y  ru n  o v e r th e  dis-

»

CCIR ^ _____ 830km
56 km

"ÎT
+0+++-Ю— — CD— - o ------o -  — Ш----- о------- о-Э--------о --------□

t e j
2500 km 

Fig.  4

ta n c e  o f 2500 k m  co rrespond ing  to  th e  le n g th  o f th e  h y p o th e tic a l reference  
c irc u it (F ig . 4). T he req u irem en ts  o f v e ry  h igh  q u a lity  are ju s tif ie d  b y  th e  fact 
th a t  th e  section  o f 2500 km  is only  a p a r t  o f  th e  lin k  a round  th e  E a r th  an d  the  
a u d ib ility  o f th e  te lephone  ta lk  as well as th e  sa tis fac to ry  te lev is io n  p ic tu re  
m u st he ensu red  over a d is tan ce  o f 25 000 km  w hich corresponds, in  p rac tice , 
to  th e  m ax im um  d is tan ce  betw een  ttvo p o in ts  o f th e  E a r th . T h e  in c rease  of
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th e  d is ta n c e  b y  a fa c to r  o f 8 decreases th e  signa l-to -n o ise  ra tio  b y  9 d B  g iv in g  
a v iso m e tr ic  signal-to -no ise  ra tio  of 48 dB  in  th e  te lev is io n  channel a n d  41 d B  
in th e  te le p h o n e  channe l.

T h e  b u ild -u p  o f a  sy s tem  covering th e  e a r th y  d istances ju s tify  th e  r e v i
sion o f  th e  ex is tin g  in te rn a tio n a l reco m m en d a tio n s  as well as th e  ap p lic a tio n  
o f th e  q u a li ta t iv e  sp ec ifica tio n s to  a h y p o th e tic a l reference c ircu it o f 25 000 
k m  in s te a d  of 2500 k m  as to d a y . (S tudies in  t h a t  f ie ld  are being ca rried  on  b y  
th e  S tu d y  G roup of th e  C C IB  on rad io  re lay  sy s tem s.)

T h e  grow ing d em an d s  fo r m ore te lep h o n e  ch anne ls n ecessita te  th e  in 
crease o f  th e  in fo rm a tio n  c a p a c ity  w ith in  th e  e x is tin g  system s in  serv ice, as 
well as th e  d ev e lo p m en t of new  system s w ith  g re a te r  in fo rm atio n  c a p ac ity .

T h e  in fo rm a tio n  c a p a c ity  in  th e  ex is tin g  sy s te m s  can be enhanced  b y  tw o  
m e th o d s  co m p le m e n ta ry  to  each  o th er. The f i r s t  m e th o d  is th e  increase o f th e  
n u m b e r o f  m icrow ave ch anne ls w ith in  th e  g iven  freq u en cy  ban d . T he second  
w ay  co n sis ts  in  th e  b ro a d e n in g  of th e  b a se b a n d  tra n s m itte d  b y  th e  in d iv id u a l 
m ic ro w av e  channels.

T h e  grow ing  d em an d s c an n o t be m et b y  p u re ly  ex p an d in g  th e  ex is tin g  
sy s tem s. H ence  th e  n ecess ity  arises to  develop  new  system s w hich are  called  
n o t o n ly  fo r increasing  th e  n u m b er of th e  te le p h o n e  channels to  be t r a n s m it 
te d  b u t  also for sa tis fy in g  all q u a lity  and  se rv ice  req u irem en ts  w hich  h av e  
becom e n ecessary  in  th e  deve lo p m en t.

T h e  in crease  o f th e  n u m b er o f te lephone  ch an n e ls  requ ires, f ir s t  o f all, 
th e  e x te n s io n  of th e  b a se b a n d  w id th . A ccord ing  to  p re lim in ary  co n sid e ra tio n s, 
th e  tra n sm iss io n  of 10-1-12 Me wide b aseb an d  seem s to  be desirab le . W ith in  
th is b a n d  w id th  m a x im u m  2700 te lephone ch an n e ls  can be acco m m o d a ted . 
T his b a n d  w id th  allow s th e  tran sm issio n  of a co lou red  te lev ision  p ic tu re  w ith  a 
g re a t n u m b e r  o f lines, su ita b le  for th e a tr ic a l p ro je c tio n . In  th e  case of t r a n s 
m ission  o f  a te lev is io n  p ic tu re  w ith  a no rm al n u m b e r  o f lines, several h u n d re d s  
of te le p h o n e  channels can  also be tra n s m itte d .

I n  o rd e r to  fu lfil th e  h ig h e r-q u a lity  re q u ire m e n ts  th e  ex tension  o f th e  
pass b a n d  w id th  m akes i t  d esirab le  to  decrease th e  re la tiv e  b an d  w id th  w ith  
re sp e c t to  th e  ca rrie r freq u en cy . This desire fo r a g iven  pass b an d  can  be s a 
tis f ie d  o n ly  b y  in c reasin g  th e  ca rrie r freq u en cy . T h is c ircum stance  ju s tif ie s  
th e  choice o f th e  freq u en cy  b a n d  a ro u n d  6000 Me.

A s a new  service re q u ire m e n t arises th e  c la im  for tra n sm ittin g  d a ta  s ig 
nals  o f  e lec tro n ic  co m p u te rs  an d  d a ta  p rocessing  m ach ines. This re q u ire m e n t 
invo lv es  a h igh  degree o f  re lia b ility  o f th e  sy s te m . B esides, i t  req u ires  a v e ry  
fa s t sw itc h in g  over to  th e  s ta n d -b y  e q u ip m en t in  th e  case of fa ilu re . T he sw itc h 
ing tim e  m u s t  be so b r ie f  th a t  i t  m ay  n o t cause s igna l loss in  th e  succession o f  
d ig ita l s ig n a ls . T he h ig h er re lia b ility  and  th e  fa s t  sw itch ing , how ever, req u ire  
th e  u se  o f  su itab le  sy stem s o f fa ilu re  co rrec tion  in  th e  transm ission  o f d ig ita l 
signals.
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I t  is desirab le fo r econom ic rea so n s  th a t  th e  new system  sh o u ld  he in 
s ta lled  on th e  ro u te  o f  system s a lre a d y  in  serv ice , in  th e ir  bu ild in g s, m ak in g  
use o f  th e ir  aerial sy s tem . W ith in  th e  av a ilab le  freq u en cy  range (F ig . 5) i t  is 
co n v en ien t to  lo ca te  e ig h t b ro a d -h a n d  a n d  tw o  n a rro w -b an d  ch an n e ls . O f th e  
e ig h t b ro ad -b an d  ch an n e ls  six are re g u la r  ch an n e ls  an d  tw o s ta n d -b y  c h a n n e ls .

T he tw o  narro w -b an d  channels serve fo r rem o te  co n tro l and for c a r ry in g  o u t 
serv ice  te lephone ta lk s . T he tw o s ta n d -b y  ch an n e ls  belonging to  th e  six  re g u la r  
ch an n e ls  c o n tr ib u te  to  th e  higher serv ice  re lia b ility . In  the  case o f  a deep 
se lec tiv e  fad ing  effect th e  s tan d -b y  ch an n e l w h ich  is fa rth e r  from  th e  in v o lv ed  
re g u la r  channel ta k e s  on  th e  tra ffic . T h a t  co rresp o n d s to  an o p e ra tio n  s im ila r  
to  th e  princip le  of freq u en cy  d iv e rs ity .

H av in g  o u tlin ed  th e  re q u irem en ts , le t  us an a ly se  th e  basic  p rin c ip le s  
g o v ern in g  th e  rea liza tio n s  of the  sy s tem . W e h a v e  a choice betw een tw o  b asic  
p rin c ip les . The f irs t  p o ssib ility  is an  a m p lif ic a tio n  exclusively  on m ic ro w av es . 
T he second is th e  tra n sp o s itio n  of th e  in p u t  m icrow ave signal to  in te rm e d ia te  
f req u en cy  and  its  a m p lific a tio n  on th is  freq u en cy .
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T h e  gain  o f th e  m icrow ave am plifiers n ecessa ry  to  com pensa te  fo r th e  
se c tio n  a tte n u a tio n s , s y s te m  losses and  fa d in g  effec ts , etc . is 704 -80  dB . To 
sa tis fy  th e  b aseb an d  re q u ire m e n ts , th e  a m p lif ie r  m u s t fea tu re  a h ig h  s ta fd lity  
o f  a m p litu d e  an d  a m in im u m  flu c tu a tio n  o f  p ro p a g a tio n  tim e w ith in  th e  pass 
b a n d . In  ad d itio n , th e  A M — PM  conversion , i.e . th e  conversion o f  th e  a d d i
tio n a l am p litu d e  m o d u la tio n  in to  phase m o d u la tio n , shall be reduced  to  th e  m in 
im u m . F o r th e  co m p le te  system , th e  A M — P M  conversion  shall n o t  exceed  
th e  v a lu e  o f 3°/dB . I n  v iew  o f the  given rig o ro u s req u irem en ts , i t  is c o n v en ien t
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to  d iv id e  th e  stages o f  th e  w hole am plifie r sy s tem  fu n c tio n a lly  and  to  m ak e  th e  
c a lc u la tio n  of each s ta g e  d ep en d en t on th e  g iv en  fu n c tio n . The co m p le te  a m p li
f ie r  sy s tem  consists o f  p re lim in ary , am p lifie r a n d  o u tp u t stages. T hese  s tag es  
a re  com p lem en ted  b y  a m ix e r stage b y  m ean s  o f  w hich th e  freq u en cy  o f th e  
in p u t  signal can  be sh if te d  b y  a ce rta in  v a lu e . T h e  m o d ifica tion  o f th e  fre q u e n 
cy  is in d isp en sab le  b ecau se  the  o u tp u t s ta g e  o f  th e  system  can  re a c t,  across 
th e  re flec to rs , u p o n  th e  in p u t stage an d  th is  ca n  re su lt in  in te rfe ren ce  no ise , 
p o ss ib ly  in  th e  se lf-o sc illa tio n  of th e  sy stem . T h e  m o st im p o rta n t re q u ire m e n t 
is th e  decrease o f th e  no ise  fac to r b y  th e  in p u t  s tag e . B y m eans o f  low -noise 
trav e llin g -w av e  tu b e s  a  no ise  fac to r of 44 - 5 d B  could  be a tta in e d . T he noise  
re q u ire m e n ts  co n cern in g  th e  in te rm e d ia te  a m p lif ie r  stage are  co n s id e ra b ly  
low er, an d  th e  re q u ire d  o u tp u t  pow er does n o t  exceed  a few m illiw a tts . T h e re 
fo re , th e  gain  of a b o u t 50 d B  w hich m u s t be  o ffe red  by  th is  stage  can  be  a t t a in 
ed  easily . A c ry s ta l-c o n tro lled  sh ift o sc illa to r o sc illa ting  a t  th e  d iffe rence  of 
th e  tr a n s m it te r  an d  re c e iv e r frequencies is jo in e d  to  th e  m ixer s ta g e . T h e  f re 
q u e n c y  of th e  sh if t o sc illa to r  will be added  to  th e  incom ing  am p lified  freq u en cy ,
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i.e . i t  w ill be d e d u c te d  fro m  th e  am plified  fre q u e n c y  and  th is  p ro d u ces th e  
t r a n s m it te r  freq u en cy  sh if te d  w ith  resp ec t to  th e  incom ing  receiver fre q u e n c y . 
T h e  t r a n s m it te r  fre q u e n c y  o b ta in ed  in  th e  m ix e r  s tag e  w ill be am p lified  from  
a le v e l o f  a few m illiw a tts  to  th a t  o f some w a t ts  b y  th e  o u tp u t am p lifie r tu b e .

T h e  system  b u i l t  u p  exclusively  on tra v e llin g -w a v e  tu b es has th e  a d v a n 
ta g e  o f  co n sisting  o f few  b u ild in g  u n its . A f u r th e r  a d v a n ta g e  is th a t ,  in  th e  case 
o f  m ic ro w av e  a m p lif ic a tio n , th e  re la tiv e  b a n d  w id th  re la ted  to  th e  ca rr ie r  w ave 
o f 6000 Me is sm all.

T h e  use o f th e  ab o v e  sy stem  for h ig h -c a p a c ity  transm ission  arouses sev 
e ra l p ro b lem s. F o r  a b e t te r  u tiliz a tio n  o f th e  fre q u e n c y  b an d  th e  m icrow ave 
c h a n n e ls  p laced  n e a r  to  one a n o th e r req u ire  m icro w av e  f ilte rs  ensu ring  a  co n 
s id e ra b le  im age a t te n u a t io n  an d  hav ing  a g re a t  s teepness a t  th e  edges o f  th e  
fre q u e n c y  b an d . T h e  co m p en sa tio n  of th e  a m p litu d e  and  group d elay  f lu c tu a 
tio n s  w ith in  th e  b a n d  m u s t be achieved b y  m ean s  of m icrow ave e lem en ts . 
A f u r th e r  prob lem  is to  o b ta in  a su itab le  m ic ro w av e  d isc rim in a to r an d  m icro- 
w av e  lim ite r. T he sw itc h in g  over to  th e  s ta n d -b y  eq u ip m en t m u s t be m ad e  b y  
m ean s  o f  a m icrow ave sw itch .

In  system s u s in g  in te rm e d ia te  freq u en cy  am p lifica tio n , a lth o u g h  th e y  
a re  o f  a m ore co m p lica ted  bu ild -u p , th e  a b o v e  p roblem s fall aw ay  a n d  th e  
so lu tio n  can ra th e r  re s t  u p o n  w ell-know n p rin c ip le s  ju s tif ie d  in  p ra c tic e . In  
th e  design  of h ig h -c a p a c ity  system s, how ever, th e  princip les know n  a n d  ju s t i 
f ie d  fo r  system s of lesser c a p ac ity  m ay  serve  o n ly  as a s ta r tin g  p o in t to  th e  
so lu tio n  o f prob lem s aris in g  in  connection  wri th  th e  g rea t n u m b er of te le p h o n e  
c h a n n e ls  an d  w ith  th e  n earn ess  of th e  m ic ro w av e  channels.

T he b lock d ia g ra m  o f th e  tra n s m itte r  o f  th e  system  using  in te rm e d ia te  
fre q u e n c y  a m p lif ica tio n  is show n in  Fig. 6.

In  th e  block d ia g ra m  o f th e  receiver (F ig . 7) th e  m icrow ave signal com ing  
fro m  th e  an te n n a  sy s te m  w ill be am plified  b y  a low -noise m icrow ave p re 
a m p lif ie r .

O n th e  basis o f th e  b lock  d iagram s i t  sh a ll be exam ined  in  w h a t degree 
th e  e lem en ts  o f th e  sy s te m  c o n trib u te  to  th e  re su ltin g  noise an d  in  w h a t degree 
th e y  in fluence  th e  noise ba lan ce  th e reb y .

III. Noise Problems o f M icrowave Links

T he resu ltin g  noise can  be decom posed  in to  th ree  m ain  co m p o n en t 
n o ises: th e  th e rm al no ise , th e  in te rm o d u la tio n  no ise  an d  th e  in te rfe ren ce  noise. 
As th e  th ree  co m p o n en t noises arise from  in d e p e n d e n t sources, th e  co m p o n en t 
m ean  noise pow ers a d d  u p . In  a given sy s tem , all th ree  com ponen t no ises are  
fu n c tio n s  o f th e  b a se b a n d  load.

Acta Techn. Hung. 50. (1965)



THE INCREASE OF INFORMATION CAPACITY 35

For th e  c a lc u la tio n  of th e  th e rm a l noise, th e  ro u te  a tte n u a tio n  m u s t f ir s t  
h e  de te rm in ed . T h e  an te n n a  em its  on th e  w av e len g th  o f 5 cm in  a b eam  w id th  
o f  1.2°. A t th e  d is ta n c e  of 50 k m  th e  beam  o f 1,2° lig h ts  a surface o f a b o u t 
1,000,000 m 2. h 'rom  th a t ,  som e m illio n th  p a r ts  fa ll u p o n  th e  receiver a n te n n a  
h av in g  a usefu l su rface  of som e square  m e tres . A ssum ing  a m ean  fad in g  o f  
7 d B , exactly  one m illion th  p a r t  o f th e  t r a n s m it te r  pow er goes to  th e  rece iv e r 
an te n n a . B esides th a t ,  in the  ca lcu la tio n  o f th e  in p u t  level of th e  rece iver, th e  
a tte n u a tio n  o f th e  an te n n a  feeder and  w avegu ide u n its  shall also be ta k e n  in to  
acco u n t. I f  th e  t r a n s m itte r  po w er, receiver in p u t  level, receiver noise f a c to r  
a n d  th e  freq u en cy  d ev ia tion  a re  know n, th e  th e rm a l signal-to -noise  ra tio  
can  be d e te rm in ed .

In  th e  case o f th e  tran sm iss io n  of m u ltic h a n n e l te lephone signals th e  
n o n lin ear d is to rs io n s of th e  tran sm iss io n  p a th  cause  in te rm o d u la tio n  noise 
w h ich  d e te rio ra tes  th e  signal-to -noise  ra tio  o f  th e  com m unication  lin k . In  
freq u en cy -m o d u la ted  transm issio n  non lin ear d is to rs io n s  are caused b y

a)  n o n lin ea r ch a rac te ris tic s  of th e  b a seb an d  netw o rk s as well as b y
b)  f lu c tu a tio n s  of th e  g ro u p  delay c h a ra c te r is tic s  of th e  in te rm e d ia te -  

frequency , re sp . rad io freq u en cy  netw orks.
The d is to rs io n  effect o f th e  la t te r  w ill be easily  u n derstood  i f  we ta k e  

in to  considera tion  th a t  in th e  tran sm issio n  o f  a freq u en cy -m o d u la ted  signal 
th e  signal u n d erg o es  an  a d d itio n a l am p litu d e  a n d  ph ase  m o d u la tio n  ow ing 
to  th e  freq u en cy -d ep en d en t g ro u p  delay . T he a d d itio n a l am p litu d e  m o d u la 
tio n  is co m p en sa ted  in  p rac tice  b y  th e  lim ite r b u t  th e  ad d itio n a l phase  m o d u la 
tio n  canno t be se p a ra te d  from  th e  useful in fo rm a tio n .

For th e  an a ly s is  of th e  p ro d u ced  in te rm o d u la tio n  noise, in th e  case o f a 
g re a t num ber o f  speech ch an n e ls , th e  b a se b a n d  signal w ill be rep laced  b y  
“ w h ite  noise”  as i t  can  be assu m ed  th a t  th e  b a s e b a n d  signal re su ltin g  from  
th e  m any  in d e p e n d e n t te lep h o n e  ta lk s  has a n o rm a l p ro b ab ility  d e n s ity  an d  
so i t  has p ro p e rtie s  sim ilar to  th e  th e rm a l noise. T h is  a ssum ption  p ro v es tru e  
in  te rm s o f s ta t is t ic a l  in v es tig a tio n s .

The th e o re tic a l analysis o f  th e  in te rm o d u la tio n  noise re su lts  in  th e  fo l
low ing:

1. The no ise  pow er due to  th e  n o n lin ear d is to rs io n s  of th e  b a se b a n d  n e t 
w orks (in a single te lephone channe l) is (F ig . 8)

к  ы  =- 1/2 a |  a2 2/3 e§ a3 Po-

2. The noise  pow er due to  phase d is to rs io n  o f  th e  in te rm e d ia te -fre q u e n 
c y , resp. rad io freq u en cy  n e tw o rk s  (Fig. 9) is

P„(w)  = 1/2 b\ ß 2 +  .2/3 Щ ß3
(О

1 в В
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FH-radio-channel

Thermal 
noise 

source 
Г

, FM~ radio - chôme/L _

Interference

In ter
modulation M

O b jec t o f  investigation Example /K =  sign of sta tion j f *  f r e q u e n c y /
A A A A

S e r ie s  o f  id e n t ic a l  in t e r f e r e n c e  so u r c e s  

F ig. 10

I n  th e  above exp ressions (o is th e  te lep h o n e  channel u n d e r  te s t ,  В  is 
th e  c a r r ie r  frequency  o f th e  u p p e r  te lep h o n e  channe l, o2, o3, re sp . b2, b3 are 
c o n s ta n ts  ch a rac teriz in g  th e  n o n lin e a r ity  o f  th e  tran sm ission  c h a ra c te r is tic s . 
T h e  fu n c tio n s  a  and  ß  can  b e  d e te rm in ed  from  th e  enclosed d iag ram s. 
is th e  p o w er of th e  te s t  no ise . W hen  d e te rm in in g  th e  d iag ram s, th e  e ffec t of 
th e  u se d  p re-em phasis c h a ra c te r is tic s  w as also ta k e n  in to  acco u n t.
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T he m ost im p o r ta n t  sources o f in te rfe ren ce  due to  e x te rn a l rad io  c h a n 
nels for th e  case o f e ig h t rad io  channels in  each  d irec tio n  an d  using  tw o  ca rrie r 
frequencies in  each  ra d io  ch an n e l are  show n in  F ig . 10.

On th e  scales show n  one u n d e r a n o th e r  th e  ca rrie r freq u en c ies  o f th ree  
s ta tio n s  are  in d ica ted . T h e  transm ission  p a th  o f  th e  rad io  ch an n e l u n d e r  te s t 
is rep resen ted  b y  th e  th ic k  line В — В.  F o u r  in te rfe ren ce  p a th s  a re  show n. 
Tw o o f th em  are  due  to  th e  a n te n n a  b a c k ra d ia tio n  in te rfe ren ce  an d  th e  o th e r 
tw o to  neighbouring  ra d io  channels.

T he m easured  a n d  th e  th eo re tica lly  de te rm in ed  ch a ra c te ris tic s  fo r an te n n a  
b a c k ra d ia tio n  in te rfe ren ce  are  show n in F ig . 11 an d  12. (The th ic k  line re-

F ig. 11 F ig. 12
(Remarks see on page 39, Fig. 14)

p resen ts  th e  m easu red  ch a ra c te ris tic , th e  d o tte d  line in d ica te s  th e  pow er sum  
o f th e  th eo re tica l in te rfe ren ce  and th e  g round  noise of th e  no isy  rad io  channel.) 
F ig . 11 refers to  th e  case o f 600 te lephone  ch anne ls an d  th e  F ig . 12 to  th a t  
o f  1920 te lephone ch an n e ls . T he noise-to-noise ra tio  is show n in  decibels on 
th e  o rd in a te , th e  no ise  level a t  th e  rece iv er f i l te r  in p u t o f  th e  d is tu rb ed  
rad io  channel is p lo t te d  on th e  abscissa. T h e  p a ra m e te r  o f th e  cu rv es  is the  
level o f  th e  useful signal a t  th e  in p u t of th e  rece iv er f ilte r  o f th e  d is tu rb ed  
rad io  channel.

The th eo re tica l ch a rac te ris tic s  have been de te rm in ed  w ith  th e  assu m p tio n  
o f  a sim ple null d e te c to r . I t  can  be well seen th a t  th is  d e te c to r  m odel c h a ra c te r
izes, in th e  case u n d e r  te s t ,  th e  real co n d itions w ith  su ffic ien t accu racy .

The c h a ra c te ris tic s  o f  in terference  noise due to  n e ig h b o u rin g  rad io  ch an 
nels fo r 1920 te lep h o n e  chan n e ls  are show n in  F igs. 13 an d  14.

T he ca rrie r freq u en cy  sep ara tio n  be tw een  th e  rad io  ch an n e ls  u n d e r te s t 
is 30 Mc/s. T he rece iv e r se lec tiv ity  a t  a d is tan ce  o f 25 Mc/s from  m id -band  
equals 42 dB  in  th e  case o f F ig . 13 an d  18 d B  in th e  case o f F ig . 14. In  th e  
case o f in te rfe ren ce  b e tw een  neighbouring  rad io  channe ls, th e  rece iv e r se lec tiv 
ity  p lay s an  im p o r ta n t  p a r t  in suppressing  th e  in te rfe ren ce  due  to  secondary  
effects o f the  FM  d e te c to r .
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F ig . 13 d em o n stra te s  t h a t ,  i f  a su itab le  rece iv e r se lec tiv ity  is u sed , 
th e  su p p re ss io n  is com plete  a n d  th e  in te rfe ren ce  d u e  to  nu ll d e tec tio n  is a lone 
d ec is iv e  fo r th e  m ag n itu d e  o f  th e  noise p ro d u ced .

T h e  diagram s show n in  th e  foregoing fig u res  refe r to  th e  case o f a single 
in te r fe re n c e  source. In  re a li ty , how ever, a g rea t n u m b e r o f in te rfe ren ce  sources 
o c c u r  a lo n g  a link  of co n sid e rab le  len g th . T h is in v o lv es  th e  n ecessity  o f s ta 
t i s t ic a l  analysis .

T h e  th eo re tica l an d  e x p e rim e n ta l analysis o f th e  in te rfe ren ce  noise bey o n d  
th e  ex a m p le s  described  h e re  h a s  been  ex ten d ed  to  all su b s ta n tia l  sources of 
th e  c h a n n e l a rran g em en t sh o w n  in  Fig. 10 an d  h as  led  to  th e  re su lt t h a t  in

F ig. 13.
(R e m a rk s  see on  page 39, F ig . 14)

th e  ca se  o f tra n sm ittin g  1920 te lep h o n e  channels on  each  b ro a d -b a n d  rad io  
c h a n n e l, w ith  a d istance o f 30 M c/s betw een  th e  n e ig h b o u rin g  b ro ad -b an d  c h a n 
nels  o f  one d irection  an d  75 M c/s betw een  th e  b ro a d -b a n d  ch anne ls o f  th e  
o p p o s ite  d irec tion , th e  in te rfe re n c e  noise on a lin k  o f  2500 km  len g th  can  be 
k e p t  b y  ad eq u a te  design below  1000 pW .

F o r  th e  purpose of in c re a s in g  th e  in fo rm atio n  cap ac ity  o f th e  b ro a d -b a n d  
m ic ro w a v e  system  all noise so u rces  shall be rev ised  a n d  fu r th e r  possib ilities  
to  im p ro v e  th e  signal-to -noise  r a t io  shall be exp lo red . One o f these  possib ilities 
is th e  d ec rease  of th e  rece iv e r noise fac to r b y  th e  use o f low -noise p re a m 
p lif ie r .

T h e  m icrow ave receivers in  use to d a y  h av e  a m ix e r in p u t  w ith  sem icon
d u c to r  d iodes whose noise f a c to r  am oun ts to  a b o u t 14 dB . U sing u p -to  d a te  
d iodes a n d  I F  am plifiers w ith  lo w er noise, th e  noise fa c to r  can  be decreased  to  
1 0 ^ 1 1  d B .

T h e  fu r th e r  decrease o f th e  receiver noise fa c to r  invo lves th e  n ecessity  of 
in tro d u c in g  a low-noise p re a m p lif ie r  before th e  in p u t  m ix er stage . T h is m icro- 
w av e  p re a m p lif ie r  m ay  be a trav e llin g -w av e  e lec tro n ic  am p lifie r as w ell as an 
a m p lif ie r  w ith  p a ram e tric  d io d es or tu n n e l d iodes. T he in tr in s ic  noise fa c to r  
of th e  p ream p lif ie r  m u st be co n sid e rab ly  low er th a n  th e  noise fa c to r  o f th e  
m ix e r s ta g e  an d  its  gain  m u s t b e  so h igh th a t  th e  no ise  o f th e  follow ing stages 
co u ld  n o t  p revail.
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In  th e  case o f  trave lling -w ave  tu b e  p ream p lifie r a noise fa c to r  o f  7-f-10 
d B  can  be a tta in e d  b y  m eans of a sim p le  no ise-k illing  gun (w ith  tw o  or th ree  
v o ltag e  steps). B y th e  a id  of the  m ore  co m p lica ted  noise-killing g u n  w ith  m an y

-70 -60 -50
— ► W logw (PA /watt)

To Figs. П -14. •• Modulation
in the disturbing 
radio channel yes

in the disturbed 
radio channel no

Receiver
To Figs. 13-14. selectivity
Detuninq.
mes 25

Ret. a tt../ 
/dB

1st variant of 
receiver 42

2-nd variant of receiver 18

1z -n o ise -tes t noise ratio in the upper telephone channel 
-----measured noise

power sum of noise measured without interference and 
-----calculated interference noise
-----calculated interference noise

F ig . 14

v o lta g e  steps a noise fac to r of 5 4 -7  d B  can  he achieved . C o nsequen tly , a consid
e rab le  im p ro v em en t o f th e  noise fa c to r  can  be o b ta in ed  w ith  th e  trav e llin g - 
w ave tu b e  p ream p lifie r. These am p lifie rs  have  also a large b a n d  w id th  an d  can 
th e re fo re  be ap p lied  in  b ro ad -b an d  m icrow ave com m unication  w ith o u t any  
d ifficu lty .
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T h e  noise fac to r  can  fu r th e r  be im p ro v ed  b y  th e  use o f p a ra m e tric  d iode 
a m p lif ie r . T h is allows to  o b ta in  a noise fac to r  o f a b o u t 3 -f-5dB . T he o p e ra tio n  
o f th e  a m p lif ie r  is b ased  u p o n  th e  vo ltage  d ep en d en ce  o f th e  sem ico n d u c to r 
d io d e ’s cap ac itan ce . T h e  low -level signal to  be am p lified  and  th e  h igh-level 
feed in g  signal (w ith  a p ow er o f  50-^ 10 m W ) re su lt in  a signal w hose freq u en cy  
c o rre sp o n d s  to  th e  sum , i.e. to  th e  difference o f th e se  frequencies. In  th e  f irs t  
case th e  am p lifie r is called  a  nonreversing  ty p e  a n d  in  th e  la tte r , a reversing- 
ty p e  p a ra m e tr ic  am p lifie r. T h e  pow er am p lif ica tio n  is given by th e  ra tio  o f th e  
a p p e a r in g  new  signal to  th e  frequencies o f  th e  s ig n a l to  be am plified . I n  th e  
case o f  th e  reversing  s tag es  a n eg a tiv e  re s is tan ce  ap p ears  w hich p e rm its  to  
in c rea se  fu r th e r  the  a m p lif ic a tio n  a t  th e  expense o f  s ta b ili ty . In  th e  m icrow ave 
ra n g e , a n  ap p reciab le  a m p lif ic a tio n  can be a t ta in e d  only  w ith  th e  reversing - 
ty p e  p a ra m e tr ic  am p lifie r. I t  is called  c o n v e rte r  a m p lif ie r  if  th e  frequencies 
o f th e  in p u t  an d  o u tp u t  signals  are d iffe ren t an d  is re fe rred  to  as a sig n a l-fre 
q u e n c y  a m p lif ie r  if  th e  in p u t  signal and  th e  o u tp u t  signal have  th e  sam e 
fre q u e n c y . In  th e  case o f signa l-freq u en cy  am p lifie rs  d egenera tive  an d  non- 
d e g e n e ra tiv e  am plifiers are  d iscerned  depend ing  u p o n  w h e th e r or n o t th e  a p p e a r
ing  new  signal falls in  th e  b a n d  to  be am plified .

T h e  p ro p ertie s  o f  p a ra m e tr ic  am plifiers  d e p e n d , in a high degree, on th e  
fe a tu re s  o f  th e  diode used . Im p o r ta n t  p a ra m e te rs  a re  th e  series re s is tan ce  of 
th e  d io d e  an d  th e  degree o f  cap ac itan ce  v a r ia tio n . W ith  th e  decrease o f  th e  
series re s is ta n c e  th e  noise fa c to r  of th e  am p lifie r decreases and  its  h a n d  w id th  
in c rea se s . W ith  th e  in crease  o f  th e  cap ac itan ce  v a r ia tio n  less feed ing  pow er 
is re q u ire d .

T h e  p a ra m e tr ic  a m p lif ie r  has th e  a d v a n ta g e  th a t  a low noise fa c to r  can  
be a c h ie v e d . I t  has, h o w ev er, th e  d isad v an tag e  t h a t  special h ig h -freq u en cy  
feed in g  is necessary . In  b ro a d -b a n d  m icrow ave lin k s  in  a hand  w id th  o f ^ 1 2  
Mc/s an  a m p litu d e  f lu c tu a tio n  o f no m ore th a n  ± 0 ,1  dB  is perm issib le, an d  
th is  is v e ry  h a rd  to  a t ta in  w ith  p a ram e tric  am p lif ie rs .

T h e  tu n n e l diode p re a m p lif ie r  does n o t re q u ire  a n y  special h ig h -freq u en 
cy feed in g . B y  its  use a noise fa c to r  o f 5 dB  m ay  be expec ted .

T h e  im p ro v em en t o f  th e  rece iv e r noise fa c to r  can  be explo ited  fo r severa l 
p u rp o se s  fro m  th e  v iew p o in t o f  th e  e q u ip m en t o p e ra tio n : for th e  increase  o f 
c a p a c ity  o r  tran sm issio n  ran g e  o f th e  m icrow ave c h a n n e l or for ap p ly in g  such  
econom ic  so lu tions as th e  s itin g  of th e  eq u ip m en t on  th e  E a r th  surface or th e  
use o f  a lo n g  a n te n n a  feeder.

F o r  a h igher re lia b ility  o f  o p era tion  an d  low er pow er co n sum ption  i t  is 
e x p e d ie n t to  use sem ico n d u c to r devices.

T h e  m icrow ave sy stem s w ith  m ore th a n  10 000 te lephone channels in  
c o -o p e ra tio n  w ith  b ro a d -b a n d  cable  ne tw o rk  can  be  expec ted  to  s a tis fy , a t  
long ra n g e , th e  req u irem en ts  o f  tra n sc o n tin e n ta l com m u n ica tio n . B eside th e  
an a lo g o u s sy stem s, code m o d u la tio n  can also be used  ex ten siv e ly . T he u til iz a 
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tion  o f th e  v e ry  ad v an ta g e o u s  p ro p ertie s  o ffe red  by  code m o d u la tio n  m ay  open  
w ide space fo r fu tu re  d eve lopm en t. T o d ay  we know  alread y  th e  basic  p r in c i
ples w hich allow  th e  increase even o f th is  c a p a c ity  by  orders o f m a g n itu d e . 
T he a t te n u a tio n  o f th e  c ircu la r w avegu ide  in  T E ul m ode d ecreases w ith  
frequency . In  th is  m ode, in  th e  case o f m illim e tric  w aves, th e  b an d  w id th  w hich 
can  be t r a n s m itte d  exceeds th e  b and  w id th  tr a n s m itte d  b y  free-space ra d ia tio n .

T he coded  tran sm iss io n  of speech so u n d s  or sound groups a n d  th e  com 
position  of sy n th e tic  speech from  th e  codes decreases, by  orders o f m a g n itu d e , 
th e  b a n d  w id th  o f th e  speech channel and  can  likew ise increase th e  n u m b e rs  o f  
te lephone  ch anne ls to  be tra n sm itte d .

C onsidering  th e  ex isting  system s a n d  tho se  u n d e r d ev e lo p m en t as well 
as th e  basic  p rin c ip les  d e te rm in ing  th e  fu tu re  p rospects  i t  m ay  f irm ly  be a n 
nounced  th a t  th e  possib ilities of fu r th e r  d ev e lo p m en t of te leco m m u n ica tio n  
tech n iq u e  to  sa tis fy  th e  grow ing d em an d s a re  a t  ou r disposal.
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D IE  E R H Ö H U N G  D E R  IN F O R M A T IO N S K A P A Z IT Ä T  
V O N  B R E IT B A N D -W E IT V E R K E H R S -R IC H T F U N K V E R B IN D U N G E N

G. BOGNÁR

Z U SA M M E N FA SSU N G

E s w erden  die P ro b lem e der B re itb a n d -W e itv e rk e h rs -R ic h tfu n k v e rb in d u n g e n  a ls T eile 
e in es d ie  ganze  E rd e  u m fassenden  N a ch ric h te n n e tz es  e rö r te r t .  Die M öglichkeiten de r L ö su n g  
des e in e n  d ie ganze E rd e  u m fassen d en  N etz  b ild en d en  S y stem s w erden b eh an d e lt. D er a llge 
m eine A u fb a u  de r E in ric h tu n g e n  der neuzeitlichen  W e itv e rk e h rs-R ich tfu n k v e rb in d u n g e n  u n d  
die a n  sie g este llten  F o rd e ru n g en  w erden b esch rieben . D ie G eräuschproblem e der R ic h tfu n k 
v e rb in d u n g e n  w erden  u n te rsu c h t. D ie M öglichkeiten  d e r V erw endung  v ersch iedener T y p en  
v o n  G e räu sch a rm en  V o rv e rs tä rk e rn  w erden erw ogen. Die E ndergebn isse  th eo re tisch e r U n te r 
su c h u n g e n  ü b e r  das In te rm o d u la tio n sg e rä u sc h  u n d  d as  von  den  b e n ach b arten  F u n k k a n ä le n  
h e r rü h re n d e  In te rfe ren zg eräu sch  w erden  m itg e te ilt . A bsch ließ en d  w ird a u f  die M öglichkeiten  
h in g ew iesen , die in  P e rsp ek tiv e  die R ich tu n g en  de r W e ite ren tw ick lu n g  der B re itb a n d n a c h ric h 
te n te c h n ik  b estim m en  können .

L ’A C C R O ISSEM EN T  D E  LA C A P A C IT É  D ’IN F O R M A T IO N  
D E S F A IS C E A U X  H E R T Z IE N S  A L A R G E  B A N D E

G. BOGNÁR

R É SU M É

L ’a u te u r  ab orde  le p rob lèm e des fa isceaux  h e rtz ie n s  à large bande e t à g rande  d is tan c e  
en  les c o n s id é ra n t com m e fa isan t p a rtie  d ’un  ré seau  de co m m u n ica tio n  c o u v ran t l’en sem ble  
de  la T e rre , e t  expose les possib ilités de réa lisa tio n  d ’un te l ré seau . Il d écrit la s tru c tu re  gén é
ra le  des é q u ip e m en ts  des liaisons h e rtz ien n es m od ern es, a in s i que les exigences a u x q u e lles  
celles-c i d o iv e n t sa tis fa ire . Il exam ine  aussi les p ro b lèm es d u  b ru it  dans les liaisons h e r tz ie n n e s . 
Les p o ss ib ilité s  d ’ap p lic a tio n  des d ivers ty p es  de p ré am p lif ica teu rs  à faibles b ru its  so n t e n v i
sagées. L ’a u te u r  expose en su ite  les conclusions th éo riq u es  co n ce rn an t le b ru it  d ’in te rm o d u la 
tio n  e t  le b r u i t  d û  à l’in te rféren ce  e n tre  ra d io c an a u x  vo isins. L ’artic le  se te rm in e  p a r l’in d ic a tio n  
des p e rsp e c tiv e s  e t de l’o rien ta tio n  d u  d év elo p p em en t fu tu r  de la com m unica tion  à large  b a n d e .

УВЕЛИЧЕНИЕ ИНФОРМАЦИОННОЙ ЕМКОСТИ 
ШИРОКОПОЛОСНЫХ МАГИСТРАЛЬНЫХ РАДИОРЕЛЕЙНЫХ ЛИНИЙ

Г. Б О Г Н А Р

РЕЗЮМЕ

В статье рассматриваются проблемы широкополосных магистральных радиорелей
ных линий как части сети связи, охватывающей всю Землю. Обсуждаются возможности 
решения системы, составляющей сеть, охватывающую Землю. Излагаются общее постро
ение аппаратуры современных магистральных радиорелейных линий и предъявляемые 
к ним требования. Исследуются проблемы шумов радиорелейных линий. Оцениваются 
возможности применения различных типов малошумных предварительных усилителей. 
Сообщаются результаты теоретических исследований по переходным шумам и шумам, 
вызванным интерференцией между соседними радиоканалами. Наконец, указываются 
возможности, которые в перспективе могут определить направления дальнейшего раз
вития широкополосной радиорелейной связи.
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CROSS VAULT SHAPED SECTORIAL SHELLS 
WITH CANTILEVER-LIKE OVERHANGING 

FREE BOUNDARY

P . C SO N K A
DR. ENG. SC.

WORKING COMMUNITY OF BUILDING SCIENCES OF THE HUNGARIAN ACADEMY 
OF SCIENCES, BUDAPEST

[M anuscrip t rece iv ed  N o v e m b e r 2, 1964]

P a p e r  deals w ith  th e  s ta tic s  o f po ly g o n al shells co n sistin g  o f id en tica lly  sh a p e d  sec to ria l 
e le m en ts . T he m iddle  surfaces o f th e  sec to r e lem en ts  a re  cy linders w ith  h o rizo n tal g e n e ra tr ic e s , 
th e  basic p ro jec tio n s o f w hich  are n o rm al to  th e  sides o f th e  po lygonal p lan  fo rm . T h e  single 
sec to ria l e lem en ts a re  su p p o rte d  on b o th  o f th e ir  sides b y  v e rtic a l arches, th e  c an tile v e re d  fro n t 
edge, how ever, is e n tire ly  free w ith o u t a n y  su p p o r t.  T h e  lo ad  system  acting  on  th e  shell is 
id en tica lly  d is tr ib u te d  u p o n  each  sec to ria l e le m en t a n d  is c o n s tan t along th e  g e n era trices . 
T h e  con sid era tio n s a re  based  on the  well k n o w n  sim p lify in g  assu m p tio n s o f m em b ran e  th e o ry  
a n d  d isreg ard  all th e  d is tu rb in g  effects a ris in g  in  th e  v ic in ity  o f th e  bordering  a rch es . T he 
ap p lica tio n  of th e  deriv ed  form ulae  is ex p la in ed  b y  a n u m erica l exam ple.

1. Introduction

F o r roo fing  o f la rg e r areas m o d ern  a rc h ite c tu re  freq u en tly  ap p lie s  p o ly 
gonal shells co n s tru c te d  of sec to ria l e lem en ts , sep a ra ted  from  each  o th e r  by  
d iv id in g  ribs. T hese com posite shells a re  o f  v e ry  in te restin g  a p p e a ra n ce  and  
espec ia lly  fav o u red  w hen th e ir  u n su p p o r te d , en tire ly  free fro n t edge is can ti-  
leved  over th e  basic  po lygon (F ig . 1.).

Fig. 1. Cross v a u lt  sh ap ed  sec to ria l shell w ith  can tile v e r-lik e  overhanging  free  b o u n d a ry

P re se n t p a p e r  deals w ith  a spec ia l ty p e  o f th e  afo re-m en tioned  sec to ria l 
shells, t h a t  is, o f  shells m ade up o f cy lin d rica l e lem ents. Up to  now , no a n a ly t
ical m eth o d  has been pub lished  in  te c h n ic a l lite ra tu re . The fo llow ing  e n d e a 
v o u rs  fill th is  gap b y  expound ing  an  a n a ly tic a l m ethod .
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2. Symbols, Assum ptions

T h e  follow ing t r e a ts  com posite  shells w ith  a polygonal p lan  fo rm . T he 
in d iv id u a l e lem ents o f  th e  shell are  of id e n tic a l shape  and  sy m m etrica l as to  
th e  n o rm a l b isec to r p lan e  o f  th e  sides of th e  b a s ic  polygon. T he m idd le  su rface  
o f th e  she ll sectors is a cy lin d er w ith  h o riz o n ta l axis.

T h e  secto ria l e lem en ts  are su p p o rted  on b o th  sides by v e rtic a l a rch es . 
T he c a n tile v e d  f ro n t p a r ts , p ro jec tin g  b ey o n d  th e  sides of th e  basic  p o ly g o n ,

F ig . 2. S y stem  of co -o rd in a te s  0 (a, y ,  s)

are  e n tir e ly  free , u n su p p o rte d  by  an y  b u ttre s s in g  s tru c tu res . T he b o rd e r lin e  
o f th is  e n tire ly  free edge zone is a curve, w h ich  does no t coincide w ith  an y  
of th e  g en e ra trice s  o f th e  cy lin d er, does n o t to u c h  an y  of th em , and  does n o t 
c u t a n y  o f  th em  a t m ore  th a n  one p o in t.

I t  is assum ed  th a t  th e  shell is loaded  b y  v e r tic a l forces w hich  are sy m 
m e tr ic a lly  d is tr ib u te d  in  re la tio n  to  th e  p lanes o f  sy m m e try  of th e  basic po lygon 
an d  a re  considered  as c o n s ta n t along th e  g en e ra tr ice s .

T h e  follow ing d iscussions are  based  on th e  u su a l assum ptions o fm em b ran e  
th e o ry , th e  d is tu rb in g  effects arising  in th e  v ic in ity  of the  b o rd erin g  a rches 
b e ing  d isreg a rd ed .

A ll th e  in v es tig a tio n s  re fer to  the  shell se c to r  m arked  in F ig u re  2 by  
d o ttin g . T h e  system  0 (x, y ,  z) o f o rthogonal co -o rd in a tes  is p laced , as show n 
in th e  f ig u re , in such  a w ay  th a t  v ertica l ax is z sh o u ld  pass th ro u g h  th e  c e n te r
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o f th e  shell and  p lan e  x  =  0 coincide w ith  th e  p lane o f sy m m e try  o f  th e  
ex am in ed  shell sec to r.

T h e  shape o f  th e  shell should  be  c h a ra c te riz e d  by  th e  e q u a tio n  o f  its  
m iddle surface, th a t  is bv

* = / ( * )  ( 1 )

an d  th e  form  of th e  free edge line b y  th e  eq u a tio n  of its  basic p ro je c tio n :

<(*) -  y  =  0. (2)

T he v e rtic a l loads ac tin g  on the  shell sh o u ld  be expressed b y  th e ir  specific  
v a lue  referred  to  th e  u n it area of th e  g ro u n d  p lan e , and  ch a rac te rized  b y  th e  
load  fu nc tion

Z  =  Z ( x ) . (3)

3. Stress Function o f the Problem

F o r solv ing th e  problem , P u c h e r’s s tre ss  fu nc tion  F  =  F(x ,  y )  is to  be 
se t u p . In  th e  case o f  shells loaded  b y  v e r tic a l forces, th is  fu n c tio n  h as  to  
sa tis fy  th e  d iffe ren tia l equa tion  o f g enera l v a lid ity

82z 

Эл:2

82 F
—  2 82z 82 F Э2 z Э2 F

dy2 Qx • Эу Эл: ■ dy

Since in  th e  p re se n t case the  re la tio n s 

Э2 z d 2z 82 z
=  u ,

Э /2 Э*2
| Z  =  0 .

8y 2
=  0 , Z  =  Z  (x)

8л;2 dx-  Эя: • dy  

hold , in s tead  of th e  fo rm er d iffe ren tia l e q u a tio n  th e  follow ing m ay  be w ritte n :

d2z Э2 F  

d x 2
C onsequen tly :

Z ( x )  
d 2z l d x2

a y 2
+  Z ( x )  =  o .

82 F
dy2

(4)

Since th e  m iddle  su rface  of the  ex am in ed  shell sec to r is a cy lin d er w 'ith gene
ra tr ic e s  para lle l to  th e  axis y ,  th e  d e r iv a te  92z /9л;2 is a fu n c tio n  o f  v a r ia b le  x  
only . So, th e  r ig h t side o f fo rm ula  (4) also  exclusively  depends on  th e  v a r i
ab le x.  A ccording to  these

Э2 F
_ -  =  Ф(л:) (5)

w here Ф(х) is a know n  function  o f  th e  v a r ia b le  x:

Z ( x )
Ф ( х ) = -

d 2z /dx2
( 6 )
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F ro m  re la tio n  (5) can  be deduced  b y  tw ofo ld  in te g ra tio n  th e  fo rm ula

F +  c i (* ) y  +  C2 (x) ( 7 )

in  w h ic h  th e  expressions C^(x) and  C,,(x) d en o te , fo r th e  tim e being, u n k n o w n  
in te g ra t io n  functions.

F o r  th e  ca lcu la tion , fu n c tio n s  Су(х) a n d  C2(x) have to  be d e te rm in ed  
fro m  th e  b o u n d a ry  cond itions o f th e  p ro b lem .

S ince th e  exam ined  shell s tru c tu re  a n d  i ts  load ing  are sy m m etrica lly  
a rra n g e d  in  regard  to  th e  d iv id in g  ribs s u p p o r tin g  th e  shell sectors, th e  rib s 
a re  o n ly  lo ad ed  b y  forces a c tin g  in th e ir  p lan es . A ccording to  th e  a ssu m p tio n  
t h a t  th e  rib s  are su ffic ien tly  re s is ta n t to  all th e se  forces, no re s tr ic tin g  co n 
d itio n s  h a v e  to  be m ade fo r fu n c tio n  F  a long  th e  ribs.

T h e  s itu a tio n  is q u ite  d iffe ren t along th e  e n tire ly  free edge line, t h a t  is 
fo r y  =  t(x),  w here th e  shell is com pletely  u n su p p o rte d . F o r th is  reason , a long  
th is  edge  line, th e  b o u n d a ry  cond itions are:

[ * v / ( X ) o ,
Э F
8y

=  0 . ( 8 )
y = i(x )

In  th e  case u n d e r (5), these  b o u n d a ry  cond itions can  be fo rm u la ted  as follow s:

ф ( х ) .  S M t + Cl(*).*(*)+ c2(*) = 0,

Ф (x) ■ t (x) -f- C t (x) =  0 .

F ro m  th e se  tw o  eq u a tio n s, in te g ra tio n  fu n c tio n s Сг(х) and  C2(x) can  be u n e q u i
v o ca lly  d e te rm in ed :

С, (ж) =  -  Ф (x) - t ( x ) ,

C2(x) Ф(х)
2

S e ttin g  th e se  values in (7), th e  fo rm ula

F  =  ~2 Ф ( х ) - [ 1 ( х ) - у ]* (9 )

is o b ta in e d  for th e  stress fu n c tio n  o f th e  p ro b lem .
B e in g  acq u a in ted  w ith  s tress fu n c tio n  F,  th e  reduced  in te rn a l forces 

can b e  ca lcu la ted  w ith  th e  aid  o f th e  w ell-know n re la tio n s:

8- F

dy2 xy '
Э2 F  a2 F

» ^ , • 
dx ■ dy  dx2

( 10 ) .
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C onsequently :

nx =  ф (*) »
d<I> dt

dx
nxy =  +  — -  [t (ж) -  у]  +  Ф (ж) • 

ах

1 Ф2Ф d 0  dt
ny =  — —  -7 -7 -  [*(*) — у]  +  2 - 7 — [f И  -  y] - j -  +2 d x 2 dx  dx

+  * w . (  A

In  th e  special case, w hen

-  ф (*) [í (*) — у]
d 2 t
d x 2

( П )

Ф(х) =  Ф0 =  co n st. ,

fo rm ula  (9) o f th e  stress  fu nc tion  can  be w r it te n  as follows:

F  =  y [ i W - r ] 2 -

C onsequen tly , fo rm u lae  (11) can  be used  in  th e  follow ing sim pler form :

«X =  фо ,

dt
dx

dt

( 12)

n xy =  Фп

Пу =  Фо

(13)

dx
+  фо [í (*) — у]

d 21

dx2

4. Forces A cting on the  In te rm ed ia te  R ibs

F or s tru c tu ra l  analysis o f cross v a u lt  sh ap ed  sectoria l shells i t  is neces
sa ry  to  know  th e  forces acting  on th e  in te rm e d ia te  rib s o f th e  roof. F o r sim p lic
i t y ’s sake th e  d e te rm in a tio n  o f th e se  will be  d e m o n s tra te d  here  on a co n cre te  
exam ple; in o th e r  cases th e  p ro ced u re  m ay  be  s im ila r to  th e  one show n below .

The m idd le  su rface  of th e  shell sec to rs o f th e  ro o f co n stru c tio n  tr e a te d  
here  is a p arab o lic  cy linder, th e  b asic  p ro je c tio n  o f th e  u n su p p o rte d  edge line  
being  a p a rab o la  (F ig . 3). The eq u a tio n  o f th e  m iddle  surface o f th e  d o tte d  
shell sector is

z

a n d  th a t  o f th e  u n su p p o rted  edge line

У t (x) — 0 ,
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w here

t (x) — b —
cx

( 14)

As a  lo a d  ac tin g  on th e  shell we ta k e  a v e r tic a l d is tr ib u te d  force sy s te m  in to  
a c c o u n t, th e  specific v a lue  o f  w hich  as re la te d  to  th e  basic area is

Z  =  Z 0 =  co n st.

Fig. 3. System of co-ordinates 0(u, v, s)

I n  th e  chosen exam ple  fu n c tio n  Ф(х) as defined  by  fo rm ula  (4) has 
a c o n s ta n t  v a lue:

ф  ________Z ______ Z0 ^ _ _ Z0 n-
d2z /dx2 2 h/a2 2 h

W h e n  d e te rm in ing  th e  forces ac tin g  on th e  in te rm e d ia te  ribs, i t  w ould 
be e x p e d ie n t  to  in troduce  th e  sy s te m  o f co -o rd in a tes  0 (n ,v ,z ) in s tead  o f  co -o r
d in a te s  0(л:, у ,  z). The origin 0 a n d  ax is z, re sp ec tiv e ly , of th e  new  sy s tem  co in 
cide w ith  th o se  of the  orig inal sy s tem  an d  ax is p lane  v =  0 is com m on w ith  
th e  p la n e  o f  th e  in te rm ed ia te  rib  u n d e r in v es tig a tio n . B etw een  th e  co -o rd in a tes
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of th e  tw o system s th e  follow ing re la tions h o ld :

X =  и  cos a  — V sin a  , 

у  — и sin a  -f- V cos a .

In  th e  sy stem  o f co -o rd ina tes 0(u, v, z) th e  m idd le  su rface o f th e  shel 
sec to r in q u estio n  can  be expressed  as

h
z =  —— (и cos a — sin a )2, (16)

a 2

and  th e  e q u a tio n  o f th e  basic  p ro jec tio n  of th e  u n su p p o rte d  edge line is

— (it cos a  —  v sin a ) 2 -f-  ( u  sin a  -|- u  cos a )  —  6 =  0 . (17)

B y tak in g  these  in to  considera tion , e q u a tio n  (12) o f th e  stress fu n c tio n  will 
he m odified  as follow s:

F = ^ L (u  cos a  — v sin a ) 2 -f- (it sin  a  -(- v cos a) — b (18)

As a consequence, th e  values o f reduced  in te rn a l forces belonging to  th e  
d irec tio n s it an d  v a re  in  general

э2 *
n " =  ^ Ф<

sin2 а (ц СОЗ a — v s in  a)2

I 6 C  . 2 , 2 C  . . . ,  0 2 4
v  cos a  • sin” a  4- и s i n  a  (s in 2 a  — 2 cos" a)1 9. 1 9 '  '

2 c
-4 -  cos- a b sin2 a

n„, ■
d u  • 9c

=  Фп
6  c 2

cos a • sin a (u  cos a — v sin a)2 —

2 c 2 c
_ и  cos a (cos2 a — 2 s in '-a )-------v sin  a (sin2 a — 2 cos2 a)

a 2 a 2

(, 2 c ,
\ l  +  —  b cos a • sin a
1 a

Э2 F 6 c2
cos2 a (it cos a — v  sin  a )2

H-------- (u  cos2 a  • sin a) -|— —— v cos a  (cos2 a — 2 s in 2 a)
a2 a~

I • о 2 C . g -f- sin a --------- b cos a ,

4 Acta Techn. Hung. 50. (1965)



50 P. CSONKA

w h ich  ta k e  th e  follow ing sim p lified  shape  along th e  rib  v =  0:

[n u]»=o — Фо
6 c2 2 c
------u 2 cos2a  • sin2 a  -j- —  и  sin a  (sin2 a — 2 cos2 a) -f-

2 c
-j- cos2 a --------- b s in 2 a

Г6 с 2 „ 2 c
о — Фо ------ u 2 cos3 a  sin a ------ -—  и  cos a (cos2 a  — 2 sin2 a)

I a 4 a2

1 + 2 cb

K L = o  =  Ф0

cos a • sin  a

6 c
u2 cos4 a  -]----- - и  cos2 a  • sin a -f-

+  s in 2 a

a*4

2 c

a 2
b cos2 a

(19)

O f th e  reduced  in te rn a l forces ra„, n uv an d  ra„ only th e  forces n uv an d  n„ 
a c t  on th e  rib  v =  0, an d  th a t  from  b o th  sides. T herefore, va lu es  o f  in te rn a l 
fo rces

[«m,]„=o a n d  [пв]с=0

m u s t be  tak en  in to  c a lcu la tio n  tw ofo ld . T hese forces ac ting  on th e  r ib  w ill be 
c h a ra c te r iz e d  by  th e ir  specific  va lu e  as re la te d  to  th e  u n it len g th  o f  th e  basic 
p ro je c tio n  of th e ir  ax is line. C on seq u en tly , th e  specific value o f th e  u- and  
c -d ire c te d  com ponents o f forces ac tin g  on th e  rib  are

4 u = 2 [n u»]*=0 1 (2 0)
9v =  2 |>m,L_o ta n  <p +  2 [nv]v=о ta n  у . (21)

A s th e  de fin ite  re su lt o f  th e  above in v e s tig a tio n  we o b ta in  th e  fo rm u la e  of 
fo rce  com ponen ts qu an d  b y  s u b s titu tin g  th e  values (19) an d  (21) in to  th e  
fo rm u la e  (20) and (21).

5. N um erica l E xam ple

T h e  reduced  in te rn a l forces ac tin g  on  th e  cross v a u lt  shaped  sec to ria l shell c o n s tru c te d  
o v e r  a q u a d ra tic a l p lan  fo rm , show n in  F ig . 4, shou ld  be de term ined .

In  th e  case of th e  g iven  ex am p le  th e y  are :

a =  10,0 m, b =  15,0 m , c =  5,0 m , h =  8,0 m, a =  45° .

T h e  sp ec ific  value of th e  d is tr ib u te d  v e rtica l force sy s tem  re la te d  to  th e  basic  a rea  is

Z  =  Z0 =  320 k p /m 2 .

T h e  m id d le  surfaces of th e  shell sec to rs a re  p a rab o lic  cy linders , th e  basic p ro je c tio n  of th e  
u n s u p p o r te d  edge line being  a p a rab o la . T he e q u a tio n  of th e  m iddle surface of th e  she ll sec to r,
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d e n o te d  in  the figure  b y  d o ttin g  is

8,0
10,0 -

X2 =  0,08 л2 .

The basic p ro je c tio n  of the  u n su p p o rte d  edge line can  be  ch ara c te riz ed  by  th e  e q u a tio n

y  =  t ( x )  =  15,0 — 5,0 — — =  15 -  0,05 X 2 .
10,o2

R eckoning th e  ab o v e  values, we o b ta in  th e  re la tio n  acco rd ing  to  fo rm ula  (15)

Ф о —
320 -1 0 ,02

2 - 8,0
— 2000 k p /m  ,

a n d  according to  fo rm u la  (13), the  fo llow ing  va lues fo r th e  red u ced  in te rn a l forces:

nx =  — 2000 [kp/m ] , 

nxy =  — 2000 ( — 0,1 x)  =  200 • X [k p /m ] , 

ny =  — 2000 ( -  0,1 я:)2 -  2000(15  — 0,05 л2 - у )  ( -  0,1) =

=  (3000 +  190 x 2 — 200 y )  [k p /m ] .

4 A d a  Techn. H ung. 50. (1965)
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K R E U Z G E W Ö L B E A R T IG E  S C H A L E N  M IT  A U S K R A G E N D E M  F R E IE M  R A N D

P. CSONKA

Z U SA M M E N FA SSU N G

E s  w ird  das K rä fte sp ie l d e r  au s  g leichförm igen  S ek to re lem en ten  zu sam m en g ese tz ten  
p o ly g o n a le n  Schalen b e h an d e lt. D ie M itte lflä ch e  de r einzelnen S ch a lenelem en te  sin d  Z ylinder 
m it  h o r iz o n ta le r  Achse. D ie e in ze ln en  S cha len e lem en te  sind  an  b e id en  S e ite n rä n d e rn  d u rch  
v e r t ik a le  Z w ischenbögen u n te r s tü tz t ,  d ie S tirn se ite  de r S chalenelem ente  h ingegen  is t  vo llkom 
m e n  f re i ,  o h n e  irgendw elcher U n te rs tü tz u n g . D ie B e lastu n g  der Schale is t  längs d e r E rzeu g en 
d e n  d e r  M itte lfläch e  k o n s ta n t u n d  a n  jed e m  S chalenelem en t die gleiche. B ei den  U n te rsu c h u n 
g e n  w e rd e n  die b e k an n ten  v e re in fac h en d e n  V o rau sse tzu n g en  de r M e m b ran th eo rie  h e ran g ezo 
g en . D ie , in  de r N ach b a rsch a ft d e r  Z w ischenbögen  en ts te h en d e n  R a n d s tö ru n g e n  w erden  a u ß e r 
a c h t  g e la ssen . Die A nw endung  d e r a b g e le ite te n  Form eln  w ird  d u rc h  ein  Z ah lenbeisp ie l e r
l ä u te r t .

V O IL E S  COM POSÉS E N  V O Û T E  D 'A R Ê T E S , A B O R D S L IB R E S  E N  P O R T E -A -F A U X

P. CSONKA

R É S U M É

L ’é tu d e  tra ite  du  je u  de fo rces de vo iles p o ly g o n au x  segm en tés. L a  su rface  m oyenne 
d es  se g m e n ts  id en tiq u es e st u n e  su rface  cy lin d riq u e , d o n t les g én éra trices  so n t, en p ro jec tio n  
s u r  la  b a se , no rm ales a u x  cô tés d u  po lygone. Les segm ents d u  voile re p o sen t p a r  leu rs  côtés 
s u r  d e s  a rc s ;  leu r côté fro n ta l ,  a v a n ç a n t  en  p o rte -à -fau x  au-dessus des cô tés d u  po lygône de 
b a se  n ’e s t  p a s  su p porté . Le sy s tèm e  de ch arg es v e rtica les  considéré e st r é p a r t i  id e n tiq u e m e n t 
su r  c h a q u e  segm en t; sa v a le u r re s te  c o n s ta n te  le long  des gén éra trices . L ’é tu d e  s ta tiq u e , r e 
p o s a n t  s u r  l ’h y p o thèse  sim p lifica trice  h a b itu e lle  de  la  th éo rie  des m em b ran es , ne  t ie n t  pas 
c o m p te  d es  e ffe ts p e r tu rb a te u rs  d û s  a u x  c o n tra in te s  de défo rm atio n . L ’ap p lic a tio n  des fo rm ules 
d é d u ite s  e s t  illustrée  pa r un  exem ple  n u m ériq u e .

СЕГМЕНТНЫЕ ОБОЛОЧКИ В ВИДЕ ПОПЕРЕЧНОГО СВОДА СО СВОБОДНЫМ 
КРАЕМ, ВЫСТУПАЮЩИМ ВПЕРЕД КОНСОЛЕОБРАЗНО

П. Ч О Н К А

РЕЗЮМЕ

Статья занимается работой полигональных оболочек, состоящих из сегментов 
идентичной формы. Средняя поверхность отдельных сегментов оболочки представляет 
собою такую цилиндрическую поверхность горизонтальной оси, образующие которой в 
проекции на план являются перпендикулярными к полигональным сторонам. Сегмент
ные оболочки с двух сторон опираются на арочные фермы, а лобовая сторона их (которая 
консолеобразно выступает перед полигонными сторонами плана) не опирается ни на какую 
опорную конструкцию. На всех сегментных оболочках учтенная отвесная распределяю
щаяся система нагрузки распределяется идентичным образом. Значение нагрузки вдоль 
образующих цилиндра является постоянной. Динамический анализ — упуская при этом 
мещающие действия от деформационных принуждений — основывается на обычном 
упрощающем предположении мембранной теории. Применение выведенных формул 
освещается числовым примером.
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THE DIMENSIONING OE GAS PIPE LINES

A. FO N Ó

CORR ESPONDING MEMBER OF THE HUNGARIAN ACADEMY OF SCIENCES 

[Ma n u sc r ip t received A u g u st 31, 1964]

The cost o f lo n g -d is tan ce  gas tra n sp o rt  by  p ipe  lin e  is in fluenced  b y  th e  d im ensions 
o f  th e  pipe line. T he m in im u m  to ta l  cost is a tta in e d  w ith  d e te rm in e d  d im ensions. T he re su lt 
o f  th e  p re sen t in v es tig a tio n s  is a fam ily  o f curves w hich  d e te rm in e s  th e  d im ensions g u a ran tee in g  
econom ic o p era tio n . N am ely , th e  cu rves give th e  p ressu re  ra tio  to  be chosen a t  th e  com pressor 
s ta tio n s , th e  pipe d ia m e te r , a n d  th e  leng th  of line sec tion  b e tw een  tw o com presso r s ta tio n s . 
T he m o st econom ic v a lu e  is d e te rm in ed  by an  expression  co n ta in in g  th e  a n n u a l cost o f th e  
com presso r s ta tio n s  w h ich  a re  n o t p ro p o rtio n a l w ith  th e  com pression  w ork. T his is o f decisive 
in fluence  on th e  d im ensions en su rin g  econom ic serv ice.

T he cost o f  gas tra n s p o r ta tio n  depends on th e  co rrec t d im ension ing  o f 
th e  p ipe line. A t p re se n t, in  th e  p ro jec t s tag e , g en era lly  th e  m ost econom ic 
so lu tio n  is soug h t for, b y  su b seq u en t tr ia ls . D ue to  th e  m u ltitu d e  o f  v ariab les  
th is  m ethod  req u ires  v e ry  m an y  su b seq u en t ca lcu la tio n s , so m a n y  th a t  a 
sa tis fa c to ry  re su lt can  be o b ta in ed  only  b y  th e  use o f co m p u te rs . E a rlie r 
a t te m p ts  a t a c a lc u la tio n  m eth o d  giving o p tim u m  d im ensions d id  n o t lead  to  
a useab le  resu lt.

T he p resen t p a p e r  p rov ides an  aid  for f in d in g  th e  m ost econom ic so lu tion .
A ccording to  th e  re su lt o f th e  in v es tig a tio n , all d im ensions co rrespond ing  

to  m in im um  to ta l  co s t p e r  an n u m  for a h o riz o n ta l pipe line are  d e te rm in ed  
an d  can be ca lc u la ted , i f  th e  tra n sp o rte d  q u a n t i ty  o f  gas is know n an d  i f  th e  
num erica l v a lue  is k n o w n  w hich  determ ines t h a t  co st w hich  is in d e p e n d e n t of 
th e  cap ac ity  of th e  co m presso r s ta tio n  and  is re la te d  on ly  to  th e  ty p e  of so lu 
tio n  and  to  th e  q u a n t i ty  o f tra n sp o rte d  gas.

Long gas p ipe lines a re  co n stru c ted  w ith  co m p resso r s ta tio n s  w hich  section  
b y  sec tion  increase  th e  gas pressure th a t  h ad  d ro p p e d  d u rin g  th e  flow  o f gas.

In  th e  ex p ressio n  fo r th e  to ta l cost o f gas t r a n s p o r ta t io n  a p p e a r, besides 
th e  gas q u a n ti ty  to  be  tra n sp o r te d , four v a r ia b le s  w hich m u s t be d e te rm in ed . 
A ssum ing  th e  f in a l com pression  p ressure , th e re  re m a in  th ree . T he expression  
fo r th e  p ressu re  d ro p  gives a re la tion  betw een  th e  v a riab le s . H ence, th e  n u m b e r 
o f  variab les is re d u ced  to  tw o . C alcu lating  e x tre m u m  values b y  d iffe re n tia tin g  
w ith  resp ec t to  th e  tw o  va riab les , these  can  be d e te rm in ed  as w ell. In  th is  
w ay  all v ariab les , th u s  all req u ired  d im ensions a re  u n eq u iv o ca lly  d e te rm in ed . 
T herefo re , th e  d im ensions g iv ing the  m ost fa v o u ra b le  co n d itions can  be d e 
te rm in ed  d irec tly  w ith o u t tria ls .
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T h e  re su lt of th e  in v e s tig a tio n s  pe rm its , if  th e  tw o  in itia l d a ta  m en tio n ed  
a b o v e  a re  know n, on th e  one  h a n d , to  read  d ire c tly  from  a fa m ily  o f  cu rves 
g o o d  e s tim a tio n s  for th e  m a in  d im ensions to  be se lec ted ; on th e  o th e r  h a n d , it  
sh o w s th e  g rea t in fluence  o f  t h a t  cost w hich is in d e p e n d e n t o f th e  p ow er of 
th e  co m p resso r s ta tio n  on th e  to ta l  cost o f gas tra n s p o r ta t io n  a n d  on th e  d i
m e n s io n s  g u aran tee in g  th e  m o s t econom ical so lu tio n .

T h e  cost of th e  gas t r a n s p o r te d  b y  th e  p ipe-line co n ta in s th e  co st re la ted  
to  th e  line  and  to  th e  co m p resso r s ta tio n s . T he costs  are  in  p a r t  p ro p o rtio n a l 
to  th e  in itia l costs, in  p a r t  to  o p era tio n .

I n  th e  following th e  a u th o r  h as  in view  m o d ern , long p ipe-lines fo r  n a tu 
ra l  gas o f  g rea t cap ac ity . I t  is assu m ed  th a t  th e  tr a n s p o r te d  q u a n t i ty  is con
s ta n t ,  i.e . th a t  the  f lu c tu a tio n s  of gas con su m p tio n  a t  th e  end  o f th e  line are 
e q u a liz e d  by  ap p ro p ria te  m ean s, an d  fu rth e rm o re , th a t  th e  p ipe  line  is h o ri
z o n ta l.

I t  is econom ic to  in crease  th e  p ressu re  a t  th e  com pressure s ta tio n s  to  the  
m a x im u m  possible va lu e . A cco rd in g  to  th e  p ra c tic e  o f th e  la s t y e a rs , one m ay  
a ssu m e  com pression to  a p p ro x . 70 kg/cm 2. T he use  o f p ipes h a v in g  a d e q u a te  
s t r e n g th  is supposed. T he e x p a n s io n  of th e  gas in  th e  p ipe line is iso th e rm a l. 
T h e  gas ta k e s  the  te m p e ra tu re  o f th e  soil in to  w hich  th e  p ipe-line is em b ed d ed .

I n  th e  calcu la tion  o f gas p ressu re  along th e  line th e  tw o re la tio n s  u sed  in 
p ra c tic e  ( th a t  of W e y m o u t h  an d  o f P a n h a n d l e ) are  ta k e n  in to  a c c o u n t b y  

su c h  a fo rm u la  in w hich th e  in tro d u c tio n  o f specific  co n stan ts  p e rm its  to  use 
e i th e r  chosen  re la tion . T he g en era l form  of th e  re la tio n  is

P i  — P Í =  (1)
c4 d u

w h ere

P i [kg/m 2] =  th e  p ressu re  a t  th e  beg inn ing  of th e  line  section , a f te r  th e  com pressor 
s ta tio n ;

p .  [kg/m 2] =  th e  p re ssu re  a t  th e  en d  of th e  line  sec tion , ah ead  of th e  com presso r 
s ta tio n s ;

q [N m 3/Ä] =  th e  t r a n s p o r te d  gas q u a n tity ;  
l [m ] =  th e  d is tan c e  b e tw een  tw o com pressor s ta tio n s ;

d  [m ] =  th e  in n er d ia m e te r  o f  the  pipe.

q [N m 3/ i ]  is th e  q u a n t i ty  flow ing  th ro u g h  th e  line, co rresp o n d in g  to  the  
m a x im u m  daily  m ean  load . I t  is assum ed  th a t  b y  a d e q u a te  s to rag e  th e  daily  
f lu c tu a t io n s  are equalized  so t h a t  th e  m ean  q u a n t i ty  flow s th ro u g h  th e  line. 
T h e  in flu e n c e  of th e  seaso n a l f lu c tu a tio n s  on th e  econom ic c a lc u la tio n s , if  
th e y  a re  n o t  equalized b y  s to ra g e  in s ta lla tio n s  of an  ad eq u a te  la rg e  c a p a c ity , 
is t a k e n  in to  account by  th e  n u m b e r  of an n u a l o p e ra tin g  h o u rs , h.

F o r  n a tu ra l gas m a in ly  consisting  o f m e th a n e  (C H ,), acco rd in g  to  th e  
e a r lie r  W ey m o u th  fo rm ula  o r  m ore  recen t P an h a n d le  fo rm ula  see T ab le  I.
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T able  1

T h e  e a r l ie r  
W e y m o u th  f o rm u la

T h e  m o re  r e c e n t  
P a n h a n d le  fo rm u la

c, 1,21 • 10ß 0,187 ■ 10«

a 5,33 4,854

ß 2 1,854

F o r ca lcu la tin g  th e  c a p ac ity  o f th e  gas com pressor iso th e rm a l co m p res
sio n  is ta k e n  in to  acco u n t, w hich is easier to  t r e a t  m a th e m a tic a lly  th a n  the  
p o ly tro p ic  one.

T he energy  re q u ire m e n t o f th e  co m presso r is

w here

L = ---- q y R T  ln
V P2

9,8

3600-1000
[k W ] ( 2)

г) =  effic iency; 
q =  [N m 3//i] ;
y =  0,717 [kg/Nm3], for CH, natural gas;
R  =  52,9 kgm /kg  °K , gas c o n s ta n t  fo r C H , n a tu ra l  gas; 
T  =  300 °K , assum ed  as a m ean v a lue .

T h e calcu la tions are  m ade fo r a 1 m line section , includ ing  th e  co st o f th e  
p ip e  line  as well as th a t  of th e  com presso r s ta tio n s . F o r th is , th e  ex p re ss io n

y [ k W / m ]

w ill be needed.
T ak in g  l from  (1) an d  in tro d u c in g  p j p 2 =  r  for th e  p ressu re  ra t io ,

- L  = _____ S +' Y * T l n r 9 f i ______[kW /m
/ t?c4p 'f( 1 — l / r 2)rfa 3 ,6- 108

A ccord ing  to  experience, th e  in v e s tm e n t cost o f a co m p re sso r s ta tio n  
co n sis ts  o f a p a r t  p ro p o rtio n a l to  th e  k W  pow er an d  besides th is , o f  co sts  in 
d e p e n d e n t from  th a t ,  d e te rm in ed  b y  local con d itio n s and  b y  th e  c h a ra c te r  of 
th e  so lu tio n . E .g ., te r ra in  co rrec tio n  co st; in -d o o r co n stru c tio n  w ith  com plete  
p erso n n e l, re p a ir  shop , sp are  p a r ts  s to re  an d  personnel h ousing  re q u ire  ad d i
tio n a l expenses as co m p ared  to  m o d e rn  o u t-d o o r design w ith  c o m p le te ly  a u to 
m a tic  o p e ra tio n , p e rm a n e n t s ta f f  o n ly  a t  h e a d q u a rte rs  an d  sp a re  m a te ria l 
s to re s  an d  shop on ly  in  th e  cen tre .

A nnual costs co n sis t of a m o rtiz a tio n  an d  in te re s t on c a p ita l, o f  o p e ra tio n  
an d  m a in ten an ce  costs, to g e th e r th e y  can  be ta k e n  to  a m o u n t to  s %  o f c a p ita l  
lay o u t.
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T h e  p a r t  of th e  in v e s tm e n t costs p ro p o rtio n a l to  th e  kW  pow er shall be 
к  F t /k W  an d  th e  costs in d e p e n d e n t of it  shall be  В  F t .

C alcu lating  for th e  f i r s t  item  w ith  % , a n d  w ith  s„ %  for th e  second 
i te m , th e  to ta l ann u a l c o s t co n n ec ted  w ith  in v e s tm e n t is fo r 1 m o f line le n g th

kLs1 —|— B s 2 
l

C onsidering o th e r  c o s ts , too , which are  n o t  p ro p o rtio n a l to  pow er and  
to  L ,  B '  will he used  in s te a d  o f  B s2.

A bove the  a lread y  consid ered  ones, th e  a n n u a l cost of th e  com pressor 
s ta t io n s  is increased b y  th e  p rice  of th e  co n su m ed  energy .

T h e  cost of th e  c o n su m e d  energy is p ro p o r tio n a l to  th e  an n u a l o p e ra tin g  
h o u rs  h  an d  w ith  its  u n i t  p ric e  e. The cost o f  th e  consum ed  kw -hours varies  
w ith  th e  k ind  of m ach in e  d r iv in g  th e  com presso r, a n d  w ith  prices. E lec tric  
m o to r  d riv e  or m ore o f te n , g as  m o to r or tu rb in e  d riv e  m ay  be considered .

A ccordingly , th e  to ta l  a n n u a l cost re la te d  to  th e  com pressor s ta tio n  is for 
1 m  o f  line length

L  (fcs, +  he) -f- B '
l

T a k in g  L/Í from  E q u . (3), th e  to ta l  cost due  to  com pression  for 1 m  o f line  
le n g th  is

w h ere

К
T

0,717  • 52,9• 300 — — ------- KSl  +  he q l n r  +  B '
3 ,6 -1 0 6 г]

c4p?d“( l - l / r 2) l Y

K S  =  ( C jg ln r  +  B ' ) q ß 
I c 'r f a ( l  -  1 / r2)

Cl =  0,031 kSl  +  he ,
V

C' i = C4 P l -

( 4 )

(5a)

(5b)

R ea liza tio n  of th e  p ip e  line  includes th e  co sts  for p rov id ing  th e  p ipes 
a n d  f i t t in g s ,  th e ir  t r a n s p o r ta t io n  to  the  p lace o f u se , th e ir  lay ing  in c lu d in g  
th e  e x te rn a l  insu la tion  o f  th e  p ipes as a p ro te c tio n  a g a in s t corrosion a n d  o f 
th e  g e n e ra lly  used c a th o d ic  p ro te c tio n . The cost p e r  m e te r  o f bu ild ing  th e  pipe 
line is ap p ro x im a te ly  p ro p o r tio n a l to  its w eig h t a n d  th is  la t te r  is — fo r th e  
sam e  p re ssu re  — ab o u t p ro p o r tio n a l to  th e  sq u a re  o f  th e  d iam eter. T he cost 
o f p ip e -la y in g  is ab o u t p ro p o r tio n a l to  its  o u te r  d ia m e te r . O ther costs can 
be a t ta c h e d  p a r tly  to  th e  one  p o s t, p a rtly  to  th e  o th e r , so th a t  f in a lly  th e  cost 
p e r  m e te r  o f a pipe line o f  dk o u te r  d iam eter w ill be  in v es tig a ted . W ith in  th e
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co n sid e red  lim its  th e  o u te r  d ia m e te r  is ta k e n  as being  1,03 tim es th e  in n e r  d ia 
m e te r  d.

In  th e  follow ing th is  fa c to r  is ta k e n  in to  considera tion  in  th e  u n i t  price 
fa c to rs  c2 an d  c3.

T he price:
c 2 d  +  c3d 2

can  be a p p ro x im a ted  by  c o n s ta n ts  v a lid  w ith in  ce rta in  lim its. C ost o f  a rm a 
tu re s , a m o rtiz a tio n  an d  also o f in sp ec tio n , m a in ten an ce : in c lu d in g  a ll th ese  
in to  th e  s3 %  o f an n u a l cost, th e  a n n u a l cost p e r  m e te r will be

K c =  s 3 (c2 d  c3d ).

C om pleting  th is  fo rm u la , th e  a n n u a l cost per m eter o f  th e  c o m p le te  
line will be

K' ~ IT  + K-
In tro d u c in g

1,03 s3 C2 — CÓ an d  1,03 s3 C3 =  C3 

w here , e.g. s3 — 0,12 an d

1,03 • 0,12 c 2 =  0,124 c2 — có , 1,032 • 0,12 c 3 =  0,128 c 3 =  c’3

th e  to ta l  cost p er an n u m  an d  p er m e te r  will be  from  (4)

T h e  m in im um  v alue  o f th is  co st is req u ired .
A ccord ing  to  th e  m in im u m  c a lcu la tio n  show n in th e  A n n e x ,  th e  cond i

tio n  fo r m in im u m  a n n u a l cost is
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In tro d u c in g

a n d

* B ecause in W e y m o u th ’s fo rm u la  as well as in  P a n h a n d le ’s fo rm ula  + =  1,74-
— In  th e  fo rm ula  for A ,  b o th  / i  f’, a n d  cjc„ are ra tio s  o f m o n ey  v a lues, hence th ey  are  in d e 
p e n d e n t  o f  currency.

P a ss in g  to  lo g arith m s,

th e  la s t  equa tion  can  be  w r it te n  in  th e  sim plified  fo rm :
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D enoted  th e  le f t  side of E qu . (9) b y  срг(г , A ) ,  its  r ig h t side b y  (/,(d, e) for 
a  g iven  r  and A ,  d  is found  in th e  fo llow ing w ay :

F ig . 1 shows, o n  th e  one h an d , th e  fam ily  o f  curves çq(r, A )  (on ly  th o se  
belong ing  to  a v a lu e  o f  A  w ith  an  en tire  lo g a rith m ), on th e  o th e r  h a n d , th e  
cu rv es  (p2(d, e). T he o rd in a te s  are d raw n  to  lo g a rith m ic  scale. F o r a g iven  r an d  
A ,  on th e  co rresp o n d in g  elem ent o f th e  fam ily  o f  cu rves co rrespond ing  to  r th e  
p o in t re la ted  to  r w ith  th e  o rd in a te  9y(r, A )  is d e te rm in e d . T racing  a h o rizo n ta l 
s tr a ig h t  th ro u g h  th is  p o in t, th is  in te rse c ts  th e  c u rv e  t/2(d, e) a t  th e  p o in t, th e  
ab sc issa  of w hich is th e  requ ired  va lu e  of d.

F ig . 2

T he fam ily  o f  cu rv es  of Fig. 1 has been  u sed  for g raph ica lly  so lv ing  E q u . 
(9) an d  th e  so lu tio n  is show n on F ig . 2.

O n th e  left side o f F ig . 2 th e  va lu e  o f r is ta k e n  from  curve o f  F ig . 5. T h is 
p e rm its  to  choose r be long ing  to  th e  v a lu e  o f B ' . O n th e  r ig h t side o f  th e  sam e 
fig u re  th e  re la tio n  b e tw een  th e  o p tim u m  r a n d  th e  o p tim um  d  fo r a g iven  A  
can be seen. T here fo re , th is  is th e  g rap h ica l m e th o d  rep lacing  th e  m a th e m a ti
ca l so lu tion  of E q u . (9). K now ing q an d  B ' ,  in  th is  w ay  th e  m o st econom ic 
so lu tio n  for r an d  d  c an  be read  on th e  fa m ily  o f  cu rves. K now ing  th e se , l is 
c a lcu la ted  from  E q u . (1) and  th u s  a ll p rin c ip a l p a ra m e te rs  re su ltin g  in  a m in i
m u m  an n u a l cost o f  th e  gas p ipe-line  a re  d e te rm in e d .

In  order to  p e rm it  co nsidera tion  o f v a lu es  o f  2 e w hich m ig h t d iffe r from  
1,5, th e  curves fo r 2 e =  1 and  for 2 e =  2 a re  show n as well in  F ig . 1.

In  Fig. 3, th e  v a lu es  of Fig. 2 are  show n in  lo g arith m ic  scale. T h is p e rm its  
m ore precise read in g .

E q u . (9) an d  th e  correspond ing  fam ily  o f  cu rv es  in Figs 2 an d  3 can  be 
used  for in v es tig a tio n s  based  on an y  k in d  o f  cu rren cy .
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In  th e  foregoing

Cj =  th e  p o w er-d ep en d en t p a r t  o f  th e  com presso r s ta tio n  cost, p ro p o rtio n a l to  1 kW , 
acco rd ing  to  (5), w here 

h =  th e  n u m b e r o f  a n n u a l o p e ra tin g  h o u rs ; 
e =  th e  cost o f  1 k W h  c o n su m p tio n ; 
tj =  th e  e ffic iency  of th e  com presso r p la n t ;

B ' =  th a t  p a r t  o f th e  a n n u a l com presso r p la n t  w hich  is in d ep e n d en t o f pow er; 
ci, =  th a t  p a r t  o f th e  cost pe r m e te r  o f th e  laid -dow n p ipe-line, w hich  is p roportiona l 

to  i ts  d ia m e te r  (m ain ly  th e  p a r t  d ep en d in g  on lay ing  costs).

F o r  th e  n u m erica l values of th e  above p a ra m e te rs  one can  f in d  good ap p ro x 
im a te  values for m odern  large p ipe-lines an d  in tro d u c in g  th e m  in to  th e  for
m u lae , good in fo rm a tiv e  d a ta  are  o b ta in e d , th ese  being v a lid  w ith in  certa in  
lim its .

F o r th e  d a ta  o f the  chosen ty p ic a l exam ple  th e  a u th o r  a ssum es th a t  th ey  
co rrespond  to  o p tim u m  cond itio n s, d e te rm in e d  by  tr ia l and  e r ro r  on ly :

K l — 370 $ /kW  is th e  p a r t  o f th e  to ta l  in v e s tm e n t cost o f th e  co m p resso r sta tio n  
co rresp o n d in g  to  1 kW  pow er. F ro m  th is ,

К  =  290 $ /kW  is th e  p a r t  o f th e  com pression  s ta tio n  in v e s tm e n t c o s t w hich  is p ro
p o rtio n a l to  th e  kW  pow er p ro d u c tio n  an d  v a ries w ith  it. 

s, =  s., =  s3 =  s, =  12% ; 
h =  7500 h /y e a r ;  
e =  0,5 c /k W h ;

7] =  0,71 effic ien cy  of th e  com p le te  m ach ine  group ; 
p 1 =  70,3 • 104 k g /m 2;

290 0,12 +  7500 0,005 
c, =  0 ,0 3 1 ------------------ jj-yj-----------------  =  3 ,16 ,

c'2 and  ej a re , fro m  th e  cost e s tim a tio n  o f a pipe line, for 2 6 "  -7- 3 6 "  O. D . pipes and
for an  e s tim a te d
c 3

12% 7,5 $ /m , y ear;

=  0,77 .

C alcu la ting  w ith  th e  P a n h a n d le  fo rm u la ,

1 3,48 B ' 2,854 Ci I 3,48 B' 2.854 3,16

Г  Cl 2d ,  0 ,1 8 7 -1 0 6 p \ 1 3,16 2 • 75 • 9,2 • 106

A  =  3 • 10-18 B '2.864

while from  th e  W ey m o u th  fo rm ula

A  =  0,465 • 10~1K B ' 3 .

T he resu lts  from  th e  tw o fo rm u lae  a re  id en tica l, if  B ' —- 3,5 • 1 0 \
The fam ily  o f  curves of F ig . 3 serves fo r d e te rm in in g  th e  m o s t economic 

p rin c ip a l d im ensions r, d an d  hence  l fo r th e  given q an d  B ' . T h e  figures were 
traced  on th e  base  o f th e  W ey m o u th  fo rm u la .

In  th e  sy stem  o f curve fam ilies o f  F ig . 3 th e  s ta r tin g  v a lu e  fo r  find ing  the  
m o st econom ical d im ensions is 2 B ’/Ci9- T h is is th e  ra tio  o f  tw o  u n it  prices, 
acco rd in g  to  th e  exam ple
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------is in  $ /m 3/i and  c4 is in  $ /k W h .
<1

H e re  B ' l q  and c4 can  be  e x p re ssed  in any  o th e r  c u rre n c y  in stead  of $, i f  q 
is g iv e n  in  cu .ft/d ay  in s te a d  o f  m 3/h , the  va lu e  o f  q m u s t be m u ltip lied  by  
28 ,317 /24  =  1,18.

F o r  th e  d e te rm in a tio n  o f  A  w ith in  the  lim its  w hich  in te re s t us, c4 a n d  c, 
a re  t a k e n  as being c o n s ta n ts .

A ccord ing  to  th e  in i t ia l  a ssu m p tio n s, B '  is th e  a n n u a l cost o f one co m 
p re sso r  s ta tio n  in d e p e n d e n t o f  k W  pow er. G en era lly  i t  consists of a p a r t  s4B () 
d u e  to  in v estm en ts  an d  o f  a p a r t  B () in d ep en d en t o f  th e  size of in v e s tm e n ts .

G enera lly  the  B 4 in v e s tm e n t  cost is a c c o u n te d  fo r to g e th e r w ith  th e  К  
in v e s tm e n t  cost, w hich is p ro p o r tio n a l to  th e  n u m b e r  o f kW  and  K 0=  B 0-\-К  
is sh o w n  as in v es tm en t p e r  k W . T his is th e  a m o u n t ca lcu la ted  b y  d iv id in g  
th e  t o ta l  in v estm en t co st o f  th e  com pressor p la n t w ith  th e  pow er.

A s an  exam ple th e  d a ta  o f  a p ro jec ted  la rg e  n a tu ra l-g a s  line are u se d , 
a s su m e d  to  have been p ro je c te d  for op tim um  eco n o m y  as th e  re su lt o f m a n y  
re p e a te d  tria ls .

q =  106 N m 3/h ;
d  =  0,89 m;
/ =  133,000 m; 

p ,  =  70,3 • 104 k g /m 2;
L  =  8700 kW ; 

p 2 =  57 • 104 k g /m 2;
n u m b e r  of com pressor s ta t io n s :  10;
a n n u a l  cost of line: 15,1 $ /m ;
pow er-p ro p o rtio n a l p a r t  o f co m p resso r sta tio n  costs: 290 $ /k W ;
t o ta l  in v es tm en t: 370 $ /k W .

C a lc u la tin g  w ith  the  P a n h a n d le  fo rm ula , from  (1) is

P i — Рг = P l ( 1 — 1l r'~) =

p i =  ( 5 7 - 1 0 ^ ,

106.1,854. 133 ooo

0,187 • 106 • 0 ,89 4-854

r
70,3

57
=  1 ,23 .

16,2 - 1010,

W ith  th e  W eym outh  fo rm u la , is

r =
70,3

54
=  1,3.

T h e  form erly used  W e y m o u th  form ula an d  th e  now , chiefly  for la rge  
c a p a c i ty  pipe-lines, used  P a n h a n d le  form ula give so m e w h a t d ifferen t re su lts , 
b u t  w ith  th e  p resen t d e te rm in a tio n  o f o p tim um  d im ensions, th e y  co rrec tly  
show  th e  g rea t influence o f th e  v a lu e  B '  on th e  d im en sio n s to  be chosen. T he 
v a lu e s  r e a d  from  Fig. 3 give go o d  in fo rm ation .
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F ro m  (7)
2 B '

( r2 — 1 -  2 In r) =  0,096 = ----------,
c i 9

B '  106
----- =  0,096 =  48 000
«Ч 2

is th e  ra tio  th a t  is in d e p e n d e n t o f th e  cu rren cy .
Cj =  3,16 is th e  an n u a l cost p ro p o rtio n a l to  1 k W  pow er, d e te rm in ed  

b y  12%  o f in v e s tm e n t.
B '  — 48 000 Cj =  48 000 • 3,16 =  152 000 $ /year. T he to ta l  cost p e r a n 

n u m  of gas tra n sp o r ta tio n , re la te d  to  1 m of line will be

K , =  ci 9 ln  r  +  Л  + < d 2 - ^ - r f /m , y e a r ;

K ,  =  3,16 - 106' 0,261 + -  8-Q00-  +  7,5 • 0 ,89 (1 +  1,44 • 0,89) ; 
133 000

K ,  — 5,9 -)- 15,1 =  21 # /m , y e a r .

T he to ta l len g th  o f th e  line is 10.133 000 =  1,33 • 10° m .
T he an n u a lly  tra n sp o r te d  gas q u a n t i ty  is 7500 • 10e m 3, hence  th e  co st o f  

t ra n sp o r ta tio n  o f 1 m :l (in th e  case o f  op tim u m  econom y) is

K ,  • 1,33 • 106 ^  _ K t _  
7500 106 5620

K ,
56,2

c e n t/m 3 =

= -------- =  0,374 c e n t/m 3.
56,2

The value o f B '  has a g rea t in fluence  on th e  u n it price.
A  changes in  th e  sam e sense as B ' . I f  B '/q  is sm all an d  r as a consequence 

is sm all too , a v a lu e  of d  is o b ta in e d , ensuring  econom ic o p e ra tio n , w hich  be
longs to  sm all v a lues o f A  an d  o f  r.

W ith  a c o n s ta n t B '  th e re fo re  w ith  an  u n ch an g ed  ty p e  o f p la n t, fo r in 
creasing  tra n sp o rte d  q u a n ti ty  q th e  econom ic p ressu re  ra tio  r decreases.

T he resu lts  o f th e  in v e s tig a tio n s  p e rm it to  ca lcu la te  th e  o p tim a l d im en 
sions o f a h o rizon ta l p ipe  line — fo r a given gas q u a n t i ty  an d  fo r 70 kg/em - 
en d  p ressu re  of com pression  a t  th e  s ta tio n s  — as fu n c tio n  o f a fa c to r  B 1 g iving 
a p a r t  o f th e  expenses o f com pression , w hich is n o t in p ro p o rtio n  to  th e  pow er 
needed  for com pression.

S im ilarly  th e  low est price o f tra n s p o r ta tio n , co rresp o n d in g  to  th o se  o p ti
m al d im ensions can be found . T hese  are  tra c e d  on th e  d iag ram s o f F ig . 4 giv-
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in g  th e  u n ity  of price o f  th e  tra n sp o r ta tio n  o f  a q q u a n ti ty  p e r h o u r w ith  th e  
p a ra m e te r  B '  and  also w ith  a p a ra m e te r  B'[q.
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A N N E X

E . M A K K A I

M A T H E M A T I C A L  R E S E A R C H  I N S T I T U T E ,  B U D A P E S T

T h e  ex trem u m  value  p ro b le m  aris in g  in  the in v es tig a tio n  is th e  fo llow ing: th e  m in im um  
o f  th e  v a lu e  expressed  b y  E q u . (6) is asked  for, w here th e  v a ria b le s  a re  d a n d  r ,  / is a fu n c tio n  
o f  th e  expression  below ; th e  o th e r  q u a n tit ie s  are considered  as b e in g  c o n s ta n ts .

T h e  m inim um  o f th e  fu n c tio n

K ,  =  c, In I
В
I c„ d ( 1 )
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eld"
„P ( ■ - a ( 2)

a n d  if  q is a given n u m b er.
E lim in a tin g  / from  E q u s. (1) and  (2),

r cv q In r +  -B d ~ n
K t = г c'2 d -f- c'3 d2 .

K ( now  depends on  tw o  v ariab les , r  and  d. I f  r  a n d  d  v a ry , the  m in im u m  o f  K t is w here 
its  p a r tia l  d e riv a tiv es w ith  re sp ec t to  r an d  d d isa p p e a r  sim ultaneously :

9 K t
0 Г

_0 K t 
0 d

7 ) - ( M ' » r  +  B ' ) £

( - Я
c, d"

C] q In r  +  B '

1 - 1 ( -  a)d +  c2 +  2 c'3 d =  0 .

(3)

(»)

Solv ing  th e  system  of e q u a tio n s  (3) an d  (4) for r a n d  d , th e  op tim um  values o f  r a n d  d are 
o b ta in e d . An a lgebraic  so lu tio n , i.e . a fin a l re su lt g iv en  b y  form ulae, ap p ears  to  be  a  hopeless 
e n te rp r is e ;  b u t th e  sy s tem  of eq u a tio n s  can be so lv ed  graphically .

E q u . (3) can  be b ro u g h t to  th e  follow ing fo rm  b y  sim ple algebraic tra n s fo rm a tio n s ;

C>2 Г~ l1 ~ r2 ) = ci 4 ln r +  B ’ .

D ividing by  cpj/2 a n d  rearran g in g ,

r 2 -  1 -  ? In r =

S im ila rly , from  (4) w ith  th e  a id  o f (3’) is o b ta in e d ;

c, q In r  +  B '

2 B '  
c, q

(3')

(3")

2 c'3 d
1 -  1/r

d ■" 1 =

Cl '/ . f , 1 Ï
2 ГЧ чг‘ л - «  *

1/r2

sim plify ing  an d  m u ltip ly in g  w ith  d', + 1/c'2

•a + l 2 Г? d"' 2 = a '  . 
c2 z c2 c4

E qus. (3") an d  (4 ')  d e riv ed  from  th e  o rig in a l E q u s. (3) and (4) can  b o th  be  solved 
g rap h ica lly . For th is  p u rp o se  th e

у  =  x~ — 1 — 2 log X
an d

у  =  c2x a+l - f 2 c 3 / +2

fu n c tio n s  are traced . I t  is e asy  to  prove th a t  th ese  fu n c tio n s m onotonously  in c re a se  in  the 
ran g es 1 <  X <  oo an d  0 <  x  <  oo, resp ec tive ly , w h ich  are  o f in te res t for us (F ig s . 5 a n d  6). 
On th e  ax is o f o rd in a te s  o f Fig. 5 th e  p o in t 2 В ' /С д  is m ark ed . A horizon tal s t r a ig h t  is passed 
th ro u g h  it  w hich in te rse c ts  th e  cu rv e  a t p o in t P . A cco rd in g  to  Equ. (3"), the  a b sc issa  o f  P  will 
be e q u a l to  th e  o p tim u m  value  of r.

A fter th a t ,  th e  expression
a c i + 1 r opt 

2 c2 c'x

c, q  ̂+ V
(4')

5 Acta Techn. Hung. 50. (1965)
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is c a lc u la te d  from  th e  o p tim u m  v a lu e  of r  th u s o b ta in e d  a n d  m easu red  on th e  axis o f  o rd in a te s  
in  F ig . 6. The h o rizo n ta l s t r a ig h t  th ro u g h  th is p o in t in te r s e c ts  th e  curve in Q, th e  ab sc issa  o f 
w h ic h  is , according to  E q u . (4 ') ,  th e  op tim um  value  o f d.

K now ing  th e  o p tim u m  v a lu e s  o f r and of d , E q . (2) g iv es th e  op tim um  l.
T h e  sim ultaneous e x is te n c e  o f E qus. (3) and  (4) is o n ly  a  necessity  b u t  n o t a  su ff ic ie n t

Fig. 7

c o n d itio n  for th e  ex is tence  o f  th e  m in im um  of th e  fu n c tio n

q In  r  +  ВК,
ß »—a

--------7----------b c'2 d  +  Сз d2. (*>

T h a t  in  th e  p resen t case th e  fu n c tio n  K t has indeed a m in im u m  a t  th e  po in ts d e te rm in e d  b y  
E q u s .  (3) and  (4), w ill be p ro v e d  b y  th e  following c o n s id e ra tio n s .

L e t us assum e th a t  th e  v a lu e  of the  function  in  som e p lace  of th e  q u a rte r-p lan e  r  >  1, 
d  j>  0 (e.g. a t the  p o in t r  =  2, d =  1) is K[. I t  m ay  be s t a te d  th a t  th e  value of th e  fu n c tio n  
K[  is  g re a te r  th an  K l a t  each  p o in t  r. d which is n o t in s id e  th e  shaded  region of F ig . 7.

I f
K , c ' d a

r => exp
с 1 Я0+1

i.e . th e  p a r t  of the  p lane  a b o v e  th e  exponential cu rv e  is  co n sid ered , th en  from  fo rm u la  (*)

J + i d - ac, q l n  r  qß d “ ^  c { q'
K<>  г', >  CÍ

l n r >

> c, q ß + l  J - a K, r4 K ,.
c, q'
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F u r th e rm o re , if

th e n , also from  form ula (*)

K t >  c'2 d >  c'2 -
C2

F in a lly  i t  follows from  E q u . (*) th a t

X , .

<j-a
1 -  l / r -

an d  th is  a lread y  shows t h a t  e ith e r  d -> -\- 0, o r  r  —>• 1 -f- 0. K t -*• oo th a t  is th e  fu n c tio n  K t (d, r) 
c a n n o t assum e a m in im u m  o u tsid e  the  lo w e r h o rizo n ta l and  th e  left v e r tic a l  lim it of th e  
sh ad ed  area .

L e t us denote th e  in s id e  o f the  shaded  a re a  by  D (th is  will th e re fo re  be  a lim ite d  open 
a rea ) w hen  including th e  l im it  p o in ts , by  D. T h e  fu n c tio n  K t (d ,r)  is co n tin u o u s  in  th e  D open 
a rea , in  th e  D  closed a rea  i t  is positive. (A t som e p o in ts  o f  th e  lim it th e  v a lu e  +  oo can be 
a sc rib ed  to  th e  fu nction .) A ccord ing  to one v a r ia n t  o f a know n th eo rem  o f W eie rs tra ss  the  
fu n c tio n  K t assum es i ts  m in im u m  som ew here in  th e  closed area  I). T h is  m in im u m  can n o t 
be a t  th e  lim it of the  a rea , th u s  i t  m ust be in th e  open a rea  D. I t  follows fro m  th e  d iffe ren tiab le  
c h a ra c te r  o f the  function  K t (d ,r )  th a t  the  sy s te m  of e q u a tio n s  (3) and  (4) is sa tis f ie d  for the 
m in im u m  located  inside  th e  a rea . T he sy s te m  o f e q u a tio n s  can be sa tis fied  o n ly  b y  one pa ir 
of v a lu e s  (r, d) and  th e re fo re  th e  solution o f th is  sy s te m  necessarily  fu rn ish e s  th e  place of 
th e  m in im u m .

D IE  D IM E N S IO N IE R U N G  YO N  G A S F E R N L E IT U N G E N

A . F O N Ó

ZU SA M M E N FA SSU N G

Die K osten  fü r den  T ra n sp o rt  von G as ü b e r große E n tfe rn u n g en  w erd en  v o n  den A b
m essungen  der L eitung b e e in f lu ß t. Die g e rin g sten  G esam tk o sten  können  be i b e s tim m te n  A b
m essungen  erzielt w erden. D as E rgebnis de r v o rliegenden  A rb e it ist eine K u rv e n sc h a r , welche 
die w irtsch aftlich s ten  B e tr ie b  sichernden A bm essu n g en  e rg ib t. In sb eso n d ere  e rg ib t  sie das bei 
den K o m p resso rs ta tio n en  zu  w ählende D ru c k v e rh ä ltn is , den R o h rd u rch m esse r u n d  die h ie
d u rc h  b estim m te  L änge d es L e itu n g sa b sch n itts  zw ischen zwei K o m p re sso rs ta tio n e n . Der 
w irtsc h aftlic h s te  W ert w ird  d u rc h  eine G leichung b e s tim m t, in welcher die m it d e r V e rd ich tu n g s
le is tu n g  n ic h t p ro p o rtio n a len  jäh rlich en  K o s te n  de r K o m p resso rs ta tio n en  e n th a lte n  sind. 
D ieselben sind  von e n tsch e id en d em  E in flu ß  a u f  die w irtsch aftlich en  B e tr ie b  s ich ern d en  A b
m essungen .

L E  D IM E N S IO N N E M E N T  D ES L IG N E S  D E  T R A N S P O R T  D E  GAZ 
À L O N G U E  D ISTA N C E

A. FONÓ

R É S U M É

Les frais du tr a n s p o r t  de gaz à longue d is tan c e  so n t influencés p a r  les d im en sio n s de la 
c o n d u ite . Le m inim um  d u  fra is  global p e u t ê tre  a tte in t  avec des d im ensions défin ies . Le ré 
su lta t  de la présente é tu d e  e s t  une fam ille de co u rb es qu i fo u rn it les d im en sio n s g a ra n tis sa n t 
l’e x p lo ita tio n  économ ique. C e tte  fam ille de co u rb es d onne  n o tam m en t le r a p p o r t  de com pres
sion à cho isir aux postes de com pression  e t le d ia m è tre  des tu b es , enfin  la lo n g u eu r de la section 
de ligne e n tre  deux postes de  com pression, d é fin ie  p a r les deux  g ran d eu rs . L a v a le u r  la plus 
économ ique  est définie p a r  u n e  expression c o n te n a n t  les fra is annuels du  p o ste  de com pression , 
non p ro p o rtio n n e ls  au  t r a v a il  de  com pression. C eux-ci o n t une influence décisive  su r les d im en
sions a s su ra n t l’e x p lo ita tio n  économ ique.
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РАСЧЕТ ГАЗОПРОВОДОВ
А . Ф О Н О

РЕЗЮМЕ

Экономичные размеры газопроводов обычно определяют при помощи продолжи
тельных серийных опытов. Прежние опыты расчетов, проводившиеся на основе теорети
ческих зависимостей, не дали применимых на практике результатов. Мною разработана 
методика расчета и на основе ее построено семейство кривых, которое при использовании 
исходных данных непосредственно дает наиболее экономичные размеры. Исходные дан
ные представляют собою отчасти технические данные, отчасти же местные цены и расходы. 
По семейству кривых видно влияние отдельных факторов на экономичность, чего нельзя 
определить непосредственно из-за сложности выражений.
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DAS ELASTISCH-PLASTISCHE BIEGEN 
VON RUNDSTÄBEN

A. G E L E J I

BERICHT Nr 34. DER METALLURGISCHEN ARBEITSGEMEINSCHAFT 
DER UNGARISCHEN AKADEMIE DER WISSENSCHAFTEN

[E ingegangen  am  7. O k to b e r 1963]

In  de r F a c h lite ra tu r  v e rm iß t m an b ish e r eine e in g eh en d ere  B esprechung  des e la stisch 
p las tisch en  Biegens von R u n d s tä b e n . Die ganz  e x a k te  L ösung  des P rob lem s s tö ß t  a u f  gewisse 
m ath em a tisch e  Schw ierigkeiten . D as P roblem  lä ß t  sich  a b e r  m it e iner G en au ig k e it v o n  ± 1 - ^ 5 %  
a n n ä h e rn d  lösen. Die L ö su n g  w ird  in dieser A b h a n d lu n g  v o rg e fü h rt.

Im  F a c h sc h rif ttu m  v erm iß t m an  b ish e r eine eingehendere B esp rech u n g  
des e la stisch -p lastisch en  Biegens v o n  R u n d s tä b e n . Die B e a rb e itu n g  dieses 
P ro b lem s h a t  eine gew isse p rak tisch e  B e d e u tu n g  (z. B . R ich tv o rg an g ), deshalb  
soll im  folgenden das B iegen von R u n d s tä b e n  eingehend  b e h a n d e lt w erden .

E s w ird bei d iesen  A u sfüh rungen  v o rau sg ese tz t, d aß  d e r W erk sto ff, 
aus dem  d er R u n d e tab  h erg este llt is t , eine ausgesprochene F ließ g ren ze  h a t, 
die F ließgrenze  bei Z ug  u n d  bei D ru ck  gleich groß  is t, zw ischen  d en  zwei 
F ließg renzen  das H ookesche  G esetz g ü ltig  is t , u n d  d aß  bei d e r U m fo rm u n g  
keine V erfestigung  e n ts te h t .

Im  Q u ersch n itt des gebogenen R u n d s ta b e s , d er ü b e r die F ließg renze  
b e a n sp ru c h t w ird, k a n n  m an  p lastisch  d e fo rm ie rte  u n d  e lastisch  d e fo rm ie rte  
Z onen u n te rsche iden .

D ie in  einem a u f  B iegung  b e a n sp ru c h te n  S tab e  w irk en d en  S p an n u n g en  
können  m it der B ed in g u n g  e rrech n et w erd en , d a ß  die einen Q u e rsc h n itt  ang re i
fenden  äußeren  K rä f te  d en  im  Q u e rsc h n itt e n ts te h e n d e n  in n e ren  K rä f te n  das 
G leichgew icht h a lten . B ei re iner B iegung  is t m it den äu ß eren  K rä f te n  ein 
K rä f te p a a r  g leichw ertig , das in  der E b en e  x y  e ine D reh w irk u n g  u m  die Achse 
z a u sü b t. Die Achse z lie g t in  der E b en e  d e r n e u tra le n  F ase rn , u n d  zw ar sen k 
re c h t zu r E bene xy ,  d . h . die Q u e rsch n ittseb en e  w ird  d er B ieg u n g  zufolge 
um  die A chse z v e rd re h t (B ild  1).

D er D urchm esser des a u f  B iegung b e a n sp ru c h te n  R u n d s ta b e s  is t  h == d. 
In  den  äußeren  F a se rn  des R u n d s tab es , w elche in  die x y  E b en e  fa llen , t r i t t  
n u r  d a n n  eine d er F ließg renze  Of e n tsp re c h e n d e  S p an n u n g  au f, w enn  das 
M om ent um  die A chse z

М ,  =  о , Ц -  (1)
n

b e trä g t , wobei J  — л  ■ №/№ das T rä g h e itsm o m e n t des gebogenen R u n d s ta b e s
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u n d  e =  Л/2 =  r ist. I s t  d a s  B iegem om ent k le in e r  als das M om ent Mf,  d a n n  
e n t s t e h t  im  S tabe n u r  e la s tisc h e  U m form ung; is t  dagegen  das u m  d ie  A chse z 
w irk e n d e  M om ent g rö ß er a ls  Mf  (Q u e rsch n itt 2 — 2), d an n  e n ts te h e n  in  den  
ä u ß e r e n  F asern  des S ta b e s  b le ibend  v e rfo rm te  S ch ich ten  von  d e r S tä rk e  
ô —  0 ,5 (ft — Л]); h l b e d e u te t  d ie  S tä rk e  der n u r  e la s tisch  v e rfo rm te n  S ch ich t.

U m  in den ô s ta rk e n  ä u ß e re n  S ch ich ten  des S tabes eine b le ib en d e  V e r
fo rm u n g  hervorzurufen , is t  e in  B iegem om ent v o n

M  =  oJ (Wl +  2 F y s) (2)

e r fo rd e r lic h . In  dieser G le ich u n g  is t Wx das W id e rs ta n d sm o m e n t d e r n u r  
e la s t is c h  defo rm ierten  Л, d ic k e n  Schich t:

Wx = -  J  l

К
(3)

Jx b e d e u te t  das T rä g h e itsm o m e n t der n u r e la s tisch  d e fo rm ierten  S ch ich t, 
b e z o g e n  a u f  die B iegeachse z (B ild  2):

J 1 =  — Ji (r2 — y f )312 +  — Ji r2 (r2, -  У2)112 +

+ —  r 4 arc  sin 
2

(4)

so m it  i s t  das W id e rs ta n d sm o m e n t dieser S ch ich t, bezogen a u f  die A chse z:

Щ =  — (r2 — yir)3/2 +  — r2 (r2 — yf)1/2 +  —— —  arc sin 
2 2 y ,

Z l
r

(5)

D a s  zw eite G lied d e r  G leichung (2) k a n n  fo lgenderw eise b e re c h n e t 
w e rd e n  (B ild  2):
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D e r F lä c h e n in h a lt des ô hohen u n d  b b re ite n  K re isa b sc h n itte s  w ird  m it 
m ax im a l ± 1 0 %  A bw eichung , wie fo lg t, e rm itte lt :

F  =  0 ,73  b - ô . ( 6)

D ie E n tfe rn u n g  des S ch w erp u n k tes  S von  der B iegeachse z  is t

b3 _  b2 _  b2

Js  _  12 F  ~  8 ,7 5 -0  " 8 ,75 ( r  -  л )
(?)

D«

b e trä g t , w ird

—---- b J i  =  r~ und  b2 =  4 (r2 — у j)
4

- М Ц г + у , ) .
(Г -  J l )

G leichung  (2) k a n n  som it fo lgenderw eise  au fgeschrieben  w erd en :

M  =  oy. —  r 2 (r2 — y?W2 — (r2 — y2)3/2 d— -— —  arc sin 
2 2 y x

Ж \\ +

[2 - 0 ,73  (2 • f r 2 -  y \)  (г -  y , ) ]  • [0,46 (r +  * ) ]

13/2
I л  ç  I  -7.1 _ l b m  1 ___ -7 1( 0,5 1 — J i 2' 1/2

+  0 ,34 1 — Jl
2 ’

1 Г L Г

+  0,5
a rc  sin  (y t/r)

( j i /r)

( 8 )

( 9)*
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M an kann  ab e r d ie  B iegegleichung au c h  fo lgenderw eise au fsch re ib en :

M  =  Of r3 f ( 10 )

D ie F u n k t io n /( j j / r )  k a n n  m an m it H ilfe d e r  L agrange-schen  In te rp o la 
tio n s fo rm e l durch eine P a r a b e l  ersetzen, u n d  d e m n a c h  k a n n  das B ieg em o m en t 
d u rc h  folgende G le ichung  e rs e tz t  w erden:

M  =  о/ r3 — 0,38 1 2 -  0 ,16 U l ] +  i ,3 61 г И  J ( И )

D er so begangene F e h le r  b le ib t u n te r  dz 5 % .
A us Gleichung (11) k a n n  die n u r e la s tisc h  d e fo rm ie rte  S c h ic h ts tä rk e  

b e re c h n e t  werden:

hi =  2 J i  =  d
M  I

o j d 3 j
0,212 . ( 12)

W enn ein au f zw ei S tü tz e n  gelagerter R u n d s ta b  d u rch  ein D reh m o m en t 
M  —  k o n s t, be laste t w ird , d a s  heiß t, w enn je d e r  S ta b q u e rsc h n itt  u n te r  d e r 
g le ic h e n  B elastung s te h t ,  d a n n  ist die F o rm  d e r  n e u tra le n  Linie des S tab es  
e in e  K reislin ie m it dem  H a lb m e sse r g. W ird  d ag eg en  d er S tab  in  d e r M itte  
d u rc h  eine k o n zen trie rte  K r a f t  P  b e laste t, d a n n  ä n d e r t  sich das B iegem om en t 
d e n  ganzen  S tab  e n tla n g  ( M  =  P  ■ x/2; B ild  3). In fo lgedessen  g ib t es im  
S ta b e  A bschn itte , in  d e n e n  M  <  M f , in  denen  also  n u r  elastische F o rm ä n d e 
ru n g e n  en tstehen , w ä h re n d  in  anderen  A b sch n itten  b le ib en d e  F o rm än d e ru n g en  
e rz e u g t w erden. D er re in  e la stisch  v e rfo rm te  S ta b te i l  en d e t und  d er au ch  
b le ib e n d  verform te S ta b te il  b e g in n t an der S telle , wo /q =  h =  d  (G leichung 12).

S o m it ist

d  =  d

u n d  d a ra u s  ist

3 ,58 -  10,6 P*o j
Oj d a )

x 0 — 0,2
Ofd3

0,212 , (13)

(14)

D ie K raft, die e r fo rd e r lic h  is t, dam it im  m itt le re n  Q u ersch n itt ü b e ra ll 
d ie  d e r  F ließgrenze e n tsp re c h e n d e  S pannung  Of a u f t r i t t ,  w enn also im  m i t t 
le re n  Q uersch n itt h\x =  0 i s t  (B ild  4), kann  aus d e r  G l. (12) e rm itte lt  w erd en :

d a ra u s  is t

0 =  d /  3 ,5 8 - 1 0 ,6 f-P l l 2 \ 0,212
O fd3 )

P  =  0,66
Ofd3

l

(15)

(16)
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H ier ta u c h t  die F rage  au f, w elche F o rm  d er R u n d s ta b  au fn e h m e n  w ird , 
w enn das B iegem om ent M  im  S tab e  zwei ó s ta rk e  b le ibend  d e fo rm ie rte  
S ch ich ten  h e rv o rb rin g t.

W enn beim  Biegen in  d en  ä u ß e ren  F a se rn  des R u n d stab es  d ie  S p an n u n g  
oy die d er F ließgrenze en tsp rech en d e  G röße e rre ic h t, d an n  is t d er K rü m m u n g s
rad iu s:

J E  E h

Mf  2 Of
( 17)

W ird d e r R u n d e tab  so gebogen , d aß  in  d er u n te re n  u n d  in  d e r  oberen 
ô s ta rk e n  S ch ich t die d er F ließg renze  en tsp rech en d e  S p an n u n g  oy a u f tr i t t ,  
d a n n  w äre bei u n v e rä n d e rtem  K rü m m u n g sra d iu s , w enn dabei k e in e  b leibende 
F o rm ä n d e ru n g  a u ftre te n  w ü rd e , die e lastische  S pannung

( 18)

A cta  Techn. H u n g . 50. (1965)
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D ie S tärke der d ie F o rm  n u r e lastisch  ä n d e rn d e n  S chich t is t aus den 
G le ich u n g en  (17) und  (18):

n, 9 n
(19)

а b
d a b e i  is t

ЛТ TK TF h F
( 20)

A us den G le ichungen  (12) und  (19) e rh ä lt  m a n  den K rü m m u n g srad iu s  
des S ta b e s , falls der S ta b  d u rc h  das M om ent M  >  M f  b e la s te t w ird :

hi = 4 - h = a r
2 o

2 J i  •>
G E

M J E J E h E

W QW J 2 g
hl 2

; 2 i? ,ft. =  oy------ =  a
E

3,58 -  21,2
M

а/ d 3
d a r a u s  is t

E
2 <jf

r
3,58 d 2 -  21,2

M
a ,d

0,212

0,212 d

( 21 )

( 22)

W enn  also M  >  M j  i s t ,  d a n n  ergibt sieh bei e in em  B iegeinom ent M  ein 
K rü m m u n g sra d iu s  g. B ez iehungsw eise  ist, w enn  d e r S tab  m it einem  K rü m 
m u n g s ra d iu s  g gebogen w e rd e n  soll, im Sinne d e r G l. (21) das fo lgende B iege
m o m e n t  erforderlich:

g 21
M  =  0,166 d 3 Of — 0,04 a jd 2 +  0 ,188  a? d (23)

H ie r  ste llt sich d ie  F ra g e :  Wie groß m u ß  d e r  K rü m m u n g srad iu s  sein, 
w en n  n u r  in den ä u ß e re n  F a s e rn  eine der F ließ g ren ze  en stp rech en d e  S p a n 
n u n g  oy a u f tr i t t .  Im  S in n e  d e r  Gl. (19) ist

2g

s o m it  is t

Л, =  d =  oy

Ed

E

2 oy

1 9a)

(24)

Z u  diesem K rü m m u n g s ra d iu s  ist la u t  Gl. (23) folgendes B iegem om ent
n ö tig :

M j  =  0 ,1 6 6  oyd3 -  0,066 o /d 3 =  0,1 o /d 3 . (25)

D ie  annähernde G le ic h u n g  der n eu tra len  L in ie  des e la s tisch -p lastisch  
v e r f o r m te n  Stabes k a n n  m i t  der b ek an n ten  D iffe ren tia lg le ich u n g  zw eiter 
O rd n u n g  b estim m t w erd en , w o n ach

1 _  , d 2y
e ' d x2

( 2 6 )

is t.
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Die G leichung d er n e u tra le n  L in ie  im  e lastisch  v e rfo rm ten  S ta b  la u te t :

d ’ y M  P x  32 P x
d x 2 = J E  '  ¥ J e  " n d * E

10,2 P x  

d 4 • E

d a ra u s  ist

und

d> - 5 , 1 ^  +  C ,
d x  d 4 E

P  XA
У  —  —  1 * 7  ,  „  +  ж  +  С ц >  .  

d 1 E

(27)

(28)

(29)

I s t  X =  0, d a n n  is t  у  =  0 u n d  so m it Cw =  0; dem nach  w ird  Gl. (29)

P x 3

d ie  folgende F o rm  an n eh m en :

У  ■ 1,7 •

W o r =  I/2, d o rt is t dyjdx  =  0, also is t  aus der G leichung (28)

c„»5.i L Ä = i ,275^ L
d 'E  d4E

u n d  so n im m t Gl. (29) bzw . (29a) die fo lgende F o rm  an:

P
V =

d ‘ E

Die E in sen k u n g  bei я: =  x {) is t

P

(1,275 P X -  1,7*»).

Уо =  - з -=г(1 ,275 Р * о - 1-7 *?)- d 4 E

(29a)

(30)

(31)

(31a)

Die G le ichung  d er n e u tra le n  L in ie  des b leibend v e rfo rm te n  S tab te ils  
k a n n  m it H ilfe d e r  Gl. (22) b e s tim m t w erd en :

d 2 у

I T x 2* ~  ~
2 <jf

E  ■ 3,58 (D -  21,2
M

Ojd
0 ,2 1 2 d

(32)

Diese D iffe ren tia lg le ich u n g  zw eite r O rd n u n g  ist in te g r ie rb a r . Ü b er
s ic h tlic h k e itsh a lb e r  sei

M  =
P x
2

2 oy

а - 3 ,58 d 2 ; b =

e =  0,212 d ,

10,6 P
Of d
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so m it e rh ä lt  Gl. (32) d ie fo lgende F orm :

d 2 у  c

d x 2 ~~
w oraus

e — \ a  — bx

d y

d x Í
■ dx

e — ]/a  — bx 

2 c

+  Cj

[ ) /a  — bx -j- e ln |e  — |/a  — b x |] 4- k ' .

( 33 )

(34)

D a im  e lastisch en  B ere ich  bei x  =  x0 (Gl. 28):

Pd y

d x d * E
(1,275 l2 —  5,1 x 2)

is t , fo lg t, daß

(35)

k ' =  (1 ,275 l2 — 5,1 xf)
d '  E

2 c
{У о — bx0 +  e ln !e  — ]j а — bx0 \}

»ird.

(36)

D ie D u rch b ieg u n g  des e la stisch -p lastisch  d e fo rm ie rten  S tab te iles  is t :

У =  — —J* {[ У а  — bx  -f- e ln |e  — \ a  — Ьдс]] -j- k ' )  dx

2 ce 

b 3 be
У(а — 6л:)3 4- e / а  — bx

dab e i is t

(л: — о -(- е2) ln I e — Уа — 6л |  -)- К *  x  -f- К * ,

К *  =  к'
be b
2с 2

und

К*
d i E

(1 ,275  P x 0 -  l ,7 * g ) -

(a  — bx0)312 +  e (a — bx0)112 +
3 be

(л;0 — a  — e2) ln  [e — (a  — bx0)ll2\ -)- 

2c 2

(37)

(38)

( 39)
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E s frag t sich  n u n , w elche F o rm  der S ta h  a n n im m t, w enn  er nach  der 
e r litte n e n  b le ibenden  U m fo rm u n g  von  d er B e la s tu n g sk ra ft P  b e fre it w ird.

N ach  dem  A u fh eb en  d e r B e lastu n g  su ch t d e r S tab  eine w eniger gek rü m m te  
F o rm  anzu n eh m en , d . h . d er K rü m m u n g sh a lb m esse r w ird  ü b era ll größer. 
D as M om ent der S p a n n u n g e n  in  d er e lastisch  v e rfo rm te n  inneren  S ch ich t w irkt 
dem  äu ß eren  M om ent en tg eg en  und tr a c h te t  den  S ta b  gerade  zu  rich ten . 
N ach  dem  A ufh eb en  d e r äu ß eren  K rä fte  is t in  den  b leibend  v e rfo rm ten  
S ch ich ten  keine e lastisch e  S p an n u n g  v o rh an d en . D iese S ch ich ten  w erd en  nach 
dem  A ufhören  d e r ä u ß e re n  K rä f te  u n te r  d er W irk u n g  des B iegem om ents 
d e r in  den elastischen  S ch ich ten  w irk en d en  S p an n u n g en  e lastisch  oder even tue ll 
au c h  b leibend  v e rfo rm t. W o jed o ch  du rch  die ä u ß e ren  K rä f te  eine V erlänge

ru n g  v e ru rsach t w u rd e , d o r t  t r i t t  j e tz t  eine V erk ü rzu n g  ein, avo eine V e rk ü r
zung  erfo lg te , e n ts te h t  eine V erlängerung  (B ild 5).

Sollte ein G le ich g ew ich tszu stan d  e in tre te n , so is t

a 1 Wx =  <x, F  y s , (40 )

d . h . das M om ent d e r in  den  b leibend  v e rfo rm te n  S ch ich ten  e n ts te h e n d e n  
elastischen  S p an n u n g en  is t  gleich dem  M om ent d er in  den  n u r  e la s tisch  v e r
fo rm ten  S ch ich ten  a u f tre te n d e n  S p an n u n g en . In  Gl. (40) b e ze ich n e t F  die 
F läch e  der b le ibend  v e rfo rm te n  S ch ich t (Gl. 6), y s is t  d ie E n tfe rn u n g  des 
S chw erpunk tes d e r F läch e  F  von  der z-Achse (Gl. 8).

I s t  der S tab  b is zu  e in e r K rü m m u n g  von  H a lb m esse r q gebogen , so k ann  
d ie  in  der <5 s ta rk e n  ä u ß e re n  S ch ich t e n ts te h e n d e  e lastische  S p an n u n g  au f 
G ru n d  der fo lgenden Ü b erleg u n g  b e s tim m t w erden  (B ild  6). D ie L än g e  x  der 
ä u ß e ren  v e rfo rm ten  S ch ich t des S tabes d e h n t bzw . v e rk ü rz t sich  u m  A, wenn 
d e r H albm esser d e r K rü m m u n g  q is t. N ach B ild  6 g ilt die fo lgende B eziehung :

x  A

Q У

Acta Techn. H u n g . 50. (1965)
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u n d

d a  a b e r

is t ,  fo lg t, daß

w ird .

—  =  —  =  s (d ie spezifische D ehnung), 
о X

h
2

h
'  ~ Y q

B i ld  6

(41)

D ie  spezifische D e h n u n g  d e r ô s ta rk en  S ch ich t w ird  an n äh eru n g sw eise  
d u rc h  G l. (41) angegeben. D ie en ts teh en d e  S p an n u n g  is t  also

a  =  e E  =  E  —  . (42)
2 Q

W ird  ein g ek rü m m te r S ta b  m it dem  K rü m m u n g sh a lb m esse r d e ra r t  
g eb o g en , d aß  der K rü m m u n g sh a lb m esse r  den  W e rt g2 an n im m t (gj <  p2), 
d a n n  e n ts te h t  in  den ä u ß e re n  S ch ich ten  des S tab es  die S p an n u n g :

h E  J  _  1
2 ! o, p2

D a s  M om ent der in  d en  b e id e n  d s ta rk en  ä u ß e re n  S ch ich ten  e n ts te h e n d e n  
e la s tis c h e n  Spannungen is t  (G l. 40):

M b =  a2- 2 F  y s (44)

A c ta  T ech n . H ung . 50. (1965)
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D as M om ent d e r hx s ta rk e n  in n eren  S ch ich t is t  bei dem  K rü m m u n g sh a lb 
m esser p9:

das h e iß t

bzw . is t  (Gl. 43):

м . =  J ' E - ,
Qi

is t

(45)

M b +  M e =  0 , (46)

<V 2 F Js  =  =
Qi

(47)

2 F  y s rE  • f 1 1 ) J l  ' E  =  0 .
l e i  Qi I Qz

(48)

Aus d ieser G leichung  is t  der K rü m m u n g sra d iu s  des von  d er B e las tu n g  
b e fre iten  S tabes:

J ,
f?2 — £l 1 +

2 r F y s
(49)

N ach  e n tsp re c h e n d en  E in se tzu n g en  [Gl. (4), (6), (12), (19), (24)] n im m t 
Gl. (49) die fo lgende F o rm  an :

Qi — í?i

1 -f- 0,5 r4 arc  sin ( ajQ  1 °У 1 о ajQi 2

1 E r E E

3/2

~'r 9,5 afQ 1 *>Г  — fQi 2 ' 3/2

E E

1,34 r •> g /e i 2"
Г“ —

E

-]3/2
(50)

D er S tab  w ird  gerade , w enn  p2 =  oo. D as t r i t t  ein, w enn  (Gl. 50)

(51)

is t, d. h ., w enn d e r S ta b  v o rh e r m it einem  K rü m m u n g srad iu s

r E
Qi = ------

af
(52)

gebogen w ar.
D as A u srich ten  des l lu n d s ta b e s  erfo lg t ü b rigens stu fenw eise , d er le tz te  

K rü m m u n g srad iu s  m u ß  d er m it Gl. (52) a u sg ed rü ck te  K rü m m u n g srad iu s  sein.

A cta Techn. H u n g . 50. (1965)
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T H E  E LA ST IC -PL A ST IC  F L E X U R E  O F  B A R S  W IT H  C IR C U L A R
CR O SS-SEC TIO N

A. GELEJI

SU M M A RY

In  scien tific  lite ra tu re  th e re  is  no  d e ta iled  an a ly sis  o f th e  e lastic -p las tic  d e fo rm a tio n  
o f  b a r s  w i th  c ircular c ro ss-sec tion , p e rm ittin g  also n u m erica l ev a lu a tio n  of th e  p ro b lem . 
A n  e x a c t  so lu tion  m eets w ith  g re a t  m a th e m a tic a l d ifficu lties , b u t  an  ap p ro x im a te  m eth o d  
p re s e n te d  in  th is  paper m akes p o ss ib le  to  solve th e  p ro b lem  w ith  an  accu racy  of i  1 ; 5°,,.

F L E X I O N  É L A S T O -P L A S T IQ U E  D E S B A R R E S  D E  SE C T IO N  C IR C U L A IR E

A. GELEJI 

R É SU M É

L a  l it té ra tu re  de la  q u estio n  m a n q u e  ju sq u ’à  p ré sen t d ’an a lyses dé ta illées de la  flex ion  
é la s to -p la s t iq u e  des b a rres de se c tio n  c ircu la ire. L a  so lu tio n  a b so lu m en t ex ac te  d u  prob lèm e 
se h e u r te  à  des difficultés m a th é m a tiq u e s  considérab les, m ais une  so lu tio n  ap p rochée  p résen tée  
d a n s  c e t te  é tu d e  perm et de ré so u d re  le p roblèm e avec  une  précision  de L  1 5% .

ЭЛАСТИЧНО-ПЛАСТИЧНЫЙ ИЗГИБ СТЕРЖНЕЙ КРУГЛОГО СЕЧЕНИЯ
А. Г Е Л Е Н

РЕЗЮМЕ

В технической литературе по сегодняшний день не освещен вопрос эластично
пластичного изгиба стержней круглого сечения. Совершенно строгое решение про
блемы сталкивается с трудностями математического характера, однако, задача может быть 
решена с приближением на ±  1ч-5%. В работе приводится это приближенное решение.
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SIMPLIFIED METHOD TO PLOT 
HAIGH AND/OR SMITH GRAPHS

L. G IL L E M O T

CORRESPONDING MEMBER OF THE HUNGARIAN ACADEMY OF SCIENCES 

[M anuscrip t rece ived  N o v em b er 16, 1964]

A ffected  by  an  a lte rn a tin g  load  superim posed  o n to  a s ta tic  m ean stress , fa tig u e  lim it 
value w ill be th e  fu n c tio n  of th e  m ean  stress. T he v a lu e  of th e  a lte rn a tin g  s tre ss  th e  su p e r
p osition  of w hich  to  a  g iven  m ean  stress  is s till  feasib le  can  be a p p ro x im ated  b y  m ea n s  of 
a cub ical p a rab o la . T o p lo t th e  a lte rn a tin g  stress v a lu e  w hich  m igh t still be a d d e d  to  th e  
s ta tic  m ean  stress , sev e ra l sim plified  design  m eth o d s  h av e  been suggested ap p ly in g , h o w ev er, 
a lw ays to  a specified  case. B y in tro d u c in g  th e  id ea  o f th e  a c tu a l stress cau sin g  f ra c tu re ,  a 
sim ple lin e a r re la tio n  can  be a rriv ed  a t  ex is tin g  b e tw een  s ta tic  m ean stress a n d  a lte rn a tin g  
s tre ss , in d ep e n d en t o f  sam ple  shape  a n d  te s t  te m p e ra tu re . T he value of a n y  a lte rn a tin g  stress  
w hich  m ig h t be su p erim p o sed  to  a n y  g iven  s ta tic  m ean  stre ss  can be d e te rm in e d  b y  m eans 
of one single s ta tic  te s t  an d  b y  th e  m easu rem en t o f one single fa tigue lim it.

I. In tro d u c tio n

T he fa tig u e  lim it de te rm in ed  b y  re p e a te d  load ing  depends on  th e  s tress 
va lu es  rep re sen tin g  th e  range s tress w hich  ap p ears  as v a ry ing  w ith in . I n  an 
ab so lu te ly  g enera l case th e  stress varies  b e tw een  a m ax im um  an d  a m in im u m  
va lue . As i t  is w ell k now n , all th ese  s tre ss  a lte rn a tio n s  m ay  be  co n sid e red  
as sum s o f th e  s ta t ic  m ean  s tress an d  a superim posed  a lte rn a tin g  s tre ss . 
W ith  Ом as th e  a m p litu d e  o f th e  s ta tic  m ean s stress  and  <Тд as t h a t  o f  th e  
superim posed  a lte rn a tin g  s tress (F ig . 1), th e  s tress in  tim e is e x p re ssed  by  
the  follow ing fo rm u la :

a  =  aM aA s in  2 n  N  (I)

w here  N  re p re se n ts  th e  n u m b e r o f lo ad in g s. F a tig u e  lim it v a lu e  g re a tly  
v a rie s  in  fu n c tio n  of th e  s ta tic  m ean  s tre ss  m ag n itu d e  an d  o f  th e  a l te r 
n a tin g  s tress a m p litu d e . To d e te rm in e  th e  w hole stress cycle d ia g ra m  o f a 
m a te ria l, a g re a t m an y  ex p e rim en ts  are  n eeded  as th e  a lte rn a tin g  stresses 
( о д )  p e rta in in g  to  th e  d iffe ren t m ean  s tre ss  va lu es  ( g m ) fa iling , h o w ev er, 
to  cause f ra c tu re  as y e t  m u s t all be d e te rm in ed .

T here  h av e  been  tw o  m eth o d s th e  m o st com m only  used  to  i l lu s tra te  
th e  com plete  fa tig u e  curve  in  p rac tice . O ne is th e  S m ith -d iag ram  il lu s tra te d  
b y  F ig . 2a, an d  th e  o th e r is th e  H a ig h -sy s tem  p resen ted  b y  F ig . 2b . W ith  
th e  S m ith -d iag ram , th e  m ean  stress line aM is rep resen ted  b y  a s t r a ig h t  line 
o f 45°, th e  a lte rn a tin g  stress va lues p e r ta in in g  to  th e  given m ean  stresses

r, A ctя Techn. H u n g , 5.). (196>)
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b e in g  p lo tte d  ab o v e  a n d  below , re sp ec tiv e ly , th e re fro m . The a rea  co n fin ed  by  
th e  cu rv es  th u s  o b ta in e d  is th e  so-called s a fe ty  zone. The tw o lim it cu rves 
o f th e  sa fe ty  zone in te rse c t, in  th e  S m ith -d ia g ra m , a t  th e  ац  p o in t re p re se n tin g  
th e  te n s ile  s tre n g th  v a lu e . I f  th e  m ean  s tre ss  v a lu e  equals to  zero, t h a t  is,

Fig.  1. S tress v a ria tio n  in  fu n c tio n  of tim e 
S ta tic  m ean  s tre ss  eq u als  to  zero (a); s ta tic  m ea n  s tre ss  differs from  zero (b)

Fig. 2. F a tig u e  d iag ra m  according to  S m i t h  (a) a n d  according to  H a i g h  (b)

Стах a n d  fTmjn values a re  id en tica lly  hav in g  o n ly  o p p o site  signs, th e n  th e  fa tig u e  
lim it v a lu e  is aa o -

T h eo re tica lly , th e  H aig h -d iag ram  is e n tire ly  iden tica l w ith  th e  S m ith - 
cu rv e  th e  on ly  e x c e p tio n  being  th a t  th e  s ta t ic  m e a n  stress value is re p re se n te d  
here  on th e  h o riz o n ta l ax is while th e  a lte rn a tin g  s tress value is to  be ad d e d  
on th e  v e r tic a l one.

B o th  d iag ram s are  u sua lly  lim ited  b y  th e  y ield  p o in t va lue . T h e  line 
lim itin g  th e  sa fe ty  zone o f each d iag ram  is a cu rv e  th e  eq u a tio n  o f w hich  is
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e x p re ssed , accord ing  to  th e  suggestion  b y  P e t e r s o n , w ith  an  a p p ro x im a tio n  
b y  a cubical p a rab o la  [1]. A ccording to  P e t e r s o n , th e  lim it cu rv e  o f the  
H a ig h -d iag ram  is p re se n te d  b y  th e  follow ing eq u a tio n :

aAm  

aAo

w h ere  a Am is th e  a l te rn a t in g  s tress p e rta in in g  to  a aM m ean  s tre ss  causing 
no  f ra c tu re  y e t, w h ereas  <Тд0 rep resen ts th e  fa tig u e  lim it as d e te rm in e d  by
a M =  0 .

In  o rder to  v e rify  th e  general v a lid ity  o f  th e  fo rm ula  for sev e ra l m a te r ia l 
ty p e s , P e t e r s o n  i l lu s tra te d  th e  d a ta  co llected  b y  J .  0 .  S m it h  [2] fro m  the

-  0,5 -Q 4 -0 ,3  -0 ,2  -0,7 0  +0,7 +0,2 +0,3+0A  +0,5 +0,6+07+0,8+0,9 6 „
Gu

F ig . 3 . The influence of m ean  s tre s s  on a lte rn a tin g  s tre ss  in case o f p lain  sam p les ( P e t e r s o n [1])

p a p e rs  of d ifferen t a u th o rs  b y  m eans o f a d iag ram  (Fig. 3). T h e  fu ll line of 
th e  d iag ram  rep resen ts  th e  cu rve  con fo rm ing  to  E q u a tio n  (2) w hile  th e  do ts 
d isp la y  th e  m easu rem en t p o in ts  as d e te rm in ed  b y  th e  d a ta  m easu red  fo r various 
m a te ria ls .

A sim ilar fo rm u la  su p p o rte d , how ever, b y  ce rta in  th e o re tic a l con sid er
a tio n s  w as derived  b y  St ü s s i [3]. A ccordingly ,

G Am _  _____ G y  (<TU a M )_____   ̂  ̂̂
aA0 a U ( a u ~  а м )  +  aA 0 ' a M

T he ad v an tag e  o f  th is  fo rm ula  is m an ifested  by  th e  fac t th a t ,  i f  th e  fa tigue  
l im it  is know n for a t  le a s t one single case, th e n  i t  can read ily  be ca lcu la ted  
fo r  a n y  o th e r m ean  s tre ss  as well. To p lo t th e  S m ith -d iag ram  il lu s tra te d  by 
F ig . 2a, th e  d e te rm in a tio n  o f a t  least tw o  or th ree  fa tigue  l im it  va lu es  is 
necessa ry . A ccording to  th e  suggestion  developed  b y  th e  V D I, to  sim plify  
th is  a t  least for p las tic  m a te r ia ls , i t  is su ffic ien t to  de te rm ine  th e  fa tig u e  lim it 
p e r ta in in g  to  aM — 0 since, w ith  th is  p lo tte d  o n to  th e  S m ith -d ia g ra m , th e  top  
l im it  curve m ay  be s u b s ti tu te d  b y  a s tra ig h t  line of 35° in c lin a tio n  (F ig . 4).
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B y  m e a n s  of these d a ta ,  i t  follow s th a t  th e  w hole  cu rv e  can also be  p lo tte d . 
T h e  d esign  suggested b y  Y D I  applies, how ever, o n ly  to  p lastic  m a te r ia l ty p es  
a n d , a lso  am ong th o se , o n ly  to  a re s tric ted  e x te n t .  C alcu lating , b y  m ean s of 
th e  n u m e r o u s  m e asu rem en t d a ta  repo rted  b y  H e m p e l  [ 4 ] ,  P o m p  [ 5 ] ,  D o l a n

Fig. 4. T h e  s im p lified  p lo ttin g  o f a  S m ith -d iag ram

Fig.  5. F requency  o f th e  a n g le  of in clin atio n  o f a  s im p lif ied  S m ith -d iag ram

[6, 7] a n d  o thers, th e  in c lin a tio n  of th e  line fo r th e  s im p lified  design, th e  v a lu e  
m o s t fre q u e n tly  o b ta in ed  is in d e e d  th a t  a ro u n d  35° w ith  th e  angle o f in c lin a 
t io n  v a ry in g , how ever, fro m  27° to  44° as show n  in  F ig . 4.

F ig . 5 illu stra te s  th e  f re q u e n c y  of th e  in c lin a tio n  v alue  ca lcu la ted  from  
n u m e ro u s  d a ta . A c tu a lly , th is  figu re  m ay be  co n sid e red  as rep re sen tin g  tw o 
f re q u e n c y  curves: th e  m o s t p ro b a b le  value o f th e  ang le  o f in c lin a tio n  ex h ib ite d  
b y  th e  S m ith -d iag ram  as ca lc u la ted  by  m ean s o f  d a ta  m easured  a t  low er 
( — 78 a n d  —188 °C) te m p e ra tu re s  is, n am ely , n o t 35° b u t  19°. T his design 
m a y  b e  em ployed , th e re fo re , o n ly  to  a lim ited  e x te n t .
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O n th e  afo resaid  g rou n d s i t  has been  decided  to  aim  a t  th e  e la b o ra tio n  
o f  p lo tt in g  th e  H a ig h -d iag ram  w ith  on ly  th e  know ledge of one single fa tig u e  
l im it  v a lu e  an d  of th e  s tre n g th  ch a ra c te ris tic s  o b ta in ed  th ro u g h  th e  s ta tic  
o f  th e  m a te ria l requ ired . A lth o u g h  th e se  tw o  d a ta  are sufficient to  p e rm it  th e  
d e te rm in a tio n  of th e  fa tig u e  lim it b y  e ith e r  th e  S tiissi fo rnm la or th e  P e te rso n  
e q u a tio n , th e  suggested  eq u a tio n  or c a lcu la tio n  m eth o d  is, n ev e rth e le ss , of 
a m uch  m ore general c h a ra c te r  ap p ly in g  to  p la in  as well as to  n o tch ed  sam p les  
an d  d iffe ren t te m p e ra tu re s , th u s  exp ressing  an  ab so lu te ly  generalized  re g u la r i ty  
as co m p ared  to  th e  sim plified  design or c a lcu la tio n  m ethods sugg ested  so fa r.

II. T ransition  from  S tatic  S tress to  F a tig u e  Phenom ena

All design ty p es or fo rm ulae  d iscussed  p rev io u sly  are based  on th e  a s su m p 
tio n  accord ing  to  w hich s ta n d a rd  s tre n g th  is rep re sen ted , in  case o f  p u re ly  
s ta t ic  load ings, b y  th e  ten sile  s tre n g th  (<Tu)- F a tig u e  te s ts  are m o stly  c o n d u c te d  
w ith  stresses low er th a n  th e  y ield  p o in t (oy). In  case of such stresses, th e  s tre ss  
re la te d  to  th e  in itia l cross sec tion  is p ra c tic a lly  equal to  the a c tu a l s tre ss  
re la te d  to  th e  changed  cross section . S tresses h ig h er th a n  th e  y ield  p o in t  cause , 
how ever, p lastic  d efo rm ations to  such  a n  e x te n t  th a t  th e  ac tu a l s tre ss  v a lu e  
w ill considerab ly  differ fro m  th e  v a lu e  o f  th e  s tre ss  re la ted  to  th e  in i t ia l  cross 
sec tion . W ith  an  e specific e long a tio n  o f th e  sam ple , th e  following re la tio n sh ip  
w ill ex is t — due to  th e  law  o f vo lum e s ta b ili ty  — betw een  th e  a c tu a l  s tre ss  
a n d  th a t  re la te d  to  th e  in itia l cross sec tion :

o' =  o -  (1 +  e) (4)
w here

o'  =  F /А  m eaning  th e  av erag e  tru e  stress ,
a  =  F /А  и — th e  stress re la te d  to  th e  in it ia l  cross section.

T he a c tu a l stress v a lu e  con sid erab ly  d iffers from  th e  value o f  th e  n o n 
a c tu a l s tress as show n b y  th e  d a ta  ca lcu la ted  b y  using  th e  s tre s s -s tra in  d ia 
g ram  of a tem p ered  C-35 s tee l sam ple (F ig . 6). T he value  of th e  a c tu a l  s tre ss  
(cr'F) observed  a t  fra c tu re  is m uch  h ig h er th a n  th a t  experienced  a t  th e  p o in t 
o f  th e  m ax im u m  force (o'm )- F a tig u e  te s ts  co n d u c te d  w ith  stresses h ig h e r  th a n  
th e  a c tu a l s tress observed  a t  th e  p o in t o f th e  m ax im u m  force [8] h a v e  show n 
t h a t  th e  m a te r ia l te s te d  w ould  w ith s ta n d  g rea t n u m b er of load ings w ith o u t 
f ra c tu re . T hus n e ith e r  th e  tensile  s tre n g th  n o r th e  ac tu a l stress o b se rv ed  a t  
th e  p o in t o f th e  m ax im u m  force can  be considered  as th e  stress c h a ra c te r is tic  
to  f ra c tu re . F ra c tu re  p h en o m en a  are  d e te rm in ed  exclusively  by  th e  t ru e  s tre ss  
a c tu a lly  p re sen t a t  fra c tu re  (a’p) a lth o u g h , due to  th e  c o n trac tio n  ta k in g  p lace  
in  course o f th e  tensile  te s t ,  th e re  is a m u ltia x ia l stress co n d itio n  ex is tin g  
a t  th e  lo ca tio n  o f th e  fra c tu re  re su ltin g  in  a h ig h er average value (a'p) o f  m ean
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a c tu a l  s tre ss  th a n  w h a t  could  be o b ta in ed  in  case o f a fra c tu re  ta k in g  p lace  
in  a p u re ly  u n ia x ia l s tre ss  cond ition . W ith  low  c o n tra c tio n  m a te ria ls  such  as 
s te e ls , th is  d ifference is n o t s ign ifican t an d , fo r  p ra c tic a l eng ineering  a p p ro x i
m a tio n , th e  a'p v a lu e  as d e te rm in ed  b y  th e  ten s ile  te s t  m ay  b e , th e re fo re , 
c o n s id e red  to  re p re se n t th e  ac tu a l s tress c h a ra c te r is tic  to  frac tu re .

F o r  m a te ria ls  h a v in g  a g rea t re d u c tio n  o f a rea  such  as a lu m in iu m , 
th e re  sh o u ld  be a c e r ta in  co rrec tion  em ployed  in  ca lcu la tio n s [8, 9] n o t req u ired , 
h o w ev er, for steel sam p les .

Fig. 6. A c tu a l (O’) a n d  n o n -ac tu a l (0) s tre ss  in fu n c tio n  of co n trac tio n

K ö r b e r  an d  R o h l a n d  [ 1 0 ]  h av e  a lre a d y  show n th a t  th e  a c tu a l stress 
in  fu n c tio n  of th e  c o n tra c tio n  can he ex p ressed , to  a v e ry  accu ra te  a p p ro x im a 
tio n , b y  a s tra ig h t lin e . T h is re la tio n sh ip  rev ea ls  th a t  th e  ac tu a l s tress causing  
f ra c tu re  is

a F —  a U
1 +  y> — 2 xpu

(!  -  V u f

w h ere  y) is th e  c o n tra c tio n  v alue  a t fra c tu re , a n d  y>y m eans th e  c o n tra c tio n  
o b se rv ed  a t  th e  lim it  o f  un ifo rm  elongation .

A ccord ing ly , a'p is th e  ac tu a l s tress cau sin g  frac tu re . S u b se q u e n tly , 
d e te rm in in g  th e  m e a n  s tre ss  (а'м) em ployed  in  course  of tensile  te s ts  also as 
an  a c tu a l  s tress, fo rm u la  (1) concludes to  th e  f a c t  th a t ,  in  case o f a a  — 0, 
th e  e q u a tio n  a'M — a'p m u s t be tru e . C o n seq u en tly , th e  te rm in a l o f th e  H aigh - 
d ia g ra m  m u s t be p o in t a'F in s te a d  of в ц .

I t  cou ld  be v e rif ie d  ex p erim en ta lly  th a t ,  in  course of fa tig u e  te s ts  co n 
d u c te d  w ith  a c tu a l s tre sse s  h ig h er th a n  th e  a'у  a c tu a l  stress p e rta in in g  to  th e  
m a x im u m  force, th e  te rm in a l o f the  cr’ — N  c u rv e  is indeed  re p re se n te d  b y  
th e  a'p s tre ss  [8].
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T hus th e  S m ith - an d  H aigh -d iag ram s m a y  be  p lo tte d  very  sim ply  b y  
using  a c tu a l stresses. W h en  p lo ttin g  a H a ig h -d iag ram , th e  h o rizo n ta l ax is 
shou ld  have  th e  a'F v a lu e  an d  th e  (j 'fI<j 'm va lue , re sp ec tiv e ly , m easured , w hile 
fo r  th e  v e rtic a l axis th e  од an d  (Тд/оло values, re sp e c tiv e ly .T h e  relation  b e tw een  
a lte rn a tin g  stress an d  m ean  s tre ss  as expressed  b y  a c tu a l stresses p resen ts  
a sim ple lin ear e q u a tio n :

a_A_ Y ___ ° M
a A0 0  F

( 6 )

T h e  eq u a tio n  (6) w as suggested  f irs tly  b y  G oitgh an d  S opw ith  [11]. T h ey  
fo u n d  i t  va lid  for fo u r d iffe ren t steels a t  ro o m -te m p e ra tu re  and  u n n o teh ed  
te s t  pieces.

T ak in g  in to  ac c o u n t th a t  th e  sum  of th e  a lte rn a tin g  stress an d  m ean  
s tre ss  in  s tru c tu re s  is a lw ays low er th a n  th e  y ie ld  p o in t i t  follows th a t ,  w ith  
th e  excep tion  of s tress cr'p, all o th e r  stress values o f  th e  fo rm ula  m ay be ex p re s
sed  b y  e ith e r  ac tu a l or n o n -a c tu a l stresses as, in  case o f stresses low er th a n  th e  
y ie ld  p o in t, ac tu a l an d  n o n -a c tu a l stresses d iffer n u m erica lly  from  each  o th e r  
o n ly  to  a negligible e x te n t.

F o rm u la  (6) could be to ta l ly  generalized a n d  does n o t involve an y  re s tr ic 
tio n s  accord ing  to  w h ich  i t  w ould  app ly  on ly  to  a given te m p e ra tu re . T his 
shou ld  be a t tr ib u te d  to  th e  fa c t th a t  th e  value o f  th e  ac tu a l stress a'F is p r a c t i 
ca lly  in d ep en d en t of te m p e ra tu re , and  does n o t  d ep e n d  on w hether p la in  or 
n o tch ed  sam ples h av e  b een  used  for m easu rem en ts , e ith e r . L udw ik  has a lread y  
a sc e rta in ed  th a t  th e  a c tu a l s tress p roduced  a t  r u p tu re  is o f iden tica l va lu e  
w ith  p la in  as well as w ith  n o tch ed  sam ples. A cco rd in g  to  a num ber o f e x p e ri
m e n ts  perfo rm ed  w ith  v a rio u s  steel sem ples, if  th e  s tre ss  co n cen tra tio n  fac to r  
o f  th e  n o tches is n o t excessive, th e  a'F value is re a lly  in d ep en d en t o f n o tch in g  
an d  te m p e ra tu re . To v e rify  th is , F ig. 7 p resen ts  th e  d a ta  of C.-10 m ild  stee l 
sam ple from  am o n g  ou r ex p erim en ts . F o r e x p e rim e n ta l purposes p lain  ( K t =  1) 
as well as various n o tch ed  sam ples as ind ica ted  b y  th e  figu re  have been used. 
T he fig u re  reveals th a t  th e  a'F A'alue is, w ith in  th e  i l O  per cen t m arg in  o f 
e rro r , in d ep en d en t o f te m p e ra tu re  and  no tch ing . F o r  sam ples w ith o u t no tches, 
how ever, th e  a'F v a lu e  as m easu red  a t  a given te m p e ra tu re  shows an  a p p ro x i
m a te ly  id en tica l d e v ia tio n . I t  m ay  th u s  be co n c lu d ed  th a t  a'F m igh t be co n 
sidered  p ra c tic a lly  c o n s ta n t as in d ep en d en t o f  te m p e ra tu re  and  n o tch in g  
effects. E q u a tio n  (6) is, th e re fo re , o f general v a lid ity .

To verify  th e  sou n d n ess  o f the eq u a tio n , F ig . 8 p resen ts  a g rea t n u m b e r 
o f  ex p erim en ta l d a ta  b y  P omp and  H e m pe l  [4, 5 ]. T he steel d a ta , sam ple  
ty p e s , an d  te s t te m p e ra tu re  m ade use o f in  p lo tt in g  th e  d iag ram  are d isp lay ed  
in T ab le  I . T hus th e  d a ta  used  fo r p lo ttin g  th e  g ra p h  cover th e  m ost d iffe ren t 
s tee l ty p es  in  an n ea led  an d  tem p ered  cond ition  a like . As show n by  th e  T ab le , 
th e  d a ta  m ade use o f w ere o b ta in ed  w ith in  a m e asu rem en t range o f from
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F ig .  7. V a ria tio n  of th e  a c tu a l s tre s s  p ro d u ced  a t  ru p tu re  in  fu n c tio n  of te m p e ra tu re  and
n o tch in g

Fig. 8. M ethod  su g g ested  for p lo tt in g  H a ig h -d iag ram s

•}-20° C to  —188° C te m p e ra tu re  w ith  p la in  as well as n o tch ed  sam p les . All 
e x p e r im e n ta l d a ta  cited  re fe r to  ax ia l a lte rn a te  com pression and  te n s io n  stresses.

T h e  ex p erim en ta l p o in ts  o f  F ig . 8 are  lo c a te d  w ith  on ly  a s lig h t d ev ia tio n  
as c o m p a re d  to  th e  th e o re tic a l s tra ig h t  line  th u s  i t  m ay  be co n c lu d ed  th a t  
E q u a t io n  (6) is of general v a lid ity , in d eed , as th e  dev ia tio n  of th e  e x p e rim e n ta l 
p o in ts  as com pared  to  th e  th e o re tic a l s tra ig h t line does n o t exceed  th e  u su a l 
d e v ia t io n  w hen de te rm in in g  th e  fa tig u e  lim it.
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As a su m m ary , th e re fo re , it  m ay be s ta te d  th a t ,  p lo ttin g  H a ig h -o r  S m ith- 
g ra p h s , th e  m ean  s tre ss  axis should  h a v e  e ith e r  th e  v a lu e  a'p o r th e  ra tio  
g'm Io'f  m easu red  on , w h ereas  th e  v e rtic a l ax is th e  ra tio  aAmlaAo.

T his m eans t h a t  n o th in g  b u t  th e  v a lu e  aA m u st be d e te rm in e d  for the 
sam p le  ty p e  and  te m p e ra tu re , resp ec tiv e ly , th e  d iag ram  o u g h t to  be  p lo tted . 
U sing  F o rm ula  (5), v a lu e  a'p can  be d e te rm in ed  b y  m eans o f a s ta t ic  ten s ile  te s t.

O n grounds o f th e  re su lts , p lo ttin g  m ay  be fu r th e r  gen era lized  in  th a t  
m easu rem en t of th e  огд0 fa tig u e  lim it p e r ta in in g  to  th e  m ean  s tre ss  ам — 0 
is n o t  requ ired  fo r all sam ple  ty p es so soon as in  th e  f irs t  ap p ro x im a tio n .

Table I

A u t h o r C % Si % Mn % Cr % Ni % Mo % S a m p le T e s t  t e m p e r a tu r e

[4] S t 37 0,11 0,22 0,39 — — — plain, notched +  20° C

S t 52 0,19 0,39 1,35 — — — plain, notched +  20° C

Spring  steel 0,47 0,33 1,75 — — — plain, notched +  20° C

Cr-Ni steel 0,13 0,31 0,72 0,96 4.22 — plain +  20° C

Cr-Ni steel 0,30 0.24 0,49 0,77 3,50 — plain +  20° C

[5] Cr-Mo
steel 0,22 0,33 0.60 0,83 0,09 0,22 plain , no tched +  2 0 , - 7 8 ,  

— 188° C
Cr-Ni-M o

steel 0,34 0,27 0.45 1,88 2,27 0,4 plain , no tched + 2 0 ,  — 78, 
— 188° C

S t 34.11 0,08 — 0,59 — — — plain, n o tched +  20, — 78, 
— 188° C

S t 50.11 0,40 0,17 0,78 — — — plain , n o tched +  20, — 78, 
— 188° C

S t 70.11 0,64 0,11 0,75 — — — plain , no tched + 2 0 ,  — 78, 
— 188° C

R ecen tly , H a r r is  [12] developed  a useful m eth o d  based  on  th eo re tica lly  
c o rre c t considera tions p e rm ittin g  th e  d e te rm in a tio n  of th e  fa tig u e  lim it of 
n o tc h e d  sam ples, to  a sa tis fa c to ry  a p p ro x im a tio n , b y  m eans o f  th e  fatigue 
lim it  m easured  for p la in  sam ples. A ssum e а A as th e  fa tigue  lim it  o f  th e  plain 
sam p le , and aAN as t h a t  o f th e  n o tch ed  one. T hus th e  re la tio n  K f  of the 
tw o  is:

К { =  ? Ш -  . (7)
° A

A ccording to  H a r r i s , th e re  is a fo llow ing  re la tio n sh ip  e x is tin g  betw een 
th e  s tress c o n c e n tra tio n  fa c to r  and  K f

L 1 ----®_
n =  =  1 -  e e" (8)

К , -  1
A d a  Techn. H u n g . 50. (1965)



90 L. GILLEMOT

w here K t is the stress concentration factor o f  th e  sam ple, g is the bend  
radius o f  the notch, and gH m eans a quantity depend ing on the strength  o f  
th e  m ateria l having, according to  H arris, the fo llow ing value:

33 -4
Qh  = ------ — (9 )

S u b s titu tin g  th e  a u  v a lu e  expressed in  k p /m n r ,  th e  value of ç>h w ill be 
o b ta in e d  in  m m  and , th e re fo re , th e  rad ius o f th e  n o tc h  ( 5 5 )  in  F o rm u la  (8) 
m u s t  a lso  be su b s titu te d  in  m m .

Fig. 9.  P lo t t in g  th e  com plete  f a tig u e  d iag ram  of n o tch ed  sam p le s as based  upon th e  fa tig u e
l im i t  of p lain sam ples

A s a f irs t a p p ro x im a tio n , i f  th e  fa tigue lim it o f  a m a te ria l is know n  in  
p la in  co n d itio n , its  fa tig u e  l im it  p e rta in in g  to  th e  n o tc h  o f K t stress c o n c e n tra 
t io n  f a c to r  can  be ca lcu la ted . A s th e  value of a'p does n o t v a ry  w ith  th e  n o tc h , 
th e  v a lu e  a'p de term ined  fo r  th e  p la in  sam ple m a y  be  used  for p lo ttin g . T h u s  
w ith  th e  fa tigue  lim it v a lu e  o f  th e  p lain  sam ple  k n o w n  a n d  b ro u g h t o n to  th e  
v e r t ic a l  ax is (Fig. 9), th e n  c o n n e c te d  b y  m eans o f  a s tr a ig h t  line to  th e  a'p 
v a lu e  b ro u g h t in to  th e  h o r iz o n ta l  ax is, the  co m p le te  fa tig u e  d iag ram  ap p ly in g  
to  p la in  sam ples is o b ta in ed . D e te rm in in g  th e  a a n  v a lu e  o f the  no tched  sam ple  
b y  m e a n s  o f form ulae (7), (8), a n d  (9), and b rin g in g  i t  u p  to  th e  v e rtic a l ax is 
o f  th e  d iag ram , th e  s tra ig h t l in e  ch a rac teriz in g  th e  n o tc h e d  sam ple is o b ta in ed . 
T h u s  w ith  th e  fatigue lim it  o f  th e  p la in  sam ple k n o w n , th e  com plete  fa tig u e  
d ia g ra m  o f no tched  sam ples c a n  be de te rm ined  in  th e  f i r s t  a p p ro x im a tio n . 
T h e o re tic a lly , of course, p lo t t in g  S m ith -d iag ram s is s im ila rly  p erfo rm ed .
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E IN  V E R E IN F A C H T E S  V E R F A H R E N  
F t]R  D IE  K O N S T R U K T IO N  D E S H A IG H - B Z W . SM ITH -D IA G R A M M S

L. GILLEMOT

Z U SA M M EN FA SSU N G

U n te r  der W irk u n g  e in e r au f die s ta tisch e  M itte lsp an n u n g  su p e rp o n ie rten  W echselbe
a n sp ru c h u n g  w ird de r W ert der E rm ü d u n g sg ren ze  e ine  F u n k tio n  der M itte lsp a n n u n g . Die au f 
e ine  gegebene M itte lsp an n u n g  noch su p e rp o n ierb a re  W echselspannung  k an n  d u rc h  eine P a ra 
be l d r i t te n  G rades a n g e n ä h e rt  w erden . F ü r  den W ert de r zu r sta tischen  M itte lsp a n n u n g  ad d ie r
b a re n  W echse lspannung  w u rd en  m ehrere  v e re in fach te  K o n s tru k tio n en  v o rg esch lag en , welche 
je d o c h  s te ts  n u r fü r e inen  b es tim m ten  Fall G e ltu n g  h ab en . D urch E in fü h ru n g  des B egriffes 
de r w ah ren  B ru ch sp an n u n g  k a n n  ein e in facher lin e a re r  Z usam m enhang  zw ischen  d e r s ta tisch en  
M itte lsp an n u n g  u n d  de r W ech se lspannung  a b g e le ite t w erden , w elcher von d e r  G e s ta lt des 
P ro b ek ö rp ers  und  der V e rsu c h s tem p e ra tu r u n a b h än g ig  ist. Der W ert de r a u f  e ine  beliebige 
s ta tisc h e  S pannung  su p e rp o n ie rb a ren  W ech se lsp an n u n g  k ann  aus einem  e in z ig en  s ta tisch en  
V ersu ch  und  einer M essung de r E rm ü d u n g sg ren ze  b e s tim m t w erden.

U N E  M É T H O D E  S IM P L IF IÉ E
PO U R  L E  T R A C É  D U  D IA G R A M M E D E  H A IG H  R E SP . D E  S M IT H

L. GILLEMOT

R É SU M É

Sous l’action  d ’un  e ffo rt a lte rn a tif  su p erp o sé  à une co n tra in te  s ta tiq u e  m o y en n e , la 
lim ite  de fa tigue  d e v ie n t une  fonction  de la c o n tra in te  m oyenne. La c o n tra in te  a lte rn a tiv e  en
core  superposab le  à la c o n tra in te  m oyenne donnée p e u t  ê tre  approchée p a r  u n e  p a rab o le  du 
tro is ièm e degré. On a d é jà  p roposé  p lusieurs m éth o d es  sim plifiées pour la d é te rm in a tio n  g ra 
p h iq u e  de la c o n tra in te  a lte rn a tiv e  superposab le  à  la  c o n tra in te  s ta tiq u e  m o y en n e , m ais celles- 
ci n ’é ta ie n t valab les que p o u r  un cas donné. E n  in tro d u isa n t  la no tion  de c o n tra in te  de ru p tu re  
rée lle , on p eu t dédu ire  une  re la tio n  linéaire sim ple e n tre  la co n tra in te  s ta tiq u e  m oy en n e  e t la 
c o n tra in te  a lte rn a tiv e , re la tio n  in d ép e n d an te  de la fo rm e de l’ép ro u v ette  e t  de  la  tem p é ra tu re  
d ’essai. L a c o n tra in te  a lte rn a tiv e  superposab le  à n ’im p o rte  quelle c o n tra in te  s ta tiq u e  donnée 
p e u t ê tre  dé term inée  p a r  un  seul essai s ta tiq u e  e t u n e  m esure  unique de la lim ite  de fa tig u e.
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УПРОЩЕННЫЙ МЕТОД ПОСТРОЕНИЯ ДИАГРАММ 
ПО ГАЙГ ИЛИ СМИТ 

л. жильмо

РЕЗЮМЕ

Под воздействием переменной нагрузки, накладывающейся на некоторое средне- 
напряжение, значение предела усталости становится функцией среднего напряжения. 
Значение переменного напряжения, которое еще можно наложить на данное среднее 
напряжение, можно определить приближением при помощи параболы третьего порядка. 
Для значения переменного напряжения, которое можно наложить на статическое среднее 
напряжение, было предложено ряд методов построения, которые, однако, действи
тельны всегда только для некоторого определенного случая. Введя понятие действи
тельного напряжения, вызывающего излом, между статическим средним напряжением 
и переменным напряжением можно вывести такую простую линейную зависимость, 
которая независима от формы образца и температуры испытания. Значение переменного 
напряжения, которое можно наложить на произвольное статическое среднее напряжение, 
можно определить по одному единственному опыту и на основе измерения одного пре
дела усталости.

A d a  T echn. H ung. 50. (1965)



NEW POWER STATION SYSTEM 
FOR UNIT CAPACITIES IN THE 1000 MW ORDER

L. H E L L E R

MEMBER OF THE HUNGARIAN ACADEMY OF SCIENCES 

[M an u sc rip t received J a n u a ry  11, 1965]

Pow er d em an d  s te a d ily  g row ing all over th e  w orld  ra ises  new  problem s of design , such  
as fo r in stan ce  to  evo lve  tu rb o se ts  w ith  good th e rm a l e ffic iencies an d  v ery  h igh u n it  capac itie s , 
to  a p p ly  air-cooled c o n d en sa tio n  a n d  to  develop a p ow er s ta tio n  cycle p e rm ittin g  to  u tilize  
th e  av ailab le  th e rm o d y n am ic  p o te n tia ls  in  u n its  o f v e ry  h ig h  c ap ac itie s , ch iefly  in  cold c lim ates . 
T o  sa tis fy  these d e m a n d s , th e  co n v en tional pow er p la n t  cycle m u st be fu n d a m e n ta lly  
m od ified . B y a com b in ed  b in a ry  v a p o u r  p la n t cycle (w a te r  a s  a n  u p p e r m edium  a n d  a n  a p p ro 
p ria te  coo lan t in  th e  low er reg io n ), tu rb o se ts  o f v e ry  h ig h  u n it  capacities can  be  developed  
w hile th e  use of a ir-coo led  con d en sin g  eq u ip m en t, w ith o u t th e  r isk  o f fro s t, p e rm its  to  u tilize 
p o ten tia ls  ly ing  in  low  a m b ie n t tem p era tu res . R esea rch  in to  am m onia  as co o lan t [3] and 
]5] h a s  proved  th a t  th e  com b in ed  system  — w ith  h igh  u n i t  cap ac itie s  — seems to  be econom i
c a l for b o th  f irs t cost a n d  h e a t  consum ption .

D em and fo r e lec tric  pow er is in  a s te a d y  a n d  pow erfu l rise all th e  w orld  
o ver. T he ra te  o f  in c rease  is be tw een  8 an d  12 p e r  c en t p er y ea r on an  in te rn a 
tio n a l average w hich  m ean s th a t  electric p ow er c o n su m p tio n  p ra c tic a lly  d o u 
bles every  ten  y e a rs . T h is  fa c t p u ts  electric  p o w er s ta tio n  designers to  a h a rd  
te s t  indeed , th e  m o re  so as th e y  have  to  m eet n o t o n ly  q u a n tita tiv e ly  g row ing  
d em an d s  b u t also m ore  s tr in g e n t q u a lita tiv e  re q u ire m e n ts ; th e  pow er p la n ts  
th e y  design m u s t p ro d u c e  e lec tric ity  a t  an  in c rea s in g ly  b e tte r  econom y. T h is 
la t te r  c rite rion , u p  to  re c e n tly , s tim u la ted  designers to  increase th e  effic iency  of 
th e  pow er p la n ts . In c re a se d  efficiency, h ow ever, invo lves h igher f i r s t  costs 
w h ich , in tu rn , se t a lim it to  efficiency increase . I n  re c e n t tim es th e  d y n am ica lly  
grow ing  dem and  fo r p o w er have  opened up  new  a n d  prom ising  w ays to w ard s  
increased  econom y. L a rg e r ne tw orks, n am ely , p e rm it h igher u n it  c ap ac ities  
to  be  insta lled  a n d  th e se , in  tu rn , are conduc ive  to  p roducing  en erg y  w ith  
b e tte r  econom ic e ffic ien cy  — in  tw o d irec tions. T h e  specific  f irs t costs o f  la rg e r 
m ach ine  u n its  a re  n a tu ra l ly  decreasing an d  a t  th e  sam e tim e  h igher u n it  c a p a c 
ities  afford  good p o ssib ilities  for im prov ing  th e rm a l efficiency, a lth o u g h  th e  
sav ings derived  fro m  th e  la t te r  are su b s ta n tia lly  sm alle r th a n  th e  in flu en ce  of 
th e  u n it  cap ac ities  u p o n  th e  specific f irs t costs.

The fa s t r a te  o f  p rogress, how ever, p ra c tic a lly  w ith in  a few  y e a rs ’ 
tim e , has led to  u n i t  cap ac ities  w hich to  su rp ass  is w ellnigh im possib le  for 
th e  designers. T h e  v o lu m e tric  cond itions o f  th e  c ircu la ted  w ork ing  m edium  
•set a lim it to  in c rea s in g  u n it  capacities, b ey o n d  a c e r ta in  value . T h e  f ir s t  ob 
s tac le  in th is  re sp ec t is th e  e x it cross-section  o f  th e  s team  tu rb in e  since, for
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co n s id e ra tio n s  of s tre n g th , th e  b lad e  len g th  in  th e  la s t stage  c a n n o t be  in c rea s
ed  b e y o n d  a certa in  v a lu e . O bv iously , b y  ra is in g  th e  p ressu re  v a lu e s , th e  
c a p a c ity  of a m achine h a v in g  a g iven  cross sec tion  can be su b s ta n tia lly  in c re a s
ed . B y  ra ising , for in s tan ce , th e  in le t p ressu re  of a 125 M W  c a p a c ity  m achine 
f ro m  141 to  250 a tm o sp h e re s  a n d  b y  increasin g  sim u ltan eo u sly  th e  condenser 
p re s su re  from  0,034 to  0,1 a tm o sp h e re , its  o u tp u t  can  be s te p p e d  u p  to  ro u n d  
325 M W  f 1 ]. Such a -way o f in c re a s in g  th e  o u tp u t , how ever, invo lv es  a  consid 
e ra b le  loss in effic iency , s in ce  a rise  in  th e  condenser p ressu re  o b ta in e d  in  
th e  s a id  m anner — d e p en d in g  on th e  h e a t flow  schem e — m a y  cause  a h e a t 
c o n su m p tio n  m ore th a n  5 p e r  c en t h igher.

T h e  above ex am p le  is m e a n t to  il lu s tra te  th e  effect o f th e  v o lu m e tric  
c o n d itio n s  of th e  flow ing  m e d iu m . T he p re se n t co n stru c tio n  fac ilities  n a tu ra lly  
p e rm it  th e  bu ild ing  o f la rg e r  u n its  w ith o u t such  an  onerous rise  in  condenser 
p re s su re . I t  is tru e  th a t  th e  r a te d  v acu u m  is necessarily  w orse in  la rg e  u n its  
t h a n  in  sm aller ones an d  i t  is a c tu a lly  d esirab le  to  d e te rio ra te  v a c u u m  up 
to  a deg ree  requ ired  fo r o p tim u m  econom y. H ig h er u n it cap ac itie s  g rea tly  
c o n tr ib u te  to  im prov ing  eco n o m y  b y  k eep ing  dow n specific f ir s t  costs , and  
th is , in  tu rn ,  m akes a c e r ta in  loss in  effic iency  to le rab le .

T h e  h ighest u n it  c a p a c itie s  b u ilt  so fa r  are  a round  600 MW b u t  sw iftly  
g ro w in g  req u irem en ts  call fo r fu r th e r  increases. 700 to  800 M W  c a p a c ity  u n its  
a re  a c tu a lly  in th e  design s ta g e  an d  in all p ro b a b ility  even th e se  cap ac ities  
w ill b e  su rpassed  befo re  lo n g . A t th e  L au san n e  session o f th e  W o rld  P ow er 
C o n feren ce , for in s tan ce , th e  u n i t  cap ac ity  fo recas t for th e  B ritish  g rid  w as 
d e te rm in e d  around  1200 M W . W ith  such cap ac ities , as a re su lt o f econom ic 
o p tim iz a tio n , the  ra te d  v a c u u m  will be obv iously  m uch w orse th a n  w h a t h ad  
b een  u s u a l w ith  cap ac ities  a ro u n d  100 MW. H ig h er u n it cap ac ities  to  reduce  
f i r s t  c o s ts  will th u s , over a n d  ab o v e  c o n s tru c tio n a l d ifficu lties, cause a d e fin ite  
d e te r io ra t io n  in efficiency .

I n  bu ild ing  pow er s ta t io n s , we h av e  to  face a n o th e r p ro b lem , to o . In  
s i t in g  new  pow er p la n ts , on a cco u n t of th e  s tead ily  grow ing cap ac ities , th e  
su p p ly  o f  cooling w a te r  em erges as a serious p rob lem . In  areas w h ich  w ould  
o th e rw ise  m eet all c r ite r ia  o f econom ical lo ca tio n , th e  dem and  fo r h uge  q u a n t i 
tie s  o f  cooling  w a te r is m ore  a n d  m ore d ifficu lt to  sa tisfy , an d  th is  b rin g s  th e  
n e e d  fo r  th e  ap p lica tio n  o f a ir-coo led  co n d en sa tio n  in to  th e  fore. A ir-cooled 
c o n d e n sa tio n  in u n its  o f  v e ry  h ig h  c a p a c ity  is ju s tif ie d  also b y  th e  fa c t th a t  a 
w orse  r a te d  vacuum  w ould  n o t  a ffec t over-a ll econom y in i t  as se riously  as 
w o u ld  o p e ra tio n  w ith  w e t- ty p e  cooling to w ers .

S h o u ld  w et-coo ling  to w ers  be in s ta lled , a lth o u g h  wrorse v a c u u m  w ould 
cau se  th e  f irs t costs o f th e  co n d en se r surface an d  th e  cooling to w er com bined  
to  d im in ish , th e  recap ita lized  cost o f w a te r  su p p ly  — w hich is in  th e  sam e o r
d e r — w ou ld  grow p ra c tic a lly  in  th e  sam e degree in  w hich, ow ing to  d e te r io ra t
ed  v a c u u m , th e  q u a n ti ty  o f s te a m  reaches th e  condenser.
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T h e cap ita lized  value o f h ig h er fuel co n su m p tio n  due to  d e te r io ra te d  
v acu u m  an d  o f th e  loss in  c a p ac ity  a m o u n t to  th e  m u ltip le  o f th e  sav ings 
rep re sen ted  by  th e  d ifference b e tw een  th e  tw o  item s  m en tio n ed  in th e  p rev ious 
p a ra g ra p h , w hereby  th e  m ag n itu d e  o f th e  loss in  cap ac ity  equals th e  c a p i ta l 
ized cost o f w a te r  supp ly .

W ith  air-cooled  co n densa tion  th e  s itu a tio n  is fu n d a m e n ta lly  d iffe ren t. 
H ere , ow ing to  d e te rio ra ted  v acu u m , th e  to ta l  cost of air-cooled  c o n d en sa tio n  
show s a p ra c tic a lly  lin ea r  decrease w ith  in c reasin g  difference be tw een  am b ien t- 
a ir  an d  condenser te m p e ra tu re s . A nd since, assum ing  a case in  w h ich  w e t 
cooling an d  air-cooled  con d en sa tio n  a re  econom ically  eq u iv a le n t, th e  f irs t 
costs o f a ir-cooled  co n densa tion  are h ig h e r th a n  tho se  of w et cooling  b y  th e  
cap ita lized  costs of w a te r  sup p ly , th e  sav in g s, b y  w hich th e  expenses o f th e  
a d d itio n a l fuel co n sum ption  an d  loss of c a p a c ity  can be red u ced , a re  tw o  to  
th re e  tim es h ig h er th a n  th e y  w ould  be w ith  th e  ap p lica tio n  o f w e t cooling. 
C onsequen tly , th e  effect of v acu u m  d e te r io ra tio n  p e rm itte d  w ith  a v iew  to  
increasing  u n it  cap ac ities  can  be o ffset b y  th e  low er specific  f i r s t  costs, 
ach ieved  b y  in s ta llin g  la rger u n its , m uch  sooner if  air-cooled c o n d en sa tio n  is 
u sed  th a n  w ith  w et cooling !*

A ir-cooled  co ndensa tion  a t  th e  sam e tim e  affords new  possib ilities  th e  
e x p lo ita tio n  of w hich  — on acco u n t o f th e  ab o v e-o u tlin ed  c o n s tru c tio n a l d iffi
cu lties caused  b y  th e  vo lu m etric  co n d itio n s o f th e  steam  tu rb in e  — w ould  be 
im possib le  w ith  v e ry  large u n its . In  a reas  in  th e  cold zone, a cq u ir in g  grow ing 
im p o rtan ce  for in d u s try  (S iberia, C an ad a , N o rth e rn  J a p a n , e tc .) , air-cooled  
co n d en sa tio n  w ould  p e rm it th e  u tiliz a tio n  o f  th e  v e ry  low an n u a l av e rag e  te m 
p e ra tu re s  p rev a ilin g  th e re  by  w ay  o f a m b ie n t tem p era tu res . C onsidering  our 
p re se n t s team  tu rb in e  co n stru c tio n s th is  is im possib le  w ith  u n its  o f b o th  v e ry  
h igh  an d  even o f considerab ly  low er capacities .**

U n d e r ex trem e ly  cold c lim ates on th e  o th e r han d , th e  e lim in a tio n  of 
fro s t h a z a rd  poses a serious prob lem  in air-coo led  condensation .

To m eet th e  case, a so lu tion  m u s t be fo u n d  w hich p e rm its  th e  u ti l iz a 
tio n  o f th e  low er te m p e ra tu re  lim its  o ffered  b y  air-cooled co n d e n sa tio n , on 
th e  one h a n d , an d  excludes fro s t h a z a rd , on  th e  o th e r; a so lu tio n  t h a t  Mill 
u ltim a te ly  e lim in a te  th e  co n trad ic tio n  in h e re n t in  th e  fac t th a t  w hile M'ith 
h igh  u n it  capac ities th e  large specific vo lum es call for an  in te n tio n a l d e te r io ra 
tio n  of v acu u m , air-cooled  co ndensa tion  enab les b e tte r  vacua  to  be ach iev ed  —

* F re sh -w ate r  cooling in  th is  re sp ec t p re sen ts  th e  sam e p ic tu re  as cooling b y  w et cooling 
tow ers. T he cap ita lized  cost o f w a ter su p p ly  w ith  fre sh -w a te r  cooling is genera lly  n o t  sig n ifican t 
a n d , even  if  i t  w ere to  change considerab ly , i ts  e ffec t w ould  rem ain  by  o rd ers  below  th e  a d d i
tio n a l costs in cu rred  b y  h ig h er fuel co n su m p tio n  a n d  by  loss in  cap acity . C o n seq u en tly , these  
m u s t ag a in  be offse t solely b y  th e  sav ings in  f i r s t  co sts, th ro u g h  a tra n s it io n  to  h ig h er u n it  
capac itie s .

** T h is n a tu ra lly  app lies n o t on ly  to  cold c lim a tes  b u t  to  all a reas w here  w in te r  loads 
by  fa r o u tb a la n ce  sum m er loads.
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p a r t ic u la r ly  in  th e  w in te r  p erio d . A ll th ese  p ro b lem s can  be solved b y  a cycle 
in  w h ich  w a te r  in  th e  low er reg ions is s u b s ti tu te d  b y  a n o th e r su itab le  w ork ing  
m e d iu m , one th a t  sa tisfies all req u irem en ts .

T h e  so lu tio n  to  th e  p ro b lem , co n seq u en tly , is th e  evo lu tion  o f a b in a ry  
v a p o u r  cycle in  w hich  s team  serves as th e  w o rk in g  m edium  in  th e  u p p e r  s tag e  
a n d  som e “ cold v a p o u r” in  th e  low er. F ig . 1 show s th is  b in a ry  v ap o u r cycle in

F ig. 1

F ig . 2

th e  T S  c h a r t  w hile F ig . 2 illu s tra te s  th e  flow  d ia g ra m  of th e  system . Such  cycle 
reso lves a ll p rob lem s u n eq u iv o ca lly . In  th e  u p p e r  stage  th e  to p  p a r t  o f  th e  
cycle  is k e p t  u n ch an g ed  (w ith  o p tio n a l — even  w ith  sup ercritica l — in itia l 
s ta te )  w h ile  in  th e  low er one th e  cycle is ca rr ied  o u t b y  th e  “ cold v a p o u r” . 
T h e  d u a l p ro b lem  is a c tu a lly  so lved  b y  th e  p ro p e rtie s  o f  th e  cold v a p o u rs  w h ich  
m a n ife s t th em se lv es  in  such  fo rm  th a t  th e  specific  vo lum es of these  w o rk ing  
m ed ia  a t  id e n tic a l te m p e ra tu re  a re  low er b y  o rd e rs  th a n  th e  specific vo lu m e of 
s te a m . A t th e  sam e tim e , th e  freezing  p o in ts  o f  co ld  v ap o u rs  are  fa r below  even 
th e  lo w e s t a ir  te m p e ra tu re s  t h a t  m ay  occur u n d e r  th e  cold clim ates w h ereb y  
f r o s t  h a z a rd  in  o p era tio n  w ith  w a te r  is p rec lu d ed .
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B y  w ay  o f “ cold v a p o u r”  n a tu ra lly  an y  one  o f  th e  w orking m edia ap p lied  
in  re frig e ra tin g  eng ineering  m ay  be used. In  w h a t follows, we shall co m p are  
th e  v a rio u s  m edia , w ith  a close sc ru tin y  of all fa c to rs  th a t  m ay  h av e  an  in f lu 
ence on th e  process, to  a sce rta in  w hich of th e m  seem s m ost su itab le  fo r  o u r 
purposes. I t  shou ld  be  bo rn e  in  m ind, how ever, t h a t  all “ cold v ap o u rs”  h a v e  a 
basic  p ro p e r ty  — w hich  in  fac t m akes th e m  cap ab le  essen tia lly  o f  so lv in g  
th e  f i r s t  p rob lem  — th a t  th e ir  specific v o lu m e , a t  id en tica l te m p e ra tu re , is 
low er b y  severa l o rders th a n  th a t  of steam . H en ce  th e  cap ac ity  cu rb in g  e ffec t 
o f s team  — w hich arises w ith  its  v o lum etric  co n d itio n s  — can be co m p le te ly  
e lim in a ted . T he specific  vo lum e of am m onia  (N H 3), for in stance , a t  30° C

te m p e ra tu re , is ro u n d  th re e  h u n d red  tim es lo w er th a n  th a t  o f s te a m  (see 
F ig . 3). T h u s , considering  th a t  the  u tilizab le  h e a t  d ro p , if  am m onia is ap p lie d , 
is less specifically  th a n  h a lf  o f th a t  of s team , th e  req u ired  ex it c ross-sec tion  of 
th e  tu rb in e  is s till sm alle r b y  tw o orders th a n  w ould  be in  a steam  tu rb in e , 
assum ing  th e  sam e o u tp u t .

V o lu m etric  co n d itions in  such a system  do  n o t se t an y  lim its w h a tso e v e r  
to  th e  o p tio n a l increase  o f u n it  capacities , ev en  w ith  condensing te m p e ra tu re s  
as low  as —20° C. A ccord ing ly , w ith  an  o u tle t  p ressu re  of th e  s team  tu rb in e  
d e te rm in ed  to  be 1 to  2 a tm o sp h eres , u n its  can  b e  designed  (on a single s h a f t  !) 
w hose s team  tu rb in e  (h igh-pressure) p a r t  y ie ld s  p ra c tic a lly  th e  sam e v o lu m e  
as its  low  p ressu re  p o rtio n  w hich , as said  ab o v e , o p era tes  w ith  som e s o r t  o f 
cold v ap o u r. In  th e  s tru c tu ra l  design of such  a m ach in e  u n it, c a p ac ity  c o n s id 
e ra tio n s will se t p ra c tic a lly  no lim ita tio n , ev en  th o u g h  our ex p e c ta tio n s  fo r 
th e  few decades ah ead  m ig h t m ateria lize. As to  th e  bu ild ing  of a u n i t  o n  a 
single sh a f t, th e  only  lik e ly  re s tr ic tio n  m a y  b e  th e  m ax im um  c a p a c ity  fo r 
w hich th e  elec tric  g en e ra to rs  can  be bu ilt.
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S u ch  a new sy s tem  w ill n a tu ra lly  in v o lv e  one basic d raw b ack  fro m  th e  
th e rm o d y n a m ic  p o in t o f  v iew , as w ill u n am b ig u o u sly  ap p ea r fro m  F ig . 1. 
T h is  co n sis t of a h e a t ex ch an g er in se rted  b e tw een  th e  steam  a n d  th e  cold- 
v a p o u r  system s o p e ra tin g , obv iously , w ith  d e f in ite  tem p e ra tu re  d iffe rence  and  
c a u s in g  necessarily  a loss in  th e  system . T h is  loss is, how ever, o ffse t b y  th e  
th e r m a l  gain  due to  th e  fa c t  th a t  th e  co n d en se r pressure need  no lo n g e r be 
b o o s te d  a rtific ia lly  since i t  c an  be k e p t a t  a  v a lu e  b est su ited  to  th e  a m b ie n t 
te m p e ra tu re .  T hus econom y calcu la tions fo r  o p tim a liza tio n  m u st, e ssen tia lly , 
s e t  tw o  item s ag a in st each  o th e r, viz. th e  th e rm a l loss due to  th e  p resen ce  o f 
th e  h e a t  exchanger in  th e  sy s tem  a g a in s t th e  gain  effected in  c o n d en sa tio n , 
a n d  th e  d ifferences in  f i r s t  costs. T he fa c t  t h a t  th e  ex trem ely  b u lk y  low -p res
su re  p a r t  of th e  co n v en tio n a l s team  tu rb in e  is rep laced  b y  a “ cold v a p o u r”  t u r 
b in e  t h a t  rep resen ts  b u t  a fra c tio n  o f i t ,  w ill h e lp  to  reduce costs, a lth o u g h  th e  
sa v in g s  derived  w ill n a tu ra l ly  he cu t b y  th e  f i r s t  costs of th e  h e a t ex ch an g er.

T h e  ab o v e-m en tio n ed  econom y c a lc u la tio n  m ay  n a tu ra lly , ev en  w ith  
r e g a rd  to  th e  co n v en tio n a l m e th o d  of w a te r  cooling, y ield  a re su lt  rev ea lin g  
th e  b in a ry  cycle of F ig . 1, in  u n its  of v e ry  h ig h  cap ac ity , to  be m ore  econom i
ca l th a n  th e  classic s te a m  cycle, p a r tic u la r ly  in  th e  lig h t of la te s t  re sea rch  
a n d  fo re c a s ts  for th e  fu tu re , concern ing  p ro d u c tio n  costs per k W h . T h ese  p ro v e  
t h a t  fu e l costs show  a te n d e n c y  to  a p p ro x im a te  th e  fixed  charges, in d e e d  are 
e x p e c te d  to  drop below  th e m  [2]. A nd in  th is  d irec tion , air-cooled  c o n d e n sa 
t io n  h o ld s  o u t su b s ta n tia lly  b e tte r  hopes.

W ith  air-cooled co n d en sa tio n  — ev en  u n d e r  no rm al c lim a tic  cond i
t io n s  -— th e  savings e ffec ted  in  th e  c o n d en sa tio n  generally  exceed th e  th e rm a l 
loss cau se d  b y  th e  in se rtio n  o f th e  h e a t ex ch an g er*  and  th e  sav ing  in  th e  over
a ll eco n o m y  is derived  m a in ly  from  th e  d iffe rence  betw een  th e  sa v in g  in  th e  
f i r s t  c o s t o f th e  tu rb in e  ( th a n k s  to  sm aller d im ensions), on th e  one h a n d , and  
th e  f i r s t  costs of th e  h e a t  exchanger, on th e  o th e r. This la t te r  d iffe ren ce  is 
a lw a y s  p o sitive , an d  p a r tic u la r ly  so if  th e  re q u ire d  u n it capacities a re  h ig h e r 
th a n  th e  ex isting  c o n s tru c tio n  facilities wro u ld  p e rm it. B in ary  v a p o u r  cycles 
w ill d e fin ite ly  be fav o u red  fo r  pow er s ta tio n s  to  be erected  in  a co ld  c lim ate . 
I n  su c h  a case th e  sav ing  in  co n densa tion  w ill b y  fa r exceed th e  th e rm a l  losses 
c a u se d  b y  th e  h ea t ex ch an g er.

*

A s w ill be a p p a re n t fro m  th e  above, th e  over-all econom y o f th is  b in a ry  
c y c le  is in fluenced  b y  th re e  fac to rs : th e  p ro p e r  selection of th e  co ld  v a p o u r

* E v e n  air-cooled co n d en sa tio n  w ould be in c a p a b le  o f u tilizing  severe w in te r  te m p e ra 
tu r e s  w ith  th e  co n v en tio n al s te a m  cycle, since th e  o p tim u m  v acuum  of th e  s te a m  tu rb in e  is 
c o n s id e ra b ly  above th e  v a cu u m  values th a t  w o u ld  co rrespond  to  th e  low est te m p e ra tu re s  
o c c u rr in g  u n d e r  no rm al c lim atic  conditions. T h is l im ita t io n  h as, how ever, no e ffe c t in  cold- 
v a p o u r  tu rb in e s  whose lim it v a c u u m  can  be so d e te rm in e d  as to  su it th e  lo w est p ro b ab le  
te m p e ra tu re s .
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w hich  is to  fu n c tio n  as th e  w o rk in g  m edium  o f th e  lower stage, th e  m a g n itu d e  
o f th e  te m p e ra tu re  gap (At) a p p lie d  in th e  h e a t exchange process, a n d  th e  d iv id 
ing  te m p e ra tu re  th a t  sep a ra te s  th e  tw o w o rk ing  processes (f/,), i.e. th e  te m p e ra 
tu re  a t  w hich s team  condenses. T hese fac to rs  can , n a tu ra lly , n o t  be  chosen  
a rb itra r ily  and  in d ep en d en tly  from  one a n o th e r . On th e  c o n tra ry , th e y  are 
one a n o th e r’s h igh ly  com plex im p lic it fu n c tio n s. I  do no t w ish to  dw ell on  th e  
co m p lica ted  an d  e x tra o rd in a r ily  ex ten siv e  m a th e m a tic a l d e r iv a tio n  o f  these  
fu n c tio n  series or quo te  a n y  p a r ts  o f ou r in v es tig a tio n s  because th e y  w ill be 
p u b lish ed  before long in th e  c a n d id a te ’s th esis  of one of m y  asso c ia te s  [3]. 
I  shall re s tr ic t m y se lf to  a q u a li ta t iv e  su rv ey  o f th e  findings o f th e se  in v e s ti
g a tio n s.

T he size of th e  h ea t ex ch a n g e r surface a n d  w ith  it  its  f ir s t  co sts  — w hich 
m a te ria lly  affect over-all eco n o m y  — closely d ep en d  on th e  te m p e ra tu re  d iffe r
ence (At)  app lied . B u t i t  d ep en d s , to  a s im ila r e x te n t, also on th e  q u a li ty  of 
th e  cold v a p o u r  applied  since, a longside  th e  At  v a lue , h ea t ex ch a n g e r d im en 
sions are  d e te rm in ed  by  th e  h e a t  tra n sfe r  coeffic ien t o f th e  b o ilin g  m edium . 
A ccord ing ly , th e  h e a t tra n s fe r  coeffic ien t wdll be as follows:

«boiling = / i  (cold v a p o u r . At).

T he h ea t-ex ch an g in g  su rface  ( F ) is a t  th e  sam e tim e a fu n c tio n  o f  th e  
q u a n t i ty  o f th e  h e a t tra n s fe rre d  (Q). C onsequen tly :

F  =  / 2 (a, At,  Q) =  f ,  [(), A t , f x (cold v ap o u r, At)] .

F o r ou r ca lcu la tion , th e  co st of th e  h e a t exchanger is also  im p o r ta n t . 
T h  is, to o , is th e  fu nc tion  o f th e  w o rk ing  m ed ium  since its  k in d  d e te rm in e s  n o t 
o n ly  th e  s tru c tu ra l m a te ria ls  to  be used  b u t  also th e  pressure  to  b e  ap p lied , 
i.e. one th a t  corresponds to  th e  te m p e ra tu re  concerned .

O n th e  o th e r  h an d , th e  h e a t  tra n s fe rre d  in  th e  h ea t e x c h a n g e r w ill n a 
tu ra lly  depend  on th e  effic iency  o f th e  sy s tem  as a whole, v iz .:

Q =  f A n  t o t ) .

T he over-all efficiency o f  th e  system  is f in a lly  — in ad d itio n  to  th e  te m 
p e ra tu re  gap (At)  — th e  fu n c tio n  of th e  th e rm a l efficiency o f th e  lo w er stage  
o p e ra te d  w ith  th e  chosen cold  v a p o u r  as w ork ing  m edium , as w ell. (F o r  re a 
sons o f p ra c tic a b ility , we h av e  in  our ca lcu la tio n s used, in s tead  o f  th e  th e rm a l 
effic iency  o f th e  low er stag e , i ts  ra tio  to  such th e rm a l efficiency t h a t  w ould  be 
a tta in e d  b y  ap p ly in g  steam  fo r w o rk ing  m ed iu m  in th e  te m p e ra tu re  reg ion  in 
q u e s tio n , th a t  is:

5ïïïO =  cp .
^ c o l d  v a p o u r
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H ence i t  log ica lly  fo llow s th a t ,  upon  th e  e ffec t o f th e  v alue  o f  <p, over
a ll effic iency  is a ffec ted  also  b y  th e  d iv id ing  te m p e ra tu re  (th) t h a t  sep a ra te s  
th e  tw o  (lower an d  u p p e r)  s tages, i.e. th e  te m p e ra tu re  a t w hich s te a m  con
d en ses  in  th e  h e a t ex ch a n g e r.

In  consequence:
Vtot = f A At, <p,th)-

T h e value of (tix), v iz . th e  lim it te m p e ra tu re , th ro u g h  th e  v a lu e  of 99, 
is a fu n c tio n  also o f  th e  a p p lie d  cold m ed iu m  sin ce  i t  is obvious th a t ,  if  th e  
th e rm a l efficiencies o f th e  tw o  p a r t  cycles d iffe r, th e  v alue  of th e  d iv id in g  tem -

^HgO

Vnh3
2.70

7.7 O'

0 20 40 60 80 700 t°C
Fig. 4

p e ra tu re  m u st have  a dec is iv e  roJe in the  e v o lu tio n  o f over-all efficiency . This 
s ta te m e n t  will be u n e q u iv o c a lly  proved below .

T h e  t/, value is f in a lly  th e  function  also o f  th e  At  app lied . The en d eav o u r 
to  k eep  dow n th e  deg ree  o f  irrev ers ib ility  calls fo r  iso therm ic  h e a t exchange 
in  th e  sy stem . A ccord ing ly , i t  m ay be w ritte n  t h a t :

(th -  At)  <  thkkr

(w h ere  s tan d s fo r th e  c ritica l te m p e ra tu re  o f  th e  cold vapour), in  o th e r 
w o rd s , th e  re fr ig e ran t m u s t p ick  up h ea t th ro u g h  ev ap o ra tio n . B u t, even  in 
d e p e n d e n tly  from th e  re f r ig e ra n t chosen, th e  l im it  te m p e ra tu re  has an  im p o r
t a n t  a n d  in te re s tin g  p a r t  in  th e  system , as w ill a p p e a r  from  th e  follow ing.

L e t us in v es tig a te  cycle  in  w hich th e  w o rk in g  m edium  c a rry in g  h ea t, 
in tro d u c e d  a t  th e  u p p e r  te m p e ra tu re  lim it (7y) is, a f te r  a ce rta in  expansion , 
e x tra c te d  from  th e  m a c h in e , th e  h ea t e x tra c ta b le  f ro m  th e  firs t p a r t  cycle is 
t ra n s fe r re d  by  iso th e rm ic  h e a t  exchange to  som e o th e r  (or iden tical) m ed ium  
a n d  th is  second m ed iu m  fu r th e r  expands in  th e  m ach in e  down to  th e  low er 
te m p e ra tu re  lim it. F o r th e  o rig in a l cycle le t us a ssu m e  a C arnot cycle in  w hich 
th e  1 2  5 6 a rea s tan d s  fo r th e  h e a t in troduced  fro m  o u ts id e  and  th e  a rea  1 2  3 4 
fo r  th e  w ork  y ielded (see F ig . 5). L et us now  d iv id e  th is  cycle in to  tw o  p a r ts
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in  such  a w ay th a t  th e  expansion  of th e  w o rk in g  m edium  is in te r ru p te d  a t  
p o in t 7 an d  th e  h e a t  8 7 6 5 tran sfe rred , v ia  a h e a t  exchanger, to  a low er s tag e  
o p e ra tin g  w ith  a n o th e r  (or iden tical) w ork ing  m ed ium . I t  is a m a tte r  o f  course 
th a t  while th e  low er s tag e  takes over th is  h e a t ,  en tro p y  will in crease  (/IS ), 
ow ing to  th e  A T  te m p e ra tu re  difference. T h erefo re  th e  e x tra c te d  h e a t, a t  
id en tica l h e a t in p u t, w ill grow, on acco u n t o f  th e  increased  e n tro p y , b y  th e  
3 12 11 5 surface, i.e. b y  a value o f ( T a • /IS ) , ren d erin g  th e  effic iency  o f  th e  
to ta l  cycle co rresp o n d in g ly  worse th a n  h ad  b een  th e  efficiency o f th e  o rig inal

1 2 3 4 cycle. T he d raw in g  fu rth e rm o re  in d ic a te s  u n am biguously  t h a t  b y  k e e p 
ing  th e  d iv id ing  te m p e ra tu re  (T/,) a t  a low er v a lu e , th e  ra te  o f e n tro p y  increase  
will grow (/IS ’ >  /IS ), an d  th e  effect o f  th e  b in a ry  v a p o u r cycle g ra d u a lly  
d e te rio ra te . In  such  a case, th e  b est e ffic iency  o f  a cycle o p e ra tin g  w ith  b in a ry  
m ed ium  will be a t ta in e d  b y  raising  th e  Т/, v a lu e  as h igh as possib le.

T he sam e re su lt  is o b ta in ed  in  a co n v e n tio n a l s team  cycle, in s te a d  o f  th e  
C arn o t cycle, h y  u sing  ideal regenera tive  fe e d w a te r  h ea tin g  in  its  co u rse ; i.e. 
b y  p reh ea tin g  fe e d w a te r  p rac tica lly  up to  th e  u p p e r te m p e ra tu re  (7 /) ,  w ith  
s te a m  e x tra c te d  from  th e  tu rb in e  a t  an  in f in ite  n u m b er o f p o in ts  a n d , n a tu 
ra lly , by  ap p ly in g  h e a te rs  o f in fin ite ly  large  su rfaces (F ig . 6). I f  a s te a m  cycle 
so “ ca rn o tized ”  (1 2 3 4) is d iv ided  in to  tw o  p a r ts  accord ing  to  F ig . 5, assu m in g  
th is  tim e  id en tica l w ork ing  m edia, th e n , ow ing to  th e  A T  te m p e ra tu re  d iffe r
ence, th e  u n av o id ab le  en tro p y  increase (/Is) w hich essen tia lly  au g m en ts  
th e  e x tra c te d  h e a t b y  th e  area 9 10 11 3, will ag a in  set in . T his w ill once m ore 
d e te rio ra te  the  effic iency  o f th e  new b in a ry  v a p o u r  cycle since, w ith  th e  sam e 
q u a n t i ty  of e x te rn a l h e a t in tro d u ced  (1 2 12 13), th e  e x tra c te d  h e a t (4 9 10 14) 
is la rg e r th a n  w as th e  o rig inal, and  th e  sum  o f th e  w ork y ielded b y  th e  tw o  p a r t
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cyc les (1 2  6 7 and  15 8 9 4) is below  th e  o rig in a l (1 2 3 4). T he  d raw in g  c lea rly  
re v e a ls  t h a t  b y  se ttin g  dow n th e  d iv id in g  te m p e ra tu re  (T/,), losses c a n n o t 
b u t  c o n tin u e  to  grow . T he re su lt  is th e  sam e, viz. fo r o p tim u m  so lu tio n  th e  
v a lu e  o f  T h m u st be ra ised  to  th e  possib ly  h ig h e s t te m p e ra tu re  level. (F o r th e  
sak e  o f  s im p lic ity  I  h av e  assu m ed  id en tica l q u a n ti t ie s  o f th e  m edia c irc u la tin g  
in  th e  f i r s t  an d  second p a r t  cycles a lth o u g h  in  th e  a c tu a l p rac tice  th e  m ed iu m  
e v a p o ra te d  a t  (T ft—/IT )  te m p e ra tu re  w ould  in  th e  second cycle ge t in to  th e  
s t a te  d e n o te d  by  p o in t 5, w h e reb y  an  a p p ro p r ia te ly  sm aller q u a n ti ty  o f  m e d i
u m  w o u ld  c ircu la te  in  th e  second  cycle.)

A s can  be seen in  th e  ca rn o tiz e d  as w ell as in  th e  o rig inal C arn o t cycle , 
th e  o p tim u m  so lu tion  is a t  a ll tim es th e  d iv id in g  te m p e ra tu re  set to  th e  p o s
s ib ly  h ig h e s t level.

T h e  s itu a tio n  w ill be fu n d a m e n ta lly  d iffe re n t if  th e  above c o n sid e ra tio n s  
a re  e x a m in e d  in  a sy stem  w ith o u t re g e n e ra tiv e  feed w ate r h ea tin g  (see F ig . 
7). I n  th e  exam ples o f F igs. 5 an d  6 th e  h e a t  in tro d u c e d  from  th e  o u ts id e  
a n d  th e  av e rag e  te m p e ra tu re  o f h e a t  in p u t do n o t  change d u rin g  t r a n s i t io n  to  
th e  b in a r y  system  (using id e n tic a l q u a lity  o f m ed iu m ), b u t  th e  h e a t e x tra c te d  
w ill in c re a se  an d  th e  in se rtio n  o f th e  h e a t e x ch an g e r w ill d e te rio ra te  th e  e ff i
c ien cy  o f  th e  en tire  sy stem , in  th e  a rra n g e m en t acco rd ing  to  F ig . 7, h o w ev er, 
th e  p ic tu r e  is com plete ly  d iffe re n t. H ere  — in  a v e ry  in te re s tin g  w ay  w h ich  
a t  f i r s t  s ig h t seem s p a ra d o x ic a l — th e  tra n s i t io n  from  th e  single m ed iu m  to  
th e  b in a r y  cycle (still w ith  id e n tic a l q u a lity  o f  th e  m edium ) does n o t d e te r io 
r a te  b u t ,  on  th e  c o n tra ry , im p ro v e , th e  over-a ll effic iency  ! T h e  co n d itio n s  in 
th is  case  a re  n o t as u n eq u iv o ca l an d  as easy  to  su rv e y  as in  th e  p rev ious e x a m 
p les a n d  th e ir  q u a lita tiv e  a sse ssm en t calls fo r a m ore  th o ro u g h  check  on th e  
d e ta i ls .  T h e  orig inal 1 2 3 4 cycle , co n v e rted  in to  a b in a ry  one, will be m o d ified
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in  such  a w ay th a t  th e  ex p an sio n  o f steam  is in te r ru p te d  a t  p o in t 6 w h ere  the  
com plete  steam  q u a n t i ty  is e x tra c te d  and  is passed  to  th e  h e a t e x c h a n g e r  there  
to  condense a t  th e  d iv id in g  te m p e ra tu re  T h. T he  feed w ater reach in g  th e  o ther 
side o f th e  h e a t ex ch an g er a t  T a te m p e ra tu re  (4) is f irs t w arm ed  u p  to  (T/,— 
A T )  (9) w ith  the  h e a t  re je c te d  in th e  course o f con d en sa tio n  (5 6 11 12),  then  
e v a p o ra te d  — w h ereb y  th e  te rm in a l p o in t o f ev ap o ra tio n  w ill be  th e  s ta te  
m ark ed  p o in t 8. (The s ta te  in d ica ted  by  p o in t 8 w as assum ed  n a tu ra l ly  fo r the  
sake  o f sim plicity  on ly ; th e  s ta te  a fte r  e v a p o ra tio n  shou ld  o b v io u sly  b e  po in t 
14,  h u t  in  th is case ou r fu r th e r  ca lcu la tions shou ld  be re fe rred  to  a  q u a n ti ty

o f less th a n  1 kg, in s te a d  o f 1 kg. F o r easier illu s tra tio n  we sha ll k eep  th e  final 
s ta te  as show n in p o in t 8  w hich  will cause no changes e ith e r  n u m erica lly  or 
q u a lita tiv e ly  ex cep t for a negligible n u m erica l d ifference: th e  w ork  y ie lded  by 
v ap o u rs  of d iffe ren t vo lum es b u t  o f th e  sam e h e a t co n ten t is n o t  th e  sam e if 
i llu s tra te d  as w ork  y ie ld ed  b y  th e  expansion  o f w et steam  a n d  p lo tte d  in  a 
T s-c h a rt d raw n fo r 1 kg  or if  i llu s tra te d  in  a T s-ch a rt d raw n  fo r th e  ac tual 
q u a n ti ty  of steam  (for in s tan ce  fo r 0,8 k ilogram s) as d ry  s a tu ra te d  steam . 
T h e  w ork  derived  from  th e  sam e q u a n ti ty  o f tra n sfe rre d  h e a t is n am e ly  not 
o f  th e  sam e v a lu e  w hen  w et s team  an d  w hen  d ry  s a tu ra te d  s te a m  — in a 
p ro p o rtio n a te ly  sm alle r q u a n ti ty  — is ex p an d ed .) S team  in th e  second  stage 
ex p an d s from  th e  s ta te  d en o ted  b y  p o in t 8 to  th e  s ta te  as p e r  p o in t  7. (The 
te rm in a l p o in t o f ex p an sio n  n a tu ra lly  shou ld  be a t  p o in t 15 he re , to o , b u t  cal
c u la tin g  w ith  th e  d im in ished  q u a n tity , th e  s ta te  in d ica ted  b y  p o in t  7 sa tis
fies even th e  q u a n ti ta t iv e  c rite ria .)

W e have so fa r no  ev idence to  go b y  fo r th e  changes in  e ffic ien cy  since 
th e  c h a rt shows th a t  th e  w ork o b ta in ed , in s te a d  of th e  v a lu e  il lu s tra te d  by 
th e  orig inal 1 2 3 4 a rea , is com posed of th e  areas 1 2 6 5 a n d  4 9 8  7 — and
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is c o n se q u e n tly  obviously  le ss  th a n  orig inally . A t th e  sam e tim e , th e  av erag e  
te m p e r a tu r e  of h ea t in p u t  is  h ig h e r  th a n  was th e  o rig in a l an d  th e  h e a t e x t r a c t 
ed  is less (by the  v alue  c o rre sp o n d in g  to  th e  7 3 11 10  a rea) and , f in a lly , th e  
h e a t  in tro d u c e d  decreases f ro m  th e  original 4 1 2  11 13 to  th e  5 1 2 11 12 v a lu e . 
( In  o u r  investiga tions o n ly  s u c h  irreversib ilities w ere  considered  as occur w ith  
th e  h e a t  exchanges, d is re g a rd in g  all o ther irre v e rs ib ilitie s  in  th e  sy s tem  due 
to  th ro t t l in g s ,  fric tion , e tc .)  T h e  influence o f th e  ab o v e  changes u p o n  over-a ll 
e f f ic ie n c y  cannot, n a tu ra l ly , b e  determ ined  w ith o u t n u m erica l d a ta , b u t  th e

F ig . 8

s im p le  considera tions to  be  o u tlin e d  below u n e q u iv o c a lly  h e a r o u t, also here , 
th e  q u a l i ta t iv e  resvdt, re s p e c tiv e ly  po in t ou t th e  fo reseeab le  d irec tio n  o f th e  
c h a n g e s  in  efficiency.

F ro m  such co n sid e ra tio n s  w e can draw  th e  h ig h ly  in te re s tin g  conclusion  
t h a t ,  in  th e  case in h an d , th e  co n v ersio n  to  th e  b in a ry  v a p o u r  cycle — a ssu m 
in g  a  h e a t  exchanger of in f in i te ly  large surface — w ill by all m eans y ie ld  b e t te r  
e ff ic ie n cy  th a n  does th e  s in g le -m ed iu m  cycle. I t  is se lf-ev id en t th a t  i f  h e a t 
e x c h a n g e  to o k  place w ith  f in i te  te m p e ra tu re  d iffe ren ce , a n d  n o t in  an  in fin ite ly  
la rg e  h e a t  exchanger, e ffic ien cy  w ou ld  im prove, u p  to  a c e r ta in  v a lu e , a n d  u n 
c h a n g e d  efficiency w ould be  o b ta in e d  only a t a d e f in ite  m ax im u m  v a lu e  o f  th e  
At  te m p e ra tu re  difference. T h u s ,  tra n s itio n  to  th e  b in a ry  cycle will n o t neces
sa r ily  d e te r io ra te  the  e ffic iency  o f  th e  entire sy s tem , on  th e  co n tra ry , b y  m a in 
ta in in g  a  ce rta in  slight t e m p e r a tu r e  difference, e ffic ien cy  m ay  be au g m en ted .

T h is  s ta tem en t, a t  f i r s t  s ig h t  surprising , w ill b eco m e clear in  th e  l ig h t o f 
th e  fo llo w in g  simple c o n s id e ra tio n s .

I n  a  sim ple steam  cycle , sing le -stage  re g e n e ra tiv e  feed w ate r p re h e a tin g  
is a p p lie d  (see Fig. 8a) in  su c h  a  w ay  th a t, to  av o id  u sin g  an  in fin ite ly  la rg e
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h e a t  ex ch an g er, a m ix ing  p re h e a te r  is p ro v id e d  in  w hich a p o rtio n  (x  k g  p er 
h) o f  th e  s team  (1 kg p e r h) e n te rin g  th e  tu rb in e  is condensed  a n d  m ixed 
w ith  th e  s team  q u a n ti ty  (1 — x)  kg  p e r  h  com ing  from  th e  co n d en se r, w hile 
th e  (1 — x)  kg  per h  steam  n a tu ra lly  co n tin u es  to  ex pand , to  co n d en ser p ressu re , 
in  th e  low -pressure stage . F ig . 8b show ing  th is  system  in a T s -c h a r t  w ill a t 
once p ro v e  th e  o therw ise  well know n  th esis  t h a t  such reg en e ra tiv e  fe e d w a te r  
h e a tin g  helps to  im prove th e  over-all e ffic iency  o f th e  cycle. A lth o u g h  th e  w ork 
gain ed  in  th e  low -pressure stage  d rops to  th e  (1 —x)th p a r t  of th e  o rig in a l, th e

h e a t e x tra c te d  from  th e  to ta l  cycle (in c lu d in g  also the  h ig h -p re ssu re  s tage) 
w ill d im in ish  in  th e  sam e ra tio . T he h e a t in tro d u c e d  will a t  th e  sam e  tim e  de
crease  in  acco rdance  w ith  th e  fa c t t h a t  fe e d w a te r  now reaches th e  b o ile r  w ith  
an  e n th a lp y  o f i2 an d  n o t w ith  t 0, w h ich  u lt im a te ly  resu lts  in  h ig h e r  over-a ll 
effic iency .

L e t us now  tra n s fo rm  th e  o rig in a l cycle in  such a m a n n e r (see F ig . 9a) 
t h a t  — u n d e r th e  sam e e x tra c tio n  p ressu re  as before — n o t o n ly  th e  steam  
q u a n t i ty  req u ired  for th e  feed w ate r h e a tin g  (in  th e  form er case x  k g ) b u t  th e  
to ta l  s te a m  q u a n ti ty  is e x tra c te d  an d  passed  in to  an  in fin ite ly  la rg e  h e a t  ex 
c h an g e r to  condense an d  su b se q u e n tly  to  leav e  a t  an e n th a lp y  o f  s im ila rly  i2 
to  g e t in to  th e  boiler. O n th e  o th e r side s im u ltan eo u sly  y  kg p e r h  c o n d en sa te  
w ith  i 0 e n th a lp y  is passed to  th e  h e a t e x ch an g e r — th e  value o f  y so d e te rm in e d  
th a t  th e  e n th a lp y  of s te a m  leav ing  th e  h e a t exchanger shou ld  also  be  i2. In  
th is  w ay  y kg  p er h  s team , o f an  e n th a lp y  o f i2 ex p an d s in  th e  lo w -p ressu re  p a r t  
dow n to  i3. E v en  a sh o rt ca lcu la tio n  will im m ed ia te ly  reveal th a t  th e  y  va lue  
in th e  second  case equals th e  (1—x)  v a lu e  an d  th e  w ork gained from  th e  system  
is in  com p le te  ag reem en t w ith  th e  v a lu e  o f th e  w ork  ob ta ined  in  th e  case  accord-
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in g  to  F ig . 8, h e a t in tro d u c e d  rem ain ing  u n c h a n g e d , viz. a t th e  v a lu e  o f 
(b j— »2) kca l Per kg-

In  th e  schem e o f F ig . 9, th e  efficiency g a in  is j>recisely th e  sam e as in  th e  
case  il lu s tra te d  in  F ig . 8, ach iev ed  b y  re g en e ra tiv e  feed w ate r h eating . O ver-a ll 
e ffic ien cy  as per F ig . 9 — w ith  an  in fin ite ly  la rg e  h e a t  exchanger — im p ro v ed  
in  th e  sam e m easure  as h a d  been  a tta in a b le  in  th e  case accord ing  to  F ig . 8, 
th ro u g h  reg en e ra tiv e  feed  h e a tin g . An in f in ite ly  la rg e  surface was u sed  on ly  
fo r  th e  sake  of s im p lic ity , because  a fin ite  h e a t  ex ch an g er, ju s t  as i t  w ould  
b r in g  a b o u t h igher e ffic iency  in  feedw ater h e a tin g , w ould  im prove effic iency  
also  in  th e  case acco rd in g  to  F ig . 9.

T h e  above sim ple e x a m p le  bears ou t o u r p rev io u s  s ta te m e n t w h e reb y  
in  th e  case as p er F ig . 7 — w here  th e  s in g le -v ap o u r cycle is con v erted  in to  a 
b in a ry  one (m edia in  th e  u p p e r  and  low er s tag es  rem a in in g  iden tica l) — im 
p ro v e d  efficiency can  be ach iev ed  ju s t  as w ell as w ith  regenera tive  feed w a te r  
h e a tin g . T here  is a m a x im u m  to  efficiency in c rease  o f regenerative  feed w a te r  
h e a tin g  be tw een  th e  tw o  ex tre m e  values — b o th  o f w hich n a tu ra lly  y ield  
zero  — an d  th e  sam e ap p lie s  to  th e  b in a ry  cycle o f  F ig . 7. H ere, too , th e  o p ti
m u m  v a lu e  of th e  //,, w h ich  b rings m ax im u m  im p ro v e m e n t, m ust be so u g h t 
for.*

A s is a p p a re n t, th e  d e te rm in a tio n  of th e  d iv id in g  te m p e ra tu re  is n o t as 
s im p le  a n d  u n eq u iv o ca l as in  th e  cases acco rd in g  to  F igs 5 and  6 an d  in  th e  
g e n e ra l case — even  th o u g h  essen tia lly  id e n tic a l w o rk in g  m edia are c ircu la ted  
in  th e  u p p e r  an d  th e  low er s tag es  of th e  b in a ry  v a p o u r  system  — a c c u ra te  
ca lc u la tio n s  m u st be c a rr ie d  o u t to  set th e  o p tim u m  d iv id ing  te m p e ra tu re . I f  
th e  b in a ry  cycle o p e ra te s  w ith  d ifferen t m ed ia  — as w ill be d ea lt w ith  h e re u n 
d e r, fu r th e r  com plica tions w ill arise.

T h e  th e rm a l e ffic iency  o f th e  low er cycle , w ith  given u p p er a n d  low er 
lim it  te m p e ra tu re s  an d  d isreg a rd in g  re g en e ra tiv e  p re h e a tin g , essen tia lly  d e 
p en d s  on th e  e x te n t o f th e  irre v e rs ib ility  — th e  o n ly  one — in th e  id ea l cycle, 
v iz . th e  one ta k in g  p lace  in  th e  h ea t ex ch an g er. T h is  decisively d ep en d s on 
th e  p h v s ica l p ro p ertie s  o f th e  w ork ing  m ed ium  o f th e  low er stage, in  fa c t on

* T hese re flections a re  n a tu ra l ly  n o t in te n d e d  to  su g g est th a t  in  the  co n v en tio n a l 
s te a m  cycle th e  com plete  s te a m  q u a n ti ty  should be  e x tr a c te d  fro m  th e  tu rb in e  a n d  u tilized  
to w a rd s  th e  p ro d u c tio n  of se c o n d a ry  s team  for fu r th e r  e x p an s io n  in  th e  tu rb in e  in s te a d  of 
th e  u su a l feed w a te r h e a tin g  b y  b le d  steam . Such a su g g estio n  w ou ld  en ta il a h e a t- tra n sm ittin g  
su rface  m a n y  tim es la rg e r th a n  we h a v e  it  now an d  w o u ld  cau se  fu r th e r  losses in  th e  fo rm  of 
a d d it io n a l  losses in  w ork  d u e  to  th e  f in ite  tem p e ra tu re  d iffe ren ce . T his accounts fo r th e  fa c t 
th a t ,  w hile  in creased  te m p e ra tu re  d ifference  in  a c o n v en tio n a l s te a m  cycle offsets on ly  g ra d u a lly  
th e  g a in  ach ieved  by  re g en e ra tiv e  feed w ater h ea tin g , in  th e  fu ll h e a t  exchanger as p e r F ig . 7, 
once th e  te m p e ra tu re  d ifference  h a s  increased  to a c e r ta in  v a lu e , th e  ad v an tag es o f th e  schem e 
w ill c o m p le te ly  d isap p ear. T hese  re flec tio n s are m ea n t to  s ta te  t h a t  where on acco u n t o f  th e  
tw o  d iffe re n t m edia th e  fu ll h e a t  ex change  m u st, a t  a ll c o s t, be  carried  o u t, th e rm a l losses, 
d u e  to  th e  te m p e ra tu re  d iffe ren ce , are  n o t in ev itab le . O n th e  c o n tra ry , w ith  an  a d e q u a te ly  
sm a ll te m p e ra tu re  d ifference , th e se  losses will n o t o ccu r a t  a ll, y e t  if  th ey  do, th e y  w ill be 
c o n s id e ra b ly  sm aller th a n  w ou ld  seem  a t a cursory  g lance.
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th e  ra tio  of th e  flu id  h ea t to  ev ap o ra tio n  h e a t  in  th e  given te m p e ra tu re  reg ion , 
as is show n in F ig . 10. T h is d raw ing  is a q u a lita tiv e  illu stra tio n  o f  th e  h e a t 
e x ch an g e  process, resp ec tiv e ly  its  e ffect on  th e  degree of irre v e rs ib ility . The 
a rea  encom passed  b y  1 2 3 4 deno tes th e  h e a t  tra n sfe rre d  in th e  h e a t  ex c h a n g e r 
th ro u g h  th e  co n densa tion  o f steam . T h is is ta k e n  over by an  a rb i t r a r i ly  chosen 
w o rk ing  m edium  along the  line 5 6 7 (d o tte d  lin e). The value c h a ra c te r iz in g  th e  
irre v e rs ib ility  of th e  h e a t exchange, i.e. th e  av erag e  tem p e ra tu re  o f  h e a t  in 
p u t ,  accord ing  to  th e  d raw in g , is T*  w h ich , as can  he seen from  th e  d raw in g

d ep e n d s  solely on th e  ra tio  o f 5 6 16 8,  i l lu s tra t in g  the q u a n t i ty  o f  th e  flu id  
h e a t , to  6 7 3 16, i l lu s tra tin g  th e  e v a p o ra tio n  h e a t. (The T S -c h a rt is n a tu ra lly  
n o t re fe rred  to  1 kg o f th e  re fr ig e ran t b u t  to  th e  q u a n tity  of sam e  c o rre sp o n d 
in g  to  th e  h e a t p icked  up  from  1 kg s te a m .)  T a k in g , by  w ay of e x a m p le , a n o th e r 
w o rk ing  m edium  (d a sh -an d -d o t line), th is  r a t io  is expressed b y  th e  p ro p o rtio n  
b e tw een  th e  area encom passed  b y  p o in ts  11 12 17 13 and th e  one b y  th e  f.2 7 3 
17 p o in ts . In  th is  la t te r  case th e  av e rag e  te m p e ra tu re  of h e a t  in p u t  will be 
T* *  w h ich , as in d ica ted  in  th e  d raw in g , is be low  T*.  This m eans t h a t  th e  th e r 
m a l effic iency  of th e  low er stage  cycle , c a rr ie d  ou t w ith th e  seco n d  w orking  
m ed ium , is co rrespond ing ly  w orse. (P o in t 7 in the  TS d iag ram  d e n o te s  the 
p o in ts  co rrespond ing  to  th e  s a tu ra te d  s ta te s  sh ifted , for th e  sa k e  o f  c la rity , 
below  p o in t 2.)

As will be seen, th e  th e rm a l e ffic iency  o f  th e  lower stage  d e p e n d s  on the 
re la tio n sh ip  betw een  th e  h e a t co m m u n ica ted  to  th e  fluid and  th e  h e a t  o f  ev ap 
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o ra tio n , w hich can be w r i t te n  in the follow ing m a n n e r :

Since the  v alues o f  Cf a n d  r w ith  a g iven  m e d iu m  are the sole fu n c tio n s  o f  
te m p e ra tu re , a t  a g iven  T (, tem p era tu re

Vo r e f r .  =  ^  (T)

w here  T  denotes th e  u p p e r  tem p era tu re  o f th e  lo w er stage, viz.:

T  =  T h — A T .

In  th is  fu n c tio n  w e h a v e  obtained  a n o th e r  co effic ien t for th e  o p tim iz a 
tio n  o f  th e  values o f th e  d iv id in g  tem p e ra tu re  (t*) a n d  th e  tem p era tu re  d iffe r
ence  ap p lied  in th e  h e a t  e x ch an g e r {At).

T his la s t fu n c tio n  is n a tu ra l ly  the  fu n c tio n  o f  th e  physical p ro p e rtie s  o f  
th e  co ld  v ap o u r chosen fo r  th e  w orking m ed iu m , w h ich  has a decisive in f lu 
ence on th e  o p tim u m  la y o u t  o f the  en tire  s y s te m  in  respect of th e  th e rm a l 
e ffic ien cy . H ow ever, th e  p h y s ic a l p roperties o f  th e  cold  vapour ap p lied  as a 
w o rk in g  m edium  affec t n o t  o n ly  therm al e ffic iency  b u t  also a num ber o f  o th e r  
fa c to rs  w hich are s ig n if ic a n t in  construction . I n  w h a t  follows, we shall e x a m 
ine th e  influences o f th e se  v a rious factors.

*

T h e  ch a rac te ris tic s  o f  th e  cold v ap o u r w h ich  is th e  w orking m ed iu m  in 
th e  lo w er stage  of th e  s y s te m , affect p rim arily  th e  d im ensions of th e  re q u ire d  
h e a t  ex ch an g er e q u ip m e n t, i ts  s tru c tu ra l design a n d  its  system .

T h e  dim ensions o f th e  h e a t  transfer surface re q u ire d  in  the  h ea t e x c h a n g e r 
g re a tly  depend  on th e  h e a t  tran sfe r coeffic ien t o f  th e  cold v ap o u r d u rin g  
h e a t  tran sm iss io n  in  th e  b o ilin g  s ta te  (« to iling)- T h e  fa c to rs  affecting th e  s t r u c 
tu r a l  b u ild -u p  of th e  e q u ip m e n t are the re la tio n sh ip s  b e tw een  the m ed ium  an d  
te m p e ra tu re , p ressu re  a n d  specific  volum e a n d  i t s  bo iling  poin t cu rve  [p  =  
/(* ,)] . T h is la t te r  re la tio n sh ip  determ ines th e  w o rk in g  pressure of th e  e q u ip 
m e n t on th e  cold v a p o u r  s id e , and , th ro u g h  i t ,  th e  s tre n g th  criteria .

A n o th e r s ig n ifican t f a c to r  in  deciding u p o n  th e  system  of the  h e a t  e x 
c h a n g e r  is th e  e v a p o ra tio n  h e a t  o f the  cold m e d iu m  a t  a given e v a p o ra tio n  
p re ssu re . T his value n a m e ly  d e te rm in es the  ra tio  (n ) w h ich  indicates how  m a n y  
k ilo g ram s of cold v a p o u r  a re  p ro d u ced  in th e  h e a t  e x c h a n g e r in the e q u ilib riu m  
s ta g e  d u rin g  th e  c o n d e n sa tio n  o f 1 kg steam .

C onsequen tly ,

n  =  cold v a p o u r  k g  p e r  h per steam  k g  p e r  h  . . . kg/kg.
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T h is  fac to r, over an d  above i ts  v a r io u s  o th e r  effects, d e te rm in es  w h e th e r 
n a tu ra l  c ircu la tio n , forced  c ircu la tion  o r o n ce -th ro u g h  flow shou ld  ta k e  place 
in th e  h e a t  exchanger. W ith  forced c irc u la tio n  or once-th rough  flow  th is  fac 
to r  w ill in flu en ce  n o t on ly  th e  design o f  th e  h e a t  exchanger b u t also th e  pow er 
d e m an d  o f  th e  p u m p in g  work.

T h e  selection  o f  th e  re frig e ran t is n a tu ra l ly  also of u tm o s t im p o rta n c e  
in  th e  design of th e  tu rb in e  since i ts  p ro p e rtie s  de te rm ine  th e  d im en sio n s, 
s tru c tu ra l  bu ild -u p  an d  th e  flow schem e o f th e  tu rb in e , the  c o n s tru c tio n  o f th e  
g lan d s a n d  th e  eng ine  efficiency o f  th e  tu rb in e .

T h e  d im ensional re la tio n s of th e  tu rb in e  d epend , in th e  f ir s t  p lace , on th e  
specific  vo lum e of th e  could  v ap o u r, a l th o u g h  som e o th e r th e rm a l p ro p e rtie s  
of th e  m ed ium  m ay also have an e ffe c t on th e m . Such p ro p ertie s  a re , f irs tly , 
th e  b o ilin g  p o in t cu rv e  o f th e  m ed iu m  — w hose  value pairs re la tin g  to  a s ta te  
u n eq u iv o ca lly  d e te rm in e  th e  value o f th e  specific  volum e co rresp o n d in g  to  it  — 
second ly , th e  e v a p o ra tio n  hea t w h ich  u n am b ig u o u sly  de te rm ines th e  v alue  
o f “ n ”  a lread y  d iscussed , i.e. th e  ra t io  o f  th e  s te a m  circu la tin g  in  th e  u p p e r 
stage  to  th e  q u a n ti ty  o f cold v ap o u r c irc u la tin g  in  th e  low er one. T h ro u g h  th e  
specific  vo lum e th is  ra tio  will d e te rm in e  th e  a c tu a l volum e of th e  m e d iu m  flow  
across th e  tu rb in e  d u rin g  un it tim e . U ltim a te ly , th e  m ag n itu d e  o f  th e  ex it 
c ross-sec tion  of th e  tu rb in e  n a tu ra lly  d ep e n d s  on th e  op tim u m  e x it  v e lo c ity  
ach iev ed  in  the  la s t  s tage .

As to  th e  flow  schem e (facilities fo r re g en e ra tiv e  h ea tin g  a n d  i ts  e ffect 
upon  effic iency), th e  o p tim u m  a rra n g e m e n t o f  stages, viz. e ssen tia lly  s t ru c tu ra l  
b u ild -u p , is d e te rm in ed  b y  th e  th e rm a l e q u a tio n s  o f s ta te  of th e  cold  m ed iu m . 
T he fa c to rs  en u m e ra te d  above d e te rm in e  th e  engine efficiency o f th e  tu rb in e , 
i.e. e ssen tia lly  th e  m ag n itu d e  of c lea ran ce  losses, fric tion , (v e n tila tio n )  losses, 
e x it losses an d  th e  losses th ro u g h  th e  g lan d s  — w hich are all fu n c tio n s  of th e  
fac to rs  tre a te d  — an d  in  ad d itio n , fu n c tio n s  o f  th e  v iscosity  fa c to r  w h ich  a f
fect losses b y  fr ic tio n . F inally , th e  en g in e  effic iency  of th e  tu rb in e  is a ffec ted  
also b y  losses caused  b y  th e  b rak in g  e ffec t o f  d rop le ts  w hich is o b v io u sly  in f lu 
enced  b y  th e  tre n d  o f  th e  s a tu ra tio n  lim it  c u rv e  of th e  re fr ig e ran t.

T h ro u g h  th e  p e rfo rm an ce  o f  th e  feed  p u m p , th e  q u a lity  o f  th e  cold v a 
p o u r a ffec ts  — th o u g h  n o t s ig n if ican tly  — th e  efficiency of th e  e n tire  sy stem . 
T h is e ffec t ac ts  on th e  efficiency o f  th e  sy s te m  as a whole r a th e r  th a n  on th e  
effic iency  o f th e  tu rb in e  alone. T h e  p e rfo rm a n c e  of th e  feed p u m p , th e  one 
w hich  carries  th e  co n d en sa te  of th e  co ld  v a p o u r  to  th e  h ea t ex c h a n g e r v ia  th e  
p re h e a te rs , depends on th e  value o f  “ n ” .

T h e  p ro p ertie s  o f  th e  re fr ig e ran t u sed  as a w orking m edium  h a v e  an  o v e r
w helm ing  effect also on th e  o p e ra tio n a l a n d  con tro l cond itions o f  th e  w hole 
sy stem . B in a ry  v a p o u r  system s a ffo rd  a n  ex ce llen t inheren t p o ss ib ility  w hich, 
how ever, c an n o t be exp lo ited  w ith  a ll co ld  m ed ia . This consists o f th e  e lim in a
tio n  o f v acu u m  from  th e  whole sy s te m . W h ile  in  tu rb in es  o p e ra tin g  p u re ly  on
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s te a m , in  th e  course o f co n d en sa tio n , v a cu u m  is p ra c tic a lly  u n av o id ab le , m o s t 
co ld  m e d ia , even a t  th e  lo w est te m p e ra tu re s  t h a t  m a y  occur in  p rac tice , h a v e  
a b o v e -a tm o sp h e ric  s a tu ra t io n  p ressures. T h is f a c t  offers th e  h igh ly  fa v o u ra b le  
p o s s ib il i ty  th a t ,  p ro v id ed  s te a m  condenses in  th e  h e a t exchanger a t  a p re ssu re  
a b o v e  1 a t ,  v acu u m  can  be p re v e n te d  from  a ris in g  th ro u g h o u t th e  sy s tem . T h is  
n o t  o n ly  g re a tly  fac ilita te s  an d  sim plifies o p e ra tio n  b y  d ispensing w ith  a ll 
k in d s  o f  sea ling  eq u ip m en ts  — for in stan ce  v a c u u m  a ir e jecto r, w a te r  p u m p s , 
co o le rs , e tc . — b u t  b rings th e  a d v a n ta g e  th a t  a ir  does n o t d e te rio ra te  th e  co n 
d itio n s  o f  h e a t  tra n s fe r  in  th e  h e a t  exchangers (in  th e  steam  to  re fr ig e ran t h e a t  
e x c h a n g e r  an d  in  th e  co n d en ser).

S u ch  g rea tly  sim plified  o p e ra tio n  w ill, o f cou rse , m ake fu rth e r  d em an d s  o n  
c o n tro l,  since u n d e r th ese  co n d itio n s  th e  e lim in a tio n  o f vacua  u n d er all o p e ra 
t io n a l  co n d itio n s  becom es im p e ra tiv e . I  sh a ll r e v e r t  la te r  to  th e  su ita b le  d e 
s ign  o f  re g u la tio n  an d  co n tro l.

T o  ta k e  a d v a n ta g e  o f  th e se  possib ilities a  re fr ig e ran t m u st be se lec ted  
w hose  b o ilin g -p o in t cu rve  en su res  th a t  th e  p re ssu re  of th e  m edium  sh o u ld  
n e v e r , in  a n y  o p e ra tio n a l p o in t ,  drop below  1 a tm o sp h e re .

S om e o th e r, n o n -th e rm a l p ro p ertie s  o f th e  cold  v ap o u r app lied  as w o rk 
in g  m e d iu m  shou ld  also be d e a lt  w ith . Such p ro p e rtie s  are  th e  in f la m m a b ili ty  
o f  th e  m ed iu m , its  to x ic ity , i ts  corrosive e ffec t on s tru c tu ra l m a te ria ls , i ts  
c h e m ic a l s ta b ili ty  in  th e  ap p lic a tio n  sphere  co n cern ed  and  — la s t b u t  n o t  
le a s t  — its  price.

B e a rin g  th e  above fa c to rs  in  m ind , we h a v e  ex am in ed  several re f r ig e ra n ts  
t h a t  w e re  like ly  can d id a te s  fo r a w ork ing  m ed iu m . N o m ate ria l w as fo u n d  
u n e q u iv o c a lly  o p tim al from  all aspects, how ever, each  evinced fav o u rab le  a n d  
less a d v a n ta g e o u s  p ro p e rtie s , considered  in  th e  l ig h t o f w h a t has b een  s ta te d  
a b o v e . F re o n  com pounds, fo r in s tan ce , F u , F 12, F 13, F 14, F 21, F 22, F 113, F 114 
a n d  -F142, h av e  th e  com m on a d v a n ta g e  th a t  in  th e  te m p e ra tu re  reg ion  c o n 
c e rn e d  th e ir  p ressu re  v alues a re  low er th a n , le t  u s  say , o f am m onia o r c a rb o n  
d io x id e . A t th e  sam e tim e , fo llow ing from  th e  ab o v e , th e y  have th e  com m on  
d is a d v a n ta g e  th a t ,  w ith  th e  sole excep tion  o f F 12, th e ir  condenser p re ssu re  in  
th e  c o ld e s t p ro b ab le  c lim ates c a n n o t alw ays be k e p t  above a tm ospheric , w h e re 
b y  th e  g re a t a d v a n ta g e  th a t  could  h av e  b een  d e riv ed  from  th e  absence  o f 
v a c u u m  in  th e  en tire  sy stem , is fo rfe ited . T he specific  vo lum e of freon co m p o u n d s 
is h ig h e r  th a n  th a t  o f am m o n ia  a n d  w ith  F 12 th e  “ re”  va lu e , too , is co n sid e rab ly  
h ig h e r  th a n  w ith  am m o n ia ; in  ad d itio n , th e  re la tio n sh ip  betw een  th e  h e a t  o f  
th e  f lu id  a n d  th e  e v a p o ra tio n  h e a t  are  c o rre sp o n d in g ly  unfavourab le .

C arb o n  dioxide w hich  h as  m an y  fav o u ra b le  p ro p e rtie s  [4], has a d ra w 
b a c k  in  t h a t  its  c ritica l te m p e ra tu re  is low  (31° C). T h is precludes iso th e rm ic  
h e a t  e x c h a n g e  to  ta k e  p lace , v iz . m akes th e  h e a t  exchange essen tia lly  s u p e r 
f lu o u s , re n d e rin g  a t  th e  sam e tim e  th e  in s ta lla tio n  o f a b in a ry  v a p o u r cycle  
u n n e c e s sa ry . N am ely , ca rb o n  d ioxide is b y  i ts e lf  cap ab le  of perfo rm ing  th e
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com plete  cycle an d  ta k in g  a d v a n ta g e  o f th e  sm all specific  volum es in th e  reg ion  
o f  condensa tion . T h is, in  tu rn , b rings in  its  w ak e  th e  considerab le  d ra w b a c k  
th a t  p rim ary  steam  p ressu res will be v e ry  h igh . To achieve a th e rm o d y n a m i
ca lly  accep tab le  cycle, pressures sh o u ld  essen tia lly  be  k e p t be tw een  600 a n d  
800 a tm ospheres. T h is, o f course, w o u ld  p re se n t serious problem s an d  d iff i
cu lties in co n stru c tio n . T he om ission o f  h e a t ex ch an g e  from  th e  sy s tem  is, no 
d o u b t, h igh ly  a d v a n ta g e o u s . This a d v a n ta g e  m an ife s ts  itse lf  m a in ly  in  th e  
costs  o f cap ita l in v e s tm e n t since th e  th e rm a l ga in  d eriv ed  from  th e  absence  o f  
h e a t exchange — as ex p la ined  above — is less th a n  w ould  seem  w ith o u t th e  
above considera tions.
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Fig. 11

Beside th e  ab o v e  m edia, we h av e  in v e s tig a te d  in to  th e  p ro p e rtie s  o f  
su lp h u r d iox ide (SO.,), m e th y la m in e  (C H 3N H 2), m e th y l chloride (C H 3C1), 
p ro p an e  an d  p ro p an e  de riv a tiv es , e th y l an d  e th y l de riv a tiv es , an d  v a r io u s  
m e th y l de riv a tiv es .

F ig . 11 show s th e  p t-c h a rt o f  th e  m o st im p o r ta n t  m edia ex am in ed .*  
S tu d y in g  F ig . 11 in  th e  lig h t of th e  ab o v e -m en tio n ed  req u irem en ts , th e  n u m b e r  
o f su itab le  w ork ing  m ed ia  can be s ig n ifican tly  red u ced . I f  th e  num erica l re q u ire 
m e n t for colder c lim ates is th a t  u p  to  —20° C te m p e ra tu re  th e  w ork ing  m ed i
u m  m u st h av e  a s a tu ra tio n  p ressu re  above th e  a tm o sp h eric , th e n  — as can

* Fig . 11 does n o t in clu d e  th e  a c tu a l p t  d iag ram s o f th e  m ed ia , on ly  th e ir  c r it ic a l  p o in ts  
a n d  th e ir  s a tu ra tio n  te m p e ra tu re s  in re la tio n  to  1 a tm o sp h e re  p ressure . T he lines s ta r tin g  
o u t  from  these  p o in ts , even  in  th e  leng th  as d ra w n  o u t in  th e  c h a r t ,  do n o t i llu s tra te  th e  a c tu a l  
p a t te rn  o f th e  p t  cu rves. T h ey  were m ea n t on ly  to  he lp  e s tab lish  th e  co rre la ted  v a lu es o f  a n y  
one of th e  m edia tre a te d .
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b e  seen  from  th e  d iag ram  o f F ig . 11 — o n ly  am m onia , m e th y la m in e , m e th y l 
c h lo r id e  an d  F 13 m eet th e  case. G. V e r e s ’ d isse rta tio n  re fe rred  to  above will 
r e p o r t  on  th e  find ings o f o u r in v es tig a tio n s  in  g rea te r de ta il. In  th e  p resen t 
p a p e r ,  fo r  th e  sake o f c la r ity , I  h av e  in c lu d ed  th e  d iag ram  show n in  F ig . 12, th e  
i l lu s tr a t io n  of the  v o lu m e tric  re la tio n sh ip s  o f th e  likely m edia.

I n  th e  course o f o u r in v e s tig a tio n s , am m o n ia  was found  th e  b e s t w o rk in g  
m e d iu m  fro m  m ost p o in ts  o f  view' — b e a rin g  in  m ind  also th a t  i t  is in  fa c t th e  
m o s t  fre q u e n tly  ap p lied  co o lan t in  re fr ig e ra tio n  engineering  an d  one w hich is

-2 0  -10 0  +10 +20 +30 + 4 0  t a °C

F ig . 12

u n lik e ly  to  cause d ifficu ltie s  in  o p e ra tio n  in  pow er eng ineering . A ccord ing ly  
a ll n u m e ric a l d a ta  in th e  fo llow ing will re fe r to  am m onia .

*

T h e  m ag n itu d e  o f th e  h e a t  e x ch an g e r su rface  w ith  am m onia  as w ork ing  
m e d iu m  is tw o th ird s  o f th e  co n d en ser su rface  o f  a m ach ine o f e q u a l o u tp u t . 
T h is  f in d in g  is th e  re s id t o f  o p tim a liz a tio n  w ith  due  co n sid e ra tio n  to  o u r a s 
s u m p tio n s  (fuel cost, c o n s tru c tio n  cost, e tc .) . In  ou r ca lcu la tions a h e a t ex 
c h a n g e r  w as assum ed in  w h ich  am m o n ia  bo ils in  tu b es u n d e r h ig h  p ressu re , 
w h ile  s te a m  condensing a t  1 — 2 a tm o sp h e re s  p ressu re  fills th e  o u te r  space. 
U n d e r  su c h  c ircum stances th e  sam e 1 — 2 a tm o sp h e re  p ressu re  w ill a c t  on th e  
c a s in g . W ith  d ifferen t co n d itio n s  a ssum ed , th e  re su lt o f o p tim a liz a tio n  m ay  
also  ta k e  a d ifferen t sh ap e , b u t  n o t as to  its  o rd e r o f m ag n itu d e . S ince am m o n ia  
do es n o t  ca ll for th e  use o f specia l m a te ria ls  a n d  its  w ork ing  te m p e ra tu re s  are
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low, th e  specific costs  o f th e  equ ipm en t are  n o t  lik e ly  to  exceed th e  b u ild in g  
costs of co n v en tio n a l condensers.

*

As to  its  s tru c tu ra l  design, th e  co ld -v ap o u r tu rb in e  m ay  be s im ila r to  
th e  steam  tu rb in e  k n o w n  from  p rac tice , n a tu r a l ly  w ith  dev ia tions — an d  
som etim es co n siderab le  dev ia tio n s — from  th e  u su a l. T hus, for in s tan ce , to  
su it th e  v o lu m etric  co n d itio n s, w hich h av e  c h a n g e d  b y  orders of m a g n itu d e , 
th e  stresses ac tin g  on th e  b lades will s u b s ta n tia l ly  differ from  th e  accu s
tom ed .

W ith  m ost cold  v ap o u rs  th e  th e rm a l b u ild -u p  o f th e  tu rb in e  an d  p a r t ic 
u la rly  th e  d e te rm in a tio n  an d  a rran g em en t o f  th e  stages show fu n d a m e n ta l 
differences. H ere , to o , am m onia  is fav o u rab le  since th e  a rran g em en t o f its  
s tages is n e a re s t to  t h a t  o f th e  steam  tu rb in e . I t  m a y  be said in genera l th a t  
th e  th e rm a l b u ild -u p  o f  an  am m onia tu rb in e  fa ir ly  app ro x im ates  th a t  o f  its  
s team  tu rb in e  c o u n te rp a r t .

In  th e  sy s tem  o f o p tim u m  reg en era tiv e  h e a tin g , on th e  o ther h a n d , p r in 
ciples co m p le te ly  d iffe ren t from  steam  tu rb in e  design  m ust be follow ed. To 
give an  u n am b ig u o u s  e x p la n a tio n , in F ig . 13 w e h av e  p lo tted  th e  chan g es in 
s ta te  b o th  in s te a m  a n d  in  co ld -vapour cycles, w ith  a bleeding in s ta lle d  a t  
T e te m p e ra tu re . Selec ting , for th e  purposes o f  illu s tra tio n  in th e  TS c h a r t ,  
the  q u a n tita tiv e  ra tio s  in  such  a way th a t  in  b o th  m edia th e  sam e m o is tu re  
c o n te n t (E)  re p re se n ts  th e  bleeding p o in t, th e  th e rm a l gain of re g e n e ra tiv e  
h ea tin g  w ith  cold  v a p o u r  is su b stan tia lly  h ig h e r  th a n  w ith  th e  s team  cycle . 
O w ing to  th e  fa c t t h a t  th e  ra tio  of e v a p o ra tio n  h e a t  to  flu id  h ea t is co n sid 
e rab ly  sm aller w ith  cold v a p o u r  th a n  w ith  s te a m , th e  h ea ting  of feed w a te r  
w ith  th e  sam e te m p e ra tu re  difference w ill ca ll fo r th e  ex trac tio n  o f a s te a m  
q u a n tity  essen tia lly  la rg e r, specifically , in  a c o ld -v a p o u r  cycle th a n  in  a s team  
cycle. T his d ifference is show n conspicuously  in  th e  d raw ing  in w hich th e  s te a m  
cycle is p lo tte d  w ith  a fu ll line, th e  c o ld -v ap o u r cycle w ith  d o tted  one. W hile  
th e  h ea t tra n s m itte d  to  th e  flu id  in the  s team  cycle  is p ropo rtio n a l to  th e  a rea  
encom passed  b y  1 2  3 4 , th e  h e a t p ro p o rtio n a l to  th e  10 11 12 13 a rea  is r e 
qu ired  to  a t ta in  th e  sam e te m p e ra tu re  d ifference w ith  cold vapour. A t th e  sam e 
tim e , th e  area 1 2 3 4 is n a tu ra lly  equal to  th e  h e a t  q u a n tity  illu s tra te d  b y  th e  
area  5 E  6 7  8 9, w hile th e  10 11 12 13 a rea  eq u a ls  th e  14 E  6 7  16 15 a rea . 
F ro m  th is  in te rp re ta t io n  i t  follows u n am b ig u o u sly  th a t  in  a co ld -vapour cycle 
th e  v ap o u r e x tra c te d  to  p re h e a t th e  flu id  c o n s titu te s  a su b s ta n tia lly  la rg e r 
p o rtio n  o f th e  to ta l  q u a n t i ty  of v apour flow ing  across th e  tu rb in e  th a n  in  a 
s team  cycle, w hich , u ltim a te ly , m eans th a t  th e  th e rm a l gain of re g e n e ra tiv e  
h ea tin g  ach ieved  b y  b leed ing  is considerab ly  h ig h e r in a co ld -vapour cycle 
th a n  in a s te a m  cycle.
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H en ce  i t  is obvious t h a t  to  increase  th e  n u m b er of b leed ings in  a cold- 
v a p o u r  cycle so as to  im p ro v e  th e rm a l effic iency  is m ore ju s tif ie d  th a n  in  a 
s te a m  cycle . A d d itio n a l fa c to rs  t h a t  m ay  call fo r an  increased n u m b e r o f  b leed 
in g s  a re  th e  m a te ria lly  low er specific  vo lu m es respective ly  th e  sm a lle r  v o l
u m e  o f  th e  v ap o u r e x tra c te d .

T h e  fa c t th a t  th e  fav o u rab le  effect o f  reg en e ra tiv e  h ea tin g  u p o n  th e  th e r 
m a l e ffic ien cy  using  cold v a p o u r  is g re a te r  th a n  w ith  steam  p e rm its  th e  fu r th e r  
ra is in g  o f  th e rm a l effic iency . T his p o ss ib ility  h as  ex isted  so fa r in  s te a m  cycles,

h u t  i ts  sign ificance w as b y  fa r  n o t as g rea t as w ith  cold vapours. T h e  p o te n tia l
i ty  fo r  im p ro v em en t — to  be described  below  — is n a tu ra lly  en h a n c e d  b y  th e  
fa c t  t h a t  w ith  very h igh  cap ac ities  even a m in o r efficiency increase  m a y  ru n  
in to  sizeab le  sum s; so m u ch  so t h a t  fo r p la n ts  e.g. in  th e  o rder of 1000 M W  an 
im p ro v e m e n t of no m ore th a n  1 — 2 p e r m il m a y  be of very  co n s id e ra b le  im 
p o r ta n c e  an d  m ore ju s tif ie d  th a n  w ith  m u ch  sm alle r capacities.

T h e  essen tia l fea tu re s  o f th e  flow  schem e fo r im proved  e ffic ien cy  is as 
fo llow s (see Fig. 14).

T h e  n u m b er and  lo ca tio n  o f th e  b leed ings on the  tu rb in e  for th e  p u rp o se  
o f  re g e n e ra tiv e  h ea tin g , a re  d e te rm in ed  b y  an  op tim um  c a lc u la tio n  ca rried  
o u t w ith  due reg ard  to  th e  c o n s tru c tio n a l c h a ra c te ris tic s  of th e  tu rb in e .  L eav 
in g  th e  so d e te rm in ed  n u m b e r an d  lo ca tio n  o f  b leed ings un ch an g ed  i t  becom es 
p o ss ib le  — p a rtic u la r ly  in  c o ld -v ap o u r cycles •— to  fu rth e r  increase  th e rm a l 
e ff ic ie n cy , accord ing  to  w h a t has been  s ta te d  above in connection  w ith  cold
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v a p o u rs . B uild ing  a th ird  one b e tw een  tw o h e a te rs  h e a te d  by  a d ja c e n t b leed ings 
an d  le ttin g  th is  th ird  h e a te r  g e t its  h ea tin g  s te a m  b y  com pression , in  a s team  
j e t  com pressor, s te am  e x tra c te d  from  th e  b leed in g  of low er p re sssu re  b y  
a q u a n ti ty  of s te a m  ta k e n  from  th e  b leed ing  o f h ig h er p ressu re  to  an  in te r 
m ed ia te  p ressu re  v a lu e , th e n , to  h e a t up  th e  f lu id  from  i0 to  t2 te m p e ra tu re  
m ore steam  w ould  be e x tra c te d  from  th e  low er-p ressu re  b leed ing  th a n  before  
a n d  less from  th e  h ig h e r-p re ssu re  b leed ing  th a n  b efo re  — w h ereb y  th e  su m  o f 
th e  tw o steam  q u a n tit ie s  rem ain s p ra c tic a lly  u n ch an g ed  (d isreg a rd in g  th e  
neglig ib le d ifference a t te n d a n t  th e  d ifference b e tw een  th e  en th a lp ies),*  w hich  
m eans th a t  th e rm a l effic iency  has increased . F ig . 14a show s th e  o rig inal 
schem e of th e  tw o  h e a te rs , F ig . 14b is th e  p roposed  m odified  schem e.

a )  b )
Fig. 14

A com parison  o f  th e  d raw ings Avili c learly  rev ea l th a t ,  since in  b o th  cases 
equal q u an titie s  o f flu id**  w ere h ea ted  from  f0*to te m p e ra tu re , th e  to ta l  v a lu e  
o f  steam  in tro d u ced  c a n n o t possib ly  change. A ccord ingly :

G, +  G2 =  (G, +  Gf) +  (G% +  Gf*).
H ence i t  follows th a t

Gf +  Gf* =  G2 -  G f ,

i.e. th e  steam  e x tra c te d  from  th e  h igher-p ressu re  b leed ing  (G f -f- G f *) is less 
th a n  th e  q u a n tity  (G2) e x tra c te d  b y  th e  b leed ing  o f  th e  sam e p re ssu re  in  th e  
o rig inal schem e, less o b v io u sly  b y  th e  sam e v a lu e  (Gf) b y  w hich  th e  s team  
e x tra c te d  a t the  low er-p ressu re  b leeding h ad  grow n. C onsequen tly , th e  d iffe r
e n tia l s team  q u a n t i ty  (G f) y ields m ore w ork , since i t  now  ex p an d s  to  th e  
low er-pressure an d  n o t to  th e  h igher-p ressu re  b leed in g  p o in t. T h e re b y  th e  o u t
p u t  increases an d  th e  cycle efficiency im proves co rrespond ing ly .

This im p ro v em en t is c learly  seen in th e  cycle p lo tte d  in  T s-d iag ram  
(F ig . 15). The to ta l  h e a t  t ra n s m itte d  to  th e  f lu id  in  th e  course o f p re h e a tin g  
is p ro p o rtio n a l to  th e  a re a  encom passed  b y  1 2 3 4 w h ich , in  th e  n o rm a l schem e, 
eq u a ls  th e  3 6 7  8 9  1011  a rea . I f  now we w ish  to  w ork acco rd in g  to  th e

* T his d ifference , b y  th e  w ay , is in d ica ted  in  F ig . 15.
** N eglecting  th e  ch an g e  ta k in g  place ow ing to  in creased  efficiency.
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sc h e m e  in  Fig. 14b, th e n  w ith  th e  steam  e x tra c te d  from  th e  h igher-p ressu re  
b le e d in g , th e  flu id  m u s t be  h e a te d  from  t* to  t i on ly . T his h e a t in  th e  Ts d ia 
g ra m  is rep resen ted  b y  th e  15 3 4 16 area  w hich  is eq u iv a len t to  th e  h e a t re 
le a s e d  b y  th e  e x tra c te d  s te a m , v iz .th e  12 10 11 14 13 a rea . Since, how ever, in 
a d d i t io n  to  th is q u a n t i ty  o f  s team , th e  one w h ich  drives th e  s team  je t  pum p 
(G f ) m u s t  also be ta k e n  fro m  th e  h ig h er-p ressu re  b leed ing , th e  q u a n t i ty  e x tra c t
ed  f ro m  th is  b leeding (G f -j- G**) w ill increase  b u t  — accord ing  to  th e  above

— s t i l l  rem ain  below  th e  o rig inal G2. S im u ltan eo u sly , th e  s team  e x tra c te d  
fro m  th e  low er-pressure b leed in g  will increase  b y  th e  G f v a lu e  so th a t ,  u lt i
m a te ly ,  th e  h ea t re leased  b y  th e  to ta l  e x tra c te d  s team  q u a n ti ty  w ill in  th e  
T s -d ia g ra m  be p ro p o rtio n a l to  th e  e d c b a 10 11 a rea . Since th is  q u a n ti ty ,  by  
all in te n ts  and  p u rposes, p ra c tic a lly  equals th e  h e a t  re leased  in  th e  c o n v en tio n 
a l f lo w  schem e, we m a y  s ta te  t h a t  th e  9 a b 8 a rea  m u st equal th e  c 7 6 5 e d 
a r e a .  H en ce  i t  u n e q u iv o c a lly  follows th a t  th e  9 a b 8 a rea  is la rg e r th a n  th e  
c 7 6  d,  w hich m eans t h a t  th e  w ork ing  a rea  is la rg e r  th a n  in th e  co n v en tio n a l 
s c h e m e  ! The in c rem en t is e q u a l to  th e  d 6 5 e a rea , i.e. to  th e  h e a t b y  w hich 
th e  h e a t  tran sfe rred  to  th e  a tm o sp h ere  is d im in ished .

*
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T he tre n d  in  th e  Ts d iag ram  o f th e  s a tu ra tio n  lim it curve w ith  co ld  v a p 
ours (re fe rred  n a tu ra lly  a lw ays to  “ n ”  kg) will be f la t te r  th a n  w ith  s te a m , 
w hence obv iously  th e  v a p o u r in th e  low er reg ion  o f expansion  will m o s tly  h a v e  
a h ig h er m o is tu re  co n ten t th a n  w hen  s team  is ex p an d ed . A ccord ingly , in  cold- 
v a p o u r  cycles, care m u st g en era lly  be ta k e n  to  rem ove th e  liqu id  d u r in g  e x 
p an sio n . T h is involves an  a d d itio n a l d u ty , co m p ared  to  th e  c o n v en tio n a l s te a m  
tu rb in e  co n stru c tio n .

*

A n o th e r ad d itio n a l p rob lem  m a y  be th e  s tru c tu ra l d ev e lo p m en t o f  th e  
g lan d  if, fo r in stan ce , am m o n ia  is ap p lied  fo r cold v ap o u r b ecau se  i t  o ffers 
a d v a n ta g e o u s  possib ilities fo r th e  ev o lu tio n  o f  th e  gland w ith  l iq u id  seal. 
G lands w ith  liqu id  seal w ere in  use a lread y , m a in ly  earlier, in  s te a m  tu rb in e s . 
T h e ir  ap p lica tio n  w ith  am m o n ia  as th e  w ork ing  m edium , has a tw o fo ld  a d 
v a n ta g e . B y  using  w a te r as sea ling  liq u id , th e  escape o f tox ic  a m m o n ia  in to  
th e  a tm o sp h ere  can be p re v e n te d  w ith  com ple te  sa fe ty , and  am m o n ia  loss m a y  
al so be avo ided  b y  rega in in g  th e  ab so rb ed  q u a n t i ty  from  w a te r  b y  sim p le  
m eans.

(W h e th e r or no t th e  e lim in a tio n  o f am m o n ia  losses m akes th e  in s ta l la 
tio n  o f a reg en era tin g  e q u ip m e n t a w orth w h ile  p roposition  m u s t b e  d e te r 
m ined  b y  econom y ca lcu la tio n s.) T h is p ro b lem  is o f p a r tic u la r  im p o r ta n c e  also 
because  w ith  cold v ap o u rs , p rim arily  w ith  am m o n ia , even th e  low est p re ssu re  
in  th e  sy stem  exceeds th e  a tm o sp h eric .

*

In  b in a ry  v ap o u r cycles, co n tro l has a p a ra m o u n t sig n ifican ce . T h is 
sy s tem  n am ely  m akes i t  possib le  th a t  v acu u m  should  be e n tire ly  ex c lu d ed  
from  th e  sy stem , as th e  s a tu ra t io n  p ressu re , co rrespond ing  to  th e  co n d en sin g  
te m p e ra tu re  of an  a p p ro p ria te ly  selec ted  cold v a p o u r  even a t  th e  lo w e s t p ro b 
ab le  a m b ie n t te m p e ra tu re s , exceeds th a t  o f  th e  a tm osphere . S ince p re ssu re , 
b eh in d  th e  steam  tu rb in e , can  also be m a in ta in e d  above 1 a tm o sp h e re , a t  no 
p o in t o f th e  system  will p ressu res below  th e  a tm o sp h eric  occur. T h is  is a d ec i
sive a d v a n ta g e  w hich p e rm its  to  d ispense w ith  all equ ipm en ts in s ta l le d  to  
keep  u p  v acu u m  and  b rings n o t on ly  sizeable sav ings in f irs t co sts  b u t  also 
sim plifies opera tio n .

T he op era tio n a l co n d itio n s d e te rm in ed  fo r th e  ra te d  o u tp u t  p re v e n ts  
v a c u u m  from  arising  in  th e  sy s tem . H ow ever, care  m u st be ta k e n  to  p re v e n t 
v a c u u m  also a t  loads below  th e  ra te d , b y  an  a p p ro p ria te ly  designed  s y s te m  of 
co n tro l. T h is is of p a r tic u la r  im p o rta n c e  because  th e  d e te rm in a tio n  o f  th e  
o u tle t  p ressu re  o f th e  s team  tu rb in e , co n sid e rab ly  above th e  a tm o sp h e r ic , 
ho lds d isad v an tag es , as is obv ious from  w h a t h as  been said b e fo re , w ith  d e 
c reasing  load , th e  p ressures a u to m a tic a lly  a d a p tin g  to  the  new  e q u ilib r iu m
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s ta te  on e ith er side o f  th e  h e a t  exchanger su rfa c e  w ill decrease an d  so th e  p re s 
su re  on th e  steam  side m a y  drop below 1 a ta .  U n d e r  such load  co n d itions th e  
re g u la tio n  is called u p o n  to  p rev en t v acu u m  fro m  arising  in  th e  sy s tem .

In te rfe ren ce  b y  c o n tro l will n a tu ra lly  r e s u l t  in  losses. T hese, how ever, 
w ill be  sm aller th a n  th e  a d v a n ta g e  offered  b y  th e  p rev en tio n  o f a ir  ingress 
in to  th e  system . N o t o n ly  can  th e  in s ta lla tio n  a n d  o p era tio n  o f a ir -e x tra c tin g  
e q u ip m e n ts  be a v o id ed  b u t  contro l also in c rea se s  th e  efficiency o f  th e  h e a t 
e x c h a n g e r  and  p re v e n ts  th e  d e te rio ra tio n  o f  h e a t  tra n sfe r  due to  th e  p en e 
t r a t io n  o f air in to  th e  sy s te m .

O ver and  ab o v e  th e  n o rm al load g o v e rn o r w hich  contro ls s te a m  inflow  
as a  fu n c tio n  of c u tp u t ,  a second co n tro l o rg a n  m u st be in se r te d  to  keep 
p re s su re  on th e  am m o n ia  side of th e  h ea t e x c h a n g e r  a t  a p red e te rm in ed  m in i

m u m  level (Fig. 16). S h o u ld  th e  load g o v ern o r, on  decreasing load , a d m it less 
s te a m  in to  the  tu rb in e , th e  (ou tle t) p ressu re  b e h in d  th e  tu rb in e  w ould  co rre 
sp o n d in g ly  decrease a n d  so w o u ld  the  p ressu re  o f  am m o n ia  v ap o u r on th e  o th e r  
side o f  th e  h ea t e x ch an g e r. U pon  the  effect o f d ec rea s in g  pressure, th e  re g u la 
to r  a h ead  of th e  am m o n ia  tu rb in e  perm its  less s te a m  to  flow  to w ard  th e  am m o 
n ia  tu rb in e  so as to  m a in ta in  th e  pressure p re v a ilin g  in  th e  am m onia  v a p o u r 
sp ace  ah ead  of th e  re g id a to r . This will p re v e n t a lso  th e  pressure  on th e  s team  
side  o f  th e  h ea t e x c h a n g e r fro m  dropping  below  a v a lu e  so d e te rm in ed  th a t  it  
sh o u ld  alw ays be ab o v e  th e  atm ospheric .

B y  w ay of e x am p le :
le t  us assum e a c o n d en sin g  te m p e ra tu re  o f  s te a m  of 110° C a t  fu ll load  

(w ith  th e  co rrespond ing  sa tu ra t io n  pressure in  co n d en sa tio n ), and  an  e v a p o ra 
t io n  te m p e ra tu re  o f  a m m o n ia  of 104° C (w ith  th e  correspond ing  p ressu re  of 
a m m o n ia  sa tu ra tio n  on  th e  o th e r side o f th e  su rface ). Should now  th e  load  
d ec rease  to  40 per cen t a n d  th e  load  governor a h e a d  o f  th e  steam  tu rb in e  should  
co rresp o n d in g ly  le t  less s te a m  pass, th e n  th e  re g u la to r  ahead  o f th e  am m o 
n ia  tu rb in e  will le t a co rresp o n d in g ly  sm aller q u a n t i ty  o f steam  pass, so as to  
k eep  p ressu re  — n a tu ra l ly  ten d in g  to  d ecrease  — a t the  p rese t v a lu e . T he
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ch a rac te ris tic s  o f  th is  reg u la to r shou ld  be d e te rm in e d  in such a w ay t h a t  w ith  
full steam  flow  i t  shou ld  keep am m o n ia  p ressu re  a h e a d  o f th e  reg u la to r a t  th e  
sa tu ra tio n  p ressu re  th a t  co rresponds to  104° C s a tu ra tio n  te m p e ra tu re  an d  
th a t  a t  th e  sam e tim e , w ith  a q u a n t i ty  of v a p o u r  co rrespond ing  to  40 p e r  cen t 
lo ad , keep th is  sam e p ressu re , so th a t ,  as a s a tu ra t io n  pressure, it  shou ld  c o rre 
spo n d  to  99° C s a tu ra tio n  te m p e ra tu re . In  th is  case th e  condensing te m p e ra tu re  
on  th e  steam  side w ill d rop  e.g. from  110 to  102° C tem p era tu re .

(A lthough th is  decrease w ould  co rrespond  to  a 50 per cent te m p e ra tu re  
d ro p  only, considering  th a t  s im u ltan eo u sly , w ith  sm aller tem p era tu re  d iffe r
ence, th e  h e a t tra n s fe r  coefficien t on th e  a m m o n ia  side d e te rio ra tes co n s id e r
ab ly , th e  50 p e r cen t m ay  also co n tin u e  to  d ecrease  to , le t us say, 40 p e r cen t.)

Should, as a re su lt o f th e  o p tim u m  c a lc u la tio n , a tem p era tu re  d ifference  
in  th e  h ea t ex ch an g er, in  excess o f 5 to  10°, seem  m ore  econom ical, th e n  a n 
o th e r  reg u la tio n  m e th o d  w ould h av e  to  be chosen . W ith  a g rea te r te m p e ra tu re  
d ifference i t  w o u ld  n o t be ad v isab le  (acco rd ing  to  th e  above reg u la tio n ) to  
increase th e  p ressu re  o f s team ; i t  w ould  ra th e r  be  p re fe rab le  to  c rea te  a la rg e r 
te m p e ra tu re  g ap  b y  d e te rm in in g  a low er p re ssu re  for th e  am m onia v a p o u r . 
In  such a case, on th e  o th e r h a n d , th e  con tro l sy s te m  should  be so desig n ed  as 
to  m a in ta in  th e  s team  p ressu re  an d  n o t th e  p re ssu re  o f th e  am m onia v a p o u r  
above  a ce rta in  m in im um . T h is essen tia lly  m ean s t h a t  th e  d im ensions o f  th e  
h e a t tra n sfe r  a rea  m u st be v a ried  as a fu n c tio n  o f  th e  changes in  lo ad . Tw o 
basic  possib ilities ex is t to  ach ieve th is :

In  th e  f i r s t  a lte rn a tiv e  th e  effective su rface  is so dim inished t h a t  th e  
rem o v al of co n d en sa te  arising  on th e  steam  side o f  th e  h ea t exchanger is slow ed 
dow n so th a t  th e  rising  co n d e n sa te  shou ld  flo o d  th e  a p p ro p ria te  p o rtio n  
o f th e  cooling su rface , c u ttin g  i t  o u t in  th is  w ay  from  th e  hea t tra n s fe r . H ere 
th e  d raw back  is t h a t  th e  in se r tio n  o f a se p a ra te  w a te r  storage ta n k  is n eeded  
an d  th a t  th e  h e a t  exchanger i ts e lf  fills up  w ith  w a te r  and  increases th e re b y  
v e ry  considerab ly  in  w eight. T h is fa c t — in v iew  o f th e  v as t d im ensions re 
q u ired  for v e ry  la rg e  o u tp u ts  — m ay  raise serious prob lem s. A t th e  sam e tim e , 
th e  contro l o f  th e  condensate  p u m p  m ay  also im pose a d ifficu lt ta s k  since, 
in s tead  of th e  co n v en tio n a l level con tro l, som e o th e r , obviously m ore co m p li
c a te d , so lu tion  m u s t be found .

The schem e accord ing  to  F ig u re  17 p re se n ts  a sim pler so lu tio n  to  th e  
problem . T he p ressu re  of am m o n ia  v ap o u r is le f t  free ly  to  ad ju s t to  th e  load , 
b u t  th e  p ressu re  on th e  s team  side  is m a in ta in e d  a t  a p red e te rm in ed  low est 
level. To ach ieve  th is  th e  am m o n ia  side o f th e  h e a t  exchanger su rface is d iv id 
ed  in to  severa l para lle l sections w hose in le t v a lv e s  are  opera ted  b y  a p ressu re  
reg u la to r  co n tro lled  from  th e  s te a m  side in  su ch  a w ay  th a t ,  upon  decreasin g  
steam -side  p re ssu re , th e  v alves co n secu tiv e ly  close while, upon  th e  e ffec t o f 
ris ing  steam -side  p ressure , th e y  consecu tiv e ly  o p en . T h ereby , u n d er th e  low est 
ra te  of load, o n ly  as large an  e v a p o ra tin g  su rface  rem a in s  active as en su res  th e
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t e m p e r a tu r e  difference re q u ire d  to  keep  th e  p ressu re  on th e  s te a m  side above 
a tm o s p h e r ic , i.e. te m p e ra tu re  on th is  side rem a in s  a t all tim es ab o v e  100° C.

A n y  one of th e  co n tro l sy stem s h ere  described  will, b y  sim p le  m eans, 
e n su re  t h a t  pressure re la tio n s , even u n d e r  th e  sm allest possib le lo a d  ac tin g  
on th e  m ach ine , shou ld  n o t cause v acu u m  to  arise  a t  any  p o in t o f  th e  sy stem .

T h e  com plem en tary  co n tro l n a tu ra l ly  in c reases  losses b y  fo rce fu lly  a ffec t
in g  th e  p ressu re  re la tio n s  w hich  w ould  o th e rw ise  au to m a tica lly  a d a p t  to  the  
m o m e n ta ry  equ ilib rium  s ta te , and  fu r th e r  b o o s ts  en tro p y  increased  b y  con tro l. 
T h e  in c re a se  in losses is how ever n o t s ig n if ic a n t, th e  m ore so as i t  b rin g s  cer

ta in  im p ro v in g  effects in  i ts  w ake. F o r in s ta n c e , as functions o f th e  a b so lu te  
v a lu e s  o f  At  and  f/,, th e re  is a lim it  v a lue  o f lo a d  up  to  w hich th e  c o m p le m e n ta ry  
re g u la t io n  need no t cu t in . P ressu re  w ill n a m e ly  a d ju s t, by  itse lf, on b o th  sides 
o f  th e  h e a t  exchanger, to  a v a lu e  d ep en d in g  on  th e  q u a n tity  o f s te a m  ( th a t  is, 
w i th o u t  ad d itio n a l loss), a n d  w ith o u t th e  p re ssu re  on th e  s team  side  falling  
b e lo w  th e  perm issible va lu e . C o m p lem en ta ry  co n tro l will co n se q u e n tly  e n te r  
in to  o p e ra tio n  only a t  an d  b ey o n d  th is  p o in t. F o r  in stance , w ith  th e  s te a m  side 
p re s s u re  o f  th e  h ea t ex ch an g e r u n d e r fu ll lo a d  ra te d  a t 1.5 a tm o sp h e re s , on a 
15 p e r  c e n t drop in load , p ressu re  w ill a u to m a tic a lly  a tta in  1.2 a tm o sp h e re s  
a v a lu e  s till  safely above th e  1 a ta . A t th e  sam e  tim e , by  keep ing  th e  p ressu re  
o f  s te a m  a t  e.g. 1.2 a tm o sp h e re s  as a m in im u m  va lue , we m ay  ach iev e  th e  a d 
v a n ta g e  t h a t  w ith  fu r th e r  decreasing  load  th e  e x it loss of th e  s te a m  tu rb in e  
w ill n o t  co n tin u e  to  grow  — in  sp ite  o f th e  f a c t  th a t  the au to m a tic  a d ju s tm e n t 
o f th e  s te a m  side pressure  to  th e  new  e q u ilib riu m  s ta te  w ould o th e rw ise  cause 
a p o w e rfu l increase.

A n d  fin a lly , th e  a d d itio n a l e n tro p y  in c rease  caused b y  th e  co m p lem en 
ta r y  re g u la tio n  is n o t an  a c tu a l in c rem en t loss because s im u ltan eo u sly , in 
r e a c tio n  as i t  w ere, th e  e n tro p y  increases a ris in g  from  pow er re g u la tio n  d i
m in ish , ren d e rin g  th e  to ta l  increase  in s ig n if ican t.

S u m m in g  up all th e  ab o v e-m en tio n ed  fa c to rs  i t  m ay be s ta te d  t h a t  th e  
e ffec t o f  th e  even tu a l losses is fa r  sm aller th a n  th e  considerable g a in  ach ieved  
b y  th e  e lim in a tio n  o f th e  v a c u u m  from  th e  sy s te m .
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S u m m i n g  up  : P ow er dem and  s tead ily  g row ing  all over th e  w orld  raises 
new p rob lem s in  pow er s ta tio n  design. T he m ain  prob lem s can he d iv id ed  in to  
th e  follow ing th re e  g roups:

a)  th e  ev o lu tio n  o f tu rb o se ts  w ith  good th e rm a l efficiencies an d  v e ry  
h igh u n it c ap ac ities ;

b)  th e  so lu tio n  o f th e  ever m ore s tr in g e n t p roblem s o f cooling w a te r  
su p p ly  b y  a p p ly in g  air-cooled  con d en sa tio n ;

c)  th e  d ev e lo p m en t of a pow er s ta tio n  cycle p e rm ittin g  to  u tilize  th e  
availab le  th e rm o d y n a m ic a l p o ten tia ls  even  in  u n its  o f very  h igh  cap ac ities  to  
be erec ted  in  cold c lim ates.

To sa tis fy  th e se  dem ands, th e  co n v en tio n a l pow er p la n t cycle m u s t be 
fu n d am en ta lly  m od ified . W a te r , due to  its  w ell know n  th e rm o p h y sica l p ro p e r
ties , is no lo n g er su ita b le  as an  en e rg y -carry in g  m edium  in tu rb o se ts  of high 
u n it capacities (1000 MW  or above) an d  m ay  be  d isad v an tag eo u s even  in  cases 
w here th e  low er lim it  o f th e  te m p e ra tu re  reg ion  o f th e  pow er p la n t cycle, th a n k s  
to  am b ien t te m p e ra tu re s , can  be m a in ta in ed  a t  a low  level.

I f  th e  above c r ite r ia  ex ist, th e  ev o lu tio n  o f a pow er p la n t  cycle w ould  
seem  desirab le  in  w h ich  w a te r  is used as en e rg y  ca rrie r  in  th e  u p p e r te m p e ra 
tu re  region w hile in  th e  low er a m edium  is ap p lied  whose v o lu m etric  an d  th e r 
m ophysica l p ro p e rtie s  are  favourab le  b o th  fo r m ach ines o f v e ry  h igh  u n it 
capacities an d  fo r th e  ex p lo ita tio n  of th e  p o te n tia ls  in h e ren t in  low  am b ien t 
te m p e ra tu re s . T h is tw ofo ld  crite rion  is b e s t m e t b y  th e  ap p lica tio n  o f an  
a p p ro p ria te  co o lan t know n from  re fr ig e ra tio n  engineering .

B y a com b in ed  b in a ry  v ap o u r pow er p la n t  cycle tu rb o se ts  o f v e ry  h igh 
u n it  capacities can  be developed  while th e  use o f  air-cooled condensing  eq u ip 
m en ts  in w hich  fro s t h aza rd  is com plete ly  e lim in a te d  p e rm its  to  u tilize  p o te n 
tia ls , ly ing  in  low  a m b ie n t te m p e ra tu re s , to  sa tis fa c tio n  an d  a t  fu ll sa fe ty .

In v e s tig a tio n s  ca rried  on w ith  am m o n ia  as coo lan t [3] [5] h av e  p ro v ed  
th a t  the  com bined  sy stem  — w ith  h igh  u n it  cap ac ities  — is econom ical for 
b o th  firs t cost a n d  h e a t consum ption , an d  th e  p rob lem s, arising  in  th e  course 
o f s tru c tu ra l an d  th e rm a l design and  in  th e  d ev e lo p m en t o f th e  co n tro l sy stem , 
can  be sa tis fa c to r ily  so lved . T here  are  n a tu ra l ly  d e ta ils  to  be e lu c id a ted  b u t, 
as our in v e s tig a tio n s  h av e  so fa r borne o u t, no  u n su rm o u n tab le  d ifficu lties 
need be reck o n ed  w ith .
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E IN  N E U E S  K R A F T W E R K S S Y S T E M
F Ü R  E IN H E IT S L E IS T U N G E N  IN  D E R  G R Ö S S E N O R D N U N G  VO N  1000 M W

L .  H E L L E R

Z U SA M M E N FA SSU N G

D er stü rm ische  A nstieg  des E n erg ieb ed a rfs  de r W elt h a t  die E rb au e r von K ra ftw e rk e n  
v o r  e in e  R eihe  von neuen  P ro b le m e n  g este llt. D ie m it dem  P ro b lem k o m p lex  z u sa m m en h ä n 
g e n d e n  H a u p tau fg a b en  k ö n n en  in  d re i G ruppen  e in g e re ih t w erden :

a )  D ie E n tw ick lu n g  e ines T u rb o m asch in en sa tze s  m it gu tem  th erm isch en  W irk u n g s
g ra d  u n d  außergew öhnlich  h o h e r E in h e its le is tu n g .

b)  D ie B eseitigung de r m it  de r K ü h lw asserv erso rg u n g  zu sam m en h än g en d en , im m er 
sch w erw ieg en d er w erdenden  P ro b le m e  d u rch  die A n w en d u n g  der L u ftk o n d e n sa tio n .

c)  D ie E n tw ick lu n g  e ines so lchen  K reisprozesses fü r  K ra ftw erk e , de r es e rm ö g lich t, 
in  d e n  G eb ieten  m it n ied rig er D u rc h sc h n it ts te m p e ra tu r  au ch  im  F a ll von a u ß e ro rd e n tlich  
g ro ß e n  E in h e ite n  die p o ten tie llen  th e rm o d y n am isc h en  M öglichkeiten  a u szu n ü tzen .

Im  In teresse  der E rfü llu n g  ob iger F o rd e ru n g en  m u ß  der A u fb au  des ü b lich en  K re is
p ro z esse s  de r K ra ftw erk e  g ru n d leg e n d  v e rä n d e rt  w erden . W egen seiner b e k a n n te n  th erin o - 
p h y s ik a lisc h e n  E igenschaften  is t  d a s  W asser als A rb e its s to ff  in  T urbo m asch in en  m it seh r g roßer 
E in h e its le is tu n g  (1000 M W  o der m eh r)  n ich t geeignet. W asser is t au ch  in so lchen F ä llen  als 
u n v o r te i lh a f t  zu b e tra c h te n , wo d ie  u n te re  G renze des T e m p era tu r in te rv a lls  des K ra f tw e rk -  
K re isp ro ze sse s  zufolge der U m g e b u n g s te m p e ra tu rv e rh ä ltn isse  a u f  n iedrigem  N iv eau  g eh alten  
w e rd e n  k a n n .

B ei B estehen  der ob igen  A n fo rd e ru n g en  e rsch e in t es zw eckm äßig , einen so lchen  K re is
p ro z e ß  fü r  K ra ftw erk e  zu e n tw ic k e ln , in  w elchem  im  ob eren  T em p era tu rb e re ic h  W asser als 
A rb e i ts s to f f  v e rw endet w ird , w ä h re n d  im  u n te ren  T em p era tu rb e re ic h  m it e inem  so lchen  M e
d iu m  g e a rb e ite t  w ird , dessen v o lu m e trisch e  E ig en sch aften  sowie die sonstigen  th e rm o p h y s ik a - 
l is c h e n  E ig en sch aften  sow ohl v o n  dem  G e sic h tsp u n k t de r E n tw ick lu n g  von  M asch in en  m it 
g ro ß e r  E in h e its le is tu n g , als a u ch  d em  der A u sn ü tzu n g  de r p o ten tie llen  M öglichkeiten  der 
n ie d r ig e n  U m g e b u n g stem p era tu ren  aus g ü n stig  sind . D ieser zw eifachen B ed ingung  k a n n  zw eck
m ä ß ig  d u rc h  die V erw endung  irg en d e in es  aus der K ä lte te c h n ik  b e k an n ten , z w eck en tsp rech en 
d e n  M ed iu m s Genüge g e tan  w erd en .

M it dem  k o m b in ie rten  Z w eis to ff-K re isp ro zeß  fü r  K ra ftw erk e  k an n  das P ro b le m  der 
A u s g e s ta ltu n g  von T u rb o m asch in en  m it seh r g roßer L e is tu n g  gelöst w erden , u n d  d u rc h  die 
A n w e n d u n g  der frostsicheren  L u ftk o n d e n sa tio n  k ö n n en  die bei n ied rig er U m g e b u n g s tem p era 
t u r  s ich  e rgebenden  p o ten tie llen  M öglichkeiten  m it g ro ß er S ich erh e it a u sg e n ü tz t w erden .

E in g eh en d e  U n te rsu ch u n g e n  ü b e r A m m oniak  als K ü h lm ed iu m  [3] [5] zeigen, d a ß  das 
k o m b in ie r te  System  — bei g ro ß en  E in h e its le is tu n g en  — sow ohl in  bezug  au f die In v e s t i t io n s 
k o s te n , a ls au ch  au f den W ärm e v e rb ra u c h  w irtsc h a ftlic h  a u fg eb a u t w erden  k a n n , u n d  d a ß  
d ie  D e ta ilfra g e n  in  Z u sam m en h an g  m it dem  k o n s tru k tiv e n  A u fb au , der th e rm isc h en  A usb il
d u n g  d es S ystem s sowie m it de r R eg elu n g , zu fried en ste llen d  gelöst w erden  k ö n n en . N a tü r lic h  
m ü sse n  n o c h  zahlreiche T eilp ro b lem e  gelöst w erden , a b e r w ie die b isher d u rc h g e fü h rten  U n 
te r s u c h u n g e n  zeigen, m u ß  m it d e m  A u ftre te n  von  u n ü b e rw in d lich en  S ch w ierigkeiten  n ic h t 
g e re c h n e t  w erden.
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U N  N O U V E A U  SY ST È M E  D E  C E N T R A L E S  T H E R M IQ U E S  
PO U R  PU ISS A N C E S U N IT A IR E S  D E  1000 MW

L .  H E L L E R

R É SU M É

L ’accro issem ent ra p id e  des besoins en énergie a posé, dans le m onde e n tie r , une  série 
d e  n o u v e au x  problèm es a u x  c o n s tru c te u rs  des cen tra les . L es p rin c ip au x  p ro b lèm es p e u v en t 
ê tre  g roupés com m e su it:

a  ° réa lisa tio n s de tu rb o -g ro u p es  d ’un  bon  re n d em en t therm iq u e  e t de p u issan ce  u n i
ta ire  trè s  élevée;

b° é lim ination  des p ro b lèm es de p lus en p lus d ifficiles de l’a lim en ta tio n  en  e au  de re 
fro id issem en t, p a r  l’em ploi de la  co n d en sa tio n  p a r  a ir:

c° c réa tio n  d ’un cycle th e rm iq u e  grâce au q u el les possib ilités th e rm o -d y n a m iq u e s  p o 
ten tie lle s  des te rrito ire s  de b asse  te m p é ra tu re  m oyenne p e u v en t ê tre  m ises à  p ro f i t  en  cas 
d ’u n ité s  trè s  g randes.

P o u r sa tisfa ire  ces ex igences, il f a u t  m od ifie r à fond  le cycle therm iq u e  u suel. E n  ra iso n  
de ses ca ra c té ris tiq u es  th e rm o -p h y s iq u es  connues, l’eau  en ta n t  que p o rteuse  d ’énerg ie , ne 
s a u ra it  ê tre  u tilisée  dans les tu rb in e s  de pu issance  u n ita ire  trè s  élevée (1000 M W  e t au -d essu s), 
e t  d o it ê tre  considérée aussi com m e d éfav o rab le , q u an d  la lim ite  in férieu re  de l’in te rv a lle  de 
te m p é ra tu re  d u  cycle p eu t ê tre  te n u e  à u n  n iv eau  p lus bas p a r  su ite  des co n d itions de  te m p é ra 
tu re  a m b ia n te .

D ans ces conditions, il p a r a î t  u tile  de créer u n  cycle où  l’eau  est utilisée com m e p o rteu se  
d ’énergie d an s  le dom aine su p é rieu r  des te m p é ra tu re s , ta n d is  que dans le d o m ain e  in férieu r 
de celles-ci, on trav a ille  avec  u n e  po rteu se  d ’énergie  d o n t les ca rac té ris tiq u es v o lu m é tr iq u e s  et 
th e rm o -p h y siq u es  en généra l so n t  fav o rab les  du  double  p o in t de vue de la c o n s tru c tio n  de 
m ach in es de g rande  pu issance u n ita ire , e t  de la m ise à p ro f it  des possib ilités p o ten tie lle s  de  la 
basse te m p é ra tu re  am b ian te . Ces d eux  con d itio n s p e u v en t ê tre  sa tis fa ites  p a r l’u til is a tio n  d ’un  
ré fr ig é ra n t convenable  connu  de la tech n iq u e  d u  froid.

A l’aide  d ’un cycle co m b in é  à d eu x  m éd ium s, on p e u t résoudre  le p rob lèm e de la co n 
s tru c tio n  de tu rb in es  de trè s  g ra n d e  pu issance u n ita ire . P a r  l’em ploi de co n d en sa teu rs  p a r  a ir, 
non sensib les au  gel, on p e u t au ssi u tilise r en to u te  sécu rité  les possib ilités p o ten tie lle s  o ffertes 
p a r  les basses tem p é ra tu re s  a m b ia n te s .

Les é tu d es dé ta illées su r l’am m o n iaq u e  utilisée  com m e ré frig é ran t [3], [5], o n t  m o n tré  
q u ’en  cas de g randes pu issan ces u n ita ire s , le systèm e com biné  p erm et des économ ies p o r ta n t  
en  m êm e tem p s sur les fra is  d ’in v es tissem en t e t  su r la consom m ation  th e rm iq u e , e t  que les 
p rob lèm es de d é ta il m écan iq u es, th e rm iq u es  e t de ré g u la tio n  p eu v en t ê tre  réso lus d ’une  façon  
sa tis fa isa n te . N a tu re llem en t, de  no m b reu ses q u estio n s de d é ta il  a tte n d e n t encore  le u r  so lu tio n , 
m ais d ’ap rès les é tudes dé jà  fa ite s , des d ifficu lté s  in su rm o n ta b le s  ne son t pas à p ré v o ir .

НОВАЯ СИСТЕМА ЭЛЕКТРОСТАНЦИЙ С АГРЕГАТАМИ МОЩНОСТЬЮ 1000 М Г В Т

Л .  Х Е Л Л Е Р

РЕЗЮМЕ

Быстрый рост потребления энергии во всем мире поставил проектировщиков элек
тростанций перед целым рядом новых проблем. Эти проблемы можно разбить на три 
группы основных задач.

а) Разработка сверхмощных турбоагрегатов с высоким термическим коэффициен
том полезного действия.

б) Разрешение все более насущных проблем водяного охлаждения, путем приме
нения воздушной конденсации.

в) Разработка такого циркуляционного процесса электростанций, который по
зволит использовать потенциальные термодинамические возможности в районах с низкой 
средней температурой, даже в случае сверхмощных агрегатов.

В интересах удовлетворения указанных выше требований, необходимо в корне 
изменить обычную схему циркуляционного процесса электростанции. Вода, как среда- 
энергоноситель, ввиду ее известных термодинамических свойств уже непригодна для того, 
чтобы ее использовать в качестве среды-энергоносителя в случае сверхмощных турбоагре
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гатов (мощностью 1000 м гв т  или выше), и ее можно считать непригодной также в тех 
случаях, когда нижний предел интервала температур циркуляционного процесса элек
тростанции из-за условий окружающей среды можно поддерживать на более низком 
уровне.

При существовании упомянутых выше требований кажется целесообразным раз
работать такой циркуляционный процесс электростанции, при котором в верхнем диа
пазоне температур в качестве энергоносительной среды используется вода, в нижнем 
же диапазоне температур используется такая среда, изменения объема которой и, соот
ветственно, прочие термодинамические свойства выгодны как с точки зрения оформления 
сверхмощных машин, так и с точки зрения использования потенциальных возможностей 
низких температур окружающей среды. Это двоякое требование можно целесообразно 
удовлетворить применением какого-либо подходящего и известного из техники охлаж
дения хладагента.

При использовании для процесса циркуляции электростанции двух сред можно 
решить вопрос конструирования сверхмощных турбогенераторных агрегатов, а приме
нением морозостойких устройств воздушной конденсации с большой надежностью можно 
использовать потенциальные возможности, появляющиеся в случае низких температур 
окружающей среды.

Детальные исследования, проведенные с аммонием в качестве хладагента, показы
вают, что в случае комбинированной системы охлаждения при условии использования 
сверхмощных турбогенераторных агрегатов можно удовлетворительно решить постройку 
и конструкционное оформление, термическую систему, а также частные проблемы регули
рования, как с точки зрения капитальных затрат, так и с точки зрения потребления тепла. 
Естественно, необходимо решить еще ряд частных проблем, но как это показывают про
веденные до сих пор исследования, нет необходимости опасаться нерешимых затруд
нений.
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ÜBER ASYNCHRONMASCHINEN 
MIT EINACHSIGEM LÄUFER

K . P . KOVÁCS

KORRESP. MITGL. DER UNGARISCHEN AKADEMIE DER WISSENSCHAFTEN 

[E ingegangen  am  17. N o v em b er 1964]

E s w erden d ie B rem s- u n d  A nlau feigenschaften  v o n  S ch le ifring läu fcrm asch inen  m it 
e in ach sig  ku rzgesch lossener L äuferw ick lung  u n te rsu c h t. E s w ird  fü r  diese S ch a ltu n g  gezeigt, 
d aß  d u rc h  E in se tzen  v o n  S tän d erw irk w id e rs tän d en  g ü n stige  B rem s- u n d  A nfahreigenschaften  
e rre ich t w erden k ö n n en . D iese S c h a ltu n g  schein t bei dem  S e lb s ta n la u f  von  S y n ch ronm oto ren  
(o h n e  — oder m it w enig  D äm p fu n g  bei ku rzgesch lossener E rreg erw ick lu n g ) sehr günstig  
a n w en d b a r zu sein. D ie A sy n ch ro n m asch in e  k an n  in  d ieser S c h a ltu n g  au ch  als spezielle B rem s
m asch ine  oder M o m en tg eb er an g ew en d e t w erden.

I. E in leitung

In  n eu erer Z e it h a b e n  sich m ehrere  A ufsä tze  m it A synchronm asch inen  
m it asy m m etrisch em  L äu fe r b e faß t [1, 2]. D ab e i g ingen  einige d ieser A uf
sä tz e  von  einer E rsa tz sc h a ltu n g  aus, w elche aus d e r e insch läg igen  L ite ra tu r

B ild  1. Die S c h a ltu n g  des d re iphasigen  A sy n ch ro n m o to rs  m it e inachsigem  L äu fe r 
(1 S tä n d e r; 2 A n la ß w id e rs ta n d  im  S tän d erk re is ; 3 L äu fe r e in ach sig  kurzgesch lossen)

b e k a n n t is t [3] u n d  w elche es g e s ta tte t , die M it- u n d  G egenström e des S tä n 
d e rs  im  L ä u fe rk o o rd in a te n  zu erfassen.

Im  Bild 1 w ird  die v o n  u ns u n te rsu c h te  S c h a ltu n g  au fgezeichnet. W ie es 
au s  der A bbildung  e rh e llt, h a n d e lt es sich um  einen  S ch le ifring läu fer, wo zwei
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S ch le ifrin g e  kurzgeschlossen s in d , u n d  die d r it te  W ick lung  offen  b le ib t. Um 
g ü n s tig e  A nlauf- u n d  B re m sv e rh ä ltn isse  in  der U m g eb u n g  v o n  s =  1 bzw . 
bei s ^ l  zu e rh a lten , w ird  im  d re ip h asig en  S tän d e rk re is  d e r M aschine ein 
d re ip h a s ig e r  sym m etrischer R eg e lw irk w id e rs tan d  m it angeschlossen .

II. G leichungen der Maschine

Im  B ild  2a haben  w ir d ie  E rsa tz sc h a ltu n g  d er M it- u n d  G egenström e, 
des S tä n d e rs  im  L äu fe rk o o rd in a ten  aufgezeichnet. Im  B ild  2a k a n n  Z q m it 
seh r g u te r  N äherung  (da s 1 is t)  m it

e rs e tz t  w erd en , wo

Zq - j X „ - r  Rr
S

X a =  X s<7 +  xn

( 1 )

fü r  d ie  G esam ts treu u n g  g ese tz t w u rd e .
D ie Im p ed an z  Zd k a n n  fo lg en d e rm aß en  au sg ed rü ck t w erd en :

Z d = j ( X sa +  X m) , ( 2)

in d e m  eine  der L äu fe rp h asen w ick lu n g en  offen ist.
D a  w ir den Fall s 1 u n te rsu c h e n  w ollen, u n d  n ach d em  Z d $> Z q is t ,  

k a n n  als e rs te  N äherung  p ra k tis c h

Z d =  °o  g e se tz t лverden . *

Im  B ild  21) w urde die E rs a tz s c h a ltu n g  fü r i, u n d  i2 hei d e r ang en o m m en en  
V e re in fa ch u n g  fü r s =  1 g eze ich n et. W ie aus dem  B ilde e rs ich tlich  is t, w ird

und d ie  L u ftsp a ltle is tu n g  d er M asch ine  b e trä g t 
fü r  d a s  M itfeld

u n d  fü r  d as  Gegenfeld
Р,1 =  З Ц ( 2  R r +  K R S) 

P/2 =  3 I \  K R  S.

F ü r  d ie  vo lle  L u ftsp a ltle is tu n g  k a n n  g ese tz t w erden :

^  =  ^ i + ^  =  6If (Rr+ K R s).

A n g en o m m en , daß  R r R s is t ,  w ird  die L u ftsp a ltle is tu n g

P, =  6 r f R r ( l + K ) .

(3)

(4a)

(4h)

( 5 )

( 6 )

* B e i d e r B erücksich tigung  des M agnetisierungszw eiges sollen die sp ä te r  b e rech n e ten  
D re h m o m e n te  bei norm alen  M aschinen  u m  e tw a  20%  v e rm in d e rt  w erden .
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W ir d rü ck en  a u f  G ru n d  des B ildes 2b den S tro m  aus:

/  - у * _ J _
1 2 { R r +  K R s) +  2 j X a 2 R r ( l  +  K ) + j X „  

oder m it Rr/ X a — S/< (K ippsch lu p f):

2 X a sK ( l  +  K ) + j

KRS Z9 Zq KRs/(2s-1)

( ? )

( 8 )

O

o

KRs [ Rr j x 6 j*e Rr I RRs
1 I— 1 I— ШЛ— — I I I I f

b)

B ild  2. E rsa tz sc h a ltu n g  fü r  d ie B estim m ung  der S tä n d e r-K o m p o n e n te n strö m e  7 , u n d  
Alle G rößen sind  in  L äu fe rk o o rd in a ten

(a genaue S c h a ltu n g ; b v e re in fach te  S c h a ltu n g  bei s =  1 m it W eg lassu n g  
de r M agnetisierungszw eige)

u n d

n  =
m

1

1
s2K ( l  +  K f  ‘

(9)

D u rch  E inse tzen  v o n  Gl. (9) in  (6) w ird  die L u ftsp a ltle is tu n g :

p  _  3 V* sK ( l  +  K )
' 2 X a 1 + S2K (1 +  K )2 ’

o d e r das D reh m o m en t bei s — 1 (A n lau fm o m en t)

( 10)

3 u i _______ S K ( 1  +  K )
со, 2 X a 1 s2K (1 -f- K)~

( 11 )

W ir berechnen  das H ö ch stm o m en t bei s — 1 in  A bhäng igke it v o n  (1 K ) r 
in d em  3 M A/3(1 +  K )  =  0 gesetzt w ird:

s2K (1 + K ) - +  1 — (1 +  K)  s2K 2 (1 +  K )  =  0 ,
w oraus

1 = s2K ( l  +  K)*
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u n d

(1  +  ^ )m a x  —

o d e r  d ie se r  W ert in  Gl. (11) g ese tz t:

3 m
^ А  шах —

1 . . .  M K
2 2

( 1 2 )

(13)

E s  i s t  zu  ersehen, daß  die M aschine im  S til ls ta n d  bei der angegebenen  S ch a l
tu n g  a ls  H ö ch stm o m en t d ie  H ä lfte  des m o to risch en  K ip p m o m en te s  aus- 
iib e n  k a n n .

or

B i ld  3. V erlauf der M o m en ten - u n d  S tro m g rö ß en  in  F u n k tio n  des v a r ia b le n  
S tä n d e rw irk w id e rs tan d e s

(1  A n la u fm o m e n t bei s =  1; 2  A n la u fs tro m : I s =  УJTf +  f f ;  3 L äu fe rs tro m w ärm ev e rlu s t. 
A lle W erte in re l. E in h e ite n . F ü r  die D e u tu n g  v o n  К  siehe B ild  2)

III. Zalilenbeispiel

I m  B ilde 3 h ab en  w ir M A als F u n k tio n  v o n  (1 -f- K )  fü r  eine M aschine 
m it u s =  1, x„ =  0,2 u n d  s K —  0,15 au fg eze ich n e t.

N a c h d e m  in rel. E in h e ite n
__  us s k  ( 1  +  ^  )

2 Xg l + s % ( l + K f
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is t, u n d  m it Uj/2 xa =  m K =  1/0,4 =  2,5 -wird das A n lau fm o m en t

mA =  2,5
0 ,15 (1  +  K )

1 +  0 ,152 (1 +  K f
=  16,7 1 +  K

44,5 +  (1 +  K ) 2

Im  selben B ilde w urde  au ch  die S tä n d e rs tre m s tä rk e  als F u n k tio n  v o n  (1-f-K) 
angegeben .

B ei der B estim m ung  d e r S tro m stä rk e  h ab en  w ir a u f  G ru n d  d e r G l .  ( 8 )  
fü r  ij in  rel. E in h e iten  das F olgende e rh a lte n :

2*„ Kl + ( 1 + K f s %
(14)

D a ij =  i2 is t, sind  w ir so vorgegangen , als ob die M aschine ganz  lan g sam  sich 
d reh en  w ürde  (s 1). In  d iesem  F alle  sind  die F requenzen  der b e id en  K om po
n e n te n s trö m e  schon versch ied en , da  die F req u en z  von q  im m er g leich  50 Hz 
is t ,  u n d  die F requenz  v o n  i2, (2 s — 1). 50 H z g le ichkom m t. So k a n n  für 
is =  ]fif  i \  gese tz t w erden , w enn fü r die G esam ts tro m stä rk e  d ie  äq u iv a len te  
E rw ärm u n g  (v e ru rsach t d u rc h  ij und i2 gem einsam ) m aß g eb en d  angenom m en 
w ird . A us dem  Bilde 3 is t k la r  zu en tn eh m en , d aß  m it dieser S ch a ltu n g  gegenüber 
K u rzsch lu ß läu fe rm asch in en  seh r günstige  A nfah r- bzw. B rem seigenschaften  
e rz ie lt w erden kö n n en , da  bei u n g e fäh r l,6 fa c h e n  S tä n d e rs tro m  das N enn
m o m en t erzielt w urde.

E in  K u rzsch lu ß m o to r m it denselben  E ig en sch aften  m u ß  einen  hoch
ohm igen  L äufer b esitzen , w obei die W ärm ev erlu s te  (bei N e n n m o m e n t und 
s — 1 die volle N enn le istung ) se lb st im  L äu fe r e n ts teh en  u n d  v o n  d o r t  abge
fü h r t  w erden m üssen, w as zu e iner Ü b erd im ension ie rung  d er M aschine fü h rt. 
Im  B ilde 3 h aben  w ir zum  V ergleich die L äu fe rs tro m w ärm ev e rlu s te  fü r  die 
e inachsige  S ch a ltu n g  au ch  angegeben .

E ine  solche Spezia lm asch ine  k an n  v o rte ilh a f t n u r  als B rem s- oder 
M om en tgeberm oto r fü r  S teuerungszw ecke in  B e tra c h t kom m en .

W ir h aben  uns ab s ich tlich  n u r  dem  F a ll zugew endet, bei dem  die  M aschine 
als M om entgeber m it ganz n iedrigen  U m lau fzah len  fä h r t ,  o d e r als B rem s
m asch in e  der S ch lu p f s >  1 w ird .

Bei höheren T o u ren zah len  im  M o to rb e trieb  m achen  sich die P en d e l
m o m en te  schon u n an g en eh m  b em erk b ar. A us diesem  G ru n d e  k a n n  der 
M otor m it einachsigem  L äu fe r n u r  in  einem  solchen D reh zah lb e re ich  ruhig  
a rb e ite n , wo die P en d e lm o m en te , die v o n  F requenz 2 s fL s in d , von  den 
U m lau fm assen  noch ab g ed äm p ft w erden.

E s soll noch n ach d rü ck lich  b e to n t w erden , daß  das o ben  an g efü h rte  
V erfah ren , w onach  das D reh m o m en t e iner D re ip h asen m asch in e  m it e inachsi
gem  K u rzsch lu ß läu fe r d u rc h  E in se tzen  v o n  S tä n d e rw irk w id e rs tä n d en  bis zum  
N en n m o m en t ohne w eiteres e rh ö h t w erden  k a n n , bei dem  A n la u f  v o n  Syn-
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c h ro n m o to re n , ohne o d er — m it  wenig D äm p fu n g , seh r g ü n stig  an g ew en d et 
w e rd e n  könn te .

A usgedehnte  V ersuche h a b e n  die oben a n g e fü h r te n  E ig en sch aften  d er 
A synch ro n m asch in e  m it e in ach sig e r, n iederohm iger kurzgesch lossener L ä u fe r
w ic k lu n g  u n d  m it d re ip h as ig em  R egelw iderstand  im  S tän d erk re is , vo llzäh lig  
b e s tä t ig t .
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A SY N C H R O N O U S M A C H IN E S W IT H  O N E -A X IS  R O T O R

К. P. KOVÁCS

SUMMARY

T h e  a u th o r in v es tig a te s  th e  b ra k in g  and s ta r tin g  c h a ra c te ris tic s  o f slip-ring  m o to rs  
w h e re  one  ro to r phase is s h o r t-c irc u ite d . He shows th a t  w ith  th is  connection , b y  th e  a id  o f  
s t a r t in g  re sistan ces in th e  s ta to r ,  fa v o u ra b le  b rak ing  an d  s ta r tin g  ch ara c te ris tic s  can  be a t t a in 
ed . I t  seem s th a t  th is c o n n ec tio n  cou ld  be used w ell fo r th e  se lf-s ta rtin g  of sy n c h ro 
n o u s  m o to rs  where th ere  are  no , o r v e ry  few, dam ping w in d in g s. In  such  a connection  th e  a sy n 
c h ro n o u s  m achine could also be  u se d  as a special b ra k in g  m ach in e  or as a to rq u e  m o to r.

S U R  LES M A C H IN E S A S Y N C H R O N E S A V EC  R O T O R  A U N  A X E

K. P. KOVÁCS 

RÉSU M É

L ’a u te u r  exam ine les c a ra c té r is tiq u e s  de dém arrage e t  de fre in ag e  des ro to rs  à b ague  a v ec  
e n ro u le m e n t en co u rt-c ircu it m o n o p h a sé . D ans ce m o n tag e , l’em p lo i de ré sistan ces de d é m a rra 
ge d a n s  le s ta to r  donne des c a ra c té r is tiq u e s  favorables a u  d é m a rrag e  e t  a u  freinage. Ce m o n tag e  
sem b le  p o u v o ir être  u tilisé  a v a n ta g e u se m e n t au  dém arrag e  a u to n o m e  de m oteu rs sy n ch ro n es 
n ’a y a n t  p a s  ou  n ’ay an t que trè s  p e u  d e  sp ires d ’am o rtissem en t. D a n s  c e tte  connection , la  m a c h 
ine  a sy n c h ro n e  p eu t aussi s’u t il is e r  com m e m achine de fre in ag e  spéciale ou com m e m o te u r 
de  to rq u e .

ОБ АСИНХРОННЫХ МАШИНАХ С ОДНОВАЛЬНЫМ РОТОРОМ
К .  П. КОВАЧ

РЕЗЮМЕ

Автор исследует пусковые и тормозные свойства однофазно короткозамкнутых 
двигателей с контактными кольцами. Показано, что при данной схеме с помощью 
сопротивлений в статоре, можно добиться выгодных пусковых и тормозных свойств. 
Кажется, что эта схема может быть выгодно использована при пуске таких синхронных 
двигателей, у которых или совершенно не имеется демпферной обмотки или же очень 
мало ее. Асинхронный двигатель при данной схеме можно применять в качестве спе
циальной тормозной машины или двигателя момента.
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THE HOT-WIRE ANEMOMETER

L. S. G. K O V Á SZN A Y

P R O F E S S O R  O F  A E R O N A U T I C S

T H E  J O H N S  H O P K I N S  U N I V E R S I T Y  B A L T I M O R E - M A R Y L A N D , U . S .  A . 

[M an u sc rip t received N o v em b er 6, 1964]

T he p rincipal to o l o f ex p erim en ta l tu rb u len ce  re sea rch  is th e  ho t-w ire  an em o m ete r. 
T he h e a t loss law s t h a t  g overn  th e  s ta tic  response o f th e  w ire  a re  given b o th  fo r low  an d  h igh 
speed flow . T he f lu c tu a tio n  sen sitiv itie s  are th e  key to  th e  in te rp re ta tio n  of tu rb u le n ce  m easu re 
m en ts . T he e lectrica l c irc u itry , b o th  co n stan t c u rre n t a n d  c o n s ta n t te m p e ra tu re , a re  described , 
a n d  f in a lly  th e  in te rp re ta tio n  of th e  m easu rem en ts in  l ig h t o f  “ f lu c tu a tio n  d iag ra m s”  is tre a te d . 
H isto rica l references a n d  e x ten siv e  b ib liography  h av e  been  ad d ed .

I. Introduction

T he phenom enon  of tu rb u len ce  p lays a r a th e r  im p o r ta n t ro le  in  flu id  
m echanics. I t  ap p ears  t h a t  all flow co n fig u ra tio n s con ta in in g  solid b o u n d a rie s  
becom e tu rb u le n t above  a f in ite  critical R eyno lds n u m b er. T h eo re tica l co n sid e ra 
tio n s also in d ica te  t h a t  th e  basic  n o n lin ea rity  o f  th e  governing h y d ro d y n a m ic  
eq u a tio n s  is n ecessary  in  p roduc ing  tu rb u le n c e .

In  th e  p a s t, th e  d iffe ren t th eo re tica l a p p ro ach es  to  th e  p ro b lem  o f tu r 
b u lence  alw ays h a v e  c o n ta in e d  a few h eu ris tic  e lem en ts , so th e  r c le o f  ex p eri
m e n ta tio n  has been q u ite  im p o rta n t. This is in  c o n tra s t  to  m any  o th e r  b ran ch es 
of app lied  m echanics w here  ex p e rim en ta tio n  is n eeded  m ore to  v e r ify  or d is
p rove theories th a n  to  exp lo re  for “ in sp ira tio n ” .

The sub jec t of o u r p re se n t discussion is a su rv e y  of th e  p rin c ip a l m easu rin g  
tech n iq u e  now  in use to  d iscover b o th  th e  g enera l p ro p ertie s  an d  th e  d e ta iled  
d y n am ic  s tru c tu re  o f  tu rb u le n t  flows. In  a sh o rt a rtic le  we m u st con fine  our 
a t te n tio n  to  th e  m e th o d  itse lf, and  we shall n o t deal here w ith  e x p e rim e n ta l 
re s id ts . O f all th e  in s tru m e n ts  th e  m ost im p o r ta n t  too l is u n d o u b te d ly  th e  
ho t-w ire  an em o m eter. O th e r in s tru m en ts  an d  m easu rin g  m eth o d s  h av e  been  
considered  [18, 42, 47 ], b u t  so fa r none o f th e m  p re sen ted  a serious challenge. 
I t  m ay  be of som e in te re s t  to  m en tion  h e re  t h a t  th e  ho t-w ire  a n em o m ete r  
as an  in s tru m e n t to  m easu re  m ean ve lo c ity  is e x a c tly  f if ty  y ears  o ld, if  one 
considers L. V. K i n g ’s  [37] classic p ap er in  1914 as its  beginning . A lso i t  m ay  
be m en tioned  th a t  in  th e  sam e year, 1. S c i i r o d t  w ro te  a d o c to ra l th e s is  on th e  
sam e sub jec t in  B u d a p e s t [77] giving em pirica l c a lib ra tio n  “ m ap s”  on  th e  h e a t 
loss o f a th in  w ire u sed  as an  anem om eter.
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T h e  hot-w ire a n e m o m e te r  as an  in s tru m e n t to  m easure  ra p id  tu rb u le n t  
v e lo c ity  flu c tu a tio n s  is  o n ly  th ir ty -s ix  years  o ld , d a tin g  from  th e  in v e n tio n  
o f  e lec tro n ic  th e rm al lag  co m p en sa tio n  b y  D r y d e n  an d  K u e t h e  in  1 9 2 8  [ 2 5 ]  

t h a t  p e rm itte d  th e  e x te n s io n  o f th e  useful fre q u e n c y  response b y  one o r tw o 
o rd e rs  o f  m agn itude .

F ro m  th e  la te  n in e te e n - th ir t ie s , th e  ho t-w ire  anem om eter becam e th e  
p r in c ip a l  tool of tu rb u le n c e  resea rch , b u t i t  m u s t be s ta te d  rig h t aw ay  th a t  it 
is fa r  f ro m  being an idea l in s tru m e n t. N everthe less, m ost o f th e  re liab le  e x p e ri
m e n ta l  in fo rm atio n  we h a v e  on tu rb u len ce  has b een  o b ta in ed  w ith  i t .  A ll th e  
o th e r  m e th o d s  have g iven  o n ly  ind ica tio n s th a t  th e y  m ay  supp ly  in fo rm a tio n  
t h a t  is n o t in  d isag reem en t w ith  th e  hot-w ire d a ta .

II. Operating Principle

A  th in  m etallic  w ire  (ty p ica l d iam e te r 0,0001 — 0,001 cm , ty p ic a l 
le n g th , 0,05 A  0,5 cm , m a te r ia l  is usually  p la tin u m , or tu n g s te n  or som e 
o th e r  m e ta l)  is h ea ted  b y  a n  e lec tric  c u rren t ( ty p ic a lly  20 4- 200 m A ) above 
th e  a m b ie n t te m p e ra tu re  o f  th e  a ir  (10° A 500 °C). I n  a stead y  s ta te , th e  th e r 
m a l eq u ilib riu m  of th e  w ire rep resen ts  a re la tio n sh ip  betw een  th e  e lec trica l 
v a r ia b le s  such as te m p e ra tu re  (electric res is tan ce) a tta in e d  and  th e  h e a tin g  
c u r re n t  im posed, an d  th e  flo w  v ariab les, such  as a ir  te m p e ra tu re , a ir  d e n s ity , 
a ir  v e lo c ity . This fu n c tio n a l re la tio n sh ip  can  a lw ays be d e te rm in ed , a t  leas t 
in  p rin c ip le , by  a d e ta iled  s ta t ic  ca lib ra tio n . F o r tu n a te ly , th e  fu n c tio n a l form  
o f th is  re la tionsh ip  is reasonably" w ell-know n a n d  w hen  expressed  in  te rm s  of 
n o n -d im en sio n a l v a riab le s  i t  is q u ite  re liab le . F o r  tu rb u len ce  m easu rem en ts  
th is  is also of a p ra c tic a l consequence : since th e  fu n c tio n a l form  o f th e  law" is 
k n o w n , one needs to  d e te rm in e  on ly  a few  n u m erica l co n stan ts  a n d  th e re  is 
no n e e d  to  p repare  d e ta ile d  ca lib ra tio n  “ m ap s”  b y  v a ry in g  severa l v a riab le s .

I t  m u st be em p h asized  ag a in  th a t  in  g enera l th e  ho t-w ire  an e m o m e te r  
is n o t  a good in s tru m e n t to  m easu re  m ean  v e lo c ity  or m ean  te m p e ra tu re  since 
th e  s e n s itiv ity  and  re p ro d u c ib ili ty  are b o th  in fe rio r to  those  o f o th e r  co n 
v e n tio n a l  in s tru m en ts . T h e  p ito t- tu b e  liq u id  m a n o m e te r  co m b in a tio n  for 
m e a n  ve lo c ity  m easu rem en t an d  the  shielded th e rm o co u p le  for te m p e ra tu re  
m e a su re m e n t are b o th  fa r  su p e rio r  to  ho t-w ire  p ro b es. F ig . 1 show s th e  d iffe r
en ce  b e tw een  the  tw o  m e th o d s . The only ex cep tio n s w"here th e  h o t-w ire  is 
s u p e r io r  to  these even  fo r m e a n  velocity  m easu rem en ts  are on one h a n d  m eas
u re m e n ts  a t  very  low" v e lo c itie s  (5 A 50 cm/sec) an d  on  th e  o th e r h a n d  m easu re 
m e n ts  in  th in  shear lay e rs  w here  th e  sm all p h y sica l d im ension of th e  ho t-w ire  
re p re s e n ts  less d is tu rb an ce  th a n  even a f la tte n e d  h y p o d erm ic  tu b e . T h e  u n iq u e  
a d v a n ta g e  of the  ho t-w ire  is its  fa s t  tim e  resp o n se , and  th e  sim ple fa c t th a t  
b y  u s in g  electronic th e rm a l la y  com pensation  i ts  tra n s ie n t response can  be
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m ade ad eq u a te  up  to  v e ry  ra p id  f lu c tu a tio n s  b o th  in  velo c ity  an d  in  te m p e ra 
tu re . In  th is  re sp ec t th e  ho t-w ire  an em o m eter is even  m ore sa tis fa c to ry  th a n  
m ost m icrophones (because i t  is also q u ite  sm all). I t  is a fu r th e r  a d v a n ta g e , 
th a t  if  th e  s ta tic  th e rm a l eq u ilib riu m  of th e  h e a t w ire is d is tu rb ed  b y  changing  
th e  v e lo c ity  or th e  te m p e ra tu re , th e  tra n s ie n t response  obeys a v e ry  sim ple 
d iffe ren tia l eq u a tio n .

The ho t-w ire  an em o m ete r as a m easu ring  in s tru m e n t is used  essen tia lly  
in  one or th e  o th e r of tw o p rinc ipa l m odes of o p e ra tio n . I f  th e  h e a tin g  c u rre n t 
of th e  w ire is k e p t c o n s ta n t and  th e  v a ria tio n s  in  w ire te m p e ra tu re  are  d e tec ted  
as f lu c tu a tio n s  in  th e  vo ltag e  d rop  across th e  w ire, th is  is called  c o n s ta n t 
c u rre n t o p era tio n . T h erm al energy  is abso rbed  in  th e  m ass o f th e  w ire an d  is 
re leased  again accord ing  to  th e  f lu c tu a tin g  h e a t  tra n sfe r  ra te , an d  o f th e  
w ire ’s th e rm al cap ac ity .

F ig. 1. C om parison o f th e  ho t-w ire  an em o m eter and  th e  P ito t- tu b e  fo r m easu rem en t o f  m ean
veloc ity

The o th e r im p o r ta n t m ode o f o p e ra tio n  is th e  c o n s ta n t te m p e ra tu re  
feedback  sy stem  f irs t  p roposed  b y  Z i e g l e r  [ 1 0 7 ] ,  la te r  b y  W e s k e  [ 9 8 ]  an d  
analyzed  in  d e ta il b y  O s s o f s k y  [ 6 7 ] .  In  th a t  case, an  a p p ro x im a te ly  c o n s ta n t 
w'ire te m p e ra tu re  is m a in ta in e d  a t  all tim es, th e re fo re  th e  th e rm a l lag  is m ade 
non-opera tive .

B o th  system s, th e  c o n s ta n t c u rre n t sy stem  w ith  e lec tron ic  co m p en sa tio n  
(open loop) and  th e  c o n s ta n t te m p e ra tu re , n eg a tiv e  feedback  sy s tem  (closed 
loop) have  d iffe ren t m erits  an d  th e  preference o f one over th e  o th e r  is d ep en d 
e n t upon  th e  p a r tic u la r  ap p lica tio n .

III. Heat loss laws

T he sen sitiv ity  o f th e  ho t-w ire  an em o m ete r to  ve lo c ity  f lu c tu a tio n s  
an d  to  a ir  te m p e ra tu re  f lu c tu a tio n s  depends on th e  p a r tia l  d e riv a tiv e s  o f th e  
h e a t loss fu n c tio n  w ith  respect to  these  flow  variab les . T he f ir s t  sy s te m a tic

A cta  Techn. H u n g . 50. (1965)



134 L. S. G. KOVÁSZNAY

s tu d y  o f  th e  h ea t loss, b o th  th eo re tica lly  an d  ex p erim en ta lly  w as m ade by  
L . V . K i n g  [37]. H e has fo u n d  th a t  th e  h e a t loss H  is a p p ro x im a te ly  p ro p o r
t io n a l  to  th e  tem p era tu re  d iffe rence  betw een  a ir  an d  w ire and  th a t  i t  is a lin ear 
f u n c t io n  of the  square  ro o t o f  th e  m ass flow , th e  v e lo c ity -d en sity  p ro d u c t:

H  =  (TíV- T e) ( a f QU  + b ) .  (1)

F ig . 2 show s the  ty p ic a l c a lib ra tio n  curve  o f a ho t-w ire  in  low speed  flow . 
F o r  h ig h e r  velocities (R ey n o ld s  nu m b ers), th e  h e a t loss is s till a lin ea r  fu n c tio n  
o f  th e  sq u a re  roo t of th e  v e lo c ity  a lth o u g h  th e  c o n s ta n ts  m ay  change discon- 
t in u o u s ly  a t  Re =  1 0  an d  a t  R e  =  4 0 ,  co rrespond ing  to  know n  changes in  th e  
f lo w  p a t te r n  around cy lin d e rs .

F ig . 2. T y p ic a l heat-loss d ep en d en ce  or m ean flow v e loc ity . F ree  co n v ec tio n  v a ries  acco rd ing  
to  w ire o r ie n ta t io n  (h o rizo n ta l or v e rtica l)

L a te r  works have e x te n d e d  ou r know ledge in  d iffe ren t d irec tions. On th e  
th e o re t ic a l  side, m ost re c e n tly , T o m o t i k a  [ 8 9 ]  has reco m p u ted  th e  low  R eyno lds 
n u m b e r  case in  incom pressib le  flow . C om pressib ility  effects h av e  been  of 
o b v io u s  in te re s t. The f ir s t  th e o re tic a l p ap e r w as b y  T s i e n  an d  F i n s t o n  [ 9 2 ] ,  

la te r  on es b y  W u ,  C o l e  a n d  R o s h k o  [ 1 0 4 ,  1 0 ,  1 1 ] ,  an d  in d e p e n d e n tly  b y  

T c h e n  [ 8 8 ] .  E x p erim en ta l w o rk  to  e x ten d  th e  v a lid ity  o f th e  h e a t loss fo rm ulae  
to  co m p ressib le  regim e w as f i r s t  rep o rted  b y  L o w e l l  [ 5 6 ]  using  ra th e r  th ick  
w ires in te n d e d  p rim arily  fo r m easu rin g  m ean  flow  a t  tran so n ic  an d  superson ic  
M ach  n u m b ers . K o v á s z n a y  a n d  T ö r n m a r c k  [ 4 3 ,  4 4 ] ,  found  th a t  fo r su p e r
son ic  f lo w , th e  h ea t loss d a ta ,  i f  p resen ted  in  a p a r tic u la r  form  becam e in d e 
p e n d e n t  o f  th e  Mach n u m b e r. T h is  co rre la tio n  w as o b ta in e d  w hen th e  s ta g n a 
tio n  v isc o s ity  and h e a t c o n d u c tiv ity  w ere u sed  to  fo rm  th e  n on -d im ensiona l 
v a r ia b le s .  T he en tire  tra n so n ic  an d  supersonic  ran g e  w as also m easu red  by  
S p a n g e n b e r g  [ 8 4 ]  and  a v e ry  ca re fu l d e ta iled  m e asu rem en t o f th e  superson ic
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h e a t loss w as done by  McCl e l l a n  [50, 60]. B y  u s in g  nondim ensional v a ria b le s , 
one can  rep re sen t th e  superson ic  re su lts  in  a  r a th e r  sim ple fo rm  [43, 44]:

Я  =  (Tw -  Tc) k 0

W ith  th e  in tro d u c tio n  o f th e  nond im en sio n a l v a riab les  
[ th e  R eyno lds n u m b e r

R e =  U g d 1/л0 ,

th e  N u sse lt n u m b er

N u  =  H /w  1 (Tw -  Tt) k 0 , 

th e  te  m p e ra tu re  load ing
г =  (T u, -  T,)iT0]

we f in d  th a t  th e  N usse lt n u m b e r is a lin e a r  fu n c tio n  of the  sq u are  ro o t  o f th e  
R eyno lds n u m b er, an d  i t  is in d e p e n d e n t o f th e  M ach num ber as lo n g  as th e  
flow  is t ru ly  supersonic:

N u  =  (A  '/R e  — B )  (1 C t ). (3)

This fa c t g rea tly  sim plifies th e  e v a lu a tio n  o f  superson ic  ho t-w ire  d a ta .
Slip flow  and  free m o lecu la r flow  effec ts  b o th  becom e im p o r ta n t  fo r th e  

w ire m u ch  before th e y  becom e im p o r ta n t  fo r th e  w ind  tu n n e l as a w ho le  since 
th e  w ire d iam e te r  is so sm all co m p ared  to  th e  re s t  of the  a p p a ra tu s . B a l d w i n  
[2], Co llis  [12, 13, 14], a n d  St a l d e r  e t al. [85] have done th e  im p o r ta n t  
w orks. H y p erson ic  b o u n d a ry  lay e r flow  w as probed  by th e  h o t-w ire  by  
D e m e t r i a d e s  [20]. R e la tiv e ly  new  d a ta  on th e  tran so n ic  b ehav io r o f  h o t-w ires , 
inc lu d in g  non lin ear b e h a v io r w ith  te m p e ra tu re  d ifference (o v e rh ea tin g  ra t io  r) 
are re p o rte d  b y  St in e  a n d  W in o v ic h  [87, 99].

O n th e  opposite  end  o f th e  scale, th e  v a lid ity  of K ing’s law  a t  v e ry  low 
velocities is affected  b y  free convec tion . I n  connection  w ith  th is  a sp e c t of 
ho t-w ire  ap p lica tio n , Ma h o n y  [58], S im m o n s  [83] and  V a n  d e r  H egge  
Z ijNEN [95] should  be m en tio n ed . U sing th e  ho t-w ire  a t very  h igh  te m p e ra tu re  
(G l a w e  [35]), b rings in  a re -e x a m in a tio n  o f  th e  tem p era tu re  d e p e n d e n c e  of 
h e a t loss. T he use of th e  ho t-w ire  in  o th e r  m ed ia , especially in  w a te r , was 
ex p lo red  b y  some w orkers. T h is idea , h ow ever, w as no t pursued  y e t  to  a degree 
o f p e rfec tio n  com parab le  w ith  th a t  a t ta in e d  in  air. R ic h a r d so n ’s e a r ly  w ork 
[71], th e n  S t e v e n s  an d  B o r d e n  [86] an d  P a t t e r so n  [68] h av e  a ll re p o rte d  
on th is  ap p lica tio n .

I f  th e  w ire is n o t  n o rm a l to  th e  flow , th e  h e a t less fu r th e r  d e p e n d s  on 
th e  angle o f  a tta c k , Ф (defined  as th e  angle b e tw een  the  wind v e lo c ity  an d  the  
p lane n o rm a l to  th e  w ire). As a rough  a p p ro x im a tio n , the  velocity  co m p o n en t

Uqd
n

T  — T
1 — C ~^~7p--- —

11
( 2)
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n o rm a l to  th e  w ire can  be  ta k e n  as the  e ffec tiv e  v e lo c ity  L \ ff to  be s u b s ti tu te d  
in  K in g ’s form ula (eq u . 1).

U eff ( Ф) = U  c°s Ф  ■ (4)

D e ta ile d  m easu rem en ts  m od ify  this som ew hat n a iv e  p ictu re  and  Ga d d f e r n a u  
[32, 33] and  Sa n d b o r n  a n d  L aurence  [76] h a v e  m ore  up -to -da te  in fo rm a tio n .

R ecen tly , W e b s t e r  [97] a fte r ta k in g  c a re fu l m easurem ents p ro p o sed  
a fo rm u la  ( a t tr ib u te d  to  H in z e ),

U  |ff ( Ф)  — U 2 (cos2 Ф  -\- a  sin 2 Ф) (5)

w ith  th e  co n stan t a  —  0 ,2 .
T he presence o f  a so lid  wall n ear th e  w ire  n a tu ra lly  changes th e  h e a t 

loss. T h is effect is q u ite  im p o r ta n t w hen m e a su rin g  in  a b o u n d ary  la y e r  close 
to  th e  w all. The s im p le s t w a y  one can guess th e  e ffec t is by th e  use o f im ag es. 
P i e r c y  an d  R i c h a r d s o n  [ 6 9 ,  7 2 ]  give d e ta ils  on  th is  sub ject. O th e r sp u rio u s  
effec ts  such  as h u m id ity  in  th e  air w ere a lso  considered  ( S c i i u b a u e r  [ 7 8 ] ) .

IV . F luctuation  S en sitiv ity

T he p rinc ipa l u se  o f  th e  hot-w ire a n e m o m e te r  is to  m easure tu rb u le n t  
v e lo c ity  and te m p e ra tu re  flu c tu a tio n s  w hose m a g n itu d e  m ay v a ry  fro m  v ery  
la rg e  dow n to e x tre m e ly  sm all values.

W hile a t  h igh tu rb u le n c e  level, th e  p r in c ip a l problem  is l in e a r ity , a t  low  
tu rb u le n c e  level, th e  l im itin g  fac to r is th e  b a c k g ro u n d  random  noise  o f th e  
e lec tro n ic  eq u ip m en t. T h e  hot-w ire and  its  a sso c ia te d  electronic e q u ip m e n t

Table I

F lo w  ty p e
T u r b u le n t  v e lo c i ty  

f lu c tu a t io n s  in  %  o f  t h e  
lo c a l  m e a n  v e lo c i ty

T u rb u le n t  j e t 30 -Г- 6 0%

K á r m á n  v o r te x  s t r e e t 5 -  15%

T u rb u le n t  b o u n d a r y  la y e r 4 -  10%

T u rb u le n t  w a k e 2 -  5%

G rid  tu rb u le n c e  (n e a r ly  iso trop ic) 0 , 3 2 , 0 %

B a c k g ro u n d  tu r b u le n c e  
in  w in d  tu n n e ls

p o o r 0,1 -i- 0 ,5%

good < 0 ,0 5 %
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has an  overall d y n am ic  response to  f lu c tu a tio n s  in all v ariab les  (velocity» 
te m p e ra tu re , h e a tin g  cu rren t) . The d e ta ils  o f  th is  dynam ic response  depend  
o f course on th e  ty p e  o f  c ircu it used.

T he h ea t b a lan ce  o f th e  wire can  be w r it te n  as

(for th e  s tead y  case, sim ply  W  =  H).  W h ere  E  =  C ,  T  is th e  h e a t energy

c a p ac ity  w hen d iv id ed  b y  th e  m ean h e a t t r a n s fe r  ra te  gives a q u a n t i ty  w ith  
d im ension of tim e : th is  is M  th e  th e rm a l tim e  c o n s ta n t. The tra n s ie n t  response 
a t  th e  p a r tic u la r  o p e ra tin g  p o in t obeys th e  re la tiv e ly  sim ple d iffe ren tia l 
e q u a tio n

w here T w is th e  in s ta n ta n e o u s  te m p e ra tu re  o f  th e  w ire, and  i t  obeys a sim ple 
f irs t o rd er lin ea r  d iffe ren tia l equation  w ith  T st as th e  te m p e ra tu re , th e  w ire 
would have  a t ta in e d  i f  i t  responded in s ta n tly  accord ing  to  its  s ta tic  ca lib ra tio n  
ca lcu la ted  from  e q u a tio n  (1) and W  =  H .  I t  is clear from  e q u a tio n  (1) th a t  
e lectron ic  co m p en sa tio n  of th e  th e rm a l la g  is re la tiv e ly  easy . I t  co nsists  of 
add ing  to  th e  h o t-w ire  signal a ce rta in  a m o u n t of its  f irs t tim e  d e riv a tiv e , 
th e  “ ce rta in  a m o u n t”  is given b y  th e  tim e  c o n s ta n t.

In  m ost p ra c tic a l cases, th e  d . c. v o lta g e  d rop  across th e  h o t-w ire  is o f  
th e  o rd e r of 0,5 -4- 1 v o lt. W hen th e  h e a tin g  c u rre n t is c o n s ta n t th e  v o ltage  
f lu c tu a tio n s  cau sed  b y  th e  velocity  f lu c tu a tio n s  are of th e  o rd e r o f 1 -4- 5 
m illivo lts for a tu rb u le n c e  level of one p e r  c e n t (using a ty p ic a l o v e rh ea tin g  
ra tio ). As tu rb u le n c e  levels of 0,02 -4- 0 ,1 %  m a y  occur in th e  free s tre a m  o f  
a low tu rb u le n c e  tu n n e l, hot-w ire signals as low  as 50 -4 100 m ic ro v o lts  are 
no t un u su a l.

T he ho t-w ire  also  responds to  te m p e ra tu re  flu c tu a tio n s  as w ould  any  
resis tan ce  th e rm o m e te r . The re la tive  s e n s it iv ity  fo r velocity  an d  fo r te m p e ra 
tu re  f lu c tu a tio n s  v a rie s  qu ite  m ark ed ly  w ith  change of th e  o v e rh ea tin g  ra tio  
(ty p ica lly  in  ra tio  1 : 10 over the  p ra c tic a l range) and th is  fe a tu re  m akes 
possible th e  se p a ra tio n  of th e  velocity  a n d  te m p e ra tu re  f lu c tu a tio n s  b o th  in  
h ea ted  low speed  flow's (Corrsin  [16, 17]) a n d  in  supersonic flow s ( K o vá sz n a y  
[44, 46]). F o r c o n s ta n t h ea tin g  c u rren t th e  h o t  w ire response can  be g iven  as 
follows: The p o te n tia l  f lu c tu a tio n s  across th e  w ire

( 6 )
dt

sto red  in  th e  w ire an d  W  — J2R W is th e  h e a t  in p u t  (Joule h ea tin g ). T he th e rm a l

Tw +  M  — ï- =  Ts l ( I , U ,  Q, Te)
dt

( 1 )

Ô e +  M  =  ôest =  F  ÔU +  G ÔT
dt

( 8 )

Acta  Techn. H u n g . 50. (1965)
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w ith  th e  sensitiv ity  c o n s ta n ts

w ith

t i th

T h e  t im e  co n stan t of th e  w ire

I R U, aU! Z

F  “  2 V  •
(9)

1 P  -  Ц  

1 +  K^olu
(10)

G — a R / I , (И )

«K/ = Æ .
dTu:

(12)

m  =  n a -- . 
P

(13)

I f  th e  c u r re n t  is no t e x a c tly  c o n s ta n t because th e  effective source im p ed an ce  
Z & o f  th e  h ea tin g  c ircu it is f in ite , th e re  w ill he a s ligh t n egative  feed b ack  
a n d  th e  sen s itiv ity  c o n s ta n ts  F  an d  G will be red u ced  b y  a fac to r

w h ere

E  =
1 — e 

1 +  2aw e

e = R „

+  R „

(14)

(15)

T h e  t im e  c o n s tan t M  is a lso  red u ced  by  a fa c to r  (1 -)- 2 aw e)-1 . F o r  m ore  
d e ta i ls  c o n su lt [47].

T h e  o u tp u t signal o f  a c o n s ta n t te m p e ra tu re  c irc u it  is the  h e a tin g  c u r
r e n t  I  (o r  a voltage p ro p o r tio n a l to  it, e.g. th e  v o lta g e  across th e  re s is ta n c e  
b r id g e )

P I J L  
I и  n

( i6 )

B y lo g a r ith m ic  d iffe ren tia tio n , one o b ta in s  th e  f lu c tu a tio n  sen s itiv ity

ÔI Z  ÔU ^ 1 №  

I  ~  4 U  4 U
(17)

w h e re  Z  is given by (10). (A n d  fo r h igh velocities Z  —> 0.)
W h ile  th e  c o n s ta n t te m p e ra tu re  c ircu it is q u ite  conv  en ien t to  m easu re  

v e lo c ity  f lu c tu a tio n s , i t  is n o t  w ell su ited  to  m easu re  te m p e r  a tu re  f lu c tu a tio n s , 
b e c a u se  i t  opera tes in e ff ic ie n tly  a t  low o v e rh e a tin g  r a t io s  (the fe e d b a c k  
re d u c e s  p ro p o rtio n a te ly  to  th e  o v erh ea tin g  ra tio ) .

Acta Techn. Hung. 50. (1965)
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V. Constant Current and Constant Temperature Circuits

A co n stan t c u r re n t  ho t-w ire  an em o m ete r co n sis ts  o f a d. c. h ea tin g  c ircu it, 
m e te rin g  circu its fo r co n v en ien t d e te rm in a tio n  o f  th e  s ta tic  ch a rac te ris tic s  
a n d  a high se n s itiv ity , low in p u t  level am p lif ie r  th a t  also in co rp o ra te  th e  
th e rm a l lag co m p en sa tio n  (F ig . 3). T his schem e o f o p e ra tio n  is due to  D r y d e n  

an d  K u e t i i e , e t a l. [25, 26]. I t  w as in d e p e n d e n tly  d iscovered  also by  Z i e g l e r

current control'

Fig. 3. C o n s ta n t-c u rren t c irc u it w ith  th e rm a l lag  com pensa tion

[105] and [106]. A  m ore recen t version  is fo u n d  in  [45] giving high freq u en cy  
response up  to  70 k c , and  now  com m ercia lly  a v a ila b le  eq u ip m en t can  reach  
th e  sam e lim its.

The o th e r ty p e  o f c ircu it is th e  c o n s ta n t te m p e ra tu re  ho t-w ire  an em o 
m e te r . Since th e  w ire  te m p e ra tu re  is no t p e rm itte d  to  change th e re  is no v a r i
ab le  am o u n t o f en e rg y  s to red  in  th e  th e rm a l c a p a c ity . I n  order to  ach ieve 
a c o n s ta n t te m p e ra tu re , th e  h e a tin g  c u rre n t m u s t be v a ried  rap id ly  accord ing  
to  th e  changing d em an d s for h e a tin g  (F ig . 4 show s a b lock d iag ram  o f th e  
c o n s ta n t  te m p e ra tu re  c ircu it). I n  p rac tice  th e  w ire is p laced  in  a W h ea ts to n e  
b rid g e  and  th e  u n b a lan ce  v o ltag e  ap p earin g  across th e  bridge is am plified , 
th e  resu lting  la rg e  signal is u sed  to  con tro l th e  h e a tin g  c u rre n t o f th e  w ire. 
T h is rep resen ts a s tro n g  neg a tiv e  feedback  a n d  i t  m a in ta in s  th e  w ire a t  a re la 
tiv e ly  co n stan t te m p e ra tu re . T he th e rm a l lag  e ffec ts  are  reduced  in  th e  ra tio

Acta Techn. Hung. 50. (1965)
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o f th e  n eg a tiv e  feedback  ap p lied  (in p ra c tic a l cases th is  v aries b e tw een  301 
a n d  300).

A  d e ta iled  analysis show s th a t  th e  effective tim e  c o n s ta n t is reduced  
b y  th e  feedback  ra tio  (loop gain) К  [41, 49, 67].

w h ere

M '  =
M

1 + K

К  =  2 awR wgm

(18)

(19)

Fig.  5. I n p u t - o u tp u t  c h a r a c te r i s t i c s  o f  a  l in e a r iz e r  ( J  —■ f 0 fo r  V  =  0)

an d  th e  tra n sc o n d u c ta n ce  o f  th e  am p lifie r

8 m
d l o u t
de,n

( 20)

T h e  c o n s ta n t  tem p e ra tu re  c irc u its  are  u su a lly  d. c. coupled for s ta b il i ty  a t 
low  freq u en c ies . This fa c t p e rm its  th e  “ lin e a riz a tio n ”  o f th e  o u tp u t  so th a t  
i t  b eco m es p ro p o rtio n a l to  th e  a ir  ve lo c ity  [49, 51, 52, 67]. By in v e r tin g  (16) 
we f in d  th e  velocity

U  = ( 21)

F ig . 5 show s th e  ty p ica l in p u t  — o u tp u t  ch a rac te ris tic s  of such  a lin ea rize r. 
T h e  a c tu a l  c ircu it m ay be rea lized  e ith e r  b y  tw o cascaded  sq u a rin g  c irc u its  
w ith  a v a ria b le  vo ltage  o ff-se t b e tw een  th e m  or by  a d ire c t a p p ro x im a tio n  
o f  th e  fu n c tio n  given by  E q . (21). T his can  be done by a chain  of b iased  diodes 
o r b y  som e non-linear solid s ta te  device.

T h e  choice betw een a c o n s ta n t c u rre n t and  a c o n s ta n t te m p e ra tu re  
sy s te m  depends m ain ly  on th e  in te n d e d  fie ld  o f app lica tion . W hen  th e  f lu c 
tu a t io n s  a re  large u ' / U  >  0 ,10  or i f  th e  v e lo c ity  is allow ed to  d ro p  to  a near 
zero  v a lu e , th e  co n stan t te m p e ra tu re  system  is d e fin ite ly  superio r. O n th e  o th e r 
h a n d , i f  th e  sep ara tio n  of v e lo c ity  a n d  te m p e ra tu re  f lu c tu a tio n s  is im p o r ta n t
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(th is  includes p ra c tic a lly  all supersonic w ork) c o n s ta n t c u rre n t o p e ra tio n  is 
necessary , for m easu rem en ts  m u st be ta k e n  a t  d iffe ren t o v e rh e a tin g  ra tio s  
dow n to  v an ish ing  h e a tin g  cu rren ts . Since th e  c o n s ta n t te m p e ra tu re  feedback  
sy stem  can o p e ra te  successfu lly  only a t  a re la tiv e ly  high o v e rh e a tin g  ra tio  
(th e  feedback  ra tio  is d irec tly  p ro p o rtio n a l to  th e  o v erh ea tin g  ra t io , eq u a tio n  
19), i t  c an n o t be used a t  th e  low o v erh ea tin g  ra tio s  needed  fo r p re d o m in a n tly  
te m p e ra tu re  se n s itiv ity . T u rbu lence  m easu rem en t in  a shock tu b e  is an  excep 
tio n , i t  is m uch m ore conven ien t w ith  a c o n s ta n t te m p e ra tu re  sy s te m  since

it  perm its  re la tiv e ly  s tro n g  o v erh ea tin g  o f th e  w ire beh ind  th e  shock  b y  using 
in s tan tan eo u s  h e a tin g  c u rre n t values th a t  w ould  n o rm ally  b u rn  th e  w ire in 
th e  still air before  th e  shock fro n t arrives.

The d y n am ic  response  o f th e  w ire, o f  course, depends on th e  th e rm a l 
cap ac ity  and on th e  a c tu a l cooling ra te . D ynam ic  ca lib ra tio n  tech n iq u es  
ex p lo it th e  fact th a t  fo r sm all p e r tu rb a tio n s  th e  tim e  c o n s ta n t o f  th e  tra n s ie n t 
response m ust be th e  sam e for all k inds o f im posed  f lu c tu a tio n s , irre sp ec tiv e  
o f  w heth er th e  eq u ilib riu m  is d is tu rb ed  b y  tra n s ie n ts  in  th e  h e a tin g  c u rren t 
or in th e  v e loc ity  [22, 47]. The d issen ting  view  stresses th e  im p o rta n c e  of 
f in ite  h ea t co n d u c tio n  effects along th e  w ire ( B e t c h o v  [ 3 , 4 ] ) .  S uch  questions 
can be se ttled  ex p e rim en ta lly . M echanical shak in g  o f th e  w ire in  a uniform  
stead y  flow has o ften  been  suggested  b u t  a h igh  frequency  c a n n o t be reached  
w ith o u t excessive in e r tia l forces in  th e  w ire. S quare  w ave h e a tin g  cu rren t 
tra n s ie n ts  w ere f ir s t  a d o p ted  by  p resen t a u th o r  [39] as a ro u tin e  m eth o d  of 
tim e c o n s tan t c a lib ra tio n . C om parison o f response  a t  tw o d isc re te  frequencies 
is also feasible [75]. A n excellen t ae ro d y n am ic  s tep  fu n c tio n  t r a n s ie n t  can  be 
c rea ted  in th e  fo rm  o f a trav e llin g  shock w ave in  a shock tu b e  an d  th is  was used 
to  verify  th e  th e o ry  o f  tra n s ie n t response ( D o s a n j i i  [23, 24]). F ig . 6  shows 
th e  ho t-w ire  resp o n se  to  a trav e llin g  shock  w ave.

Acta Techn. H u n g . 50. (1965)

Fig. 6. T rans ien t  re sponse  of a hot-wire  an em o m ete r  to a t rave ll ing  shock wave.  (Time scale 
25 и sec. per divis ion 3,7 fi d iam ete r  T u n g s ten  [W olfram] wire)
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T y p ica l ho t-w ire  t im e  c o n s ta n ts  are of th e  o rd e r o f 0,1 — 2,0 10 “ 3 see. 
(in c rea s in g  w ith d iam e te r  a n d  overheating ). T he use o f coa ted  q u a r tz  fib res  
a n d  o th e r  lam in a ted  s tru c tu re s  w ere considered b y  L o w e l l  [57], B o r d e n  [6] 
a n d  L i n g  & H u b b a r d  [55], g iv in g  a m ore ru g g ed  p ro b e , especially  in  w a te r. 
I n  acco rd an ce  w ith  th e  t im e  c o n s ta n t va lues, q u o te d  ab o v e , th e  u n a id ed  w ire 
g iv es  a  un iform  freq u en cy  resp o n se  up to  1600 cps or 80 cps re sp ec tiv e ly  
(3 d B  p o in t). E lec tron ic  c o m p e n sa tio n  of th e  th e rm a l  lag  needs an  e x tra  am p li
f ic a t io n  fo r the  high freq u en c ies  a t  least b y  th e  sa m e  fa c to r  as th e  freq u en cy  
b a n d  is being ex ten d ed . F ig . 7 shows a ty p ic a l exam ple . T he am plifiers

F ig . 7. T y p ic a l frequency re sp o n se  o f a c o n s tan t-cu rre n t ty p e  ho t-w ire  an em o m eter. (Time- 
co n stan t: M  =  1 ,5 -1 0  ~3 sec; th e rm al lag c o m p e n sa tio n  40 dB )

all h a v e  noise and u ltim a te ly  th is  noise lim its th e  m in im u m  d e tec tab le  tu r b u 
len ce  s ig n a l. The p o in t w h ere  th e  tu rb u len ce  sig n a l d isap p ears  in  th e  th e rm a l 
n o ise  u su a lly  occurs a t  a tu rb u le n c e  level o f th e  o rd e r 0,01 ~  0 ,2%  (u ' / U  =  
=  1 • I 0 —4 2 • 10-3 ). (N a tu ra l ly , th is  depends on b a n d -w id th  an d  w ire, an d  w ith  
g re a t  c a re  i t  m ay be im p ro v e d .)  O bviously, th e  u lt im a te  lim it w oidd occur 
w h en  th e  th e rm o d y n a m ic  n o ise  (Jo h n so n  noise) o f  th e  h o t-w ire  its e lf  is reach ed , 
an d  w o u ld  dom inate  all o th e r  no ise . Good q u a lity  h o t-w ire  eq u ip m en t to d a y  is 
w ith in  less th a n  a fa c to r  o f  10 from  th is  u lt im a te  lim it. A m o d era te  a m o u n t 
o f  th e r m a l  lag  co m p en sa tio n  c a n  be accom plished  also b y  using  m ism atch ed  
tr a n s fo rm e r  coupling (“ p o o r m a n ’s ho t-w ire”  [41]; also S h e p a r d  [81], w ho 
u sed  i t  to  com pensate  th e rm a l  lag  of therm ocoup les).

C o n s ta n t c u rren t e q u ip m e n t in  general h as  a low er noise figu re  (m ore 
f re e d o m  in  ta ilo ring  th e  p a s s -b a n d  and  also th e  a d d ed  p o ssib ility  of using  
tr a n s fo rm e r  coupling (S c h u h  [79]). C onstan t te m p e ra tu re  system  on th e  
o th e r  h a n d , ad ap ts  i tse lf  w ell to  tran sis to rized  c irc u itry  and  can be q u ite  
c o m p a c t [49]. A carrie r fre q u e n c y  (r. f.) o p era ted  c o n s ta n t te m p e ra tu re  feed 
b a c k  sy s te m  also can be a t t r a c t iv e  in  some special a p p lica tio n s  (T o u r n i e r  [90] 
a n d  S h e p a r d  [80]). A v e ry  d e ta ile d  tre a tm e n t co v erin g  a ll possible m odes of 
o p e ra t io n  (co n stan t te m p e ra tu re , c u rren t, r. f. c a rr ie r , e tc .) m ostly  from  th e  
e le c tro n ic  engineer’s p o in t o f  v iew  is given b y  W i s e  e t  al. [100, 10 1 ,1 0 2 ,1 0 3 ],.
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VI. S ignal P rocessing

I t  w as d iscovered q u ite  e a rly  [82] th a t  th e  ve lo c ity  co m p o n en t p e rp en 
d ic u la r  to  th e  m ean  flow  can  be sensed as f lu c tu a tio n  in  th e  w ire ’s angle o f 
a t ta c k . T he v a ria tio n  o f h e a t  loss w ith  angle o f a t ta c k  has been  re c e n tly  re 
m easu red  b y  W e b s t e r  [97]. T h e  s ta n d a rd  tech n iq u e  for m easu rin g  cross 
co m p o n en t velocity  f lu c tu a tio n  is to  use tw o ob lique  wires so t h a t  w ith  a 
v a r ia tio n  of d irection  th e  ang le  o f a t ta c k  increases on one an d  d ecreases on 
th e  o th e r w ire (X  or V  p robe). T he co n fig u ra tio n  can  be c a lib ra te d  a g a in s t the  
ang le  of flow  sim ply  b y  ro ta t in g  th e  p robe  w hen p laced  in  a u n ifo rm  a irs tream . 
T h e  sen s itiv ity  for th e  v'  o r c ross-com ponen t o f th e  v e lo c ity  ap p e a rs  to  be o f 
th e  sam e o rder of m ag n itu d e  as fo r th e  u '  com ponen t d irec ted  a long  th e  m ean 
flow . By com bining th e  sum  an d  difference of th e  u '  an d  v' signals, th e  R eyno lds 
s tre ss  г. u 'v ' can be also m easu red . T he analysis o f erro rs due to  th e  u n av o id ab le  
m ism a tch  of the  tw o w ires in  th is  case becom es q u ite  invo lved . A s h k e n a s  [1], 
R u e t e n i k  [73 ,74 ], N e w m a n  &  L e a r y  [66] all h av e  d e a lt w ith  th is  p rob lem  
considering  th e  low  speed case. In  supersonic flow , M o r k o v i n  a n d  P h i n n e y  

a tte m p te d  to  do th e  sam e [64].
B esides tw o-w ire p robes for m easu ring  u' and  v ' , m ore com plex  c o n fig u ra 

tio n s  ex ist for o th e r p u rposes. A te tra h e d ra l a rra y  o f fo u r w ires can  be a rran g ed  
fo r th e  d irec t m easu rem en t o f th e  v o r tie ity  co m p o n en t along th e  m ean  flow  
([47], on pages 227 — 228). M ore co m plica ted  a rray s  o f  ho t-w ire  anem o m eters  
h a v e  been  described earlie r b y  B u r g e r s  [ 8 ] ;  recen tly , fiv e  w ire “ la d d e r  p ro b e” 
w as developed  to  m easure  in s ta n ta n e o u s  b o u n d a ry  lay e r profiles d u rin g  la m in a r 
tu rb u le n t  tra n s itio n  [49].

In  h igh speed flow  th e  u n h e a te d  ho t-w ire  assum es a te m p e ra tu re  th a t  
is close to  th e  s ta g n a tio n  te m p e ra tu re , th e  ac tu a l va lu e  d ep en d in g  sligh tly  
on th e  M ach n u m b er an d  also  on th e  R eyno lds n u m b e r (as we ap p ro a c h  slip 
flow ) [43, 44, 50, 60]. T he h e a t  loss depends p rim arily  on th e  m ass flow  q U 
a n d  th e  M ach n u m b er h as  im p o r ta n t  in fluences on ly  in  th e  h igh  subsonic  
an d  tran so n ic  range. T h e re  is also a m ark ed  n o n lin e a rity  w ith  o v e rh ea tin g  
t h a t  affects sig n ifican tly  th e  f lu c tu a tio n  sen s itiv ity  coeffic ien ts .

In  a w ell-estab lished  superson ic  flow  (M  > 1 ,2 )  th e  p rocedure  fo r se p a ra t
in g  th e  d iffe ren t f lu c tu a tio n  m odes is well e s tab lish ed  [46, 63, 38, 96]. In  high 
subson ic  flow , how ever, th e  req u irem en ts  on s ta tic  ca lib ra tio n  are  so s tr in g e n t 
t h a t  unam biguous in te rp re ta t io n  of f lu c tu a tio n  m easu rem en ts  is m u ch  m ore 
d ifficu lt [63, 64].

In  hyperson ic  flow , th e  ho t-w ire  has been  used  successfully  even  w ith o u t 
a b so lu te  ca lib ra tio n  b y  D e m e t r i a d e s  [1 9 ,2 0 ] an d  by  D e w e y  [21].

As m en tioned  ea rlie r th e  velo c ity  and  te m p e ra tu re  f lu c tu a tio n s  m ay  be 
se p a ra te d  b y  ta k in g  sev era l read in g s a t  d iffe ren t w ire te m p e ra tu re s . T h is is 
e ssen tia lly  th e  sam e p ro ced u re  a t  low  speed or a t  superson ic  ve loc ities ex cep t
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t h a t  in  th e  la tte r  case, th e  v a r ia b le s  are th e  m ass-flow  (gU)  a n d  s tag n a tio n  
te m p e r a tu r e  T 0.

B y  using a c o n s ta n t c u r re n t  circuit, we f in d  th a t  th e  p o te n tia l f lu c tu a 
t io n s  across the w ire a f te r  p ro p e r  th e rm al lag  co m p en sa tio n  a re  p ro p o rtio n a l 
to  a l in e a r  com bination  o f  th e  velo c ity  and  te m p e ra tu re  f lu c tu a tio n s  [E q . (8)].

be =  -  F b U  +  G b T . (22)

T h e  se n s itiv ity  coeffic ien ts F  an d  G for a g iven  flow  are  s till d ep en d en t on 
th e  w ire  operating  c o n d itio n s  an d  th e ir  ra tio  F /G  — r(aw) is a m onoton ie  
( a lm o s t  linear) fu nc tion  o f  th e  w ire o v erh ea tin g  ra t io  aw. B y  ta k in g  th e  m ean 
s q u a re  v a lu e  of the  v o lta g e  f lu c tu a tio n  we fin d

0~? =  F 2 ( ö Ü f  +  G2( ô T ÿ —  2 F G ( ô U  - S T ) .  (23)

B y  ta k in g  three read ings a t  th re e  d ifferen t w ire te m p e ra tu re s , we can  solve 
( a t  le a s t  in  principle) fo r th e  th re e  unknow n q u a n tit ie s  [16, 17]: th e  tw o m ean 
s q u a re  flu c tu a tio n s ÔU2 a n d  b T 2 and  th e  cross co rre la tio n  be tw een  them  
bU  • Ь Т .  B y tak ing  m ore  th a n  th ree  read ings one h as  consistency  checks, 
a n d  th e  resu lts  can be p re s e n te d  also in th e  “ f lu c tu a tio n  d ia g ra m ” . T h is can  
be  o b ta in e d  by p lo ttin g  0

0 * = ~ * ~  (24)
G

a g a in s t  r(aw). Typical c u rv e s  show ing  the  d ep en d en ce  on th e  re la tiv e  m ag n i
tu d e s  o f  th e  three u n k n o w n  q u a n titie s  are g iven  in  F ig . 8.

I f  th e re  are only v e lo c ity  f lu c tu a tio n s , th e  d iag ram  is a s tra ig h t line o u t 
f ro m  th e  origin, and th e  slope  is  p ro p o rtio n a l to  th e  v e lo c ity  f lu c tu a tio n  d 0 \d r  =  
— b U ' .  I f  there  are o n ly  te m p e ra tu re  f lu c tu a tio n s  th e  d iag ram  is a h o rizo n ta l 
lin e  ( 0  =  const). I f  th e re  a re  b o th  flu c tu a tio n s p re se n t, th e  p lo t varies acco rd 
in g  to  th e  correlation c o e ff ic ie n t betw een th e  tw o  (b U  an d  bT )  f lu c tu a tio n s . 
F o r  p e rfe c tly  co rre la ted  o r  p e rfe c tly  a n tic o rre la te d  f lu c tu a tio n s , th e  cu rve  
b e c o m e s  a stra igh t line, a n d  fo r  zero co rre la tion , i t  is h y p erb o la . T he f lu c tu 
a t io n  d iag ram s are e x te n s iv e ly  tre a te d  in  [46, 63 , 96].

T h e  signals o b ta in e d  f ro m  th e  hot-w ire a re  fu r th e r  processed ju s t  as 
a n y  o th e r  electrical s ig n a l. H is to ric a lly , th e y  w ere th e  ho t-w ire  tu rb u le n c e  
s ig n a ls  t h a t  were f irs t p ro c e sse d  to  ob ta in  s ta t is t ic a l  q u a n titie s  such  as th e  
a u to c o r re la tio n  and  th e  p o w e r  spec trum . M ean sq u a re  q u a n titie s  (tu rb u len ce  
lev e l) a re  m ost often m e a su re d  b y  the  v acu u m  th e rm o co u p le , m ean  p ro d u c ts  
fo r  c o rre la tio n  m easu rem en t b y  th e  “ q u a rte r-sq u a re ”  m eth o d  as th e  d ifference 
o f  th e  tw o  signals. T rip le  a n d  q u ad ru p le  co rre la tio n s h a v e  th e ir  co rrespond ing  
a n a lo g u e  circu itry  (To w n s e n d  [91]).

I n  o rd er to  o b ta in  th e  au to co rre la tio n  fu n c tio n , th e  sh o rt- tim e  ap p ro x i
m a te  s tead in ess  of th e  tu r b u le n t  p a tte rn  is u sed , a n d  th e  f lu c tu a tio n s  are
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m easu red  a t  tw o  d iffe ren t p o in ts  in  space w hile th e  results are  in te rp re te d  
as rep re sen tin g  tw o d iffe ren t tim es. T he f re q u e n t practice  to  in te rc h a n g e  
space a n d  tim e  variab les in  hom ogeneous tu rb u le n c e  is referred  to  as “ T a y lo r ’s 
h y p o th e s is” . Ju s tif ic a tio n  fo r th is  p rac tice  is b a sed  p a rtly  on in tu i t io n , b u t  
also on a p ap er by  L i n  [ 5 4 ] .

(cl

в

Fig. 8. T y p ical f lu c tu a tio n  d iag ram s:
(a) v e loc ity  f lu c tu a tio n  a lone; (6) te m p e ra tu re  f lu c tu a tio n  alone; (e) R y T =  — 1;

(d) Ryr — + 1  » (e) Rut — ®

T ru e  tim e  co rre la tions, especially  th e  com bined  space-tim e c o rre la tio n  
can  be o b ta in ed  b y  delay ing  one o f th e  signals b y  th e  use of a m a g n e tic  ta p e -  
reco rd e r. This ap p ro ach  has been p u rsu ed  in  m o st de ta il by  F a v r e  e t  al. 
[ 2 7 ,  2 8 ,  2 9 ] .

P ow er sp ec tra  are  m easured  b y  n a rro w  b a n d  filte rs follow ed b y  “ tru e  
r. m . s .”  m eters, an d  th e  F o u rie r  tra n sfo rm  p ro p ertie s  of pow er s p e c tra  an d  
a u to c o rre la tio n  functions can  be verified .

In  a d d itio n  to  th e  r. m . s. f lu c tu a tio n  rep resen tin g  the  tu rb u le n c e  level, 
d if fe re n t len g th  scales are  o ften  de te rm in ed . In  p rinc ip le  these can  b e  o b ta in e d  
e q u a lly  well from  th e  co rre la tio n  or from  th e  sp e c tru m  m easu rem en ts. A n in te r 
e s tin g  sh o rt-c u t should  be m en tio n ed  here . T h a t  is, the  d e te rm in a tio n  o f th e
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m icro sca le  Я b y  c o u n tin g  th e  num ber of zero  crossings of th e  sig n a l ( L i e p - 
m a n n  [53]). In  re c e n t y e a rs  th e  use of an a lo g u e  com pu ting  tech n iq u es  has 
b ecom e m ore com m on, so w e no longer need  to  d ea l here a t len g th  w ith  th e  
d e ta ils  o f s ta tis tic a l p ro c e ss in g  of th e  ho t-w ire  signals .

T h e  hot-w ire h a s  a f in ite  leng th  a n d  th e  d ifference in  th e  tu rb u le n t  
p a t t e r n  a t  th e  tw o en d s  o f  th e  w ire m ay  s ig n if ic a n tly  m odify our s ta tis t ic a l  
m easu rem en ts . W ire le n g th  effects were e s t im a te d  b y  F r e n k i e l  [ 3 0 ]  a n d  a 
gen era lized  tre a tm e n t o f  s ta tis t ic a l  m easu rem en t w ith  a probe of f in ite  d im e n 
sion  is g iven in  [93].

So fa r  as special ap p lic a tio n s  are concerned , no  references are g iven  h ere  
to  p a p e rs  th a t  re p o rt m a in ly  m easured re su lts  as th e  num ber o f references 
on te c h n iq u e  alone is a lre a d y  too  high. A re c e n t sym posium  in 1961 rev iew ed  
th e  s ta te  o f our k n o w led g e  of tu rbu lence  a n d  th e  read er is re fe rred  to  th e  
p ro ceed in g s [62]. F o r  a gen era l in tro d u c tio n  [42, 47 , 18, 7] w ould serve  and  
[8, 25, 26, 94 and  95] all have  h istorical v a lu e . M odern c o n s ta n t c u r re n t 
e q u ip m e n t is tre a te d  in  [36, 45 and  65]; c o n s ta n t  te m p e ra tu re  e q u ip m e n t in  
[31, 40 , 67 and  52]. F o r  th e  use of hot-w ires in  tra n so n ic  and superson ic  flow  
[46 a n d  63] are usefu l. T h e  su b jec t of ho t-w ires  in  w a te r  is tre a te d  in  [68 an d  
86 ], a n d  th a t  of h o t-w ires  in  shock tube in [9, 23 a n d  24]. M eteorological a p p li
c a tio n s  are given in  [61].

W e m ay sum  it  u p  th e  following w ay. D u rin g  th e  36 years of ho t-w ire  
tu rb u le n c e  research , th e  im p ro v em en t in  te c h n iq u e  is im pressive an d  th e  
p u b lish e d  d a ta  on tu rb u le n c e  have increased  s te a d ily . N evertheless, i t  s till 
has m ore  the  caprice o f  an  a r t  th a n  the  c o m p le te  re liab ility  of a c o n v e n ie n t 
ro u tin e  lab o ra to ry  p ro c e d u re .

A P P E N D IX

Symbols

H
T
Te
T
a,"b, Л , В ,  C
Q
u
^o>  I'o 
d
R e =  U od/(f0

л  1 (T „  -  T t) k„

г =  Т ” ~  T ‘
To

6 eff
Ф

h e a t  lo ss o f wire; 
te m p e ra tu re ;
e q u il ib r iu m  tem p era tu re  o f th e  u n h e a te d  w ire; 
te m p e ra tu r e  of th e  h ea ted  w ire ; 
c o n s ta n ts ;  
gas d e n s i ty ;
v e lo c ity  (u su a lly  m ean v e lo c ity );
h e a t  c o n d u c tiv ity  and  v isco sity  a t  s ta g n a tio n  tem p e ra tu re  T 0; 
w ire  d ia m e te r ;
R e y n o ld s  n u m b er o f the  h o t-w ire ;

N u sse lt  n u m b e r  of the  h o t-w ire ;

te m p e ra tu re  loading;

e ffe c tiv e  v e lo c ity  for oblique w ire s ;
an g le  b e tw ee n  velocity  an d  a p lan e  n o rm a l to  th e  w ire;
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E

W r-Rw 
I
«„
C
M
Ts,

• =  IR»
he, ÔU, ÔT, h i
F ,G
Z
RI
a

th e rm a l  energy  stored  in th e  w ire ; 
tim e ;
Jo u le  h e a tin g  of w ire;
e le c tr ic  h e a tin g  cu rren t;
w ire re s is ta n c e  a t  te m p e ra tu re  T„.;
h e a t  c a p a c ity  o f th e  w ire;
tim e  c o n s ta n t  o f w ire;
te m p e ra tu re  th e  wire w ould a t ta in  accord ing  to  i ts  s ta t ic  response
( Г  =  Я);
v o lta g e  d ro p  across w ire;
f lu c tu a tio n s  in  th e  co rresp o n d in g  v a riab le s  e, U , I \  I  ; 
f lu c tu a t io n  sen sitiv ity  c o n s ta n ts ;  
c a l ib ra t io n  fa c to r;
w ire  re s is tan c e  a t  reference te m p e ra tu re  T j  (usua lly  0°C ); 
th e rm a l coefficien t of re s is tiv ity  defin ed  a t reference te m p e ra tu re  Tj\ 
c o n s ta n t  o f th e rm a l in e rtia ;

H w -  R e 
" "  =  W,
Vo
Jo
Zs
F
M '

к
gm
eiru /o u t
It', V'
г

Г „ = т (1 +  У 2 1 M2

o v e rh e a tin g  ra tio ;

c a l ib ra t io n  c o n s ta n t (c h a ra c te r is tic  v e loc ity ); 
c a lib ra tio n  c o n s ta n t (c h a ra c te r is tic  c u rre n t) ; 
h e a t in g  c irc u it in te rn a l im p ed an ce ; 
f in ite  h e a tin g  c ircu it fac to r;
re d u ce d  tim e  co n stan t o f a c o n s ta n t  tem p e ra tu re  h o t-w ire  an em o 
m e te r;
fe e d b a c k  ra tio  (loop gain); 
t r a n sc o n d u c ta n c e  of feedback  a m p lif ie r; 
in p u t  v o ltag e  and  o u tp u t c u rre n t re sp ec tive ly ; 
r . m . s. v e lo c ity  flu c tu a tio n  c o m p o n en ts ;
ra tio  o f  th e  sen sitiv ity  to  v e lo c ity  an d  to  te m p e ra tu re  f lu c tu a tio n s ;

s ta g n a tio n  tem p e ra tu re  defin ed  for com pressible flow  (M is M ach 
n u m b e r , y  is th e  ra tio  o f specific  h e a ts ) ;

в
Я
R UT

r .  m . s. f lu c tu a tio n  a m p litu d e  used  in “•fluc tua tion  d ia g ra m ” ; 
m ic ro scale  o f tu rb u len ce ;
v e lo c ity - te m p e ra tu re  co rre la tio n  coefficient.

R E F E R E N C E S

1. A s i t k e n a s , H .: H o t-W ire  M easurem en ts w ith  X -M eter (C o n trac t N A w -6295). NA CA and
Cornell U n iv e rs ity  (1955), M ay.

2. B a l d w i n , L. V .: S lip -F lo w  H e a t T ransfer from  C ylinders in Subsonic A irs tre a m s . NACA
T N  4369 (1958), S ep t.

3. B e t c h o v , R .: N o n -L in ea r T h eo ry  of a H o t-W ire  A n em om eter. NACA TM  1346 (T ran s
la tio n  of “ T héorie n o n -lin éa ire  de l ’an ém o m ètre  à fil c h a u d ” ). Verhand. K o n . N ed . A kad. 
W etensch  (A m ste rd am ) 52 (1949), 195 — 207.

4. B e t c h o v , R . — W e l l i n g , W .: Som e E xperien ces R eg ard in g  th e  N o n lin e a r ity  o f H ot-
W ires. NACA TM 1223 (T ran sla tio n  of “ Q uelques expériences sur la n o n -lin é a r ité  des 
fils c h a u d s” ) V erhand , K o n . N ed. A kad . W etensch  (A m ste rd am ) 53 (1950), 432 — 439.

5. B i l l i n g t o n , I. J . :  T h e  H o t-W ire  A nem om eter an d  i ts  Use in N o n -S tead y  F lo w , Tech.
N ote  5. U niv. o f  T o ro n to , In s titu te  o f A  er о physic  s (1955), Sept.

6. B o r d e n , A.: T im e C o n s ta n ts  a n d  F requency  R esponse  of C oated H o t-W ire s  U sed as
T urb u len ce-S en sin g  E le m e n ts . R  & D  R ep t. 952 , H ydrodynam ics L a b ., D a v id  Taylor 
M odel B a s in  ; (1957), J u n e .

7. B r a d s h a w , P .— J o h n s o n , R . F .: T u rbu lence  M easurem en ts w ith  H o t-W ire  A n em o m eters .
N a tio n a l Physical Laboratory: Notes on A p p lied  Science. London  (1963), N o. 33.

8. B u r g e r s , J .  M.: H itz d ra h tm e ssu n g e n . H a n d b u ch  de r E x p e rim en ta lp h y s ik ; V ol. 4, P a r t
1, 637 — 667; W ie n -H a rm s , L eipzig  1931.

9. C h r i s t i a n s e n , W a l t e r  IL :  U se of F ine U n h ea ted  W ires for H e a t T ran s fe r  M easu rem en ts
in the  Shock T u b e . G uggenheim  Aeronautical Laboratory , California In s titu te  o f  Techno
logy, H ypersonic Research Project. Mem. N o. 55. (1960), Ju n e  1.

10. C o l e , J . — R o s i i k o , A . :  I fe a t  T ran s fe r  from  W ires a t  R ey n o ld s N um bers i n  th e  O seen  R ange. 
Proc. Heat T ransfer a n d  F lu id  M echanics In s titu te , U niv. o f  C alif., B e rk e le y  1954.

10* A d a  Techn. H u n g . 50 . (1965)



148 L. S. G. KOVÁSZNAY

11. C o l e , J .  D .— W li, T . Y .:  H e a t  C onduction  in  a C o m p ressib le  F lu id . H eat T ra n sfer and
F lu id  Mechanics In s ti tu te , S ta n ford  Univ. Press (1951), 121.

12. C o l l is , D. C.: Forced  C o n v ec tio n  of H eat from  C y lin d ers  a t  Low R ey n o ld s N u m b ers.
J .  Aero. Sei. 23 (1956), N o . 7. Ju ly .

13. C o l l is , D. C. —W il l ia m s , M . J . :  T w o-D im ensional F o rc e d  C onvection from  C ylinders a t
L ow  Reynolds N u m b ers . R e p t. A R L /A  105, D ept, o f  S u p p ly ,  A ustra lia  (1957), N o v em b er.

14. C o l l is , D. C. —W il l ia m s , M . J . :  M olecular and  C o m p ressib ility  E ffec ts  on  F o rced  Con
v e c tio n  of H eat fro m  C y lin d e rs . Journal o f  F lu id  M echanics  6 (1959), 357.

15. C o o p e r , R. D .—T u l i n , M. P .:  T u rbu lence  M easu rem en ts  w ith  th e  H o t-W ire  A n em o m eter.
N A T O , A G A R D ograph  N o .  12, Paris (1955), A ug.

16. Co r r s in , S.: E x te n d ed  A p p lic a tio n s  of the  H o t-W ire  A nem om eter. Rev. Se i. In s tr .  18
(1947), No. 7.

17. Co r r s in , S.: E x ten d ed  A p p lic a tio n s  o f the H o t-W ire  A n em o m eter. N A C A T N  1864 (1949).
18. C o r r s in , S.: T u rb u len ce  E x p e r im e n ta l M ethods. H a n d b u c h  der P h y s ik ; V ol. V III/2 ,

525 — 590; Springer V e rlag , B erlin  1963.
19. D e m e t r ia d e s , A.: H o t-W ire  M easurem ents in th e  H y p e rso n ic  W ake of a C y linder. Jour.

A ero . Sei. 28 No 11. (1961), 901.
20. D e m e t r ia d e s , A.; A n E x p e r im e n ta l  In v estig a tio n  o f  th e  S ta b ility  o f th e  H y p erso n ic

L am in a r  B oundary  L a y e r . J o u r . Aero. Sei. 25. N o  9 (1958), Sept.
21. D e w e y , C. F o r b es : H o t W ire  M easurem ents in  Low  R e y n o ld s  N u m b er H y p e rso n ic  Flow s.

A m erican  Rocket Socie ty  J o u rn a l  (1961), 1709.
22. D a t w y l e r , G.: B e iträg e  z u r  H itzd ra h tm e th o d e . Z eit. f .  A n g . M ath . P hys. 1, N o 5 (1950),

2 9 8 - 3 1 6 .
23. D o s a n jh , D. S.: Use o f a H o t-W ire  A nem om eter in  S hock  T ube In v e s tig a tio n s  (P t .  1).

P h . D. Thesis, Jo h n s  H o p k in s  U niv . 1953.
24. D o s a n jh , D. S.: Use o f a H o t-W ire  A nem om eter a s  a  T rig g erin g  and  T im in g  D ev ice  for

W av e  Phenom ena in  a  S h o c k  T u b e. Rev. Sei. In s tr . 26 J a n . (1955), 65.
25. D r y d e n , H. L. — K u e t h e , A . M.: The M easu rem en t o f F lu c tu a tio n s  of A ir S peed  in

T u rb u le n t Flow. N A C A  T R  N o. 320, 1928.
26. D r y d e n , H. L .—Sc h u b a u e r , G. B .—Mock, W . C. Sk r a m s t a d , H . K .: M easu rem en t of

In te n s i ty  and Scale o f W in d  T unnel T u rbu lence  a n d  T h eir R e la tio n  to  th e  C ritical 
R ey n o ld s N um ber o f S p h e re s . NACA T R  N o. 581, 1937.

27. F a v r e , A.: S ta tis tica l M e a su re m e n ts  of Tim e C o rre la tio n . Proc. Seventh In t .  Congr. A p p l.
M ech. 2 P t. 1 (1948), 44 — 45.

28. F a v r e , A. —Ga vig lio , J .  J .  — D u m a s , R .: A p p a ra tu s  fo r  M easurem en ts of T im e a n d  Space
C orrela tion . NACA T M  1371 (1955), April.

29. F a v r e , A. J . — Ga v ig l io , J .  J .  — D um as, R.: S p ace-T im e D ouble  C orrela tions a n d  S p ec tra
in  a  T urbu len t B o u n d a ry  L a y e r . Jour. F lu id  M ech. 2 P t .  4 (1957), Ju n e  also  3 P t .  4 
(1958), Jan .

30. F r e n k ie l , F. N.: E ffec ts  o f  W ire  L ength  in  T u rb u le n ce  In v e stig a tio n s  w ith  a  H o t-W ire
A nem om eter. The A ero. Q uart. 5 (1954), M ay.

31. G a l in a r o , R aym ond  — G o u g a t , P ie r r e : R é alisa tio n  d ’u n  an ém om ètre  à  f i l  ch au d  à
ré s is tan c e  co n stan te . J o u rn a l  des Recherches du  C N R S  (1963), No. 63.

32. G a u d f e r n a u , J .:  A n é m o clin o m é trie  à fils c h a u d s . L a . R echerche A é ro n au tiq u e ,
O. N . E . R . A . (1955), N o . 48.

33. G a u d f e r n a u , J . —E n g a m m a r e , E . — B o iv in et , G.: C lin o m è tre  dy n am iq u e  à fils  ch auds
CCI-Contrôle en Souffle rie  d e s  Perform ances. N ote T echnique N o. 8 /1333 A P , O. N .E .  R . A . 
1956.

34. G a v ig l io , J e a n : Sur q u e lq u e s  p roblèm es de m esu res de tu rb u len ce . D o c to ra l T hesis,
U n iv e rs ité  A ix-M arseille. 1958.

35. G l a w e , G. E .—J o h n so n , R . C.: E x p erim en ta l S tu d y  o f  H e a t  T ransfer to  Sm all C ylinders
in  a Subsonic, H ig h -T e m p e ra tu re  Gas S tream . N A C A  T N  3934 (1957), M ay.

36. H a y a s i, N is ik i: An Im p ro v e d H o t-W ire  A nem om eter. R e p . N o. 36 U n yu -G iju tsu  K e n kyu jo
(T ran sp o rta tio n  T ech n ica l R e se a rc h  In s titu te )  T o k y o  (1959), Ju ly .

37. K i n g , L. V.: On th e  C o n v e c tio n  of H e a t from  Sm all C y lin d ers  in  a S tre a m  of F lu id . P hil.
T ra n s . Roy. Soc. 214 N o 14 (1914), 373 — 432.

38. K i s t l e r , A.: T u rb u le n t B o u n d a ry  L ayer F lu c tu a tio n s  a t  Supersonic V elocities. P hys.
o f  F lu ids  2 (1959), 290.

39. K o v Á S Z N A Y ,  L. S. G. : C a lib ra tio n  a n d  M easurem ent in  T u rb u len ce  R esearch  b y  th e  H o t-
W ire  M ethod. N A C A  T N  1130, 1947. (T ran sla tio n  fro m  H u n g a rian  D o c to ra l T hesis. 
M űegyetem , B u d ap es t 1943 .)

40. K o v Á S Z N A Y ,  L. S. G. : C o n s ta n t  T em pera tu re  F e e d b a c k  H o t-W ire  A n em o m eter. Jo h n s
H o p k in s  U niv ., A ppl. P h y s .  L ab . CM-478 (1948) J u n e .

A c ta  T ech n . Hung. 50. (1965)



THE HOT-WIRE ANEMOMETER 149

41. K o v á s z n a y , L. S. G.: Sim ple H o t-W ire  A n em o m eter. R e p t. Aero. D ep t., J o h n s  H o p k in s
U niv . CM-573, 1949.

42. K o v á s z n a y , L. S. G.: T urb u len ce  M easurem ents . -4pp. M ech. Rev. (fea tu re  a r tic le )  1 2  No 6
(1959), 375.

43. K o v á s z n a y , L. S. G .—T ö r n m a r c k , S. I. A .: H e a t  L oss o f H ot-W ires in S u p erso n ic  Flow .
B um blebee  R e p t. No. 127, Jo h n s  H opkins U n iv . (1950), April.

44. K o vásznay , L. S. G.: T he H ot-W ire  A n em o m eter in  Supersonic Flow. Jo u r . A ero . Sei.
17 (1950), No. 9.

45. K ovásznay , L. S. G.: D evelopm en t o f T urbu len ce-M easu rin g  E q u ip m en t. N A C A  T R  No.
1209, 1954.

46. K ovásznay , L. S. G .: T u rb u len ce  in Supersonic F lo w . Jo u r . Aero. Sei. 20 No 20 (1953), 657.
47. K ovásznay , L. S. G .: T u rbu lence  M easurem ents. H igh  Speed A erodynam ics a n d  J e t P ro

p u ls io n , P rin c e to n  U n iv . Press, 1954; 9 , 213 — 285, Sec t. F .
48. K ová szn ay , L. S. G. — K omoda , H .—Va su d e v a , B . R .: D etailed  F low  in  T ra n s it io n .

P roceed ings o f th e  1962 H e a t T ran sfe r and  F lu id  M echanics In s ti tu te , S ta n fo rd  U n iv e r
s i ty  P ress , 1962.

49. K o vásznay , L. S. G. — M il l e r , L. T .—Va s u d e v a , B. R .: A Sim ple H o t-W ire  A nem o
m ete r. T ech. R ep . J .  H . U ., Jo h n s  H opk ins U n iv e rs ity , Ju ly  1963; 22 p.

50. L ä u f e r , J .  — McCl e l l a n , R .: M easurem ents o f H e a t  T ran sfe r  from  F ine W ires in  S u p e r
sonic F low s. Jo u r. F lu id  Mech. 1 P t .  3 (1956), S ep t.

51. L a u r e n c e , J .  C.: In te n s ity ,  Scale an d  S p ec tra  o f  T u rb u len ce  in M ixing R eg io n  of F ree
Subsonic  J e t .  NACA T N  3561, Sep t. 1955.

52. L a u r e n c e , J .  C. — L a n d e r , L. G .: A u x ilia ry  E q u ip m e n t and  T echniques fo r  A d a p tin g
th e  C o n sta n t-T e m p e ra tu re  H o t-W ire  A n em o m ete r to  Specific P rob lem s in  A ir-F low  
M easurem en ts . NA CA T N  2843 (1952), N ov.

53. L ie p m a n n , H . W . — R o b in so n , M. S.: C ounting  M eth o d s an d  E q u ip m en t fo r M ean-V alue
M easu rem en ts in  T u rb u len ce  R esearch . N A C A  T N  3037 (1953), Oct.

54. L in , C. C.: On T ay lo r’s H y p o th esis  and  th e  A cce lera tio n  T erm s in th e  N av ie r-S to k e s
E q u a tio n s . Quart, o f  A p p lie d  M athem atics 10 (1953), No. 4 Ja n u a ry .

55. L in g , S. G. — H u b b a r d , P . G.: The H o t-F ilm  A n em o m ete r. Jour. Aero. Sei. 23 (1956), 890.
56. L o w e l l , H . H .: D esign and  A pp lica tion  of H o t-W ire  A nem om eter fo r S te a d y -S ta te

M easurem en ts a t  T ran so n ic  and Supersonic S p eed s. NACA TN  2117 (1950), J u ly .
57. L o w e l l , H . H . — P a tto n , N .: R esponse of H o m o g en eo u s an d  T w o-M aterial L a m in a te d

C ylinders to  S inuso ida l E n v iro n m en ta l T e m p e ra tu re  C hange, w ith  A p p lica tio n s  to  H o t- 
W ire A n em o m etry  an d  T herm ocouple  P y ro m e try . NACA TN  3514 (1955), S e p t.

58. Ma h o n y , J .  J . :  H e a t  T ran sfe r  a t  Sm all G rashoff N u m b ers . Proc. R oy. Soc. A  238 (1956),
4 1 2 - 4 2 3 .

59. M a t t io l i, E .: U n a  N uo v a  Sonda a Filo C aldo p e r M isure di T urb u len za  N ello  S tra to
L im ite . T ip o g rá fia  V incenzo B ona, T orino  1957.

60. M cCl e l l a n , R .: E q u ilib riu m  T em p era tu re  a n d  H e a t  T ran sfe r C h a rac te ris tic s  o f  H o t-
W ires in  S uperson ic  Flow . T hesis A. E . D egree , Calif. In s t ,  of T echn. (1955), Ju n e .

61. M acCr e a d y , P . B .: A tm ospheric  T urb u len ce  M easu rem en ts . Jour. M eteor 10 N o 5, O c t ,
(1953), 3 2 5 -3 3 7 .

62. M écanique de la Turbulence. E d itio n s du  C. N . R . S ., P a ris  1962; No. 108.
63. M o r k o v in , M. V .: F lu c tu a tio n s  an d  H o t-W ire  A n em o m etry  in C om pressib le  F lu ids.

A G A R D o g rap h  No. 24, NATO (1956), N ov.
64. Mo r k o v in , M. V .— P h in n e y , R . E .: E x te n d e d  A p p lica tio n s of H o t-W ire  A n e m o m e try

to  H igh-S peed  T u rb u le n t B o u n d ary  L ay ers; A F O S R  TN -58-469, A STIA  A D -158-279. 
Jo h n s  H o p k in s  U n iv ., D ep t, of Aero (1958), J u n e .

65. N e l so n , H . M. —Co l l is , D. C.: A W ide R an g e  H o t-W ire  A m plifier. R e p t. A R L /1 . 20,
D ep t, o f S u p p ly  (A u s tra lia )  (1958), J a n .

66. N e w m a n , B. G. — L e a r y , B . G.: T he M easu rem en t o f th e  R eynolds S tresses in  a  C ircular
P ipe as a M eans of T es tin g  a H o t-W ire  A n em o m ete r. D ep t, of Supply  (A u s tra lia )  A ero 
R esearch  L ab s ., R e p t. A. 72, 1952.

67. O sso f s k y , E . : C o n stan t T em p era tu re  O p e ra tio n  o f th e  H o t-W ire  A n em o m ete r a t  H ig h
F req u en cy . Rev. Sei. In str . 19 (1948), N o. 12.

68. P a t t e r so n , A. M.: D ev elo p m en t of a H o t-W ire  In s t ru m e n t  for Ocean T u rb u le n ce  M easure
m en ts . T ech . M em o. 57 — 2, P acific  N aval L a b ., E sq u im a lt, B. C. (1957), D ec.

69. P ie r c y , N. A. V. — R ic h a r d so n , E . G. —W in n y , H . F .: On th e  C onvection o f H e a t  from
a W ire  M oving th ro u g h  A ir Close to  a Cooling S u rface . Proc. Phys. Soc. В  69  (1956), 731.

70. R e m e n y ik , C. J .  —K ovásznay , L. S. G.: T he “ O rifice -H o t-W ire”  Probe a n d  M easu rem en ts
of W all P re ssu re  F lu c tu a tio n s . Proceedings o f  the 1962 Heat Transfer a n d  F lu id  M e
chanics In s titu te , S ta n fo rd  U n iv ersity  P ress 1962.

A d a  Techn. H u n g . 50. (1 9 6 5 )



150 L. S. G. KOVÁSZNAY

71. R ic h a r d s o n , Б . G.: A p pareils  à  f il  chau d . I n s t i tu t  de  M écanique des F lu ides de l ’U n iv e rs ité
d e  P a ris , 1954.

72. R ic h a r d s o n , E . G.: T he C o rrectio n  of H o t-W ire  R e ad in g s  in  a B o u n d a ry  L a y e r  fo r
P ro x im ity  to  th e  Solid  B o u n d a ry . Jour. Aero. S e i. 23 (1956), 970—971.

73. R u e t e n ik , J .  R .: T he E ffec t o f  th e  T em p era tu re  D ep en d en ce  of K in g ’s C o n s ta n t A  on
H o t-W ire  S e n sitiv ity  C oeffic ien t. Jour. Aero. S e i. 22 (1955), 502 — 503.

74. R u e t e n ik , J .  R .: In v e s tig a tio n  of E q u ilib riu m  F lo w  in  a S ligh tly  D iv e rg en t C h an n el.
D o c to ra l  d isse rta tio n , Jo h n s  H o p k in s U n iv . (1954), A ug.

75. R u n y a n , R . A .—J e f f r ie s , R . I .:  E m p irica l M e th o d s fo r F requency  C o m p en sa tio n  of
th e  H o t-W ire  A nem o m eter. N A C A  T N  1331, 1947.

76. Sa n d b o r n , V. A. —L a u r e n c e , J .  C.: H e a t Loss fro m  Y a w e d  H ot-W ires a t  S u b so n ic  M ach
N u m b e rs . NACA T N  3563 (1955), Sept.

77. S c h r o d t , L : L inearis g ázm ozgások  k ísérle ti v iz sg á la ta  ú j m érési e ljá rással. P h . D . T h esis ,
U n iv e rs i ty  o f B u d a p e s t, l 9 l4 .

78. S c h u b a u e r , G. B .: E ffec t o f H u m id ity  in  H o t-W ire  A n em o m etry , N a tio n a l B u re a u  of
S ta n d a rd s .  Jour, o f  R es. 15 (1935), 575 — 578.

79. S c h u h , H .—W a l k e r , D .: W ide  R ange A m p lifie r fo r  T u rbu lence  M easu rem en ts  w ith
A d ju s ta b le  U p p er F re q u e n cy  L im it. U. D. C. N o. 533.6.082.73, R ep t. N o. A ero  2492, 
R o y . A irc ra ft E s t.  (1953), A ug.

8 0 .  S h e p a r d , C. E .: A S e lf-E x c ite d  A lte rn a tin g -C u rre n t, C o n sta n t-T e m p e ra tu re  H o t-W ire
A n e m o m e te r. NACA T N  3406 (1955), A pril.

81. S h e p a r d , C. E . — W a r sh a w s k y , I .:  E lec trica l T ec h n iq u e s  for C om pensation  o f T h e rm a l
T im e  L ag  of T herm ocoup les a n d  R esistance  T h e rm o m e te r  E lem en ts. N A C A  T N  2703 
(1952), M ay 6.

82. S im m o n s , L. F . G. —B a l e y , A.: P hil. M ag. 7 (1927), 81.
83. S im m o n s , F . G.: Shie lded H o t-W ire  A nem om eter fo r L ow  Speeds. Jour. Sei. In s tr .  26

(1949), 4 0 7 -4 1 1 .
84. Sp a n g e n b e r g , W. G. : H e a t  Loss C h arac te ris tic s  o f H o t-W ire  A nem om eters a t  V a rio u s

D e n s itie s  in  T ranson ic  a n d  S uperson ic  Flow . N A C A  T N  3381 (1955), M ay.
85. S t a l d e r , J .  R . e t  a l.: H e a t  T ra n s fe r  to  B odies in  a  H ig h  Speed R a refied -G as S tre a m .

N A C A  T N  2438, 1951.
86. S t e v e n s , R . G .—B o r d e n , A .—St r a u ss e r , P. E .: S u m m a ry  R e p o rt on th e  D e v e lo p m en t

o f  a  H o t-W ire  T u rb u len ce-S en sin g  E lem en t fo r U se  in  W ate r. R  & D R e p t. 953 , N a v y  
D e p t.  (1956), Dec.

87. S t i n e ,  H . A .: In v e s tig a tio n  of th e  H e a t T ran sfe r f ro m  H o t-W ires in  th e  T ran so n ic  S p eed
R a n g e . P roc . H e a t T ran s fe r  a n d  F lu id  M ech. I n s t . ,  S ta n fo rd  U niv . 1954.

88. T c h e n , C. M.: H e a t D e liv e ry  in  a  C om pressible F lo w  a n d  A pplica tions to  H o t-W ire  A n e
m o m e try .  NACA T N  2436, 1951.

89. T o m o t ik a , S .—Y o sin o b u , H .: O n th e  C onvection  o f H e a t  from  Cylinders Im m e rse d  in  a
L o w -S p eed  S tream  of In co m p ressib le  F lu id . Jo u r, o f  M a th , and Phys. 36 (1957), 112 — 120.

90. T o u r n ie r , M ., e t a l.:  S u r l ’u t il is a tio n  des c o u ran ts  de h a u te  fréquence p o u r le ch au ffa g e
d es  an ém o m ètres  à f i l  c h au d . L a . Recherche A éro n a u tiq u e  (1951), No. 19.

91. T o w n s e n d , A. A .: T he M easu rem en t o f D ouble a n d  T rip le  C orrela tion  D e r iv a tiv e s  in
I s o tro p ie  T u rb u len ce . Proc. Camb. Phil. Soc. 43 (1947), 560 — 570.

92. T s i e n , H . S. — F i n s t o n , M .: H o t-W ire  A n em o m eter in  H igh-Speed  Flow s. M eteo r R e p t.
N o . 28, M ass. I n s t ,  o f T ech . 1948.

93. U b e r o i , M. S. — K o v á szn a y , L. S. G.: On M apping  a n d  M easurem ent o f R a n d o m  F ie ld s .
Q uart. A p p l. M ath. 10 (1953), 375.

94. V a n  d e r  H eg g e  Z i j n e n , В. G .: O n th e  C o n stru c tio n  o f  H o t-W ire  A n em om eters fo r  th e
In v e s t ig a t io n  of T u rb u len ce . A p p l.  Sei. Rec. A2 (1951), 351 — 363.

95. V a n  d e r  H eg g e  Zi j n e n , В . G .: M odified  C orre la tion  F o rm u lae  for th e  H e a t T ra n s fe rs  b y
N a tu r a l  a n d  b y  F o rc e d  C o n v ectio n  fro m  H o riz o n ta l C ylinders. A p p l. Sei. R es. Sec. A  
6 , 1956.

96. V r e b a l o v ic h , T h o m a s: A p p lica tio n  of H o t-W ire  T e c h n iq u e s  in  U n s te a d y  C o m pressib le
F lo w s . S ym posium  on  M easu rem en t in  U n s te a d y  F lo w  (ASM E H y d ra u lic  D iv is io n  
C onference) M ay 21 — 23 (1962), 62.

97. W e b s t e r , C. A. G.: A N o te  on th e  S en sitiv ity  to  Y a w  of a H ot-W ire  A n em o m eter. Jo u r.
F lu id . M ech. 13 P a r t  2 (1962), 307.

98. W e s k e , I .  R .: M easurem en ts o f th e  A rith m e tic  M ean V e lo c ity  of a P u lsa tin g  F lo w  o f H ig h
V e lo c ity  b y  th e  H o t-W ire  M ethod . NACA T N  990 , (1946).

99. W in o v ic h , W .—St in e , H . A .: M easu rem en ts of th e  N o n lin e a r  V a ria tio n  w ith  T e m p e ra tu re
o f  H e a t-T ra n s fe r  R a te  from  H o t-W ire s in  T ran so n ic  a n d  Supersonic F low . N A C A  T N  
3965 (1957), A pril.

A c ta  T ech n . H ung . 50. (1965)



THE HOT-WIRE ANEMOMETER 151

100. W i s e , B .: T he H o t-W ire  A nem o m eter for T u rb u len ce  M easurem ents . P t .  1, C. P. No.
273 (13.803) A. R . C. T ech . K ep t. M in istry  o f S u p p ly , L ondon  1956.

101. W i s e , B .—S t e w a r t , D. H .: T he H o t-W ire  A n em o m eter fo r T urb u len ce  M easurem ents.
P t .  I I ,  C. P . No. 274 (14.285) A. R . C. Tech. R e p t.,  M in istry  o f S u pp ly , L ondon  1956.

102. W i s e , B .— S c h u l t z , D . L .: T h e  H ot-W ire  A n em o m eter for T u rb u len ce  M easurem ents.
P t .  I l l ,  C. P . No. 275 (16.679), A. R . C. Tech. R e p t. M in istry  o f S u p p ly , L ondon  1956.

103. W i s e , B .—S c h u l t z , D. L .: T he H ot-W ire  A n em o m eter fo r T u rb u len ce  M easurem ents.
P t .  IV , C. P . No. 276 (16 .726) A. R . C. Tech. R e p t. M in istry  o f S u p p ly , L ondon  1956.

104. W u , T .: On P ro b lem s o f H e a t  C onduction  in a C om pressib le  F lu id . P h . D. T hesis , Calif.
In s t ,  of T ech ., 1952.

105. Z i e g l e r , M.: T he A p p lica tio n  of th e  H ot-W ire  A n em o m eter for th e  In v e s tig a tio n  of the
T u rbu lence  of an  A irs tre a in . Vers. d. K on. A ka d . v. W etensch , A m sterdam  33 (1930).

106. Z i e g l e r , M.: In v e s t ig a t io n , th e  M easurem ent a n d  th e  R ecord ing  of R ap id  A irspeed
F lu c tu a tio n s  w ith  V ery  T h in  an d  S hort H o t-W ires. Vers. d. K on. A ka d . v. W etensch, 
A m sterdam  33 (1930).

107. Z i e g l e r , M.: T he C o n stru c tio n  of a H o t-W ire  A n em o m eter w ith  L inear Scale an d  N egligi
b le Lag. Proc. K o n . A ka d . v. W etensch , A m sterdam  15 (1934). No. 1.

H IT Z D R A H T A N Ä M O M E T E R

L . S . G . K O V Á S Z N A Y

ZU SA M M EN FA SSU N G

D as w ich tigste  In s tru m e n t de r T urb u len zfo rsch u n g  is t  d as H itz d ra h ta n ä m o m e te r . D er 
V erfasser u n te rsu ch t fü r  k leine  u n d  fü r große G eschw ind igkeiten  die W ärm everlustgesetze , 
w elche d as s ta tische  V erh a lten  des D ra h tes  bestim m en. D ie d y n am isch e  E m p fin d lich k eit fü h rt  
zur E rk lä ru n g  der E rg eb n isse  de r T urbulenz-M essungen . D ie A rb e it b r in g t die S ch a ltu n g  der 
In s tru m e n te  sowohl fü r  k o n s ta n te n  S trom  als au ch  fü r  k o n s ta n te  T em p era tu r. Schließlich 
w erden m it Hilfe des » F lu k tu a tio n sd iag ram m s«  die M essungen e rk lä r t;  m it e inem  h isto rischen  
Ü berb lick  und einer re ic h h a ltig e n  Z usam m enfassung  de r L ite ra tu r  w ird  die A rbeit abgeschlos
sen.

A N É M O M È T R E S A F IL  C H A U D

L . S . G . K O V Á S Z N A Y

R É SU M É

L ’in s tru m e n t e ssen tie l des recherches sur la tu rb u le n c e  e s t l’an ém o m ètre  à fil chaud . 
L ’é tu d e  tra ite  des lois re la tiv e s  à  la pe rte  de chaleu r, qu i d é te rm in e n t le co m p o rtem en t s ta t i 
que d u  fil en cas de p e tite s  e t  de  g ran d es  vitesses. L a sen sib ilité  d y n am iq u e  c o n d u it à  l’ex p li
c a tio n  des ré su lta ts  des m esures de la tu rbu lence . L ’é tu d e  p ré sen te  les m o n tages pour co u ran t 
c o n s ta n t  e t pour te m p é ra tu re  co n s tan te . A l’aide d u  «d iag ram m e des flu c tu a tio n s» , l’au te u r  
offre  en fin  une ex p lica tio n  des m esures e t term ine  l ’a rtic le  p a r  un  a p e rç u  ré tro sp e c tif  e t une 
b ib lio g rap h ie  déta illée .

T E P M O A H E M O M E T P  

Л .  Ш. Г. К О ВА С Н А И

РЕ ЗЮ М Е

Важнейшим прибором исследований в области турбулентности является термо
анемометр. В статье рассматриваются закономерности тепловых потерь для высоких и 
низких скоростей, определяющие статическое поведение нити. Динамическая чувстви
тельность дает объяснение результатов измерения турбулентности. В статье показана 
схема соединения прибора как в случае постоянного тока, так и постоянной темпера
туры. Наконец, при помощи «флюктуационной диаграммы» дается объяснение измерений, 
после чего — историческим обзором и подведением итогов на основе широких литера
турных данных — заканчивается статья.
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SPEEDING EP OE DIGIT TRANSMISSION 
BY TELEPHONE SUBSCRIBERS

L. K O ZM A

C O R R E S P O N D I N G  M E M B E R  O F  T H E  H U N G A R I A N  A C A D E M Y  O F  S C I E N C E S  

[M anuscrip t rece ived  A u g u s t 28, 19641

T h is  s tu d y  deals w ith  th e  possib ilities o f sp eed in g  up  th e  in fo rm a tio n  tran sm iss io n  o f 
te lep h o n e  subscribers . F irs t ,  th e  basic  p rincip les o f  th e  m ethods know n fro m  l i te ra tu re  are 
tre a te d  b riefly , th e n  th e  sa fe ty  aspects o f d ig it tran sm iss io n  are discussed. I t  is p ro v ed  th a t  
— since th e  p a ram e te rs  o f th e  su b scrib e rs’ lines o f  th e  p resen t n e tw o rk s m a y  v a ry  w ith in  
b ro a d  lim its  — a safe d ig it tran sm iss io n  can  be a ch iev ed  on ly  by  increasing  th e  signal-to -no ise  
ra tio . T h is  a im , on th e  o th e r h an d , can  be a tta in e d  o n ly  b y  a n e tw o rk -d ecen tra liza tio n  e ssen tia lly  
g re a te r  th a n  th e  p re sen t one. One w ay  is to  em p lo y  th e  c o n cen tra to r-ty p e  ex ch an g es . B esides 
th e  im p ro v e m en t o f th e  signal-to-noise ra tio , th e  tran sm iss in g  power o f  th e  su b sc rib e rs ’ se ts 
in  th is  w ay  increases.

I. In tro d u c tio n

I t  follows from  o p era tio n  c h a ra c te r is tic s  of te lephone n e tw o rk s  th a t  
tran sm iss io n  o f d a ta  betw een  in d iv id u a l — geographically  d is ta n t  — p o in ts  
is n ecessary . T hen , on th e  basis o f  th e se  d a ta ,  speech channels a re  co n n ec ted  
in  series to  m ake i t  possible fo r th e  ca lling , respective ly , called  su b sc rib e rs  to  
c a rry  on th e ir  conversa tion .

T h e  overw helm ing  m a jo rity  o f th e se  d a ta  con ta in  th e  call n u m b e rs  o f 
th e  calling  an d  called p a rtie s , th e  re la te d  service ch a rac te ris tic s , fu r th e r  d if
fe re n t in fo rm atio n s  serv ing  fo r th e  c o n n ec tio n  to  be estab lished . T h e  schem e 
o f o p e ra tio n  is show n in Fig. 1.

T he calling  subscriber E 1 gets in to  connection  w ith  a re g is te r  R  an d  
tra n s m its  to  th e  la t te r  in fo rm atio n  I 0 w h ich  is th e  call n u m b er o f  th e  req u ired  
su b sc rib e r E 2. A ccording to  th e  in fo rm a tio n  th u s  o b ta in ed , th e  co n n ec tio n  is 
b u ilt u p  stepw ise b y  R  th ro u g h  a c e r ta in  n u m b e r of sw itch ing  u n its  Cj, C2 . . . 
E ach  o f  th ese  sw itch ing  u n its  co n ta in s  c e r ta in  sw itching m ech an ism s, th e  
se tt in g  up  o f w hich is m ade by  com m on o rg an s — contro l u n its , m a rk e rs  and  
a u x ilia ry  reg is te rs . In  th e  fig u re , th e se  are  m ark ed  b y  M j, M 2, e tc . In  possession 
o f th e  in fo rm a tio n  í 0, R  know s to w ard s  w h ich  n ex t u n it C th e  co n n ec tio n  has 
to  be ex te n d e d  to  in  each u n it  C an d  i t  tra n s m its  th e  ad eq u a te  in fo rm a tio n  to  
each  M .  These in fo rm ations — a c tu a lly  d ig its  — are m arked  on th e  fig u re  as 
I j, I 2, e tc . S ince th e  d iffe ren t C-s m ay  lie fa r  from  each o th e r  — fro m  a few 
m e te rs  u p  to  severa l h u n d red s o f k ilo m e te rs  — generally  a single two-wire line ,
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resp . a single speech channel is availab le  in  each  re la tio n , for th e  tran sm iss io n  
o f  in fo rm a tio n s .

T h e  speed  o f d a ta  tra n sm iss io n  is d e te rm in e d  b y  th e  opera tion  tim es  of 
th e  sw itc h in g  devices em p lo y ed . In  u p -to -d a te  cross-bar type  sw itch  exchanges, 
th e  t im e  n ecessary  fo r p u t t in g  th ro u g h  a co n n ec tio n  lies w ith in  a second. 
I t  w o u ld  be th e re fo re  ad v isab le , th a t  th e  fo rw ard in g  o f in fo rm ations n ecessary  
fo r th e  b u ild -u p  o f th e  co n n ec tio n  from  th e  R -s  to  th e  ind iv idual M s  sh o u ld  
la s t  fo r  a s im ila r o rd er of m a g n itu d e  in  tim e . S ince b o th  th e  R-s  and th e  M s  
a re  com m on equipments  o f  th e  exchanges, th u s  re la tiv e ly  few are needed . 
A c co rd in g ly , i t  is possib le  to  in tro d u ce  a larger num ber  o f c ircu itry  e lem en ts , 
w ith  w h ich  th e  fo rw ard in g  o f  each  d ig it can  be p ro v id e d  w ith in  0,1 sec. S uch

Fig. 1. T ran sm iss io n  of in fo rm atio n s in  te le p h o n e  exchanges

so lu tio n s , em ploy ing  v a rio u s  frequencies in  a coded  form , are know n from  
l i te r a tu r e ,  to o .

A  fa r  m ore d iff icu lt p ro b lem  is the speeding up o f  the transmission o f  
in fo rm a tion  l u. T he g en e ra tio n  of th e  in fo rm a tio n  is done in the  su b sc rib e rs’ 
se ts , a n d  because  of th e  g re a t n u m b er th e  costs m u s t be k e p t low. T he p re se n t 
s tu d y  dea ls  w ith  th e  po ssib ilities  o f so lu tion  o f  th is  ta sk .

II . E xposition  of th e  P ro b lem

A t p re se n t, th e  d ig its  o f  th e  called p a r ty  a re  tra n sm itte d  w ith  a d ia l b y  
th e  su b sc rib e r . A c tu a lly  th is  m eans an in te r ru p tio n  o f th e  subscriber’s loop 
w ith  a n  av erag e  speed o f  10 im p/sec . B etw een  tw o  series o f pulses a se p a ra tin g  
p au se  m u s t  be in se rted . In  th is  w ay  a tran sm iss io n  tim e  of ab o u t 1,5 sec /d ig it 
d ev e lo p s , re su ltin g  — b y  co n sid e ra tio n  of th e  6 A  10 d ig its necessary  in  th e  
p re s e n t la rg e  n a tio n a l n e tw o rk s  — in  a t  least 12 -y 15 sec. This, how ever, shou ld  
be re g a rd e d  as too  long , for th e  follow ing rea so n s:

a )  T h is  h in d ers  th e  o p e ra tio n  of th e  reg is te r w h ich  b u ild s  up  the  connection . T he 
e n g ag e m e n t tim e  of th e  re g is te r  — d u e  to  th e  use o f th e  p re se n t c ross-bar sw itches — co u ld  be 
s h o r te n e d  p ra c tic a lly  to  th e  sen d in g  in  tim e  of th e  d ig its , a n d  th is  w ould lead  to  a c o n sid 
e rab le  d ec rease  in  th e  n u m b er o f reg is te rs .
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b) S im ila rly  the  so-called id le  engagem en t tim es o f  th e  sw itches, w hich re p re se n t a large  
p a r t  of th e  ex change  and  of th e ir  c ircu its  w ould sh o rte n , too .

r.) A slow  d ig it tran sm iss io n  is in co n v en ien t a n d  tire so m e  for th e  subscriber.

On acco u n t of th e  parameters  o f th e  su b sc r ib e r’s line th e  speed o f  th e  dial 
can n o t be increased . F o r reaso n s o f econom y, a leakage between wires or ground-  
leakage o f  m in im a lly  10 000 ohms m u st be a llow ed  for besides th e  u su a l c a p a 
c itive  an d  in d u c tiv e  c h a ra c te ris tic s . T he loop resis tan ce  m ay v a ry  f ro m  0 to  
1200 ohm . If , besides th is , also  th e  induced  noises caused  by  o u te r  e ffec ts  are  
tak en  in to  co n sidera tion , th e  sa fe ty  of d ig it tra n sm iss io n  w ould cease to  ex is t 
w ith  h ig h er speed. On ac c o u n t of d is to rtio n s  a n d  o u te r  effects, th e  n u m b e r  of 
pulses m a y  decrease or in c rease , an d  th e re  is no m eth o d  for th e  d e te c tio n  of 
a  fa u lty  o p era tio n .

F ig . 2. T ran sm iss io n  of in fo rm atio n s fro m  su b sc rib e r to reg is te r

T he p rob lem  is sch em a tica lly  i l lu s tra te d  in  F ig . 2. A ccord ing  to  ou r 
p resen t know ledge, th e  sen d in g  o f d ig its can  be  supposed  only w ith  a k e y b o a rd . 
C orrespond ing  to  the  dec im al system  th e re  a re  10 keys. W ith  su ita b le  p ra c tic e  
3 4 k eys can  be o p e ra te d  in  a second; th is  m ay  sh o rten  th e  tra n sm iss io n
tim e to  a b o u t 3 sec.The m ain  p rob lem  is th e  cod ing  an d  tra n sm ittin g  e q u ip m e n t, 
because o f th e  large n u m b e r o f su b sc rib e r’s se ts . In  th e  reg iste r, th e  so lu tio n  
is a fu n c tio n  o f tran sm issio n . I t  is know n, h o w ev e r, th a t  th e  n u m b er o f  reg is te rs  
is — on ac c o u n t of th e  sh o r t  engagem en t tim es  o f  th e se  — only a fe w  millesimals  
o f th e  n u m b e r of su b sc rib e rs’ se ts. T hus, th e  m a in  endeavour in  th e  so lu tio n  
ap p lied  in  th e  reg isters m u s t be th a t  o f s im p lify in g  th e  tra n s m itte r  e q u ip m e n t 
in th e  se t.

I t  is n o t adv isab le  to  em ploy  ground wire  in  th e  c ircu it of th e  su b sc r ib e r’s 
se t, since i t  m ay  cause d is tu rb an ces  and  u n c e rta in tie s , m oreover, i t  invo lves 
a d d itio n a l costs.

T he line  noises are o f  u n c e rta in  c h a ra c te r ;  on ly  safe codes, fu r th e r  a ra is 
ing of th e  signal-lo-noise ratio  to  a su itab le  level could  help . The noise is directly  
p ro p o rtio n a l to  th e  len g th  o f th e  su b sc rib e r’s lin e ; there fo re  th e  su b sc r ib e r’s 
line has to  be k e p t as short as possible , an d  th e  tran sm iss io n  level o f  th e  signal 
as high as possible. To th e  la t te r ,  how ever, lim its  are  se t by  th e  sp ec ifica tio n s  
of th e  CC1TT.
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III. Possibilities o f Solution

T h e  so lu tions kn o w n  from  th e  l i te ra tu re  a t  p resen t m ay  be d iv id ed  in to  
th r e e  g ro u p s of signalling  sy stem s o p era tin g  o n  th e  basis of m easu rem en ts  of

a )  tim e,
b)  vo ltage,
c)  frequency .

1. System s based upon measurement o f  time

U p o n  pressing dow n a n y  of the  keys, an  u n s tab le  m u ltiv ib ra to r  in  th e  
s u b s c r ib e r ’s set s ta r ts  to  o sc illa te , in te r ru p tin g  th e  subscriber’s basic  c ircu it 
as lo n g  as th e  key  rem ain s in  th e  depressed  p o sitio n . The pulses g e n e ra te d  in  
th is  w a y  have a b reak  tim e  S  and  a closing tim e  Z .  The v a ria tio n  o f th e se  tw o 
t im e s  tra n s m its  the in form ation  to  the  reg is te r.

B o th  th e  b reak in g  a n d  th e  closing m a y  la s t  for abou t

1 i, 2 t, 4 t an d  8 t

in  m sec . I n  th is  w ay a to ta l  o f  42 =  16 d iffe ren t d ig its  can be t ra n s m itte d . The 
m e a su r in g  of tim e in  th e  re g is te r  m u st be b e g u n  a t  th e  f irs t b reak  an d  s to p p ed  
a t  th e  second. Since th e  fo rw ard in g  of 10 d ig its  is su ffic ien t e ith e r th e  b re a k in g  
o r c lo sin g  tim es of

1 i, 2 t an d  4 t

m a y  su ffice . In  th is  w ay  th e  m ax im al m easu rin g  tim e  is 11 t, and  th e  a p p a ra tu s  
m u s t  o p e ra te  safely u p o n  th e  depression o f 4 k e y s  p er second; th u s

t =  — =  20 m sec ;
44

(in th e  so lu tio n  know n fro m  lite ra tu re , fo r s a fe ty  reasons, t — 6 m sec).
T h e  schem atic  d ia g ra m  o f th e  app liance  in  th e  subscriber’s se t is show n 

in  F ig . 3. T he keys as tra n s m itt in g  organs o p e ra te  com m on co n ta c ts , w hich 
in  t u r n  in fluence  th e  o p e ra tio n  of th e  m u lt iv ib ra to r  as tra n sm itte r , acco rd ing  
to  a c e r ta in  code. In  th e  rece iv in g  p a r t  o f th e  re g is te r , th e  m easu ring  o f  tim e  
h a s  to  b e  m ade by  e lec tro n ic  elem ents on a c c o u n t of th e  o rder o f m a g n itu d e  
o f  th e  tim es  in  q u estio n , a n d , on accoun t o f  th e  differences m ere ly  h av in g  
a b in a r y  base  betw een  in d iv id u a l tim es.

T h e  d isad v an tag e  o f th is  m ethod  is t h a t  th e  pulses m ay  be g rea tly  
distorted over long subscribers lines, m ak ing  th e  tim e  m easu rem en t u n c e rta in . 
B esid es , i f  th e  b reak ing  or closing tim es su ffe r changes from  an y  o u te r  effect, 
th e  r e g is te r  is unable  to  d e te c t th e  erroneous re c e p tio n , as th ere  is no redundancy  
in  th e  sy s te m , and  so th e  re g is te r  m ay  receive a false d ig it.

A c ta  T ech n . H ung. 50. (1965)
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a

Fig. 3. Digit transmission based on the measurement of time

The sa fe ty  o f such  system s m ig h t be a tta in e d  on ly  b y  low ering the 
su b sc rib e r’s loop resis tan ces  an d  b y  s tre tc h in g  o u t th e  pu lses.

f, 2

2. System  based on voltage m easuring

R eferring  to  th e  ex am p le  show n in  Fig. 4; as soon as th e  re g is te r  becomes 
co n n ec ted  to  th e  calling  subscriber, a v a riab le  resistance  R V  ra ises  th e  resistance 
o f  th e  su b sc rib e r’s line to  a d e fin ite  va lu e , for exam ple to  1000 ohm  (resp. 
to  th e  m axim al line re s is tan ce  allow ed). T he resistance  R V  in se r ts  resistances 
stepw ise as long as th e  v o ltag e  o f p o in t P  increases to  a v o lta g e  P 0. F o u r v o lt
m e te r  b ridges are  co n n ec ted  to  p o in t P , signalling  — e.g. b y  th e  release of 
a re lay  — if  free o f  v o ltag e . T he b rid g e  m ark ed  b y  0 will be free  o f voltage, 
i f  th e  vo ltage  o f  p o in t P  is —25 У , an d  th e  o p era tio n  of R  V  w ill be stopped  
b y  th is  c ircu m stan ce .

A cta  T echn . H u n g . 50. (1965)
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T w o  m easurem ents a re  m a d e  b y  the  reg is te r: th e  f ir s t  one begins w hen  
th e  v o lta g e  condition of —25 V is u p se t on accoun t o f  a re s is tan ce  being in se rted  
in  th e  su b sc rib e r’s loop o n  th e  depression  of one o f  th e  10 keys on th e  se t, an d  
c o n se q u e n tly  the vo ltage  o f  p o in t  P  has been ra ised . T h e  keys open th e  b re a k  
c o n ta c ts  m arked  1 — 6, a c c o rd in g  to  the  codes to  b e  fo u n d  in  T ab le  I . B y  th e  
f i r s t  m easu rem en t, th e  s ta te  o f  c o n ta c ts  1—3 is ch eck ed , an d  as a re s id t of th is , 
one o f  th e  bridges 1 — 3 b e c o m e s  free  of voltage. D u rin g  th e  f irs t  m easu rem en t, 
th e  m e a su rin g  voltage in  th e  e x c h a n g e  is connected  to  b ra n c h  6, — th e  e a r th in g

Table I

C o n ta c ts
Key j-------------- --------------- --------------1------------- -----------------------------

1 2 3 4 5 6

to  b ra n c h  a; thus the re s is ta n c e s  sw itched on by  c o n ta c ts  4 —6 will be sh o rt-  
c irc u ite d  b y  the  rec tifie r E 2.

A fte r  establish ing th e  r e s u lts  of the  f irs t m e a su re m e n t, th e  reg is te r 
o p e ra te s  th e  relay A t  and  r e p e a ts  th e  m easurem ent w ith  an  in v e rted  p o la rity . 
T h is t im e  th e  resistances sw itc h e d  on by  co n tac ts  4 — 6 a re  checked. In  th is  
case a lso  t h a t  fact gives in fo rm a tio n  if  none o f  the contacts w as a c tu a te d  (hence 
a c tu a l ly  a to ta l  of 3 X 4 =  12 d ig its  could be fo rw ard ed ).

T h e  values of th e  re s is ta n c e s  1 — 6 are to  be d e te rm in e d  so th a t  th e  o p e ra t
in g  l im its  o f the  m easuring  b r id g e s  develop su ita b ly . A ccord ing  to  th e  values 
sh o w n  in  th e  figure, s teps o f  m in im a lly  5 vo lts a re  en su red , b u t  th e  vo ltage  
v a lu e s  a re  sh ifted  b y  th e  p re se n c e  o r absence of leak ag e  G. I t s  effect is a p p a re n t 
m a in ly  a t  h igher resistances.

T h e  m easuring b ridges m u s t  op era te  selec tive ly  even  w hen su b sc rib e rs’ 
lines h a v e  th e  m ost v a ry in g  c h a ra c te r is tic s , since o n ly  th e  ohm ic resistance  o f  
th e  lo o p  ca n  be com pensated , b u t  n e ith e r  the  leakage b e tw e e n  wires or to  e a r th  
n o r  th e  in d iv id u a l resistance  v a lu e s  changing as a fu n c tio n  o f tim e , can.

H o w ev er, also th is  m e th o d  h as  a considerab le d isa d v a n ta g e  th a t  th e  
e r ro r  o ccu rrin g  in d ig it tra n sm is s io n  is no t d e tec tab le , a n d  th u s  an  erroneous
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conn ec tio n  is e s tab lish ed  in  these  cases. O n th e  o th e r  h an d , th e  so lu tio n  is 
u n q u estio n ab ly  ch eap : all th a t  is needed  a re  6 re s is tan ces , 6 c o n ta c ts , 2 re c ti
fie rs  and  10 keys. In c rease  in  sa fe ty  could  be rea lized  b y  re d u n d a n c y  only. 
T he in tro d u c tio n  o f fu r th e r  m easu rin g  vo ltag es , how ever, w ould  fu r th e r  im p a ir  
th e  m easuring  co n d itio n s.

3. System s based on the use o f  audio-frequency signals

Since th e  d irec tio n  o f in fo rm a tio n  tran sm iss io n  po in ts  from  th e  su b sc rib e r  
to w a rd s  th e  reg iste r, th e  frequencies em ployed  for signalling  m u s t be  g enera ted  
w ith in  the set itself. A ny  o th e r so lu tio n  w here  th e  reg is te r  w ou ld  send 
c u rre n ts  of d iffe ren t freq u en c ies  to w ard s  th e  se t, an d  th e se  c u r re n ts  w ould 
be sen t back  a fte r  a c e r ta in  m o d u la tio n  u n d e r  th e  effect o f dep ressin g  th e  
k ey s, can  h a rd ly  be im ag ined  because  o f th e  p a ra m e te rs  o f th e  su b sc rib e r’s 
line. M oreover, even th is  so lu tion  w ould n o t be ch eap er th a n  th e  use o f oscilla
to rs . A t an y  ra te , en d e a v o u r m u s t be m ade to  keep  the num ber o f  frequencies 
em ployed  for signalling  as low as possib le, fo r econom ical reasons.

W ith  the  aid  o f  th e  m in im ally  needed 2 frequencies , decim al d ig its  could 
be tra n sm itte d  o n ly  i f  2 pulses w ere g en e ra ted  b y  pressing  a single k ey  dow n, 
an d  th e  tw o b reak s , resp ec tiv e ly  tw o closings p rov ided  for th e  fo u r tim e 
e lem en ts during  w hich  one freq u en cy  w ould  in d ic a te  th e  tw o b re a k s , an d  the  
o th e r  th e  in fo rm ation  on a b in a ry  base . T he m ech an ica l c o n s tru c tio n  necessary  
fo r p ro v id ing  th e  tw o  pu lses, how ever, w ould  be too  co m p lica ted  for a sub 
sc r ib e r’s se t; fu rth e rm o re , th e  period  o f th e  tw o  pulses w ould  becom e fa r to o  
long , th u s  im ped ing  a speedy  keying .

In  case of a single im pulse , tw o  k inds o f  so lu tions ex is t. O ne o f th em  is: 
to use also th e  renew ed  closing a f te r  th e  b re a k in g  period  of th e  pu lse  for 
signalling . The o th e r  one: to  signal only d u rin g  th e  depression  p e rio d  o f the  
key . In  b o th  cases au d io -freq u en cy  signalling  c u rre n ts  can  on ly  be u sed  on the  
sound-level allow ed, th e re fo re , p ro te c tio n  is needed  ag a in s t e v e n tu a l speech- 
interference by th e  calling  p a r ty .

I f  th e re  are  tw o  tim e  e lem en ts (1 b re a k  an d  1 closure), 12 d iffe re n t d ig its 
can  be tra n sm itte d  b y  3 signal frequencies , as show n b y  T ab le  I I ,  fo r exam ple.

As a m a tte r  o f fa c t, th e  in fo rm a tio n  c a p a c ity  of th is  code m ethod  is 
essen tia lly  larger. D u rin g  b reak ,

3 -’ - 1  =  7

d iffe ren t usable co m b in a tio n s, — d u rin g  c lo su re ,

3'! =  8

co m bina tions are  possib le. I t  is n o t possible, how ever, to  use th e  sam e  co m b in a 
tio n  d u ring  b reak  an d  closure, since th e  reg is te r is unab le  to  d is tin g u ish  betw een 
th em . T hus, th e  m a xim a l in form ation capacity is 49 d ec im a l d ig its. (F o r the

Acta Techn. Hung. 50. (1965)
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Table II

Digit
Break Closure

f t  f t л f t

1

2

3

4

+
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5 — + — — — +

6 — + — + — +

7 — — + + — —

8 - — + — + —

9 — — + + + —

10 + + — — — —

Fig. 5. D igit t ra n sm iss io n  b ased  on the  use o f au d io -freq u en cy  signals

sa m e  re a so n , 2 frequencies w o u ld  only m ake th e  tran sm iss io n  o f  3 X 3 =  9 
d ig its  possib le , therefo re  th is  c a n n o t be used.)

T h is  solution is n o t ad v isa b le  for 3 reasons:
a )  T here  is no p o ss ib ility  o f erro r checking.
b)  T he  pulse b re a k in g  a n d  closing codes m u s t be p roduced  d u rin g  th e  

d e p re ss io n  of th e  keys, an d  th is  m eans c o n s tru c tio n a l com plications.
c )  In  actual c ircu its  i t  is d ifficu lt to  keep th e  transm issio n  level u n 

c h a n g e d  w hen sending 1 or 2 frequencies.
B esides these, g e n e ra tio n  o f 3 or 5 frequencies in  th e  se t m eans n ea rly  

th e  sa m e  costs. The sch em a tic  d iag ram  of such  a se t is show n in F ig . 5. Two 
— p ra c tic a l ly  in d ep en d en t — T.C oscillating  c ircu its  gen era te  th e  5 frequencies , 
o u t o f  w h ich  2 are a lw ays c o n n e c te d  to  the  line. In  th is  w ay

5

2 ,
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d iffe ren t com binations a re  o b ta in ed . T hese 2 codes o u t o f 5 a lre a d y  h av e  a 
re d u n d a n c y  and  are su itab le  for self-checking, i.e. for the detection o f  one error 
at a tim e. T he b ran ch in g s o f th e  tw o coupling tran sfo rm ers  ensure  th e  d iffe ren t 
in d u c tiv ity  values. T he osc illa ting  c ircu it R K l has to  genera te  th e  frequencies 
f  — — c ircu it R K 2, fo r its  ow n, sim ilarly  four, nam ely  th e  frequencies
J.z — J&. In  ac tu a l co n stru c tio n , a second tra n s is to r  is needed in  o rd e r to  send 
th e  tw o  frequencies over th e  line o f genera lly  600 ohm s on a 1 m W  leve l and 
to  m ake th e  genera tion  o f th e  frequencies m ore stab le .

Fig. 6. T im e d iag ram

T he tim e  d iagram  o f o p era tio n  is show n in Fig. 6. On p ressin g  an y  of 
th e  keys dow n, th e  com m on code c o n ta c t V  sw itches over from  th e  se t to  the  
tra n s m itte r  c ircu it, th u s  e lim ina ting  an  ev en tu a l m icrophone in te rfe ren ce . 
A t th e  b re a k  of th e  loop, a d e lay  of a period  is in tro d u ced  b y  th e  reg is te r 
in  o rd er to  leave tim e  fo r th e  s ta r tin g  of th e  osc illa tion ; th en  th e  tu n e d  receiver 
c ircu its  are  a c tiv a ted , an d  th e  received  signals recorded  on s to rag e  u n its . The 
w hole opera tio n  ta k e s  p lace  in  5 0 —60 m sec.

T he coder and  t r a n s m itte r  eq u ip m en t o f  th e  set is qu ite  ex p en siv e , since 
i t  co n ta in s:

2  t r a n s f o r m e r s ,

2  t r a n s i s t o r s ,

3 condensers,
several resistances and
a keyboard .

T he price of th e  w hole a p p a ra tu s  p e rh ap s exceeds th a t  o f th e  d ia l so lu tion  
b y  th e  price of 3 —4 re lay s. T his m eans a cost increase o f 60 -f- 6 5 % . F ro m  the  
p o in t o f view  of convenience fo r th e  subscriber, th is  is no t su ffic ien t in  itse lf  
to  ju s tify  th e  increase in  price. I t  m ust be in v es tig a ted , w hich c o u n te r  item s 
can  be found in  th e  exchange.

A r a p id  d i g i t  t r a n s m i s s i o n  r e s u l t s  in  s o m e  e c o n o m y  in  tw'O p a r t s  o f  t h e  

e x c h a n g e :
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I n  the  reg isters a n d  in  th e  equ ipm ent se rv in g  fo r th e ir  sw itch ing  in , and
in  the  call c o n c e n tra tio n .
T hese savings c a n n o t  b e  precisely c a lc u la ted , th e y  can  be e s tim a ted  

o n ly . I f  th e  k ey b o ard  d ig it  transm ission  is 4 -У 5 tim es fa s te r  th a n  th e  d ial 
o p e ra t io n , the en g ag em en t tim e  of the  reg is te rs  a n d  also th e ir  n u m b er decrease 
to  a  s im ila r p ro p o rtio n .

T h e  num ber o f  re g is te rs  in  an exchange o f  20 000 is ab o u t 300. T hese 
— in c lu d in g  the  sw itches se rv in g  for th e ir  c o n n ec tio n  — rep re sen t a b o u t 10%  
o f  th e  price of the  ex ch an g e . T h e  saving m ay  a m o u n t  to  ab o u t 1,65 re lay s p e r  
su b sc rib e r .

T he price of call c o n c e n tra tio n  decreases, b ecau se  th e  id le  engagem en t 
t im e  — i.e. the tim e  d u r in g  d ialling — d im in ish es  w ith  th e  decrease o f th e  
e n g a g e m e n t tim e o f th e  re g is te rs . The price o f  th e  eq u ip m en t to  be sav ed  in  
th is  w a y  m ay be e s tim a te d  to  ab o u t 0,65 re lay s  p e r  subscrib er; th u s th e  en tire  
s a v in g  am ounts to  2,3. N ow  th e  ap p a ra tu s  is o n ly  b y  ab o u t 1,5 re lays m ore  
e x p e n s iv e  th a n  th e  p re s e n t one.

T here  are also som e m in o r  value en tries: e .g . in  case o f a d ig it tran sm issio n  
to  P B X  sub-exchanges, 1 2 seconds ou t o f th e  e n tire  connection  tim e  can
be sav ed .

Coded m u ltifreq u en cy  system s have n u m e ro u s  a d v an tag es  in  a d d itio n  to  
th e  ad v an tag es  d iscussed  in  connection  w ith  th e  p rev ious m eth o d s. T h u s:

1. Two codes o u t o f  f iv e  m a k e  th e  error d e te c tio n  in  th e  reg is te rs possible. In  such  
c ases , th e  connection is n o t  c o m p le te d , and — in  case o f fu r th e r  d ig it tran sm iss io n  — th e  
e r ro r  is  generally  no t re p e a te d .

2. In  spite of a u d io -fre q u e n c y  signalling, th e  sp eech -in te rferen ce  is e lim in a ted .
3. The speed of d ig it tra n sm iss io n  can be in creased  u p  to  10 d ig its/second , also m ak in g  

a n  a u to m a tic  transm ission  p o ss ib le , if  necessary.
4. T he signalling f re q u e n c ie s  m ay  be set fa r  fro m  each  o th e r , an d  a sh a rp  tu n in g  o f  

th e  signal-receivers in  th e  re g is te rs  is n o t  necessary .T his p e rm its  a g re a te r  to le rance  in  freq u en cy  
v a lu e s  a n d  m akes a h igher o p e ra t io n  speed possible.

5. Control of freq u en c ie s  f ro m  th e  exchange is e as ily  realizab le .

H ow ever, th e  d iffic u ltie s  to  be expected  m u s t be  considered , too .A s a lread y  
m e n tio n e d  earlier, th e  s igna l-to -no ise  ra tio  m u s t be su ffic ien tly  h igh  in  o rd e r 
n o t  to  le t  the  in d u c tiv e  n o ises  o f th e  lines in flu en ce  th e  d ig it tran sm issio n . The 
s ig n a l level is given (a b o u t 1 m W ); the  noise, on  th e  o th e r h an d , is a fu n c tio n  
o f  th e  len g th  of th e  line . T h e  1 m W  is the value at the subscriber's set an d  i t  
m a y  d im in ish  — in case o f  lo n g  lines — even to  n e a r ly  its  h a lf  a t  th e  exchange 
e n d . T h e  line p a ra m e te rs  p ro d u c in g  the  d is to r tio n  sim ilarly  increase  w ith  
lin e  le n g th .

F in a lly  th e  conclusion  m a y  be draw n fro m  w h a t h a d  been said  th a t  th e  
fa u ltle s s  operation  o f a n y  o f  th e  rap id  d ig it tra n sm iss io n  m eth o d s can  be 
sa fe g u a rd e d  only th e n  i f  i t  is  possible to shorten the length o f  the subscribers' 
lin e s . I n  th e  following p a r t  o f  th e  p resen t s tu d y  i t  is ou r in te n tio n  to  p rove  
t h a t  th is  shorten ing  o f  le n g th  becam e a lread y  possib le  th ro u g h  th e  p re sen tly  
k n o w n  telephone ex ch an g e  sy stem s.
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IV. Application of Concentrators

In  Fig. 7 th e  b lock  d iag ram  o f th e  so-called call c o n c e n tra tio n  s tag e  of 
a te lep h o n e  exchange is v isib le . T he su b scrib ers’ lines of low  e ffic ien cy  m u st 
b e  red u ced  to  a sm aller n u m b er, con seq u en tly  m ore effic ien t t r u n k  c ircu its  
w ith  th e  sw itch  e q u ip m en t H K .  In  p rac tice  th e  efficiency o f su b sc r ib e rs ’ lines 
is a b o u t 10% ; the  c ircu its  b eh in d  th e  H K ,  on th e  o th e r h an d , show  a n  effic iency  
o f  about 60 -f- 70% .

T he leng th  of th e  su b sc rib e rs’ lines can  be sho rtened  b y  p ro v id in g  th e  
te lep h o n e  netw ork  w ith  as m an y  exchanges as possible. I t  is c le a r  t h a t  th e

ED T
Subscriber's

line

F ig . 7. B lock d iag ram  of call co n cen tra tio n

Fig. 8. B lock d iag ram  of c o n ce n tra to r  ne tw ork

sm aller  th e  area to  be a t te n d e d  b y  an  exchange, th e  shorter a re  th e  su b sc rib e rs’ 
lines. A t th e  sam e tim e , how ever, th e  n u m b er o f  subscribers b e lo n g in g  to  th e  
sam e exchange decreases. In  case o f a sm all n u m b e r of subscribers, o n  th e  o th e r  
h a n d , th e  tra ffic  is in su ffic ien t, an d  th e  efficiency of the  c o n c e n tra tin g  t r u n k  
does n o t reach  th e  6 0 %  m en tio n ed . F o r a g iven  station density  i t  c an  be ca l
c u la te d , w h a t size exch an g e  m ay  be reg a rd ed  as optim al. T he u su a l re su lt is 
th a t ,  e.g. in  a ne tw o rk  th e  size o f B u d ap est, a to ta l  of a b o u t 1000 exchanges 
w o u ld  be econom ical. T h is is , how ever, too  h igh  a n um ber from  th e  p o in t of 
view  o f m ain tenance , ta n d e m -fo rm a tio n , e tc .

A sa tisfac to ry  so lu tio n  is o b ta in ed , i f  only  the H K  p a rt o f  the exchange 
is separated and brought nearer to the subscribers. This is th e  re a liz a tio n  o f th e  
k n o w n  princip le  of c o n c e n tra tio n . I n  cross-bar ty p e  exchanges th e  call con
c e n tra tio n  and  th e  line se lec tion  can  be com bined in so-called К  c o n c e n tra to rs . 
T h e  d iagram  of such a n e tw o rk  is show n in F ig . 8.
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I t  is no t possible to  d igress from  th e  c h a ra c te r is tic  fea tu re s  o f  th e  
c o n c e n tra to rs  here. I t  m u s t  b e  em phasized, h o w ev er, how  favourab le  an  effect 
th e  ap p lica tio n  o f c o n c e n tra to rs  and of k e y b o a rd  d ig it transm issio n  exert 
u p o n  each  o ther. In  a d v a n c e , th e  single fa c t m u s t b e  stressed  th a t  a s tro n g ly  
d e c e n tra liz e d  ne tw o rk  c a n  b e  m ain ta ined  o n ly  i f  th e  co n cen tra to rs  rem ain  
s im p le  in  circu itry , a n d  p o ss ib ly  do no t p e rfo rm  a n y  o th e r fu n c tio n  besides 
a c tu a l  concen tra tion .

T h e  following p o in ts  o f  view  m ust be m e n tio n e d  (see Fig. 8):
a )  I f  p a rt К  is re m o v e d  from  th e  ex ch an g e , th e  sub scrib er’s line is 

d iv id e d  in to  tw o p a r ts :  o n e  o f  them  is th e  re m a in in g  sh o rten ed  su b sc r ib e r’s 
lin e , th e  o th e r is th e  now  a d d e d  co n cen tra to r t r u n k .  N oise  is b ro u g h t in , in 
th e  f i r s t  line, by  th e  q u a l i ta t iv e ly  w eaker su b sc r ib e r’s line, and  since th is  is 
s h o r te n e d , a sm aller n o ise  m ay  be expec ted . T h e  co n c e n tra to r  tru n k s  are 
p la c e d  in  an  arm oured  c a b le , th u s  causing less no ise .

b )  Since the  n u m b e r  o f  co n cen tra to r t ru n k s  is ab o u t one s ix th  of th e  
n u m b e r  of subscribers, th e  cross-section o f th e  c o n c e n tra to r  tru n k s  can  be 
in c re a s e d , and  still th e re  is  a  ga in  in copper w e ig h t. O n acco u n t of th e  tru n k s  
o f  sm a lle r  resistance, th e  o h m ic  resistance an d  a t te n u a t io n  of th e  co n n ec tio n  
b e tw e e n  E  and R  d im in ish e s . This c ircu m stan ce  — as em phasized  several 
t im e s  a lread y  — increases t h e  sa fe ty  of th e  k e y b o a rd  o p e ra te d  d ig it t r a n s m itte r  
c i r c u i t  (even in th e  v o lta g e -m e a su rin g  so lu tions).

c )  F u rth e rm o re , th e  m u ltifreq u en cy  coded  d ig it tran sm ission  m akes it 
p o ss ib le  also to  b u ild  th e  m icrophone  feed ing  b rid g e  in  K .  (In  case o f dials 
th is  w o u ld  be rea lizab le  w ith  d ifficu lty , since th e  pu lses w ould h av e  to  be 
tr a n s f e r r e d  across th e  fe e d in g  bridge!) The au d io -fre q u e n cy  signalling  c u rre n ts  
g e t  ac ro ss  the  feeding b r id g e . T he feeding b rid g e  p laced  in  К  has as a re su lt, 
t h a t  th e  feed cu rren t o f  th e  m icrophone can  be  k e p t  — m aking  use o f th e  
s ta b il iz in g  effect of b a lla s t  tu b e s  — a t a constantly  high value. T his increases 
t h e  o u tp u t  of the m ic ro p h o n e  an d  keeps i t  a t  a c o n s ta n t  high value.

V. Conclusion

W ith  the  aid of th e  p re s e n t ly  known u p - to -d a te  cro ss-b ar ty p e  exchanges, 
th e  o p tim a l d e c e n tra liza tio n  o f  telephone n e tw o rk s  can  be econom ically  solved 
e v e n  to d a y . The o p e ra tio n  o f  these  exchanges is so re liab le  th a t  th e  costs of 
m a in te n a n c e  is less b y  a n  o rd e r  of m ag n itu d e  th a n  th e  earlier R o ta ry - ty p e  
e x c h a n g e s , therefore th e  c o n c e n tra to rs  can  be o p e ra te d  without supervision .

A s a resu lt of th e  u se  o f  co n cen tra to rs , the ohm ic resistance and the atte
n u a tio n  o f  the subscribers’’ lin e s  decrease, h a v in g  tw o  essen tia l consequences: 

a )  P lacing  th e  fe e d in g  bridge in th e  c o n c e n tra to r , the m icrophone 
c u r r e n t  can  be kep t a t  a h ig h  va lu e , increasing  th e re b y  th e  transm ission power.
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b)  The signal-to-noise latio  im proves, because  less noise is b ro u g h t in  
by  th e  shorter su b sc rib e rs’ lines, and  th e  o u tp u t  pow er of th e  s ignalling  fre 
quencies on th e  rece iv e r side w ill be h igher b ecau se  o f th e  sm aller a t te n u a tio n  
o f th e  sub scrib er’s line. In  th is  w ay, th e  sa fety  o f  d ig it tran sm issio n  increases.
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B E S C H L E U N IG U N G  D E R  Z A H L E N Ü B E R T R A G U N G  
VON F E R N S P R E C H  T E IL N E H M E R N

L . K O Z M A

ZU SA M M EN FA SSU N G

D er A ufsatz  b e sc h ä ftig t  sich m it den  B esch leun igungsm öglichkeiten  de r In fo rm a tio n s 
ü b e rtra g u n g  von F ern sp rech -T e iln eh m crn . Z uerst w erd en  die G ru ndsätze  d e r au s  L ite ra tu r  
b e k an n ten  M ethoden k u rz  d a rg este llt , d an n  die S ich erh e itsg esich tsp u n k te  de r Z a h le n ü b e r tra 
gung  b eh an d e lt. E s w ird  gezeig t, d a ß  eine sichere Z ah len ü b e rtrag u n g  — w egen de r M öglich
k e it de r V e rän d e ru n g  d e r L in ie n p ara m e te r der je tz ig e n  F e rn sp rech n e tze  in  e in em  b re iten  
B ereich  — n u r  d u rc h  eine E rh ö h u n g  des S ig n a l-R au sch -V erh ältn isses v e rw irk lich t w erden  
k a n n . Dieses Ziel k a n n  ab er d u rc h  eine solche D e ze n tra lisa tio n  des N etzw erkes e rre ic h t w erden , 
die d ie gegenw ärtige  w esen tlich  ü b e rtr if f t. E in  W eg d azu  f ü h r t  ü b e r die A n w endung  v o n  F e rn 
sp rech zen tra len  vom  K o n z en tra to r-T y p . N eben e in e r B esserung  des S ig n a l-R au sch -V erh ä lt
n isses, e rh ö h t sich a u f  diese W eise au ch  die S en d e le is tu n g  des T eiln eh m er-A p p ara te s .

A C C É L É R A T IO N  D E S TR A N SM ISSIO N S D E  C H IF F R E S  
P A R  L ES A B O N N É S A U  T É L É P H O N E

L . K O Z M A

R É SU M É

L ’étu d e  tra ite  des possib ilités d ’accélérer la tran sm iss io n  d ’in fo rm a tio n s e ffec tuée  pa r 
les abonnés au  té léphone. Les p rincipes fo n d a m e n ta u x  des m éth o d es connues de la l i t té ra tu re  
so n t d ’ab o rd  b r ièv em en t exposés p a r l’au te u r , qui ex am in e  en su ite  le p o in t de vue  de la sécu rité  
de la transm ission  des chiffres. I l  d ém ontre  que les p a ra m è tre s  des lignes d ’ab o n n és des ré 
seau x  ac tuels p o u v a n t v a r ie r  e n tre  de larges lim ites, une tran sm iss io n  sûre des ch iffres ne p eu t 
ê tre  réalisée que p a r  l’a u g m e n ta tio n  du ra p p o rt s ig n a l/b ru it. C ette  cond ition  ne s a u ra i t  ê tre  
a tte in te  que p a r une b ien  p lus g rande  d écen tra lisa tio n  des réseaux . U n des m oyens consiste  
à u tilise r le cen tra l de ty p e  co n ce n tra teu r. A p a r t  l’au g m e n ta tio n  du  ra p p o rt s ig n a l/b ru it, on 
a r r iv e  à élever aussi, de c e tte  faço n , la puissance d ’ém ission  des app are ils  d ’abonnés.
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УСКОРЕНИЕ ПОСЫЛКИ ТЕЛЕФОННЫХ АБОНЕНТСКИХ КОДОВ
Л. КОЗЬМА

РЕЗЮМЕ

Работа занимается возможностями ускорения посылки телефонных абонентских 
информаций. Кратко излагаются принципы известных по литературе методов, после 
чего говорится о точках зрения надежности посылки кодов. Показано, что вследствие 
изменения в широких пределах параметров абонентских линий теперешних телефонных 
сетей, надежная посылка кодов может быть достигнута только в условиях возросшего 
отношения сигнал/шум. Данную цель можно достигнуть только при значительно боль
шей чем теперешняя децентрализации сетей; одним методом решения этой задачи явля
ется применение концентраторных станций. Наряду с улучшением отношения сигнал/ 
шум улучшается также качество телефонирования телефонных аппаратов.

A c ta  T echn . Hung. 50. (1965)



CONTRÔLE DES CONDITIONS DE FISSURATION 
ET DE DÉFORMATION DE DALLES 

DIMENSIONNÉES A L’ÉTAT LIMITE ULTIME

Prof. FR A N C O  L E V I

P R É S I D E N T  D U  C O M IT É  E U R O P É E N  D U  B É T O N  

[M an u scrit p résen té  le 9. O c to b re  1964]

Le m ém oire se propose d ’ob v ier à  une insuffisance ty p iq u e  des m éth o d es de d im ension
n e m e n t des dalles qu i ne co n sid è ren t que l’é ta t  lim ite u ltim e  (p . ex. la  th éo rie  des lignes de ru p 
tu re ) :  à  savo ir l’absence de to u te  in d ic a tio n  sur le co m p o rtem en t en phase  d ’ex p lo ita tio n . Lu 
m é th o d e  indiquée, fondée su r une  th éo rie  de l’ad ap tio n  des dalles proposée p a r  l’au te u r  en 
1950, assim ile l’effet des fissu res  à  celui de «distorsions» d o n t on  é tu d ie  l’effe t su r le rég im e d ’éq u i
lib re . P o u r sim plifier le calcu l, on re m a rq u e  que la déform ée de la dalle  p ro v o q u ée  pa r une 
d is to rsio n  n ’est a u tre  que la su rface  d ’in fluence du  m o m en t fléch issan t p o u r la section  où  la 
d is to rs io n  a é té  in tro d u ite . O r la connaissance de la déform ée im p liq u e  celle de  to u s  les a s
p ec ts  d u  régim e des e ffo rts ; si l’on  co n n a ît la re la tio n  e n tre  v a leu r d u  m o m en t fléch issan t e t 
a m p le u r des fissures, e t si l ’on possède la surface  d ’in fluence c o rre sp o n d a n t à  la sec tion  fissurée, 
il e s t donc  possible de su iv re  le co m p o rtem en t de la dalle  ap rès  f issu ra tio n  e t  de  co n trô ler si la 
ch arg e  d ’ex p lo ita tio n  co m p a tib le  av ec  la capacité  p o r ta n te  u ltim e  d onne  lieu  à  des conditions 
de serv ice  accep tab les. U n  exem ple  n u m ériq u e  sim ple illu stre  les d é ta ils  d ’ap p lic a tio n  du  p ro 
cédé e t  m e t en évidence les g ra n d es  cap ac ités  d ’ad a p ta tio n  d o n t d isp o sen t les dalles. La con
c lusion  ind ique  les rech erch es ex p érim en ta le s  qu i p a ra issen t nécessaires p o u r u n e  app lication  
sy s té m a tiq u e  de la m éthode .

On sa it que le d im en sio n n em en t des dalles p a r  la th éo rie  des lignes de 
ru p tu re  ne donne au cu n e  g a ra n tie  q u a n t au  fo n c tio n n em en t en phase  d ’ex 
p lo ita tio n . C’est ainsi que  les Recom m andations Pratiques du Com ité Européen  
du  Béton  (p a rag rap h e  CR 3.21) suggèren t d ’im poser des lim ites a u x  rap p o rts  
e n tre  les m om ents de ru p tu re  des d ifférentes sections de la dalle , a f in  d ’év iter 
des risques de f is su ra tio n  ou de défo rm ation  excessives. P a r  ailleurs les m êm es 
Recom m andations (p a ra g ra p h e  R . 3.21) in d iq u en t que l’ex ten sio n  de la théorie 
de l ’élastic ité  au  delà de ses h y po thèses de base d e v ra it p e rm e ttre  d an s  certa ins 
cas de d é te rm iner les co n d itio n s de fissu ra tio n  e t de d é fo rm atio n  sous les ch a r
ges d ’u tilisa tion .

Ce dern ier p a ra g ra p h e  fa it im p lic item en t a llusion  à une  m éth o d e  d ’év a
lu a tio n  des effets de d é fo rm atio n s non  élastiques (d é fo rm ations p las tiq u es  p ro 
p re m e n t dites ou fissu res) que nous avons proposée en  1950 [1]. C e tte  m éthode, 
qu i consiste à assim iler l ’effe t des défo rm ations non  é lastiq u es à celui de d is
to rs io n s  de So m ig l ia n a , p e rm e t en effet d ’év a lu e r les red is tr ib u tio n s  des 
c o n tra in te s  qni acco m p ag n en t le d épassem en t local des lim ites d ’élastic ité  
d u  m até riau . U ne a p p lica tio n  systém atiq u e  du  procédé en q u es tio n , à l’in te r 
p ré ta t io n  théo rique  d u  co m p o rtem en t ex p érim en ta l d ’une dalle  carrée  sim 
p le m e n t appuyée soum ise à q u a tre  charges concen trées, a d ’ailleurs fa it l’ob jet 
to u t  récem m ent d ’une  é tu d e  approfond ie  de la p a r t  d ’un de nos co llab o ra teu rs  [2].

Acta  Teclin. H u n g . 50. (1965)



168 F. l e v :

L es r é s u l ta ts  illustrés d a n s  c e tte  n o te  co n firm en t la  v a lid ité  de la  m é
th o d e .

L a  lec tu re  des R e c o m m a n d a tio n s  du  C .E .B .  e t  des m ém oires que nous 
v e n o n s  de  citer, p o u rra it c e p e n d a n t donner l’im pression  que  l’ap p lica tio n  du 
p ro c é d é  en question au x  p ro b lè m e s  concrets exige des calculs lab o rieu x , ou 
p o u r  le  m oins l ’é tab lissem en t p ré a la b le  d ’abaques sp éc iau x  d o n n a n t les é ta ts  de 
c o n tr a in te  e t de d é fo rm a tio n  p rovoqués p a r  les d is to rs io n s localisées.

N o u s  voudrions m o n tre r  ici que  l’u tilisa tio n  des th éo rèm es de réc ip rocité  
p e rm e t  de  sim plifier c o n s id é ra b le m en t le tra v a il d o n t il s’a g it e t q u ’en  u tilisa n t 
les su rfa c e s  d ’influence des m o m e n ts  de flex ion  d ispon ib les dan s la  b ib liog ra
p h ie , il  e s t possible dans b e a u c o u p  de cas d ’in s t i tu e r  sans tro p  de d ifficu ltés 
u n  c o n trô le  du fo n c tio n n em en t des dalles en p h ase  d ’ex p lo ita tio n .

*

N o to n s  to u t d ’ab o rd  q u e  ce qui in téresse essen tie llem en t le ca lc u la teu r 
qu i a  d im ensionné une dalle  p a r  la  m éthode des lignes de ru p tu re , c’e s t d ’év ite r 
q u e , so u s la  charge d ’e x p lo ita tio n , les zones de la da lle  soum ises au x  p lus fo rtes 
c o n tra in te s  ne donnen t lieu à u n e  fissu ra tio n  excessive (e t que, en m êm e tem p s, 
la  d é fo rm a tio n  qui acco m p ag n e  c e tte  fissu ra tio n  ne dépasse pas les lim ites 
a d m iss ib le s ) . Or, en g én éra l, le  d épassem en t des lim ites  d ’é la s tic ité  qu i p eu t 
se p ro d u ire  sous les charges d ’ex p lo ita tio n  n ’in té resse  q u ’un  p e tit  nom bre  de 
zones d e  la  dalle. De p lus, ces zones é ta n t les p lus sollicitées, il a rriv e  fréq u em 
m e n t, p o u r  les dalles des ty p e s  les plus co u ran ts , q u e  l ’on dispose des surfaces 
d 'in f lu e n c e  des m om ents co rre sp o n d an te s .

D a n s  ce qui su it, nous n o u s  proposons de m o n tre r  q u ’il es t possib le d ’u ti
lise r ces surfaces d ’in fluence  p o u r  é tu d ie r le co m p o rtem en t de la  da lle  fissurée. 
P o u r  s im p lif ie r  le ra iso n n e m e n t, nous supposerons to u t  d ’ab o rd  que la  fis su ra 
tio n  n ’in té resse  q u ’une seide zo n e ; successivem ent nous généra lise rons la  m é
th o d e  a u  cas où la f is su ra tio n  in té re sse  p lusieurs rég ions de la  dalle .

S o it donc un p o in t i d ’u n e  d a lle  pour lequel nous supposons de co n n a ître  
la  su rfa c e  d ’influence du m o m e n t ag issan t dans la  d irec tio n  x  ra p p o r té  à l ’un ité  
de lo n g u e u r  (m ix). S u iv an t l ’in te rp ré ta t io n  p roposée dans n o tre  m ém oire  [1], 
c e tte  su rfa c e  d ’influence p e u t  ê tre  in te rp ré tée  com m e la  déform ée de la  dalle 
o b te n u e  en  in tro d u isan t a u  p o in t  i, e t dans une d irec tio n  p e rp en d icu la ire  à x ,  
u n e  d is to rs io n  d ’am pleur u n i ta i r e  app liquée  à une «coupure» de lo n g u eu r un i
ta ire .*  E n  fa it nous serons to u jo u rs  am enés à o p érer su r u n  tre illis  é lastique  
a y a n t  p a r  exem ple des m ailles  ca rrées  de longueur A (les charges é ta n t  alors 
su p p o sées  réparties su r une  m a ille  de côté A cen trée  su r le p o in t i). D ans ce 
cas, n o u s  devrons im ag iner d ’in tro d u ire  la  d isto rsion  su r u n e  co u p u re  de lo n 

* P o u r  la discussion d é ta illée  d e  c e tte  o p éra tio n , on v o u d ra  b ien  se re p o rte r  a u  m ém oire 
c ité  e n  [1 ].

A c ta  T e c h n . H u n g . 50. (1965)



CONTRÔLE DES CONDITIONS DE FISSURATION 16»

g u eu r A centrée sur le p o in t i e t l ’ordonnée co rresp o n d an te  J  de la  défo rm ée  sera 
égale au  p ro d u it p a r A de l’ordonnée  sans d im ensions y  de la  su rface  d ’in f lu 
ence.

L a connaissance d ’une surface d ’in fluence  des m om ents é q u iv a u t  donc 
à la  connaissance de la  su rface  é lastiq u e  donnée p a r  une d is to rs io n  localisée 
au  p o in t i. Or on sa it qxie, p a r ta n t  des o rdonnées de la surface é la s tiq u e , il est 
facile  de calculer to u te s  les c a rac té ris tiq u es  de l’é ta t  de c o n tra in te , en  p a r t i 
cu lier les m om ents en un  p o in t quelconque de la  dalle. E n  nous r e p o r ta n t  aux  
expressions qui f ig u re n t dan s le m ém oire [1], nous aurons p a r  ex em p le  p o u r 
les m om ents de flex ion  en u n  p o in t R  quelconque (évalués to u jo u rs  p a r  la  m é
th o d e  des différences fin ies), (fig. 1)

m Rx =  [(2 J  R — J a —  J  h) +  v (2 J R — J r —  J (i)]

B  (1>
m Ry =  [(2 J/? ~  J  c —  J  d) +  v (2 J  R — J  a — «/ft)]

expressions dans lesquelles B  rep résen te  l a  ra id e u r de la dalle , s o it , p o u r une 
dalle  d ’épaisseur s ca rac té risée  p a r  un  coeffic ien t de c o n trac tio n  la té ra le  v :

B  =
E s3

13(1 -  v2)
( 2)

D ans les expressions (1), les ordonnées J  p o u rro n t ê tre  év a lu ées , com m e 
in d iq u é  plus h a u t, p a r  des expressions de la  fo rm e:

J  =  A y. (3)

A u p o in t i lu i-m êm e, m ises à p a r t  ce rta in es  causes d ’im p réc is io n  qu i son t 
analysées dans le m ém oire  [1], les expressions des m om ents c o m p o rte n t des 
te rm es  su pp lém en ta ires p ro v e n a n t de la p résence au  p o in t i de «courbures im 
posées» données p a r la  d is to rs io n . D ans le cas général où il y  a u ra i t  au  po in t 
i d eux  d isto rsions, l ’u n e  su iv a n t x , l ’a u tre  su iv a n t y, les m om en ts  s ’é c rira ien t 
sous la  form e:

m iz “  [ ( 2  J  i J  a J  h) T  v ( 2  J j J  c J ,})] B  ( H-  *' H i y )  '
A“

B  (4)
™iy=  —  [(2 J ,  — Je — Jd) +  v (2J,- — J a — Л ) ]  -  B (ßiy +  v Rix) ■

Л“

D ans ce cas n a tu re lle m e n t, les o rdonnées telles que J,-, J a e tc  . . . d ev ro n t 
co rrespondre  à l ’effet s im u lta n é  des deux  d isto rsions in tro d u ite s .
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Si, comme nous l’a v o n s  supposé plus h a u t ,  la  d isto rsion  n ’est in tro d u ite  
q u e  su r  une coupure p e rp e n d ic u la ire  à x , in té re s s a n t u n  segm ent de longueur 
Я c e n tré  sur i e t o rien té  s u iv a n t  l’axe des x  (fig . 1), nous aurons:

1
iu i x  "T" »

Я

i* iy=  0

fy

e t  les ordonnées J  se ro n t à  d éd u ire  de la su rface  d ’influence  du  m o m en t m ,x.
Ce qui précède m o n tre  donc  q u ’il est possib le , q u an d  on dispose des su r

faces d ’influence co n v en ab le s , d ’évaluer les é ta ts  de  c o n tra in te  e t de d é fo rm a
t io n  donnés p ar une d is to rs io n . E t  com m e l’e ffe t d ’une  fissu ra tio n  localisée 
e s t  assim ilab le  à celui d ’u n e  d isto rsion , ceci re v ie n t  à d ire que, p a r  le tru c h e 
m e n t des surfaces d ’in f lu e n c e , nous som m es en  m esu re  d ’é tu d ie r les r e d is tr i
b u tio n s  d ’efforts e t les d é fo rm a tio n s  p rovoquées p a r  les fissures.

P roposons-nous m a in te n a n t  d ’app liquer ces ra iso n n em en ts  à l’é tu d e  d ’une 
d a lle  fissu rée.

P o u r  effectuer u n e  é tu d e  d u  com p o rtem en t do la  dalle  en phase de fissu 
r a t io n ,  il fa u t év id em m en t su p p o se r de co n n a ître  la  re la tio n  qui ex iste  e n tre  la 
v a le u r  d u  m om ent f lé c h is sa n t e t  les conditions c o rre sp o n d an te s  de fissu ra tio n . 
U n e  te lle  re la tion , assez fac ile  à é tab lir dans le cas d ’une p o u tre , n ’est pas con
n u e  av ec  précision d a n s  le cas  des dalles p o u r lesque lles il y  a u ra it  lieu de faire 
é t a t  d ’u n  critère  de f is s u ra t io n  b iaxiale. E n  l ’ab sen ce  de données précises su r 
c e t a s p e c t du  p roblèm e, d a n s  ce qui su it nous u tilise ro n s  le critère  é lém en ta ire  
q u i co n sis te  à a d m e ttre  q u e  ch aq u e  élém ent de d a lle  se com porte  com m e un  
é lé m e n t de pou tre  isolée (a u tre m e n t d it nous a d m e ttro n s  que la  f is su ra tio n  ne 
so it  au cu n em en t in flu en cée  p a r  la présence d ’u n  é ta t  de co n tra in te  b iax ia l) .
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Il es t to u te fo is  im p o rta n t de s ig n a le r que le procédé que nous illu s tro n s  c i-ap rès 
c o n se n tira it d ’in tro d u ire  d ’a u tre s  c ritè res  de fissu ra tio n .

E n  ra iso n n an t com m e su r u n e  p o u tre , nous ad m e ttro n s  donc de c o n n a ître  
la  re la tio n  qu i subsiste  e n tre  m o m en t ap p liq u é  à un  élém ent de d a lle  e t  la rg eu r 
des fissu res. N ous supposerons ég a lem en t que, com pte te n u  de l’a llu re  du 
d iag ram m e des m om ents, il so it possib le  de d é fin ir  avec une a p p ro x im a tio n  
su ffisa n te  l’ex tension  de la  zone fissu rée  e t la d istance  en tre  les fissu res . E n  
d ’a u tre s  te rm es, nous a d m e ttro n s  d ’ê tre  en m esure d ’évaluer, en  fo n c tio n  du 
m o m en t m ax im um  a tte in t  au  p o in t i, la  som m e des o u v e rtu re s  des fissu res 
Jj JV/x se p ro d u isa n t au  vo isinage  d u  p o in t i, e t p a r  conséquent l ’a m p le u r  de la 
d is to rs io n  (pix =  HW jx/s d o n t il fa u t  te n ir  co m p te  dans l ’é tu d e  des co n d itio n s 
d ’équ ilib re  (l’indice ix  s ign ifie : f issu re  ou  d isto rsion  dans la zone i, p e rp e n d ic u 
la ire  à la  d irec tion  x).

D an s le dom aine des p o u tre s , il e s t c o u ra n t d ’ad m e ttre  que le d iag ram m e 
m o m e n t-ro ta tio n  prenne une  a llu re  tr ilin éa ire ; c’est d ’ailleurs su r u n e  h y p o th èse  
de  ce genre que s’est ap p u y é  avec succès M. Callari dans le m ém oire  c ité  p récé
d e m m e n t. D ans ce qu i su it, nous u tilise ro n s égalem ent c e tte  sc h é m a tisa tio n  
e t  nous ad m e ttro n s  donc que  l’am p leu r de la d isto rsion  tpix so it p ro p o rtio n n e lle  
à  la d ifférence en tre  le m o m en t m ,x e t le m o m en t m, qui ca rac té rise  la  f in  d ’un 
c o m p o rte m e n t é lastique , so it:

< P i x = f i x ( m ,x — m i). (5)

E n  co n sid é ran t ce tte  re la tio n  com m e v a lab le  en va leu r a lgéb rique , e t  en  consi
d é ra n t  le coeffic ien t f / x com m e essen tie llem en t positif, nous a t tr ib u o n s  im p lic i
te m e n t à (fix le m êm e signe q u ’au  m o m en t qui lui donne naissance .

E n  général, pour é v ite r  des com plica tions de calcul, nous serons p ra t i 
q u e m e n t obligés d ’a d m e ttre  que to u te s  les fissures soient com prises à l ’in té r i
e u r de la m aille  de côté A cen trée  su r  le p o in t t. Ceci p o u rra  am en er une  ce rta in e  
im précision  en présence d ’une f is su ra tio n  é ten d u e , m ais nous e stim o n s que, 
com m e d an s  les pou tres, c e tte  a p p ro x im a tio n  e s t généra lem ent acc e p tab le .

P a r  ailleurs, po u r te n ir  co m p te  que , dans l ’in te rv a lle  m esu ré  su iv a n t 
l’o r ie n ta tio n  des fissures, l ’o u v e rtu re  des fissures est c e r ta in e m en t v a riab le , 
dan s l’év a lu a tio n  de çp, il y  a u ra  lieu  d ’ap p liq u e r à H W  un  coeffic ien t de réd u c tio n  
c d o n t la  v a leu r devra ê tre  é tab lie  ex p érim en ta lem en t* . N ous au ro n s  donc en 
ré a lité :

<Plx
с У  W^ n  IX

s
( 6 )

* La corrélation entre la valeur arbitraire de X et l’ampleur de la distorsion <pix à intro
duire dans les calculs constitue assurément un élément d’incertitude que seule l’expérience 
pourra lever. Pour cette raison, les données numériques qui figurent dans les exemples déve
loppés ci-après ne peuvent avoir qu’une valeur purement indicative.
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Com m e indiqué p lu s  h a u t ,  à la  présence de la  d isto rs io n  cpix co rrespondra  
l’a p p a r it io n  au  p o in t i, s u iv a n t  x , d ’une co u rb u re  im posée:

Mi
<Pix

À
Л х ( Щ х ~  m ,)

( 7 )

e t  l ’e ffe t s ta tiq u e  de la  f is su ra tio n  co rre sp o n d an te  p o u rra  ê tre  évalué  p a r  les 
ex p ressio n s (1), (4) où les v a leu rs  des o rdonnées se ro n t n a tu re llem en t affectées 
d u  fa c te u r  f ix (m ix— m ,). Ces expressions d o n n e ro n t l’effet de re d is tr ib u tio n  
p ro v o q u é  p a r  les fissu res . P o u r  d istinguer les so llic ita tio n s  co rrespondan tes de 
la  so llic ita tio n  to ta le , qu i com prend  ég a lem en t l ’e ffe t é lastique des charges 
ap p liq u ées , nous re p ré se n te ro n s  les m om en ts do n n és p a r  les form ules (1) e t
(4) p a r  une  n o ta tio n  su rlig n ée . Nous écrirons p a r  exem ple:

l ix =  (m ix rn 1 ) f ix  TT- [(̂  J i  Ja J  b) 
Àz

- v ( 2 J i - J c - J d)} B fix  (m ix ~  ml)
À

e t n o u s poserons:
™ ix =  ( m ix — m t ) R

où le coeffic ien t R , q u a n t i té  sans dim ensions, s’é c rit

R  = S ix  [(2 J  i - J a - J b) +  v (2 J i  - J c -  J d)] -  B-  f ix .

( 8 )

(9 )

( 10 )

S upposons alors q u e  la  charge app liquée  à la  da lle  varie  en r e s ta n t  sem 
b lab le  à elle-m êm e, e t q u e  la  th éo rie  des lignes de ru p tu re  nous a it perm is d 'é v a 
lu e r  la  v a le u r  Q* de la  c h a rg e  lim ite. Si ys e s t le coeffic ien t de m a jo ra tio n  des 
ch a rg es , la  v a leu r de la  ch a rg e  ca rac té ris tiq u e  co m p a tib le  avec les cond itions 
de ré s is ta n c e  à l’é ta t  u lt im e  v a u t:

0*
& = — . (11)

Vs

C o n fo rm ém en t au x  p rin c ip e s  des Recom m andations du  C .E .B ., il y  au ra  alors 
lieu  de co n trô le r si, en  p ré sen ce  de ce tte  charge  c a ra c té ris tiq u e , les cond itions 
de f is su ra tio n  e t de d é fo rm a tio n  sont accep tab les .

S o it alors m lx le m o m e n t déterm iné au  p o in t i su iv a n t x  p a r une  charge 
Q de v a le u r  u n ita ire  en  rég im e  p u rem en t é la s tiq u e , nous pourrons en d é fin itiv e  
é v a lu e r  le m om ent to ta l  m ,x donné p a r Qk en  rég im e de fissu ra tio n  p a r  une 
re la tio n  de la form e:

so it:
m ix =  Qk m ix +  (m ix — m,) R  ,

... _  Qk m ix -  "С R
1 -  R

( 12)

( 13)
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L a connaissance de m,x p e rm et alors d ’év a lu e r l’am p leu r m ax im u m  des 
fissures ainsi que les défo rm ations que ces fissu res p ro v o q u en t (et qui s’a 
jo u te n t  à la d é fo rm atio n  donnée p a r  l’effet é la s tiq u e  de la charge).

Le procédé fo u rn it donc bien to u s les é lém en ts  nécessaires p o u r in s titu e r  
le con trô le  des co n d itions de fo n c tio n n em en t sous la charge Qfc.

U ne a u tre  façon  d ’ap p liq u er le procédé p o u rra it  consister dan s l ’é v a lu a 
tio n  p réa lab le  d u  m o m en t lim ite  m L qui co rrespond  à l ’a p p a ritio n  au  p o in t 
i de la f is su ra tio n  adm issib le . D ans ce cas, la re la tio n  (12) p e rm e ttra it  d ’év a lu e r 
la v a leu r de la  charge Q com patib le  avec les co n d itio n s de f is su ra tio n  adm ises 
en éc riv an t:

V ÏÏLix +  ( m L —  m l) R  =  m L’
so it :

Q -  m L ( l - R )  +  m i R  ( u )

ÏÏLix
V aleur qui se ra it à co m p are r avec Qk.

A v an t de conclure , nous croyons u tile  de rap p e le r  une fois encore que le 
p rocédé de calcul que nous venons de p roposer com p o rte  u n  ce rta in  n om bre  
d ’im précisions e t d ’in ce rtitu d es  d o n t l’in fluence  su r les ré su lta ts  des calculs 
d ev ra  ê tre  évaluée p a r  voie d ’expérience.

V oici, b rièv em en t résum ées, les p rinc ipales causes d ’e rreu r:
— ap p ro x im atio n  donnée p a r l ’ad o p tion  de la  m éthode  des d ifférences finies 
(d ’a u ta n t  plus faib le que les m ailles du  réseau  so n t plus serrées);
— in ce rtitu d es  co n ce rn an t l’év a lu a tio n  de l ’o u v e rtu re  des fissu res en régim e 
b ia x ia l’ aussi b ien  dan s le sens perp en d icu la ire  au x  fissures que su iv a n t leu r 
d irec tion  p ro p re , e t in ce rtitu d es  su r la  co rré la tio n  en tre  rpix e t les d im ensions 
a ttr ib u é e s  au tre illis  é las tiq u e  ;
— im précision  que com porte  l’ap p lica tio n  des expressions (4) à l ’év a lu a tio n  
des m o m en ts  au  p o in t i (vo ir à ce propos le m ém oire  cité  en [1]).

M algré to u te s  ces ap p ro x im atio n s, nous som m es cep en d an t persuadés 
que la m éthode  p ré sen te  un in té rê t réel dans les ap p lica tio n s p ra tiq u e s  c a r  elle 
p e rm et, au  m oyen de calculs sim ples fondés su r l ’u tilisa tio n  des su rfaces d ’in 
fluence  classiques, u n  con trô le  v ra isem blab le  des cond itions d ’ex p lo ita tio n  de 
dalles calculées «en ru p tu re» .

A insi que nous le verrons dans l’exem ple n u m ériq u e  qui su it, il a rriv e  
c e p e n d a n t trè s  fréq u em m en t que l’a p p a ritio n  de fissures dans la  zone la  plus 
sollicitée i d ’une dalle  en tra în e  trè s  ra p id e m e n t la c réa tio n  de fissu res dans 
une  deuxièm e zone u (c’est ce qui se p ro d u it p a r  exem ple dans les dalles rec
ta n g u la ire s  où les m om en ts dans les coins so n t d u  m êm e o rd re  de g ran d eu r que 
les m om en ts au  cen tre  de la dalle). D ans ce cas, p o u r m ener à bien le calcu l, 
il fau d ra  d isposer des surfaces d ’influence des m om en ts  en i e t en u. D ’au tre  
p a r t ,  à l ’éq u a tio n  linéaire  (12) il fau d ra  ce tte  fois su b situ e r  un  systèm e de deux  
éq u a tio n s  où les inconnues seron t les va leurs des m om en ts en i e t  en  u.
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L e procédé se com plique  u lté rie u re m en t si en i  e t en и  la  f is su ra tio n  se 
p ro d u i t  s im u ltan ém en t s u iv a n t x  e t su iv a n t y (ou b ien  su iv a n t d eu x  au tres  
d ire c tio n s  r et s, auquel cas il y  a lieu  d ’in tro d u ire  un  c ritè re  d ’équ iva lence  de  
d is to rs io n s  d ifférem m ent o rien tées). E n  p rin c ip e , dans un  pareil cas il fa u d ra it  
d isp o se r  de q u a tre  surfaces d ’in fluence  e t l ’on p a rv ie n d ra it à u n  systèm e de 
q u a t r e  éq u a tio n s à q u a tre  inco n n u es. D ans de n o m b reu x  cas c e p e n d a n t des 
c o n s id é ra tio n s  de sym étrie  p e rm e tte n t  de sim plifier les calculs.

E n c o re  fau t-il re m a rq u e r  to u te fo is  que so u v en t l ’é ten d u e  des zones sou
m ises  à des m om ents in ten se s  au  vo isinage des coins es t trè s  ré d u ite  e t q u ’il 
e s t p o ss ib le  d ’en év ite r la  f is su ra tio n  en y  in tro d u isa n t une p e tite  q u a n ti té  
d ’a r m a tu r e  supp lém enta ire . Si l ’on  procède ainsi, on p e u t alors s im p lifie r d an s 
u n e  la rg e  m esure le con trô le  des cond itions d ’ex p lo ita tio n .

E xem ple num érique*

P ro p o so n s-n o u s d ’é ta b lir  la  c a p a c ité  p o rta n te  d ’une  dalle  re c tan g u la ire  d ’une  épaisseur 
de  12 cm  a y a n t  en plan  les d im ensions: a =  400 cm ; b =  500 cm ; a/b =  0,8). L a dalle  e st su p p o 
sée a rm é e  u n ifo rm ém en t dans les d e u x  sens pa r 1 0  14 m m  to u s les 14 cm  (h a u te u r  u tile : 
h ' — 10 cm ). On suppose que les co ins c o m p o rten t une a rm a tu re  su p p lém en ta ire  cap ab le  de 
re n d re  n ég ligeab le  l’effet de la f is su ra tio n  co rresp o n d an te .

L es m a té ria u x  son t supposés p ré sen te r  les ré sis tan ces de calcu l ci-après:

a* =  3600 k g /cm 2, o 'J  =  200 k g /cm 2

C o effic ien t de m ajo ratio n  des su rc h a rg e s : ys =  1,4.
D ’a p rè s  la théorie de J o h a n s e n , si m r est le m o m en t de ru p tu re  p a r u n ité  de lo n g u eu r, 

la v a le u r  qr de la charge ré p a rtie  q u i co rrespond  à l ’é ta t  lim ite  u ltim e  e s t donnée p a r  la  re la 
tio n  :

so it ici:

mr <Ir ab

8 (
, a b \
1  +  - r  H-----b a J

4r
24,4 m .
Г 2 5 7  =  1’22 n,r ks m> -

(m r é t a n t  ex p rim é  en kg .m /m ).
A vec  les données du  p ro b lèm e  on a:

ce q u i d o n n e :
Tïir =  3600 k g m /m  , 

qr =  4400 k g /m 2.

L a  v a le u r  ca rac té ris tiq u e  c o rre sp o n d a n te  de la charge e st donc:

4k »=
4400

3150 k g /m 2 .

V é rifio n s m ain ten an t ce tte  m êm e dalle  p a r la m éth o d e  classique. Si l ’on a ttr ib u e  au 
c o e ff ic ie n t de  sécurité  y  jla  v a leu r 1,5 e t  si l’on suppose que l’éca rt q u a d ra tiq u e  m oyen  su r 
la ré s is ta n c e  d u  béton  soit égal à 0 ,15 , la ré sis tan ce  m oyenne  à p ren d re  en com pte  e st:

200 X  1,5
° bm -  1 — 1 ,6 4 x 0 ,1 5 =  400 k g /cm 2

* D a n s  ce qui su it nous av o n s  a d o p té  les n o ta tio n s  du  C .E .B .
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D ’ap rè s  le règ lem ent ita lien  en v ig u eu r, ce b é to n  p eu t trav a ille r  à 95 kg/cm 2, ce qu i d o n n e , a v ec  
n  — 8, un  m om ent adm issib le :

m =  1450 kgm /m

(le ta u x  de trav a il co rre sp o n d a n t de l ’acier é ta n t  1450 k g /cm 2). E n  régim e é la s tiq u e , la ch arg e  
ré p a r t ie  adm issible c o rre sp o n d a n t à  m  v a u t  a lo rs:

1450
0,0447 X 1,25 X 16

1620 k g /m 2.

On vo it donc que la charge c a ra c té ris tiq u e  qk d é d u ite  de la th éo rie  de  Jo h a n se n  e s t  
p re sq u e  double de la  charge  adm issib le  do n n ée  p a r  la th éo rie  classique. Il e s t do n c  log ique de 
se d e m a n d e r si les co n d itio n s de f is su ra tio n  e t  de d é fo rm atio n  en  présence de qk so n t encore  
accep tab le s .

P o u r in s titu e r  u n  con trô le  des c o n d itio n s de fo n c tio n n em en t en rég im e f issu ré , il n o u s  
f a u t  to u t  d ’abord  an a ly se r le co m p o rtem en t d ’un  é lém en t de dalle en phase  de f is su ra tio n .

D an s n o tre  calcu l, nous u tilise rons les fo rm ules de B rice e t nous a d m e ttro n s  q u ’en tre  le 
t a u x  d ’adhérence de ro n d s  lisses e t  la ré s is tan c e  à la tra c tio n , il y  a it  un  ra p p o rt  de 1,5. A vec 
c e t te  h y p o th èse , l’in te rv a lle  m ax im u m  e n tre  fissu res v a u t:

- ̂ niax =  11,4 cm

e t l’in te rv a lle  m oyen: A lm =  8,6 cm.
N ous a d m e ttro n s  que la f issu ra tio n  com m ence lorsque l’acier a t te in t  le ta u x  de tr a v a il  de 

1450 kg /cm 2 ( tau x  qu i e st a t te in t  lo rsque la dalle  su p p o rte  la charge adm issib le  calcu lée  p a r  
la  m é th o d e  classique). L a  v a le u r co rre sp o n d a n te  du  m o m en t est:

=  1450 kgm /m

P o u r  une  ou v ertu re  m ax im u m  de l/1 0 m m ,le  ta u x  de tra v a il  de l’acier v a u t  a p p ro x im a tiv e m e n t:

-°0’~  X 2,10° =  2330 k g /cm 2.
0,6

e t le m o m en t lim ite  c o rre sp o n d an t:

mL =  2330 kgm /m  .

P o u r calculer l’effe t de la f issu ra tio n , nous u tilise rons les tab les 13 e t 14 d u  m an u e l de 
P u c h e r  [3], qui, pour une dalle carac té risée  p a r a/b 0,8, c o m p o rten t 8 X 10 in te rv a lle s . 
N o u s poserons donc d an s  n o tre  cas ). — 50 cm  e t nous a d m e ttro n s  que la d isto rsio n  p ro v o q u ée  
p a r  la f issu ra tio n  so it e n tiè re m en t localisée d an s  le carré  de 50 cm  de côté cen tré  su r le m ilieu 
de la  dalle.

Sur la base d ’une év a lu a tio n  som m aire  (d o n t la v a lid ité  ne pou rra  ê tre  ap p réc iée  que p a r  
vo ie  d ’expérience) nous a d m e ttro n s  que, co m p te  ten u  d u  cho ix  de la v a leu r de Л, lo rsque  le 
m o m e n t ag issan t su iv a n t le p e ti t  côte de la dalle  a t te in t  au  cen tre  de la dalle  la v a le u r  m j , la  
f is su ra tio n  co rrespondan te  so it é q u iv a len te  à une d isto rsion

w
VixL =  c ^ ~ -  =  0 ,008 .

E n  a ttr ib u a n t  au  m odule  du  b é to n  la v a leu r E k =  300 000 kg /cm 2 il v ie n t p a r  a illeu rs
123

(av ec  V =  0) B — 300 000 ~  =  430.10° kgem .

A vec  nos n o ta tio n s on , a p a r  ailleurs:

/.* =
<Pix L 0,008

880 k!T

Les va leurs m oyennes des o rdonnées des tab les  de P u c h e r  d an s les carrés c en tré s  su r les 
p o in ts  qui in te rv ien n e n t d an s le calcul p a r  d ifférences fin ies so n t d ’au tre  p a r t:

y t  =  0,227 , y a =  y b =  0,111 ;
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( la  v a le u r  de y ,, p a r tic u liè re m e n t difficile à év a lu er su r les tab le s  de P u c h e r , a é té  contrô lée 
su r  les tab le s  de B it t n e r  [4] e n  co n sid éran t l’effe t d ’une  ch arg e  ré p a rtie  su r un  carré  de 50 cm  
d e  c ô té  cen tré  sur le m ilieu  de la  dalle).

On a  donc, d ’ap rè s  la  fo rm u le  (10):

0,008
R  =  “  880

430 • 105
50 “

0.768 -  6 .

Les tab les de B it t n e r  d o n n e n t en o u tre :

m ix  =  0,0447 • 1,25 X 16 =  0,894 m 2 .

L a  charge q c o m p a tib le  avec  la f issu ra tio n  considérée  (fissures lim itées à  1/10 m m ) 
s e r a i t  donc  d ’après la fo rm u le  (14):

2330 (1 +  6) -  1 4 5 0 x 6  
0.894

8550 k g /m 2 .

Ce ré su lta t  a p p a re m m e n t ab su rd e  signifie en  fa it que  l ’effe t de re d is tr ib u tio n  des con
t r a in te s  donné pa r l’a p p a r i tio n  des fissures est e x trê m e m e n t efficace. I l  est é v id e n t q u ’en réa lité , 
b ie n  a v a n t  que p e rp en d icu la ire m e n t au  p e tit cô té  les f issu re s  a tte ig n e n t la la rg eu r adm ise, 
u n e  f is su ra tio n  se p ro d u ira  p e rp en d icu la irem en t a u  g ra n d  cô té  de la dalle  (rap p e lo n s que nous 
a v o n s  exclu  qu ’une f is su ra tio n  puisse se p rodu ire  a u  v o isinage  des coins). P o u r en  av o ir con
f i rm a t io n ,  il su ffit de c a lcu le r , d ’ap rès la form ule (13) le m o m e n t mIX donné p a r  la charge c a 
r a c té r is t iq u e  qk =  3150 k g /cm 2. I l  v ien t en effe t:

3 1 5 0 x 0 ,8 9 4  +  1 4 5 0 x 6
1645 k g m /m  .

A  c e t te  m êm e va leu r de la  c h a rg e  co rresp o n d ra it p a r  a illeu rs , en régim e é la s tiq u e , u n  m om ent 
m,y d o n n é  pa r la fo rm ule :

m,y =  3150 X 0,0268 x  1,25 X 16 =  1680 kgm /m

q u i d épasse  dé jà  n e tte m e n t la  v a le u r  m t (et ce d é p assem e n t se ra it encore b ien  p lus m arq u é  si 
l ’on  te n a i t  com pte des f is su re s  ap p aru es  p e rp en d icu la ire m e n t a u  p e ti t  côté).

N ous devons d o n c  rep ren d re  n o tre  é tu d e  en  co n sid éran t l ’in fluence  des 
d e u x  fissu ra tions s im u lta n é e s . P our cela nous a d m e ttro n s  que la  loi de fissu 
r a t io n  soit la m êm e s u iv a n t  x  e t su iv a n t y .  a u tre m e n t d it nous poserons:

0,008 _ x
f iy  fix  880 8 '

E n  u tilisa n t les m êm es no ta tio n s que p récéd em m en t, m ais en a ffe c tan t 
les d iffé ren tes q u a n tité s  d ’indices se r a p p o r ta n t  a u x  d eu x  d irec tio n s considé
ré e s , nous écrirons a lo rs (cfr. form ule (12) ):

mix = Qk mix 4  m ix , I 

miy =  Qk miy + m-y '■> J
mix =  (mlx — m ,) R xx +  (miy — R xy,

m , y  =  ( m i x  -  m l )  R y x  +  ( m o- —  m i )  R y y

(15)

(16)
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où nous avons posé (avec v =  0)

R , f,x y  [(2 Jtz -  Jax ~  Л*)] -  y  f ix ,

Ryy =  f i y  y  [(2 J ,y  -  Jcy -  J,v)] -  y  f iy  ,

*xy =  «vx =  /,* y  [(2 J  lx -  J cx -  Лх)] =  f iy  y  [(2 J iq -  Jcy ~  J  by)] ■

E n  réso lv an t les équa tions (16) il v ie n t a lo rs:

m    У/C HLix) ̂  — Ryy) m I ( «XX ~b Ryy)( ̂  Ry,) +(?К Ш iy «XV ! ( Ryx ' Ryy) R  V V
( 1 - й хх) ( 1 - К уу) - ^ х (1

e t  u n e  expression analogue pour m iy o b te n u e  p a r  p e rm u ta tio n  des ind ices.

D ’ap rès les tab les  de  B it t n e r , on a d a n s  n o tre  ex em p le:

m,-y =  0.0268 X 1,25 x  16 =  0,536 m - , 

e t  d ’a p rè s  les tab les  de P u c h e r :

Rxy =  Ryx =  0 , 1 2 3 / x ?-  ,

Ryy =  -  0,767 f lx j  .

E n re p o rta n t ces v a leu rs  dans les ex p ress io n s (17) on  o b tie n t:

mix ~  1653 k g m /m  ,

7П(у = 1 5 1 2  k g in /in  .

D an s ces conditions, les fissu res perpend icu la ires à x a tte ig n e n t  env iron  un q u a rt  de la v a le u r  
m ax im u m  adm ise, e t la d é fo rm atio n  que les fissu re s  d é te rm in e n t au  point i e t qui s’a jo u te  à 
la d é fo rm a tio n  é lastique v a u t:

0,008
— ------  X 0,227 X 500 ^  0.22 m m .

4

(en f a it  il fa u d ra it a jo u te r  à ce tte  valeur l’e ffe t, d ’a illeu rs t r è s  lim ité , de la d is to rsio n , d o n n ée  
p a r  miy).

*

In d é p e n d a m m e n t de tou tes  les in c e r ti tu d e s  que  le procédé co m p o rte , qu i 
ne p o u rro n t ê tre  levées que p a r un a p p ro fo n d isse m e n t des bases th é o riq u e s  e t 
e x p é rim en ta les  du p rocédé, il nous sem ble  que l’exem ple num érique  d év e lo p p é  
ci-dessus perm et de fo rm uler les conclusions su iv an te s :

a )  Les dalles so n t ex trêm em en t sensib les a u x  effets de r e d is tr ib u tio n  
des c o n tra in te s  donnés p a r  les d isto rsions. C e tte  sensib ilité  est te lle  q u e  l ’on 
p e u t m êm e se d em an d e r si le calcul des c o n tra in te s  élastiques dans u n e  dalle  
en b é to n  arm é est c ap ab le  de donner u n e  im age v ra isem b lab le  du c o m p o rte m e n t 
réel dès que l’on se rap p ro ch e  de l’é ta t  fissu ré .
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b) Si l ’o rd re  de  g ra n d e u r de nos ré s u lta ts  se tro u v a it confirm é, on p o u r
r a i t  en  déduire que , d a n s  la  p lu p a rt des cas, les charges adm issibles d éd u ite s  de 
la  théo rie  des lignes de ru p tu re  d ev ra ien t co rrespondre  à  des co n d itio n s de 
fissu ra tio n  et de d é fo rm a tio n  acceptab les. Ceci à  condition  tou te fo is  que des 
d ispositions so ien t p rises  p o u r co n treca rre r les effe ts de défaillances localisées, 
com m e p a r exem ple la  f issu ra tio n  des coins des dalles rec tangu la ires. (L ’a p p a 
r it io n  de fissures d a n s  ces zones ré d u ira it en  e ffe t dans de larges p ro p o rtio n s  
l ’effe t de re d is tr ib u tio n  donné p a r les fissu res  ap p aru es  dans la  zone c e n tra le  
de la  dalle.)

c)  L ’im p o rta n c e  considérab le des p h én o m èn es  de re d is tr ib u tio n  o b servés 
p e rm e ttra i t  en o u tre  d ’a ffirm er que p o u r les dalles, encore plus que  p o u r  les 
systèm es linéaires, v a u t  la  rem arque de M .  M a c c h i  [ 5 ]  d ’après laq u e lle , en 
p h ase  de f is su ra tio n  av an cée , les cond itions d ’équ ilib re  in te rn e  p e u v e n t ê tre  
fac ilem en t sa tis fa ite s  p a r  de très faibles v a r ia tio n s  d ’am pleur des d is to rs io n s . 
D ’où la  possib ilité  d ’é tu d ie r  la  co n figu ra tion  u lt im e  en se b a sa n t su r de sim ples 
considéra tions de c o m p a tib ilité  géom étrique  de  la  dalle assim ilée à  u n  sy stèm e  
rig ide-p lastiq u e . P o u r  les dalles qui c o m p o rte n t des sections fa ib lem en t a rm ées 
d ’aciers à  palier, ces ra iso n n em en ts  co n d u isen t à  confirm er la théorie  de J o h a n 

s e n . E n  revanche, p o u r  les dalles c o m p o rta n t des sections fragiles (fo rts  p o u r
cen tages d ’a rm a tu re )  ou écrouissables (ac iers  sans palier), on p o u r ra it  p a r 
v e n ir  de ce tte  m an iè re  à  u n  p erfec tio n n em en t de la  théorie  des lignes de ru p tu re  
qu i consiste ra it à p re n d re  en com pte un  m o m e n t ré s is ta n t va riab le  le long  des 
charn iè res sé p a ra n t les d ifféren ts é lém ents de la  dalle.

P o u r conclure , n o u s  voudrions donc so u h a ite r  que l’é tude  th é o riq u e  e t 
ex p érim en ta le  du  p ro céd é  que nous venons d ’exposer soit pou rsu iv ie  a c tiv e 
m e n t, en vue de c o n trô le r  les conchisions p ro v iso ires  que nous avons c ru  p o u 
v o ir  tire r  de nos p re m ie rs  ré su lta ts .
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C O N T R O L  O F  T H E  C O N D IT IO N S O F C R A C K IN G  A N D  O F D E FO R M A T IO N  O F  PL A T E S 
D IM E N SIO N E D  F O R  U L T IM A T E  STRESS

F .  L E V I

SU M M A R Y

T he a u th o r  in te n d s  to  o b v ia te  a ty p ic a l in su ffic ien cy  of those d im ension ing  m e th o d s  for 
p la te s  w hich  consider on ly  th e  u ltim a te  s ta te  o f  s tre ss  (e.g. th e  cracking-line th e o ry ) :  i.e. the 
ab sen ce  of an y  in d ica tio n s on th e  behav iour d u r in g  serv ice. T he m ethod  show n in  th e  p a p e r is 
b a sed  on  th e  th eo ry  of a d a p ta tio n  of p la tes p ro p o sed  by  th e  a u th o r in 1950, a n d  co m p ares  the  
e ffec t o f c racks to  th a t  o f th e  “ d is to rtio n s” , th e  e ffec t o f w hich on th e  s ta te  o f eq u ilib riu m  is 
in v e s tig a te d . In  o rder to  sim plify  calcu la tio n s th e  a u th o r  rem ark s th a t  the  e la s tic  line  of a 
p la te , g en era ted  by  a d is to r tio n , is b u t  the  su rfa ce  o f in fluence of the  bending  m o m e n t fo r the 
sec tio n  w here th e  d is to rtio n  has been in tro d u c e d . T he know ledge of th e  e la stic  line  involves 
th e  know ledge of all asp ec ts  o f th e  s ta te  o f s tre s s ;  if  th e  re la tio n  betw een th e  v a lu e s  o f  th e  b e n d 
in g  m o m e n t and  th e  size o f th e  cracks, as w ell as th e  surfaces of influence co rre sp o n d in g  to 
th e  c rac k ed  section are know n, it is possible to  fo llow  th e  behav iour o f th e  p la te  a f te r  c rack ing  
a n d  to  co n tro l w h e th er th e  service load c o m p a tib le  w ith  th e  u ltim a te  s tre n g th  le a d s  to  a cc ep t
ab le  serv ice  conditions. A n u m erica l ex am p le  i l lu s tra te s  th e  deta ils of th e  a p p lic a tio n  of the  
m e th o d  a n d  b rings in to  re lie f th e  g reat c a p a c ity  o f  a d a p ta tio n  of the  p la tes. T h e  conclusion  
in d ic a te s  w h a t e x p erim en ta l re sea rch  a p p ea rs  to  be n ecessary  in o rder to  p e rm it a sy s te m atic  
a p p lic a tio n  of th e  m ethod .

K O N T R O L L E  D E R  B E D IN G U N G E N  F Ü R  D IE  R ISS B IL D U N G  U N D  D IE  V E R F O R 
M U N G  V O N  F Ü R  D E N  B R U C H S P A N N U N G S Z U S T A N D  D IM E N S IO N IE R T E N  P L A T T E N

F .  L E V I

Z U SA M M E N FA SSU N G

Die A rbeit bezw eck t eine ty p isch e  U n z u län g lich k e it derjenigen D im en s io n ie ru n g s
m e th o d e n  fü r P la tte n  zu  beheben , welche n u r  den  B ru ch sp an n u n g szu s tan d  b e rü ck sich tig en  
(so z .B . die B ru ch lin ien th eo rie ), näm lich  d a s  F e h len  von jedw eder In fo rm a tio n  ü b e r  d a s  B e
tr ie b sv e rh a lte n . Die h ier beschriebene M ethode  b e ru h t  a u f  einer vom  V erfasser i .J .  1950 v o r
gesch lag en en  T heorie de r A npassung  der P la t te n  u n d  se tz t die W irkung  de r R isse  je n e r  der 
»D istorsionen« gleich, de ren  W irkung  au f d en  G leichgew ich tszustand  u n te r s u c h t  w ird . Um 
die B erech n u n g  zu v e re in fach en , w ird n ach g ew iesen , d a ß  die von einer D isto rsio n  erzeug te  
e la s tisch e  Linie der P la tte  n ich ts  anderes is t  a ls  d ie E influß fläche  des B ieg em o m en ts  fü r den 
Q u e rsc h n itt , wo die D isto rsion  e in geführt w u rd e . D ie K en n tn is  der e lastisch en  L in ie  sch ließ t 
d ie  v o lls tän d ig e  K e n n tn is  des S p an n u n g sz u s ta n d s  e in ; w enn m an die B eziehung  zw ischen  dem  
W ert des B iegem om ents u n d  der Größe d e r R isse  k e n n t u n d  wenn die E in flu ß fläc h e  fü r den 
g esp ru n g en en  Q u e rsch n itt b e k a n n t ist, so is t  es m öglich , d as V erhalten  der P la t te  n a c h  dem  
R e iß en  zu  verfolgen u n d  zu k o n tro llieren , ob  d ie m it der B ru ch last v e rträ g lic h e  B e trie b s las t 
zu zulässigen B e triebsbed ingungen  fü h rt. E in  e in fach es Z ahlenbeispiel i llu s tr ie r t  d ie E in ze l
h e ite n  de r A nw endung des V erfahrens u n d  u n te r s tr e ic h t  d as b ed eu tende  A n p assu n g sv erm ö g en  
d e r P la tte n .  Zum  A bsch luß  w ird  d a ra u fh in g e w ie se n , d a ß  experim entelle  U n te rsu c h u n g e n  n o t
w en d ig  erscheinen , um  die M ethode sy s te m a tisc h  an w en d en  zu können .

ПРОВЕРКА УСЛОВИЙ ОБРАЗОВАНИЯ ТРЕЩИН И ДЕФОРМАЦИИ 
ПЛАСТИН, РАССЧИТАННЫХ НА НАПРЯЖЕНИЕ ИЗЛОМА

Ф .  Л Е В И

РЕЗЮМЕ

В работе автор ставит своей задачей устранить один типический недочет тех мето
дов расчета пластин, которые учитывают лишь состояние излома (наир, теория линий 
излома), так как полностью отсутствует информация об эксплоатационном поведении. 
Продемонстрированный метод, основой которого является предложенная автором в
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1950 г. теория установки пластин, сравнивает воздействие трещин с воздействием «дистор- 
зий», и исследует воздействие последних на состояние равновесия. В интересах упроще
ния расчетов автор устанавливает, что упругая линия пластин, вызванная дисторзией, 
является ничем иным, чем поверхностью действия изгибающего момента на то сечение, 
где может произойти дисторзия. Если известна упругая линия, тогда становятся извест
ными все детали напряженного состояния; если известна зависимость между значением 
изгибающего момента и размерами трещин, и если известна соответствующая треснутому 
сечению площадь трещины, тогда можно проследить за поведением пластины после обра
зования трещины и можно проверить, получаются ли приемлемые эксплоатационные 
условия при рабочих нагрузках, соответствующих нагрузкам излома. Простой числовой 
пример показывает также детали применения метода и подчеркивается высокая устанав- 
ливаемость пластин. В качестве конечного заключения автор показывает те опыты, 
которые были бы необходимы в интересах систематического применения предложенного 
им метода.

A c ta  Techn. H ung. 50. (1965)



EFFORTS TO RAISE TEMPERATURES 
IN CONVENTIONAL AND NUCLEAR POWER STATIONS

A. L É V A I

C O R R E S P O N D I N G  M E M B E R  O F  T H E  H U N G A R I A N  A C A D E M Y  O F  S C IE N C E S  

T E C H N IC A L  U N I V E R S I T Y ,  B U D A P E S T

[M anuscrip t rece iv ed  A u g u s t 25, 1964]

In  th e  course o f th e  conversion of e n e rg y  b o u n d  b y  chem ical or by  n u c le a r forôes in to  
m ec h an ic a l power, th e  u ltim a te  ob jective  is to  a t t a in  th erm o d y n am ica lly  e le v a te d  te m p e ra 
tu re s . In v estig a tio n s  in to  th e  field  have re v ea le d  t h a t  in  conventional pow er p la n ts  th e  co rre la 
tio n  o f m arg in a l e ffic iency  an d  steam  te m p e ra tu re  can  be  effectively  p roved . T h e  s itu a tio n  in 
n u c le a r pow er s ta tio n s  is  m ore com plex b e cau se , in  ad d itio n  to th e  cap ita l co sts  a n d  p la n t 
e ffic iency  — included  in  m arg inal e ffic iency , — th e  tem p e ra tu re -d e p en d e n t b u rn u p  level, 
p lu to n iu m  allow ance a n d  in itia l en rich m en t a ffe c t th e  resu lts . The p a p e r g ives concre te  
c a lcu la tio n s  for GGR re a c to rs . In  nuclear p o w er s ta tio n s  th e  m odification  of re a c to r  cooling 
m ay  c o n tr ib u te  to  a th e rm o d y n am ica lly  m o re  e ffec tiv e  u tiliza tio n  of te m p e ra tu re s . T his, 
h o w ev er, calls for th e  d ev elo p m en t of new  re a c to r  ty p e s . O u ts ta n d in g  re su lts  c an  be  a tta in e d  
in  sp h erica l reac to rs w ith  pebble-bed ch arg es a n d  th e  co o lan t in tro d u ced  in th e  c en tre .

I. P re face

In  accordance w ith  fu n d am en ta l th e rm o d y n a m ic  law s, th e  e ffo rts  m ade 
to  ra ise  th e  te m p e ra tu re  a t  w hich h e a t , chem ically  or n u c lea rly  b o u n d  in 
en erg y  carriers an d  released in th e  cou rse  o f conversion is tra n s fo rm e d  in to  
m echan ica l or e lec trica l pow er, a re  as n a tu ra l  as th e y  are co m m en d ab le . The 
a t ta in a b le  upper lim its  b o th  in c o n v e n tio n a l an d  nuclear pow er s ta tio n s  are 
se t b y  technological fac to rs and b y  th e  econom ic considera tions asso c ia ted  
th e re w ith . A closer s tu d y  of th e  p ro b le m  w ill how ever reveal t h a t  e ssen tia l 
d ifferences ex ist b e tw een  the  tw o ty p e s  o f  pow er p lan ts . II.

II . R aising  th e  T em peratu re  in  C onventional Pow er S ta tio n s

In  co n fo rm ity  w ith  the  second th e o re m  o f th erm o d y n am ics, one k ilog ram  
o f fu e l b u rn t  in  c o n v en tio n a l pow er p la n ts  w ould  yield m ax im um  w ork  i f  th e  
w o rk in g  m edium  e x p an d ed  from  th e  th e o re tic a l tem p e ra tu re  o f  co m b u stio n  
to  th e  a m b ie n t te m p e ra tu re  w ith o u t losses. H ow ever, owing to  irrev e rs ib le  
p rocesses ta k in g  p lace  in  th e  course o f  b u rn in g , th e  theo re tica l te m p e ra tu re  of 
co m b u s tio n  — ra n g in g  in  fuels a ro u n d  2000 to  2100 °C — can  n a tu ra l ly  n ev er 
be a t ta in e d . T h e  m ax im u m  a t ta in a b le  te m p e ra tu re  depend ing  on  th e  con
s tru c tio n  of th e  b o ile r  an d  the fu rn a c e , on  th e  q u a lity  of th e  fuel a n d  on th e

.-Irta Techn. H u n g . 50. (1 9 6 5 )
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o p e ra tio n a l co n d itio n s, is 1000 to  1500 °C a t  th e  u tm o s t. A dding to  th is  d ro p  
in  te m p e ra tu re  th e  losses co n c o m ita n t to  h e a t  tra n s fe r  (the  te m p e ra tu re  o f  
s u p e rh e a te d  s team  em erg ing  from  th e  bo iler m oves a ro u n d  540 to  570 °C), i t  
w ill a t  once be a p p a re n t th a t  a p p ro x im a te ly  50 p e r cen t of th e  th e o re tic a l 
y ie ld  o f  th e  fuel is lo s t w hile tra n s fe rr in g  i ts  en e rg y  to  th e  w orking m ed ium .

I t  is co m m o n  know ledge th a t  th e  te m p e ra tu re s  in  conven tiona l pow er 
s ta t io n s  a re  lim ited  b y  techno log ica l, fa b ric a tio n  a n d  econom ic fac to rs. W hile  
th e  sjiec ific  h e a t c o n su m p tio n  o f a pow er s ta tio n  (q kca l/kW h) will co n sid e rab ly  
d ec rea se  w ith  h ig h er in itia l te m p e ra tu re s  (see F ig . 1), its  specific c a p ita l costs  
(a, F t/k W )*  show  a g rad u a l b u t  ra th e r  steep  rise (p a r tic u la r ly  steep  above th e  
te m p e ra tu re s  o f 560 to  570 °C), th e  slope d e p en d in g  on th e  grade o f th e  stee ls  
a p p lie d , i.e . on th e ir  p rice . A ra tio  o f th e  in c re m e n t o f specific cap ita l cost to  
th e  v a r ia t io n s  in  specific  h e a t co n sum ption  (/A « /A q) can  be fo rm u la ted  to  
in d ic a te  th e  in c re m e n ta l specific  cap ita l costs ( A  a) req u ired  to  decrease specific  
h e a t c o n su m p tio n  by  u n ity  ( A  q). T he lim it u p  to  w hich  th e  ( A  a / A  q)  v a lu e  
can  be  in c rea sed  to  decrease th e  u n it price o f e lec tric  pow er fed in to  th e  co 
o p e ra tin g  n e tw o rk  — th e  so-called  ra te  of m a rg in a l effic iency  (d) — depends on 
th e  o p e ra tio n a l co n d itio n s o f  th e  co -o p era tin g  n e tw o rk  of pow er s ta tio n  (load  
fa c to r , u tiliz a tio n  fac to r, rese rves, etc.) an d  its  econom ic crite ria  (price  o f  
en e rg y  c a rrie rs , in te re s ts , ra te  o f am o rtiza tio n ).

T h e  c rite r io n  o f effic iency  is

Aq

A cco rd in g  to  ca lcu la tio n s u n d e r th e  c o n d itio n s  p revailing  in  H u n g a ry , 
F ig . 1 c le a r ly  show s th a t  u n d e r  th e  p re sen t c ircu m stan ces  i t  is no t ex p ed ien t 
to  ra ise  in it ia l  s team  te m p e ra tu re s  above 560 to  570 °C because, closing to  th e  
f irs t  co s ts  o f  e lec tric  pow er, th is  w ould e n ta il econom ic d isad v an tag es: h ig h er 
se lf co s ts  o f  e lectric  pow er. T h is re su lt is in  h a rm o n y  w ith  th e  tren d s experienced  
all o v e r th e  w orld  to  se t th e  in itia l te m p e ra tu re s  o f  new  th e rm a l pow er s ta tio n s  
o f th e  co n v e n tio n a l ty p e  a ro u n d  540 to  550 °C.**

III . R aising  T em p era tu res  in  N uclear P ow er Stations

I t  w ould  seem  a t  f ir s t  g lance th a t  th e  h ig h e r  in itia l te m p e ra tu re s  in  
n u c le a r  p o w er s ta tio n s  are  less s ig n ifican t th a n  th e y  are  in  conven tional p ow er 
p la n ts . T h e  a p p a re n tly  p lausib le  e x p lan a tio n  is t h a t  in  th e  p ro d u c tio n  costs 
o f e le c tr ic  pow er g en e ra ted  in  a nu c lea r pow er p la n t , th e  frac tio n  d epend ing  on 
th e  c a p i ta l  costs is fa r in  excess of th e  costs o f fuel. On th e  o th e r h a n d , if  we 
re g a rd  h ig h e r te m p e ra tu re s  m ere ly  as a m ean s to  increasing  efficiency, th e

* F t  is th e  a b b rev ia tio n  fo r F o rin t,  th e  H u n g a ria n  m o n e ta ry  u n it.
** T h e  p a r t  below  560° C o f th e  s tep p ed  fu n c tio n  a(l) in  F ig . 1 was averaged  a n d  A a 

d e riv ed  fro m  it.
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Fig. 1. Specific  h e a t  co n su m p tio n s, specific in v e s tm e n t costs an d  ra te  of m arg in a l effic iency  
as fu n c tio n s  o f in itia l tem p e ra tu re , in  c o n v en tio n a l power s ta tio n s

prob lem  w ould  p ro v e  irre lev an t. C ond itions, how ever, are m uch m ore  co m p lex  
in  ac tu a l p ra c tic e , since in  nuclear p ow er s ta tio n s  — as ag a in st th e ir  co n 
v en tio n a l c o u n te rp a r ts  — over and  above  th e  te m p e ra tu re -d e p e n d e n t specific  
c ap ita l costs  (a) a n d  specific h e a t c o n su m p tio n  (q), add itio n a l im p o r ta n t  
fac to rs  — likew ise te m p e ra tu re -d e p e n d e n t an d  strong lv  a ffec tin g  pow er 
costs — are  in v o lv ed . Such factors o f p a ra m o u n t im portance  are th e  q u a n t i ty  
o f h e a t e x tra c ta b le  from  each k ilogram  o f  th e  fuel, w hat is called  th e  b u rn u p  
level (Q0 [M W D /t]), an d  th e  value of p lu to n iu m  accum ulated  in th e  course 
o f  b u rn u p  ( P Pu).

W e m a y  safe ly  assum e th a t  th e  p rice  o f m etallic  u ran iu m  o f  re a c to r  
p u r ity  p laced  in to  th e  nuclear reac to r is as in d ep en d en t of th e  te m p e ra tu re  of 
h e a t re lease  as is th e  price of th e  c o n v e n tio n a l energy carriers, fo r in s ta n c e  
coal o r oil. (H ere , a lth o u g h  still im p lic itly , we h av e  in  m ind th e  g a s-g ra p h ite  
reac to rs  to  he  d e a lt  w ith  la te r  on.) O w ing to  th e  fac t th a t  p ro b a b ility  o f  fissions 
re ferred  to  one nuc leon  and n eu tro n  — i.e . th e  m icroscopic e ffec tiv e  cross- 
section  (a) — as a ru le  is generally  in v e rse ly  p ro p o rtio n a l to  te m p e ra tu re  (th e  
1 /r law ), th e  h e a t  e x tra c te d  from  u n it  q u a n t i ty  of th e  fissile m a te r ia l  w ill, in 
p rinc ip le , n o t  re su lt  in  tem p e ra tu re  d ep en d en ce  because th e  n u m b er o f  n e u tro n s  
invo lv ing  fissions (n eu tro n  flux , Ф) s im u lta n e o u s ly  and  lin ea rly  grow s w ith  
te m p e ra tu re ;  th e  p ro d u c t of the  tw o q u a n ti t ie s , w hich is decisive fo r th e  h e a t 
o u tp u t , th u s  rem a in s  co n stan t.

As can  he seen from  the  curves o f  F ig . 2, p lo tted  in double  lo g a rith m ic  
scale, in  re la tio n  to  som e fuels (U235 an d  P u 239) an d  to  the  X e13s fission  p ro d u c ts , 
th e re  are  co n sid e rab le  dev ia tions from  th e  sim ple 1/v law w ith  th e  m a jo r ity  
o f  m a te ria ls  p re se n t in  th e  reacto r. T he to ta l  effective cross-section  (rr [h a rn ])

Acta Techn. H u n g . 50 . (1965)
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is  sh o w n  on th e  v e rtic a l ax is  an d  th e  n e u tro n  en erg y  ( E  [eV]) p ro p o rtio n a l to  
th e  sq u a re  of ve lo c ity  has been  p lo tte d  on its  h o riz o n ta l axis.

I n  our fu r th e r  ex am in a tio n s  we shall c h a ra c te riz e  th e  te m p e ra tu re  o f  
n u c le a r  reac to rs  b y  th e  n e u tro n  gas te m p e ra tu re  (tng) which p e rta in s  to  th e  
a v e ra g e  energy  of n e u tro n s  ta k e n  a t  c e r ta in  en e rg y  in te rv a ls  (E),  c o n s id e rin g  
a lso  th e  possible d is to rtio n  o f  th e  n e u tro n  sp e c tru m  th rough  g rea te r c a p tu re

6  barn

a t  low  energies. A cco rd ing ly , th e  n e u tro n  gas te m p e ra tu re  in fluences th e  
e f fe c tiv e  m u ltip lica tio n  fa c to r  o f th e  re a c to r  (keff) b o th  in  its  in itia l — u n p o i
so n ed  — s ta te  (keff  0), an d  d u rin g  its  o p e ra tio n  an d  is, also according to  th e  
d e f in i t io n , a fu n c tio n  o f th e  physica l and  te c h n ic a l (engineering) s tru c tu re  o f  
th e  r e a c to r .

I n  th e  fu r th e r  course o f  in v estig a tio n s we h a v e , in  concreto, ta k e n  n a tu r a l  
u ra n iu m -g a s -g ra p h ite  re a c to rs  (GGR ty p e ) in to  consideration . In  choosing  
th is  ty p e  we w ere p ro m p te d  p a r t ly  b y  th e  fa c t t h a t  th e  GGR  is th e  m o st w id e 
s p re a d  a n d  b es t developed  ty p e  (some 75 p e r c e n t o f  th e  w orld’s nuclear p o w e r
g e n e ra tin g  reac to rs  are  of th e  GGR  ty p e ), a n d  p a r t ly  by  th e  fac t t h a t  th e  
g r e a te s t  p a r t  o f av a ilab le  in fo rm a tio n  in  l i te r a tu r e  concerns GGR re ac to rs .

T h e  ty p e  h av in g  been  d e te rm in ed , th e  in v es tig a tio n s  of te m p e ra tu re  
d e p e n d e n c e  are  lim ited  to  a te m p e ra tu re  ran g e  in  w h ich  th e  s tru c tu ra l m a te r ia ls  
in c o rp o ra te d  in  th e  ty p e  can  be safely o p e ra te d . T h is range a t  p resen t c o rre 
sp o n d s  to  te m p e ra tu re s  o f  ap p ro x im a te ly  600°C fo r th e  fu e l, a p p ro x im a te ly  
480 °C fo r  th e  can, and ap p ro x im a te ly  430°C fo r th e  o u tle t gas te m p e ra tu re .

A c ta  T ech n . H ung . 50. (1965)
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In  th e  d e te rm in a tio n  o f th e  te m p e ra tu re  dependence of GGll ty p e  re a c 
to rs . a carefu l an d  th o ro u g h  analysis o f all fa c to rs  of nuclear physics, n e u tro n  
phvsics an d  re a c to r  engineering  has y ie ld ed  th e  re la tionsh ip  show n in  F ig . 3 
for th e  in itia l m u ltip lica tio n  fac to r. B y  w ay  o f contro l we h av e  p lo tte d  in  
th e  d raw in g  also th e  check po in ts  fo u n d  in  th e  technical lite ra tu re  — m o stly

Fig. 3. T em p era tu re -d e p en d e n t c h a ra c te ris tic s  of GGR  type  re ac to rs

1. C alder H a ll. 2. C hapelcross. 3. B erkeley . 4. B rad w ell, 5. H u n te rsto n . 6. H in k ley  P o in t. 
7. T raw sfy n y d d . 8. D ungeness. 9. Sizew ell. 10. O ldbury . 11. W ylfa

d e te rm in e d  by  m easu rem en ts — for th e  re a c to r  in  its  cold (tng =  100°C) an d  
in its  h o t s ta te . T he ca lcu la ted  and  m easu red  values have  show n a fa ir  degree 
o f ag reem en t.

1. B u rn u p  Calculations

A new  and  im p o r ta n t fac to r in  te m p e ra tu re  dependence — one t h a t  has 
so fa r  n o t received  su ffic ien t a t te n tio n  in  th e  l i te ra tu re  — is th e  d ep en d en ce  
of th e  b u rn u p  level — th e  h e a t e x tra c ta b le  fro m  u n it q u a n tity  o f fue l — (Q0) 
on th e  n e u tro n  gas te m p e ra tu re . F o r i ts  d e te rm in a tio n , the  follow ing b u rn u p  
ca lcu la tio n s  h av e  been perfo rm ed  (th e  ca lcu la tio n s are given h e re  in  a 
su m m arized  form ).

Acta Techn. H u n g . 50. (1 9 6 5 )
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T h e  fuel p laced  in  th e  reac to r , in  o u r assum p tio n s n a tu ra l u ra n iu m , 
u n d e rg o e s  vario u s changes u n d e r  th e  effect o f n u c le a r  fissions an d  su b se q u e n t 
n u c le a r  reac tio n s . T hese an d  th e  m ost im p o r ta n t  reac tions considered  in  o u r 
c a lc u la tio n s  are show n in  th e  schem atic  d ia g ra m  o f Fig. 4. T he figu re  show s 
also th e  sym bo ls app lied  in  th e  ca lcu la tions fo r each  nucleon. On th e ir  basis  
th e  fo llo w in g  system  of d iffe ren tia l eq u a tio n s  h a v e  been  set up  for th e  fiss ile  
iso to p e s  a n d  for th e  h ea v y  iso topes th e y  p roduce .*

F ig . 4. N u clear re ac tio n s  tak in g  p lace in  n a tu ra l  u ran iu m -fu elled  reac to rs

a )  E x a m in a tio n  of th e  U 235 chain :

dlV25

d i
-  d25 IV25 ;

d N 26
d i

=  d25 N 25 — d26 IV26 ;

d N 37
—  =  d2,i IV26 -  d 37 IV37. 

d i

l>)  E x a m in a tio n  o f th e  TJ238 chain :

d N 28 
d i

—  A 28 Ту 28 _  y i  u 1 '

( 1 )

( 2 )

(3)

(4)

* T h e  sy s tem  of eq u a tio n s  has been fo rm u la ted  a n d  so lved  by  D r. I. B ü k i and  V. V a r a d i *

v ic ia  T ech n . H u n g . 50. (1965)
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w h e r e  t h e  t o t a l  m a c r o s c o p i c  r e s o n a n c e  a b s o r p t i o n  c r o s s - s e c t i o n  i s :

In  th e  a b o v e  sy stem  of equ a tio n s th e  fo llow ing sym bols w ere u sed :
N  n u m b e r  o f  a t o m s  p e r  u n i t  v o l u m e  o f  s o m e  e l e m e n t ;  

a  m i c r o s c o p i c  e f f e c t i v e  c r o s s - s e c t i o n  r e l a t e d  t o  t h e r m a l  n e u t r o n s ,  

a c c o r d i n g  t o  W e s t c o t t  [ 1 ] ;

r  e ffec tive  v alue  o f irrad ia tio n  ( f lu x  tim e). (P ro d u c t o f th e  e ffec tive  
f lu x  p e r ta in in g  to  th e  effective cross-section  and  th e  ir ra d ia tio n  
tim e);

a c m i c r o s c o p i c  e f f e c t i v e  c r o s s - s e c t i o n  o f  t h e  n o n - f i s s i l e  c a p t u r e  r e l a t e d  

t o  t h e r m a l  n e u t r o n s ,  a c c o r d i n g  t o  W e s t c o t t ; 

p  r e s o n a n c e  e s c a p e  p r o b a b i l i t y ;  

e f a s t  f i s s i o n  f a c t o r ;

В m a te r ia l buck ling ;
L  s l o w i n g - d o w n  l e n g t h  o f  f a s t  n e u t r o n s ;  

rj t h e r m a l  n e u t r o n  y i e l d  f a c t o r ;

Of m i c r o s c o p i c  e f f e c t i v e  c r o s s - s e c t i o n  o f  f i s s i o n  r e l a t e d  t o  t h e r m a l  

n e u t r o n s  a c c o r d i n g  t o  W e s t c o t t ;

Acta Techn. H ung . 50 . (1 9 6 5 )
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V average  n u m b e r o f fa s t n e u tro n s  p ro d u ced  in  th e  fission  o f  one  
nucleus;

/. decay  c o n s ta n t o f ra d io a c tiv ity ;
Ф effective th e rm a l n e u tro n  f lu x  p e r ta in in g  to  th e  effective cross* 

sections.

T h e  fissions y ield  large  am o u n ts  of fission  p ro d u c ts  w hich un d erg o  t r a n s 
fo rm a tio n s  p a r tly  b y  n e u tro n  c a p tu re  a n d  p a r t ly  b y  a series of r a d ia c tiv e

Fissionable co re

(5?[б'и б ' ,6 - ] )

F ig . 5. C lassification  of th e  m ore im p o r ta n t  po iso n s arising  du ring  b u rn u p

d é s in té g ra tio n s . F rom  am ong  th e  several h u n d re d s  o f fission p ro d u c ts  s im u l
ta n e o u s ly  p re sen t in  th e  re a c to r , only  tho se  sh a ll be ta k e n  in to  co n sid e ra tio n  
in  th e  b u rn u p  ex am in a tio n s  w hich , th ro u g h  th e ir  m ore or less s tro n g  n e u tro n  
c a p tu re , h a v e  a su b s ta n tia l in flu en ce  on re a c to r  opera tion .

T h e  th re e  groups o f re a c to r  poisons ta k e n  in to  acco u n t in  th e  c a lcu la tio n s  
are  sc h e m a tic a lly  i l lu s tra te d  in  F ig . 5 w here y  s ta n d s  for th e  re la tiv e  y ie ld s  
o f th e  e lem en ts  arising  from  th e  fission  o f th e  n u c leus concerned N ' ( i —- 25;. 
49; 41) a n d  iV28.

c)  E x a m in a tio n  o f s tro n g  poisons:

( X e ! f ;  PmJ{9 ; S m l f )
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diV45

dr
v / i 'o jA 7'

A45

Ф
N 43

(i  =  25 ; 49 ; 41),
rhei

There

Ь‘ = У ? + У г а

d N 19
" =  2  c

О Т  I

e — 1 a'fS_„i.
t?f8 - i ff28 ” ’ 

U8

f a'f  N ' -
;i9
". ЛГ19 
Ф

(i =  25 ; 49 : 41) ,

* íf — 1

„ 2 8
° f g  i

— —  V 1 ; 
„ 2 8  
Ug

d N 29 A19 Д П 9  _  5-29 ДГ29 _

d r  Ф

d )  E x am in a tio n  o f m ed iu m -stro n g  poisons:

(SmM1 ; E u j f ;  G d>f ; C d44*)

d_Nk 
dr

2j' d' aj N '  — ak N k (i =  2 5 ; 4 9 ; 4 1 ) ,

w here

(Ji =  y i  _L_ ŷ28 e — 1 - n v,

I00be ff28 ” Ug

/  =-• 2 ’ yf  ;
к

v28 —  V  vk *У —  £  J ‘28 »
к

2  2  y f
к  i 

V  У  к
(к =  21 ; 35 ; 47 ; 83)

e) E x am in a tio n  o f w eak  poisons (in one group):

d N h
dr

=  2 7 '  o} N ‘ — стл Лг" (i =  25 ; 49 ; 4 1 ) ,

w here

1
£ -  1 7

~j28 1 o f

йл =  7 e_VÎ +  Л 2 е~а"} - f  А 3е -°  ’~т.

T he values of th e  effective cross-sections an d  co n stan ts  can  be 
T a b le  I .

( 11 )

( 12)

(13)

(14)

(15)

found  in
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Table I

i <j" <j"' •4, A 2 A,

25 25 300 600 23,75 45,08 21,16

49 2a 300 600 —
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Fig. 6. R e la tiv e  q u a n ti ty  of c e rta in  iso to p es  d u rin g  b u rn u p
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T he curves acco rd in g  to  Fig. 6, ch a ra c te riz in g  th e  v a ria tio n s o f  som e o f 
th e  h e a v y  iso topes and  re a c to r  poisons d u rin g  b u rn u p , were a rriv ed  a t  th ro u g h  
th e  re so lu tio n  o f  th e  above system  of e q u a tio n s  in  a d ig ita l co m p u te r. In  Fig. 
6, th e  q u a n t i ty  o f  th e  in d iv id u a l iso topes as re fe rred  to  an  in itia l U 235 a to m , 
fo r reasons o f c o m p u ta tio n  techn iques, th e  p ro d u c t  of th is  q u a n ti ty  w ith  the  
n eu tro n  c a p tu re  effec tive  cross-section

' N ‘ o '
ÎV25 
1 ' 0

is p lo tte d  on th e  v e rtic a l ax is, w hile th e  ir r a d ia t io n  achieved is show n on th e  
h o rizo n ta l axis (r).

O ur d raw ing  app lies to  a n eu tro n  gas te m p e ra tu re  of 390°C. A t o th e r 
te m p e ra tu re s , th e  cu rves will show  a p a t te r n  o f sim ilar ch a ra c te r , how ever, 
w ith  d iffe ren t n u m erica l values. The fig u re  in d ica tes  th e  m ore im p o r ta n t  
iso topes an d  re a c to r  poisons only. The cu rv es  so o b ta in ed  show  a fa ir  ag ree
m en t w ith  th e  re su lts  o f sim ilar ca lcu la tio n s p u b lished  in  th e  m o s t recen t 
l i te ra tu re  — if  an d  w hen  such are a t  all a v a ila b le  [2]. O ur cu rves, in c lu d in g  
p h enom ena  neg lec ted  so fa r, b rin g  som e im p ro v e m e n t over th e  d a ta  q u o ted  
in  th e  l i te ra tu re , b o th  in concep t and  acc u ra cy . Such p henom ena w ere for 
in s tan ce  th e  v a r ia tio n s  in  th e  q u a n tity  o f U 238, th e  rad ioac tive  decay  o f  P u 241, 
th e  co n sid e ra tio n  o f A m 241 an d  th e  m ed ium  s tro n g  poisons.

A n o th e r s u b s ta n tia l  difference in  th e  e x am in a tio n s  of th e  b u rn u p  teas 
th a t  n e u tro n  f lu e  (Ф) in  o u r co m p u ta tio n s w as assum ed as one ch an g in g  in  
tim e. S hould  we n am ely  aim  a t rendering  th e  re a c to r  h e a t o u tp u t in d e p e n d e n t 
of tim e  so as to  sa tis fy  p rac tica l needs, we shou ld  have to  m ak e  th e  flu x  
change; n am ely  f i r s t  to  decrease i t  and  su b se q u e n tly  to  increase i t  accord ing  
to  th e  n u m b er o f fissile nuclei (iV!), to  th e  fiss io n  cross-sections (cr}), an d  to  
th e  energy  y ie ld ed  w ith  th e  fission of one nucleus (E ‘). A cco rd ing ly , th e  
n e u tro n  f lu x  v a ry in g  w ith  tim e  is:

w here

Фо-Е25 (1 +  g v2b) b f  N f
2  E '  (1 -f- g v ' ) ô f N ‘

s — 1

V2f  - 1

.28
cg
28
g

(i  =  2 5 ; 49 ; 4 1 ) ,

( i6 )

In  th e  above re la tio n sh ip  and  in  o u r la te r  calcu lations, th e  in d e x  “ 0”  
refers to  th e  in itia l s ta te .

2. Investigations into Productiv ity

In  o rd e r to  d e te rm in e , from  th e  v a r ia tio n s  in  th e  num ber o f  iso to p es, th e  
q u a n ti ty  o f h e a t  e x tra c ta b le  from  u n it q u a n t i ty  of fuel, i.e. th e  b u rn u p  level 
(Q0, M W D /t), we h av e  to  estab lish  f irs t how  lo n g  a reac to r o p e ra tin g  u n d e r  th e
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g iv en  in i t ia l  conditions s ta y s  o perab le . The m o s t ex p ed ien t w ay  to  c a rry  o u t 
th e se  in v e s tig a tio n s  is to  co m p are  th e  a c tu a l to ta l  n eu tro n -p ro d u c in g  cross- 
s e c tio n  ( я 1) against th e  to ta l  n eu tro n -a b so rb in g  cross-section  of th e  iso to p es  
(я 2). I n  th is  w ay we shall a r r iv e  a t  th e  co n cep t o f  th e  w h a t is ca lled  p ro 
d u c t iv i ty  (л):

71 =  JTj —  ТГ2 . (17)

T h e  to ta l  effective p ro d u c tiv e  cross-section  can  be w ritten  as

n j =  n £  àfV1 N l (i =  25 ; 49 ; 4 1 ), 
w h e re  ' (18)

e - p
n =  —

1 +  B -  L 2

T h e  to ta l  effective a b so rp tiv e  cross-section  being:

Фтя , =  2 & № + в  „
j  Ф

( j  =  25; 49; 41; 26; 37 ; 28; 39; 40; 42; 51; 19; 29; к ; 45; A;)

(19)

where

В = П 7 ______^ 2 5  _  i V <> ^ 2 8

veff,0 TV 25 Фт
Ф

ф т d e n o te s  th e  average va lu e  o f  f lu x  in  th e  m o d e ra to r  whose p ro p o rtio n  to  th e  
a v e ra g e  f lu x  in  th e  reac to r  is:

Фт
Ф

=  1 +  0 У ai N L

w here
j Ф тI  ф  1 ° — 1

ÍV q5 d 23 +  N 28 d 28

w hile  th e  v a lu e  of the  in itia l effec tive  m u ltip lic a tio n  fac to r is:

veff,0
d f  iV25

71;

T h e  re a c to r  will s ta y  o p e rab le  u n til  its  p ro d u c tiv ity  is positive (я  >  0). 
F ig . 7 shows th e  t r e n d  o f  th e  p ro d u c tiv ity  curves in  th e  fu n c tio n  o f 

i r r a d ia t io n  (r) for th ree  free ly  chosen n e u tro n  gas te m p era tu res  (tng = 1 0 0 ;  
390; 600° C). The in itia l p o in t o f  th e  cu rv  es (t =  0) corresponds to  th e  v a lu es  
o f  &eff,o in d ic a te d  in Fig. 3.

W h ile  in  th e  figure th e  cu rv es  rep re sen tin g  100° C (continuous line) an d  
390° C (d a sh -an d -d o t line) n e u tro n  gas te m p e ra tu re  show  a positive p ro d u c tiv -
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i t y  u p  to  th e  lim it o f  b u rn u p , th e  600CC cu rv e  (d o tted  line) in d ic a te s  n eg a tiv e  
p ro d u c tiv ity  in  th e  in itia l period  o f  o p e ra tio n . In  consequence, th is  re a c to r  
u n d e r  th e  assum ed  cond itions, exp ressed  in  te rm s of the  in itia l m u ltip lic a tio n  
fa c to r , c an n o t be  reg a rd ed  as operab le .

F ro m  th e  n u m b e r  of fissions ta k in g  p lace u n til  irrad ia tio n  re su lts  in  zero 
p ro d u c tiv ity , an d  from  th e  h e a t re leased  in  each  fission, th e  h e a t  re leased

1

Fig. 7. P ro d u c tiv i ty  as a fu n c tio n  o f i r ra d ia t io n  an d  neu tro n  gas te m p e ra tu re

from  th e  fuel d u rin g  the  tim e  o f o p e ra tio n , viz. th e  bu rn u p  level so u g h t fori 
can  be d e te rm in ed . As show n b y  th e  Q0 cu rv e  of Fig. 3, th is  b u rn u p  level is 
te m p e ra tu re -d e p e n d e n t. This fac t is fu n d a m e n ta lly  d ifferen t from  th e  con
v e n tio n a l s team  boilers in  w hich th e  h e a t  re leased  by chem ical re a c tio n , is 
p ra c tic a lly  in d e p e n d e n t of te m p e ra tu re .

As seen from  F ig . 3, in  th e  re a c to r  ty p e  u n d e r ex am in a tio n , th e  q u a n t i ty  
o f e x tra c ta b le  h e a t  decreases by  1,4 p e r  c en t w ith  each 100°C te m p e ra tu re  
rise in  th e  re a c to r . In  c o n tra s t to  th is , as is well know n, th e  e ff ic ien cy  of 
a n u c lea r  pow er s ta tio n  (??), s im ilarly  to  its  conven tiona l c o u n te rp a r t ,  grows 
w ith  ris in g  te m p e ra tu re s ; i t  grows a t  a h ig h er ra te  (a t some 5 to  6 p e r  cen t
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p e r  100°C) th a n  th e  b u rn u p  level drops. F o r p u rp o se s  o f illu stra tio n , in  F ig . 3 
we h a v e  in d ica ted  n o t  o n ly  th e  ra th e r  sc a tte re d  a c tu a l efficiency d a ta  o f th e  
e re c te d  an d  designed  n u c le a r  pow er s ta tio n s  w ith  GGR  ty p e  reac to rs an d  (to  
b a la n c e  th em  ou t) th e  av e rag e  efficiency cu rv e  (rj) w ith  dash -an d -d o t line , b u t  
also th e  efficiency cu rv e  (r)) w ith  d o tted  line , a f te r  e lim inating  th e re fro m  th e  
fa c to rs  caused  b y  local co n d itions — p rim a rily  b y  th e  h e a t d iag ram  an d  th e

fi=49j41;40;42J

F ig . 8. Q u a n tity  o f fiss ile  P u  iso topes as a  fu n c tio n  o f  n e u tro n  gas te m p e ra tu re

se c o n d a ry  cycle— a n d  b rin g in g  i t  to  an id e n tic a l basis . The ab o v e-m en tio n ed  
5 to  6 p e r  cen t p e r  100°C v a lu e  refers to  th e  l a t t e r  cu rv e .

O w ing to  th e  changes th a t  ta k e  p lace in  th e  iso tope  com position  o f th e  
fuel d u rin g  th e  b u rn u p  process (see Fig. 6), th e  q u a n t i ty  of plu ton ium  av a ilab le  
a t  th e  en d  o f b u rn u p  will becom e te m p e ra tu re -d e p e n d e n t and  so will its  q u a li
ta t iv e  com position , v iz . th e  num ber of fiss io n ab le  p lu to n iu m  atom s re la te d  
to  th e  n u m b e r of a ll p lu to n iu m  atom s (P u  fiss io n ab le /.^  P u). As Fig. 8 ev inces, 
th e  ab o v e  ra tio  w h ich  ch arac terizes  p lu to n iu m  v a lu e , decreases w ith  ris in g  
te m p e ra tu re  w h e reb y  th e  sum s deducted  fo r  p lu to n iu m  allow ance in  th e  
econom ic ex am in a tio n s  o f a n uclear pow er s ta t io n  will likewise decrease w ith  
ris in g  te m p e ra tu re  [3].
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In  ad d itio n  to  v a r ia tio n s  in  th e  b u rn u p  level an d  p lu to n iu m  v a lu a tio n  
-— w hich are d ire c tly  te m p e ra tu re -d e p e n d e n t, — we o b ta in  an  in d ire c t te m 
p e ra tu re  dependence b y  enriching the uranium  charge , re sp ec tiv e ly  b y  in se rtin g  
h igh ly  enriched fuel e lem en ts  in to  th e  n a tu ra l  u ra n iu m  core — as is c u s to m a ry  
in  th e  la te s t ty p e s  o f  g as-g rap h ite  reac to rs  o p e ra tin g  a t  m ore e le v a te d  te m 
p e ra tu re s  (A G R , H T G R  ty p es).

T he degree o f en ric h m e n t req u ired  to  avo id  th e  neg a tiv e  in it ia l  p ro d u c tiv 
i ty ,  accord ing  to  F ig . 7, is show n by  line d in  F ig . 3, re la te d  to  th e  average  
o f th e  core. I t  is ev id e n t t h a t  en rich m en t will n o t only increase fuel costs b u t 
a ffec t fixed  costs th ro u g h  th e  in te rc a la ry  in te re s t  co n co m itan t to  su sta in ed  
b u rn u p . The m ore so as w ith  ris ing  te m p e ra tu re s  n o t only th e  degree  o f en rich 
m e n t b u t  th e  e n tire  s tru c tu ra l  design o f th e  re a c to r , th e  m a te r ia ls  u sed , e tc . 
m u st be m odified .

Since no l i te ra tu re  is a t  p re sen t av a ilab le  on th e  c a p ita l co sts  o f  gas- 
g ra p h ite  reac to rs  o p e ra tin g  a t  e lev a ted  te m p e ra tu re s , we are n o t  in  a position  
to  illu s tra te , b y  n u m erica l va lues, th e  r a te  o f m arg ina l effic iency  fo r n uc lear 
pow er s ta tio n s , as we h a v e  done in  F ig . 1 for co n v en tio n a l th e rm a l pow er 
p la n ts . I t  b rooks no d o u b t, how ever, th a t  in  p rinc ip le  an  econom ically  o p tim u m  
so lu tio n  exists also fo r n u c lea r  pow er p la n ts . Special care m u st be  p a id  in  th e  
d e te rm in a tio n  of th e  d -curve w hich  rep re sen ts  m arg ina l effic iency , because 
th e  u tiliz a tio n  fa c to r  in flu en c in g  i t  is a fu n c tio n  o f th e  v a riab le  co st o f electric 
pow er g enera ted  in  n u c lea r  pow er s ta tio n s  w hich , in  th e  lig h t o f w h a t has been 
sa id  above, is te m p e ra tu re -d e p e n d e n t.

T he concep t th a t ,  fo r h ig h er econom y, nu c lea r pow er s ta t io n s , whose 
b u ild in g  en ta ils  en o rm o u s c ap ita l in v e s tm e n t, shou ld  be ru n  a t  m a x im u m  b u t 
n o t  less th a n  8000 h o u rs  p e r  y ea r u tiliz a tio n  tim e , w as fo rm erly  w id esp read  in 
th e  in te rn a tio n a l l i te ra tu re , an d  is s till e x ta n t. In  such cases, h o w ev er, p rov ided  
i t  is ac tu a lly  co rrec t to  ru n  n u c lea r pow er s ta tio n s  a t  a h igh  u til iz a tio n  fac to r 
in  view  of th e  low v a ria b le  costs, th e  costs o f pow er g en era ted  m u s t be  charged  
wri th  th e  expenses in c id e n t to  decreased  load  on th e  re s t o f th e  powder p la n ts  
in  th e  system , or else — a n d  th is  can  be expressed  in  an  id e n tic a l m a n n e r in 
ca lcu la tio n  tech n iq u es  — an  a p p ro p ria te ly  low er u tiliz a tio n  fa c to r  shou ld  be 
d e te rm in ed  fo r n u c le a r  pow er s ta tio n s . I f  so, th e  costs o f n u c le a r  p ow er will 
rise b y  a p p ro x im a te ly  10 p e r  cen t an d  th e  ra te  o f m arg ina l e ffic iency  th a t  can 
be  considered  in  o u r ca lcu la tio n s w ill decrease  a t  th e  sam e ra te  [4].

A ccording to  o u r in v e s tig a tio n s , in  th e  c u rre n t GGR  ty p e  re a c to rs , viz. 
in  th o se  o p e ra tin g  w ith  n a tu ra l  u ra n iu m  can n ed  in  m ag n esiu m -a lu m in iu m  
alloy  and  w ith  ca rb o n  d iox ide  gas as co o lan t, th e  o u tle t gas te m p e ra tu re  
could  well be ra ised  b y  30 to  50°C in o rd er to  ap p ro x im a te  th e  op tim u m  
econom y. This m eans t h a t  th is  ty p e , considering  th e  re q u ire d  te m p e r
a tu re  m argin  fo r in creased  sa fe ty , has m ore or less reach ed  m ax im u m  
deve lopm en t.
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3. F u r th er  Attempts at Development

T h e  types th a t  c o n s t i tu te  th e  basis of fu r th e r  d ev e lo p m en t p a r t ly  sw itch  
o v e r  fro m  u ran ium  to  u ra n iu m  oxide w ith  a u s te n itic  h igh-a lloy  steels for 
c a n n in g  (A G R  type), p a r t ly  — to  achieve still h ig h e r te m p e ra tu re s  — su rro u n d  
th e  u ra n iu m  fuel, w hich  is b u i l t  in  in the  form  o f ca rb id e  an d  m ixed w ith  g ra p h 
i te  in  a q u asi-he te rogeneous w ay , w ith  a g a s tig h t e x te rn a l g rap h ite  can n in g . 
C oo ling  tak es  place fo r in s ta n c e  th ro u g h  h e lium  gas (H T G R  an d  A V R  ty p e s) . 
I n  th e  la t te r ,  fuel ro d s h a v e  been  su b s titu te d  b y  60 m m  d iam e te r  balls [5]. 
T h e se  la te s t  h ig h -te m p e ra tu re  gas-g raph ite  re a c to rs  h av e  so fa r  been  e rec ted  
e i th e r  in  p ro to ty p es o n ly  (fo r  exam ple A G R )  o r a re  still in  th e  co n s tru c tio n  
s ta g e  a n d  th u s u n su ita b le  fo r  econom y in v e s tig a tio n s .

A  new  reac to r ty p e  ta k e s  8 to  10 years to  be  dev e lo p ed  from  its  con cep tio n  
to  th e  tim e  w hen re liab le  o p e ra tio n a l experiences ca n  be gained . W ith  re sp ec t 
to  h ig h -te m p e ra tu re  g a s -g ra p h ite  reacto rs, d e v e lo p m en t is in  its  m id -stag e  a t 
th e  u tm o s t ,  w hence econom ic  resu lts  canno t be e x p e c te d  fo r som e 3 to  4 m ore 
y e a rs . I t  is, how ever, o f p a ra m o u n t significance t h a t  th e  basic  ex am in a tio n  
m e th o d s  have been c la r if ie d  an d , a lthough  in  a r a th e r  confined  area  v iz. in  
re s p e c t  o f GGR re ac to rs  o n ly , th e y  have b ro u g h t sa tis fa c to ry  resu lts  (even 
th o u g h  n o t 100 per c e n t d e p e n d a b le  as y e t).

B u t of even h ig h er im p o rtan ce  th a n  th e  ab o v e-o u tlin ed  te m p e ra tu re  
in v e s tig a tio n s  are th e  e n d e a v o u rs  tow ard  th e  b e t te r  thermodynamical u t i l i 
za tion  o f  th e  te m p e ra tu re s  w ith in  th e  reac to r. O ne o f  th e  consequences o f th e  
n o n -u n ifo rm ity  of n e u tro n  f lu x  in  th e  reac to r is an  in e q u a lity  of te m p e ra tu re  
o c c u rr in g  b o th  p e rp e n d ic u la r  and  parallel to  th e  flow  o f th e  cooling gas in th e  
r e a c to r .  W hile n o n -u n ifo rm ity  in rad ia l d irec tio n  b y  an  a p p ro p ria te  n u c lea r 
s t r u c tu r e  and  by  a d e q u a te ly  con tro lled  o p e ra tio n a l p ro ced u res  can be e q u a l
ized  m o re  or less so as to  p re v e n t  excessive d iffe rences over th e  cross-sec tion  
in  th e  te m p e ra tu re  o f th e  co o lin g  gas leav ing  th e  re a c to r , th e  a t te m p ts  h a v e  so 
fa r  fa iled  to  elim inate th e  d ifferences along th e  cooling  d u c ts  w hich are  due 
p a r t ly  to  th e  w arm ing  up  o f  th e  cooling gas, p a r t ly  to  th e  n o n -u n ifo rm ity  o f  
th e  n e u tro n  flux  d is tr ib u tio n  in  th e  d irection  o f  th e  lo n g itu d in a l re a c to r  ax is.

C arry ing  ou t th e  c a lc u la tio n s  w ith  re sp ec t to  th e  n a tu ra l  u ra n iu m  c a r 
b o n  d iox id e-g rap h ite  r e a c to rs  assum ed above a n d  p lo ttin g  th e  f in d in g s  in 
F ig . 9, th e  heating  o f  th e  gas along th e  cooling  d u c t is in d ica ted  b y  th e  
c o n tin u o u s  line (th) w hile th e  te m p e ra tu re  o f th e  can  is g iven b y  th e  tb line. I t  
h a s  b e e n  assum ed th a t  th e  m a x im u m  h ea tin g  o f th e  cooling  m ed ium  is, in  th e  
case  in  h a n d , lim ited  b y  th e  m ag n esiu m -a lu m in iu m  alloy  can  w hich  p rec lu d es 
t h a t  th e  can  te m p e ra tu re  exceeds 480° C, a te m p e ra tu re  u su a l in  such  ty p e  o f 
re a c to rs . F rom  the  f ig u re  i t  follow s th a t  in  such  re a c to rs  n e ith e r  fuel n o r th e  
c a n  o r  o th e r  s tru c tu ra l m a te r ia ls  are u tilized  to  th e ir  techno log ica lly  p e rm is
s ib le  u p p e r  tem p era tu re  l im its . I t  follows fu r th e rm o re  t h a t  th e  th e rm o d y n a m 
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ic effic iency  of re a c to r  cooling  (r]oh), b y  w h ich  we u n d e rs ta n d  th e  C arno t 
efficiency ca lcu la ted  w ith  th e  m ean  te m p e ra tu re  o f h e a t adm ission , is v e ry  
I oav — in th is  case n o t  m ore  th a n  47,5 p er cen t. (T he m ean  h e a t adm ission  te m 
p e ra tu re  is Гм „ =  5 7 2 °K , a m b ie n t te m p e ra tu re  27°C.)

Fig. 9. V aria tio n s in cooling gas te m p e ra tu re  w ith  th e  c o o lan t in  u n id irec tio n a l, re sp ec tive ly
in tw in flow

I f  co o lan t is n o t flo w n  th ro u g h  th e  fuel ch an n e l from  its  beg inn ing  to  
en d , b u t  in tro d u ced , fo r ex am p le , a t  i ts  c en tre  a n d  d ischarged  a t  e ith e r  end  of 
th e  channel (tw in flow ), th e  te m p e ra tu re  d is tr ib u tio n  along th e  d u c t w ill be 
su b s ta n tia lly  m ore u n ifo rm  — as is show n b y  th e  d o tte d  lines o f  F ig . 9 ( tem 
p e ra tu re  values are  d en o ted  t ') .  T h is, a t  id en tica l can  te m p e ra tu re , w ill y ield  
a 53 p er cen t th e rm o d y n a m ic a l effic iency  fo r re a c to r  cooling, h ig h er b y  11,6 
p e r cen t th a n  before. (This m e th o d  of cooling w as f irs t  em p lo y ed  in  th e  F ren ch
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G - l  p lu to n iu m -p ro d u ce r r e a c to r  b u t  — p ro b a b ly  ow ing to  th e  d ifficu lties  of 
th e  in tro d u c tio n  of co o lan t in  th e  c e n tre —, th e  m e th o d  has n o t com e to  be em 
p lo y e d  in  pow er reac to rs. T h e  p rocess, over an d  above its  b e tte r  th e rm o d y n a m 
ics in  cooling, m ay  cla im  in te r e s t  also for th e  im p ro v ed  effic iency  o f its  
p o w e r-g e n e ra tin g  cycle since  th e  h igher in le t te m p e ra tu re  of cooling  gas — 
w h ic h  is perm issib le  w ith  tw in  flo w  — p erm its  a b e t te r  reg en e ra tiv e  p re h e a tin g  
o f  th e  feed w ate r for th e  s e c o n d a ry  cycle.)

T h e  ad van tages o f c e n tra l  gas adm ission w ill receive p a r tic u la r  a tte n tio n  
i f  n ew  w ays and  m eans a re  so u g h t in  re a c to r  g eo m etry  an d  in  th e  b u ild u p  of

F ig . 10. Schem atic la y o u t  o f  a spherica l re ac to r  w ith  p eb b le -b ed  ch arg es 
(acco rd in g  to  G. B ü k i)

th e  fu e l elem ents. Such a n ew  p o ss ib ility  is em bodied  in  th e  p ro p o sa l p u t  fo r
w a rd  b y  G. B ü k i : a sp h e ric a l re a c to r  w ith  balls for charge, in  th e  la y o u t 
a c c o rd in g  to  Fig. 10 [6]. S p h e ric a l reac to rs  are know n  to  be m ore fav o u rab le  
t h a n  cy lin d rica l ones b o th  fro m  th e  physics an d  eng ineering  p o in ts  o f  view . 
H o w e v e r , to  tak e  full use o f  th e se  a d v an tag es , th e  b u ild u p  o f fu e l e lem ents 
m u s t  also  be m odified  in  su c h  a w ay  — as has b een  p ro p o sed  in  conn ec tio n  
w ith  th e  A  F R -reacto r — t h a t  ba lls  shou ld  be used  fo r charge  in s te a d  of th e  
u s u a l  ro d s . These balls sh o u ld  h av e  enriched  u ra n iu m  carb ide  cores an d  be 
g ra p h ite -c o a te d . To su it m o re  e lev a ted  te m p e ra tu re s , h e lium  gas cou ld  be  used 
fo r  coo ling . The in tro d u c tio n  o f  cooling gas in to  th e  hollow  space in  th e  cen tre  
o f  th e  re a c to r  is re la tiv e ly  s im p le , an d  th is  a rra n g e m en t in  w hich  th e  coldest 
g as  e n te rs  th e  space w ith  h ig h e s t f lu x  — an d  w ith  h ig h es t te m p e ra tu re  —, 
s u b s ta n t ia l ly  im proves th e  e ff ic ien cy  of cooling. F ig . 11 will give an  idea  of 
th is  a rra n g e m en t. In  i t  th e  c o n tin u o u s  lines show  th e  curves c h a ra c te r is tic  of 
th e  coo ling  in  pebb le-bed  c y lin d ric a l reac to rs . W hile th e  line i/, in d ic a te s  th e  
h e a t in g  o f  th e  cooling gas c a lc u la te d  for th e  av erag e  along th e  le n g th  o f th e  
c y lin d r ic a l reac to r, th e  line m a rk e d  th max d eno tes th e  h e a lin g  a long  th e  cen tra l
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line in  th e  cy lin d er, and  th e  tu max refers to  th e  h e a tin g  of u ra n iu m -c a rb id e  in  
th e  cen tre  o f  th e  fuel balls, in  th e  cy linder ax is . As can  be seen, fue l te m p e r 
a tu re  w ill cu lm in a te  a t  1870 °C.

W ith  balls  o f sim ilar s tru c tu re , in  a sp h erica l reac to r and  w ith  gas in le t 
a t  th e  cen tre  (in th e  schem atic  la y o u t acco rd ing  to  Fig. 10) w here th e  ra d iu s

t

F ig . 11. C om parison  of th e  cooling co nd itions in p eb b le -b ed  cy lindrical an d  sp h e rica l re ac to rs

o f th e  gas d is tr ib u tio n  sphere  is one f if th  o f th e  ex te rn a l rad ius, th e  te m p e ra 
tu re  p a t te rn  a long  th e  re a c to r  rad iu s  is show n b y  th e  do tted  lines o f  F ig . 11.

A ssum ing  th e  sam e average h ea tin g  o f  gas (700—200 =  500 °C), conse
q u e n tly  th e  sam e th e rm o d y n am ic  effic iency  o f cooling and  m a x im u m  fuel 
te m p e ra tu re  (1870 °C), th e  h e a t o u tp u t in  a pebb le-bed  spherica l re a c to r  is 
90 p er c e n t h igher th a n  in a sim ilarly  p eb b le -b ed  b u t cy lin d rica lly  shaped  
reac to r . A s a  re su lt — ta k in g  acco u n t also o f  th e  b e tte r  u tiliza tio n  o f  th e  a v a il
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a b le  space  of th e  sp h e rica l reac to r, its  b e t te r  m ech an ica l cond itions, e tc . — 
a n  eco n o m y  of a t  le a s t  50 p e r cen t of th e  sp ec ific  c a p ita l costs m ay  be ex p ec ted .

B y  im prov ing  th e rm o d y n am ics  o f r e a c to r  cooling and e q u a liz a tio n  o f  
te m p e ra tu re s  w ith in  th e  re a c to r , we h av e  v e ry  good an d  still u n ta p p e d  possi
b ilitie s  to  reduce c a p ita l  in v e s tm e n t costs o f  n u c le a r  pow er s ta tio n s , a p p a re n tly  
s till u n fav o u rab le . T h ese  o pen  up  new w ays in  ra is in g  th e  tem p e ra tu re  in  n u c le 
a r  p o w er s ta tio n s , q u ite  d iffe ren t from  th o se  ex is tin g  in co n v en tio n a l ones. 
A com parison  of th e  tw o  w ill reveal th a t  c o n d itio n s , in  princip le as well as in  
p ra c tic e , are fu n d a m e n ta lly -d iffe re n t.

R esearch  m u s t go a lo n g  new p a th s  b u t ,  as th is  ra th e r  sk e tchy  t r e a tm e n t  
en d ea v o u re d  to  p ro v e  w ith  som e exam ples, f u tu re  holds ou t good p ro sp ec ts .
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B E S T R E B U N G E N  Z U R  E R H Ö H U N G  D E R  T E M P E R A T U R  
IN  K O N V E N T IO N E L L E N  UN D  IN  A T O M K R A F T W E R K E N

A. LÉVAI

ZU SA M M EN FA SSU N G

B ei de r U m w an d lu n g  d e r d u rc h  chem ische o d er d u rc h  K ern k rä fte  gebundenen  E n e rg ie  
in  m ech an isch e  (e lek trische) E n erg ie  is t das Ziel die E rre ic h u n g  von  je  höheren  T em p e ra tu re n . 
V on d iesem  S ta n d p u n k t au s  u n te rs u c h t , kann  bei k o n v e n tio n e lle n  K ra ftw erk en  die m it d e r  
T e m p e ra tu r  zu sam m en h än g en d e  G ren zw irtsch aftlich k e it zah len m äß ig  fe stg es te llt w erden . 
B ei A to m k raftw e rk en  is t  d ie L age kom pliz ierter, weil a u ß e r  d e n  in  der G ren zw irtsch aftlich k e it 
e ine  R o lle  sp ielenden In v e s tit io n sk o s te n  und dem  K ra ftw e rk sw irk u n g sg ra d  au ch  der v o n  de r 
T e m p e ra tu r  abhängige A u sb re n n g ra d , die P lu to n iu m -G u tsc h re ib u n g  und die an fän g lich e  A n 
re ic h e ru n g  d as E rgebn is b ee in flu ssen .

D ie A rb e it b r in g t k o n k re te  U ntersuchungen  ü b e r  GG-R-Reaktoren. B ei A to m k ra f t
w e rk en  k a n n  die th e rm o d y n a m isc h  bessere A u sn ü tzu n g  d e r  T em p era tu ren  d u rc h  eine Ä n d e 
ru n g  d e r R e a k to rk ü h lu n g  e rz ie lt w erden . Hiezu w erden  n a tü r l ic h  neue R e ak to rty p en  b e n ö tig t .  
B eso n d ers  günstige  E rgebn isse  k ö n n e n  m it sphärischen  R e a k to re n  m it K ugelfü llung u n d  E in 
le itu n g  d es K ü h lm ed iu m s im  M itte lp u n k t erzielt w erd en .
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TENDANCES A L’ACCROISSEMENT DE LA TEMPÉRATURE DANS LES CENTRALES 
THERMIQUES CONVENTIONNELLES ET ATOMIQUES

A. LÉVAI

RÉSUMÉ

Au cours de la tran s fo rm a tio n  en énergie  m écan ique  (é lectrique) des én erg ies  liées ch i
m iq u em en t ou p a r  des forces n u c léaires, le b u t  e s t d ’a tte in d re  des te m p é ra tu re s  aussi élevées 
que possible. E n  a n a ly sa n t les p rob lèm es de ce p o in t de vue , on peu t, p o u r les cen tra le s  th e r 
m iques conven tionnelles, calcu ler n u m ériq u em e n t l ’économ ie lim ite  liée à la  te m p é ra tu re  de 
la v a p eu r . P o u r les cen tra les  a to m iq u es , la s i tu a tio n  e st p lus com pliquée, c ar en  p lu s des frais 
d ’in v es tissem en t e t d u  re n d em en t in te rv e n a n t  d a n s  l ’économ ie lim ite , le ré s u l ta t  e s t in fluencé  
p a r le burnup  d é p en d a n t lu i-m êm e de la te m p é ra tu re ,  p a r  le p rix  d u  p lu to n iu m  e t enfin  p a r  
l’en rich issem en t in itia l.

L ’é tu d e  p résen te  des ré su lta ts  concre ts p o u r  des ré ac te u rs  de ty p e  G G R ■ A u x  cen tra le s  
a to m iq u es , une u tilisa tio n  th e rm o d y n a m iq u e m e n t p lus favorab le  des te m p é ra tu re s  p e u t 
ê tre  o b ten u e  en m o d ifian t le re fro id issem en t d u  ré a c te u r , ce qu i exige n a tu re lle m e n t la c réa tion  
de n o u v e au x  ty p e s  de réac te u rs . On p e u t a tte in d re  des ré su lta ts  p a r tic u liè re m e n t fav o rab les  
avec  des ré ac te u rs  sphériques chargés de bou les , en  cas d ’in tro d u c tio n  c en tra le  d u  ré fr ig é ran t.

СТРЕМЛЕНИЯ ПОВЫШЕНИЯ ТЕМПЕРАТУРЫ 
НА КОНВЕНЦИОНАЛЬНЫХ И АТОМНЫХ ЭЛЕКТРОСТАНЦИЯХ

А. Л Е В А М

РЕЗЮМЕ

В процессе преобразования химической или атомной энергий в механическую 
(электрическую), с термодинамической точки зрения целью является достижение воз
можно высоких температур. Рассматривая вопрос, исходя из сказанного, в случае кон
венциональных электростанций можно показать предельную экономичность, зависящую 
от температуры. Для атомных электростанций положение более сложно, так как сверх 
капитальных затрат для достижения предельной экономичности, а также к п д  электро
станции, на результаты действуют также зависящий от температуры уровень выжигания, 
списание за счет плутония и начальное обогащение. В работе для реакторов типа GGR  
приведены конкретные исследования. Для атомных электростанций лучшая утилизация 
температур в термодинамическом отношении может быть достигнута изменением охлаж
дения реактора. А для этого, естественно,необходимо разработать новые типы реакторов. 
Особенно хороших результатов можно добиться при помощи сферических реакторов 
шарикового заряда — в случае введения хладагента в центре.
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ÜBER DAS VERHALTEN VON FREMDSTOFFSPUREN  
IN PULVERMETALLURGISCHEN 

WOLFRAMMETALLSORTEN

T H . M IL L N E R

M I T G L I E D  D E R  U N G A R I S C H E N  A K A D E M I E  D E R  W IS S E N S C H A F T E N  

[E ingegangen  am  17. M ai 1963]

E s w ird  au f G rund  von  ä lte re n  b e k a n n te n  F ests te llu n g en  und  neuen , a n  W o lfram  und 
e in igen  a n d eren  M etallen gesam m elten  B eo b ach tu n g en  d ie F rage b eh an d e lt, w'ie sich  d ie jen i
gen F rem d sto ffe , welche die technolog ischen  E ig e n sc h a fte n  und  das R e k ris ta llisa tio n sv e rh a l-  
te n  b es tim m en , im  W o lfram m eta ll (W o lfra m d ra h t)  v e rh a lte n  d ü rften , m it b e so n d e re r  R ü ck 
s ich t a u f  d ie  offene F rag e , ob  diese ihre W irk u n g e n  als F rem d k ö rp erte ilch en  o d e r a b e r als 
F re m d ato m e  ausüben . A uch d ie G esam th e it d e r  B e o b ach tu n g en , besonders a b e r  d ie R esu lta te  
de r an  W o lfra m d rä h ten  a n g es te llten  K riech v ersu ch e  u n d  die E rgebnisse de r im  M odellsystem  
Sn — Ag d u rch g efü h rten  au to ra d io g ra p h isc h en  U n te rsu ch u n g e n  sprechen d a fü r, d a ß  d iejenigen 
F rem d sto ffsp u ren , welche in  d e r W olfram techno log ie  eine ak tiv e  Rolle spielen, te ils  als T eilchen, 
te ils  als A tom e im  W o lfram k ö rp er v o rh a n d en  se in  k ö n n e n  u n d  sich w äh ren d  d e r  tech n o lo g i
schen V orgänge in e in an d er um w an d eln  k ö n n e n , d ab e i a b e r ihre w esen tlichen  W irk u n g en  als 
spezifische F rem d ato m e au sü b en .

I

H e u tz u ta g e  w erden  die L e u c h tk ö rp e r  d er G lühlam pen au s gezogenen 
W o lfra m d rä h ten  h e rg es te llt [1, 2]. A ttch  die d ü n n s te n , n ich t e in m a l 10 M ikron 
s ta rk e n , gezogenen D rä h te  besteh en  aus e in er V ielzahl von n e b e n e in a n d e r  lie
genden , m ite in an d er fes t v e rb u n d en en  M eta llfasern  (B ild 1).

B eim  E rh itzen  a u f  B e tr ie b s te m p e ra tu r  u n te rliegen  solche D rä h te  einer 
sog. R ek ris ta llisa tio n : sie verlieren  ih re  F a s e rs tru k tu r , u n d  es e n ts te h e n  in 
ihnen  n a c h  der A rt d er M e ta llv o rb e re itu n g  k leinere  oder g rö ß ere  K ris ta llite  
(B ild  2).

In  den  sog. re in en , ays zu sa tz fre iem  M eta llpu lver h e rg es te llten  d ünneren  
W o lfram d räh ten  en tw ick e ln  sich hei d e r R ek ris ta llisa tio n  k le ine , n ic h t einm al 
den  ganzen  D ra h tq u e rsc h n itt  au sfü llen d e  K ris ta llite  (B ild 2c). I n  d en  W olf
ra m d rä h te n , deren  M eta llp u lv e r g le ichzeitig  m it К  und  Si e n th a lte n d e n  Zu
sä tzen  b e re ite t w urde , e n ts teh en  w esen tlich  größere K ris ta lle  (B ild  2b). 
S ch ließ lich  w achsen im  R ek ris ta llisa tio n sp ro zeß  von m it g le ich ze itig  K , Si 
u n d  A l e n th a lte n d e n  Z u sä tzen  h e rg e s te llte n  W o lfram d räh ten  lan g e , e inander 
ü b e rlap p en d e  K ris ta lle  (B ild  2a).

A uch  hei an d eren  M etallen  k a n n  die R e k r is ta llis a tio n s s tru k tu r  m it v er
sch iedenen  M itteln  in d e r k le in k ris ta llin en  o d er in  der g ro ß k ris ta llin en  R ich tu n g  
v erschoben  w erden. Die M öglichkeit e in er B eein flussung  der K ris ta llite n g rö ß e
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m itte ls  der angefü h rten  F re m d sto ffe  is t n a c h  u n se re n  heu tigen  K en n tn issen  
a u f  p u lv e rm eta llu rg isch  e rz e u g te n  W o lfram d räh te  b e sch rän k t.

Ja h rzeh n ten lan g e  E r fa h ru n g  h a t uns g e le h rt, d aß  w ährend  des e tw a  
lOOOstündigen B etriebes d e r  G lühlam pen n u r  lan g k ris ta llin isch e  S p ira len  
ih re  u rsp rüng liche  (z.B . eb e n e ) A nordnung u n v e rä n d e r t  be ib eh a lten . S p ira len  
au s  k le in k ris ta llin isch en  D rä h te n  hängen w ä h re n d  des B etriebes in  zuneh -

B ild  1. F a se rs tru k tu r  eines g e zo g e n en  W olfram drah tes ( L a x  — P i r a n i : W olfram , 1 9 2 9  [ 4 J ;
S. 320, Bild 227)

B ild  2. K r is ta lls tru k tu r  v o n  g ezo g en en  W o lfram d räh ten  n a c h  erfo lg ter R e k ris ta llisa tio n
a) K , Si, A l-Z u sa tz sp u re n  e n th a lte n d e r  W o lfra m d ra h t;
b)  K , S i-Z u sa tz sp u re n  e n th a lten d er W o lf ra m d ra h t;
c) ohne Z u sä tz e  e rzeu g te r  W o lfra m d ra h t

(R ie c k , G . D ., 1959 [19]; S. 112, B ild  3)

m e n d e m  M aße durch (siehe B ild  7 w eiter u n te n )  u n d  erzeugen dem zufo lge 
d a s  L ic h t  im m er u n w ir tsc h a ftlic h e r.

A ls eine der w ic h tig s te n  A ufgaben  der G lü h lam p en in d u strie  h a t  sich 
d em e n s tsp re c h e n d  die B e se itig u n g  des S p ira ld u rch h an g es ergeben. Es w urde  von  
S c h r i t t  zu  S ch ritt em p irisch  fe s tsg es te llt, daß  dieses Z iel am  besten  d u rc h  E r 
zw in g u n g  einer G ro ß k r is ta l ls tru k tu r  im  R e k ris ta llisa tio n sv o rg an g  m itte ls  
se h r  k le in e r , K , Si und  Al e n th a lte n d e r  Z u sa tz sp u ren  zu  erreichen  is t [1].
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In  w elcher W eise diese Z u sa tz sp u ren  ih re  W irkungen  a u sü b e n , is t h eu te  
noch  hei w eitem  n ich t a u fg ek lä rt. E s  is t dem zufolge schw er zu e rk lä re n , w a
ru m  d er D u rch h an g  in  der a llgem ein  b eo b a c h te ten  A rt u n d  W eise m it der 
K ris ta lliten g rö ß e  zu sam m en h än g t. W ie in  v ielen  Fällen , sind a u c h  h ie r die 
E rsch e in u n g en  se lb st besser b e k a n n t, als ih re  G ründe. Aus dem  h e u te  b e k a n n 
te n , d iesbezüglichen M ateria l soll h ie r eine k le ine  A usw ahl gegeben  w erden .

M ann m u ß  dazu  noch fo lgendes b each ten .
Alle gezogenen W o lfram d räh te  k ö n n en  im  L aufe des R e k ris ta llisa tio n s 

prozesses, also w äh ren d  der U m g ru p p ie ru n g  ih re r W o lfram ato m e, m it viel 
geringeren  K rä fte n  d e fo rm ie rt w erd en , als n ach  einer b een d e ten  R e k ris ta lli
s a tio n . Die g roßk ris ta llin isch en  S p ira len  erle iden  dem zufolge b e im  ersten  
E in sc h a lte n  a u f  B e tr ie b s te m p e ra tu r  d u rch  ih r  E igengew icht m e is ten s  einen 
le ich ten  (p rim ären ) D u rch h an g , u n d  v e rä n d e rn  ih re F o rm  n a c h  b een d e te r 
R ek ris ta llisa tio n  n ich t m ehr. D ie k le in k ris ta llin isch en  S p ira len  w eisen  beim  
e rs te n  E in sch a lten  ebenfalls einen  p r im ä re n  D u rch h an g  auf, w o ra u f  d a n n  bei 
ih n en  m eistens ein w eite re r (sek u n d äre r) D u rch h an g  des schon rek ris ta llis ie r- 
te n  G lühkörpers erfo lg t. N u r d er se k u n d ä re  D u rch h an g  k an n  d u rc h  eine  m itte ls  
Z u sä tze  h erv o rg eru fen e  G ro ß k r is ta lls tru k tu r  aufgehoben  w erden .

II

U m  die J a h re  1905 —1910, im  Z e ita lte r  der V a k u u m g lü h la m p e n  m it 
»gestreck ten  G lühfäden«, kam en  zu e rs t »m öglichst reine« W o lfra m d rä h te  — 
d a ru n te r  auch  schon  gezogene D rä h te  — in  G ebrauch . N ach  dem  E rh itz e n  au f 
B e tr ie b s te m p e ra tu r  sind  in diesen D rä h te n  d e ra rtig e  K ris ta llite  e n ts ta n d e n , 
die den  D ra h tq u e rsc h n itt  eben au sfü llten  u n d  im  B etrieb  a n e in a n d e r  all
m äh lich  se itw ärts  ab g le ite ten . D a d u rc h  sind  S te llen  m it v e rm in d e rte m  D ra h t
q u e rsc h n itt  (m it e rh ö h tem  W id e rs tan d ) e n ts ta n d e n , w elche ü b e rh i tz t  w urden 
u n d  zu  einem  frü h ze itig en  A u sb ren n en  d er L am pen  fü h rten  (B ild 3 u n d  B ild 4).

M an sah  den  F eh le r in  d e r E n ts te h u n g  d ieser den ganzen  Q u ersch n itt 
ausfü llenden  K ris ta llite , d .h . in  e in e r  u n g ü n stig en  » R ek ris ta llisa tio n ss tru k tu r«  
u n d  such te  n ach  M itte ln  zu r E rz ie lu n g  e in er v iel fe inkörn igeren  K r is ta l ls tru k 
tu r ,  die m an  d u rch  die V e rh in d e ru n g  d er R ek ris ta llisa tio n  zu e rre ic h en  g laub te .

B ald  w urde  die E n td e c k u n g  g em ach t, d aß  in  gezogenen W o lfra m d rä h 
te n , w elche e tw a  1 %  fe in v e rte ilte s  T h 0 2 e n th ie lte n , die g ew ünsch te  fe in k ris ta lli
n ische S tru k tu r  e n ts te h t  (B ild  5) u n d  fe s tg e s te llt, daß  solche D rä h te  in  Va
k u u m lam p en  bei e tw a  2400 °K keine schäd lichen  Q u e rsch n ittsän d e ru n g en  
erle iden .

M an n a h m  a n , d aß  d u rch  d ie  A n w endung  des T h O ,-Z u sa tzes  in  d er T at 
eine H em m u n g  d es  K ris ta llw a c h s tu m e s  u n d  d er R e k ris ta llisa tio n  erreich t 
w urde u n d  wra r d er M einung, d a ß  in  d er fe inkö rn igen  S tru k tu r  so lch e r D räh te  
•die vielen k le inen  K ris ta llite  e in a n d e r gegenseitig  an  dem  A b g le ite n  h indern .
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E s  bedeu te te  eine z iem lich  große Ü b e rra sc h u n g , als m an  von  1912 ab  
fe s ts te lle n  m ußte, d aß  d ie  th o r ie r te n  D räh te  in  g asg efü llten  L am pen  bei e in er 
D ra h tte m p e ra tu r  von  e tw a  2700 °K zw ar eb en fa lls  k le in k rista llin isch  s in d , 
ih re  S p ira len  aber tro tz d e m  einen  b e träch tlich en  D u rc h h a n g  erleiden, also in

Bild 3. Ohne Zusätze erzeugter, 0 ,0 5  mm starker Wolframdraht, in der Lampe rekristallisiert 
und gebrannt. Die Korngrenzen stehen waagerecht auf die Drahtachse 

(Sm it h e l l s , C . J.: Tungsten, 1952 [2 ]; S . 1 3 8 , Bild 112)

Bild 4. Die Rristallite der Drähte, in welchen die Korngrenzen waagerecht auf die Drachtachse 
stehen, gleiten im Betrieb seitwärts aus 

(L a x — P i r a n i : Wolfram, 1929 [4 ]; S . 3 2 1 , Bild 228)

ih n e n  d ie  K rista llite  ih re  gegenseitigen  L agen  b e trä c h tlic h  än d ern  k ö n n en  
(siehe  B ild  7 w eiter u n te n ) .

L an g sam  e rk an n te  m a n , d aß  im  V erh a lten  d e r  th o rie r te n  D rä h te  keine 
e in fa c h e  K ris ta llw ach stu m sersch ein u n g en , ke ine  e in fach e  R e k ris ta llisa tio n s
p ro zesse  u n d  D u rch h an g sm ech an ism en  vor u n s s te h e n , weil die th o rie r te n
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D rä h te  sich als au s  einem  Oxyd u n d  einem  M etall zusam m engesetzte  ch em ische  
S y stem e v e rh a lte n , in  w elchen d ie  m e ta llp h y sik a lisch en  Prozesse m it ch em i
sch en  V orgängen  g ekoppelt sind .

Die th o r ie r te n  D räh te  k o n n te n  sich w egen ihres D u rch h an g es in  den 
gasgefü llten  G lü h la  pen als G lü h sp ira len  n ic h t b eh au p ten . Sie w u rd en  b a ld  
d u rc h  die K , Si [3] u n d  K , Si, A l [1] Z u sa tz sp u re n  e n th a lte n d e n , g ro ß k ris ta l-

Bild 5. a) Kristallstruktur einer Glühspirale aus ohne Zusätze erzeugtem Wolframdraht,
nach 1000 Stunden Brenndauer

b) Kristallstruktur einer Glühspirale aus einem 0,65% Th02 enthaltenden Wolfram
draht nach 1000 Stunden Brenndauer 

( S m i t h e l l s ,  C. J.: Tungsten, 1952 [2]; S. 144, Bild 116 und Bild 119)

lin ischen , fo rm b estän d ig en  D rä h te  ab g e löst. M it dem  V erh a lten  d ieser Z u 
sa tzsp u ren  w ollen w ir uns n ä h e r b esch äftig en .

V orerst m ü ssen  wir uns a b e r  m it e in igen  chem ischen V o rg än g en  der 
th o rie r te n  D rä h te  befassen, da  n ic h t n u r  diese einen oxyd ischen  Z u sa tz  e n t
h a lte n , sondern  au ch  unsere h e u tig e n  Z u sä tze  als oxydische F re m d sto ffe  dem  
W o lfram m ateria l zugegeben w erd en , u n d  sie dem zufolge die R e k ris ta llisa 
tio n se rsch e in u n g en  außer m e ta llp h y s ik a lisc h e n , auch d u rch  b ish e r w enig 
b ea c h te te  chem ische  Vorgänge b ee in flu ssen  können .
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III

M an h a t  es schon  frü h ze itig  w ahrgenom m en , d aß  das T h o riu m o x y d  aus 
d e n  th o r ie r te n  D rä h te n  im  B etrieb  (auch  w ä h re n d  des D u rchhängens) a ll
m ä h lic h  v e rsch w in d e t. E s w urde  angenom m en, d a ß  das T h 0 9 en tlang  d e r K o rn 
g ren zen  en tw e ich t, u n d  d en  Z u sam m en h alt d e r  K ris ta llite  d e ra r t s tö r t ,  d aß  
d a d u rc h  ein S p ira ld u rc h h a n g  en ts teh en  k a n n .

D aß  diese M ateria lbew egung  ta tsä c h lic h  überw iegend  en tlan g  d er K o rn 
g ren zen  erfo lg t, h ab e n  G e i s s  u n d  L i e m p t  [5] im  J a h re  1927 endgü ltig  bew iesen . 
N ach  A ngaben  ih re r  V ersu ch e  verschw and  au s e in em  0,91%  T h 0 2 e n th a l te n 
d en  p o ly k ris ta llin en  D ra h t  in  V akuum , bei 2450 °K , in  900 S tu n d en  e tw a  die 
H ä lf te  d e r zu g ese tz ten  T h 0 2-M enge, blieb a b e r  in  einem  2 ,4%  T h 0 2 e n th a l
te n d e n  P m isc /i-E in k ris ta lld ra h t [6], also in  e inem  D ra h t, w elcher keine Q u er
k o rn g ren zen  e n th ä lt ,  au ch  noch  nach  1200 B re n n s tu n d e n  voll e rh a lte n  (Tafel 
I  u n d  T afel II) .

Tafel I

T h 0 2-A bnahm e bei 2450 °K  in V akuum  nach  G e i s s  und  L i e m p t

P o l y k r i s ta l l i n e r  W -D r a h t ,  
D u r c h m e s s e r  75  M ik r o n ,  a ls  

g e s t r e c k t e r  D r a h t  in  
V a k u u m  b e i  2 4 5 0  ° K  g e g lü h t

P i n t s c h - E in k r i s t a l l  W - D r a h t ,  
D u r c h m e s s e r  75  M ik ro n , a ls  

g e s t r e c k t e r  D r a h t  i n  V a k u u m  b e i 
2 4 5 0  ° K  g e g lü h t

G lü h z e it , T h O ., G lü h z e i t , T h O „
S t % S t о/

0 0,91 ±  0,04 0 2,4 ±  0,1
100 0,68 100 2,3
500 0.46 500 2,3
900 0,44 1200 2,4

Tafel II

ThO.,-Abnahme in  einer Gasatmosphäre nach  G e i s s  und  L i e m p t

P o ly k r i s ta l l i n e r  W - D r a h t ,  D u r c h m e s s e r  180  M ik r o n ,  a ls  G lü h s p ir a le  in  d e r  
G a s f ü llu n g  e in e r  G lü h la m p e  g e g lü h t

D r a h t - 
t e m p e r a t u r ,

° K

G lü h z e it ,
S t

T h O „
%

F a r b e
d e s

L ö s u n g s rü c k s ta n d e s

2325 300 0,87 ±  0,02 weiß
2450 300 0,82 hellgrau
2575 300 0,76 grau
2700 300 0,32 grau
2775 107 0,16 grau
2990 11 0,18 grau
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D a es ab e r ke inem  Zweifel u n te r lie g t, d a ß  m an m itte ls ThO., d a s  gegen
se itige  A bg le iten  (o ff-setting) d er K ris ta ll i te  verh in d ern  k an n , w a r  un se re r 
M einung n ach  d u rc h  diese V ersuche n u r  d e r  W eg des M a te r ia ltra n sp o rte s  a u f
gedeck t, u n d  n ic h t die U rsache des D u rch h an g es  aufgeschlossen. W ir e r
b licken  h e u tz u ta g e  die U rsache des D u rch h an g es  n ich t m ehr in  e in e r  L ocke
ru n g  der K o rn g ren zen , sondern  v ie lm eh r d a r in , daß  im  L aufe  d e r  b e v o r
zu g ten  V e ra rm u n g  d e r K orngrenzengeb ie te  an  ThO., e in an d er b e rü h re n d e  
re inere  u n d  w eniger re ine G ebiete e n ts te h e n , w elche, getrieben  h a u p tsä c h lic h

B ild  6. In den th o r ie r te n  D räh ten  b e finden  sich  d ie  T h 0 2-Teilchen zu ers t in e in e r n ahezu  
g leichm äßigen  V erte ilu n g  (oben); bei G lü h fa d e n te m p e ra tu r  n im m t der T h 0 2-G e h a lt ab: 
T h O , u n d  seine R e ak tio n sp ro d u k te  en tw eichen  e n tla n g  d e r K orngrenzen. D em zufo lge v e ra rm en  
d ie  K o rn g ren zen g eb ie te  an  T h 0 2 (in der M itte ), w o ra u f  diese Gebiete eine neu e  O rie n ta tio n

an n eh m en  (u n te n )
(B ild  6 is t  n u r eine q u a lita tiv e  Sk izze  dieses Vorganges)

d u rc h  den  U n te rsch ied  in  ih rem  chem ischen  P o ten tia l, ih re  u rsp rü n g lich e  
G itte ro r ie n ta tio n  in  eine neue, in  bezug  a u f  ih re  U m gebung s ta b ile re  O rien 
ta t io n  u m w an d e ln , d .h . infolge chem ischer In h o m o g en itä ten  rek ris ta llis ie re n  
(B ild  6). D aß  w ä h re n d  des D urchhanges d e r  th o rie rten  D rä h te  ta ts ä c h lic h  
eine w iederho lte  R ek ris ta llisa tio n  s ta t t f in d e t ,  w urde  schon frü h z e itig  rö n tg e n o 
g rap h isch  fe s tg e s te llt. Diese »chem ische R ekrista llisa tion«  d ü r f te  derjen ige  
V organg  sein , im  L au fe  dessen die F e s tig k e it  d e r th o rie rten  D rä h te  so w eit 
h e ra b g e se tz t w ird , d aß  ein S p ira ld u rch h an g  en ts te h e n  kann.

Seit den  g rund legenden , die R a d io rö h ren in d u s tr ie  ins L eb en  ru fen d en  
A rbe iten  von  L a n g m u ir  aus den J a h re n  1913 — 1923 weiß m an  [7 ] ,  d a ß  ein 
k le iner Teil des T h 0 2-G ehaltes d er th o r ie r te n  D rä h te  hei hohen  T e m p e ra tu re n  
gem äß T afel I I I  zu  m etallischem  T h o riu m  re d u z ie r t w ird. W as a b e r  d ab e i m it 
d en  S au e rs to ffa to m en  geschieht, blieb b is h e u te  fast völlig u n a u fg e k lä r t .
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Tafel I I I

A u sm a ß  der T h 0 2-R eduktion  in  glühenden W olfram drähten nach L a n g m u i r

W - D r a h t  m i t  1 %  T h 0 2- b e h a lt
D r a h td r u c h m e s s e r :  

0 ,0 7 7 8  m m

° K

A n z a h l  d e r  T h - A to m e  
j e  10* W -A to m e

A n te i l
d e r  r e d u z ie r te n  

T h - A to m e  in  % e n  
a l l e r  T h o r iu m a to m ea ls  T h O a a ls  T h

1 8 0 0 6 9 9 9 i , i 0 ,0 1 6

2 0 0 0 6 9 9 6 4 0 ,0 5 7

2 4 0 0 6 9 7 5 2 5 0 ,3 5 8

2 8 0 0 6 9 0 2 9 8 1 ,4 2

3 0 0 0 6 8 4 1 1 5 9 2 ,3 2

B ild  7. Zwei gasgefü llte  L am p en , welche m it S p ira len  a u s  e in  u n d  dem selbem , 0 ,7 5 %  T h 0 2 
e n th a lte n d e n  W o lfra m d ra h t u n te r  g leichen B ed in g u n g en  h e rg e s te ll t  u n d  bei einer G lü h fa d e n 
te m p e ra tu r  v o n  2700 °K  e tw a  700 S tu n d en  g e b ra n n t w u rd e n . Im  W asserd am p fsp u ren  e n th a l 
te n d e n  G asrau m  der L am p e  m it  geschw ärztem  K o lb en  e n ts ta n d  ein  viel geringerer D u rc h h a n g  

als im  e x tre m  tro ck e n em  G asraum  der a n d e re n  L am p e  (M i l l n e r , 1929)

U m  d a rü b e r  e tw as zu  e rfah ren , hab en  w ir im  J a h r e  1929 gasgefüllte L a m p e n  
m it  e in  u n d  derse lben  G asfü llung  u n d  m it S p ira le n  aus ein u n d  dem selb en  
th o r ie r te n  D ra h t e in erse its  m it W asse rd am p fsp u ren , andererseits ohne d iese 
h e rg e s te ll t  und  sie im  D a u e rb ren n v ersu ch  g e p rü ft. In  den  L am pen m it e x tre m  
tro c k e n e r  G asfü llung  w ar e in  sehr b e trä c h tlic h e r  D u rch h an g  zu v e rze ich n en , 
in  d en  w asse rd am p fh a ltig en  L am pen  t r a t  h in g eg en  n u r  ein geringer D u rc h 
h a n g  au f. M an k o n n te  also  m itte ls  W asse rd am p fm o lek e ln  die h e ra u sd iffu n 
d ie re n d e n  T h-A tom e an  d e r D rah to b erfläch e  s tä n d ig  zu T h 0 2 zu rü ck o x y d ie ren  
u n d  d en  D u rch h an g  m itte ls  d ieser chem ischen  M aß n ah m e w eitgehend  z u rü c k 
h a lte n  (B ild  7).
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M an e rs ieh t d a ra u s , wie u n u m g än g lich  m an  die chem ischen  V orgänge 
u  n d  insbesondere die R olle des S au ersto ffes  v o r A ugen h a lte n  m u ß , w enn  m an 
d e n  R ek ris ta llisa tio n sv o rg an g  u n d  die d a m it v e rb u n d en en  F es tig k e itse ig e n 
sc h a f te n  der W o lfram d räh te  m itte ls  oxy d isch er Z u sä tze  beein flu ssen  u n d  diesen 
E in f lu ß  v e rs teh en  will.

IV

Die g roßkris ta llin isch en  D rä h te  u nsere r Zeit haben  es m it den  th o rie r te n  
D rä h te n  d er V erg an g en h e it g em einsam , d aß  bei ih re r B e re itu n g  gleichfalls 
o x y d isch e  Z u sä tze  in  e iner H öhe v o n  1 %  V erw endung  fin d en . E s b e s te h e n  ab er 
se h r  w esentliche U n tersch iede  zw ischen  den  beid en  D ra h tso r te n .

In  den  th o r ie r te n  S täb en  u n d  D rä h te n  b le ib t der T h 0 2-Z u sa tz  zu e rs t 
f a s t  u n v e rm in d e rt zu rück . E in  w esen tlich  n ied rig e re r T h 0 2-G eh a lt h a t  ke inen  
n en n en sw erten  E in flu ß  a u f  die D ra h te ig en sch aften  (z.B. a u f  d en  R e k ris ta lli
sa tio n sv o rg an g ).

A us den  S tä b e n  d e r g ro ß k ris ta llin isch en  D rä h te  u n se re r  Z e it, d ie  m it 
K ,S i ,  Al usw . e n th a lte n d e n  Z u sä tz e n  h e rg este llt w erden  [1], en tw e ich en  die 
m e is ten  Z usätze  b is e tw a  a u f  ih re n  zeh n tau sen d ste l Teil. D iese w inzige F re m d 
s to ffsp u re n  beein flu ssen  sehr w eitg eh en d  die D rah te ig en sch aften  (erhöhen  
z .B . die R e k r is ta llis a tio n s te m p e ra tu r  von  e tw a  1700 °K bis a u f  e tw a  2700 °K). 
J e d o c h  n u r  d an n , w enn die Z u sä tze  im  R ed u k tio n sv o rg an g  vom  W 0 3 m itte ls  
H 2 anw esend  w aren . A ußerdem  h ä n g t ihre W irk sam k e it n och  v o n  d er A rt 
u n d  W eise des R ed u k tio n sv o rg an g es  selbst ab . Diese E m p fin d lic h k e it feh lt 
b e im  th o rie r te n  M ateria l sehr w eitg eh en d . In  w elcher W eise die chem ischen  
E re ign isse  der R e d u k tio n  die W irk sa m k e it d e r neuzeitlichen  Z u sä tze  b es tim 
m en , w ird  seit vielen  J a h re n  sow ohl bei uns, wie auch  an  a n d e ren  S te llen  eif
r ig  u n te rsu c h t.

J e tz t  w ollen w ir uns aber d a m it  n ich t b eschäftigen , so n d ern  die andere  
g ru n d leg en d e  F rag e  n ä h e r b e tra c h te n , wie sich die neuzeitlichen  Z u sa tz sp u ren  
im  W o lfram m etall v e rh a lte n , w en n  sie e inm al schon in  w irk sam er F o rm  im  
gezogenen D ra h t vorliegen . D azu  ziehen w ir auch  einige ä lte re  u n d  neuere 
B eo b ach tu n g en  ü b e r das V e rh a lte n  von  F rem d sto ffsp u ren  au ch  a n d e re r  M e
ta lle  in  B e tra c h t.

V

N ach einem , von  R obinson  im  J a h re  1942 besch riebenen  V erfah ren  
[8] h ab en  w ir u m  1955 — 1960 d as  E rsch e in en  u n d  das W e ite rw ach sen  von 
K ris ta llite n  im  R ek ris ta llisa tio n sp ro zeß  von  gezogenen W o lfra m d rä h ten , und- 
zw ar von  K , S i-Z u sa tzsp u ren  e n th a lte n d e n  sog. UC D rä h te n  u n d  K , Si, Al- 
Z u sa tz sp u ren  e n th a lte n d e n  sog. G K  D rä h te n  m essend v e rfo lg t [9, 10].

14» A d a  Techn. H u n g . 5 0 . (1965)
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D ie W o lfram d räh te  v o n  0,9 m m  D u rch m esse r w u rd en  in  d er L ängsachse 
e in e r  ev ak u ie rten  G lasrö h re  a u sg esp an n t u n d  a u f  d ie  en tsp rech en d e  T e m p e ra tu r  
e r h i tz t .  D ie innere W a n d  d e r  R öhre w urde m it e in e r W illem itp u lv e rsch ich t 
b e d e c k t . D urch die B esch leu n ig u n g  der th e rm isc h e n  E lek tro n en  in  ra d ia le r  
R ic h tu n g  m it etw a 8000 V  G leichspannung  k o n n te  m a n  die W illem itsch ich t

Bild 8. Sog. Robinson-Aufnahmen. Der mit zwei Strichen bezeichnete Kristallit erreichte in 
17 Sek. nach seiner Beobachtung eine Länge von 0,25 cm (oben) und wuchs in 594 Sek. bis 

zu einer Länge von 3,14 cm weiter (unten)
( P r o h á s z k a ,  J. —H o r v á t h ,  A. —  M i l l n e r ,  T.: Festkörperphysik, 1961 [10]; S. 60. Bild 1.2

und Bild 1.13)

d e r a r t  zu m  Leuchten  e r re g e n , d aß  an ihr die E n ts te h u n g  und  das W eite rw ach 
se n  d e r  einzelnen K ris ta l l i te  p h o to g rap h isch  fe s tg e h a lte n  und  die W ach stu m s
g esch w in d ig k e it b e re c h n e t w erd en  k o n n te . B ild  8 ze ig t uns zwei solche A u f
n a h m e n .

A u f  G rund von H u n d e r te n  solcher M essungen w u rd en  die D u rc h sc h n itts 
w e r te  b erechnet, w elche in  d e r  Tafel IV  z u sa m m e n g e s te llt  sind . M an ersieh t 
d a ra u s ,  daß  die d u rc h sc h n itt l ic h e  W ach stu m sg esch w in d ig k e it der K ris ta llite  
in  d e n  UC D räh ten  e in e rse its  u n d  in den  G K  D rä h te n  andererse its  fa s t  den
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gleichen W ert b e s itz t. N ich t w egen eines en tsp rech en d en  U n te rsch ied es  in 
den  W ach stum sgeschw ind igke iten  e n ts te h e n  also in den (A l-haltigen ) G K  
D rä h te n  viel län g ere  K ris ta llite  als in  d en  UC D räh ten , sondern  d a ru m , weil 
in  d er Z e ite in h e it in  den  G К  D rä h te n  v ie l w enigere K rista llke im e zu w achsen  
beg innen  als in  d en  UC D rä h te n .

D ie T a tsach e , d aß  ein Ü b e rg an g  v o n  d en  K , S i-Z usatzspuren  a u f  die 
K , Si, A l-Z u sa tzsp u ren  die K e im b ild u n g sg esch w in d ig k e it der gezogenen W olf-

Tafel IV

Durchschnittswerte von K ristallw achstum s-K ennzahlen

(B e i e in e m  D r a h td u r c h m e s s e r  v o n  0 ,0 8 5  c m  s in d  d ie  K r i s t a l l i t e  d e r  G K  D r ä h te  59-f- l i m a i ,  
u n d  d ie  d e r  U C  D r ä h te  7 - r 4 m a l  l ä n g e r  a ls  d e r  D r a h td u r c h m e s s e r )

° K
U C

( K a ,  N a ,  S i)
G K

( K , S i ,  A!)

Durchschnittswerte der Kristall- 2040 0,0002 0,0003 Die Werte der GK und UC
Wachstumsgeschwindigkeiten, 
cm sec-1

2200 0,02 0,02 Drähte unterscheiden sich 
kaum

Durchschnittswerte der Keim- 2040 6 0.2 Die Werte der GK Drähte
bildungsgeschwindigkeiten,
cm-3 sec-1

2200 300 30 sind 30-rl0mal kleiner als 
die der UC Drähte

Durchschnittliche Kristalliten- 2040 0,6 5.0 Die Werte der G К Drähte
längen, cm 2200 0,3 0.9 sind 9-f-3mal größer als die 

der UC Drähte

ra in d rä h te  b e trä c h tlic h  h e ra b se tz t , fü h r te  u n s  zu der A uffassung , d aß  die 
ty p isc h e  L a n g k r is ta lls tru k tu r  d e r K , Si, A l-D räh te  n ich t von  unsp ez ifisch en  
»Schlackenteilchen« [11], sondern  v ie lm e h r d u rch  artspezifischen  E ig en sch a f
te n  von  a to m d isp ers  v e rte ilten  A l-A to m en  hervo rgeru fen  w ird  [12].

VI

D as fo r tsc h re ite n d e  W achsen  des im  Bild 8 gezeigten K ris ta lle s  h ab en  
w ir in  k le ineren  A b sch n itten  län g ere  Z e it m essend verfo lg t. A us d en  in  der 
T afel V zu sam m en g este llten  M eß w erten  g eh t es hervor, daß  d e r K ris ta ll bei 
2120 °K in 666 S ek u n d en  3,19 cm  la n g  gew orden  ist. M an s ieh t a u ß e rd em , 
d aß  seine G eschw ind igke itsw erte  im  V e rh ä ltn is  1 : 8 sch w ank ten .

V erg le ich t m a n  die W ach stu m sg esch w in d ig k e itsw erte  m eh re re r  K r is ta l 
lite , so f in d e t m an  noch größere U n te rsch ied e .

E inem  100 M ikron s ta rk e n  D ra h t ,  in  w elchem  die n um erische  K o n zen 
tra t io n  der K , Si u n d  A l-A tom c n ied rig e r  als 1 0 '5 lag, hab en  w ir an  25 S te llen  
25 D ra h ts tü c k e  von  je  25 cm e n tn o m m e n  u n d  die sek u n d äre  R e k ris ta llisa tio n
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Tafel V

W achstumsgeschwindigkeits-Schwankungen in  einem einzigen K ristall

(Vj) Durchschnittswert der Kristallwachstumsgeschwindigkeit innerhalb 666 Sekunden,
5,2 • 10“ 3 cm sec-1 ; F^in 1,82 • 10-3 cm sec-1)

Laufnummer 
der Zeit

intervalle, 
n

Dauer 
des Zeit

intervalles, 
t [sec]

Längen
zunahme des 
Kristallites, 

l [cm]

Intervallge
schwindigkeit, 

l/l =  Vn
KI^D ^n/^Min

1.

2 . 17 0 ,25 1 ,47 1 0 - 2 2 ,81 8,1

3 . 21 0 ,12 5 ,7 1 IO “ 3 1 ,09 3,1

5, 71 0 ,25 3 ,5 4 1 0 - 2 0 ,6 8 2 ,0

7. 11 0 ,02 1 ,82 IO“ 3 0 ,35 1.0

9. 135 0 ,36 2 ,6 6 IO “ 3 0 ,51 1,5

11. 37 0 ,36 9 ,7 3 I O - 3 1,86 5 ,3

13 . 89 0 ,2 9 3 ,2 6 IO “ 3 0 ,6 2 1.8

14 . 72 0 ,35 4 .8 6 1 0 - 2 0 ,93 2,7

Tafel VI

Schw ankungen der W achstumsgeschwindigkeit in längeren Drahtab
schnitten

( V D  Durchschnittliche Wachstumsgeschwindigkeit in den einzelnen Drahtabschnitten; 
Fufnу, Fjy;jQ im betreffenden Drahtabschnitt beobachteter maximaler und minimaler 

Wert der Wachstumsgeschwindigkeit)

D raht
nummer

D raht
temperatur,

°K
cm

D->
sec 1

Zahl der 
Kristallite, 

n

Draht
abschnitt, 

l  [cm]
 ̂Max / ̂  Min

l . 2 0 6 0 i , 6 IO“ 3 6 2 2 ,5 41 ,8

6 . 2 0 9 0 1,4 1 0 -3 13 1 5 ,8 468 ,7

9. 2 1 2 0 6,5 1 0 -1 7 2 3 ,4 66 ,6

13 . 2 1 9 0 5 ,6 1 0 -3 18 2 2 ,0 638 ,8

14 . 2 2 2 0 4 ,5 • 1 0 -3 12 2 2 ,4 71 ,9

19 . 2 2 4 5 1,1 • IO“ 3 13 2 3 ,7 185,7

21 . 2 3 2 0 1,8 • IO“ 3 14 13 ,4 27 ,0

2 5 . 2 1 4 0 2 ,3 • I O - 3 13 2 2 ,0 3 2 0 0 ,0

derse lb en  u n te rs u c h t. B ei 299 K ris ta llite n  h a b e n  w ir den  W achstunisvorgang: 
m it H ilfe  v o n  ru n d  1450 A u fn ah m en  fe s tg e h a lte n . E in ige M eßw erte d ie se r 
Serie e n th ä l t  die T afe l V I.

M an  s ieh t, d aß  hei den  zu v e rsch ied en en  Z e ita b sc h n itte n  g eh ö ren d en  
G esch w in d ig k e itsw erten  v e rsch ied en er K ris ta lle  h u n d e rtfa c h e  bis ta u s e n d 
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fache U n te rsch ied e  a u f tre te n . Diese in te re s sa n te  T a tsach e  blieb bei d en  m e ta llo - 
g raph ischen  R ek ris ta llisa tio n su n te rsu c h u n g e n  b ish er völlig v e rb o rg e n  u n d  
w urde e rs t d u rch  u n se re  Robinson-A u fn ah m en  zu m  V orschein g e b ra c h t.

W o ra u f s ind  diese großen S ch w an k u n g en  zu rückzu füh ren?  K a n n  eine 
F re m d sto ffk o n z e n tra tio n  von 10_ ,%  eine K orngrenzenbew egung  ü b e rh a u p t  
d e ra r t  b ee in flu ssen ?  S ind  die w irksam en Z u sa tz sp u re n  v ielleicht seh r u n g le ic h 
m äßig  v e r te il t?  B ew egen  sie sich zusam m en  m it  den  K orngrenzen? O d e r w er
den  sie v ie lm eh r v o n  den  w andernden  K o rn g re n z e n  u n g e rü h rt a n  O r t  u n d  
Stelle be lassen ?  W irk en  sie s ta tisch  oder d y n am isch ?  Als T eilchen  o d e r als 
A tom e?

Alle diese h o ch in te re ssan ten  F ragen  d e r  m it K , Si, A l-Z u sa tz sp u ren  ge
len k ten  R e k ris ta llisa tio n  der W o lfra m d rä h te  g elten  im  G runde gen o m m en  
auch  h e u tz u ta g e  n och  als offene F ragen .

VII

E s ta u c h t  so fo r t die F rage auf: sind  ä h n lic h e  G eschw ind igkeitsschw an
k u n g en  au ch  schon  bei anderen  M etallen , z. B . bei n ich t p u lv e rm e ta llu rg isc h  
e rzeu g ten  M eta llen , b e o b ach te t w orden?

B r i n s o n  u n d  M o o r e  haben  im  R ek ris ta llisa tio n sp ro zeß  von  gegossenem  
Z ink  äh n lich es  b e o b a c h te t und  im  J a h re  1951 beschrieben [13]. Sie p h o to -

B ild  9. In  e iner, m it  e in em  S tich  von 15%  d u rch  D ru c k  deform ierten  Z inkscheibe au s  re inem  
gegossenem  Z ink  e rsc h e in t u n d  w ächst ein  n eu er K r is ta l l  w ährend  der R e k r is ta llis a tio n  bei 
110 °C (heller K r is ta ll  in  der B ildm itte ). M it p o la r is ie r te m  L ich t au fgenom m enes B ild ; V er

größerung  e tw a  140 X
( B r i n s o n ,  G .— M o o r e ,  A. J .  W ., 1951 [13]; B ild ta fe l  L V III, B ild 31 u n d  B ild  37)

g ra p h ie rte n  in  p o la ris ie rte m  L ich t das F o r ts c h re ite n  der K orngrenzen  e inzelner 
neu  e n ts ta n d e n e r  K r is ta llite  w ährend  d e r R e k ris ta llisa tio n  von  b e a rb e ite te m  
re inem  Z ink  (B ild  9) u n d  fanden dabei, d a ß  sich  die K orngrenzen  o f t m it  sehr 
u n te rsch ied lich e r G eschw indigkeit w e ite rb ew eg en , wobei sie v o rh a n d e n e  
E insch lüsse , F re m d te ilc h e n  usw. e n tw e d e r  au fzehren  oder h e ru m  w achsen
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u n d  a n d e re rse its  w ied erh o lt o hne  s ich tb a ren  G ru n d  stehen  bleiben. Sie k a m e n  
zu  d e m  S ch luß , daß  die b e o b a c h te te n  G eschw ind igkeitsschw ankungen  n ic h t  v o n  
m e c h a n isc h e n  H indern issen  s tam m en  k ö n n en , so n d ern  irgend einen a n d e re n  
G ru n d  h a b e n  m üssen.

M an  s ieh t, daß  m a n  d ie  G eschw ind igkeitsschw ankungen  von W o lfram  
e b e n fa lls  n ich t u n b ed en k lich  a u f  den m ech an isch en  E in flu ß  von F re m d s to f f 
te ilc h e n  zu rü ck fü h ren  d a rf .

VIII

T ammann  b esch ä ftig te  sich  um  1922 — 1928 m it der F rage, a u f  w elche  
P lä tz e  sich  unlösliche V eru n re in ig u n g en  in  e inem  M etallkörper in  gegossenem  
Z u s ta n d  u n d  d arau ffo lg en d  im  R ek ris ta llisa tio n sg efü g e  v erte ilen  k ö n n e n  
[1 4 — 16].

B ild  10. Im  R e k ris ta llisa tio n sp ro zeß  von  0,1%  Z inn e n th a lte n d e n  K a d m iu m p lä ttch e n  u m s ie 
d e ln  d ie  un löslichen , S n -h a ltig en  T eilchen  von  ih ren  f rü h e re n  P lä tzen  au f die n e u e n  K o rn 
g re n ze n . D iese  von  T am m ann  s ta m m e n d e  Skizze ze ig t d ie  N euan o rd n u n g  der T e ilch en  n a ch

e in em  E rh itz en  a u f  250 °C 
(T am m ann , G . - H e in z e l . A ., 1928 [16]; S. 150, Bild 6)

E r  lö ste  gegossene K a d m iu m p lä ttc h e n  in  50% ig er A m m o n iu m n itra t
lö su n g  (also  ohne G asb lasenb ildung) a u f u n d  s te llte  u n te r  dem  M ik ro sk o p  
fe s t, d a ß  an  den S tellen d e r gew esenen K o rn g ren zen  ein aus F rem d sto ffen  b e 
s te h e n d e s  durchsich tiges S k e le tt  h in te rb le ib t. N a c h  einer Z uleg ierung  v o n  
0 ,1 %  Z in n  zu dem  K a d m iu m m e ta ll fand  er n a c h  d e r A uflösung der gegosse
n e n  P lä t tc h e n  das F re m d s to ffsk e le tt d ich t m it  schw arzen  P u n k te n  b e s e tz t  
w ie d e r. W u rd e  ein solches P lä ttc h e n  gew alz t u n d  darauffolgend bei 200 CC 
re k r is ta l l is ie r t ,  dann  fan d  m a n  die schw arzen  P u n k te  n ich t m ehr an  d e n  f r ü 
h e re n  S te llen , sondern  an  d en  in  der festen  P h a se  en ts tan d en en  neu en  K o r n 
g re n z e n  (B ild  10). W u rd e  d a s  P lä ttc h e n  d a rau ffo lg en d  au f 250 CC e r h i tz t ,  so 
e n ts ta n d e n  aberm als neue K ris ta lle  u n d  die sch w arzen  P u n k te  fand  m a n  n u n  
an  d ie se n  zu le tz t g eb ild e ten  K orngrenzen .

D a m it  w ar Tammann  d e r  e rste , d er b e sch rieb en  h a t, daß  u n lö s lich e  
F re m d sto ffte ilc h e n , die die K o rn g ren zen  b ese tzen , im  Laufe des R e k r is ta l l i 
sa tio n sp ro zesse s , also w ä h re n d  einer K ris ta llb ild u n g  in  fester P hase , w ie d e r
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h o lt a u f  neue K o rn g ren zen  übersiedeln  k ö n n en . E r  w ar der M einung , d aß  ein 
solches lib e rs ied e ln  n u r  d an n  m öglich is t , w enn die F rem d sto ffte ilch en  eine 
en tsp rech en d  n ied rig  schm elzende e u te k tis c h e  Z u sam m en se tzu n g  besitzen  
u n d  ih re  P lä tze  im  geschm olzenen Z u s ta n d  än d e rn  können.

S eitdem  w u rd en  ab e r auch iso th e rm e  Ü bersied lungen  b e k a n n t gew or
den , bei denen also  diese V orbed ingung  n ic h t e rfü llt ist.

IX

M an k an n  die w ertvo llen , an  gegossenem  Z ink und  K a d m iu m  gew onne
nen  R e su lta te  u . a. schon  deshalb  n ich t o h n e  w eiteres a u f den  R e k r is ta ll is a ti
onsvorgang  von  p u lv e rm eta llu rg isch  e rz e u g te n  W o lfram d räh ten  übertragen ,, 
weil die F rem d sto ffsp u ren  sich zu B eg in n  im  Zink und  K a d m iu m  nahezu 
in  G le ichg ew ich tsv erte ilu n g  befinden , im  W o lfram d rah t ab er in  e in e r erzw un
genen V erte ilu n g  vorliegen .

M an s ieh t, d a ß  die N a tu r  uns im  Z ink  ein sta tisches (u n b ew eg tes) V er
h a lte n  von F rem d sto ffte ilch en  au fze ig t, im  K adm ium  hingegen  ein d y n am i
sches (bew egliches) B enehm en  der F rem d sto ffte ilch en  p rä s e n tie r t .  W elches 
d er beiden  M öglichkeiten  dem  V erh a lten  d e r  Z usatzsp u ren  von  W o lfra m d rä h 
te n  n ä h e rs te h t, is t  zu rze it noch n ic h t en tsch ied en .

E ine  G ru p p e  b e k a n n te r  W o lfram fo rsch er bevorzugen  das s ta tis c h e  Bild. 
Meijering  (1955) und  R ieck h a b e n  angenom m en [11, 17, 18], daß 

die Z u sa tz sp u ren  in  den  gezogenen D rä h te n  die F ase ro b erfläch en  wie R ö h r
chenw ände bed eck en , u n d  e rg än z ten  d iese  A n n ah m e d am it, d aß  d iese R öhrchen  
an  v o n e in an d er z iem lich  w eit liegenden  S te llen  V erstopfungen  u n d  an  ihren 
W än d en  S e iten lö ch er aufw eisen . W e ite rh in  soll diese A n o rd n u n g  d e r  Z u sa tz 
te ilch en  im  p rim ä re n  R ek ris ta llisa tio n sp ro zeß  u n v e rä n d e rt b le ib en . In  der 
sek u n d ären  R e k ris ta llisa tio n  ist d an n  in fo lge  dieser A n o rd n u n g  d as  W eiter
w achsen  der K ris ta lle  in  der R ich tu n g  d e r  D rah tach se  w eniger g eh in d e rt als 
se itw ä rts . D as w äre  d e r G rund  d afü r, d a ß  z. B . in  den K , Si, A l-Z u sa tzsp u ren  
e n th a lte n d e n  W o lfra m d rä h ten  im  se k u n d ä re n  R e k ris ta llisa tio n sp ro zeß  lange, 
sich ü b e rlap p en d e  K ris ta lle  en ts teh en . F ü r  alle diese A n n ah m en  feh len  aber 
b ish er die d ire k te n  B ew eise. D a es s p ä te r  R ieck gelungen is t m itte ls  e iner dazu 
geeigneten  R ö n tg en m e th o d e  eine E rsc h e in u n g  (die F ra g m e n ta tio n )  n ach zu 
w eisen, w elche fü r  eine solche A n o rd n u n g  d e r Z usatz te ilchen  au c h  in  den  K ri- 
s ta llite n  der se k u n d ä re n  R ek ris ta llisa tio n  sp ric h t, w urde e rg än zen d  noch  ange
nom m en, daß  d ieselbe A nordnung  d e r Z u sa tz te ilch en  auch n a c h  e rfo lg te r se
k u n d ä re r  R e k ris ta llisa tio n  b estehen  b le ib t.

Diese vö llig  s ta tisc h e  A uffassung  bezüg lich  der Rolle d e r  Z u sa tzsp u ren  
wurde sp ä te r  von  R ieck noch w eiter a u sg e b a u t, u m  erk lären  zu k ö n n en , w arum  
in den  re k ris ta llis ie r te n  g ro ß k ris ta llin isch en  D räh ten  die g rö ß te n  K ris ta llite
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im m e r  e in e  [531] oder [421] O rien tie ru n g  g eg en ü b er d er [110] O rien tie ru n g  
d e r  k le in e re n  K rista llite  au fw eisen , wie dies aus d e r T afe l Y II h erv o rg eh t [19 — 
21 ].

A ls E rk lä ru n g  d a fü r h a t  R ieck  au f G ru n d  v o n  B e trach tu n g en  ü b e r  die 
G le itm ö g lic h k e ite n  den U m s ta n d  angegeben, d aß  im  Z iehprozeß die Z u sa tz 
h ü lle n  d e rje n ig e n  T e x tu re le m en te , w elche zufällig  d ie  fü r  ihre p lastische  D e
fo rm a tio n  ungünstigen  [531] o d e r  [421] O rien ta tio n en  besitzen , am  m eisten  a b 
g e w e tz t w e rd en , und dem zufo lge  im  R ek ris ta llisa tio n sp ro zeß  zu b ev o rzu g ten  
(u n g e h in d e r te n )  W aeh stu m sm ö g lich k e iten  gelangen .

Tafel VII

D ie H ä u fig k e it  der K ristallit-O rientationen [531] und [ H O ]  in  einigen W olframdrahtsorten
nach  R i e c k  (1959)

m it
D r a h t  »a«

K , S i, A l - Z u s a t z s p u r e n
D r a h t  » b « m it K ,S i-  

Z u s a tz s p u r e n
D r a h t  »c« 

R e in - W  D r a h t

A u sg e su c h te  
g ro ß e  K r is ta lle

K r i s t a l l e  a n  
b e l ie b ig e n  S te l le n

a n  b e lie b ig e n  
S te lle n a n  a l l e n  S te lle n

[531] [110] [5 3 1 ] [H O ] [5 3 1 ] [1 1 0 ] [5 3 1 ]  [110]

19 0 14 12 8 ! 15 0 alle

X

D a s  m it  großer S o rg fa lt gesam m elte  in te re s sa n te  B eo b ach tu n g sm a te ria l 
v o n  R i e c k  h a t  allgem eine A n e rk e n n u n g  gefunden . G egen die E rk lä ru n g sv e r
su ch e  m i t  au s  Z usatz te ilchen  b es te h e n d e n  R ö h rch en w än d en , welche schon  im  
g ezo g e n e n  D ra h t v o rh an d en  sein  u n d  d en R ek ris ta llisa tio n sp ro zeß  d u rc h - 
s te h e n  so llen , sind gewisse B e d e n k e n  erhoben  w o rd en .

A u c h  w ir selbst h ab en  d a r a u f  hingew iesen [12], d aß  die K o n z e n tra tio n  
d er w irk sa m e n  Z usatzspu ren  in  den  g ro ß k ris ta llin isch en  D räh ten  so gering  
is t, d a ß  sie  n ich t einm al d a z u  au sre ic h t, die g e sam te  F aseroberfläche  m o n o 
a to m a r  z u  bedecken. W ir h ie lte n  lan g h e r [1] eine E rk lä ru n g  als viel w ah rsch e in 
lich e r, w e lch e  au f die W irk u n g e n  von  E in ze la to m en  au fg eb au t ist.

E in e n  solchen m öglichen  M echanism us h a t  in  den  Ja h re n  1 9 6 0  — 1 9 6 2  

M a n n e r k o s k i  angegeben [ 2 2 ,  2 3 ] .

M a n n er k o sk i  geht d a v o n  aus, daß  n ach  e rfo lg te r  p rim äre r R e k ris ta lli
s a tio n  d e r  z. B . K , Si, A l-Z u sa tz sp u ren  e n th a lte n d e n  W o lfram d räh te  alle T e x 
tu re le m e n te  derselben eine [110] O rien ta tio n  au fw eisen  [22 ,23]. N ach  se in er 
A n n a h m e  s in d  in dieser T e x tu r  die Z u sa tzsp u ren  n ic h t  als Teilchen in  e in e r 
R ö h rc h e n w a n d a n o rd n u n g  v o rh a n d e n , sondern  u n reg e lm äß ig  und  a to m d is 
p e rs  v e r t e i l t .  Gemäß Ma n n e r k o sk i  e n th a lten  d ab e i d ie  Q uergrenzflächen  d e r 
T e x tu re le m e n te  vorw iegend S ch rau b en v e rse tzu n g en  u n d  die L ängsgrenzflächen
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überw iegend  L in ien v erse tzu n g en . Bei d e r  sek u n d ä ren  R e k ris ta llisa tio n  e n t 
w eich t ein  b e trä c h tlic h e r  Teil d ieser V e rse tzu n g en  aus dem  p rim ä r rek ris ta lli-  
s ie r te n  D ra h t. G em äß  ih re r  E ig e n a rt w a n d e rn  dabei die L in ie n v e rse tz u n g en  
se n k re c h t zu der D ra h ta c h se  und  die S ch rau b en v erse tzu n g en  in  d e r  R ic h tu n g  
d er D rah taeh se  au s dem  D ra h t h e rau s . U n te rd essen  führen  die L in ie n v e rs e t
zungen  F re m d a to m e  m it sich u n d  h äu fe n  d iese in der L ä n g s r ic h tu n g  als 
F ä d e n  (W ände) an . Die S e h ra u b en v e rse tzu n g en  führen  keine F re m d a to m e  
m it sich. Ä hnliche G ebilde, wie die v o n  R ieck  schon  in  den gezogenen  D rä h te n  
angenom m enen , au s  Fremdstoffteilchen  b e s te h e n d e n  R ö h rch en w än d e , e n ts te 
hen  also nach  Ma n n er k o sk i  aus Frem datom en  e rs t im R e k ris ta ll is a tio n sp ro 
zeß se lb st.

Man n er k o sk i  w ar e iner der e rs te n , die n ic h t über die V e rte ilu n g , son 
dern  ü b e r das V e rh a lten  d er Z u sa tz sp u ren  n eu e  Aussagen m a c h te n , d . h . die 
s ta tisc h e  durch  eine dynam ische  B eh and lungsw eise  abzulösen v e rsu c h te n .

X I

In  der le tz te n  Z eit h a t  auch  uns das dynam ische  V erh a lten  v o n  F re m d 
s to ffsp u ren  in  d en  K ris ta llisa tio n s- u n d  R ek ris ta llisa tio n sp ro zessen  d e r  M etalle  
b e sc h ä ftig t. Zu solchen U n te rsu ch u n g en  s in d  au to rad io g rap h isch e  M ethoden  
beso n d ers  geeignet. E s s ind  ab e r k e ine  en tsp rech en d  langlebige K , Si und  
A l-Iso tope  b e k a n n t, m it w elchen m an  solche U n tersuchungen  an  p u lv e rm e ta ll
u rg isch en  W o lfra m d rä h ten  d u rc h fü h re n  k ö n n te .

So sind  w ir d a n n  zu  M odellversuchen  übergegangen , zu w elch en  w ir als 
G ru n d m e ta ll Z inn  u n d  als in  fe s te r P h ase  seh r w enig lösliche V e ru n re in ig u n g  
S ilber gew ählt h a b e n  [24].

W ir s te llte n  u. a. eine 0,005 % ige, m it ak tiv en  U0Ag A to m en  m a rk ie r te  
Z in n -S ilb e r-L eg ie ru n g h er u n d  k o n n te n  d a m it festste llen , daß das S ilb e r  sow ohl 
im  G u ß k ö rp er w ie auch  in  den d a ra u s  e rz e u g te n  b ea rb e ite ten  u n d  re k ris ta lli 
s ie r ten  P ro b en  in  F o rm  fe iner p u n k tfö rm ig e r  G ebilde h a u p tsäch lich  d ie K o rn 
g renzen  b ese tz t, u n d  hei einer W eite rb ew eg u n g  der K o rn g ren zen  sich  m it 
d iesen  irgendw ie m itb ew eg t. Im  B ild 11 zeigen uns zwei a u to ra d io g ra p h isc h e  
A ufnahm en  diese E rsche inung . M an f in d e t  h ie r au f dem  G eb ie te  se h r  k le i
n e r F re m d sto ffk o n z e n tra tio n en  d iese lben  E rscheinungen  w ied er, w elche 
Tammann  fü r  g rößere  K o n z e n tra tio n e n  v o r  v ier Ja h rz e h n te n  b esch rieb en  
h a t.

U nsere au to ra d io g ra p h isc h en  S tu d ie n  h ab e n  uns aber a u c h  e ine  völlig 
neue Seite  d ieser E rsch e in u n g en  a u fg e d e c k t [25]. W ir ließen  m it  a k tiv e n  
n°A g-A tom en  m a rk ie rte s  S ilber von  d e r  »oberen« Seite her in  eine re in e  v ie lk ri
s ta llin e  Z innscheibe  in  480 S tu n d en  bei 170 °C h in e ind iffund ie ren . W ie uns 
B ild  12 leh rt, k o n n te  m an  n a ch h e r in  den  au to rad io g rap h isch en  A u fn ah m en
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— w ie e rw a rte t — die F o lg en  einer lan g sam eren , e tw a  30 M ikron tie f  v o rd r in 
g en d en  Y olum end iffu sion  u n d  die einer ra sch e ren , b is zu der anderen  S ch e ib en 
se ite  re ichenden  K orn g ren zen d iffu sio n  b e o b a c h te n . Sehr auffallend w ar es, 
d a ß  die K orngrenzen  w eiß , d . h. leer au ssah en  u n d  das Silber s ta t t  in  e iner

B ild  11. L in k s :  A u to ra d io g ra p h isch e s  Teilbild  von  e in em  Z in n g u ß k ö rp e r m it 0 ,005%  Silber 
(m a rk ie r t  m it 110A g-A tom en) n a c h  E rh itzen  w ährend  60 M in. be i 210 °C m it K ris ta llitg re n ze n , 

d e ren  V ersch iebung  v erfo lg t w e rd e n  k a n n
Rechts : A u to ra d io g ra p h isch e s  B ild derselben S te lle  n a c h  w eiterer E rh itzu n g  w äh ren d  

30 M in. bei 210 °C. M an s ie h t,  w ie  die S ilberspuren  d ie  w a n d e rn d e n  K orngrenzen b eg le iten  
( M i l l n e r . T. — B a r t h a , L. — P r o h á s z k a , J . ,  1960 [ 2 4 ] ;  B ild 10a und  11a)

B ild  12. A u to rad io g rap h isch e  B ild e r vom  E rgebnis e ines D iffusionsprozesses von S ilb era to m en  
e in e r 0 ,2 %  Ag und  2.10-5 %  110Ag e n th a lten d en  S ilb e rsch ic h t in  das Innere  eines re in en  Z in n 

g u ß k ö rp e rs  nach  480 S tu n d e n  be i 170 °C
L in k s:  5 M ikron tie f ;  s ta rk e  V olum endiffusion , »leere« K o rn g ren zen , m it p u n k tfö rm ig en

S ilberanhäufungen .
l n  der M itte: 30 M ik ro n  t ie f ;  schwache V o lu m en d iffu s io n , »leere« K o rn g ren zen , m it 

p u n k tfö rm ig e n  S ilb e ra n h äu fu n g e n
Rechts: 300 M ikron tie f ;  F e h len  einer V o lum en d iffu sio n , p u n k tfö rm ig e  S ilb e ra n h äu fu n 

gen an  den K o rn g ren zen
( M i l l n e r , T. — B a r t h a , L . — P r o h á s z k a , J . ,  1963 [25 ]; B i l d  l a ,  l b  u n d  l c )

h o m o g en en  V erte ilung  in  F o rm  p unk tfö rm iger G eb ild e  en th ie lten . D ieser U m 
s ta n d  h a t  uns zu d e r fo lg en d en  B eobach tung  v e rh o lfen .

A n  dieser Z in n sch e ih e  w urde nach dem  D iffusionsversuch  ein k le ines 
G eb ie t d u rch  le ich ten  W a lz d ru c k  m echanisch b e a n s p ru c h t . D anach gab dieses
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G ebie t in einer T iefe v o n  30 M ikron das a u to rad io g rap h isch e  B ild  13. Es ist 
h ie r zufälliger W eise gelungen , die besonderen  V erhältn isse  e in e r be i Z im m er
te m p e ra tu r  fo rtsc h re ite n d e n  R ek ris ta llisa tio n  fe s tzu h a lten . E in e rse its  sieht 
m an  noch die d u rc h  V olum endiffusion  v e ru rsa c h te  S chw ärzung  d e r  K ris ta llite  
u n d  die Ü b erreste  des hellen  K orng ren zen n etzes  m it den zugehörigen  A n h äu 
fungen , an d ere rse its  b e m e rk t m an  ab e r auch  neue, m it k le inen  schw arzen  
P u n k te n  p e rle n sc h n u ra rtig  bese tz te  u n d  von  den  hellen vö llig  u n ab h än g ig e  
K orngrenzen . Im  L aufe  d ieser iso therm en  R e k ris ta llisa tio n  (bei Z im m ertem 
p e ra tu r)  beg an n en  die S ilb e ra to m e  der a lte n  A n h äufungen  sich  a u f  die neuen 
K orngrenzen  u m zu g ru p p ie ren .

B ild  13. E in  w eiteres a u to rad io g rap h isch es  B ild  von e inem  Teil der Z in n sch e ib e  im  Bilde 12. 
N ach  einer bei Z im m e rte m p e ra tu r  s ta ttg e fu n d en e n  B ean sp ru ch u n g  d u rc h  W alzen  und  einer 
g leichzeitig  teilw eise ab g elau feu en  iso th erm en  R e k ris ta llisa tio n  s ie h t m an  h ie r  no ch  Ü berreste  
de r früheren  S ilb e rv e rte ilu n g  u n d  sogleich au ch  die neue S ilb erv e rte ilu n g , d. h . die p erlen 

sch n u ra rtig e  B ese tzu n g  de r n euen  K orngrenzen  m it v iel fe ineren  S ilb e ran h äu fu n g en  
( M i l l n e r ,  T . —B a r t h a ,  L .  —  P r o h ä s z k a ,  J . ,  1963 [25]; B ild  2a)

M an sieh t, w ie eine U m g ru p p ieru n g  von  F rem d a to m en  in  e in em  R ekri- 
s ta llisa to n sp ro zeß  au ch  iso th e rm  und  m it g roßer G eschw ind igkeit v o r  sich ge
hen  k an n , und  d a ß  d azu  kein  geschm olzenes E u te k tik u m  — wie d as  T a m m a n n  

an n im m t — n o tw en d ig  is t. N ich t das V e rh a lten  von festen  F rem d sto ffte ilch en  
u n d  n ich t das V e rh a lte n  irgendeiner flüssigen  P h ase  spiegeln  sich  in  diesen 
E rsche inungen , so n d e rn  das V erh a lten  der F rem d a to m e  se lb st. V ie lle ich t kann  
e in m al diese E rk e n n tn is  au ch  au f die A u fk lä ru n g  d er R e k ris ta llisa tio n se r
scheinungen  von W o lfram d räh ten  fö rd ern d  w irken.

XII

Es ta u c h t n u n  die F rag e  auf, ob w ir au ch  schon bei den  W o lfram d räh ten  
E rscheinungen  b e o b a c h te t haben , w elche eh er a u f  das V e rh a lte n  v o n  F rem d 
a to m e n  als a u f  das V e rh a lten  von irgendw elchen  T eilchen  fre m d e r Phasen 
z u rü ck zu fü h ren  w ären .
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S e it Ja h re n  u n te rsu c h e n  w ir die langsam e D e h n u n g  von  0,9 m m  s ta rk e n  
re k r is ta ll is ie r te n  W o lfra m d rä h te n  be i 2800 °K . Z u r U n te rsu c h u n g  k am en  b ish e r 
v ie r  A r te n  von D rä h te n : K , S i, A l-Z usatzspu ren  e n th a lte n d e  G K  D rä h te ; K , 
(N a ), S i-Z u sa tzsp u ren  e n th a l te n d e  UC D räh te ; K , A l-Z u sa tzsp u ren  e n th a lte n d e  
K A I D rä h te  und  ohne Z u sä tz e  hergeste llte  sog. R e in -W  D rä h te  [26].

A u s jedem  der v ie r  M e ta llp u lv e r s te llten  w ir m it rascher, üb lich er und  
la n g s a m e r  S in terung  S tä b e  h e r . E s en ts tan d en  so zw ö lf versch iedene S ta b so r
te n . U n se re r  A nschauung n a c h  en th ie lten  die »raschen« m eh r u n d  die » langsa
m en« w en ig e r Z usa tz reste  a ls  d ie  »üblichen«. A us a llen  zw ölf V a ria n te n  w u rd en  
D rä h te  hergeste llt. Alle D ra h ts o r te n  w urden  bei e in er Z u g b e lastu n g  von

Tafel VIII

Zusam m enstellung der H ochtem peratur-D ehnungs-K ennzahlen von vier typischen  
W olfram drähten nach M i l l n e r  und  H o r a c s e k

(D ra h td u rc h m esse r 0,9 m m , D ra h tlä n g e  400 m m , V e rsu c h s te m p e ra tu r  2800°K ; 
s: sch n e lle , ü:  üb lich e , l: lan g sam e S in te ru n g )

B e z e ic h n u n g G K U C

Z u sä tz e K , S i, AI K ,  N a ,  S i

S in te ru n g s ü  l s ü 1

B ru c h d e h n u n g  [mm] .......................... 1 0 , 2 4,1 3,6 24,6 14,2 7,9
D ehnungsgeschw indigkeit

[ m m /S tu n d e ] ....................................... 3,8 0,4 0 , 2 15,3 5,8 1 , 1

Z eit b is  zu m  B ruch [Stunden] . . . . 2,7 1 0 , 2 18.0 1 , 6 2,4 7,2
R e la tiv e  H ä u fig k e it der Ä tzg ru b en +  + +  + 0 +  +  + +  + 0

R e la tiv e  L än g e  der K r is ta l l i te .......... 1 3 4 1 3 4
G e s ta lt  d e r  K rista llite  ( ae: aeq u iax ia l, 

l : län g lich ) .......................................... ae l l ae l l

B e z e ic h n u n g K A I R e in -W

Z u sä tz e K ,  A l z u s a tz f r e i

S in te ru n g s ü l ü l

B ru c h d e h n u n g  [ m m ] ............................ 27,0 30,3 30,8 31,7 37,1 36,9
D ehnungsgeschw indigkeit

[m m /S tu n d e ] ....................................... 15,1 14,0 24,0 19,1 16,7 17,0
Z eit b is zu m  B ruch [Stunden] . . . . 1,8 2,2 1,3 1,7 2,2 2,2
R e la tiv e  H äu fig k eit der Ä tzg ruben +  +  + +  +  + +  +  + +  +  + +  +  + +  +  H~

R e la tiv e  L än g e  der K r is ta l l i te .......... 1 1 1 1 1 1
G e s ta lt d e r  K rista llite  (ae: aeq u iax ia l, 

l: län g lich ) .......................................... ae ae ae ae ae ae
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B ild  14. Reihe 1 : S ch liffb ild er v o n  G K  D rä h ten  au s »rasch«, »üblich« u n d  »langsam« g esin te r
te n  S tä b en  nach  d em  K riech v ersu ch . Reihe 2 : S ch liffb ilder von en tsp rech en d en  UC D rä h te n ; 
Reihe 3 : Sch liffb ilder v o n  en tsp rech en d en  K A I D rä h te n ;  Reihe 4 : S ch liffb ilder v o n  e n t

sp rechenden  R ein -W  D rä h te n
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1300 g /m m 2 u n d  bei einer T e m p e ra tu r  von  2800 °K a u f  ih re  D eh n u n g se ig en 
s c h a f te n  g ep rü ft. N achher w u rd e n  ih re  m e ta llo g rap h isch en  Schliffe m itte ls  
e in es  v o n  u ns en tw ickelten  Ä tz m itte ls  [27, 28] a u f  eine spezielle Ä tz g ru b e n 
b ild u n g  u n te rsu c h t. Die R e su lta te  s ind  in  d erT afe l V I I I  sowie im B ild  14 zu sam 
m e n g e s te llt .

A u f  G rund  der T afel V I I I  h eb en  w ir die T a tsach e  h e rv o r, d aß  die S i-hal- 
t ig e n  G K  u n d  UC D ra h tso r te n  v iel lan g sam er k riechen  als die ohne S i-Z usatz  
h e rg e s te l l te n  beiden  an d eren . A u ß erd em  sieh t m an , d aß  das lan g sam ere  K rie 
ch e n  b e i den  S i-haltigen S o rte n  d u rc h  langsam es S in te rn  noch  w e ite r s ta rk  
h e ra b g e s e tz t  w erden k an n . D ie beid en  S i-freien, ra sch  k riech en d en  S o rten  
d . h . d ie  K A I- und  R e in -W -D rä h te  sind  völlig  u n em p fin d lich  gegen die V a ria 
t io n e n  des S in tervorganges.

P a ra lle l dazu weisen d ie S ch liffb ild er d er S i-haltigen  G K  u n d  UC S o rten  
im  a llg em ein en  viel w enigere Ä tz lö ch er a u f  als die be iden  an d eren . V or dem  
K r ie c h e n  en ts teh en  keine Ä tz lö ch er. Ih re  U rsache en tw ick e lt sich  e rs t  im  
K rie c h v o rg a n g  selbst.

D e h n u n g  und  Ä tz lo ch b ild u n g  w erden  offensich tlich  d u rch  die chem ische 
E ig e n a r t  d e r Z usatzsp u ren  b e e in f lu ß t, da  m an  beides n u r  bei den  S i-h a ltig en  
D r ä h te n  d u rch  spezielles S in te rn  v e rrin g e rn  k an n . Die Ä tz löcher tr e te n  e rs t 
n a c h  d em  K riechen  und d a n n  im m er an den  Q uerko rng renzen  au f. H ö c h s t
w a h rsc h e in lic h  häufen  sich — v ie lle ich t m it V akanzien  g e p a a rt — die F re m d 
s to ffe  u n te r  dem  Zw ange d e r Z u g b e la s tu n g  am  m eisten  an  diesen an . E s lassen  
s ich  d iese  B eobach tungen  le ic h te r  e rk lä ren , w enn m an die Z u sa tz sp u ren  als 
F re m d a to m e  ansieh t, als w enn  m a n  sie als F rem d p h asen te ilch en  b e tra c h te t .

XIII

I n  ih re r  G esam theit sp rech en  diese B efunde und  B eo b ach tu n g en  d a fü r, 
d a ß  d ie  F rem d sto ffsp u ren , w elche in  der W olfram techno log ie  eine a k tiv e  Rolle 
sp ie le n , w ed er vorw iegend als T e ilch en , noch  ausschließ lich  als A to m e b e tra c h 
t e t  w e rd e n  dürfen .

B eso n d ers  unsere e igenen  V ersuche w eisen d a ra u f  h in , daß  im m e r  d an n , 
w e n n  in  e inem  M eta llkö rper eine N eu o rd n u n g  des b e a n sp ru c h te n  G itte rs  e r
fo lg t, gew isse F rem d a to m e  e in e  u n e rw a r te t  große B ew eglichkeit aufw eisen , 
u n d  es k a n n  eine N e u o rd n u n g  a u c h  d er F rem d sto ffsp u ren  le ich t erfo lgen. 
A n d e re rse its  s ieh t m an , d aß  n a c h  e rfo lg te r U m o rien tie ru n g  des G itte rs  die 
F re m d s to f fe  ih re neuen P lä tz e  — au ch  in  sehr geringer K o n z e n tra tio n  — oft 
n ic h t  in  a to m a re r V erte ilu n g , so n d e rn  als neue T eilchen  b ese tzen . Die E r 
fo rs c h u n g  des einerseits s ta tis c h e n , an d ere rse its  dy n am isch en  V erh a lten s  der 
F re m d s to ffsp u re n , besonders in  d en  R ekris ta llisa tio n sp ro zessen , sch e in t eine 
d e r  w ic h tig s te n  A ufgaben  d e r  W olfram fo rsch u n g  zu sein.

Acta Techn. Hung. 50. (1965)



ÜBER DAS VERHALTEN VON FREMDSTOFFSPUREN

D a die m eisten  n ü tz lich en  Z u sa tz sp u re n  d er W olfram techno log ie  auch  
h e u te  aus oxyd ischen  F rem d sto ffen  s ta m m e n , sollten die chem ischen  V or
gänge, die zw ischen den Z u sa tzsp u ren  u n d  dem  W olfram m etall sich  absp ie len  
k ö n n en , m eh r als b isher b e a c h te t w erden , wie dies auch  aus u n se ren  B eo b ach 
tu n g e n  an  th o rie r te n  D rä h te n  h e rv o rg eh t. D aß  diese F rage ih re  B e d e u tu n g  
au ch  im  F alle  d er sehr geringen n eu ze itlich en  Z usatzsp u ren  n ich t v e r l ie r t ,  geh t 
aus e in er bei u ns gem ach ten  b isher u n v erö ffen tlich en  B eo b ach tu n g  a m  k la r 
s te n  h e rv o r [29], w onach in  den  K , A l, S i-Z usatzspu ren  e n th a lte n d e n  G K  
D rä h te n  in  e iner en tsp rech en d  feu ch ten  W asse rs to ffa tm o sp h äre  im  R e k r is ta ll i
sa tio n sp ro zeß  zw ar ebenso große K ris ta lle  e n ts te h e n  wie in  tro c k e n e m  W asse r
s to ff, sie sind  ab e r d ann  im  V ergleich zu d en  »trockenen« ungem ein  b rü ch ig .

D ieser B efund  b rin g t den  engen Z u sam m en h an g  zw ischen d e n  m e ta ll
p h y sik a lisch en  V orgängen u n d  der chem ischen  E ig en art der F re m d sto ffsp u re n  
a u f  dem  G ebiet d er W olfram forschung  k la r  zum  A usdruck.

*

225

D ie eigenen  F o rsch u n g sa rb e iten  w u rd e n  frü h er im  F o rsc h u n g s la b o ra to 
riu m  d e r F irm a  Tungsram  (B u d ap est) , s p ä te r  im  F orschungsinstitu t f ü r  die 
Nachrichtentechnische Industrie  (B u d ap est)  u n d  schließlich im  P hysika lisch-  
Chemischen In s titu t der U niversität Debrecen (U ngarn) und  im  F o rschungsinsti
tu t f ü r  Technische P hysik  der Ungarischen A kadem ie  der W issenschaften  (B u d a 
pest) d u rch g e fü h rt.
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A B O U T  T H E  B E H A V IO U R  O F T H E  D O P E S  IN  P O W D E R M E T A L L U R G IC A L
T U N G ST EN

T H . M I L L N E R

SUM M ARY

R ely in g  on th e  a lre a d y  estab lish ed  facts an d  on th e  m ore  recen t o b se rv atio n s on tu n g 
s ten  a n d  o th e r  m eta ls , a d iscussion  is g iven ab o u t th e  p o ss ib le  b eh av io u r of th e  dopes w h ich  
d e te rm in e  th e  p ro p e rtie s  o f  tu n g s te n  (w ires) in re sp e c t o f  tech n o lo g y  and  re c ry s ta lliz a tio n . 
T he m a in  prob lem  is, w h e th e r  th e  effect of the  dopes is d u e  to  foreign partic les or to  fo reign  
a to m s. T h e  dopes, w hich  p la y  an  im p o r ta n t  role in th e  te c h n o lo g y  of tu n g sten , m ay  be p re se n t 
p a r t ly  in  th e  fo rm  of p a r tic le s  a n d  p a r tly  as d ispersed  fo re ig n  a to m s. D uring  th e  p rocessing  
of th e  m e ta l  these  tw o fo rm s m a y  ev en  tran sfo rm  in to  e ac h  o th e r .  T he basic in fluence of dopes, 
h o w ev er, com es from  th e  spec ific  foreign  atom s. T h is  v iew  is  su p p o rted  b y  a ll o b se rv a tio n s , 
b u t  f i r s t  o f  all b y  th e  re su lts  o f th e  creep experim en ts  o n  tu n g s te n  wires, an d  b y  those  of th e  
a u to ra d io g ra p h ic  in v es tig a tio n s  on  th e  Sn-Ag m o d el-sy s tem .

C O M PO R T E M E N T  D E S  TR A C E S D E  S U B ST A N C E S É T R A N G È R E S  
D A N S L E  T U N G ST È N E  M É T A L L IQ U E

T . M IL L N E R

R ÉSU M É

S u r la base de c o n s ta ta t io n s  p lus anciennes re la tiv e s  a u  tu n g stèn e  m éta lliq u e  e t  — en 
p a r tie  — à d ’au tre s  m é ta u x , confirm ées aussi p a r  des o b se rv a tio n s  plus récen tes, l ’a u te u r  
cherche  à élucider c o m m en t les t ra c e s  de substances é tra n g è re s  d é te rm in a n t les c a ra c té r is ti 
ques tech n o lo g iq u es e t  de re c r is ta llis a tio n  des f ila m en ts  de  tu n g s tè n e  se c o m p o rten t d a n s  le 
tu n g s tè n e  m éta lliq u e , au  co u rs  de la  fab rica tio n  e t p e n d a n t  l ’usag e . Se com porten t-e lles com m e 
des p a r tic u le s  de su b s tan ces  é tra n g è re s  ou  comme des a to m e s  é tran g ers?  T o u tes les o b se rv a 
tio n s , en  p a rticu lie r  les ré s u l ta ts  des essais de fluage e ffe c tu é s  avec  des filam en ts de tu n g s tè n e  
e t  l ’é tu d e  au to ra d io g ra p h iq u e  d u  sy s tèm e  é ta in -a rg en t e x a m in é  com m e m odèle, in d iq u e n t que 
les t r a c e s  de su bstances é tra n g è re s  jo u a n t  un rôle a c tif  d a n s  la  technologie du  tu n g s tèn e  so n t 
p ré sen te s  d a n s  les éch an tillo n s de tu n g s tè n e  en p a rtie  sous fo rm e  de p a rticu les e t en p a r tie  sous 
fo rm e d ’a to m es, les p a r ticu le s  p o u v a n t  donner naissance  à  des a to m es in d ép en d an ts  qu i p e u 
v e n t, à le u r  to u r, fo rm er de  n o u v e a u  des particu les a u  c o u rs  des processus tech n o lo g iq u es. 
M ais d a n s  ces processus m éta llo g rap h iq u e s , les effe ts tech n o lo g iq u es ca rac té ris tiq u es so n t 
p ro d u its  n o n  pa r les p a r ticu le s , m a is  p a r les d ifféren ts a to m e s  é tran g ers .
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ПОВЕДЕНИЕ СЛЕДОВ ПРИСАДКИ В МЕТАЛЛИЧЕСКОМ ВОЛЬФРАМЕ
Т. М И Л Ь Н Е Р

РЕЗЮМЕ

На основе накопленных ранее данных и новых наблюдений вольфрама и других 
металлов поясняется нерешенный вопрос поведения следов чужеродных атомов, 
которые определяют технологические свойства и особенности рекристаллизации вольфра
мовой проволоки в процессе изготовления и эксплуатации ее. Ведут ли они себя как ино
родные включения, или как растворенные атомы. Все наблюдения, а особенно исследо
вание вольфрамовой проволоки на ползучесть и исследование моделирующей системы 
сплава олово-серебро методом радиографии, показывают, что следы присадки, имеющие 
активную роль в технологии изготовления вольфрама, присутствуют в нем в виде вклю
чений и как растворенные атомы. В процессе же технологического цикла имеет место 
взаимное перераспределение. Технологические особенности вызваны, однако, не включе
ниями, а различными чужеродными растворенными атомами.
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BEITRAG ZUR UNTERSUCHUNG DER FACHWERKE  
AUS STAHLBETON UNTER STATISCHEN 

UND DAUERBEANSPRUCHUNGEN

S. A. M O R T A D A

P R O F .  D R .  I N G .

T E C H N I C A L  U N I V E R S I T Y  A L E X A N D R I A  

[E ingegangen  a m  30. Ju l i  1964]

E s w urde v e rsu c h t, an  H a n d  w e itg eh en d e r M essungen an zwei F a c h w e rk trä g e rn  das 
s ta tisc h e  und d y n am isch e  V erh a lten  d e r F ac h w erk e  aus S tah lb e to n  zu k lä re n . D e r e ine  T räger 
w urde  speziell fü r d ie s ta tisc h e n  V ersuche v e rw en d e t, der andere  dagegen  s ta tis c h  u n d  d y n a 
m isch  gep rü ft. Ziel d ieser U n te rsu ch u n g en  w a r , A ngaben  ü ber die Z u v e rlä s s ig k e it u n d  den 
S ich erh e itsg rad  d ieser B auw erk e  zu schaffen , d ie  als G rundlage fü r die A n w en d u n g  derselben 
gelten  können.

I. S tatische U ntersuchungen

D er Zweck d e r  s ta tisch en  U n te rsu ch u n g en  w ar fo lgender:
1. B estim m u n g  d er R iß la s l, d e rjen ig en  L ast, bei w elcher d ie Z ugfestig 

k e it des B etons e rre ic h t w ird . F e rn e r F e s ts te llu n g  der infolge d e r  R isse  v e ru r
sach ten  V erän d eru n g en  d er V erfo rm u n g en  des T ragw erks.

2. B estim m u n g  d er infolge d er s te ifen  A nschlüsse a u f tre te n d e n  zusätz
lichen Spannungen  — N eb en sp an n u n g en  — u n d  ihres V e rh ä ltn isse s  zu den 
H a u p tsp a n n u n g e n  infolge d er N u tz la s t  sowie fü r  B e lastu n g en  in n e rh a lb  des 
E la s tiz itä tsb e re ich es  u n d  nach  Ü b e rsch re itu n g  desselben.

3. U n te rsu c h u n g  der Verform ungen  im  E la s tiz itä ts -  u n d  im  p lastisch en  
B ereich .

4. F e s ts te llu n g  d er G renze des Elastizitätsbereiches u n d  des Sicherheits
grades gegen B ru ch .

5. F e s ts te llu n g  des E in flu sses d e r  wiederholten Belastung  a u f  die E la s ti
z i tä t  und  die T ra g fä h ig k e it d er B au w erk e  (E rm ü d u n g ).

Die s ta tis c h e n  Untersuchungen w u rd e n  in  d er E id genössischen  M a te r ia lp rü 
fu n g s a n s ta l t ,  Z ü ric h  u n d zw ar an  zwei gleichen V ersu ch sträg e rn  d u rc h g e fü h rt.

1. Versuchsanordnung, zulässige Spannungen

Die T räger (B ild  1) w urden  n ach  den  schw eizerischen N o rm e n  fü r  S tah l
b e to n  b erechnet. D ie E inzelheiten  d e r S tah lbew ehrung  u n d  d ie  A bm essungen  
d e r V ersu ch sträg e r sind aus B ild 2 zu en tn eh m en .

F ü r  D ru c k s tä b e  m it S ch lan k h e itsg rad  Xk < 3 5  b e trä g t fü r  die A xial
b e la s tu n g  die zu lässige D ru ck sp an n u n g  70 kp /cm 2. F ü r g rößere  S ch lankhe its-
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g ra d e  v o n  Xk < 3 5  e rg ib t s ic h  die zulässige K n ic k sp a n n u n g  fü r crzui =  70 
k p /c m 2 aus der B eziehung

ak =  80 -  0,3 Xk .

A ls K nicklänge w u rd e  0 ,8  d er th eo re tisch en  S ta b lä n g e  des F ach w erk s 
an g en o m m en .

D ie K räfte  der g ezo g en en  S täbe  w urden  v o lls tä n d ig  von  den S ta h le in 
la g e n  aufgenom m en, m it  e in e r  zulässigen S p a n n u n g  v o n  1200 kp /cm 2. D ie 
Z a h l n  =  E e : E b w urde  m it  10 eingesetzt. Als B e la s tu n g  — N u tz la s t — w urde  
e in e  E in z e lla s t von 50 M p in  d e r  M itte  des T räg e rs  vo rgesehen .

F ü r  die D im en sio n ie ru n g  w urden  die S ta b k rä f te  des gelenkigen F a c h 
w erk s  angenom m en. D ie B e rech n u n g  der N e b e n sp a n n u n g e n  erfo lg te n a c h

Mo h r , u n d  zwar e inm al m it  u n d  einm al ohne B e rü ck s ich tig u n g  des Z ugbe
to n s . W e ite r  w urde eine B e re c h n u n g  auch ohne B e rü c k s ic h tig u n g  des Z ugbe
to n s  au fgeste llt.

D ie  errechneten  N eb en sp an n u n g en  d ien ten  n u r  zum  Vergleich m it den  
M essungen , für die D im en sio n ie ru n g  selbst w u rd en  sie n ic h t berü ck sich tig t.

2 . Statische Versuche

D ie  sta tischen  V ersu ch e  um fassen  die B e s tim m u n g  d er S tab k rä fte  u n d  
M o m en te , der D u rch b ieg u n g en  u n d  D rehungen  d e r  V ersu ch sträg e r.

B e i B estim m ung d e r  S p an n u n g en  aus d en  gem essenen  D ehnungen  e r 
g a b e n  sich  zwei S ch w ie rig k e iten :

S treuung  im  E la s tiz itä tsm o d u l des Betons. D ie  E -M essung  an  H an d  d e r 
B e to n p rism e n  ergab z iem lich  h o h e  W erte fü r E  ö í  400  000 kp /cm 2, bei d e ren  
Z u g ru n d e leg u n g  die F a c h w e rk s ta b k rä f te  n ic h t in  g u te r  Ü bere instim m ung  
m it  d e r  B elastung  s te h e n . F e rn e r  war der E -W e r t  a lle r T rägerte ile  n ic h t  
g an z  e inheitlich , w as d ie B estim m u n g  eines m it t le r e n  E la s tiz itä tsm o d u ls , 
w e lch e r eine gute T Jbere in stim m ung  zwischen M essung  u n d  R echnung  g e s ta t te t ,  
e r fo rd e r te . D ieser w urde  fü r  E b =  340 000 k p /cm 2 e rm itte l t .

Unvollkommenes R e iß e n  des gezogenen B etons u n d  D ruckvorspannung der 
S ta h la rm ieru n g  infolge des Schw indens des Betons: d iese  zwei F a k to re n  h ab e n

A c ta  T echn . H ung. 50. (1965)
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d ie  M essungen  an  den  Z ugg liedern  e rsch w ert; die a u f  dem  S tah l e rm itte l te n  
S p a n n u n g e n  sind  d a d u rc h  k le in e r als sie sein  so llten  bei der A n n a h m e , d aß  
d e r  S ta h l  allein  w irk t.

Tafel I

Belastung 50 M p  N u tzla st

M e ssu n g e n  a m B e to n M ess u n g e n  a m S t a h l M i t te l w e r te

S t a b
j <rvl<rm

I
\<rv/crm %

K r a f t M o m e n t S t a b k r a f t M o m e n te
17 M a„ om av c m  M p c m  M p M p c m  M p

0 51 30 59 354 108 31 25,8 21,9
25,7

25,95
0 52 43 83 352 191 55 25,6 38,3

25,2

24,75

37,20

3 48 12 25 336 149 44 24,5 30,0
111 61 40 66 343 180 53 25,0 36,1

41 33 81 357 197 55 26,0 39,6
25,8

40,30
II 47 52 111 352 315 90 25,6 63,0

25.8

25.8

60,50

II 45 50 111 354 288 82 25,6 58,0
III 56 48 88 358 206 58 26,0 41,0

— — — 1009 13,5 1 30,7 1,26
32,1

2,73
1 — — — 1099 1 0 33,4 0,00 6,95

32,9

32,25I I I — — — 1036 45 4 31,5 4,20
2 — — — 1089 149 14 33,0 13,9

1 64 31 49 383 178 47 32,0 46,7
32,15

54,50
II 53 19 36 388 131 34 32,3 34,2 41,55

34,28

36,4II 63 14 22 440 LOCO 42 36,8 48,9
2 70 29 42 434 236 55 36,0 62,3

1 — — — 1043 103 10 47,6 16,0
47,7

19,7
2 1048 150 14 47,8 23,4

n )  Versuche m it dem ersten Träger

D ie V ersuche w u rd en  m it  e iner B e la s tu n g  von  50 Mp in T rä g e rm itte , also 
m it  d e r  d e r  N u tz la s t e n tsp re c h e n d en  B e la s tu n g  du rchgefüh rt.

a) Gemessene Stabkräfte und  M om ente. S ta b k rä f te  und M om ente w u rd en  
au s  M essungen  an dem  S ta h l e rm itte lt , da  d e r  E -M odul des S tah les a ls k o n 
s ta n t  angenom m en  w erden  k an n . D ie M essungen  an  dem  B eton  w u rd e n  n u r  
zu  V ergleichszw ecken d u rc h g e fü h rt u n d  d ie n te n  zur B eurteilung  d e r G röße 
d e r  B ieg esp an n u n g en  an  d en  M eß teilen . F ü r  die M essungen an  dem  B e to n
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w u rd e  eine M eßstrecke von 10 cm  v e rw en d e t. Die M eßergebnisse s in d  in  Tafel 
I angegeben .

E s is t zu b each ten , d aß  die gem essenen N eben sp an n u n g en  n ic h t die 
g rö ß te n  w aren , die im  T räg er a u f tra te n , da  die S tab längen  k u rz , d ie  K n o te n 
p u n k te  v e rh ä ltn ism ä ß ig  groß u n d  die M eßlänge von 10 cm  M essungen an  dem  
B e to n , n ah e  dem  K n o te n p u n k tra n d  n ic h t e r lau b ten . Da die M essungen  an 
dem  S tah l das H erau ssp itzen  des S ch u tzb e to n s  an  den M eßstellen  e rfo rd e rte , 
Avar es n ic h t zw eckm äßig , solche d ich t neb en  den  E in sp an n ste llen  d u rc h z u fü h 
ren , da  an  diesen S tellen  die Q u e rsch n itte  am  s tä rk s te n  b e a n sp ru c h t s in d , so daß  
je d e  S chw ächung  d u rch  das H erau ssch lag en  des B etons die T ra g fä h ig k e it des 
B auw erks h e rab se tzen  kan n .

Die D ru ck g u rtu n g en  erw iesen sich  als die am  m eisten  a u f  B iegung  be
a n sp ru c h te n  G lieder. E s tr a te n  S p an u u n g serh ö h u n g en  — N eb en sp an n u n g en  — 
v o n  111%  am  m ittle re n  O b e rg u rtk n o te n p u n k t auf. In  zw eiter R eihe  kom m en 
d ie D ru ck d iag o n a len . Die Z ugglieder e r litte n  keine großen N eb en sp an n u n g en ; 
bei e in e r  Z ugd iagonale  sanken  sie sogar a u f  nahe  N ull.

D er aus den  M essungen an  den  D ruckg liedern  sich erg eb en d e  M itte l
w e rt d er S p an n u n g se rh ö h u n g  infolge d er K n o te n p u n k ts te if ig k e it b e tru g

1. bei M essungen an  dem  B eto n : im D u rch sch n itt 64% ;
2. bei M essungen an  dem  S tah l: im  D u rc h sc h n itt 62% .
D er M itte lw e rt fü r  Z ugglieder b e trä g t  7% .
Die N eben sp an n u n g en  in  den  D ruckg liedcrn  der S ta h lb e to n fa c h w e rk e  

s ind  sehr hoch  u n d  dü rfen  n ic h t v e rn ach lä ss ig t w erden. A nders liegen  die 
V erh ä ltn isse  bei den Z uggliedern , wo diese S pannungen  sehr klein u n d  p ra k tisc h  
belanglos sind .

b) Gemessene Drehungen und  D urchbiegungen. Die zah lre ichen  D re h u n g s
m essungen  au  jed em  K n o te n p u n k t ze ig ten , d aß  die D rehungen  an  d en  v e rsch ie 
d enen  S te llen  eines K n o te n p u n k ts  keine großen U n tersch iede  aufw eisen . 
D a rau s  e rg ib t sich, d aß  die K n o te n p u n k te  infolge ih re r k rä ftig en  u n d  m assiven  
A u sb ild u n g  sich  n u r  w enig verfo rm en .

D ie an  beiden  T räg e rh ä lften  gem essenen  D urchb iegungen  s tim m e n  g u t 
ü b e re in . Die D urchb iegung  in d er M itte  is t 3,59 m m  =  1/1700 d e r S p an n w eite  
des T räg ers , die 6 m  b e trä g t. D er T räg e r is t also sehr steif.

c) Theoretische Berechnung der Stabkräfte und  M om ente sowie der Verfor
m ungen . F ü r  den  F a ll des voll a rb e ite n d e n  B etons u n d  fü r den jen ig en  des vo ll
s tä n d ig  gerissenen  B etons w urde  das M ohrsche V erfahren an g ew en d e t. D ie 
E rg eb n isse  d ieser B erechnungen  sind , besonders fü r den O b e rg u rt, seh r s ta rk  
u n te rsch ied lich . D ie M itw irkung  des B e to n s a u f  Zug e rm äß ig t die B iegespan 
n u n g en  in  den D ruckg liedern  b ed e u te n d , e rh ö h t dieselben dagegen  bei den 
Z ugg liedern .

D ie ohne M itw irku n g  des Zugbetons e rrech n e ten  N eb en sp an n u n g en  und  
V erfo rm ungen  n äh e rn  sich den M essungen besser, s tim m en  jed o ch  n ic h t genau
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m it d en se lb en  üb ere in . Sie w erd en  fü r die w eite re  B erech n u n g  des B e to n s in  
den  Z u g g lied e rn  v e rn ach lä ss ig t.

U m  die B erechnungsergebn isse  den M essungen  besser anpassen  zu  k ö n 
n en , m u ß te  die d u rc h  die K n o te n p u n k te  v e ru rsa c h te  S te ifig k e it der S täb e  
b e rü c k s ic h tig t w erden . Zu diesem  Zweck w urde  d u rc h  E in fü h ru n g  von  ste ifen  
S tre c k e n  an  den  S ta b se n d e n , deren  L änge v o n  F a ll zu F a ll versch ieden  is t, 
die V e rä n d e ru n g  d er v o rh a n d e n e n  S te ifig k e itsv e rh ä ltn isse  b erü ck sich tig t.

D ie  endgü ltige  W ah l d e r G röße der V e rs te ifu n g ss treck en  erfo lg te  n a c h  
w ie d e rh o lte r  B erechnung . Z u  den  a u f  diese W eise fü r  den V ersu ch sträg e r e r
h a lte n e n  W erten  lä ß t  sich fo lgendes b em erken :

1. F ü r  Z ugglieder fa llen  die V erste ifu n g sstreck en  ganz weg. Diese G lieder 
k ö n n en  ohne w elteres als gelenk ig  an  den  K n o te n p u n k t angeschlossen b e 
t r a c h te t  w erden . D as W egfallen  d er M itw irkung  des Z ugbetons v e rm in d e rt die 
S te if ig k e it  der Z ugglieder e rheb lich .

2. D ie Sum m e d e r V erste ifu n g sstreck en  an  b e id en  E n d en  eines S tab es 
is t  u m g e k e h r t p ro p o rtio n a l dem  S ch lan k h e itsg rad  des S tabes.

3. D er e inseitige A nsch lu ß  des O b erg u rts  im  m ittle re n  K n o te n p u n k t, 
bei w elchem  der G u rt n u r  e in se itig  an den  K n o te n p u n k t angeschlossen is t, 
lä ß t  e in e  freiere  D efo rm ieru n g  zu und  re d u z ie rt so m it die G röße d er V erste i
fu n g ss tre c k e  an  d ieser S telle .

B e rü c k s ic h tig t m an  d ie  E la s tiz itä t  d er K n o te n p u n k te , so e rg ib t die 
B e re c h n u n g  W erte , die m it d en  M essungen besser ü b ere in stim m en .

ß )  Versuche m it dem zweiten Träger

D ie V ersuche w u rd en  m it e iner B e la s tu n g  v o n  25 Mp d u rch g e fü h rt. 
E s  w u rd e n  n u r  M essungen an  dem  B eton d u rc h g e fü h rt, um  das A bsp itzen  des 
B e to n s  a u f  dem  S ta h l zu v e rm eid en  u n d  den  T rä g e r  fü r  die dynam ischen  V er
su ch e  u n b e sc h ä d ig t zu e rh a lte n . Die M eßergebnisse zeig ten  keine großen  U n 
te rsc h ie d e  gegenüber d en jen ig en  des ers ten  T rä g e rs . Die M eßergebnisse n ä 
h e rn  s ich  h ie r den  n ach  dem  M ohrschen V erfah ren  ohne B erücksich tigung  des 
Z u g b e to n s  e rrech n e ten  W erten .

D ie  N eb en sp an n u n g en  e rre ich ten  am  O b e rg u rt in  T rä g e rm itte  9 3 % , 
d e r M itte lw e rt b e tru g  52% . D ieserW ert lieg t e tw as tie fe r  als der en tsp rech en d e  
des e rs te n  T rägers, je d o c h  is t  h ie r zu  b e rü ck sich tig en , d aß  die B elastu n g  n u r  
die H ä lf te  b e trä g t . E s e rg ib t sich  d a rau s, d aß  die N eb en sp an n u n g en  m it w ach 
se n d e r  B e la s tu n g  v e rh ä ltn ism ä ß ig  s tä rk e r zu n eh m en .

W ir  w erden  a u f  alle d iese P u n k te  bei d er B esp rech u n g  der B ruchversuche  
zu rü ck k o m m en .
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II. B ru ch v ersu ch e

Die H au p tz ie le  d ieser V ersuche w aren :
B estim m u n g  d er L a s t, bei w elcher die V erfo rm ung  n ich t m e h r p ro p o r t io 

n a l d er B e las tu n g  is t, das h e iß t d er G renze des E la s tiz itä tsb e re ich es  des B a u 
w erks. F e rn e r B estim m u n g  der d ieser B e la s tu n g  en tsp rech en d en  S p a n n u n g e n  
im  S ta h l u n d  B eton  sowie d er G röße d e r V erfo rm ungen ;

B estim m u n g  d er B ru ch la s t u n d  d a m it des S icherheitsg rades gegen  s ta 
tisch en  B ru ch ;

B estim m u n g  d er N eb en sp an n u n g en  bei w achsender B e la s tu n g  u n d  deren  
V erh ä ltn is  zu den  H a u p tsp a n n u n g e n ;

F e s ts te llu n g  des E in flu sses d er W ech se lb ean sp ru ch u n g  — E rm ü d u n g  — 
a u f  die T rag fäh ig k e it u n d  E la s tiz itä t  des T ragw erkes.

1. Versuchseinrichtung u n d  Belastungsvorgang

B ei den  V ersuchen  w ar die L a g e ru n g sa r t dieselbe wie die bei d en  s ta t i 
sch en  V ersuchen . Die E rh ö h u n g  d er B e la s tu n g  erfolgte stufenw eise u m  je  25 
Mp in  fo lgender B eihenfolge:

5 - 2 5 - 5 0 - 7 5 — 1 0 0 — 125 Mp.

Je d e  L a s ts tu fe  w urde zw eim al w ied e rh o lt, indem  von der G ru n d la s t  aus 
stu fenw eise  h in a u f  und  h in u n te r  v o rg e sc h ritte n  w urde.

G em essen w u rd en  die D eh n u n g en  an  dem  B eton  und  dem  S ta h l  sowie 
die D reh u n g en  u n d  D u rchb iegungen . Bei je d e r  B elastung  w u rd en  säm tlich e  
A p p a ra te  abgelesen. Die D eh n ungsm essungen  w urden  au f die eine H ä lf te  des 
T räg e rs  b e sc h rä n k t, da  derselbe sy m m etrisch  w ar.

Bei d er V ornahm e d e r B ru ch v ersu ch e  h a t te  der B eton  ein A lte r  v o n  180 
T ag en  bei dem  e rs ten  u n d  110 T agen  b e im  zw eiten  T räger. Die P r is m e n d ru c k 
fe s tig k e it b e tru g  375 k p /cm 2. D er zw eite  T rä g e r  w urde  den B ru c h v e rsu c h e n  e rs t 
u n te rw o rfe n , nachdem  die d y n am isch en  P rü fu n g e n  beend ig t w a re n ; e r w urde 
3’/ 4 M illionen L astw ech ssln  u n te rw o rfen . E in ze lh e iten  dieser V ersu ch e  w erden 
im  A b sc h n itt IV besprochen .

F ü r  den e rs te n  T räg e r w urde ein  E -M odu l von  400 000 k p /c m 2 g ew äh lt, 
fü r  den  zw eiten  jed o ch  ein solcher v o n  500 000 k p /cm 2, um  die M essungen  m it 
d en  B erechnungen  in  E in k lan g  zu  b rin g en .

Bei je d e r  B e lastu n g sstu fe  w u rd en  die to ta le n  u n d  die b le ib e n d e n  V er
fo rm u n g en  e rm itte lt;  le tz te re  beze ichnen  die Z u stan d sän d e ru n g en  des T ra g 
w erks. M it d er G röße derse lben  n eh m en  au ch  die E ig en sch a ftsän d eru n g en  des 
M ateria ls  zu.
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2. Versuchsergebnisse

D ie E rgebn isse  d e r  M essungen sind in  d ie  B ild e r  3 — 5 e ingetragen . D ie 
e la s tisc h e n  und  die b le ib en d en  V erform ungen  s in d  g e tre n n t angegeben. D ie 
E rg eb n isse  können  u n te r te i l t  w erden in:

ff in mm 
B ild  3

a) V erlau f der V erform ungen innerhalb des Elastizitätsbereichs. Beim  
B e to n  b e s te h t bei e in m a lig e r, allm ählich  a n w ach sen d e r B eanspruchung  keine 
sc h a rfe  E la s tiz itä tsg re n z e  w ie heim  S tah l, au ch  w en n  die S pannungen  sehr 
k le in  sin d , ergeben sich  im  B e to n  bei jed e r P h ase  B e la s tu n g -E n tla s tu n g  b le i
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b ende  Z u sam m en d rü ck u n g en ; es b e s teh t je d o c h  ein S p an n u n g sw ert, nach 
w elchem  die b le ibende V erfo rm ung  rasch er zu n im m t. Diese G renze en tsp rich t 
ziem lich  gu t der U rsp ru n g sfes tig k e it des B e to n s. F ü r  unsere V ersu ch sträg er 
w ar die U rsp ru n g sfes tig k e it

<Уи =  0,6 pßd ш  220 k p /cm 2.

S pan n u n g en  im  B e to n  von dieser G röße w u rd en  im  O b erg u rt bei einer 
B e la s tu n g  von 100 Mp fe s tg es te llt; sie t r a te n  ab e r infolge d er hohen  N eben-

ZusommendrOckung in °/oo

B ild  5

S p a n n u n g e n  n u r ö rtlic h  au f. Die en tsp rech en d e  m ax im ale  S p a n n u n g  im  Zug
s ta h l, wie sie am  U n te rg u r t  festgeste llt w u rd e , b e tru g  2370 k p /cm 2, lag also 
n ich t m ehr sehr w eit v o n  d er S treckgrenze des A rm ieru n g sstah ls .

D ie B e lastu n g  von  100 Mp e n tsp ric h t dem  D o p p elten  d er N u tz la s t.
In  B ildern  3 — 5 sind  Beispiele d er B e las tu n g -E n tla s tu n g -V erfo rm u u g s- 

k u rv e n  angegeben ; die versch iedenen  K u rv e n  ze ig ten  einen  ganz ähnlichen  
V erlau f und  ergaben  die b ek a n n te n  H ysteresissch le ifen .

Bis zu e iner L a s t von  100 Mp w aren  die b le ib en d en  V erfo rm ungen  v e r
h ä ltn ism äß ig  k le in . D ie w iederho lte  B e lastu n g  u n d  E n tla s tu n g  e rg ab , d aß  die 
E la s t iz i tä t  der T rag w erk e  n ich t b e e in trä c h tig t w u rd e . A bgesehen von  v e rs tä rk 
te r  R ißb ild u n g , b lieb en  die T räg er u n b esch äd ig t.

D arau s e rgeben  sich  fü r die B eto n fach w erk e  fo lgende E rk en n tn isse : 
a )  Infolge d e r  h o h en  N eb enspannungen  in  den D ruck g lied ern  — bei 

g leichzeitig  n ied rigen  W erten  derselben in  den  Z uggliedern  — tre te n  im  Beton 
D ru ck sp an n u n g en  von  bis ~  0,6 pß^, som it b is zu r U rsp ru n g sfes tig k e it, bei 
fa s t g leichzeitiger E rre ich u n g  der S treckgrenze  des S tah ls , auf.
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ß )  D ie v o re rw äh n ten  S p an n u n g en  tre te n  a u f  bei e iner L a s t gleich dem  
D o p p e lte n  der B e lastung , f ü r  w elche die F ach w erk e  d im en sio n ie rt w aren .

y )  D iese S p an n u n g en  v e ru rsa c h e n  im  T rag w erk  keine s ta rk e n  b le ib en d en  
V erfo rm u n g e n ; das T ra g w e rk  v e rh ä lt  sich bei w ied erh o lten  B ean sp ru ch u n g en  
so m it p ra k tis c h  elastisch .

D a ra u s  e rg ib t sich, d a ß  S tah lb e to n fach w erk e  einen  S ich e rh e itsg rad  von 
oá 2 g eg en ü b er den jen igen  w ie d e rh o lte n  B e las tu n g en , w elche p ra k tis c h  noch  
a n n e h m b a re , b leibende V e rfo rm u n g e n  erzeugen , b e s itzen ; d ieser S ich e rh e its 
g ra d  v o n  ~  2 beg renz t so m it d en  E la s tiz itä tsb e re ich  solcher F ach w erk e .

D ie  en tsp rech en d en  b le ib e n d e n  V erfo rm ungen  bei d ieser B e la s tu n g  b e 
t ru g e n  5 ,5 %  der gesam ten  V erfo rm u n g en . Die m ax im ale  b le ibende Z u sam m en 
d rü c k u n g  des B etons b e tru g  0,052%o.

b ) Verhalten des Trägers im  plastischen Z ustand . D u rch  E rh ö h u n g  der 
B e la s tu n g  von  100 a u f 125 M p flo ß  der S tah l des U n te rg u rts  u n d  d e r Z u g d ia 
g o n a le . D er Z ugbeton  ze ig te  s ta rk e  Risse. Als B auw erke  b e w e rte t, sind  die 
T rä g e r  in  diesem  Z u stan d  a ls  n ich t m ehr b ra u c h b a r  zu bezeichnen , obw ohl 
sie a ls  T ragw erke  im m er n o c h  h ie lten .

D ie D urchb iegungen , D reh u n g e n  u n d  D ehnungen  h a tte n  s ta rk  zugenom 
m e n , so d aß  M essungen a u f  d em  Z u g stah l ke inen  g roßen  W ert m eh r gezeigt 
h ä t t e n .  D er D ruckbe ton  a b e r w u rd e  noch n ic h t b esch äd ig t. A u f d er D ru ck  d ia 
g o n a le  w u rd en  D ru ck sp an n u n g en  von  bis 330 k p /cm 2 gem essen, w elcher W ert 
im m e r  noch  u n te rh a lb  d er D ru c k fe s tig k e it von  375 k p /cm 2 lieg t. D er U n te r 
g u r t  ze ig te  s ta rk e  D eh n u n g en , so d aß  die A u flag e rp u n k te  b e trä c h tlic h e  D re 
h u n g e n  aufw iesen.

B ei d ieser B e lastu n g  v o n  125 Mp wru rd e  k e in e r der K n o te n p u n k te  b e 
s c h ä d ig t.

D ie  T räg e r w urden  d a n n  stufenw  eise bis a u f  5 Mp e n tla s te t  u n d  n a ch h e r 
s tu fe n w e ise  bis a u f  125 M p w ieder b e la s te t; d ieser V organg  w urde  zw eim al 
w ie d e rh o lt .

D  as V erhältn is  d er b le ib e n d e n  zu den gesam ten  D u rch b ieg u n g en  in  der 
M itte  des T rägers b e tru g  b e im  e rs te n  T räg er 2 0 % , beim  zw eiten  2 3 % .

c) E in tr itt des Bruches. B ei E rh ö h u n g  d er B e la s tu n g  a u f  ü b e r  125 Mp 
z e ig te n  sich  folgende V o rg än g e :

a )  D ie R u n d stäh le  d e h n te n  sich  s ta rk  aus, fe rn e r w u rd en  in  den  Z ug
g lie d e rn  R isse von 4 bis 5 m m  festg es te llt; d er S ta h l is t som it geflossen.

ß )  D ie D ru ck festig k e it des B etons an  d en  E in sp an n s te llen  des O b erg u rts  
im  m it t le r e n  K n o te n p u n k t w a r  in  den  oberen F ase rn  ü b erw u n d en , so d aß  d e r 
B e to n  b is  in  eine gewisse T iefe  ze rm a lm t w urde.

y )  D u rch  w eitere E rh ö h u n g  d er L a s t w urde  d er B e ton  u n te r  d en  E n d 
h a k e n , d ie  zu r V eran k eru n g  d e r  S tah lan lag en  d e r Z ugd iagonale  am  O b er
g u r tk n o te n p u n k t  d ien ten , z e rd rü c k t. D ad u rch  e n ts ta n d  G le itung  des S tah ls  
(B ild  6).
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d) Die m ax im ale  B e las tu n g  b e tru g  135 Mp beim  e rs ten  T rä g e r u n d  132 
Mp beim  zw eiten , im  M itte l also 133,5 Mp. D er G ew ich tsan te il des T rägers in 
d er M itte  und  der D ru c k v o rric h tu n g  b e tru g  e tw a  2,5 M p, so d aß  die B ru ch 
la s t m it 136 Mp fe s tg es te llt w u rd e . Die S icherhe it gegen B ru ch  u n te r  s tän d ig e r 
und  V erkeh rslast e rg ib t sich som it zu atf 136/52,5 ш  2,6.

d) H aupt- und  N ebenspannungen. A us den  gem essenen ö rtlic h e n  D eh 
nungen  w urden  die B a n d sp a n n u n g e n  und  d a ra u s  die m ittle re n  S pan n u n g en

B ild  6

om sowie die N eb en sp an n u n g en  av e rm itte lt , fe rn e r w urde das V e rh ä ltn is  
av : a m geb ilde t, und  die S ta b k ra f t  P  b e rech n e t. D ie E rgebn isse  ze ig ten  fo l
gendes:

а)  Bei den D ru ck g lied ern  stim m en  die S ta b k rä f te  m it den th e o re tisc h e n  
W erten  gu t übere in .

ß )  Bei den  Z ugg liedern  sind die gem essenen K rä f te  k le in er a ls die th e o 
re tisch en , besonders be im  U n te rg u r t  zeig ten  sich große A bw eichungen . Diese 
E rsch e in u n g  is t  z u rü ck zu fü h ren  a u f  das unvo llk o m m en e  R eißen  des B etons, 
w elcher F a k to r  in  d er R ech n u n g  n ich t b e rü c k s ic h tig t is t.

у )  D as V erh ä ltn is  d er N eb en sp an n u n g en  zu  den H a u p tsp a n n u n g e n  
b le ib t n ich t k o n s ta n t, es n im m t m it d er B e las tu n g  zu, wie dies aus den  B idern  
7 — 8 h e rv o rg eh t.

In  der T afe l I I  sind  die M itte lw erte  fü r  D ru ck g lied e r u n te r  den  v e r
sch iedenen  B e lastu n g en  angegeben . Bei S te ig eru n g  d e r B e la s tu n g  v o n  25 Mp =  

1/2 N u tz la s t a u f  125 Mp =  2,5 N u tz la s t s te ig t das V e rh ä ltn is  av : am um  
15%  heim  e rs ten  bzw . 12%  beim  zw eiten  T räg e r, im  M itte l also u m  ~ 1 4 % .  
D  ie M itte lw erte  d er V e rh ä ltn isse  av : am des e rs ten  T räg ers , wie sie in  d e r T afel
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angegeben  sind, sind  k le in e r als die en tsp rech en d en  W erte  des zw e iten  T rägers. 
D ies r ü h r t  d ah er, d aß  beim  e rs ten  T räg e r die M essungen a n  dem  S ta h l d u rc h 
g e fü h rt w urden . D a  dieses ab e r tie fe r  als die B e to n o b erfläch e  lieg t, so sind 
die e rm itte lte n  N e b en sp an n u n g en  n ich t die m ax im alen . B eim  zw eiten  T räger 
dagegen  w urden  die M essungen an  dem  B eto n  vo rg en o m m en , fe rn e r  liegen 
die M eßstellen beim  zw eiten  T räg er n ä h e r den  K n o te n p u n k te n  als be im  ersten .

Tafel II

Verhältnisse der Nebenspannungen zu den H auptspannungen  
bei verschiedenen Belastungen ( Grundlast =  5 M p )

Stab
Belastung in Mp

M ittel
25 j 50 75 100 125

T räg er I

0 .  G. II. 5 6 71 6 6 7 3 77 6 9 V erh ältn isse
O. G. III. 2 4 2 3 3 4 41 4 2 3 3 ^ v /^ m  %

D. D. II. 2 5 3 5 3 5 3 7 3 6 3 4

D. D. 2. 4 2 4 4 4 4 4 4 51 4 5

M ittel 3 7 4 3 4 5 4 9 52 4 5

T räg er II

0 .  G. II. 8 0 8 9 9 4 1 0 0 1 0 0 9 3

0 .  G. 0 5 3 6 4 6 6 7 0 6 8 6 4

D. D. I. 6 5 6 4 5 9 5 6 6 3 61

D. D . II. 2 0 3 3 31 3 7 3 5 61

M ittel 5 5 6 0 6 3 6 6 6 7 6 2

D er G rößenzuw achs d e r N eb en sp an n u n g en  m it zu n e h m e n d e r B elastung  
is t a u f  fo lgenden U m sta n d  z u rü ck zu fü h ren : d u rch  die S te ig e ru n g  der L ast 
t r e te n  s tä rk e re  B isse im  Z ug b eto n  auf, u n d  bei hohen  B e la s tu n g en  s tre c k t sich 
d er Z ug stah l, w o d u rch  die S te ifig k e it der T räg e r h e ra b g e se tz t w ird . Dies h a t 
zu r Folge, daß  die V e rfo rm u n g  des F ach w erk s ra sch e r v o r sich  g e h t, als es der 
S te ig e ru n g  der B e la s tu n g  e n tsp r ic h t, so daß  die in  k rä ftig  a u sg e b ild e te  K n o te n 
p u n k te  e inb in d en d en  S tä b e  s tä rk e r  a u f  B iegung  b e a n sp ru c h t w erden  und 
d a m it ra sch er zu n eh m en d e  N eb en sp an n u n g en  erleiden.

e) E in flu ß  der E rm ü d u n g  a u f  die E lastizitä t und  F estigkeit der Stahlbeton
fachw erke. W ie b e re its  e rw ä h n t, w urde  d e r zw eite T räg e r d u rc h  w iederho lte  
B ean sp ru ch u n g  zu e rs t e rm ü d e t und  n ach h e r s ta tis c h  bis zu m  B ru c h  g ep rü ft.
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D ie E rg e b n is se  der s ta tis c h e n  U n te rsu ch u n g en  zeigen  g egenüber den jen igen  
des e r s te n  T rägers keine b e d e u te n d e n  U ntersch iede .

D ie  Grenze des E la s tiz itä tsb e re ic h e s  is t fü r  b e id e  T rä g e r  p ra k tisc h  g leich , 
die B ru c h la s te n  sind n u r  w en ig  v o n e in an d er v e rsch ied en . B eide T räg e r zeigen 
p r a k t is c h  denselben S ic h e rh e itsg ra d  gegen B ruch .

D e r  V erlau f d er B e la s tu n g s -E n tla s tu n g s -V e rfo rm u n g sk u rv e n  w ar fü r  
b e id e  T rä g e r  fast gleich, n u r  d ie  H ysteresissch le ifen  des zw eiten  T rägers w aren  
e tw a s  b re i te r  als d iejen igen  d es  e rs ten , w as a u f  e ine g rö ß ere  N ach g ieb ig k e it 
des B e to n s  zu rückzu füh ren  is t ,  w ie dies öfters a n  B e to n p rism en  festg este llt 
w u rd e . E s  is t jedoch  zu b e rü c k s ic h tig e n , daß  d e r B e to n  des zw eiten  T räg e rs  
bei d e r  D u rch fü h ru n g  d er V e rsu c h e  110 Tage a l t  w a r, g egenüber 180 T agen  
b e im  e rs te n  T räger. E in  A lte rsu n te rsc h ie d  von  70 T ag en  ü b t  einen  gew issen 
E in f lu ß  aus.

E s  e rg ib t sich d a rau s , d a ß  die sehr zah lre ich en , w ied erh o lten  B e a n sp ru 
c h u n g e n  (E rm ü d u n g ), w e lch en  d e r zw eite T räg e r u n te rw o rfe n  w u rd e , w eder 
a u f  d ie  T rag fäh ig k e it, noch  a u f  die E la s tiz itä t d esse lben  einen  n en n en sw erten  
E in f lu ß  au sü b ten .

I I I .  D ynam ische V ersuche

Z iel d er d u rch g e fü h rten  d y n am isch en  V ersuche w ar, den  T räg er a u f  die 
E in f lü s se  d er E rm ü d u n g  zu  p rü fe n .

B e im  S ta h lb e to n trä g e r  w a re n  die inneren  S p a n n u n g e n  klein , sie rü h r te n  
d e r  H a u p ts a c h e  nach  von  d e r  S chw indw irkung  des B e to n s  her. D er B e to n  w ar 
se h r  so rg fä ltig  zu b erc ite t w o rd e n , die R u n d stäh le  w a re n  p ra k tisc h  sp a n n u n g s
fre i. Im  B e to n  tra te n  n u r  k le in e  R isse auf, was v o ra u sz u se h e n  w ar, da d er B e to n  
sc h o n  u n te r  der s ta tisch en  B e la s tu n g  riß . B esonders zu  e rw äh n en  is t, d aß  die 
d y n a m isc h e n  Risse im m er a n  d en jen ig en  S tellen a u f tr a te n , an  denen  Q uerbügel 
v o rh a n d e n  w aren. Es w ar so g a r  m öglich, du rch  die R isse  die Lage u n d  A nzahl 
d e r  B ü g e l zu b estim m en . D ie  R isse h ab en  p e rio d isch  m it der B e las tu n g  
g e a tm e t ,  ih re  B reite  w ar je d o c h  n ic h t b e trä c h tlic h . D ie V ersuche am  g ep rü ften  
S ta h lb e to n trä g e r  d a u e rte n  18 B e trieb stag e  u n d  w u rd e n  d an n  abgebrochen .

B e i B eginn der V ersu ch e  w a r der B eton  75 T ag e  a l t ;  die P r ism e n d ru c k 
f e s t ig k e it  desselben b e tru g  pß d =  300 kp/cm 2.

D ie  errechnete  E ig en sch w in g u n g szah l fü r eine s ta tisc h e  B e las tu n g  von  
25 M p b e tru g  10,85, die g em essene  dagegen n u r 8,22 m it einem  U n te rsch ied  
v o n  2 4 % .

D ie  Spannungen  w u rd e n  an  d er E in sp an n ste lle  des O b erg u rts  am  m i t t 
le re n  K n o te n p u n k t gem essen . A n dieser Stelle t r a t  die m ax im ale  S p an n u n g  
im  B e to n  auf, da die N e b e n sp a n n u n g e n  d o rt am  g rö ß te n  w aren ; die le tz te re n  
b e tru g e n  ^ 1 0 0 %  der H a u p tsp a n n u n g e n .
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Die R eso n an zau fn ah m en  w urden  w ä h re n d  d e r ers ten  B e la s tu n g ss tu fe  
m it e iner E x z e n tr iz i tä t  e =  14° au fgenom m en , fü r  die zw eite S tu fe  w urde 
d ieser W ert a u f  20° e rh ö h t, da  sonst die A ussch läge  zu klein gew esen w ären .

Die versch iedenen  P h a se n  der V ersuche sind  d ie fo lgenden :

S ta tisc h e  B e lastu n g 25 Mp
E x z e n tr iz itä t  der M aschine 22°
S ta tisc h e  S pan n u n g 60 kp /cm 2
D y n am isch e  Spannung ± 5 0  kp /cm 2
^max 110 kp /cm 2
°min 10 kp /cm 2
O bere  L as tg ren ze  =  46 Mp =  0,92 P„, P„ =  N
U n te re  L astg ren ze  =  4 Mp = 0,08 P„
A n zah l L astw echsel 0,38 • 106
S ta tisc h e  B e lastu n g 25 Mp
E x z e n tr iz i tä t  der M aschine 24°
S ta tisc h e  S pan n u n g 60 kp /cm 2
D y n am isch e  S pannung ± 5 5  kp /cm 2
^max 115 kp/cm 2
°min 5 kp /cm 2
O bere L as tg ren ze  =  48 Mp = 0 ,96 P„
U n te re  L as tg ren ze  =  2 Mp == 0 ,04 P„
A n zah l L astw echse l 1,12 • 10»
S ta tisc h e  B e lastu n g 25 Mp
E x z e n tr iz itä t  de r M aschine 26°
S ta tisc h e  S pan n u n g 60 kp /cm 2
D y n a m isch e  S pannung ± 6 0  kp/cm 2
°max 120 kp /cm 2
°min 0
O bere  L astg ren ze P n
U n te re  L astg ren ze 0
A n zah l L astw echsel 0,97 • 106
S ta tisc h e  B e lastu n g 31,5 Mp
E x z e n tr iz i tä t  der M aschine 40°
S ta tisc h e  S pan n u n g 75 kp /cm 2
D y n a m isch e  S pannung ± 6 5  kp /cm 2
°max 140 kp /cm 2
^min 10 kp /cm 2
O bere L astg ren ze  =  60 Mp == 1.2 P„
U n te re  L as tg ren ze  =  4 Mp == 0,08 P„
A n zah l L astw echse l 0,79 • IO®
T o ta le  A n zah l L astw echsel 3,26 • 10«

Die B e lastu n g  k o n n te  n ich t w eite r e rh ö h t w erden , da d e r Schw inge, 
keine höheren  Im p u lsw e rte  erzeugen  k o n n te . W ir  h a b e n  v e rsu ch t, die s ta tisc h e  
B e lastu n g  a u f  37,5 M p, d as  h e iß t die G ru n d la s t v o n  25 Mp um  5 0 %  zu e rh ö h en , 
w obei die s ta tisc h e n  S p an n u n g e n  n a tu rg e m ä ß  b is a u f  90 k p /cm 2 an stieg en ; 
die d y nam ischen  S p a n n u n g e n  ab er k o n n ten  n ic h t  h ö h e r als 45 k p /cm 2 g e trieb en  
w erd en , so daß  die G ru n d w e rte  der S p an n u n g en  zw ischen 45 und  135 k p /cm 2 
w echselten . Diese A rt d e r  B ean sp ru ch u n g  w ar fü r  d as  T ragw erk  so g ar g ü n stig e r 
als d iejenige m it d e r  n ied rig e ren  s ta tisch en  B e la s tu n g  von 31,5 M p, wo die 
S p an n u n g en  zw ischen 10 u n d  140 kp /cm 2 w ech se lten .

N ach  3x/4 M illionen  L astw echseln  w u rd en  die V ersuche ab g eb ro ch en .
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B ei B eendigung d e r V ersu ch e  b e fan d  sich  d e r T rä g e r in  g u te m  Z u s ta n d . 
M it A u sn a h m e  der R isse im  a u f  Zug b e a n sp ru c h te n  B eton  h a t te n  d ie  L ast-  
-w echsel w eder au f das s ta t is c h e , noch  a u f  das d y n am isch e  V erh a lten  des S ta h l
b e to n tr ä g e r s  einen w esen tlich en  E in flu ß . D ie fe stg e s te llten  Ä n d e ru n g e n  sind  
d ie  fo lg en d en :

1. D ie statische D urchbiegung  h a t  sich im  L aufe  der V ersuche v e rg rö ß e rt. 
A m  A n fa n g  der V ersuche b e tru g  sie fü r eine L a s t von  25 Mp 2 m m , som it 
is t  d ie  R ü c k s te llk ra f t C =  125 M p. A m  E n d e  d e r d r i t te n  P hase , das h e iß t  nach  
e tw a  2 ,5  • 106 L astw echseln , w a r  sie fü r  die gleiche s ta tisc h e  L a s t 25 M p 2,5 m m  
u n d  so m it  C — 100 M p, d e r  T rä g e r w urde  also e tw as v e rfo rm b a re r  (n a c h 
g ie b ig e r) . E s zeigte sich je d o c h , d aß  d er T rä g e r sich  w ieder v e rfe s tig te , indem  
a m  S c h lu ß  der V ersuche fü r  e ine D u rch b ieg u n g  v o n  2,5 m m  eine s ta tisc h e  
B e la s tu n g  von 31,5 M p, so m it C =  125 M p, e rfo rderlich  w urden .

2 . D ie Eigenschw ingungszahl san k  n ach  d en  e rs te n  2,5 • 10° L astw ech se ln  
v o n  8 ,2 2  a u f  7,92, zeig te also  e in e  A bnahm e v o n  3 ,6 5 % , die als k le in  zu  bezeich
n e n  i s t .  O bw ohl die B e la s tu n g  e rh ö h t w urde , t r a t  doch  keine Ä n d e ru n g  ein. 
Z u  B e g in n  der v ie rten  P h a s e  w ar die E igenschw ingungszah l 7,20 u n d  am  
S c h lu ß  d e r V ersuche eb en fa lls  7,20.

D a ra u s  is t  zu sch ließ en , d a ß  die E rm ü d u n g se ig en sch a ften  des T räg ers , 
d a s  h e iß t  die R esonanzlage u n d  die D äm p fu n g , d u rc h  die a u sg e ü b te n  E rm ü 
d u n g sv o rg ä n g e  sehr w enig  b e e in f lu ß t w u rd en . S ogar bei d er zw e iten  P h ase  
d e r  V e rsu ch e , wo die s ta t is c h e  B elastu n g  a u f  31,5 Mp e rh ö h t w u rd e , k o n n te  
e in  B e h a rru n g sz u s ta n d  fe s tg e s te ll t  w erden , in d em  die E ig en sch w in g u n g szah l 
a m  S c h lu ß  der V ersuche, ab g eseh en  von  den  S ch w an k u n g en  infolge d e r  R u h e 
z e it ,  d ie  T endenz zeig te, e in e n  k o n s ta n te n  W e rt anzu n eh m en . D as  gleiche 
z e ig te  d ie  sta tische  D u rc h b ie g u n g  u n d  die d a ra u s  e rrech n e te  R ü c k s te llk ra f t .

F ü r  alle p rak tisch en  Z w ecke k ö n n en  die im  V ersu ch sträg e r e in g e tre te n e n  
V e rä n d e ru n g e n  als b e lang los angesp rochen  w erden .

D e r  w ich tigste  G ew inn  u n se re r  U n te rsu c h u n g e n  am  S ta h lb e to n trä g e r  
f ü r  d ie  P ra x is  is t der fo lg en d e :

H ä u f ig  w iederholte , in n e rh a lb  angem essener G renzen g e h a lte n e  B e a n 
s p ru c h u n g e n  — U rsp ru n g sfe s tig k e it — sch ad en  w eder der E la s t iz i tä t ,  noch  
d e r  T ra g fä h ig k e it, noch  d e n  d y n am isch en  E ig en sch a ften  d er S ta h lb e to n 
fa c h w e rk e .

F ü r  diese B auw eise is t  d ie  S icherheit gegen D a u e rb e a n sp ru c h u n g e n  bei 
e in e m  s ta tis c h  au sre ich en d en  S ich erh e itsg rad  als g ew äh rle is te t zu  b e tra c h te n .

E rm ittlu n g  der schwingenden M asse M  
und der R ü ckste llk ra ft C aus den dynam ischen  Versuchen

D ie  E rhöhung  d e r B e la s tu n g  von  25 a u f  31,5 Mp h a t te  e ine  H e ra b 
s e tz u n g  d e r  E igenschw ingungszah l von  7,92 a u f  7,20 zu r Folge. D ie  sch w in 
g e n d e  M asse M  stieg a u f  ( M  -{- 6,5) t . Die R ü c k s te llk ra f t  C b lieb  k o n s ta n t .

A c ta  T ech n . H ung , 50. (1965)



BEITRAG ZUR UNTERSUCHUNG DER FACHWERKE AUS STAHLBETON 245

D u rch  zw eim alige A nw endung  d er F o rm e l m it m  =  M  und  (M  6 ,5 ), w obei 
n0 — 7,92 bzw . 7,20 is t, ergeben  sich zwei G leichungen zur B e s tim m u n g  der 
zwei U n b e k a n n te n  M  und  C. D iese B e rech n u n g  erg ib t G =  37,50 t  und  C =  
-  95,5 t.

D er a u f  s ta tisc h e m  W ege sich e rg eb en d e  W ert von C is t  100 M p, der 
U n te rsch ied  also n u r  4 ,5% .

D ie B elastu n g sg ew ich te  b e tru g e n  G =  25 Mp.
D er v o rh a n d e n e  U n te rsch ied  von  12,5 Mp - 50%  e n ts p r ic h t  d e r  E rs a tz 

la s t, d ie als in  d e r M itte  des T räg ers  k o n z e n tr ie r t  g edach t is t , u m  d ie  z u sä tz 
lichen , in  S chw ingung  v e rse tz te n  M assen, zum  Beispiel F u n d a m e n te , T rä g e r
te ile , B oden  usw ., bei d er B erech n u n g  d e r  E igenschw ingungszah l des System s 
b e rü ck s ich tig en  zu können . D ie m it G 27,5 Mp errech n e te  E ig en sch w in 
gungszah l n0 b e trä g t  8,04, die gem essene G röße dagegen 7,92 m it e inem  p ra k 
tisc h  u n b e d e u te n d e n  U n te rsch ied  von  n u r  1 ,5% .

D iese E rg eb n isse  zeigen, d aß  die w irk lich  schw ingenden M assen  v o n  der 
w irk lich  v o rh a n d e n e n  Masse seh r s ta rk  versch ieden  sein k ö n n e n . D a aber 
alle th e o re tisc h e n  B erechnungen  s ta rk  v o n  der w irklich sch w in g en d en  Masse 
ab h än g ig  sind , is t  die genaue K e n n tn is  derse lben  no tw end ig , w as n ic h t  im m er 
le ic h t u n d  g u t m öglich  is t. G rö ß te  V o rs ic h t in  der A nw endung  th e o re tisc h e r 
E rg eb n isse  a u f  die w irklichen V erh ä ltn isse  is t  daher ein G ebo t.

Beispiele aus den M essungen

l n  den  B ild ern  9 —14 sin d  die R eso n an zk u rv en  d er V ersu ch e  N r. 17 
u n d  18, die am  gleichen T ag  v o r beziehungsw eise nach  d er E rm ü d u n g  au f
gen o m m en  sin d , w iedergegeben . D ie v o rh a n d e n e n  U n tersch iede  s in d  deu tlich  
zu sehen .

IV. Schlußfo lgerungen

Statische B eanspruchung

1. D ie R iß la s t, bei w elcher die Z u g festig k e it des B e to n s  ü b e rw u n d en  
w u rd e , inbeg riffen  der E ig en g ew ich tsan te il, b e trä g t im M itte l 13,25 Mp oder 
2 6 ,5 %  d e r N u tz la s t.

D ie V o rsp an n u n g  des B etons a u f  Z ug durch  die S ch w in d w irk u n g  v e r
u rsa c h te  eine s ta rk e  H e rab se tzu n g  d e r  R iß la s t.

2. D u rch  d as  R eißen  des B e to n s v e rän d e rn  sich die S ta b k rä f te  und 
M om ente , in d em  die Z ugglieder e n tla s te t  u n d  die D ruckg lieder s tä rk e r  b e la s te t 
w erden .

D as R e iß en  des B etons v e ru rsa c h t b each ten sw erte  b le ib en d e  V erfo rm u n 
gen. F ü r  eine L a s t  von  0,5 d e r N u tz la s t  e rg ab  sich fü r den  zw eiten  V ersuchs
trä g e r  eine b le ib en d e  V erfo rm ung  v o n  19 %  der to ta len  V erfo rm u n g , beim  
e rs te n  T räg e r b e tru g  diese 2 0 %  bei e in e r  B elastung  von  0,8 d e r  N u tz la s t.
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Schwingungszah! /sec. 
B ild  14
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3. Die von  d en  ste ifen  S tab an sch lü ssen  herrü h ren d en  B ieg esp an n u n g en  
- N eb en sp an n u n g en  — in S ta h lb e to n fa c h w e rk e n  sind infolge ih re r  im  V er

h ä ltn is  zu den H a u p tsp a n n u n g e n  seh r g ro ß en  W erte  n ich t zu v e rn a c h lä ss ig e n .
Die N eb en sp an n u n g en  e rre ich ten  e inen  m axim alen  W e r t  v o n  111% .
Die D ru c k g u rts tä b e  erleiden die g rö ß te n  N eb en sp an n u n g en , d ie  im  M ittel 

zw ischen 64 und 9 3 %  schw anken .
In  den g ed rü ck ten  F ü llg liedern  sch w an k en  diese Vi e r te  zw ischen  31 

u n d  61% .
D er M itte lw ert säm tlich e r D ru ck g lied e r liegt zw ischen 65 u n d  70% .
Bei den im  V ersu ch sträg e r v o rh a n d e n e n  Zuggliedern w a re n  d ie  N eben

sp a n n u n g en  gering, sie b e tru g en  im  M itte l 7 ,5% .
4. Die B iegespannungen  n eh m en  in fo lge  der rascheren  Z u n a h m e  d e r V er

fo rm u n g  bei w ach sen d er B elastu n g  zu, je d o c h  n ich t linear. D e r Z uw achs ist 
bei den  höheren  B e lastu n g en  g rößer, e r w äch st au ß e ro rd e n tlich  s ta rk  beim 
E rre ich en  der F ließgrenze  des A rm ie ru n g ss tah ls .

5. Die F ließgrenze  des S tah ls  u n d  gleichzeitig  die U rsp ru n g sfe s tig k e it 
des B etons au 0 ,6  pßd sind bei e iner B e la s tu n g  gleich dem  D o p p e lte n  der 
N u tz la s t ziem lich g leichzeitig  e rre ich t w orden .

E in  S ich erh e itsg rad  von  ~ 2  b eg ren z t den  E la s tiz itä tsb e re ic h  d e r S ta h l
b e to n fach w erk e  fü r  w iederho lte  B e la s tu n g en .

Die en tsp rech en d en  b le ib en d en  V erform ungen  bei d ie se r  B e lastung  
b e tru g e n  5 ,5%  d er g esam ten  V erfo rm u n g en . Die m axim ale b le ib e n d e  Z usam 
m en d rü ck u n g  des B e to n s b e tru g  0,0052 % 0.

F ü r  höhere B e lastu n g en  tr e te n  g roße bleibende V erfo rm u n g en  auf; 
die T ragw erke b e fin d en  sich im  p la s tisc h e n  Z ustand .

6. Die m ittle re  B ru ch la s t b e tru  g 136 Mp. D er S ic h e rh e itsg ra d  gegen 
B ru ch  e rg ib t sich so m it zu 2,6.

7. Die B ean sp ru ch u n g  a u f  E rm ü d u n g  — U rsp ru n g sfe s tig k e it — für 
die N u tz la s t (50 M p) und  in n e rh a lb  d e r v o rh an d en en  A nzah l d e r  S p an n u n g s
w echsel (3 1/4 M illionen) h a t  w eder a u f  die s ta tisch e  oder d y n a m isc h e  T rag 
fäh ig k e it, noch a u f  die E la s tiz itä t  e in en  nennensw erten  E in f lu ß  au sg eü b t.

E rm ü d u n g

8. Die s ta tisc h e  D u rch b ieg u n g  u n d  D äm pfung  n e h m en  im  L aufe  des 
E rm ü d u n g sv o rg an g es zu ; som it n eh m en  die R ü ck s te llk ra ft u n d  d ie E igen
schw ingungszah l ab . U n te r  den g leichen  V ersuchsbed ingungen  b e i d en  Reso
n a n zau fn ah m en  n eh m en  die L e is tu n g , die A m plitu d en  u n d  d ie V e rs tä rk u n g s 
zah l m it der E rm ü d u n g  ab.

9. E ine n ach träg lich e  E rh o lu n g )R ü ck g ew in n u n g  an  S te if ig k e it)  w urde 
festg este llt.

In n e rh a lb  e inzelner Z e ita b sc h n itte  s te llte  sich nach e in er gew issen  A nzahl 
von  L astw echseln  ein B e h a rru n g sz u s ta n d  ein.
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10. Bei cinem  s ta t is c h  ausre ichenden  S ic h e rh e itsg ra d  is t die S ich erh e it 
d e r  S tah lb e to n fach w erk e  g eg en  D au e rb ean sp ru ch u n g en  gew ährleiste t.

11. G rößte V o rsich t in  d e r  A nw endung th e o re tis c h e r  E rgebnisse d e r  
D y n a m ik  au f die w irk lich en  V erhä ltn isse  is t ein  G eb o t.

C O N T R IB U T IO N S  TO  T H E  B E H A V IO U R  O F C O N C R E T E  L A T T IC E  G IR D E R S  
D U R IN G  ST A T IC  AND F A T IG U E  T E S T S

S . A . M O R T A D A

SUMMARY

T h e  a u th o r  has tr ie d  to  e lu c id a te  th e  s ta tic  an d  d y n a m ic  b e h av io u r of concrete la tt ic e  
g ird e rs  b y  m easu rem en ts m ad e  on  tw o  such girders. One g ird e r  w as used  for s ta tic  te s ts , th e  
o th e r  o n e  w as su b m itted  to  s ta t ic  a n d  d y n am ic  tests. T he a im  o f  th is  w ork  was to  o b ta in  d a ta  
on  th e  re lia b ility  and on th e  deg ree  o f  sa fe ty  of these e le m en ts  w h ic h  m ig h t provide th e  b asic  
c o n d itio n s  fo r th e  use o f su ch  g ird e rs .

C O N T R IB U T IO N  A L’É T U D E  D U  C O M PO R TE M E N T  A U X  ESSAIS STA TIQ U ES 
E T  D E  F A T IG U E  D E S  P O U T R E S  A T R E IL L IS  E N  B É T O N  ARM É

S . A . M O R T A D A

RÉSUM É

L ’a u te u r  a é tudié le c o m p o r te m e n t s ta tique  e t d y n a m iq u e  d es p o u tres  à treillis en b é to n  
a rm é  p a r  des essais effectués a v ec  d e u x  p ou tres à treillis. L ’u n e  d es  p o u tres  a été  utilisée  p o u r  
des m esu re s  sta tiq u es, l’au tre  a  é té  soum ise  à des é tu d es s ta t iq u e s  e t  dynam iques. Le b u t  des 
e ssa is  é ta i t  de fourn ir des d o n n ées re la tiv e s  à  la sécurité  e t  a u  d e g ré  de sû re té  de ces c o n s tru c ti
on s, d o n n é es  qui p euven t se rv ir  de  b a se  à l’utilisation  de te lle s  p o u tre s .

К ПОВЕДЕНИЮ ЖЕЛЕЗОБЕТОННЫХ АРОК ПРИ СТАТИЧЕСКИХ 
ИСПЫТАНИЯХ И ИСПЫТАНИЯХ НА УСТАЛОСТЬ

С. А. МОРТАДА

РЕЗЮ М Е

Автор поставил целью выяснить статическое и динамическое поведение железо
бетонных арок при помощи экспериментальных измерений на двух арках. Одна арка 
была использована для выполнения статических испытаний, а вторая — подвергнута 
статическим и динамическим испытаниям. Целью опытов являлось получение таких 
данных относительно надежности и запаса прочности этих конструкций которые могут 
служить в качестве основных условий, применения таких арок.
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НАПРЯЖЕНИЯ В ЦИЛИНДРИЧЕСКИХ ОБОЛОЧКАХ 
С СИММЕТРИЧНЫМ НЕИЗГИБАЕМЫМ 
КОНТУРОМ ПОПЕРЕЧИОТО СЕЧЕНИЯ

Е. Н. НИКОЛЬСКИЙ

П Р О Ф Е С С О Р ,  Д О К Т О Р  Т Е Х Н И Ч Е С К И Х  Н А У К

(Поступило 20-го сентября 1964 г.)

В статье даются формулы теории цилиндрических оболочек с неизгибаемым кон
туром поперечного сечения, позволяющие провести практические расчеты напряжений 
в срединной поверхности оболочек при произвольной нагрузке на краевых образующих. 
Формулы относятся к частному случаю симметричных оболочек с Н-образным контуром 
поперечного сечения. Система уравнений теории решается в форме тригонометрических 
рядов.

I. Значение теории оболочек с неизгибаемым контуром

Теория тонкостенных стерж ней и цилиндрических оболочек с неде- 
формируемым контуром , разработанная В. 3 . Власовым fl],  п олучи ла ши
рокое распространение в различны х областях  техники. Эта теори я  бази
руется на гипотезах о равенстве нулю деформаций сдвига (у) срединной по
верхности оболочки и о недеформируемости кон тура ее поперечного сечения. 
Гипотеза о недеформируемости контура поперечного сечения означает, что 
деформации удлинения (es) контура и деформации его изгиба (г) считаю тся 
равными нулю. У казанны е гипотезы при водят к  простому аналитическом у 
ап п арату , удобному д л я  практических расчетов нап ряж ений  и перемещений 
в тонкостенных с тер ж н ях . О днако внешние силы удается при этом  учиты
вать только с точностью до их интегральны х характери сти к , вы раж аю щ ихся 
изгибающими и крутящ им и моментами, нормальной и перерезываю щ ими 
силами и так  называемыми бимоментами. Распределение н ап ряж ен и й  в 
поперечном сечении оказы вается подчиненным секториальном у закон у  и 
при равны х интегральны х х арактери сти ках  внеш них сил не зави си т от осо
бенностей распределения последних.

В сечениях, достаточно удаленных от точек при лож ения внеш них сил, 
секториальны х закон  хорош о описывает действительное распределение 
напряж ений , но вблизи внеш них сил местный хар актер  распределения 
нап ряж ений м ож ет сущ ественно отклоняться от секториального  закона. 
Потому для анализа н ап ряж енного  состояния срединной поверхности обо
лочек вблизи точек п р и ло ж ен и я  внешних сил нуж но иметь теории, в кото
рых деформации сдвига (у) и деформации поперечных удлинений (es) не счи
таю тся равными нулю .
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О бщ ие уравнения д л я  цилиндрических оболочек с произвольны м  
к о н ту р о м  поперечного сечен ия, удовлетворяю щ ие этим  условиям , были по
лучен ы  В. 3. Власовым [2] и В. В. Новожиловым [3]. О днако эти уравн ен и я , 
в к о то р ы х  учитываются т а к ж е  и деформации изгиба контура поперечного 
сечен и я  оболочек, довольно слож ны  и авторы не приводят их реш ения.

В ар и ан т  практического реш ения вопроса дает теория оболочек с не- 
и зги баем ы м  контуром [4, 5 ] . В этой теории учиты ваю тся все три дефор
м ации ег, es, у срединной поверхности  оболочки, но деформация изгиба v

к о н ту р а  поперечного сечен ия считается равной нулю . К а к  следствие эта 
т ео р и я  позволяет исследовать только нап ряж енное состояние срединной 
п овер х н о сти  оболочки, п ри чем  результаты  приемлемой точности м огут быть, 
п о л у ч ен ы  в применении к  оболочкам , обладающ им достаточно ж естки м  на 
изгиб контуром , и в частности к  оболочкам, имею щ им поперечные ребра 
ж естк о сти . На основе метода чередования основных систем [5] эта теория 
м о ж ет  бы ть применена к а к  определенный элемент алгоритм а и для ан ализа 
об олочек  с гибким кон туром .

II. Обозначения и общие уравнения для симметричных оболочек

П рин яты е системы цили ндрических координат z, s и декартовы х коор
ди н ат  x y z  показаны на фиг. 1. Т ам  же представлены  составляю щ ие н ап р я 
ж ен и й  a z, as и т в срединной поверхности оболочки. Д л я  оболочки с кон ту
ром поперечного сечения, симметричным относительно оси от при нагрузке,, 
сим м етричной относительно плоскости xoz, н ап р яж ен и я  в срединной поверх
ности и прогибы I  средней образующ ей оболочки в направлении оси ох 
оп ределяю тся  следующей систем ой уравнений [4; 5]:

Фиг. 1

( 1 )

( 2 )
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где
0 4  0 4  04

V2V2 =  —  +  2 ------- -  +  — -
9z4 Эа2 9s2 9s4

c =  x(s) — абсцисса контура (ф ункция s — длины дуги контура),

* = *  (s)
d  s2

— вторая  производная х по s, { =  |(z )  — прогибы  оболочки (ф ункц ия только 
переменной а),

<р =  q(z, s) — ф ункц ия напряж ений ,
Е  — модуль упругости, 
h — толщ ина оболочки,

И нтеграл берется по всей длине кон тура поперечного сечения S.
У равнения (1) записаны  для случая , когда внеш няя н агр у зк а  сводится 

только  к  нормальны м />(а) и касательны м  <(а) силам, распределенны м вдоль 
краевы х образую щ их оболочки и действую щ им в плоскости касательной  к 
срединной поверхности. Соответственно услови я на продольны х к р а я х  обо
лочки имеют вид

M s’*)!s=Sr =  />(*); т (*. 2)[s-sr =  * (*) (3)
где s r — значение координаты  s для  край н ей  образующей.

Реш ение уравнений (1) при у слови ях  (3) может быть представлено в 
следую щ ем виде.

сю  о о

<р =  2  f n i sin « s ; f  ' =  4"sin a z ' (4)
n = 1 n = 1

11 Л

l — длина оболочки,
a s r =  u n .

f m = ------1- { [ a n + a > A n fn À sr)]r]l +
a1

+  K  -  « A nfn z  W ]  Vz\ +  A nf nг ( s ) . 

rj1 =  rjl (s) =  2 (un <p4 -)- (p3) cosh a s  — 2 qp3 a s sinh  a s , 

rj2 =  t]„ (s) =  2 un -f- cp3 cosh a s — 2 ç?4 a  s sinh  a s ; 

г][ =  т)[ (s) =  — 2 a  ( qp3 a s cosh a s  — u n ç>4 sinh a  s ) , 

rj2 — r)2 (s) =  — 2 a [<p4 a s cosh a  s — (a„ <p3 — <pt ) s inh  a  s] ; 

rj'[ =  rj'l (s) =  2 a" [(«„ ç>4 — <p3) cosh  a s  — ÿ 3 a s  sinh  a  s] , 

r)"2 =  rjl (s) =  2 a 2 [(u„ qp3 — 2 ç?4) cosh  a  s — ç>4 a  s sinh  a  s ] .

( 5 )

( 6 )

Acta Techn. H u n g . 50. (1965)
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fr,2 (s)

«Рз =  - 

E
2 a2

sinh un

sinh 2 u n -f- 2 un 

( s 1-----s inh  a (s
Jo _ a

<Pi =
cosh

sinh  2 m„ +  2 u„ 

u) — (s — и ) cosh  a  (s — u)

un =  a sr

x" (u) d u .

(7)

( 8 )

И Cn коэффициенты разлож ени я ф ункций p(z)  и t(z) в ряды Ф у р ье :
оо

P  (z) =  ^  a n sin  a z ,  t (z)
oo

=  X' cn cos a z . (9)
n =  1 n -= 1

^ n  ^na a n +  ^nc ^n 9 (10)

A „ A .le ---  ̂ • h- ---^na 9 n,nc --
0 ô

( H )

ó =  4 [a 2 / n 2  (s,) (u„ 9j4 +  ç>3) — a / " 2 (s ,) u„ Ç93] | cosh a s*" h ds —

- 4 la lfn 2 (sr) <Рз — a fn 2 (sr) <Pi\ J*' a s s inh  a sx" h ds —

f n2( s ) x "  h d s ;

Csr
d a =  — 4 (ç?g +  un <pA) | o cosh a sa:" h ds  -f

rsr . „
+  4 9 : 3  a s sinh a sa: h ds ,

zlc =  — 4 un 9?3 I o r cosh a sx" h ds +

+  4 Ç94 I r a s sinh a sx" h d s .

( 12 )

(13)

Н а ч а л о  координат s =  s 0 =  О располож ено посередине контура.
В ы р аж ен и я  (2 ) , . . . ( 1 3 )  приобретаю т кон кретную  форму, если зад ан а  

ф у н кц и я  х" =  x"(s). П олучаем ы е расчетные ф орм улы  даж е при просты х 
ф у н к ц и я х  x'\s) оказываю тся довольно слож ны ми, поэтому целесообразно 
зад ан н ы й  контур поперечного сечения оболочки аппроксим ировать так , 
чтобы ф у н кц и я  *"(s) имела простейш ий вид. Н аибольш ие упрощ ения д ает  
п р едставлен и е функции x ”(s) в виде кусочно-постоянной.

III. Особенности аппроксимирования кривой, заданной уравнениями 
в параметрической форме

О граничим ся рассмотрением  частного сл у чая  оболочки с симметрич
ным ко н ту р о м  поперечного сечения, характерны м  для  надоконных частей 
кузовов  п ассаж и рски х  вагонов  (фиг. 2).
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П усть кри вая  кон тура задан а уравнени ям и в парам етрической форме 

x  =  x ( s ) ,  y  =  y ( s ) ,  

s =  парам етр — длина дуги.
Н а участке «0 5 ^  контур имеет сравнительно м алую  кри визн у ,

на участке sx < , s <, s2 кривизна увеличена. У часток s2 s s r явл яется  
прямолинейны м и п араллельн ы м  оси ох.

Т акой  контур удается практически хорош о аппроксим ировать по об
щему х ар актер у  очертания, если функцию  х",  т. е. вторую производную  х

по « зам ен и ть  кусочно-постоянной ф ункцией *ï(s), которую м ож но зап и сать  
следую щ им образом:

О+
“

сэ
Jé+

"

jTII"
ce (14)

где
s 0 S  S| S i  s s 2 s 2 s sr 

* !  =  * ' ( » )  1 , - * * ;  *2  =  * '( * ) ! , (15)

- некоторые средние значения функции x"(s) для заданного кон тура  на 
уч астках  s 0 <[ s <; и Sj <; s <; s2; sm, и sm2 — значения координаты  s на 
указан н ы х участках .

З н а к  1------------------------- 1 имеет смысл ф ункционального п р ер ы вателя  и
S j  S  «1 + 1

указы вает, что стоящ ее над ним вы раж ение определяет функцию  x 3(s) только  
на участке s, < ; s < [  s1+1. Д л я  всех значений s, не леж ащ их на указан ном  
участке, это вы раж ение следует считать равны м нулю тож дественно. 

Д важ ды  ин тегрируя уравнение (14), будем иметь

x í — s -f- -f- к2 s -f- В., -(- B 3 ;
I________ I I________ I I________ I
0 s s, s s 2 S 2 s  s r

xi — ~  s2 +  -B is +  B t —  k2 s2 +  B 2 s +  B 5 -f-  ̂ ^

I____________________I I_________________________ I
0 s s l s s 2

+  -B3 5 +  Bß ,
I__________I
S 2 S  S f
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где B v  ü 2. . . ß 6 — постоянны е интегрирования, при определении которы х 
д о лж н ы  быть использованы  условия непреры вности аппроксимирую щ ей 
ф ун кц и и  и и ее производной:

* i (s i +  0) =  Ху ( s L — 0 ) ,  х[ ( sx +  0) =  х[ (sl — 0 ) ,

(s2 +  0) =  ( s 2 — 0 ) , x[ (s ,  +  0) =  x[ (s, — 0 ).

П одставляя зн ачен и я  x i и х \ из (16), получим :

~  sï +  В \  s i +  В t =  ~  к., sf В., sx -f- В 5 ;
Z Z

Ад Sy  4 "  ^ 1  —  ^2 S1 * ^ 2  ’

~  ^2 52 4 “ ^ 2  S 2 ~Í~ ^ 5  =  ^ 3  S2 “4  ^ 6  ’

AIff $2 4  -^2 —  # 3  *

П оскольку парам етром  является длина дуги s, то уравнению  абсцисс 
x Y =  Xy(s) контура отвечает определенная к р и в ая .

У равнение для о р д и н а т ^  =  y x(s) кон тура вы текает из дифференциалы- 
ной зависимости ds2 =  ôx\  - f  dyl  откуда

(17)

(18)

J i  (s ) =  Уы (19)

П ри построении ф ун кц и и  *,(s) долж но вы полняться  условие сущ ест
в о в а н и я  кривой, вы р аж ен н о й  уравнениями в парам етрической форме х х =  
=  % (s), у х =  jj(s ) . Это условие имеет вид

dxj

ds
<  1 ( 20)

К ром е при ближ ения функции ^ (s )  к  x(s) по средним значениям  второй 
производной согласно услови ю  (15) оказы вается возмож ны м при трех  участ
к а х  с различными постоянны м и значениями ф ункции x'{(s) получить совпа
дение приближ енной и зад ан н о й  кривых в д ву х  точках . При этом три зн а
чен и я  si на границах у ч астко в  (sx, s2, sr) не м огут вы бираться произвольно, 
а д о лж н ы  определяться вместе с постоянными интегрирования 5 ,  общей 
систем ой уравнений. Они получаю т новые зн ач ен и я  sí, s2, s'r.

У словия совпадения координат и касательн ой  в некоторой точке 
s =  sc запиш ем в виде

A cta  Techn. H ung. 50. (1965)
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dx.

d x l ds I dx

d j l  \s = Sc dJ i

ds is=s;
dJ  [

( 21)

Если совпадение имеет место в начальной  (sc =  s0 =  0 ) и конечной 
(sc =  Sr) точках контура, то после подстановки  в (21) вы раж ений д л я  х г и у 1 
из (16) и (19) получаем  уравнения:

~  k i *о +  в 1 +  ß 4 =  * ( s 0) =  *o ;

УI (so) =  J io  =  J  (so) =  Jo  ; 

d x { к t s0 -(- By  d* j

dJ i  L  y ï — (fci so + B i Y  dj ls-5„ 
B 3 s'r +  B e =  x  (sr) ;

Jio

d H

+ J . Ï F 1-
B ,

dXj
- d i -

ds

dx

=  У (Sr

dJ l y i  -  B I dу S = S r

( 22)

(231

Система девяти уравнений (18), (22), (23) определяет д евять  неизвест
ных B v  В 2, В 3, В 4, B ô, B ÿ, s(, s'2> s'r. В виду того, что второе у р ав н ен и е  сис
темы (23) является  трансцендентным практи ческое решение систем ы  можно 
вести, предварительно задав несколько  значений одного из неизвестны х, 
например si, и реш ать восемь уравнени й .

Второе уравнение системы (23) с л у ж и т  для контроля вы бора величины
/Si.

При выбранном полож ении н ач ала  координат (фиг. 2) имеем:

*0 =  0 ,  * 0 =  0 ,  Jo =  0 ,

d x  d x  I
----  =  О , ----- =  OO .
d * ls =  So d s  ls =  5r

И з уравнений (22) и третьего у равн ен и я  системы (23) получаем :

ß 1 =  ß 1 =  0 :  В л =  1 .

Остальные неизвестные В ,,  В,0, Be, sí, s'2} s’r определяются ш естью  остав
ш имися уравнениями системы (18) и (23).

Рассмотренное здесь аппроксим ирование кривых задан ны х в парам ет
рической форме легко  обобщается для  сл у ч ая  произвольного ч и сл а  участков 
с постоянными значениями функции х'[.

1 7 Acta Techn. H u n g .  50 . (1965)
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IV. Формуы для напряжений в оболочках с аппроксимированным 
контуром поперечного сечения

Формулы (2) на основании соотношений (4) и (5) принимают вид*

n=i а2 а
Sin Z

-  2  А пп = 1
fn2 (Sr) v ' í ------- fh i  К )  rll —  / л 2  (s) sin a z ;

=  2  +  cn ъ )  sin a z
П= 1 

oo

+  2 A "  [a2fn2 (Sr) Vl -  afr>2 (Sr) V2 — a2fn2 ( » ) ]  sin «2  j
n—1

r= у ~ v \  +  — *i2 cos a z

(24)

^  A n [a  f n2 (sr) r/[ — f'n2 (sr) n2 — a f n 2 00 ] cos a  s ,

где ф ункция f n2(s) о п р ед ел яется  формулой (8), ко то р ая  после подстановки 
х" =  х\ по вы раж ению  (14) и интегрирования м о ж е т  быть записана в форме:

2 а 4
-------f n 2 (s) =  fcj (2 cosh  a s — a s  sinh a s  — 2) -j-

-f {a(s—s1) s in h a  (s — Sj) — a s  sinh a s  - f  2 [co sh  a s  — cosh a (s—Sj)]} +

S

+  fc2 {2 [cosh a  (s — Sj) — l ]  — a ( s — Sj) s in h  a (s — Sj)} -j- (25)

s2
-|- /Cj [a (s —S j)sin h  a  ( s — sx) — a s  sinh a s -(- 2 [cosh  a s  — cosh a (s—sx) ] } -f-

-)- fe2 [a  (s — s2) s in h  a  (s — s2) —

— a (s — Sj) s in h  a  (s — s j  +  2 [cosha(s — Sj) — cosh  a (s — s2)]}.

З н ак  1 — 1 является раздвинуты м  знаком
(см. формулу (14)).

* В формулах (24) и далее для упрощения записи индекс ' (штрих) вверху sr, и  
s2 опущен.
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П ервая и вторая  производные функции f n2(s) по s получаю т вы р аж ен и я :
9. о -ч /пг (s) = к х (sinh a s — a s cosh a s) -)- 

Е  |________________________ I
О s s,

k l [a (s — s2) cosh a (s — Sj) — a s  cosh a s  — sinh a (s — Sj) -f- sinh as] 4~

-j- k 2 [sinh a (s — s,) — a (s — Sj) cosh a (s — sj] + (26)

+  fcj [a  (s — s.) cosh a (s — s j  — a s  cosh a s  —
i _ ______________________________________ __ .
s-, s

— sinh  a (s — Sj) s inh  a s] -j~

4- k2 [a (s — s2) cosh a  (s — s2) —

— a  (s — s j  cosh a (s — Sj) — sinh  a  (s — s2) -f- sinh a (s — S j ) | .

2 a2
—=— f n 2 (s) =  — fc] a  s sinh a s +

E  I_______________ I
0 s  Sj

+  (к I — k 2) a (s — s j  s in h  a  (s — st ) — k x a s  sinh  a s -f- (27)

S| s s3

+  (kx — k.2) a (s — s j  s in h  a  (s — Sj) — k x a s sinh  a s 4"
I_______ ___________________________  . . .
S2 S

4- k 2 a (s — s2) sinh  a  (s — s2) .
. . . _ _______________ I

/ n2(sr) и fni(s,) — представляю т собой значения функций /n2(s) и, соответст
венно, ее производной / „ 2(s) п ри  s =  sr.

A n определяется вы раж ени ям и  (10) и (11) причем формулы (12), (13) 
для  величин Ô, А а, А с после подстановки значения х" = х'[ по уравнению  
(14) и интегрирования получаю т вид:

1
- « 5 = - 4  <**/«(*,)

+ 4 a fn 2 (sr)

------------- (<Рз +  Un (pi) Н 1 4-

<Ра  Н 2 --------- --- < р 3  я,

Е
а

к \ Л ) J 4- fe2 (fej fc2) (ß _|_ k L _
(2 8 )

-2>3

2 * i , ;
-  (*! -  Sl)a
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где

А„ =  4 <Рз Н , ------(9?3 + и п <рх) Я, h ;

4  =  Н . ,-----— ?'3 Я, h ,

Я, = (fcj — к 2) sinh a s, 4" к 2 sinh a  s2 ;

Я2 = (к х — к.,) J7)0 + к г s2 cosh a  s2 ------ sinh as2
1
a

JZ>0 =  Sj cosh a S j ------sinh a s,  ;
a

1 2 1
JDX = ---  --- sinh as,— J30 — 2 s, ;

a  a  )

JZ52 — a  ( s 2 — s,) cosh a  (s2 — s,) —  3 sinh a  (s2 — s,) ;
JZ)3 = a s, cosh a s ,  — a s2 cosh a s2

-f- 3 (sinh a  s2 — sinh a s , ) .

(29)

(30)

(31)

Функции 17, =  17,(s) и i]2 — ?72(s) вычисляются по уравнениям (б) 
Функции rjí =  Í?í(s), Пг =  ^(*), *?í =  r)'i(s), r)”2 =  rf2(s) представ

ляют собой первые и вторые производные функции 17, и »]2 по s. 
Коэффициенты ап и сп определяются формулами Фурье

2 Г 2 Г;ап = ---р (z) sin a z dz , сп — — t (z) cos a z dz.
I Jo 1 Jo

Первые суммы в ф орм улах (24) соответствую т известному в теории 
уп ругости  решению Ф ай л о н а  для плоской прям оугольной пластинки [5], 
представляю щ ей собой развернутую  на плоскость  оболочку и загруж ен н ую  
по продольным к р аям  задан ны м  силами p(z)  и t  (z). Вторые суммы являю тся 
специфичными для оболочек  с неизгибаемым контуром .

Расчеты по приведенны м  формулам удобно проводить на электрон
ны х числовых м аш инах.
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ST R E SS E S IN  C Y L IN D R IC A L  S H E L L S  W IT H  SY M M E T R IC A L  C R O SS-SEC TIO N

J .  N .  N I K O L S K I

SU M M A R Y

T he p ap er d eals w ith  th e  th eo ry  of stresses a ris in g  in  cy lindrical shells w ith  sy m m e tr ic a l 
cross-section . W ith  th e  help  o f th e  fo rm ulae  d e riv ed  in  th e  p ap er th e  stresses a ris in g  in  th e  
m iddle  surface  of a shell can  be com p u ted  for any  sy s te m  of loads. The pap er p re sen ts  th e  so lu 
tio n  of th e  p rob lem  in  th e  fo rm  of trig o n o m e trica l series.

S P A N N U N G E N  IN  Z Y L IN D E R S C H A L E N  M IT SY M M ETR ISC H EM  Q U E R 
SC H N IT T

J .  N .  N I K O L S K I

ZU SA M M E N FA SSU N G

Die A rb e it b e h a n d e lt  die T heorie von Z y lin d ersch a len  m it sym m etrischem  Q u e rsc h n itt .  
M it H ilfe de r a b g e le ite ten  Form eln  können  die in d e r  M itte lfläche  der Schalen e n ts te h e n d e n  
S pann u n g en  fü r je d e s  beliebige S ystem  von B e la s tu n g en  berech n et w erden . D ie A rb e it  g ib t 
die E rgebnisse  in  F o rm  von trigonom etrischen  R e ih e n  an .

L E S  C O N T R A IN T E S E N G E N D R É E S  DANS L E S  V O IL E S  C Y L IN D R IQ U E S  D E  S E C T IO N
S Y M É T R IQ U E

J .  N .  N I K O L S K I

R É SU M É

L ’artic le  expose la théorie  de voiles cy lin d riq u es de section  sy m étrique . A l’a id e  des fo r
m ules d éd u ite s  p a r l’a u te u r , les co n tra in te s  en g en d rées su r la surface m oyenne des vo iles p e u 
v e n t ê tre  calculées p o u r un  systèm e de charges q u e lco n q u e . La so lu tion  du  p ro b lèm e  e s t  
do n n ée  sous form e de séries trigonom étriques.
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ON ANISOTROPIC TWISTED BARS
A N O N -L IN E A K  A S PE C T  

W. O L S Z A K

P R O F .  D R .  D R .  h .  c .

P O L I S H  A C A D E M Y  O F  S C I E N C E S ,  W A R S A W  

[M anuscrip t rece ived  A u g u s t 28, 1964]

T h e  p ap er is concerned  w ith  certa in  n o n -lin e a r  e ffects in tw isted  a n iso tro p ic  p rism a ti 
bars . T he ana ly sis  is based  on a sim plified th e o ry  w h ich  consists in  the  ex tension  o f  C. W e b e r ’ s  

a p p ro ac h  fo r iso trop ic  b a rs  to  an iso trop ic  p ro b lem s.
T h e  d is tr ib u tio n  of lo n g itu d in a l stresses a n d  th e  sh o rten in g  phenom enon a re  s tu d ie d , as 

well as th e  increase  o f to rs io n a l rig id ity  due to  th e  p resence  o f long itud inal s tre sse s . P ra c tica l 
conclusions are  d raw n  b y  con fro n tin g  th e  b e h a v io u r  o f an iso trop ic  and  iso tro p ic  b a rs . The 
A pp en d ix  sk e tch es th e  lin ea r th eo ry  of an a n iso tro p ic  p rism atic  b a r under to rsio n , b a se d  on the  
ap p lic a tio n  o f th e  stress fu n c tio n .

1. General Remarks. The Statem ent o f the Problem

I t  is a know n fa c t th a t  cases of p u re  to rs io n  accom panied  b y  co n sid e rab le  
ang les o f  tw is t m ay  o ften  occur in en g in ee rin g  p rob lem s. T hey  lead  to  n o n -lin ea r 
effects.

T h e  prob lem s o f th e  non -linear th e o ry  o f e la s tic ity  m ay  be  c lassed  in 
tw o g ro u p s:

— geom etrica lly  non-linear, an d
— physica lly  n o n -lin ea r p ro b lem s.

O f cou rse , “ m ixed”  ty p e s  m ay  also o ccu r.
T h e  p rob lem  u n d e r  consid era tio n  resem b les  th a t  of b en d in g  a  th in  steel 

s tr ip  w h ich  can  be b e n t  to  form  a fu ll r in g  o r even  m ore. Such a p h en o m e n o n  
is p ossib le  w ith in  th e  v a lid ity  of H o o k e ’s law .

S im ila rly , th e  m a te r ia l o f a b a r  s u b je c t to  to rsion  m ay , d e sp ite  large 
d isp lacem en ts  an d  ang les of tw is t, b e h a v e , in  a ce rta in  ra n g e , e la s tic a lly , 
so th a t ,  a f te r  rem o v al o f  th e  to rq u e , th e  b a r  assum es its  o rig inal fo rm .

S u ch  is th e  p ro b lem  to  be d e a lt w ith  in  th e  p resen t p ap er. I n  th is  p ap e r 
on ly  th e  f ir s t  p a r t  o f  th e  prob lem  is s tu d ie d : th e  elastic  response  o f  th e  b a r. 
T h e  second  p a r t  will follow  the  e v o lu tio n  o f  its  beh av io u r w hen  p a ss in g  in to  
th e  e la s tic -p la s tic  ran g e  an d  also a n a ly z e  i ts  u ltim a te  load c a rry in g  c a p ac ity . 
I t  sh o u ld  be added  t h a t  we shall co n s id e r a re c tan g u la r  b a r  o f  an iso tro p ic  
s tru c tu re . In  th is  co n n ec tio n  we sh a ll a lso  consider th e  lim it case  o f  a v e ry  
n a rro w  re c ta n g u la r  cross-section .
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264 W. OLSZAK

A  ty p ica l e lem en t su b je c t to  to rsion  w ith  considerab le  angles o f  tw is t  
a re  d rillin g  devices, e sp ec ia lly  for large d rillin g  d e p th s .1

B u t  also in  c iv il en g ineering  to rsion  is a m ore  freq u en t p h en o m en o n  
th a n  u su a lly  supposed . A  n u m b e r of s t ru c tu ra l  e lem en ts  u sua lly  co n sid e red  
to  b e  su b je c t to  b e n d in g  a lone  m ust also c a r ry  considerab le  to rq u e s .3 A s a n  
e x a m p le  le t us m en tio n  a n g u la r  (“ b roken” ) g ird e rs .4 In  such s tru c tu re s , h o w 
ev e r, th e  angles o f tw is t  a re , as a rule, sm all. T h is  m ay  be q u ite  d iffe re n t fo r 
sp ace  fram e  system s w h ich  can  be exposed to  co n sid e rab le  to rq u es , th e ir  t o r 
sio n a l rig id ities be ing  u su a lly  sm all.

T h e  p resen t p a p e r  h a s  been conceived in  connec tion  w ith  th e  d es ig n  
o f  a m easu rin g  device th e  ce n tra l elem ent o f  w h ic h  was an an iso tro p ic  sh a f t  
s u b je c t  to  large tw is tin g  ang les and  for w h ich  a  h ig h  degree of acc u ra cy  w as  
re q u ire d .

T h e  to rsion  in v o lv in g  large  tw isting  ang les is  accom panied  b y  a c e r ta in  
s e c o n d a ry  effect: th e  c h a n g e  of th e  len g th  o f  th e  b a r  caused by  th e  lo n g i tu 
d in a l s tresses w hich a re  g e n e ra te d  in such a case  (even  for pure  to rs io n ).

T h e  m echan ical p ro p e r tie s  of th e  a n iso tro p ic  rec tan g u la r  b a r  u n d e r  
c o n s id e ra tio n  are su p p o sed  to  be re la ted  to  th r e e  p lan es of e lastic  sy m m e try  
c o n n e c te d  w ith  th e  sy s te m s  of th e  axes 1, 2, 3. T h is  is th e  case o f a n iso tro p y  
o f th e  “ p rism a tic ”  ty p e  ( “ o r th o tro p y ” ). O f th e  s e t  o f  9 elastic  c o n s ta n ts  d e te r 
m in in g  th e  elastic  b e h a v io u r  of such a m a te r ia l, w e shall need, in  v iew  o f th e  
c h a ra c te r  o f th e  co n sid e red  p rob lem , only 3, v iz . E 3, G13 and  G23.

I f  a p rism atic  b a r  o f  a n y  cross-section is s u b je c t  to  to rsion  b y  tw o  co u p les  
a c tin g  on its  ends a n d  lo c a te d  in  planes n o rm a l to  th e  axis o f th e  b a r , i t  is 
a ssu m e d  as a ru le t h a t  th e  g en era tin g  lines o f  th e  cy lin d er rem ain , fo r sm all 
an g les  o f  tw ist, s tra ig h t. I t  is assum ed, in a d d it io n , t h a t  th e  d istances betw  een  
sp ec ified  cross-sections, th o u g h  w arping5 occu rs , re m a in  unchanged .

H ow ever, th ese  a s su m p tio n s  are no m ore  ju s tif ie d  for large angles o f  
tw is t ,  as has been p o in te d  o u t  b y  C. W e b e r  [2 0 ].e T h u s , for in stance , g e n e ra tin g  
lines o rig in a lly  s tra ig h t an d  p ara lle l to  the ax is o f th e  b a r , becom e a fte r  d e fo rm a 
tio n  sp ira ls . The d is ta n c e  b e tw een  the  ends o f  a  sp ira l, m easured  a long  th e  
ax is  o f  th e  b a r, is less th a n  th e  p rim ary  le n g th  o f a genera ting  line . T h is

1 F o r  b a rs of co n sid erab le  len g th , a critical v a lu e  o f th e  to rq u e  m ay be fo u n d  fo r w h ich  
th e  re c t il in e a r  form  of th e  b a r  is n o  m ore stable (cf. A. G. G r e e n h i l l  [6]2 and  E . Sc h w e r i n  
[15]). I t  m ay  be show n, in  th is  co n n ec tio n , th a t  a co m p ress iv e  force reduces, a n d  a ten s ile  
force  ra is e s  th is  c ritica l v a lu e  (cf. e .g ., A. N. D i n n i k  [3] a n d  J .  W . Ge c k e l e r  [5]). A n a n a l 
ogous case  o f to rsional “ s t if fe n in g ”  of th e  bar was d iscu ssed  in [20], [19], [2].

2 N u m b ers in sq u are  b ra c k e ts  refer to the  lis t o f re fe re n ce s  a t  the  end of th e  p a p e r .
3 Cf. e.g ., W . Olsza k  [13].
4 S u ch  sys tems were  e x a m in e d  by  W. W i e r z b ic k i  [21].
5 F o r  iso trop ic  b a rs , th e  c irc u la r  and  an n u la r se c tio n s  c o n s titu te , in th is  re sp ec t, e x c e p 

tio n s . T h e  case of an iso tro p ic  b a rs  is  qu ite  different. T h is  w a s  d iscussed  in d e ta il in o u r p a p e rs  
[14]. Cf. a lso fo o tn o te18.

6 Cf., e.g ., S. P . T i m o s h e n k o  [19] or M. S. G. Cu l l i m o r e  [2]. W e ad o p t a s y s te m a tiz a 
tio n  p ro p o se d  in  these  p a p e rs . T o  fac ilita te  com parison  o f  re su lts ,  we in tro d u c e , w h e rev e r  
p o ss ib le , sim ila r n o ta tio n s  in  w h a t  follow s; the  a rg u m e n t is  also  exp lained  in a s im ilar w ay .
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ON ANISOTROPIC TWISTED BARS 265

sh o rten in g  increases w ith  increasing  angles o f tw is t. I t  follows th a t  also tw o 
neighb o u rin g  cross-sec tions, w hich  — in  th e  classical schem e — are  su p p o sed  
to  be im m ovab le  a long  th e  ax is, w ill a p p ro a c h  each  o th e r.

T he o rig ina lly  s tra ig h t lo n g itu d in a l fib res  defo rm , as a lre a d y  s ta te d ,  
in to  sp ira l lines. T h e ir in c lin a tio n  ang le  is n o t c o n s ta n t; i t  v a rie s  in  d ire c t 
p ro p o rtio n  to  th e  d is tan ce  from  th e  ax is  o f th e  b a r  (or, m ore s tr ic t ly , from  its  
ax is o f tw is t) . T he ax is itse lf  rem ains s tra ig h t.

T h u s, th e  g re a te r  th e  d is tan ce  b e tw een  th e  f ib re  u n d e r co n sid e ra tio n  
an d  th e  axis o f  tw is t , th e  g re a te r  i ts  in c lin a tio n  an d  sh o rten in g . H o w ev er, 
th e  lo n g itu d in a l fib res  can n o t sh o rten  in d iv id u a lly . T h e ir b e h a v io u r  depends 
on th e  n e ig h b o u rin g  fib res. H ence, as an  effec t, th e  ex te rio r  f ib re s  a re  con
s tr a in t  b y  th e  in te r io r  ones, an d  so su b je c t to  ten s io n , w hereas th o se  lo ca ted  
close to  th e  ax is  o f tw is t will be in  a s ta te  o f com pression . T hese  ph y sica l 
p h en o m en a  acco m p an y  th e  “ sh o rten in g  e ffec t” .

2. Sim plified Theory

T he genera l th e o re tic a l ap p ro ach  to  non  lin ea r  prob lem s req u ires  an  a p p ro 
p r ia te  d e fin itio n  o f th e  s tra in  ten so r.

I f  we d en o te  b y  th e  q u a n titie s  y rs th e  sy m m etrica l co m p o n en ts  o f th e  
c o v a ria n t (second ra n k ) s tra in  ten so r, we f in d  (cf. [17])

Yrs =  —  (Vr us +  V s ur +  W  И" V s  un) • (2.1)

T hus th e se  com p o n en ts  are  g iven  in  te rm s  o f th e  co m p o n en ts  o f th e  
d isp lacem en t v e c to r  и w ith  re sp ec t to  th e  u n d e fo rm ed  b o d y  В  (L a g ra n g ia n  
v a riab les). H ere  \  r u m deno tes th e  c o v a r ia n t d e riv a tiv e

\  r u m =  d r u m — I S Us, I2-2)I тГ J
I s ta n d in g  for the  C hristoffel sym b o l o f th e  second k ind  ca lc u la ted  for th e

co n fig u ra tio n  В  from  th e  m etric  ten so rs  g rs, g rs.
A lte rn a tiv e ly  we could define  y rs in  te rm s  o f th e  co m p o n en ts  o f и w ith  

re sp ec t to  th e  defo rm ed  body  В  (E u le ria n  va riab les).
W hen  re fe rred , e.g ., to  th e  C artesian  sy stem  (x,, x2, x3) in  th e  s ta te  B ,  

we fin d  th a t
Qui *> 9 u , ]2 du.. 2

+ — 4  + —

0*1 9*, J Эх,

1
У г з = у

Эи2 [ 

. 9*3

ди3
дх2

1
т  Y N

2 
*

CD j CD

Эы,

+
9 и2 
дх2

Эы2

Э*3
+  9«3 

Эх,
• , е ,с

а» , )

(2.3)
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I n  a n  a lte rn a tiv e  w ay, we cou ld  d erive  th e  q u a n titie s  yn , y№ e tc  . . 
r e fe r re d  to  th e  C artesian  sy s tem  (x±, x 2, x3) in  th e  s ta te  B .

O b v io u s ly , th e  classical th e o ry  o f  e la s tic ity  is as a ru le concerned  w ith  
sm a ll d e fo rm a tio n s  fo r w hich  th e  d e riv a tiv e s  o f  d isp lacem en ts  can  be d is re 
g a rd e d  w h e n  co m p ared  w ith  u n ity , as w ell as th e  p ro d u c ts  o f tw o  d isp lacem en ts  
or th e i r  d e r iv a tiv e s  w hen  c o m p ared  w ith  th e  lin e a r  expressions o f th ese  q u a n 
ti t ie s . T h e n  th e  la s t te rm  in e q u a tio n  (2.1) d isap p ea rs  an d  we f in d  fo r y rs th e  
k n o w n  lin e a r  d efin itio n .

T h e  fo rm  o f th e  non lin e a r  e q u a tio n s  (2.1) show s th a t  an  a t te m p t  to  use 
th e m  w h e n  in te g ra tin g  th e  basic  se t o f  e q u a tio n s  fo r specified  b o u n d a ry  v a lu e  
p ro b lem s, obv io u sly  leads to  g re a t d ifficu ltie s .

Me

A s a m a t te r  o f fac t, i t  is n o t  a lw ays n ecessary  to  have  recourse  to  th e se  
e q u a tio n s  in  th e ir  general fo rm  (2.1). T his will also be th e  case in  o u r p re se n t 
p ro b lem .

T h e  sim p lified , su ffic ien tly  a p p ro x im a te  th e o ry  will be based  on th e  
a n a ly s is  o f  th e  physica l p h en o m en a  w hich a c c o m p a n y  to rs io n a l p rocesses 
in v o lv in g  co n sid erab le  angles o f tw is t. T he a rg u m e n t will, a t  f irs t, be analogous 
to  t h a t  in d ic a te d  by  C. W e b e r  fo r iso tro p ic  b a rs  [20].6 F o r an iso tro p ic  b a rs  
th e  c o n d itio n s  m ay  be d iffe ren t.

L e t  u s  consider th e  b e h a v io u r  o f  a p r ism a tic  b a r  show n in  F ig . 1 a n d  
lo ad ed  b y  to rq u e s  M c a c tin g  as describ ed  p rev io u sly . I f  th e  b a r  o f le n g th  l is 
tw is te d  th ro u g h  th e  angle 0 ,  th u s  passin g  from  th e  in itia l undefo rm ed  p o sitio n  
C D E F I J K L  in to  th e  defo rm ed  p o sitio n  C D 'E '  F I J ' f C L ,  th e  edge C D , fo r 
in s ta n c e , in it ia lly  rec tilin ea r, o f  le n g th  l, becom es helical. I ts  len g th , m easu red  
on th e  su rfa c e  o f th e  cy lin d er o f  ra d iu s  R  an d  le n g th  l, is

L  — C D ' — У l2 +  R 2 в 2 -  - l
у-г

1 4- — =  1 1 - f  —  (0 R )2
cos у 2 2

w here  d e n o te s  th e  angle o f tw is t  p e r u n it len g th

0  =  - 1 0 .  (2.5)
l
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T he increase  o f le n g th  is, th e re fo re ,

A lR =  L  — l — l 1 + R f)
l

— 1
( 2 - 6 )

T h e n , th e  s tra in  is7
_  A lR r w  1

e m a x
/ 2 /2 2

T he co rrespond ing , ten sile  s tress is

@ m  я v  £
1

m a x  c m a x  '  ^3  " ^ 3  •

(2.7)

( 2 . 8 )

F o r an y  fib re  S T , a t  th e  d is tan ce  r fro m  th e  axis, the  s tra in  is less and  
e q u a l to

(2.9)(if-
H ence, th e  co rresp o n d in g  tensile  s tre s s  is

2 1 E 3 #2 |*2 . ( 2 . 10)

O ur a ssu m p tio n  w as, how ever, th a t  th e  d is tan ce  betw een  tw o  sections 
re m a in s , d u rin g  to rs io n , u n a lte re d . T h is is e q u iv a le n t to  th e  p o s tu la te  th a t  
th e  b a r  is su b jec t to  lo n g itu d in a l s tresses a r d e fin ed  in (2.10), w h ic h  k eep  its 
le n g th  u n a lte red .

B u t, since such  a lo n g itu d in a l force does n o t ex ist, the  b a r  b e in g  su b jec t 
to  to rq u e s  on ly , th e  to rs io n  m u st n ecessarily  be  accom panied  b y  a sh o rte n in g  
o f  th e  b ar.

L e t us assum e th a t  th is  u n it  sh o rte n in g , th e  sam e for e ach  p a r tic u la r  
f ib re , is equal to  e0. T h en , in stead  o f (2 .10), we ob ta in

ar = —  E 3 # 2 r2 —  s0 E 3 . (2.11)

Since th e re  is no lo n g itu d in a l fo rce , s0 has to  be c o m p u te d  fro m  th e  
co n d itio n  th a t  th e  re s u lta n t  o f all th e  s tre sse s  (2.11) vanishes:

L d A  =  0 . ( 2 . 12)

T he cosines o f  th e  in c lin a tio n  angles o f  th e  fib res to  th e  ax is  h a v e  been 
assum ed  to  be eq u a l to  u n ity . H ence

e0 =  —— I # 2 r2 d A  , 
2 A  J A

(2.13)

7 As a m a tte r  o f  fa c t, th e  n o ta tio n s  cmax a n d  u max arc  no t re la ted  to  e x tr e m u m  values. 
H o w ev er, since no e rro r is possib le , we a d o p t th e m  in  w h a t follows. On th e  o th e r  h a n d , the  
v a lu e s  o f CTm|n an d  r max w hich  will a p p ea r la te r , a re  re la te d  to  ex trem a.
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w h ich , in  th e  case o f  a re c ta n g u la r  b a r, is

I bl2 r + h /2

2 Z - '

1 r+b/2 r

' bh J _fc/2 J 1
d2 (x2 +  y 2) d x d y  = ---- &2 (b2 - f  h2) . (2.14)

b/2 J -л /2 24

O n re tu rn in g  to  th e  expression  (2.11) a n d  su b s titu tin g  th e re in  fo r 
(2 .14), w e fin d , in  tu r n ,  th e  lo n g itu d in a l s tre sse s  w h ich  are v ariab le  f ro m  f ib re  
to  f ib re

a r - —  E . &2 
2

b2 +  h 2 j8
12 Г

(2.15)

I t  is notv easy  to  o b ta in  th e  d istance  rn o f  th e  “ n e u tra l” fib res  s u b je c t  
to  no  lo n g itu d in a l s tre s s . W e have

r n —  Í tW " 2*- (2.16)

F ro m  (2.15) i t  is seen  t h a t  for r <  ]/(b2 -)- /i2)/12 th e  stresses ar a re  n e g a 
tiv e  ( th e  ce n tra l p o r t io n  o f  th e  b a r  is su b je c t to  lo n g itu d in a l co m p ressio n ); 
on th e  o th e r  h an d , fo r  r >  \ ( b 2 -(- h2)/12 th e  s tre s se s  ar are positive ( th e  o u te r  
p a r ts  a re  su b jec t to  te n s io n ) .

T h e  g rea te s t v a lu e s  o f  these  stresses will o c c u r  in  fibres a t  th e  g re a te s t  
d is ta n c e  from  th e  ax is , t h a t  is in the  four c o rn e rs  N  o f th e  rec tang le  (F ig . 2), 
for w h ich  r2 =  R 2 =  (b2 -j- h2)/4. Hence

=  Or = - ~  E 3 § 2 (b2 +  h 2) . (2.17)

O th e r  c h a ra c te r is tic  v a lu es  are those  (F ig . 3) in  th e  m iddle of th e  s h o r te r  
side H, (гв =  Л/2); in  th e  m id d le  of th e  lo n g er s id e  H , ( г ц ~  b/2); and  a t  th e  
ax is , (r0 =  0). W e h a v e  resp ec tiv e ly

a R = -  1 E ..d 2 ( 2 h 2 — b2) ,
24 d

a H = —  E 3 &2 ( 2 b 2 — h 2) , (2 .18)
24

<j0 =  — ~ ^ r E 3 &2 (b2 +  h 2) .
24

I f  we are in te re s te d  in  a f la t  p rism atic  b a r  fo r  w hich b2 can be a ssu m e d  
to  be  neglig ib le in  re la t io n  to  hr, we find  fro m  (2.15) th e  follow ing s tre s s

8 T h e  cond itions o f th e  p ro b le m  require  th a t  th e  e n d  sec tio n s  be free from  n o rm al s tre s s 
es. So th e  stresses (2.15) o c c u r  o n ly  a t  a certain  d is tan c e  fro m  th e  ends. S h o rt en d  p o rtio n s  
w ill be in  a  s ta te  o f stre ss  m o re  co m plex  th a n  w ould fo llow  fro m  th e  above re la tio n , th is  s ta te  
be ing  a fu n c tio n  of th e  v a r ia b le s  x , y ,  and  z. I t  sh o u ld  a lso  b e  ad ded  th a t  th e  lo n g itu d in a l 
s tre sses  as described  b y  th e  a b o v e  expressions can be p ro d u c e d  on ly  when th e  ends o f  th e  b a r  
are  free  to  undergo  lo n g itu d in a l  d isp lacem en ts c o n n ec te d  w ith  th e  d ep lanations o f  cross- 
sections.
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Л  H

Щ
<7 N

H
0

N a; N

Fig. 2

N

d is tr ib u tio n  (F ig . 4 )9

o x  = ---- E.. &- X-
9  J  I

h2

12
(2.19)

I t  is now  easy  to  fin d  its  g re a te s t p o sitiv e  v a lu e  (tension) for th e  m ost 
d is ta n t  fib re , x  —  Л/2, as well as th e  m in im u m  v a lu e  (m ax im u m  com pression) 
w h ich  occurs a t  th e  ax is o f  th e  f la t  s tr ip , a; == 0. T hese  q u a n tit ie s  are, resp ec
tiv e ly ,

12
E., Г- h2, mя V _  £  #2 h2 

24 3
( 2. 20 )

9 F or th is  p a r tic u la r  case cf., for in s tan c e , [19].
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T h e  d is tan ce  of th e  “ n e u t r a l”  fib res  is

rn =  ±  h =  0,289 h . (2.21)
2 JA 3

T h e  fo rm  of th e  fu n d a m e n ta l re la tio n  (2.15) show s th a t  th e  m o st ty p ic a l 
f e a tu re  o f  th e  phenom enon  is t h a t  th e  stresses ar are no m ore a lin e a r  b u t  
a q u a d r a t ic  function  o f th e  a n g le  o f  tw is t $  (in c o n tra s t  to  th e  k n o w n  lin ea r 
r e la t io n s  o f  th e  th eo ry  o f sm a ll e la s tic  tw ists).

F o r  th e  purpose of e s t im a tin g  th e  o rd er o f m a g n itu d e  an d , th e re fo re , 
th e  im p o r ta n c e  of th e  “ se c o n d a ry ”  lo n g itu d in a l s tresses, we h a v e  now  to  co n 
f ro n t  th e  values of ar an d , in  p a r tic u la r , ax max, w ith  th e  m a x im u m  sh ear 
s tre s s  T m a x  produced  b y  to rs io n . T h is  req u ires  th e  know ledge o f th e  s ta te  o f 
s tre s s  in  th e  case of to rsion  o f  p r ism a tic  an iso tro p ic  re c ta n g u la r  b a rs .

T h e  w ay for o b ta in in g  th is  an sw er being  so m ew hat le n g h ty , i t  is ou tlin ed  
in  a s e p a ra te  section  6. F ro m  t h a t  sec tio n  we ta k e  now  th e  f in a l re su lts  fo r 
d ire c t  a p p lic a tio n  to  th e  p ro b le m  we are  now  in te re s te d  in . In  p a r t ic u la r  we 
sh a ll n e e d  th e  expressions fo r  Tmax H, r max B an d  # , from  th e  e q u a tio n s  (6.12), 
(6 .13) a n d  (6.17), re sp ec tiv e ly . In  a d d itio n , i t  will be n ecessary  to  use th e  
a u x i l ia ry  fu n c tio n s  /j, (6.9), ô (6 .9 ), ß  (6 .14a), x H (6 .14b), a n d  x B (6.14c).

3. A pp lication  to  th e  R ec tan g u la r B ar

I f  th e  value
ß  _ __ ^max

G n .bX(ô)

follow in g  fro m  (6.17) is s u b s t i tu te d  in th e  expression  for m ax im u m  lo n g itu d in a l 
s tre ss  crmax, we o b ta in , from  (2 .17)

12 G213-b2 .P ( ô )
(bn- +  h 2) . (3.1)

D e p e n d in g  on w h e th e r т тах н  o r r max g is used , th is  ex p ress io n  m ay  
he r e w r i t te n  in th e  form

or

1 E , 1 b* +  h2

12 nО

ß2 *îf b2

1 E 3 1 b2 +  h2
12 G12G 13 ß2 х в b2

max И  ’

• T 2max B*

(3.1a)

(3.1b)
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B earing  in  m in d  th e  re la tio n s  (2.18) we can  w rite  th e  ex p ressio n s for 
o th e r  ch a ra c te ris tic  v a lu es  of th e  lo n g itu d in a l s tresses in  th e  fo rm

Jn =  — E.
24 Gf3 ■ 6* • A* (d)

(2 V  -  62),

о я  = ---- E ,
24 Gj3 • 62 • Л2 (ô)

1
cr„ = -------- E.

2 4  G f 3 • 6 2 ■ A2 (ő)

(2 62 -  62),

(62 4- 62) _

(3.2)

E a c h  o f th em  can  now  be  exp ressed  in  te rm s  o f e ith e r  r max H o r  r maxB.
In  th e  p a r t ic u la r  case w hen  a n a rro w  rec tan g le  is c o n s id e red  (62 g> 62), 

we can  w rite  fo r th e  m ax im u m  a n d  m in im u m  values o f th e  lo n g itu d in a l stress

expressions

- ' m i n

and ( 2 . 2 1 ) ]  t h e follow ing !

1 E 3 62
• T 2

1 2 G?3-A*(0) б2 L max

1 E 3 б2
.  r 2

2 4 G‘i3 • A2 (Ô) 62 l max

(3.3)

I t  is seen th a t  th e  lo n g itu d in a l s tre sses  increase  w ith  th e  sq u a re  of the  
g re a te s t  va lue  o f  th e  sh ea r s tre ss  ( 4 ах).

T he q u a d ra tic  depen d en cy  o f  one o f  th e  s tress co m p o n en ts  o n  th e  c h a r
a c te ris tic  d e fo rm a tio n , w hich cou ld  a lre a d y  be seen in  (2 .15) a n d  (2.19), 
show s clearly  th e  d e v ia tio n  of th e  p h en o m en a  from  lin e a r ity  w h ich  co n stitu te s  
th e  basic  fea tu re  o f th e  “ classica l”  so lu tio n . C o nsequen tly , a ra p id  increase 
o f  th e  lo n g itu d in a l s tresses w ith  in c rea s in g  angle  of tw is t & is th e  re su lt.

As show n b y  M. S. G. C u l l i m o r e  [2], m easu rem en ts  o f  lo n g itu d in a l 
s tresses in a lu m in iu m  b ars  have  p ro v e d  th a t  th e  th e o re tic a l p a ra b o lic  re la tion  
is in  fa ir ag reem en t w ith  re a lity  (cf. F ig . 5).
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T h e  an iso trop ic  p ro p e r t ie s  o f  m eta l b a rs  m a y  e ith e r  be caused  by  th e  
te c h n o lo g ic a l p ro d u c tio n  p ro c e ss  (ro lling , for in s ta n c e ) , o r else th e  a n is tro p y  
m a y  b e  connected  w ith  th e  p ra c tic a l  s tru c tu ra l a r ra n g e m e n ts  a d o p ted  fo r th e  
e le m e n t u n d e r c o n s id e ra tio n .10

4. T o rs io n a l Stiffening o f th e  B ar

T h e  presence of lo n g itu d in a l stresses “ s tiffe n s”  th e  b a r ag a in s t to rs io n . 
F o r  a n iso tro p ic  bars th is  p h e n o m e n o n  is essen tia lly  s im ila r  to  th a t  for iso trop ic  
b a rs . F o r  th is  reason we sh a ll  m en tio n  i t  only  b r ie f ly .11

T h e  long itu d in a l s tre s se s  d iscussed above co in c id e  w 'ith th e  d irec tio n  
o f lo n g itu d in a l fibres o f th e  tw is te d  bar. T h erefo re , th e y  are  n o t p a ra lle l to  
th e  z -a x is . T heir in c lin a tio n  to  th is  axis is &.

B y  ca lcu la ting  th e ir  p ro je c tio n  on th e  p la n e  n o rm a l to  th e  z-axis we 
o b ta in ,  w h en  tak in g  (2.15) in to  accoun t,

ar • d r — -----E 3 &3
b2 +  h2 

12
(4.1)

N o w  we can co m p u te  th e  m om ent of th is  c o m p o n e n t w ith  re sp ec t to  
th e  z -a x is . This m ay be fo u n d , w ith  an accu racy  su ff ic ie n t for our p u rp o ses , 
to  he

1
E 3 IP r2

b2 +  Л2 | 12>

12 J
H  en ce  th e  to rq u e  d u e  to  th e  stresses a r is

1 Г+Ы 2 Л+А/2

=  ~l~E3â3 Г ' -  Г A/V +  /)[* *  +  у 2
2  J — b 12 J  — Л/2 (

b- +  h2
d x ■d y  =

b- +  h- 

12
dx  d y  =

360
E 3 &3 bh (b' +  A1) . (4.2)

10 T h e  num erical a sse ssm en t o f  th e  degree of a n iso tro p y  is ex pressed  b y  m eans of th e  
c o e ff ic ie n t fi o f the  d e fin ition  (6 .9 ). A ccord ing  to A. K r u p k o w s k i ’ s  ex p erim en ta l re sea rch , 
th e  d iffe re n ce  betw een tw o o r th o g o n a l  d irec tions m ay  a m o u n t to  a b o u t 1 : /0 .3 ,  dep en d in g  
on th e  k in d  o f th e  tes t piece a n d  th e  m e ta l  considered (due to  th e  ty p e  of techno log ical p ro 
cesses a lo n e ) . T h is “ in h ere n t”  a n is o tro p y  m ay  be com bined w ith  th e  “ s tru c tu ra l”  a n iso tro p y . 
In  h is m o n o g ra p h  [8], S. G. L e k h n i t s k y  in troduced  fo r th e  ra tio  o f shear m oduli, w hich  
is d e c is iv e  fo r //, the value G03/G 13 =  9.

11 c f ., e .g ., [20], [19], [2].
12 T h is  w ould requ ire  a m ore  e x a c t  ap p ro ach .T h e  value  o f  th e  lev e r a rm  has been assum ed  

to  be  e q u a l  to  r.
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T h e to rq u e  due to  th e  sh ear s tresses is, as follows from  (6.10) a n d  (6.11) 
o f  S ec tion  6,

M T -  G13> &-b3 h ß .

S um m ing  up  the  to rq u es  M a an d  M T, we o b ta in  th e  to ta l  to rq u e

M c =  M T +  M ,r =  G l3 Ая h ß& +  -  - E 3 АЛ (A> +  A' ) & ' =-•:
360

’=  G 13 Ь'л hß& 1 +  — ------ —  —  (A4 +  A4) ê 2
360 G)3 A2 ß

(4.3)

E v id e n tly , th is  to ta l  to rq u e  M c, w hich  is necessary  to  p ro d u c e  th e  angle 
o f  tw is t  # , is g re a te r  th a n  th e  “ lin e a r”  to rq u e  M t.

F o r a n arro w  rec tan g le , for w hich A4 §> A4, th is  expression  is so m ew hat 
s im p lified  to  becom e

M c =  G l3b*hß& 1 +
360

1

~ß
(4.4)

As a m a tte r  o f fa c t, ex p erim en ts  h av e  confirm ed th e  o ccu rren ce  o f in 
c reased  rig id ity  o f a tw is te d  b a r  w ith  increasin g  angle ÿ .  T h is  “ s tiffen in g ” 
e ffec t is due to  th e  necessity  o f p ro d u c in g  in  th e  b a r  a d d itio n a l lo n g itu d in a l 
s tre sses  (<Tr), besides th e  necessity  o f p ro d u c in g  a s ta te  of “ p u re  to rs io n ”  (r).

F ro m  these  co n sid e ra tio n s i t  also follow s th a t ,  for in s ta n c e , a tension  
u n ifo rm ly  d is tr ib u te d  over th e  e n tire  cross-section  will in flu en ce  th e  angle 
o f tw is t  o f th e  b a r. Such a force w ill a d d itio n a lly  stiffen  th e  b a r  a g a in s t to rsion . 
T h is can  easily  be show n by  m eans o f th e  follow ing co n sid e ra tio n s .

L e t us assum e th a t  un ifo rm  tensile  s tre ss  a3 is ac ting  on th e  re c ta n g u la r  
sec tio n  u n d e r co n sid e ra tio n . T he fo rm er co n d itio n  (2.12) has now  to  be rep laced  
b y

J crr ■ dA  =  cr3 • АЛ . (4.5)

I f  here ar from  (2.11) is in tro d u c e d , we o b ta in

E

—

Г+Ы* •+hl2 j 1 Q, Л -  I
-  - #  r — e0

J -b j  2. - f t / i l  2

[lowing value  is o b ta in ed

1 r+bl2 Г + Л/2
Û2 (x2 +

~ 2 A . -  6/2 J -hi2

dx  d v  =  <T;! b li .

E„

=  —-  d 2 (A2 +  A2) -  —  
24 E ,

(4.6)

(4.7)
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T he stresses, v a r ia b le  from  fib re  to  f ib re , a re  now  found to  be

A2 +  A2

12 +  аз ■ (4.8)

I f  sim ilar a s su m p tio n s  are m ade fo r th e  d ire c tio n  of th e  stresses a3 as 
p rev io u sly , the  r e s u l ta n t  to rq u e  M a is

__  r+ b j2 r+ h}2
M a =  I Or &r -r d x d y  =

J  -  b/2 J  -ft/2

=  —-— E„ # 3 bh (A4 A4) -)------ - - a3§  bh Œ1 A2) .
360 12

(4.9)

I f  now M T is a d d e d  to  M a, we o b ta in  th e  to ta l  to rq u e  M c, w hich  w ill 
ta k e  th e  following fo rm  re p la c in g  (4.3)

M c =  M T +  M a =  G13 A3 h ß ü - E„ bh (b4 — h4) &3 -f- 
360

H---------- <73 6 Л  ( 6 2 - f -  h 1) û  =  G13 b3h ß &

+  J _ J _ ( 6 2  +  Aa)
12 G13 /3 h2

— -----—— -  (6« +  A4) î?2
360 Gj3 /3 6'1

(4 .10)

T his is now  th e  t o ta l  to rq u e  necessary  to  p ro d u c e  an  angle o f tw is t  •& if , 
in  a d d itio n  to  “ p u re  to r s io n ”  (t), also the  “ s e c o n d a ry ”  lo n g itu d in a l stresses (crr), 
as  w ell as th e  a d d itio n a lly  a c tin g  lo n g itu d in a l s tre sse s  (cr3) are ta k e n  in to  co n 
s id e ra tio n .

F o r a narrow  re c ta n g le  (A4 g> fe4), th is  e x p re ss io n  is sim plified  to  becom e

M c =  G13 fc3 Л &ß 1 + 1 E 3
360 G13

A4

J
№

A2

1 a 3 1 A'J "

12 G ~  b*
(4.11)

I t  is ev id en t t h a t ,  s im ila rly  to  th e  case o f  an  iso trop ic  b a r  [19], th e  
a d d itio n a l lo n g itu d in a l s tre s s  in  a f la t  s tr ip  w ith  la rg e  ra tio  у  =  A/A m ay  
co n s id e ra b ly  reduce  th e  v a lu e  o f th e  angle o f tw is t  # .

5 . P rac tica l C onclusions

L e t us consider th e  t o ta l  effect of all th e  ab o v e  p henom ena an d  co m p are  
th e i r  influence on th e  to rs io n  o f an iso trop ic  to  t h a t  o f  iso trop ic  re c ta n g u la r  
b a r s ,  for large angles o f  tw is t  &.

(1) In  tw is ted  is o tro p ic  rec tan g u la r b a rs  th e  m a x im u m  shear s tre ss  Tmax 
o ccu rs  alw ays in th e  m id d le  o f th e  longer side, t h a t  is, a t  th e  co n to u r p o in t
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o f m in im u m  d is tan ce  fro m  the  axis o f  th e  b a r ,13 w hereas th e  g re a te s t  tensile  
stress  crmax occurs in  fib res  located  a t  th e  g re a te s t d istance  fro m  th is  axis, 
th a t  is , in  th e  corners. H ence  no local co in c id en ce  o f th e  stresses T m a x  a n d  a m a x  

tak es  p lace.
I t  is tru e  th a t  in  f la t  bars (w ith  co n sid e rab le  ra tio  y  — hjb) th e  stresses 

<rß in  th e  m iddle o f  th e  sh o rte r sides (p o in t B),  a lthough  sm aller th a n  those  
in  th e  co rners, (Jmax, m a y  still be co n sid e rab le  so th a t  th e  “ re d u c e d ”  (“ effec
tiv e ” ) s tre ss , crred, sh o u ld  be s tu d ied  a t  th e se  p o in ts .14 I t  m ay  tu r n  o u t th a t  
<Tred is g re a te r  th a n  th e  reduced  s tre ss  d u e  to  Tmax or crmax.

Q u ite  d iffe ren t m a y  be the  case o f  an  an iso tro p ic  re c ta n g u la r  b a r  u n d e r 
to rs io n . H ere , th e  s tre ss  r max m ay o ccu r, d ep en d in g  on th e  ra tio  o f  th e  sides 
h/b a n d  th a t  of th e  m od u li G^/G.^ [ex p ressed  co llectively  by  th e  v a lu e  of th e  
p a ra m e te r  <5 (6.9)], in  th e  m iddle o f th e  lo n g e r or sh o rte r side.

In  th e  f irs t case, th e  d is tr ib u tio n  o f  s tre sses  and  th e ir  e x tre m u m  values 
w ill be , s im ilarly  to  th e  ex trem u m  v a lu e s  o f  th e  reduced  s tre ss , an a lo g o u s to  
th e  case o f iso trop ic  b a rs .

I f ,  how ever, r max occurs in th e  m id d le  o f  th e  sh o rte r side B ,  th e n , espe
cially  in  th e  case o f a n a rro w  rec tan g le , th e  lo n g itu d in a l stress a B a t  th is  p o in t 
wrill be b u t  very  l i t t le  sm alle r th a n  ffmax o ccu rrin g  in  th e  co rner w h ich  is close 
to  i t .  T h en  th e  red u ced  stress a t В  m a y  tu r n  o u t to  be d an g ero u s, th e  m ore 
so t h a t  we are concerned  w ith  a s im u lta n o u s  occurrence of sh ea r a n d  ten sio n  
(a d isa d v a n ta g e o u s  com bina tion ).

(2) T he values o f  lo n g itu d in a l s tre sse s  ar increase w ith  th e  sq u a re  o f th e  
angle o f tw is t # . T h u s  th e y  increase m u c h  q u ick er th a n  th e  sh e a r  s tresses r  
w’h ich  a re  a linear fu n c tio n  of th e  an g le  &.

F  or th is  reaso n , th e  values of lo n g itu d in a l stresses сттах m ay , fo r g re a te r  # , 
be o f th e  sam e o rd e r o f  m ag n itu d e  as th e  v a lu es  o f shear stre sses  r max. T his 
will occu r if  we a re  concerned  w ith  m a te r ia ls  w ith  a low sh ea r m o d u lu s  G 
(w hich leads to  la rge  d) an d  w ith  a d isa d v a n ta g e o u s  o rie n ta tio n  o f  th e  an iso 
tro p ic  s tru c tu re  (Ga  la rg e , G13 sm all).

Also in  th e  case o f  narrow  re c ta n g le s , th e  stress ermax m a y  be  h igh  in  
re la tio n  to  th e  stre sses  r max (and ev en  exceed  them ), w hich m a y  easily  be 
ev id en ced  by  w orked  o u t num erica l e x am p le s .

(3) T he form s (4.3) an d  (4.4) show  t h a t  in  th e  case of n a rro w  rec tan g le s  
an d  la rg e  angles o f  tw is t  # , th e  c o n tr ib u tio n  o f  long itu d in a l s tre sses  ar to  th e  
to rq u e  m ay  be con sid erab le , w hich is re p re se n te d  by  th e  second te rm  o f th ese

13 It has been shown by L. N. G. F i l o n  [4] that points of the contour nearest to the 
axis of the bar are not always those of maximum stress. A deviation from this rule may take 
place, in particular, if the contour is not everywhere convex. This will be discussed in more 
detail in our separate paper dealing with a “concave” profile of a special type.

14 A detailed analysis will be presented in the paper on elastic-plastic torsion with large 
angles of twist. (Cf. Section 1).
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e x p re s s io n s ; th is  te rm  M„ in c reases  in  d ire c t p ro p o r tio n  to  # 3, w h ereas  M T, 
o r ig in a t in g  from  th e  sh ea r s tre sses , increases in. d ire c t p ro p o rtio n  to  # k

T h ese , re la tio n s h av e  e sse n tia lly  been  co n firm e d  b y  ex p erim en ta l re se a rc h  
[cf. p o in t  (7), below ].

(4) I t  m a y  be s ta te d  (w h ich  is in  a g re e m e n t w ith  th e  resu lts  h o ld in g  fo r  
is o tro p ic  b a rs , cf. [19]) th a t  in  th e  ease  o f la rg e  ang les o f  tw is t# ,  an  a d d it io n a l  
u n ifo rm  te n s ile  stress ac tin g  o n  th e  cross sec tio n  m a y  be of considerab le  in f lu 
en ce  on  t h a t  angle.

(5) T h e  p henom ena m e n tio n e d  in  (3) a n d  (4) c o n tr ib u te  to  th e  “ s tiff-  
e n n in g ”  o f  th e  b a r  ag a in st to rs io n  an d  h av e  fo u n d  e x p e rim e n ta l c o n f irm a tio n  
[cf. p o in t  (7), below ],

(6) F o r  com posite p ro file s  such  as I , Z o r  U  used  in  en g in eerin g , th e  
sam e  a rg u m e n t m ay  be ap p lied . Such sec tio n s  sh o u ld  be considered  to  b e  
c o m p o se d  o f  an  a p p ro p ria te  n u m b e r of rec tan g le s . T h is being an  in te re s t in g  
e n g in e e r in g  to p ic , i t  w ill be d iscussed  se p a ra te ly . I t  is also possible to  ta k e  
in to  a c c o u n t th e  possible an iso tro p ic  p ro p e rtie s  o f each o f th e  c o m p o n e n t 
r e c ta n g le s .

(7) In te re s tin g  resu lts  o f  ex p e rim en ta l re se a rc h  are to  be fo u n d  in  th e  
p a p e r  b y  M. S. G. Cu l l i m o r e  [2]. T he th e o re tic a l to rq u e /tw is t curve a n d  t h a t  
o b ta in e d  ex p erim en ta lly  are  in  good ag reem en t.

(8) I t  m ay  be added  t h a t  th e  co n sid e ra tio n  o f  lo n g itu d in a l s tresses m a y  
be  a d v is a b le  i f  we analyze  to rs io n a l buck lin g . F ro m  w h a t was said  i t  fo llow s 
a lso  t h a t  th e  rig id ity  a g a in s t th is  ty p e  of in s ta b i l i ty  will be im p ro v ed  if  th e  
e le m e n t is su b je c t to  a te n s ile  fo rce .15

6. A ppendix to  Section  3

(L inear  Torsion o f  A n iso trop ic  B ars)

F o llo w in g  th e  ideas o f B . de S a i n t  V e n a n t  [1 6 ],16 for so lv ing  th e  p ro b le m  
o f  e la s t ic  eq u ilib riu m  o f an  an iso tro p ic  p r ism a tic  b a r  a sem i-inverse m e th o d  
c o u ld  b e  conceived.

H o w ev e r, th e  use o f a s tre ss  fu n c tio n  Q (x ,  y )  ap p ears  to  be s im p le r . 
T h e  s tre s s  com ponen ts are  ex p ressed , in  th e  k n o w n  w ay, as th e  f ir s t  p a r t ia l  
d e r iv a t iv e s  as follows

_  dQ
r xz •> 6 7 vx ■

8y

Э Q  

8*
( 6 . 1 )

15 S u c h  co n d itio n s m ay  be th o se  o f lo n g itu d in a l . te n s io n  m em bers of a  la t t ic e  o r 
a  ro o f  t r u s s  i f  i t  is loaded  p e rp e n d ic u la r ly  be tw een  th e  n o d es.

16 Cf. a lso A. E . H. L o v e  [9] a n d  S. G. L e k h n i t s k y  [8].
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A sim ila r m e th o d  w as chosen b y  S. G. L e k h n i t s k y  [8] in th e  an a ly s is  
o f  th e  sam e p rob lem  in  som ew hat d iffe re n t c o o rd in a te s .17 

T he s tress fu n c tio n  Q(x, y )  m u s t sa tis fy  th e  eq u a tio n

1 d2Q +  J _ Э- Ü

G ~ Эх- G u ay2
( 6 .2)

i t  be ing  assum ed , as s ta te d  above, t h a t  th e  ax es  x  a n d y  are d irec ted  n o rm a lly  
to  th e  sy m m etry  p la n e s  o f th e  o r th o tro p ic  s tru c tu re  of the  b a r.

T he b o u n d a ry  co n d itio n s req u ire  t h a t  th e  la te ra l  surfaces o f  th e  r e c ta n 
g u la r p ara lle lep ip ed  be  free from  stresses. C o n seq u en tly , as m ay easily  he  show n, 
th e  fu n c tio n  Q  i ts e lf  c a n n o t v a ry  i f  we m ove  a long  th e  b o u n d ary . I n  th e  case 
o f  sim ply  co nnec ted  reg ions, th a t  is, as in  o u r  case , for solid b ars , th is  c o n s ta n t 
b o u n d a ry -v a lu e  m ay  be  chosen as a rb i t r a ry .  I n  w h a t follows i t  will be  a ssu m ed , 
on th e  fo u r sides o f  th e  rec tang le  (x  =  ibA /2; y  — i& /2 )  to  be zero .

One o f th e  w ays o f  reducing  (6.2) to  th e  eq u a tio n

82 Q

8*1
+

0‘-  Q

8y \

is th e  lin ea r s u b s t i tu t io n 18

-  2 & G l (6.3)

X  =
[  2 G 13

C ,s +  ^23

2  G 23

G ,, • G,, — У l
«y

(6.4)

ow ing to  w hich th e  s u b s ti tu te  m odulus Gj is exp ressed  by

c 23 13 2  G j 3  G 23

a x a y G , 3  +  G 23
(6.5)

T he sy m m e try  co n d itio n  in re la tio n  to  th e  дг-axis and  th e  f i r s t  o f  th e  
b o u n d a ry  co n d itions (fo r x  — ^A /2 ) w ill be sa tis f ied  if  Q  is assum ed  in  form  
o f th e  series

Q =  V  A n - Y ln (y i ) - cc
П = 1,3,5..*

w here Y n , Y13, . . . a re  furictiohs o f  y l a lone.

ax ■ b
( 6 .6)

17 T he p re sen t a p p ro a c h  seems to be  c o n v e n ie n t, fo r i t  enables us (th e  re fe ren ce  system  
co incid ing  w ith  th e  sy m m e try  axes of th e  b a r)  to  m ak e  use  of th e  sy m m etry  co n d itio n s  o f  all 
re le v an t fu n c tio n s.

18 T his linear tra n s fo rm a tio n  suggests a c o n v e n ie n t possib ility  of genera liz ing  th e  kno w n  
m em brane  analogy  (h o ld in g  for iso tropic b a rs)  to  p ro b lem s of torsion  of a n iso tro p ic  bars. 
A g enera lization  of th is  an a lo g y  to cases o f a n is o tro p y  h a s  been discussed in  o u r p a p e rs  [14]. 
T he tran s fo rm a tio n  in  q u e s tio n  can be pe rfo rm ed  in se v é ra f  w ays. I t  follows t h a t  th e  above 
g enera lization  is also possib le  in several v a r ia n ts .

Я  eta Techn. H u n g . 50 . (1965)



278 W. OLSZAK

W e su b s titu te  now  (6.6) in to  (6.3) o f  w h ich  th e  r ig h t-h an d  side m a y  in 
t u r n  b e  expressed  in  fo rm  o f  th e  series

£  2 & G
n~  1,3,5...

1 1z }i  , , . 2 П7IX
, ------ --------- ( —  1 ) COS —

л  n ar -b
(6.7)

So we o b ta in  a second  o rd e r d iffe ren tia l e q u a tio n  from  w hich th e  fu n c 
tio n s  Vm can be d e te rm in e d . O n in tro d u c in g  i t  in to  (6.6) we o b ta in , f in a lly , 
a f te r  so m e re a rran g em en ts , th e  follow ing f in a l expression  for Q

n _  8 ■& G23 h2
7ló

oo
y

n 1,3,5...
t ( - i >

77-1
2

cosh
n y

1 —
cosh

n 7l[l b
П 71 X

w h ere

^  ci..

19
М 3

G,23 - 4 -
GM У

( 6 .8 )

(6 .9)

w h ere

T h e  to rq u e  is o b ta in e d  from  th e  ex p ressio n

M t =  2 Г  b,'Z Г ' Л/“ Q ■ d x  d y  — CT & , X J —ft/2 J —hj2 J T ’

CT — Gl3 b 'h  ß .

( 6 . 10)

( 6 . 11)

T h e  stresses rxz an d  r yz a re  found  fro m  Q  (6.8) as its  f irs t d e r iv a tiv e s  
a c c o rd in g  to  (6.1). W e do n o t  q u o te  here th e  co rre sp o n d in g  general ex p ressio n s 
as w e a re  m a in ly  in te re s te d  in  th e  g re a te s t v a lu e s  o f  th e  stresses. T h ese  o ccu r 
a t  th e  p o in ts  H  in  th e  m id d le  o f th e  (longer) sides h, th a t  is for x  =  0, у  =  
=  i & / 2 ;  a n d  for th e  p o in ts  В  ly ing  in  th e  m id d le  o f th e  (sho rte r) sides b, 
t h a t  is fo r  x  =  i /» /2 ,  у  — 0.

W e have

Tmax H =  & Gl3 b ß x H =

an d

=  #  YG13G23bßx

b2 h

M x 
b- h

x H (6.12)

1 ^23 (6 .13)

T h e  q u e s tio n  as to  w hich o f th e se  values is g re a te r , will he decided u p o n  by  
th e  r a t io  o f  sides (у ) an d  th e  ra tio  of sh ear m o d u li (/*), on w hich d e p e n d  th e  19

19 W e f in d  here an  an a lo g y  to  p o lar o r th o tro p y  w here  th e  stress d is tr ib u tio n  is d ec id ed  
upo n  b y  th e  ra tio  s =  Ÿ E J E ..  Cf. o u r  papers [11] a n d  [12].
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n u m erica l values o f  th e  coefficien ts ß, x H, a n d  x B. T hese au x ilia ry  fu n c tio n s  
are  g iven b y  th e  exp ressions

oo 1 O Â — ~
(6 .14a) 

(6 .14b)

x R = —  i -------- >  — - -------------------  . (6 .14c)

32 d2 OO 1
1 -

2 à . n ny ta n h 9
Я4 1,3,5.. n4 П [Л 2 ô

8 ô oo
\

( -
n- 1 

1) 2
1

ta n h  —
™2ß П = 1,3,5.. 712

ta n h  2 0  ,

OO

V
n '~ " *.3.s... П- c o s h

2 d

ß
0.4 

0.3

0.2

0.1

’1 5 10 15 S  °
Fig. 6

V

\ 4 KH asymptote 0.333(ß)
ß asymptote 3.0 Ын)

Ÿ

A CD

asymptote 0ЫВ)

T he fu n c tio n s  ß , x H an d  x B are  re p re se n te d  g rap h ica lly  in F ig . 6 d e p e n d 
ing on th e  p a ra m e te r  ô from  th e  e q u a tio n  (6.9) for its  values are  g re a te r  
th a n  u n ity .20

W ith  th e  above re su lts , th e  fo llow ing s ta te m e n t  can  be m ade. In  iso tro p ic  
re c ta n g u la r  b a rs  su b je c t to  to rsion , th e  m a x im u m  sh ear stresses w ill a lw ays 
occur a t  th e  m idd le  p o in ts  o f th e  lo n g er side o f  th e  rec tang le . T here fo re , for 
h >  b, we f in d  r max h >  Tmax B. F o r a sp ec ified  to rq u e  (M r) an d  a specified  
m a te r ia l (G), th e  m ax im u m  sh ear s tre ss  Tmax н  w ill depend  on th e  ra tio  
у  =  h/b.

In  an iso tro p ic  b a rs , in ad d itio n  to  th e  ra t io  m en tioned , th e  ra tio  fi =  
=  [/ G13/G23 will be in v o lv ed , as s ta te d  ab o v e . T h e  m ax im um  va lu e  o f  th e  sh ea r 
s tre ss  m ay  occur e ith e r  in th e  m idd le  o f  th e  lo n g er side if ,  or in th e  m idd le  
o f  th e  sh o rte r  side B.  T h e  question  as to  w h ich  one o f these  cases is re le v a n t, 
is decided upon  b y  th e  p a ra m e te r  ô k n o w n  fro m  d efin itio n  (6 .9 ).T h is p a ra m e te r  
ch a rac te rizes  b o th  th e  geom etric  fe a tu re s  o f  th e  b a r  and  its m ech an ica l p ro p e r
tie s ; i t  is o f decisive in fluence  on th e  d is tr ib u tio n  an d  in te n s ity  o f  th e  sh ea r 
stresses.

20 T his im plies no lim ita tio n  on th e  a p p lic a b ili ty  o f  th e  expressions o b ta in e d . F o r 
ô <  1, we have  o n ly  to  change a p p ro p ria te ly  th e  n o ta t io n s ,  w hich is a lw ays possib le . Cf. for 
in stan ce  [8].
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I n  th e  analysis o f  th e  n o n -lin ea r to rs io n  p ro b lem  an o th e r p re s e n ta tio n  
o f  (6 .12) an d  (6.13) m a y  b e  o f  use. T hese re su lts  c an  be expressed  in  th e  com 
m o n  fo rm

Tmax =  # G i3 6-A((5),  (6.15)

w h e re  A(<5) is a fu n c tio n  o f  th e  ra tio s  y  =  h/b  a n d  ^  =  fG ,3/G23- T h is fu n c tio n  
m a y  e a s ily  be found  w h en  u s in g  th e  p rev io u s re su lts . I t  is exp ressed  b y

w ) H — ß x H or m B

T h e n , for th e  ang le  o f  tw is t  & we o b ta in  th e  expression

(6.16)

& = Tmax

G n - b - m

w h ic h  w as used, as we re m e m b e r, in  S ec tion  3.

(6 .17)
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Ü B E R  D IE  T O R SIO N  VON A N IS O T R O P E N  ST Ä B E N

W .  O L S Z A K

ZU SA M M EN FA SSU N G

Die A rb e it u n te rs u c h t  eine n ich t-lin eare  E rsc h e in u n g , d ie in  to rd ie r ten  an iso tro p e n  
S tä b en  a u ftre te n  k a n n . D ie A nalyse  s tü tz t  sich a u f  eine v e re in fac h te  T heorie, die von C. W e 
b e r ’s V orschlag , g ü ltig  fü r  iso tro p e  S täb e , au sg eh t.

D as A u ftre ten  u n d  die V erte ilu n g  von L än g ssp an n u n g en  u n d  der d a m it v e rb u n d en e  
V erk ü rzu n g seffek t w erden  u n te rsu c h t sowie de r Z uw achs de r T o rsio n sste ifig k e it, v e ru rsa c h t 
d u rch  die E x is ten z  de r L än g ssp an n u n g en . P ra k tisch e  S ch lu ß fo lgerungen  w erden  gezogen,, 
d ie das V erh alten  d e r an iso tro p e n  S täb e  dem jen igen  d e r iso tro p en  S täb e  g eg enüberste llen . 
Im  A nhang  w ird  k u rz  die lin ea re  T heorie des to rd ie r te n  an iso tro p e n  p rism atisch en  S tab es u n 
te r  A nw endung  einer S p a n n u n g sfu n k tio n  in E rin n e ru n g  g e b rac h t.

S U R  LA T O R SIO N  D ES B A R R E S  A N IS O T R O P E S

W .  O L S Z A K

R É SU M É

L ’é tu d e  tra ite  d ’un effe t non-linéaire  créé d an s des b a rre s  an iso tro p es p rism atiq u es  fo r
te m e n t to rd u es . L ’an a ly se  s’ap p u ie  sur une th éo rie  sim plifiée , analogue à celle de C. W eb er 
p o u r des b a rres  an iso tro p es.

L’a p p aritio n  e t  la d is tr ib u tio n  des c o n tra in te s  lo n g itu d in a le s  e t l’effe t de racco u rc isse 
m e n t so n t é tu d iés , a in s i que l’au g m en ta tio n  de la r ig id ité  de to rsio n , due à la c réa tio n  d es 
c o n tra in te s  lo n g itu d in a les . D es conclusions p ra tiq u es  o p p o sa n t le c o m p o rtem en t des b a rre s  
an iso tro p es à celui des b a rre s  iso tro p es so n t fo rm ulées. E n  an n ex e , on tro u v e  un a p e rç u  de la  
théo rie  linéaire d ’une  b a rre  an iso tro p e  p r ism atiq u e  de sec tion  rec tan g u la ire  soum ise à la  
to rsion . C ette  théo rie  e st basée  su r l ’em ploi d ’une  fo n c tio n  de ten s io n .

ТОРСИОННЫЕ ЯВЛЕНИЯ АНИЗОТРОПНЫХ СТЕРЖНЕЙ
В. О Л Ш А К

РЕЗЮМЕ

В работе исследуется нелинейное явление, которое может возникнуть в тордиро- 
ванных анизотропных стержнях. Анализ основывается на упрощенной теории, которая 
по предложению Ц. Вебера подходит для анизотропных стержней.

Возникновение и распределение продольных напряжений и связанный с этим 
эффект укорочения подвергаются изучению, как и прирост глубины торсионности, за
висящей от существования продольного напряжения. Делаются практические выводы, 
в которых поведение анизотропных стержней противопоставляется изотропным стержням. 
В приложении кратко упоминается о функции напряжения в применении к линейной 
теории тордированного анизотропного призматического стержня.

A cta  Techn. H ung . 50. (19 6 5 }





DIE UNGARISCHE UND DIE INTERNATIONALE 
WEITERENTWICKLUNG 

DER 50 HZ-VOLLBAHNFAHRZEUGE*

F . R A T K O V SZ K Y

M I T G L I E D  D E R  U N G A R I S C H E N  A K A D E M I E  D E R  W I S S E N S C H A F T E N

D er V erfasser sch ild e rt die Schw ierigkeiten , die sich  se inerzeit der V e rb re itu n g  de r in 
d e r  ganzen  W elt zu erst in  U n g arn  in  den J a h re n  1923 —1930 e n tw ick e lten  u n d  in B e trie b  g en o m 
m en en  50 IIz -B ah n e lek trifiz ie ru n g  (S y stem  G anz — K a n d ó )  en tgegengeste llt h a b en . D iese 
S chw ierigkeiten  w urd en  d u rch  die i. d. J .  1938 —1944 eb en fa lls  in U ngarn  e n tw ic k e lten  u n d  
g e b a u te n , für beliebige L eistungen  u n d  G eschw ind igkeiten  geeigneten  zeitgem ässen  P erio d en - 
u rn fo rm er-F ahrzeuge , fe rn e r die von d en  F ran zö sisch en  S ta a tsb a h n e n  1950 —1955 d u rc h g e 
fü h r te n  g roßangeleg ten  V ersuche sowie die von den fran zö sisch en  und  an deren  a u s län d isch en  
B a h n en  und H erste llerfirm en  en tw ick elten  Ig n itro n -L o k o m o tiv en  vollends b ese itig t. D er V e r
fa sse r  verg le ich t die tech n isch en  D a ten  de r n ach  dem  K rie g  in  U n g arn  leider n ic h t g lü ck lich  
g ew äh lten  P erioden u m fo rm er-L o k o m o tiv en  m it S ch le ifrin g an k e r-F ah rm o to ren  u n d  5 festen  
G eschw ind igkeitsstu fen  bzw . deren  B e trieb se rfah ru n g en  m it den  D a ten  der von den  F ra n z ö s i
sch en  S taa tsb ah n en  b e s te llte n  und  im  B e trie b  sehr gu t b e w ä h r te n  P e rio d en u m fo rm er-L o k o m o ti
v en  m it verlustlo s rege lb aren  K ä fig a n k e r-F a h rm o to re n  sowie m it den d a m it e rz ie lten  
E rfah ru n g e n . Die d u rc h  die falsche T y p en w ah l in den J a h r e n  1947 — 48 v e ru rsac h ten  S ch äden  
d e r  ungarischen  B a h n e lek trifiz ie ru n g  u n d  der L o k o m o tiv in d u s tr ie  w erden e rw äh n t.

Der V erfasser b e to n t  die en tsch e id en d e  W ic h tig k e it de r von den F ranzösischen  S ta a ts 
b a h n en  und  den franzö sisch en  F a b rik en  g e le iste ten  g roß zü g ig en  E n tw ick lu n g sa rb e it, w elche 
sch ließ lich  durch  E n tw ic k lu n g  der In g n itro n -L o k o m o tiv en  e n d g ü ltig  die Frage des w ir ts c h a f t
lichen  B ahnelek trifiz ie ru n g ssy stem s zu G u n sten  des v o n  U n g a rn  schon vor 30 J a h re n  e n t 
w ickelten  und v e rw irk lich ten  50 H z-S ystem s en tsch ied en  h a t,  dessen Ü bergew ich t zufolge 
d e r  E n tw ick lung  d e r n eu es ten  T rockeng le ich rich te r-(S i-)L o k o m o tiv en  noch e n tsch e id e n d e r 
gew orden  ist. Zum  S ch luß  w eist er noch  a u f  eine w eite re  E n tw ick lu n g sm ö g lich k eit de r 50 IIz- 
L okom otiven  h in , w elche ev en tu ell e rm öglichen  w ird , d ie  V orte ile  der S iliz iu m g le ich rich ter 
u n d  d ie der K u rzsch lu ß läu ferm o to ren  in  Z u k u n ft in d e n  50 H z-F ahrzeugen  zu  v e re in ig en , 
w elche Lösung die e in fa ch s te n  u n d  b e trieb ss ich e rs ten  e le k tr is c h e n  Fahrzeuge  de r Z u k u n ft d a r 
s te llen  wird.

I. E in le itung

D as T h em a d e r  im J a h re  1952 g e h a lte n e n  e rs te n  A n tr ittsv o rle su n g * *  
d es  V erfassers w a r  d ie  50 H z -B a h n e le k tr ifiz ie ru n g , e in e rse its  d e sh a lb , w eil 
U n g a rn  — das m it d e r im  J a h re  1898 beg o n n en en  E lek trifiz ie ru n g  d e r V alte l- 
l in a b a h n  in der E le k tr if iz ie ru n g  m it H o c h sp an n u n g  d e r H och le is tu n g s-B ah n en  
in  d e r ganzen W elt an  e rs te r  S telle  s ta n d  — d u rc h  d ie  in  den Ja h re n  1931 — 1932 
n a c h  dem  S ystem  G anz-K andó  d u rc h g e fü h rte  E le k tr if iz ie ru n g  der zw eigeleisi
gen H a u p ts tre c k e  B u d ap est — H eg y esh a lo m  P io n ie r  der 50 H z-E lek trifiz ie -

* Z usam m enfassung  der von F . R a t k o v s z k y ,  M itg lied  de r U ngarischen  A k ad em ie  de r 
W issenschaften , am  3. D ezem ber 1961 g eh alten en  A n tr ittsv o rle su n g .

** Acta Techn. H ung . 4 (1952). H . 1 - 4 .
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ru n g  Avar, andererse its , w eil U n g a rn  seine fü h re n d e  Rolle in  der ze itgem ässen  
W e ite re n tw ick lu n g  der 50 H z-L o k o m o tiv en  au ch  von  1935 bis 1950 b e ib e h a lte n  
h a t t e .

D ie  vorliegende zw eite  A n tr ittsv o rle su n g  w ünsch te  der V erfasse r über 
d e n  g le ich en  T hem enkreis zu  h a lte n , e in e rse its  desw egen, weil die 50 Hz- 
B a h n e le k tr if iz ie ru n g  w egen ih re r  g roßen  w irtsch a ftlich en  B e d e u tu n g  sow ohl 
in te rn a t io n a l  als auch in  U n g a rn  im  B re n n p u n k t des In teresses s te h t , a n d e re r
se its  w eil d er V erfasser die m it  den  in  U n g a rn  e rfu n d en en  P erio d en u m fo rm er- 
L o k o m o tiv e n  erzielten  E rg eb n isse  a u f  G ru n d  d e r je tz t  schon v e rfü g b a re n  
tatsächlichen betriebsstatistischen Daten  z u r  a llgem einen K e n n tn is  b ringen  
m ö c h te , u n d  schließlich desw egen , w eil er a u f  w e ite re  — w iederum  u n g a risch e r 
I n i t i t a t i v e  zu v e rd an k en d e  — E n tw ick lu n g sm ö g lich k e iten  d er h e u te  schon 
in  d e r  g anzen  W elt s ieg re ichen  50 H z-F ah rzeu g e  k u rz  h inw eisen m öch te .

II. Die E n tw ick lu n g  der 50 H z-B ah n elek trifiz ie ru n g  
vor dem  zw eiten  W eltk rieg

E in le ite n d  m öchte  d e r  V erfasser b ezu g n eh m en d  a u f  das in  se in e r ers ten  
A n tr it ts v o r le s u n g  G esag te , a llgem ein  die E n tw ic k lu n g  des 50 H z-S ystem s 
sc h ild e rn .

E s  is t  in der g anzen  W e lt allgem ein  b e k a n n t, daß  B a h n b re c h e r  des 
50 H z-B ah n e le k tr ifiz ie ru n g sy s te m s  U n g a rn  Avar, wo a u f  G rund  d e r z u k u n f ts 
re ic h e n  K onzep tion  u n d  K o n s tru k tio n  von  K . K andó  bere its  vor 30 Jahren  
d ie H a u p ts tr e c k e  B u d a p e s t — H egyesha lom  m it 50H z e lek tr if iz ie rt w urde, 
Avodurch es säm tliche ü b rig e  L ä n d e r der W elt u m  m ehr als 20 Jahre  überholte, 
d e n n  je n e  hab en  diese P e rio d e  e rs t n ach  1952 begonnen .

W ie  b ek an n t, h a t  K andó  im  J a h re  1918 an gefangen  seine Id e e n  bere its  
zu k o n k re tis ie re n . N ach  dem  e rs ten  W eltk rieg , in  den zw anziger J a h re n , 
w u rd e n  d ie  ersten  50 H z-V ersu ch slo k o m o tiv en  m it g roßer L e is tu n g  g eb au t; 
im  J a h r e  1923, vo r cca 40 J a h re n ,  Avurde b e re its  die erste  50 H z-V ersuchs- 
s tre c k e  B u d a p e s t—A lag in  B e tr ie b  g enom m en , d e ren  E rgebn isse  d ie  E le k tr i 
f iz ie ru n g  d e r ganzen H a u p ts tre c k e  B u d a p e s t — H egyeshalom  erm ö g lich ten , 
Avelche im  J a h re  1932 in  B e tr ie b  genom m en w u rd e .

S e it  den  zAvanziger J a h r e n  v e r tr a te n  K . K and ó  u n d  L . V e r e b é l ÿ  

— d e n e n  sich  anfangs d e r d re iß ig er J a h re  au ch  der V erfasser, als d a m a 
liger te c h n isc h e r L e ite r d e r E lek tr isch en  F a b r ik  G anz, ansch loß  — e n t
gegen  d e r  dam als a llgem einen  tech n isch en  F a c h m e in u n g  aufs en tsch ied en ste  
d en  S ta n d p u n k t ,  daß  die einzig  mögliche Z u k u n f t  d e r w irtsch a ftlich en  B a h n 
e le k tr if iz ie ru n g  das 50 H z-S y s te m  sei, und  zwar wegen der in  entscheidendem  
M a ß e  kleineren Investitionskosten.  D as g rö ß te  H in d e rn is  der B a h n e le k tr if i
z ie ru n g , w elche b ek an n tlich  seh r große E in sp a ru n g e n  an  K ohle m it sich  b rin g t
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u n d  die A usn ü tzu n g sm ö g lich k e it der S trecken  b ed eu ten d  e rh ö h t, w ar im m er 
— wie ebenfalls b e k a n n t is t — daß  sie hohe In v e s titio n sk o s te n  b ea n sp ru c h t. 
D ie V e rb re itu n g  d e r E lek trifiz ie ru n g  k an n  d a h e r  in  d er ganzen  W elt e n t
scheidend  b esch leu n ig t w erden , w enn die In v e s titio n sk o s te n  b ed eu ten d  v e r
r in g e rt w erden k ö n n en , und  eben diesen en tsch e id en d en  V orte il s icherte  das 
50 H z-System .

D am it soll n ic h t gesag t w erden, daß  se inerze it die E lek tr if iz ie ru n g  m it 
16 2/3 H z und  m it G le ichstrom  n ich t rich tig  w ar; im  G egenteil m öch te  d er 
V erfasser fe s ts te llen , d aß  zu r Z eit, als D eu tsch lan d , Ö ste rre ich , die Schweiz, 
F ran k re ich , S chw eden , I ta lie n  usw. m it der E lek tr if iz ie ru n g  in  g rößerem  M aße 
begannen  — also v o r  u n d  u n m itte lb a r  n ach  dem  e rs ten  W eltk rieg  — sie 
die E lek tr if iz ie ru n g  richtiger Weise m it 16 2/3 H z oder G le ichstrom  begonnen 
und  fortgesetzt h a b e n , weil zu dieser Z eit 50 H z-F ah rzeu g e  m it en tsp rech en d en  
E igenschaften  noch  bei w eitem  n ich t zu r V erfügung  s ta n d e n , u n d  die L e istungs
fäh ig k e it der L a n d e sn e tz e  ebenfalls noch  n ic h t die A nw endung  von  50 Hz 
b e rech tig ten .

Zu d ieser Z e it n äm lich  — v o r u n d  u n m itte lb a r  n ach  dem  e rs ten  W elt
krieg  — w aren  die 50 H z-L andesne tze  noch w enig  en tw ick e lt; e inerse its ü b e r
q u e rte n  sie die S ta a tsg e b ie te  noch n ich t in  genügendem  M aße, andererse its  
w aren  ih re  L e is tu n g en  zu k lein , um  die fü r  d ie  E isen b ah n  u n b ed in g t nötige 
B etrieb ssich e rh e it gew ährle isten  zu können . E s w ar d ah e r d am als b e rech tig t, 
d aß  die B ahnen  zw ecks E rre ich u n g  der u n b e d in g te n  B e trieb ssich e rh e it m ög
lich s t eigene N etze  u n d  K raftw erk e  m it h o h e r L e is tu n g  zu b au en  und  au f
re c h tz u e rh a lte n  w ü n sch ten . Im  Falle eines e igenen N etzes w ar d er v e rb ra u c h te  
S tro m  u n ab h än g ig  vom  50 H z-L andesnetz , u n d  so k o n n te n  die B ah n en  ein 
S ystem  w ählen, fü r  w elches en tsp rechende  F ah rzeu g e  von h o h er L e is tu n g  und  
G eschw indigkeit n a c h  dem  damaligen S ta n d  d e r T ech n ik  schon in e in w an d 
freier Q u a litä t zu r V erfügung  s tan d en . M it R ü ck sich t a u f  diese U m stän d e  
w äh lten  die S ta a tsb a h n e n  der einzelnen L ä n d e r dam als richtig das 16 2/3 H z- 
oder das G le ichstrom -S ystem . . ^

Als U n g arn  die H a u p ts tre c k e  B u d a p e s t— H egyeshalom  e lek trifiz ie rte , 
w aren  diese G esich tsp u n k te  noch g rö ß ten te ils  g ü ltig , sowrohl w as die A usdehnung  
u n d  L eistung  d er N e tze , als auch  was die F ah rzeu g e  an b e lan g t. M an m uß 
sich näm lich  d a rü b e r  im  k la ren  sein, daß  die K an d ö -L o k o m o tiv e  — die e rste  
50 H z-H och le istungslokom otive  d er W elt — eine  geniale Schöpfung  d a rs te llt  
u n d  einen b ah n b rech en d en  S c h ritt b e d e u te te , die den  un g arisch en  V e rh ä lt
nissen damals  au ch  vo llk o m m en  en tsp rach , a b e r  den  geste ig erten  A nsprüchen  
der ausländ ischen  V o llb ah n en  — L eistung , G eschw ind igkeit — bei weitem 
nicht entsprechen konnte. D ie S ta a tsb a h n e n  des A uslands g ingen d ah er nach 
dem  ers ten  W eltk rieg , u n d  noch in  den d re iß ig e r J a h re n  — als die S trecke  
B u d ap est-H eg y esh a lo m  schon in B etrieb  w ar — rich tig  vor, w enn sie ihre L inien 
m it 16 2/3 H z oder m it G leichstrom  e lek tr if iz ie rten , denn  50 H z-L okom otiven
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u n d  T rieb w ag en  m it ih ren  Z w ecken  en tsp rech en d en  L e istungen  u n d  G eschw in
d ig k e ite n  w aren dam als ü b e rh a u p t  n ich t zu beschaffen .

E s  w ar das große V e rd ie n s t v o n  K. K andó u n d  L. V erebélÿ  — denen  
sich  zu  A nfang  der d re iß ig e r J a h re  auch der V erfasser in  vollem  M aße a n 
sch lo ß  — daß  sie e inerse its  eine den  dam aligen  un g arisch en  V erh ä ltn issen  
vo ll en tsp rech en d e  L ösung  w irk lich  zu stan d e  b ringen  k o n n ten  und  a n d e re r
se its  h iem it den P rozeß  d e r 50 H z-B ah n e lek trifiz ie ru n g  in Gang brachten. 
E s  w a r  näm lich  n ich t zw eife lh aft, daß  w enn das In te resse  der B ah n en  und  
d e r  G ro ß u n te rn eh m en  d er e inze lnen  L än d er fü r die 50 H z-E lek tr if iz ie ru n g  
e n tsp re c h e n d  gew eckt w ird , d ie  E n tw ick lu n g  d er 50 H z-F ah rzeu g e  a llgem ein  
in  G an g  gesetz t w ird u n d , d a ß  infolgedessen die 50 H z-F ah rzeu g e  — sowohl 
in  b ez u g  a u f  die tech n isch en  E ig en sch aften  als auch  a u f  W irtsc h a ftlic h k e it 
— d ie  16 2/3 Hz- u n d  G le ich stro m -F ah rzeu g e  n ic h t n u r  ra sch  e rre ichen , 
so n d e rn  au ch  überholen  w e rd e n , w ie dies auch bere its  geschehen is t.

I n  d er ersten  A n tr it tsv o r le su n g  h a t  der V erfasser das S y stem  G anz- 
K a n d ó  u n d  die E le k tr if iz ie ru n g  d er H a u p ts tre c k e  B u d a p e s t—H egyeshalom  
e in g e h e n d  beschrieben. E b en so  w urde  die W eite ren tw ick lu n g  des System s 
g e sc h ild e r t, der V ersu ch sb e trieb  a u f  der H ö llen ta lb ah n , w eite r die m it g roßer 
U m s ic h t du rch g efü h rten  V ersu ch e  der F ranzösischen  S ta a tsb a h n e n  a u f  d er 
S tre c k e  A n n ecy —A ix-les-B ains. D iese Zeit k an n  die e rs te  P eriode d e r W e ite r
e n tw ic k lu n g  des 50 H z-S y stem s g e n a n n t w erden.

In  d er ersten  Periode d e r  W eite ren tw ick lu n g  w urde  der e rs te  S c h r it t  
v o n  d e r  Deutschen Reichsbahn,  gem einsam  m it d er d eu tsch en  u n d  schw eizeri
sch en  L o k o m o tiv in d u strie  d a m it  g e tan , daß  sie zu V ersuchszw ecken  d ie Höllen
ta lbahn  m it  50 Hz e le k tr if iz ie rte  u n d  in  den  V ersuchslokom otiven  v ie r  v e r
sch ied en e  System e zu r A n w en d u n g  b rach te .. W ie in  der e rs ten  A n tr i t ts v o r 
le su n g  eingehend  dargeleg t w u rd e , ze itig te  der V ersuch  se inerzeit k e ine  e n t
sp re c h e n d e n  E rgebnisse. D ie E ig en sch aften  d er v ie r V ersuchslokom otiven  
w a re n  n ic h t so gu t, daß  sie d en  W ettb ew erb  m it den schon b ew äh rten  16 2/3 H z- 
L o k o m o tiv e n  h ä tten  a u fn eh m en  können , und  desw egen b re ite te  sich  die 
E le k tr if iz ie ru n g  m it 50 H z w ed er in  D eu tsch land , noch in  an d eren  L än d e rn  
w e ite r  a u s . Die H ö llen ta lb ah n  b lieb  m it 50 H z v o rläu fig  auch  w e ite rh in  iso lie rt 
in  B e tr ie b  und  wie b e k a n n t, w u rd e  sie in  jü n g s te r  V ergangenhe it rich tigerw eise  
a u f  16 2/3 H z u m g eb au t, im  E in k la n g  m it dem  g esam ten  deu tsch en  B ah n n e tz .

D e r  zw eite S c h ritt w äh ren d  d er e rsten  P eriode der W e ite ren tw ick lu n g  
w a r d ie  E rfin d u n g  u n d  E n tw ic k lu n g  des ungarischen Periodenumformer-  
Sys tem s  G anz—Ratkovszky,  w elches d er V erfasser d er e rs te n  A n tr ittsv o rle su n g  
e b en fa lls  in  allen E in ze lh e iten  beschrieb , w esw egen a u f  dessen E in ze lh e iten  
d ie sm a l n ich t eingegangen w erd en  soll. Es m öge n u r  b e m e rk t w erd en , daß  
w ä h re n d  das System  K an d ó  a u f  G rund  der genialen  K o n zep tio n  von  K andó  
d ie u n g a risch en  A nsprüche d e r  d re iß iger J a h re  e inw andfre i befried igen  k o n n te , 
a u f  G ru n d  der E rfah ru n g  diese K o n s tru k tio n  fü r L e is tu n g en  ü b e r e tw a  2500 PS
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u n d  G eschw ind igkeiten  über 100 k m /h  n ic h t g e b a u t w erden k o n n te . D esw egen 
w ar zu r w eiteren  V erb re itu n g  des 50 H z-S ystem s in  der W elt u n b e d in g t die 
E n tw ick lu n g  eines solchen 50 H z-F ah rzeu g es  no tw endig , w elches die zeit- 
gem ässen  A nsprüche h insich tlich  L e is tu n g  u n d  G eschw indigkeit e in w an d fre i 
befried igen  k o n n te . D iesen B ed in g u n g en  e n tsp rach  in  vollem  M aße das in  
d e r E lek trisch en  F a b rik  Ganz u n m itte lb a r  v o r dem  zw eiten W e ltk r ie g  bzw . 
w äh ren d  desselben en tw ickelte , m it  cos gp =  1 a rbe itende  P e rio d en u m fo rm er-  
S y stem , w elches die w irtschaftliche  H e rs te llu n g  von  L okom otiven  v o n  beliebiger 
L eistung  und Geschwindigkeit, in  m o d e rn s te r  A usführung , e rm ö g lich te . N ach 
diesem  System  w u rd en  w ährend  des zw eiten  W eltkriegs ein T rieb w ag en  und  
einige L o kom otiven  m it einer L e is tu n g  v o n  4000 PS und  125 k m /h  G eschw in
d ig k e it in  U n g arn  gebau t.

Zu dieser Z e it, E nde  der d re iß ig e r J a h re ,  w ar also U ngarn  w ie d e r an der 
Sp itze  in der H z-E lek trifiz ie ru n g  bzw . im  B au  von  50 H z-F ah rzeu g en .

III. Die W eiterentwicklung des 50 Hz-System s 
nach dem zw eiten W eltkrieg

Die W eite ren tw ick lung  d e r 50 H z-F ah rzeu g e  w urde n a c h  dem  W elt
k rieg  w eiter fo rtg e se tz t, e inerseits in  U n g arn , wo w eitere S treck en  m it 50 H z 
e lek tr if iz ie rt w u rd en  und  w eite re  F a h rzeu g e  g eb au t w urden , a n d e re rse its  
— in  v iel g rößerem  U m fang — in  F ra n k re ic h , wo die S ta a tsb a h n e n  in  E rk e n n t
nis d er T a tsach e , d aß  die W e ite re n tw ick lu n g  d er m it 1500 V  G leichstrom  
begonnenen  E lek trifiz ie ru n g  w ir tsc h a ftlic h  unm öglich  w u rd e , gezw ungen 
w aren , das S y stem  zu w echseln. D ie F ranzösischen  S ta a tsb a h n e n  s tu d ie r te n  
m it seh r großer G rü nd lichke it die W irtsc h a ftlic h k e it der v e rsch ied en en  S ystem e 
u n d  begannen  großangeleg te  V ersuche. W ie b e k a n n t, w urde die L in ie  A n n ecy — 
A ix-les-B ains zu  V ersuchszw ecken m it 50 H z e lek trifiz ie rt, u n d  im  J a h re  
1950 w urden  fü r  diese V ersuchsstrecke  versch ied en e  T ypen  v o n  L o k o m o tiv en  
u n d  T riebw agen  beste llt. N ach  E rp ro b u n g  d ieser L oko m o tiv en  u n d  T rieb 
w agen  w urde a u f  G rund  der g ü n stig en  tech n isch en  und  w irtsc h a ftlic h e n  E rg e b 
nisse beschlossen, die weitere E lek tr ifiz ie ru n g  in  Frankreich m it 50 H z durch
zu führen  und 1952 begann die großangelegte 50 H z-E lek tr ifiz ieru n g  von F ra n k 
reich, angefangen  m it der L inie V a len c ien n es—T hionville , fü r  w elche die 
F ran zö sisch en  S taa tsb ah n en  im  J a h re  1952 e in h u n d e rtfü n f  50 H z-L o k o m o tiv en  
v o n  g roßer L e is tu n g  beste llten .

N achdem  die F rage des w irtsc h a ftlic h s te n  L o k o m o tiv ty p s  au ch  nach 
d en  V ersuchen  von  A ix-les-B ains noch  n ic h t endgü ltig  e n tsch ied en  w erden 
k o n n te , b es te llten  die F ranzösischen  S ta a tsb a h n e n  einerseits 65 W ard -L eo n ard - 
L o kom otiven  v o n  2470 PS, w elche zw ar n ic h t den A n fo rd e ru n g en  an  die 
w irtsc h a ftlic h s te n  u n d  m o d ern sten  L o k o m o tiv en  en tsp rach en , a b e r  aus ja h r 
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z e h n te n la n g  b e w äh rten  B au elem en ten  b e s ta n d e n  u n d  so unb ed in g t b e tr ie b s 
s ich e r w aren . A uß erd em  w u rd en  aber im  In te re sse  d er zeitgem ässen  E n t 
w ic k lu n g  noch 20 P eriodenum form er-Lokom otiven  von  4100 PS, 15 Wechsel- 
strom -K om m utatorm otor-Lokom otiven  von 3000 P S  u n d  5 Ignitron-Lokom otiven  
v o n  3450 PS b e s te llt in  d e r  A bsich t, nach  e n tsp re c h e n d en  E rfa h ru n g e n  aus 
d ie se n  den  am  b es ten  en tsp rech en d en  T y p  au szu w äh len . W ie auch  aus der 
b e s te l l te n  S tü ck zah l e rs ich tlich  is t, h ie lten  die Französischen Staatsbahnen zu 
dieser Z e it die in  U ngarn erfundene und entwickelte Periodenum form er-Lokom otive  
m it  K ä f ig a n k e r-F a h rm o to re n , System  G anz— R a tko vszky , fü r den am  b e s te n  
e n tsp re c h e n d e n  T y p .

D ie  V ersu ch slo k o m o tiv en  von  A nnecy  u n d  d ie  m it ihnen  e rz ie lten  E rg e b 
n isse  h a t  d er V erfasser sch o n  in  seiner e rs te n  A n tr ittsv o rle su n g  e ingehend  
b e h a n d e l t ,  d ah e r m ö ch te  e r a u f sie je tz t  n ic h t  im  einzelnen eingehen . Die 
A n tr it ts v o r le s u n g  v o n  1952 schloß m it d er S ch lu ß fo lg eru n g , daß  aller W a h r
sc h e in lic h k e it n ach , n eb en  d er P e rio d en u m fo rm er-L o k o m o tiv e  die g rö ß te  
Z u k u n f t  fü r  die G le ich rich te r-L o k o m o tiv e  v o rau sg eseh en  w erden k an n . G egen
ü b e r  d iesen  S ystem en  w ird  die A usführung  m it W e c h se ls tro m -K o m m u ta to r
m o to re n  im m er m eh r in  den  H in te rg ru n d  g e d rä n g t w erden , wobei die T y p e n  
m it P e rio d e n u m fo rm e rn  u n d  die m it G le ic h ric h te rn  w ahrschein lich  eine Zeit 
la n g  p a ra le ll zu r A n w en d u n g  gelangen w erden , b is d ie  E rfah ru n g en  zu G u n sten  
des e in e n  T yps — u n d  zw ar w ahrschein lich  zu  G u n s te n  des T yps m it G le ich 
r ic h te r  — die F rag e  e n d g ü ltig  en tscheiden  w e rd e n . In  der je tz ig en  A n t r i t t s 
v o rle su n g  m öch te  sich  d er V erfasser m it d er zu  d iesem  Z e itp u n k t beg o n n en en  
E n tw ic k lu n g  und  ih re n  E rg eb n issen , w e ite rh in  m it  den Z u k u n ftsa u ss ic h te n  
b e fa ssen .

E s  m uß  fe s tg e s te llt  w erd en , d aß  die E n tw ic k lu n g  auch  d em en tsp rech en d  
v e r la u fe n  is t:  im  A n fan g  w u rd en  das P e rio d en u m fo rm ersy s tem  und  das G le ich 
r ic h te rs y s te m  n e b e n e in a n d e r b e s te llt (im V e rh ä ltn is  von  20 : 5 zu G u n sten  
des P e r io d e n u m fo rm e rsy s te m s), d an n  k am  a u f  G ru n d  d er V ersuchsergebn isse  
d a s  G le ic h ric h te rsy s tem  an  fü h ren d e  S telle , w ä h re n d  die K o m m u ta to r-A u s
fü h ru n g  v o llkom m en  in  den  H in te rg ru n d  g e d rä n g t w urde.

IV. Die Entw icklung der 50 H z-Bahnelektrifizierung in Ungarn 
nach dem zweiten W eltkrieg

W ie schon e rw ä h n t, en tw ick e lte  sich zu r g le ichen  Z eit auch  in  U n g arn  
die 50 H z-E lek tr if iz ie ru n g . Die E le k tr if iz ie ru n g sa rb e ite n  au f d er 200 km  
la n g e n  H a u p ts tre c k e  B u d a p e s t —Miskolc w u rd en  b eg o n n en  und  die R eg ierung  
— in  E rk e n n tn is  d er ü b e rrag en d en  B ed eu tu n g  d e r E lek tr if iz ie ru n g  — beschloß  
die E le k tr if iz ie ru n g  v o n  zah lre ichen  w eiteren , v o n  B u d ap est ausgehenden  
H a u p ts tr e c k e n . Zu g le ich er Z eit begann  d er B a u  d e r  P ro to ty p e n  d er BoGo-
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P erio d en u m fo rm er-L o k o m o tiv en  von  3200 PS , 125 km /h  H ö chstgeschw ind igke it 
m it  5 G eschw ind igkeitsstu fen , an  die sich d ie  F a b rik a tio n  einer se in e rze it a u f  
u n g e fäh r 30 S tü ck  g ep lan ten  Serie anschloß .

L eider w ar d e r — entgegen  der M einung des V erfassers — von  d e r u n g a 
risch en  In d u s tr ie  g ew äh lte  und  in  B au  genom m ene L o k o m otiv typ  m it F lü ssig 
ke itsan lasse r, m it 5 fe s ten  G eschw indigkeiten  u n d  m it S ch le ifringm oto ren  — 
w elcher T yp  im  w e ite ren  ku rz  BoCo g e n a n n t w ird , w obei u n te r  d ieser B ezeich 
n u n g  au ß er der A ch sen an o rd n u n g  auch  das e lek trisch e  System  d e r L o k o m o tiv e  
v e rs ta n d e n  w erden  soll — die am wenigsten  en tsp rechende  A u sfü h ru n g  des 
P e rio d en u m fo rm ersy stem s.

D er 1949 in  F a b rik a tio n  genom m ene BoCo T yp w ar w eder technisch  
n och  betreffs ih re r  Traktionseigenschaften, n o ch  vom  S ta n d p u n k t d e r Betriebs
sicherheit en tsp rech en d .

D ieser T y p  w u rd e  m it F lüssig k e itsan lasse r fü r 5 feste G eschw ind igkeiten  
g e b a u t u n d  k o n n te  schon  desw egen n ich t d en  in te rn a tio n a len  A n fo rd e ru n g en  
en tsp rech en . A u ß erd em  w ar seine A n fa h rz u g k ra ft auch u n g enügend  w egen 
d e r sehr u n g ü n stig en  A dhäsionseigenschaften  des gew ählten  S ystem s (w ider- 
s tan d san g e lassen e  asy n ch ro n e  S ch le ifringankerm oto ren j.

W egen des au ß ero rd en tlich  v e rw ick e lten  A ufbaus jed o ch  b lieb  auch  
die B e trieb ss ich e rh e it w eit u n te r  dem , w as die viel e infacher au fg e b a u te n , 
a llgem ein  v e rw en d e ten  T ypen  zu le isten  im s ta n d e  sind.

W ie b e k a n n t, b e s te llten  die F ran zö sisch en  S taa tsb ah n en  bei d e r  F irm a  
O erlikon  20 S tü ck  P e rio d en u m fo rm er-L o k o m o tiv en , die v o llk o m m en  gem äß  
dem , auch  in  F ra n k re ic h  und  D eu tsch lan d  e r te il te n  P a te n t G an z— R a tk o v sz k y  
v o n  1938 g e b a u t w u rd en . N ach dem  gleichen S ystem  w urde in  U n g a rn  schon 
im  J a h re  1941 fü r  die U ngarischen  S ta a tsb a h n e n  von der F a b r ik  G anz ein 
T riebw agen  v o n  600 PS gebau t. D a ab er d ie  ungarische In d u s tr ie  d as  schon 
e rte ilte  französische P a te n t  leider n ich t a u fre c h t erh ielt, k o n n ten  die F ra n z ö 
sischen S ta a tsb a h n e n  u n d  die au slän d isch en  H erste lle rfirm en  d as  P a te n t  
b edauerlicherw eise  ohne jede G egenleistung  a n  U ngarn  u n d  an  dem  E rf in d e r  
b en ü tzen .

Im  J a h re  1952 b e tra c h te te n  die F ranzösischen  S ta a tsb a h n e n  dieses 
S y stem  als das b e s te  u n d  en tw ick lu n g sfäh ig ste . W enn U n g arn  1948 s ta t t  
d e r  ung lück lich  gew äh lten  B oC o-A usfiihrung dasselbe System  g ew äh lt h ä tte  

welches zw eifellos die einzige zeitgem ässe , w ah rh aft w irtsch a ftlich e  A us
fü h ru n g  des P eriodenum form er-S ystem s is t , u n d  gem äß w elchem  ein V ersuchs
fah rzeu g  w äh ren d  des W eltkriegs in  U n g a rn  auch  hergeste llt w orden  w ar 
so h ä t te  U n g a rn  am  V orabend  der großen  französischen  B a h n e lek trifiz ie ru n g  
v o n  neuem  einen  W elterfo lg  erringen  k ö n n en . E inerseits h ä tte  U n g a rn  seine 
in  der ganzen W elt führende Holle wenigstens bis 1955 aufrechterhalten können , 
an d e re rse its  h ä t te  U n g arn  m it sicherem  E rfo lg  an den großen Lokom otivliefe- 
rungen fü r  die Fanzösischen Staatsbahnen in  den Jahren 1952— 1953 teilnehm en
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k ö n n e n .  E s  is t näm lich  n a tü r lic h , daß  in  d iesem  F alle  s ta t t  der F irm a  O erlikon  
U n g a rn  to ta l  oder doch g rö ß ten te ils  die L ieferung  der n ach  seinem  
eigenen  P a te n t  zu b a u en d en  20 P e rio d en u m fo rm er-L o k o m o tiv en  v o n  einem  
G e sa m tw e r t von  e tw a 6 M illionen D ollar v e rg e b e n  bekom m en h ä tte . Ü b erd ies  
w ä re  w egen  dieser g roßen  L o k o m o tiv lie fe ru n g  h e u te  Ungarn offenbar auch 
M itg lie d  der Europäischen Arbeitsgem einschaft f ü r  den B au von 50 H z-Lokom o- 
tiven , d e re n  M itglieder all d ie  F irm en  sind , w elche die ersten  g roßange leg ten  
u n d  e rfo lg re ichen  L okom otiv lie fe rungen  fü r  die F ranzösischen  S ta a tsb a h n e n  
d u rc h fü h r te n . D am it h ä t te  n a tü r lic h  U n g a rn  im  A usland  einen moralischen  
u n d  w irtschaftlichen Erfolg  v o n  u n a b se h b a re r  T rag w eite  errungen.

U m  eine k lare  E rk e n n tn is  der Lage u n d  d er d a rau s folgenden L eh ren  
zu e rm ö g lich en , w erden im  n a c h s te h e n d e n  ein ige D a te n  fü r den von d er u n g a r i
sch en  In d u s tr ie  1947 — 48 le id e r  falsch  g ew äh lten  T y p  BoCo und  fü r  d ie  bei 
d en  F ran zö sisch en  S ta a tsb a h n e n  in  B etrieb  b e fin d lich e  — und ebenfalls G egen
s ta n d  e in e r ungarischen  E rf in d u n g  b ild en d e  — P erio d en u m fo rm er-L o k o m o 
tiv e  m it  K ä fig an k e rm o to ren  m ite in an d e r verg lichen .

E s  b e s te h t kein  Zw eifel, daß  hei d er In b e tr ie b n a h m e  der e rs te n  von 
O erlik o n  g eb au ten  P erio d en u m fo rm er-L o k o m o tiv e  eine fü r die F irm a O erlikon  
u n e rw a r te te  Schw ierigkeit a u f t r a t ,  w elche die serienm äßige In b e tr ie b se tz u n g  
u m  u n g e fä h r  2 J a h re  h in au ssch o b . Im  Z u sa m m e n h a n g  h iem it m uß ab e r n a c h 
d rü c k lic h  b e to n t w erden , d aß  diese S chw ierigke it ü b e rh a u p t n ich t a u fg e tre te n  
w ä re , fa lls  die L okom otiven  U ngarn  geliefert h ä t te .  Die ungarische E le k tro 
in d u s tr ie  h a t te  näm lich  schon a u f  G rund  d e r 1940 d u rch g efü h rten  B e re c h n u n 
gen  u n d  V orversuche d iejen ige E rsch e in u n g  festg este llt, welche die F irm a  
O erlik o n  n ic h t en tsp rech en d er B each tu n g  w ü rd ig te , näm lich , daß bei d en  beim  
A n fa h re n  a u ftre te n d en  ganz n iedrigen  F re q u en zen  d er O hm sche W id e rs ta n d  
d e r  M o to ren  gegenüber dem  in d u k tiv e n  n ic h t m eh r v ernach lässig t w erd en  
k a n n  u n d  d aß  desw egen die A n fa h rz u g k ra ft, bei F eh len  von e n tsp rech en d en  
M a ß n a h m e n , ungenügend  sein k an n . D em gem äß  w äre  diese, bei der In b e tr ie b 
se tz u n g  a u ftre te n d e  S chw ierigkeit — w egen w elcher die M otoren der O erlikon - 
L o k o m o tiv e n  und  die A rt des A nfah rens in  k le in erem  M aße g eän d ert w erd en  
m u ß te n  — bei L ieferung aus U n g arn  ü b e rh a u p t n ic h t au fge tre ten .

A bgesehen  von diesen A n fangsschw ierigke iten , die ganz u n b e d e u te n d e  
K in d e rk ra n k h e ite n  (wie L ag ere rw ärm u n g , Iso la tio n sfeh le r in  den  S ch le if
r in g e n  d e r  M asch inengruppen , F eh le r an  A p p a ra te n  usw .) w aren , h a b e n  sich 
bei d e n  französischen  L ok o m o tiv en  keine w esen tlich en  F eh ler gezeigt. D iese 
L o k o m o tiv e n  sind vom  S ta n d p u n k t der B ed ienung  die einfachsten  v o n  a llen , 
u n d  a u c h  n ach  M einung der F ranzösischen  S ta a tsb a h n e n  sind die G esam te ig en 
s c h a f te n  nach den Ignitron-Lokom otiven die zweit besten unter allen 50 H z-Loko- 
m otiven , au ch  w eit vo r dem  S ystem  m it W e c h se ls tro m -K o m m u ta to rm o to re n .

W ä h re n d  der inzw ischen  vergangenen  Z e it sind  die P e rio d en u m fo rm er- 
L o k o m o tiv e n  der F ranzösischen  S ta a tsb a h n e n  — nachdem  die F irm a  d ie  oben
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e rw ä h n te n  Fehler g än z lich  bese itig t h a t  — fo rtla u fe n d  in  B etrieb  genom m en 
w o rd en , sind d e rze it in  ständ igem , e in w an d fre iem  G ebrauch , u n d  es stehen  
h e u te  schon die ta ts ä c h lic h e n  B e trieb se rfah ru n g en  zu r V erfügung.

W enn m an d ie k en n ze ich n en d s ten  E ig en sch a ften  der T y p en  BoCo u n d  
d e r v o n  der F ran zö sisch en  S ta a tsb a h n e n  g ew äh lten  n eb en e in an d ers te llt, so is t 
fo lgendes fe stzuste llen :

D as System  BoCo
k an n  nu r a u f  5 fe s ten  G esch w ind igke itsstu fen  b e n ü tz t w erden; 
das A nfahren  u n d  das B eschleunigen  erfo lgen  bei ungünstiger A dhäsion  

m it Flüssigkeitsw iderstand  bei seh r großen  V erlu s ten  von  2000—2500 kW ;
wegen der k o m p liz ie rten  K o n s tru k tio n  is t  die B etrieb ssich e rh e it v e r

h ä ltn ism äß ig  gering , d ie  In s ta n d h a ltu n g sk o s te n  sin d  hoch.
D er von den  Französischen Staatsbahnen  g ew äh lte  T yp  
k an n  m it beliebiger Geschwindigkeit bei g leicherw eise gutem  W irkungsgrad  

fah ren ;
das A nfahren u n d  das B eschleunigen  bei ausgezeichneter A dhäsion  s in d  

gleicherw eise v e r lu s tfre i;
das B rem sen b is  zum  S tills tan d  erfo lg t d u rc h  Rekuperation; 
die e lek trischen  M aschinen d e r L o k o m o tiv e  sind  einfach  u n d  betriebs

sicher.
Die h a u p tsä c h lic h s te n  techn ischen  und  b e trieb lich en  D a te n  d er beiden  

S y stem e  sind die fo lgenden :

Leislungsgewichl
der e le k trisch e n  E in rich tu n g  

Selbstkosten
Da der spezifische Preis d e r P h a se n u m fo rm e r - 
und F req u en zu m fo rm erg ru p p e  de r B oC o-Loko- 
m otive w eg en  der ü b erau s v e rw ick e lten  K o n 
s tru k tio n  w esen tlich  höher is t  als de r d e r e in fach  
au fg eb a u te n  M aschinen, s in d  d ie spezifischen  
S e lb stk o sten  de r BoCo u m  u n g e fäh r 15 — 20%  
höher a ls d ie  d e r A usführung  m it e in fach en  M aschi
nen

M ax. A n fa h rzu g skra ft (ohne Sch leudern)
Betriebsunfähige Tage  (wegen F eh ler u n d  In s ta n d 

h a ltu n g ) p ro  Jah r* *

F ran k re ich  

13,6 kg /PS

100%
cca. 35% *

H .8%

BoCo

13,8 kg /PS

1 15-r 120%  
cca. 27%

33,5%

W ie b e k a n n t, e rsch ien  es zw eckm äßig , d en  B au  d e r B oC o-L okom otiven  
in  U n g arn  wegen ih re r  u n g ü nstigen  E ig en sch a ften , des hohen  P re ises, der 
h äu fig en  D efekte u n d  d e r In s tan d h a ltu n g ssch w ie rig k e iten  nach  der H ers te llu n g  
von  12 L o k o m o tiv en , an  Stelle d e r a u f  u n g e fä h r 30 S tü ck  g ep lan ten  e rs te n  
Serie, einzustellen .

19*

* K ann noch g e s te ig e r t  werden.
** Im  4. bzw. 10. B e trie b s jah r des S ystem s.
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Z w ecks D eckung des d rin g e n d s te n  B edarfs d e r U ngarischen  S ta a tsb a h n e n  
i s t  z u r  Z e it, den M öglichkeiten  en tsp rech en d , der B au  v o n  30 W ard -L eo n ard - 
L o k o m o tiv e n  von 1300 PS im  G ang, und  diesen w erden  noch  w eite re  e tw a 
10 — 20 W ard -L e o n ard -L o k o m o tiv e n  folgen, bei denen  ab er die L e is tu n g  bei 
im  w esen tlich en  gleichem  G ew ich t a u f  2000 PS g este igert sein w ird .

H e u te  k ann  o ffensich tlich  schon  festg este llt w erden , d aß  in  d en  J a h re n  
1947 — 48  die ungarische In d u s tr ie  s t a t t  des S ystem s BoCo den  B a u  des von  
d e n  F ran zö sisch en  S ta a ts b a h n e n  1952 r ich tig  au sgew äh lten  ze itm eg ässen  u n d  
a u c h  im  W eltniveau bewährten T y p s  (von dem  1944 in  U n g a rn  e in  P ro b e 
e x e m p la r  schon fertig  w ar) d e r  P e rio d en u m fo rm er-L o k o m o tiv e  h ä t te  beg in n en  
m ü sse n . I n  diesem  Falle h ä t te  m a n  s ta t t  d er j e tz t  in  B au  b e fin d lich en  1300— 
2000 P S  W a rd -L eo n ard -L o k o m o tiv en  u n g efäh r im  gleichen G ew ich t u n d  zum  
se lb e n  P re is  BoBo P erio d en u m fo rm er-L o k o m o tiv en  von  u n g e fäh r 2500 — 2700 
PS  —- m i t  den  besten  T ra k tio n se ig e n sc h a fta n  — lau fen d  b au en  k ö n n en , w elche 
so w o h l d ie  heutigen , als au ch  d ie  in  n äch s te r  Z u k u n ft a u f tre te n d e n  A n sp rü ch e  
d e r  U n g a risc h e n  S ta a ts b a h n e n  vo llkom m en h ä t te n  befried igen  k ö n n en .

A u s den  technischen  D a te n  d er den F ran zö sisch en  S ta a tsb a h n e n  geliefer
te n  W a rd -L e o n ard - und  P e rio d en u m fo rm er-L o k o m o tiv en  k an n  n äm lich , wie 
b e k a n n t ,  festgeste llt w erden , d a ß  aus dem  gleichen G ew icht die P e rio d en u m - 
fo rm er-L o k o m o tiv en  u n g e fä h r 50 %  m ehr L e istung  h e rau szu b rin g en  im s ta n d e  
s in d . O bw oh l die therm ische  B ean sp ru ch u n g  der französischen  P e rio d e n u m 
fo rm e r-L o k o m o tiv e n  e tw as h ö h e r  w ar, als die d er W an d -L eo n ard -L o k o - 
m o tiv e n , m ach t die M ehrle is tu n g , noch  u n te r  B erücksich tigung  d ieser T a tsa c h e , 
m in d e s te n s  40%  aus.

Z u  dem  P erio d en u m fo rm er-S y stem  m it K ä fig a n k e rm o to ren  — w elches 
d ie  e in z ig  richtige A u sfü h ru n g  des P eriodenum form er-S ystem s is t  — m uß  
n o ch  b e m e rk t  w erden, d aß  z w a r  die heu tig en  S i-G leichrich t.er-L okom otiven  
zw eife llos bed eu ten d  m o d e rn e r  sin d , ih r spezifisches L e is tu n g sg ew ich t v iel 
k le in e r , u n d  ih r W irk u n g sg rad  w esen tlich  h ö h er is t, jed o ch  bis zu  e in er gew issen 
L o k o m o tiv le is tu n g  der U n te rsc h ie d  in  W irtsc h a ftlic h k e it gegenüber dem  m it 
cos cp —  1 be triebenen  P erio d en u m fo rm er-S y stem  v e rh ä ltn ism ä ß ig  k le in  is t, 
b e so n d e rs  u n te r  ungarischen  V e rh ä ltn isse n . E s is t näm lich  zu b e rü ck sich tig en , 
d a ß  d ie  S treck e  B udapest — H eg y esh a lo m  s t a t t  25 kV m it 16 kV e le k tr if iz ie rt 
is t , u n d  b e k an n tlich  g en ü g t d iese  S p an n u n g  fü r  s tä rk e re n  V erk eh r v o n  G leich
ric h te r-L o k o m o tiv e n  n ich t.

D e m  w esentlich g e rin g e re n  L e istungsgew ich t u n d  v iel b esseren  W ir
k u n g s g ra d  der G le ich rich te r-L o k o m o tiv en  s te h t näm lich  geg en ü b er, d aß

d e r  P reis je  K ilogram m  G ewicht der P e rio d en u m fo rm er-L o k o m o tiv en  m it 
K u rz sc h lu ß lä u fe rm o to re n  w esentlich  niedriger is t;

d a s  Leistungsgewicht der Fahrm otoren viel kleiner  is t;
d e r  U n tersch ied  im  W irk u n g sg ra d  d u rch  die w egen des L e is tu n g sfa k to rs  

cos cp — 1 der P e rio d en u m fo rm er-L o k o m o tiv en  k le ineren  F a h rle itu n g s-  u n d
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U n te rw e rk sv e rlu s te  sow ie du rch  die R écupération  d ieser L o k o m o tiv en  h e rab 
g ese tz t w ird;

die Investitionskosten  der S trecken  k le in e r sind , w egen d e r  T a tsach e , 
d aß  zufolge des g u te n  cos (f> die Zahl der b e n ö tig te n  U n te rw erk e  w esentlich  
geringer ist.

H iezu k o m m t n och  der V orteil des S y stem s m it K u rzsch lu ß läu fe rm o to ren , 
d a ß  sie bei Talfahrten andauernd  u n d  beim  B rem sen  bis zum  S tills ta n d  m it 
R ekuperation  a rb e ite n .

Bei B erü ck sich tig u n g  aller U m stä n d e  k an n  absch ließend  festg este llt 
w erden , daß  obztvar die S i-G le ich rich te r-L okom otiven  u n b e d in g t als moderner 
anzusehen  sind , bei m ittle re n  L o k o m o tiv le is tu n g en  und  bei fü r  seh r schwere 
G ü terzüge b e n ö tig te n  schw eren L o k o m o tiv en , in  bezug a u f  W irtsc h a ftlic h k e it 
d er U n tersch ied  v e rh ä ltn ism äß ig  gering is t. D esw egen kann  fü r  S treck en  m it 
sehr langen u n d  stark geneigten R am pen  in  gew issen F ä llen  d as  P e ricd eu - 
um form er-S ystem  sogar w ünschensw ert sein .

V. Die derzeitige stü rm ische E n tw ick lu n g  des 50 H z-S ystem s
im A usland

Im  fo lgenden  m ö ch te  der V erfasser die se it der ers ten  A n trittsv o rle su n g  
im  A usland  e in g e tre te n e  s tü rm ische  E n tw ic k lu n g  k u rz  sch ildern .

W ie b e k a n n t, h ab en  die F ran zö sisch en  S ta a tsb a h n e n  im  J a h r e  1952 in 
50 H z-A u sfü h ru n g  — abgesehen von den  65 W ard -L eo n ard -L o k o m o tiv en  — 
20 P erio d en u m fo rm er-L o k o m o tiv en , 15 K o m m u ta to rm o to r-L o k o m o tiv e n , 5 
Ig n itro n -L o k o m o tiv e n  b este llt.

W ie schon  aus den  Z ahlen  fe s tg e s te llt w erden  k an n , h a b e n  d ie  F ran zö 
sischen S ta a tsb a h n e n  1952 die g röß te  Z u k u n f t von  den , n ach  dem  ungarischen  
P a te n t  g eb au ten  P e rio d en u m fo rm er-L o k o m o tiv en  e rw a rte t u n d  am  w enigsten 
w a ie n  sie der Z u k u n ft der Ig n itro n -L o k o m o tiv en  v e r tra u t. D ie B e trieb se rfah 
ru n g en  der L o k o m o tiv en  haben  jedoch  die M einung b etreffs  d e r le tz te re n  e n t
scheidend  v e rä n d e r t . O bw ohl die P e rio d en u m fo rm er-L o k o m o tiv e  n a c h  B eseiti
gung der schon e rw ä h n te n  K in d e rk ra n k h e ite n  auch  a u f G ru n d  d e r p rak tisch en  
E rfah ru n g en  sich  als zweitbester L okom otivtyp  erw ies, is t d ie lg n itro n -L o k o m o tiv e  
a u f  G rund  ih re r  ausgeze ichneten  E ig en sch a ften  an  die S p itze  vo rged rungen . 
Ihre A dhäsion  w ar die m öglichst beste , w esen tlich  besser als die d e r bis dam als 
v erw endeten  G le ichstrom -L okom otiven  d e r F ranzösischen  S ta a tsb a h n e n .

A u f G ru n d  d e r en tscheidenden  V orteile  d e r Ig n itro n -L o k o m o tiv e n  (A dhä
sion, kleineres G esam tgew ich t, um  40 %  k leineres F ah rm o to ren g ew ich t, W ir
k u n g sg rad  usw .) ließ en  die F ranzösischen  S ta a tsb a h n e n  die W echselstrom 
k o m m u ta to rm o to r-L o k o m o tiv en  u n d  sogar die A nw endung dieses S ystem s au f 
T riebw agen  v o llkom m en  fallen.
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D ie G le ich rich te r-L o k o m o tiv en  haben  n ach  ih re r ln b e tr ie b n a h m e  w äh ren d  
e in e r  g an z  kurzen  Z e itsp a n n e  (5 Ja h re )  die W elt z u r  G änze e ro b e rt u n d  w egen 
ih r e r  ausgezeichneten  E ig e n sc h a fte n  jedes an d ere  S y stem  von  50 H z-L okom o- 
t iv e n  vollkom m en v e rd rä n g t.

D as  günstige E rg e b n is  d e r  Ig n itro n -L o k o m o tiv en  h a t  deren  s tü rm isch e  
w e ite re  V ervo llkom m nung  m it  sich  gebrach t. W ä h re n d  z. B . die fü r T h io n v ille  
b e s te l l te n  Ig n itro n -L o k o m o tiv  en  bei einem  G ew icht v o n  84 t  eine g a ra n tie r te  
L e is tu n g  von 3450 PS au fw iesen , k an n  m an h e u te  schon  m it dem  gleichen  
G e w ic h t eine L eistung  v o n  5400 PS sichern.

A u f  G rund der m it d e n  Ig n itro n -L o k o m o tiv en  e rz ie lten  ausgezeichneten  
E rg e b n is se  is t die entscheidende Überlegenheit der 50 H z-E lektr ifiz ieru n g  über 
die 16 2 /3  H z- und G leichstrom system e zu einer unbestreitbaren Tatsache geworden. 
H e u te  w ird  n u r noch d is k u t ie r t ,  wie die in  einem  L a n d  nach  einem  a n d e ren  
S y s te m  begonnene B a h n e le k tr if iz ie ru n g  fo rtzu se tzen  is t. D ieses große E rg eb n is  
is t ,  n a c h  d er von Ungarn  g e le is te ten  P io n ie ra rb e it, zw eifellos das Verdienst 
der Französischen Staatsbahnen u n d  H erstellerfirm en.

U n g a rn  w ar näm lich  zw eifellos B ah n b rech er des 50 H z-S ysteins, d a  die 
u n g a risc h e  S trecke B u d a p e s t — H egyeshalom  den  50 H z-G ro ß b e trieb se lek tri-  
f iz ie ru n g e n  der übrigen  L ä n d e r  um  m ehr als 20 J a h re  zuvorgekom m en is t. 
J e d o c h  k o n n te  seinerzeit — obw oh l die ungarische In d u s tr ie  L o kom otiven  m it 
d e n  h e im ischen  V erh ä ltn issen  vollkom m en e n tsp re c h e n d e r  L e istung  und  
G esch w in d ig k e it au f G ru n d  d e r  genialen Ideen v o n  K a n d ó  produzieren  k o n n te  
— d ie se r  T yp  den z e itg em äß en  ausländ ischen  A n fo rd e ru n g en  an  hohe L e is tu n g  
u n d  g ro ß e  G eschw indigkeit n ic h t  en tsp rechen , u n d  desw egen  k o n n te  se in e rze it 
d a s  A u slan d  das 50 H z -S y s te m  n ich t ü b ern eh m en . U n m itte lb a r  v o r  dem  
sow ie w ä h re n d  des zw eiten  W eltk rieg s  ko n n te  das in  U n g a rn  erfundene P e r io 
d en u m fo rm er-S y stem  G a n z — R a tk o v sz k y  diese S ch w ierig k e it ü b erw in d en , u n d  
k ö n n e n  noch  heute — 25 J a h r e  nach  der E rf in d u n g  des System s — ze it- 
g em ässe  L okom otiven  m it  b e lieb ig e r L eistung  u n d  G eschw ind igkeit n ach  
d e m  S y s te m  gebau t w erden . D ieses System  k o n n te  sich  jed o ch  infolge des W e lt
k rie g s  n ic h t verb re iten , so g ar n ic h t  einm al a llgem ein  b e k a n n t w erden ; d esh a lb  
k o n n te  d a s  50 H z-System  im  W e ltm a ß s ta b  e rs t w e ite rg e lan g en , als die F ra n z ö 
s isch en  S ta a tsb a h n e n  dessen  g ro ß e  M öglichkeiten e rk a n n te n  u n d  a u f  G ru n d  
v o n  g ro ß ange leg ten  S tu d ie n  u n d  V ersuchen dessen  allgem eine A n w en d u n g  
b esch lo ssen . D aß die aus U n g a rn  stam m ende 50 H z -E le k tr if iz ie ru n g  vom  T o t
p u n k t  w eite rge lang te  und  h e u te  u n b e s tre itb a r  als das einzige System  z u b e tr a c h 
te n  i s t ,  w elches in jed em  L a n d  gew ählt w erden m u ß , wo noch keine E le k tr i 
f iz ie ru n g  m it einem a n d e re n  S y s te m  d u rch g efü h rt w u rd e , is t zw eifellos V e r
d ie n s t  d e r  F ranzösischen  S ta a ts b a h n e n  und der fran zö sisch en  H ers te lle rfirm en .

D ie  E n tw ick lung  d e r 50 H z-E lek trifiz ie ru n g  h a t  in  riesigem  A u sm aß  
b e g o n n e n . W ie b ek an n t, w u rd e  d ie  E rp ro b u n g  der e rs te n  5 Ig n itro n -L o k o m o tiv en  
im  J a h r e  1955 begonnen. B is 1960, w ährend  5 Ja h re  h a b e n  allein die f ra n z ö 
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sischen  F irm en  530 Ig n itro n -L o k o m o tiv en  h e rgeste llt, w elche T a tsa c h e  zeigt, 
in  w elch stü rm ischem  T em po die 50 H z-E lek trifiz ie ru n g  zu  d iesem  Z e itp u n k t 
b eg o n n en  h a t. Von den  530 Ig n itro n -L o k o m o tiv en  sind 340 S tü ck  fü r  die F ra n z ö 
sischen  S ta a tsb a h n e n  g eb au t w orden , 100 fü r  In d ien , 15 fü r  P o rtu g a l, 50 fü r 
d ie S ow jetun ion  u n d  25 fü r C hina.

A ußer den französischen  F a b r ik e n  h ab e n  sich n a tü rlic h  au ch  die F a b rik e n  
a n d e re r  L än d er in  die V ersuchs- u n d  in  die S erienerzeugung d er Ig n itro n -L o k o 
m o tiv en  e ingeschalte t. So is t auch  in  d e r S ow jetun ion  eine g rößere Z ah l von 
Ig n itro n -L o k o m o tiv en  im  B au (a u ß e r  den  im p o rtie rte n  50 S tü ck ), w e ite rh in  
s in d  auch  in  W estd eu tsch lan d , der Schw eiz u n d  E n g lan d  G le ich rich te r-L o k o m o 
tiv e n  en tw icke lt u n d  g eb au t w orden . N ach  den  Ig n itro n -L o k o m o tiv en  is t auch 
die E x c itro n a u sfü h ru n g  von  neuem  in  den  V o rderg rund  g e tre te n , u n d  heu te  
k ö n n en  schon m it Ig n itro n -L o k o m o tiv en  u n d  m it E x c itro n -L o k o m o tiv en  p ra k 
tisc h  die gleichen E rgebn isse  erzielt w erden .

E n g lan d , wo b ish er die B ah n e lek tr if iz ie ru n g  n u r  geringfügig  w ar, h a t 
ebenfa lls die E in fü h ru n g  des 50 H z-S y stem s in  g e sa m ts taa tlich em  M aßstab  
beschlossen u n d  ein großangeleg tes E lek trifiz ie ru n g sp ro g ram m  au fg este llt.

D ie G le ichrich ter-L okom otive , die in  ih ren  techn ischen  E ig en sch aften  
u n d  im  Preis m it den  16 2/3 H z-L o k o m o tiv en  vo llkom m en g le ichw ertig  is t und 
sogar diesen gegenüber gewisse V o rte ile  au fw eist, h a t  d en  von  U n g a rn  au s
gegangenen  G edanken  der 50 H z -E lek tr if iz ie ru n g  in  d er ganzen  W elt zum  
Siege ge fü h rt. Die E n tw ick lu n g  is t je d o c h  auch  h iem it n ic h t s te h e n  geblieben.

A u f dem  G ebiet d er G le ich rich te rtech n ik  sind  seit langem  V ersuche d u rc h 
g e fü h rt w orden, um  die Q u ecksilberg le ich rich te r au szu sch a lten , te ils  wegen 
ih re r  em p fin d lich e ren K o n s tru k tio n  te ils  w egen ih re r ziem lich g roßen  V erluste .

W ie b e k a n n t, h a t  m it A u sn ü tz u n g  d e r ausgezeichneten  E ig en sch aften  
d e r  H a lb le ite r eine große V ersu c h s tä tig k e it begonnen  m it dem  Ziel, T ro ck en 
g le ich rich te r zu en tw ickeln . U n te r  V erw endung  von G erm an iu m  h a b e n  die 
V ersuche sehr b ed eu ten d e  E rgeb n isse  g eb rach t, und  die G erm an iu m g le ich 
r ic h te r  h aben  sow ohl in  In d u s tr ie a n la g e n , als auch  in F ah rzeu g en  im m er w ei
te re  V erb re itu n g  gefunden.

D a das G erm anium  w eitere W ege erö ffnete , w ün sch ten  die F ran zö sisch en  
S ta a tsb a h n e n  a u f  dem  W eg d er V e rv o llk o m m n u n g  der 50 H z -F a h rz e u g e  w eite r 
fo rtzu sch re iten , obw ohl sie m it d em  B etrieb  der Ig n itro n -L o k o m o tiv e n  in 
h ö ch stem  M aße zufrieden  w aren. D esh a lb  b este llten  sie 1956 zwei T riebw agen  
m it G erm an ium gle ich rich te rn . Zu g le icher Z eit begann  m an  au ch  in  E n g lan d  
d en  B au  einer größeren  A nzahl von  T rieb w ag en  m it G erm an iu m g le ich rich te rn .

D ie französischen  T riebw agen  k am en  jed o ch  in  d ieser F o rm  n ic h t m ehr 
in  B e trieb , da sich die T echn ik  v o n  neuem  w eite ren tw ick elte . E s w urden  
n äm lich  auch  m it an d eren  H a lb le ite rn  V ersuche g e fü h rt, u n d  d en  S iem ens— 
S ch u ck ert-W erk en  g eb ü h rt das V e rd ien s t, die, eine üb erau s schw ierige T echno
logie erfo rdernden  S iliz ium gle ich rich ter en tw ick e lt zu h ab en . W egen ih re r  h e r
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v o rra g e n d e n  E ig en sch aften  en tw icke lten  sich die S iliz iu m g le 'ch rich te r ü b e rau s  
sc h n e ll, und  außer d e n  P io n ie ren  S iem ens—S ch u ck e rt, w erden  diese h eu te  
sc h o n  v o n  anderen  F irm e n , wie z. B. A EG , B B C , S chne ider-W estinghouse, 
G e n e ra l E lec tric  Co eb en fa lls  in  e inw andfre ier Q u a litä t  e rzeug t. Die E n t 
w ic k lu n g  der G erm an iu m - u n d  S iliz ium gle ich rich te r w urde  auch  in  U n g arn  
b e g o n n e n , und  sie w ird  m it  g roßer E nerg ie au ch  in  d er S ow je tun ion  u n d  in  
d e r  Tschechoslow akei v o rg e tr ieb en .

A u f vielen G eb ie ten  d e r  chem ischen In d u s tr ie  h ab e n  die S ilizium gleich
r ic h te r  bere its die Q u eck silb e rd am p fu m fo rm er u n d  die m echan ischen  U m fo r
m e r  v e rd rä n g t, w äh ren d  im  F ah rzeu g b au  die Z u k u n ft d erze it vo llends d en  
S iliz ium gle ich rich te rn  g e h ö rt.

D ie F ranzösischen  S ta a tsb a h n e n  b a u te n  ih re  zwei, u rsp rü n g lich  m it 
G e rm an iu m g le ich rich te rn  b e s te llte n  T riebw agen  a u f  S iliz ium gle ich rich te r u m , 
u n d  diese kam en schon  in  d ie se r A usführung  in  den  P ro b eb e tr ieb . E ine  v o rh a n 
d e n e  Ig n itro n -L o k o m o tiv e  v o n  5000 PS w urde ebenfa lls a u f  S iliz ium gle ich rich ter
a u s fü h ru n g  u m g eb au t. D iese U okom otive w ar schon  im  J a h re  1960 se it m eh r 
a ls 2 J a h re n  einw andfre i im  B etrieb . W ährend  d e r zwei J a h re  hab en  die S ili
z iu m g le ich rich te r im  B e tr ie b  keinerlei B esch äd ig u n g  e r litte n  u n d  keinerle i 
I n s ta n d h a ltu n g  b e a n sp ru c h t.

I n  D eu tsch land  w u rd e  v o r  m ehr als 2 1/2 J a h r e n  v o r 1960 eine V ersuchs- 
V ersch u b lo k o m o tiv e  m it  S iliz ium gle ich rich tern  — die e rs te  S iliz ium -L okom otive  
d e r  W e lt — fü r 16 2/3 H z  in  B e tr ieb  genom m en. W ä h re n d  des J a h re s  1960 h ab en  
3 versch ied en e  F irm en , n ä m lic h  A EG , BBC u n d  SSW  je  eine V ersuchslokom o
tiv e  v o n  4000 PS m it S iliz ium gle ich rich tern  in  B e trieb  genom m en, die fü r  
50 H z  u n d  16 2/3 H z gleicherw eise  geeignet s ind .

In  E ng land  w aren  1960 45 G erm an ium gle ich rich te r-T riebw agen  von  
1200 P S  in  B etrieb , 1959 b e s te llte n  jedoch  au ch  die B ritisch en  S ta a tsb a h n e n  
10 S iliz ium -L okom otiven  v o n  3000 PS, deren  e rs te s  E x e m p la r  E n d e  des J a h re s  
1960 b e re its  in B e trieb  g e s te llt  w urde.

Im  Ja h re  1959 b e s te ll te  au c h  die S ow jetun ion  be i den  S iem ens— S ch u ck ert 
W e rk e n  20 S tück  6000 PS  S iliz ium -L okom otiven , u n d  E n d e  des Ja h re s  1960 
v e rg a b e n  auch die F ra n z ö s isc h e n  S taa tsb ah n en  eine B este llung  fü r 15 S tü ck  
S iliz ium -L okom otiven .

A u f  dem  G ebiet d e r  S iliz ium gle ich rich te r-L okom otiven  begann  eine 
s tü rm isc h e  E n tw ick lu n g  u n d  a u f  G rund der b ish e rig en  E rgebn isse  k a n n  n ich t 
b e zw e ife lt w erden, d a ß  in  d e n  n ächsten  J a h re n  d e r S iliz ium gle ich rich ter 
je d e n  an d eren  G le ich rich te r (Ig n itro n , E x c itro n , G erm an iu m ) aus den F a h r 
zeu g en  verd rängen  u n d  d ie  A lle inherrschaft ü b e rn e h m e n  w ird .

I n  der G eschichte d e r  50 H z-L okom otiven  b e g in n t also, k au m  5 Ja h re  
n a c h  d e r  riesigen G eb ie tse ro b eru n g  durch die Ig n itro n -L o k o m o tiv e n , das Z e ita l
t e r  d e r  S iliz ium -L okom otiven . D iese L o kom otiven  b e h a lte n  die säm tlichen  gu ten  
E ig e n sc h a fte n  der Ig n itro n -L o k o m o tiv e n  bei u n d  b ese itig en  deren  N ach te ile .
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Zw ecks D eckung  des e inheim ischen  B edarfs und  fü r  E x p o rtzw eck e  
w ird  auch  die ungarisch e  In d u s tr ie  in  n a h e r  Z u k u n ft S iliz ium -L o k o m o tiv en  
b au en , da  sie m it d er E u ro p ä isch en  A rb e itsg em ein sch aft, in  d e r  d ie  g rö ß ten  
eu ro p ä isch en  F irm en  te iln eh m en , wie A E G , BBC, C harleroi, J e u m o n t ,  Oerli- 
ko n , S chneider-W estinghouse , S iem ens-S chuckert W erke, E n d e  des J a h re s  
1960 einen  en tsp rech en d en  L izen zv ertrag  absch ließen  k o n n te , la u t  w elchem  
die u n garische  In d u s tr ie , n ach  Ü bernahm e d e r von  der E u ro p ä isc h e n  A rb e its 
gem ein sch aft gelieferten  7 L o k o m o tiv en , aus eigener E rzeu g u n g  d en  U n g ari
schen  S ta a tsb a h n e n  u n d  fü r E x p o rtzw eck e  S iliz ium gle ich rich te r-L okom otiven  
von  3000 PS m it A ch sen an o rd n u n g  В — В lie fe rn  w ird. D am it w ird  U n g a rn  en d 
lich  — w enn auch n ich t n ach  eigenem  S y stem  wie frü h er, ab e r a u f  je d e n  Fall 
v o n  neuem  — L okom otiven  von  modernster A usfüh rung  se rien m äß ig  e rzeugen .

VI. Zukünftige M öglichkeiten

A bschließend  m ö ch te  d er V erfasser noch  eine Idee k u rz  b e sp rech en , die 
ev en tu e ll eine noch w eitere  E n tw ick lu n g  d e r h eu te  schon b e w ä h rte n  u n d  die 
h e rv o rrag en d s ten  T rak tio n se ig en sch aften  aufw eisenden S iliz ium gle ich rich ter- 
F ah rzeu g e  erm öglichen w ird.

B ek an n tlich  h a t  d er V erfasser im m er das größ te  G ew icht d a r a u f  ge leg t, 
als F a h rm o to r  m öglichst K ä fig a n k e rm o to ren  zu verw enden . E s is t  näm lich  
d er K ä fig a n k e rm o to r — d er w eder K o m m u ta to r , noch S ch le ifringe , noch 
B ü rs te n  b es itz t, keinerlei In s ta n d h a ltu n g  b ean sp ru ch t u n d  im  G ew ich t sehr 
le ich t g eb au t w erden k a n n  — vom  S ta n d p u n k t der T rak tio n  aus als d ie  idealste  
L ösung  anzusehen , deren  V orteile  d u rch  keinerlei andere K o n stru k tio n en  e r
re ic h t w erden können .

D ie M einung des V erfassers ü b e r die kurzgeschlossenen M o to ren  te ilte n  
se in e rze it in  vollem  M aße auch  die F ranzösischen  S ta a tsb a h n e n , d e ren  Ge
n e ra ld ire k to r  A r m a n d  —  im  J a h re  1952 —  in seiner b ed eu tu n g sv o llen  
R ede ü b e r die 50 H z-E lek trifiz ie ru n g  n ach d rü ck lich  h ie ra u f h inw ies. E ine 
ähn lich e  M einung v e r t r i t t  auch  die S ow je tun ion , wo die B e d e u tu n g  der 
F rag e  noch d ad u rch  g este ig ert w ird , d aß  w egen der v ie le ro rts  a u f tre te n d e n  
außergew öhnlichen  K ä lte , Schneefälle  u n d  V ereisungen diese e in fach  au fg eb au 
te n  u n d  keinerlei In s ta n d h a ltu n g  b ean sp ru ch en d en  M otoren in  g este igertem  
M aß von  V orteil sind.

W ie b e k a n n t, h a t  das in  den  E le k tr isc h e n  W erken G anz en tw ickelte  
u n d  h eu te  in  F ran k re ich  in  B etrieb  b efin d lich e  P e rio d en u m fo rm er-S y stem  Ganz 
— R a tk o v szk y  die A nw endung  d er kurzgeschlossenen  M otoren e rm ö g lich t, und 
diese M öglichkeit w ar der b ed eu tu n g sv o lls te  V orzug des P e rio d e n w a n d le r-  
S ystem s.

D en V orteilen  d er K ä fig a n k e rm o to ren  s tan d en  jed o ch  d as  b ed eu ten d e  
G ew ich t und  die hohen  K o sten  d er zu ih rem  B etrieb  n o tw en d ig en  ro tie-
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re n d e n  U m form er u n d  d e r  h ie rd u rch  v e ru rsa c h te  sch lech te  G esam tw irk u n g s
g ra d  gegenüber. Die Ig n itro n g le ic h ric h te r  u n d  in sb eso n d ere  die T rockeng le ich 
r ic h te r  ergeben einen so e in fach en  A ufbau , d aß  d iesen  gegenüber die L o k o m o ti
v e n  m it ro tie ren d en  U m fo rm e rn  n ich t e n tsp re c h e n d  w ettbew erbsfäh ig  b le i
b e n , t ro tz  dem  großen  V o rte il der F a h rm o to re n  m it K ä fig an k e r u n d  dem  
g u te n  L e is tu n g sfak to r (cos cp =  1). Dies is t in sb eso n d ere  der F all, w enn  bei 
k le in e m  G ew icht sehr g ro ß e  L o k om otiv le istungen  b e n ö tig t w erden. A us dem  
g le ich en  F ah rzeuggew ich t k a n n  m an  näm lich  bei Ig n itro n -  oder T rockengleich- 
r ic h te ra u s fü h ru n g  u n g e fä h r  2 0 —4 0%  m ehr L e is tu n g  h erausb ringen  als aus 
L o k o m o tiv en  m it ro tie re n d e n  U m form ern u n d  K ä fig an k e rm o to ren .

D ie en tsche idenden  V o rte ile  der e inzelnen  S y stem e  sind d ah er die fo l
g e n d e n :

B eim  P erio d en u m fo rm er-S y stem , au ß e r d em  g u te n  L e is tu n g sfak to r, die 
e in fa c h  aufgebau ten  u n d  ü b e rh a u p t keine In s ta n d h a l tu n g  b ean sp ru ch en d en  
seh r leichten K äfigankerm otoren:

heim  G le ich rich te rsy stem  die einfache, le ich te  u n d  keine In s ta n d h a ltu n g  
b e a n sp ru c h e n d e  K o n s tru k tio n  der Silizium gleichrichter.

In  bezug a u f  die T rak tio n se ig en sch aften  u n d  die A dhäsion sind  b eide  
S y s te m e  gleicherweise h e rv o rra g e n d .

D er G edanke ist d a h e r  nahegeliegend, d aß  m a n  in irgendeiner W eise die 
V o rte ile  der beiden S y stem e  verein igen  m ü ß te , d a ß  h e iß t, m an  m ü ß te  ein d e r 
a r tig e s  F ah rzeug  en tw ick e ln , w elches kurzgeschlossene M otoren besitz t, jed o ch  
s t a t t  eines ro tie ren d en  U m fo rm ers  S ilizh im g le ich rich te r verw endet. D iesen 
B e d in g u n g en  en tsp ric h t d as  System ,* welches im  fo lgenden  n u r ganz k u rz  
g e sc h ild e r t w erden m öge:

W enn  in einem  F a h rz e u g  der au f die schon  b e k a n n te  W eise z u s ta n d e 
g e b ra c h te  pu lsierende G le ich s tro m  m it irg en d e in e r b e k a n n te n  E in ric h tu n g  so 
b e e in f lu ß t  w ird, daß  de rse lb e  in  A bhängigkeit v o n  d e r  Z eit verschiedene W erte  
a n n im m t, so k ann  m an  m it  en tsp rech en d  gew äh lte r B eein flu ssung  erzielen, d aß  
d e r  A ugenb licksw ert des p u ls ie ren d en  G le ichstrom s sich  gem äß einer S in u s
h a lb w e lle  von beliebiger F re q u e n z  ändert.

W  enn  nun  eine so lche S ch a ltu n g  angew endet w ird , welche es e rm ög lich t, 
im  S tro m k re is  der M otoren  a u c h  den Sinn des G le ich stro m s zu ändern , so k an n  
im  S tro m k re is  der M otoren  e in  sinusförm iger S tro m  von  beliebiger F req u en z  
z u s ta n d e g e b ra c h t w erden . B e i V erw endung von  m e h re re n  S trom kreisen  k a n n  
a u c h  D re ip h asen stro m  o d e r — denn in diesem  F a ll w erden  n u r zwei S tro m 
k re ise  b e n ö tig t — ein Z w eip h asen stro m  z u s ta n d e g e b ra c h t w erden. Es is t d a h e r  
m ö g lich , Zwei- oder M e h rp h a se n -K ä fig a n k e rm o to re n  m it dem  von  den  
b e k a n n te n  G leichrich tern  e rz e u g te n  G leichstrom  zu  speisen , so daß d er G le ich 
s t r o m  in  w enigstens zw ei S trom kreisen  d u rc h  en tsp rechende  S teuere in -

* Z um  P a te n t an g em eld e t a m  24. D ezem ber 1959.
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r ich tu n g en  in  gegeneinander en tsp rech en d  phasenverschobene sinusfö rm ige 
W echselström e von k o n tin u ie rlich  v e rä n d e rlic h e r  F requenz u m g e fo rm t w ird.

Im  R ah m en  d ieser A u se in a n d e rse tz u n g  w ü n sch t der V erfasser n ic h t au f 
d ie E in ze lh e iten  des P rob lem s einzugehen u n d  m ö ch te  n u r d a ra u f  h in w eisen , daß  
so eine S teu eru n g  schon a u f  b ek an n te  W eise re a lis ie rt w erden k a n n . M it g e s teu e r
te n  G le ichrich tern  k an n  d u rch  e n tsp re c h e n d e , b ek an n te  S ch a ltu n g e n  und  
S teu eru n g en  näm lich  e rz ie lt w erden, d aß  au s G le ich stro m  — auch  im  F a ll von 
großen  L eistungen  — W echselstrom  h e rg e s te llt  w ird. D as e rw ü n sch te  Ziel: 
V erw endung  von  kurzgeschlossenen  F a h rm o to re n  und  V erw en d u n g  von 
G le ich rich te rn , k an n  d a h e r  gesichert w erd en .

N ach  dem  im  vo ran g eh en d en  k u rz  gesch ilderten  P rinzip  k ö n n e n  m it 
E x c itro n g le ich rich te rn  — w enn auch  n ic h t e in fach  und  w irtsch a ftlich  — sol
che F ah rzeuge  schon n ach  dem  S tan d  d e r  T ech n ik  1960 v e rw irk lich t w erden .

D ie en tsp rech en d e  S teuerung  d e r T ro ck en g le ich rich te r w ar b is 1960 noch 
n ich t in  genügendem  M aß en tw ickelt, d ie M öglichkeit ihrer S teu e ru n g  genüg te  
noch  n ich t dem  vorliegenden  Zweck. Im  V erg leich  zu den je tz ig en  F a h rz e u 
gen m it S iliz ium gle ich rich tern  und  K o m m u ta to rm o to re n  können  a b e r  d ie  F a h r 
zeuge nach  obigem  P rin z ip  n u r d ann  als e in  w irk licher F o r ts c h r it t  b e tra c h te t  
w erden , w enn fü r die en tsp rechende  S te u e ru n g  d e r einfach a u fg e b a u te n  T rok- 
k en g le ich rich te r von ausgezeichnetem  W irk u n g sg rad  eine w irtsch a ftlich e  
L ösung gefunden  w orden  is t. W enn je d o c h  in  B e tra c h t gezogen w ird , d a ß  die 
S ilizium - u n d  G erm an iu m g lc ich rich te r m it h o h e r L eistung  im  J a h re  1960 eine 
k a u m  sechsjährige  V ergangenhe it h a t te n ,  u n d  daß  die V e rg an g en h e it der 
s te u e rb a re n  T ro ck en g le ich rich te r k au m  a u f  d ie  H ä lfte  dieser J a h re ,  also au f 
d re i J a h re  z u rü ck re ich t, so k an n  n ach  A n s ic h t des V erfassers die A n n ah m e, 
d a ß  die en tsp rech en d  s teu e rb a ren  T ro ck en g le ich rich te r von  b e fried ig en d er 
L e istung  in  w irtsch a ftlich e r und  e in fach er A usfüh rung  in  k ü rz e rs te r  Zeit 
— in n erh a lb  ein iger J a h re  — zur V erfü g u n g  s teh en  w erden, n ic h t a ls zu  op
tim is tisch  b e tra c h te t  w erden . In  d iesem  F a ll w erden aber die h e u te  n u r  in 
E x c itro n a u sfü h ru n g  (sehr k o m pliz ie rt u n d  te u e r)  h e rste llbaren  L o k o m o tiv en  
m it K ä fig a n k e r-F a h rm o to re n  auch  m it T rock en g le ich rich te rn  — deren 
F re iw erdezeit in  G rössenordnung  k le in e r is t ,  a ls die eines E x c itro n s , w odurch  
das P rob lem  des L öschens viel e infacher u n d  b illiger zu lösen is t — h erzu ste llen  
sein.

D as g esteuerte  T ro ck en g le ich rich te r-K äfig an k er-S y stem  n a c h  obigem  
P rin z ip  w ird  aller W ahrsch e in lich k e it n a c h  fü r  E in p h asen -W ech se ls tro m fah r
zeuge die ideal beste Lösung bieten. In  d iesen  F ah rzeu g en  w erden die tech n isch en , 
w irtsch a ftlich en , b e trieb ssich erh eitlich en  u n d  in s ta n d h a ltu n g s te c h n isc h e n  V or
te ile  d er F ah rzeu g e  m it K u rz sc h lu ß fa h rm o to ren  u n d  derjen igen  m it T ro ck en 
g le ich rich te rn  — d u rch  re la tiv  e in fachen  u n d  w irtschaftlichen  M itte ln  — v e r
e in ig t sein, u n te r  B e ib eh a ltu n g  der au sg eze ich n e ten  T rak tions- u n d  A d h äsio n s
e igenschaften .
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I n  dem  oben G esag ten  h a t  sich der V erfasser b e m ü h t, a u f  die w ich tig s ten  
G e s ic h tsp u n k te  und  E rg eb n isse  d er tech n isch en  E n tw ick lu n g  der v o n  U n g a rn  
a n g e re g te r  50 H z-B ah n e lek trifiz ie ru n g  — an  w elch er er selbst auch  d a u e rn d  
s ta r k  t ä t i g  w ar — h in zuw eisen , sow eit dies in  d em  zu r V erfügung s te h e n d e n  
R a h m e n  m öglich w ar.

U n g a rn  w ar m it d er 50 H z -E lek tr if iz ie ru n g  d e r  H au p ts treck e  B u d a p e s t— 
H e g y e sh a lo m  der ganzen  W e lt u m  m ehr als 20 J a h r e  zuvorgekom m en. D u rc h  
die E n tw ic k lu n g  des P e rio d en u m fo rm er-S y stem s G an z-R a tk o v szk y  w a r  U n 
g a rn  w ä h re n d  w eiterer 20 J a h r e ,  ungefäh r b is 1950, im  W eltm aß stab  u n b e 
s t r e i tb a r  noch  im m er an  e rs te r  Stelle. O bw ohl U n g a rn  seit u n g e fäh r 1952 
— a lso  s e it cca 10 J a h re n  — diese P osition  n ic h t m e h r  h a lten  k o n n te , e ineste ils  
au s  e ig e n e m  V erschulden, a n d e ren te ils  wegen d e r  in  der ganzen W elt in  G ang  
g e k o m m e n e n  s tü rm ischen  E n tw ic k lu n g , h a t  das v o n  U ngarn  erfundene  u n d  
s te ts  v e r tre te n e  P rinz ip  — en tg eg en  der 20 J a h r e  d au ern d en  O pp o sitio n  d e r 
g a n z e n  W e lt — h eu te  schon  e inen  vo llkom m enen  Sieg errungen.

H  e u te  verkeh ren  schon  H u n d e rte  von 50 H z-L o k o m o tiv en  in  d e r g an zen  
W e lt — au ß e r U ngarn  in  e r s te r  R eihe in  F ra n k re ic h , w eiters in  E n g la n d , d er 
S o w je tu n io n , China, In d ie n , A frika , J a p a n  usw . —- in  s te ts  v o llk o m m en er 
A u s fü h ru n g , und  d ieselben h a b e n  h eu te  in  b ezu g  a u f  W irtsch a ftlich k e it u n d  
te c h n is c h e  E igenschaften  d ie  16 2/3 Hz- u n d  d ie  G le ich stro m -L o k o m o tiv en  
n ic h t  n u r  eingeholt, so n d e rn  au ch  ü b erh o lt.

D a s  von  Ungarn ausgegangene  50 H z-S y stem  h a t  unbestreitbar die ganze  
W elt erobert, die v e rsch ied en sten  L än d er u n d  d ie  g rö ß ten  F ab rik en  d e r W e lt 
a rb e i te n  an  der noch w e ite re n  V ervo llkom m nung  dieses System s, u n d  es is t  
zu  h o ffe n , daß  in der Z u k u n f t U n g arn  — w elches in  K ürze  fü r eigene u n d  fü r  
E x p o r tz w e c k e  die m o d e rn s te n  S iliz iu m -L o k o m o tiv en  herste ilen  w ird  — g e tre u  
s e in e r  a l te n  T rad itio n  sich au c h  in  die W e ite ren tw ick lu n g  w ieder e in sc h a l
te n  u n d  d a r in  w ieder an  fü h re n d e  Stelle g e langen  w ird .

T H E  F U T U R E  D E V E L O P M E N T
O F  T H E  50 Hz R A IL W A Y  V E H IC L E S IN  H U N G A R Y  AND A B R O A D

F .  R A T K O V S Z K Y

SU M M A RY

T h e  a u th o r  discusses th e  d iff icu ltie s  en coun tered  a t  t h a t  tim e , w ith  the  ex tension  to  o th e r  
c o u n tr ie s  o f  th e  50 Hz ra ilw ay  e le c tr if ic a tio n  (Ganz — K a n d ó  sy s tem ) w hich was d ev elo p ed  a n d  
p u t  in to  se rv ice , in H u n g a ry  d u rin g  th e  period  from  1923 to  1931 for th e  f irs t tim e in  th e  w hole 
w o rld . T h ese  d ifficulties w ere c o m p le te ly  overcom e, f i r s t  b y  th e  frequency-changer veh ic les  
w ith  c o n tin u o u s  and  loss-free sp eed  reg u la tio n , su itab le  fo r a n y  pow er and  speed, w h ich  w ere 
d e v e lo p e d  a n d  bu ilt also in  H u n g a ry , in  th e  years 1938 — 1944, a fte rw ard s by  th e  la rg e -sca le  
te s ts  m a d e  in  1950 — 1955 b y  th e  F re n c h  S ta te  R a ilw ay s a n d  b y  th e  ig n itro n  loco m o tiv es d e 
v e lo p e d  b y  F re n c h  and o th e r  fo re ig n  fac to ries . The tec h n ic a l d a ta  an d  th e  o p e ra tin g  ex p erien ce  
g a in e d  w ith  th e  u n fo rtu n a te ly  chosen  H u n g a rian -b u ilt s lip -rin g  m o to r locom otives w ith  5 f ix ed  
sp eed s  a re  com pared  to  th o se  of th e  freq u en cy  ch an g er lo com otives o rdered  b y  th e  F re n c h
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S ta te  R a ilw ay s, w hich  h av e  sh o rt-c ircu ited  a rm a tu re  tra c tio n  m o to rs  an d  have given fu ll s a 
tis fac tio n  d u rin g  o p e ra tio n . T he a u th o r  p o in ts  ou t w h a t d isa d v a n ta g e s  had  been suffered  b y  
th e  H u n g a ria n  50 H z ra ilw a y  e lec trifica tio n  an d  th e  lo co m o tiv e -b u ild in g  in d u s try  as a co n se 
q uence  of th e  e rroneous decision  m ade in th e  years 1947 — 1948.

T he a u th o r  in sis ts  on th e  decisive im p o rtan ce  o f th e  larg e  d ev elopm en t w ork o f th e  
F re n c h  S ta te  R ailw ays a n d  of th e  F ren ch  m an u fa c tu re rs , t h a t  b y  develop ing  the  ig n itro n  lo 
co m o tiv es fin ally  decided  th e  qu estio n  of the  econom ic ra ilw a y  e lec trific a tio n  system  in fa v o u r 
o f th e  50 H z sys tem , d ev elo p ed  a n d  realized  in H u n g a ry  a lre a d y  30 y ears  ago. Due to  th e  d e v e l
o p m en t o f th e  new est d ry  re c tif ie r  (Si) locom otives th is  a d v a n ta g e  h as  becom e even m ore d e 
cisive. F in a lly  a fu r th e r  p o ss ib ility  o f d ev elopm en t o f th e  50 H z locom otives is discussed, w h ich  
will po ss ib ly  p e rm it to  u n ite  in  th e  50 Hz vehicles the  a d v a n ta g e s  o f th e  rectifie rs an d  of th e  
sh o rt-c irc u ite d  m oto rs , w hich  so lu tion  w ould re su lt in  th e  m o st sim ple e lectrified  veh ic les, 
h a v in g  a t  th e  sam e tim e  m ax im u m  o p e ra tio n a l safe ty .

L E  D É V E L O P P E M E N T  D E S V É H IC U L E S  D E  C H E M IN  D E  F E R  A 50 HZ

F . R A T K O V S Z K Y

R É SU M É

L ’au te u r  rap p elle  d ’ab o rd  les d ifficu ltés a y a n t jad is  em p êch é  l’ad o p tio n , à l’é tra n g e r , du  
sy s tè m e  d ’é lec trifica tion  à 50 Hz (systèm e G anz—K a n d ó ), que la H ongrie  fu t la p rem ière  à 
d év e lo p p er e t à réa liser su r ses g ran d es lignes, en tre  1923 e t  1931. Ces d ifficu ltés o n t é té  co m 
p lè te m e n t élim inées p a r  la su ite , grâce au  co n v ertisseu r de  ph ase  développé e t fab riq u é  en 
H ongrie  p e n d an t les an n ées 1938 —1944, a u x  essais de g ra n d e  en v erg u re  de la SN C F e ffec tués 
en 1950 — 1955, en fin  a u x  locom otives à ig n itro n  d év elo p p ées p a r  les fab riq u es fran ç a ise s  et 
d ’a u tre s  fab riq u es é tra n g è re s . L ’au te u r  com pare  en su ite  les c a rac té ris tiq u es  te c h n iq u es  e t 
les ré su lta ts  d ’ex p lo ita tio n  d u  ty p e  de locom otives à co n v e rtis se u r  de phase  fab riq u é  en  H o n 
grie ap rès  la guerre (m o te u rs  à bagues e t à 5 v itesses fix es) à ceux  des locom otives à c o n v e r
tis se u r de phase  co m m an d ées p a r la  SN C F (m o teu rs  en  c o u rt-c irc u it  e t réglage c o n tin u  de la 
v ite sse), qu i on t d onné  des ré su lta ts  exce llen ts en serv ice. Il in d iq u e  aussi les p ré jud ices p o rtés  
à l’é lec trific a tio n  des ch em in s de fer hongrois e t  à l’in d u s tr ie  h ongro ise  de co n stru c tio n  de loco
m o tiv es p a r le ty p e  m al choisi de 1947—48.

L ’a u te u r  souligne l ’im p o rta n ce  décisive des g ra n d s  e ffo rts  de développem en t fa its  pa r 
la SN C F e t les c o n s tru c te u rs  fran ça is , grâce aux q u els  le d év e lo p p em en t des lo com otives à 
ig n itro n  a fa it d é f in it iv e m e n t a d o p te r  com m e sy stèm e  d ’é lec trific a tio n  économ ique celu i à 
50 H z, développé  e t  réalisé  en H ongrie  il y  a  30 ans. P a r  le ré c e n t d év eloppem en t des lo co m o ti
ves à red re sseu r sec (Si), la su p é rio rité  de celui-ci s’es t enco re  accen tu ée . Une nouvelle  p ossi
b ilité  de d év elo p p em en t des locom otives à 50 H z e st e n fin  in d iq u é e  p a r  l’au te u r. D ans l’a v en ir , 
les a v an tag e s  des red re sseu rs  e t des m o teu rs  en c o u rt-c irc u it p o u rra ie n t ê tre  com binés d a n s  les 
v éh icu les  à 50 H z, so lu tio n  qu i a ssu re ra it au x  véh icu les é lec trifié s  le p lus de sim p lic ité  de 
co n s tru c tio n  e t le m ax im u m  de sécu rité  en  service.

РАЗВИТИЕ В ВЕНГРИИ МАГИСТРАЛЬНЫХ ЖЕЛЕЗНОДОРОЖНЫХ ПОДВИЖ
НЫХ СРЕДСТВ, ПИТАЕМЫХ ТОКОМ ПРОМЫШЛЕННОЙ ЧАСТОТЫ

ф . р а т к о в с к и

РЕЗЮМЕ

Антор описывает трудности распространения зарубежом электрификации железно
дорожного транспорта током промышленной частоты (но системе Ганз—Кандо), 
впервые в мире разработанной в Венгрии в 1923— 1931 гг. Эти трудности впоследствие 
были полностью преодолены разработанными и изготовленными также в Венгрии в 1938 
1944 гг. подвижными средствами произвольной мощности, оборудованными преобразо
вателями частоты, позволяющими без потерь непрерывно менять скорость, а также 
благодаря опытам, проведенным в 1950—1955 гг. в крупных масштабах Французскими 
государственными железными дорогами, и опытам с игнитронными электровозами, раз
работанными другими зарубежными заводами.
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Автор дает сравнение технических данных с опытом эксплуатации электровоза, 
разработанного после войны в Венгрии, к сожалению, вследствие неудачного выбора 
типа, оборудованного тяговым двигателем с контактными кольцами, имеющего пять опре
деленных ступени скорости, с преобразователем частоты, и данных разработанного по 
заказу Французских государственных железных дорог, хорошо оправдавшегося в экс
плуатации электровоза с короткозамкнутым тяговым двигателем, с беспотерьным непре
рывным изменением скоростей, с преобразователем частоты. Говорится об ущербе венгер
ской промышленности транспортных средств в области электрификации железных дорог 
на основе тока промышленной частоты от неправильного выбора типа электровоза.

Подчеркивается решающая важность огромной работы по разработке электрово
зов, проведенной Французскими государственными железными дорогами и заводами, в 
результате которой разработаны игнитронные электровозы, которые окончательно решили 
вопрос экономичности электрификации железных дорог в пользу уже 30 лет назад раз
работанной и введенной в Венгрии системы, основанной на использовании тока промыш
ленной частоты. Все это получает еще большее значение в связи с разработкой новейшего 
типа электровозов с сухими преобразователями. Наконец, указывается еще одна возмож
ность усовершенствования электровозов для тока промышленной частоты, которая со
стоит в объединении преимуществ выпрямителей и короткозамкнутых тяговых двига
телей, и в применении их на электровозах, питаемых током промышленной частоты, при
чем это решение даст наиболее совершенные в эксплуатации локомотивы.
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STUDY ON THE MECHANIZED CULTIVATION 
OF DRIFT SAND LANDS

I. RÁZSÓ

C O R R E S P O N D I N G  M E M E E R  O F  T H E  H U N G A R I A N  A C A D E M Y  O F  S C IE N C E S  

[M anuscrip t received A u g u s t 31, 1964]

S an d y  a reas m ak e  o u t  a b t.  16%  of th e  w hole a g r ic u ltu ra l  te rr i to ry  in H u n g a ry , and 
ro u n d  a b o u t 300 000 h a  th e re o f  a re  covered w ith  q u ick san d . T h e  cu ltiv a tio n  of th e  la t te r  is ju s t  
being  developed . M eanw hile, m echanizing  of th is  process is g re a tly  im peded by  th e  m echan ical 
p ro p e rtie s  o f q u ick san d  th a t  d iffer m uch from  th o se  o f n o rm a l a rab le  lan d s , m a in ly  as fa r 
as b ea rin g  cap ac ity  is co n cern ed . The so-called b u rro w  e ffec t w ith  w hich th e  ro lling  m otion  
o f w heels on  blow n san d  a rea s  is a tte n d ed  is also one o f th e  u n fav o u rab le  consequences o f  the  
poor b earin g  cap a c ity . In  th is  p a p e r, fac to rs  in flu en cin g  th e  bu rro w  effect a re  an a ly zed  and 
co n d itio n s  a re  d e te rm in e d  b y  w h ich  no b u rrow  effec t o ccu rs . In fo rm atio n s a re  g iven  ab o u t 
c h a ra c te ris tic s  o f b low n san d  lan d s , in H u n g a ry , an d  a b o u t  th e  re su lts  o b ta in e d  on th e  basis 
o f  th e o re tic  re la tio n s a n d  calcu la tio n s, especially  b y  in tro d u c in g  a new  n o tio n , i.e. th e  lim it 
fa c to r (R ,) o f bu rro w  e ffec t.

I. Introduction

In  H u n g a ry , a b o u t ro u n d  16%  o f its  geog raph ica l te rr i to ry  is covered  
w ith  sa n d ; an  a rea  o f  a b t. 300 000 ha th e re o f  is qu icksand . U n fo r tu n a te ly , 
th o u g h  a large p o rtio n  o f  o u r blow n sand  lan d s is su itab le  for f ru it ra is in g  and  
especia lly  for v ine-g row ing , th e re  are , as y e t, o n ly  sm all areas u n d e r c u ltiv a 
tion .

In  fo rm er tim es , n e a rly  all these  te r r i to r ie s  w ere c u ltiv a te d  by  sm all 
land  ow ners; th en , p ro b lem s of m echan ization  w ere unknow n. F o r cu ltiv a tio n  
p u rp o ses , w hen  and  w here  i t  was realisab le  a t  a ll, so lely horse d raw n  m ach ines 
w ere used . O nly  o f la te , in asm u ch  sm all fa rm s h a v e  been u n ited  in co o p era 
tiv e s , m ech an iza tio n  o f  th ese  collective e s ta te s , inc lu d in g  blow n san d  lan d s 
too , is fe lt to  be necessa ry . H ow ever, som e o f th e  invo lved  p rob lem s are  n o t 
th e  m echan ica l p ro p e rtie s  o f  d rif t sand  an d  th o se  o f o th e r, so to  say  n o rm al 
lan d s. I t  is th e  v e ry  sm all bearing  cap ac ity  o f q u ic k sa n d  areas as com pared  w ith  
o th e r  a rab le  lan d s th a t  can  be considered  as th e  fu n d am en ta l d ifference in  
consequence o f w h ich  th e  fo rw ard  m ov em en t o f  a g ric u ltu ra l m ach ines — f irs t  
o f  all w heel tra c to rs  — is g rea tly  h am p ered .

T h e  fo rm a tio n  o f  san d  d rifts  can  be a sc rib e d  to  h u m an  a c tiv ity , m ore 
p rec ise ly , to  an  im p ro p e r m eth o d  of c u ltiv a tio n . B y  force of th e  w ind , n o t only  
th e  v e ry  sand  b u t  also  th e  cu ltiv a te d  d ry  soil becom es m oved. T he m ore th e  
soil is d ry  an d  d u s ty , th e  g rea te r will th e  d r if t  be. In  th e  Sov iet U n ion , th e
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s t ro n g e s t  sandsto rm s occur on  b lack  soils, w herefrom  comes th e  n am e  “ b lack- 
s to r m ” . T he sm allest p e rc e n ta g e  of san d  in  th is  d u s ty  soil in  tu rn  fo rm s dunes 
o f  r a th e r  pu re  sand  w hen th e  s to rm  s ta r ts  to  blow . T hrough  th e  a c tio n  o f th e  
w in d , th e  en tire  soil m a t te r  w ill be m oved ; th e  sm alle st and  th e  l ig h te s t  g rains, 
c la y  a n d  hum us pa rtic le s  a re  ca rr ied  as fa r  as som e hun d red s o r ev en  th o u 
sa n d s  k ilo m e te rs  aw ay , w h ereas  la rg e r an d  h eav ie r  sand  grains a re  d ro p p ed  
w ith in  20 -У 30 km , i.e. a so r tin g  o f  soil p a rtic le s  is perform ed a cco rd in g  to  
size  a n d  w eight. The g re a te r  p o rtio n  of th e  p re se n t sandy  d eserts  w as once

F ig . 1. L o ad  bearing  c ap a c ity  o f q u ic k  sa n d y  soil. Soil s tre ss  as fu n c tio n  of p e n e tra t io n  d e p th
of te s tin g  bod y

th e  m o s t fertile  te r r i to ry  on e a r th , tvhich h ad  been  cu ltiv a te d  since th e  m o st 
a n c ie n t  tim es. Now, i t  is w ell know n th a t  fe rtile  areas, u n d e r d ry  c lim a tic  
c o n d itio n s , can be sav ed  f ro m  d e v a s ta tio n  on ly  w hen  a c o n s ta n t g ro w th  o f 
v e g e ta t io n  is assured  b y  w ell chosen  c u ltiv a tin g  m ethods.

II. Some P h y sica l P roperties o f B low ing Lands

O n th e  bearing  c a p a c ity  o f q u ick san d , one fin d s  well fo u n d ed  in fo rm a 
tio n s  in  th e  graph  of F ig . 1, t h a t  h a s  been  p lo tte d  as a re su lt o f e x p e rim e n ts  
m a d e  on  a typ ica l d r if t  s a n d y  soil (E s ta te  o f K iskörös, D is tr ic t C sengőd). 
T h e  te s ts  were carried  o u t w ith  tw o  c ircu la r s ta m p s , th e  one o f w h ich  has a 
d ia m e te r  o f D x =  100 m m , th e  o th e r  a d iam e te r  o f  D s =  160 m m . O n th e  basis 
o f  th e se  curves, th e  re su ltin g  p re ssu re  stress a in  th e  soil, being a fu n c tio n  of th e  
p e n e t r a t io n  d ep th  h o f  th e  s ta m p s , is expressed  as follows:

o'! =  0,58 h«-8,

a3 =  0,32 Л0-9

A c ta  T echn . H ung. 50. (1965)



MECHANIZED CULTIVATION OF DRIFT SAND LANDS 305

w here a , refers to  te s ts  in  loosened sand  w ith  th e  100 m m  stam p , and  
a.j refers to  te s ts  in  loosened sand  w ith  th e  160 m m  stam p .

W hen co m p arin g  th e  curves o f th e  g rap h , one can o b se rv e  th a t  th e ir 
tre n d  varies w ith  th e  d iam e te r of th e  p e n e tra tin g  s tam p . In  th e  s tu d y  by 
S a a k y a n  [ 5 ]  a sim plified  in te rd ep en d en ce  is estab lished  b y  ex p ressin g  a 
as th e  func tion  o f th e  ra tio  (hID ) nam ely :

fo r loosened san d , an d

3 , 8
h

D

0.83

5
h H,85 

D

s  c

Fig. 2. L oad b earin g  c a p a c ity  of norm al a rab le  la n d ; fac to r c versus soil s in k in g  d ep th

fo r sunken  san d . As fa r  as th e  load b ea rin g  cap ac ity  of o th e r  a ra b le  soils is 
concerned , th e  c h a ra c te ris tic  curves are d iffe ren t (see Fig. 2). F o r  such  norm al 
soils, th e  s ta r tin g  p o rtio n  of th e  curves is cha rac terized  b y  a l in e a r  or nearly  
lin ea r tre n d  show ing  a m ore or less re g u la r  p ro p o rtio n a lity  b e tw e e n  pressure 
stress and  d e p th  o f  p e n e tra tio n , and  th e  second p o rtion  o f th e  (a, h) curve is 
ch a rac te rized  b y  a ra p id  increase of th e  p e n e tra tio n  d e p th  w ith  a co n stan t 
s tre ss  value o r even  w ith  decreasing  s tre ss ; in  o th e r w ords, th e  soil seem s to  
h av e  reached  th e  flow  lim it. T hus, th e  f i r s t  p o rtio n  of th e  c u rv e  corresponds 
to  a c o n s tan t ra tio  o f soil deform ation!soil stress, i.e. a/h -  c =  c o n s ta n t, or

c [k p /cm 3] =  g[kp/cm2I
A [  c m ]

w here th e  v a lu e  o f c [k p /cm 3], as th e  specific  stam ping  fa c to r  o f  th e  soil, ex
presses th e  n ecessa ry  p ressu re  per u n it  vo lum e of s tam p ed  soil.

As a su m m a ry , fo r so called no rm al soils, du ring  the  f irs t  p e rio d  o f  loading, 
th e  ra tio  b e tw een  lo ad  and  d efo rm atio n  is a t  least nearly  p ro p o r tio n a l, w hereas 
for qu ick  san d y  a reas , th e  fac to r c is n o t c o n s ta n t, b u t varies  as a  fu n c tio n  of 
d efo rm atio n  acco rd ing  to  th e  re la tio n sh ip  as illu s tra ted  in  F ig . 3, w here th e
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sp e c if ic  stam ping  fa c to r  a p p e a rs  as a decreasing q u a n t i ty  a lready  d u rin g  th e  
s t a r t i n g  period of lo ad ing .

A ccord ing  to  in fo rm a tio n s  ob tained  from  sc ien tif ic  au th o ritie s , n o rm a l 
a ra b le  soils are c h a ra c te r iz e d  b y  th e  following v a lu e s : <7 =  1 . . .  9 k p /cm 2 an d  
c =  3 . . .  20 kp /cm 3. W ith  re s p e c t to  values as p lo t te d  in  Figs. 1 and  3, i t  is 
o b v io u s  th a t  m achines a n d  im p lem en ts  th a t  h a v e  b een  designed for use on 
n o rm a l a rab le  lands, w ill p ro v e , u n avo idab ly , q u ite  u n su ita b le  for qu ick  sa n d y  
a re a s  because  of th e ir  w e ig h t.

0. 1-

To To To To io  do T  âjo
h e m

F ig . 3. Specific s ta m p in g  fa c to r  c versus p e n e tra tio n  d e p th  of th e  te s tin g  b o d y
J — o n  loosened sand , w ith  a s ta m p  of 100 m m  dia; 2  — on  loo sen ed  sand , w ith  a s ta m p

of 160 m m  dia

Table I

Grain size

Diameter,
mm

Contents,
%

> 1 ,4 1,2*
1,4 .. 1 0,7*
1 0,63 1,0**
0.63.. 0,32 10
0,32. . 0,2 37
0,2 .. 0.1 41
0,1 .. 0,06 7,4

<0 ,06 1  7* * *

* vegetable matters;
** partly vegetable matters; 

*** with some organic contents

W h en  analysing th e  p h y s ic a l properties o f q u ic k  san d y  soils in  co n n ec
t io n  w ith  th e ir  ra th e r  p oo r b e a r in g  capacity  an d  th e  h a rd  conditions t h a t  im 
p e d e  u s  in  solving m e c h a n iz a tio n  problem s, th e  fo llow ing  th ree  factors can  be 
re fe r re d  to : grain size, — g ra in  fo rm , — lack  o f b o n d in g  m ateria ls .
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1. Grain size

In  H u n g ary , th e  m ost so rts  o f  q u ick san d  co n ta in  th e  sm allest q u a rtz - 
g ra in s , th a t  can easily  be m oved b y  m o d era te  w inds. In  T ab le  I  g ra in  sizes 
a re  en u m era ted  as fo u n d  in sam ples ta k e n  from  th e  to p  lay e r o f 5 cm o f th e  
Kiskőrös  blown sa n d  lan d .

A ccording to  th e se  d a ta , th e  g rea t m a jo r ity  o f g ra ins (n a m e ly  78% ) 
be lo n g  to  the size ra n g e  from  0,1 u p  to  0,32 m m . T h is d is tr ib u tio n  schem e is 
i l lu s tra te d  in F ig . 4 .

%

401 

30 

20 - 

10■ I

L

top layer o f  5 cm, 
o f  sunken sand so il 

in Kiskőrös

Ó6Ó,7tlgti,9Í0V Ь0,9 0,9 WV Í2 Ù U 15 
grain size f

0,1 Q2 0,3 0,4 0,5

Fig. 4. G ra in  d is tr ib u tio n  o f th e  qu ick  sa n d y  soil o f K iskőrös

2. Grain fo rm

F u rth e r , th e  g ra in  form  is, genera lly , n e a rly  g lo b u la r i.e. well ro u n d ed  
a n d  w ith  a sm oo th  su rface . C onsequen tly , th e y  can  easily  roll a ro u n d  each  o th e r 
(see F igs. 5, 6). S am ples tak en  from  o th e r  th a n  q u ick  san d y  soils a re  ch a rac te rized  
b y  a la rg e r n u m b e r o f  ru d e , p o ly h ed ra l g rains, n o t  y e t sm oo thed  o ff (Fig. 7).

20 « Acta Techn. Hung. 50. (1965)

Fig. 6. M icro -p h o to g rap h  of se lec ted  q u ick 
sand  g ra in s ; ran g e  of g ra in  d ia : ô — 0,32 -f- 
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Fig. 5. M ic ro -pho tograph  of selected q u ic k 
sa n d  g ra ins; range o f g ra in  dia: d =  0 ,06 . 
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Fig. 7. M ic ro -p h o to g ra p h  of bu ild ing  san d  g ra in s , n o t se lec ted

3. L a c k  o f  bonding materials

A s a lready  m en tioned , g ra in s  of qu icksand  w ill easily  be m oved , a lread y  
b y  th e  a c tio n  of a m odera te  w in d , excep ting  w hen th e  soil co n ta in s  th e  n ecessary  
q u a n t i t y  o f particles o f th e  co llo idal size ( <  0,0002 m m  in d iam e te r)  th a t  
e x e r t  a  b o n d in g  effect on th e  s a n d  g ra ins in  th e  presence o f h u m id ity , a n d  w hich 
c a n  p r e v e n t  — of course in  th e  case of m o d era te  w inds — w innow ing  w ind  
a c tio n s . N ow , our sam ples c o n ta in , accord ing  to  th e  values given in  th e  ta b le , 
o n ly  a  r a th e r  negligible q u a n t i ty  (1 ,7% ) o f grains o f th e  size u n d e r 0,06 m m  
in  d ia m e te r ,  whereas a rea l b o n d in g  effect ex e rted  b y  pa rtic le s  o f collo idal size 
c a n  b e  ex p ec ted  only w hen  th e y  reach  the  range  o f 3 • ~ 4 %  c o n te n ts .

S a n d  grains, once m o v ed  b y  th e  w ind , un d erg o  a fu r th e r  a b ra s io n  as a 
c o n se q u e n c e  of rubb ing  a g a in s t  each  o th e r th e  effect o f w hich  is a fu r th e r  
d is in te g ra t io n  and d e fo rm a tio n ; th e ir  form  changes fro m  a p o ly h e d ra l shape 
in to  a  g lo b u la r one. A nd ju s t  th e se  sm allest globe-like shaped  g ra in s are  re 
sp o n s ib le  for the  u n fa v o u ra b le  p h ysica l p ro p ertie s  o f q u ick  san d y  soils.

W ith  th e  re stric tio n  t h a t  th e  form ula applies on ly  to  a w heel w ith  a rig 
id  r i m  w hen  rolling on a s in k in g  soil, i.e. w hen a v isib le  tra c e  of th e  m o tio n  
is b e in g  perform ed,

t h e  e x p r e s s i o n  o f  r o l l i n g  r e s i s t a n c e  i s ,  a c c o r d i n g  t o  G e r s t n e r :

III. Rolling R esistance on a Soil Subject to Deform ation

Acta T ech n . H ung. 50. ( 1965)
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w here

P ,  tra c tiv e  force n ece ssa ry  for m oving th e  w heel fo rw ard , i.e. th e  ro llin g  resistance  
Ikp];

G th e  whole w e ig h t t r a n s m itte d  by  th e  w heel in to  th e  soil [kp j: 
b wheel w id th  [cm ];

D  wheel d iam e te r  [cm ];
c specific s ta m p in g  re s is tiv ity  of the  soil [k p /cm 3].

W hen we n eg lec t som e m in u te  m o d ifica tio n s, we now adays u se , th e  sam e 
fo rm ula  in o rder to  ex p ress  th e  rolling res is tan ce  o f a w heel h a t  ing  a rig id  rim , 
an d  leav ing  a v isib le  tra c e  w hen rolling on a s in k in g  soil.

A gain, as w ill be  seen from  the  e x p la n a tio n  herebelow , th e  v a lid ity  of 
th e  above fo rm ula is lim ite d  for a ce rta in  d e p th  o f trace . F o r a c lea re r u n d e r
s ta n d in g  of th e  d isp la c e m e n t of soil pa rtic le s  w h en  th e y  com e to  to u c h  th e  
w heel rim , Fig. 8 is to  be  considered. We assum e th a t  th e  trace  d e p th  — m eas
u red  from  the  o rig in a l la n d  level — is eq u a l to  ha (by  neg lec ting  th e  ac tu a l 
e lastic  d e fo rm ation  o f  th e  soil) and , m ag n itu d e  as well as d irec tio n  o f  th e  velo
c ity  v ec to r (v) b e lo n g in g  to  th e  rim  p o in t h0 — assum ing  a slip -free  rolling 
m o tio n  — can easily  b e  d e te rm in ed . Now, i f  no  fric tion  occurs b e tw een  rim  
an d  so il-partic les, th e se  p a rtic le s  are p u sh ed , b y  th e  rim , in  th e  d irec tio n  vr, 
i.e. rad ia lly  (in an  o r th o g o n a l d irection  to w ard s  th e  rim  su rface). B earing  in 
m ind  th a t  th e  d ire c tio n  o f  th e  velocity  v ec to r  v an d  th a t  of th e  p u sh in g  effect 
vr do n o t coincide, b u t  t h a t  th e y  form  th e  ang le  &/2, a push ing  a n d  s tam p in g  
o f th e  soil pa rtic le s  b y  th e  rim  is only possib le i f  th is  angle is less th a n  (or in 
th e  ex trem e  case e q u a l to )  th e  angle of fr ic tio n  q u n d ers to o d  fo r rim  an d  soil. 
As can  be seen from  F ig . 8 th e  angle i) is th e  ang le  a t  th e  cen tre  b e long ing  to  the  
cho rd  m easured  b e tw e e n  th e  foo tp o in t o f th e  rim  an d  th e  p o in t h0. In  w ritten

I
Acta  Techn. H u n g . 50. (1965)

F ig . 8. E x p la n a tio n  of the  b u rrow  (b u lldozing ) effect
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fo rm  :
Q >  $ /2 , (O' ^  2 q) an d  ^ max =  2 ß .

F ro m  th e  aforesaid  a n a ly tic a l  line of th in k in g  i t  is easily  u n d e rs ta n d a b le  
t h a t  th e  form ula of Gerstner  can n o t be ap p lied  betw een  a rb itr a ry  lim its; 
i ts  v a l id i ty  is confined u p  to  a m ax im um  va lu e  o f  th e  sink ing  d e p th  (Л0) of 
th e  w h ee l. This lim it is ex p re sse d  as:

(m ax)  =  r  — r • cos # m a x  =  r (1 —  cos # m a x )  =  r (1 — cos 2  p ) .

B y  in tro d u c in g  the  sy m b o l R t fo r th e  m em ber b e tw een  b rack e ts  [i.e. (1 —  
cos 2 g) =  R t], we o b ta in :

^ O ( m a x )   ̂ «  9
f ro m  w h ere

To(max)
R ,

in  o th e r  w ords, R t expresses th e  ra tio  of th e  s in k in g  d e p th  to  th e  w heel rad iu s . 
T h is  c a n  be  considered as a n  in d e x  n u m b er for a g iven  k in d  o f soil. F o r  o u r case, 
th e  f r ic t io n  ratio  for d ry  q u ic k sa n d  is th e  m o st u n fav o u rab le , n a m e ly  и =  
0 ,2 7 ; w h en ce  q =  arc ta n  ц  =  15°, and  R , =  0,14 th a t  gives

^o(max) r^ l  0,14 r,

th is  m e a n s , th a t  for ou r case th e  eq u a tio n  of th e  ro llin g  resis tan ce  is o n ly  valid  
as f a r  as  th e  sinking d e p th  o f  th e  wheel is less th a n  th e  wheel rad iu s  m u ltip lie d  
b y  0 ,1 4  i.e.

h„ — 0,14 r .

N o w , w hen th e  a c tu a l  s in k in g  d ep th  su rpasses th is  lim it v a lu e , th e  ro ll
in g  w h e e l is no t su itab le  fo r  p u sh in g  and  s ta m p in g  all th e  p a rtic le s  ly in g  in  
f ro n t  o f  th e  rim , co n seq u en tly , th e  surp lus o f p a rtic le s  n o t being s ta m p e d  form  
a b u r ro w  barring  th e  w ay . T h is  phenom enon, th e  so called b u rro w  effec t, is 
w ell k n o w n  by  m en o f p r a c tic e . As a consequence  o f th is , sand  p a r tic le s  are 
h e a p e d  u p , and the  arc  a lo n g  w hich th e  w heel to u ch es  th e  e a r th , becom es 
lo n g e r  th a n  the  fo rm er one co rresp o n d in g  to  th e  s in k in g  d e p th . T h erefo re , a 
g r e a te r  p a r t  of the  rim  su rfa c e  w ill t r y  to  p u sh  a n d  s ta m p  th e  p a rtic le s , in c lu d 
in g  th e  su rp lu s  heap to o ; th is  ex e rts  a force a g a in s t fu r th e r  h eap in g  u p  an d  
f in a l ly  a  s ta tio n a ry  s ta te  o f  s ta m p in g  resu lts . T h is m eans th a t  th e  m ass o f  b u r 
ro w  p u s h e d  b y  the wheel is c o n s ta n t  as long as h e ap in g  cond itions do n o t change.

A  fu r th e r  consequence o f  th e  burrow  effect is an  increase o f th e  ro lling  
r e s is ta n c e , because th e  b u r ro w  in  fro n t o f th e  r im  ac ts  as a b ra k e  shoe; in  
o th e r  w o rd s , the  rolling re s is ta n c e  is in fluenced  b y  o th e r  fac to rs  th a n  i t  w as 
a s su m e d  w hen  the  fo rm ula  o f  G e r s t n e r , an d  th e  fu r th e r  su b seq u en t re la tio n s  
w ere  e x p o sed . W ith  th is  h e a p in g  up  of th e  soil, th e  ro lling  res is tan ce  su d d e n ly  
in c re a se s .

A d a  T echn . H ung. 50. (1965)
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O bviously , here  we fin d  th e  case of q u a lita tiv e  fac to rs chang ing  oil th e  
in flu en ce  of th e  v a r ia tio n  of q u a n titie s . In  co n cre to , th e  increase o f th e  s in k ing  
d e p th  (v a ria tio n  o f a q u a n tity )  invo lves th e  q u a lita tiv e  change th a t  occurs 
w hen  th e  rolling  resis tan ce  becom es la rg e r a n d  su rpasses th e  p rac ticab le  lim it 
v a lu e . W ith  a v iew  o f th e  im p o rtan ce  o f  th e  lim it va lu e  of th e  above m en tio n ed  
q u a n ti ty  R t (in o u r case R t =  h0 (max)/r  =  0,14) i t  is adv isab le  to  c rea te  a new  
te rm ; th is  value o f R , m ay  re ferred  to  as th e  l im it factor o f  burrow effect.

In  our case, th e  occurrence o f th e  b u rro w  effect is to  be ex p ec ted  w hen 
s tee l w heels h av in g  a sm oo th  rim  su rface  are  ro lling  on quick  san d y  soil an d  
th e  sink ing  d e p th  reaches th e  v alue  o f  0,14 • r (r d en o ting  th e  w heel rad iu s).

311

F ig . 9. V aria tio n  o f th e  ro lling  resistan ce  fa c to r  as a fu n c tio n  of wheel d iam e te r, on  qu ick
sa n d y  soils

T his lim it is eq u a lly  to  be considered  for t r a c to r  f ro n t wheels th a t  se rv e  on ly  
fo r s tee ring  pu rposes w ith o u t being  d riv en . T h e  so m ew h at h igher v a lu e  o f  th e  
fr ic tio n  ra tio  fo r ru b b e r  ty re s  should  be ta k e n  as a secu rity  fac to r only .

F rom  em pirica lly  ob ta in ed  re su lts , th e  ro lling  resistance fa c to r  ( / )  for 
p u sh ed  or pu lled  steel w heels w ork ing  on qu ick  sa n d y  soil, can  be ex p ressed  as

0,235
J  ~  1)0.9

The curve resp resen tin g  th e  fu n c tio n  o f  f  ve rsu s  D  is given in  th e  g rap h  
in  F ig . 9. A ccording to  ex p erim en ts  m ade in  H u n g a ry , th is  fo rm ula  can  be 
ap p lied  to  te s ts  ca rried  o u t on o u r d r if t san d  lan d s, too.

IV. R olling  of the D river W heel, th e  R ated  Tractive Force

The ab ove-m en tioned  bu rrow  effect occurs w ith  w heels, w hich are pu sh ed  
o r pu lled , and  n o t w ith  d riv er w heels. The la t t e r  ones do n o t heap  up  p a rtic le s  
b u t  ex e rt an a d d itio n a l force for s ta m p in g  re a rw a rd  partic les even o f  such 
soils w hich h av e  a sm all bearing  c a p a c ity . W ith  these  wheels, th e  norm al 
ro lling  m otion  ceases because th e  w heel digs i tse lf  deeply  in to  th e  soil. This

A d a  Techn. H ung . 50. (1 9 6 5 )
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d ig g in g  e ffec t depends on th e  fr ic tio n  be tw een  th e  rim  and  th e  soil, th e  sh ea rin g  
s t r e n g th  a n d  the  in te rn a l f r ic tio n  in  th e  soil.

C onsidering  the  fr ic tio n  ra tio  (//) b e tw een  w heel and  soil and  th e  in te rn a l 
f r ic t io n  ra t io  ( / / )  betw een  th e  gra ins th em selv es , i t  is only th e  lesser v a lu e  o f 
th e s e  tw o  th a t  has an  in flu en ce .

O n  a given soil a rea  F ,  th e  v alue  o f  th e  m ax im um  sh earin g  force is 
e x p re s se d  as:

TmaX =  c 'F  +  p ' N
w h ere

r ’ soil cohesion [kp /cm 2];
/Г  soil (in te rnal) fric tio n  r a t io ;
N  p ressing  force in n o rm a l d irec tio n .

O n a  q u ic k  sandy  soil c ' =  0, w hence T max — /и’ N  or T max =  ta n  o' • IV ’ 
w h e re  o ’ is th e  angle of th e  in te rn a l  fric tio n .

I t  is ad v an tag eo u s to  ex p ress , for a g iven  tr a c to r , th e  m ax im u m  tra c tiv e  
fo rce  b y  m eans of the  ad h esio n  coeffic ien t, th e  la t te r  equalling  th e  ra tio  o f 
th e  u se fu l tra c tiv e  force to  th e  adhesive w e ig h t. B earing  in m ind  t h a t  th e  
u se fu l t r a c t iv e  force (P v) eq u a ls  th e  d ifference betw een  th e  ta n g e n tia l  force 
e x c ite d  in  th e  soil an d  th e  ro llin g  resis tan ce  ( P f ) , or, expressed  in  specific  
q u a n t i t ie s ,  th e  adhesion co effic ien t equals th e  difference betw een  th e  cling ing  
c o e f f ic ie n t  (99) and th e  ro llin g  esistance  fa c to r  ( / ) ,  we can w rite :

Pa =
Ga d h

ta n  o' ■ N

G a d h
—- ta n  g — PL

G'adh

b e c a u se  th e  norm al force N  eq u a ls  th e  w e ig h t Gadh.
B y  m ak in g  use of th e  re la tio n : a — ch, we o b ta in , for th e  rolling  re s is ta n c e  

w ith  2 c a te rp illa r  bands or 2 trac to r-w h ee ls  re sp ec tiv e ly :

or, fo r  a ca te rp illa r:

P,

a n d , fo r  a w hee l-tracto r:

=  bch- —-  ——
4 bcL-

bP 2
c

ta n  o' b p 1 
cG

w h ere

™ — ta n  0 ' j bl P' b2 p-

^adh \ cGaij]-. ( r e a r w h e e i ) c^adh (fore wheel)

b b an d -w id th , or w h e e l-w id th ; 
p av erage  specific p re ssu re ;
Li av erage  leng th  of th e  b e a r in g  surface.

In  th e  e q u a tio n  for wheel t ra c to rs , bl refers to  th e  rearw heel, b.} re fers to  th e  
fo re w h e e l; an d  Gadh is to  be u n d e rs to o d  for th e  respective  w eight t h a t  loads

A c ta  T ech n . H ung. 50. (1965)
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the  wheel re fe rred  to . On sandy  soils, th e re  is no sig n ifican t d ifference be tw een  
th e  values of c w h e th e r  w ith  reference to  th e  rearw heel or to  th e  forew heel, 
in  sp ite  of th e  s ta m p in g  effect o f th e  la t te r ;  acco rd in g  to  exp erim en ta l re su lts , 
th e  assum ed v a lu e  o f  c is generally  0,30 -У 0 ,35 , fo r b o th .

The g rap h  in  F ig . 10 shows th e  cu rves fo r p a (equalling  Pp/Gadh) versu s  p ,  
for som e concre te  va lues of c, i.e. fo r v a rio u s k in d s  o f soil. A ccording to  th is  
g rap h , we can easily  estab lish  th a t  w ith  san d y  soils th e  increase o f th e  p ressin g  
force (the ap p lic a tio n  of ad d itio n a l load) re su lts  in  a decrease of th e  adhesion  
coefficient and , g enera lly , does n o t lead  to  a g re a te r  tra c tiv e  force. T h is is

Fig. 10. V aria tion  o f th e  trac tiv e  force fa c to r as a fu n c tio n  of th e  surface  pressu re  be tw een  
w heel rim  and  soil su rface  for soils w ith  d iffe ren t v a lu es o f  c, b y  assum ing  a c o n s ta n t ang le  o f

in te rn a l fric tio n

u n q u estio n ab le  fo r  d riv en  steel w heels; again , in  th e  case o f ru b b e r ty re d  w heels, 
(w ith  pn eu m atics , a ce rta in  f la tte n in g  o f th e  w heel occurs), th e  effect o f a d d itio n 
al load  is a c e r ta in  en largem ent o f  th e  b e a rin g  su rface .

V. Protection against W ind by m eans o f Burrow-Free Rollers

T here are  sev era l useful o p era tio n s  su ita b le  for checking th e  e ffec t o f  
w ind  d rift, w hen  th e  cu ltiv a tio n  o f  blow n sa n d  lan d s is th e  o rd er o f th e  d ay . 
F irs t, the  soil sh o u ld  be stam ped  dow n to  a su ffic ien t degree; th e n  i t  is im p o r ta n t  
to  form  on th e  soil surface, r a th e r  sm all fu rro w s th a t  serve to  im pede  th e  
m ovem en t of a ir  m asses ju s t  over th e  e a r th  su rface  w hich can be considered , 
accord ing  to  ex p erien ces , as an a d e q u a te  p ro te c tio n . G enerally , b o th  o p e ra tio n s , 
s tam p in g  and  rid g in g  are successfully  ca rr ied  o u t b y  m eans o f ring -ro lle rs . 
T hese m achines, o f  course, are f ir s t  o f all, su ita b le  for w orking on n o rm a l soils 
th e ir  design is n o t  su itab le  for q u ick  san d y  a reas . N am ely , th e ir  sink ing  d e p th  
su rpasses the  ab o v e  de term ined  lim it and  th e  b u rro w  effect u n av o id ab ly  follow s. 
In  o rder to  solve th is  problem , new  ty p es o f  ro llers have  been developed  b y  th e

A clx  Techn. H ung. 50. (1965)
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F ig . 11. R ing-ro ller d esigned  fo r b u rro w -free  m o tio n , in  w orking positio n

F ig . 12. W ork ing  effect o f bu rro w -free  r in g -ro lle r  w ith  va rio u s tra c tiv e  speed v a lu es 
a)  —  V - 7 k m /h ; b) — v  =  13,5 km /h

A c ta  T ech n . H ung . 50. (1965)
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e x p e rts  of the  D e p a r tm e n t of A g ric u ltu ra l M achines (T echnical U n iv e rs ity  of 
B u d ap est)  th a t  p ro v ed  successful fo r th e  c u ltiv a tio n  o f even th e  lo o sest b low ing 
lan d s (F ig. 11).* T h is ty p e  o f ro lle r leaves sm all heaps a t  re g u la r  d istances 
a long  th e  furrow s; th e se  sm all h eap s serve , so to  say , for a re p e a te d  p rev en tio n  
o f  th e  burrow -effec t an d  have  p ro v ed  u sefu l, as cross ridges, fo r b a rr in g  th e  
blow  o f w inds a long  th e  furrow s. T hese  sm all heaps o r m ore e x a c tly  cross-ridges 
are  b u ilt  a t  a d is tan ce  o f  1 m eter from  each  o th e r. O u r ex p erim en ts  on abso lu te ly  
d ry  qu icksand  a reas , ca rried  o u t in  O c to b er 1963, ju s tif ie d  o u r ex p ec ta tio n s . 
F o r th e  sake o f a su ffic ien t s ta m p in g  of th e  soil, a slipfree ro llin g  m ovem ent 
is needed . A ccord ing  to  ou r ex perience  th e  b est su itab le  speed , to  th is  end, 
is a b t. 8 k m /h  (see F ig . 12a an d  12b).

Also sm oo th  ro llers, w ork ing  w ith o u t burrow ing , h av e  b een  developed. 
T h e  use of these  is successful fo r soil p re p a ra tio n  before sow ing a n d  fo r sp ring 
tim e  cu ltiv a tio n  of w in te r-co rn  seed-fie lds. W hereas sm oo th  cy lindrical-ro llers 
h av in g  a d ia. o f 35 cm  were n o t a t  all su itab le  for w ork ing  on q u ick  sandy  
so ils, th e  new  ty p e  o f  ro ller w ith  a dia. o f 65 cm  p roved  q u ite  sa tis fa c to ry  in 
ev en  th e  loosest a reas .
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E IN IG E  F R A G E N  D E R  M E C H A N IS IE R U N G  
D E R  B E A R B E IT U N G  VO N  F L U G S A N D G E B IE T E N

I . RÄZSÖ

Z U SA M M E N FA SSU N G

In  U ng arn  b e s te h t u n g efäh r 16%  d e r lan d w irtsch aftlich en  G ebiete au s S an d b o d en , und 
h iev o n  is t  eine F läch e  v o n  cca 300 000 h a  m it F lu g san d  b ed eck t. M an is t e b en  d a ran , auch  
diese B odenfläche in die B eh au u n g  e in zu b ez ieh en . N u n  ab er begegnet die M echan isierung  der 
B e a rb e itu n g  au f F lu g san d b o d en  gew issen Schw ierigkeiten , die a u f  d ie m echanischen  
E ig en sch aften  d ieser B ö d en  zu rü ck zu fü h ren  sin d , da  diese von denen  de r n o rm a len  A cker
fe ld e r abw eichen, in sb eso n d ere  infolge d e r geringen  T rag fäh ig k e it von  F lu g sa n d . A uch die 
E rsch e in u n g  einer E rd w ü h lu n g  vor den a m  F lu g san d b o d en  fo rtro llen d en  R ä d e rn  is t  eine Folge 
d e r v e rrin g e rten  T rag fä h ig k e it. In  d ieser A b h a n d lu n g  w erden  die U rsach en  d e r  W ühlerschei
n u n g  a n a ly s ie rt u n d  die spezialen B ed in g u n g en  b e s tim m t, u n te r  denen diese E rsch e in u n g  u n 

* Follow ing a p ro p o sitio n  m ade b y  P ro f. D r. E . K u n d , rin g ro lle rs  h a v e  been b u ilt in 
H u n g a ry  th a t  a re  d esigned  to form  rid g es  an d  depressions, on ly , th e y  a re  n o t  su itab le  for 
w o rk in g  on san d y  soils.
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t e r d r ü c k t  w erden kann . E s w e rd en  n o ch  In fo rm ationen  ü b e r  d ie  E ig en h eiten  des F lu g sa n d 
b o d e n s  in  U n g arn  und über d ie d u rc h  th eo re tisch e  Ü berlegungen  u n d  B erechnungen  e rz ie lb a 
ren  E rfo lg e  m itge te ilt, in sb eso n d e rs  d u rc h  E in fü h ru n g  eines n eu en  B egriffs, n äm lich  des G renz
f a k to r s  (R {) fü r den W ü h le ffek t.

P R O B L È M E S  DE LA M É C A N IS A T IO N  SU R  LES T E R R A IN S  D E  SA B LE S M O UVA NTS

I .  R Á Z S Ó

R É SU M É

16 % de la superficie des so ls agricoles de la H o n g rie  so n t co u v erts  de sable. S u r 
c e t te  é te n d u e , 300 000 h e c ta re s  e n v iro n  so n t du  sable m o u v a n t , d o n t la m ise en cu ltu re  est 
a c tu e l le m e n t  en cours. La m é c a n isa tio n  e s t rendue plus d iffic ile  p a r  certa in es p ro p rié tés  p h y 
s iq u e s  d u  sable m o uvan t, qu i d if fè re n t de celles des au tre s  sols, en p rem ier lieu p a r leu r c a p a 
c ité  p o r ta n te  n e ttem en t p lus fa ib le . C’e s t à cette  cause que  se ra m è n e n t les p h énom ènes de 
fo u illa g e  p ro v o q u é  par les ro u es des m ach in es  u tilisées sur le sab le  m o u v an t. L ’é tu d e  se propose 
a u ss i l ’ex a m e n  des facteu rs in te r v e n a n t  d a n s  le processus d u  fou illage e t d é te rm in e  les co n d i
tio n s  d a n s  lesquelles celui-ci ne p e u t  pas se produire. L ’a u te u r  fo u rn it enfin  des données su r 
les c a ra c té ris tiq u e s  des sab les m o u v a n ts  de Hongrie e t f a it  c o n n a ître  les ré su lta ts  o b ten u s  
p a r  a p p lic a tio n  des re la tio n s th é o r iq u e s  e t  des calculs, g râce  s u r to u t  à  l’in tro d u c tio n  de la 
n o u v e lle  n o tio n  de facteu r lim ite  d e  fou illage  (R t).

Н Е К О Т О Р Ы Е  В О П РО С Ы  М Е Х А Н И З А Ц И И  С Е Л Ь С К О Х О З Я Й С Т В Е Н Н Ы Х  
РА Б О Т  Н А  Т Е Р Р И Т О Р И И  З Ы Б У Ч И Х  П Е С К О В

И .  Р А Ж О

РЕ ЗЮ М Е

16% сельскохозяйственных площадей Венгрии покрыты песками, из них 
около 300 000 га  составляют зыбучие пески. При механизации работ на зыбучих песках 
большие трудности возникают из-за отличных от других видов почв физических свойств 
зыбучих песков, а в первую очередь, — значительно худшей несущей способности их. 
Явления зарывания колес, возникающие у применяемых на зыбучих песках машин, 
можно свести к этому свойству. Работа посвящена анализу тех факторов, которые воз
действуют на зарывание, а также определяется при каких условиях не может произойти 
зарывания. В работе приводятся данные по показателям свойств встречающихся в Венг
рии зыбучих песков, далее результатам, достигнутым вследствие применения теорети
ческих зависимостей и расчетов, и в основном от применения нового понятия, а именно 
предельного фактора зарывания (R t).
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ECONOMICS OF WATER-COOLED 
TURBOGENERATORS

M. S E ID N E R

C O R R E S P O N D I N G  M E M B E R  O F  T H E  H U N G A R I A N  A C A D E M Y  O F  S C I E N C E S  

[M anuscrip t received  A ugust 31. 1964]

O riginally  tu rb o g e n e ra to rs  were air-cooled . W ith  such  in d irec t cooling th e  h e a t arising 
in  th e  s ta to r  an d  ro to r  w ind ings flow s th ro u g h  th e  in su la tio n  an d  th ro u g h  th e  te e th  to  the 
su rface  w ashed by  th e  a ir. A b o u t 1937 m an u fa c tu re rs  in the  USA began  to  rep lace  th e  cooling 
a ir  by  hydrogen  a n d  ab o u t 1952 th e y  changed  over to  d irec t hydro g en -co o lin g  inside  the 
hollow  co n d u cto rs . T o -d ay  th is  v e ry  effic ien t cooling m eth o d  is in  w orld-w ide use.

W ith  th e  d ire c t cooling o f th e  co n d u cto rs  th e  h e a t-ca rry in g  h y d ro g en  flow s th rough  
n a rro w  openings in th e  c o n d u c to rs  to w ard s th e  cooler. W ate r be ing  able to  tra n s p o r t  3000 
tim es m ore h ea t across th e  sam e cross-section , a t th e  sam e ve loc ity  an d  w ith  an  e q u a l tem p e ra 
tu re  rise , th an  can  h y d ro g en  o f a tm o sp h e ric  p ressu re , th e  s ta to r  w ind ings o f  hydrogen-cooled  
tu rb o g en e ra to rs  a re  to -d a y  g en era lly  cooled by  w a ter. B u t the  d irec t w a ter-co o lin g  of the 
ro to r  w indings is h a m p e red  by design  p rob lem s due to  speeds of 3000 or 3600 r .p .in . N evertheless, 
th e  o u tp u t  o f the  tu rb o g e n e ra to r  being  lim ited  by  th e  perfo rm ance  o f th e  ro to r  w hich  is less 
cooled  by  the  h y d ro g en , th e  w ater-coo ling  of th e  hollow ro to r co n d u cto rs  h as la te ly  come to 
th e  fore.

By w ater-coo ling  th e  ro to r  an d  s ta to r  w ind ings th e  specific pe rfo rm an ce  of tu rb o g en e r
a to rs  increases fo r sm all m ach in es b y  som e 4 0 % , for large u n its  by  som e 25%  a n d  it becom es 
possib le to build  w ater-coo led  u n its  from  30 up  to  1000 MW . T he pap er in v es tig a te s  th e  econom 
ics o f  w ater-cooled  tu rb o g e n e ra to rs , th e ir  e ffic iency , th e  m ethods of d ev e lo p m en t an d  pre
se n ts  designs for th e  w a ter-co o lin g  of th e  ro to r.

I. The D evelopm ent o f Cooling

In  th e  ea rly  2 0 th  c e n tu ry , tu rb o g e n e ra to rs  were o rig ina lly  cooled by 
a tm o sp h eric  a ir. W ith  th is  cooling m eth o d  th e  h ea t a ris in g  in  th e  s ta to r  and 
ro to r  w indings flow s th ro u g h  th e  in su la tio n  an d  th ro u g h  th e  te e th  to  the  
su rfaces w ashed b y  th e  flow ing  a ir. F o r th is  reason  the  effic iency  o f  th e  cooling 
is sm all, and  th e  steep  increase  o f a ir fr ic tio n  losses p re v e n ts  th e  increase  of 
th e  ro to r  d ia m e te r  an d , w ith  th is , of th e  ro to r  p erfo rm an ce . T h e  u p p e r lim it 
o f  perfo rm ance o f  a ir-cooled  tu rb o g e n e ra to rs  is ab o u t 20 MW  a t  3600 r.p .in . 
an d  80 MW a t 3000 r .p .in .

A round 1937 th e  lead in g  elec trical m an u fac tu re rs  in  th e  U SA developed, 
writh  m uch w ork an d  a t  g rea t expense, th e  in d irec t cooling o f tu rb o g e n e ra to rs  
b y  hydrogen  o f  a tm o sp h e ric  p ressu re . Since th e  specific  w eigh t o f 9 6 %  pure 
h y d ro g en  of a tm o sp h e ric  p ressu re  used in p rac tice  is o n ly  a b o u t 1/10 o f th a t 
o f a ir  a t  th e  sam e p ressu re , th e  fric tio n  losses o f th e  ro to r  d ro p p e d  to  10% . 
T herefo re  it  becam e possib le  to  increase rad ica lly  th e  ro to r  d ia m e te r  an d  thu s 
th e  perfo rm ance  o f  th e  m ach ine . A lthough  in d irec t cooling w ith  h y d ro g en  of
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a tm o sp h e r ic  pressure in c reases  th e  specific p e rfo rm an ce  o f th e  tu rb o g e n e ra to r  
o n ly  b y  some 20%  as c o m p a re d  to  air-cooling th e  o u tp u t  could  be ra ised  con
s id e ra b ly  by  increasing th e  r o to r  d iam eter.

T o w ards 1952 th e  A m erican s  changed o v er to  d ire c t cooling, b y  h igh- 
p re s s u re  hydrogen , of th e  s t a to r  and  ro to r w ind ings o f th e ir  3600 r.p .m . 
tu rb o g e n e ra to rs . E u ro p ean  m a n u fa c tu re rs  g ra d u a lly  follow ed su it. As for size, 
th e  F re n c h  m an u fac tu rers  h a v e  ta k e n  the lead  b y  th e  p ro d u c tio n  of 600 MW  
tu rb o g e n e ra to rs  having  a r o to r  d iam e te r of a b o u t 1150 m m  and  a ro to r  len g th  
o f  a b o u t  6300 mm.

W ith  d irect cooling th ro u g h  channels o f  6 — 12 m m  w id th  inside th e  
c o n d u c to r  or form ed b y  p ro f ile  conducto rs th e  w a te r  can , a t  id en tica l v e lo c ity  
a n d  te m p e ra tu re  rise, ta k e  o v e r  an d  carry  off a b o u t 3000 tim es as m uch  h e a t 
t h a n  c a n  hydrogen of a tm o sp h e r ic  pressure. T h ere fo re  th e  use o f w a te r  as 
a c o o lin g  m edium  has com e to  th e  fore in th e  d ire c t cooling o f tu rb o g e n e ra to r  
c o n d u c to rs . The cooling o f  th e  s ta tio n a ry  s ta to r  w ind ings can  be ach ieved  b y  
re la t iv e ly  simple m eans; y e t  th e  d irec t w ater-coo ling  o f  th e  ro to r  co n d u c to rs  
m e e ts  w ith  m echanical d iff ic u ltie s  owing to  such  fac to rs  as th e  w a te r in ta k e  
in to ,  a n d  th e  ou tle t from , th e  ho llow  conductors tu rn in g  a t  3000 or 3600 r .p .m ., 
th e  s h a f t  bending and  v ib ra t io n s  an d  the th e rm a l d ila ta tio n  o f th e  co n d u c to rs  
a n d  th e  ro to r  body.

II. D irect H ydrogen-C ooling  of the  R o to r C onductors

T h e  re lationsh ip  b e tw e e n  cu rren t i [am pere] flow ing  th ro u g h  l m  o f 
c o n d u c to r  length , te m p e ra tu re  rise  t °C of th e  c o n d u c to r, specific h ea t к  ca l/m 3, 
°C o f  th e  cooling m edium  a n d  p ressu re  d ifference p  k g /cm 2 necessary  for th e  
c irc u la tio n  of the coolan t is ex p ressed  by th e  cooling eq u a tio n

it . p
--------------------=  c o n s t .  ( 1 )

t- ■ p  ■ к

I n  th is  form ula th e  te m p e ra tu re  rise t °C o f th e  co n d u c to rs  includes th e  
te m p e r a tu r e  drop arising  a t  th e  surface tra n sfe r  as w ell as t h a t  necessary  for 
th e  tr a n s p o r ta t io n  of th e  h e a t .

T h e  efficiency o f th e  cooling  is m easu red  b y  th e  expression t =  
=  Уi* ■ l3/t2 • p - k- Since th e  sp ec ific  h ea t per m 3 an d  °C o f th e  gaseous coo lan ts, 
k , is o n ly  1/3000 of th a t  o f  w a te r , th e  n a tu ra l cooling  c a p a c ity  of hyd ro g en  
does b a re ly  count in  co m p ariso n  to  th a t  of w a te r . Y e t acco rd ing  to  E q . (1), 
th e  n a tu r a l  cooling c a p ac ity  o f  h y d ro g en  can be m u ltip lie d  b y  sh o rten in g  th e  
le n g th  l o r b y  rising th e  n u m b e r  o f sections, fu r th e rm o re  b y  increasing  th e  
p e r m it te d  tem p era tu re  rise  t°, th e  th e rm a l c a p ac ity  к o f  th e  co o lan t and  in c reas
in g  p re s su re  p  for c ircu la tin g  th e  cooling m edium .
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In  o rder to  increase  th e  cooling effic iency , every  tu rn  o f  a hyd ro g en - 
cooled ro to r  w in d in g  is d iv ided , accord ing  to  u su a l p rac tice , in to  12 — 16 
sections; there fo re  th e  w hole ro to r  w inding  is d iv ided  — as fa r as cooling is 
concerned  — in to  2000—2500 para lle l b ran ch es. C o n cu rren tly  th e  p e rm itte d  
m ax im u m  p ressu re  rise o f th e  ro to r  con d u c to rs  is forced up  to  70 — 86 °C, th e  
s ta tic  p ressure o f th e  h y d rogen  to  5 — 6 kg/cm 2 ahs. an d  th e  gas v e lo c ity  to  
8 0 - 9 0  m/sec.

In  th e  F re n c h  re p o rt №  141 p resen ted  a t  th e  1964 C onférence I n te r 
n a tio n a le  des G ran d s R éseau x  E lec triq u es à H a u te  T ension  (C IG R Ë ) in  P a ris  
[1], th e  designers o f  th e  600 M W  tu rb o g e n e ra to rs  declared  th e  fo llow ing on th e  
su b jec t of th e  hydrogen -coo led  ro to rs : “ H ow ever these  m e th o d s , specially  
w ith  regard  to  ro to r  cooling, do n o t seem  v ery  fa r from  th e ir  lim it, an d  ju m p in g  
to  a new  c a p ac ity  level over 600 MW  w ill p ro b ab ly  he accom pan ied  b y  an 
im p o r ta n t change in  th e  so lu tions em ployed  up to  p re se n t.”

T he d irec t w a te r-coo ling  o f th e  hollow  or p ro filed  ro to r  c o n d u c to rs  is 
ab le to  tak e  care o f  th is  “ im p o r ta n t ch an g e” .

III. Developm ent o f Turbogenerators with Water-Cooled Conductors

D irect w ater-coo ling  o f th e  ro to r  m akes i t  possible from  th e  p o in t o f 
view  o f cooling to  increase  th e  specific perfo rm an ce  of hydrogen-coo led  tu rb o 
g enera to rs b y  a b o u t 25%  an d  to  reduce  th e  te m p e ra tu re  rise o f  th e  ro to r  
cond u c to rs  from  70-f-86 °C to  25-1-35 °C. The a u th o r  w an ts  to  p ro v e  th is  
s ta te m e n t b y  th e  fo llow ing tw o exam ples. T he su b seq u en t ca lcu la tio n s re fe rrin g  
to  th e  d irec t w a te r-coo ling  o f  th e  ro to r  co n d u c to rs  are based  on th e  p a te n te d  
w ater-cooled  ro to r  design [2] of th e  a u th o r , accord ing  to  F igs. 3 an d  4.

T he o u tp u t o f  a tu rb o g e n e ra to r  cooled b y  m ed iu m p ressu re  h y d ro g en , 
h av in g  a ro to r  o f 1030 m m  dia. and  3800 m m  len g th , w ith  t =  70 °C m ax im u m  
ro to r  co n d u c to r te m p e ra tu re  rise and  0,85 pow er fac to r, will be 100 MW  a t 
3000 r.p .m . W ith  d irec t w ater-cooling , a t  th e  sam e m ax im u m  te m p e ra tu re  
rise  o f  70 °C an d  p  =  0,9 kg /cm 2 h y d rau lic  p ressu re , th is  ro to r  cou ld  supp ly  
th e  ex c ita tio n  a m p e re -tu rn s  needed for th e  c ircu la tio n  o f th e  cooling  w a te r  is 
increased  to  30 k g /cm 2, th e  a m p e re -tu rn  c a p a c ity  of th e  ro to r , a t  70 °C te m 
p e ra tu re  rise o f th e  co n d u c to rs , is increased , accord ing  to  th e  cooling  eq u a tio n

4 ______
(1), to  ]/30/0,9 =  2 ,4  tim es th e  o rig inal va lue . O n th e  o th e r h a n d , i f  th e  ro to r  
perfo rm ance rem ain s u n ch an g ed , w ith  w ater-coo ling  a t  30 kg/cm 2 th e  m ax im u m  
te m p e ra tu re  rise o f  th e  ro to r  con d u c to rs  will, accord ing  to  E q . (1), d rop  to
70 I/Ö7973O =  12 °C.

T he p e rfo rm an ce  of w ater-coo led  tu rb o g e n e ra to rs  is lim ited  b y  th e  sh o rt- 
c ircu it ra tio  an d  b y  th e  tra n s ie n t s ta b ility . I f  th ese  fac to rs  p e rm it an  o u tp u t 
increase  of 2 5 % , an  a b o u t 35%  increase o f  th e  ex c ita tio n  c u rre n t an d  a 27 °C 
te m p e ra tu re  rise o f  th e  ro to r  con d u c to rs  will req u ire  [accord ing  to  E q . (1)]
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a h y d ra u lic  pressure p  =  1 ,354 702/27.0,9 =  20 k g /cm 2 for th e  c ircu la tio n  o f 
th e  w a te r . The d irec tly  w ate r-co o led  s ta to r  co n d u c to rs  can  p roduce  a c u rren t 
c o rre sp o n d in g  to  125 M W  w ith  u nchanged  te m p e ra tu re  rise, p a r t ly  th ro u g h  
in c re a s in g  th e  cooling w a te r  ve lo c ity , p a r tly  th ro u g h  m u ltip ly in g  th e  n u m b er 
o f  coo ling  tubes.

T h e  French  re p o r t  №  141 p resen ted  a t  th e  1964 C IG R É  C onference 
d e a ls  in  d e ta il w ith  th e  600 MW tu rb o g e n e ra to rs  b e ing  b u ilt for E lec tr ic ité  de 
F ra n c e . T he a u th o r o f th e  p re se n t p ap er has tr ied  to  re -ca lcu la te  and  re-design 
th e  “ B ”  ty p e  g en e ra to r, h a v in g  a ro to r  o f cca 1150 m in d ia. an d  6300 m m  
le n g th , fo r d irect w a te r-co o lin g  o f th e  ro to r  as show n in Fig. 4. A ccord ingly , 
th is  r o to r  could supp ly  th e  e x c ita tio n  co rrespond ing  to  600 MW a t  a h y d rau lic  
p re s su re  o f 1,1 kg /cm 2 a n d  a t  u n changed  86 °C te m p e ra tu re  rise o f th e  co n 
d u c to rs . If, on th e  o th e r  h a n d , th e  p ressure  need ed  fo r th e  c ircu la tio n  o f th e  
co o lin g  w a te r is in c reased  to  50 kg/cm 2, th e n  [accord ing  to  E q . (1)] in th e  
c a se  o f  an  unchanged  86 °C te m p e ra tu re  rise o f th e  co n d u c to rs , th e  am pere-

4 _______
t u r n  c a p a c ity  of the  ro to r  increases to  y 50 1.1 =  2,6 tim es th a t  of th e  hydrogen- 
coo led  ro to r; b u t if  th e  c a p a c ity  o f th e  ro to r  rem ain s unch an g ed , th e  m ax im um  
te m p e ra tu re  rise o f th e  r o to r  conduc to rs d rops to  86 У 1,1/50 =  13 °C, as 
c o m p a re d  to  th e  86 °C a ris in g  w ith  hydrogen-coo ling .

S uch  a considerab le  in c rea se  o f th e  c a p ac ity  o f th e  600MW tu rb o -g e n e ra to r  
is p re v e n te d  by the  t r a n s ie n t  s ta b ili ty ;  b u t it m ay  be supposed  th a t  an  ad eq u a te  
d e v e lo p m e n t of the sp eed  a n d  v o ltage  governors w ill p e rm it a 2 5 %  increase 
o f  th e  g en era to r o u tp u t  to  750 MW . F or a 2 5%  increase  of th e  perfo rm ance 
a 3 5 %  increase of th e  e x c ita tio n  c u rren t m ig h t be  req u ired . T his increased  
e x c i ta t io n  cu rren t can  he  p ro v id e d  a t  20 kg/cm 2 p ressu re  rise and  a b o u t 35 °C 
te m p e ra tu re  rise of th e  c o n d u c to rs . The w ater-coo led  s ta to r  w indings could 
p rc d u c e  a t  unchanged  te m p e ra tu re  rise th e  c u rre n t co rrespond ing  to  750 MW , 
p a r t ly  d u e  to  rising o f  coo ling  w a te r  v e locity , p a r t ly  due to  m u ltip ly in g  th e  
co o lin g  p ipes.

T h e  d irect w a te r-co o lin g  o f  th e  s ta to r  an d  ro to r  w indings can be com bined  
w ith  th e  cooling of th e  s ta to r  lam in a tio n s  an d  o f its  s tru c tu ra l p a r ts  b y  a tm o s
p h e ric -p re ssu re  h y d ro g en . B u t  i t  also becom es feasib le  to  cool th e  s ta to r  lam i
n a tio n s  b y  w a te r  w ith  th e  a id  o f copper tu b es  em b ed d ed  in  a lum in ium  blocks, 
f i t t e d  in  th e  rad ial v e n ti la t io n  d u c ts ; th u s  e lim in a tin g  com plete ly  hyd ro g en  
fro m  th e  cooling system  o f th e  tu rb o g e n e ra to r ; so th e  ro to r  will tu rn  in air.

IV. E fficiency o f W ater-Cooled Turbogenerators

T h e  d irect w a te r-co o lin g  o f th e  s ta to r  w ind ings perm its  to  reduce  th e  
c ro ss-sec tio n  of th e  c o n d u c to rs  em bedded  in  th e  s ta to r  slo ts; hence th e  rad ia l 
d im e n s io n  of the  slo ts, a n d  th e re fo re  o f th e  la m in a tio n s , can  be reduced . In  th is  
wra y  th e  w eight o f a 200 M W  g en e ra to r can  be red u ced  by  20 to n s  of ac tiv e
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m a te ria l, b u t th e n  th e  efficiency o f th e  g e n e ra to r  is also red u ced  b y  0 ,2 % . 
So th e  questio n  arises: how  will th e  in crease  o f  o u tp u t o b ta in ab le  b y  d irec t 
w ater-coo ling  o f th e  ro to r  conducto rs in flu en ce  th e  efficiency o f  th e  tu rb o 
g en e ra to r?

T he losses arising  in  a hydrogen-coo led  133 MW tu rb o g e n e ra to r  h av in g  
950 m m  ro to r  d ia ., o p e ra tin g  a t  3000 r .p .m . w ith  a 0,85 pow er fa c to r , a re  
g iven  in th e  f ir s t  co lum n of T able I [3].

Table I
D istribution o f losses arising in  turbogenerators

C ooling B y  h y d r o g e n
S t a to r  a n d  r o to r  

w in d in g s  b y  
w a te r

O u tp u t, M W ....................................... 133 166

M echanical and  ven tilation  losses,
k W ........................................................ 545 300

Iron  losses, k W ................................... 200 220

Ohm ic losses in the  s ta to r  w ind
ings, k W ............................................ 325 510

O hm ic losses in the  ro to r w in d 
ings, k W ............................................ 560 1050

A d d itio n n a i losses, kW  ................ 240 380

T o ta l losses, k W ................................ 1870 2460

G en era to r efficiency a t full load, % 98,5 98.52

T he second co lu m n  of T able I show s th e  losses w hen th e  s ta to r  an d  th e  
ro to r  w indings a re  w atercoo led , th e  ro to r  tu rn s  in  low -pressure h y d ro g e n  and  
th e  g en era to r p roduces 25%  m ore en erg y . T herefo re  the  s ta to r  c u r re n t is 
increased  b y  2 5 %  an d  correspond ing ly  th e  ex c ita tio n  cu rren t b y  cca 35% . 
V en tila tio n  losses o f th e  ro to r are  red u ced  b y  ab o u t 20% , b e a rin g  fric tio n  
losses are u n ch an g ed , iron  losses are in c rea sed  b y  some 10% , ohm ic losses in 
th e  s ta to r  w ind ing  an d  ad d itio n a l losses in c rea se  1,252 tim es, ohm ic  losses in 
th e  ro to r  w ind ing  increase  1,352 tim es.

I t  follows from  th e  resu lts  show n in T ab le  I th a t  the  133 M W  hydrogen- 
cooled tu rb o g e n e ra to r  — if  th e  s ta to r  a n d  ro to r  w indings are w a te r-co o led  — 
is ab le to  su p p ly  th e  o u tp u t increased  b y  2 5 %  to  166 MW w ith  an  effic iency  
eq u a l to  th a t  o f  th e  o rig inal hydrogen-cooled  m achine.

V. Econom ics of W ater-Cooled Turbogenerators

H y d ro g en  is an  explosive cooling gas. P ro tec tio n  ag a in st th e  exp losion  
d an g e r is p ro v id ed  b y  a h erm etica lly  closed casing, shaft sea ling  b y  oil, by  
bu ild ing -in  th e  coolers and  com pressors in to  th e  casing; fo r h a n d lin g  th e
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h y d ro g e n  a n d  th e  sealing oil ex p losion -p roo f e x te rn a l in sta lla tio n s a re  n eed ed  
as w ell. F o r  th e se  sam e reaso n s th e  in te rn a l a n d  e x te rn a l devices are  in c lin ed  
to  ca u se  o p e ra tin g  tro u b les . T herefo re  th e  e lim in a tio n  of h y d ro gen -coo ling  
s im p lifie s  th e  o p era tio n  of th e  pow er p la n t, in c reases  th e  sa fe ty  of o p e ra tio n  
an d  re d u c e s  th e  m a n u fac tu rin g  costs o f th e  g e n e ra to r . A ccording to  in fo rm a tiv e  
d a ta  p ro v id e d  b y  th e  G anz E le c tr ic a l W o rk s, th e  m an u fac tu rin g  co st o f  e.g. 
th e  3000 r .p .m . 50 MW  hydrogen-coo led  tu rb o g e n e ra to r  is 35%  ab o v e  th a t  
o f th e  a ir-co o led  m achine o f th e  sam e p e rfo rm an ce .

I f  i t  is assum ed  th a t  th e  m a n u fa c tu r in g  co sts  o f th e  w ater-cooled  tu r b o 
g e n e ra to r  o f  a 25%  higher o u tp u t  are 5 %  h ig h e r th a n  those o f th e  a ir-coo led  
m ach in e  o f  eq u a l w eight, th e  follow ing c o m p a ra tiv e  T ab le  IT is o b ta in e d .

Table II

S pecific  costs o f  turbogenerators cooled by a ir, by hydrogen and by water

K in d  o f  c o o lin g
O u t p u t

M a n u 
f a c t u r i n g

c o s ts
S p e c if ic  c o s ts

o f  t h e  tu r b o g e n e r a to r

W ith  a ir-c o o lin g .......................... 100 100 100 : 100 =  1

W ith  h y d ro g en -co o lin g ............ 100 135 135 : 100 =  1,35

W ith  w a te r -c o o lin g ................... 125 105 105 : 125 =  0,84

A cco rd in g  to  T able I I ,  th e  m a n u fa c tu rin g  co sts  o f a w ater-cooled  g e n e ra to r  
tu rn in g  a t  3000 r.p .m . and  h a v in g  a 50 M W  o u tp u t  are by  38%  low er th a n  
tho se  o f  th e  hyd ro g en  cooled m ach ine  of sam e speed  an d  o u tp u t.

T h is  re s u lt  o f th e  ca lcu la tio n s is also s u p p o r te d  b y  p rac tice . R e p o r ts  
№  104 (B ritish )  [8], №  129 (Soviet) [9] an d  №  141 (F rench) [1] p re se n te d  
a t  th e  1964 C IG R É  C onference in  P a ris  dea l in  d e ta il w ith  th e  coo ling  o f  
tu rb o g e n e ra to rs .

A c c o rd in g  to  rep o rt №  129, a 100 M YA, 3000 r .p .m . tu rb o g e n e ra to r  h a s  
been  in  o p e ra tio n  in  th e  Soviet U nion  for m a n y  y e a rs ; its  s ta to r  w ind ings an d  
iro n  co re  a re  cooled b y  oil, as show n in  F ig . 1, w hile its  ro to r  w ind ings are  
d ire c tly  coo led  b y  w a te r; th e  ro to r  tu rn s  in  a tm o sp h e ric  air. The w e ig h t o f  
th is  m a c h in e  is 1,36 kg/kV A . O n th e  o th e r h a n d , accord ing  to  re p o rt №  104, 
th e  w e ig h t o f  a B ritish -b u ilt 3000 r .p .m ., 75 M YA g e n e ra to r  cooled b y  h y d ro g e n  
a t  1,035 k g /c m 2 abs. is 2,3 kg /kV A . T hus th e  w e ig h t of th e  w a te r-co o led  75 
MV A  tu rb o g e n e ra to r  is 1,36 : 2,3 =  60%  o f t h a t  o f th e  100 M V A  h y d ro g en - 
cooled m a c h in e . C oncurren tly , accord ing  to  T ab le  I I ,  th e  m a n u fac tu rin g  cost 
o f a w a te r-c o o led  tu rb o g e n e ra to r  is 0,84 : 1,35 =  6 2 %  o f th e  cost of a h y d ro g e n - 
cooled m a c h in e .
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I f  h igh -p ressu re  hyd ro g en  is used  th e re  is less difference b e tw e e n  th e  
w e ig h t o f w ater-coo led  an d  th a t  o f hyd ro g en -co o led  h igh -perfo rm ance  tu rb o 
g en era to rs . A ccord ing  to  re p o rt №  129, th e  ro to r  and  the  s ta to r  w in d in g s  o f  th e  
3000 r .p .m ., 582 М УА tu rb o g e n e ra to r  a re  cooled by  w ater. The w e ig h t o f  th is  
g e n e ra to r  is 7 8 %  o f th a t  o f a g en e ra to r  o f sam e w eight and o u tp u t ,  cooled  by  
h ig h -p ressu re  hyd ro g en .

O w ing to  th e  considerab le  re d u c tio n  o f m an u fac tu rin g  costs o f  th e  w ater- 
cooled tu rb o g e n e ra to rs , show n above, th e  p ro d u c tio n  costs o f e n e rg y  a t  th e  
pow er p la n t will be reduced , too . Som e y ea rs  ago the  au th o r o f  th is  p ap er 
in v e s tig a te d  th e  in itia l an d  o p e ra tin g  costs o f s team  pow er p la n ts  b u i l t  in  the  
U SA, on th e  base  o f th e  y ea rly  d a ta  re g u la rly  pub lished  by  Electrical World  
[4]. T h e  conclusion  w as th a t  th e  in itia l costs o f 14 steam  pow er p la n ts  p u t  in to  
o p e ra tio n  d u rin g  th e  years  1954— 1956 — w h en  u n its  ranging  fro m  30 to  300 
Mw w ere in s ta lle d  — h ad  a m o u n ted  to  an  average  of 131 U SA  d o lla r/kw . 
D etails o f in v e s tm e n t costs are  show n in co lum ns 1 and 2 of T ab le  I I I .

Table I I I

Investm ent costs o f  steam power p la n ts  in  US dollars

C o o lin g
o f  t h e  t u r b o g e n e r a to r

b y  h y d r o g e n b y  w a te r

U S  d o l la r
%  o f  t o t a l

c o s t %  o f  t o t a l  c o s t

E s ta te  and  construction  . . . . 25,7 19,ft- 19,6 19,6

Boiler p la n t ................................. 54,5 41,5 41,5 41,5

S team  tu rb in e  p la n t .............. 40,2 30,7 21,5(70% ) 21,5

T u rb o g en era to r p lan t .............. 9,2 (30% ) 5,5

M iscellaneous costs ................... 10,6 8 , 2 8 , 2 7,5

T o ta l costs 131 100 100 95,6

A ssum ing  th a t  th e  in itia l costs o f  th e  tu rb o g en e ra to r a m o u n t  to  30%  
o f th e  price  o f th e  tu rb in e -g e n e ra to r  u n it ,  th e  in itia l costs of th e  tu rb in e  and 
o f th e  g en e ra to r  are  show n se p a ra te ly  in  co lu m n  3 of Table I I I ;  in  co lu m n  4 of 
th e  ta b le , th e  in v e s tm e n t costs o f th e  w ater-coo led  g en era to r a re  ta k e n  as 
be ing  6 0%  o f th a t  of th e  hydrogen -coo led  m ach ine .

A ccord ing  to  T ab le  I I I ,  th e  in v e s tm e n t costs  of steam  pow er p la n ts  f i t te d  
w ith  co m p le te ly  w ater-coo led  tu rb o g e n e ra to rs  are reduced b y  4 ,4 %  w ith  
re sp ec t to  tho se  o f hydrogen-coo led  p la n ts .

P ro d u c tio n  costs in  steam  p o w er p la n ts  are  analyzed in  c o lu m n  4 of 
T ab le  IV , also on th e  basis of d a ta  p ro v id e d  b y  Electrical World  [4 ]. C olum n 2 
of th is  ta b le  h as  been c o m p u ted  w ith  re g a rd  to  th e  4 ,4%  re d u c tio n  arising  
from  th e  w ater-coo ling  o f th e  ro to r , as show n in  T able I I I .
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Table IV

P roduction  costs in steam pow er p la n ts

%  o f  t o t a l  c o s ts

In te re s t ,  am ortization , ta x ,  in su ra n ce : 14% of invested  c a p i t a l . . 49 46,8

A n n u a l fuel costs ............................................................................................ 44 44,0

R e p a irs , m aintenance, perso n n el, m in o r m aterial c o s t s .................... 7 7,0

Annual to ta l exp en se 100 97,8

H ence, accord ing  to  T ab le  IY , a s team  p o w er p la n t w here co m p le te ly  
w a te r-co o led  tu rb o g e n e ra to rs  are installed  p ro d u c e s  1 kW h a t costs b y  2 ,2 %  
lo w er th a n  a p lan t o f  e q u a l pow er equipped w ith  hydrogen-cooled  tu rb o g e n e ra 
to rs . T h is saving is e q u iv a le n t  to  a 5%  re d u c tio n  o f  th e  annual fuel co sts . T h e  
re a liz a tio n  is h am p ered  b y  serious m ech an ica l p rob lem s arising  from  th e  
d if fe re n t deflection  o f  th e  s h a f t  and  of th e  ro to r-c o v e rin g  cylinder.

VI. D evelopm ent o f 750 — 1000 M W  Turbogenerators

In  steam  pow er p la n ts  th e  reduction  o f  th e  p ro d u c tio n  costs o f  th e  kW h 
h as  becom e possible b y  r is in g  the  therm al e ff ic ien cy  of the  p lan t, in  th e  f irs t  
p la c e  b y  increasing th e  p re s su re  and  the  o v e rh e a tin g  tem p era tu re  of th e  s team . 
T h e re fo re  th e  efficiency r e la te d  to  fuel c o n su m p tio n  has risen from  1 5 -y 2 0 %  
to  3 0 -y 4 0 %  since th e  b e g in n in g  of th is c e n tu ry . B u t  th e  new est ex p erien ce  
sh ow s th a t  above 560 °C s te a m  tem p era tu re  i t  is n ecessary  to  use ex p en siv e  
a u s te n itic  steels w ith  1 3 - y l5 %  chrom ium  a n d  1 2 -y l4 %  nickel c o n te n t, an d  
c o n se q u e n tly  th e  sav in g s a t ta in e d  in the  fuel a re  su rpassed  b y  th e  in te re s t  
a n d  b y  th e  a m o rtiz a tio n  o f  th e  increased in i t ia l  costs  o f the  s te a m  pow er 
p la n t  [5].

Y e t a fu rth e r  p o s s ib il i ty  for reducing p ro d u c tio n  costs in  s team  pow er 
p la n ts  is offered b y  th e  re d u c tio n  of th e  o th e r  com ponen t of th e se  co sts : 
th e  in v e s tm e n t costs. D a ta  ta k e n  from  p u b lic a tio n s  [6, 7] show th a t ,  b y  d u p li
c a t in g  th e  perfo rm ance o f  sing le-shaft tu rb in e -g e n e ra to r  u n its  of u n ch an g ed  
d esig n  an d  therm al e ffic ien cy , th e  in v es tm en t co s ts  o f  th e  pow er p la n t p e r  k W  
d ec rease  b y  some 2 0 % . If , e .g . 1000 MW b o ile r s ing le  sh a ft tu rb in e -g e n e ra to r  
u n i ts  a re  insta lled  in  th e  p o w e r p lan t in stead  o f  500 M W  units, the  in v e s tm e n t 
c o s ts  o f  th e  p lan t p e r k W  d ro p  by  cca 20%  a n d  th u s  th e  p roduction  costs  p e r 
k W h  are  co rrespond ing ly  red u ced , too.

C olum n 1 of T ab le  Y  show s the  p e rcen tu a l in v e s tm e n t costs of th e  s team  
p o w e r p la n ts  listed  in  c o lu m n  1 of Table IV . C o lu m n  2 of Table V show s th e
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Table V

Influence of the boiler-turbine-generator units on the production cost of 1 kWh

In te re s t  and am ortiza tion  of the  in v estm en t costs of th e  power 
p l a n t ................................................................................................................... 49% 39,2%

A nnual fuel costs ............................................................................................ 44% 44 ,0%
R epair, m ain tenance, personnel, m inor m ate ria l c o s t s ................... 7% 5,6%

T ota l an n u al expense 100% 88,8%

costs reduced  b y  2 0 % , a tta in e d  by  d u p lic a tin g  th e  o u tp u t o f th e  b o ile r- tu rb in e -  
g en e ra to r u n it.

H ence, accord ing  to  T ab le  У, the  re d u c tio n  in  in v estm en t co s ts , o b ta in e d  
by  rep lac ing  th e  bo iler-sing le  sh a ft tu rb in e -g e n e ra to r  u n its  b y  su ch  o f  sam e 
design and efficiency b u t  w ith  doubled  p e rfo rm an ce, covers 2 5 %  o f  th e  fuel 
costs.

The red u c tio n  o f  th e  p ro d u c tio n  cost o f  1 k W h by  11,2%  ju s t if ie s , in th e  
in te re s t  of th e  consum ers, th e  bu ild ing  o f s team  pow er p la n ts  c o n s is tin g  o f 
750— 1000 MW  b o ile r-tu rb in e -g en e ra to r u n its  and  the  d ev e lo p m e n t o f  th e  
n ecessary  tu rb o g e n e ra to rs . T here are no ob stac les  to  designing a n d  c o n s tru c t
ing  th e  s ta to r . B u t in  th e  600 MW ro to rs  all a rtif ic ia l m eans for in c re a s in g  th e  
perfo rm ance, are u sed  an d  ex h au sted  such  as th e  pow er fac to r, d ia m e te r  and  
len g th , trapezo idal s lo ts , subslo ts , cooling o f th e  conductors in p a ra lle l b ran ch es , 
te m p e ra tu re  rise o f th e  conduc to rs, s ta tic  p ressu re  an d  velocity  o f  th e  h y d ro g en , 
p ick -u p , rad ia l an d  ax ia l cooling, cooling o f  th e  hydrogen  b efo re  an d  a fte r  
th e  com pressor.

In  Section I I I  i t  has been  po in ted  o u t t h a t  th e  F ren ch -d esig n ed  600 MW 
tu rb o ro to r  itse lf  cou ld  su p p ly  750 MW w ith  d irec t w ater-coo ling  a n d , a f te r  
th e  fu lfilm en t of th e  s ta b ili ty  cond itions, th e  o u tp u t o f th e  600 M W  tu rb o 
g en e ra to r  could he ra ised  to  750 MW . I f  b y  e lim inating  hydro g en -co o lin g  th e  
b u ilt- in  coolers are  rem o v ed , a w ater-cooled  ro to r  of 7500 m m  a c tiv e  le n g th , 
correspond ing  to  an  o u tp u t  o f 1000 MW  cou ld  be placed w ith in  th e  11,5 m 
b ea rin g  d istance . C onsequen tly , from  th e  p o in t of view o f cooling th e re  is no 
obstac le  to  th e  d ev e lo p m en t o f a 1000 MW  o u tp u t  w ater-cooled  tu rb o g e n e ra to r ;  
from  th e  p o in t o f v iew  o f o p era tio n , th e re  are  tw o  m eans for th e  d e v e lo p m e n t: 
ensu ring  s ta b ility  an d  increasing  th e  ac tiv e  len g th .

In  steam  pow er p la n ts  o p era ted  w ith  conven tiona l fuel, in te re s t  an d  
am o rtiza tio n  o f in v es ted  cap ita l, in su ran ce  an d  tax es  am o u n t to  4 9 %  o f th e  
to ta l  p ro duc tion  cost o f th e  kW h, acco rd ing  to  T able  IV. O n th e  o th e r  h a n d , 
in a to m ic  steam  pow er p la n ts , in te re s t an d  am o rtiza tio n  o f c a p ita l , in su ran ce  
a n d  tax es  a tta in  6 8 %  o f th e  to ta l cost [12]. As i t  is possible to  in c rease  con
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s id e ra b ly  th e  specific c a p a c ity  of tu rb o g e n e ra to rs  b y  a d irec t w ater-coo ling  
o f  th e  hollow  ro to r c o n d u c to rs  as well as to  red u ce  con sid erab ly  th e  in v e s tm e n t 
fo r  th e  g en era to r b y  e lim in a tin g  hydrogen  a n d  to  red u ce  su b s ta n tia lly  th e  
e s ta b lish m e n t costs o f  s te a m  pow er p lan ts  b y  th e  e rec tio n  of 750 — 1000 M W  
c a p a c i ty  boiler tu rb in e  g e n e ra to r  un its , th e  w ate r-co o lin g  of th e  ro to rs  of 
tu rb o g e n e ra to rs  acqu ires im p o r ta n c e  for th e  re a liz a tio n  of a tom ic  s te a m  
p o w e r p la n ts .

VII. Water-Cooled Kotor D esigns

S om e arran g em en ts  fo r  th e  liquid-cooling o f  ro to r  w indings are p re se n te d  
in  th e  follow ing.

T h e  d irec t liqu id -co o lin g  o f th e  ro to r a n d  s ta to r  w indings of tu rb o g e n e ra 
to r s  w as f irs t p roposed  b y  th e  a u th o r  of th is  p a p e r  in  1917 in  his US P a te n t  
№  1 448  700. A ccording to  F ig . 1 th e  ro to r  is h e rm e tic a lly  closed b y  a s tee l 
tu b e  a n d  w ater or oil c irc u la te s  in  this closed sp ace  from  the  ce n tra l bo re  
o f  th e  ro to r . R ealiza tion  is h a m p e re d  by serious m ech an ica l problem s a rising  
f ro m  th e  d ifferen t d e flec tio n s  o f  th e  shaft an d  o f  th e  ro to r-covering  cy linder.

US P a te n t №  1 448 700 com bines w a te r-co o lin g  o f th e  ro to r  w ith  oil
co o lin g  o f th e  s ta to r . A cco rd in g  to  Fig. 1, th e  s ta to r  fo rm s a closed space w ith  
th e  c y lin d e r m ade from  in su la tin g  m ateria l a n d  f i t t e d  in to  th e  air gap , an d  
th is  sp ace  is filled w ith  c irc u la tin g  oil. The sy n ch ro n o u s  phase co n v erte rs  on 
46 e le c tr ic  locom otives in  o p e ra tio n  on th e  e le c tr if ied  lines of th e  H u n g a ria n  
R a ilw a y s  are cooled acco rd in g  to  th is p a te n t.T h e  co o lin g o f th e  phase co n v erte rs  
is sh o w n  in  Fig. 2.

O n  th e  basis of th e  30 y e a rs  experience g a in ed  w ith  th e  phase co n v erte rs  
sh o w n  in  Fig. 2, th e  a u th o r  o f  th is  paper ap p lied  fo r, an d  was g ran ted , a new  
US P a te n t ,  №  3 034 003, fo r  th e  d irect w a te r-co o lin g  o f th e  hollow co n d u c to rs  
o f  tu rb o ro to rs . The w in d in g  schem e of th e  a r ra n g e m e n t is show n in  F ig . 3, 
its  lo n g itu d in a l section  in  F ig . 4.

A ccord ing  to  F ig . 4 , th e  cooling w a te rs  e n te rs  on th e  ex c ita tio n  side 
f ro m  th e  cen tra l bore, th ro u g h  rad ia l holes, a n d  leav es th e  ro to r b o d y  in  th e  
sa m e  w a y  on th e  tu rb in e  s id e . F o r co n d u c tin g  th e  cooling w a te r from  th e  
ra d ia l  holes in to  th e  w in d in g  h e a d s , th e  low er a n d  th e  u p p e r tu rn  o f th e  e x c ita 
tio n -s id e  w inding heads is a x ia lly  drilled in to  a “ f i t t in g ”  space, from  w here  
th e y  a re  connected  th ro u g h  3 -w ay  connectors a n d  in te rm e d ia ry  tu b e s  to  th e  
r a d ia l  holes of th e  sh a ft.

O n th e  low er h a lf  o f  F ig . 4 the  w inding  h e a d s , a rran g ed  co n cen trica lly  
one  b e h in d  th e  o ther, a re  d ra w n  o u t by  m eans o f  a doub le  bend ; acco rd ing  to  
th e  u p p e r  h a lf  of F ig . 4 , th e  w ind ings s itu a te d  on  th e  sam e cy lindrical su rface  
a re  d ra w n  o u t w ith o u t b e n d in g  betw een  th e  w in d in g  h ead s. The 3-w ay co n n ec
to r s  a n d  th e  herm etic  jo in ts  be lo n g in g  to  th e  ra d ia l  bo rin g s of the  sh a ft a n d  th e
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F ig. 2. L iqu id-cooled  synchronous phase  co n v erte r
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I k ______ M il

in su la ted  connections to  th e  rad ia l sh a ft holes can  th u s  be assem bled , in sp ec ted  
and  rep a ired  w ith o u t d isassem bling th e  w in d in g -h ead -re ta in in g  rings.

T he H u n g a ria n  F oreign  T rad in g  Co. K o m p lex  has concluded  a license 
a rran g em en t fo r th e  use o f th is  p a te n t  in S w itze rlan d , F ra n c e  an d  W este rn  
G erm any  w ith  B row n B overi Co. an d , fo r its  use in  F ran ce , w ith  th e  F ren ch  
Société A lsthom , P aris-B elfo rt.

R ecen tly  M r. Ca in , engineer o f G eneral E lec tric  Co., has proposed  a ro to r  
cooling show n in  F ig . 5, sim ilar to  th a t  o f F ig . 1.

A ccord ing  to  F ig . 6, th e  w a te r in le t an d  o u tle t on th e  ro to r  w ind ing  
heads a re  ach ieved  b y  flex ib le  in su la tin g  p ipes. A ccording to  th e  figu re  ev e ry  
tu rn  o f ev ery  w ind ing  is connected  p ara lle l, w ith  resp ec t to  cooling [11].

Act л Techn H u n g . 50. (1965)
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F ig . 7. D is tr ib u tio n  of w a te r  on  liqu id -coo led  ro to r

Acta Techn. Hung. 50. (1965)



334 M. SEIDNER

T h e  ro to r  cooling p ro p o sed  b y  W i l l y o u n g  an d  B e c k e r , an d  show n on 
F ig . 7, is sim ilar to  t h a t  o f  F ig . 6, in asm u ch  th e  cooling w a te r is lead  th ro u g h  
in s u la t in g  pipes to  each  ho llow  ro to r  co n d u c to r. B u t th e  in le t w a te r  does n o t 
com e fro m  a co n ta in e r below  th e  w ind ing  h ead s, b u t  fro m  d is tr ib u tio n  p ipes 
la id  in  th e  slots below  th e  tu rn s .

T h e  A E G  has been  en g ag ed  in  th e  d ev e lo p m en t o f w ater-coo led  tu r b o 
g e n e ra to rs  for m an y  y e a rs . F ig . 7 is ta k e n  fro m  A E G - M itte ilungen  (1962), 
№  9 — 10 [10].
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D IE  W IR T S C H A F T L IC H K E IT  V O N  W A S S E R G E K Ü H L T E N  T U R B O G E N E R A T O R E N

M . S E I D N E R

Z U SA M M E N FA SSU N G

U rsp rü n g lich  w urden  T u rb o g e n e ra to re n  m it L u ft g ek ü h lt. Bei e iner so lchen in d ire k te n  
K ü h lu n g  w a n d e rt  die in  den  S ta to r -  u n d  R o to rsp u len  e n ts te h en d e  W ärm e d u rc h  d ie Iso la tio n  
u n d  d ie  Z äh n e  zu den lu f tb e s tr ic h e n e n  F läch en . U m  1937 b eg an n en  die F a b rik en  in  den  U SA  
die K ü h l lu f t  du rch  W assers to ff zu  e rse tz en  u n d  u m  1952 gingen  sie zur d irek ten  W asse rs to ff
k ü h lu n g  d es In n eren  der H o h lle ite r  ü b e r. D ieses w irksam e K ü h lv e rfa h re n  w ird  h e u te  a llg e 
m ein  a n g ew en d e t.

B ei d ire k te r  K ü h lu n g  de r L e ite r  s trö m t der m it W ärm e b e ladene  W asse rs to ff d u rc h  die 
in  d e n  L e ite rn  ausgeb ildeten  en g en  Ö ffnungen  zum  K ü h le r. D a  W asser d u rc h  gleiche Q u e r
s c h n itte ,  b e i gleicher G eschw ind igkeit u n d  gleicher T em p era tu re rh ö h u n g , u n g e fäh r 3000-m al 
m eh r W ä rm e  ab fü h ren  k a n n  als W asse rs to ff  v o n  a tm o sp h ä risch em  D ruck , w erden  h e u te  die 
S ta to r s p u le n  von w assers to ffg ek ü h lten  T u rb o g en e ra to ren  a llgem ein  m it W asser g e k ü h lt. Die 
d ire k te  W asse rk ü h lu n g  der R o to rsp u le n  w ird  jed o ch  d u rc h  die m it de r U m d reh u n g sg esch w in 
d ig k e it  v o n  3000 bzw. 3600 U /m in  v e rb u n d e n e n  k o n s tru k tiv e n  Schw ierigkeiten  b e h in d e r t.  D a
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jed o ch  die L eistung  eines T u rb o g en e ra to rs  gerade von dem  d u rc h  W assers to ff w en ig er g ek ü h l
ten  R o to r beg ren z t w ird , ist n eu erd in g s die W asserk ü h lu n g  de r hohlen  R o to r le ite r  in den V or
d e rg ru n d  g e tre ten .

D u rch  die W asse rk ü h lu n g  de r R o to r- u n d  S ta to rsp u le n  w ä ch s t die spez ifische  L eistung  
der T u rb o g en e ra to ren  bei k le inen  M aschinen u m  e tw a  4 0 % , bei g roßen  M asch in en  u m  etw a 
25%  u n d  die F e rtig u n g  von w asserg ek ü h lten  E in h e ite n  m it L e istu n g en  von  30 b is  1000 MW 
w ird  e rm ög lich t. D ie vo rlieg en d e  A rb e it u n te rsu c h t d ie W irtsc h a ftl ic h k e it  d e r  w asse rg ek ü h l
ten  T u rb o g en e ra to ren , ih ren  W irk u n g sg rad , die M ethoden  fü r ih re  E n tw ic k lu n g  u n d  b esch re ib t 
K o n s tru k tio n en  fü r d ie W asse rk ü h lu n g  des R o to rs.

L ’É C O N O M IE  D E S T U R B O -G É N É R A T E U R S  R E F R O ID IS  P A R  L ’E A U

f M . S E I D N E R

R É SU M É

Les tu rb o -g é n é ra te u rs  é ta ie n t  d ’abord  refro id is à l ’air. A vec ce sy s tèm e  de refro id isse
m en t in d ire c t, la ch a leu r en g endrée  d an s les en ro u lem en ts  d u  s ta to r  e t du  ro to r  s’écoule, à 
t ra v e rs  l’iso lem ent e t  les d e n ts , a u x  surfaces exposées au  passage de l’air. V ers 1937, les cons
tru c te u rs  am érica ins co m m en ça ien t à rem placer l’a ir  ré fr ig é ra n t p a r l’h y d ro g èn e  e t en su ite , 
a u x  a len to u rs  de 1952, ils p a ssa ien t a u  re fro id issem en t d irec t p a r  l’hyd ro g èn e  à l ’in té r ie u r  de 
co n d u c teu rs  c reux . Ce m ode de re fro id issem en t efficace e st u tilisé  m a in te n a n t  d a n s  le m onde 
en tie r.

Au re fro id issem en t d irec t des co n d u cteu rs , le c o u ran t d ’hydrogène  c h arg é  de chaleu r 
passe au  ré fr ig é ra te u r  à tr a v e rs  les o u v e rtu re s  é tro ite s  m énagées d an s les c o n d u c teu rs . É ta n t  
donné q u ’à tra v e rs  des sec tions égales, à v itesse  e t à a u g m e n ta tio n  de te m p é ra tu re  égales, l’eau 
tra n s p o r te  env . 3000 fois p lus de ch a leu r que l’hydrogène  de pression  a tm o sp h é riq u e , le re fro i
d issem en t p a r l’eau  des en ro u le m e n ts  s ta to riq u e s  des tu rb o g é n é ra te u rs  re fro id is  à  l’hydrogène 
est d ev en u  d ’un  usage  généra l. P a r  co n tre , le re fro id issem en t d irec t p a r l’eau  des en ro u lem en ts  
d u  ro to r  e st gêné p a r  c e rta in e s  d ifficu lté s  de co n stru c tio n , liées à la v itesse  de 3000 à 3600 
t/m in . N éanm oins, la p u issance  d u  tu rb o -g én é ra te u r é ta n t  p récisém en t lim itée  p a r  celle du 
ro to r , m oins re fro id i p a r  l’hy d ro g èn e , on fa it de plus en p lus a p p e l au  re fro id issem en t pa r l’eau 
des c o n d u c teu rs  c reu x  du  ro to r.

Le re fro id issem en t p a r l’eau  des en ro u lem en ts du  ro to r  e t du  s ta to r  a u g m e n te  la pu issan 
ce spécifique des p e tite s  m ach in es d ’env. 4 0 % , e t celle des g ran d es m ach in es d ’en v . 25% , e t 
ren d  possible la c o n stru c tio n  d ’u n ité s  a y a n t  des pu issances de 30 à 1000 M W . L ’a u te u r  exam ine 
l ’économ ie, l ’e fficac ité  e t les m éth o d es de d év elo p p em en t des tu rb o g é n é ra te u rs  re fro id is p a r  
l’eau , e t  d écrit c erta in es c o n stru c tio n s  ap propriées p o u r le re fro id issem en t à l’eau  d u  ro to r.

ЭКОНОМИЧНОСТЬ ТУРБОГЕНЕРАТОРОВ ВОДЯНОГО ОХЛАЖДЕНИЯ
М . С Е Й Д Н Е Р

РЕЗЮМЕ

Первоначально турбогенераторы охлаждались воздухом. При таком способе охлаж
дения тепло, выделяющееся в обмотках ротора и статора, переносится через изоляцию и 
зубцы статора к частям, внешняя поверхность которых охлаждается циркулирующим 
воздухом. Приблизительно в 1947 году на американских заводах начали заменять воз
душное охлаждение на охлаждение водородом, затем в 1952 году перешли непосредст
венно на внутреннее водородное охлаждение полых проводников обмоток. Этот способ 
охлаждения теперь используется во всем мире.

При непосредственном внутреннем охлаждении проводников обмоток нагревшийся 
водород отводит тепло через узкое отверстие в проводниках. Поскольку вода при том 
же сечении, скорости движения и перепаде температур может отвести в 3000 раз больше 
тепла чем водород при атмосферном давлении, то обмотки статора турбогенератора с 
водородным охлаждением теперь в основном охлаждаются водой.
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Трудности конструкции, связанные с высоким числом оборотов 3000— 3600 об/мин,  
являются причиной, мешающей применению водяного охлаждения для обмоток ротора. 
Но так как мощность в недостаточной степени охлажденного водородом ротора ограни
чивает мощность генератора, то снова встал вопрос о применении охлаждения полых 
проводников обмоток ротора. Удельная мощность генераторов с охлаждением обмоток 
ротора и статора у маломощных машин увеличивается на 40%, мощных — на 25%, и 
изменяется в пределах от 30 М е т  до 1000 М е т .  В данной работе исследуется экономич
ность турбогенераторов с водяным охлаждением, их к п д . ,  дальнейшие пути развития и 
известные конструкции роторов с водяным охлаждением.

Л с 1п T echn . Hung. 50. (1965)



ELASTO-PLASTIC BEHAVIOUR OF A ROUND BAR 
SUBJECTED TO AXIAU FORCE AND TORQUE

G. SV ÉD »nd D. S. B R O O K S

U N I V E R S I T Y  O F  A D E L A I D E  

[M anuscrip t rece ived  J u ly  1, 1964]

T he b e h av io u r o f a  long b a r  o f c o n s tan t sec tio n , m ade  from  an idea l e la s tic -p las tic  
m ate ria l, a n d  su b je c ted  to  ax ia l loading an d  to rq u e  is in v es tig a ted . T he eq u ilib riu m  and  
co m p a tib ility  e q u a tio n s  a n d  th e  R euss s tre ss -s tra in  re la tio n sh ip s  are expressed  in  te rm s  of 
m odified stresses (co n v en tio n a l stresses d iv id ed  b y  th e  y ield  s tre n g th  in shear) a n d  m odified  
s tra in s  (c o n v en tio n a l s tra in s  m u ltip lied  b y  th e  ra tio  o f th e  sh ear m odulus to  th e  y ield  s tre n g th  
in shear). T he change  in  stresses an d  s tra in s  fo r in c re as in g  load  is found  b y  so lv ing  a  sy s tem  
of four sim u ltan eo u s p a r tia l  d iffe ren tia l eq u a tio n s  o f  h y p erb o lic  ty p e . N u m erical so lu tio n s 
are  o b ta in ed  for a b a r  su b jec ted  to  co n stan t tw is t  a n d  in creas in g  ax ia l pu ll. T h e  re su lts  are 
show n to  be in d e p e n d e n t o f th e  ra tio  o f th e  sh ea r m o d u lu s to  th e  y ield  s tre n g th  in  sh ea r, 
b u t  d ep en d en t on P o isso n ’s ra tio . T he v a ria tio n  w ith  P o isson’s ra tio  is sm all, ju s tify in g  th e  
assu m p tio n s m ade b y  P r a g e r  and  H o d g e  in t r e a tin g  th e  m ate ria l as incom pressib le.

1. In tro d u c tio n

A ltho u g h  th e  p rin c ip a l reason for th e  use o f  p lastic  m ethods in  th e  design 
o f engineering  s tru c tu re s  is to  a sce rta in  as to  w h e th e r th e  s tru c tu re  possesses 
a d e q u a te  s tre n g th  before  collapse, i t  is n o t unco m m o n  to  en co u n te r  p rob lem s 
in  w hich th e  d e flec tio n s m u st also he con sid ered . F o r s tru c tu re s  com posed  of 
m em bers c a rry in g  on ly  bend ing  m o m en ts  in  th e  elastic  and  e la s to p las tic  
ranges, th e  sim ple engineering  app ro ach  g ives good ag reem en t b e tw een  th e o 
re tica l an d  e x p e rim en ta l deflections, p ro v id e d  th e  effects o f u p p e r y ie ld  an d  
s tra in  h a rd en in g  a re  ta k e n  in to  acco u n t. I n  th is  ap p ro x im a te  m e th o d , on ly  
th e  no rm al s tresses ac tin g  para lle l to  th e  ax is  o f each p a r tic u la r  m em b er are 
considered , a n d , in  essence, th e  deflec tions are  found  by  th e  in te g ra tio n  of 
th e  expressions fo r th e  cu rv a tu re .

W here  a s t ru c tu ra l  m em ber is su b je c te d  to  com bined  ax ia l lo ad  an d  
to rsion  or com bined  b end ing  m o m en t a n d  to rs io n , i t  is d ifficu lt to  p red ic t 
an a ly tica lly  th e  b eh av io u r of th e  m em b er in  th e  e lasto -p lastic  ran g e . F o r  a 
section  w hich is fu lly  p las tic  un d er th e  a c tio n  o f com bined  bend ing  an d  to rs io n , 
H i l l  an d  S i e b e l  (1953) o b ta in ed  u p p e r an d  low er b o und  so lu tions, a n d  H o d g e  

and  S a n k a r a n a r a y a n a n  (1959) h av e  show n  how  a p p ro x im a tio n s  to  th e  
s tru c tu ra l b e h a v io u r  a t  collapse m ay  be fo u n d  b y  rep lac ing  th e  y ie ld  cu rve  
re la tin g  to  th e  b en d in g  m om en t and  to rq u e  fo r fu ll p la s tic ity  b y  a se t o f  s tra ig h t 
lines fo rm ing  a closed polygon. E x p lic it exp ressio n s for th e  stress d is tr ib u tio n s
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a n d  d e fo rm a tio n s  o f solid c irc u la r  b a rs  c a rry in g  com bined  tension  a n d  to rs io n  
in  th e  e la sto -p lastic  ran g e  h a v e  been d e te rm in e d  b y  P r a g e r  an d  H o d g e  

(1951) a n d  G a y d o n  (1952), b u t  in  b o th  bases  th e  analysis was re s tr ic te d  to  
a m a te r ia l  w ith  Poisson’s r a t io  v equal to  *. H i l l  an d  S i e b e l  (1951) a n a ly sed  
th e  b e h a v io u r  of a th in  tu b e  u n d e r  com bined  b en d in g  and  to rs io n  u s in g  th e  
R e u ss  s tre ss -s tra in  re la tio n s  a n d  th e  von  M ises y ield  c rite rion . B y  m a k in g  
th e  w a ll th ickness of th e  tu b e  sm all in  co m p ariso n  w ith  th e  e x te rn a l ra d iu s , 
th e r e  w as  no need to  ta k e  a c c o u n t o f th e  tr ia x ia l i ty  o f stresses w h ich  w ould  
n o rm a lly  arise in  a m em b er h a v in g  a m a te r ia l w ith  P oisson’s ra tio  d iffe re n t 
f ro m  r,. S i e b e l  (1953) o b ta in e d  ex p e rim en ta l co n firm atio n  o f th e  ab o v e  
th e o r y  a n d  was able to  p re se n t ex p e rim en ta l ev idence ju stify in g  th e  use o f  th e  
R e u ss  s tre ss -s tra in  re la tio n sh ip s  in  co n d itio n s w here  th e  elastic  a n d  p la s tic  
p a r t s  o f  th e  s tra in  in c rem en t a re  com parab le  an d  w here th e  stress d is tr ib u tio n  
is n o n -u n ifo rm .

I n  th is  paper, th e  b e h a v io u r  o f a long b a r  o f  c ircu la r cross-section c a rry in g  
a n  a x ia l  ten sio n  com bined  w ith  to rs io n  in  th e  e la sto -p lastic  range is ex am in ed . 
T h e  m a te r ia l  is assum ed to  b e  id e a lly  e la s tic -p las tic , th a t  is, to  b ehave e la s tic a lly  
u n d e r  s tre sses  w hich do n o t sa tis fy  the  y ie ld  co n d itio n  and  to  defo rm  u n d e r  
c o n s ta n t  s tress w hen th e  y ie ld  cond ition  is sa tisfied . E lastic  com p ressib ility  
o f  th e  m a te r ia l  is ta k e n  in to  a cco u n t, so t h a t  a llow ance m ay  be m ade fo r th e  
a c tu a l  P o isso n ’s ra tio  o f th e  m a te r ia l used . T h e  v o n  Mises yield co n d itio n  is 
u se d , to g e th e r  w'ith th e  R eu ss  s tre ss -s tra in  re la tio n sh ip s .

2. A nalysis o f Stresses an d  S trains

C y lind rica l co o rd ina tes r, 0, z are  used  in  th e  analysis; th e  z ax is co incides 
w ith  th e  ax is of th e  b a r. T he d isp lacem en ts  in  th e  d irections of th e  c o o rd in a te  
ax es  a re  u, v, and w.

In s te a d  of w orking w ith  th e  c o n v en tio n a l s tra in  com ponen ts, i t  w ill be 
c o n v e n ie n t  to  in troduce  m o d ified  s tra in  co m p o n en ts  as defined  by  e q u a tio n s  (1):

2 G 2 G 1 . . 2 G
G = - r ~  “ >r ; ee =  —,--------(w +  v,e ) ; ez =  - w,z ,

к к г  к

G 1 1 G 1
Угв — ~ —  ы,в +  v ,r — -—  V ; Увг ~  j V ,z  H------W ,e

к r r к r

Угг =  ^ Г  ( « V  +  U,z) -К

( 1 )

I n  th ese  expressions G is th e  shear m o d u lu s and  к is th e  y ield  s tre n g th  
o f  th e  m a te r ia l  in  shear; su ffix es  follow ing a com m a in d ica te  d iffe re n tia tio n , 
e .g . u , r =  Эи/Эг; и,в =  ди/дв,  e tc . The s tra in  com ponen ts th u s d e fin ed  are
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d i m e n s i o n l e s s  ( a s  a r e  t h e  c o n v e n t i o n a l  s t r a i n  c o m p o n e n t s )  a n d  t h e y  a r e  g e n e r 

a l l y  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e  a s  t h e  d i m e n s i o n l e s s  s t r e s s  c o m p o n e n t s  

d e f i n e d  a s  t h e  c o n v e n t i o n a l  s t r e s s  c o m p o n e n t s  d i v i d e d  b y  к  [ s e e  e q u a t i o n s  ( 2 ) ] :

° r  . (J — _** . a° r  — •>
к

u e  — 9
к k  ’

r S  =
T rH .

к  ’ в г ~  к  ’

_ T'zr

г г ~  к  ■

F r o m  a x i a l  s y m m e t r y  w i t h  r e s p e c t  t o  t h e  a x i s  o f  t h e  b a r  i t  f o l l o w s  t h a t  

t h e  d i s p l a c e m e n t s ,  s t r a i n s  a n d  s t r e s s e s  a r e  i n d e p e n d e n t  o f  6 . I f  i t  i s  a s s u m e d  

f u r t h e r  t h a t  t h e  s e c t i o n  o f  t h e  b a r  i s  u n i f o r m  i n  t h e  a x i a l  d i r e c t i o n  a n d  o n l y  

e n d  t r a c t i o n s  a r e  a c t i n g  o n  t h e  b a r ,  t h e n  t h e  r a d i a l  d i s p l a c e m e n t  i s  i n d e p e n d e n t  

o f  z ,  w h i l e  t h e  t a n g e n t i a l  a n d  a x i a l  d i s p l a c e m e n t s  a r e  l i n e a r  f u n c t i o n s  o f  z  a n d  

a l l  s t r e s s  c o m p o n e n t s  a r e  i n d e p e n d e n t  o f  z .

E q u a t i o n s  ( 1 )  r e d u c e  t o

2 G 2 G 1 2 G
Уi t  i

к r
u  ; ez =  - H’,2 ,

к к

2 G 1 2 G
v,z =  °  ;

2 G
— *v ---------- V ; Vez = — 7zr =

к r к к

( 3 )

T h e  e q u i l i b r i u m  e q u a t i o n s  [ s e e  T i m o s h e n k o  a n d  G o o d i e r  ( 1 9 5 1 ) ] :

a r e  r e d u c e d  in  t h e  p r e s e n t  c a s e ,  a f t e r  o m i t t i n g  d e r i v a t i v e s  t h a t  a r e  z e r o ,  t o
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F ro m  th e  la s t tw o e q u a tio n s  in  g roup  (5) i t  follow s th a t

r

( 6 )

F ro m  b o u n d a ry  co n d itions [ a t  th e  o u te r  b o u n d a ry  b o th  sh ea r s tress com ponen ts 
a p p e a r in g  in  equ a tio n s (6) a re  zero] ct =  c2 =  0.

S ince r r0 =  0 im plies t h a t  y r@ — 0, in te g ra tin g  th e  re le v a n t e q u a tio n  
[w ith  u ,e — 0) from  g roup  (3)

« V - —  ® = 0  (7)
r

a n d  n o tin g  th a t  v  is a lin e a r  fu n c tio n  o f z,

V =  r z v  (Q) (8)

w h e re  g is some p a ra m e te r  c h a ra c te r iz in g  th e  s ta te  of p la s tic  d e fo rm a tio n  an d  
r — r /R ,  w ith  R  =  o u te r  ra d iu s  o f th e  sh a f t. S tresses an d  o th e r d isp lacem en ts  
a re  a lso  functions of th e  s ta te  o f p la s tic  d e fo rm a tio n , so th a t  th e  s tre ss  co m p o 
n e n ts  to  be considered are

<yr =  ar (r,Q); ae =  oe (r, q) ; az =  az (r, q) ; r ez =  re z (r, q) (9) 

an d  th e  d isp lacem ents are

u =  R u ( r , ( ) ) ;  v —-rzv(Q ) ;  w =  z w (t, q) (10)

(u , v, ïv are also d im ension less).
T h e  stress and  s tra in  d ev ia to rs  are  d e fin ed  as

S , — (Tß s  , s z Gz s  ,
( 11)

w h e re

s — “  (°V +  ae +  az) ■>

e =  y  &  +  £e +  ez) •

F ro m  eq u a tio n s  (3), (11), a n d  (12)

2 G
2 u,r ------ и — e2| ,

S к \ r

2 G

3 к
•v 2̂ *

( 12)

(13)
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D iffe re n tia tin g  th e  la s t tw o  e q u a tio n s  w ith  re sp e c t to  r and  n o tin g  t h a t  ez r =  0, 
b o th  и and  e z  can  be e lim in a ted , g iv ing  th e  co m p a tib ility  e q u a tio n

er,r +  2 e e , r = ---- K — % )• (14)
r

Also from  eq u a tio n s  (5), (11), a n d  (12), th e  o n ly  equilib rium  e q u a tio n  to  be 
sa tisfied  can  be w ritte n

sr,r +  s , r  H------- - ( A  — Se) =  0 • (15)

3. Stress-Strain R elationships. Yield criteria

W hen th e  b a r  is in  th e  e la s to -p la s tic  c o n d itio n , i t  will co n sis t o f  an  inner 
cy lin d rica l core w hich is e la s tic  a n d  an  o u te r  annulus w h ich  h a s  becom e 
p lastic . I t  is assum ed  th a t  th e  e x te rn a l lo ad in g  system  causes th e  ra d iu s  o f th e  
e la s to -p la s tic  b o u n d a ry  to  d ecrease  m o n o to n ica lly  from  th e  v a lu e  a t  the  
o u te r  p e rip h e ry  w hen th e  sec tio n  is fu lly  e la s tic  to  zero w hen th e  sec tio n  is 
fu lly  p lastic . I t  w ill be co n v en ien t to  id e n tify  th e  p a ram e te r q in tro d u c e d  earlie r 
w ith  th e  in s ta n ta n e o u s  rad iu s  o f  th is  b o u n d a ry , d iv ided  by  R ,  th e  o u te r  rad iu s  
o f th e  sh a ft.

The R euss s tre ss -s tra in  re la tio n sh ip s  fo r th e  p lastic  a n n u lu s  can  be 
w ritte n

r<e
l «,e

=  sr,e +  ,
+  As
+  A s ,

*e,c e » (16)

У,е =  т ,е +  At ,

(w here, fo r convenience sake , th e  su ffix  Oz h as  been d ropped  f ro m  th e  only 
n o n -v an ish in g  shearing  s tra in  a n d  s tre ss  co m p o n en ts), to g e th e r w ith

(1 -  2v)
(1 +  v)

(17)

In  th e se  eq u a tio n s  A is n o n -n e g a tiv e  p a ra m e te r , d epend ing  o n  th e  ra te  
o f  p lastic  s tra in  an d  r is P o isso n ’s ra tio .

A ccep ting  th e  von Mises y ie ld  c r ite r io n , th e  stress co m p o n e n ts  in  th e  
p la s tic  zone an d  along its  b o u n d a ry  m u s t sa tis fy  the  eq u a tio n

sr +  sr se +  +  t j  —  1 (18)

since all s tre ss  com ponen ts a re  ex p ressed  as m ultip les of k, th e  y ie ld  s tre n g th  
o f th e  m a te r ia l in  pure shear.
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In  th e  elastic  core  o f  th e  b a r , equations (17) a re  rep laced  b y  th e  eq u a tio n s  
fo llow ing  from  H o o k e’s la w : these  elastic e q u a tio n s  coincide w ith  th e  R euss 
e q u a tio n s  if  A is se t e q u a l to  zero.

E lim in a tin g  A a n d  т w ith  th e  help o f th e  la s t  R euss eq u a tio n  a n d  th e  
y ie ld  crite rion  p ro v id es  tw o  equations re la tin g  th e  deriv a tiv es  of th e  ra d ia l 
a n d  ta n g e n tia l stress a n d  s t r a in  deviators.

S u b s titu tin g  th e  v a lu e  o f  r  from  eq u a tio n  (18) in to  th e  la s t o f e q u a tio n s  
(16) a n d  solving for A g ives

A =  (1 — s2r — s |  — sr fe )_ i Via +
(2 sr +  se ) srQ +  (2 se - f  sr) se (

2(1 SS — Sr se
(19)

S u b s titu tin g  in to  th e  f ir s t  tw o R euss e q u a tio n s , provides a f te r  som e 
a lg e b ra :

2 (1  S r S-e  S r S e ) e r,Q (2 2 s j  S r S e ) S r ,g

— (2 Sr Se +  S 2r )  se s =  S r  (1 -  s2r —  s |  -  sr se f  y ,e ,
a n d

2 ( 1  Sf  s@ sr se ) ee s  (2 2 Sf  sr se ) sS e

— (2 sr se +  s i ) s r e =  se ( l  — s f  —  s |  — sr se ) i y ,2.

( 20)

(21 )

These tw o e q u a tio n s , to g e th e r w ith  th e  c o m p a tib ility  eq u a tio n  (14) 
re p ro d u c e d  as eq u a tio n  (22)

e r , r  +  2  < V  =  —  ( e r  —  e e ) ,  ( 2 2 )
r

a n d  th e  equilib rium  e q u a tio n  (15), from  w hich s h a s  been e lim inated  b y  th e  
u se  o f  (17), (11) and  (12)

s
1 +  V

\  — 2 v
e r , r  +

1 +  V
1 -  2v

+
r

( 2 3 )

fo rm  a se t of hy p erb o lic  f i r s t  order d iffe ren tia l e q u a tio n s  in  the  d ep en d en t 
v a r ia b le s  er, e0, sr, sQ. T h e  charac teristics o f th e s e  equ a tio n s are r =  co n st, 
a n d  Q =  const, [see P r a g e r  and  H o d g e  ( 1 9 5 1 ) ] .  A  num erical so lu tio n  can  
be  o b ta in e d  for know n  b o u n d a ry  conditions.

In  th e  elastic c e n tra l  p a r t  th e  solutions su p p lie d  b y  th e  th eo ry  of e la s tic ity  
a p p ly ; fo r a linearly  d is t r ib u te d  shearing s tre ss  a t  th e  ends, a un ifo rm  ra d ia l 
s tre s s  arg on th e  e la s to -p la s tic  b o u n d ary  and  ax ia l s t r a in  e th a t  is in d e p e n d e n t 
o f  th e  rad ius, i t  follow s t h a t

ar =  ae  =  Oye ( c o n s ta n t) , (24)

az =  ( 1 -}- v) sz +  2 vare ( c o n s ta n t) .  (26)
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T h e h y d ro s ta tic  s tre ss  in  the  e la s tic  core  th u s  becomes

S =  —  ( a r +  a ti +  ° z )  1

(26)

a n d  th e  stress d e v ia to r  com ponents

(27)

F ro m  th e  y ie ld  e q u a tio n  (18) fo llow s, a f te r  w ritin g  TQ fo r th e  sh ea rin g  
s tre ss  on th e  e la s to -p la s tic  boun d ary

(28)

4. N um erical So lu tion

T h e  e la s to -p la s tic  behav iour o f  a ro u n d  b a r  sub jec ted  to  a c o n s ta n t 
tw is t  a n d  to  a g ra d u a lly  increasing a x ia l  fo rce  (or to  a g rad u a lly  increasing  
ax ia l s tra in )  is in v e s tig a te d  as a sim p le  illu s tra tio n  of th e  fo rm u lae  derived . 
F o r th is  b a r  y lg =  0 a n d  th e  four e q u a tio n s  to  be solved can  be  re a rra n g ed  
to  give

er,e —  A s r g  —  B s e ,e =  0  * ( 2 0 a )

ee ,e  —  C s e , e —  D s r,e =  0   ̂ ( 2 1 a )

er,r +  2 ee,r =  — -(e  — eH) ,  (22a)
r

w here

T h e  four q u a n tit ie s  defined b y  e q u a tio n s  (29) are read ily  ca lc u la ted  a t 
ev e ry  p o in t w here th e  stresses are k n o w n ; th e  sam e applies to  th e  r ig h t h an d  
side o f  eq u a tio n  (23a) an d  also to  th e  r ig h t  h a n d  side of eq u a tio n  (22a) if  th e  
s tra in s  are  also k now n .
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T h e  eq u a tio n s  (20a) to  (23a) are re w ritte n  in  f in ite  difference fo rm ; o n ly  
in c re m e n ts  w ith  re sp ec t to  p a p p e a r  in  th e  f i r s t  tw o  eq u a tio n s and  in c re m e n ts  
w ith  re sp e c t to  r in  th e  la s t  tw o . F o r th e  sake o f  conven ience, th e  in c re m e n ts  
in  r a n d  g are  m ade n u m e ric a lly  eq u a l; in  th e  p ro b le m  u n d er in v e s tig a tio n  
th e  e la s to -p la s tic  b o u n d a ry  m oves in w ard s, hen ce  th e  change in  g (A  g) is 
n e g a tiv e .

F ig u re  1 show s th e  seq u en ce  o f o p e ra tio n s  in  th e  r — g p lane. L e t i t  b e  
a s su m e d  th a t  b y  som e m ean s th e  stresses an d  s t r a in s  have  been d e te rm in e d  
a t  a ll re le v a n t p o in ts  a t  th e  tim e  w hen th e  e la s to -p la s tic  b o u n d ary  is a t  th e

Fig. 1

p o in t  c h a ra c te r iz e d  b y  th e  v a lu e  py. (F or rad ii g re a te r  th a n  py, th e  b a r  is in  th e  
p la s tic  s ta te ,  show n in  solid  lines in  Fig. 1, w hile fo r r  <  py, the  b a r  is e la s tic , 
sh o w n  in  d o tte d  lines in  F ig . 1.) I t  is desired  to  in v e s tig a te  th e  effect o f a c h a n g e  
/I p in  th e  b o u n d a ry  ra d iu s ; th e  new  rad iu s  is py_j. S ince th e  tw ist was a ssu m ed  
to  re m a in  u n ch an g ed , th e  sh ea rin g  stress in  th e  e la s tic  p a r t  (inc lud ing  th e  
b o u n d a ry )  rem ain s u n ch an g ed . Once xQ is k n o w n , eq u a tio n  (28) can  be  u sed  
to  c a lc u la te  s r an d  s@ a t  th is  p o in t;  since th e  e la s tic  re la tio n sh ip s  ap p ly  a t  th is  
p o in t, er =  sr an d  ee =  se .

S u b s titu tin g  th e  s tresses an d  s tra in s  a t  r  =  r,-, fo r g =  p; in  e q u a tio n s  
(20a) a n d  (21a), an d  th e  v a lu es  a t  r =  ry_x fo r g — py_j, an d  so lv in g  
th e  re s u lt in g  fou r s im u ltan eo u s  eq u a tio n s, en ee , s n  an d  se are o b ta in e d  a t  
r =  ry fo r  g =  Qj-i- T he  c a lcu la tio n s  are re p e a te d , u sin g  values for r  =  ry+1 
a n d  g =  py in  th e  f ir s t  tw o  e q u a tio n s , r =  r; an d  p =  g]_ 1 in  the  la s t tw o , to  
give th e  desired  q u a n titie s  fo r r  =  Гу +  1 an d  p =  Q j-v  F u rth e r  re p e tit io n s  
p e rm it  th e  ca lcu la tio n  o f a ll v a lu es , r ig h t to  th e  o u te r  b o u n d a ry .

T h e  fa c ts  th a t  th e  ra d ia l  stress a t  th e  o u te r  b o u n d a ry  is zero an d  t h a t  
th e  su m  o f  th e  s tra in  d e v ia to r  com ponen ts is also  zero  are  used to  c a lc u la te
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th e  ax ia l s tra in  an d  hence th e  ax ia l s tress  in  th e  e lastic  core of th e  b a r

or =  sr -f- s =  0 or s — — sr (30)

on th e  free (o u te r) b o u n d a ry ;
1 —  2v

£z =  ez +  e =  —  (e, +  ee ) +  e =  —  (er +  ee ) --------------— -----(31)
1 +  V

from  eq u a tio n s  (11), (17) and  (30).
T he va lu es  s u b s ti tu te d  in  e q u a tio n  (31) a re  th o se  app ly ing  a t  th e  o u te r  

b o u n d a ry ; h o w ev er ег has th e  sam e v a lu e  r ig h t  th ro u g h  th e  sec tio n . O nce ez 
is know n, e can  be ca lcu la ted  a t  ev e ry  p o in t since

e =  £z — ez =  ez +  er +  ee . (32)

E q u a tio n  (17) is used to  co m p u te  s a n d  eq u a tio n s  (11) to  p ro v id e  th e  
tru e  stresses an d  s tra in s . N um erica l in te g ra tio n  (S im pson’s ru le) allow s th e  
d e te rm in a tio n  o f th e  ax ia l load  a n d  o f th e  to rq u e  fo r every  value o f o.

5. D iscussion o f R esu lts

T he U n iv e rs ity  o f A dela ide’s “ IBM  1620”  co m p u te r was used  to  o b ta in  
num erical re su lts . In  m o st ca lcu la tio n s Ar  =  — A p  =  0,1 was u sed ; a check 
w ith  Ar =  — A q =  0,0625 an d  0,05 an d  an  zl2-ty p e  e x tra p o la tio n  show ed

0 0,2 0A r 0,6 0,8 1,0

F ig . 2
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F ig . 3

7?

F ig .  4

t h a t  a n  in te rv a l of 0,1 p ro v id es  su ffic ien t a cc u ra cy . As th e  re su lts  a re  in  a 
d im en sio n le ss  form  an d  all ca lcu la tio n s are  in d e p e n d e n t of th e  G/к  ra t io , th e  
o n ly  in p u t  in fo rm atio n  re q u ire d  was th e  v a lu e  o f  P o isson’s ra tio . T h e  o u tp u t  
in c lu d e d  <Jr, cre , cr2 an d  r  a t  every  one te n th  ra d iu s  in  th e  p las tic  ra n g e  fo r 
e v e ry  o n e  te n th  rad iu s  ad v a n c e  o f th e  e la s to -p la s tic  b o u n d a ry  an d  th e  v a lu es  
o f th e  to rq u e  and  ax ial pu ll fo r every  p o sito n  o f  th is  bou n d ary .
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F ig .  5

F ig .  6

T he c o m p u ta tio n s  w ere rep ea ted  fo r v =  0, 0.1, 0.3, 0.4, 0.45, a n d  0.49. 
(v  =  0.5 w ould  h a v e  in v o lv ed  d iv id ing  b y  zero ; to  avoid rew ritin g  th e  p ro 
g ram m e, v =  0 .49 w as used  as a su ffic ien tly  good ap p ro x im atio n  to  th e  in 
com pressib le co n d itio n ).

F igures 2 to  5 show  th e  d is tr ib u tio n  o f  th e  rad ia l, ta n g e n tia l a n d  ax ia l 
stress an d  th e  sh e a rin g  s tress for d iffe ren t po sitio n s of the  e la s to -p la s tic  
b o u n d a ry ; th e  g ra p h s  re fe r to  » =  0,3. F ig u re  6 show s th e  v a r ia tio n  o f  th e
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F ig . 7

a x ia l fo rce  an d  to rq u e  w ith  m o v em en t o f th e  b o u n d a ry , for th e  sam e v a lu e  o f  
V; a x ia l  fo rce is expressed  as a m u ltip le  o f  th e  force, th a t  ac tin g  on  its  ow n 
w o u ld  cau se  y ield ing  ( =  J/3R 2 лк );  s im ila rly  th e  to rq u e  d iv ided  b y  3/2 R 3n k  
is sh o w n .

F ig . 8
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T h e effect o f a lte rin g  P o isson’s ra tio  on az an d  t, and  on th e  re s u lta n t  
pu ll an d  to rq u e  is sm all, ty p ic a l values are  lis ted  in  T able 1, to g e th e r  w ith  
som e va lu es  ca lcu la ted  b y  P r a g e r  an d  H o d g e  (1951). All values re fe r  to  th e  
fu lly  p la s tic  co n d itio n s ; fo r p a r tia l  p la s tic ity  th e  effect is s im ilar. F ig u res  7 
an d  8 show  th e  v a r ia tio n  o f a r and  a, for th e  fu lly  p lastic  c o n d itio n ; a lth o u g h  
th e  re la tiv e  v a ria tio n s  are  la rge , these  s tress com ponen ts are sm all (| <Tr | <  0,05 
an d  I at I <  0,05).

Table I

Effect of Poisson's ratio on stresses, axial force and torque on fully plastic bar

V

r
0 0,1 0 ,3 0 ,1 0,45 0 ,4 9

P r a g e r  
&  H o d g e

0,1 1.6778 1,6837 1,6994 1,7099 1,7163 1,7219 1,7234

0,4 1,5887 1,5913 1,5948 1.6031 1,6060 1.6085 1.6086

0,7 1,4613 1,4583 1,4503 1,4448 1,4414 1,4383 1.4338

1,0 1,3939 1,3787 1,3698 1,3579 1,3508 1,3444 1,3191

0,1 0,0994 0,0994 0,0994 0,0995 0,0995 0,0995 0,0998

0,4 0,3649 0,3656 0,3673 0,3685 0,3692 0,3698 0,3708

T 0,7 0,5413 0,5434 0,5491 0,5530 0,5552 0,5573 0,5611

1,0 0,6080 0.6112 0,6194 0,6248 0,6281 0.6309 0.6480

P/Po 0,8570 0,8559 0,8524 0,8501 0,8487 0,8475 0.8467

T/T0 0,3586 0,3601 0,3642 0,3669 0,3685 0,3699 0,3726

6. C onclusion

A rigorous so lu tio n , sa tisfy in g  all eq u ilib riu m  an d  c o m p a tib ility  co n d i
tio n s  r ig h t th ro u g h  th e  b a r , H ooke’s law  in  th e  e lastic  p a r t , R eu ss’s e q u a tio n s  
a n d  th e  von  M ises y ield  co n d itio n  in  th e  p la s tic  p a r t  is p re sen ted  fo r a ro u n d  
b a r  m ade from  an  e lastic -p lastic  m a te ria l an d  su b jec ted  to  a x ia l lo a d  and 
to rq u e . T he so lu tio n  is show n to  be in d e p e n d e n t o f  th e  ra tio  of th e  sh e a r m o d u 
lus to  th e  y ield  s tre ss  in  sh ear, b u t  d e p e n d e n t on P oisson’s ra tio .

N um erica l ca lcu la tio n s show  th a t  fo r a b a r  su b jec ted  to  c o n s ta n t  tw ist 
( th e  tw is t  being o f  such  m ag n itu d e  th a t  a c tin g  on its  ow n i t  will ju s t  cause  y ield ing  
in  th e  o u te rm o st fib res) an d  to  a g rad u a lly  increasing  ax ia l pu ll th e  e ffec t of 
P o isso n ’s ra tio  is re la tiv e ly  sm all; th e  m e th o d  o f P r a g e r  an d  H o d g e , based  
on  th e  assu m p tio n  o f an  incom pressib le  m a te r ia l m a te ria l (v =  0,5) is likely  
to  give an  e rro r  o f  less th a n  3 %  in  th e  ax ia l force an d  in  th e  to rq u e  a t  full 
p la s tic ity . H ow ever, ca lcu la tio n s to  be re p o rte d  elsew here show  t h a t  fo r o th e r 
lo a d in g  p a th s  th e  effect o f P o isson ’s ra tio  m ig h t be h igher.
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DA S E L A S T O -P L A S T IS C H E  V E R H A L T E N  D E S M IT E IN E R  A X IA L E N  K R A F T  U N D  
E IN E M  T O R SIO N SM O M E N T  B E L A S T E T E N  ST A B E S  M IT K R E IS Q U E R S C H N IT T

G . S V É D  —D . S . B R O O K S

Z U SA M M EN FA SSU N G

D ie A rb e it b e faß t sich  m it d em  V erhalten  e ines S ta b es  v o n  K re isq u ersch n itt au s einem  
id ea len  e la s tisch -p la s tisch en  M a te ria l, der außer der a x ia len  B e la stu n g  noch  a u f  V e rd reh u n g  
b e a n s p ru c h t  is t. Die G leichgew ich ts- und  V e rträ g lich k e itsb ed in g u n g en  sowie die R eu ss’schen 
S p an n u n g s-D eh n u n g s-G le ich u n g en  w erden  durch  die m o d ifiz ie rten  S pannungen  (üb liche S p a n 
n u n g  d iv id ie r t  du rch  die S c h u b sp a n n u n g ) und  die m o d ifiz ie rte n  D ehnungen  (übliche D e h n u n g  
m u ltip liz ie r t  m it  dem  Q u o tien te n  au s dem  S ch ubm odu l u n d  der S chubfließ sp an n u n g ) au sg e
d rü c k t.  D ie  u n te r  der E in w irk u n g  d e r ste igenden  B e la s tu n g  zu stan d ek o m m en d en  S p a n n u n g s
u n d  D e h n u n g sä n d e ru n g e n  w erd en  d u rch  Lösung e ines au s  v ier h yperbo lischen  p a rtie llen  
D ifferen tia lg le ich u n g en  b e s teh e n d en  S ystem s gelöst. N u m erisch e  Lösungen w erden  fü r S tä b e  
a n g eg eb en , die au ß er d u rc h  k o n s ta n te s  T o rsionsm om ent d u rc h  eine s te tig  an ste ig en d e  A x ia l
k ra f t  a u f  Z ug b e an sp ru c h t w e rd en . D ie E rgebnisse sind  u n a b h ä n g ig  vom  V erh ältn is  des G le it
m o d u ls  u n d  de r S chubfließgrenze , h än g en  jedoch  von de r Po issonschen  Zahl ab . B ei Ä n d e ru n g  
de r P o isso n sch en  Zahl ä n d e rn  sich  die E rgebnisse n u r  w enig  u n d  b estä tig en  die H y p o th ese  
von  P r a g e r  u n d  H o d g e ,  w on ach  be i der U n te rsu ch u n g  d e r W erk s to ff  des S tabes als in k o m p re s-  
sibel b e tr a c h te t  w erden k a n n .

C O M P O R T E M E N T  É L A S T O -P L ASTI Q U E  D ES B A R R E S  D E  SEC TIO N  C IR C U L A IR E  
C H A R G É E S  P A R  U N E  F O R C E  A X IA L E  ET  P A R  U N  M O M ENT D E  T O R S IO N

G . S V É D  — D . S . B R O O K S

R É SU M É

L ’é tu d e  tra ite  du  c o m p o rte m e n t d ’une ba rre  de sec tio n  c ircu la ire  co n stan te  en m a tiè re  
é la s to -p la s tiq u e  idéale, laquelle  e s t  sollicitée pa r un  e ffo rt a x ia l  e t,  en plus, p a r  un  m o m en t de  
to rs io n . L es cond itions d ’éq u ilib re  e t  de co m p a tib ilité , a in s i que  les ra p p o rts  ten s io n -a llo n g e 
m e n t de  R eu ss  so n t ex p rim és p a r  les c o n tra in te s  m odifiées (c o n tra in te s  usuelles d iv isées p a r  les 
c o n tra in te s  de c isaillem ent) e t  les a llongem en ts m odifiés (a llo n g em en t usuel m u ltip lié  p a r  le 
q u o tie n t  d u  m odule d ’é la s tic ité  tra n s v e rsa l e t de la  te n s io n  d ’écoulem ent en  c isa illem en t). 
L ’a u te u r  d é te rm in e  les v a r ia tio n s  des ten s io n s e t a llo n g em en ts  dues à  la croissance de la c h a rg e , 
p a r  la so lu tio n  d ’u n  systèm e de q u a tre  équ atio n s d iffé ren tie lle s  p a rtie lles  de ty p e  h y p e rb o liq u e . 
Des so lu tio n s  num ériq u es so n t d o n n ées pour des b a rre s  soum ises à  u n  couple de to rsio n  c o n s
t a n t  e t  u n  e ffo rt de tra x io n  ax ia l c ro issan t. Les r é s u lta ts  so n t in d ép e n d an ts  d u  ra p p o r t  du  
m odu le  d ’é la s tic ité  tra n sv e rsa l e t de la  tension  d ’éco u lem en t en  c isaillem ent e t  d é p en d e n t, p a r  
c o n tre , d u  coefficien t de Po isson . L es ré su lta ts  se m o d ifie n t p e u  en fonction  d u  coefficien t de  
Po isson  e t  co n firm en t l’h y p o th èse  de  P r a g e r  e t de H o d g e ,  su iv a n t laquelle  la m a tiè re  de la 
b a rre  p e u t  ê tre  considérée com m e incom pressib le  du  p o in t de  vue  du  calcul.
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ЭЛАСТОПЛАСТИЧНОЕ ПОВЕДЕНИЕ КРУГЛОГО СТЕРЖНЯ, НАГРУЖЕННОГО 
АКСИАЛЬНОЙ СИЛОЙ И КРУТЯЩИМ МОМЕНТОМ

Г. Ш В Е Д  и Д.  С. Б Р У К С

РЕЗЮМЕ

Статья посвящена поведению стержня неизменного сечения из материала идеаль
ной пластичности, на который кроме аксиальной нагрузки действуют также нагрузки от 
кручения. Уравнения равновесия и совместимости, а также зависимости напряжения 
и растяжения R e u s s  выражаются данными модифицированных напряжений (обычное 
напряжение, деленное на сдвигающее напряжение) и модифицированных растяжений 
(обычные растяжения, помноженные на частное модуля сдвига и напряжения сдвига 
при течении). Изменения напряжений и растяжений, возникающие под действием возра
стающей нагрузки, определяются решением системы уравнений, состоящих из четырех 
парциальных дифференциальных уравнений гиперболического типа. Приводятся число
вые решения для случая таких стержней, на которые при постоянном крутящем моменте 
действует растяжение от постоянно возрастающего аксиального усилия. Результаты 
независимы от отношения модуля сдвига и предела текучести сдвига, но зависят от по
казателя Пуассона. С изменением показателя Пуассона результаты изменяются только 
незначительно и подтверждают предположение P r a g e r  и  H o d g e ,  на основе которого 
при анализе материал стержня можно считать несжимаемым.

Acta Techn. H u n g . 50 . (1 9 6 5 )



■



BESTIMMUNG DER STAHLBEWEHRUNG  
UND DER RAMMSPANNUNGEN 

VON STAHLBETONPFÄHLEN

K . S Z É C H Y

K O R R E S P O N D I E R E N D E S  M I T G L I E D  D E R  U N G A R I S C H E N  A K A D E M I E  D E R  W I S S E N S C H A F T E N  

[E ingegangen  am  9. A p ril 1964]

Die F ests te llu n g  d e r in  S tah lb e to n p fäh len  a u ftre te n d e n  R am m sp a n n u n g e n  is t  rech t 
u m stän d lich  und u n sich er, obw ohl der be im  R a m m e n  dieser P fähle h ä u fig  b eo b ach te ten  
Z ers tö ru n g  in der P ra x is  g roße  B ed eu tu n g  z u k o m m t. D ie Schw ierigkeiten d ieser F ra g e  bestehen  
d a r in , d aß  fü r die S ta h lb e to n p fä h le  keine sichere B em essungsgrundlagen  v o rlieg en . W eder die 
F e s tig k e it der K o n s tru k tio n , noch  die G röße de r a u f tre te n d e n  S pannung  u n d  V erte ilu n g  ist 
zu friedenste llend  g e k lä r t. D er V erfasser fü h r t  z u e rs t  e in  A n n äh eru n g sv erfah ren  zu r B erech
n u n g  de r Q u erbew ehrung  v o r u n d  dan n  s te ll t  er e in  n e u a rtig e s  und au f ta ts ä c h l ic h  m eßbaren  
V erfo rm ungsw erte  a u fg eb a u te s  V erfahren  fü r  die B e stim m u n g  der ra tio n e llen  R a m m tie fe  und 
d e r k ritisch en  R a m m b e an sp ru c h u n g  vor.

D a au f G rund  d e r E nerg ieg le ichung  die im  P fa h l au ftre ten d e  d y n a m isc h e  K ra f t  p ro 
p o rtio n a l der A bnahm e des E in d rin g u n g sm aß es (em) w ä ch s t, w ird  ih r H ö c h stw e rt von  de r B edin
gun g  em =  0 b e s tim m t. D ie e lastische  V erform ung (er) h ingegen w ächst p ro p o r tio n a l de r K raft. 
T rä g t  m an  das V e rh ä ltn is  em/er p a ralle l m it de r E in d rin g u n g  des P fah ls in e in e m  D iagram m  
au f, d a n n  w ird das M ax im u m  d e r d y n am ischen  T rag fä h ig k e it durch  das V e rh ä ltn is  em/er -> 0 
g ek en n zeichnet. U b er d iese G renze h in au s e n ts te h e n  im  P fah l beim  E in ra m m e n  b lo ß  elastische 
V erfo rm ungen , die zu  se in er fo rtsch re iten d en  Z e rs tö ru n g  füh ren , ohne die T ra g fä h ig k e it  des 
P fa h ls  vergrößeren  zu  k ö n n e n . D iese w irtschaftliche Grenztiefe w ird a u ß erd em  v o m  m axim alen  
W e rt der spezifischen E in ra m m a rb e it  angegeben , d ie  zu r E rhöhung  der sp ez ifisch en  T rag 
fä h ig k e it aufgew endet w erd en  m u ß te  (B ild  6). D ie im  P fah lsch aft a u f tre te n d e n  Spannungen  
k ö n n en  aus ih rer e la s tisch en  V erform ung b e rec h n e t w erden . Die p rak tisch  m e ß b a re  elastische 
V erfo rm u n g  b e s teh t je d o c h  n ic h t n u r aus de r des P fa h les , sondern e n th ä lt  a u c h  d iejen ige des 
B odens. E s w ird geze ig t, d aß  die beiden  V erfo rm u n g sk o m p o n en ten  v o n e in a n d e r  g e tren n t 
w e rd en  können , w enn m an  die e lastische V erfo rm u n g  am  Pfahl g leichzeitig  a n  zwei Stellen 
m iß t. D avon  können  d a n n  d ie R am m sp an n u n g en  n a c h  dem  H ooke’schen  G ese tz  bestim m t 
w erd en  (B ild 9). Die N e igung  de r G eraden , die d iese  V erform ung d a rs te llen , is t  d en  im  Pfahl 
a u f tre te n d e n  S p an n u n g en  p ro p o rtio n a l. B e stim m t m an  anderse its  die vom  P fa h lq u e rsc h n itt  
e r trä g lic h e  G ren zsp an n u n g , so k an n  m an d u rch  d e ren  S c h n ittp u n k t m it d e r S p a n n u n g sk u rv e  
d es P fah ls  die R am m tie fe  b e s tim m en , bei der die Z e rs tö ru n g  des Pfahls b eg in n en  w ird  (B ild  10).

E s  ko m m t in  d e r P rax is  h äu fig  v o r, d aß  die v o rg e fe rtig ten  S ta h lb e to n 
p fäh le  beim  E in ra in m e n  zug runde gehen. V or allem  pfleg t d e r  P fa h lk o p f  zu 
zerb röckeln , es k o m m en  ab e r auch  R isse u n d  Sprünge in d er P fa h ls c h a f t  vor, 
ebenso  A b sp litte rn  u n d  B rüche in  den  P fah lsp itzen .

D as Z u g rundegehen  h ä n g t von  den  U m stän d en  des K äm m en s u n d  der 
K o n s tru k tio n  des P fah ls  ab , die U m stä n d e  des R am m ens b e s tim m e n  die 
B ean sp ru ch u n g en , die K o n s tru k tio n  des P fah ls  b estim m t d a g eg en  die F estig 
k e it. L eider lä ß t  sich  k e in e r von diesen b e id en  theo re tisch  g e n a u  bestim m en , 
u n d  deshalb  k a n n  die genaue w irtsch aftlieh e  B em essung der S ta h lb e to n p fä h le  
h e u te  noch n ich t als gelöst b e tra c h te t  w erd en ; w ir sind da h a u p ts ä c h lic h  auf 
p ra k tisc h e  E rfa h ru n g e n  angew iesen.
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A ) Berechnung der Stahlbewehrung von Stahlbetonpfählen

D ie  F estigkeit v o n  S ta h lb e to n p fä h le n  w ird  g ru n d leg en d  durch  die F e s tig 
k e i t  des B etons b e s tim m t, d e sh a lb  ist ein G ru n d p rin z ip  der B em essung, B e to n  
g ro ß e r  W ürfelfestigkeit (m in d en s ten s  В 280, e h e r  ab e r В 340 -f- В 400) zu

Bild  1. A n o rd n u n g  d e r  K opfbew ehrung des S tah lb e to n p fah ls

b e n ü tz e n . Obgleich die S ta h lb e w e h ru n g  der P fä h le  a u f  G ru n d  gewisser V o ra u s
se tz u n g e n  bem essen w ird , b e s te h t  die hö ch ste  A u fg ab e  der S tah le in lag en  
d o ch  d a r in , die W id e rs ta n d s fä h ig k e it des B e to n s  gegen  Schläge zu e rh ö h e n . 
(W ie  b e k a n n t, können g e d rü c k te  B etonsäulen  b is a n  die Grenze des p la s t i 
sc h e n  Z u stan d es b e la s te t, w e n n  F o rm än d eru n g en  in  Q u errich tu n g  v e rh in d e r t  
wre rd e n ) .

D ie  im  Pfahl b e f in d lic h e  Q uerbew ehrung is t  fü r  die V erh inderung  d e r 
F o rm ä n d e ru n g e n  in  Q u e r r ic h tu n g  bestim m t, w ä h re n d  die Längsbewre h ru n g  
d ie  k le in e re  D ruck festig k e it d e s  B etons gegen S ch läge  (S to ß b ean sp ru ch u n g en )
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ausg le ich t. D ie aus d er L ängs- u n d  Q uerbew ehrung  geb ilde te  räu m lich e  korb- 
a rtig e  B ew ehrung d ie n t au ß erd em  zu r V erg rößerung  d er W id e rs ta n d sfe s tig 
k e it gegen die d u rc h  Schläge v e ru rsa c h te n  dy n am isch en  W irk u n g en . W eil 
b e k a n n tlic h  die d u rc h  das E in ram m en  e n ts te h e n d e n  S p an n u n g en  im  P fa h l
k o p f  am  g rö ß ten  sin d , m u ß  das B ew eh ru n g sg itte r an  d ieser S telle  am  d ich tes
te n  sein, wie es B ild  1 ze ig t (in se ltenen  A usnahm efä llen  k o m m en  S p an n u n g s
h ö ch stw erte  au ch  in  d er P fah lsp itze  vor). D ie S tah lb ew eh ru n g  d e r  P fäh le  be-

1/5
Hebeösen- 1/3

< E
t / 5  ,

__Q_________

a.) Lagerung

T " ‘»  - » T T - ,

b.J Beförderung

B ild  2. B ereeh n u n g san n ah m en  fü r  die B estim m u n g  der B ieg eb ean sp ru ch u n g  in  S tah lb e to n
pfäh len

s te h t  aus den d u rc h  den  ganzen  P fah l lau fen d en  H a u p ts ta h le in la g e n  (/i), 
sow ie aus den H ilfss tah le in lag en  (s) im  K o p f u n d  in  d e r S p itze  des P fah ls in 
e in er gew issen L änge  (/0 =  3a) an g eo rd n e t u n d  aus den Q uerc in lagen  (B ügeln). 
M an  k a n n  lediglich  die F läch e  d er H au p ts tah le in lag en  m it H ilfe von  B em essungs
an n a h m e n  b es tim m en . B ild  2 zeig t die V o rausse tzungen , bei w elchen , infolge 
v e rsch iedener U n g en au ig k e iten  d er H erste llu n g  u n d  E in ra m m u n g , du rch  
A u sm ittig k e it b e d in g te  B ieg eb ean sp ru ch u n g en  im  P fah l e n ts te h e n . D adurch  
k a n n  d er Q u e rsch n itt des S ta h lb e to n p fah ls  und  som it die M enge d e r H a u p t
stah le in lag en  wie fo lg t b e s tim m t w erden:

M  =  M j =  —  oder M 2 P  {A -j- e, -)- e2) 
а

je  n ach d em , ob М г o d e r M 0 g rößer ist.
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D ie Form el g ilt au ch  f ü r  S p an n u n g en , die b e im  T ra n s p o r t  oder beim  E in 
h e b e n  des P fah ls en ts te h e n . D e r  W e rt des B eiw erts  a  b e t r ä g t  18, w enn ein e in 
z ig e r H eb eh ak en  in  e inem  D r i t te l  des P fah ls a n g e o rd n e t is t, h a t  ab e r den  W ert 
50, w e n n  zwei H ebeösen in  d e r  E n tfe rn u n g  I/5 v o n  den  P fä h le n d e n  b e n ü tz t 
w e rd e n ;  g b ed eu te t das P fa h lg e w ic h t je  lau fen d em  M eter, l b eze ich n e t die 
P fa h llä n g e , A  die H e rs te llu n g su n g en au ig k e it (s^  0,03 l), ex is t  das von  der 
A u s m itt ig k e it  der S p itze  u n d  d e r R am m u n g  h e rs ta m m e n d e , dagegen e2 das 
v o n  d e r  etw aigen A b sch räg u n g  des P fah lkopfes e n ts te h e n d e  E x z e n tr iz i tä ts 
m a ß  (ex es: 5 cm u n d  e2 ай 0 ,0 2 5 a —0,04a). S ch ließ lich  is t  die d u rch  einen  
S ch lag  im  P fah l e n ts te h e n d e  dynam isch e  W id e rs ta n d k ra f t  m it  P  beze ichnet.

D ie  aus obigem  B ieg em o m en t b erech n e te  S tah lb ew eh ru n g  w ird  von  
g ew issen  V orschriften  n u r  d a n n  angenom m en , w en n  ein  gew isser M indestw ert 
ü b e r s c h r i t te n  w ird. D er eng lisch e  Code o f  Engeneering Practice sch re ib t z .B . 
v o r , d a ß

w e n n  l <j 30a is t, d a n n  w ird  F v />  0 ,0125 F b,
w e n n  30a <  / <  40a, d a n n  w ird  F v 0 ,015 F b, u n d
w en n  l >  40a, d a n n  w ird  F v >  0,02 F b,

w o l d ie  P fah llänge u n d  F b (a2) d en  B e to n q u e rsc h n itt  des P fah ls  beze ich n et.
D  as M inim um  d e r Q u erb ew eh ru n g  (B ügel) b e t r ä g t  n ach  derse lben  V o r

s c h r if t  im  P fah lk ö rp er 0,002 F b, ab er m uß  im  K o p f  b is zu r L änge 3a a u f  
0 ,006  F ь be tragen .

D ie Q u a litä tsv o rsc h rif te n  fü r  die B e to n g ü te  la u te n  h ie r fo lgenderm aßen :
a) bei schwerem R a m m en  (d u rch sch n ittlich e  R am m sp a n n u n g  a >  105 

k g /c m 2) K 2g =  332,5 k g /cm 2 (U ngarische  V o rsch rift В 340),
b ) normales und  leichtes R am m en  (d u rc h sc h n ittlic h e  R am m sp an n u n g  

а  <  105 kg/cm 2) K 2S =  280 k g /cm 2 (U ngarische V o rsch rif t В 280).
I n  d er deutschen  V o rsc h rif t is t  fü r d ieselben W erte  fü r  die L än g sb ew eh 

ru n g  d u rch sch n ittlich  0 ,009 F b, 0,012 F b und  0,026 F b vo rgesch rieben , 
w ä h re n d  fü r die B e to n g ü te  b is  zu  L ängen  von  15 m  В 300 oder besser В 450 
v e r la n g t  w ird . Bei län g e ren  P fä h le n  als 15 m  is t u n b e d in g t eine B e to n fes tig 
k e i t  v o n  В 450 v o rg esch rieb en . D ie Q uerbew ehrung  w ird  h ie r n ach  B estim 
m u n g  des D urchm essers u n d  des M in d estab stan d es a u f  G ru n d  re in  k o n s tru k 
t iv e r  E rw äg u n g en  angegeben .

Z u r  B estim m ung  d er L än g sb ew eh ru n g  h a t  s ich  also eine gewisse D im en 
s io n ie ru n g sth eo rie  h e ra u sg e b ild e t, w äh ren d  zu r B e rech n u n g  der Q uerbew eh
ru n g  th eo re tisch e  G ru n d lag en  n och  n ich t v o rh a n d e n  sind.

D ie  nötige F läch e  d e r  Q uerbew ehrung  k ö n n te  an n äh eru n g sw eise  aus 
d e r  B ed in g u n g  ab g e le ite t w e rd e n , daß  sie die Q u e rd eh n u n g  des P fah ls v e r
h in d e rn  m uß. M an w eiß au s d e r  F estig k e its leh re , d aß  bei einem  W ürfel m it 
g le ich en  K an ten län g en , zw isch en  den  sen k rech ten  u n d  w aag rech ten  Span-
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nungcn  (az) bei v e rh in d e r te r  S e ite n a u sd e h n u n g  u n d  bei R a u m b e s tä n d ig k e it 
folgende B ez iehung  b e s te h t:

P
wo a,  = -----

F

(bei einem  P fa h l m it q u a d ra tisc h e n  Q u e rsc h n itt  az =  Pja~).
Als A n n ä h e ru n g , die aber zu G u n sten  d e r  S icherheit a u sfä llt, w ird  die 

A nnahm e b e tr a c h te t ,  d aß  die au f G rund  d e r  sen k rech ten  D ru c k k ra f t  P  en t-

B ild  3. A n g e n äh e rte  A u fn ah m e des S p a n n u n g sz u s ta n d e s  im  P fah lkopf, bei b e h in d e rte r
Q u e rau sd eh n u n g

stan d en e  w aa g e re ch te  K ra f t  P x im  P fa h lk o p f  gleichfalls au f d e r se n k re c h te n  
Seiten fläche  eines W ürfe ls  m it der K a n te n lä n g e  a a u f tr i t t .  Diese K r a f t  k a n n  
also fo lg en d erm aß en  b e s tim m t w erden:

Px =  a  2 a x
a P

a 2 ( m  —  1 )

D a die s ta tisc h e  A ufgabe der B ügel led ig lich  als V erh in d eru n g  d e r S e i
te n a u sd e h n u n g  b eze ich n e t w erden k a n n , d ü r f te  m an annehm en , d a ß  d iese 
K ra f t  von d e r  Q u erb ew eh ru n g  in  d er k r i t is c h e n  L änge des d u rch  d ie  S ch läge 
am  s tä rk s te n  b e a n sp ru c h te n  P fah lkopfes au fgenom m en w erden  m u ß te . D as 
M inim um  d ieser k r itisc h e n  Länge is t e rfah ru n g sg em äß  3a (siehe w e ite r  u n te n ) . 
In n e rh a lb  d iese r L änge is t also die V e rte ilu n g  n ic h t g leichm äßig, so n d e rn  an  
der K opffläche  t r i t t  ein  H ö ch stw ert au f, d as  b is  zum  E nde der k r itisc h e n  L änge  
a u f  einen  K le in s tw e r t a b s in k t (B ild  3). A us S icherh e itsg rü n d en  w ird  d ieser 
K le in s tw ert dem  D u rc h sc h n ittsw e rt (P x) g le ichgese tz t.

M an k ö n n te  fü r  die A ufnahm e d e r Z ugspannungen  in  Q u e rr ic h tu n g  
au ch  die Z u g fe s tig k e it des B etons b e rü c k s ic h tig e n , jedoch  wird d ies au s  S icher-
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h e its g rü n d e n  v e rn ach lä ss ig t. D er nö tige Q u e rsc h n itt  der Q u erb ew eh ru n g  
l ä ß t  s ich  aus dem  Z u sam m en h an g

Frk =  -
o„.

P

(m — \ ) a vH

b e s tim m e n . I s t  der Q u e rsc h n itt  eines B ügels F t„ d a n n  erg ib t sich die A n zah l 
d e r  B ü g e l der ganzen Q u erb ew eh ru n g  zuj n 0 =  F vkjF vl. Die V erte ilung  d ieser 
B ü g e l i s t  jed o ch  in n e rh a lb  d e r  k ritisch en  L än g e  n ich t gleichm äßig , so n d e rn  
w ird  in  R ich tu n g  der K o p ffläch e  d ich te r. Z u r  B estim m ung  der V e rte ilu n g  
k a n n  d e r  E rh ö h u n g sfa k to r rj b e n u tz t w erden , d e r  aus der H iley ’schen  F o rm e l 
a b g e le i te t  u n d  im Civil E ngineering  Code o f  Practice Foundations H e ft 4 , S eite  
73 ( P u n k t  3.83) vo rgesch lagen  w ird:

I n  d ie se r  F orm el is t

a = Q +  k: q 
Q +  q

d e r  z w e ite  M u ltip lik a tio n sfa k to r  der H ileyschen  F o rm el, der die W irk sa m k e it 
des S ch lag es au sd rü ck t (je  w irk sam er der S ch lag  is t , um  so k le iner s in d  die 
e la s tis c h e n  V erluste, die led ig lich  fü r die im  P fa h lk o p f  en ts teh en d en  S p a n 
n u n g e n  v e ra n tw o rtlic h  sind ). I n  d ieser F o rm el is t  Q das G ew icht des R a m m 
b ä re n , q i s t  das P fah lg ew ich t u n d  к is t ein S to ß fa k to r , der nach  H iley  fo lgende  
W e rte  h a t :

b e im  E in ram m en  v o n  S ta h lb e to n p fä h le n  o hne  R am m h au h e , n u r  m it 
U n te r la g e  к — 0,4.
b e im  E in ram m en  v o n  S ta h lb e to n p fä h le n  m it R am m h au b e , U n te rlag e  u n d  
g u t  e rh a lten e r H a rtk lo tz e in la g e  к —  0 ,25 .
Im  P fa h lk o p f m uß  also d e r  B ü g e lab s tan d  a u f  den W ert

_  t„ _  3 «* m l n
V n0 V

v e rm in d e r t  w erden, u n d  d ie se r W ert m uß  m in d es ten s  bis zu r T iefe a (aus 
S ic h e rh e itsg rü n d en ) ev en tu e ll b is zu 3a b e ib e h a lte n  w erden . D anach  k a n n  d e r 
B ü g e la b s ta n d  stufenw eise a u f  den  W ert t0 v e rg rö ß e r t  w erden.

B ild  4 zeigt die Ä n d e ru n g  der F a k to re n  rj u n d  a in  A b h äng igke it vom  
G e w ic h tsv e rh ä ltn is  des R a m m b ä re n  u n d  des P fa h ls . Als P a ra m e te r  d ien en  
d ie  b e id e n  oben  angegebenen  W erte  k. M an s ie h t, d aß  die R a m m sp an n u n g en  
im  P fa h lk o p f  sehr schnell g rö ß e r w erden, u n d  g le ichzeitig  der W irk u n g sg ra d  
des R a m m e n s  (a) schnell a b n im m t, w enn das V e rh ä ltn is  Çfq k le iner w ird  als 
1, w e n n  also  das G ew icht des R am m b ären  k le in e r  w ird  als das P fah lg ew ich t.
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D a m it k a n n  also die w o h lb ek an n te  R egel b e s tä tig t w erd en , d aß  das 
R am m en  von  P fäh len  zw eckm äßigerw eise  m it einem  m öglichst schw eren  
R a m m b ä r u n d  k le in e r P a llh ö h e  d u rc h g e fü h rt w erden  m uß, u n d  besonders 
d a r f  d er R a m m b ä r n ich t le ich te r, als d er e in zu ram m en d e  P fah l sein .

A us obigen A n n äh eru n g sb ed in g u n g en  k o n n te  also eine R erech n u n g s- 
g ru n d lag e  zu r R estim m u n g  u n d  A n o rd n u n g  d er Q uerbew ehrung  gew onnen  
w erden .

B ild  4. Z u sam m en h an g  zw ischen dem  W irk u n g sg rad  des R am m schlages u n d  d e r  im  P fa h l
k o p f a u f tre te n d e n  S p an n u n g sv erg rö ß eru n g  im  V e rh ä ltn is  von  R am m b ärg ew ich t zum  P fa h l

gew icht

A ls B eispiel sei b e rech n e t, welche Q u erb ew eh ru n g  im  K o p f eines 10 m  lan g e n  S ta h l
b e to n p fa h ls  m it 30 X 30 cm  Q u ersch n itt u n te r  schw eren  R am m bed ingungen  a u sg e b ild e t w erden 
m uß. D ie schw eren  R am m b ed in g u n g en  w erden  lt.  o b e n  angegebener V o rsch rift (T abelle  8. 
Seite  82) d u rc h  die d u rc h sch n ittlich e  S ch lag sp an n u n g  v o n  az =  140 kg/cm 2 g ek en n zeich n et. 
(L eich tes  R am m en  siehe w e ite r u n te n  az =  35 k g /cm 2.) E s is t also P  =  er, F — 140 kg /cm 2 ■

• 30 • 30 =  126 000 kg.
E s is t  au ß erd em

___P  _  126 000 _ s
vk (m  — 1) avH (6 — 1) 2000 k g /cm 2

W erd en  8 m m  — B ügel b e n ü tz t,  d a n n  w ird

u n d  so m it
F „ , =  2 • 0,5 =  1,0 c m 2 ,

(o
3 J5 0
12,6

1,0 =  7,1 cm  .
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B e tr ä g t  d a s  G ew icht des R a m m b ä re n  Q =  1500 kg  u n d  d a s  des P fah ls q =  30 • 30 • 1000 •
• 2,5 =  2250 kg , dan n  w ird  Q/q =  1500/2200 =  0,67. D er W e rt  fü r  a  is t d a n n  а  =  0,36/0 ,30  

u n d  t] =  3,33 (3.62), w o durch  d e r  k le in s te  B ü g e lab stan d

Gin =  t j v  ~  7,1/3,33 =  2,1 cm .

D ies i s t  z u  d ich t, w eshalb e n tw ed e r  ein  g rößerer B ü g e ld u rch m esser oder ein schw ererer R a m m 
b ä r  b e n ü tz t  w erden m uß.

U n te r  den  B ed ingungen  e in es le ich teren  R am m en s, b e i dem  аг =  35 kg /cm 2 b e tr ä g t ,  
s in k t  d ie  v o n  den B ügeln  a u fzu n eh m en d e  K ra f t  a u f  ein  V ie r te l  obigen W ertes , w o d u rc h  ein 
v ie rm a l g rö ß e re r  B ü g e lab stan d  g e w äh lt w erden oder g eg ebenenfa lls  ein le ich te rer R a m m b ä r  
v e rw e n d e t  w erden  kann .

D e r Querschnitt der H ilfse in lagen  (s) w ird  im  allgem einen m it 40 !- 50 %  
des Q u e rsc h n itte s  der H a u p te in la g e n  an g en o m m en .

E s  sei b em erk t, d aß  m i t  R ü ck sich t d a ra u f , d a ß  die S tah le in lagen  in  d er 
L ä n g s r ic h tu n g  a u f  a u sm ittig e n  D ru ck  b e a n s p ru c h t sind  (wobei ih re  F e s tig k e it 
n ic h t  v ö llig  au sg en ü tz t w e rd e n  k an n ) u n d  ein gew isser M in d estp ro zen tsa tz  
des S ta h lq u e rsc h n itte s  in  d e n  V orsch riften  aus k o n s tru k tiv e n  G rü n d en  e rfo r
d e r t  w ird , is t  es bei S ta h lb e to n p fä h le n  im  a llgem einen  u n w irtsch aftlich  S ta h l
e in la g e n  g roßer F es tig k e it zu  b en ü tzen .

B) B estim m u n g  der zw eckm äßigen  E in ram m tiefe

G l a i n v i l l e  und  seine M ita rb e ite r  b e s tim m te n  1935 du rch  au sfü h rlic h e  
U n te rsu c h u n g e n  die im  k r it is c h e n  Q u e rsch n itt des P fah ls (K opf, Sp itze) a u f
t r e te n d e n  Spannungen . E s gelang  ihnen , die W irk u n g  vieler F a k to re n  zu 
k lä re n , v o n  denen sich als w ich tig s ten  fü r die G röße  d er S pannungen  d as  G e
w ic h t d es  R am m b ären , die F a llh ö h e , die E la s t iz i tä t  d er R am m h au b e , sow ie 
die Q u e rb ew eh ru n g  des P fah lk o p fe s  und  d er S p itze  ergeben h a tte n . D ie im  
K o p f  a u f tre te n d e n  g rö ß te n  B ean sp ru ch en g en  w u rd e n  du rch  die vom  S chlag  
v e ru r s a c h te n  S chw ingungen th eo re tisch  b e s tim m t u n d  in  D im ension ie rungs
k u rv e n  zu sam m en g efaß t. D a b e i m uß  ab er a u ß e r  diesen F a k to re n  n o ch  ein 
S to ß fa k to r  к  aufgenom m en w erd en , der die E la s t iz i tä t  der R am m h au b e  au s
d rü c k t .  D ieser W ert is t  a b e r  au ch  m it den  zu r V erfügung  geste llten  H ilfs 
m it te ln  u n d  R ich tw erten  z iem lich  unsicher u n d  k a n n  zu großen A bw eichungen  
v o n  d e r  W irk lich k e it fü h re n , w eil auch die th e o re tisc h e n  A u sg an g sb ed in g u n 
gen A n n ä h e ru n g e n  e n th a lte n .

I n  d e r  B auprax is o ft a u f tre te n d e n  S ch lagbeschäd igungen  v e ra n la ß te n  
d en  V e rfa sse r , die w äh ren d  des E in ram m en s m e ß b a re n  ta tsäch lich en  F o rm ä n 
d e ru n g e n  fü r  eine genauere  B em essung  zu v e rw en d en . W ie b e k a n n t, s ind  ja  
die F o rm ä n d e ru n g e n  in n e rh a lb  des E la s tiz itä tsb e re ich e s  den S pan n u n g en  p ro 
p o r t io n a l .

G e h t m an  von d er g run d leg en d en  E n erg ieg le ich u n g  aus, so m u ß  die 
G le ich h e it d er R am m arb e it m it  der E in d rin g u n g sa rb e it (genauer: F o rm ä n d e 
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ru n g sa rb e it)  zu  G ru n d e  geleg t w erden. M it d en  b ek a n n te n  B ezeichnungen  is t  
also

Q ha =  cP e  , (1)

wo Q das G ew 'icht des R am m b ären , h  die F a llh ö b e  u n d  a die R a m m v e r lu s te  
(R eibung , E x z e n tr iz i tä t ,  S toß  usw.) b e d e u te t,  w äh ren d  P  die im  P fa h l a u f
tre te n d e  K ra f t , e die E in d rin g u n g  (F o rm än d e ru n g ) u n d  c die dabei a u f tre te n d e n  
V erluste  b e d e u te t. W erd en  die V erluste zu m  F a k to r  a/c =  ß  z u sam m en g e faß t,

B ild  5. P fahlbew egung w ä h ren d  des R am m schlages

u n d  b e a c h te t m a n , d aß  die durch  den  S ch lag  e in tre ten d e  V erfo rm u n g  au s 
zwei T eilen , n äm lich  au s d er b leibenden  E in d rin g u n g  des P fah ls em u n d  aus 
d e r e las tisch en  V erfo rm u n g  des Pfahles u n d  des B augrundes er b e s te h t ,  d an n  
k a n n  die G leichung  (1) fo lgenderm aßen  an g esch rieb en  w erden:

ß Qh =  P  (em +  1/2 er) u n d  P = - ß Qh  . (2)
« m  +  I / 2  e r

A u f die E in w irk u n g  des R am m sch lages g e rä t der P fahl aus d e r  L age 1 
des B ildes 5 in  die L age 3 u n d  gelangt d a n n  n a c h  B eendigung des S ch lages in  die 
Lage 2.

In  d en  v e rg an g en en  Ja h re n  w urde  m i t  U n te rs tü tz u n g  d e r M in is te rien  
fü r  V erkeh rs- u n d  P ostw esen  sowie fü r  B au w esen  eine V ersuchsserie  d u rc h 
g e fü h rt, u m  u n te r  a n d e ren  die G ründe des B ru ch es der P fäh le  u n d  d e r A b-
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b rö c k e lu n g  d er P fah lköpfe  zu k lä ren . D ie d ab e i gem essenen W erte  s in d  im  
B ild  6 an g eg eb en .

D ie  a u f  G rund  der b e k a n n te n  H ileyschen  F o rm e l berechnete  d y n am isch e  
T ra g fä h ig k e it  der P fäh le  is t  im  B ild 6a als F u n k tio n  der E in d rin g u n g s tie fe  
d a rg e s te l l t .  B ild  6b  zeigt den  W ert des bei e in em  Schlag w irklich  gem essenen  
E in d rin g u n g sm a ß e s  =  b le ib en d e  S etzung  (em) u n d  den der e lastischen  V erfo r-

Pfahlkraft/Dynamische Trag
fähigkeit/ nach Hi leg

0  10 20 30 40 50 BO t

©

Eindringung/em/und Ver
form ung /  e r /
0 30 60 90 120

? ?

1
1
t

1 /
к

T /

A 
/ \
1 1 

1 
1

\er\\
\
1

Rammarbeit : Q-h

©
B ild  6. Z u n a h m e  der P fa h ltra g fäh ig k e it im  V e rh ä ltn is  z u r  E indringungstiefe  (a). D ie  V e r
ä n d e ru n g  d e r  b le ib en d en  S e tzungen  (em) u n d  der e la s tisc h en  V erform ungen (er) m it d e r R a m m 

tie fe  (b) u n d  die Z u n ah m e der R a m m a rb e it  m it  der R am m tiefe  (e)

m u n g  (er) g leichfalls als F u n k tio n  d er E in d rin g u n g s tie fe . Bild 6c zeig t d e n  V er
la u f  d es  w o h lb e k a n n te n  R am m d iag ram m es.

Z u  B eg in n  des R am m ens sin d  die W erte  em g roß , also w ird die im  P fa h l 
a u f t r e te n d e  K ra f t  P  bei g le ichb le ibender R a m m a rb e it  (Q h =  k o n st.)  gerin g  
sein. B e i fo rtsc h re ite n d em  E in ra m m e n  n eh m en  d ie  bleibenden S e tzu n g sw erte  
(em) a b , u n d  die K ra f t  P  n im m t zu. W ird  die K ra f t  P  größer, so n im m t a b e r  
au ch  d ie  e la s tisch e  V erfo rm ung  (er) zu, v o ra u sg e se tz t, daß  die freie V e rfo rm u n g s
länge (Z) a u c h  k o n s ta n t b le ib t, weil

ist.

P l a l

E F  E
(3)

D ie  L än g e  / is t ab er n ic h t k o n s ta n t, w eil b e i fo rtsch re iten d er P fa h le in 
d r in g u n g  d ie  s tän d ig  w achsende R eibung  die fre ie  V erform ung h in d e r t .  D ie 
so g e n a n n te  a k tiv e  L änge n im m t also d a d u rc h  s tä n d ig  ab. A u ß erd em  m u ß  
b e rü c k s ic h tig t  w erden, d aß  die ü b e r der B o denoberfläche  m eßbare e la s tisch e
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V erfo rm u n g  n ich t n u r die des P fah ls (erc) so n d e rn  auch  die des B o d en s (erl) 
u n te r  d e r  P fah lsp itze  e n th ä lt. E s is t also

er =  erc +  er l . (4)

B e m e rk t sei, d aß  die a u f  G rund  d e r Form el(3 ) berechnete  e la s tisc h e  V er
fo rm u n g  des P fah ls p rinzip iell geeignet is t, d ie im  P fahl a u f tre te n d e n  S p a n 
n u n g en  (a) zu berechnen , weil m an  von G le ichung  (3) folgenden A u sd ru c k  a b 
le iten  k a n n :

a =
e,T E

/
(5)

(E in  v o m  V erfasser vorgeschlagenes u n d  z u r  B estim m u n g  der a k tiv e n  L änge 
u n d  zu r T re n n u n g  d er e lastischen  V erfo rm u n g  des Bodens von  d e r  des P fah ls 
sich  eignende V erfah ren  w ird  im  n ä c h s te n  A b sc h n itt C) angegeben .)

B eim  E in ram m en  von  P fäh len  is t  also  ganz n a tü rlich , d a ß  zu  B eginn 
d ie  E in d rin g u n g e n  groß sind , u n d  d e m e n tsp re c h en d  die du rch  d e n  A usd ruck  
(2) b e s tim m b a re n  P fa h lk rä fte  k lein  b le ib en . M it der A bnahm e d e r  E in d rin 
gungen  s te ig t die P fa h lk ra f t fo r tsc h re ite n d  an , und  dam it n im m t au ch  die 
e la s tisch e  V erfo rm ung  nach  d e r G le ichung  (2) s tä n d ig  zu. N ach  e in e r  gew issen 
G renze w ird  die b le ibende E in d rin g u n g  des P fah ls p rak tisch  N u ll (em =  0), 
w om it d ie  gesam te  R a m m a rb e it in  e la s tisch e  V erform ung u m g e w a n d e lt w ird. 
D a m it e rre ichen  auch  die P fa h lk ra f t P  u n d  die in der P fah lsch aft e n ts te h e n d e n  
S p an n u n g e n  ih ren  H ö ch stw ert, weil au ch  die e lastischen  V erfo rm u n g en  p ra k 
tisch  k o n s ta n t  b leiben . B ei fo rtg e se tz ten  E in ram m u n g en  k a n n  d ie  elastische 
V erfo rm u n g  des G eländes (er() d u rch  B o d en v e rd ich tu n g en  u n te r  d e r  P fah l
sp itze  e in  w enig g rößer w erden , w as je d o c h  schon  w eder die T ra g fä h ig k e it  des 
P fah ls  m aß g eb en d  v e rg rö ß e rt, noch  d en  W e rt er m erklich  b e e in f lu ß t. (Man 
h a t  a lso  die w irtsch aftlich e  E in ra m m tie fe  des P fah ls  erreich t.)

W ird  jed o ch  die R am m u n g  w e ite r fo rtg e se tz t, so w ird  d ie  Z erstö ru n g  
des P fa h ls  fo rtsch re iten d  g efö rd ert. B e tra c h te t  m an  die E rh ö h u n g  d e r  zum  
E in ra m m e n  des P fah ls nö tigen  R a m m a rb e it, so sieh t m an, d aß  d iese  in  einem  
h o m o g en en  B oden m it der E in d rin g u n g stie fe  n ach  höheren P o te n z  anste ig t 
(B ild  6c). B e tra c h te t  m an jed o ch  das V e rh ä ltn is  (A P jЛ h, das d ie  W irk sam 
k e it d e r  R am m erb e it zu r V erg rößerung  d e r P fa h ltra g fä h ig k e it a n g ib t ,  so sieht 
m an , d a ß  dieses V erh ä ltn is  zu B eginn  s ta rk  an  w ächst und  n ach  Ü b e rsch re iten  
eines G renzw ertes w ieder rasch  gegen N u ll a b fä llt , weil der R a m m w id e rs ta n d  
sch n e lle r a n s te ig t als die T rag fäh ig k e it des P fah ls  zu n im m t (B ild  7 a ). D asselbe 
B ild  g ew in n t m an  d u rch  das V erh ä ltn is  d e r b le ibenden  E in d rin g u n g  (em) zur 
e la s tisch en  V erfo rm ung  (er) (B ild  76), d as  zu  seinen N ullw ert n ä h e r t  wo sich 
im  B ild  7a ein M axim um  zeigt.

H ö r t  die b le ibende E in d rin g u n g  des P fah ls  auf, und  w ird  d a s  E in ra m 
m en w e ite r fo rtg e se tz t, so w ird  der P fa h l a u f  w iederholte  B e la s tu n g  a u f  E r 
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m ü d u n g  b e a n sp ru c h t, o hne  d abei seine T ra g fä h ig k e it  erhöhen zu k ö n n en . 
(D ie d u rc h  S chw ingungen  e n ts te h e n d e  V e rd ic h tu n g  b ew irk t n u r eine v e rn a c h 
lä ss ig b a re  E rh ö h u n g  d e r  T rag fäh ig k e it.)  D er P fa h l  w ird  also zw ecklos z e r
s tö r t .  B ezeichnend  d a fü r  is t  die Ä nderung  d e r B e ltram isch en  A rb e it, d ie d ie  
a u f  d as  a k tiv e  P fah lv o lu m en  (lüF ) bezogene sp ez ifisch e  R am m arb e it (UQ • h )

© © ©
B ild  7. Spezifische V e rän d e ru n g  d e r  P fa h ltra g fäh ig k e it im  V erh ä ltn is  von a n g ew e n d e te r  

R a m m a rb e it  zu r E in h e itse in d rin g u n g  (a) 
im  V e rh ä ltn is  der b le ib e n d en  S etzung  (em) zur e la s tisc h e n  (er) V erform ung (6) 
u n d  d ie  V erän d eru n g  d e r a u f  d ie  P fah lze rstö ru n g  k en n ze ic h n e n d en B e ltra m isc h e  A rb e its 

le is tu n g  in  A b h än g ig k e it v o n  de r E in ram m tie fe  (c)

a n g ib t. D ie  U n te rsu c h u n g e n  ze ig ten , daß d ieser W e r t  fü r  die Z erstö ru n g  v o n  
S ta h lb e to n p fä h le n  k en n ze ich n en d  is t. D ieser sp ez ifische  W ert s te ig t n a c h  
e iner gew issen  G renztiefe  — die m it der oben  b e s tim m te n  T iefen b e in ah e  
ü b e re in s tim m t — s ta rk  p ro g ressiv  an  (Bild 7c).

E s  k an n  d ah er fe s tg e s te llt  w erden, d aß  d as  F o rtse tz e n  des P fa h le in -  
ra m m e n s  n a c h  einer gew issen G renze fü r die E rh ö h u n g  der P fa h lb e la s tu n g  
zw ecklos u n d  fü r  die Z e rs tö ru n g  des Pfahls g e fä h rlic h  is t. M an k an n  diesen  
W ert d ie  »kritische« G renze d e r  E in ram m tie fe  n e n n e n  u n d  k ann  sie p ra k tisc h  
d a d u rc h  b e s tim m e n , d aß  die b le ibende E in d rin g u n g  auf-e inen  b ed e u tu n g s lo 
sen W e rt a b fä llt . E b en so  k a n n  m an  sie aus dem  m a x im a le n  W ert d er zu r V e r
g rö ß e ru n g  d e r T ra g fä h ig k e it au fgew endeten  sp ez ifisch en  R am m arb e it b e s tim 
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m en. Im  ab so lu ten  S inn  k a n n  diese G renze d u rch  F estlegung  d er e la s tisch en  
V erfo rm ungen  u n d  d a m it  d er im  P fah l a u f tre te n d e n  S p an n u n g en  fe s tg e leg t 
■werden.

C) B estim m u n g  der im  P fah l a u ftre te n d en  R am m sp an n u n g en

P ra k tisc h  d a r f  m an  jed o ch  die G renze d er zulässigen R am m tie fe  n ich t 
d a d u rc h  festlegen , d aß  sie bei der T iefe liegen  sollte , wo die b le ibende  E in d r in 
gung  zu N ull w ird . D eren  A b n ah m e g eh t n äm lich  so langsam  v o r s ich , d aß  die 
Z e rs tö ru n g  schon  w äh ren d  dieses V organges a u ftre te n  d ü rfte . E rträ g lic h e  
M in im alw erte  zah len m äß ig  als G renze an zu g eb en , w äre bei d er V e rä n d e rlich 
k e it  d e r U m stän d e  (B o d en sch ich tu n g , P fa h llä n g e  usw .) auch  u n m ö g lich . Es 
is t  v ie lm eh r v e rsp rech en d  die zu lässigen S p a n n u n g sw e rte  im  V erg leich  zu den 
m eß b a re n  e lastisch en  V erfo rm u n g en  fe s tzu leg en .

Die im  P fa h l a u f tre te n d e  D u rc h sc h n itts sp a n n u n g  k a n n  m it  H ilfe  des 
A u sd ru ck s (3) w ä h re n d  des E in ram m en s th e o re tisc h  jed e rze it d u rc h  d irek te  
M essung k o n tro llie r t  w erden , weil

o =  - ^ S _
l

is t. D er W ert a  m u ß  in  je d e m  F a ll k le in e r sein als cr^, der die au s  d en  A b
m essungen  u n d  d e r B ew eh ru n g  des P fah ls  berech en b are  G ren zsp an n u n g  d a r 
s te llt.

D ie A ufgabe b e s te h t  je d o c h  in  d er g en au en  B estim m ung  d e r  W erte  erc 
u n d  l. W ie e in le ite n d  e rw ä h n t, k a n n  erc, also  die elastische V erfo rm u n g  des 
P fa h ls , n ich t d ire k t  gem essen w erden , w eil n ach  dem  V erfahren  des B ildes 8 
im  W ert er au ch  die e la s tisch e  V erfo rm u n g  des B odens e n th a lte n  is t  (er(). 
A n n äh e ru n g sw erte  fü r  ert k a n n  m an  aus v e rsch iedenen  V o rsch rif ten  u n d  aus 
den  T abellen  v o n  H iley  e n tn e h m e n . D ie T ab e llen  des Civ. E ng. Code o f  Practice 
N r. 4 »F oundations«  sch re iben  fü r  die A r t  des E in ram m ens fo lgende W erte  
v o r:

E la s t i s c h e
D r u c h s c h n i t t s p a n n u n g  im  P f a h l  k g /c m 2

Z u s a m m e n d r ü c k u n g  
d e s  B o d e n s  

m m

le ic h te s
R a m m e n

35

m it t l e r e s  R a m m e n  
70

s c h w e re s  R a m m e n
105

s e h r  s c h w e r e s  
R a m m e n

140

ert 0,13 0,25-F -  0,50 0,38-^ 0,64 0,13h-  0,38

Die große S tre u u n g  d er W erte  ze ig t ih ren  an n äh ern d en  C h a ra k te r . 
H in sich tlich  d er a k tiv e n  L änge des P fah ls b ek o m m t m a n  gleichfalls 

N äh e ru n g sw erte , es is t näm lich  k la r, d a ß  die R eibung  des B odens d ie  freie 
F o rm ä n d e ru n g  u m so m e h r b e h in d e rt, je  tie fe r  der P fah l e in d rin g t. D er W ert 
1 w ird  also im m er k le in e r sein als die g esam te  P fah llänge u n d  w ird  d en  k le in 
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s te n  W e r t  bei der g rö ß te n  E in ra m m tie fe  an n e h m e n . N ach U n te rsu c h u n g e n  
v o n  S c h e n c k  u n d  F rö h lich  ä n d e r t  sich die L ä n g e n a b n a h m e  zw ischen d e r h a l
b en  u n d  d e r v ie rte l P fah llän g e .

D  as h ie r v o rgesch lagene V erfah ren  e ig n e t s ich  zu r V erm eidung o ben  e r
w ä h n te r  U n sich e rh e iten  u n d  zu r g en au eren  B estim m u n g  der e la s tisch en  Z u 
sa m m e n d rü c k u n g  des B o d en s u n d  der a k tiv e n  P fah llän g e  du rch  M essungen  
an  d e n  A rb e its te lle n .

D ie  e lastisch e  Z u sam m en d rü ck u n g  des P fa h ls  u n d  des G eländes k a n n  
v o n e in a n d e r  g e tre n n t w erd en , w enn  die g e n a n n te  e lastische Z u sam m en d rü k -

B ild  8. M eßkurve d e r b le ib en d en  u n d  e la s tisc h en  V erform ungen

k u n g  w ä h re n d  des E in ra m m e n s  ü b e r der B o d en o b erfläch e  g leichzeitig  an  
zwei v e rsc h ie d e n en  S tellen  gem essen w ird  (B ild  9). W erden  die gem essenen  
W erte  e'r u n d  e", der M eß ste llen en tfe rn u n g  e n tsp re c h e n d , bei den L än g en  Z, 
u n d  Z2 a u fg e tra g e n , so b e k o m m t m an  zwei fü r  die V erfo rm u n g  kenn ze ich n en d e  
P u n k te . D ie  d iese  P u n k te  v e rb in d e n d e  G erade sc h n e id e t an  der O rd in a ten ach se  
den  W e r t  ert aus, d er die e la s tisch e  V erfo rm ung  des B odens bezeichnet.

F ü r  d ie  G röße dieses S c h n ittp u n k tw e r te s  is t  es n ic h t g leichgültig , wie 
die E n tfe rn u n g e n  /, u n d  Z2 b e s t im m t w erden . F ü r  die h ie r angegebenen  B e 
re c h n u n g e n  genüg t es aber, w en n  m an  m it d em  W e rt ZlZ =  1г—Z2 a rb e ite t ,  
weil d ie  im  P fah l a u f tre te n d e  D u rc h sc h n itts sp a n n u n g  d u rch  die G leichung

d ire k t b e re c h n e t w erden  k a n n . (D ie B es tim m u n g  d e r  e lastischen  Z u sam m en 
d rü c k u n g  des B odens k a n n  so m it um gegangen  w erd en .)

D e r  Q u o tie n t e" — e'rjA l  is t  im  B ild 9 als T an g en s des N eigungsw inkels 
W d e r G e ra d e n  angegeben. J e  s tä rk e r  also die G erad e  is t, um so größer w ird  d ie
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im  P fah l a u ftre te n d e  S p an n u n g  sein. W ird  d er W ert 4* in  A b h ä n g ig k e it von 
d e r E in d rin g u n g  des P fah ls  a u fg e trag en , so b ek o m m t m an eine K u rv e , die das 
A nw achsen  der S p an n u n g en  a k en n ze ich n e t. M it H ilfe der G re n z sp a n n u n g  
k a n n  m an  d an n  gleichfalls die T iefe b e s tim m en , wo m an m it d e r  Z ers tö ru n g  
des P fah ls  rechnen  m u ß . W eil die S p an n u n g en  er aus den w ä h re n d  des E in ram - 
m ens ta tsä c h lic h  a u f tre te n d e n  V erfo rm u n g en  b es tim m t w u rd e n , e n th a lte n  
sie au ch  die d y n am isch en  W irk u n g en . D ie V erte ilung  dieser S p a n n u n g e n  is t

B ild  9. B estim m ung  der V erfo rm u n g en  an  zwei M eßstellen  zur T ren n u n g  d e r  e la s tisc h en  V er
fo rm u n g  des B odens u n d  des P fahls

je d o c h  in  R ich tu n g  d er P fah llän g e  n ic h t g leichm äßig , sondern  im  K o p f  größer 
als in  d er P fah lsch aft.

F ü r  die B erech n u n g  d e r im  P fa h lk o p f  au ftre ten d en  S p a n n u n g e n  w urde 
d as  A n n äh e ru n g sv e rfah ren  ang ew en d e t, das a u f  Seite 73 des en g lisch en  Civil 
E ngineering Code o f  Practice  No. 4 »Foundations«  angegeben is t , fa lls  m an  den 
W e rt о m it dem  V erg rö ß e ru n g sfak to r m u ltip liz ie rt, der schon  im  A b sch n itt 
A  angegeben  w urde. D ieser W ert e rre c h n e t sich zu

У] =  . ------  — 1.
/ Q +  fc'-g

Q +  9
D er u n te r  dem  W urzelzeichen  b e fin d lich e  A usdruck (d e r zw e ite  F a k to r  

d e r  H ileyschen  Form el) d rü c k t die e la s tisch en  S toßverlu ste  au s . E s  is t k lar, 
d a ß  diese E nerg ie  die im  P fa h lk o p f a u f tre te n d en  S p an n u n g en  v e rg rö ß e rt 
( k  =  0,25 : 0,4).
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D ie K ontrolle  d e r  P fah lab m essu n g en  u n d  d e r  B eansp ruchungen  k a n n  
j e t z t  m it  Hilfe des A u sd ru c k e s

d u rc h g e fü h r t  w erden.
W ird  also die K u rv e  a  O bigem  e n tsp re c h e n d  au fg e trag en , so b ek o m m t 

m a n  m it dem  S c h n it tp u n k t <Ун1ц — die E in d rin g u n g s tie fe , über die h in au s  
m i t  d e r  Z erstörung des P fa h ls  gerechnet w erden  m u ß  (B ild 10).

B ild  10. B estim m u n g  d e r  E in ra m m tie fe , bei de r d ie  F e s t ig k e i t  des P fah lkopfes
ü b e rsch ritten  w ird

F ü r  die E rm ö g lich u n g  d e r  auch w issen sch a ftlich en  Zwecken d ienenden  
F e ld v e rs u c h e  m öchte ic h  m e in e n  besten  D an k  d e n  M inisterien  fü r V e rk eh rs
u n d  P o stw esen  ebenso d e m  f ü r  Bauw esen auch  h ie r  zu m  A usdruck  b rin g en . 
E b e n s o  sei h ier m ein h e rz l ic h s te r  D ank m einen w issen sch aftlich en  M ita rb e ite r, 
H e r r n  In g en ieu r G y . G r e s c h i k , fü r seine w ertv o lle  H ilfe  bei der A u sw ertu n g  
d e r  R e s u l ta te  und d er D u rc h fü h ru n g  der B em essu n g en  au sgerich te t.

D E T E R M IN A T IO N  O F  D R IV IN G  S T R E S S E S  IN  P IL E S

K . S Z É C H Y

SUMMARY

T h e  theo re tica l d e te rm in a tio n  of driv ing  stresses in  a  co n cre te  pile is a v e ry  co m p li
c a te d  a n d  u n certa in  ta sk , a lth o u g h  i t  is o f g reat im p o rta n ce  o n  a cc o u n t o f the  d e te rio ra tio n  of 
re in fo rc e d  concrete piles f r e q u e n t ly  o ccurring  during  ra m m in g . T h e  d ifficu lties of th e  p ro b lem  
lie  in  th e  fa c t th a t  there  is n o  re lia b le  basis for th e  d im e n sio n in g  o f re in fo rced  co n cre te  p iles. 
N e i th e r  th e  s tren g th  of th e  s t r u c tu r e  n o r th e  m ag n itu d e  a n d  d is tr ib u tio n  of th e  stresses hav e  
b e e n  a n a ly ze d  adequate ly . T h e  a u th o r  p resen ts firs t an  a p p ro x im a te  m eth o d  for th e  ca lcu la tio n  
o f  th e  la te ra l  re in fo rcem en ts , th e n  describes m ethods fo r th e  d e te rm in a tio n  of th e  o p tim u m  
d r iv in g  d e p th  and of th e  c r it ic a l  r a m m in g  stresses.
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Since th e  d y n am ica l force in the  pile increases, on th e  basis o f the  en erg y  e q u a tio n , in  
p ro p o rtio n  to th e  decrease  o f th e  p e rm an en t p e n e tra tio n  (em), i t  a tta in s  its  m ax im u m  value 
w hen em becom es zero. O n th e  o th e r  h a n d , th e  e la stic  d e fo rm a tio n  (er) increases in p ro p o rtio n  
to  th e  force. H ence, if  th e  ra tio  ern/er is rep re sen ted  in  a d iag ra m  as a fu n c tio n  o f th e  p e n e tra 
tion  of th e  pile, th e  m ax im u m  d y n am ica l bearing  c a p a c ity  o f th e  pile will be c h a ra c te riz ed  b y  the  
value  em/er -> 0 . B eyond  th is  lim it d riv in g  will give rise o n ly  to  e lastic  d e fo rm a tio n s  in the  
pile, an d  th is w ill lead  to  th e  g ra d u a l d e te rio ra tio n  of th e  pile w ith o u t in creas in g  its  bearing  
cap a c ity . T his econom ic lim it d e p th  is also given by  th e  m ax im u m  value of th e  d r iv in g  energy  
ap p lied  to th e  increase  o f  th e  specific-bearing  c a p a c ity  (F ig . 6 .).T he stresses in th e  pile b o d y  can 
be calcu la ted  from  th e  e la stic  d e fo rm atio n  of th e  pile. B u t th e  e lastic  d e fo rm a tio n , w hich  can 
be m easured  in re a lty , in clu d es n o t o n ly  th a t  of th e  pile, b u t  also th e  e lastic  d e fo rm a tio n  o f the 
g ro u n d . The a u th o r  show s th a t  if  th e  de fo rm atio n  is m easu red  sim u ltan eo u sly  in  tw o  places, 
th e  tw o values can  be s e p a ra te d  a n d  th u s  th e  d riv in g  s tre ss  can  be c a lcu la ted  b y  H ooke’s 
law  (F ig . 9). T he slope o f th e  s tra ig h t  lines re p re sen tin g  th e  d e fo rm atio n  is p ro p o rtio n a l to  the  
stresses a rising  in th e  pile a n d  if th e  lim it stress o f th e  pile cross-section  is d e te rm in e d , i ts  in 
te rsec tio n  w ith  th e  cu rv e  of rea l stresses d e te rm in es th e  d e p th  o f p e n e tra tio n  a t  w hich  d e s tru c 
tio n  s ta r ts  (F ig . 10).

D É T E R M IN A T IO N  D E S C O N T R A IN T E S S U R V E N A N T  DANS L ES P IE U X  
P E N D A N T  L E  B A T T A G E

K . S Z É C H Y

R É SU M É

La d é te rm in a tio n  th éo riq u e  des c o n tra in te s  su rv e n a n t d an s les p ieu x  en  b é to n  arm é 
p e n d an t le b a tta g e  e s t fo r t  com pliquée e t  in ce rta in e , b ien  q u ’elle p résen te  une g ran d e  im p o r
tan ce  p ra tiq u e  si l’on v e u t  é v ite r  la d é té rio ra tio n , assez fréq u e n te , des p ieux  en  b é to n  arm é 
p e n d an t le b a tta g e . L a d ifficu lté  t ie n t à ce q u ’on  m an q u e  d ’une base sûre p o u r le d im en sio n 
n e m en t des p ieux  en  b é to n  a rm é . N i la ré sistan ce  de la co n stru c tio n , ni la g ra n d e u r  e t  la ré 
p a r titio n  des c o n tra in te s  p rov o q u ées ne so n t su ffisam m en t connues. L ’a u te u r  p ré sen te  d ’abord  
une m éthode  ap p ro ch ée  p o u r le calcu l des é tr ie rs , e t  f a it  co n n aître  en su ite  q u e lq u es n o u 
v e au x  procédés pour la d é te rm in a tio n  de la p ro fo n d eu r de b a tta g e  ra tio n n elle  e t des c o n tra in 
tes  c ritiq u es p rov o q u ées au  cours du  b a ttag e .

É ta n t  d onné  q u ’en  v e r tu  de l’éq u atio n  d ’énerg ie, la force d y n am iq u e  s u rv e n a n t  d an s  le 
p ieu  aug m en te  en ra iso n  d irec te  de la d im in u tio n  de la  p é n é tra tio n  p e rm an en te  (em), elle a tte in t  
sa v a leu r m ax im um  q u a n d  elle d e v ie n t c o n stan te . L a d é fo rm a tio n  é lastique  (er) c ro ît, p a r  con
tre , en  ra ison  d irec te  de l’au g m e n ta tio n  de la force. Si le coefficien t em/er est re p ré se n té , p a ra llè 
lem en t à la p é n é tra tio n  d u  p ieu , d an s un d iag ram m e, a lo rs  le m ax im u m  de la force p o rtan te  
d y n am iq u e  du  p ieu  se ra  c a rac té risé  pa r la v a leu r em/er —*■ 0. Au delà de ce tte  l im ite , des d éfo r
m atio n s é lastiques se ro n t seules à  se p rodu ire  d an s  le p ieu  sous l’effet du  b a tta g e , ce qu i con
d u it  à la d é té rio ra tio n  progressive  du  pieu, sans a u g m e n ta tio n  de sa force p o r ta n te . C ette  p ro 
fo n d eu r lim ite  économ ique e s t aussi donnée p a r la v a le u r m ax im um  du  tra v a il  de b a tta g e  
appelé  à  accro ître  la force p o r ta n te  spécifique (figure  6). Les c o n tra in te s  s u rv e n a n t  d an s le 
pieu  p eu v en t ê tre  calcu lées de la d é fo rm ation  é la s tiq u e . M ais d an s la d é fo rm a tio n  é lastiq u e  
p ra tiq u em e n t m esu rab le , celle d u  pieu  se tro u v e  réu n ie  à  la d é fo rm atio n  é lastiq u e  du  sol. L ’a u 
te u r  d ém ontre  que la m esure  s im u ltan ée  de la d é fo rm a tio n  en  d eu x  p o in ts d iffé ren ts  p e rm e t de 
sép a re r ces d eu x  v a leu rs , de so rte  que la c o n tra in te  su rv e n a n t p e n d a n t le b a tta g e  p e u t être  
d é term inée  d ’ap rès la loi de H ooke (figure 9). L ’in c linaison  des d ro ite s re p ré se n ta n t la d é fo rm a
tio n  e st p ro p o rtionnelle  a u x  c o n tra in te s  su rv e n an t d a n s  le p ieu , e t si l’on d é te rm in e  la c o n tra in 
te  lim ite  de la section  de ce d e rn ie r, son in te rsec tio n  avec  la courbe des c o n tra in te s  réelles donne 
la p ro fondeur de b a tta g e  s ig n ifian t le com m encem ent de la d é té rio ra tio n  (figu re  10).
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О П Р Е Д Е Л Е Н И Е  Н А П Р Я Ж Е Н И Й  П Р И  З А Б И В А Н И И , В О З Н И К А Ю Щ И Х  В С В А Я Х

К. СЕЧ И

Р Е З Ю М Е

Теоретическое определение напряжений от забивания, возникающих в железо
бетонных сваях, является очень сложным и неопределенным, но их определение имеет 
большое практическое значение с точки зрения разрушения железобетонных свай, часто 
наблюдаемом при их забивании. Трудность вопроса состоит в том, что железобетонные 
сваи не имеют надежных основ расчета. Не уточнены соответствующим образом ни проч
ность конструкции, ни величина возникающего напряжения и его распределение. Автор 
сначала демонстрирует приближенный метод расчета армирования, затем излагает новые 
методы определения целесообразной глубины забивания и критических напряжений 
забивания.

Вследствие того, что возникающая в свае динамическая сила на основе уравнения 
энергии возрастает с уменьшением остаточного проникновения (е0Ст), наибольшего своего 
значения достигает тогда, когда остаточное проникновение становится равным С. Упру
гая деформация ( е у п р )  же, в свою очередь, возрастает с ростом силы. Следовательно, если 
частное е о с т /е у п р  отобразить на диаграмме параллельно с проникновением сваи, тогда 
максимум динамической нагружаемое™ сваи будет характеризовать величина еост/еупр^0. 
Сверх этого предела в свае под воздействием забивания возникают лишь упругие дефор
мации, что приводит к постепенному разрушению сваи без того, чтобы возрастала бы 
нагружаемость сваи. Эту экономичную предельную глубину можно получить также на 
основе максимальной работы забивания, приложенной для повышения удельной нагру
жаемое™ (рис. 6). Нагрузки, возникающие в теле сваи, можно рассчитать по упругой 
деформации сваи. Однако, упругая деформация, измеримая в действительности, содержит 
упругую деформацию не только сваи, но и грунта. Автор показывает, что в случае, если 
деформация одновременно измеряется в двух местах, тогда две величины можно отделить 
друг от друга и, таким образом, напряжение при забивании можно определить на основе 
закона Гука (рис. 9). Наклон прямых, отображающих деформацию, пропорционален 
возникающим в свае напряжениям и если определить предельное напряжение сечения 
сваи, тогда секущая кривых действительных напряжений даст глубину забивания, кото
рая будет началом разрушения сваи (рис. 10).

A c ta  T e c h n . H u n g . 50. Í1965)



EXAMEN NUMÉRIQUE DE MEMBRANES 
CONSTRUITES SUR UNE BASE 

RECTANGULAIRE

K . SZM O DITS

D O C T E U R  Ê S  S C IE N C E S  T E C H N I Q U E S  

I N S T I T U T  S C I E N T I F I Q U E  D U  B Â T I M E N T ,  B U D A P E S T

[M anuscrit p ré sen té  le 18 ju il le t  1964]

L’é tu d e  n u m ériq u e  des m em b ran es c o n stru ite s  su r une  base rec tan g u la ire  co n sis te  à 
d é te rm in e r les v a leu rs  de n o eu d s d ’une fo n c tio n  nodale  sa tis fa isa n t une é q u a tio n  p o ten tie lle  
inhom ogéné. L ’é tu d e  présen te  u n  th éo rèm e  d ’in te rch a n g e ab ilité  e t dém o n tre  q u ’à l ’a id e  de 
celui-ci e t  en v e r tu  des re la tio n s  connues e n tre  les o rd o n n ées de la fonction  n o d a le  on  p e u t, 
à  p a r tir  d ’une so lu tion  re la tiv e  à un  n o eu d  chargé voisin  d u  bo rd , p roduire  une  so lu tio n  se 
r a p p o r ta n t  à n ’im p o rte  quel n oeud  in té rieu r. L ’ap p lica tio n  du  procédé est illu strée  p a r  u n  ex em 
ple n u m ériq u e .

Il e x is te  u n  g ran d  nom bre  de p rob lèm es m écaniques re la tifs  a u  flu x  
p o te n tie l, à  la  to rs io n , à la  théo rie  des s tru c tu re s  des voiles e t des m em b ran es  
qui se r a m è n e n t, du  p o in t de v u e  m a th é m a tiq u e , au  problèm e de la  p rem iè re  
v a leu r au  c o n to u r  de la  th éo rie  d u  p o ten tie l.

O n s a i t  q u ’en cas de dom aine rec tan g u la ire , la so lu tion  de l ’éq u a tio n  
p o ten tie lle  inhom ogène  ne p e u t ê tre  p ro d u ite  avec une expression  f in ie . I l 
n ’ex iste  a lo rs que des so lu tions an a ly tiq u es  exprim ées avec des séries in fin ies , 
ou des so lu tio n s  n u m ériq u es c o m p o rta n t u n  ensem ble de va leu rs d isc rè tes 
nom m ées fo n c tio n s nodales.

D ans ce qu i su it, on ex am in era  les re la tio n s ex is tan t en tre  les v a le u rs  des 
fonctions n o d a les . De la  fonction  nodale  connue d ’un  cas de charge  on  d é te r 
m inera  en su ite , su r  la  hase  de ces re la tio n s, les fo nc tions nodales des a u tre s  cas 
de charges. L ’a v a n ta g e  de ce procédé est q u ’il nécessite  des calculs p lus sim ples 
e t m oins longs que  la  so lu tion  in d é p e n d a n te  de chaque cas de ch arg e  in d iv i
duel.

L ’é q u a tio n  d ’une su rface de m em b ran e  iv(xy) soum ise, au x  p o in ts  u, v, 
à une ch arg e  co ncen trée  P , e t lim itée  p a r  le rec tan g le  au x  côtés «, b sera  — en 
cas de co n d itio n s au  co n to u r hom ogènes — selon la  so lu tion  b ien  co n n u e  de 
N av ier:

w (u, v ; * ,y )  =
4 P

l ia  b я 2
X

т л и П71 V

'S ’ V a b m л  X . n n y
m —n m 2 O

4- П a b
a 2 +  Ir

(U

24* Acta  Techn. H u n g . 50. (1 9 6 5 )
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o ù  H  e s t  la  p ro jection  h o riz o n ta le  de la  force de tra c tio n  ag issan t su r le b o rd  de 
lo n g u e u r  u n ita ire  e t m =  1, 2 , 3 . . .  ; и =  1, 2 , 3 . . .  .

Figure 1

L a  form ule (1) p e u t  au ss i s’écrire sous fo rm e d ’une fonction  nodale  défin ie  
d a n s  les  noeuds d’un  ré seau  rec tan g u la ire . C o m p te  te n u  de la  figu re  1:

( 2)

S o it le  d ép lacem en t des n o eu d s  in té rieu rs  d u  ré seau  donné p a r  l ’ex p ressio n  
f in ie  su iv a n te :

M  N
( 3 )

sin Qmj  • sin  cn к . (4)

A c ta  T ech n . H ung. 50. (1965)

a b

U n e  charge co n cen trée  P  ag issan t a u x  n o eu d s j  =  и  e t к — v p e u t  ê tre  
d é v e lo p p é e  dans la série tr ig o n o m é triq u e  f in ie

Si A  e s t  l ’o p éra teu r lap lac ien  éc rit avec des d ifférences fin ies, alors en  s u b s ti
t u a n t  (2) e t (3) dans l ’é q u a tio n  po ten tie lle  inh o m o g èn e
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Des fo rm ules (1) e t (4) il resso rt q u e  les coordonnées u, resp . v du  lieu 
d ’ap p lica tio n  de la  force, e t celles x, resp . y  d u  lieu  de dép lacem en t p e u v e n t 
ê tre  in te rch an g ées, c’est-à-d ire

w ( u ,v  ; x , y )  — w  (x , u ; u, y )  =  iv (u , y  ; x , v) — w (x, y  ; u , v) . (5)

On p e u t donc én o n cer le théo rèm e d ’in te rch an g eab ilité  s u iv a n t, v a lab le  
en cas de base  re c ta n g u la ire :

Sur une  su rface  de m em brane d éfin ie  p a r  une fonction  co n tin u e  ou p a r 
une  fonction  n o d a le , le dép lacem en t des p o in ts  x , y ,  p ro d u it p a r  la  force P  
ag issan t au x  p o in ts  u, v e s t égal au  d ép la c e m en t des po in ts x  e t v, re sp . u e t  y ,  
que p rovoque la  force P  ag issan t aux  p o in ts  n , y  resp . x, v ; u, e t  v é ta n t  des 
coordonnées fix es , x  e t y  des coordonnées m obiles.

- 1
7 7

-4 *

- 1

Figure 2

A u cas spécial où y  e t v, e t x  e t u so n t  in terchangés s im u lta n é m e n t, le 
th éo rèm e (5) e s t id e n tiq u e  au théorèm e de M axw ell.

Le th éo rèm e  (5) es t valab le  non se u le m e n t po u r des m em b ran es , m ais 
aussi pour des p laq u es  élastiques, fa it qu i d écou le  de l’analogie que  la  fo rm ule 
de la surface des p laq u es élastiques p ré se n te  av ec  les équations (1) e t  (2).

D u th éo rèm e  (5) il découle que c e rta in e s  séries ou colonnes des fo n c tio n s 
nodales co rre sp o n d a n t à une charge c o n cen trée  son t iden tiques à celles de 
fonctions nodales c o rre sp o n d an t à des ch a rg es  concen trées ag issan t en  d ’au tre s  
p o in ts .

Si le noeud  ch arg é  e s t voisin du  c o n to u r  w — 0 e t la fo nc tion  n o d a le  de 
la charge e s t connue, on p e u t, à la base du  th é o rè m e  dédu it, écrire s im p le m e n t 
les lignes ou co lonnes ex trêm es de la fo n c tio n  nodale  qui co rrespond  au  noeud 
chargé  s itu é  d an s la  ligne ou colonne en  q u es tio n . Sur la base des re la tio n s  
e x is ta n t e n tre  les v a leu rs  des noeuds non  ch arg és , les au tres lignes ou colonnes 
p eu v en t ê tre  a isém en t déterm inées, in d é p e n d a m m e n t les unes des a u tre s , en 
a d d itio n n a n t les lignes ou colonnes de la  so lu tio n  connue. Les ch iffres in d i
qués su r la  fig u re  2 ex p rim en t, com m e on s a it , que la  somme des v a le u rs  des 
noeuds voisins d u  j k 'ème noeud e t du jk 'éme n o eu d  lui-m êm e est égale à zéro. 
Si les v a leu rs  des noeuds de deux lignes ou  co lonnes son t connues, les v a le u rs  
nodales de la  tro is ièm e ligne ou colonne p e u v e n t ê tre  dé term inées de c e tte  
re la tio n .

Acta Techn. H u n g , 50. (1965)
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0 0 0 0 0 0 0

9 IX  =  4

8 V III  = 3  +  5

7 V II =  2 +  4 +  6

6 VI =  1 +  3 +  5 +  7

5

4

V =  2 + 4 + 6 - ( 8

IV =  3 + 5 + 7  +  9

3 II I  =  4 + 6 + 8
—

2 II =  5 +  7

1 I =  6

0 0 0 0 0 1 0 0 1
F igure  3

S o it p a r  exem ple une fo n c tio n  nodale  com posée de neu f lignes in té r ie u 
res, le  n o e u d  chargé é ta n t  s itu é  dan s la  p rem ière  ligne  de la deuxièm e co lo n n e . 
D e la  fo n c tio n  nodale de ce cas connu , d é te rm in o n s  celle de la  charge a g is sa n t 
dans la  V I  ligne de la  d eux ièm e colonne. L a  so lu tio n  com portera  les é ta p e s  
su iv a n te s  (fig u re  3):

1. L a  I r' resp. I X e ligne de la  fonction  n o d a le  cherchée est id e n tiq u e , selon  
le th é o rè m e  ci-dessus, à la  6e, resp . 4 e ligne de  la  fonction  nodale  co n n u e .

2. D ’ap rès  la re la tio n  rep ré sen tée  figure  2 , la  ligne I I  est la som m e des 
lignes 5 e t  7, ou exprim é sy m b o liq u em en t : I I  =  5 —(— 7 e t V II I  == 3 —J— 5, 
c’e s t-à -d ire  la  ligne I I  es t la  som m e des lignes vo isines de la  ligne 6, e t  celle 
V II I  la  so m m e des lignes vo isines de la  ligne 4.

3. L es au tre s  lignes so n t form ées p a r  les som m es des va leu rs de n o eu d s  
de la  so lu tio n  connue, d ’une faço n  te lle  que la  fo n c tio n  nodale so it une  fo n c tio n  
p o te n tie lle , ch aq u e  ligne nouve lle  é ta n t  la  som m e des term es vo isins de ce u x  
de la  lig n e  p récéd en te . E n  p ro c é d a n t de la  so rte , les lignes nouvelles désignées 
p a r  des ch iffre s  rom ains se ro n t les som m es des anciennes lignes de n o m b re  
p a ir  o u  im p a ir , e t les lignes com posées de n o m b res p a irs  son t su iv ies de lignes 
de n o m b re s  im p airs  e t in v e rsém en t. Si, dans les sym bo les des som m es, les c h if
fres d é s ig n a n t chaque ligne so n t éc rits  dans l ’o rd re  c ro issan t, les ch iffres c o rre s 
p o n d a n ts  des lignes fo rm en t u n e  su ite  de n o m b re s  n a tu re ls  dan s les d e u x  
d ire c tio n s  à p a r t i r  de la  ligne re n fe rm a n t le  n o e u d  chargé. Les som m es qu i 
d é te rm in e n t  les lignes I I —V I I I  selon la  règle p ré c é d e n te , son t m ises en  v u e  
su r la  f ig u re  3.

A c ta  T e c h n . H u n g . 50. (1965)
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E xem ple. Soit un c a rré  c o n te n a n t 5 X 5  n oeuds in té r ie u rs , chargé en son p o in t  en cad ré  
p a r  une u n ité  de force P  =  1000. L a fonction  nodale  sy m é tr iq u e  à la d iagonale, e t  d é te rm in é e  
p a r  re la x a tio n  e st ind iquée  p a r  la figure  4. On cherche  la  fonction  nodale re la tiv e  a u  n oeud  
in té r ieu r  charg é , rep résen té  fig u re  6. La so lu tion  e st o b te n u e  en deux  é tapes. D e la  fo n c tio n  
nodale  co n n u e , on d é te rm in e  d ’a b o rd , de la façon  d é c r ite , la fonction  nodale c o rre sp o n d a n t à 
la charge q u i a g it dans la deu x ièm e  ligne de la p rem ière  co lonne  (figure 5), puis on  en  d é te rm in e  
la fo n c tio n  nodale  chargée d a n s  la deuxièm e colonne de  la I I I '  ligne. Les deu x  é ta p e s  e t  les 
règ les de calcu l se rv an t à  d é te rm in e r  les nouvelles lignes so n t m on trés p a r les f ig u re s  4 à  6. 
E n  vue de  la vérifica tio n  des calcu ls, on p e u t d é m o n tre r  que  la 6 ' fonction  n o d a le  sa tis fa it ,  
d a n s  to u s  les noeuds, la re la tio n  in d iq u ée  su r la figu re  2.

0 0 0 0 0 0 0

1 0 301,74 103,48 40.20 16,86 6,41 0

2 0 103,48 91.97 40,46 20,83 8,78 0

3 0 40.20 40,46 28,84 17,23 7,88 0

4 0 16,86 20,83 17,23 11.36 5,50 0

5 0 6,41 8,78 7,88 5,50 2,75 0

0 0 0 0 0 0 0

Figure 4

I* II* III*  IV* V*

0 0 0 0 0 0 0

I =  2 0 103,48 71,97 40,46 20,83 8,78 0

II  =  1 +  3 0 341,94 143,94 69,04 34,09 14,29 0

III  =  2 +  4 0 120,33 92,80 57,69 32,20 14,28 0

IV  =  3 +  5 0 46,61 49,24 36,72 22,73 10,62 0

V =  4 0 16,86 20,83 17,23 11,36 5,50 0

0 0 0 0 0 0 0

Figure 5

D e m êm e, on p e u t  d é te rm in er, à l ’a ide  de la  fonction  n o d a le  in d iq u ée  
su r la  fig u re  4, la fo nc tion  nodale  co rre sp o n d a n t à n ’im porte  quel n o eu d  in té 
rieu r chargé . P a r une com bina ison  linéaire  de ces fonctions nodales, on p ro d u it 
la  su rface  de m em b ran e  d ’une charge que lconque . Le procédé décrit p e u t  s’a p 
p liq u e r non  seu lem ent à l ’é tu d e  des m em b ran es, m ais aussi à celle des p laq u es  
é la s tiq u es  rec tan g u la ires  lib rem en t appuyées.

Acta Techn. H u n g . 50. (1 9 6 5 )
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I I I * I I * - f I V * I * + I I I *  +  V * I I * + I V * I I I *

0 0 0 0 0 0 0

0 40.46 92,80 152,71 92,80 40,46 0

0 69,04 178,03 425,27 178,03 69,04 0

0 57,69 125,00 192,30 125,00 57,69 0

0 36,72 71,97 93.95 71,97 36,72 0

0 17,23 32,19 39.59 32,19 17,23 0

0 0 0 0 0 0 0

Figure 6

N U M E R IC A L  IN V E S T IG A T IO N  O F  M E M B R A N E  S H E L L S  W ITH  R E C T A N G U L A R  P L A N

K . S Z M O D IT S

SU M M A R Y

T h e  n u m erica l in v es tig a tio n  of m em branes w ith  re c ta n g u la r  plan  consists o f th e  d e te r 
m in a tio n  o f th e  grid va lues o f a g rid  fu n c tio n  w hich  sa tis f ie s  a n  inhom ogeneous p o te n tia l  e q u a 
tio n . T h e  p a p e r  p resen ts  a re c ip ro c ity  th eo rem  and  show s t h a t ,  w ith  its  aid an d  w ith  th e  know n 
re la tio n s  b e tw ee n  th e  o rd in a te s  o f th e  grid fu n c tio n s , th e  so lu tion  for any  in n e r  p o in t can  be 
d e te rm in e d  fro m  th e  so lu tio n  be longing  to  a loaded  p o in t beside the  b o u n d a ry . T h e  a p p lic a 
tio n  o f th e  m eth o d  is show n b y  a n u m erica l exam ple .

N U M E R IS C H E  B E H A N D L U N G  V O N  M E M B R A N SC H A L E N  
M IT R E C H T E C K IG E M  G R U N D R IS S

K . S Z M O D IT S

Z U SA M M EN FA SSU N G

D ie n um erische  U n te rsu c h u n g  von M em b ran sch a len  m it rech teck igem  G ru n d riß  b e 
ru h t  a u f  d e r B estim m u n g  der G itte rw erte  einer G itte r fu n k tio n , welche eine inh o m o g en e  
P o te n tia lg le ic h u n g  erfü llt. D er A u fsa tz  fü h r t  einen V e rtau sc h u n g ssa tz  vor u n d  le g t d a r , d aß  
m it d e ssen  H ilfe sowie a u f  G ru n d  der b e k an n ten  Z u sam m en h än g e  zwischen d en  O rd in a te n  
de r G itte rfu n k tio n e n  aus d e r L ö su n g  fü r einen n eben  d em  R a n d  be lasteten  P u n k t die zu  einem  
be lieb ig en  in n eren  P u n k t gehörige  Lösung d a rg este llt  w e rd en  kan n . Die A n w en d u n g  des V er
fa h re n s  w ird  an  einem  Z ah lenbeisp ie l gezeigt.

Ч И С Л Е Н Н Ы Й  А Н А Л И З  М Е М Б Р А Н Н О Й  О Б О Л О Ч К И  П Р Я М О У Г О Л Ь Н О Г О  П Л А Н А

К. смодич

Р Е ЗЮ М Е

Численный анализ мембранной оболочки прямоугольного плана состоит в опре
делении значений решетки уравнения решетки, удовлетворяющего неоднородному потен
циальному уравнению. В работе показаны теорема взаимозаменяемости и то, что с помощью 
ее, а также на основе зависимостей известных между ординатами функций решетки, из реше
ния, действительного для некоторой нагруженной периферической точки, можно полу
чить решение, действительное для любой внутренней точки. Применение демонстрируется 
на числовом примере.

A c ta  T echn . H u n g . 50. (1965)



ENRICHMENT OF COAL SLIME 
BY IN-SERIES CONNECTED HYDROCYCLONES

G. T A R JÁ N

C O R R E S P O N D I N G  M E M B E R  O F  T H E  H U N G A R IA N  A C A D E M Y  O F  S C IE N C E S  

[M anuscrip t received J a n u a ry  3, 1964]

F or th e  e n ric h m e n t o f coal w ash ings, th e  connexion in series o f e n rich in g  and  classifier 
(condensing) h y d ro cyclones o p e ra tin g  “ in ow n liq u id ”  — in s te a d  o f th e  co stly  flo ta tio n  
p rom ises to  be an econom ica l m eth o d .

The Lias coals o f H u n g a ry  co n ta in  a large q u a n t i ty  o f fin e  d u st. For 
exam ple , 20,7 w eig h t p e r  cen t o f th e  coal p roduced  b y  th e  Pécs Coal M ining 
T ru s t has a gra in  size f in e r  th a n  0,5 m m . F o r th e  frac tio n s  o f th is  coal du st, 
se p a ra te d  a t  specific  w eigh ts o f 1,5 an d  2,0, th e  n u m erica l d a ta  ho ld  in  Table I .

Table I

S p e c if ic  w e ig h t W e ig h t  % A sh  %
R e c o v e ry

A sh C o m b u r e n t

— 1.5 11,2 54 10 17 70

l,5 -^ 2 .0 5,1 24 38 29 22

+  2,0 4,4 22 76 54 8

20,7 100 31 100 100

T h a t is, 20,7 w eigh t p er cen t o f 0,5 m m  coal d u s t c o n ta in e d  in  100 w eight 
p e r cen t o f coking coal from  Pécs, th eo re tica lly  y ields 11,2 w eigh t %  of coking 
coal o f a specific w eig h t less th a n  1,5 and  o f an  ash  c o n te n t o f 10% , fu rth e r 
5,1 w eight %  o f m idd lings an d  4,4 w eight %  o f w aste . A g a in st th is , only 
2,5 -f- 2,7 w eight %  o f coking coal d u s t (f lo ta te  o f 12%  o f ash  con ten t) is 
p ro d u ced  by  th e  P écsú jh eg y  w ashery  a t  p resen t.

H ow ever, th e  q u a n t i ty  o f coking-coal q u a lity  p ro d u c ts  can  be consid
e rab ly  increased w ith  low  in itia l and  o p era tin g  costs, w ith o u t a fu rth e r 
d ev e lopm en t o f th e  costly  f lo ta tio n  u n it b y  connecting  en rich in g  hydrocyclones 
an d  classifier h y d ro cy c lo n es o p era tin g  “ in own liq u id ”  in  series, keeping 
th e  overflow  o f th e  c lassifier cyclones p a r tly  or en tire ly  in  c ircu la tio n .
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Fig. 1

F ig . 2. E n ric h in g  cyclone II/D  0 ,67 , L /D  =  0,57, d/D  =  0 ,20, f /D  =  0 ,42, a/D  — 0,20,
a  =  75°, D a =  20 cm

^ 0 T

—d a  U—
F ig . 3. C lassifie r cyclone Я /D  =  0 ,2 0 , L /D  =  0,20, d/D  =  0 ,125 , / / D  =  0,15, a/D  =  0,1 ^ 0 ,0 5 ,

a  =  20°, Da =  8 cm
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B u t also th e  costly  f lo ta tio n  u n it  o f th e  D u n aú jv á ro s  w ash cry , fo r e x a m 
ple, could  be largely  re liev ed  (ev en tu a lly  fu lly  om itted) by  th e  a p p lica tio n  
o f th e  en rich m en t m ethod  o u tlin ed  above.

A possib le connection  flow -sheet — show ing  the  balance o f  so lid  p a rts  
and  w a te r  — can be, e .g ., th e  one acco rd in g  to  Fig. 1. The n u m e ra to r  o f  the  
n u m b ers  show n in  th e  fig u re  in d ica tes  th e  q u a n t i ty  of solid p a r ts , th e ir  d eno 
m in a to r  — th e  q u a n tity  o f  w a te r, re fe rrin g  to  a feeding of 100%  so lid  p a r ts . 
The cyclones o f the  ta n k s  I —I I —I I I  are  la rge-cone angle en rich in g  cyclones 
o f 0,5 -f- 0,6 a th m o sp h eric  p ressu re , e.g. h a v in g  a c o n stru c tio n  acco rd ing  
to  F ig . 2; tho se  of the  ta n k  IV  are sm all cone an g le  classifier cyclones o f 1,5-4-2,5

Table II

Tank
№ t/m3 Q , m*/h m3/t

I 130 /540 1 ,6 1,08 620 4,15

il 80 /360 1,75 1,09 405 4,50

h i 70 /210 1,85 1 ,1 2 250 3,50

IV 70 /460 1,4 1,04 510 6,56

a th m o sp h e ric  p ressu re , e.g . h av in g  a c o n s tru c tio n  according to  F ig . 3. The 
u p p e r o u tflo w  of th e  c lassifier cyclone IV  g e ts  in to  the  ta n k s  I I  a n d  I I I  as 
th in n in g  w a te r; in  th is  w ay , th e re  is no n eed  o f  fresh w ater.

A ccord ing  to  th e  d a ta  show n in th e  flo w  sheet, th e  ra w  slim e flow 
in to  ta n k  I  in  a th in n in g  o f 2,5 [m 3/t] .  T he f in a l  p roducts C an d  R  as th e  low er 
ou tflow  o f th e  cyclones leav e  in  a th in n in g  o f  ~ 1 ,0 ;  the  th in n in g  o f  th e  m id 
dlings M  is 4,65. This p ro d u c t m ay  flow  in to  th e  standage or in to  th e  f lo ta tio n  
cells. ( I f  th e  th in n in g  o f th e  feed is h ig h er th a n  2,5, also th e  th in n in g  o f the  
m idd lings will be h igher.) I f  th e  p la n t  does n o t  w an t to  se p a ra te  th e  w aste 
from  th e  m iddlings (co a ld u st), ta n k  I I I  a n d  its  cyclone are o m itte d  an d  the  
feed o f ta n k  I I I  flow s in to  th e  s tan d ag e  d ire c tly .

T h e  solid p a r t  vs. w a te r  ba lance  o f th e  flow  sheet, resp . th e  s lu rry /h o u r 
Q m 3 lo ad  o f th e  in d iv id u a l cyclones, re la te d  to  a feed of solid p a r ts  F  =  100 
t/h , is as T ab le  I I  show s (d is th e  specific  w e ig h t of th e  solid p a r ts ,  y  is th a t  of 
the  s lu rry ).

F o r  exam ple , th e  cyclones an d  s lu rry  p u m p s necessary  fo r w o rk in g  up 
th e  e n tire  q u a n tity  o f  ra w  slim e F  — 70 t /h  of th e  P é c sú jh e ly  w ashery  
(ca lcu la tin g  w ith  a r/ =  0,6 pu m p  effic iency) m a y  be the  follow ing (T ab le  I I I ) .

T h e  cyclones IV  (8 cyclones 32 cm fo r Q =  360 m 3/h  a t  1,5 a tp )  can  be 
a lte rn a tiv e ly  th e  show ing ones in T ab le  IV . (Sm aller d iam ete r cyclones classify  
a t sm a lle r g ra in  sizes, i.e. th e y  p roduce  m o re  w ashed coal!)
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Table I I I

T a n k
№ Q, m 3/ h

C y c lo n e S lu r r y  p u m p

P-
D ia 

m e te r ,
c m

a t p H, m N t H P

I 4 3 5 2 6 5 0 , 6 1 0 2 9

и 2 8 5 1 7 2 0 , 6 1 0 19

h i 1 7 5 1 6 0 0 , 6 1 0 1 2

IV 3 6 0 8 3 2 1 ,5 2 0 45

Table IV

P-
atp

1,5 2,0 2,5

8 3 2 3 0 2 8

6 3 8 3 6 3 3

4 4 7 4 4 4 1

Table V

T a n k
№ Q, m 3/ h

C y c lo n e S lu r r y p u m p

P*
D ia 

m e te r ,
cm

a t p H, m N ,  H P

I 6 2 0 2 7 8 0 ,6 1 0 4 2

и 4 0 5 1 8 6 0 ,6 1 0 27

i n 2 5 0 1 72 0 ,6 1 0 17

IV 5 1 0 10 34 1 ,5 2 0 6 4

I n  th e  D u n aú jv á ro s  w a sh e ry , th e  q u a n t i ty  o f  coal slim e <  0,5 m m  is 
F  =  100 t /h .  In  th is  case, th e  d a ta  in  T ab le  У  a re  o b ta in ed .

T h e  cyclones IV  can  b e  a lte rn a tiv e ly  th e  ones show ing in  T ab le  V I.

Table VI

P-
a tp

1,5 2,0 2,5

1 0 3 4 3 2 3 0

8 3 8 3 6 3 4

6 4 6 4 3 4 0
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T he classifier hy d ro cy c lo n es IV , req u irin g  c o m p a ra tiv e ly  m u ch  energy, 
m ay  be su b s titu te d  also b y  s ta tic  s lu rry  th ic k e n e r v a ts . I t  is a d v isab le  to  shape 
th e  suc tion  pipes o f th e  s lu rry  pum ps acco rd ing  to  Fig. 4. T h e  low er p a r t  of 
th e  suc tion  pipe is enclosed  in  a p ipe (bell) w ith  a la rger d iam e te r, a n d  th e  upper 
end  o f th e  pipe p ro tra c tin g  o u t o f th e  fo rm er reaches near to  th e  s lu rry  surface. 
T he bell p ro tec ts  th e  low er p a r t  o f th e  suc tion  p ipe  ag a in s t b e ing  filled  w ith

381

m u d  d u rin g  s ta n d s tills , an d  th e  pum p  begins to  w ork  a t  th e  s t a r t  — w ith  
c lean  w a te r from  th e  v ic in ity  of th e  s lu rry  su rface , if  th e  p lu g  o f  th e  upgoing 
p ipe is rem oved. D u rin g  no rm al w ork, th is  p ipe as well as th e  p ip e  ju n c tio n  
of th e  d ischarge p ressu re  tu b e  over th e  ta n k  is closed. O n s ta r t in g , a w aterhose 
lance is a tta c h e d  b y  a ru b b e r  hose to  th e  ju n c tio n  of th e  d isch arg e  p ipe, for 
ch u rn in g  th e  w ash ings s e ttle d  a t  th e  b o tto m  o f th e  ta n k .

In s te a d  o f s lu rry  p u m p s, also a ir lifts  can  he em ployed  fo r th e  operation  
o f th e  enriching h y d ro cy c lo n es. The a d v a n ta g e  o f th is  so lu tio n  is, th a t  instead  
o f severa l — re la tiv e ly  sh o rt-lifed  — s lu rry  pum p s — a single — p roperly  
sized  _  com pressor is n eed ed , in  w hich no s lu rry -cau sed  w ear show s. The 
a ir  lif t so lu tion  in v o lv in g  th e  sav ing  o f th e  o th e r  s lu rry  p u m p s  prom ises to  
he especially  a d v a n ta g e o u s , i f  n o t only  2 or 3 “ en rich in g ”  cells a re  connected  
in series (as in  F ig . 1) b u t  severa l — e.g. 4 — 5 — 6 — cells a re  ap p lied  succès-
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s iv e ly  in  such a w ay th a t  th e  u p p e r , resp. low er p ro d u c ts  o f th e  hyd ro cy c lo n es 
o f  th e  in d iv id u a l cells ge t in to  th e  “ preceding” , re sp . “ succeed ing”  cell (as in  
F ig . 5). I n  th e  consecu tive cells in  th e  d irec tio n  o f th e  low er cyclone p ro 
d u c ts , th e  specific w eigh t o f  th e  slu rry  as w ell as t h a t  o f th e  coal on feed 
g ra d u a l ly  increase, while th e y  g rad u a lly  decrease in  th e  opposite  d irec tio n ; 
in  th is  w ay , so from  th e  f i r s t  an d  la s t cells c lean  f in a l p ro d u c ts  leave. This 
o p e ra t in g  system  is closely r e la te d  to  th e  series-cells f lo ta t io n ;  also th e re , th e  
fe e d in g  o f  the  “ w aste”  o f th e  in d iv id u a l cell in to  the  “ succeed ing”  cell and  
th e  re fe e d in g  of its  fro th  as in te rm e d ia te  p ro d u c t in to  one of th e  “ p reced in g ”  
cells en su re s  th e  clean e n d -c o n c e n tra te  and  en d -w aste .

T h e  enrichm ent m e th o d  suggested  here s u b s ti tu te s , as a fin a l ou tco m e , 
th e  c o s tly  f lo ta tio n  in  th e  d re ss in g  of Lias coal-w ash ings. B u t its  fu r th e r  
s ig n if ic a n t  ad van tage  is t h a t  i t  is su itab le  for th e  e n ric h m e n t o f  b row n  coals, 
to o , w h e re  f lo ta tio n  s im p ly  c a n n o t be em ployed — in  lack  o f su itab le  r e a 
g e n ts  — , and  w here also th e  o th e r  specific g ra v ity  e n rich m en t m eth o d s fail.

A N R E IC H E R U N G  VON K O H L E N S C H L A M M E N  D U R C H  IN  R E IH E  G E S C H A L T E T E
H Y D R O Z Y K L O N E

G. TARJÁN
Z U SA M M E N FA SSU N G

F ü r  d ie A nreicherung v o n  S ch lam m k o h len  — s t a t t  d e r  k o stsp ie lig en  F lo ta tio n  — v e r
s p r ic h t  d ie  Schaltung  von »in e ig e n em  Saft« a rb e iten d en  S o rtie r- u n d  K lassier- (E in d ick -) 
H y d ro z y k lo n e n  in R eihe — b e i R ü ck z irk u la tio n  eines g ro ß e n  A n te ils  des Ü berflusses de r 
K la ss ie r-Z y k lo n e  — ein w ir tsc h a ftlic h es  V erfahren  zu sein.

C O N C E N T R A T IO N  D ES SC H LA M M S D E  C H A R B O N  P A R  D E S  H Y D R O C Y C L O N E S
C O N N E C T É S  E N  S É R IE

G. TARJÁN
R ÉSU M É

A u  lieu  de la f lo tta tio n  t r o p  co û teu se , l’au te u r p ro p o se , p o u r  le co n ce n tra tio n  des 
S ch lam m s de charbon , une m é th o d e  p lu s  économ ique c o n s is ta n t d a n s  la  connexion  en  série 
d ’h y d ro c y c lo n e s  d ’enrich issem en t e t  de  classification  (de co n d en sa tio n ) o p é ra n t en «jus 
p ro p re» , a v ec  m ain tien  en c irc u la tio n  d ’une grande p a r tie  de la  décharge supérieu re  des 
c y c lo n es  c lasseurs.

О Б О Г А Щ Е Н И Е  У Г О Л Ь Н Ы Х  Ш Л А М О В  П О С Л Е Д О В А Т Е Л Ь Н О  С О Е Д И Н Е Н Н Ы М И
Г И Д Р О Ц И К Л О Н А М И

Г. ТА РЬЯН
Р Е ЗЮ М Е

Для обогащения шламовых углей, вместо дорогостоящего метода флотации, ка
жется экономичным метод последовательного соединения гидроциклонов, работаю
щих в „собственной жидкости“ , и классифицирующих гидроцииклонов, с поддержи
ванием системы циркуляции большей части перелива классифицирующих гидроциклонов..
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SHAKEDOWN -  NEW VIEWPOINT 
IN STRUCTURAL ANALYSIS

D E SI D. V Á S Á R H E L Y I

P R O F E S S O R  O F  C I V I L  E N G I N E E R I N G  

U N I V E R S I T Y  O F  W A S H I N G T O N  S E A T T L E ,  W A S H I N G T O N

[M an u scrip t received A u g u st 14, 1964]

W hile pre- an d  p o st-s tre ss in g , th a t  is, m an ip u la tio n s  o f re sid u al s tre sses h av e  la rge ly  
been  accep ted  in s tru c tu ra l  p ra c tic e , m an y  engineers do n o t like to  h ea r a b o u t  shakedow n. 
I t  is show n th a t  sh ak ed o w n  a n d  th e  designed a d o p ta t io n  o f residual s tre sses  a re  b u t  two 
d iffe ren t aspects of th e  en g in eerin g  recognition  of v a rio u s in e la s tic  actions.

I. Introduction

Since H ooke’s s ta te m e n t  in 1676 — “ u t  tcn sio  sic v is”  — i t  to o k  alm ost 
tw o  cen tu ries to  develop  th e  bases o f m o d ern  s tru c tu ra l an a ly sis  founded  
p r im a rily  on th e  p rin c ip les  o f lin ear e la s tic ity . A n o th e r c e n tu ry  a lm o s t passed 
b efo re  th e  inelastic  b e h a v io r  of s tru c tu ra l m a te ria ls  received en g in eerin g  con
s id e ra tio n  for th e  f i r s t  tim e  in  th e  w ork of G. K a z i n c z y  in  1914. T h is  second 
one is s till lim ited  a n d  w ould  n o t en te r  in to  design  co n sid e ra tio n s o f en tire  
large g roups of s tru c tu re s , such  as bridges. I t  w ould  be in te re s tin g  to  v isualize 
w h a t d irec tion  th e  fu r th e r  d ev e lopm en t of th e  an a lysis  of th e  la t t e r  g roup  o f  
s tru c tu re s  is tak in g .

T he ev er-increasing  know ledge of th e  fa tig u e  b eh av io r in tro d u c e d  a lready  
th e  idea  of fin ite  usefu l life. This also im plies th a t  one m ig h t be re a d y  to  con
sider o th e r  p h enom enon  o f tra n s ie n t n a tu re ; such  as th e  so-called  shakedow n 
p rocess.

T he alm ost exclu siv e  considera tion  o f s tre n g th  and  of l im ite d  deform a- 
b i l i ty  are  also being  su p p lem en ted . W ith  th e  a d v e n t o f  p re s tre ssed  s tru c tu re s  
a new  fac to r, th e  re s id u a l stress co n d itio n , becom es a co n v en ien t too l o f  
design  in  th e  h an d s  o f  engineers.

A som ew hat p a ra lle led  review  of th e  im p lica tio n s  of sh ak ed o w n  an d  of 
re s id u a l stress co n d itio n s m a y  be helpfu l a t  th is  p o in t in  c la rify ing  som e ideas.

In  th e  follow ing co n sid e ra tio n s w hen we ta lk  a b o u t s tru c tu re s , we m ean 
in  th e  m ost general sense , assem blies m ade o f v a rio u s elem en ts. U sing  m ore 
c u s to m a ry  engineering  lan g u ag e , we inc lude  n on-com posite  as well as com posite  
s tru c tu re s , allow ing t h a t  we generalize th is  idea  b ey o n d  c o m b in a tio n s  o f steel 
an d  o f concrete  to  e v e n tu a lly  include co m b in a tio n s  of e lem en ts  o f o th e r  
m a te r ia ls .
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II. T he P henom enon  of Shakedow n

1. General Description

In e la s tic  action  a lm o s t exclusively  w ould o n ly  be considered , in  p la s tic  
a n a ly s is  m ethods, in  e s ta b lish in g  u ltim a te  load  c a rry in g  capac ities . Y e t, som e 
p a r t i a l  in e lastic  actions in  s tru c tu re s ,  especially in  c o n ju n c tio n  w ith  th e  in te g ra l 
e la s to -p la s tic  action , m a y  b e  ju s t  as im p o r ta n t. T h is g roup  o f p h en o m en a  
(k n o w n  since the w ork o f  H . B l e i c h  and  E . M e l a n  in  th e  1 9 3 0 ’s )  c o n s titu te s  
th e  b a s is  o f the so-called sh a k e d o w n  action .

I n  th e  following d iscu ss io n  th e  te rm  elastic action  w ill be used  in  th e  m o st 
c o n v e n tio n a l sense, m ea n in g  fu lly  reversib le a c tio n  exc lud ing  an y  d iss ip a tio n  
o f  e n e rg y  from  the process o f  d e fo rm a tio n . M oreover, one should  realize  t h a t  e la s
tic  a c t io n  m ay  take  p lace a t  a n y  s tre ss  level. All th e  w o rk  sp en t in  b rin g in g  a b o u t 
e la s tic  d e fo rm ation  is fu lly  reco v ered  w hen th e  d e fo rm a tio n  is b e ing  released .

T h e  te rm  inelastic action  w ill be used in  a la rg e ly  genera lized  sense to  
in c lu d e  a ll defo rm ational p ro cesses  w hich are  an a lo g o u s to  th e  p la s tic  ac tio n  
o f  d u c t i le  m etals. In e la s tic  a c t io n  takes only  p lace  a t  a specific s tress level. 
A ll th e  w o rk  spent in  b r in g in g  a b o u t ine lastic  d e fo rm a tio n  is fu lly  d iss ip a ted . 
I n e la s t ic  defo rm ation  c a n n o t be released an d  th e  w ork  sp en t in  b rin g in g  it  
a b o u t  c a n n o t be recovered .

U sin g  these d e fin itio n s , th e  te rm  elastic  a c tio n  will include
a )  a ll ac tual e las tic  d e fo rm a tio n s ,
b )  a ll lim ited e la stic  (E u le r)  buckling.

(E xam ples o f th is :  e la s tic  buckling  o f  th e  th in  com pression  p la te  
o f  a box-type  g ird e r , th e  elastic  b u ck lin g  o f  th e  th in  web o f a p la te  
girder.)

T h e  te rm  inelastic  a c t io n  w ill include:
a )  a c tu a l m a te ria l y ie ld in g , wrhich  m ay  be a re su lt  of 

a )  action of lo ad s,
ß )  therm al ac tio n , 
y )  operations d u r in g  fab rica tio n .

b)  slip  betw een c o n n e c te d  p a r ts , as a re su lt o f  
a )  break-dow n o f f r ic tio n a l resistance ,
ß )  d ifferen tia l e x p a n s io n  (as for in s ta n c e  in  co v er-p la te  cu t-offs).

c)  creep in ce rta in  m e m b e rs ,
d )  im posed m ech an ica l a d ju s tm e n t (such as f i t-u p s , re a d ju s tm e n ts  of 

cam ber and o f  s u p p o r t  pressures b y  m ech an ica l m eans).
T h is  lis t ce rta in ly  does n o t  include all p ossib le  ac tio n s b u t  i t  m a y  serve 

as  a n  i l lu s tra tiv e  sam ple.
T h e  occurrence o f in e la s tic  ac tio n  usually  b rin g s  a b o u t a s ta te  o f re s id u a l 

s tre s s  in  a ll or in p a r t  o f  th e  m em b ers  of a s tru c tu re . N ow , i t  is q u ite  possib le 
t h a t  so m e  residual s tresses a re  p re sen t in p a r ts  o f  th e  s tru c tu re  even  before
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th e y  are  assem bled , such  as residua l s tresses due  to  rolling an d  n o n -u n ifo rm  
cooling of ro lled  sec tions or sh rinkage s tresses of p re fra b ric a te d  co n cre te  
m em bers. T h u s, one m ay  d istingu ish

a )  p re -ex is tin g  resid u a l stresses (rx),
b)  in c id en ta l re s id u a l stresses (r2).
W hen th e  assem bled  s tru c tu re  undergoes its  f irs t lo ad in g  cycle , the  

stresses due to  th e  a p p lica tio n  of w orking loads (s), are su p erim p o sed  on the  
p re -ex is tin g  sy stem  (rj) o f residua l stresses, th e  lim it stresses for one  o r severa l 
in e las tic  ac tions (y ie ld ing , slip, etc .) m ay  be exceeded, re su ltin g  in  in e lastic  
a c tio n , m an ifested  b y  increase  in  p e rm a n e n t defo rm ations a n d  a changed  
sy s tem  o f residua l s tresses (rv  r2). I f  w ith  ev e ry  app lication  o f th e  w ork ing  
lo ad  th is  process co n tin u es i t  resu lts  in  a g rad u a l d e te rio ra tio n  b y  increasing  
th e  p e rm a n e n t d e fo rm atio n s  an d  leads e v e n tu a lly  to  an in c re m e n ta l s ta te  of 
co llapse. A s tru c tu re  w hich  follows th is  course o f behav io r is one w h ich  did 
n o t shakedow n.

I f  on th e  o th e r  h a n d , a f te r  a fin ite  n u m b e r o f load ap p lica tio n s  th e  re s id 
u a l s tress sy stem  o f th e  s tru c tu re  becom es such th a t  com b in ed  w ith  the 
stresses caused b y  th e  loads, no fu r th e r  in e las tic  ac tion  resu lts  a n d  h en cefo rth  
th e  s tru c tu re  beh av es e la stica lly  only u n d e r  th e  loading cycles, we sa y  th a t  the 
s tru c tu re  accom plished  its  shakedow n.

T he p h enom enon  o f shakedow n for all ty p e s  of s tru c tu re s  a n d  fo r con
tin u o u s  m edia as w ell has been w idely  s tu d ie d  an d  its  basic p ro p e rtie s  s a tis 
fac to rily  es tab lish ed . A cond itio n  of shak ed o w n  has now th e o re tic a lly  been 
estab lished . W h en ev er th is  cond ition  is sa tis fied , th e  s tru c tu re  w ill sh ak e  dow n 
a n d  becom e elastic  in all its  fu r th e r  b eh av io r for a given load  sy s te m . I t  is 
n o t necessary  to  know  th e  ac tu a l p ro ced u re  s tep  by  step  th ro u g h  w hich  the 
shakedow n  will occur.

2. Condition o f  Shakedown

T he co n d itio n  o f shakedow n in th e  m o st general te rm s is th e  fo llow ing:
I f  an y  such sy s tem  of residua l stresses (r1? r2) from  all cau ses  m ay  be 

e s tab lish ed  w hich, w hen  ad d ed  to  th e  sy s tem  o f stresses from  th e  w orking 
loads, th e  re s u lta n t  s tre ss  anyw here  in  th e  s tru c tu re  will n o t reach  th e  lim iting  
s tress fo r an y  in e lastic  ac tio n , th e  s tru c tu re  w ill shake dow n for a g iv en  system  
o f loads.

Once th e  shakedow n  is accom plished  th e  s tru c tu re  becom es fo r all loads 
n o t exceed ing  th e  shak ed o w n  loads, a p e rfe c tly  elastic  sy stem . In  th e  process 
o f  shakedow n of a s tru c tu re  it  is easy  to  see an  analogy to  a p rocess o f  cold 
w ork ing  of a du c tile  m e ta l. One realizes t h a t  i t  m igh t be acco m p lish ed  b y  one 
o r in  severa l cycles of load  ap p lica tio n  a n d  once accom plished , no fu r th e r  
in e lastic  b eh av io r re su lts  for a ce rta in  lo ad  level. W ork is a lw ay s sp e n t or 
d iss ip a ted  in  th e  p rocess o f shakedow n.
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T he condition  o f  sh ak ed o w n  heing p re se n t, th e  shakedow n w ill occur 
once loads are ac tin g  u p o n  th e  s tru c tu re . H ere  a g a in  tw o possib ilities can  be 
d is tin g u ish ed . The c o n d itio n  fo r shakedow n m a y  b e  p re sen t

a )  by  coincidence,
b)  by  design.
T h e  second one im p lie s  th a t  an u n fa v o ra b le  cond ition  of shakedow n  

m a y  b e  tu rn e d  in to  a m o re  fav o rab le  one b y  a desig n ed  con tro l of th e  p rocess.
T h e  foregoing also  co rrec ts  an o u td a te d  co n cep t of the  p h en o m en a , 

re f le c te d  by  th e  v e ry  te rm  “ shakedow n” . T h is la s t  one suggests a p rocess o f 
g e t t in g  rid  of th e  e ffec t o f  re s id u a l stress. A c tu a lly , th e re  is a rea rra n g em e n t 
o f  th e  residual s tresses in to  a  p a tte rn  w hich a ssu re s  th e  p lanned  fu n c tio n in g  
o f  a s tru c tu re .

III. Residual Stresses

W h a t does a c tu a lly  a designed  cond ition  o f  sh ak ed o w n  im p ly?  I t  im p lies 
th e  se tt in g  up of a re s id u a l s tre ss  system  b y  d es ig n  — a process ak in  to  th e  
p re -  o r  post-stressing  o f th e  s tru c tu re . In  th is  we h i t  upon  an o th e r g en era liza 
tio n  a n d  recognize t h a t  sh ak ed o w n  and p re- o r p o s t-s tre ss in g  are b o th  m a n i
p u la t io n s  of residual s tre s s  system s. W ith  th is  in  m in d  one m ay  a t te m p t  an  
encom passing  view  o f th e  p rocedures.

1. Sources o f  Residual Stress

Som e m eans b y  w h ich  designed system s o f re s id u a l stress m a y  be  se t 
up  inc lu d e

a )  the  a rra n g e m en t a n d  provision o f in it ia l  p e rm an en t d e flec tio n s 
(cam ber, f i t-u p ) ,

b)  the  a d ju s tin g  o f  c e r ta in  in te rn a l forces b y  m echan ical devices (p o s t
tensioning, e tc .) ,

c)  th e  a d ju s tin g  o f  c e r ta in  ex ternal re a c tio n s  b y  m echanical dev ices 
(jacking on su p p o r tin g  points, a d ju s tin g  o f  re la tiv e  positions o f  such  
supports),

d )  the rm al a d ju s tin g  tech n iq u es (flam e s tra ig h te n in g  or bend ing , p o s t 
hea tin g  in  som e cases).

T h is again does n o t  p re te n d  to  be an  e x h a u s tiv e  list, and  c e r ta in ly  
v a r io u s  o th e r m eans to  p ro d u c e  residual s tre ss  sy s tem s  m ay  be found .

A n o th e r im p lica tio n  sh o u ld  also be n o te d . O nce one shakedow n s ta te  
h a s  b e e n  reached b y  som e p rocess (e.g., by  in c id e n ta l  cycles of w ork ing  loads) 
i t  s t i l l  rem ains th e  p o s s ib ility  of a shakedow n fo r  a n  en tire ly  d iffe ren t or an  
a lte re d  system  of w o rk in g  lo ad s . H ere the  co n c e p t o f  th e  so-called shakedow m  
lo a d  shou ld  be reca lled : th e re  is a m ax im um  lo a d  sy s tem  for w hich a g iven 
s t ru c tu re  can still sh ak ed o w n .
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P reviously  reference  h as  been  m ade a b o u t shak ed o w n  for som e given 
lo ad  system  — w hich , o f course, m ig h t be an  ac tu a l sy s tem  o f w ork ing  loads 
m u ltip lied  by a fa c to r  o f sa fe ty . T he design p ro p o sitio n  fo r such  a system  of 
w ork ing  loads n a tu ra l ly  is to  f in d  th e  s tru c tu re  w hich sh ak ed o w n  load  is equal 
to  th e  fac to rized  w ork ing  load .

2. A pplica tions in  Design

The process o f design ing  a s tru c tu re  con seq u en tly  w ould  im ply  the  
follow ing steps:

a )  th e  p rim a ry  design o f th e  s tru c tu ra l system ,
b) th e  design  o f th e  re s id u a l s tress  system . T his m ay  h av e  th e  following 

aspects:
a )  an  ev a lu a tio n  o f th e  existing  shakedow n co n d itio n , as de term ined  

by th e  resid u a l stresses due to  m a te ria l, fa b ric a tio n , e rec tion , e tc ., 
ß )  in  a d d itio n  to  th e  p rev ious (under a))  th e  e s ta b lish m e n t of a de

signed  sy stem  o f re s id u a l stress to  b rin g  a b o u t th e  desired shake- 
dow n cond itio n .

T he process o f  fa b ric a tio n  a n d  erec tion  will also, as a consequence, 
in c lu d e :

a )  th e  a c tu a l fa b r ic a tio n  an d  erec tion ,
b) th e  se tt in g  u p  o f res id u a l s tress system  (e.g ., p re- or post-stressing ),
c)  th e  a r tif ic ia l shakedow n  (w hich v e ry  well m a y  be called  a p re 

cycling o r tu n in g -in  p rocedure).

IV. Conclusion

Do th e  p reced in g  n o tes  m ean  th a t  our design an d  c o n s tru c tio n  p rocedures 
w ill change rad ica lly  in  th e  fu tu re ?

N o t n ecessarily  so, b u t  th e  co n cep t of s tru c tu ra l a c tio n , as well as o f 
s tru c tu ra l  analysis an d  design , w ill slow ly ta k e  a m ore rea lis tic  an d  general 
a sp ec t. T he sam e as p la s tic  an d  u ltim a te  load  m eth o d s o f an a ly sis  and  of 
design  found th e ir  w ay  in to  th e  th in k in g  of th e  s tru c tu ra l eng ineers. T he sam e 
co n cep t o f shakedow n  ac tio n , genera lized  as to  cover all a p p lica tio n  o f p re 
a rra n g e d  residual s tre ss , is on its  w ay  to  p e n e tra te  all s tru c tu ra l  analysis 
an d  design, an d  th is  tim e  b ridge  s tru c tu re s  p ro b ab ly  w ill n o t he excluded.

Som e re -th in k in g  o f in g ra in ed  ideas w ill be n ecessary . I t  is ev id en t th a t  
som e degree o f p e rm a n e n t d e fo rm a tio n  d u rin g  th e  shak ed o w n  process should 
he  considered as p a r t  o f n o rm a l an d  p red ic tab le  ac tio n  o f  s tru c tu re s .

P re- and  p o st-s tre ss in g s h av e  a lread y  been ex ten siv e ly  accep ted  as norm al 
en g ineering  p rocedures. S hakedow n  is s till an  odious so u n d in g  te rm  for m any  
s t ru c tu ra l  engineers, h u t  th is  m ig h t p ro v e  to  be m erely  a q u es tio n  o f sem antics. 
F o r tu n a te ly  m ost o f th e  s tru c tu re s  now , as well as in  th e  p a s t ,  a d o p t them selves 
to  th e  loads b y  shakedow n .
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R E F E R E N C E S
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A N P A S S U N G  -  E IN  N E U E R  G E SIC H T S PU N K T  F Ü R  D IE  A N A L Y SE  VON
K O N S T R U K T IO N E N

D .  D .  V Á S Á R H E L Y I

Z U SA M M E N FA SSU N G

O b w o h l Vor- und  N a c h sp a n n u n g , d a s  he iß t die A n w en d u n g  v o n  R estsp an n u n g en , in 
d e r K o n s tru k tio n sp ra x is  w e itg eh en d  an g ew en d e te  V erfahren  sin d , h ö ren  viele Ingen ieu re  n ich t 
g e rn  v o n  d e r A npassung. D er V e rfa sse r  zeig t, daß  A n passung  u n d  p lan m äß ig e  A nw endung  
v o n  R e s tsp a n n u n g e n  b loß zwei v e rsch ie d en e  G esich tspunk te  fü r  die in g en ieu rm äß ig e  E rk e n n t
n is  d e r  v e rsch iedenen  in e la stisch en  V org än g e  darstellen .

L A  ST A B IL ISA T IO N  -  U N  N O U V E A U  PO IN T  D E  V U E  P O U R  L ’A N A L Y SE  D ES
CO N STR U C TIO N S

D .  D .  V Á S Á R H E L Y I

RÉSUMÉ

L a  p ré -  e t p o stco n tra in te , c’e s t-à -d ire  l'ap p lica tio n  des c o n tra in te s  résiduelles a é té  la r 
g e m e n t a d o p té e  dans la p ra tiq u e  d es  c o n stru c tio n s , m ais b eau co u p  d ’in g én ieu rs  son t hostiles 
à  l ’id ée  de  s tab ilisa tion . L ’a u te u r  m o n tre  que la s tab ilisa tio n  e t  l’ap p lic a tio n  des co n tra in te s  
ré s id u e lle s  n e  son t p o u rta n t que d e u x  a sp e c ts  d ifféren ts de la  reco n n a issan ce , p a r les in g én ieu rs , 
de  d if fé re n te s  actions in é la stiq u es.

УСТАНОВЛЕНИЕ -  НОВАЯ ТОЧКА ЗРЕНИЯ ИССЛЕДОВАНИЯ КОНСТРУКЦИЙ
Д. ВАШАРХЕИ

РЕ ЗЮ М Е

Несмотря на то, что сознательное использование предварительного и последую
щего напряжения, т. е. остаточных напряжений, является полностью принятым методом 
в практике конструирования, многие инженеры лишь нехотя принимают к сведению 
вопрос об установлении конструкций.

Можно показать, что планомерное использование установления и остаточных 
напряжений представляет собой лишь два различных вида освещения рассматриваемого 
вопроса при инженерном познании различных неупругих процессов.
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THE PROBLEM OF ARC-FAILURE IN GAS-FILLED 
INCANDESCENT LAMPS

E . W IN T E R

M E M B E R  O F  T H E  H U N G A R I A N  A C A D E M Y  O F  S C I E N C E S  

and

T. Z. S Z E L É N Y I

R E S E A R C H  I N S T I T U T E  O F  T E C H N I C A L  P H Y S I C S ,  B U D A P E S T  

[M anuscrip t received  O c to b e r 28, 1964]

The ten d e n cy  of a rc-fa ilu re  as th e  lim itin g  fa c to r  in th e  life perfo rm ance  a n d  efficiency 
(lm /W ) of gas-filled in ca n d esce n t lam ps, an d  th e  ro le  o f  p ositive  ions in co n n ec tio n  w ith  electron  
space-charge a re  d iscussed . Possible causes fo r th is  ty p e  of arcing, w hich o ccu rs  e a rly  in life 
an d  increases re je c ts  in  m an u fa c tu re , are tre a te d . T h e  p o sitiv e  ion em issiv ity  o f  s ev e ra l tu n g sten  
sam ples em ployed  in in can d escen t lam p s is in v e s tig a te d . The im p o rtan ce  o f th e  flash ing  
schedule is s tressed  a n d  th e  am elio ra ting  effect b y  th e  in s ta n t sw itch-on p ro cess  described . 
In  a m edium  sized w ork sh o p  ex p erim en t, w here  th e  ten d e n cy  to  in itia l a rc in g  w as suppressed  
b y  su itab le  a d d itio n s  to  th e  u su a l g e tte r m a te ria l, an  in crease  of 4,5 SC E%  1000 h  w as achieved 
w ith o u t a u g m en tin g  th e  re jec t.

I. I n t r o d u c t i o n

The ev er m ore  grow ing tech n iq u e  seem s to  have as a g en e ra l ru le  th a t  
every  p ro d u c t is in  a process of co n tin u o u s  perfection . The a lm o s t h u n d red  
y ea rs  old in c a n d e sc e n t lam p is no ex cep tio n , b u t  — of course — th e  process 
of perfec tion  is so m ew h at slow, n ev erth e less  i t  is perceptib le. I f  in  its  m a n u 
fa c tu re  new m a te r ia ls  becom e h a rd ly  co nsp icuous, the  p u rity  o f  th e  m a te ria ls  
used in it , an d  th e  p recision  of th e  app lied  tech n o lo g y  are in an  e v e r increasing  
progress.

D esp ite  th e  sh iftin g  of the  lig h t sou rces tow ards new d ev ices, th e  in can 
descen t lam p  is s till p revailing  to d a y , a n d  fro m  the  econom ic p o in t o f  view 
i t  has a v e ry  im p o r ta n t  role in  te ch n ica l p ro d u c tio n . The c o m p e titio n  w ith  
new er lig h t sources, an d  also th e  co m p e titio n  betw een th e  m a n u fa c tu r in g  
com panies h a v e  ca rr ied  th e  possib ilities o f  th e  incandescen t lam p  to  the  
ex trem es.

A n u p p e r  lim it is se t to  th e  increased  req u irem en ts  as re g a rd s  to  lifetim e 
an d  effic iency  b y  th e  ten d en cy  to  fo rm  an  arc-discharge b e tw e e n  th e  twro 
leads, inducing  th e  la m p ’s im m ed ia te  d e s tru c tio n .

II. The Two Types o f Arcs

In  th e  gas-filled  incandescen t f i la m e n t lam ps arcing m ay  p o ssib ly  occur 
— as is well k n o w n  — in tw o w ays: e ith e r  a fte r  d isrup tion  o f  th e  f ilam en t, 
o r by  excessive io n iza tio n  of the  in e r t gas.
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T h e  f i r s t  ty p e  o f a rc  g en e ra lly  occurs a f te r  a co m para tive ly  long  life. 
T h e  f i la m e n t  in  some p laces (spo ts) becom es th in  as a consequence o f  th e  
u n e v e n  e v a p o ra tio n  of tu n g s te n . F rom  th ese  th in n e r  p a rts , h av in g  h ig h e r  
te m p e ra tu re s ,  th e  e v a p o ra tio n  is all th e  m ore  e n h an ced , and so th e  p rocess 
le a d in g  to  th e  ru p tu re , t h a t  is to  an  arc, is c o n s ta n tly  accelerated .

T h e  a rc ing  of th is  f i r s t  ty p e  can be k e p t m ore  f irm ly  in hand  as t h a t  o f 
th e  se c o n d  one: th ere  a re  se v e ra l co u n te r m easu res  b y  w hich the  e v a p o ra tio n  
p ro c e ss  c a n  be con tro lled . F o r  exam ple, b y  g iv in g  ad eq u a te  d im ensions to  
th e  in c a n d e sc e n t sp iral, b y  h ig h e r  pressure o f th e  in e r t  gas-filling, or b y  th e  
a d d i t io n  o f  iodine to  th e  g a s , e tc . B y m eans o f th e o re tic a l form ulae w hich  
q u ite  w e ll agree w ith  e x p e rien ces , th e  e v a p o ra tio n  o f  tu n g s te n  and th e  th in n in g  
a w a y  o f  th e  filam en t can  be e x p re ssed , too . T h is m a y  be considered as a sign 
o f  u n d e rs ta n d in g  th e  p h y s ic a l processes in v o lv ed .

T h e  second ty p e  o f a rc in g , th a t  is a rc ing  b y  a n  ion  avalanche — w ith  
re g a rd s  to  its  origin — is fa r  less u n d ersto o d . T h is  a rc  is the  m ain  cau se  o f 
th e  u n e x p e c te d  sudden d e s tru c tio n  o f th e  la m p s  w ith o u t any  visible in d ic a 
tio n  b e fo re h a n d , which o fte n  occu rs early  in life o r, m oreover, a lready  d u r in g  
th e  m a n u fa c tu r in g .

T h e  p re se n t p ap e r’s p u rp o se  is to  deal o n ly  w ith  a rcs of th is  second ty p e .

III. The R ole  o f Electrons and Ions

T h e  in can d escen t tu n g s te n  f ilam en t a c tin g  as a source of visible e le c tro 
m a g n e tic  ra d ia tio n  has — fro m  th e  p o in t o f  v iew  o f a ligh t source — an  
acc e sso ry  p ro p e rty : th a t  o f th e rm io n ic  e lec tron  em ission , th e  so-called E d iso n  
e ffec t. T h e  em itted  e lec trons a re  su rro u n d in g  th e  in can d escen t m e ta l as an  
e le c tro n  a tm o sp h ere , th e  d e n s ity  o f w hich decreases exponen tia lly  w ith  th e  
d is ta n c e .

T h e  te m p e ra tu re  o f th e  e le c tro n  a tm o sp h e re  is ap p ro x im ate ly  as h ig h  
as t h a t  o f  th e  in e rt gas im m e d ia te ly  su rro u n d in g  th e  ca th o d e . In  consequence  
o f th e  p o s it iv e  charges r e m a in in g  on th e  su rface , a n d  also as a re su lt o f  th e  
e le c tro n ic  space  charge, a r e ta rd in g  neg a tiv e  p o te n tia l  wall arises a ro u n d  th e  
f i la m e n t .  O v er th is w all th e  e lec tro n s  can n o t tra n sg re ss  and  reflec ted  fro m  it 
r e tu r n  a g a in  in to  th e  m e ta l.

O ne  o f  th e  au th o rs  in fe r re d  [5] from  th e  d isch a rg e  ch arac teris tics  th a t  
th e  in e r t  gas (argon) of a b o u t a tm o sp h e ric  p re ssu re  does n o t augm en t th e  w ork  
fu n c tio n  o f  th e  clean tu n g s te n  su rface . F o r th is  re a so n  behind  th e  p o te n tia l  
w all th e  em ission  and re fle x io n  o f  th e  whole s a tu ra t io n  cu rren t m ust be ta k e n  
in to  c o n s id e ra tio n .

T h e  elec trons inside a n d  o u ts id e  th e  in c a n d e sc e n t filam en t have  besides 
its  th e r m a l  m otion  also a d r i f t  ve locity  as a consequence  of th e  p o te n tia l
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d ro p  along th e  f ila m e n t. T herefo re, th e  e lec trons e m itted  a t  places o f low er 
p o te n tia ls  are ab so rb ed  w here th e  p o te n tia l is h igher.

T he elec trons are  m ak ing  m an y  elastic  im p a c ts  on th e  gas a to m s an d  
are  losing in  each  im p a c t a sm all frac tio n  o f  th e ir  energy . C onseq u en tly  
th e y  are  n o rm ally  n o t acce lera ted  beyond  a c e r ta in  lim it by  th e  fie ld , an d  th e y

F ig . 1. H o t ca th o d e  gas d ischarge  c h arac te ris tic s  in  a rg o n  o f 500 m m  Hg p ressu re . D istan ce  
b e tw een  th e  e lectro d es: 1,0 cm . Series re sis tan ce  240 k o h m s. T he lo g arith m  of th e  p o ten tia ls  
b e tw een  th e  e lectro d es in  v o lts  are  p lo tte d  ag a in st th e  d ischarge  c u rre n t in  m illiam pères. 
C a th o d e  te m p e ra tu re s  as p a ram e te rs  a re  labe lled  a t  th e  cu rv es in  °K . A t h igher te m p e ra tu re s  
(2450 and  2650 °K ) th e  ch a ra c te ris tic s  hav e  a lw ays p o sitiv e  slopes in d ica tin g  co n d u c tio n  by  
e lec tro n s only. A t th e  te m p e ra tu re s  2100 a n d  2200 °K  th e  neg ativ e  slopes are signs o f  io n iza 
tio n s  b ro u g h t a b o u t b y  excessive field  s tre n g th s . O w ing to  io n iza tio n  th e  co n d u c tio n  in  som e 

p o in ts  is  g re a te r  th a n  in  th o se  w here o n ly  e lectrons are p re sen t

c a n n o t gain  su ffic ie n t energy  to  ionize th e  in e r t gas a tom s. A long a s tra ig h t 
in can d escen t tu n g s te n  f ila m e n t su rro u n d ed  w ith  gas th e  e lec trical co n d u c tio n  
is a lw ays g re a te r  in sid e  th e  m eta l, an d  a b re a k th ro u g h  in  th e  gas can  never 
o ccu r u n d er s ta t io n a ry  cond itions. If, how ever, th e  f ilam en t is coiled, o r b e n t 
in to  a loop in  som e m an n e r, th e n  i t  m ay  h a p p e n  also in pu re  in e r t  gases and  
w ith o u t an y  o th e r  d is tu rb in g  causes th a t  th e  p o te n tia l g rad ien t th ro u g h  th e  
gas is g rea te r th a n  a long  th e  filam en t. T his s i tu a tio n  m ay  lead  to  an  ion iza tio n  
av a lan ch e , th a t  is, to  an  arcing. In  th e  c o n s tru c tio n  of in can d escen t lam ps 
th e re fo re , it  m u s t be care fu lly  avo ided  h av in g  b e tw een  an y  tw o p o in ts  on th e  
f i la m e n t a p o te n tia l  d rop  la rger th a n  th a t  w hich  keeps th e  e q u ilib riu m  of
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a c c e le ra te d  electrons to  ga in  th e  io n iza tio n  en erg y  from  th e  f ie ld , a g a in s t th e  
lo sses  o f  k ine tic  energy  b y  e lastic  im p ac ts  on gas a tom s. This p o te n tia l  d iffer
ence  is  e.g. in  k ry p to n  sm a lle r  th a n  in  a rg o n , a n d  th e re fo re  th e  a d v a n ta g e  
o f  k r y p to n  allowing a h ig h e r f ila m e n t te m p e ra tu re  is a lm o st lo st, b ecau se  th e  
co iled  f ila m e n t m u st be g iven  a m ore s tre tc h e d  form . T his is th e  cause , as is

F ig . 2. H o t  cathode  gas d isch arg e  ch ara c te ris tic s  as in  F ig . 1. D istan ce  be tw een  e lectrodes:
0.2 cm

w ell k n o w n , th a t  from  th e  p o te n tia litie s  o f th e  h e a v ie r  k ry p to n  a to m s, allow ing 
th e o re tic a l ly  a gain o f a b o u t 10%  lm /W  effic iency  over th a t  w hich m ay  be 
re a c h e d  w ith  argon, p ra c tic a lly  only  2 — 3 %  can  be a tta in e d  [1, 13].

T h e  c o n d u c tiv ity  o f th e  e lec tron  c loud  th o u g h  considerab le — does n o t 
re a c h  t h a t  o f th e  in can d escen t f ilam en t. As long  as a ro u n d  th e  f i la m e n t th e re  
p re v a ils  on ly  one k in d  o f ch a rg e , — th a t  is th e  n eg a tiv e  charges o f th e  elec
t ro n s ,  — th e  conduction  p h en o m en a  do n o t becom e critica l. T he reaso n  for 
th is  is t h a t  the  ch a ra c te ris tic s  o f co nduc tion  h av e  a positive  slope: to  increase 
th e  d isch a rg e  cu rren t th e  v o lta g e  m u st be in c reased , too.

T h is  fac t is d e m o n s tra te d  b y  th e  d isch arg e  ch a rac te ris tic s  ta k e n  a t  th e  
c a th o d e  tem p era tu res  2450 a n d  2650 °K in  F igs 1 an d  2. T he d ischarge  is 
b ro u g h t  a b o u t in  a d iode, filled  wdth pu re  a rg o n  a t  500 m m  H g. T he diode
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is p ro v id ed  w ith  a tu n g s te n  sp ira l-ca th o d e  an d  a m o lybdenum  an o d e , the  
d is tan ce  betw een  th e  electrodes being  v a ria b le . A large series re s is ta n c e  of 
240 kohm  lim its  th e  c u rre n t and so th is  rem a in s  harm less to  th e  e lec tro d es . The 
tw o o th e r  curves in  th e  figures will he d iscussed  below.

I f  betw een  opposite  p a r ts  o f th e  f i la m e n t a t  a som ew hat g re a te r  d is tan ce  
a p o te n tia l d ifference p revails , a n o th e r  effec t, th e  so-called im p ed in g  effect 
[8, 9] p rev en ts  th e  ion iza tion . In  th is  case, as a consequence o f  th e  g rea t 
e lec tro n  space-charge , th e  v ir tu a l c a th o d e , from  w hich th e  d isch arg e  s ta r ts  
p ro tru d e s  so fa r in to  th e  gas th a t  i t  a rriv es  in  a m uch colder p lace  o f th e  
L an g m u ir sheet. H ere  th e  m ean  free  p a th  o f  th e  electrons b e in g  sh o rte r, 
th e  b a lan ce  w hich  ex ists betw een  e lastic  losses to  the  gas a to m s a n d  gains 
from  th e  fie ld  is u p se t in  th a t  sense t h a t  th e  p ro b ab ility  for io n iz a tio n  is less: 
A n in itia tio n  of a large d ischarge c u r re n t b y  ion iza tion  is im peded .*

H ow ever, th e  s itu a tio n  described  ab o v e  a lte rs  essen tia lly  i f  besides the  
e lec trons, fo r som e reason  positive charges are  p resen t, too . T he c h a ra c te r is tic  
of th e  d ischarge becom es n eg a tiv e , and  th e  co n d u c tio n  m ay in crease  o v er th a t  
called fo rth  b y  th e  h igh ly  c o n c e n tra ted  elec trons. To th is  b e h a v io u r  from  
th e  ch a ra c te ris tic s  a t  th e  te m p e ra tu re s  1950, 2300 °K  in F igs. 1 a n d  2 can  be 
concluded .

O f course, th e  origin of th e  p o sitiv e  charges m ay be so u g h t fo r also in 
th e  effect o f excessive f ie ld -s tren g th . In  th is  case th e  em itted  free  elec trons 
are ab le  to  ionize by  im p ac ts  th e  in e r t  gas a to m s. The occurrence o f  th is  effect 
is n o t im possib le ta k in g  th e  fac t in to  acco u n t th a t  conditions o f  th e  lam ps 
are ex trem e ly  stressed  an d  v a ria tio n s  o ften  occur in th e  m a in  p o te n tia l. 
N ev erthe less th e  pu rpose  of th e  p re se n t p a p e r is no t to  deal w ith  th e  con
sequences o f overvo ltage  and  vo ltage  tra n s ie n ts .

T he presen ce o f  p o sitiv e  ion s is d estru c tiv e  to  th e in ca n d e sce n t lam p  
b ecau se  b y  n eu tra liza tion  th e y  ab olish  th e  n eg a tiv e  p o ten tia l w a ll, m en tion ed  
a b o v e , and increase th e co n d u c tiv ity  in  th e  gas. G reater c o n d u c tiv ity  again  
fu rth ers th e  ion iza tion  and th is co n tin u es u n til in  an avalan ch e p rocess break- 
doAvn o f  th e  gas occurs. In th e  h igh  co n d u c tin g  p lasm a a short c irc u it  is form 
in g  in con seq u en ce o f  w hich  th e tu n g ste n  f ila m e n t m elts, and i f  fu se s  w ere n ot  
ap p lica ted , th e  arc-discharge — h a v in g  a n eg a tiv e  ch aracteristic  — w ould  
lead  to  further d estru ction s ou tsid e th e  lam p .

IV. Origin o f  the Ions

F ro m  th e  p o in t o f view  of p e rfec tin g  th e  incandescen t lam p  m a n u fa c tu re  
th e  m o st essen tia l question  is: w here do — overvo ltage p rec lu d ed  — these 
p o sitiv e  ions o rig in a te  from , and  how  could  th e y  be e lim in a ted ?

* N ote added in  proof: On g round  of new  ex p erim en ta l ev idence, th e  im p ed ing  
effec t is caused  m ain ly  b y  th e  convective  m o tio n  o f th e  gas w hich in te r fe re s  w ith  th e  
io n ic  d r if t.  R esu lts  on  th is m a tte r  will be p u b lish ed  soon.
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Since ex te rn a l ion iz ing  rad ia tio n s  are  n o t im p o r ta n t  under n o rm a l c o n 
d itio n s , an d  th e  p h o to io n iza tio n  by  th e  lig h t w h ich  is e m itted  from  th e  in c a n 
d escen t b o d y  itse lf  is v a n ish in g ly  sm all, th e  f i r s t  ions m ay  have th e ir  o rig in  
from  insid e  th e  f ila m e n t, or from  its  surface. T he su rface  m ay he c o n ta m in a te d

F ig . 3. P o s itiv e  ion e m iss iv ity  o f a  tu n g s ten  w ire, u sed  in  n o rm a l incandescen t lam p  m a n u 
fa c tu re  h a v in g  a surface o f a b o u t 0,25 cm 2 is p lo tte d  in  a  lo g a rith m ic  scale (am p) a g a in s t th e  
e m i t te r ’s te m p e ra tu re  in  °K . T h e  m easu rem en ts w ere m a d e  b y  a  W ayne — K err p recision  

e le c tro m e te r ty p e  N  141, u s in g  a “ CA 141”  a d a p te r  a n d  a resistance  of 1010 ohm s
T h e  pressu res d u rin g  th e  m easu rem en ts  w ere 1 .1 -  10~9, 1 .6- 10-8 a n d  1.3 • 10-7 

m m  H g  a t  th e  e m itte r  te m p e ra tu re s  of 300, 2400 a n d  2750 °K , respec tive ly , as re g is te red  b y  
a  B a y a rd  — A lp e rt m an o m e te r. T h e  collector p o ten tia ls  a re  m a rk e d  a t  th e  curves

d u rin g  m a n u fa c tu re  or b y  d is in teg ra tin g  t in y  p a rtic le s  from  th e  in n e r side 
o f th e  g lass bu lb .

O ne o f th e  a u th o rs  (E . W i n t e r ) was w ho f i r s t  concluded [ 7 ] ,  on g ro u n d  
o f th e  im p ed in g  e ffec t to  th e  im p o rtan ce  o f  th e  a lkaline  doping e lem en ts 
a d d ed  to  th e  tu n g s te n , as a source of p o sitive  ions. T he sam e possib ility  w as 
su g g ested  tw o  years la te r  also b y  A. G. B u c h a n a n  [1]. In  th e  lite ra tu re  sev era l 
p a p e rs  a re  dealing  w ith  th e  p o sitiv e  ion em iss iv ity  o f  tu n g s te n  [for in s t. 2, 11].

P re su m a b ly  th e  p o s itiv e  ion  em ission is a fu n c tio n  of th e  s in te rin g  process 
ap p lied  in  th e  pow der m é ta llu rg ie  m a n u fac tu re  o f  tu n g s te n : the  longer is th e
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tim e  o f h e a t tre a tin g  before th e  po res o f th e  m e ta l coalesce, th e  few er dop ing  
m a te r ia l  rem ain s in th e  end  p ro d u c t. To c la rify  these c ircu m stan ces  an d  to  
d e te rm in e  th e  p o sitive  ion em iss iv ity  o f  tu n g s te n  wires n o rm a lly  u sed  in 
lam p  m a n u fa c tu re , au th o rs  m ad e  m easu rem en ts  in  u ltra h ig h  v a c u u m  by 
m eans o f a v ib ra tin g  condenser ty p e  e lec tro m e te r .

F o r th e  ex p e rim en ta l tu b e  c o n s tru c tio n  th e  a rran g em en t d esc rib ed  in 
th e  p a p e r o f W i n t e r s  e t al. [11] se rv ed  as a m odel. The m e a su re m e n ts  were 
e x te n d e d  to  th e  follow ing sam p les:

a )  T u n g sten  f ilam en ts  n o rm a lly  u sed  in  th e  form  of coiled co il sp ira ls .
b)  T u n g sten  f ila m e n ts  w hose raw  m a te r ia l  was m ade w ith  th e  sam e 

d o p in g  a d d itio n s  as in  item  a ) ,  b u t  h e a t- t r e a te d  ab o u t h u n d red  t im e s  longer.
c)  F ila m e n ts  from  th e  sam e m a te r ia l  as in item s a)  an d  b ) ,  b u t  w hose 

h e a t- tre a t in g  tim e  w as sh o rte r  by  a fa c to r  o f  ab o u t one-th ird .
d )  an d  e)  Coiled coil f ila m e n ts  ta k e n  o u t from  com m ercia lly  av a ilab le  

lam p s m ade b y  d iffe ren t firm s o f  good re p u ta tio n .
All these  sam ples show ed p o s itiv e  ion em issiv ities.
R esu lts  from  the  m easu rem en ts  o f ite m  a )  are show n in  F ig . 3 , w here 

th e  po sitiv e  ion c u rre n t in fu n c tio n  o f th e  f ila m e n t te m p e ra tu re  is show n. 
P a ra m e te r  is th e  neg a tiv e  v o ltag e  o f  th e  co llec to r. D isregard ing  th e  v a r ia tio n s  
o f  th e  h ea ted  a rea  from  d iffe ren t te m p e ra tu re s , th e  surface o f th e  e m it te r  is 
a b o u t 0,25 cm 2. T he p ressu re  as re a d  o ff b y  an  A lp ert m anom eter w as 1,1 • 1 0 -9 
m m  H g  w ith o u t h e a tin g  th e  e m itte r , an d  1,6 • 10-8 and  1,3 • 1 0 ~ 7 m m  H g 
a t  th e  e m itte r  te m p e ra tu re s  o f 2405 an d  2745 °K respectively . T h ese  resu lts  
a re  in  ag reem en t found  by  W i n t e r s  an d  co llab o ra to rs  (loc. c it.) .

T he tw o o u tp u ts  o f th e  e le c tro m e te r  w ere connected  to  th e  in p u ts  of 
a n  R F T -d o u b le -b eam  oscillograph , ty p e :  E O  2/130. The u p p er b e a m  reg is te red  
th e  noise level o f th e  h ea tin g  c u rre n t, w h ereas  th e  lower show ed th e  e m itte d  
pu lses o u t of w hich  th e  p o sitiv e  io n  c u r re n t consists. The o sc illo g ram m s are 
seen in  F igs. 4, 5. F ig . 4 ch a rac te rizes  a sw itch -on  effect: th e  d .c . h ea tin g  
w as sw itched  on to  th e  tu n g s te n  f i la m e n t in  th e  4 th  second, th e n  a h ea tin g  
u p  p e rio d  begins an d  la s ts  for a b o u t 9,5 sec.

A t th e  beg inn ing  o f th e  em ission , th e  pu lses are alw ays so m e w h a t g rea te r, 
in  acco rdance  w ith  th e  o b se rv a tio n s  o f W i n t e r s  e t al. T h is b e h a v io u r  is 
c e r ta in ly  due to  su rface p h en o m en a  on th e  filam en t. I t  is su p p o se d  th a t  
sm a ll d u s t p a rtic le s  d e tach in g  fro m  th e  in n e r  surface of th e  g lass w all are 
ad so rb ed  on th e  filam en t as i t  cools dow n , and  these p a rtic le s  a re  given 
o ff ag a in  in  th e  h e a tin g  u p  period . I t  is v e ry  lik e ly  th a t  these in c rea sed  positive  
ion  b u rs ts  are a lw ays im p o r ta n t  in  th e  sw itch in g  on processes, s ince  i t  is a 
w id esp read  o b se rv a tio n  th a t  th e  lam ps o ften  fail a t  th is  m o m e n t. F ig . 5 
d e m o n s tra te s  a sw itc h -o u t p rocess. I t  can  h e  seen, th a t  th e  te m p e ra tu re  soon 
falls dow n to  su ch  a va lu e , a t  w h ich  th e  p o s itiv e  ion em ission ceases, an d  th e  
p u lses dissolve in  th e  reg ion  o f th e  a m p lif ie r’s noise.
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F ig . 4 . Positive  ion pulses as o b se rv ab le  in u ltrav acu u m  b y  a ca th o d e  ray  oscillograph; lo w e r  
b e a m  connected  to th e  o u tp u t  o f  th e  W ayne —K err e le c tro m e te r. (U pper beam : noise in  th e

heating  c u rre n t.)
T h e  heating  c u rre n t w as sw itch ed  on a t —31,5 m m , ta k in g  th e  vertica l m iddle  lin e  as 

zero . T h e  em ission begins a f te r  5,5 seconds a t —6 m m ; th e  m a x im u m  em ission is in  th e  m id d le  
l in e ;  la te r  th e  pulses a p p ea r  s ta tis t ic a l ly  d istrib u ted . T h e  sw eep ing  speed is 2,2 sec/cm . V e r t i

ca lly  1,4 • 10“ 11 amp. co rresp o n d s to  1 cm

F ig . 5. C R O -gram  of p o sitiv e  io n  pulses as in Fig. 4. S w itc h -o u t effect. The h ea tin g  c u rre n t 
w a s  sw itch ed -o u t a t  — 18 m m , th e  emission ceases a f te r  2 seconds a t  — 9 m m ; a f te rw a rd s  
th e  a m p lif ie r  noise is v is ib le  c o n sis tin g  of the v ib ra tin g  c o n d e n sa to r’s 1000 H z freq u en cy

F ro m  the  p o in t o f  v iew  of the p roblem  d iscu ssed  here, th e  f in d in g s  of 
W i n t e r s  et al. are also  v e ry  im p o rtan t in a sm u c h  as th e  presence o f  sm all 
t r a c e s  o f  oxygen and  w a te r  h a v e  a favourable e ffec t on  th e  positive ion em ission , 
a n d  th ere fo re  increase th e  ten d en cy  for arc ing . T h e  in v es tig a tio n  of item  b),  
w h ic h  suffered a h u n d re d  tim e s  longer h ea t t r e a tm e n t ,  y ielded alm ost th e  sam e
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re su lt as th a t  of item  a )  in Fig. 3. A nd , in  g en era l, all sam ples w ith  th e  e x cep 
tio n  o f  item  c)  d iffered  little  from  each  o th e r  reg a rd in g  th e ir  po sitiv e  ion  em is- 
s iv ity . O bserv ing  th e  b eh av io u r of item  c)  w ith  th e  oscilloscope, m u ch  la rg e r 
im pulses w ere fo und , h u t th e  frequency  o f th ese  im pulses was n o t g re a te r  th a n  
in  th e  o th e r  sam ples. These s ta te m e n ts  m u s t he ta k e n  b u t as p re lim in a ry  and  
fu r th e r  in v es tig a tio n s  are p lanned  in  th is  m a tte r .

A com m on sho rtcom ing  of th e  em ployed  m easuring  m e th o d  in  sealed  
v a c u u m  tu b e s  is to  he re s tr ic ted  on ly  to  p rev io u sly  degassed f ila m e n ts . One 
m u s t th u s  renounce  to  th e  in v es tig a tio n  o f  th e  m a te ria l w hich com es d u rin g  
th e  w hole life o f th e  filam en t to  em ission in  th e  form  of p o sitive  ions. T o  d e te r 
m ine th is  q u a n ti ty  w ould also be o f  im p o rta n c e  from  th e  p o in t o f v iew  o f th e  
lam p s. F o r th is  reason  u n d er th e  in d u cem en t o f one of th e  a u th o rs  (E . W i n 

t e r ) p re lim in ary  ex am in a tio n s w ere m ad e  b y  P . R o b o z  [ 3 ]  b y  m ean s o f a 
m ass-sp ec tro g rap h  of m edium  sen sitiv ity . A ccord ing  to  his re su lts  a d ifference 
w ith in  an  o rd e r o f m ag n itu d e  was found  b e tw een  sam ples o f th e  item s a )  and  
b),  th e  p ositive  ion em issiv ity  (m ain ly  p o ta ss iu m ) o f the  second ty p e  b e in g  less. 
A re p e titio n  and  ex tension  o f th ese  m easu rem en ts  is p lanned  w ith  g re a te r  
sen s itiv ity .

T he life perfo rm ance and  effic iency  (lm /W ) te s ts  o f lam ps m ad e  w ith  
filam en ts  from  th e  sam e tu n g s te n  m a te ria l as item  b) d id  no t d iffe r a p p re 
c iab le  from  th a t  o f item  a).

V. Statistical Analysis

F ro m  th e  above experim en ts one can  conclude th a t  th e  p o s itiv e  ion 
pulses m ay  s ta tis tic a lly  p lay  a role in  th e  life perform ance of in can d escen t 
lam p s, in asm u ch  as th e  larg est b u rs ts  possib ly  give in c ite m e n t to  arc ing .

To g et a deeper u n d erstan d in g  o f  th e  w h o le  problem  a s ta t is t ic a l e v a lu 
a tio n  o f  th e  e v e n t  during m an u factu re is m ade. The am ou n t o f  th e  reject  
per w ork in g  sh ift due to  arc failure o f  a com m on  ty p e  in ca n d e sce n t lam p  
w as recorded  over a longer period o f  t im e , so assem b lin g  d ata  o f  m ore th an  
one m illion  lam p s. I f  on th e  ab scissae th e  rejects during a sh ift w ere ex p re s
sed in p ercen tages, and on th e  ord in ates th e  num ber o f  th e  corresp on d in g  
Avork sh ifts  w ere p lo tted , a sk ew -sym m etric  d istrib u tion  ap peared  w ith  the  
m a x im u m  nearer to  th e  origin.

If, how ever, one p lo ts th e  sam e o rd in a te s  aga in st th e  lo g a rith m s  o f th e  
abscissae — so perfo rm ing  a sim ple tra n s fo rm a tio n  —, one o b ta in s  th e  d is tr i
b u tio n  show n in Fig. 6. H ere th e  scale fo r th e  o rd in a tes  was acco rd in g  to  the  
n o rm a l d is tr ib u tio n , w hereas th e  abscissae w ere p lo tted  in  a rb i t r a ry  u n its . 
As a consequence of th is  a rb itra rin e ss , th e  m ean  value an d  th e  s ta n d a rd  
d e v ia tio n  correspond  b y  no m eans to  rea lities! T he po in ts in th e  g ra p h  are
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m a in ly  g rouped  a b o u t a s tra ig h t line. F ro m  th is  b eh av io u r one can  in fe r th a t  
th e  occu rrence  o f th e  a rc fa ilu re  in  th e  m a n u fa c tu re  has a logarithm ic  n o rm al 
d is tr ib u tio n .

T h e  m ean ing  o f  th is  fa c t is th a t  in  th e  process o f arcing — as in  an y  
o th e r  processes w ith  a n o rm a l d is trib u tio n  — m a n y  causes to g e th e r m u s t p la y

F ig . 6. S ta tis t ic a l  d is tr ib u tio n  o f arc-fa ilu re  re je c ts  in  in can d escen t lam p  m a n u fa c tu re ; 
lo g a rith m ic  tran s fo rm a tio n ; a r b i t r a r y  u n i ts ,  see te x t

a ro le , a n d  th e  occu rrence  o f  th e  ev en t d ep en d s on  th e  d irection  in  w hich  th e  
e q u ilib riu m  o f th e  p ro m o tin g  and  of th e  h in d e rin g  ac tions is upset. T h is c ir 
c u m s ta n c e  m u s t be em p h asized , because i f  th e  a rc  fa ilu re  w ould be b ro u g h t 
a b o u t b y  one single cause  — w hich w ould  occur f re q u e n tly  b u t  w ith  a v e ry  sm all 
p ro b a b il i ty  — th e n  th e  d is tr ib u tio n  w ould  d iffe r d e fin ite ly  from  th a t  show n 
in  F ig . 6. In  an y  case i t  M ou ld  also be in s tru c tiv e  to  determ ine  th e  s ta tis t ic a l  
d is tr ib u tio n  of a rc -fa ilu re  ev en ts  during  such  a perio d  in w hich th e  re jec ts  
a re  in  consequence o f  th is  fa ilu re  ab n o rm ally  h ig h . I t  is v e ry  p robab le , an d  one 
can  f in d  in d ica tio n  in  th e  lite ra tu re , too , t h a t  th e  te m p o ra rily  suffered  la rg e r 
defic iencies due to  a rc -fa ilu re , are caused b y  excessive  positive ion em issiv ity ..
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I t  is possible th a t  th e  o bserved  m uch sh o rte r  life tim es of th e  n o rm a l lam ps 
m ay  som etim es be tra c e d  also to  th e  sam e cause [1].

VI. The In itia l L igh ting  Schedule

The experiences g a th e re d  b y  m eans o f th e  in v estig a tio n s describ ed  above 
has d raw n  th e  a t te n tio n  m ore  decidedly  to  th e  f la sh in g  schedule in  th e  m an u 
fa c tu re  of the  lam p s, th e  im p o rtan ce  of w hich  has been em p h asized  in the 
l i te ra tu re  as w ell [1].

U p to  th e  p re se n t th e  flash ing  process o f  no rm al lam ps co n sis ted  w ith o u t 
excep tion  in a s tep  b y  s tep  h ea tin g  up  o f th e  f ila m e n t, beg in n in g  f i r s t  a t  an 
u n d e rra te d , and  in c reased  afte rw ard s in  sh o rt periods to , or so m ew h a t over 
th e  ra te d  v o ltage . T h is g rad u a l process w as n o t only  th o u g h t as in ev itab le  
in  o rd e r to  avo id  excessive arc-failu res d u rin g  m a n u fa c tu re , b u t  a lso  as ad v a n 
tag eo u s for th e  re c ry s ta lliz a tio n , degassing a n d  d eco n tam in a tio n  o f  th e  tu n g sten  
f ilam en t.

A ccording to  th e  experience of th e  a u th o rs , how ever, th e  c o n tra ry  can 
be s ta te d : I t  w as th e  o b se rv a tio n  of Miss E . Szénfy* [4] w hich h ith e r to  has 
been proved  in all sm all sam ple  ex p erim en ts  th a t  th e  lam ps w hich w ere flashed 
d irec tly  a t th e  r a te d  v o ltag e  — whose h e a t- tre a t in g  process w as there fo re  
m ore active , d ec ided ly  gave a b e tte r  p erfo rm an ce, com pared  w ith  th o se  receiv
ing a g radua l h e a t- tre a tm e n t. The im p ro v e m e n t expressed  in  S ta n d a rd  Corn- 
p a ra tio n  E ffic iency  fo r 1000 hours life tim e , w as alw ays m an ife s t b y  several 
un its .**  The e x p la n a tio n  fo r th is  am e lio ra tin g  effect is s till la ck in g . U p to  
th e  p resen t only  suggestions were given to  f in d  th e  cause in  th e  m ore  ap p ro 
p r ia te  rec ry s ta lliz a tio n  process and  b e tte r  g e tte r in g  ac tion  in  consequence  of 
th e  m ore ac tiv e  h e a t t re a tm e n t.

To overcom e th e  d ifficu lty  of h av in g  in to le ra b ly  large re je c ts  in  m an u 
fa c tu re  because o f in itia l a rc-failu res, n ev erth e less  u tiliz ing  th e  su p erio rity  
o f th e  in s ta n ta n e o u s  sw itch-on  m ethod , one o f  th e  au th o rs  (E . W inter) 
m ade th e  proposal [7] to  ap p ly  som e ad d itio n s  to  th e  usual g e tte r  m a te r ia l. In  th e  
fla sh in g  process th e se  sm all add itions im m e d ia te ly  ev ap o ra te  fro m  th e  surface 
of th e  filam en t, th e y  b in d  in  m olecular co m p o u n d s th e  im p u ritie s , a n d  in  th a t

* Head of section of the Tungsram Works Ltd., now in retirement.
**The “Standard Comparation Efficiency percentage for 1000 hours” is convenient 

for the evaluation of the quality of identical types of lamps, and makes use of the intercon
nection which exists between the lumen per watt efficiency and the lifetime of the incandescent 
lamp.

It was agreed by international convention that a certain lumen per watt efficiency for 
which the lamp has 1000 hours lifetime, is called 100%. If the efficiency is greater for 1000 
hours lifetime as was standardized, this augmentation is expressed in percents; if however, 
the lifetime is greater, the efficiency is converted, according to empirical relations, to that 
corresponding to 1000 hours.
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w a y  e lim in a te  the p o s itiv e  io n s  [10]. The effect o f  such an  ac tio n  m a y  be 
in te r p r e te d  on ground o f th e  p a p e r  b y  R. H . Cl a p p  [12] who found  in  th e  course 
o f  h is  ex perim en ts t h a t  th e  t o ta l  em ission o f an  in can d escen t f i la m e n t — o b 
s e rv e d  w ith  th e  aid of a c o lle c to r  p la te  — was a lw ays larger w hen  th e  lam p  
w as f i r s t  lit. This b e h a v io u r  h e  ascribes to  th e  v o la tilized  im p u ritie s  w hich 
fo rm  a h igh ly  conductive  p la sm a  su rround ing  th e  f ilam en t.

T h e  arc in h ib itin g  p o te n c y  o f the  above m en tio n ed  ad d itio n s  ceases 
to  b e  a c tiv e  during th e  la te r  life  o f th e  lam p b ecau se  o f th e ir  im m ed ia te  e v a p 
o ra t io n , b u t  the  a m e lio ra tio n  b ro u g h t ab o u t in  th e  f irs t  in s ta n t  rem ain s 
s e c u re d  fo r its  whole life. F in a lly , as is well k n o w n , if  lam ps h av in g  a h ig h er 
S C E %  a re  used w ith o u t th is  ga in  in  lm /W  effic ien cy , are  also co n sid e rab ly  
s a fe r  in  respect to  th e  u n e x p e c te d  arc-failures. T h is m eans th a t  th e  a d v a n ta g e  
o f  th e  “ in s ta n t  sw itch-on  p ro cess '” ind irec tly  p re se n ts  itse lf  also in  th is  fie ld .

A  m edium  sized w o rk sh o p  exp erim en t w as m a d e  accord ing  to  th is  schem e 
u s in g  220 Y, 100 W, n o rm a l, co iled  coil f ila m e n t lam p s. T he in s ta n t  sw itch -on  
m e th o d  to  th e  ra ted  v o lta g e  w as applied. T he re je c t  due to  in itia l a rc -fa ilu res 
w a s  b y  no  m eans g re a te r  t h a n  th a t  in  th e  n o rm a l process in  wdiich th e  u su a l 
s te p -b y -s te p  heating  w as e m p lo y ed .

T h e  am eliorating  e ffec t w as m an ifested  b y  a ga in  o f 4,5 S C E %  1000 h.
T h e  success of th is  m e th o d  verifies w h a t h a s  been  s ta te d  in  th e  in t ro 

d u c t io n  ab o u t the g enera l te c h n ic a l progress.
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DAS PROBLEM DES LICHTBOGENABBRANDS IN GASGEFÜLLTEN GLÜHLAMPEN
E . W I N T E R  u n d  T .  Z .  S Z E L É N Y I

ZUSAMMENFASSUNG

Die Ursachen des schädlichen Bogenabbrands von gasgefüllten Glühlampen werden 
im Zusammenhang mit der Schutzwirkung der Elektronenraumladung und der zerstörenden 
Wirkung der positiven Ionen untersucht. Die positive Ionenemission von verschiedenen in der 
Glühlampenfabrikation verwendeten Wolframwerkstoffen wurde in Abhängigkeit von der 
Glühtemperatur gemessen. Ein Diagramm und das Oszillogramm der Ionenimpulse beim Ein- 
und beim Ausschaltvorgang werden mitgeteilt. Aus statistischen Angaben wird gefolgert, daß 
der anfängliche Bogenabbrand nicht auf einen einzigen Faktor zurückgeführt werden kann, 
sondern daß er die Konsequenz des Zusammenspiels von verschiedenen Umständen, und von 
deren Auftreten in verschiedenem Ausmaß, ist. Die wichtige Rolle der Art des ersten Auf
heizens der Lampe wird unterstrichen, sowie die günstige Wirkung des plötzlichen Aufheizens. 
Als Ergebnis eines Betriebsversuchs von mittlerem Ausmaß, bei welchem die anfänglichen 
Bogenabbrände mit Hilfe eines dem üblichen Getter aus rotem Phosphor beigemischten Zu
satzmaterials beseitigt wurden, ist es gelungen, im Vergleich zur normalen Fertigung eine Ver
besserung um 4,5% SCE pro 1000 Stunden zu erzielen.

LE PROBLÈME DE LA DÉFECTUOSITÉ DUE A L’ARC DANS DES LAMPES 
A INCANDESCENCE REMPLIES DE GAZ

E .  W I N T E R  e t  T .  Z .  S Z E L É N Y I

RÉSUMÉ

Les auteurs examinent les causes du processus de détérioration due à Parc qui se produit 
dans les lampes à incendescence remplies de gaz, en relation avec l’action préservative de la 
charge spatiale électronique et l’action destructive des ions positifs. L’émission ionique positive 
de différents tungstènes utilisés pour la fabrication des lampes a été mesurée en fonction de 
la température. Un diagramme et l’oscillogramme des impulsions ioniques pendant la fer
meture et l’interruption du potentiel sont communiqués. Les auteurs déduisent des don
nées statistiques que le processus initial ne peut pas être ramené à un facteur unique, mais
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est produit par le concours de nombreuses circonstances. Le rôle important du premier chauf
fage et l’effet favorable du chauffage brusque sont soulignés par les auteurs. En résultat d’un 
essai d’ampleur moyenne fait en usine, au cours duquel le processus initial a été éliminé par des 
produits d ’addition mélangés au getter de phosphore rouge, on a pu obtenir une amélioration 
de 4,5 % SCE par 1000 heures de service par rapport au procédé de fabrication normal.

ВОПРОС ДУГОВОГО СГОРАНИЯ ГАЗОНАПОЛНЕННЫХ ЛАМП НАКАЛИВАНИЯ
Э. В И Н Т Е Р  и Т. 3.  С Е Л Е Н И

РЕЗЮМЕ

Причины вредных процессов дугового сгорания газонаполненных ламп накали
вания рассматриваются в зависимости от защитного действия заряда электронного поля 
и разрушающего действия положительных ионов. Положительная ионная эмиссия раз
личных вольфрамовых материалов, применяемых в производстве ламп накаливания, 
измерялась в функции температуры накаливания. В работе приводится график этих 
измерений и осциллограмма ионных толчков в процессе включения и выключения. На 
основе статистических данных можно сделать вывод, что начальное дуговое сгорание 
нельзя свести к одному единственному фактору, а является следствием ряда обстоя
тельств и возникновения их в различной степени. Необходимо подчеркнуть важность 
первого метода накала ламп и сообщается благоприятное действие т. н. «врезания». В 
результате средних по масштабам производственных опытов, — при помощи которых 
добавками, примешиваемыми к обычному геттеру из красного фосфора, устраняются 
начальные дуговые сгорания, — удалось добиться улучшения порядка 4'5 SCE%/1000 час  
по сравнению с обычным производством.
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THE EFFECT OF SHEARING FORCE ON THE 
BUCKLING LOAD BEYOND THE LIMIT 

OF PROPORTIONALITY

ARVO YLINEN
P R O F . ,  D .  SC .  T E C H N .

F I N L A N D  I N S T I T U T E  O F  T E C H N O L O G Y ,  H E L S I N K I  

[Manuscript received September 19, 1964i]

The author presents a new approach for solving the problem of the effect of shearing 
force on the buckling load above the limit of proportionality. The solution is given in such 
a form that it is valid both below and above the limit of proportionality. The basic equation 
for the determination of the effect of shearing force is given in eq. (22). With a view to obtaining 
some idea of the effect of shearing force on the critical length of the column, Table 2 presents 
the calculated values of ratio for columns made from structural steel St 52.

W hen b u ck lin g  occurs in a c e n tra lly -lo ad e d  colum n w hich is in it ia lly  
s tra ig h t, th e  cross sec tions o f the  co lum n a re  n o t an y  longer p e rp e n d ic u la r  
to  th e  com pressive force, an d  shearing  forces a p p e a r . The effect o f th e se  forces 
on th e  buck ling  load  below  th e  lim it o f p ro p o r tio n a lity  is well k n o w n . H ow 
ever, c la rifica tio n  o f th e  effect of shearing  fo rces beyond  the  lim it o f  p ro p o r
tio n a lity  is fa r from  com p le te  and p a r tly  in c o rre c t. This p ap er is co n cern ed  
w ith  a new a p p ro ach  to  so lu tion  o f th e  p ro b lem  of th e  effect ex erc ised  b y  
shearin g  force on th e  c ritica l load beyond  th e  lim it o f p ro p o rtio n a lity . T he 
so lu tion  is given in  such  a form  th a t  it is va lid  b o th  below and above th e  lim it 
o f p ro p o rtio n a lity .

L e t us consider a s tra ig h t co lum n, b u il t  in  a t  th e  b o tto m , a n d  lo ad ed  
ax ia lly  a t  th e  to p . T he coo rd in a te  axes are ta k e n  as ind ica ted  in F ig . 1. W hen  
th e  co lum n is assum ed  to  be in a sligh tly  d e fle c te d  position  th e  b en d in g  m o m en t 
a t  an y  cross sec tion  m n  is

M  =  — F  (ô — y ) , (1)
an d  th e  shearin g  force

Q =  d M  =  F  d y  . 
d x  d x

T he d ifferen tia l e q u a tio n  o f th e  deflection  c u rv e  is

d^y_ =  _  M _  , dQ_ (3)
dx'1 E a I  GlT A  dx

w here th e  f ir s t  te rm  on th e  rig h t side d en o te s  th e  cu rv a tu re  o f th e  co lum n  
as a re su lt o f b en d in g  m o m en t M ,  an d  th e  seco n d  a re su lt o f shearin g  force Q. 
Q u a n tity  I  d eno tes th e  sm allest m om ent o f  in e r t ia  of th e  cross-section , A  th e

26* Acta  Techn. H u n g . 50 . (1 9 6 5 )



404 A. YLINEN

c ro ss-sec tio n a l area o f th e  co lum n , and  a a n u m e ric a l fac to r d ep en d en t on  th e  
sh a p e  o f  th e  cross sec tion . F o r  a re c ta n g u la r  cross-section , a =  1.2, a n d  for 
a c irc u la r  cross-section, a =  1.11. F o r an  I  b e a m  b e n t in  th e  p lan e  o f  the  
f la n g e s , th e  value o f fa c to r  a ^  1.2 A/Af ,  w here  Aj  is th e  area o f  th e  tw o 
fla n g e s . I f  an  I  beam  is b e n t  in  th e  p lane  o f  th e  w eb, fac to r a ^  A / A w, w here 
A w is  th e  a rea  of th e  w eb.

I n  e q u a tio n  (3), th e  v a ria b le  m odulus o f  e la s tic ity  E a, and  th e  v a ria b le  
m o d u lu s  o f  rig id ity  Ga, b o th  d ep en d en t on th e  com pressive stress a  =  F /A ,

h a v e  b e e n  in tro d u ced  to  re n d e r  th e  e q u a tio n  v a lid  for th e  en tire  ra n g e  of 
b u c k lin g .

O n  in tro d u c tio n  o f th e  expressions M  a n d  Q from  equa tions (1) a n d  (2) 
in to  e q u a tio n  (3), th e  d iffe ren tia l eq u a tio n  o f  th e  colum n becom es

F- ( ô - y ) + ^ L ? l ï
d x 2 E T  G A dx>

dx- E T
a F

G ~A

^ A à - y ) .

B y  u s in g  th e  n o ta tio n

K ï  II

w e c a n  w rite  eq u a tio n  (4) in  th e  form

d 2 y

a F
G A

dx-
+  p 2 y  =■■ p -  à .

(4)

(5)

( 6 )
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EFFECT OF SHEARING FORCE ON THE BUCKLING LOAD 405

T h e general so lu tion  o f th is  e q u a tio n  is

y  =  <5 +  A  cos p x  В  sin p x ,

in  w hich  A  and В  a re  c o n s ta n ts  of in te g ra tio n . T hese m u st be d e te rm in e d  
from  th e  following co n d itio n s a t  th e  b u ilt-in  end  o f th e  co lum n:

d y

dx L o
=  0 .M x - 0  =  ° -  

T hese conditions are  fu lfilled  if

A  =  — Ô, В  =  0 .
T h en

у  =  Ô ( 1 — cos p x ) .

T h e cond ition  a t  th e  u p p e r  end  o f th e  co lum n requ ires th a t

Ы х -l  =  0 ’ 

ô • cos p i  =  0 .

( ? )

w hich  is satisfied  if

T h is e q u a tio n  req u ires  t h a t  e ith e r  ô =  0 or cos p i  =  0. I f  <5 =  0, th e  co lum n 
rem a in s  s tra ig h t an d  th e re  is no buck ling . I f  cos p i  — 0, we m u s t h a v e

p /  =  (2 n  +  l ) y ( 8 )

w here  n is an  in teger. T h e  sm allest va lu e  of p i ,  an d  therefo re  o f F ,  w h ich  s a t is 
fies eq u a tio n  (8), is o b ta in e d  b y  ta k in g  n — 0. T hen , by  using  n o ta t io n  (5), 
we o b ta in  for th e  c ritica l v a lu e  o f th e  load F  th e  equa tion

p i  =  l
c iF  I

G „ A  I

(9)

Below  th e  lim it o f p ro p o rtio n a lity , w here E a — E  and  Ga =  G a re  c o n s ta n t, 
e q u a tio n  (9) can be so lved  fo r F ,  th u s  giving

w here

F cr =
1 +  aFe

GA

n ' E

( 10)

(И)

re p re se n ts  the E u le r c ritica l load  for th e  end  conditions, re p re se n te d  in  
F ig . 1. T hus, owing to  th e  effect o f shearing  forces, th e  c ritica l lo a d  is d im i-
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n ish e d  in  the  ra tio 1
1

1 +
G A

( 1 2 )

S in ce  th e  value of r a t io  (12) is alw ays < 1 ,  F cr is sm aller th a n  th e  E u le r 
c r i t ic a l  load  (11) c o m p u te d  fo r  th e  sam e le n g th  o f  th e  colum n, b u t  ignoring  
th e  e ffec t o f shearing  fo rc e s .

A bove the  lim it o f  p ro p o r tio n a lity , b o th  th e  m odulus o f e la s tic ity  E a 
a n d  th e  m odulus of r ig id i ty  Ga are  dep en d en t on  th e  com pressive s tre ss  a =  
=  F I A ,  and  equation  (9) c a n n o t, in  general, be so lv ed  fo r F.  In s te a d , i t  can 
b e  so lv ed  for the c ritic a l le n g th  /, thu s  o b ta in in g

r
! K i 1 —

a F

F
(13)

T h e  u se  o f th is eq u a tio n  a ssu m es th a t we know  how  th e  value of th e  m odulus 
o f  e la s tic ity  E a and  t h a t  o f  th e  m odulus o f r ig id ity  Ga, are d ep en d en t on the  
co m p ress iv e  stress a =  F I  A .

L e t us firs t co n sid e r th e  m odulus o f e la s tic ity  E a. I f  i t  is assum ed  th a t  
n o  s t r a in  reversal ta k e s  p la c e  on the  convex  side  o f  th e  b en t co lum n w hen 
i t  p a sse s  from  the s t r a ig h t  fo rm  to  the  a d ja c e n t d e flec ted  co n fig u ra tio n , the  
d e fo rm a tio n  is, acco rd in g  to  E n g e s s e r ,2 c o n tro lle d  b y  th e  ta n g e n t m odulus

K  =
da

de
(14)

w h ic h  corresponds to  th e  b u c k lin g  stress. T h is v a lu e  o f  th e  m odulus o f e la s tic ity  
m u s t  be  used in e q u a tio n  (13) in stead  o f E a w h en  i t  is em ployed  for d e te r
m in in g  th e  effect of s h e a r in g  force on th e  c ritic a l le n g th  of th e  colum n.

F o r  investiga tion  o f  th e  value of th e  v a r ia b le  m odulus of r ig id ity  Ga 
in  e q u a tio n  (13), we f i r s t  a ssu m e  th a t  th e  c o lu m n  has a re c ta n g u la r  cross 
s e c tio n  an d  th a t  th e  d e f le c tio n  occurs in  th e  d ire c tio n  o f  one side o f  th e  cross 
s e c tio n . I t  can th en  he  a ssu m e d  th a t  th e  s tre ss  d is tr ib u tio n  in  th e  co lum n is 
p la n e . In  Fig. 2, abed r e p re s e n ts  a sm all re c ta n g u la r  e lem ent c u t from  the  
c o lu m n  under stress. I t  is  assum ed  th a t  sides ab a n d  cd are p a ra lle l to  th e  
lo n g itu d in a l  axis x  o f th e  co lu m n . The p r in c ip a l  directions rp are d e fin ed  by  
e q u a tio n

2 T
ta n  2 <p = ------------  . (15)

a x -  a y

1 T h is  resu lt was f i r s t  o b ta in e d  by  F. E n g e s s e r , Zentra lb lau  der B auverw altung , vol. 
11 (1891), p. 483.

2 F . E n g e s s e r ,  Z e itsch r ift  des Architekten- und  Ingen ieu r-V ere in s zu H annover. 1889,
p .  4 5 5 .
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EFFECT OF SHEARING FORCE ON THE BUCKLING LOAD 407

F rom  th is  eq u a tio n  tw o  p e rp en d icu la r d irec tio n s  can be fo u n d  fo r w hich 
th e  sh ea rin g  stress is zero . T h e  principa l axes o f  s tra in  are d e te rm in e d  by  the 
e q u a tio n

ta n  2 ip =  -----—----- , (16)
— 6 y

w here y  =  y xy is th e  sh e a r in g  s tra in , an d  ex a n d  ey are th e  u n i t  elongations 
in  th e  X -  and  y -d irec tio n s , respective ly . W hen  a colum n, m ade from  hom o

geneous an d  in itia lly  iso tro p ic  m a te ria l, is lo ad ed , th e  p rin c ip a l d irec tio n s f  
co incide w ith  th e  p rin c ip a l axes y> b o th  below  an d  above th e  lim it o f p ro 
p o rtio n a lity . T hus, fro m  eq u a tio n s  (15) an d  (16) th e  shearing  s tra in  is derived

y  =  2 г
и .  — a,,

B y ex p ress in g  th e  tra n s v e rs e  u n it e longation  in  th e  form  ey =  — vex, where 
V d en o tes  th e  P oisson’s r a t io , an d  observ ing  t h a t  cty =  0, we o b ta in

(1 + V > r
ax/e

A ccord ing  to  th e  com pression  te s t d iag ram , rep resen ted  in  F ig u re  3,

(17)

)
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B y  in tro d u c in g  th is in to  e q u a tio n  (17), we h av e

2(1  +  ») T

-^sec
( 19)

B elow  th e  lim it of p ro p o r t io n a li ty , w here th e  m a te r ia l  obeys H o o k e ’s law , 
sh e a r  s t r a in  y  is p ro p o rtio n a l to  sh ear stress т  a n d  th e  re la tio n  b e tw een  th e  
sh e a r  s t r a in  and the  sh ea r s tre s s  can  be expressed  b y  th e  form ula

У = ( 20 )

in  w h ic h  G denotes th e  m o d u lu s  o f  rig id ity . B y  rea so n  o f th e  s im ila rity  b e tw een  
e q u a tio n s  (19) and (20), we c a n  conclude th a t  th e  in v erse  value of th e  fra c tio n  
in  e q u a t io n  (19) can be d e n o te d

2 (1  +  ») ’
( 21)

in  w h ic h  Ga is the  v a riab le  m e d u lu s  c f  r ig id ity . B elow  th e  lim it o f p ro p o r tio n a l
i ty  E sec — E ,  and eq u a tio n  (21) is reduced  to  th e  w ell know n fo rm u la

G =
E

2 ( 1 + » )

O n  replacing th e  v a r ia b le  m odulus o f e la s tic ity  E a in  e q u a tio n  (13) 
b y  th e  ta n g e n t m odulus E t, a n d  in troduc ing  th e  exp ression  of Ga from  e q u a tio n  
(21), w e ge t

IСГ

I  E ,  I 1 -
2 ( l  +  v ) a F |

-®sec A
1 F

( 2 2 )
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EFFECT OF SHEARING FORCE ON THE BUCKLING LOAD 4 0 9

T his is th e  basic  e q u a tio n  for d e te rm in a tio n  o f  th e  effect o f sh ea rin g  fo rce  on 
th e  c ritic a l load  o f a cen tra lly -lo ad ed  s tra ig h t  colum n w ith  a r e c ta n g u la r  
cross-section . I t  can  also be used  for co lum ns w ith  o th e r  section fo rm s, a lth o u g h  
to  a lesser degree o f accuracy . The e q u a tio n  is v a lid  b o th  below  a n d  a b o v e  th e  
lim it o f  p ro p o rtio n a lity .

T he fu n d am en ta l re la tio n sh ip  b e tw een  b u ck ling  load an d  c ritic a l len g th  
o f th e  colum n over th e  en tire  ran g e  o f  b u ck lin g  can be d e te rm in e d  from  
eq u a tio n  (22) for a n y  hom ogeneous an d  iso tro p ic  s tru c tu ra l m a te ria ) , p ro v id ed  
a com ple te  com pressive s tre ss-s tra in  d ia g ra m  o f th e  m ateria l is a v a ila b le .

Table 1
E , Oy and c o f  some materials

M a te r i a l
E

kp/cm2 kp/cm2 C

Steel S t 37 ................................................. 2 100 000 2 400 0,977

Steel S t 52 ................................................. 2 100 000 3 600 0,977

M agnesium  alloy (E lectron) .............. 460 000 1 000 0,857

C o n c re te ........................................................ 250 000 280 0,606

F inn ish  pine ............................................ 125 000 450 0,875

In  m a n y  cases, how ever, i t  is a d v a n ta g e o u s  to  ap p ro x im ate  th e  s tre s s -s tra in  
d iag ram  w ith  a su itab le  fu n c tio n , an d  to  deduce from  it  th e  c o rre sp o n d in g  
exp ression  fo r ta n g e n t m odulus E,  a n d  secan t m odulus a cco rd in g  to
fo rm u lae  (14) an d  (18). T he fu n c tio n  chosen  shou ld  con ta in  a su ffic ien t n u m b er 
o f free  p a ra m e te rs . B y choosing th ese  a p p ro p ria te ly , i t  is possib le  to  m ake 
th e  va lu es  o f  th e  fu nc tion  coincide w ith  th e  ex p erim en ta l values o f  th e  co m p res
sion s tre ss -s tra in  d iagram .

F o r ap p ro x im a tio n  o f th e  s tre s s -s tra in  d iagram , in  w h a t follow s is 
em p lo y ed  th e  fu n c tio n 1

c a — (1 — c) <7V In
a

1 -
_

in  w hich  E  deno tes th e  m odulus o f  e la s tic ity , ay y ie ld -po in t s tre ss  in  co m p res
sion, an d  c a d im ensionless p a ra m e te r  w ith  a value w hich d e p e n d s  on th e  
sh ap e  of th e  s tre ss-s tra in  d iag ram . B y  m ean s o f th e  value c =  1, fu n c tio n  (23) 
is red u ced  to  H ooke’s law . T ab le  1 p re se n ts  th e  values of th e  p a ra m e te r  c 
o f  som e m a te ria ls .

To h av e  a general idea  o f th e  fo rm  o f th e  stress-s tra in  d ia g ra m s  re p re 
se n te d  b y  fu n c tio n  (23), th is  is p u t  in to  a m ore su itab le  fo rm  fo r g raph ica l

1 See th e  a u th o r’s p ap er in  Publ. In tern . A ssoc. Bridge Structural E n g .,  vo l. 16 (1956),
p . 529.
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re p re s e n ta t io n  b y  th e  m u ltip lic a tio n  of b o th  sides b y  th e  ra tio  E ja y, 
g ives

=  c ---------(1 — c) In  1 —
Jy

w hich

(24)

In  co m p ariso n  w ith  (23), th is  d im ensionless fo rm 1 possesses th e  a d v a n ta g e  
t h a t  E  e/oy is a fu n c tio n  o n ly  of ra tio  ty/ay a n d  p a ra m e te r  c. H ow ever, on th e  
r ig h t  s ide  o f e q u a tio n  (23) th e re  are  four v a r ia b le  q u a n titie s , E, a, ay a n d  c. 
T h e  s tre s s -s tra in  cu rv es  acco rd in g  to  eq u a tio n  (24) i t  m a y  be seen from  I ’igu re  4,

F ig . 4. D im ension less s tre s s -s tra in  d iagram s in  a cc o rd an c e  w ith  eq u atio n  (24)

in  w h ich  cr/cTy is p lo tte d  a g a in s t E  е \<уу ,  w ith  c as p a ra m e te r . I t  can be o b served  
t h a t  as th e  v alue  of c beco m es la rger, th e  sm alle r is th e  dev ia tion  of th e  s tress- 
s tr a in  cu rv es  from  th e  b ro k e n  line form ed b y  H o o k e ’s line o\ey =  E  eloy 
a n d  th e  h o rizo n ta l line  ff/<7y — 1 correspond ing  to  th e  y ie ld -po in t s tre ss .

F ro m  s tre ss -s tra in  fu n c tio n  (23), we o b ta in  in  accordance  w ith  e q u a tio n  
(14) th e  ta n g e n t m odu lus

1 -

E, — E (25)

In  F ig u re  5, th e  ra tio  E tj E  is p lo tte d  aga in st ff/oy, w ith  c as p a ra m e te r. W ith  
in c re a s in g  stress, a d ecrease  occurs in  th e  v a lu e  o f ta n g e n t m odu lus E,.

1 T h is  m eth o d  of re p re se n tin g  th e  s tre ss-s tra in  c u rv es  in  dim ensionless fo rm  w as 
d e v e lo p ed  in  th e  a u th o r ’s in v e s tig a tio n  D ie K n ick festigke it eines zentrisch gedrückten geraden  
Stabes im  elastischen und unelastischen Bereich. D o cto ral th e s is . F in la n d  In s ti tu te  o f T echno logy . 
H e lsin k i, 1939, p. 28.
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EFFECT OF SHEARING FORCE ON TH E BUCKLING LOAD 411

F ig . 5. T a n g e n t m odulus d iag ram s in  d im ension less fo rm  in accordance w ith  fo rm u la  (25)

F ig . 6. S ecan t m odulus d iag ram s in  d im ension less fo rm  in  accordance w ith  fo rm u la  (26)

Acta Techn. H u n g . 50. (1965)
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T h e  r a p id i ty  w ith  w hich  th is  w ill tak e  p lace  d ep e n d s  on th e  va lu e  o f p a ra 
m e te r  c. W hen  a —*■ ay, E t —► 0 fo r any  v a lu e  o f  c.

B y  in tro d u c in g  th e  ex p ressio n  of e from  e q u a tio n  (23) in to  eq u a tio n  (18), 
w ith o u t  su b sc rip ts , we o b ta in

E  sec =  E

a

a.,

(1 -  c) In 1 —
(26)

F ro m  th is ,  i t  appears th a t  E sec —>- E ,  w hen a — 0. E s c equals E  a t  an y  v a lu e  
o f a, w h e n  c =  1. In  F ig u re  6, ra tio  E secIE  is p lo t te d  against ajay, w ith  c as 
p a ra m e te r .  W ith  increasing  s tre ss , there  is a d ecrease  in  th e  va lu e  o f se c a n t 
m o d u lu s  E sec. The ra p id ity  w ith  w hich th is  w ill ta k e  place depends on  th e  
v a lu e  o f  p a ra m e te r  c. W h en  a —* ay, E stc —* 0 fo r a n y  value o f c.

W h e n  use is m ade o f  e q u a tio n  (22) fo r th e  d e te rm in a tio n  o f th e  e ffec t 
o f s h e a r in g  force on th e  c r it ic a l  len g th  o f th e  co lu m n , i t  m u st be b o rn e  in  
m in d  t h a t  P oisson’s ra tio  v is also d ep en d en t on th e  buck ling  stress a. A cco rd 
ing  to  S t o w e l l , 1 th is  d ep en d en ce  can be e s tim a te d  from  th e  fo rm ula

v p  -  ( V p  -  V c ) ( 2 7 )

w here  vp d en o tes  th e  va lu e  o f  P o isso n ’s ra tio  for p la s tic  s tra in  and  ve fo r e la s tic  
s tra in . F o r  m any  iso tro p ic  m a te ria ls  vp =  0.5 a n d  ve =  0.3 can  be ta k e n .  
B y  th e  in tro d u c tio n  of th e  exp ressio n  of F sec/E  fro m  e q u a tio n  (26) in to  fo rm u la  
(27), w e o b ta in

a

v =  vp
(1 — c) In 1 -

(28)

w h ich  is su ita b le  for n u m erica l calcu lations in  c o n n ec tio n  w ith  eq u a tio n  (22).
B y  expressing  in  e q u a tio n  (22) the  m o m en t o f  in e rtia  1 by  th e  ra d iu s  

o f g y ra t io n  r, and  th e  a rea  A  o f  th e  cross sec tio n  in  th e  form  I  =  r2A ,  an d  
f u r th e r  b y  deno ting  th e  av e rag e  com pressive s tre s s  b y  F /A  =  a, an d  th e  
s le n d e rn e ss  ra tio  of th e  co lu m n  by  7/r =  Д, fo r th e  c ritica l slenderness ra tio  
th e  fo rm u la  is ob tained

w here

— ДI
2 (1 -f- v) aa

E„
(29)

71

2
(30)

1 E . Z. S t o w e l l ,  A  U n ified  Theory o f Plastic B u ck lin g  o f  Columns and Plates. NACA*. 
T N  N o. 1556, 1948.
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d eno tes th e  s lenderness ra tio  according to  E n g e s s e r ’s ta n g e n t m odulus th eo ry . 
Since th e  v alue  o f  th e  sq u a re  roo t in eq u a tio n  (29) < 1 ,  Xcr is sm aller th a n  th e  
E n g e s s e r  c ritica l s lenderness ra tio  XE co m p u ted  fo r th e  sam e buck ling  stress, 
b u t  ignoring  th e  effect o f th e  shearing  force. O n th e  in tro d u c tio n  o f th e  ex p res
sion o f E t from  fo rm u la  (25) in to  eq u a tio n  (30), th e  fo rm ula  for th e  E n g e s s e r  

b u ck ling  slenderness ra tio  is a rrived  a t:

W hen  th is  is red u ced , fo r th e  buckling 
is o b ta in ed , o f w hich th e  ro o ts  are

о y — a (31)
G y ----  CG

stre ss  an  eq u a tio n  o f second degree

л У Е
4 +  О y Х-e

2 c X?e ( ± )

л -  E 2
4 +  ay áe — л -  cE  av X-E (32)

4 c2 At

A neg a tiv e  sign shou ld  be chosen for th e  sq u a re  ro o t, because th e  buck ling  
s tre ss  m u st v an ish  w hen  XE ~ * 00 •

W ith  a v iew  to  o b ta in in g  some idea o f th e  effect o f  shearing  force on 
th e  c ritica l len g th  o f th e  co lum n, T able 2 p re se n ts  th e  ca lcu la ted  va lu es  of 
ra tio  ХСГ/ХЕ for co lum ns m ade from  s tru c tu ra l stee l S t 52. T he n u m erica l values 
o f  th e  c o n s ta n ts  used  in  th e  calcu la tions are  E  =  2 100 000 k p /cm 2, ay =  
=  3600 kp/em 2, c — 0 ,977, vp =  0,5, ve =  0 ,30 a n d  a  =  1,2.

Table 2

X ji 10 20 30 40 50 100 150

n  k p /cm 2 [eq. (32)] 3 594 3 569 3 478 2 932 2014 516 230

E, kp /cm 2 [eq. (25)] 142 380 576 090 1 268 380 1 907 450 2 040 400 2 091 960 2 096 700

E seck p /cm2 [eq- (26)] 1 868 000 1 932 000 1 983 000 2 047 000 2 072 000 2 096 200 2 098 360

V [eq. (28)] 0.322 0.316 0.311 0.305 0.302 0.300 0.300

Х-сЛ е  [eq- (29)] 0.9969 0.9971 0.9974 0.9978 0.9985 0.9996 0.9998

O nly for v e ry  sh o rt colum ns does th e  ra tio  Xcr/XE d e p a rt som ew hat 
from  u n ity . W ith  increasin g  slenderness ra tio , th e  effect o f shearing  force 
decreases; w hen XE —► ° ° , XcrIXE —» 1. T he decrease  in  s tre n g th  for all s len d e r
ness ra tio s  is co n seq u en tly  ex trem ely  sligh t, a n d  can  be ignored  in p rac tica l 
ap p lica tio n s .

A cta  Techn. H ung . 50. (1965)
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D E R  E IN FL U S S D E R  S C H U B K R A F T  A U F  D IE  K N IC K K R A F T  
Ü B E R  D E R  P R O P O R T IO N A L IT Ä T S G R E N Z E

A .  Y L I N E N

Z U SA M M E N F A S SU N G

D e r  V erfasser beschreib t ein  n e u e s  N äh eru n g sv erfah ren  fü r L ösung  des K n ic k p ro b le m s 
u n te r h a lb  u n d  oberhalb  der P ro p o rtio n a litä tsg re n z e , u n te r  B erü ck sich tig u n g  de r S c h u b k ra ft .  D ie 
L ö su n g  w ird  in  einer Form  m itg e te ilt , d ie  u n te r -u n d  ü b e rh a lb  der P ro p o rtio n a litä tsg re n z e  in  glei
ch er W e ise  g ü ltig  is t. Die g ru n d leg en d e  B eziehung  zu r B erechnung  des E in flu sses d e r S ch u b 
k r a f t  d r ü c k t  Gl. (22) aus. D en E in f lu ß  d e r S c h u b k ra ft  a u f  die k ritisch e  L änge  des S ta b es  zeig t 
T a fe l 2, d ie  a u c h  die b e rechneten  W e rte  des Q u o tien ten  / (7 fü r  S ta h l S 52 e n th ä lt .

L ’IN F L U E N C E  DES E F F O R T S  T R A N C H A N T S  S U R  LA F O R C E  D E  F L A M B A G E , 
AU-DESSUS D E  L A  L IM IT E  D E  P R O P O R T IO N N A L IT É

A .  Y L I N E N

R É S U M É

L ’a u te u r  présente une n o u v e lle  m é th o d e  ap p ro ch ée  pour la so lu tion  d u  p ro b lèm e  de 
f la m b a g e  au -d esso u s e t au-dessus d e  la  lim ite  de p ro p o rtio n n a lité , qu i t ie n t  au ssi c o m p te  de 
l ’in f lu e n c e  des e fforts tran c h an ts . L a  so lu tio n  e st p résen tée  sous une  form e v a lab le  au ssi bien 
a u -d e s s o u s  q u ’au-dessus de la lim ite  de  p ro p o rtio n n a lité . La re la tio n  fo n d a m e n ta le  s e rv a n t à 
d é te rm in e r  l ’influence de l’effo rt t r a n c h a n t  e st ex p rim ée  p a r l’éq u atio n  (22). L ’in flu en ce  des 
e f fo r ts  t r a n c h a n ts  sur la longueur c r it iq u e  de la b a rre  e s t mise en év idence p a r  le T ab lea u  2, 
le q u e l m o n tre  les valeurs calculées d u  r a p p o r t  p o u r l ’acier S 52.

ВЛИЯНИ Е СДВИГАЮЩЕГО УСИЛИЯ, ОКАЗЫВАЕМОЕ НА ПРОГИБАЮЩЕЕ 
УСИЛИЕ ЗА ПРЕДЕЛОМ ПРОПОРЦИОНАЛЬНОСТИ

А .  И Л И Н Е Н

РЕЗЮМЕ

Автор демонстрирует новый приближенный метод решения проблемы прогиба 
выше и ниже предела пропорциональности с учетом сдвигающего усиля. Решение сооб
щается в такой форме, которая действительна как ниже, так и выше предела пропорцио
нальности. Основную зависимость, служащую для определения действия сдвигающего 
усилия, выражается уравнением (22). Действие сдвигающих усидий, оказываемое на 
критическую длину стержня, показано наглядно в табл. 2, далее для стали марки S 52 
приводится расчетное значение частного Дсг/Л£ .

A c ta  T e c h n . H ung . 50. (1965)



ВАЖНЕЙШИЕ ОСНОВЫ ЗАЛОЖЕНИЯ ГОРНЫХ 
ПРЕДПРИЯТИЙ ПРИ ПРОЦЕНТНОЙ АМОРТИЗАЦИИ

Я. ЗАМБО
ЧЛ. KOPP. АКАДЕМИИ НАУК ВЕНГРИИ

[Поступило 20-го декабря 1963 г.]

Автор продолжает развивать проведенные ранее исследования. Два наиболее 
важных параметра закладываемого горного предприятия, производственная мощность 
и распространение шахтного поля, определяются им в данной работе. Капитальные 
затраты принимаются во внимание при условии процентной амортизации, что приводит 
к сложным зависимостям. Однако, автор дает простые решения, вполне удовлетворяю
щие требованиям практики. Два наиболее важных параметра исследуются не отдельно 
друг от друга, а вместе, принимая во внимание их взаимодействие. Посредством метода 
повторений, многосложные связи функций значительно упрощаются. Приводится число
вой пример.

В одном из преды дущ их исследований [ 1 ] мы у ж е  заним ались вопросом  
оптимальной производственной мощности горного  предприятия в случае 
процентной ам ортизации. При этом исходили из условия, что расп ростра
нение горного п р ед п ри яти я , заклю ченное в нем пригодное к  разработке 
м инеральное богатство (Q) заданы.

В настоящ ем исследовании мы исходим из того основного п редполо
ж ения, что распространение горного п р ед п р и яти я  не задано, поле р а зр а 
боток свободно м ож ет расш иряться в двух н ап равлен и ях , к ак  по н ап р ав 
лению простирания, т а к  и по падению. При т а к и х  условиях оты скивается 
оптим альная мощ ность горного предприятия и соответствующее его рас
пространение по ли н и ям  простирания и паден и я , вообще размер ш ахтного  
поля.

П усть суточная производственная м ощ ность будет обозначаться чер ез 
</о[т/сутки], распространение по простиранию  — А [м], а по падению  -  
В [м ]. При щ итовой разработке А и В при ним аю тся в плоскости п ласта. В 
случае ж е  ярусны х разработок размеры, естественно, следует поним ать в 
основной проекции.

К ак  производственная мощность (q0), т а к  и распространение ш ахтного  
поля А и В оптим альны  в том случае, если удельн ое значение связан н ы х  
с ними затрат  [Ф т/т] наименьшее.

Наиболее важ ны е затраты , связанные с д ву м я  параметрами (q0, А  и В), 
следую щ ие: постоянны е затраты , капитальны е затр аты , а такж е затр аты  на 
перемещение грузов. В число затрат на перемещ ение грузов входят ш ах т
ный транспорт, перевозка  людей, обезвож ивание, вентиляция, расходы  на

Acta  Techn. H ung. 50. (1 9 6 5 )
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п о тер и  энергии в электропроводке. В ин тересах  сохранения единства сюда- 
ж е  причисляю тся и затраты  по поддерж анию  выработки.

У дельны й расход к[Ф т/т], связанны й с двумя парам етрам и, м ож ет 
бы ть вы раж ен  следую щ им равенством:

* = — +  +  +  (сеь2 К ь
% A B Q q

са  2  Ki) А  +  (cs у  ks +  се V К) в  ■

где К п — суточные постоянны е затраты , dq0 +  D 0 — капитальны е затраты . 
Эти д ва  вида затрат подробно разъяснены  в уж е упомянутой работе [1]. 
Qo ■— минеральное богатство, могущее быть выработано с 1 м2 территории

[т/м2]. П ри щитовой разработке это следует понимать в плоскости пласта, 
п ри  ярусн ой  же в основной проекции.

Р асстоян ия ccbA; cCJA; csB ; сеВ м огут  быть вы раж ены  посредством  
р ассто ян и й  центров тяж ести  (рис. 1). Т а к , например, расстояние 2ссЬА  свя
зы в ает  ш ахту  в направлении простирани я с той линией падения ц ен тр а  т я ж е 
сти, кото р ая  является  линией тяж ести  по падению могущей бы ть вы рабо
тан н о й  части минеральной зал еж и  простираю щ ейся влево от ш ахты . Размер 
2ccjA  вы раж ает тож е по правой стороне.

И ндекс с указы вает  направление простирания, индекс Ь — левую  
сто р о н у , индекс j  — п равую  сторону, и н д ек се  — поле ската, ин декс е -  
поле у клон а. Естественно, о поле ската или уклона речь м ож ет идти лиш ь 
в  сл у ч ае  щитовой разработки , при ярусной  разработке следует говори ть  со
ответственно о двухстороннем  распространении в попере вместо поля

A c ta  Techn. H ung. 50. (1965)
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ската  и поля уклон а. Тогда, конечно, здесь тож е есть п р ав ая  и левая 
стороны.

П оскольку с А  и сВ вы раж аю т расстояния, размерность Е  к будет 
Ф т/мт, а Е к, таким  образом, вы разит удельные затраты  на перемещ ение гр у 
зов, отнесенные к расстоянию  в 1 М и  к 1 Т  могущ его быть вы работанны м мине
ральн ого  богатства.

Затрата  К п представляет сумму постоянны х затрат горного предприятия, 
и поэтому в удельной затрате  Е  к мож ет заклю чаться  лиш ь перем енн ая за 
трата  на перевозки. Т аки м  образом, Е к явл яется  удельной затратой  на ш ахт
ный транспорт, перевозки людей, обезвож ивание, текущ ий ремонт и потери 
энергии в электропроводах. Эта удельн ая затрата  является  ф ункцией расс
тоян и я .

К  этой ф ункциональной зависимости мы еще вернемся.
П остоянная затрата  К п и затраты  на перещение грузов действуогг 

в течение всего времени сущ ествования горного предприятия, в отличие от 
этого капитальные затраты  [1]

K b =  dqu +  D 0,

к а к  правило, возникаю т в начальны й период су ествования горного пред
п р и яти я . Поэтому, ссы лаясь на предыдущ ее исследование [1], удельны е за 
траты , зависящ ие от д вух  параметров, записываем , приним ая во внимание 
процентную  амортизацию :

Ь , - - ^  +  P “ 1
Чо 2

+  (crt 2  Кь +  ccj 2,’ kcj) A -f- (cs V ks -{- ce 2  ke) В  ’

где z — число рабочих дней в год, а р  — процентный коэффициент.
В интересах определения край н и х  значений ф ункции с трем я неиз

вестными выводим следую щ ие парциальны е дифференциальные производные:

Р
BQ,

,  2 (?„

A B Q  о

- Чч д ,

Чо

dk

э9о
-  =  0 ,

9К  
9 А

-  О ,
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кг имеет минимум, когд а  действительны следую щ ие зависимости:

A B Q „

Р  —  1 ЛВ<?0 , 1 +  В *
Чо

zq о

A B Q  о
In

p ^ I d  р

ABQ,
zq0

ABQn 
, Z<7o

K n =  0 ,

P - 1

P  — 1

B<?0 d +  - ° n-
9o

ABQ0 
 ̂ zQo

P
BQ o
zqo _^

^ßQ0

b  p  — ccb V Kb — c 7 2 '  Kj  =  0 ■

y« Í A  B Q 0 \

( p ^ - i )

111 P —  CS 2  k s —  C e Z K  =  0 .

И з последних двух уравнени й  следует, что

y  =  J L == Ссь 2 Кь +  Ççj 2  К/
A  cs 2  ks 2  ce 2 * k e

Соотношение взаим оперпендикулярного распространения по двум 
н ап р авл ен и ям  совпадает с обратны м соотношением суммы удельны х затрат. 
Если удельны е затраты  по перемещ ению  по двум взаим оперпендикулярны м  на
п р ав л ен и ям  равны м еж ду собой, то оптимально будетполе квадратной формы.

П ервое уравнение трой н ой  зависимости сн ач ала  разделим  на второе, 
затем  на третье и введем обозначения

A B Q o =  Q

Т огда система уравнений при м ет вид:

- Q [ d с D 0 ln  ô

Q In p (ô - 1  y-
ln T) -  P Dn

ô -  1
K n =  0 ,

Q

K _ L  D
<5 — 1

Qo z2 ln 2 «5

(ecb 2 K  b + Ccj 2' Kj )  (cs 2 K  + c 2 K ) in2p
Ac>a T ech n . H u n g . 50. (1965)
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бу
Н аиболее целесообразным методом реш ен ия этой системы уравнени й  

дет метод п ри бли ж ен и я .
Исследуем первое уравнение в ф ункции д ,  то есть запишем:

<Р(Ь) Р  —  1 Q z D ° l n ô
Q ! »  р (ô -  1)2

ln p  — D n
ô

ô - l

Выберем некоторое значение Q и к  вы бранном у Q отыщем граф ическим  
путем  место нуля функции (y(ó). Метод у ск о р яется  двумя обстоятельствами: 
нет надобности в больш ой точности, ф ункц ию  <р(0) нуж но вычертить лиш ь 
в непосредственной близости оси Ô, т а к  к а к  требуется  отыскать только  точку 
пересечения кривой с осью Ô.

П одставив значение Ь, полученное при  первой  операции, во второе у р ав 
нение, получаем  значение Q отличное от первоначально вы бранного. Во 
второй операции повторяем  метод первой, но исходим из значения Q, п олу
ченного при первой операции. Этот метод п овторяется  до тех пор п о к а  рас
четное значение Q практи чески  совпадет с исходны м Q последней операции, 
то есть со значением  Q, перенятым из преды дущ ей операции.

П оследняя о п ерац и я  даст значения Q и Ö, из которых уж е просто  рас
считать оптимальную  производственную  м ощ ность и оптимальные линей
ные размеры поля:

_  Q Ь  р
9o,opt 1 с ’

z  In о

l o p t
Q

vQ u

вo p t
[ y Q

Qo

Для наглядности способа приведем числовой пример. Данные пусть будут сле
дующие:

р  =  1,07, 2 =  300 [дней/год], К п =  110 • Ю3 [Фор/день], Q„ =  8,0 [ Т / М 2].

Разработка залежи ведется ярусным способом (рис. 2). Удельные затраты на перемещение 
в двух взаимноперпендикулярных направлениях почти равны между собой:

ссЬ Д . ^cb “Ь  ccj —  ^.'j ~  cs —  ks се Д .  k e =  с/, Д .  kb  +

+  Cj Д. k j  =  с x; к  =  1/4 ■ 0,048 =  0,012 Фт/мт.

Уравнение капитальных затрат имеет вид:

К ь =  dq0 +  D„ =  120 • 103 qa +  20 • 10е .

Подставим в функцию y>(á) числовые значения:

<Г (<5) =  0,0063 Q - j f Z T f y T  +  W  ■10:1 ïyT ln 0 -  -  110 ■ 1°3 •
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Рис. 2

Для первого шага выберем значение Q равное 30 • 10е т, то есть

"  <*> -  I18’  +  *•" [ ( Г ^ ц г  а -  т ^ т ]  - :Ш1

Рис. 3 показывает графическое решение, задает нулевую точку функции y>,(á). 
Для построения кривой достаточно нескольких точек. Кривая ср,(<5), проведенная через 
несколько нанесенных точек, пересекает ось ô в точке <5( =  3,38.

Заместим <5, в уравнении Q и получим результат: Q t =  28 • 10° Т .  Для второго шага 
уже принимаем во внимание =  28 • 106 и по примеру первого шага получаем следую
щие результаты: <52 =  3,26 и Q., =  27,5 • Ю6 Т.

Результат третьего шага уже вплотную приблизится к результату второго: <53 =  3,22 
и Q 3 =  27,3 • 10е т.
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После этого уже можно вести расчет оптимальной производственной мощности:

27,3+  ЮвIn 1,07 r„ , r ,
«°Р‘ = ----- 300 In 3,22------  =  5265 “  3000 Т/СУТКИ-

Между тем величина шахтного поля будет:

Т  =  2~  =  3,4 км2 .
О

Длина составит: А =  В =  1850 м.
Таким образом, практически территорию шахтного поля можно принять величиной 

в 4 км2, а мощность — около 5000 т/сутки. Продолжительность существования горного 
предприятия составит 25— 30 лет, если принять во внимание время разгона и период 
замирания.

Числовой пример показал лишь метод расчета, общих выводов из него делать нельзя.

Определение двух  главных парам етров требует довольно кропотливой  
подготовительной работы. Подбор необходимых данных связан с основа
тельной работой.

Зависимостью  К ь =  dq0 +  ű 0, вы раж аю щ ей капитальные затр аты , мы 
подробно у ж е зани м али сь в преж нем исследовании [1].

Д ругой  важ н ы й  показатель — суточные постоянные затраты  К п■ Эти 
затраты  м ож но калькули ровать. О днако, м ож но прибегнуть и к  тако м у  
методу, который прощ е и быстрее приведет к  верному результату.

В распоряж ени и  имеются данные производства и затрат сущ ествую 
щ их, дейтсвую щ их горных предприятий. Выбираем такое предприятие или 
такие предприятия, которые по своим геологическим  особенностям п оходят  
на проектируемое горное предприятие и при этом за последние н есколько  
лет еще имели возрастаю щ ую  тенденцию производства. Если, наприм ер, 
возьмем за  основу последние 3 —4 года, то по месячным данным получим  
3 6 —48 таки х  показателей  которые вы р аж аю т количество суточной вы р а
ботки (<7„) и соответствующ ие суточные затр аты  (К).

В качестве абсциссы нашей системы координат выберем q0, в качестве 
ж е ординаты при надлеж ащ ее к  </0-му К  (рис. 4). Запись уравнени я р егр ес
сирую щей прям ой, определенной м нож еством  точек, получаю щ ихся по св я 
занным м еж ду  собой значениям  q0 и К

К  -  aq0 +- К п

не представляет трудности. К п — свободный член уравнения в ы р а ж а е т  
постоянные затраты .

У словием  пусть будет то, что сумма квад ратов  расстояний м еж ду  п р я 
мой и точками представляет некоторый минимум. При таком условии

п п

c ‘g ? ^ ’ 9o +  2 i K
is 1 1
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где и — число точек. Зн ачение у  мож ет быть вы числено по следующей зависи 
мости :

tan 2  99 2 -
П П

1 1

п п п
^ к ~ п J > 4 o K  

1 1 1

q0 -  n j ?  ql -  2  К 2  к + пУ к~ 
1 1 1

П оскольку речь идет о проектировании, практически будет п р а в и л ь 
ны м  и отыскание регрессирую щ ей прям ой граф ическим  путем. П рям ую  на- 
д ы в ается  на множ ество то чек  таким  расчетом  чтобы число точек по обе сто

р о н ы  прям ой было одинаковым. Х отя это обстоятельство само по себе ещ е не 
о п р ед ел яет  однозначно п олож ен ия прям ой, однако, дает верную исходную  
то ч к у .

Возможно, что к  м нож еству точек, вм есто прямой, плотнее п ри легает  
к р и в а я  второго п орядка:

К  =  aql  +  bq0 +  К п .

Свободный член и в этом случае в ы р а ж а е т  постоянные затраты . Оты
ск а н и е  регрессирую щ ей кривой второго рода является  относительно про
стой  математической задачей, ею мы не зани м аем ся. П рактически п р ав и л ь 
ны м  будет и тот случай, если кри вая  будет получена графическим путем.

И з множ ества данны х необходимо отобрать те, которые и скаж ен ы  под 
в л и я н и ем  какого-нибудь внеш него явл ен и я . Т аки м , например, м ож ет быть 
сти хи й н ое бедствие. О тбросить следует т а к ж е  и изменение заработной платы  
и л и  стоимости м атериалов, если таковое прои зош ло по вмеш ательству извне.
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Определение значений с при  отыскании значений с Е к  относительно 
просто. Если например, в случае равномерного залеган и я  ш ахта располо
ж ен а  в середине, то

1 1
Cch СсJ 0  ^  c s  с е “  1

о  о

то  есть

Ссь h  Кь +  Сс) 2  Kj  — 0 ( 2  Кь +  2  Kj)
о

или же

с , 2 Ь ,  +  се2 К =  10 ( 2 ' К +  2 Ю -о

Если Q0 практически постоянно, то есть речь идет о равномерном зале
гании и при этом работы ведутся ярусны м способом, то практически  удель
ные затраты  на перемещение грузов  будут вы раж аться  следую щ ей зависи
мостью:

k m =  c ( A  +  B )  2 '*  =  А ± А  2  к .
4

Б олее того, зн ая , что при ярусн ы х  разработках в случае равенства удельны х 
затр ат  по двум направлениям  А  =  В, удельные затраты  по перемещ ению 
грузов  составят

где А  —о — сторона квадрата ш ахтного поля.
Если ш ахту  запроекти ровать не в центре, то при определении отдель

ны х значений с следует обратить внимание на соотношение м еж ду  двумя 
частями ш ахтного поля по разны е стороны от шахты.

Значения Е к  [фор/мт] определяю тся путем калькуляц и и . Естественно, 
м ож но использовать данные сущ ествую щ их предприятий, п ри н яв  во вни
мание ожидаемый прогресс. С равнительно просто мож но достичь цели в 
отношении определения переменны х удельны х затрат  на ш ахтны й тран 
спорт, перевозку людей, вентиляцию  и на потери энергии в электроп ро
водке. Неопределенным, однако, явл яется  количество воды, и, следовательно, 
удельные затраты  на обезвож ивание тож е более или менее неопределенны. 
П ри учете затр ат  по поддерж анию  вы работок наиболее целесообразно 
взять  за основу затраты  на подобных предприятиях , причем, естественно, и 
здесь следует п ри н ять во вним ание возможный прогресс.

Определив описанным способом два парам етра залож ен и я  еще нельзя 
считать задачу  решенной. П ричиной этого является , что основные данные 
(Кп,  Кь, Е к), собственно говоря, есть т а к  ж е функции двух парам етров 
(<70 и А, В). Эта внутренняя зависим ость имеет математическое вы раж ение,
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при водящ ее к  весьма слож ны м  зависимостям, и поэтому практически целе
сообразнее прим енять т. н. метод повторений.

С уть метода повторений заклю чается в следующем: когда основные 
данные определяю тся впервы е, первоначально предполагаю тся некоторые 
величины  параметров (q0, А,  В), и в соответствии с ними определяю тся дан
ные, принимаю щ ие во вним ание эти парам етры . В конце первой операции 
расчетны е параметры не совпадаю т с заранее предполож енны м и. Д л я  второй 
операции данные вы бираю тся уж е в соответствии с расчетными парам ет
рами первой  операции. О перации продолж аю тся до тех пор, пока пред
полагаем ы е или ж е при н яты е параметры при бли зятся  к  расчетным. При 
расхож дении  не превы ш аю щ ем ±  5% , п ракти чески  цель считается достиг
нутой.

П р акти к а  подтверж дает, что проведение д вух  — трех  операций при
водит к  цели.

Н а  основе излож енного  можно установить, что определение двух 
наиболее важ ны х п арам етров  горного п ред п ри яти я  не простая задача. 
Естественно так  ж е, что точность этого определения является  функцией 
точности исходных данны х. В свою очередь, из этого следует, что в интересах 
у ско р ен и я  расчетов м ож но оперировать округленны ми числами.
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T H E  P R IN C IP A L  B A S E S  F O R  T H E  P L A C IN G  O F  M IN IN G  PL A N T S 
IN  T H E  CASE O F  A M O R T IZA TIO N  W IT H  IN T E R E S T

J .  ZAMBÓ

SUM M ARY

T h e  a u th o r  fu r th e r  d ev elo p s h is earlier in v es tig a tio n s . T he tw o  m o st im p o r ta n t  p a ra 
m e te rs  o f  th e  m ining p la n t  to  be  p lac ed  are : th e  p ro d u c tio n  c a p a c ity  a n d  th e  ex ten sio n  of th e  
fie ld . T h e  in v e s tm e n t costs a re  co n sid ered  to g e th e r w ith  a m o rtiz a tio n , inc lu d in g  in te re s t ,  and  
th u s  co m p lica te d  re la tio n s a re  o b ta in e d , b u t  th e  a u th o r  also p re sen ts  th e  p ra c tic a lly  com ple te ly  
s a t ifa c to ry  sim ple so lu tions. T h e  tw o  m o st im p o rta n t p a ra m e te rs  are  n o t se p a ra te ly  an a ly zed , 
b u t  to g e th e r ,  tak in g  th e ir  m u tu a l  a c tio n  in to  co n sid era tio n . T h e  m u lti la te ra l  fu n c tio n a l re la 
tio n s  a re  co n sid erab ly  sim plified  b y  an  i te ra tio n  m eth o d . F in a lly  th e  a u th o r  pu b lish es a n u 
m erica l ex am p le .
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D IE  H A U P T B E D IN G U N G E N  F Ü R  D IE  A N L E G U N G  VON B E R G B A U B E T R IE B E N  
B E I V E R Z IN S L IC H E R  A M O R T ISA T IO N

J . ZAMBÓ

Z U SA M M E N FA SSU N G

D er V erfasser e n tw ic k e lt seine frü heren  U n te rsu c h u n g e n  weiter. Die be id en  w ic h tig s te n  
P a ra m e te r  eines B e rg b au b e trieb es : die P ro d u k tio n sk a p a z itä t  u n d  die A u sd eh n u n g  des F e ld es  
w erden  b es tim m t. D ie In v e stitio n sk o ste n  w erden  m it  verzinslicher A m o rtisa tio n  in  B e tr a c h t  
gezogen, u n d  der V e rfasse r k o m m t so zu k o m p liz ie rte n  A u sd rü ck en ; jedoch  w e rd en  a u c h  die 
p ra k tisc h  v o llkom m en  genügenden  e infachen  L ö su n g en  angegeben. Die beiden  w ic h tig s te n  
P a ra m e te r  w erden n ic h t  gesondert an a ly s ie rt, so n d e rn  zusam m en, u n te r  B e rü c k s ic h tig u n g  
ih re r  W echse lw irkung . D ie  m ehrfachen  fu n k tio n e lle n  Z usam m enhänge w erden  m it te ls  I t e 
ra tio n  w esen tlich  v e re in fa c h t. Auch ein Z ah lenbeisp ie l w ird  d u rchgearbeite t.

LES P R IN C IP A U X  P A R A M È T R E S  D E  L ’E M P L A C E M E N T  DES E X P L O IT A T IO N S  
M IN IÈ R E S  E N  CAS D ’A M O R T ISSE M E N T  AVEC IN T É R Ê T S

J .  ZAMBÔ

R É SU M É

L’a u te u r  d é v e lo p p a n t ses exam ens a n té rie u rs , d é te rm in e  les deux p rin c ip au x  p a ra m è tre s  
de l ’e x p lo ita tio n  m in iè re  a v a n t  l’em p lacem en t: la c a p a c ité  de p roduction  e t l’é te n d u e  d u  c h am p . 
Les fra is  d ’in v es tissem e n t é ta n t  calculés avec a m o rtis se m e n t á in té rê t, l’a u te u r  a b o u t i t  à 
des re la tio n s  com plexes, m ais donne aussi des so lu tio n s  sim ples p a rfa item en t s a tis fa isa n te s  
d an s  la  p ra tiq u e . L es d e u x  p rin c ip au x  p a ram è tre s  so n t  an a ly sés co n jo in tem en t, c o m p te  te n u  
de leu r e ffe t réc ip ro q u e . L es re la tio n s fonctionnelles so n t  n e tte m e n t sim plifiées p a r  le p ro céd é  
d ’ité ra t io n . L ’é tu d e  se te rm in e  p a r un  exem ple n u m é riq u e .
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