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ANTAL LÁSZLÓ

June  7, 1922—December 8, 1982

After a  long illness, m i . A. L ászló, D .Sc., Kossuth Prize winner and former 
Rector of the  Veszprém U niversity for Chemical Engineering, the m em ber 
of the Editorial Board of the Hungarian Journal of Industrial Chemistry, 
died on December 8, 1982.

A. L ászló came from Transylvania. He was horn in  Gyergyóújfalu, a t  June 
7, 1922. A fter attending high school a t Csíkszereda, he enrolled a t the  József 
Nádor Technical University, Budapest, where he graduated as a chemical 
engineer in  1945. He became an assistant, and later, a first assistant a t  the  
U niversity’s Electrochem istry Departm ent. He studied high tem perature gas 
phase reactions and became involved with chemical engineering. For a  short 
period (1948—1950), he was a research fellow a t the Research In stitu te  for 
Aluminium, where he developed a method for producing anode carbon. 
However, he never abandoned his original research field, and from 1950, he 
became a research fellow a t the  Hungarian Oil and Gas Research In stitu te . 
In  1953, he became the head of the physico-chemical departm ent. His research 
interest focused on the conversion of natural gas, prim arily on the a tm o
spheric partial oxidation of methane.

That was perhaps the m ost vividly active period of his life. Between 1952 
and 1956, he was the chief engineer of the Jo in t Rom anian-H ungarian 
Petrochemical P lant built in  Buciumeni, Romania, and he directly supervised 
the  completion and start-up  of the partial oxidation plant. In  1953, he m arried 
Z suzsanna K örösi M.D., his faithful companion during his life. I t  was th a t  
period th a t  he completed his thesis on the partial oxidation of m ethane for 
which he gained the degrees: Candidate of Science and Ph.D . a t Veszprém 
University.

In  September 1957, he became the professor of physical chemistry a t  the  
Veszprém University of Chemical Engineering. A t first, he organized Chemical 
Process Engineering D epartm ent (1963). He remained the  Head of th is D e
partm ent until 1976. Between 1964 to  1966, he was elected Rector of Veszprém 
University. He completed his thesis on the fundam entals of control and scale- 
up of chemical operation units, and in 1963 he gained the  distinction: D.Sc.

A. L ászló became scientist of world-fame. He was awarded many d istinc
tions and decorations for his work, including the highest Hungarian scientific 
award, the Kossuth Prize (1952), the Golden Medal for W ork (1974), and  the  
W artha Vince Memorial Medal (1961), etc.

He made m any journeys abroad from the USA to the USSR, and for a year, 
he worked as visiting professor a t the University of Nancy, France (1967).
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H is work and personality were acknowledged everywhere. H e was a member 
of th e  Hungarian N ational Section of the  Combustion In stitu te , the  president 
of th e  Chemical Engineering Science Com m ittee of the H ungarian Academy 
of Sciences and the Chemical Committee of th e  Veszprém County Branch of 
th e  H ungarian Academy of Sciences.

H e  established th e  new field of chemical engineering science in Hungary, 
a n d  remained its leader throughout his life. H is book, “The Principles of 
Chem ical Engineering Science” (1964), jo in tly  w ritten w ith Professor PÁL 
B e n e d e k , became an  im m ediate success and  was transla ted  to  German 
(1967, 1970), Russian (1970) and  French (1972).

I n  additon to  his industria l research activ ity , Professor A. L ászló estab
lished  a scientific school and  trained generations of outstanding engineers and 
scientists. Several of his studen ts took up responsible positions both in  Hungary 
a n d  abroad.

H is standards were high and demanding, bo th  towards himself and others. 
W hen  prolonged illness prevented him from  meeting these standards, he 
resigned as head of th e  Chemical Process Engineering D epartm ent, but he 
continued to work un til his illness prevented him  from doing so.

H is example and true  hum anity  gained him  the  affection and respect of his 
colleagues and students, and  also brought him  respect and honour, wherever 
he was known. The spirit and  example he displayed will long be remembered 
a n d  his work will be continued by his followers.

Corpus humo tegitur 
Fama per ora volat 
Spiritus astra tenet

M. Bakos
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ON THE DETERMINATION OF THE THERMOSTATIC 
STATE EQUATIONS PART 1.

G y . F á y , J. F ülö p  and R . T-őrös

(Research Intitute for Technical Chemistry o f the Hungarian Academy 
of Sciences, Veszprém, Hungary)

Received: June 4, 1982

The state-equation-set of homogeneous thermodynamic systems with J
two degrees of freedom is presented here, using the characteristic 
thermodynamic quantities. Depending on the com plexity of the 
solution methods, three cases can be distinguished. This paper deals 
with six easy-to-solve cases. More complicated cases will be dealt 
with in forthcoming papers. The cases are identified when the character
istic quantities allow tor the construction of one state equation, but 
not the state equation set. A theorem will be proved, which can be 
used for the identification of such cases.

Introduction

In  a previous paper [1] the  solution of the  following problem was dealt with.
Let us consider the following eight therm odynam ic characteristic quan ti

ties:

isobar

isochore

isotherm

adiabatic

isochore

specific heat

compressibility factor

( 1 )

( 2 )

(3)

(4) 

( 6 )

adiabatic
stress coefficient

( 6 )
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ots= -

isobar

• dilatation coefficient
adiabatic

(7)

( 8 )

L et us now seek those oases, when 3 quantities out of the 8 [(f) =  56 varia
tions] :

1. determine the o ther 5 characteristics, and
2. let us determ ine the  actual functional relationship.
These questions were answered in [1]. Now our latest results are shown.
I t  is shown th a t  th e  three quantities selected from Eq. 1-8 are sufficient 

for the  generation of the  sta te  equation set of a homogeneous therm odynam ic 
system  with two degrees of freedom. More precisely:

1. those cases are determ ined when th e  three quantities are sufficient for 
the  solution of th e  problem ;

2. if they  are sufficient, then  in  which cases and to  what ex ten t can the 
sta te  equations be generated (and give a  routine calculation method, 
if any)?

Only the fundam ental Maxw ell  relations can be used for Eq. (1-8), i.e. :

Generation of the State Equations

In  the  case of a homogeneous therm odynam ic system with two degrees of 
freedom four characteristic quantities (p, V, S , T)  and two functional relation
ships have to  be given. I f  Eq. (1-8) are analyzed, then it becomes obvious th a t  
th e  independent variables are not always the  same as shown in Table 1.

The system of expressions1 given in [1] can be used as a “mechanical tool" 
in  studying m aterial characteristics when:

1. th e  expressions are accompanied by th e  full knowledge of the sta te  
(i.e. p, V, S, T  are numerically known) ;

2. two out of the  four variables: p, V, S, T  and two sta te  equations are 
given;

1 U nfortunately, the minus sign is missing in [1] and [2]. However, in the calculations as> 0  is used according 
to  the  present definition, and it  should be understood as such in the expressions as well.
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Table 1

Independent
variables Equations

P.T (1). (3), (?)
T, V (2), (5)
T, s (в), (8)
P.S (4)

3. the  expressions are such th a t  no state variable is used explicitly in  the 
relationships between the characteristics, e.g. :

<xs G\ xs Gy
otp Cv-G v  ’ /т  Gv

In  system-engineering applications [3] the most frequent case is the  second 
shown above. W hen none of the above first-third cases occurs, then  both the 
sta te  of the system and its two sta te  equations have to  be known. These are 
discussed here. In  this paper the term  “determ ination” means th a t  the sta te  
equation is a generated form of a reference point, such as p 0 or F 0, and one or 
two constants. Thus, we do not consider the equation :

IQS \ r Gy
0v = T W )y ~ ~ S{T' V)= J J T ^  + ̂ V )

To

determ ined because here S 0( V) is undetermined.
This results in the following alternatives :

1. Three equations selected from Eq. (1-8) are such th a t  even two determine 
a sta te  equation. Then, this sta te  equation is used in its transcendent 
(or algebraic) form and the second state equation is given by the  th ird  
equation calculated from Eq. (1-8). For example, once the pair:

1 fd V ) 1 /"SF)
“p_ f 16t Jp; *T = ~ f Í 0^J t

is given, then the  generation of F(p, T ) is a  so-called m ultivariable 
quadrature-problem  :

and:

d In F - I RV (ST Jp
dp

VO To

where the line integral can be obtained along any arb itrary  pa th  be
tween p0, T 0 and p, T .  This paper deals w ith the simple case, and 
as for the th ird  characteristic, each of the six logicaly possible cases will 
be tested.
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2. The structure of the  three equations selected from Eq. 1-8 is such th a t 
tw o of the equations define the  derivative with respect to  tw o variables 
of a single state  function. For example, from Eq. (2) and (8):

( 02П _  T  _ ( д Т \  _  1
(0 s jv = Ö 7; Í0f Js“ F ^ ’

Here, the problem  is not a quadrature problem, because the  right-hand- 
sides contain not only the  variables V, S  bu t also the unknown function, 
T(S , V). However, even this problem  has its solution taken  from  the theory 
of the-so-called overdeterm ined differential equations (4, 5)2.

3. The third, and m ost difficult case is, when the  structure of the three 
equations selected from Eq. (1-8) is such th a t  any two of th e  equations 
contain all four variables. For example :

Eq-(6) S, p , T
Eq-(7) p , V, T
Eq-(8) S, V, T

More separated forms can be obtained by the transform ation of the 
particular struc tu re  of the  equations (which, nevertheless, is still in
dependent of th e  peculiarities of the  therm odynam ical system  examin
ed). This th ird , and most complicated case will be discussed in Part 
3 of this series.

H ere an auxiliary theorem  will be proved and cases 1, 2, 4, 5, 6 and 8 which 
belong to  the equation diad  3, 7, will be discussed.
Lem m a : Definition of triads :

Gp, ßa, “p 
Gv , ß v , CCs 
XT, ßv ,  Яр 
/ s ,  ßa, я5

is insufficient for th e  generation of the  two sta te  equations (i.e. th e  definition 
of th e  system). However, i t  is sufficient for the  generation of a  one state  
equation.
D erivation :
To prove the Lem m a let us recall from the theory of first-order differential 
equations (4, 5) the  relationship of the  partial derivatives of function z(x, у ) :

If: z(x, y) —z0~ co n stan t
th en : d z = 0
and:

02 02
d2 = ---- dx  4-------da.

dx by
(9)

(10)

г The expression used in G erm an is „Ü berbestim m te System ” .
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Now let z be :

I t  follows from Eq. (11) th a t :

S(P, T) (П)

S (V , T) (12)

V(p, T) (13)

V(S p) (14)

f d S \  id T \

U rjp U W s  °'
(14')

) into Eq. (14) we obtain :

,=  VpTdp ßB (16)
i.e. by definition, ap, ß s and Cs are not independent. 

L et us take Eq. 12 and 9, then:

Using Eq. (2), (5), I I I  and (8) we obtain:

ju st as in Eq. (15) 
Then, from Eq. (13):

From  Eq. (14) :

Pßv ~
Gy_
T

1
^ V

=  0

O v = p V T  /?v<Xs

C
D

( 8 T )

1 Ъ р  J t  I. 8 T J p A  d p  h

aP = XTßvP

m  +е т  m  =o.
I e s  Л. U p Is I säJv

Using Eq. (II), (4), T, and (8) we obtain:

*' = PßoX>

(16)

(17)

(18)

quod erat demonstrandum .
This is why the  four function triads in Eq. (15)-(18) were called in [1] a non- 
complete base.

Let us now consider only those equation triads selected from Eq. 1-8, 
which contain Eq. (3) and (7). These are as follows:
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3, 7 and 1 
3, 7 and 2 
3, 7 and 4
3, 7 and 5 (insufficient according to the Lemma) 
3, 7 and 6 
3, 7 and 8

(19)

Now the two sta te  equations, which sufficiently define the system, will 
be generated according to  Eq. (19).

I t  has to  be noted th a t  Eq. (l)-(8) can be handled as differential equations 
an d  so the general solution can be given immediately. One of the  im portant 
po in ts of our m ethod is th a t  i t  is not the general solution which we generate 
(because due to  the appearance of arbitrary  functions, it is still an undeterm in
ed problem), ra ther i t  is th e  so-called full solution, which contains three 
constants in agreement w ith  the  num ber or variables: two independent ones 
an d  one dependent variable. The full solution can be generated, because the 
th ree  equations selected from  the over-determined differential equation set 
are the  two state equations sought (4).

L e t us now tu rn  to  Eq. (19). I t  follows from  Eq. (3) and (7) th a t:

th a t  is :

( 6 In V \ ( S In V \
[ 9Г  1 ~ “Р ( dp l ~ ~ XT

T  V

V(p, T) =  V(po, To) exp J  ap dT  -  j' /т  dpj

( 20 )

( 21)

r0

E q. (21) is a line integral which, because of Eq. (20), is necessarily indepen
d e n t from the pa th  of in tegration  between p0, T 0 and p, T. This means th a t 
one of the sta te  equations is given (with constants p0, T 0). Eq. (21) can be 
considered to  be known, and  the  m ethod used to  generate the second state  
equation in the case of Eq. (1), (2), (4), (6) and (8), will be shown.

For Eq. (3) (7) and (1)
I f  Eq. (1) is given, th en  w ith  Eq. (IV):

dÄ =  —  d r  +
T

f d S )  , Gp im 70F ) Jу т . р = - * г - у рф,

S  =  S(P0, T o)+  J  0p(y  T)  d r -  J  F (f, T) «p(f, T)  d | (22)

which means th a t  the  second sta te  equation, S(p, T) has been generated. 

For Eq. 3, 7 and 2

d 5 = i — ) d F + ( — ) d r = i - S?-) d F  +  — dT  
U f Jt l e r j v  ( э г  jv r

f Sp)
, —  can be calculated according to Eq. (21):However.
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S .S ( T , ,F . ) + j ^ d T + j g ) vdF
Го Vo

(23)

which means th a t  the second sta te  equation, S(T, V) has been generated.

For Eq. (3), (7) and (4)
If  Eq. (4) is given, then by rearrangem ent it  follows from function 
V= V[ p , T  (S,p)] th a t:

iS F l  (S F !  /'SF'j la T l  
jp 10f ] /

(24)

The left hand side of Eq. (24) is — y^V, while the first term  and the first 
fraction of the second term  of the  right-hand-side is known from Eq. (21).

The second fraction is known from Eq. (11) as (SI thus:

0F
Sp l -

i d V  
l dp

)t +XsF

(
SF'j

ST Jl
leading directly to  :

' 0F1
.SpJs

=  -X sF

(26)

(26)

W ith S  = S0, Eq. (26) becomes an ordinary differential equation and its solu
tion is:

J X«(So , p> lip P
V = V ( S 0, po)eF° = F  |s0, pa exp J /s(So, p) dp J (27)

I f  p  = constant, then  Eq. (25) is an ordinary, though inseparable differential 
equation, thus in  general, its solution cannot he generated by  quadrature. 
However, let its solution be Ф :

V = 0 ( S ,  p , S 0, §)
where for Ф:

0 (So ,p ,So,e) = $

and substitution of Eq. (27) for f  in  Eq. (28) results in  the solution :
p

V  =  Ф p , So , Fo exp J xs(s o, p) dp j

(28)

(29)

(30)

where :
Fo =  F(<So, po)

No simpler form could be found. This a t least designates the  second sta te  
equation, V(S,p).
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For Eq. (3), (7) and (5 )
This case was discussed in  connection w ith the Lemma.

For Eq. (3), (7) and (6 )
Based Eq. (21), E q . (6) is combined w ith V{p, T). According to  Eq. (II):

U W t Is rJp
(31)

The right-hand-side of Eq. (31) is given by Eq. (21) as a function of T, p. 
Taking:

translates to  :
<И,' О т ' 1г’ +  0 Р" - 0

f SS I = _ /'S £ '| (
U t Jp U p Ít Is t Ís

I f  Eq. (31) and (6) are substitu ted  in to  Eq. (32) then:

Pßs(S, T)
(ЭЕ!

W p CD
 I ^1

(32)

(33)

=f(p, T)  is given, b u t the right-hand-side of E q . (33) also depends on

S, so the m ethod followed w ith Eq. (3), (7) and (4) is applied to S(p, T)  yield
ing:

( d S \
1s t l = f i p ’ T)pM S’ T) (33')

For the calculations let us use T  in Eq. (31). Then:

( S S )
Ы г - / ( * ’ Г )

(34)

T„p

S =  -  J f (p,  T 0) d p  +  S{To, po) (36)
Tova

For p  = constant E q . (33) becomes an  ordinary, bu t 
tia l equation, ju st like Eq. (25). Let the  solution be Ф1

non-separable differen-

S =  Ф1 (p, T , po, S)
where :

(36)

S =  0 i(Po, T , p 0, Ç) (37)

Let us substitu te E q . (35) for £ in Eq. (36), and then  the  solution is obtained
as:

To . V

s  = Ф\ [ p,  T , p 0-  J f (p ,  To) dp  + S(T0, po) j
Го » Po

(38)
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For Eq. (3), (7) and (8)
Eq. (21) in used again, bu t here, from Eq. ( I l l ) :

I

(ST Jv

where the  right-hand-side can be expressed according to  Eq. (21) as a  function 
of V and T.  Then, for constant T 0 its integral becomes :

ToV

S (T o ,V )=  J ( ^ - ) v d F + Ä (T 0, Fo). (40)
T 0Vo

If Eq. (8) is integrated for S  = constant then:
S . T

F ( S ,  To) exp I — J a s  d r )  (41)
S , To

Eq. (40) can be solved for F($, T 0) which, upon substitution into E q . (41) 
yields the  second state  equation:

V = V ( S ,  T) (42)

In  conclusion, it  can be stated  th a t  the following sta te  equations could be 
determ ined by the characteristics listed (cf. Table 2).

Table 2

Characteristic quantities 
symbol/Eq.

State equations 
type/Eq.

T
(3)

V
(7)

Op
(1) F(p, T ) (21) S(p, T) (22)

T
(3)

V
(7)

Ov
(2)

V(v, T) (21) S(T, V) (23)

T
(3)

V
(7)

S
(4) V(p, T ) (21) F(S, p) (30)

T
(3)

P
(7)

V
(5) V (P,T) (21) -

T
(3)

V
(7)

S
(8) V(p, T) (21) V(S, T) (41)
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РЕЗЮМЕ

Авторами разработана система уравнений состояния однородных термодинамических тел 
с помощью термодинамических характеристических величин. При составлении системы раз
личают три случая в зависимости от сложности методики. В данном первом сообщении изла
гаются шесть наиболее легко решаемых задач. Более сложные задачи будут излагаться в по
следующих сообщениях. Также отделяем те типы задач в которых задание характеристиче
ских величин достаточно для составления уравнения состояния но не достаточно для состав
ления системы уравнений. Такие типы выделены на основе доказательства некоторой теоремы.
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Extensive quantities characterizing dispersions (such as numerousness, 
size, and surface area) were used in the mathematical model o f grind
ing. The method of model development shown here is followed by  
a comparison of measured and calculated characteristics (numerous
ness, and surface area, etc.). I t  was concluded that size and surface 
area changes during grinding are proportional to the number of 
im pacts and the size and surface area o f the particle. For a given  
geometric shape, the proportinonality factor can be determined and 
shown to be constant.

Introduction

Dispersion characteristics, such as numerousness, size and surface area can be 
used to  describe operations accompanied by size changes, such as granulation, 
crystallization, and grinding, etc.

Numerousness (N) is the num ber of particles in a dispersion of u n it mass 
and particle fractions :

к
2  ni

(kg-1) (1)
m

Size (D ) is the sum of the  size of the  particles present in  a un it m ass dis
persion :

к
2  mdi

D =  — ------  (m k g -i)  (2)
m

The average particle size of a given particle fraction is defined as th e  alge
braic average of the sieve openings lim iting the given particle fraction.

For the sake of simplicity it is assumed th a t  the  particles are spherical.
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Surface (F) is th e  sum  of the  surface area of all the particles present in 
a  dispersion of unit m ass w ith  к  particle fractions :

2  / i  2  nidin
F  =  ̂ — = — ---------  (m3 kg-1). (3)

m  m

Mathematical Model
T he probability th a t  a  g iven  particle of size d  cleaves under the effect of the  
grinding  force is :

w here eL is the size of th e  elem entary cell.
D uring grinding, partic le  size and the num ber of particles are related as:

N  X d =  No Xdo =  (6)

I t  is assumed th a t  th e  tim e-dependent change of numerousness is proportio
nal to  the number of particles, the  probability of disintegration, and the num ber 
of collisions and disin tegrations, i.e. :

d N  N „ -
—-— = <pirßN--—
dt N„

N
( 6 )

w here: ßN is the num ber of collisions in u n it tim e per a single particle (s x). 
cpN is the num ber of disintegrations per a single collision ( — ).

T he  above m entioned relationship holds for bo th  the size and the surface 
a rea :

dD
— — =  <po X P d  dt

N „ - N
(7)

an d
d F
—tt  =  <P f X/?f

N „ - N
~~nZ ( 8 )

D uring grinding th e  size of th e  particles and  the  increase of the surface area 
proportional to the  num ber of collisions, th e  size of a particle (D/N)  and the  
surface area of a particle  ( F /N).

D ividing Eq. (7) and  (8) by  Eq. (6) the increase of particle size and surface 
a re a  are obtained:

a n d :

dD  D 
dÍVr =  ÍD Vr

. <Pd
ÇD = --------

<PN

d F  _  F  
~dN~b l f <Pn

(9)

( 10)

F o r  a geometric shape proportionality factor |  can be determined and it 
can  be shown to be constan t.

T he differential equation  given in Eq. (6) can be solved under the following 
in itia l  and boundary conditions :

to =  0 and 

N(0) =  N o
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yielding :
1 _ ( N „ - N 0 

~N~

Application of the Model 

In  the num erator of the ratio

i-TN ßt
No 

N „ - N ,

( И )

- i n  Eq. 11 N 0« N „ ,  consequently the

omission of N „ does not introduce a major error. Thus, the  tim e-dependent 
change of numerousness is described as :

JV = -

No

( 12 )
-<psßt + 1

The error introduced by neglecting N 0 and 1 in the  denom inator in Eq. (12) 
is small, because N°°?s>N0.

Thus, Eq. (12) is simplified to :

N = N o e ^ ßt. (13)

If  ln N  is plotted against t then  cpNßt  and N 0 can be determined. If  N ~ 1 
is p lo tted  against exp( — (pNßt) then  can be calculated.

Once the coefficients in Eq. (12) are obtained by these plots, the equation 
can be used to  calculate the  value of numerousness of various materials a t 
any given moment.

Grinding experiments were carried out with various m aterials in a ball-mill 
under identical conditions. The particle size distribution of the fractions a t 
various tim e intervals were determ ined by sieve analysis. The coefficients 
of Eq. (12) were determined from these particle size distributions as described 
above (cf. Table 1).

Numerousness values obtained from the measured d a ta  and calculated by  
the  model were compared (cf. Fig. 1). I t  can be seen th a t  measured and cal
culated values agree well. The ln D  vs. ln N  and ln F  vs ln N  diagrams were 
used to  determine the coefficients | Da n d |Fin E q . (9) and  (10). The grinding-

T a b le  1

Coefficients of Eq. 12 for various materials

No. Material <PH*ß(s-1) No
(kg-1)

■W«,
(kg-1)

1 bauxite 
(1.25-1.6 mm) 7.77 X 10~4 8.48 X 10’ 2.11x101»

2 limestone 
(1.25-1.6 mm) 4.92 X IO“4 2.68 X 108 5.51X 108

3 limestone 
(1.6—2.0 mm) 5.26 X 10-4 6.57 X 107 4.14X 10»

4 zeolite
(1.4—2.0 mm) 1.32x10-4 8.69x107 2.14x101»
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Table 2

Constants o f Eq. 9 and 10

No. Material Ho(m kg“1)
F0

(m2 kg-1) £d

l bauxite 
(1.25-1.6 mm) 3.96 X 103 2.65 0.90 0.44

2 limestone 
(1.25-1.6 mm) 9.62x103 2.42 0.96 0.67

3 limestone 
(1.6—2.0 mm) 2.92 X 103 1.75 0.93 0.43

4 zeolite
(1.4-2.0 mm) 4.74 X 103 3.82 0.87 0.50

F ig. 1
Numerousness calculated from experimental data and the model

F ig. 2
Size increase as a function of time



1983 Dispersion Characteristics in Grinding 17

Surface area increase as a function o f time

Changes o f particle size with reference to numerousness

induced size and surface area changes were then  calculated with th e  know n 
coefficients. Calculated constants of various m aterials are listed in Table 2.

The grinding-induced size changes Zi/D0 and surface area changes (F  / F 0) 
are p lotted in Fig. 2 and 3. I t  can be seen th a t  the  discrepancy betw een the 
d a ta  calculated from the  sieve analysis figures the  and model is small.

The same behaviour is seen when changes of particle size and surface area, 
with reference to  the changes of the number of particles, are com pared (cf. 
Fig. 4 and 5).
2
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Changes o f  surface area with reference to numerousness

Summary

R esults calculated from  th e  dispersion model based on the various dispersion 
characteristics were com pared to those calculated from the  experimental 
d a ta .

I t  was proved th a t  th e  model developed correctly  describes the griding process. 
I t  was proved th a t  changes of the particle size and surface area are propor

tional to  the num ber of particles, and the  size and surface area of a particle. 
Grinding experim ents were carried out w ith  various materials, th e  |  coeffi
cients were calculated. The |  coefficients p roved  to  be constant.

SYMBOLS

d  average particle size, m
D  size with reference to  the unit mass, m kg-1 
F  surface area with reference to the unit mass, m 2 kg-1 
m  mass, kg
N  numerousness with reference to the unit mass, kg-1  
n  number of particles in a fraction, — 
t tim e, s
ß  number of collisions in  unit time per particle, s-1  
q> number of disintegrations per collision, — 
f  proportionality coefficient, —

SUBSCRIPTS

0 a t time t =  0 
»  at time t =  °°
к number of particle fractions 
D  size
F  surface area 
N  numerousness
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РЕЗЮМЕ

Математическая модель операции дробления описана с помощью экстенсивных величин 
(численность, поверхность частиц, их размер) характеризующих дисперсные системы. Приве
дена методика разработки модели, и сравнение расчётных и экспериментальных данных (чис
ленность, поверхность и т. д.). Установлено, что в операции дробления рост размера и поверх
ности частиц пропорционален числу соударений, размеру и поверхностю единичной час
тицы. При определенной геометрической форме частиц можно определить численное значе
ние коэффициента пропорциональности и можно доказать, что эта величина является посто
янной.

2*
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This paper summarizes the results of tests carried out to  lay the 
groundwork of vibrofluidization operations. Experiments were carried 
out in a specially designed, batch-operated vibrofluidization system  
equipped with a swinging plate. The energy requirement of vibrofluid
ization was also determined. It was concluded that compared with 
simple gas fluidization, vibrofluidization improved the flow  pattern 
of the particulate material, and that the optimum range o f vibrational 
acceleration —with respect to energy consumption—was between 
1 g and 6 g.

Introduction

Use of vibrofluidization increases in  technologies dealing w ith particulate 
materials. Essentially, in suitably designed fluidization system s extra energy 
is introduced into the fluidized layer via mechanical vibration. Vibrofluidiza
tion  is often advantageous because the intensive motion of the  layer creates 
uniform, controlled and directed mixing [1], the pressure drop across the layer 
and the minimum fluidization velocity are decreased [2, 3], heat and mass 
transfer are considerably improved [4, 5] and vibration promotes the fluidi
zation of so-called hard-to-fluidize materials, etc.

These advantages can be u tilized  in  a  num ber of drying, g ranu la tion , sep a ra 
tio n  and  o ther operations com m on in  food processing an d  chem ical tehcnologies. 
A t presen t several m ajor com panies (e.g. A e r o m a t ic , A n h y d r o , and  W e d a g , 
etc.) produce in  series continuous v ibroflu idization system s for th e  food p ro 
cessing industry . The special equ ipm ent used in  chem ical industries, w hich 
tak es  advan tage of v ib ration , also increases (rectification colum ns, absorbers, 
an d  ca ta ly tic  reactors, etc.).

Theoretical study of vibrofluidization began about tw en ty  years ago, and 
a num ber of publications followed which were recently reviewed in [6] and 
[7]. A monograph [8] and several tex ts [9, 10] were also published.
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Fig. 1 Experim ental apparatus
1 — cylindrical glass column, D = 0.108 m ; 2  — probe, 3  — flexible gasket; 4  — drive 
mechanism; 5  — gas distributor plate; 6  — balancing mass; 7 — excenter; 8  — crank 
mechanism; 9 — tachometer; 1 0  — spring, 1 1  — rotameter; 1 2 ,  1 5  — 17-tube manometer; 
1 3  — micromanometer; 1 4  — valve; 1 6  — flexible clutch; 1 7  — variable speed electro

motor; 1 8  — rubber plate
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Prim arily these investigation dealt with flow patterns and heat transfer 
characteristics of vibrofluidized layers. Practical application of vibrofluidizers 
proved th a t  considerable energy savings were possible. Therefore, based on 
hydrodynam ic measurements, the  system  was energetically analysed using 
the  swinging mass model.

Results

Most hydrodynamic measurements were carried out in system s which were 
filled with particulate material and the  entire apparatus was vibrated [1, 2, 3]. 
On the other hand, from a technological point of view it is more advantageous 
if the  system is stationary and only the layer supporting p late  is vibrated. 
This reduction in  the moving masses decreases the energy consumption. Such 
a system is shown schematically in  Fig. 1.

The supporting plate is v ibrated  by a sinusoidal drive machanism, which 
ensures the harmonic vibration of the plate. The cylindrical springs located 
between the supporting plate and the drive mechanism establish the eigen- 
frequency of the  system selected in  such a m anner th a t the  system  proper will 
not resonate. To decrease the  am ount of vibration transfered  to  the base, 
the  system is mounted on a heavy welded supporting frame.

Prim arily, the  hydrodynamic measurements were designed to  reveal the  
relationship of vibration energy inpu t and fluidization characteristics, such 
as minimum fluidization pressure and bed expansion.

Experim ents were carried out w ith sand of varying particle  size, bed height 
and supporting plates of varying flow resistance.]

Vibration param eters were changed as follows :
— Am plitude: A  = from 0.6 to  0.9 and 1.85 mm
— со =  from 0 to  267 s-1

Aw 2Accordingly, the vibration characteristic, Г  =  was changed in the

F  = from 0 to  13.4 range.

Pressure drop across the layer, Ap  as a function of fluidization gas velocity 
u"  was measured along with bed expansion Y  / Y 0. The characteristic fluidiza
tion curves are shown in Fig. 2 and 3. I t  can be seen th a t  in  the presence of 
vibration, the characteristic pressure peak of gas fluidization ( Fig. 2) is miss
ing and realtive bed expansion is linear ( Fig. 3). When th e  intensity  of v ib ra
tion is lower, then the layer is a t first compacted, followed by bed expansion 
a t higher gas velocities.

The effect of increasing vibration amplitude is shown in  Fig. 4. Increasing 
vibration am plitude results in decreased pressure drop across the layer.

The m inimum fluidization pressure drop (Amf) was determ ined by visually 
observing the onset of fluidization. Changes of Amf as a function of vibrational 
characteristic, Г , is shown in Fig. 5. Initially, its value increases (up to  Г  = 
=  1/1.5), then  it decreases. The effects of bed height, H  is also apparent in 
the  Figure. I t  also increases the  pressure drop, bu t the decrease of m inimum 
fluidization pressure drop is faster a t higher bed heights. A t gas velocities 
above the minimum fluidization velocity, t /^ f, the pressure drop, Ap, decreases
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Fig. 2
Pressure drop across the layer as a function o f  fluidization gas velocity  at varying bed 

heights and vibration parameters ( #  — P o=  100 mm, Q — Eo =  90 mm).
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Fig. 3
Relative bed expansion, Y/Yo  as a function o f fluidization gas velocity, u”
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Fig. 4
Pressure drop a cross the layer as a function of the amplitude

as a function o f vibration parameter

(up to  Г  =  1), then  it increases, becomes constant in the / ’’= 2 /5 .5  range, then  
slowly decreases again (Fig. 6). This means th a t from a hydrodynam ic point 
of view, once the gas-fludized layer is established, the role of v ibration becomes
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Fig. 6
Pressure drop across the layer at a u" >  tt"f gas velocity

negligible, more correctly, its effects become manifest only a t higher intensities, 
resulting in an operation which dem ands excessive am ounts of energy.

The following polynomial regression equation was obtained from the s ta 
tistical analysis of m easured values for the  vibration efficiency, K w:

K v =  1.06 -0 .034 ,52  Г +  0.005.6 Г 2-  0.000,07 Г 3 (1)
where :

K v is the v ibration  efficiency, the  ratio of minimum fluidization press
ure in th e  presence and absence of vibration:

(dpm r)v
A y —------------------------- .

( d p m f ) s

K v values derived from  m easured d a ta  are shown in Fig. 7 against Г. The 
full curve is the regression function corresponding to  Eq. 1. I t  can be seen 
th a t  due to  layer compaction, v ibration  initially hampers fluidization (in the 
Г  =  0—1 range), b u t above this lim it significant im provem ent occurs, i.e. 
v ibration almost halves the  m inim um  fluidization pressure. A deficiency of 
th e  regression equation is th a t it  does not account for the  in itial layer com
paction, correspondingly i t  is valid only for ,T>1.

Changes of relative bed expansion are shown in Fig. 8 in  the case of v ibra
tion  only, and in Fig. 9 for sim ultaneous vibration and fluidization. I t  is 
apparent in Fig. 8 th a t  v ibration in itially  causes a compaction of the bed 
(up to  Г =  1), followed by  bed expansion (up to  Г =  5), and then  bed expansion 
rem ains practically constant. A t a  gas flow rate, which corresponds to  the 
m inimum fluidization gas velocity, the  layer contracts somewhat up to  Г  =5,
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Vibration efficiency, K v as a function of the vibration parameter

Relative bed expansion as a function of the vibration parameter

then  a t more intense vibration i t  expands, bu t does not exceed the value ob 
tained in the absence of vibration (i.e. gas fluidization only).

The effect of support plate resistance is shown in Fig. 10. I t  can be seen th a t  
with less permeable support p lates (higher support resistance), the minimum  
fluidization pressure is lower over the entire range tested. D ata  obtained w ith 
various particle size fractions are shown in Fig. 11. I t  can be seen th a t w ith 
increasing particle size the pressure decreasing effects of vibration are 
hindered.
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Effect o f support plate resistance upon pressure drop across the layer 
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The Energy Requirement of Vibrofluidization

The energy requirem ent of vibrofluidization consists of two parts : the kinetic 
energy of the fluidization gas flow and the  vibration energy transm itted  to  
the  layer. Pressure drop decrease brought about by vibration decreases the  
first component of energy consumption, bu t vibration itself consumes energy. 
The economy depends on the  balance of these processes.

For a swinging period the  kinetic energy of gas flow can be calculated by 
Eq. 2:

Ep =  dpmI X Umt X F /n  (2)

In  a swinging system with a single mass, the  energy required to  m aintain  
vibration can be calculated by Eq. 3 [11]:

where :

Еу =  т п А 2ш2
GJ2

f ( a . g - ö ) 2 ) 2 +  4 / i 2<o2
sin <p

f m 
—

8 - D 3 - i

d*-a

Calculations were carried out with the following constants :
— swinging mass: иг =  3.68 kg;
— slip modulus of spring steel: ö  =  8 .3 X l0 10 N /m 2;
— outer diam eter of screw-spring: D = 2 .2X 10~2 m;
— diam eter of spring-wiwe: ri=  0 .2X 10-2 m;
— number of tu rnus: г =  6.

(3)

(4)

(5)

( 6 )

(7)

( 8 )

From  these d a ta  the spring constant becomes :
c =  3.92 X 10-2 m /N , and 

the  eigen-frequency of the swinging system is :
a>o =  26.38 s-1.

The damping coefficient of the swinging system, 7), which is influenced 
by the  characteristics of the particulate m aterial was not determined, ra ther 
two extreme values were tested  as Z)j raax =  0.1 and D1 mjn =  0,01. These d a ta  
are based on values measured with various tes t materials.

The results of the calculations are shown in  Fig. 12. The full line depicts 
the  vibration energy, the dotted  line the kinetic energy of gas flow determ ined
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Fig. 12
Energy consumption as a function o f the vibration parameter,

------ kinetic energy o f fluidizing gas
-------vibration energy

overall energy requirement.

from measured d a ta  The dot/dash line represents the  resultant energy con
sumption as a function of Г.

I t  can be seen th a t  when the dam ping of the  swinging system is small 
(readily flowing powders) increasing vibration  in tensity  enhances the  overall 
energy consumption up to  / ’ =  1, th en  i t  decreases. Above Г =  5 the decrease 
is longer significant. I f  the  damping is large (e.g. w ith sticking powders) then 
the overall energy consum ption increases rapidly up to  Г =  1, then  it is p racti
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cally constant between 1 and 5, and then  it increases again. Therefore* 
it is not advantageous to  increase Г  beyond 5, because no significant energy 
saving can be realized, while equipm ent wear increases rapidly.

Conclusions

The following conclusions can be drawn from the hydrodynamic studies of 
vibrofluidization of particulate m aterials :

— the  minimum fluidization pressure in the  vibrofluidization layer de
creases with increasing vibration intensity. The minimum fluidization 
velocity also decreases and can be described by a regression equation;

— bed expansion cannot be increased by increasing the vibration param eter 
beyond a limit, which is determ ined by m aterial characteristics ;

— the  characteristics of the bed supporting plate influence the pressure 
drop across the layer, the higher the plate resistance the  sm aller the 
pressure drop;

— in batch-operated systems the  optim um  vibration param eters are in  the 
range Г  fro =  m 1 to  5. At first the maximum vibration am plitude has to  
be selected with respect to  the  strength of the mechanical units, then 
the  vibration frequency has to be optimalized to  avoid resonance of the 
apparatus (or its components). W ith known swinging masses, resonance 
can be avoided by adjusting the  spring coefficient.

SYMBOLS

A  — amplitude, m
c — spring constant, m /N
d — diameter of spring wire, m
dp — particle diameter
D  — outer diameter o f spiral-spring, m
D\ — damping coefficient
E v — kinetic energy of gas flow, J
E v — vibration energy of the swinging system, J
F  — bed cross section area, m 2
g — gravity constant, g = 9 .81  ms" 2
в  — slip modulus, N /m 2
h — damping frequency, s_l
i  — number o f turns of the spring
К  — damping coefficient, kg/s
Kv  — vibrational efficiency
m — mass, kg
n — frequency, s-1
Q — volumetric flow rate o f fluidizing gas, m3/h 
u" — linear velocity of fluidizing gas, u " —Q/F, m /s 
Mmf — minimum fluidization gas velocity, m /s
Y  — bed height, mm
Fo — initial bed height, mm
zipmi — pressure drop at minimum fluidization velocity, Pa
Г  — vibration parameter
<p — phase angle, rad
(o — frequency, s-1
ojq — eigen-frequency, s-1
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РЕЗЮМЕ

В стати приведены результаты гидродинамических измерений неодходимых для подготовки 
технологических операций в виброкипящем слое. Измерения осуществлены разработанной 
для этой цели экспериментальной установке периодического действия с вибрированием газо- 
распределительной решетки. Изучена энергопотребность викрокипения и установлено, что 
гидродинамические характеристики улучшаются по отношению псевдоожиженного слоя, оп
тимальные значения вибрационного ускорения найдены в пределах lg  — 5g.
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The effects o f the free-surface-area fraction o f baffle-plates, <p and 
of their positioning upon the flow-pattern were investigated in 0.1 
and 0.3 m diameter tube-reactors, in the 6 0 < P e o < 5800 flow rate 
range. Laboratory-scale and pilot-plant scale units o f identical geo
metries were compared with respect to their flow patterns by visual 
observation and average residence time measurements.

Introduction

The flow -pattern established in tube-reactors significantly influences the ra te  
of chemical reactions taking place in  such reactors [1]. In  the  case of liquid- 
phase, and homogeneous chemical reactions, optim um  reaction conditions 
can be ensured by establishing homogeneous reactant-distribution and iden ti
cal residence times. Under ideal conditions each portion of the  reactant fed-in 
spends the same amount of tim e in the reactor and the  components trave l 
in  a plug over the  entire cross section of the apparatus. However, this ideal 
case cannot be achieved in plant-scale reactors, it can a t best only be approx
im ated, for mixing phenomena occur, and there is an inner drag force acting 
between the  fluid elements. In  tube reactors without baffle-plates, the approx
im ation of the  ideal conditions is best in the tu rbu len t flow range, where 
the  velocity-distribution over the cross section approaches the step-like 
distribution of the  plug-flow. However, a longer residence tim e demands longer 
tube  sections.

If  the flow velocity is kept constant, and the  length-to-diam eter ratio  of 
tube-reactors is decreased, then  the motion of the fluid elements deviates 
more and more strongly from the  flow-pattern assumed in ideal tube reactors. 
The standard deviation of the  residence tim e distribution also becomes larger. 
The most unfavourable flow pa tte rn  occurs in  the continuously operated, 
tank-like tube-reactors, in which mixing is almost complete.
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I n  tube-reactors operated  in  the  lam inar flow rate range, the  flow patterns 
obtained  resemble transitions between th e  two lim iting cases mentioned 
above. In  these cases, the  plug-flow p a tte rn  can be approached by appropriate 
modification of the  flow -structure (e.g. by  baffle elements).

W ork on the elim ination of the unfavourable characteristics of tube-reac
to rs , operated in  th e  lam inar flow range, s ta rted  in the  early fifties. These 
characteristics include the  occurrence of axial mixing and th e  lack of a defined 
feed section [2-4]. Baffle-elements, packing and agitators were placed into 
th e  tube-reactor to  form a series of perfectly mixed chambers. The efficiency 
of th e  cascade system  thus obtained approaches th a t of the  plug-flow reactor 
(if n  >10). B en kő  e t al [5, 6] showed th a t  tube-reactors equipped with baffle- 
p la tes can be trea ted  as a  cascade of tank-reactors. The baffle-plates used 
in  these investigations were circular sections of varying free-surface-area. 
T hey  were located a t  various places along the tube axis. The baffle series 
changed the direction of flow, it  created significant turbulence, and decreased 
th e  extent of back-mixing in  the  apparatus [7]. H ovorka and K endall  [8, 9] 
exam ined a homogeneous chemical reaction in  a 0.05 m laboratory-scale-tube- 
reactor. The free surface area fraction of th e  baffle-plates was 0.2. The distance 
between the baffle-plates, L  was changed between 3D  and 6Z>. The conversion 
values indicated th a t  closely spaced baffle-plates were advantageous for the 
reaction. B en kő  et al [5, 6] used a sim ilar system, and th en  determined the 
optim um  values of the  free-surface-area fraction and of the  spacing of the 
baffle-plates. The free-surface-area fraction, cp was found to  be a less significant 
param eter th an  th e  baffle-plate spacing as characterized by  the L jD  ratio. 
A t close spacing (L /D  =  0.5) the  flow p a tte rn  approached th a t of the  plug- 
flow. Of course, th e  hydrodynam ic resistance of the apparatus depended 
on the  param eters of the  baffle system [10].

The use of baffle-plates in  industrial tube-reactors is am ply justified by the 
above considerations. However, further studies are required to  learn more 
abou t the problems of system-scale-up. A part from geometric similarity, the 
sim ilarity  of flow -patterns requires the  invariance of the lie  and Fr  numbers. 
However, complete invariance is impossible, even theoretically, so only a par
tia l  similarity can be obtained [1]. Valuable data  could be obtained by the 
comparison of laboratory-scale and pilot-plant-scale tube-reactors, facilitat
ing a sensible compromise.

This paper reviews the  work carried ou t to  study the flow-modifying effects 
of the free-surface-area fraction and spacing of baffle-plates in 0.1 and 0.3 m 
d iam eter tube-reactors. The free-surface-area fraction of the baffles was 
changed in the  0.035 to  0.35 range, while their spacing was varied in the
0 .3 /1-1.0/1 range. The flow characteristics were examined over the 50<j?e0<  
<  5800 range, where Jie0 denotes the Reynolds number relating to  the  overall 
cross section area of th e  tube-reactor. The flow pa tte rn  was m onitored by 
visual observation and photography. M ixing in the tube-reactor was character
ized by the average residence tim e and pressure drop values. Measurements 
were carried out in  the  0.3 m diam eter pilot-plant-scale tube-reactor to  find 
o u t the effects of a three-fold increase in  tube  diameter upon the flow pattern, 
while the geometry of the  baffle-plates and  the  Re-criterion were kept constant.
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Experimental Apparatus

The schematics of the experimental set-up is shown in Fig. 1.
The liquid phase is fed in tangentially a t the bottom  of the vertically 

oriented tube-reactor (4) by centrifuge-pump (10), which is connected to  
reservoir (9). The feed ra te  is controlled by valves. The step-function con
centration-signal is produced by signal generator (6), which switches th e  flow 
to the 0.6 kg/m 3 sodium chloride solution. Electrodes (1-3), located in m easure
ment space (11) and connected to  conductom eter (12) and recorder (13) 
were used to  measure the concentration distribution. The pressure-drop across 
the baffle-plates was measured by differential manometer (15). The tem perature  
of the feed-water was below 20 °C.

e f f lu e n t

Fig. 1
Schematics o f the apparatus used for the residence time distribution measurements 

1, 2, 3 — electrodes; 4 — reactor; 5 — flow mixer; 6 — front generator; 7 — tracer 
reservoir; 8 — rotameter; 9 — reservoir; 10 — pump; 11 — tested reactor section; 12 — 

conductometer; 13 — recorder; 14 — coloured tracer liquid; 15 — manometer

Measurements were carried out in 0.1 and 0.3 m diam eter tube-reactors. 
The 0.1 m diam eter apparatus consisted of three metal sections each 0.4 m 
long, with a replacable middle section m ade of glass, which facilitated the  
visual observation of the flow pattern . The tube-reactor contained five baffle
s'
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p lates on an upper support, and five baffle-plates on a lower support. Thus, 
te s t  compartm ent (11) was a  disturbance-free section. The geometry of the 
baffle-plates and electrode location are shown in  Fig. 2 for cp =  0.2 free-surface- 
a rea  fraction baffle-plates.

Schem atics of the tested tube section

The pilot-plant-scale tube-reactor had a diam eter of 0.3 m and a height of
0.6 m. A baffle-plate resembling a valve-cap ensured the uniform distribution 
of the  incoming flow. The concentration distribution was measured in the 
vicin ity  of the two upper baffle-plates.

Measurement Methods

Visual Observation Methods

5-10 |im precipitate-floccules introduced in to  the system readily indicate 
th e  flow-pattern inside the  tube-reactor, over its entire cross section. Precipi
ta te  deposition indicates th e  presence of low-flow-rate sections. However, 
th e  flow pattern  could not be photographed.



1983 Baffle-Plate Tube-Reactor 37

The motion of the elements of flowing water could be photographed when 
a coloured liquid was introduced through the lower baffle-plate of the tes t 
section. Feed took place through the  holes a t the edge of the  baffle-plate, 
into the  fastest stream-lines. Thus, the coloured liquid “strings” showed the  
motion of the fastest-flowing liquid elements. The advantage of this m ethod 
is th a t  the flow-pattern can be photographed, and the flow -patterns obtained 
a t various flow rates can be compared.

The displacement method, in which water and a coloured liquid were fed 
in  alternatingly, allowed for the  observation of the  advancing coloured front, 
and the detection of the low and high flow-velocity sections.

Measurement of the Average Residence Time

Mixing phenomena are most often studied via the m easurem ent of the resi
dence-time distribution curves and the determ ination of its respective moments. 
The general test method [1] calls for a pulse, step or periodic disturbance 
input-signal and for the recording of the response function a t the outlet. 
However, the  response function m ight be distorted by disturbances unrelated 
to  the mixing phenomena studied, such as the poor definition of the input 
and ou tpu t sections. In  order to  eliminate the unw anted disturbances over 
the  wide flow-rate range envisioned for this study, the following measurement 
strategy was adopted [11]:

A step-function concentration signal was generated a t th e  input. Then, 
a test section determined by two baffle-plates, was selected in  th a t portion 
of the tube-reactor where the  flow pa tte rn  was stabilized (cf. Fig. 2). Here, 
the  concentration distribution was recorded via electrodes (1-3) and conducto- 
m eter (11). The absolute moments were calculated from th e  concentration 
distributions thus recorded. Disturbances unrelated to  the m ixing phenomena 
inside the test section caused identical upsets in the recorded signals, so the  
difference of the two signals tru ly  characterized the test section. Electrode (2) 
located in-between the baffle-plates was used to  detect th e  form ation of any 
occasional “dead-space” .

Results and Discussion

Visual Observations

Using the displacement method, the  classical lam inar flow -pattern could be 
observed in  the  0.1 m diam eter tube-reactor, when the  baffle-plates were 
absent. The motion of the fastest liquid elements in the  presence of baffle- 
plates is shown in Fig. 3 for increasing flow rate  and Re0. I t  can be seen th a t 
the flow -pattern is characteristically different over the en tire  cross section 
from th a t of the baffle-plate-free tube. A t low Re0 num bers the direction 
of the flow through the slots of the  baffle-plates is vertical, followed by a hori
zontal motion along the upper plate. A “dead space” occurs between the two 
baffle-plates, under the flow through cross section. I ts  size decreases w ith 
increasing slot-size and decreasing baffle-plate distance. I f  Re0 increases be
yond 200, the thread-like streamlines become disturbed by  inner vortexes 
and turn-backs. Above Де0 =  700 the whirling eddies, which spin off the pri-
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Reo =  600 Reo =  700

Fig. 3
The flow-path o f  the fastest streamlines in the apparatus 0 0 .1  m

Reo =  50
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m ary streamlines, fill the entire space between the baffle-plates. Sedim enta
tion  of the precipitate floccules carried by the  liquid flow substan tiated  the  
existence of “dead space” . Therefore, electrode (2) was m ounted in to  th is 
space to  facilitate its further study.

The Effects of Flow-Rate and Geometry in  the Case of the Laboratory-Scale 
Apparatus

The effects of the  geometry and spacing of the  baffle-plates upon the  m ixing 
phenomena were studied over a wide flow-rate interval. In  the  0.1 m diam eter 
apparatus the m ain param eters were as follows :

the  volumetric flow rate, Q =  0.05-1.7 m3/h,
the  em pty-tube Re0 = 50-5800,
the  free-surface-area fraction of the baffle-plates, 99 =  0.035 — 0.35,
the  spacing of the  baffle-plates, L /D  =  0.3— 1.0.

The results obtained were compared according to  Re0. However, one has 
to  remember th a t  depending on the free-surface-area fraction of the  baffle- 
plates, the actual Re number in the plane of the  baffle-plate can be much 
higher than  Re0, while in the “dead space” the  Re number can be much lower 
th an  Re0.

The conductometric m easurement-technique yielded a series of curves for 
various baffle-plate param eters and Re0. As an example, the curve series 
obtained with L /D  = 0.5 and 99 =  0.35 is shown in Fig. 4.

The first absolute moments of each curve, and their differences were de te r
mined. The signal measured by electrode (1) was taken as reference signal
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Concentration distribution of the tracer as a function o f time. 

L /D  =  0.5; <p =  0.35; 0  = 0 .1  m
Sampling points — 1 ; 0  — 2 ; X — 3.
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(input signal). Thus, th e  average residence tim e, t  corresponding to  a given 
flow-rate was obtained as th e  difference between the  absolute first moments,

a t the output and in p u t of the test section:
il =  /ИЗ — /til (s)

Measured average residence time values were compared with the apparent 
residence time values, tB belonging to  a section of identical volume. Apparent 
residence time tB was calculated as the ra tio  of the  test volume and th e  flow- 
ra te :

Vi
im  =  —  (s)

For the comparison of measurements carried out a t different flow-rates 
and  baffle-plate geom etries, a 0 X dimensionless average residence tim e was 
defined as :

<i©i=—  ( - )
ÍB1

Visual observations suggesting the presence of a “dead-space” indicated 
th e  need for accom panying instrum ental measurements. Apparent and m easur
ed average residence tim es as a function of Re0 for the  entire test section, V1 
and the interm ediate te s t  section defined by  electrode (2), V2 are shown in 
Fig. 5 for cp = 0.035 an d  L /D =  1 baffle-plates. I t  can be seen th a t  in the lam inar 
flow-rate range and  for low free-surface-area-fraction baffle-plates i t  holds 
th a t  t<ztB for both  te s t  sections, which indicates the  presence of a “dead 
space” . For f?e0=~400, th e  measured average residence tim e values of the  entire 
te s t section are close to  the  apparent residence tim e values. Nevertheless, 
residence time values ( 0 2) measured by electrode (2) are 2-2.5 tim es higher 
th a n  the calculated values. This indicates th a t  the  test section cannot be con
sidered a perfectly m ixed  unit.

5 0  100 200  Í 0 0  1000 2 0 0 0  4 0 0 0  6 0 0 0  R e„ H

Fig. 5
The dependence o f m easured and apparent residence time values on the Reo number.

L / D = l ;  95 =  0.035; 0  = 0 .1  m
Calculated =  ф  — íbi ; X — íb2 ; Measured =  О — h  ; Д — Í2
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Fig. 6
The dependence o f measured and apparent residence tim e values on the Re о number.

L /D  =  1; 0  = 0 .1  m
Calculated =  ®  — í b i ; Measured = X  —<p =  0.035; О — <p =  0.20; Д — 99 =  0.35

v--------------------------V“
<1

I t  can be seen in  Fig. 6 th a t for L \D — 1 a sim ilar tendency holds for any 
free-surface-area-fraction baffle-plate. No characteristic trend could be ob
served for when it was p lotted against the free-surface-area-fraction. The 
Ог values were between 1.0 and 1.7.

For L /D  — 0.5 baffle-plate spacing (cf. Fig. 7) th e  average residence tim e 
becomes equal to  or higher th an  the apparent residence tim e—even a t low 
flow rates—for each free-surface-area-fraction. A t Ae0>  1000 even 0 1 and 
0 2 became similar to  each other, indicating th a t  “dead space” form ation 
was negligible for th is baffle-plate spacing.

Fig. 7
The dependence of measured and apparent residence tim e values on the Reo number.

L /D  =  0.5; 0  =0 .1  m
(Data points are the same as given in Fig. 6)
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Fig. 8
The dependence o f m easured and apparent residence tim e values on the Re о number.

i/.D  =  0 .3 ; 0  = 0.1 m
(D ata points are the same as given in Fig. 6)

The residence tim e  values measured a t  L /D  = 0.3 are shown in  Fig. 8. 
The measured average residence tim e values were smaller than  the  apparent 
ones a t Re0 = 50, ind icating  th a t “dead space” was present though the  baffle- 
plates were closely spaced. Contrary to  th e  previously discussed results, the 
residence tim e changed with the free-surface-area-fraction over th e  entire 
flow-rate range. Residence time was the  longest for the smallest free-surface- 
area-fraction baffle-plates: 0 1 =  3.8. 0 , decreased with increasing rp. Apart 
from the initial section, values measured w ith electrode (2) did not differ from 
the  calculated ones, i.e. “dead space” was absent.

Measurements ind ica ted  th a t a t L \D  = 0.3; (p = 0.035 and 1000<Re0<4000 
eddy formation becam e very pronounced, and the  entire test section could 
be considered a perfectly  mixed unit. Compared w ith the apparent residence 
tim e, the m easured relative residence tim e also increased. Therefore, tube- 
reactors equipped w ith  such a baffle-plate system are hydrodynamically 
favourable for homogeneous chemical reactors.

Pressure Drop

Pressure drop values of tube-reactors increase when baffle-plates are in tro
duced. Pressure drop is higher for narrow-slot, closely spaced baffles. Measured 
pressure drop as a  function of the flow -rate is shown is Fig. 9 for rp = 0.035 
and LjD  =  0.3. For comparison purposes, the  calculated pressure drop values 
Ap0 for a tube-reactor without baffle-plates are also shown in the  Figure.

Under the present te s t conditions th e  pressure drop can be described in 
the 2 • 10~3 to  5 • 10~2 m /s flow-velocity range as:

Ap =  2.46 X 104>2

where dp  —the pressure drop, (Pa)

v = the flow  velocity, ms-1
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Fig. 9
Pressure drop as a function o f the flow  rate

Experiences with the Pilot-Plant-Scale Tube-Reactor

Experiences obtained with the  0.3 m tube-reactor operated in the 1000 <  
< Л ео<4000 flow range and with identical geometrical simplexes, include 
the  following.

Visual observation indicated th a t  flow patterns were sim ilar to those ob 
served in the laboratory-scale unit. Baffle-plates w ith 95 =  0.035 and 0.2 were 
tested  a t L jD = \  plate-spacing. Measured and calculated average residence 
tim e values as a function of the  flow rate are shown in Fig. 10. Contrary to  
observations w ith the laboratory-scale unit, the  measured average residence 
tim e values were smaller th an  the  calculated values. The effects of the  free- 
surface-area of the  baffle-plate are quite noticeable. Measured and calculated 
average residence tim e values agreed better, for smaller 95 values. The relative
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The depedence o f  measured and apparent residence time values on the Be о number.
L / D = l ;  0  = 0 .3  m

Calculated =  ®  — On ; Measured =  X — rp =  0.035; Л — 93 =  0.20

Fig. 11
The dependence o f measured and apparent residence time values on the Be о number.

LID  =  0.3; 0  = 0 .3  m
(D ata points are the sam e as given in Fig. 6)

residence tim es in  te s t  section V1 and V 2 were different, indicating the  pre
sence of “dead space” .

Residence tim e values measured w ith L jD  = 0.3 showed similar tendencies 
to  those obtained a t  L /D =  1 (cf. Fig. 11). Measured and calculated residence 
tim e values agreed best for the smallest <p.

I t  can be theoretized th a t  closer baffle-plate spacing and lower <p values could 
result in high relative residence tim e values as observed in  the  laboratory- 
scale unit.
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Conclusions

The effects of baffle-plate spacing and of their free-surface-area-fraction upon 
the  flow-pattern were investigated by direct (visual) and indirect m ethods 
(residence tim e distribution) in  a  0.1 m diam eter baffle-plate tube-reactor.

The introduction of coloured liquid into the apparatus aided the selection 
of the instrum ental measurement technique, and the  placing of the electrodes. 
The method selected for the determ ination of the average residence tim e, i.e. 
measurements between two neighbouring baffle-plates allowed for direct 
comparisons of the  effects of baffle-plate spacing and of their free-surface- 
area-fraction. From  the comparison of the signals of the electrodes located 
a t  the  two baffle-plates and inside the test-space, the  homogeneity of th e  
flow in the test-section could be determined. The smaller the difference of th e  
signals, the more homogeneous is the test-space from a hydrodynam ical 
point of view.

The following conclusions can be drawn from the  results :
In  the case of baffle-plate free tube-reactors the  flow rate  range studied 

(50 <I?e0<  5,800) encompasses the  lam inar and the  transitional flow regimes. 
W ith  baffle-plates installed the  upper lim it of the  lam inar region decreased 
from  Re0 = 2,300 to  Re0 = 200, because the pure lam inar flow-pattern could 
not be observed above this value. Up to  Re0 = 1,000 “dead space” is form ed 
in  the  test-section between th e  baffle-plates. Therefore, this range is no t 
suited  to  carry out homogeneous-plase chemical reactions.

Upon increasing the flow-rate, a strongly tu rbu len t flow-pattern (Re0 = 
— 15,600) occurred in the slot of the  baffle-plates, so the homogeneity of the  
tes t space between the  baffle-plates increased significantly.

The average residence tim e values obtained for the  smallest free-surface- 
area-fraction and most closely spaced baffle-plates {LjD = 0.3; q> = 0.035) 
indicated th a t the tes t compartm ents were perfectly mixed above Re0> 1,000.

As expected, the  hydrodynamic resistance of the system increased when 
the  baffle-plates were spaced more closely and their free-surface-area- 
fraction was decreased. However, this increased pressure drop value was well 
w ithin the operational range of the  system.

Experim ents caried out in th e  laboratory-scale apparatus indicated th a t  
the  use of closely-spaced, low free-surface area-fraction baffle-plates created a 
tu rbulen t flow p a tte rn  in the 1,000 <  Re0 <  4,000 range, which proved advan
tageous for the chemical reactions.

Residence tim e values measured in the 1,000 <f?e0<  4,000 flow rate range 
were not as high as the apparent residence tim e values, when the  diam eter 
of the  tube-reactor was increased threefold, even though the baffle-plate sys
tem  had an identical geometrical arangement. This means th a t complete 
geometric sim ilarity was accompanied by a partical flow similarity. The 
advantageously high relative residence tim e observed in  the  laboratory-scale 
tube-reactor can only be achieved by more closely spaced baffle-plates, which 
have a lower free-surface-area-fraction value.

SYMBOLS

D  — tube diameter, m  
L  — baffle spacing, m  
Re — Reynolds number
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Reo —
Q -
V  -  
0 -  

n
I — 
ÍB —
V  —

f  — 
m —

Reynolds number defined for the entire cross section 
volumetric flow  rate, m 3/h 
test space, m 3
dimensionless residence time, — 
cascade number 
average residence time, s
average residence tim e calculated as the ratio of test space and flow-rate, s 
linear flow  velocity, m /s
free-surface-area-fraction of the baffle-plates, m 2/m2 
first absolute m om ent o f the concentration distribution, s
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РЕЗЮМЕ

Изучали влияние коэффициента свободной поверхности и размещения ламелл на гидродина
мику потока в трубах с диаметром 0,1 и 0,3 м в интервале числа Рэйнолдса 50--R e-=580. 
Визуальным наблюдением и измерением среднего времени пребывания сопоставлены лабора
торные и полупромышленные установки.
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A two-algorithm approach is proposed to calculate reboiled absorbers. 
It is based on the segmentation of the column into absorption and 
stripping sections in order to compute each with most suitable 
algorithm. The interconnection o f the sectional calculations occurs 
on a system  level, by a special combination o f the sequential and 
simultaneous modular simulation strategies. The advantages of this 
new approach over the conventional, single-algorithm concept is 
discussed with some examples.

Introduction

The simulation of reboiled absorbers used in natural gas plants for deethaniza- 
tion or dem ethanization is considered to  be a difficult convergence problem , 
due to the different character of the absorption and stripping process tak in g  
place w ithin the same column ( Fig. 1). In  accordance with the analysis of 
F riday  and Sm ith  [1], the  absorption (upper) section needs an algorithm th a t  
uses the heat balances to  correct the tem peratures and the  stripping (lower) 
section, on the  other hand, an algorithm th a t uses th e  heat balances to  
correct the vapour (or liquid) flow rates. In  other words, the upper section 
ought to  be sim ulated w ith the sum -rate (SR) m ethod [2] and the lower one 
with the bubble-point (BP) [3] or some other m ethod proposed for nonabsorp
tion cases. In  general, neither the SR, nor the BP-algorithm , in itself, is s u it
able for solving such interm ediate problems. To overcome the difficulties 
associated with the interconnection of two different algorithms, usually global 
methods carrying out simultaneous tem perature and flow rate  correction (e.g. 
[4], [5]), were proposed for reboiled absorbers. The simultaneous solution of th e  
heat balances (E) and the  so-called mole fraction summations (S) based on 
the  N ew ton- R aphson  technique, may, however, become very storage and 
time-consuming especially in the case of a large num ber of plates. This, seem 
ingly practical drawback can prevent the use of relatively small or m oderate 
size computers (e.g. H ew lett- P ackard Model 45 desktop computer w ith 
flexible disc).
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fe e d  1 v e n t  g a s

Fig. 1
Scheme of the reboiled absorber

The other m ethod of treating in term ediate cases is the segmentation of 
th e  column in to  sections, each to  be solved w ith  the most appropriate, possibly 
less complicated algorithm . Sectional calculations have to  be interconnected 
by  suitable system  sim ulation strategy capable of handling recycle-type non
linear equations.

A similar segm entation technique working w ith a vapour-liquid equilibrium 
cascade as the building element was suggested by J vanecki et al [6] to  simulate 
complex columns w ith side strippers. F o n y ó  et al [7] used the  theoretical 
p la te  as a building element. Some advantageous applications of the  segmenta
tio n  approach over th e  conventional one-algorithm-one-column concept were 
already discussed in  our previous article [8]. A succesful application of this 
segmentation approach (called the two-algorithm-approach) to  reboiled 
absorbers is outlined here.

Two-Algorithm Approach

Segments and Algorithms

The rectisorber, in  accordance with the  essence of the approach, is segmented 
in to  an absorption and a stripping section. The reboiler and side heaters, 
if  there are any, are considered to  be a ttach ed  to  the stripping section. The 
vapour and liquid phase of the feed to  be deethanized or dem ethanized are 
m ixed with the  vapour leaving the stripp ing  part and with the  liquid leaving 
th e  absorption segm ent, respectively. In  th e  case of more th an  one feed,
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Segmentation of the reboiled absorber

usually m ethane-rich vapours, the absorption section ends above th e  last 
vapour feed. The result of th is segm entation is shown in Fig. 2.

For the calculation of the absorption section the SR-method developed for 
typical absorption problems [2, 9] has proved to  be most efficient. As for the  
stripping section, the  so-called X T-m ethod [10] which we developed was found 
to  be appropriate. The XT-algorithm  is based on the  simultaneous correction 
of the  liquid mole fractions (X) and plate tem peratures (T) using the linearized 
component mass balance (C) and sum m ation equations (S), while the mass flows 
(V) are corrected by solving the  enthalpy balances (E). The main steps of the  
algorithm are summarized in  the  Appendix. More details can be taken  from  
reference [10]. In  order to facilitate some specifications on product qua lity  
(e.g. mole fraction of the key, instead of the  distillate rate, D), the m ethod was 
combined with the  so-called ©-convergence formula [10].

Since the calculation procedures applied to  mixing and vapour-liquid 
equilibrium separation processes are simple and well-known algorithm s, 
th e ir  description is om itted here.

Interconnection of the Algorithms

Starting the calculation from w hatever section, a recycle stram  arises. I f  begin
ning with the absorber section, the flow-rates of the  stream  leaving the s tr ip p 
ing section m ust be assumed (m6j, j =  1, 2 , . . . ,  k).
4
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Based on the results of the unit-to-unit calculations, a new recycle stream  
(r) is obtained. The solution of the

rj(mej)-m 6j = 0 j = 1, 2, . . ., к (1)
nonlinear equation set brings an additional requirement over the single
algorithm approaches. Accordingly, the  question is justified whether such 
a  decomposition can be advantageous. Thus, th e  efficient applicability of the 
new approach g rea tly  depends on the convergence m ethod used to  solve 
the  equation (1).

The experiences gained with the various convergence methods (direct 
substitution, dom inan t eigenvalue, W eg  s t e in  , and N e w t o n —R a p h s o n , etc.) 
showed th a t th e  d irect substitution is generally sufficient to  converge the 
recycle flow rates. I t  is due to  the relatively good estimates based on K r e m s e r ’s 
separation (absorption and stripping) fractions [11]:

where :

me j = -  Y ( m  и  +  m & i ) S f  +

Si 8 ] -  1
( 2 )

(3)

(B

I t  should be noted th a t  the  same result would be obtained for ?n6| when solv
ing all the mass balance and separation fraction  defining equations sim ultane
ously, ás in the  case of the so-called quasilinear (simultaneous modular) 
simulation approach [12]. In  our procedure, however, this quasiJinear step 
is simplified and restric ted  only to  the recalculation of the recycle flow rates. 
Hence, the sim ultaneous solution of the  linearized equation set, which con
stitutes a particu lar step in the sim ultaneous modular sim ulation strategy 
is applied here as a  convergence m ethod to  recycle-generated nonlinear equa
tions existing in  th e  sequential modular stra tegy . Earlier and new experiences 
[13, 14] with flow sheeting indicated th a t  th is  “simultaneous” convergence 
m ethod can be used as a convergence prom oter in the direct substitution. 
Similarly, as for o ther accelerators (e.g. [15]), it  must be activated only a t 
the  slowing point, i.e. in every th ird  of fourth  iteration. Accordingly, the 
calculation procedure looks similar to  Fig. 3.

Programme and Examples

The calculation procedure proposed in Fig. 3 could be realized in our flow 
sheeting program me system  [16] which enables the user to  select either the 
sequential or the  sim ultaneous modular s tra tegy  or to  change over from the 
one to the other during the  simulation.
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Fig. 3
Scheme of the calculation procedure

The examples picked out for the dem onstration were encountered in  the 
field of natu ral gas processing. Example 1 represents a classical deethanizator 
with sponge oil and example 2a and 2b are dem ethanization problem s. The 
specifications are given in  Tables 1-2. The segm entation of the  column is 
shown in Fig. 4. For comparison of the two-algorithm  approach (TA) with 
the single-algorithm one, three representative algorithms were selected 
each bei ngsuitable for handling some or all reboiled absorber cases, nam ely:

BP [3]: bubble point m ethod
XT [10]: simultaneous X-T-correction
X TV [5]: simultaneous X-T-V-correction (global).

The estim ates for the recycle flow rates were set equal to  the values resulted 
after the solution of the component balances of the  whole (unsegmented) 
system. The convergence criterion was given by the  following inequalities:
4*
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Table 1
Specification of example 1

1. Feed conditions feed 1 feed 2
Mass flow, kmol/h 100.58 900.93
Temperature, К 259 283
Composition, mole farction

methane 0.0943 0.2945
ethane 0.2970 0.1250
propane 0.0878 0.0918
г-butane 0.0018 0.0293
butane 0.0003 0.0248
г-pentane 0.0011 0.0084
pentane 0.0034 0.0069
hexane 0.2152 0.1730
heptane 0.1704 0.1396
octane 0.0683 0.0566
nonane 0.0316 0.0262
decane 0.0288 0.0239

2. Operating parameters
Pressure, MPa 1.85
Number of theoretical

plates 16
Location of feed 1 1
Location of feed 2 6
Temperature of bottom product, К 442
Reboiler partial

3. Property calculation
Vapour-liquid equilibrium: Grayson-Streed /Hildebrand
Enthalpy Redlieh-Kwong

4. Initial profiles
Temperature, К

top plate 270
bottom plate 375
reboiler 445

Vapour mass flows, kmol/h
F1 = Di = 430, i = l ,  2......... 17

Max (|ÆP,|, i=  1 ,2 ,  . . . , 7l)< 0.1
*

Max 2 уч- 1y=i
* = 1 ,  2, 0 . 000,1

th a t  proved to be a  sufficient and necessary condition in the practical ap
plicability of the  results.

The computation tim es a tta ined  for the various algorithms were related 
to  the  XTV-method th a t  is considered to be th e  best algorithm for reboiled ab
sorbers. The figures referring to  the ratios of com putation times are summa
rized in Table 3. These values demonstrate th a t  th e  application of the two- 
algorithm  approach can be advantageous. In  th e  case of deethanization, 
i t  proved to be com petitive w ith the other single-algorithm methods, even
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Table 2
Specification of example 2

1. Feed conditions feed 1 feed 2
Mass flow, kmol/h 652.83 444.24
Temperature, К 256 265
Composition, mole fraction

methane 0.1440 0.7940
ethane 0.0970 0.1554
propane 0.1277 0.0348
г-butane 0.0517 0.0060
butane 0.0579 0.0059
i -pentane 0.0195 0.0020
pentane 0.0164 0.0014
hexane 0.0114 0.0004
heptane 0.2191 0.0001
octane 0.1750 0.0000
nonane 0.0589 0.0000
decane 0.0214 0.0000

2. Operating parameters
Pressure, MPa 2.5
Number of theoretical plates 11
Location of feed 1 1
Location of feed 2 8
Mole fraction of methane in bottom

kmol/kmol 0.0100
Location of side heater 10
Reboiler partial
Side heat flow J /h 5 X 105 (for example 2b, only)

3. Property calculation
Vapour-liquid equilibrium: GPSA-chart-based-polynomial
Convergence pressure, MPa: 15
Enthalpy: Redlich-Kwong

4. Initial profiles 
Temperature, К

top plate 290
bottom plate 305
reboiler 360

Vapour mass flows, kmol/h
Fj = 447, i = l ,  2, . . . ,  8 
Fi = 44.7, i = 9...12

Table 3
Comparison of the Two-Algorithm Approach (ТА) with other methods

Example Problem
Computation time

XTV XT BP ТА

l deethan iza tio n 1 0.81 2.1 1.45

2a d em eth an iza tio n l divergence divergence 0.92

2b th e  sam e as 2 a , b u t  w ith 
w orking side h e a te r

1 divergence divergence 0.89
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l e a n  o il

l iq u id  f e e d

Fig. 4
Segmentation for example 1 and 2

w ith the most efficient XT-algorithm . On the o ther hand, in the case of the 
dem ethanization, i t  was th e  new approach th a t  tu rned  out to  be superior 
to  the others. The X T -m ethod and BP-m ethod failed to  converge. A similar 
conclusion, but w ith som ew hat different ratios, could be drawn when discuss
ing the  results of th e  o ther examples arising in  our practice. Using recycle 
estim ates calculated w ith  e.g. (2), the figures referring to  the com putation 
tim e ratio look more favourable for the two-algorithm  approach. Moreover, 
the  new approach led to  a  convergence even in the  case of very poor guesses 
(100-200% for from th e  solution) which indicates the  robustness of the pro
cedure.

Significance

The two-algorithm approach, with a special recycle solving technique, was 
successfully applied in  th e  calculation of several industrial reboiled absorption 
problems encountered in  natu ral gas processing. For the demethanization 
case, the new approach generally proved more efficient than  any global, 
N EWTON—R a piiso n  algorithm  developed for th is purpose. For deethanization, 
however, the conventional, single-algorithm approach (e.g. XT-method, and 
BP-method) seems to  be somewhat be tter concerning com putation time. 
Nevertheless, if one has no global m ethod as a  com puter programme or the 
available computer is sm all for its im plem entation, the  segmentation and the 
alternate application of tw o relatively single algorithm s (e.g. SR-method and



1983 Reboiled Absorbers 55

BP-method) may overcome the difficulties. As for the  interconnection of the 
algorithms, it  can be realized either w ithin any m odularly structured sim ula
tion programme containing these algorithms as modules, or within a separate 
reboiled absorber programme (or module) containing the  two algorithms and 
an organizing part for the  interconnection.

SYMBOLS

к number of components 
К  vapour-liquid equilibrium ratio 
L  (effective) liquid mass flow, kmol/h 
m component flow of stream, kmol/h 
n  number of theoretical plates 
r recycle flow rate, kmol/h 
S A fraction absorbed according to Eq. (3) 
»S'8 fraction stripped according to Eq. (4) 
T  (effective) temperature, К  
V (effective) vapour mass flow, kmol/h 
у  mole fraction in vapour phase 
indices 
i plate 
j component

Appendix

XT-method 

I. Model
component balances (C-equations) :

cj(xj, t, v) = 0 j = l ,  2........ к ( 1 )

summation equations (S-equations) :
к
2  ® y-l = 0 i — 1, 2........ n (2)l- 1

enthalpy balances (E-equations) :
e ( x ,  t, v )  = 0 (3)

II. Linearization of C- and S-equations :
Aj Ax j + Bj At — — cj j  = 1, 2, . . . ,  к (4)

к к
2  Axij = 1 -  2  *4 *= 1, 2, . . . ,  n (5)i-i i-l

where :
* 0CJ n ScJ

III . Algorithm

0. Estim ate t, v , using Eq. (1) calculate x-r
1. Multiply Eq. (4) with Ay1:

I  dxj -I- A71Bj At — — Ajhsj ( 6 )
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2. Summarize Eq. (6) with respect to  j :

where :

3. L e t:

к к к
I  2  A*i+  2 F H t =  2  g j

i - 1 j - i  i - i

Fi =  Aj Bj

and  introducing :

E q . (7) can be rew ritten as: 

4. Solve Eq. (8) for At:

gj=  -A ^ c j .

к
2*1 = 1 i-i

2 FJ = Fs
i-i

2 a  = gsi-i

Fa Zlt — gs

At =  F r  g s

5. Using At, calculate /Ц  from Eq. (6) :

Axj — — A ^ c j  — A ^ B ]  At j  =  1 ,  2 ,  . . . ,  к

6. Calculate corrected x and t  :
Xnew =  x°ia +  zJX 
(new _  Jold

7. Calculate V from Eq. (3) :
v =  v(X, t)

8. Check if convergence is reached. If  not, go to  1, otherwise STOP.

( 7 )

( 8 )

(9)

( 10)

( H )

( 12)

(13)
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РЕЗЮМЕ

В стати для расчета абсорбуонно-отпорных колонн изложен секционный подход составленя 
алгоритмов. Данная методика основывается на сегментации колонн на абсорбционную и от- 
парную секции для выбора подходящих алгоритмов. Расчёты секций организуются специаль
ной комбинацией последовательной и параллельной стратегий употребляемых при моделиро
вании сложных схем. Решение промышленных задач демонстрирует преимущества нового 
подхода.
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Several batches o f similar or different products can be manufactured 
simultaneously and (or) successively on multipurpose plants. To 
evaluate the capacity, variability and reliability o f such plants, the 
following questions are of interest:

— Given the starting time, how many possibilities are there for 
manufacturing a batch in the plant?

— How many batches of equal kind can be produced sim ultane
ously?

The note informs about a backtrack algorithm for solving the first 
question and proposes a graph theoretical solution to the second 
problem by determining a maximum stable set o f undirected graph.

Multi-purpose batch chemical plants are used in the  production of medicines, 
paints, and cosmetics, etc. Similar or different products are m anufactured 
batch-wise—simultaneously and (or) successively—in such plants.

B atch  (discontinuous) production results from requirem ents such as:
— small scale production with large assortment ;
— easy adaptability to  changes in  raw m aterial and m arketing conditions. 

These demands require the  use of plants of variable applications. In  order 
to evaluate these plants, it  appears to  be useful to  define measures describing 
the variability  of the plant. Such measures are of in terest for obtaining infor
m ation on reliability and evaluating the maximum yield of the preferred pro
ducts.

Problem Description

In  the  following, a multi-purpose batch chemical plan t, such as in E g l i /R ip p in  
[1] or B ie c h e l e  et al [2], is described. This plant is represented by a directed
graph G = (X , U), where X  = x x ......... xn are vertices, and U — u lt . .  ., um are
arcs. Each arc u = (xl , x.) is characterized by its starting  vertex x, and end 
vertex Xj.
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The existence of an arc и  means th a t the process unit x] can be supplied 
w ith a  product which previously was in process un it x ,. D ata  concerning type, 
size, change-over tim e, and allocated process unit are assigned to  each vertex x.

The p lan t is to  m anufacture several products P x, . . . ,  P  . For these pro
ducts, production specifications H v  . . . ,  H p exist which describe the  required 
type  of process units, their sequence, utilization tim e, and further data. I t  is 
to  be noted th a t the tim e of transition  one process un it to  the o ther is speci
fied, consequently, no in term ediate storage is allowed.

In  contrast to  the  works mentioned, it  is desired th a t  it  should be possible 
to  m anufacture sim ilar products in different parts  of the plant, despite the 
fact th a t  there are unequivocal production specifications. However, these 
production specifications specify the type of process units required, rather 
th a n  th e  number of the  p a rt  of the  p lant which represents the  type. Hence, 
if th e  p lan t includes several parts  of the same type, a product can be sched
uled in different ways in  the  plant.

The num ber of different possiblities of scheduling can be used as a measure.
Measure 1 : Number of possibilities of scheduling a batch characterized by 

product specification H  in the p lant w ith the starting  tim e A.

A nother point of in terest is the  num ber of batches of equal type, which in the 
best case can be produced simultaneously.
Measure 2 : Number of batches of a product with the  same starting  tim e which 

can be produced sim ultaneously in the  plant.

Determination of the Measures

The tw o measures are determ ined on the  basis of the solution of a partial 
problem , such as occurs in  the  scheduling of multi-purpose batch  chemical 
p lan ts :

Given a partially scheduled machine allocation plan, a batch  H, and 
a  starting  tim e A . D eterm ine all possibilities of m anufacturing this batch 
H  on the plant.

This partial problem can be solved by means of a backtrack proceduer which 
was described in detail by J antcke [3]. Starting from  a non-occupied machine 
allocation matrix, the  first measure is determ ined when the backtrack pro
cedure has been carried out. For the second m easure to  be approxim ately 
determ ined, it is sufficient to  schedule the first batch  and to  use the  machine 
allocation m atrix obtained in  th is way as a starting  value for another experi
m ent, etc.

The exact determ ination of the  second m easure is more expensive. All 
possible schedulings are determ ined. If  the scheduling is considered as a vertex 
of an  undirected graph G' =  [V, E], two vertices of this graph can be connected 
by  an  edge if and only if process units are jointly  occupied by th e  appropriate 
scheduling.

B er g e  [4] gives th e  following defin ition :
A  set 8  of vertices is called a  stable set if no arc joins two distinct vertices 
in  S.
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Thus, determ ination of the maximum stable set gives the  maximum num ber 
of schedulings which do not occupy any process un it jointly, i.e. the second 
measure.

In  this case, the graph theoretical form ulation offers itself for use, as algo
rithms can be easily developed using a graph. I t  m ay be formulated as an 
integer linear optim ization problem. I t  is to  be noted, however, th a t th is  is 
an NP problem, i.e. th a t in all cases branch and bound algorithms will have 
to  be developed (for an explanation of the term  “N P ” cf. GARE Y [5]).

Some Information Concerning the Expense

Measures 1 and 2 were determ ined by means of an existing plant for m anu
facturing highly refined products of organic synthesis (cf. Grtthn e t al [6]). 
I t  consists of 68 process units, 132 connections in which 20 products can be 
manufactured. Measure 1 ranges between 2 and 20, m easure 2 ranges between 1 
and 4. The computing tim e on an EC 1040 com puter ranges between 0.01 
and 0.11 seconds.

Further Measurements

I t  might be possible to  obtain  further measurements using the time and the  
failure probability of the process units of the plant. However, a test should 
be carried out to  establish whether or not the expense in  determining com
plicated measurements will be justified by an improved description of the p lan t.

SYMBOLS

G = (X, U) graph representing a plant
X  — X i , • • ., Xa vertices (process units)
U — Ul, Um arcs (connections between process units)
P i , . . Pp products
H i .........Hp production specifications
G' =  [F ,E ] constructed graph
S stable set
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РЕЗЮМЕ

На заводе производящем различные продукты можно осуществить технологии либо одно
видных продуктов в большом количестве, либо продуктов широкого ассортимента. При опре
делении производительности, варируемости и степени надёжности работы возникают следу
ющие вопросы:

—  задано время пуска, какие есть возможности работы периодического режима,
— сколько потоков периодического режима производящего одинаковые продукты можно 

составить?
В стати приведен алгоритм для решения первого вопроса, а для решения второго приведено 

решение основанное на теории графов.
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Precipitation experiments were carried out in a pilot-plant-scale 
electrostatic dust-precipitator with quartz, alumina, bentonite and 
kaoliné dusts (particle size below 32 /im). Dust concentration, space- 
velocity, current intensity and carrier gas humidity were changed 
during the experiments. Increased space-velocity decreased the pre
cipitation efficiency. Increased current intensity and carrier gas 
humidity decreased the residual dust concentration. Kaoline dust 
could not be precipitated efficiently. Precipitation efficiency was 
at least 90% for the 0-10 /mi fraction o f all the other dusts studied.

Environm ental protection measures have intensified throughout the  world. 
Power plants, smelters, and chemical and cement factories em it large am ounts 
of pollutants — dust. This pollution is no t only harmful for the ecosystem, 
bu t also represents an economic loss, for the  em itted pollutants could be often 
utilized as raw materials or auxiliary m aterials [1].

Experim ents were carried out in this In stitu te  with both dry and wet gas
scrubbing methods, allowing their efficiences and economics to  be com pared 
in  various cases. Apart from the overall precipitation efficiency, the so-called 
fraction — precipitation efficiency is also of importance, because particles 
in the 0.1-5 pm range represent an increased health-hazard. W et scrubbing 
was carried out in a high-capacity, countercurrent plate system equipped w ith 
combined plates, while dry dust removal was effected by an electrostatic 
precipitator. L iterature references indicate th a t electrostatic precipitators 
can remove even the 1 pm particles, a t efficiencies better than  90% [2, 3].

Electrostatic precipitation is based on the  crown-discharge phenomenon. 
Dust-containing carrier gas is passed through an ionizing electrostatic field, 
whereby the particles acquire an electric charge and rapidly begin to  move 
towards the oppositely charged electrodes.

D eu tsch  [4] e s tab lish ed  th e  re la tio n sh ip  of o vera ll p re c ip ita tio n  e ffic ien cy  
(e0) a n d  p a r tic le  ve lo c ity :

wxl

e0 = Z —e axv = £ —e_kxw



64 В. K ovács, R. Ma jo b  a n d  M . M a jt é n y i Vol. 11.

where, for flat-plate precipitators :
l is the length of the  precipitating electrode, m
a is the distance betw een the  charging and  th e  precipitating electrode, m 
V is the gas flow ra te  in  the  precipitator, m 3/s 
w  is the particle velocity, m/s.
Here, к reflects th e  operation conditions and equipm ent characteritics, 

while w represents the  electric field, particle size and its properties. For 
a given precipitator the  overall efficiency depends on w. Field strength is 
lim ited by the arching potential. Therefore, precipitation efficiency can only 
be increased by influencing the  electric properties of the particles. Dusts w ith 
specific resistance in  the  104-10u  ohm-cm range can be efficiently removed 
in  electrostatic precipitators. Specific resistance can be optimized by the use 
of so-called conditioning agents. The most popular conditioning agents are 
sulphur trioxide, am m onia and water vapour. These agents decrease the spe
cific resistance of dust [5, 6].

Measurements were carried out with a pilot-plant-scale electrostatic p re
cipitator installed in  th is Institu te. I ts  schem atics is shown in Fig. 1. A ir 
is supplied by a high capacity fan (1). Air is delivered through a 124 mm nom i
nal diameter duct (2), to  precipitator (9), from  where it  is exhausted through 
stack (10). Gate valve (4) is used to  control th e  flow rate of air as m easured 
by orifice gauge (3) and a protected therm om eter (5). D ust is fed into the  
system  by screw-feeder (6), while the dust concentration in  the input and 
ou tpu t flows is determ ined by an isokinetic dust sampler according to  (7). 
P artia l flow ra te  was m easured by ro tam eter (11). Suction was accomplished
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Fig. 1
Schematics of the electrostatic precipitator
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by rotary-vane vacuum-pump (12). The 0 point of suction was checked by  an 
U-tube m anom eter (8).

The upper particle size lim it of dust was 32 pm, the average being 8-10 pm. 
Dust concentration for quartz was 5-20 g /m 3, and for alumina and bentonite  
5-15 g/m 3.

Gas flow rate  was changed in the 300-600 m 3/h range, secondary current 
intensity in  the 1-5 mA range. Relative hum idity  was varied for quartz  in  the 
15-50% range, as determined from dew-point nomograms and wet and  dry 
tem perature measurements. Relative hum idity  was controlled by  adding 
steam from a  small boiler.

Along w ith the determ ination of the overall dust-removal efficiency, the 
particle size distribution of dust, both in the  inlet and outlet flows, was de te r
mined by sampling with a high capacity vacuum  cleaner and post-run analysis 
by a H olderbank-type air-separator. Separation efficiency was calculated from 
input and ou tpu t dust concentrations. F raction efficiency was calculated from 
the particle size distributions in the  input and output flows as:

Ли
e i= l  — (1 — e0) ——

A e

where :
e, is the  separation efficiency for the given fraction
Ли percentage of the given fraction in the  ou tpu t flow
Ae percentage of the given fraction in the  inpu t flow.

Since the values of Ли and Ae depend somewhat on the measurement m ethod 
used, the value of 6f also depend on it.

In  order to  fulfill the requirem ents of the D e u t s c h  calculations, the  electros
tatic  precipitator was operated a t the 0 suction point.

T a b le  1

Material Density
g/cm3

Moisture content 
%, w/w

Quartz 2.5801 0.19
Alumina 3.2866 1.16
Bentonite 2.4952 2.83
Kaoline 2.4251 2.22

The density and adhere-moisture-content of the  dusts are given in Table 1. 
Measurement results are summarized in Table 2.

The overall separation efficiency as a function of the secondary curren t 
intensity is shown in Fig. 2. In  the  range tested , increasing current density  
increases the  separation efficiency. This increase is especially strong for 
bentonite, where the efficiency grows from 92.24% to  98.35%. At the  la tte r  
value, the air flow rate was 400 m3/h, and input dust concentration was 10 g /m 3.

At constant input concentration and secondary current intensity, increasing 
space velocity decreased the separation efficiency. The extent of the decrease
&
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Table 2

Material Q(щз/h) /.(mA)
S.

(g/ms) *>(%)

Quartz 300 2.5 10 99.87
400 2.5 10 99.68
500 2.5 10 99.43
600 2.5 10 99.12
400 1.0 10 99.00
400 5.0 10 99.90
400 2.5 5 99.56
400 2.5 15 99.59
400 2.5 20 99.60

Alumina 300 2.5 5 98.91
400 2.5 5 98.44
500 2.5 5 97.63
600 2.5 5 97.38
400 1.0 10 97.78
400 5.0 10 98.61
400 2.5 10 98.22
400 2.5 15 98.24

Bentonite 300 2.5 5 97.92
400 2.5 5 96.32
500 2.5 5 95.07
600 2.5 5 93.93
400 5.0 10 98.35
400 2.5 10 96.10
400 2.5 15 96.60
400 1.0 10 92.24

Kaoline cp = 15% 400 2.5 10 99.57
93 = 24% 400 2.5 10 99.64
93 = 34% 400 2.5 10 99.76
9) = 50% 400 2.5 10 99.84

Fig. 2
Overall precipitation efficiency as a function of the secondary current intensity

0  — Quartz; + — Alumina; X — Bentonite



1983 Electrostatic Precipitation of Dusts 67

was lowest for quartz, and highest for bentonite: with air flow rates increased 
from 300 m 3/h to 600 m3/h, the decrease for quartz was 0.75%, and for bentonite 
it  was 3.99%. Secondary current in tensity  was m aintained a t 2.5 mA, while 
input dust concentration was 10 g /m 3 for quartz, and 5 g/m 3 for the  other 
dusts ( Fig. 3).

Overall precipitation efficiency as a function o f the gas flow rate 
ф  — Quartz; Se= 1 0  g/m 3; +  — Alumina; X — Bentonite

Inpu t dust concentration had no significant effect upon the  separation 
efficiency. In  the range tested, exit dust concentration is proportional to  
the input dust concentration, i.e. the particle motion velocity is independent 
from the dust loading (cf. Fig. 4). Again, the  overall efficiency is the  best for 
quartz, and the  worst for bentonite. Quartz concentration was varied in  the 
5-20 g/m 3 range, while the  other dusts were varied in the 5-15 g/m 3 range. 
Secondary current intensity was 2.5 mA, and the  air flow rate  was 400 m 3/h.

to 
(% ] 

10O-
Q - á O O m V h  Is* 2.5  m A

98

96

10

•  Q u a r t z  
+  A l u m i n a  
x B e n t o n i t e

15 20 S i g / r r f )

Fig. 4
Overall precipitation efficiency as a function of the input dust concentration

ф  — Quartz; -f — Alumina; X — Bentonite
5*
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R elative hum idity was varied  in the 15-25% range. For quartz, increasing 
rela tive  hum idity decreased th e  exit concentration level; under otherwise 
identical conditions an increase in  relative hum idity  from 15% to 50% halved 
th e  ex it quartz concentration as shown in Fig. 5. Here the input dust concent
ra tio n  was 10 g/m 3, while secondary current in tensity  and air flow rates were
2.5 mA and 400 m3/h, respectively.

T he fraction efficiencies were also determ ined for each dust. F raction

Exit dust concentration as a function o f  the relative humidity

efficiencies calculated from  measurements a t 1 mA secondary current in ten
s ity , 10 g/m 3 input dust concentration and 400 m3/h air flow rate  (a low- 
efficiency setting) are shown in  Fig. 6. I t  can be seen th a t  the precipitation 
efficiency for the 0-10 pm  fractions is always b e tte r th an  90%. The same holds 
tru e  for the other m easurem ents as well.

Fraction efficiency as a function of the particle size
%  — Quartz; +  — Alumina; X — Bentonite
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In  the  case of kaoliné, arching became quite frequent. Kaoline is deposited 
on both the  separating and radiating electrodes, and it does not lose its  charge 
easily. This decreases the distance between the electrodes and leads to  arching. 
In  this case, the system becomes a dust-chamber with an overall separating 
efficiency of 80%. Therefore, analysis of the measured values is meaningless. 
We are convinced th a t the  electrostatic precipitator is ill-suited for kaoliné.

To summarize: i t  can be concluded th a t tests with various dusts showed 
th a t  all of the dusts stud ied—except kaoliné—can be efficiently rem oved at 
very low power consumption: 0.1-0.2 kW h/1000 m3 processed gas. The collect
ed dust can be directly utilized w ithout additional processing steps.
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РЕЗЮМЕ

Исследовали возможность выделения фракций размером <  32 им порошков (кварцевых, гли
нозёмных, бетонита, и каолина) с помощью электростатического сепаратора большого лабо
раторного масштаба. В экспериментах изменяли концентрацию, объёмную скорость интен
сивность тока и влажность газа-носителя. Установили, что концентрация порошка в выходя
щем потоке газа измеяется пропорционально концентрации газа на входу. В изучаемых усло
виях увеличение объёмной скорости приводит к уменьшению эффективности отделения. Уве
личение силы тока и влажности привело к значительному уменьшению концентрации на вы
ходе. Далее установили, что использование электростатического способа отделения непри
годно для порошка каолина. Все остальные порошки в интервале 0—10 им отделяются эффек
тивностью 93%.
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Mass transfer rates are defined for the case of mass transfer accom
panied by chemical reaction, by which the study o f mass transfer 
coupled with a chemical reaction of any finite rate including the 
moderate reaction rate regime H a  =  0.3-3 is made possible. 
Relationships between the mixing conditions and reaction rate are 
studied for co-current and counter-current flows, effects of the transfer 
unit number and the capacity quotient on exit concentrations of 
phases are given as functions of a reaction rate.

Mass transfer accompained by chemical reaction is a very common industrial 
problem and has been the  subject of extended research work for decades. 
Danckw erts lists in his well-known book [1] the  m ost im portant theories 
for mass transfer, i.e. the  two-film theory, the penetration  model and th e  sur
face renewal model, considering the mass transfer term s modified by chemical 
reaction. He also points out the change of mass transfer rate as a function 
of the chemical reaction rate.

The m athem atical description of mass transfer processes accompanied by 
chemical reaction, also considering the  hydrodynam ics of phases (e.g. back- 
mixing), has been used since the pioneering paper of P avlica and Olson  
was published in 1970 [2].

Papers about this subject [3-5], as far as the chemical reaction ra te  is con
cerned, solely dealt with processes in  the two extrem e reaction rate  ranges,
i.e. for slow reactions (Н атта  num ber < 0.3) and for fast reactions (Н атта  
number > 3 ), respectively.

In the  former case, the modifying effect of the  chemical reaction on the 
material transfer term  can be neglected, i.e. balance equations contain the 
transfer term  characteristic for the physical transfer [2], whereas in the  la tte r
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case another transfer term  is used for fast chemical reactions. In  the  second 
reaction rate  range the  ra te  of mass transfer is independent of the  value of 
th e  physical transfer coefficients [3, 5] and the  absorbed component reacts 
completely in the  absorbing phase. As its  concentration is practically zero 
in  this phase, for a  description of concentration changes, balance equations 
in  the  gas phase are sufficient.

By using the two-film  theory we define such transfer rates, the  use of which 
enables us to  describe exactly the m aterial transfer process for any finite 
reaction rate. To be able to  do this, we m ust give separate transfer rates for 
th e  mass transfer through contact surfaces of phases (x =  0, cf. Fig. 1) and 
for the  mass transfer entering the m ain p a r t  of the absorbing phase (x = ô). 
I f  we use F ic k ’s  law for the description of the  concentration change of laminar 
boundary layers, we can determine both mass currents [6].

Fig. 1
Mass-transfer terms and concentration profiles at the interface

The mass transfer rates, which enter th e  contact surfaces of phases (which is 
already known from  literature [7]), can be w ritten  as follows, if we consider 
th e  resistance on th e  gas side (where the  component A  to be absorbed should 
react in a first-order, irreversible reaction in  th e  liquid phase: r = k-a):

Rx-o =  kn{a\  -  Ha°/ch(Ha))  (1)
where :

*12 = ---------- -----------  (2)
1 H  tanh (Ha) ' '

*° k\Ha

The mass transfer ra te  entering the m ain p a r t of absorbing phase will be [6] :

w ith :
Л х-а =  М о ? - Я а § / а )

* 2 2  =
k%Ha

H  sinh (Ha)

(3)

(4)

1 - * 1 2

cosh (Ha) —
* 1 2

*J cosh (Ha)

a = ( 6 )
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The values of k22 and a depend on the  physical mass transfer coefficients and 
on the chemical reaction rate  [6]. k22 approaches with increasing chemical 
reaction ra te  zero. In  the extreme case the mass transfer rates defined in  
(1), (3) move towards the  physical transfer ra te  with decreasing chemical 
reaction ra te  [6].

If  we apply the mass transfer ra te  for x = 0 and x  = ô as transfer term s of 
the dispersion model, we can study the relationship between the param eters 
of the model and the chemical reaction rate  for any finite reaction rate.

By using the axial dispersion model, the concentration changes of th e  a b 
sorbed component can be described by the following differential equation 
system, using dimensionless quantities:

for the component releasing phase (phase 1):
1 d2A i dA i ä L  —

------------------ i ± ------ -------------------------Я х - о  =  0  ( 6 )
Pei dY- dY  E U 2arl(0)

for the absorbing phase (phase 2) :
1 d2A г dAi ä L  -  k L  ,----  ----- i ------ 1-------------Px-ö-------Ai = 0.

Pe2 d Y 2 dY  E 2U2al(0) U2
(7)

The equa tion  system  (5), (6) can be solved ana ly tica lly  [9] by  th e  W e h n e r -  
W ilh elm  boundary  conditions [8]. In  papers [9, 10] th e  effect of th e  chem ical 
reaction was stud ied  in  th e  co-current mode. In  th is  p ap er we co n cen tra te  
on th e  influence of backm ixing conditions (PECLET-number) w ith chang ing  
reaction ra tes in  bo th  co-current an d  coun ter-curren t modes, and  show  th e  
effects of th e  transfer u n it num ber ( №)  and  capacity  quotien t (Л) in  th e  co
u n ter-cu rren t mode.

Results and discussion

Fig. 2 and 3 show typical concentration distributions for co-current and 
counter-current flows by using nearly identical param eters. We have changed 
the rate  of chemical reaction following mass transfer in the  so-called m oderate 
reaction rate  regime hitherto  neglected in literature (Ha = 0.05—1.22). The 
concentration in the gas phase will decrease rapidly to  zero in both modes 
with the  increasing chemical reaction rate. As expected, the concentration 
of the  leaving gas phase will decrease to  zero in the  counter-current flow 
at lower reaction rates. In  the case of the liquid phase the situation is reversed: 
the concentration of the leaving liquid is considerably larger in the counter- 
current flow a t the given reaction rate. There is an im portant difference 
between the  two flows, namely th a t in co-current flow the concentration of 
the liquid phase will pass in axial direction a maximum (depending on the  
reaction rate), whereas the  shape of the concentration curve will be m onoto
nous in  the counter-current flow.
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Fig. 2
Typical concentration distribution curves in  co-current operation mode 

N Î =  7; Л = 1 ;  Pe1 =  15; P e2 =  6 ; kÏH/k°2 = l

Fig. 3
Typical concentration distribution curves in counter-current operation mode 

N i  =  10; Л =  1 ; Pei =  25; P e2 =  5; kiH/k°2=  1

Pig. 4-7 dem onstrate the  effect of m ixing conditions a t different reaction 
ra tes  on the leaving concentration values and  on the concentration distribution 
in  the  axial direction of th e  reactor.

Fig. 4 is a p lot of liquid phase mixing a t  given gas phase Peclet-num ber 
in  the  counter-current flow. I t  can be seen th a t  the  concentration of the  leav
ing  phases strongly depends on Pe2. This dependence will decrease with the 
increasing reaction ra te . Changes amount to  60 to  100% for both phases. I f  the
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reaction rate  increases, concentrations of both phases are forced to  decrease, 
and thus the effect of mixing conditions will diminish. If  H a>  1, the  leaving 
concentrations of practically both phases will be zero a t given param eters 
of Fig. 4, indenpendent of mixing conditions.

The influence of the  mixing factor is much less in  the  co-current flow (  Fig. 
5). Using param eters nearly identical w ith those of the counter-current mode, 
the  leaving concentration of the phases will hard ly  be changed as a function 
of Pe2, whereas a m inor change of the  reaction ra te  will cause a considerable 
concentration alteration here. The much smaller effect of the m ixing factor 
is due to  the  fact th a t  the  influence of the transfer un it number (№ ) is ra th e r

Changes of the exit concentrations of the phases with the Рег in counter-current operation
mode

AT? = 5; /1 = 1 ; Pe i =  25; к \Н !к \=  1

0.8

A)
— A,

1- Hq-0.055
2- Hq.0.17
3- Но'0.39

Q6-
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02

01

2

1.0 10 Pe,

Fig. 5
Changes of the exit concentrations with the Рег in co-current operation mode 

N l  =  6 ; /1 = 1 ;  Pei =  15; kÏH/k°2 =  1
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high in the co-current flow. Fig. 6 dem ostrates the influence of the  mixing 
conditions on th e  concentration distribu tion  along the reactor axis a t the 
given reaction ra te  ( / /a  =  0.17). Although th e  longitudinal concentration dis
tribu tion  of the  phases is altered by P e2, however, the leaving concentrations 
do not differ m uch from  each other.

Similar differences can be observed betw een both flows concerning the 
changes of Pev  In  th e  co-current case, th e  effect of Pex is rather small. Fig. 7 
is a plot of concentrations in the counter-current flows as a function of Pex 
for different H a  num bers and assuming full m ixing of the liquid phase (Pe2 =  
=  0.04). If  the  reaction  rate  is increased, phase concentrations will change

Fig. 6
Concentration distribution in axial direction (co-current operation mode) 

Н? =  б; Л = 1 ; Pei =  16; kiH/k* =  l;  H a = 0.17

Fig. 7
The effect of the P ei upon the exit concentrations at various На-number (counter-current

operation mode)
№i =  б; Л =  1 ; Рег =  0.04; kÏH/к° =  1
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The effects o f reaction rates (Ha) upon the exit concentrations a t various №  values
(counter-current operation mode)

Л =  1 ; Pei =  25 ; Pe2 =  10 ; kiH/k°2 =  1

Fig. 9
The effects o f reaction rates (Ha) upon the exit concentrations at various Л values

(counter-current operation mode)
N i =  6 ; P e i =  25; Pe2 =  10; /Ь?Я//к2= 1

considerably for Pe1>  1 with the  Peclet number. At H a = 0.039 the leaving 
concentrations of phases change by a few percents, whereas a t  H a  =  0.77 they 
change by several hundred percents. This latter fact could be used for the  
determ ination of the  mixing factor of gas phases by the  chemical reaction. 
For this, we can increase the chemical reaction rate  following mass transfer 
under given transfer and hydrodynam ic conditions (e.g. by using a homogene-
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ous catalyst), and we m easure the  values of the leaving concentrations. The 
change of the  leaving concentrations obtained for various reaction rates will 
be characteristic for the  m ixing conditions of the phases. However, in co
curren t mode the mixing factor would escape determ ination by the chemical 
reaction, presum ably because th e  effect of the mixing fac to r is too small.

Fig. 8 and 9 represent th e  effect of the  chemical reaction for different № - 
and  Л-values. Fig. 8 clearly shows th a t  the  reaction ra te  is increased in vain, 
if  the  transfer unit num ber {№ ) is too low. In  this case th e  chemical reaction 
can hardly influence the  ra te  of mass transfer, since th e  resistance on the gas 
side is rather high. W ith  increasing Лт°-val ues the influence of the  reaction 
will grow and the  exit concentration of the gas phase will decrease. Since 
higher mass amounts are transferred  , th e  concentration of the liquid phase 
will increase a t the given reaction rate.

The capacity quotient (Л) of phases is the param eter shown on Fig. 9. 
Phase concentrations will rap id ly  decrease with the increasing reaction rate  
independently of A. The concentration of the leaving gas phase a t H a>  1 
in  the  range of A = 0.1-10 is practically nil, whereas th a t  of the liquid phase 
will increase up to  a certain  level. The exit concentration of the liquid phase 
will not necessarily be equal to  zero, if H a  is further increased.

SYMBOLS

a0 concentration of A  in bulk phase, km ole/m 3 
a°(0) inlet concentration o f  A ,  km ole/m 3
A  dimensionless concentration o f A, A i  =  ai(0), Аг  =  af2H /a i(0 ) 
A (  1) dimensionless outlet concentration of A  
a  specific interfacial area, m 2/m 3
D  diffusivity, m 2/s
D a  Damköhler number, D a = k L / U 2

E  phase ratio o f phase 2
H  equilibrium coefficient, a/a*
H a  H atta number, H a =  У к D 2 1 k4
kiz overall mass transfer coefficient, m /s
к  reaction rate constant, s-1
ki, &2 mass transfer coefficients o f  phases, m /s
К  dispersion coefficient, m 2/s
L  height of the reactor, m

k\iälj
N  number of transfer units N 1 = ------------ -

(1 —E)Ui
P e  Peclet number, Pe =  U L /K
В  rate of mass transfer, kmole /m 2s
U  superficial velocity, m /s
A  capacity ratio o f phases, A =  U i( l  — E )H /U2E

Dô thickness o f diffusion film , <5 =  —  , m
/с»

Subscripts 
1,2 phases
X =  0 at the interface 
X =  ô entering bulk phase

Superscripts
0 without chemical reaction  
X in equilibrium
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РЕЗЮМЕ

Авторами изучены процессы химических реакций сопутствующих массообменом, опреде
лили скорость массообмена. В ходе исследования становилось возможным изучение реакций 
любой конечной скорости (имеея ввиду и реакции замедленной скорости [На = 0,3—1]).

Далее изучали влияние условий смешивания на скорость реакции как в прямой так и про
тивотоке, кроме того влияние единичного числа отдачи и коэффициента ёмкости на концент
рацию фаз на выходе, последние зависимости заданы в виде функций от скорости реакции.
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Rates o f dissolution in sulphuric acid of two types of limestone part
icles with a content of SÍO2 of 0 .2% and 8.6% respectively were studied 
using a stirred tank. The effect o f limestone composition, organic 
acids as buffer additives and pH  are considered among chemical 
factors. The elevation and type of impeller and also the behaviour 
of two geometrically similar tanks are examined among geometric 
factors.

Among the wet processes for removing sulphur dioxide from industrial emiss
ions, scrubbing with limestone slurries is a relatively simple process th a t is 
used in power plants. In  spite of the simplicity of the process, there are num er
ous design variables th a t have to  be considered, related either to  the chemical 
reactions involved or to  the hydrodynamics of the system.

The absorption of sulphur dioxide in a limestone slurry is a  complex process 
due to  the presence of solid particles in the liquid phase. As in  a wet process 
of th is type sulphur dioxide reacts with the  dissolved calcium carbonate; 
higher levels of S 0 2 removal can be achieved if the rate  of dissolution of lim e
stone can be increased. The rate  of dissolution can be influenced by several 
factors : particle size, pH , tem perature and common ions. I t  m ay also be affec
ted  by the addition of chemicals to  the slurry or by the type  of contacting 
among the three phases involved in the process.

The dissolution of limestone was studied by several authors such as L o v e l l
[9] , P earson  e t al [10], B arton e t  al [1], U chida  e t al [13-14], L e n d  e t al
[10] , E rga et al [6], K im  et al [8] and W en tzel  et al [15]. Results are sometimes 
difficult to  compare as they  were obtained under different conditions. The 
kinetic process of dissolution was considered to  be controlled by mass tra n s
fer, chemical reaction and absorption of the hydrogen ion.

One of the lim itations of limestone as a source of alkalinity for neutralizing 
S 0 2, once it has been absorbed, lies in its low solubility. Some soluble alkaline * 6

* To whom correspondence should be addressed.
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additives, such as MgO, N a2C 03 and N H 3 were used in  connection w ith the 
limestone scrubbing process, as they  prom ote form ation of soluble sulphate 
[2-3]. Other additives used are of the  buffer type, usually soluble organic 
acids with low vapour pressure th a t  enhance the liquid phase mass transfer 
[12].

In  this work, th e  rates of dissolution of limestone in  a  stirred tan k  are re
ported for two different types of limestone, and the  influence of the  buffer 
additives and p H  are also considered. The influence of the elevation of the 
impeller in the  tan k , the  speed of ag ita tion  and the size of the stirred tank  
on the ra te  of dissolution were also studied.

Experimental Procedure
Experim ents were carried out in a jacketed stirred tan k  shown in Fig. 1. 
The inner tan k  diam eter D  was 10 cm and  the liquid height H  was kept equal 
to  D ; it was equipped with 4 baffles 1.25 cm in width which could eventually 
be removed. Two types of turbine impellers were used: fla t blade and vaned 
disc. The fla t blade impeller was used in  order to  compare its performance 
with the vaned disc impeller and in th e  study of scale-up param eters; in  all 
th e  other experim ents the  vaned disc impeller was used.

Limestone was supplied by T udela V egtjin (Oviedo, Spain). One sample 
had a purity  of 98% in CaC03 with 0.2% S i0 2 and a second sample had 8.5% 
S i0 2. The high pu rity  limestone was used in all experiments, except when 
the  effect of lim estone composition was studied. Fractions of particle size 
of (0.037-0.044, 0.075-0.088, 0.20-0.25, 0.45-0.50 and 1.0-1.2 mm) were 
obtained by grinding followed by sieving. The former fractions had an average 
surface area of 4,000, 2,100, 245, 180 and 80 cm2/g respectively, as determ ined 
by a Sartorius 4600 sedim entation balance.

The stirred tan k  contained 800 cm3 of distilled w ater a t the beginning of 
every experiment and th e  pH  was ad justed  to  a given value by the addition 
of NaOH. Once steady sta te  conditions were attained, 8 g of limestone, of 
a  certain particle size, were added to  th e  tan k  and a  flow of nitrogen was 
passed above the  surface of the  slurry, to  prevent its contacting with air in 
order to  avoid C 0 2 absorption. An agitation speed of 640 r.p.m. was used, 
unless a different speed is specifically sta ted . In  most of the  experiments the 
ra te  of dissolution was followed by adjusting the pH  to  a value of 7 by adding 
sulphuric acid. The p H  was m easured by  a Radiom eter pH -m eter Type 51b. 
The amount of lim estone dissolved a t a  certain p H  was determined from 
the  volume of sulphuric acid added, by  considering th e  fraction of H C O j and 
H 2C 03 species present in  the  liquid phase.

Results
Among the different control mechanisms [1, 10, 13], th a t  have been suggested 
for describing the  ra te  of dissolution of limestone, we adopted a simple model 
th a t  considers the  process controlled by  diffusion of calcium carbonate (or 
C 03~-ions). I t  was described in a previous work [5] and leads to  the following 
kinetic equation :

= ksaEi(ci — со) at (1)
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where dc is the am ount of limestone dissolved which diffuses through an in te r
facial area a in the  tim e dt; ks is the  dissolution rate  constant ; E K is the enhan
cement factor for instantaneous irreversible reactions and c0 and c, are the  
calcium carbonate concentrations in the bulk liquid and a t the interface 
respectively. U nder the  experimental conditions of this work at pH  =  7, 
E i =* 1 and co =  0, the reaction is instantaneous. By using an experimentally 
obtained solubility constant K s defined by:

[Ca2+]i [CO|-]i =  K s (2)

under the experimental conditions of this work, it may be assumed th a t the

Fig. 1

Details o f the strirred tank
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C aS04 produced in  the  reaction does no t precipitate, and hence the ra te  of 
dissolution can be expressed by :

dfCaCOs] d[Ca2+]0 K,■ = ksa
dt dt [Ca2+]o (3)

This model describes the  dissolution process better th an  other models, th a t 
have been usually tested  a t low pH  values [1].

Chemical Factors

Limestone Composition

The effect of S i0 2 contained in the lim estone on the rate  of dissolution is shown 
in  Fig. 2. For bo th  types of limestone, particles with the  same size distribution 
were used. E stim ated  values of ks from  Fig. 2 show th a t, for the  limestone 
w ith 8.5% S i0 2, they  are about 20-25% lower than  the  corresponding values 
obtained with limestone of higher purity .

t ,s

Fig. 2
Effect of the SÍO2 content on the rate o f  dissolution of limestone: 0.25% SÍO2 limestone 

(black points) and 8.5% SÍO2 limestone (white points)
Particles size: ( t v ) 0.037-0.044 mm , (♦  0 ) J0.075-0.088 m m , ( ■ □ )  0.20-0.25 mm,  

( a  A )  0.45-0.50 m m  and ( * 0 )  1.0-1.2 m m

Buffer Additives

Three organic acids, reported in litera tu re  [4, 12], were tested  as buffer addi
tives: acetic (pKa =  4.75), benzoic (pKa =  4.19) and adipic (pKal =  4.44, pK a2 =  
=  5.54) acids. They have a similar behaviour in the dissolution of limestone
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a c i d  m o l a r i t y

Fig. 3
Effect of organic acids on the rate of dissolution of limestone (1.0-1.2 mm)

and Fig. 3 shows the increase in percentage of the  rate  of dissolution after 
30 m inutes, as a function of the acid m olarity. Acetic and benzoic acids have 
a sim ilar effect a t low concentrations, while adipic acid produces an increase in  
the order of five tim es the rate  of dissolution in  the  presence of acetic or ben
zoic acids. Taking into consideration the volatility  and the cost o f adipic acid, 
this can be considered the best of the three acids tested for mass transfer en
hancement.

,<0 As

O'/

/ A
□  a d i p i c  a c i d  
A  a c e t i c  o c id  

О  b e n z o i c  a c i d

Effect o f  the pH on the rate o f dissolution of limestone (0.46-0.60 mm). A constant pH
is kept in every experiment
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pH

As can be observed in  Fig. 4 the ra te  of dissolution is considerably affected 
by the pH  for particles of Dp^  0.5 mm. In  a range of pH  5-8, the rate  of dissolu
tion increases w ith decreasing pH  values and for a certain pH  the  increase 
is more pronounced a t the initial tim e of dissolution, with the ra te  becoming 
almost constant afterwards.

The particle size has a m arked influence on the ra te  of dissolution, as the  
surface area for mass transfer is a  function of the particle size. The ra te  was 
determ ined by  adding high pu rity  limestone to  a fixed pH  solution and 
allowing the  particles to  react while th e  pH  was recorded.

At an in itial pH  =  2.35 the  solution becomes neutral after 25 m inutes, for 
the finest particles (Dp = 0.20-0.25 mm), while for the largest particles it  takes 
much longer, as shown in Fig. 5. These results are in  good agreement w ith 
those reported by B a r t o n  and V a t a n a t h a m  (1). I f  experiments are started  
a t an in itial p H  =  7, the solution tends to  reach a pH  close to  10 and the  ra te  
a t which it is reached is even faster for th e  finest particles th an  for experiments 
a t the in itial p H  =  2.35.

Effect o f the size o f limestone particles on the rate of dissolution at a constant initial 
pH, with no addition o f sulphuric acid

Geometrical Factors

The suspension of solid particles, and  therefore their dissolution, is greatly 
affected by the  impeller design and  geometric factors, which thus, affect 
the mass transfer rates. Some of these factors have been considered in  connec
tion w ith the  dissolution of limestone particles.
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Elevation of the Impeller

The varied disc impeller was m ounted in the  centre line of the baffled stirred  
tank  and the rate of dissolution after 30 m inutes of stirring was studied  for
0.45-0.50 mm particles, as a function of th e  impeller elevation; results are 
shown in  Fig. 6.

Effect o f the impeller elevation on the limestone dissolution after 30 m inutes
(0.46-0.50 mm)

The impeller elevation influences the flow p a tte rn s  of the liquid and  solid 
particles. I t  was reported [7] th a t the optim um  elevation or liquid dep th  is 
a t J5/3, when an open straight blade impeller is used. W ith the vaned  disc 
impeller, i t  was found th a t  the best results were obtained for a liquid depth  
of D/2. This could be explained as a result of the  low mixing th a t occurs in  the 
liquid above the vaned disc impeller. Hence, by  increasing the impeller eleva
tion, the  zone of high turbulence increases, as long as the suspension of solid 
particles is not greatly affected.

Type o f  Impeller

Experim ental results for the rate of dissolution w ith a flat blade im peller for 
different particle size and a t a speed of ag ita tion  of 640 r.p.m. are shown in 
Fig. 7. R ates of dissolution are higher with th e  fla t blade impeller th a n  w ith 
the vaned disc impeller (see Fig. 2), depending of the  particle size used.

Some experiments were also carried out a t tw o different speeds of ag ita tion  
640 and 1000 r.p.m., for a particle size of _Dp= 1.0 -1 .2  mm in a baffled and 
an unbaffled tank. There were no significant changes in the rates of dissolu
tion when baffles were installed. In  the unbaffled tank  the particles ten d  to 
move with the liquid, while in the baffled tan k  the  existence of stagnan t spots 
cause the  accumulation of solid particles. B oth  effects result in a decrease in 
the ra te  of dissolution.
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Fig. 7
Rate of lim estone dissolution using a flat blade impeller (symbols o f Fig. 2.)

Stirred Tank Size

In  order to  study  how  the  scale factor would affect the rate of dissolution, 
experiments were perform ed in two stirred  tanks with a geometrical ratio 
of D /D ’ = 2, provided w ith a flat blade im peller and no baffles. In  both  tanks 
a ir was in contact w ith  the  free surface of th e  slurry.

Fig. 8
Ratio of scale-up param eters for limestone dissolution in two unbaffled tanks with

a geometric similarity ratio o f 2 .
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By using particles of the  same size and concentration in both tanks and 
with speeds of agitation such th a t, the same am ount of limestone per unit 
volume of the slurry would be dissolved in both tanks, an analysis was made 
of the  dimensionless numbers used in mixing operations. Results for the  
R e y n o l d s  (Re) and F r o u d e  (F r )  number ratios as well as for the P /V and 
tip  speed ratios for both tanks are shown in Fig. 8.

The ratios of dimensionless numbers and design param eters shown in Fig. 8 
were obtained over a range of 300 to  900 r.p.m. The higher value was always 
taken  as the num erator, independently of the  tank , and therefore the ratio 
values are higher th an  unity . I t  can be observed th a t  the  tip  speed (TS), 
and F rotjde numbers ratios are rather constant and close to  unity, followed 
by the  P / F  ratio, th a t  was recommended by Zw ie t e r in g  [16]. The W e b e r  
(We), and volumetric flow ( F f ) number ratios were also tested, bu t the cor
relation was very poor.

SYMBOLS

a =  solid-liquid interfacial area (m-1) 
c =  calcium carbonate concentration (g mol/m3)
D  =  tank diameter (cm)
Dp — particle diameter (mm)
Ei =  enhancement factor for instantaneous reaction ( — )
Fr =  Froude number ( = N 2D/g) ( — ) 
д — gravitational acceleration (m /s2)
H  — liquid height (m)
ks =  dissolution rate constant (m/s)
K s =  calcium and carbonate concentrations product, at the 

interface (g m ol/cm 6)
N  =  agitador speed (a-1)
P  =  power requirement to m ix a liquid (J/s)
Be =  Reynolds number ( =  D 2 N q/(j.) ( — ) 
t =  tim e (s)
T S  =  tip speed ( =  nND) (m/s)
V  =  liquid volume (m3)
F f =  volumetric flow per velocity head (D /N )
W  = Weber number ( =  qN 2D3/ o) ( — ) 
fi =  viscosity of Uquid (kg/m s)
Q =  density of liquid (kg/m3) 
a  =  surface tension o f liquid (N/m)

Subscripts
0 =  in the bulk liquid
1 =  at the interface
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РЕЗЮМЕ

Авторы изучали скорость растворения в соерной кислоте двх типа известняка содержанием 
SiCL в 0,2 и 8,5%. Растворение провели в аппарате снабженной механической мешалкой. Изу
чали влияние содержания известняка и кислотной добавки используемой в качестве буфера 
— как химических факторов — на скорость растворения. Также изучали влияние типа и распо
ложения мешалки как геометрических факторов, кроме того провели исследование поведения 
двух геометрически подобных аппаратов.
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Der Eisengehalt zahlreicher Rohstoffe ist in technologischer Hinsicht 
oft unerwünscht. Die Enteisung der Ausgangsstoffe kann man unter 
anderem m it Chlorierung verwirklichen.
Das Eisen wird während der Wärmebehandlung größtenteils in 
H äm atit umgesetzt.
Die Chlorierung eines künstlich hergestellten reinen H äm atits wurde 
unter verschiedenen Vesuchsbedingungen untersucht (Teilchen
größe, spezifische Oberfläche, Gaszusammensetzung, usw.).
Es stellte sich heraus, die chemische Reaktion ist der geschwindig
keitsbestimmende Schritt des Bruttoprozesses unter gegebenen Ver
suchsbedingungen, wobei auch die spezifische Oberfläche bzw. ihrer 
Änderung von Bedeutung ist.

Einleitung

Das Kaolin ist der wichtigste Rohstoff der Porzellanherstellung, und daher ist 
von grundlegender Voraussetzung daß der Gehalt an Eisenoxyden oder T itan 
dioxyden minimal sein soll. Ähnlich ist der Fall bei der A lum iniumchloridher
stellung aus Bauxit. Diese Rohstoffe enthalten das Eisenoxyd entweder als 
selbstständige Phase oder in das G itter eingebauter Form und daraus en tsteh t 
die H äm atitphase während der W ärmebehandlung. Die Chlorierung spielt 
eine wichtige Rolle bei der Entfernung des Eisens aus diesen Stoffen [1-2]. 
Bei den bisherigen Untersuchungen der Chlorierung von H äm atit haben, die 
Forscher die bei den homogenen chemischen Reaktionen üblichen empirischen 
kinetischen Gleichungen aufgeschrieben, ohne die Oberfläche der festen Fe20 3- 
Teilchen bzw. ihrer Korngrößenveränderungen berücksichtigt zu haben [3-5].

W ir wollten es bei Chlorierung von H äm atit unter gegebenen Versuchsbe
dingungen nachprüfen, inwieweit die sich, aus der chemischen Reaktion und  
aus dem Stoffübergang ergebenden Teilprozesse zum Verlauf des heterogenen 
chemischen Bruttoprozesses beitragen.
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U m  diese Fragen zu k lären  können, haben wir die Rolle folgender Faktoren 
untersucht :

1. Qualität und Zusam m ensetzung der zur Chlorierung verwendeten R ea
genzien (Cl2, C0-C12 Gasgemisch und Phosgen) sowie ihrer linearen Strö
mungsgeschwindigkeit ,

2. Korngröße und  spezifische Oberfläche des H äm atits,
3. Änderung der R eaktionszeit und Tem peratur.

Experimenteller Teil

Z u den Versuchen w urde das Häm atit-M odellm aterial aus dem limonitischen 
Pulverfarbstoff Eisenoxydgelb (Qualität Bayer 920) in der Weise hergestellt, 
daß  sie mit einer 5%-igen Gelatinelösung verknetet und un ter einem Druck 
von  1,6-108 Pa zu P astillen  presst wurde.

Nach dem Trocknen wurde die Modellsubstanz einer W ärmebehandlung 
von  2 Studen im elektrischen Glühofen bei 1023 К  unterzogen, dann zerkleinert, 
gesiebt und schließlich bis zur Gewichtskonstanz bei 378 К  getrocknet. Für 
d ie  Versuche wurden verschiedene Teilchenfraktionen eingesetzt [6]. Die 
Chlorierung der P roben  wurde in einer sogennanten Brennrohranlage m it 
Schiffchen durchgeführt [7].

D er Verlauf der R eak tion  wurde in jedem  Falle durch die Gewichtsmessung 
d e r Chlorierungsrückstände bestimmt. D a wir in  Gegenwart von CO, in  
reduzierender A tm osphäre arbeiteten, haben wir die Rückstände jedes Ver
suches durch röntgendiffraktom etrische Phasenanalyse kontrolliert, ob die 
reduzier tenFormen des a-F e20 3 (Fe30 4, FeO, Fe usw.) dort auftreten. Nachdem 
es festgestellt wurde, daß  un ter solchen Versuchsbedingungen der Rückstand

t,mm

Abb. 1
Chlorierung von  H äm atit 315 — 500 gm mit unterschiedlichen Gasen,

T =  973 К
K urve 1 : qci2 =  0 ,92-10-4 mol s-1 
K urve 2 : Gasgemisch :

qco =  1.39-10~4 mol s-1 
qci2 =  0 ,92-IO-4 mol s-1 

K urve 3: Phosgen
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immer m it dem Ausgangshämatit identisch ist oder ein H äm atit von besserem 
Kristallisations-grad ist, haben wir für richtig gefunden, die Messergeb
nisse der Gewichtsbestimmung auszuwerten. A uf G rund der in Abb. 1. d a r
gestellten Meßergebnisse kann man feststellen, daß die Qualität der Chlorie
rungsreagenzien eine entscheidende Rolle spielt.

An einer Teilchenfraktion m ittlerer Korngröße (315—500 pm) wurde der 
Einfluß der Zusammensetzung des Gasgemisches CO/Cl2 untersucht. Es stellte 
sich heraus, daß in einem sehr weiten Bereich der Partialdrücke von Chlor 
(pclj= 0 ,l  — 0,9-105 Pa) bzw. Kohlenmonoxyd die Chlorierbarkeit des H äm a
tits  praktisch gleich geblieben ist. Die Gesamtgasmenge war in allen Fällen 
größer, als theoretisch erforderlich.

Die Chlorierbarkeit der vorherigen Teilchenfraktion wurde weiter bei 
den Tem peraturen von 773, 873, 973 und 1123 К  so untersucht, daß ebenso 
die lineare Strömungsgeschwindigkeit (« =  0,04— 0,15 m s“ 1 neben konstanten 
t) des Gasgemisches wie der Chlor — bzw. Kohlenmonoxidüberschuß (r =  4—13, 
neben konstanten v) verändert wurde. Es konnte festgestellt werden, daß 
die Häm atitum setzung von den obigen Versuchsbedingungen — ausgenom 
men die Tem peraturänderung — unabhängig war. Die Abhängigkeit der 
Umsetzung von der Tem peratur ist aus der Abbildung 2 ersichtlicht. Die 
ebenfals in Abbildung 2 dargestellten Ergebnisse zeigen, daß die Chlorierbar
keit verschiedener Teilchenfraktionen praktisch gleich war, ausgenommen die 
der zylindrischen Körper. Die spezifische Oberfläche wurde nach der BET- 
Methode durch A 2-Adsorption (Sartorius Vac. Microwage Typ 4102) bestim m t. 
Diese W erte fünf verschiedener Fraktionen betrugen von 5,5 bis 6,5 m 2 g-1 , 
weiterhin die Porenverteilung der Ausgangsproben einschließlich der zylind
rischen Körper wiesen annähernd gleiche Bilder auf.

Es wurde weiterhin der Einfluß des Massenverlustes d.h. der Um setzung 
auf die Änderung der spezifischen Oberfläche (F , m 2g_1) und der Porenober-

6 7 3  773 873  973 1073 
T . K

Abb. 2
Chlorierung des Häm atits von verschiedenen Teilchengrössenfraktionen F  =  5,1 — 
6,6 m2g_1 bei einigen Temperaturen, t =  30 min, zylindrischer Körper 0  0,01 m X 0,006 m,

F  =  6,32 m2g-i
Kurve 1,2: qch =  0,92-10~4 mol в-1; Kurve 3,4: Gasgemisch: gcia =  0,92-10~4 mol s-1

?co =  1,39*IO-4 mol s -i



94 F batt L. Szabó-Síp o s , A. Ú j h id y  und I. Va ssá n y i Vol. 11.

—■g~ mt. 100 % rn0

Abb. 3
Abhängigkeit der spezifischen Oberfläche und Porenoberflächen-Anderung von dem

Massenverlust des Häm atits 
<7012 =  0,92-10~4 m ol s-1 ; qco =  1,39* 10~4 mol s_1 

spezifische Oberfläche 
Porenoberfläche

fläche (Fp, m2g_1) der Chlorierungsrückstände untersucht. Man sieht in  Abbil
dung 3 daß sowohl die spezifische Oberfläche als auch die Porenoberfläche 
anfangs abnim m t aber danach zunim m t : beim Reaktionsstart einerseits durch 
Abnutzung der rauhen  Teilchenoberflächen infolge der Chlorierung, ander
seits durch die E ntstehung eines besser kristallisierten H äm atits. Beim  Reak
tionsstart erklären wir die Abnahme der spezifischen Oberfläche durch Ab
nutzung der Teilchenoberflächen. N ach dem Erreichen einer bestim m ten 
Um setzung verm uten wir den Anstieg der Spezifischen Oberfläche durch die 
Zerkleinerung der Stoffteilchen. Die K rista lls truk tu r war bei 973 К  eindeut
licher zu erkennen als bei 873 K. Die erste Erklärung wurde m it mikrosko
pischen Aufnahmen, die zweite m it Röntgenpulverdiagram m  bestä tig t. Nach 
dem Erreichen einer bestimm ten U m setzung des H äm atits verm uten wir 
in  erster Linie den Anstieg durch die Zerkleinerung der Ausgangsteilchen und 
nu r im  geringeren Maße durch die Zunahm e der Porenoberfläche. E s soll noch 
erw ähnt werden, daß 90 Prozent des Porendurchmessers ebenso der Ausgangs
proben wie der R ückstände größer als 30-10“ 10 m war.

Ergebnisse und Auswertung

Anhand der Chlorierungsversuche des H äm atits  ebenso in der reduktiven 
Atm osphäre wie bei der Anwendung des reinen Chlors konnten wir im  B rutto
prozeß über die Rolle des Stoffübergangs und  Oberflächenerscheinungen fol
gendes feststellen.

W enn die Ergebnisse der Abbildung 1 m iteinander verglichen werden, ist 
es zu sehen, daß die Reaktion in  Gegenwart von reinem Chlor wesentlich lang
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sam er fortschreitet, als beim Gasgemisch C0/C12 oder beim Phosgen. In  reinem 
Chlorgas sind die Stoffströme in der Umgebung des Eisenoxydteilchens wie 
folgt: das Chlor erreicht die Teilchenoberfläche durch einen Gasfilm, dort 
spielt sich eine Adsorption oder eine eventuelle Chemisorption und bald die 
chemische Reaktion ab, und dann gelangt das Produkt als Eisenchloriddampf 
durch diesen Film  in den Hauptgasstrom . W ird die Chlorierung mit C0/C12 
und m it C0C12 durchgeführt, so t r i t t  insofern eine Änderung auf, als seihst 
das CO — bzw. COCl2-Gas sich in Richtung zur Oberfläche bewegt und auß
erdem  Eisenchlorid auch noch C 02-Gas von dort entwichen ist. W ir können 
annehmen, daß die Diffusionseigenschaften und Diffusivität dieser Gase denen 
des Chlors annähernd gleich sind [8].

D er W iderstand des Filmes an der Teilchenoberfläche und  in  den Poren 
stim m t also in allen drei Fällen praktisch überein.

Die sprunghafte Steigerung der E ffektiv ität der Chlorierung mit C0/C12 
und  Phosgen ist wahrscheinlich dadurch erklären, daß im  Prozeß nicht der 
Stofftransport sondern die chemische Oberflächenreaktion von Bedeutung ist.

Diese Feststellung wurde durch die in Abbildung 2 dargestellten Vesuchs- 
ergebnisse unterstü tzt, besonders dann wenn die auf die spezifische Ober
fläche bezogene Umsetzungen vergleichen werden. In  diesem  Fall gibt es 
keinen Unterschied zwischen der Chlorierbarkeit der verschidenen Teilchen
fraktionen und der zylindrischen Körper. Es geht aus den vorher Gesagten 
hervor, das die chemische Reaktion und kein Stoff Übergang (Porendiffusion, 
Bildung einer Diffusiongrenzschicht and der Teilchenoberfleche und in der 
Gasphase) der geschwindigkeitsbestimmende Schritt des Chlorierungsvorgan
ges unter gegebenen Bedingungen und dem Versuchsmodell sein kann.

D a diese D aten aus BET-Aufnahmen im Stickstoffstrom gewonnen wurden 
und  weil die Größe, die m ittlere freie Weglänge, die Diffusionseigenschaften 
usw. des Stickstoffmoleküls denen der Chlorierungsgase annähernd  gleich sind, [8] 
halten  wir die Verwendung der so bestim m ten Oberflächendaten für die 
Berechnung der Reaktionsgeschwindigkeiten für gerechtfertigt.

W eiterhin hat es sich herausgestellt, daß die H äm atitchlorierung am besten 
durch eine Gleichung nullter Ordnung zu beschreiben ist. Aus der Arrhenius- 
D arstellung geht hervor, daß die scheinbare Aktivierungsenergie 80—100 
kJ-m ol-1 beträgt. Auch die Größenordnung der Aktivierungsenergie unterstüzt 
die entscheidende Rolle der chemischen Reaktionen bei der Chlorierung des 
H äm atits.

SYMBOLVERZEICHNIS

m o - m t
100 X ----------  Massenverlust Umsetzung an а-ЕезОз%m0
то Ausgangsmenge an а-ЕегОз in mol
mt nach der Zeit t  im Reaktionsverlauf verbleibende Menge an а-ЕегОз in mol 

mit Chlorierungsgasgemisch eingeführte Chlormenge
T =  ----------------------------------------------------------------------------------------------- ; ---------- ——  =

für Chlorierung des eingewogenen ЕегОз erforderl. Cb

=  Chlorüberschuß in mol m ol-1 
T  Temperatur in К
t die Reaktionszeit in s
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SUMMARY

The iron content of raw materials is often undesirable therefore the iron has to be rem
oved. One possibility of the iron rem oval is the chlorination.

During the heat treatment o f the raw materials, the iron compounds transform to 
hematite.

The chlorination of pure synthetic hem atite samples were studied in the function of 
various experimental conditions as chlorination gas composition, grain size and specific 
surface area of the raw material, etc.

Based on the obtained results it  can be stated that in the given experimental conditions 
the chemical reaction is the rate determining step of the chlorination, where the specific 
surface area o f the solid and its change during the process play an important role.

РЕЗЮМЕ

С точки зрения технологии присутствие железа во многих сыревых материалов является не
желательным. Одним из способов удаления железа является хлорирование.

После предварительной термообработки железо в сыревых материалах превращается 
в гематит.

Авторы изучали хлорирование гематита высокой чистоты производимого исскуственным 
путём в различных экспериментальных условиях, при этом изучали влияние величины удель
ной поверхности, размера частиц, содержания газа использованного при хлорировании и 
т. д.

Установили, что скорость реакции в процессе в целом является определяющим фактором, 
при этом удельная поверхность и её изменение играют важную роль.
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A process model o f a three bed, catalytic naphtha reforming plant 
at a Polish refinery is presented. Both the model structure and para
meter estimation technique are discussed. In  addition, model pre
dictions are given of optimum inlet temperatures and catalyst d is
tribution among the three reactors to obtain specific reformate yield.

Catalytic reforming of naphtha to  produce high octane gasoline is a  process 
of high flexibility. I t  allows the processing of different feedstocks different 
conditions in order to  yield a varying product s ta te  in accordance w ith m arket 
demand. Of prim ary interest in this process is the  capability of ad justing  the 
operating conditions to  yield reformate w ith a  specified octane num ber. In  
other cases, it  is desirable to  maximize the yield of aromatics, or even hydro
gen production. Each one of these objectives can be attained by th e  choice 
of suitable operating conditions; i.e., catalyst mass distribution, inlet tem p era 
ture, pressure, the hydrogen/hydrocarbon feed ratio , as well as the feedstock 
properties. The most convenient way to decide upon the optimum operating 
conditions is via the following mathematical model [1-6].

The commercial, investigated plant is located a t a Polish refinery an d  con
sists of three fixed bed reactors in series with in term ediate heating of reactan ts. 
A simplified process flowsheet is shown in Fig. 1. Pretreated, frac tionated  
naphtha, refined from Romashkino crude oil w ith an end point at 180 °C after 
hydrodesulphurization is the feedstock. Provision is made for periodic rege
neration of the E n g e l h a r d  Pt/A l20 3 catalyst. Separation of products takes 
place immediately after this unit. The plant operates a t approxim ately con
stan t pressure to  yield a specified octane num ber, and this determines th e  reac
to r operating tem perature.

Very few commercial reforming models are available in literature. P erhaps 
the best one is the Mo b il  reforming model [5, 6]. In  the Mo bil  model, th e  re
forming kinetics are determined in such a way th a t  the resultant kinetic p a ra 
meters are independent of feedstock composition. The kinetic pa ram ete r 
estimation scheme allows the determ ination of 5 kinetic constants a t  each

7
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Flowsheet o f  catalytic reforming process w ith  P tjAI2O3 catalyst

Table 1
Ranges of operating conditions for the catalytic reforming plant

Variable range

Space velocity of the gasoline feed, m3/hr 48.0-65.7
Group composition of the gasoline, %vol.

aromatic hydrocarbons 8.0—7.5
naphthenic hydrocarbons 36.8-29.1
paraffinic hydrocarbons 55.2-63.4

Space velocity of the reformate, m3/hr 36.5—49.1
Catalyst distribution, VK1:VK2:VK3 1:2:6
Catalyst load by weight, hr—1 1.2-1.8
Pressure, Atm 30.0-35.0

Run

Reactor input 
tem perature 

К

Reactor output 
tem perature 

К

Reformate yield 
and content of 

aromatics, wt.%

TOI T 02 тог T K l TK 2 ткг WR OAR

1 790 787 784 747 773 776 79.9 48.5
2 791 785 782 751 773 775 78.8 45.9
3 790 785 782 751 773 774 79.6 47.0
4 787 781 778 746 768 772 79.1 51.7
5 789 786 782 749 774 776 78.1 54.8
6 780 779 776 739 766 772 79.1 48.9
7 781 778 773 745 765 768 78.6 50.0
8 781 777 775 741 765 768 79.6 49.1
9 782 778 775 737 762 769 78.8 51.7

10 780 773 772 740 759 766 78.3 53.7
11 785 783 777 747 769 770 78.1 53.3
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step. This procedure significantly reduces the param eter estim ation problem. 
Much of the model development d a ta  were obtained in isothermal experiments 
over a wide range of feedstock compositions, in a large num ber of tem peratures, 
liquid hourly space velocities and pressures.

In  the  present paper a m athem atical model of a reforming plant is developed 
from the  operating da ta  of a commercial catalytic reforming plant.

The range of changes in the operating conditions of the analysed p lan t are 
given in  Table 1. Originally 40 runs of the catalyst work were taken  during 
about six months time. Because of the lim ited accuracy of the analysed data, 
eleven runs were finally used, differing mainly in tem perature conditions, 
reform ate yield and content of aromatics. The m aterial balance did not violate 
± 2 .5  wt.%. This value also includes the approxim ative character of some 
calculations (density of group reactants and LPG, and molecular weight of 
group reactants, etc.).

The effect of the accuracy of the  measurement of the  operating conditions 
on the  quality of the m athem atical model was carried out for the tem perature 
[7]. The accuracy of the tem perature measurement was ±  5 °K. Changing the 
inlet tem perature of the first reactor, an accuracy of about ± 1  wt.% change 
was obtained in the yield of reformate and about ± 1 .5  wt.% change in the 
yield of aromatics.

The M athematical Model

The following classes of group reactions were taken  into account :
w.

N  = =  A  +  3 H 2 w6 (1)

w.
P  ~  N  +  H 2 w, (2)

VJa
P + ( n - l ) H 2 — -  nG (3)

W«JV + n H j — -► nG (4)

where A , N , P, G are arom atic, naphthenic, paraffinic and gaseous hydrocar
bons respectively, and (n — 1) is the num ber of C-G bonds split in the average 
molecule of the paraffinic groups.

The dehydrocyclization reactions (1 ) and (2) lead to  the  formation of arom atic 
hydrocarbons, and the hydrocracking reactions (3) and (4), to  the form ation 
of light gaseous hydrocarbons, thereby decreasing the  yield of liquid refor
mate. The isomerization reactions are om itted, based on the results of com
putations described in [8]. The effect of the catalyst desactivation in also om it
ted, since the  data  were collected in the relatively short period over which 
catalyst activ ity  was constant.

To compensate for the fact th a t hydrocracking of naphthenic hydrocarbons 
occurs during the interm ediate form ation of paraffins, it was assumed th a t 
the coefficient (n— 1) is the same in reaction (3) and (4). Because there was 
no way to  precisely determine the value of the coefficient [n— 1) based on the 
composition of the products, it  was estim ated along with the other kinetic 
param eters of the model; i.e., the  absolute rate  constants and the activation 
energies.
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The model used to describe th e  reaction rates of the reactant groups in the 
n o ta tion  of reactions (1) to  (4) is summ arized in Table 2.

The heats of reaction for these reactions were taken  from the  paper of 
P a n c h e n k o w  [9].

T a b l e  2
Summary of Mathematical Model

Component Mass and energy balances

A — 1/Ma dgAld VK  = —w \+ w 5 W\ -  fclffN
N — 1 /A fu  dgN/dV K  = wx — W2 + w a—ws+we W2 = k2gv

P — l /Mp dgp/dVK = w2—W3 +Wi м-'з = l’3ÿNÿHa
H 2 — l /ЛТнг dgnJdVK = —3(wi—wa)—W2  + W4 = k4gPg<£ - 1)

+  w3 +  (n  — 1)W 4+ nw 6 и>ь = k5gA(/H2

G — 1 /M q dgcJdVK = —n w i—nwa W6 = йб6ВДн2

Temperature
T —dT /dV K  = l/cp[ —(tt>i — U15) AHN A — AHPGS = ( n - l )  ZlHPG

-  (w2 - w 3) A H PN -W 4  dHPGS - JHNG = dHPG —zlHPN

- w a  AH N O )

Param eter Estim ation

The objective here is to  ob tain  the  best param eter values according to  an 
evaluation  criterion w ithin the  inherent model constraints imposed by the 
assum ption and simplifications.

The objective function chosen, to  estim ate the  kinetic param eters of the 
m odel, is the m inim ization of the  sum of the  relative squared deviations 
betw een computed and m easured values of the  product composition and reac
to r  ou tle t tem peratures [10]:

M _ _
f =  2  h n [(v m -  x m) / x mp  (6)

m /1

where | ra is a correcting coefficient when a different accuracy of the  calcula- 
tio n  for different elements of th e  aim  function are desired; X m and X m mean 
com puted  and measured values respectively and M  is the num ber of considered 
elem ents of the objective function. Minimization of these deviations with 
respect to  product group content and reactor outlet tem peratures was carried 
o u t independently of each d a ta  set. As a result, an independent set of kinetic 
param eters was gained for each set of data. To estim ate к0i- and activation 
energies E j of the forward and  reverse reactions, the A r r h e n iu s  equation was 
used.

In  the  computations the  package of programmes Mi n u it s  [11] were used 
to  minimize the function of n  variables. This m ethod offers the  possibility of
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catering for different kinds of functions w ithin one programme, since i t  in 
corporates three different m inimization methods, each of which may be used 
alone or in combination with others, depending on the  behaviour of the func
tion  and desires of the  user. These three minimizing subroutines are: S e e k  
(a Monte Carlo method), S im p l e x  (a simplex m ethod by N e l d e r  and Me a d ) 
and Mig r a d  (a variable m ethod by D á v id o n ).

The estimation of the values of the kinetic param eters of the model was 
carried out using a simple step procedure. A t each given step of th a t procedure 
kinetic param eters were found which had approxim ately the  same value for 
the  whole set of eleven estim ation runs and were set up as constants during 
the  next estimation step. From  the  initial 13 kinetic param eters, this procedure 
allows us in the final step to  estim ate, separately for each of the  11 runs, only 
5 parameters. This estimation m aintains the same accuracy of computation. 
Thus, in the final step the following rate constants were estim ated: &01, k03 
k06 as well as (n — 1). Subsequent steps to  find the  common value of these p a ra 
meters for the whole set of data, although applying the step regression analysis 
in observing the dependence of the param eter value on the  tem perature con
ditions of the p lant, did not give any satisfactory result. This can be a ttribu ted  
to  the  fact th a t da ta  from the analysed p lan t’s normal operational procedure 
were applied.

Analysis of the Result

Representative values of reactor ou tput tem peratures, reform ate yield and 
content of aromatics obtained with the model are given in  Table 3.

The distribution of arom atic hydrocarbons produced in  each reactor 
AT :A2:A'3 =  50:20:30 shows the decisive role of the  first reactor. The contri
butions of the th ird  reactor in producing arom atic hydrocarbons prim arily 
arises from the dehydrocyclization of paraffins. I t  is also seen from Table 3 
th a t the decrease in  arom atic hydrocarbons produced in the  first reactor is 
a function of the operating period of the catalyst. The deviation of da ta  set

Table 3
Calculated products composition and temperatures

Run
Reactor output temperature К Reformate

yield
wt.%

Content of 
aromatics 

in reformate 
wt.%

Percentage 
yield of 

aromatics in 
first reactorTRI TR2 TRZ

l 747.0 770.9 777.0 79.7 48.5 55
2 752.4 774.1 780.5 78.3 47.3 58
3 751.6 773.5 777.4 79.2 47.9 53
4 746.7 765.4 770.3 79.0 52.1 50
5 748.5 770.7 775.7 78.1 53.4 48
6 738.6 764.4 772.0 78.9 48.6 46
7 744.7 765.0 767.4 78.5 49.8 50
8 739.9 759.5 766.2 79.5 47.6 46
9 736.0 757.9 767.1 78.9 50.0 44

10 739.8 757.1 766.1 78.2 53.2 51
11 746.2 764.9 768.8 78.2 51.8 44
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No. 10 from this trend  could be a ttr ib u ted  to  the relatively large amount 
of naphthenic hydrocarbons in  the feed (36.8 vol.% and 55.2 vol.% of paraffins) 
for th a t run.

The average values of the  param eters estim ated in  the  last step of the 
procedure are given in  Table 4.

T a b l e  4

Average values of estimated kinetic 
parameters

Reaction Kinetic parameters

N - A koi 2.66 1012
Ei 35,150

P - N ko2 41.38
E% 1,660

N~P коз 4.04 IO«
Es 19,680

P-*G kői 4.13 1018
E4 44,600
n — 1 3.42

A-~N fc(>5 54.60
E& 63,700

N~G kos 3.85 low
Ее 17,400

A very high “severity” in the hydrocracking reactions was observed. The 
value of (ft—1) indicates th a t  more th a n  three C-C bonds are broken in an 
average molecule of the paraffinic hydrocarbons. This is the result of the 
process tem perature and the fact th a t  the  decomposition reactions are a ttr ib 
uted prim arily to  paraffinic hydrocarbons. The content of paraffins in the 
feed is about 50-60 wt.%, yielding about 20 wt.% of gaseous products.

Exam ples of the  concentrations and  tem perature profiles in the  reactors 
for d a ta  sets No. 1 and 10 (which differ by content of arom atic hydrocarbons 
in the reformate) are presented in Fig. 2.

The first reactor has the m axim um  paraffin yield because of the  naphthene 
dehydrogenation reaction. The com puted yield of reform ate, as well as the 
yield of gaseous hydrocarbons varied  almost linearly w ithin the second and 
th ird  reactor. N aphthenic content in  the  th ird  reactor is practically constant, 
indicating th a t  in this case the system  attains equilibrium. The tem perature 
profiles are in accordance with the  preceding observations.

Calculated reaction rate  profiles for selected reactions are given in Fig. 3 
for d a ta  set No. 1. Reaction rates depend on the tem perature and the concen
trations of reagents in the considered stage of the reactor.

I t  is interesting to  note the  alm ost fla t profiles of th e  reaction rates wv w3 
and w6, beginning in the middle of th e  second reactor. This indicates th a t 
equilibrium  is attained. The m axim um  change in  reaction rate  occurs for 
dehydrogenation of naphthenic hydrocarbons in the  first reactor. The rela
tively small ra te  change in the hydrocracking of paraffins w ithin each reactor, 
and its step change between each reactor is characteristic of reforming. I t  is
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Fig. 2
Concentration and temperature profiles in the reactors 

— — — — Run No. 1 
---------------Run No. 10

due to  the heating of the reactants between reactors, and to  the increasing 
residence time. The rate of reaction w6 becomes comparable w ith the others 
in the  th ird  reactor. Based on the  proceeding observations, it  is seen th a t  the  
relative gain of the  arom atic hydrocarbons produced in  the  th ird  reactor is 
a result of the hydrocracking reactions of the paraffins and the  subsequent 
dehydrocyclization reactions of the  paraffins: P-<-N^-A.

In  Table 5 the relative reaction rates a t the inlet of the  first reactor and a t 
the  outlet of the th ird  reactor are presented. As can be seen, there is good 
agreement between the da ta  sets, even though the  tem peratures are different. 
Except for the very slow arom atic hydrogenation reaction, the  reaction rates 
wv  w3, wi and w6 are of the same order a t the reactor outlets. The paraffin 
cyclization reaction exhibits the relatively largest rate.
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F ig. 3
Reaction rate profiles, run No. 1

Table ö
Relative rates of reactions at inlet and outlet of reactors

Chemical reactions Symbol

Relative rates of reactions

Inlet to R1 Outlet of ЛЗ

Run No. 1 Run No. 10 Run No. 1 Rim No. 10

N - A wl / wl 1.000 0.913 0.032 0.029
P - N w2/wl 0.127 0.111 0.086 0.073
N - P w3 tw 1 0.767 0.520 0.032 0.022
P - G w ijw \ 0.007 0.008 0.019 0.015
A —N w5 Jw\ ~ 0 ~ 0 ~ 0 ~0
N  » 6 wft/wl 0.183 0.201 0.024 0.023

Effect of Temperature and Catalyst Distribution

The above results indicate th a t  the  estim ated param eters should describe the 
operation of the commercial p lan t reasonably well. Therefore, the  model 
should be able to  predict the effect of reactor inlet tem peratures and the
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catalyst distribution on the  yield and group composition of the reform ate. 
Calculations were performed for da ta  set No. 6 (Tables 2 and 3). The feedstock 
after hydrodesulphurization contained 31.7 vol.% of naphthenes and  61.0 
vol.% of paraffinic hydrocarbons.

To evaluate the effect of tem perature on the reform ate yield, the tem pera
ture level a t the inlet to  each reactor was changed arbitrarilly in th e  first 
step of computations and the  model was integrated, Fig. 4.

8 2 -

81

-  8 0 -cc
5
Ъ 7 9 ->.
Ф
1  78-
o'aïct

77-

76-

O - T 0 1  

Л  -T 0 2  

X - T 0 3

T ë ô  m  7Ö 0 7 â 0  8 0 0
T e m p e ra tu re  T,K

Fig. 4
Relationship between reformate yield, W R  and inlet reactor temperature 

1 — change o f the first reactor inlet temperature
2 — change o f the second reactor inlet temperature
3 — change o f the third reactor inlet temperature

Curve 1 in Fig. 4 shows only the influence of the first reactor inlet tem pera
tu re  change on the final yield of reformate. The rest of da ta  set No. 6 was 
unchanged. Similarly, curves 2 and 3 represent only the  influence of the second 
and th ird  reactor inlet tem perature changes on the reformate yield, and again 
the  rest of the  da ta  set was unchanged. Thus, all curves represent different 
situations. The results proved the strong role of the th ird  reactor, and p a rticu 
larly its inlet tem perature, in determining the final reformate yield.

The effect of the changes of catalyst distribution were similarly tested . 
The results of these computations, presented in Fig. 5, indicate th a t  for con
s tan t to ta l quantity  of catalyst, the increase in the quan tity  of catalyst in  the
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F i g .  5
R e la tio n sh ip  b e tw e e n  re fo rm ate  y ie ld , W R  an d  re la tiv e  re a c to r  size

first reactor (with unchanged quantity  of th e  catalyst in  the  second reactor, 
and thus respectively less in the last one) resulted in an increased yield of 
reformate. A m inim um  in  the reformate yield was achieved by varying the  
am ount of catalyst in  th e  second reactor in  th e  same manner.

The net effect of ca ta lyst distribution is less than  the effect of the inlet 
temperatures.

In  another set of com putations the in let tem peratures TO  1, TO2, T03 and 
th e  mass distribution of catalyst V K 1, VK2  and VК 3 were taken  as the op
tim ization param eters. The range of variations of these variables are shown 
below :

low er lev e l u p p e r  level
T O \ ,  к 760 800
T 0 2 760 800
Т О З 760 800
V K l 0.8 3.8
V K 2 1.0 4.8
V K 3 0.4 7.2

The objective was th e n  the  maximization of either the reform ate yield, W R, 
or the product W R -А В , where A R  is the  content of aromatics in  wt.%. The 
results are shown in  Table 6.

Maximization of th e  reform ate yield was achieved for low inlet tem peratures 
w ith small am ounts of catalyst in the  th ird  reactor, which a t the  same tim e 
causes a decrease in  th e  aromatics yield; e.g., when the reform ate yield in 
creases from 80 wt.% to  82 wt.%, the arom atic hydrocarbon yield decreases 
from 48 wt.% to  45 wt.%■ This was done to  te s t  the behaviour of the model.
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T a b l e  6

Optim um catalyst d istribution  and inlet reactor 
tem peratures for extrem e levels o f the reform ate 

yield, ru n  No. 6

Objective function F =max( — W  R) ^=тах(- W R- A R )

R elative distribution 
of the cata lyst in reactors

V K l 3.9 0.8
V K 2 4.8 1.7
V K 3 0.3 6.5

R eactor inlet tem peratures, К
T O  1 760 800
T 0 2 760 790
Т О З 760 790

Reform ate yield, wt.% 84.8 73.1
Aromatics content in reform ate,
w t.% 39.9 56.2

W hen the objective is used to  maximize W R -A R , quite different results are 
observed. The type of objective function used allowed analysis of only 
extreme conditions. To find the  optim um  conditions for any given level of 
reformate yield, the following type of the  objective function F  was applied:

i , =  max ( — ociWR— txzAR) (6)

B y changing the  values of the coefficients, oq and a2, different objective 
functions F  were obtained. The results of these com putations are presented 
in Fig. 6, 7 and 8. Each point in  these diagrams represents an optim um  solu
tion  for a given reformate yield or arom atic content. Thus these curves allow 
for assessment of other optimal solutions in the range tested. In  these compu
tations oq, was fixed as 10.0 and a2 was changed in the range 6.5-17.0.

Fig. 6 enables the  determ ination of the content of arom atic hydrocarbons 
in  reformate GAR, as a function of the  reformate yield. I t  can be seen in  
Fig. 7 and 8 th a t for a reformate yield greater than  82 wt.% th e  optim um  tem 
perature a t the inlet of the first reactor, T O \, decreases alm ost stepwise from 
800 to  760 °K (the amount of catalyst in the first reactor in  the  range of re
form ate yield up to  82 wt.% was nearly the same as in the commercial data). 
The analogous shape of the curve for T 0 2  shows the change of optim um  inlet 
tem perature of the second reactor. However, the decrease of the  tem perature 
level takes place in the area of a reform ate yield of more th an  82 wt.%. The 
optimum quantity  of catalyst in the  second reactor decreases a t  first, and then  
increases to  the upper level given.

These computations indicate th a t  the  catalyst distribution for the  particular 
reforming p lant studies (i.e., V K 1:V K 2 : V713 =  1:2:6) is close to  the optim um  
one from the reformate yield point of view. W ith an increase in  tem perature 
in the reactors, one could improve the  content of arom atic hydrocarbons 
(see Fig. 6). A  similar effect is observed when the quantity  of the  catalyst in the  
second reactor increases by 30%. For high reformate yield, the  quantity  of
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Fig. 6
Relationship between aromatic content, GAR  and reformate yield, WR

F ig. 7
Optimum disribution o f  reactor inlet temperatures

catalyst in the  second reactor should be larger then in the  th ird  reactor. Under 
the  above conditions, in  order to  ensure the proper level of the octane num 
ber, the catalyst m ust have good isom erization properties.



1983 Analysis of Npahtha Reforming Plant 109

Fig. 8
Optimum catalyst distribution

The hydrogen yield changes w ithin a lim ited scope. This is due to  the  fact 
th a t although limiting hydrocracking reactions, low operating tem peratures 
cause a decrease in hydrogen comsumption. This is to  a large extend offset 
by the decrease in aromatic production from the dehydrogenation of n aph the
nic hydrocarbons observed simultaneously. This means th a t the best way 
to  increase the  hydrogen yield is to  reduce the process operating pressure.

Conclusion

The m athem atical model presented provides a means of computing th e  p ro 
duct composition in the outlet of the th ird  reactor and the tem perature a t  
the outlet of each of the reactors with reasonable accuracy. The kinetic com 
putations showed the  fundam ental role of the inlet tem perature of the  first 
reactor in determining the final arom atic yield, and also of the th ird  reactor 
inlet tem perature and size on the  final reformate yield.

The dehydrogenation reaction of naphthenic hydrocarbons approaches 
equilibrium in the th ird  reactor. The rate  of the hydrocracking reaction changes 
relatively little  in a given reactor, b u t increases stepwise between reactors.

The effect of the inlet tem perature on the reform ate yield and arom atics 
content was evidently higher th an  the effect of the  catalyst distribution. 
Computations with the model indicated th a t the catalyst distribution for the  
analyzed p lan t was optimum from the point of the  reform ate yield.
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SYMBOLS

A , N , P  
G
n — 1

W \

h
koi
E,
l IV К  
T  
Ml  
ffi
S V K
Cp
TO  1, T 02, TO3 - 
T K l ,  TK 2, T K 3-  
W R
A R , GAR 

R \ ,  R2, R3

arom atic, naphthenic, paraffinic hydrocarbons, respectively 
gaseous hydrocarbons Ci — C4
number o f  split C-C bonds in chain of average molecule o f paraffinic 
hydrocarbons
reaction rate, mol/kg catalyst hr
rate o f  dehydrogenation reaction at input to the first reactor, mol/kg 
catalyst hr, Tabk. 5
reaction rate constant, kg catalyst hr/mol
absolute rate constant
activation  energy, cal/m ol
catalyst load by weight, k g/kg catalyst hr
tem perature, К
molecular weight, kg/m ol
w eight fraction
tota l quantity of the catalyst in system  
specific heat, kcal/kg К  
reactor inlet temperatures, К  
reactor outlet temperatures, К  
reformate yield, wt.%
contents o f aromatics in products and in reformate, respectively, 
wt.%
first, second and third reactor respectively

Greek Letters and Superscripts
« t »  <*2
dH NA

/1HPN
dHPG

i=  1, 2, 
j = l> 2,

— coefficients o f the objective function F  eq. 6
— heat o f  dehydrogenation reaction of naphthenic hydrocarbons, 

kcal/m ol
— heat o f  cyclization reaction o f  paraffinic hydrocarbons, kcal/mol
— heat o f hydrocracking reaction o f paraffinic hydrocarbons connec

ted w ith splitting one C-C bond in chain
5 — number o f  reactants
6 — number o f  reactions
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РЕЗЮМЕ

В сообщении приведено описание модели завода каталитического реформинга бензина трёх
слойного типа работающего в Польши. Изложена структура модели и методика определеня 
параметров. Далее с целью предсказывания производительности автором заданы оптималь
ные значения температур потоков на входе и оптимальное распределение катализатора между 
тремя реакторами.
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The relationship o f colour and particle-size distribution and specific 
surface area of iron-oxide-yellow pigment was studied as a function 
of the production variables o f the pigment. It was concluded that the 
duration and rate of oxidation control both the colour, particle- 
size and specific surface area of the pigment. However, no direct, 
easily formulated relationships could be established between the 
characteristics tested.

Introduction

The term  pigment invariably implies complete insolubility in the suspending 
medium [1-3] and sufficiently fine particle size. However, the term  “fine 
particle” encompasses a range which extends from 0.1 to  100 /im [1]. Recently, 
even the relating to  the colour of the pigment was om itted  [3] and the only 
additional information mentioned was th a t the pigm ent has to  possess certain 
physical characteristics and be able to  be coat — m ixed into certain adhe
sives — various surfaces. These statem ents are too general to  be of any prac
tical use, yet they  are unavoidable in the definition of certain  terms. However, 
it is still unclarified how these general statem ents and requirements relate to  
particular groups of pigments.

I t  is obvious, even from the most general definition, th a t pigments, and 
particularly certain groups of pigments or even more so, certain unique pig
ments, must have suitable colour and morphological characteristics, and not 
only insolubility in the suspending medium. This sta tem ent is still too general, 
b u t of least these characteristics can be quantified and lim its can be establish
ed. In  fact, the containers of certain products give these specifications. 
Another difficulty is th a t  the interrelationship of these characteristics is ge
nerally unknown, and we do not have a clear view of how to modify the p ro
duction process to  obtain pigments with the required characteristics.
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I t  is not all easy to  relate colour and  morphology to  production process 
variables, because often pigments are formed in rather com plicated physical 
and chemical systems. However, the  dem and for improved product quality 
m andates process control, which, accordingly, contains m any em prirical ele
ments. Therefore, in  our opinion, i t  is essential for hoth the producer and the 
user th a t  the  colour and the morphological characteristics should be determ i
ned, for they  are rarely available in  literature, and even if available, only 
in  a  very  narrow sense.

Three pigm ents were selected for the  present study: iron-oxide yellow, 
iron-oxide-red and chromium-oxide green. The relationships of particle-size 
distribution, specific surface area, colour characteristics and production process 
variables were studied. This paper discusses the results of the iron-oxide-yellow 
tests.

Experim ental

Iron-oxide-yellow pigment was prepared  in our laboratory according to  the 
P e n n im a n n - Z o p h  process, the m ost frequently used industrial process [4]. 
Accordingly, 20 1 of 8.5 g/1 iron(II) sulphate solution was oxidized by air, 
in th e  presence of 6 g/1 iron(III) hydroxyde “seeds” and m etal iron.

The product formation rate  of iron-oxi-hydrate was 0.376 g/1 hr. Samples 
were taken  a t 12 hour intervals during the  oxidation period and the colour 
characteristics, particle-size d istribu tion  and specific surface area were deter
mined.

1. Colour characteristics were obtained from spectral re-emission values.
2. The Helmholtz colour param eters, such as the surface brightness (ß ), 

spectral colour density (a) and colour-specific wavelength (A) were determined 
from the re-emission curves by m athem atical calculations.

3. An autom atic microscopic particle-size analyzer was used to  determine 
th e  particle-size distribution of th e  particles, the average particle  size (d) 
and the  particle-size which corresponds to  50% occurrence probability , (d50).

4. Specific surface area was m easured by the BET method.
Changes of the  colour characteristics during the oxidation period are sum

m arized in Table 1. For comparison purposes, the data  of the  reference product 
are also shown in the last row.

I t  is characteristic th a t the  colour-specific wavelength rem ains unchanged 
during oxidation. However, slight wavelength changes in  th is range cannot 
be detected visually. Colour changes observed during production are related 
to  changes in  spectral colour density  and surface brightness. Since industrial 
routine calls for the  term ination of the  oxidation process, when the  colour of 
th e  product m atches th a t of the  reference sample, oxidation should have been 
term inated  after 72 hours.

Particle-size distribution and specific surface area data  are listed in Table 2.
Since th is oxidation is a typ ica l heterogeneous-phase reaction, its rate 

greatly  depends on the spacific surface area of the product formed. Therefore, 
the  m agnitude of specific surface in  un it solution volume was altered by 
changing the  concentration and  specific surface area of seeds present in the 
starting  solution, and the concentration of free iron(II)-sulphate was also
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T a b le  1.
Changes of colour parameter during the oxidation period

Duration of 
oxidation, 

hours
FeOOH

g/1 Helmholtz Parameters

0 6.00 39.04 43.20 579.6
12 10.47 40.66 47.62 579.6
24 14.32 44.08 51.17 578.7
36 19.85 48.25 51.39 579.0
48 22.75 49.84 51.65 579.8
72 33 11 52.12 49.53 580.5
96 42.07 53.89 46.72 582.0

Reference
sample — 52.18 49.40 580.9

T a b le  2 .
Particle-size distribution and specific surface area as a function 

of the duration of oxidation

Reference Duration of oxidation, hours
d sample 12 24 36 48 72 96

0.35 0.5 0.6 0.9 0.8 0.8 0.7 1.4
0.70 13.7 19.0 15.3 17.1 16.8 18.3 14.6
1.05 20.8 31.2 28.4 28.2 28.1 25.8 26.4
1.40 18.3 22.4 23.6 22.6 22.3 20.8 22.6
1.75 13.7 10.7 12.4 12.0 11.8 13.6 13.9
2.10 11.4 6.9 8.4 8.2 8.3 9.3 10.3
2.45 6.3 3.9 4.5 4.4 4.5 5.0 5.8
2.80 4.9 2.5 3.1 3.0 3.3 2.7 3.2
3.15 3.1 1.5 1.9 1.9 2.0 2.0 2.0
3.50 2.5 1.0 1.2 1.2 1.3 1.4 1.4

m 2 /g 12.9 20.3 15.5 15.9 13.9 10.7 9.2

d 1.58 1.24 1.34 1.51 1.35 1.33 1.37

dbo 1.36 1.06 1.16 1.13 1.14 1.16 1.21

varied. Samples were taken  from these batches after 48 hours and they were 
tested like the previous samples. The results are shown in Tables 3 and  4.

There is no direct correlation between the m easured values, though the  
particle size distribution of the samples selected also varies widely. The p a r
ticle size distribution da ta  are summarized in Table 4.
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Table 3.
The effects of oxidation parameters upon the product qualities

Sample
FeOOH

g/1hour
Surface

area
ma/l

P.S04
g/1 HELMHOLTZ parameter

Specific 
surface area, 

m2/g

I 0.376 231.6 8.50 49.84 51.65 579.8 13.9
и 0.470 267.8 18.80 51.70 47.43 580.5 12.2

i n 0.613 328.1 28.50 52.48 48.46 580.1 12.2
IV 0.717 516.1 11.54 49.93 49.34 579.8 15.3
V 0.333 2160.0 9.30 42.43 36.43 583.7 56.4

Table 4
The effects of oxidation parameters upon the 

particle-size distribution

d Reference Particle size distribution, %
/ЛП sample I II III IV V

0.35 0.5 0.8 3.8 1.2 7.6 15.22
0.70 13.7 16.8 28.3 33.2 32.3 50.5
1.05 20.8 28.1 29.5 30.9 19.3 18.8
1.40 18.3 22.3 16.6 17.9 13.8 6.0
1.75 13.7 11.8 9.1 7.8 7.9 1.2
2.10 11.4 8.3 5.7 4.7 7.4 0.2
2.45 6.3 4.5 3.1 2.2 3.2 0.1
2.80 4.9 3.3 1.5 1.2 3.6 —
3.15 3.1 2.0 1.1 0.3 2.5 —
3.50 2.5 1.3 0.1 0.1 1.4 —

d 1.58 1.35 1.06 1.00 1.12 0.60

dbo 1.36 1.14 0.91 0.88 0.87 0.56

I t  can be from  Table 4 th a t the particle-size distributions are more dissi
m ilar than the  observed colour characteristics listed in Table 3 indicate. I t  
is assumed th a t  a  more detailed m athem atical analysis of thes d a ta  series 
would produce th e  correlations sought. This will be dealt with in a forthcoming 
paper, together w ith  the analysis of d a ta  on iron-oxide-red and chromium- 
-oxide-green pigm ents.
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РЕЗЮМЕ

Авторами изучены хроматические свойства, распределение размера частиц, удельная поверх
ность ферро-оксида желтого пигмента в зависимости от условий производства пигмента. 
Установили, что время и скорость оксидации в применимой технологии оказывают влияние 
на цвет, распределение размера и на удельную поверхность. Авторы находили, что нельзя 
получить простую корреляционную зависимость между свойствами пигмента.
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A new formation technology was developed for the positive electrode o f 
stationary, highly developed surface area, T udor  type lead batteries. The 
modification of Lu c a s’ technology enabled a two-to-tenfold reduction 
in formation time, and the same reduction in start-up time. Durability 
tests extended through a span of 2,450 recharging-discharging cycles, 
indicated that the storage capacity of batteries, prepared according 
to the new technology did not decrease as rapidly as that of those 
prepared by Luc as’ method. The presence of lead chloride crystals 
on the negatively formed electrode could be ascertained by an energy- 
dispersive X-ray microanalyzer, ED A X  711, indicating the reduction 
o f perchlorate during the formation step. An empirical relationship 
was established that permitted the estimation o f the degree of ex 
haustion of an unknown electrode.

Introduction

P lante discorved the principle of lead batteries in 1859 [1]. A num ber of 
variants have appeared during the  past 120 years. Depending on th e  field 
of application electrodes of varying size and type were developed, e.g. spread- 
plate s ta rte r batteries, arm oured-plated bateries, and plastic-mesh-contained 
batteries, etc. The large-surface-area positive electrodes best retained  the 
essence of the  original discovery. These are still produced, with m inor cons
truction changes, as described originally. No significant development occurred 
during the  past th irthy  years in the  production technology of large-surface 
area positive electrodes. The studies th a t  dealt with these electrodes are all 
of a theoretical nature. Some these papers dealt w ith the replacem ent of 
L ucas’ process [2-4], or the internal stress of anodically produced lead dioxide, 
starting w ith the phase modifications of lead dioxides [5-7] and their p repa
ration conditions [8-9]. The other large group of investigators studied the 
anodic corrosion of lead [10-16], and the  corrosion effects of perchloride acid
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[14-16]. Af if i e t al. s tu d ied  P la nte’s process from  an  in d u stria l poin t of 
v iew  [17] and d e te rm in ed  th e  ac tiv ity  order of various additives.

The TuDOR-type, large-surface-area, positive plates called L l - 8 , weighing 
2.8-22.4 kg are still fairly  widespread in Europe, contrary to  the  situation 
in  th e  United S tates of America [18]. They are mainly used in  immobile, 
low-voltage systems, such as control facilities, and emergency lighting, etc. 
T heir major advantages are long life and reliability. The storage capacity of 
electrodes produced by  L u c a s ’ method varied widely. High storage capacity 
was connected to  sho rt service life. Another liability  of the process was th a t 
K C 10 4 concentration varied  with the height in  the  formating tank . Samples 
ta k e n  from the b o ttom  of the  tank  had higher perchlorate contents than  
those  taken form th e  surface. Large-surface-area plates are produced in 
batches, although often  no order is received for months. In  the  wintertime, 
w hen the system is o u t of operation, the solution might cool to  0  °C, con
sequently  some KC10 4 m ight crystallize, which will not dissolve even if the 
tem perature increases again. Therefore, form ating solutions containing only 
h ighly soluble salts would be desirable, assuming th a t  their lead activating 
po ten tia l is at least equivalen t to  th a t of L u c a s ’ solution.

Experimental

Experim ents were carried  out with Type L - l  cast lead elements. A new 
multicomponent add itive  composition was developed. In  addition to the 
conventional additives, the  composition contains acetic acid, nitric acid 
and  hydrogen silicofluoride. In  an aqueous sulphuric acid solution, this not 
only successfully replaces KC104, a tim e-honoured additive, bu t also allows 
for a  two-to-tenfold increase in  formating curren t density. Thus, the former 
60 hour formating period could be significantly shortened. Tenfold current 
density  means 50A for th e  L - l  plates, resulting in significant heat generation. 
Therefore, cooling w ater had  to  be circulated in  lead cooling-tubes. However 
i t  is more difficult for th e  evolving oxygen to  leave the ribs. Therefore, a me
chanical circuit b reaker and a 100A rated  m agnetic oil-switch were installed 
in  front of the rectifier and the current is switched off 30 times a minute.

W hen the form ating current density is only 2.5 times higher than  the 
currently  used value (1 2 .5A for each L - l  electrode) neither circuit breakers, 
no r water cooling is necessary. Another practical advantage is th a t  formation 
tak es  24 hours and th e  next day the electrodes can be removed, washed and 
dried.

The service life of electrodes formed according the above methods was 
com pared with th a t  of th e  commercial products of the VBKM B attery  and 
D ry  Cell Plant, B udapest. An autom atic recharging-discharging system was 
b u ilt for the tests. I ts  layout is shown in Fig. 1. The larga-surface-area positive 
p lates  and the negative separating plates form ed an immobile battery . Nine 
factory-form ated ba tte ries  were used for th e  service life tests spanning from 
M arch 1978 to Ju ly  1981. Two discharging andrech arging cycles could be achiev
ed  daily in a continuous mode of operation. I t  took a year to  develop 
th e  new formating m ethods. Thereafter, th e  newly formed electrodes were 
also hooked up to  th e  service-life testing apparatus. A 5 hours storage test
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Fig. 1

Schematics o f the automatic discharge-recharge unit 
1 — Switching clockwork ; 2 — Battery; 3 — Recharger VMK17; 4 — Discharger VMK17, 
5 — Discharge resistances, discharge current ; 6 — Recharging current ; 7 — Pulse counter ; 

8 — Potentiometer; 9 — Battery charger; 10 — Recorder

was carried out after each 50 cycles. All in all 2,450 cycles were generated. 
The history of storage capacity values is shown in Fig 2. I t  can be seen th a t  
the  storage capacity of factory formed batteries is be tte r a t  the beginning, 
bu t soon the newly formed electrodes take over. This means th a t one of the 
major advantages of the new forming m ethod is th a t  storage capacity does 
not deteriorate w ith time, in fact, there is a slight improvem ent, while the  
service life is not reduced.

A-ray diffractom etry was used for the periodic checking of the phase com
position of the electrodes, both in the development stage and in the service- 
life testing stage. No significant difference could be detected between the 
different electrodes. A practical difficulty occurred, since depending on the  
extent of dischange, the X -ray diffractograms were different as the active 
material contained more P bS 0 4 and less P b 0 2 or vica versa. X-ray diffracto
grams were made after the forming step was completed, th en  after the 1 0 th , 
230th, 750th, 1613 and 1908th cycle. The m ajor component was always 
tetragonal P b 0 2 (plattnerite) accompanied by a few per cent of orthorom bic— 
P b 0 2. The in tensity  of anglesite was always low. Freshly formed electrodes 
contained more lead sulphate, as expected.
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1

Fig. 2

Changes of storage capacity as a function of service life (average values) 
factory formated electrodes; 2 — intensive formation process; 3 — accelareted

formation process

Scanning electronmicrographs obtained by a JEO L JSM 50A scanning elect- 
ronmicroscope were used for th e  determ ination of the size shape and structure 
of the  crystals of the  cative m aterial. An im portant result of these exam ina
tions is th a t lead chloride crystals were identified by an  energy dispersive 
X -ray  microanalyzer ED A X  711 on the  surface of the  negative electrode. 
This is a direct proof of th e  reduction during formation of the perchlorate 
ions, since no other chloro compound was present in the  form ating solution.

I t  is often difficult to  estim ate the  ex ten t of exhaustion of an electrode. 
Therefore, the electrodes were weighed after the 750th, 1184th, 1613th, 
1765th, 1908th and 2205th cycles (Sn). Taking these and the  original weight 
(G) values one could calculate th a t  the  weight loss in a cycle of the electrode 
was k = 0.665 g. Thus, using the  relationship:

G - S n
------------=  n
к X Tik

one can calculate the num ber of discharging-recharging cycles (n) the battery  
experienced. Here L k is the  type  num ber of the  electrode tested , i.e. L k = 1 ; 2; 
4 or 8 .
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РЕЗЮМЕ

Разработан новый метод формирования положительного электрода свинцевых стационарных 
аккумуляторов с большой поверхностью типа Тудор. Модифицированный метод Лукаса дает 
возможность сокращения времени формирования 2—10 раза и также можно в некоторой мере 
сокращать и время ввода в эксплуатацию аккумулятора.

Исследования срока службы проведенные путем периодического заряжения и разряжения 
в течении 2450 циклов показали, что аккумулурующая способность электродов изготовленных 
модицифированным методом снижается в меньшей мере, чем изготовленных оригинальным 
методом Лукаса. С помощью рентгеновского микроанализатора типа EDAX 711 можно иден
тифицировать свинце-хлористый кристалл на отрицательном электроде, что свидетельствует 
о возможности редукции перхлората в процессе формирования.

Авторами разработана эмпирическая формула для расчета степени изнашивания неизвест
ного электрода.
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The alkylating reaction o f isobutane with 1-butene was studied on 
rare-earth ion exchanged У-zeolites. The alkylating reaction was 
carried out in a continuous microreactor system in liquid phase. The 
temperature range was 40-160 °C, and different molar ratios were 
used. The effects o f temperature and molar ratio on the alkylate 
yield were investigated. I t  was established that a maximum alkylate 
yield can be achieved at 70 °C with an isobutane/1 -butene molar 
ratio of 7.6/1. The change of the Ce distribution was followed as a 

function of the parameters.

Introduction

Increasing oil prices significantly modified domestic energy policy. The main 
effort is to  reduce the consumption of oil as a source of power.

However, a continued increase is expected in the consumption of m otor 
fuels and petrochemical raw materials. Therefore, when a given am ount of 
crude oil is processed simultaneously, a white product shortage and excess 
fuel can be expected. I t  is necessary to  crack fuel oil in order to  produce more 
valuable white products.

During the Sixth Five Year P lan  period an up-to-date cracking plant will 
be built with a capacity of 1 million tonnes a year by the  D anube Petroleum  
Refinery Company. The plant will process vacuum distillates of the 300- 
500 °C boiling point range on a  high activity  synthetic zeolite catalyst in 
a riser-type fluid reactor. Due to  the efficient separation in modernized 
vacuum  distillery plants, fractions of low m etal content can be obtained. 
These products can be further processed w ithout pre-desulphurization to  
high-yield gasoline by the latest catalysts. The white products and the gases 
of the  cracking plant can be desulphurized a t moderate cost to  meet present 
oil product requirements.
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During the processing of liquified gas, high purity  (99.5 v.%) propylene 
can be obtained. C4-hydrocarbons are not separated in the  cracking-plant. 
The olefin-rich C4-fraction (1 0 0 , 0 0 0  tonnes a year) can be a precious raw 
m aterial of numerous petrochem ical processes, or can be further processed 
to  m otor fuel.

Alkylation is a widely used process in the crude oil processing industry. 
Low molecular weight sa tu ra ted  and unsaturated  hydrocarbons can be con
verted  to  those of higher molecular weight by alkylation. Alkylation is a 
homogeneous catalytic process a t low tem peratures in the  presence of H 2S 0 4 

or H F  catalysts. The differences can be due to  the different physical and 
chemical properties of H 2S 0 4 and H F. Recently the H F  is preferred, because 
of the  better solubility of isobutane and the  higher am ount of 2,2,4—TMP 
in the  alkylate. In  spite of the fact th a t  the acidic procedures are subjects 
of continuous im provem ent, their energy demands are still too high, due to 
the  separation processes. Very serious corrosion problems arise in both cases, 
which cause m aintenance problems, even if alloys are used as structural 
m aterials.

In  a move aimed a t developing high octane number gasolines and wasteless 
technologies, it is im portan t to  deal w ith the  possibility of the  heterogeneous 
catalytic alkylation of isobutane olefines.

In  the  1970s, new solutions were reported. Research in this field was con
centrated  on the heterogeneous cataly tic  reactions in  liquid phase. Alkyl
ation was reported to  tak e  place under these circumstances. Zeolite catalysts 
of different types were tried. In  th is paper the results of our heterogeneous 
catalytic alkylating experim ents are reported.

Heterogeneous Catalytic Alkylating Experiments

The isobutane-l-butene heterogeneous alkylating experiments were carried out 
in  a continuous mode on N H 4LaY  zeolite catalyst a t  a tem perature range 
of 40-160 °C and a to ta l pressure of 30 bar. The liquid load was 1 .0 - 1 . 2  cc/cc h. 
The pressure over the  liquid phase was adjusted by nitrogen gas. During the 
alkylation, three different isobutane-l-butene molar ratios (4.7, 7.6, 12.4) 
were used. TheCV, C8, TMP (trim ethyl-pentanes) andD M H x (dimethyl-hexanes) 
yields were calculated, related to  the am ount of 1-butene. The Cg/C^, TMP/Ci*, 
and the  DMHx/Cif ratios as well as the  distribution of th e  C8 fraction (TMP/C8, 
DM H x/C8) and the TM P/DM Hx ratio  were followed.

Alkylating Experiments as a Function of Temperature 
a t Different Molar Ratios

The results of alkylating experim ents as a function of the  molar ratio are 
shown in Fig. 1-3.

I t  can be concluded th a t  a t the  three different m olar ratios (4-7:1, 7-6:1, 
12-4:1) the yields significantly depend on the tem perature.

The Cjt yield goes through a m axim um  as the tem perature increases. 60- 
70 °C can be considered an optim um. The effect of the  isobutane-l-butene
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Iso bu tone- V b u te n e  mo lar rat io. Д. 7 T

Fig. 1
Alkylating experiments as a function of the temperature (isobutane-l-butene molar ratio: 

4.7; liquid load: 1.0-1.2 ec/cc h; pressure: 30 bar)

Yields,%  I s o b u ta n e -1 -b u te n e  m olar ratio=7.61

Tem perature °C

Fig. 2
Alkylating experiments as a function of the temperature (isobutane-l-butene molar 

ratio: 7.6; liquid load: 1.0-1.2 cc/cc h; pressure: 30 bar)
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Iso b u ta n e -1 -b u te n e  m olar r a t io -12.41

T em perature,°C

Fig. 3
Alkylating experiments as a function of the temperature (isobutane-1-butenq molar 

ratio: 12.4; liquid load: 1.0-1.2 cc/cc h; pressure: 30 bar)

m olar ratio on the m axim um  cannot be neglected. I t  should be noted th a t 
a t  7.6 isobutane-1-butene m olar ratio and a t 70 °C 32% Cjf yield can be achieved. 
A t lower tem peratures th e  yields of the  preferred paraffin compounds are 
lower, or in order to  m ain ta in  the required yields higher reaction tim es should 
be applied. At higher tem peratures (above 1 0 0  °C), however, the formation 
of C5-C 7 and Cg" hydrocarbons is preferred due to  side reactions. The ratio 
of the C8 hydrocarbons show a decreasing tendency as a function of the tem 
perature in the 60-160 °C range. However, the  am ount of the C5 and C<j~ frac
tions increase. Due to  th e  da ta  it  can be concluded th a t  in the C5" fraction the 
Cg hydrocarbons are th e  m ain components.

Tbe yields of the  C8  fraction show maximum curves. At lower isobutane-1- 
butene molar ratio  (4.7) the  maximum appeared a t 55 °C. At 7.6 and 12.4 
m olar ratios the m axim um s were a t 70 °C and 60 °C, respectively.

As to  the d istribu tion  in  the C8 fraction it  can be concluded th a t the  ratio 
of the  trim ethyl-pentanes decreases as the  tem perature increases. The ratio 
of the  dimethyl-hexanes, however, increases.

The TMP/C8 ratio  is about 80% in the 40-60 °C, the DMHx/C8 in the 70- 
1 0 0  °C range increase—in accordance with the  therm odynam ical equilibrium 
concerning the form ation  of hydrocarbons—which is supported by the  ТМ Р/ 
DMHx ratio, as well.

As to  the d istribu tion  of the TMP and DM Hx isomers ( Fig. 4 -5 )  the fol
lowing conclusions can be drawn. The 2,2,4-2,3,4- and 2,3,3-TMP isomers are 
the  main components. The ratio of the 2,3,3-TMP is relatively small and
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Fig. 4
The distribution of the TMP isomers ás a function of the temperature

Temperature ,°C

Fig. 5
The distribution of the DMHx isomers as a function o f the temperature

shows a slight change with the tem perature. The 2,2,4-TMP ratio decreases, 
the 2,3,4- and 2,3,3-TMP isomers increase as the  tem perature increases. 
The 3,4- and 3,3-DMHx dimethyl-hexanes were not found in the  alkylate. 
This means th a t the trimethyl-pentyl-cations were not converted to  dim ethyl- 
hexyl cations under the  given conditions. The am ounts of the 2,4- and the  
2,3-DMHx increase w ith the tem perature. The 2 ,4-DMHx changes from 24% to 
42% in the 40-160 °C range. At the  same time, the  amount of the 2 ,2 -DMHx 
decreases.

The am ount of the C8 hydrocarbons of the other types is about 1 %. The C8 

olefines are present in less than  1 %. A freshly activated  catalyst was used 
in each run.

Alkylating Experiments as a Function of the Isobutane-l-Butene
Molar Ratio

The isobutane-1-butene alkylating reaction was also studied as a function of the  
molar ratio. The effect of changing the  molar ratio a t  70 °C (at the tem perature 
of the highest yield) is shown in Fig. 6. The curves dem onstrate the increase 
of the Cg/Crt ratio. The TMP/C^ ratio  also shows an increasing tendency.

The TMP/C 8 ratio reaches a maximum, which is no t significantly influenced 
by higher molar ratios (1 0 - 1 2 :1 ). The DMHx/C8 and the TMP/DMHx ratios 
show the same tendency.

The use of lower isoparaffin-olefin molar ratios can be advantageous in 
industrial application, due to  the lower separation expenses.
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lso b u to n e -1 - b u te n e  m o la r  ratio

Fig. 6
Alkylating experiments as a function of the molar ratio (temperature: 70 °C; liquid 

load: 1.0-1.2 cc/cc h; pressure: 30 bar)

As to the course of the  reaction, however, lower molar ratios (1 :1-3:1) are 
disadvantageous. These may cause faster aging of the catalyst, thus more 
frequent regeneration is necessary.

In  accordance w ith  the  above discussion, th e  use of the 4.7:1 molar ratio 
results in lower conversion and less yield. I t  should be noted th a t  the  yields 
are not only effected by  the molar ratios, b u t also by the reaction tem pera
ture . Different m olar ratios can be fitted  to  different tem peratures.

According to  the  experimental results presented, it can be concluded th a t 
high octane num ber gasoline components can be obtained from the  C4-fraction 
on zeolite catalyst in  a heterogeneous cataly tic  reaction. The advantage of the 
procedure is two-fold : there is no need for the  regeneration of the  acid catalyst 
and fewer corrosion problems occur. The profitability  of the procedure, how
ever, is highly influenced by the activ ity  and the  lifetime of the catalyst.

РЕЗЮМЕ

Изучали реакцию алкиляции изобутана I-бутеном в присутствии У-цеолита как катализатора 
содержащего редкие земные металлы. Реакцию проводили в микрореакторе непрерывного 
действия. Интервал температуры от 40° до 160°, в экспериментах изменяли мольную пропор
цию реагентов. Определили влияние температуры и мольной пропорции на производство 
алкилята. Находили, что максимальное производство можно достичь при 70° и мольной про
порции 7.6/л изобутана) I-бутен. Изучали распределение Се фракции изменяющейся в зависи
мости от параметров.
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The physical characteristics and catalytic activ ity  o f various industrial 
ammonia synthesis catalysts prepared from very similar materials, 
but with different granulation technologies are different. This paper 
presents the physical, morphological and catalytic characteristics 
of an oxide catalyst, SA—1 formulated as irregular, spherical, and 
hollow disc-like particles. The irregular particles give a catalyst o f 
high activity with poor mechanical stability, i.e. dust formation is 
excessive. The crust o f the spherical particles significantly improves 
their wear resistance, but the catalytic activ ity  is only moderate.
The hollow, disc-like particles o f S A -l-P  catalyst display favourable 

wear resistance and activity.

Introduction

The industrial ammonia-synthesis oxide catalyst, SA-1 was produced and 
exported to  the East European countries by the  Soviet Union for the  past 
fifteen years. During the  past ten years, the producing factory a ttem pted  to 
change the geometric structure and the  shape of the  catalyst particles accor
ding to  the needs of the user, while endeavouring to  keep its chemical compo- 
siton constant. Thus, conventional irregular particles, spherical compact pa r
ticles and hollow disc-like particles were available either in oxide sta te  or 
prereduced state.

This paper deals w ith the physical, morphological and catalytic charac
teristics of SA-l-type catalysts with indentical chemical composition, bu t 
varying geometrical structure and particle shape.

Test Methods of the Physico-Chemical Characteristics Relevant to the Industrial 
Application

A part from the chemical composition, the industrial user is interesed in the 
particle size, shape, bulk density, true  density, mechanical characteristics, 
hydrodynam ic resistance, and morphology : i.e. specific surface area, porosity,
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pore size distribution, activation characteristics and heat resistance of the
catalyst.
1 . The chemical composition of the  SA-1 catalyst can be determ ined, for 

example, according to  the Soviet industrial standard, GOST 12411-66.
2. The particle size, shape-factor, bulk density and true density (measured 

in  a picnometer, by  toluene) can be easily determ ined and are not discussed 
here.

3. The BET m ethod can be used for the determ ination of the specific surface 
area, while m ercury porosim etry or capillary condensation yield the  poro
sity and pore size distribution values.

4. There is no universally accepted m ethod for the  determ ination of the  mech
anical characteristics and wear resistance (or dust form ation leading to 
increased hydrodynam ic resistance) of the catalyst. W ith spherical and 
disc-like particles one can measure the  compression strength derived from 
pressure-application tests between parallel test surfaces, b u t for irregular 
particles only the  wear-related-loss, determ ined in a ro tating drum-mill, 
could be used.

5. The term  heat-resistance means th a t  the  catalyst will reta in  its  original 
activ ity  even after extented operation a t high tem peratures. In  his heat- 
resistance test N ie l s e n  [1] proposed heating the sample for 10-100  hours 
to  550-650 °C, a t  1-100 bar pressures, and the  catalytic activities prior 
to  and after the  heat treatm ent were compared.

6 . However, the  prim ary param eter of any catalyst is its activity . Starting 
w ith an oxide catalyst, its activ ity  greatly depends on th e  formation 
process and the  reduction. The history of reduction, and consequently 
the  morphology of the  catalyst, depends on the  tem perature, space velocity, 
chemical composition of the reducing gas atmosphere and to  a lesser 
extent, on the  pressure [2 ].
A num ber of papers deal with the  reduction of oxide catalyst SA-1.
The Soviet industrial standard, GOST 12411-66 recommends programming 
for 8  hours a t a  tem perature from 2 0  °C to  450 °C, followed by a further 
increase, in several steps during 42 hours, to  550 °C.
R ather than  an overly intensive formation, Sim ulixa  [3] recommends the 
reduction of the  catalyst in stoichiometric, ammonia-free synthesis gas, 
a t 4000-6000 h - 1  space velocity and 11-14.5 bar pressure, during 190-200 
hours. The la test inform ation released by the  producing factory [4] also 
recommends a m uch longer reduction period: 240-250 hours.
The authors, joined by the experts of the Tisza Chemical W orks, developed 
a 120 hours long reduction program me for the  SA- 1  ammonia-synthesis 
catalyst to  be carried out in  a producing reactor [5]. This programme re
sulted in an active catalyst of favourable morphology. A n additional 
economic incentive of the m ethod is th a t  the converter can be rapidly 
brought back to  steady-state production.

7. Catalysts dilu ted  with an inert m aterial and packed into small-volume, 
integrating-type tube reactors are used for activ ity  tests in  the  case of 
highly exothermic, high pressure ammonia synthesis. Thus, quasi isothermal 
conditions could be m aintained [6-9]. The drawback of th is approach is 
th a t  the physical characteristics listed above cannot be determined, or 
only to  a lim ited extent, by the  small volume (1-5 cm3) catalyst sample.
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Sch o ltz , Szabó and E gyházy  developed a determ ination and evaluation 
method, which by making use of an integrating-type, polytropic tube- 
reactor yields the true  activ ity  of the catalyst [ 1 0 ]. All the physical charac
teristics listed can be determined with 50-100 cm 3 of 0.5-8 mm particle-size 
catalysts.

Experimental

Samples tested

A — SA - 1  oxide, irregular, particle size: 6-10 mm 
В — SA - 1  oxide, spherical, particle size: 6 - 8  mm 
C — SA -l-P oxide, hollow disc-like, particle-size 6-10 mm 
D — KM -l-oxide, irregular, particle size: 6-10 mm

The oxide catalyst, KM - 1  is the most widely used industrial ammonia- 
synthesis catalyst, and it was included here as a reference sample.

The chemical composition of the SA- 1  oxide catalyst is:

Component %w/w Component %w/w

FeO 29-36 NiO 0.05
l 'e 2 0 3 54-68 CuO 0 . 1

a i2 0 3 3-4 S 0 3 0.015
K 20 0.7-1 p a 0 . 0 2

CaO 2-3

The reduction programme detailed in [4] was used for the activation of 
oxide catalysts A, В and C. The physical, mechanical, morphological charac
teristics and the activities were determined prior to  and after the activation 
process. Activity was determined in the polytropic, integrating-type tube 
reactor, with a useful volume of 100 cm3, using 300 bar pressure, ammonia- 
free, stoichiometric, dry (dew point below —70 °C) synthesis gas and a 1.25-
2.5 mm particle-size catalyst. The tem perature and space velocity ranges 
tested were 380-510 °C, and 20,000-30,000 h -1, respectively.

The heat resistance of the  catalysts could not be tested , because the  upper 
tem perature lim it of the structural material of the  reactor wall was 650 °C.

Determination of the Physical, Mechanical and Morphological Characteristics

The bulk density, true density and wear resistance of th e  catalysts were deter
mined. For wear resistance measurements 100 g catalyst was placed into the 
140 mm internal diam eter wearing-mill, rotated a t 100 m in-1. The am ount 
of material passing the 1  mm sieve was measured a t regular intervals.

Specific surface area was determined by argon adsorption a t the tem perature 
of liquid nitrogen. Mercury porosimetry was used to  determ ine the porosity 
and pore-size distribution of the catalysts.
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Table 1.

Physical, mechanical and morphological characteristics of the catalysts

Characteristic
SA-1

60—10 mm
SA-1 spherical

6—8 mm
SA-l-P 

6-10 mm
KM-1 

6-10 mm

T a r a r a T a

Bulk density (kg/1) 2.37 2.13 2.41 2.13 2.61 2.09 2.62 2.09
True density (g/em3) 4.897 6.125 4.824 6.169 5.035 6.131 4.837 5.754
Fracture strength, (N/cm3) 
Wear-related loss (weight 

loss)

241 167

in 1 hour, %w/w) 1.32 4.04* 0.35 0.49* 0.38 0.517* 0.55 0.63*
in 3 hours, (%w/w) 2.89 7.13* 1.07 2.05* 0.95 2.683* 1.27 1.48*

Specific surface area
( m 3 /g ) — 18.5 0.1 16.7 — 14.29 — 9.6

Pore volume (cm3/g) 
Characteristic pore size

0.002 0.108 0.014 0.1008 0.02 0.159 0.003 0.106

(nm) — 19.0 — 16.8 — 12.5 — 22.0

r: raw, oxide state; a: reduced active state; *: 1.25 — 2.50 mm particle fraction.

Note: Dut to its pirophorous nature, the fracture strength of the activated sample was not 
determined. In oxide state the specific surface area is below the lower measurement limit 
of the system.

The physical and morphological characteristics are summarized in  Table 1. 
W ear-related loss as a function of tem perature is plotted in Fig. 1. The pore- 
size distribution curves are shown in Fig. 2.

ï•—5 i

Fig. 1
Wear resistance of the catalyst samples 

b )  active statea )  oxide state
+  : SA-1 irregular, 6-10  mm  
О : SA-1, spherical, 6-8  mm  
Д  : SA -l-P , hollow disc-like, 6-8 mm  
■ : KM-1, irregular, 6-10 mm

+  SA-1, irregular, 1.26—2.50 mm 
О SA-1, spherical, 6-8 mm  
д  SA -l-P , hollow disc-like, 6-40 mm 
■ KM-1, irregular, 1.26-2.5 mm
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Fig. 2
Pore-size distributions of the activated catalysts

+  : SA-1, irregular 
О : SA-1, spherical 
A : SA-1, -P hollow disc-like 
■ : KM-1, irregular

Reduction

The samples tested  were activated  according to the program m e shown in 
Fig. 3, in ammonia-free, 3:1 H 2 :N 2 gas atmosphere. The course of reduction

F>

Fig. 3
The reduction programme used for the activation of the catalyst samples

was followed by dew point measurements in the activating gas. The rate of 
w ater release by 100 g catalyst as a function of process-time is shown in Fig. 4.

Activity Testing

A ctivity measurements were carried out in a polytropic, integrating-type 
tube reactor according to  the m ethod described in [10]. The internal and ex
ternal heating systems of the tes t reactor a t  each pressure, space velocity and
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F ig. 4
Reduction history o f  the catalyst samples

+  SA-1, irregular 
О SA-1, spherical 
A  SA-1, hollow disc-like

tem perature setting were set to  identical levels. The particle  size range of the 
catalysts used for these tests was 1.25-2.50 mm. The results are summarized 
in Table 2.

The kinetic constants of the Tomkin- P izhev equation were calculated from 
the radial and axial tem perature distributions, and in p u t and output gas 
compositions (E2: activation energy of am m onia decomposition, —apparent- 
kinetic constant a t 450 °C).

The calculated results are listed in  Table 3 for 300 b a r  pressure, 30,000 h - 1  

space velocity and 380-510 °C tem perature, for these settings are closest to 
those used in the Hungarian am m onia synthesis plants.

I t  can be seen th a t  the activ ity  of th e  spherical SA-1 catalyst is low, th a t 
of the irregular SA-1 and the reference sample KM-1 is practically identical, 
while th a t  of the hollow disc-like SA-1 is only slightly lower th an  th a t of the 
la tte r ones.

Discussion. Conclusions

The physical characteristics and the  m icrostructure of the  various forms of the 
industrial ammonia-synthesis ca ta lyst SA-1 are different, depending on the 
conditions of their preparation, even though their com position is identical. 
In  oxide sta te  the bulk-density of the  hollow-disc and spherical particles is 
higher, because their void volume is lower. The true  density  of the reduced 
samples (as measured by toluene and  a picnometer) are identical: 6.125- 
6.169 g/cm 3 (the true density of KM-1 is 5.754 g/cm 3).

The m ajor liability  of the widely used irregular SA-1 catalyst is its dust-
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Table 2.
Results of the activity tests

Catalyst Space velocity, 
h -i

Temperature, °C NH3 (%v/v)

t wall ĉentre input output

474 476 0.17 22.26
20 000 435 435 0.15 23.44

384 390 0.15 21.96
SA-l irregular 491 495 0.16 20.6030 000 454 457 0.13 21.26

389 390 0.13 21.28

445 447 0.15 13.99
20 000 474 478 0.10 15.16

SA-1 sperical 499 501 0.18 15.13
30 000 449 450 0.18 12.94

481 480 0.18 13.72
504 506 0.18 13.33

20 000 415 418 0.18 20.91
SA-l-P 460 465 0.17 21.29
hollow-disc

30 000 425 430 0.18 20.50
456 436 0.18 19.74

420 423 0.15 22.68
20 000 461 467 0.16 23.22

KM-1 375 380 0.17 18.88
30 000 418 421 0.15 21.30

467 472 0.17 21.14
365 370 0.17 20.38

«wan : input temperature at the wall, °C 
«centre : input temperature at the centre, °C

Table 3.

Activation energy of ammonia decomposition, 
apparent kinetic constant at 450 °C 

pressure: 300 bar, space velocity: 30,000 hr1)

Otalayst EZ
(kJ/mol)

Ä"450
(bari 2/h)

SA-1 irregular 110.1 11,950
SA-l spherical 138.2 7,450
SA-l-P hollow disc-like 120.6 11,825
KM-l irregular 112.2 11,250
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forming tendency. In  active sta te  the  wear-related loss of irregular SA - 1  is 
about four tim es higher th an  th a t  of th e  KM-1 catalyst. The wear-resistance of 
spherical, an  hollow disc-like particles is much better, a clear-cut advantage 
during extended operation (lower hydrodynam ic resistance in  the producing 
reactor).

In  active sta te  each th ree catalysts display a high specific surface area 
(F B!iT =  14.3-18.5 m 2 /g). The characteristic pore-size of the  spherical particles 
is unfavourable, only 12.5 nm, and even the other tw o catalysts show lower 
values th an  the generally accepted, favourable value: 20-40 nm (meaning 
th a t pore diffusion control is fairly significant with each of them).

I t  is difficult to  reduce the  spherical sample, the  reduction rate  of the 
second section becomes significant only a t 460 °C.

The particle-form ation technology significantly influences the catalytic 
activity . Compared w ith the  reference catalyst, KM-1 the  activity  of the 
irregular SA - 1  catalyst is sim ilarly high, while th a t of the spherical sample 
is m oderate to  low.

The wear-resistance and th e  ac tiv ity  of the hollow, disc-like catalyst are 
equally good, an advantageous feature for the practical user.
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РЕЗЮМЕ

Сравнили физические характеристики и каталитическую активность катализаторов изготов
ленных из одинакового материала но различным размером частиц для синтеза аммиака. 
В стати приведены физические и морфологические каталитические свойства советского оксид
ного катализатора СА-1, неправильной, шаровидной и внутрипустотно-гранулированной 
формы. Катализатор неправильной формы обладает высокой активностью но его механичес
кая стабильность низкая, частицы легко распадают. Катализатор шаровидной формы прочный 
но его активность слабая. Самым качественным является катализатор внутрипустотно- 
гранулированной формы, как каталитические так и механические свойства удовлетворяют 
требованиям.
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Sulphur-containing gases emitted by the oil industry feature high 
on the list o f environmental pollutants. The possibilities o f decreasing 
the sulphur emission of a Claus-Plant were studied. A gas chroma
tographic method was developed for the analysis of the sulphur- 
containing gases of the Claus-plant. Process-analysis was carried 
out in the plant followed by a laboratory study o f the side reactions 
o f the Claus-reaction which, as shown by our results, fundamentally 
influence the extent of sulphur emission. It could be concluded that 
small amounts o f hydrogen could be used to suppress the side reactions, 
and the sulphur emission rate could be considerably decreased without 

any investm ent cost.

Introduction

Sulphur containing gases are among the prim ary air pollutants em itted  by 
the oil industry.

Hydrogen sulphide-containing gases, originating from the processing of 
sulphur-containing crude, hydrocarbon products and natural gas are processed 
by the widely used Claus-desulphurization reaction.

Environm ental regulations necessitate repeated studies to investigate the 
possibilities of decreasing the sulphur emission of Claus plants. This work 
has traditionally followed two paths. One was aimed at the post-process 
scrubbing of end gases as a means of reducing the extent of sulphur emission. 
This required the addition of further technological steps (e.g. adsorption 
or wet scrubbing). The other approach was aimed a t perfecting the  Claus 
technology. Essentially, the current transform ation efficiency of 92-95% 
should be increased to  99-99.5%, i.e. sulphur emission has to  be decreased 
from 5-8% to  0.5-1%. There were several papers in the past few years, 
which dealt with this problem [3-7, 15, 17-19, 22].
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The Claus-process is used in the oil industry  to  remove the sulphur content 
of th e  end gases. Therefore, this study was in itia ted  to  find out if any techno
logical modification could increase the yield of sulphur and thereby reduce 
the  ex ten t of sulphur emission.

The Claus Process

The well-known basic reaction of the Claus-process is :
2 H 2S +  O2 2 H2O +  xS x +  heat

Accordingly, hydrogen sulphide is burnt w ith th e  oxygen of a ir—over a sui
tab le  catalyst—and elem entary sulphur is form ed [ 1 , 1 /a].

Present-day Claus-plants operate according to  the  method modified by 
B r a n s  [2]. Here, th e  hydrogen sulphide containing gas is burnt in  a flame 
reac to r—in the so-called Claus-furnace—w ith so much air th a t the  exhaust 
gas contains hydrogen sulphide and sulphur dioxide in a 2:1 molar ratio. This 
gas m ixture is in troduced  into two or th ree catalyst-filled reactors, where 
elem entary sulphur is form ed according to  th e  reaction:

2 H 2S +  S 0 2 ^  3 /x  Sx+  2 H 20
This reaction s ta r ts  back in the Claus-furnace and reaches a conversion 

degree of 60—70%. The reaction is completed in  the  catalytic reactors. F i
nally, the residual-sulphur containing process gases are burn t and the 
sulphur-dioxide-containing gases are released in to  the  atmosphere.

Reactions which Accompany the Claus-Process

The hidrogén sulphide gases of the oil industry  always contain hydrocarbons, 
carbon dioxide and w ater vapour [3]. These react with hydrogen sulphide 
and  form other sulphur-containing compounds.

Some authors m ention as many as 20-25 reactions, because most industrial 
gases contain other com ponents as well, and as such, cannot be neglected 
theoratically [4].

Considering the  raw -gas composition of th e  p lan t studied, the  following 
reactions can occur :

CS2 +  2 H 20 -  C 02 +  2H 2S (3)
COS +  H 20 -  c o 2 +  h 2s (4)
COS +  H 2 -  CO +  H 2S (6)
C H 4  +  2  s 2 ^  2 H 2S +  CS2 (6)
2 COS +  S 0 2 -  2 C 0 2 +  3 /x  Sx (7)
CS2 +  4 H2 -  CH4+  2 H 2S (8)
CS2 +  2 H2 C +  2 H 2S (9)
s o 3 + h 2 -  h 2o  +  s o 2 (10)
C +  2 /x  Sx ^  c s 2 (11)
S 0 2 + 1 /2  0 2 -  s o 3 (12)
c s 2+ s o 2 ^  C 0 2 +  3 /x  Sx (13)
4 H 20 +  1/x Sx -  4 H 2 +  2 SO» (14)
4 C 02+ 1/x Sx ^  4 CO +  2 S 0 2 (16)
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Carbon oxysulphide (COS) and carbon disulphide are formed in the  Claus- 
boiler, a t the tem perature of combustion, from the combustion products of 
hydrocarbons and sulphur-containing compounds [20]. These chemicals show 
up in the end gases of the Claus-plant and appear as sulphur dioxide in  the  
final stack gas of the post-combustion unit. Some researchers a ttribu te  the  
greater part of air pollution caused by the  Claus-plants to  unreacted COS and 
CS2 [5, 15, 17-19]. Therefore, their approach to  controlled sulphur emission 
calls for improved burner-sections and a decrease in the am ount of sulphur 
compounds formed in the side reactions of the  Claus-furnace [6 ,7 , 2 2 ].

At first, we analysed the enthalpy changes and the equilibrium conditions 
of the 15 reactions, which can occur in the  p lants tested by us. Then a process 
analysis was carried out for the Claus-technology using the Claus-unit of 
one of the H ungarian Oil refineries. Based on these results, the  possibilities 
of increasing the  yield of sulphur recovery and decreasing the extent of sulphur 
emission were studied.

The enthalpy changes and the equilibrium conditions of the reactions were 
determined by a programme-package developed a t the Hungarian H ydro
carbon Institu te. Calculations were carried out in the  483-643 К  tem pera
tu re  and 0.1-1.0 MPa pressure ranges. A part from Reactions 1 to  4, no en
thalpy  changes are to  be found in literature. Since this calculation represented 
the  first such testing of the programme package, calculations were also carried 
out for Reactions 1 to  4, and the results were compared to  those in literature. 
D a ta  calculated for 583 К  agreed w ithin 3% with those in literature.

Based on the analysis of the equilibrium conditions, reactions 3 to  8  and 
13 can take place, and further studies were restricted to  these.

In  the following step, the  process gases of an operating Claus-plant were 
analyzed, then the  reactions were studied in a laboratory model system.

Both the process analysis and the laboratory tests required the full analysis 
of all the possible sulphur compounds [2 1 , 1 0 ].

The Analytical Technique

A part from wet chemical methods, sulphur-containing compounds are increas
ingly analyzed by gas chrom atography [18, 9-14]. Catharometers are used 
as detectors for sulphur compounds in the 1 - 1 0 % concentration range, bu t ppm  
level analysis requires the use of a flame photometric detector.

Gas chrom atography was carried out on a B-HT - 1 0 0  column, a t 313 К  
tem perature and 30 m l/min nitrogen flow rate. A Perkin-E lm er flame pho
tom etric detector was used with 25 m l/m in hydrogen and 280-300 m l/m in 
air flow rates. Hydrogen sulphide, sulphur dioxide, carbon oxysulphide and 
carbon disulphide were separated in sharp, cleanly separated peaks. Analysis 
reproducibility was ±5% relative.

Process analysis required both wet and chromatographic analysis.
E lem entary sulphide was determined according to Grote-Krekeler (DIN 

51768). H 2S, COS and CS2 were measured by potentiom etric titra tion  (DIN 
51855, p.5). H 2S +  S 0 2 could be determined by iodometric titration.
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Chromatographie and wet chemical analytical results agreed w ithin 5%, 
a t least when th e  measurem ents were com pleted w ithin 1 - 2  hours.

Naturally, chrom atographic data  were preferred in the low concentration 
ranges, because of their superior precision.

Industrial Process Analysis

Industrial process gases obtained under varying operation conditions were 
analyzed. D a ta  of a characteristic setting  are reported here.

The hydrogen sulphide and hydrocarbon concentrations of the input hyd
rogen sulphide gas were 97.1 and 3.2% v /v , respectively. The characteristic 
composition of th e  process gas entering the  1 -st reactor was as follows: 2.7% v /v ; 
S 0 2: 1.7% v /v ; COS: 0.85% v /v ; CS2: 0 . 1 2 % v/v. After the reactor, the follo
wing changes were recorded: COS: 0.15% v /v ; CS2: 0.037% v/v . These values 
remained practically  constant up to  the  en try  port of the post-combustion 
unit (COS: 0.149% v /v ;  CS2: 0.036% v/v). The stack gas of the post-combustion 
unit contained 0.87% v /v  S 0 2 (i.e. th is is the  S 0 2 concentration released into 
the atmosphere).

The most im portan t conclusion of th e  process analysis is th a t the form ation 
of COS and CS2 decreases the efficiency of sulphur recovery, because these 
compounds decompose only partially  in  the  catalytical reactors, and having 
been transform ed in to  sulphur dioxide, th ey  pollute the environment. There
fore, both byproducts have to  be transform ed into elementary sulphur. I t  can 
be proved th a t  under correct operation conditions, the greater p a rt of the 
emitted sulphur dioxide comes from th e  combustions of these two compounds.

The exam ination of the technological un its showed th a t the operation of the 
Claus-furnace is ra the r inflexible, consequently the qualitative and quantitative 
composition of the  combustion gas cannot be easily influenced. Therefore, 
the process gas leaving the Claus-furnace has to  be considered given, and both 
COS and CS2 have to  be transform ed in  th e  catalytic stages.

Based on th e  exam ination of the  reactions and the  results of the  process 
analysis, th e  reactions taking place in  th e  reactor were studied in a laboratory 
system.

The Laboratory Apparatus

An isotherm ally operated laboratory system  was constructed to  model the 
residence tim e, tem perature and gas composition encountered in the  actual 
Claus-plant (cf. Fig. 1). The appara tus is made of glass. I t  has a variable 
heating system . A preheating unit w ith  an upper tem perature limit of 473 К  
is connected th e  m ain apparatus. Thus, a homogeneous gas m ixture of preset 
tem perature can be introduced into th e  reactor a t the space velocity used in 
the Claus-plant. 1 0 0  ml activated alum ina ca ta lyst—obtained from the  actual 
Claus-unit—was charged into the experim ental reactor.

At first, th e  fundam ental reactions were tested  in the apparatus a t various 
space velocities and tem peratures (cf. Fig. 2). I t  could be concluded th a t  the 
test equipm ent closely modelled the  operation of the  actual Claus unit, and
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Fig. 1
Schematics o f the laboratory Claus-reactor

Fig. 2
Conversion of H 2S +  SO2 in the basic reaction 

Space velocity: Д = 2 б  h-1 ; 0 = 6 0  h_ l ; V = 1 0 0  h-1

conversion figures agreed within 2%. This experimental series also showed 
th a t  conversion ra te  (to elementary sulphur) was highest w ith  this catalyst a t 
563 K , and it am ounted to 98%.
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In  th e  next step, the  conversion of COS and CS2 was studied using the gas 
composition and space velocity found in  the  actual plant. Various tem perature 
settings were used and Reactions 3, 4, 5, 7, 8  and 13 were studied. Reactions 
7 and  13 did not proceed to  any noticeable degree in the te s t reactor, even 
when the  tem perature was as high as 648 K.

F o r reactions 3 and 4, considerable conversion started  above 563 K , i.e. 
above the  tem perature of m axim um  conversion for H 2S -S 0 2.

According to  reaction 7, COS is converted a t a rate of 90% above 623 K, 
while th e  same degree of conversion for CS2 (according to  reaction 13) occurs 
a t  640 K. The same reactions were studied with different space velocities, 
and  i t  could be concluded th a t  w ithin the  tem perature ranges studied, they 
prim arily  depended on the reaction tem perature.

Experim ents were also carried out in  the  presence of hydrogen, as required 
by  Ractions 5 and 8 .

I t  can be seen in Fig 3 th a t  for all practical purposes Reactions 5 and 8  

can be completed a t 555 and 568 К  (with a  conversion ra te  of 95%).
Based on these experimental d a ta  it  could be concluded th a t  optimum ele

m entary  sulphur recovery can be achieved in  the given p lan t, with the given

Fig. 3
Conversion o f COS and CS2 О — COS ; ■ —CS2
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catalyst, when the  first reactor is operated 30-50 К  above the optim um  tem 
perature of Reaction 2 , even if this does decrease the efficiency of the H 2S +  
+  S 0 2 conversion. A t this higher tem perature, COS and CS2 can be converted 
almost completely, and then the tem perature in the  second and further ca ta 
lytic reactors can be decreased to th a t which proved optimum for the given 
catalyst.

However, experiments showed th a t a b e tte r  solution can be achieved by 
mixing hydrogen into the process gas and then  COS and CS2 can be converted 
in  93-95% a t the optimum, 563 К  tem perature (cf. Fig. 3).

Only S 0 2 can be reduced by hydrogen, because the equilibrium constants 
of the reaction allow for this. However, i t  was found th a t this reaction takes 
place only above 623 K.

Since hydrogen is generally available in m ost oil refineries (on account of the 
hydrogenation plants), the  addition of the required amount of hydrogen to  the  
technological system poses no special problem.
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РЕЗЮМЕ

Сернистые газы нефтеперерабатывающей промышленности занимают значительное место 
среди промышленных газов загрязняющих воздух. Авторы изучали возможности уменьшения 
эмиссии завода Клауса. Содержание серы определили хроматографическим способом. Изу
чали и побочные реакции в лабораторных условиях и проводили анализ процесса. Находили, 
что побочные реакции оказывают значительное влияние на серо-водородную эмиссию завода. 
Установили, что присутствие водорода в малом количестве значительно затормозит побоч
ные реакции, таким образом можно уменьшать и количество поглощенного сероводорода. 
Особым преимуществом данного способа состоит в том, что не требует капитальных вложе
ний.
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The morphology o f multi-promoted iron catalysts used in ammonia- 
synthesis technologies is o f primary importance with respect to  the 
chemical process proper. This paper details the results o f a comparative 
study of the morphology and catalytic activity of new and spent 
K M -l-R  catalysts, the latter being used for six years in an industrial 
reactor. The specific surface area measured by argon adsorption 
decreased slightly, but characteristically, and the fraction o f pores 
wider than 50 nm increased during the six years of usage, except for 
those catalyst particles which were contaminated in the upper layers 
of the catalyst bed by catalyst poisons, such as S, P and Cl, and 
which, consequently, were operated at lower temperatures. Since 
many factors jointly influence the miscrostructure of catalysts 
(poisoning, and thermal shock, etc.) the direct mathematical functional 
relationship could not be established between activity and the m or
phological characteristics, yet the existence o f a close correlation is 
beyond doubt.

Introduction

During the  reductive forming of ammonia-synthesis oxide catalysts, a specific 
morphological structure has to  be attained, which possesses a sufficiently 
large internal surface area (8-20 m2/g) accommodating the active centres, 
and has a pore-size distribution which is favourable for the  in trapartic le  
transport of the  reacting components (characteristic pore size: 10-30 mm) [1].

The required morphology can be achieved by the  reduction in a “ non-pro
ducing” reactor of the multi-prom otor catalysts currently used (4 or 5 p ro 
motors) [2]. I t  is of prim ary importance for the to  know how the morphology 
changes during usage.

This paper discusses the  morphology and its relationship to  cataly tic  
activ ity  of K M -l-R  catalyst samples collected from various spots in a  three- 
layer, quench reactor, after an operation period of six years.
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Experimental

Morphological Studies of the Am m onia Synthesis Catalysts

The in ternal surface area of th e  catalyst was calculated from the argon ad
sorp tion  isotherm recorded a t  the tem perature of liquid nitrogen, and the 
B E T  equation [3, 6]. The specific surface area can be calculated from the  pore 
volum e and the pore size d istribution of the catalyst. In  this case cylindrical 
or quadrangular pores w ith  open base-plates are assumed [4].

P o re  volume and pore size distribution can be determined by mercury 
porosim etry [5]. The ap p ara tu s , operated in  th e  1-1,000 bar pressure range, 
can  be used for the m easurem ent of 7.5-7,500 nm  diam eter pores. Pore volume 
an d  pore size distribution can also be calculated from  the adsorption-desorption 
isotherm s of nitrogen. This m ethod is not only suitable for pores wider than
7.5 nm , but also for sm aller ones [7]. N aturally, th e  specific surface area can 
also be calculated from th e  nitrogen adsorption isotherms.

A ctiv ity  Measurements

C atalyst activity tests are in  general carried ou t in  low-volume, integrating- 
ty p e  tube reactors packed w ith  a m ixture of the  catalyst and an inert diluent, 
because only in this way can isothermal conditions be m aintained during the 
h ighly  exotherm, high pressure reaction of am m onia synthesis.

Only 1-2 cm3 samples w ith  a particle size m uch finer than  th a t  of the 
industria l catalyst can be used in quasi-isotherm al test reactors. Another 
undesirable consequence of the  low sample size is th a t physico-chemical 
m easurements, such as specific surface area and  pore size distribution, which 
hav e  to  be carried out under an argon atm osphere and with an activated 
ca ta lyst, cannot be accomplished, or only w ith considerable difficulty.

S ch o ltz , Szabó  and E g y h á z i  [10] developed a m ethod which can be used 
to  te s t  the activity of am m onia synthesis catalysts, with the original particle 
size, in  volumes lim ited only  by the capacity of th e  gas supply units. Due to 
th e  higher test volumes, these mesasurements are also more representative.

The reactor proper is a  simple, integrating-type, polytropic tube reactor, 
in  which thermocouples are used to m easure the  tem perature distribution.

Using the evaluation m ethod described in  [10] the constants of any two- 
param eter kinetic equation  can be determ ined from the measured d a ta  
(the kinetic constans unequivocally characterize the  activity of the  sample).

Experiments

Spent K M -l-R  catalyst samples were obtained, after six years of operation, 
during  the replacem ent of the  catalysts, from  the  sites indicated in Fig. 1. 
Particles obtained a t th e  same height, b u t from  the  left and right hand sides 
of the  catalyst holders were unified and tested  as samples N o.l to  9.

Since the maximum diam eter of the ca ta lyst container in the test reactor 
is 32 mm, the size of th e  original particles was reduced to  reduce the wall- 
effects. The particle size range used was 1.25-2.5 mm. The new K M -l-R  
catalyst, also tested  as a  reference, was studied  with a similar particle size 
distribution.
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* — site  o f  sam pling ; I ,  I I ,  I I I :  1st, 2nd  an d  3rd  layer, re sp ec tiv e ly ; a  — le f t-h a n d  side;
b — rig h t-h an d -sid e

Morphological characteristics were determined in both prereduced (passivat
ed) and active state  (in argon atmosphere). A ctivity tests were carried out 
in a 100 cm3 useful volume polytropic, integrating-type reactor, a t  300 bar pres
sure using ammonia-free, stoichiometric, dry synthesis gas. Tem perature was 
varied in the 380-510 °C range, space velocity in the  20,000-30,000 h -1 range.

In  order to  gain a further insight into changes of the morphology, a suitable 
size-fraction of the new K M -l-R  catalyst was heated for 8 hours in  purified 
hydrogen flow at 700 °C and 900 °C tem peratures, respectively.

Measurement of the Specific Surface Area and Pore-Size Distribution

Specific surface area was calculated from the argon adsorption isotherm, 
measured a t — 196 °C by a BETograph (Atlas, MAT).

Pore volume and pore size distribution were determined by  a  mercury 
porosimeter (Carlo Erba), in the 7.5-7,500 nm range.

Specific surface area can be calculated from the pore-size d istributions as;
» Vi — Vi-i

P = 2 x l 0 3 2  ----- =-------  (m 2/g) (1 )
( - 2  Г \

Results of the morphologic measurements are summarized in  Table 1. 
The BET surface area in passivated sta te  of the new, prereduced K M -l-R  

catalyst is 7-9 m2/g; after a 50 hour reactivation process th is increased to 
10.8 m2/g. (The programme of the reduction process is shown Fig. 2).
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T a b le  1 .

Specific surface area Pore volume (cm3/g)
Characteristic 
pore size (nm)Sample BET calculated between 7.5-7,500

nm
between 7.5-50 

nm

V a V a V a V a V a

K M -l-R , n e w 9.72 10.80 8.85 8.95 0.0860 0.1104 0.0704 0.0779 16.9 18.7
K M -l-R , spent, 1 9.20 10.61 7.39 8.73 0.0852 0.1090 0.0671 0.0813 18.1 20.0
K M -l-R , spent, 2 5.27 7.11 5.57 6.37 0.0755 0.1007 0.0574 0.0729 21.7 26.2
K M -l-R , spent, 3 4.83 6.27 7.80 6.48 0.0863 0.1059 0.0708 0.0738 17.9 22.5
K M -l-R , spent, 4 5.92 7.20 4.36 5.46 0.0667 0.0985 0.0444 0.0616 20.3 29.3
K M -l-R , spent, 5 5.75 6.43 — — — - - - — -
K M -l-R , spent, 6 6.23 5.65 6.19 6.49 0.0768 0.0958 0.0624 0.0743 21.7 25.0
K M -l-R , spent, 7 6.71 8.11 7.43 6.16 0.0858 0.1084 0.0696 0.0632 17.7 24.9
K M -l-R , spent, 8 6.17 7.58 6.57 7.31 0.0733 0.0915 0.0608 0.0628 21.1 23.8
K M -l-R , spent, 9 
K M -l-R , treated

6.75 7.85 6.26 6.22 0.0784 0.0952 0.0604 0.0671 19.7 24.1

a t  700 °C 
K M -l-R , treated

7.3 7.3* 4.4 4.4* 0.0802 0.0802* 0.0574 0.0574* 26.3 26.3*

a t  900 °C 2.3 2.3* 2.8 2.8* 0.1075 0.1075* 0.0190 0.0190* 68.1 68.1*

♦Samples treated  a t 700 °C an d  900 °C tem peratures lose the ir pirophoric characteristics, so the 
d istinction  of passivated an d  ac tiva ted  samples is formal. 

p  — passivated; a  — activa ted .

F i g .  2
Reduction programme used for the reactivation o f catalyst samples

A fter reduction, oxygen leaving the passivated layers (2.75 g O2/100 g ca ta
lyst) freed further adsorption sites. The specific surface area of spent catalyst 
decreased, in both a  passivated and activated sta te , by 20-40%. Samples 
taken  from the top  of th e  layers do not follow th is pattern . For example, 
sample No. 1 taken  from  th e  top of the spent K M -l-R  catalyst bed, which was 
operated for 6 years only a t 380-400 °C and which, as a consequence of the 
gas scrubbing technology used, contained 0.5% w /w  finely dispersed copper, 
had  a BET surface area of 10.61 m2/g.

Increasing tem pera tu re  changes the morphology of K M -l-R  catalyst 
characteristically. A fter 8 hours a t 700 °C the  specific surface area decreased
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to  7.3 m2/g. A t 900 °C the m icrostructure of the catalyst is effectively de
stroyed and the  BET surface area drops to  Ebet — 2.3 m2/g.

During six years use the pore-structure of the K M -l-R  catalyst undergoes 
a characteristic rearrangement (cf. Table 1). While the overall pore volume 
in the 7.5-7,500 nm  range remains practically unchanged, the fraction of pores 
smaller than  50 nm, which are essential in providing the surface area require
m ent of the chemical reaction, decreases by 10-20%. This conclusion is sup
ported by the surface area values calculated from the pore-size distribution. 
Thermal shock a t 900 °C caused a complete rearrangement of th e  pore struc
ture. The characteristic pore size of the spent catalyst increased (cf. Fig. 3).

F i g .  3
P ore-size  d is tr ib u tio n  cu rves o f  th e  c a ta ly s t sam ple 

I ,  I I ,  I I I :  1st, 2nd  an d  3rd lay e r, re sp ec tiv e ly ; 1 :  new  K M - l-R  c a ta ly s t ;  
2 :  K M - l -R  h e a t  tre a te d  a t  700 °C; 3 :  K M - l - R  h e a t tre a te d  a t  900 °C;

+  fro n t sec tion  o f  la y e r ; О m idd le  sec tion  o f  lay e r, д  re a r  sec tio n  o f  la y e r

The increased pores are clearly visible on the scanning electronmicroscopic 
photographs taken from the new K M -l-R , spent K M -l-R , and sample No. 3 
K M -l-R  (heat-treated a t 900 °C) catalysts. (Photographs А, В, C, m agnifi
cation 10,000 X).
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Activity Test

The measurement and evaluation m ethod described in  [10] was used for the 
determ ination of the  ac tiv ity  in a polytropic, integrating-type tube reactor 
of the  new and spent K M -l-R  samples. A ctivity measurements were carried 
out under conditions sim ilar to  those used in H ungary in  large-scale ammonia 
plants, i.e. 300 bar pressure, 20,000-30,000 h -1 space velocity, and 380-510 °C 
tem perature.

The kinetic constants of the  Tem kin-Pizhev equation (E 2 ■ activation energy 
of ammonia decomposition, &450-apparent kinetic constant a t 450 °C) were 
determ ined from the  polytropic activity  m asurem ents (radial and axial tem 
perature profiles, com position of the input and ou tp u t gas flow) a t the  given 
pressure and space velocity. The results are sum m arized in Table 2.

T a b le  2 .
Summarizing Table of activity tests

Sample
Space

velocity
(h-i)

Г.7
(kJ/mol)

&450
(baro.e/h)

4̂50/'v450)new)* 102
(%)

K M -l-R , new 20,000 125.2 9,550 100
10030,000 120.6 11,400

K M -l-R , spen t, 1 20,000 211.2 22 0.2
0.430,000 235.7 45

K M -l-R , spen t, 2 20,000 165.4 3,700 38.7
37.330,000 163.3 4,250

K M -l-R , spen t, 3 20,000 154.1 4,200 44.0
46.930,000 148.7 5,350

K M -l-R , spen t, 4 20,000 195.3 165 1.7
30,000 191.5 206 1.8

K M -l-R , spen t, 5 20,000
30,000 —

-

K M -l-R , spen t, 6 20,000 136.5 7,800 81.7
30,000 129.8 9,950 87.3

K M -l-R , spen t, 7 20,000 135.7 6,050 63.3
30,000 138.2 8,700 76.3

K M -l-R , spen t, 8 20,000 136.4 8,150 85.0
30,000 133.7 9,300 81.6

K M -l-R , spen t, 9 20,000 131.5 9,050 94.7
30,000 117.6 10,100 88.6
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The order of activity  of the spent catalyst samples (after six years of opera
tion) shows a characteristic pa ttern  as a function of the layer-height. The ac ti
v ity  of the samples taken  from the initial section of the  layers is very small. 
A ctivity increases w ith increasing height. The activ ity  of the sample taken  
from the bottom  of Layer I I I  indicates th a t under favourable operation con
ditions (i.e. no therm al shock or catalyst poisoning) the K M -l-R  catalyst can 
be used for 6-10 years. The activity  of this particu lar sample decreased by 
only 10% during 6 years of operation.

The lower activity  of the samples taken  from the  initial sections of the  
layers is due to  the presence of catalyst poisons S, P , Cl and finely dispersed 
copper. The sulphur, phosphorous and chlorine concentration of the catalyst 
samples taken  from the  four sections of the catalyst layers, as determ ined 
by energy dispersive X -R ay analysis (EDAX) are listed in Table 3. Though 
the surface concentration of these elements is higher th an  inside the particles, 
the particles are sufficiently perfused by these catalyst poisons. The concen
tra tion  profiles of S, P  and Cl within the particles were studied by E g y h á z y , 
S c h o l t z  and B e s k o v  with spent K M -l-R  catalysts, sample No. 1 [11].

Table 3.
Phosphorous, sulphur and chlorine concentration of the samples 

taken  from the front sections of th e  layers

Average concentration, % w/w

Sample in surface layer of catalyst grain in bulk phase of catalyst grain

p s Cl P s Cl

K M -l-R , 
spen t, 1 1.516 0.077 0.897 0.051 0.098 0.265
K M -l-R , 
spent, 4 0.465 0.058 0.058 0.053 0.067 0.088
K M -l-R , 
spen t, 7 0.019 0.062 0.069 0.003 0.049 0.021

Fig. 4
Activity as a function of the length of the catalyst layer I ,  I I ,  I I I  : 1st, 2nd and 3rd layer,

respectively
Photograph A: new K M -l-R  catalyst, Magnification: 10,000X 

Photograph B: spent K M -l-R  catalyst, Magnification: 10,000X 
Photograph C: K M -l-R  heat treated 900 °C, Magnification: 10,000X
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The activity p a tte rn  of a three layer, quench-type reactor, reflecting the 
effects of catalyst poisons and operation-related morphological changes is 
shown in Fig. 4.

Conclusions

The specific surface area of the K M -l-R  catalyst used for six years in  a three- 
layer, cold-gas-mix-in quench-type industrial ammonia synthesis reactor, 
operated a t 300 bar pressure and 400-480 °C tem perature decreased by 
20-40%. The size of the  pores facilitate component transfer increased, while the 
num ber of pores decreased. This conclusion is supported by the  specific sur
face area values calculated from the pore volume and pore number.

The rearrangem ent of the morphology of new K M -l-R  catalyst, caused by six 
years of operation, brought about a 10-20% decrease in the activ ity  of the 
catalyst (activity of the samples taken  from the middle and rear sections 
of Layers I I  and III).

The large decrease in the activity  of the  samples taken from the front sections 
of the  catalyst layers is caused by the  reversible and irreversible catalyst 
poisons (P, S, Cl) and the finely dispersed copper, which originate from the 
gas-scrubbing step.

P h o to g ra p h  C : K M - l - R  h e a t t r e a te d  a t  900 °C, M ag n ifica tio n : 10 ,000X

SY M B O L S

E bet B E T  specific  su rface  a rea , m 2/g  
F  ca lcu la ted  su rfa c e  a rea , m 2/g  
V  po re  vo lum e, c m 3/g
i  su b sc rip t
n n u m b e r o f  m e a su re m e n t p o in ts
r average  p o re  ra d iu s , nm
E 2  a c tiv a tio n  e n e rg y  o f  am m o n ia  d eco m p o sitio n , k J /m o l 
& 4 5 0  a p p a re n t k in e t ic  c o n s ta n t re fe rred  to  450 °C, b a r1'2 X h _1
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РЕЗЮМЕ

Морфология катализаторов использованных при синтезе аммония имеющих несколько про
моторов имеет чрезвычайное значение. В стати приведены результаты сравнительного анализа 
и морфологии катализаторов типа КМ—1—R, новых и работающих в течении шести лет. 
Определено, что удельная поверхность измеренная аргон сорбцией старых катализаторов 
несколько уменьшался, но количество пор размером больше чем 50 нм решительно увеличи
валось, за исключением слоя катализатора который размещался в верхней части реактора и 
который отравился травителями катализаторов S, P, С1, и поэтому работал при меньшей 
температуре. Так как на свойства и микроструктуру катализатора оказывют влияние много
численные факторы (травление, температура и.т.д.) непосредственную зависимость между 
активностью и морфологическими свойствами нельзя было получить, хотя такая зависимость 
наверно существует.
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Egyptian gasoline distillate from “Morgan” crude oil was separated 
into three fractions, which were sulphonated and then neutralised 
separately. The resulting sodium sulphonates were converted into 
the corresponding sulphonyl chloride mixtures. Each of these mixtures 
was condensed with phenol, 4-substituted phenols, 1-naphthol and 
4-substituted-1 -naphtoles.

The prepared products were specified and their toxicity against 
some harmful bacteria and fungi was tested. Some factors correlating 
the effect o f structures on toxicity were discussed.

Introduction

The effect of the chemical constitution on the  biocidal activ ity  of many 
compounds has been reviewed extensively in literature [1—7].

The present work was planned and conducted as a new contribution to  the 
previous studies [8, 9] utilizing the  locally available arom atic hydrocarbons 
produced from local gasoline distillate together with some substitu ted  phenols 
and some substituted-l-naphthols in producing some new products of high 
biocidal activ ity  towards the tested  organisms.

Experimental

Characterisation of “ Morgan” Gasoline Fractions

Three gasoline fractions (A lt В г and U1) of boiling ranges 70-90, 100-120 
and 130-150 °C, respectively, were obtained by distillation under atm ospheric 
pressure and were characterised (Table 1).
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Table  1.
Specification of the th ree gasoline fractions

Fraction At Ci

Boiling range °C /atm .
press. 7 0 -9 0 1 0 0 -1 2 0 1 30 -150

Sp. gr. a t  15/4 °C 0.7531 0.7756 0.7828
28TlD 1.4118 1.4265 1.4382

Samples from these th ree  fractions were examined by the  gas-liquid chrom a
tography for analyzing the  components present in their aromatic portions 
(using a  packed column of copper tubing of 15 ft. length, 3 mm i.d. TCEPE 
15% on Chromosorb P  (A.W.) 60-80 mesh. The instrum ent used was a P erk in - 
Elm er 910. Q uantitative analyses were accomplished by using an electronic 
integrator, Perk in-E lm er Sigma 10, w ith internal standard  n-tetradecane 
5% (by weight). The following analyses were obtained:

Component Fraction (A x) Fraction (Bj) Fraction
wt.% wt.% wt.%

Benzene 2.690 0.448 0.218
Toluene 1.880 3.562 0.831
Ethylbenzene 0.663 0.800 1.446
p- & m-Xylene 1.415 1.908 4.971
Isopropylbenzene 0.012 0.032 0.466
o-Xylene 0.012 0.653 2.289
n-Propylbenzene — 0.023 0.788
Trim ethylbenzene — — 0.171
W eight % of to ta l arom atics 6.672 7.426 11.178

Sulphonation Procedure

E ach fraction (1 kg) was vigorously stirred w ith concentrated sulphuric 
acid (800 g, 98%) and heated a t 60-70 °C for 12 hours. I t  was then cooled and 
the  acid layer was separated  and neutralized with sodium carbonate solution 
(10%). The aqueous solution was evaporated until dryness, the residue was 
refluxed with absolute ethanol and was then  filtered. The alcohol was distilled 
off and the obtained sulphonates were well dried.

Preparation of Sulphonyl Chloride M ixtures from the Obtained Sodium  
Sulphonates

The sodium sulphonates obtained from each m ixture and a slight excess from 
phosphorous pentachloride was heated to  80-90 °C for one hour, cooled, 
poured onto crushed ice and then  ex tracted  w ith ether. The etherial layer 
was washed several tim es with cold water, dried over anhydrous magnesium
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sulphate and finally distilled off. The obtained oily sulphonyl chloride m ix
tures A 9, В , and C, were purified by vacuum  distillation and were character
ised (Table 2).

Table 2.
Characterisations of the sulphonyl chloride mixtures 

prepared from the different gasoline fractions

Sulphonyl chlorides B.r. °0/5 mm Hg Average 
mol. wt.

Yield
%

Analyses %

S Cl

A 2 96-102 186 88 16.32 17.46
B2 126-130 190 81 17.10 18.25
O2 140-144 197 79 15.89 17.57

Condensation of the Prepared Sulphonyl Chloride Mixtures with Phenol,
1-naphtol, and their 4-substituted Derivatives

Equimolecular am ounts (0.05 mole) from each sulphonyl chloride m ixture 
(A 2 , B 2 and C2) and the phenol, 2-naphtol or their derivatives (prepared 
according to ref. [10-12]) were vigorously stirred and heated on a water b a th

Table 3.
Antibacterial and antifungal activities of the products obtained by the condensation 

of the sulphonyl chloride, mixture (A2) with phenol, naphthol, and their 4-substituted
derivatives
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i i Phenol 240 X X 900 X 700 550 300 400 X X

i 2 p-Cresol 255 X 400 450 250 500 670 X X 750 X

i 3 p-Chlorophenol 280 350 250 1 0 0 300 450 100 650 450 500 X

i i p- Bromophenol 318 X 350 1 00 400 300 400 350 400 X X

Is p-Nitrophenol 285 450 400 1 0 0 250 1 0 0 200 300 1 0 0 200 350
Is 1-Naphthol 292 X X 1000 X 800 750 450 550 X X

I7 4-Methyl-1- 
-napthol 310 X 800 X 850 650 700 X 600 X X

Is 4-Chloro-l-
-naphthol 330 500 750 700 1 0 0 350 250 350 400 500 550

Ie 4-Bromo-l-
-naphthol 374 X 500 600 200 600 X 500 350 650 X

I10 4-Nitro-l-
-naphthol 340 350 X 500 450 250 100 650 350 X 450

X Means no activity at concentration of 3,000 y  /ml. solution.
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Table 4.
Antibacterial and antifungal activities of the products obtained by the condensation 

of the sulphonyl chloride, mixture (B2) with phenol, naphthol, and their 4-substituted
derivatives

Bacteria Fungi

Pr
od

uc
t 

nu
m

be
r

Ph
en

ol
s 

or
 

1-
na

ph
th

ol

A
ve

ra
ge

 
m

ol
.W

t 
of

 t
he

 o
bt

ai
ne

c 
su

lp
ho

na
te

s

A
er

o. ae
ro

ge
ne

s

1

16*
bei B

ac
ill

us
su

bt
ili

s

B
ac

ill
us

ce
re

us

M
ic

ro
co

cc
us

 s
p.

Es
ch

er
ic

hi
a 

co
li

St
ap

hy
lo

co
cc

us
au

re
us

Sa
lm

on
el

la
 s

p.

C
an

di
da

al
bi

ca
ns

A
sp

er
gi

llu
s

ni
ge

r

i i i Phenol 245 X 600 200 350 500 450 200 350 X X

112 p-Cresol 258 X 400 350 100 1 0 0 300 450 300 400 X

Пз p- Chlorophenol 280 300 100 400 50 1 0 0 350 400 100 300 250
i n p-Bromophenol 322 400 200 450 100 300 100 100 200 500 350
115 p-Nitrophenol 294 250 350 50 100 2 0 100 250 50 200 150
Us 1-Naphthol 296 X 850 350 300 400 X 350 450 X X

i i i 4-Methyl-1- 
-naphthol 308 550 350 550 200 wo 600 X 350 X 450

He 4-Chloro-l-
-naphthol 335 350 100 550 100 250 100 500 200 300 300

II9 4-Bromo-l-
-naphthol 375 450 250 450 100 300 500 650 100 X 350

II10 4-Nitro-l-
-naphthol 344 350 400 150 100 250 50 400 100 300 250

X Means no biocidal activity at concentrations up to 3,000 y  /ml. solution.

to  80-90 °C. Sodium hydroxide solution (0.05 mole; 0.7 N) was added dropwise 
over a period of 20 minutes. The reaction m ixture was heated with stirring 
for a further one hour. After cooling, the  formed viscous mass was washed 
with sodium hydroxide solution (10%) to  remove any unchanged phenols or 
naphthols and was then  purified by boiling their solutions in benzene with 
charcoal for 10 m inutes. The benzene solution was filtered off, then completely 
evaporated and the  viscous masses were solidified. The average molecular 
weights [13] of these products were determ ined (Tables 3 -5 )  and the  infra-red 
spectra of some of them  were determ ined.

Determination of the Antibacterial and Antifungal Activities of the Prepared 
Products

The prepared compounds were screened against eight harm ful bacterial and 
two fungal species following a procedure described previously [14].

The m inimum inhibition concentrations y /ml (y =  ppm X g) of the test 
substances were determined. The products whose m.i.c. are 100 y  /ml or less 
than  this value were considered active bactericides and fungicides. The re
sults are given in Tables 3-5.



1983 Biocidal Active Products 1 6 1

Table 5.
Antibacterial and antifungal activities of the products obtained by the condensation 

of the sulphonyl chloride, mixture (C2) with phenol, naphthol, and their 4-substituted
derivatives
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I l i i Phenol 250 X X 300 500 600 350 250 300 X X
i i i 2 p-Cresol 270 600 X 100 300 400 X 350 450 550 X

Ilia p-Chlorophenol 286 400 1 0 0 550 100 350 1 0 0 500 200 400 300
III4 p-Bromophenol 336 500 300 100 300 200 350 100 300 X 400
I lls p-Nitrophenol 296 300 450 100 200 100 100 350 100 250 250
I lls 1-Naphthol 302 X X 400 250 300 X 550 400 500 X
III, 4-Methyl-1- 

- naphthol 322 X 550 X 300 250 750 1000 550 X X
I lls 4-Chloro-l-

-naphthol 342 450 700 600 250 350 100 600 250 250 350
III9 4-Bromo-l-

-naphthol 385 X 450 550 100 500 X 550 300 500 400
III10 4-Nitro-l-

-naphthol 346 400 450 250 100 300 1 0 0 500 200 350 450

X Means no biocidal activity at concentrations up to 3,000 у /ml. solution.

Discussion of the Results

The present investigation was planned to  utilize the available arom atic 
hydrocarbons from the Egyptian “Morgan” gasoline distillate for the prepar
ation of some biologically active compounds. This was followed by separating 
th is distillate into three fractions A t , B y and Cx (Table 1) followed by sul- 
phonation and neutralization of these fractions. The obtained sodium sul- 
phonates were converted into their corresponding sulphonyl chloride m ixtures 
A 2, B 2 and C2 respectively (Table 2). From this Table, it could be concluded 
th a t only one sulphonyl chloride group was introduced for every arom atic 
hydrocarbon molecule.

The obtained sulphonyl chloride m ixtures were then condensed with some 
4-substituted phenols and 1-naphthols, which bore identical substituents. 
The structures of the prepared products were elucidated by determ ining 
their molecular weights and by the infra-red spectra, which showed stretching 
frequencies a t 1,200 and 1,375 cm-1 characteristics for the  —S 0 2- 0 — group.

The antibacterial and antifungal activities of the  prepared products towards 
some harmful bacteria and fungi were screened. The impact of the structures 
of the  obtained products on their biocidal activity  depended upon the foll
owing :
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1. The type of the  prepared sulphonyl chloride mixtures.
2. The type of the  arom atic ring which bears the  substituents of either 

phenyl or naphthyl.
3. The type of the  substituents present in the substitu ted  phenols or 

naphthols.
4. The type of the  tested  bacteria and fungi.

Effect of the Type of the Prepared Sulphonyl Chloride M ixtures

The results obtained in  the  present work showed th a t  the products prepared 
from sulphonyl chloride m ixtures (B2) had  a higher ratio of the active products 
(8 active compounds) th an  those prepared from the  sulphonyl chloride mix
tures (C2) (7 active products). On the  o ther hand, the  least active products 
were those prepared from the sulphonyl chloride m ixtures (A2) (5 active 
compounds). This means th a t  the arom atic hydrocarbon fraction rich in 
toluene is the most suitable for preparing these biocidally active products, 
while the benzene rich fraction is the lowest valuable fraction for this purpose.

Effect of the Type of the Aromatic Ring Which Bears the Substituents of Either 
Phenyl or Naphthyl

I t  is clear from Tables 3-5  th a t the products derived from the substituted 
phenols gave a higher ratio  of the active products (11 active compounds) 
th an  those derived form the substitudet naphthols (9 active prducts). 
This may be a ttrib u ted  to  the smaller molecular size of the former products, 
thus facilitating th e ir penetration through the tested organisms.

Effect of the Type of the Substituents Present in  the Phenols or 1-Naphthols

The d a ta  obtained in  Tables 3-5  showed th a t the  degree of toxicity with 
reference to  the type  of substituents increased in the following order: 
- C H 3< —B r<  —C l<  - N 0 2.

This result is the  same for both products obtained from substitu ted  phenols 
or substituted 1-naphthols.

Effect of the Type of the Tested Bacteria and Fungi

The order of biocidal activities based upon the  type of the tested bacteria was 
as follows:

Type of bacteria 

Bacillus cereus

Product number Total number of
active products

I8, II2, IIS, II4, 11
И  5 > И в  > H 9 > П ю  ,
III3, III9, III10.
I3 ! 1,0 > H4 > Hä >
II8, II10, III3 , III5,

Escherichia coli 10
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Bacillus subtilis I 3 > I 4 ’ I 5 > I I 5 > 
I I I 2, I I I 4, I I I 5.

7

Micrococcus sp. I 5, I I 2, I I3, I I 5, 
I I 7. I I I 5.

6

Salmonella sp. I5, I I 3, IT ,, I I 9,
n 10, i i i 5.

6

K. aerogenes I I 3, I I 8, I I I 3, 3
Staphylococcus aureus I I 4, IH 4. 2

On the  other hand, with respect to  the tested fungi it was noticed th a t  most 
of the  prepared products were of moderate activities.

I t  could be concluded from the results obtained in the present work th a t 
Egyptian “Morgan” gasoline can be used for m anufacturing some active 
bactericides through its sulphonation, conversion in to  sulphonyl chlorides 
and finally esterification with phenol, 1-napthol and their 4-substituted deri
vatives.
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РЕЗЮМЕ

Эгиптский дистиллят произведенный из сырой нефти типа „моргай“ разделили на три фрак
ции которые сульфировали, потом нейтрализовали. Полученные натрий-сульфонаты преоб
разовали в смесь сульфонил-хлорид. Все смеси реагировали конденсацией фенолом, 4-разме- 
щенными фенолами, 1-нафтолом, и 4-размещенным-1-нафтолом.

Изучали токсичные свойства отдельных продуктов на некоторые бактерии и грибы. В стати 
излагают некоторые структурные свойства которые имеют влияние на токсичность соедине
ний.
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The results of a computerized simulation study of the method of 
weighted moments are presented here in connection with a continuous- 
flow recirculation-type system.

The study was aimed at determining the effects of measurement 
noise, time-scale factor, number of higher moments and termination 
conditions upon the values of the parameters obtained by the method 
of weighted-moments parameter identification. The approximation 
of the residence time distribution by weighted moments and Laguerre 
p o lyn om ia ls  was also studied.

I t  was concluded that the selection of the time-scale factor close 
to the optimum is o f special importance for both the identification 
and approximation, because for time-scale factors away from the 
optimum value, the measurement noise increasingly distorts the 
parameters.

Introduction

A number of methods are used for the calculation of continuous, flowing 
systems. They are based on different principles, e.g. Laplace transform ation, 
frequency methods, and correlation methods, etc. There is also an ever increas
ing need for the  accurate and fast estimation of the parameters. While th e  
optimum methods yield the  most accurate results in both the time and fre
quency domain, there is renewed interest in the  more direct and rap id  
momentum methods and their variants.

The major drawback of the  widely used m ethod of common moments [1] 
is th a t the m ultipler tk increases the relatively large error a t  the tail of the  
curves even further, and the higher moments (k >  3) are of no use, because 
of their inaccuracy. K afarov [2] solved this problem  by term inating the cal
culation early on the tail of the curve. The m ethod of Mixon  et al. [3] as 
further modified by Mich elsen  and 0 stergaard  [4, 5], the so-called m ethod
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of wieghed moments, offers a more effective solution to  the problem. Simándi 
e t al. [6] used this m ethod for the identification of a rotating-disc ex tractor 
and  obtained b e tte r results than  those obtained  by the method of common 
moments. An im portan t, and often decisive problem  of the weighted moments 
m ethod is the advantageous selection of the  weight function, and furtherm ore, 
for the exjp ( s i )  weight function the selection of s is of special im portance 
[5, 7, 8].

Andeessen and W hite [8] examined the dependence of:

3 k =  i k e x p  ( — s t )  (1)

upon к and s, and concluded th a t for m uch too small s values (s< 0 .0 5 ) the 
problems encountered with the method of common moments occur, while 
for large s (s >  5) th e  relatively large m easurem ent error a t the beginning 
of the  curve becomes excessively accentuated. There is an optimum s value 
between these tw o extremes. Mic h e lse n  and 0 stergaard [5] developed 
a  method for its determ ination and used th e  s value thus obtained in a dis
persion model. The estim ation given in [8] is simpler and more practical. Ac
cording to [8] the expressions:

or:
s  — k / t m

s  =  ( k  +  1 ) / t

( 2 )

(3)

give a good approxim ation of the optim um  for one moment when т is the 
expected value and  tm is the mode of th e  density function /. For further 
moments the optim um  is:

8 —  2 / & m a x ( 2  - f -  1  )/(tm, i n  +  tm, o u t  —  dt)
or:

S —  2 ( & m a x / 2  +  l ) / ( T i n  +  T o u t  —  d t )

(4)

( 6 )

W olff , R a d ek e  an d  Gelben [9] used th ese  estim ates in  an  axial dispersion 
model and found good agreem ent w ith  th e  resu lts of th e ir own curve-fitting  
m ethod.

The System Used in the Simulation

The continuous flow-through system studied here is shown in Fig. 1. The 
system also contains a recirculation flow, because we could not find in lit
erature the description of the weighted-moment param eter identification of 
this system.

The balance equations of the system  are  as follows :
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From  these, after rearrangement and the introduction of the symbols used in 
Fig. 1, the following initial-value problem is obtained:

Tl -----=  ОСИ +  (1 — tx)y — c
dt

(7.1)

dy
Гг1й  =  С - у

(7.2)

ОIIII (7.3)

Vi V2 1
(7.4)

q c 0 (1+ R)q c 0
U

c V, c У v 2
Rq

У

Fig. 1
Schematics o f the simulated system

The values гг= 3 0  min, t2= 25  min and a =  0.5 were used for the com puter
ized simulation. If  the input concentration function is an ideal pulse function, 
n —ô(t), then у  is the  density function of the residence tim e distribution. H ow 
ever, in the widely used tracer-m ethod, the inpu t function is not an ideal 
pulse, rather a pulse-like unimodal function.

The function u = t exp (-a t)  was used for the  calculations. I ts  mode a p 
proaches zero when a — °°. Its  weighted moment (just like th a t of any continuous 
probability variable t with и as its density function) :

fflk= J  i ke - slu(£) dt (8)
о

I t  holds for the weight function th a t:

lim ike-st=0 s>0 (9)
t-*oo

In  practice, the measurement is term inated a t  some time T, not a t infinity, 
so the moments are truncated. Since during the  concentration m easurem ents 
the measurement error [e(i)j is added to  the true value, the measured weighted 
moment is obtained as the sum of two term s:

iH k (u ')  = J  £ke - s t[tt(£ ) -I- e(£)] dt =  t» k  +  J  £ke - ste(<) dt
0 0

( 10)
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The aim of the weighted moments m ethod is the  minimalization of the second 
term  by the judicious selection of the value of s.

For the above param eter values the differential equation set (7) can be solv
ed by numeric m ethods for any input function u, and the result is the  output 
function, y. The response function, y, obtained for an input function u  = t 
exp ( - a t ) - io r  a =  0.1—is shown in Fig. 2.

Fig. 2
Approximations o f  the density function o f  residence time distribution

By appropriate rearrangem ents, equation set (10) can be transform ed into 
a recursive differential equation set of th e  weighted moments:

ocmk(u) +  (1  -  a)mk(y) — Т ок(е)( 1 -  n s) +  n f o w k - i( c )  = 0

Шк(с) — m k(y)( 1 =  T2S) +  T2 kmk-i(y) =  0 (11)

mk(u) — TOk[i'exp( — at)] —
ifc+1!

(s +  a)k+2

m- i(y)  = m-i(c) = 0  

a = 0.1 & =  0, 1, 2, ...

For given param eters, the &th m om ents: mk(c) and mk(y) can be calculated 
from the (Ic— l) th  moments.
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Approximation of the Density Function of Residence Time Distribution

Frequently, the residence tim e distribution of a system has to  be approxi
mated [7]. The task  is the generation of function y  in the form of

N-l
ÿ -  2  a < p i ~ y  (12)

< - 0

where system {ipj is orthogonal with respect to  weight function exp ( -s t)  [10],
i.e. :

J  e - st(pi(pi d t  =  <5jj i ,  j  =  0, 1, 2, . . . (13)

о

Selecting çpj-s as L a g u e r r e  polynomials :

? i(* )= y?z  - V- ■ i = 0 > 1.........N ~ 1 <14>

Coefficient ci follows from the condition:

J e~st( y  — y ) 2 d t  =  m in  (15)
0

Thus:

Г i ( — s)
C i =  e - s V i ydt=)Js 2  - — —

J i - о ( г ~]У-
i  =  0, 1, N - l (16)

th a t  is the approxim ation of function у  becomes:
N-l i

ÿ=  fs 2  ci 2  (-0 1-0
DT
Ш  ( t - i ) l

JV=1, 2, . . . (17)

W ith a suitable programme y(t) values can be calculated quickly by a com 
puter. The moments of у  (obtained by the R u n g e - K u t t a  method) can be 
determined by numeric integration over the  (0, T) interval with T  being so 
large th a t y(T) = 0.01 max [y(f)]. Then function у was calculated for various s 
and N  values as shown—for some cases—in Fig. 2.

For any preset s value an increase in N  improves the precision of approx i
mation, because more term s are considered [7].

For any preset N  the  approxim ation changes with s. When s is excessive 
($> 1) or too small (s <  0.02) the approxim ation is rather coarse. If, for exam ple 
N =  7, then the approxim ation is best for 5 =  0.06. This s value agrees well 
w ith those estim ated by Equations (4) (5).

Parameter Identification

Let us have a system with the above structure and let us have an input and 
ou tpu t function with superimposed noise. Though noise has a more complex 
nature, only the measurement noise is considered here because its effect is
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m ost pronounced a t param eter identification [7]. Let the noise-free signals 
be и  and у  onto which there  are randomly superimposed a t At — 0.5 intervals 
random  numbers of zero expected value and a standard  deviation. Thus, the 
measurement of у  in p u t and x  output functions can be simulated for any 
<j>0 value. The following a values were used for the calculations: 0.01 y„ax; 
0-05 ymm; 0.1 ymax; 0.2 ymax, where ymax =  m ax [y(t)] and 0 ? s t^ T .  The noise- 
d istorted  moments mk(u) and mk(y), k = 0, 1, . . .  N  can be determined by 
num eric integration for given s, T  and N . The following equation holds for 
th e  output moments:

t M k ( y ' )  =

am.k(u ' )  +  m k~\(y')  (lett +  2 k sT iT t  +  k n )  — т к-ъ (у ')к т п 2 

ST I + ST2 +  S2TlT2 +  a
(18)

& =  0, 1, . . . ,  N  m -i(y') =  m -2(y') =  0

The parameters, for which Eq. 19 holds, are  sought:
N

2fc-0
' mk(y’) -  m k(y) • 
1. mk(y')

=  min (19)

The equation is strongly  non-linear, ye t i t  requires only a short compu
ta tio n  time on the  com puter [11].

The following questions still have to  be answered: the noise (a) sensitivity 
of the param eters (xx, r 2, a), the advantageous selection of scale factor s, 
th e  value of T  and th e  effects of N  >2.

A few characteristic results are shown in Table 1. The conclusion is th a t for 
a  measurement error of 1% relative standard  deviation results in a few tenths 
of a percentage point deviation in the param eters, and even a 5% standard 
deviation noise results in  only a few percentage points deviation.

The higher the  s tan d ard  deviation of noise (<ra0.1ymax) the more im portant 
is the selection of th e  value of s. Its  optim um  values are in the vicinity of 
those obtained by E q. 8 and 9.

Table 1.
Results of the parameters identification

a s T [min] П [min] гг [min] a

0 0.10 400 2 30.000 25.000 0.500
l 0.05 400 2 30.000 24.889 0.500
l 0.05 400 3 30.121 24.637 0.496
l 0.08 200 2 29.743 24.965 0.496
5 0.08 200 2 30.059 25.060 0.501

10 0.08 200 2 26.424 24.970 0.462
5 0.08 400 2 29.924 24.341 0.494

10 0.08 400 2 27.107 22.471 0.434
20 0.08 400 2 31.771 10.442 0.335
20 0.08 400 3 30.691 14.434 0.378
20 0.08 400 4 32.415 12.472 0.351

1 0.20 400 2 27.142 25.214 0.471
5 0.20 400 2 17.817 25.621 0.354
5 0.20 200 4 29.832 20.464 0.432



1983 Approximation of Distribution Functions 171

For too small s and large T  values (T  >  400) the problem of common m om ents 
occurs, so it  is advisable to  select a smaller T  because then the error is also 
smaller. Another possibility is the smoothing of the measured functions by 
a spline before the  calculation of the moments. For not too small s values 
(s>  0.1) it is advisable to have a relatively smaller T  because then the  m om ent 
of the truncated  part is negligibly small.

For a noise of 15-20% relative standard deviation, when the spread of the  
param eter values obtained by  moments k=  0.1 and 2 is large, the addition  
of the 3rd and 4 th  moments improves the situation, bu t mb and m6 deteriorates 
the  estimation, because the noise can cause considerable imprecision. Calcu
lations were carried out by an  IBM 3031 com puter using PL/1 language.

Summary

Based on the results of a computerized simulation of a continuous, flow
through system, it  can be concluded th a t the  m ajor assets of the w eighted 
moments m ethod are simplicity and the elimination of the error of the common 
moments method. The major question of its application is the selection of the  
scale factor, which is of decisive im portance in both the approxim ation of the  
distribution and the  identification of the param eters. The m ethod can 
easily be program med for digital computers, so its further testing and app li
cation is justified.

SYMBOLS

c(t)
Ci
m
*> j  
к
km&x

— density function of concentration
— coefficient, constant
— density function of the residence time distribution
— subscripts
— order o f  the moment
— maximum order of the moment

m k(f)
m k(f)
N
4
R
a
t
T
t m,
At  
u(t)
Vlt
w (t)
y(t)
Î/(<) 
a
<5ij
T, T l, T2
<Pl
Цк
а
m

v 2 -

- к th weighted moment o f  function /  using weight function w
- Лг th weighted moment o f function /  using weight function exp ( — st)
- integer, upper limit
- volumetric flow rate
- coefficient, constant
- time scale-factor
- time variable
- upper bound of integration of mk 
tm out — m ode
- time difference

input concentration density function 
tank volum e 
weight function
output concentration density function
the approximation of y(t)
recirculation coefficient
Kronecker’s-delta
mean residence time
element o f  the orthogonal function set
common moment
standard deviation
Dirac’s delta
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РЕЗЮМЕ

В стати изложены результаты симуляции рециркуляционной системы непрерывного течения 
методом весовых моментов. Целью авторов является определение влияния шума измерения, 
фактора масштаба времени, количества моментов и условий отреза на значение параметров. 
Изучали приближение функции плотности распределения времени пребывания использова
нием весовых моментов с помощью Лагуер-полиномов. Установили, что как и при идентифи
кации так и при приближении выбор фактора масштаба времени в окресности оптимума имеет 
решающее значение так как при отходе от этого влияние шума измерения на значение пара
метров увеличивается.

I
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A short review is presented of the MW R-type methods, and the ortho
gonal collocation method is applied for the determination of the time- 
dependent—transient—processes of a dynamic system. Orthogonal 
collocation is carried out over the infinite interval and the generalized 
Laguerre polynomials —determined by the weight-function exp ( — ax) 
— are used. The effects of changing a upon the solution were studied  
on several examples. The results are compared with the values obtained  
by the fifth and sixth-order R u n g e - K u t ta  combination method.

Introduction

The com putation of the dynamic processes of the  operation units of technical 
chemistry is a very im portant, but often complicated operation, especially for 
complex, m ulti-unit systems. Therefore, methods which offer increased com
putation speed over the traditional methods (such as, e.g. the R u n g e - K u t t a , 
predictor-corrector, and finite differences, etc.) are of special im portance. 
This led us to  investigate the m ethod of weighted residuals (MWR), and 
especially th a t  of the orthogonal collocation [1]. W ith these methods the  „good
ness” of the solution depends on the selection of the trial functions. In  the  
case orthogonal collocation is determined by a preselected weight function 
in the orthogonality conditions.

MWR is a general m ethod for the solution of differential equations and 
equation sets. The solution is expressed in advance by so-called trial-functions 
—selected on the basis of some conditions—which have coefficients th a t  have 
to  be determined later on. These constans are selected in such a m anner th a t  
the expression yields—in a certain sense—the best solution of the differential 
equation.

In  general, the method is used over finite intervals, bu t in many problem s 
a t least one of the variables spans across the entire, infinite interval (generally,
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th is  variable is the tim e variable). This led us to  study  the solution of such 
problems. The test functions used by us are th e  generalized Laguerre poly
nomials.

The Essence of MW R

L et us consider the following differential equation.
L ( y )  =  0 in  F
y — ya at S  (»S' is the limit of V)

where L  is the differential operator.
The solution is sought in  the  form of Eq. 1 w ith  y r s being the trial functions 

mentioned earlier:
N

ys — yo+ 2  Cl2h (!)i-i
L et us assume th a t  y r s fulfill the homogeneous boundary conditions. 

Thus, each сл fulfills th e  boundary condition of the differential equation. 
The residual can be defined by Eq. 2 with the  substitu tion of y N into the dif
ferential equation:

R ( c l , x , y )  =  L { y i t ) (2)

I f  yN is a true solution, then  the condition R  =  0 is fulfilled. 
cr s are selected in  such a manner th a t R  becomes zero in some average 

sense. In general, th e  w eighted integrals of R  have to  be zero, i.e. the conditions 
expressed by Eq. 3 have  to  be fulfilled:

(tcj,E) =  0, j  =  l ,  2, . . .  N  (3)

where (u, v) is the  in te rnal multiple for which, according to  the difinition, 
i t  holds that:

(a, v ):= Í  u v d V .  (4)
V

Thus, N  conditions are obtained for the N c r s, and from these, cr s can be 
calculated. W eight functions w; can be selected in  several manners, consequently, 
various conditions are  obtained. Accordingly, several classes of MWR can be 
distinguished.

One of the best know n selection possibilities is w =yy  This is known as 
G a l e r k in ’s m ethod.

The next class is th e  least square method, for which:
dRWi = —— (5)
OCj

This is equivalent to  the  minimalization of th e  following integral:

J e 2(c í, X , y )  d V  (6)
v

The next one is th e  momentum-method, where:
(7)
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Finally, the collocation m ethod calls for:
Wj =  S(X — !Ej)

and  the  D irac d e lta  offers:

Г WiR d V  =  R
•J X jV

Here, a?j-s are the so-called colocation points. Thus, th e  residual assumes 
zero value a t N  points. W ith increasing N , R  becomes zero more frequently, 
and it can he assumed th a t it becomes zero a t other places as well.

The collocation points can be selected arbitrarily. Therefore, for low-order 
approxim ations the  results strongly depend on the selection of the points. 
In  orthogonal collocation the  arbitary selection of the  points is no longer 
there, because the points are the  roots of one of the elem ents of the orthogonal 
polynomial system.

The results of Villadsen and Stewart [2] are im portan t in this field. 
They applied collocation for the solution of boundary problems. Their test 
functions are orthogonal polynomials and the collocation points are the roots 
of the  orthogonal polynomial. The coefficients are not calculated, rather the  
values of the solution are calculated at the colocation points and so m atrix 
equations have to  be solved.

This method was used for the  solution of numerous boundary problems 
collocated over a finite interval (1-4).

Often, however, a t least one variable changes over an  infinite interval. 
There have been several attem ps to  solve such problems [2, 3, 5-8].

There are two possibilities of obtaining on orthogonal system  over an infi
n ite  interval [8]:
1. the  infinite interval is transform ed into a finite one by one of the following

two transform ations:

2. a  weight function is used, which indicates an orthogonal system  over the 
infinite interval. For example :
— Laguerre polynomials over (0, °°) with weight function w(x) = exp ( — x)
— Hermite polynomials over ( — «>, o°) with weight function w(x) =  exp ( — x2). 
In  general, the first polynomial systems are used for collocation over the

infinite interval [7].

An orthogonal polynomial system, different from those described in literature, 
is studied here. The orthogonality conditions is given by Eq. 12:

( 10 )

b) u  =  e x p (  — t) 0  =si-= ( П )

Generalised Laguerre Polynomials

J e - xtL n( t )L i ( t )  d t  =  <5ni (12)
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where exp ( — аж) is the weight function. The polynomials thus  defined can be 
considered generalised L a g u e r r e  polynomials. (For a = l  the  previously 
mentioned Laguerre polynomials are obtained  [9]).

L n(£) used in Eq. 12 is an n-th order polynomial in t. In  the  following part 
of this paper these polynomials are used as trial functions for the  determination 
of the tim e-dependent—transien t—processes of a dynam ic system. The fol
lowing calculation m ethod is used. The collocation points are given by t0 = 0 
and the roots of the polynomial LN(i).

The generalised Laguerre polynom ial:

Li{t) =  ]fa 2
i=o

(,-OLty-l
(i - j )!

Using this polynomial the solution is sought in the form of Eq. 14:
JY+1 JV+1

3/n (í ) =  2  aiLi-i(t) =  2  dit1-1
i — 1 i-1

(13)

( H )

Let us consider a first-order differential equation:

2/(0) =  j/o
dy
■---=f(y, u)
dt '

(15)

If the solution is sought in the  form  of Eq. 14, then  th e  values of yN and 
its derivatives a t the collocation po in ts can be written as :

2/u(h) =
N + l
2  ditr

i -1

dy-s
dt

N+l dt1*1
= 2  - 7 -tj i - i  at

di

The relationships in Eq. 16 can be expressed in m atrix  form  as well:

yn  =  Qd 

dy+i
dt

- =  Cd

where :

T to . . «o' " 0 1 2io . л7 К—1 -1. Nto

Q =
1 t\ . . i f

G =
0 1 2ii . . Ю Г 1

.1 £n • . i f . 0 1 2ín • . .  т Г 1 -

(16)

(17)

(18)

' 2/n ( ío ) " - di -
2/n ( í i ) d2
! d = •

_ 2/n ( í n ) _dn+i_
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Expressing d from Eq. 17 and substituting it  in to  Eq. 18 the derivatives 
expressed by the function values are obtained:

du N —
——. = Cd =  CQ~1yN =  Ayif (19)

Eq. 19 can be substitu ted  into Eq. 15 yielding:

A ÿN= f  (20)

where :
Лг/и(го), м(<о)] ' 
/[Ы«1), u(ti)]

/ [ 2 /n (í n ), m (í n )]

As the initial value is given, the first row of the  m atrix  equation can be 
omitted. The initial values can then be used for the rows yielding N  equations 
with N  unknowns (the values of the function sought a t  the  colocation points). 
Thus, an equation set has to  be solved which, in the general case, is nonlinear. 
Having obtained the solution of the equation set, th e  values of the function 
sought can also be obtained a t further t places following the  calculation of the 
coefficients of the approxim ating polynominal. These coefficients can be cal
culated from

Eq. (21):

d = Q-12/N ( 21)

In  the following examples, the effects of changing a and  N  upon the solution 
were investigated.

The results were compared with those of the fifth and  sixth order combi
national R unge-K utta  method.

Examples

The first dynamic system studied is a perfectly mixed ta n k  reactor, in  which 
a  consecutive reaction:

A  a > В  — 6— >. О 

takes place. I ts  schematic is shown in Fig. 1.

J u V ,T У .
q q

Fig. 1
Perfectly mixed reactor with a consecutive reaction of type: A  * > В  ь >-C
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The differential equation which describes the  process is:
dx  1

г  =  и  — ax  1 — xi
dt

dx 2
r  = axi — bx2 — X2 (22)

dt

X i ( 0 )  =  x z ( 0 )  =  0

Using the previously mentioned polynomials and symbols th e  m atrix  equa
tions are as follows:

А х  1 +  (a +  l)x i =  и

A x2  +  (b +  l)x 2  — axi =  0 (23)

where :
Xi  (fo) ~m(<o) "

Xi  ( t l ) u ( t i )
Xi  = i = l ,  2 m =

„W0/, ч 
L Xi  ( í n )  J _u(iN)_

A fter rearrangem ent, a linear equation set consisting of 2 A  equations with 
2 N  variables is obtained.

I ts  solution yields the values of the  functions sought a t  the  colocation 
points.

The calculations were carried ou t w ith various и and N  values with dif
ferent input functions, u.

Here : и  =  A t exp ( — Bt),

and the  param eter values are:
t = 1 0 , a =  0.1 and 6 = 0.6.

For any a and N  =  5,6 the  x,(iV) gave a good approxim ation of the  solution. 
However, the  approxim ation was good only up to  the last collocation point 
as tim e value. W ith decreasing a th e  collocation points become more spread 
on the  tim e axis, so the solution can be approxim ated fu rther on. This is 
illustrated  by Fig. 2 and 3.

The next dynamic process studied is a mixed-order consecutive reaction 
tak ing  place in  a perfectly m ixed ta n k  reactor. There are tw o reactions taking 
place :

1. A ->■ В  is a first-order one, and
2. A +  B-+C  is a second-order one.

The concentrations are:
for A  : xi 
for В  : Xi

The differential equation set becomes :
dx  1r --- — mi — axi — bxiXz —Xi
d t
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Fig. 2
The response function o f a perfectly mixed reactor (with a consecutive reaction) for a =  0.9
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Fig. 3
The response function of a perfectly mixed reactor (with a consecutive reaction) for a = 0.4
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dX2
T ----=  axi — ox 1X2  — Xï

dt

æi(0) =  a:2(0) =  0

(24)

W ith  th e  previously used polynom inal system and symbols th e  equations 
become :

A x 1 +  (a +  l)x i +  b j= u i  

A x  2  +  X2 — axi +  6 /  =  0 (25)
where :

/ =

*<N>(<o) æ<N)(<o) '

x[^(t0) x'^ih)

[x<n>(în) œ<N)(iN).

A fter rearrangem ent, a nonlinear equation set with 2 N  unknowns is 
obtained.

In  th is  case the values of the unknow n function have to  be obtained. Calcu
lations were carried out for various a values and u1 input functions.

Again, the  form of u1 is :
их =  A t exp ( — Bt)

X]

U

3

1 --

u  ■ t ê  
ос =1

Í  0.05 t

7 t  + N - 2 
O N -3

? X X  X X X X  X X X X X

Д
O*

лР
4-

10 20 30
-I------ 1-

A0 t

Fig. 4.
The response function of a perfectly mixed reactor (with a mixed-order consecutive

reaction) for a =1.0.
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Fig. 5
The response function o f a perfectly mixed reactor (with a m ixed order consecutive

reaction) for a =  0.1.

and the  parameters are :
r = 10, a =  0.1 and 6= 1 .2 .

The study of the effects of a and N  yielded similar results. These are shown 
in Fig. 4 and 5.

Calculations were carried out by an IBM 3031 computer. The linear equation 
set was solved by a m atrix  triangulation method. Powell’s ite ration  method 
was used for the solution of the nonlinear equation set. This determ ined the 
sum of the squares of the nonlinear functions w ithout the  calculation of the 
derivatives.

Finally, for comparison purposes, the computation tim es are shown in 
Table 1.

Table 1.
The calculation time of the various solution methods 
of a dynamic system (with a consecutive reaction)

RUNGE— Orthogonal colocation

KUTTA iT=3 N = 5 N=G N = S

6.7 sec 2.5 sec 3.6 sec 4.2 sec 5.1 sec
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Summary

Based on th e  results of these stud ies it  can be concluded th a t  orthogonal 
collocation over the (0 , °°) in terval by  generalised Laguerre polynomials seems 
an efficient m ethod for the calculation of the transient processes of the linear 
and nonlinear systems of technical chemistry. Its  m ajor assets include speed, 
and—because of its iterative n a tu re —the lack of convergence problems. Only 
accuracy problems may occur. B y  changing the values of the  param eter, a, 
and the  num ber of polynomials, N —i.e. by an appropriate setting of the time 
constant of the  system studied—very  accurate results could be obtained for 
the entire, im portan t section of th e  transients. If necessary, th is can be improv
ed by a  successive repetition of th e  process, a was varied  over a wide range, 
and consequently, it appears from  th e  results th a t a has an optimum range 
for which the  m ethod shown by  us gives the best results. For excessive a 
values, th e  interval set by the  collocation points is sm aller th an  the entire 
significant section of the transien t, consequently, the  solution does not apply 
for th e  entire  section either. I f  a is too small, then  the  collocation points are 
spread too much over the (0, °°) in terval, and only 2-3 points fall onto the 
entire im portan t section yielding a solution of insufficient accuracy.

There is still the task  of developing a method by which a and N  can be set 
au tom atically—i.e. set by the  com puter after the prelim inary analysis of the 
system , and the decision about any  successive repetition  can be made. This 
will be dealt with in a forthcom ing paper.

SY M B O LS

a  r e a c tio n  ra te  coeffic ien t
A  p a ra m e te r  o f  th e  in p u t fu n c t io n , an  (N +  l ) (N +  1) m a tr ix
a i  coeffic ien ts o f th e  p o ly n o m ia ls , i= l, 2, . . . ,  V  + 1
b r e a c tio n  ra te  coeffic ien t
В  p a ra m e te r  o f th e  in p u t fu n c t io n
G a n  ( N +  1 )(V +  1) m a tr ix
ci coeffic ien ts o f  th e  p o ly n o m , i =  1, 2, . . . ,  V  +  1
d a  v e c to r  o f  N  +  1 e lem en ts
di coeffic ien ts o f  th e  p o ly n o m ia l, i = l ,  2, . . . ,  V  +  1
j  a  v e c to r  o f N  +  1 e lem en ts
f (y ,  n) fu n c tio n
L  d iffe ren tia l o p e ra to r
Ln(t) genera lized  L a g u e r r e  p o ly n o m ia l
M W R  m e th o d  o f  w eigh ted  re s id u a ls
N  n u m b e r o f tr ia l fu n c tio n s
q v o lu m etr ic  flow  ra te
Q a n  ( N +  1)(V 4- 1) m a tr ix
R(ci, X,  y) res idua l
S  b o u n d a ry  o f  V
t tim e
ti co llo ca tio n  p o in ts  o v e r (0 , <*=), i =  0, . . . ,  N
и  fu n c tio n
û  a  v ec to r o f N  +  1 e le m e n ts
it i a  v e c to r  o f  N  +  1 e le m e n ts
V  space , volum e
W j  in te g ra tio n  w eight fu n c t io n , j  =  1, . . . ,  N
X  in d ep en d e n t variab le
xj co llo ca tio n  p o in ts  in  V,  j = l, . . . ,  N
xi(t) th e  fu n c tio n  sough t, i = l ,  2
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xt a vector of V  + 1  elements, i = l ,  2
a;fN) a n  ap p ro x im atio n  o f  th e  fu n c tio n  so u g h t, i =  1, 2
yo  in itia l va lue
у  I t r ia l  fu nc tions, i = 1, . . . ,  N
?7n a  v e c to r  o f  N  +  1 e lem en ts
í/n(í) a n  ap p ro x im a tin g  po lynom ial
a ch a rac te ris tic s  o f th e  w eigh t fu n c tio n  in c luded  in  th e  o rth o g o n a lity  c o n d itio n
<5<x-xj> D i r a c ’s d e lta
<5„i K r o n e c k e r ’s d e lta

V
r = — av erag e  residence tim e

Я
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РЕЗЮМЕ

Авторы кратко излагают методы MVR и используют ортогональную коллокацию на пере
ходные процессы некоторой динанической системы. Ортогональную коллокацию проводили 
в бесконечном интервале времени использованием Лагуер-полиномов которые определили 
с помощью весовой функции е*х.

Влияние изменения а изучали на конкретных примерах. Результаты сравнивали значениями 
полученными комбинированным методом Рунге-Кутта пятого и шестого порядков.
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The rate of intracrystalline diffusion was examined in natural mor- 
denites. Based on theoretical considerations and experimental evidence 
it  could be proved that the heterogeneous size-distribution of the crys
tallites significantly influences the rate o f sorption. Carbon dioxide 
was used as sorbeate. Sorption measurements were carried out at con
stant volume. The size distribution function o f the crystallites was 
optimized on the basis o f the experimental results, its standard devia
tion, and the constant, D/12, which characterises the diffusion process.

Introduction

Both natu ra l and synthetic zeolites are gaining im portance in  separation 
techniques and catalytic reactions. W ith respect to  component separation, 
it  is the  knowledge of the sorption equilibrium on a given zeolite th a t has to  be 
known, while in catalysis, it  is the selectivity of the  zeolite which is of im
portance. However, both are influenced by the  rate  of the respective process, 
and practical application of a zeolite depends a t least as much on the sorption 
rate as on the other two characteristics.

Disregarding the transfer flows, which occur on the macroscopic, external 
surfaces of granular or granulated zeolite sorbents or catalysts, the  overall 
rate in a separation process is controlled by either intercrystalline or intracrys
talline diffusion, or, in  certain cases, by mixed diffusion (their resultant) 
[1, 2 ]. In  the  cases of catalytic reactions, reaction ra te  is superimposed onto the 
other three, previously mentioned diffusion rates. This paper deals with the 
rate of intracrystalline diffusion.

Theoretical

Intracrystalline diffusion plays a m ajor role in all of the separation and/or 
catalytic processes, where the molecular size of the  reactants and the diam eter 
of the zeolite crystal channel are commensurable. Diffusion taking place in the
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channels of zeolite crystals is form ally described by F ic k ’s second law, just 
as any o ther diffusion process. W hen F ic k ’s second law is applied—along with 
its boundary  conditions—to  any geometric shape, then  the equation of the 
overall diffusion rate contains th e  diffusion coefficient, the characteristic 
geom etric size of the particle (crystallite) and other constants which arise 
from th e  boundary conditions. F rom  among these coefficients, the  effects 
of th e  size of the crystallite will be dealt with here. I t  will be modelled by 
the diffusion process, which takes place in natural mordenite.

Because of the dimensions of its  channels, m ordenite can be considered 
as a  unidimensional m edium —or geometric shape—in diffusion studies.

Selecting the case of com ponent uptake from a constant volume space as 
boundary  conditions, the diffusion ra te  is given by  Eq. (1) [3]:

where :

tn t  “  2 a ( l  +  a)
1 n^ l  + a+

X ex p ( 1 )

is the  mass of m aterial adsorbed in equilibrium (g)

- ^ -  th e  fraction of the  equilibrium  mass of m aterial sorbed up to  timem°o
M g/g) 

t tim e (s)
D  diffusion coefficient (m2 /s)
l length of the crystallite (m)

a =  -----— where rp is the  fraction of m aterial in equilibrium adsorbed
PP

from a space of constant volume (g/g) 
q{ non-zero roots of the  equation  tg qn =  — aqn

E q. 1, which describes th e  time-dependence of the  adsorbed fraction, 
mtlm°°, can and should be applied for a crystalline m atrix  as a model only 
when th e  characteristic size, l is identical for each element of the  m atrix.

I f  th e  size of the crystallites changes in the m atrix , then  Eq. 1 has to  be 
m odified according to  Eq. (2 ). tak ing  into account the  occurrency frequency 
of any  size 1  :

where :

J.
2 a ( l  +  a)

/ №  2  , . X ex p
n i l  1  +  a +  a W  ' ( 2 )

Ms
M  OOis the mass fraction adsorbed by the m atrix  up to  tim e t(g/g)

f(l) is the density function.

F o r practical calculations the  differential form of Eq. 2  as given by Eq. 3 is more 
appropriate  :

Aft
ЖГ = 1 - 2  7(h)Mi-1

~ 2 a ( l  +  a)
n™ 1 1 -f" Ot +

X ex p (3)
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where :

/(/,) is the average density assigned to a crystallite of size over th e  size 
increment Al.

I t  can be seen in Eq. (2 ) and (3) th a t the sorption ra te  also depends on th e  shape 
of the density function /(?)). In  accordance with th e  experimental results, 
the normal logarithmic density function was selected for density function 
f(l). I t  will be shown via calculations and plots by Eq. (3) th a t the size d istri
bution of the crystallites profoundly influences the  shape of the sorption 
curves.

Fig. 1 shows the sorption ra te  corresponding to  an adsorbed mass fraction 
of cp — 0. In  physical, real term s 99 =  0  means th a t  sorption takes place a t  a

Fig. 1
Sorption as a function o f time, <p — 0. 1 :cr= 0; 2:<7 =  0.5; 3:cr=1.0; 4:cr=1.6

constant pressure, the volume of the vessel which contains the sorbent is 
infinitely large, a values shown in the figure indicate the magnitude of the  
standard deviation of the  normal-logarithmic distribution. The curve a t 
cr =  0  belongs to  a m atrix  of crystallites of identical size. The more heteroge
neous the m atrix—i.e. the  higher a, the higher the  in itial sorption ra te  is and 
the slower (more extended) is the final section of sorption. The shape of the  
curves clearly dem onstrates how erroneous—even in their orders of m agni
tu d e—those diffusion coefficient-measuring m ethods are, which use m a
trices w ith a heterogeneous particle-size distribution and fail to take th is  in to  
account.

The adsorption rate curves of matrices with varying standard deviation—a t 
qp= 0.5—are shown in Fig. 2. The shape of the  curves is the  same as in Fig. 1, 
and also as of those in Fig. 3 (cp =  0.9).

A common characteristic of the curves of varying a is th a t irrespective 
of their (p values, they cross over a t about the  same, AfJAfoo^O.55 value.
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Fig. 2
Sorption as a function o f time, y =  0.6. 1 :cr =  0; 2:cr =  0.5; 3:<7=1.0; 4:cr=1.5

Sorption as a function o f time, y> =  0.9. 1 :ct =  0; 2:cr =  0.6; 3:cr=1.0; 4:cr =  1.6

This fact can be utilized in diffusion ra te  measurements, and the  diffusion 
coefficients thus obtained are much more accurate than  those derived from 
the  initial diffusion rates. We could not find  th is conclusion in  literature  and 
consider it  as one of th e  major results of th is study.

Experimental

To prove the theoretical conclusions, experim ents were carried out with 
n a tu ra l mordenite. For sorption-rate measurements, the m ordenite was 
brought to  N H 4 form , then  as usual, to  H  form. Carbon dioxide was used 
as sorbeate. The schematics of the experim ental set-up is shown in Fig. 4.
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The sorbent is placed into sample container S  which, together with reservoir 
R  can be evacuated by vacuum  pump F  to  a pressure of 0.1 P a  via valves 
(opened) VI and VO. Meanwhile, the sample container can be heated to 570 K. 
Following the evacuation step, reservoir R  is filled with carbon dioxide until

Fig. 4
Schematics o f  the experimental set-up

R : reservoir, S : sample container ; P : Pirani gauge ; VI : opening valve ; VO : closing valve ; 
T : thermostat ; V : vacuum pump ; К  : recorder

Fig. 5
Adsorption isotherm o f carbon dioxide on H-form natural mordenite 

0: 0.315-0.40 mm; □ :  0.8-1.0 mm
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th e  required pressure is achieved (with valves V I and VO closed). Then 
sam ple S  is therm ostatted  a t  298 K. Valve VI is opened quickly, then closed, 
thereby  introducing into sam ple container S  carbon dioxide of known volume 
and  pressure. Sorption-related pressure drop is recorded by a PiRANl-type 
pressure gauge, P. The electric signal which corresponds to  the  pressure signal 
is then  recorded by a fast recorder. The procedure can be constantly repeated, 
thereby  the pressure can be increased in  a step-wise m anner and the amount 
of carbon dioxide adsorbed in  a given pressure range, Ap  can be recorded 
and  calculated. Thus the  am ount of adsorbed m aterial as a function of tim e 
can be obtained and the  M tjM °° vs. t relationship for th e  given Ap step can be 
evaluated. Simultaneously, th e  adsorption isotherm is also determined. This 
is shown—for two different particle sizes—in Fig. 5.

Sorption rate  curves recorded in the  respective Ap  pressure ranges follow 
th e  typical shapes shown in Fig. 1-3. Therefore, the  curves were evaluated 
by Eq. 3.

Eq. 3 contains four param eters:

1 . <p, a measured, known value, which determines a
2. D, the unknown diffusion coefficient
3. I, the unknown average length of the crystallite, the param eter of 

function f(l)
4. a, the unknown standard  deviation the  param eter of function f(l)

The last two param eters are unknown, because th e  length-distribution 
and its param eters: l and  a of the m ordenite crystallite hunches built into 
a  natural mordenite cannot be determ ined experimentally. Therefore, a few 
common distribution functions were selected for the  calculations and ВЦ 2 
was arbitrarily set to  l, functions MJMoo  vs. x were generated (with x = 
= D(J2‘t), and these curves were compared with the experim entally determined 
curves. If  the shape and th e  param eter a of function f(l) are selected correctly, 
th en  (Mt(M°o)j and its  Yt\ and (Mt(M °°); and its Yr] are  linearity correlated.

The correlation line passes the  0  point and its slope is
Thus, the computerized optim ation step includes bo th  the selection of the

best distribution function, and its param eter, a. The results of the calculations 
are  shown in Fig. 6.

The lines in Fig. 6. fit th e  m easured values well in  th e  0  M J M «  0.95

range. No bias-like scatter can be observed. The slopes yield the

N aturally, D  and l cannot be determ ined by the m ethod outlined here. How
ever, their respective values do not have to  be known for the  description of the 
diffusion rate, because only the  D/]2 ratio  occurs in th e  equations. A further 
conclusion derived from the  figures is th a t  the value of a lies im the range of 
0 . 8  and 0.9, independently from the actual particle size. The value of Y~DjT‘ 
increases with the  pressure. This conclusion agrees w ith statem ents found in 
literature and its fu rther aspects will be treated  in a  forthcoming paper.

values.
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Fig. 6
Evaluation of the measured values by Eq. 3:

Particle size: 0.315-0.40 mm
l : p e=  22.4 Pa, optimized <7 = 0.8; 2 :pe =  19.0 Pa, optimized ct =  0.8; 4:pe =  3.3 Pa,

optimized a — 0.75

We could prove, both theoretically and experimentally, th a t the physical 
model developed to describe the intracrystalline diffusion rate in natural 
mordenite is, indeed, correct and accurate.

Fig. 7
Evaluation of the measured values by Eq. 2; Particle size: 0.8-1.0 mm  

l : p e=  18.6 Pa, optimized 0 =  0.9; 2:pe=  14.6 Pa, optimized 0 =  0.9; 3 :pe = 6.3 Pa,
optimized a =  0.8
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а
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SYMBOLS

equilibrium mass o f material sorbed on a single crystallite, g 

mass fraction sorbed on a single crystallite up to time t, g /g  

equilibrium m ass o f material sorbed by the matrix, g 

mass fraction sorbed by the matrix up to  time t, g /g  

time, s
diffusion coefficient, m 2/s 
length of a crystallite, m
equilibrium m ass fraction sorbed from a constant volume space, g/g

non-zero roots o f  equation tg qn =  — ocqn 
distribution function  
standard deviation  
modified tim e, m 2 
equilibrium pressure, Pa
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РЕЗЮМЕ

Изучали скорость интракристаллической диффузии происходящей на натуральных цеолитах. 
Авторы на основе теоретических предпосылок и результатах экспериментов доказали, что 
гетерогенное распределение размера кристаллита оказывает большое влияние на скорость 
сорбции. В качестве сорбтива использовали двуокись углерода, сорбцию проводили при по
стоянном объеме. На основе экспериментальных данных оптимизировали функцию распре
деления размера, дисперсию распределения и константу (D/1)2 характеризующую диффузию.
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The heat impulse method has been used to experimentally investigate 
the mechanism of lateral diffusion of fluidized large-particle beds 
packed with tube bundles. The data obtained were analyzed using the 
hyperbolic heat conduction equation. The experimental and theoretical 
curves calculated by this equation for heat-marked solids mixing 
were found to coincide well. The point is different when this process 
would be governed by the classical heat conduction equation. The 
lateral thermal diffusivity of a bed and relaxation time are obtained 
by the least square method. The values o f thermal diffusivity have 
proved to be close to those determined by the classical heat conduction 
equation. The generalized correlations were derived for calculating 
lateral thermal diffusivity of fluidized beds packed with tube bundles.

Introduction

The fluidized bed packed with horizontal tube bundles is applied when it is 
necessary to  remove a  large amount of heat from the  bed as is the  case with 
the fluidized bed catalytic reactor and the fluidized bed combustor (F.B.C.). 
Tubes in the  fluidized bed hinder the growth of gas bubbles, thus enhancing 
the interphase heat transfer, bu t a t the same tim e reducing the  intensity  
of internal heat and mass transfer.

K ato et al. [1] measured lateral therm al diffusivity of a fluidized small- 
particle (d«= 1 mm) bed packed with horizontal tubes. B askakov and P a k - 
haluev  [2], B erg et al. [3] investigated lateral therm al diffusivity of a  bed, 
mainly, of small particles. Up to  the moment no study has been practically 
made of lateral heat and mass transfer in fluidized large-particle (d >  1  mm) 
beds packed with tube bundles, which is of m ajor importance for fluidized 
bed combustors.

In  the present work, experimental study is m ade of lateral therm al diffus
ivity  of a fluidized large-particle bed packed w ith a tube bundle. The results 
are analyzed using the hyperbolic heat conduction equation.
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Experimental

The experimental study  of the heat transfer mechanism in free and packed 
fluidized beds was performed on the  set-up presented in Fig. 1. The fluidized 
bed was formed in a m etal 400X250 mm 2 cross section column 1.5 m high. 
The front wall of th e  column was made of organic glass to perform visual 
observations. The gas d istributor was composed of two steel perforated plates 
(staggered holes 10 mm dia with a 14 mm pitch) with a dense cloth layer 
being pressed between. The hydraulic resistance of the  gas distributor over 
the  fluidization velocity range 50+113 cm/s was governed as A P =  8 -u l35, Pa. 
The horizontal tubes across the column served as a packing in the fluidized 
bed ( Fig. 1). 30 mm dia duralum in tubes with 1 mm thick wall were arranged 
as staggered ($h =  Sv= 1 0 0 ; 60; 45 mm) and in-line (Sh = S v = 1 0 0 ; 60; 45 mm) 
bundles. The param eters of the tes t solids are listed in Table 1. The experi
m ental conditions are given in Table 2.

The procedure of the  experiments on lateral solids mixing was as follows. 
The bed was fluidized with room tem perature air a t  a prescribed fluidization 
velocity. The column ( Fig. 1 )  was provided w ith a th in  removable partition  
th a t  divided the system  into heating (0 =s r?<i?) and test 1 ) chambers.
The quantity  E  am ounted to  0.15. A small fraction (less than 1% of the  bed 
volume) of the m aterial preheated up to  400-600 °C was charged into the 
heating chamber. A fter some tim e required for ho t solids mixing in the  heating 
chamber (about 5-10 s), the partition  was quickly (for no more th an  0.5 s) 
removed from the  bed, and the bed tem perature, T ,  averaged over the  vertical 
surface, rj0, was m easured by chromel-coppel thermocouples in tim e. De-

Table 1.
Characteristics of the Test Dispersed Materials

Dispersed materials d
mm

Wmt
cm/s

Q S

g/cm3 0 / d
Notations 

in the text'

Quartz sand 0.60 20 2.54 0.22 s.l
Glass beads 1.75 63 2.60 0.20 s.2
Millet 2.0 55 1.02 — s.3
Chamotte crumb 3.0 95 2.30 0.16 s.4

Table 2.
Experimental Conditions in the Fluidized Beds 

Packed with Tube Bundles

Material Ho, cm wo» cm

S.l 22; 32; 48.5 39 t- 139
s.2 17; 24; 32 644-210
s.3 24 82-4- 147
s.4 18.5; 23; 32; 36 103 4-233
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pending on the  bed height, use was made of 3 to  9 parallel thermocouples 
uniformly distributed over the vertical surfaces, rj0 =  0.5 ; 1. A fter pream pli
fication, the  signal from the thermocouples was supplied to  the  electronic 
self-recorder to  be continuously recorded on its tape. 3 to  6 independent 
runs were performed for each fluidization regime.

Theory

As the prelim inary analysis showed, the  obtained functions of the  system 
response to  impulsive therm al action are characterized by a strongly pro
nounced delay time, r0, (F ig. 2). This is a ttribu ted  to  the lim ited particle 
velocities which, in the main, transfer heat in the  gas fluidized bed. The 
simplest generalization of the classical heat conduction equation is :

0T S 2T

including the  finite heat propagation velocity, and is known [4] to  be repre
sented by th e  hyperbolic heat conduction equation:

ЭТ d2T  82T
—— +  T* --------=  a h ------- .0í 0i2 Qy2 ( 2 )

Equation (2) in contrast to  Eq. (1) incorporates one more param eter,

Fig. 1
Schematic o f the experimental set-up
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Fig. 2
Comparison of the experim ental response function with the one calculated by the hyper
bolic m odel (Йо =  24 cm; R  =  h /l =  0 .15): a) uo/ep — u mi =  144 cm /s; « =  1.50 cm /s, r* =  5.3 s; 
b)  uo/ep — umt =  126 cm /s, v =  1.35 cm /s; r* =  5.6 s; c) uo/ep — umt — 60 cm /s, « = 1 .1 5  cm /s, 

r* =  5.6 s, d )  uo/ep— Umt =  38 cm /s, « — 0.90 cm /s, t* =  7.6 s

a  tem perature field relaxation  tim e, t*. Solutions to  Eq. (2 ) are of wave 
n a tu re , the wave velocity v being related to  the  coefficients r* and ah as:

v =  У ah/т*. (3)
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Note th a t P e t r ik  and T aganov  [5] made some advances in  describing 
vertical solids mixing in free fluidized beds by the  diffusion equation of type  (2 ).

To include heat removal from the  bed w ith filtered air (which is especially 
im portant for large particles) Equation (2 ) m ay be generalized to  give:

ST 82T S2T

b +' * W = a* W - ß' {T- To){1+r
(4)

where ß* is the characteristic of heat removal from the bed by filtered air. 
Equation (4) was used here to model lateral heat transfer in  the  packed 
fluidized bed and to  calculate th e  theoretical functions of the  system s re 
sponse to  impulsive therm al action.

Hyperbolic lateral heat conduction Equation  (4) with the boundary condi
tions corresponding to  the experimental ones takes a dimensionless form :

00 020 020
------- fF o*  -------=■-------Рев  1 -f F о*
SFo SFo2 Sr/2 SFo)

0(0, 7?)= {

1 O s  Tj-cR

00(0, ri)
0.5 rj =  R; — -Р— !- +  Рев{0, r) =  0

SFo
R-< 1

00 0Q
Q = -------- F o* — L -=  0, и =  0; 1.

07; SFo '

( 6 )

( 6 )

The new functions: s = exp(PeFo)0  is introduced to  solve Equations (5) 
and (6 ). System (5) and (6 ) can be easily reduced to  the system of the equations 
for s :

8s ^  ̂ 82s 82s
0 /7 + ° SFo2 =S ^

s(0, rj) =

1 O s  ?7< jR
0s(O, 77)0.6 77 = R;  -  .  J ’ =0

SFo
R<  77=sl

0s - . 0Ö
a— i n r =0 0 = 0; 1. 
0 7 )  SFo

( 7 )

( 8 )

New dimensionless complexes are expressed as: Fo* = F o * /( l—PeFo*)2; 
Fo = F o l{ l—PeFo*); Q = Q exp (PeFo)  ( 1  — PeFo*). The solution to  E q. 
(7) under conditions (8 ) is given in Appendix. W ith 0  =  exp ( —PeFo)~s 
taken  into account for 0 , we have:
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в =  exp ( — PeFo) jjR + 2 exp 

Ch ) +

s in  nnR  COS ПЛГ)Ь / Ш

У1-4 П2Л2/ 0*

-X

(9)

At Fo* = 0{Fo = Fo; Fo* = 0, respectively), E quation  (9) is simplified to  give 
the known solution of parabolic heat conduction equation (1) [6] (the RHS 
of this equation m ust be supplemented w ith the  term  — ß*(T — T 0):

[ ~ s in  nnR  c o s  nnt] I
R  +  2 2 ----------------------- exp ( — n2n2Fo) I, (10)

n-i nn  J

the boundary conditions correspond to  E q . (6).
Evalute the  te rm  PeFo* = ß*x* entering the  expression for Fo and Fo*. 

According to  [7], t * =  0.15 + 0.25 s (free beds); t* =  0.5 +  5 s (packed beds)

and ß* = —w -,? f̂ f U° ------ =  0.002 +  0.01 1/s. Then PeFo* varies within 0.0003 +
9 \ G s ( l - e m f ) # m f e p

0.05, and Fo* = Fo* ; JFo = Fo may be assum ed in  Eq. (9).

Comparison of Experimental and Theoretical Response Functions

The experimental curves for lateral diffusion of heated solids obtained in  the 
present work using sand s.l in the staggered tubes {ShX S v = 60 X 00 m m 2) 
were compared to  the  computer-aided ones calculated by Eq. (9) (Fig. 2). 
Their best coincidence calculated by the  sum  of the squared deviation of the 
calculation points from  the experimental ones gave the unknown values of 
ah and x* = ah/v2 {Fig. 2a, ah=12 cm2/s, г;=1.5 cm/s and t* =  5.3 s ) .  The 
wave velocity, v, was determined in term s of a delay time, x0, of the experi
mental response function (Fig. 2): v = {y  — h)jxa where у  is the coordinate 
of the tem perature m easuring point. Fig. 3 shows the calculation results for the 
response functions obtained by solving parabolic heat conduction Equation 
(10). Maxima of th e  curve corresponding to  ah~  14.2 cm2/s and of the experi
mental function coincide. This condition allows the  determ ination of the 
unknown coefficient, a h, by the parabolic equation {Fig. 3, ah= 14.2 cm2/s; 
the experimental functions are the same as in  Fig. 2a and 3). As is seen from 
Fig. 2 and 3, the  hyperbolic heat conduction equation considerably better 
describes the experim ental relations th a n  the  parabolic one. The values of 
therm al diffusivity calculated by different models proved to be close in Fig. 2a 
and 3 (12.0 cm2/s and  14.2 cm2/s). The experim ental curves for lateral heat 
transfer obtained in  th e  above runs were trea ted  in a  similar way. The results 
of the analysis ( Fig. 4 )  show th a t the  coefficients, ah, determined by the  hy 
perbolic and parabolic models differ slightly.
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Fig. 3
Comparison of the experimental response function with the one predicted by the parabolic

model
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и
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Fig. 4
Lateral thermal diffusivities determined by different models as a function of the excess

air velocity (uo/ep- u mi)
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Experimental Study of Lateral Thermal Diffusivity of a Bed

As the coefficients, ah, found by  the hyperbolic and parabolic equations differ 
slightly, therm al diffusivity was studied using a more simple parabolic model.

The lateral thermal diffusivity of the fluidized bed packed with horizontal 
tubes was investigated by th e  above mentioned experimental unsteady-state 
approach. I t  was calculated by  the  successive approxim ation allowing for heat 
removal from the bed by filtered air [6] :

« { , =  Ф ( И ,  ro> f ’e 1- 1) i 2/ r m ax ( 1 1 )

q} t*where Pei~1=ß*l2/a\^1 and the  function Ф — Foimax=  h /2rnax- was calculated
L

theoretically by solution (10) to  the parabolic heat conduction equation, 
th e  time of a tem perature maximum, rmax, attained in the  chosen plane, r]0, 
being measured experimentally.

Some values of ah are shown in Fig. 5 and 6. I t  can be seen th a t  for packed 
beds (especially, in close tubes) these may be much lower th an  in a free bed.
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U0/Ep-Umf, cm/s

Fig. 5.
L ateral thermal diffusivity o f  a bed packed with horizontal tube bundles as a function

o f  the excess air velocity

T his is attributed to  the  re ta rd ing  effect of a tube bundle on the motion of 
gas bubbles and solids in  th e  fluidized bed. A change in  th e  tube pitch m ar
k ed ly  influences the lateral therm al diffusivity of the bed, the  la tte r increas
ing  w ith its growth. In  co n tras t to  free beds [8], our experiments did not 
d isp lay  the ah dependence on the  static bed height (Fig. 6), which is in 
accordance with the d a ta  of [3]. The dispersed m aterial density did not app
rec iab ly  effect this coefficient (Fig. 7). The following correlations were 
o b ta ined  for:
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E ffe c t o f  th e  s ta tic  bed h e ig h t a n d  d ispersed  solids d en s ity  o n  la te ra l  h e a t  tr a n s fe r  in  th e
tu b e -p a c k e d  flu id ized  beds

ro
5

Fig. 7
C orre la tio n  o f  th e  ex p e rim en ta l d a ta  fo r la te ra l th e rm a l d if fu s iv ity  o f  a  flu id ized  bed

p a c k e d  w ith  h o rizo n ta l tu b e s
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a )  staggered tube bundle

GUi
(uo/ep — Umt)Sh

-=0.025 Кг0Л1£п S ä- D t

b)  in-line tube bundle

( 12)

аъ.
('uo)/eP-M mt)<Sii

0.0038 Fr-°-09£p2'24
— Dt j°-35

(13)

In  b o th  cases, therms dev ia tion  of the experimental points from those calcu
la te d  by  Eq. (12) and (13) was 18% ( F ig . 7).

Conclusion

H yperbolic heat conduction equation (4) including finite velocity of heat 
p ropagation  is shown to  m uch better specify experim ental d a ta  th an  the 
tra d itio n a l heat conduction equation.

I t  is found th a t the  la te ra l therm al diffusivities, ah, calculated by the 
classical (parabolic) equation do not differ much from those determ ined by the 
p roposed  hyperbolic equation. This perm its the  available d a ta  on ah found 
b y  th e  parabolic equation to  be applied in calculations of unsteady-state late
ra l in ternal heat transfer in  a  fluidized bed using more perfect hyperbolic 
equations of type (4).

T he  experimental lateral th erm al diffusivities of beds packed with horizontal 
tu b e  bundles may be substan tia lly  less th an  those for a free bed. The coeffi
c ien t ah noticeably decreases w ith  decreasing tube pitch and does not depend 
on  th e  static bed height and solids density.

Em pirical correlations (12) and  (13) generalize the  experim ental d a ta  ob
ta in e d  in this work on the  la te ra l therm al diffusivities of beds packed with 
staggered  and in-line tube bundles.

SYMBOLS

A
В
Cs, c ,  
Cl, c 2
d
D t
Я
h
Ho
H m t
H
Я
Ka — 
I

W2
ß(A + В)

lateral thermal d iffusivity of the bed, cm2/s
fraction o f the bed volume occupied with the downflowing dense phase
fraction o f the bed volume occupied with bubble wakes
specific heat at constant pressure of solids and a gas, respectively, J /kg К
solids tracer m ass per unit volume of emulsion in the downflowing dense
phase and in bubble wakes, g/cm 3
mean solid diam eter, mm
tube diameter, m m
acceleration o f gravity , cm /s2
heating chamber w idth, cm
static bed height, cm
bed height at m inim um  fluidization, cm 
mean fluidized bed height, cm 
heat flux, J /m 2s

axial “Taylor” diffusivity, cm2/s 

bed width, cm
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P
Q =  qlßah(Tc-  
R  =  h/Í 
II — h/H  
Sh, Sv 
t
T
To, To
Ml, М2
m = Aui =  Виг
Mo
Mmf
X,  У

pressure, Pa
T0)QsGs(\ — emf)(l — вь)1 dimensionless heat flux determined by Eq. (6) 

lateral heat conduction  
axial mixing
horizontal and vertical tube pitches, mm  
time, s
bed temperature, К
initial and heating chamber temperature, respectively, К  
downflowing solids velocity in the emulsion phase and bubble wake 
velocity, cm /s
circulation solids velocity per total column cross section, cm /s 
fluidization velocity, cm /s 
minimum fluidization velocity, cm/s 
vertical and horizontal coordinates, cm

Greek symbols
ß interphase mass transfer coefficient based on unit volume of a bed, 1 /s
ß* =  gtOtuo/gBCa(l  -  emt)Hm,Ep dimensionless intensity o f heat removal by filtered air 

from the bed, 1 /s
ô dispersion of solide size distribution function, mm
emf bed voidage at minimum fluidization
еъ bubble concentration
ep fraction of tube-free bed volume
y — y ß  dimensionless horizontal coordinate
0 =  (T — To) I (To — To) dimensionless temperature
C =  a:/H dimensionless vertical coordinate
Qa, Of density of solids and a gas, respectively, g /cm 3
г* relaxation time, s
To d e la y  t im e  o f  t h e  re sp o n se  fu n c tio n , s

Dimensionless complexes
F о =  a ht / l 2 F o u r ie r  n u m b e r
Fo* =  аьт* /I2
Fr  =  (мо/ep — Mmt)2giSv F r o d e  number
Pe — ß*\2/ah P e c k l e t  number 
Pe* = u/ßH  
Subscript
i i th  a p p ro x im a t io n

Appendix

The solution to boundary-value problem (7) —(8) can be obtained as follows. For V an  
D e e m t e r ’s countercurrent axial backmixing model [9] :

( SCi SC 1
— -----h Mi — —
 ̂ St Sx ) -

ß(Cs-Ci)
(A .l)

under the boundery conditions:

C i(0 , a:) = C 2(0, x) —

Co, 0 s i < i
СоЛ-Со x = h  

h < x ^ H  

Ci(t, 0)= C a(i, 0); Cßt, H ) = C t (t, H).

2 '( Co,

(A.2)
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the integral Laplace transformation gives the solution (10):

0i =
G i-Go
G c-C o

=  R +  exp ( —Jo/Ре*) 2  
n = * l

( — 1)" sin nnR Di Jo
++ л т ? А -

( i = l ,  2, 3)
where :

I \  =  Pz — Гз =  2 cos nn{ 1 — f) ; 

D \  =  Г \  — 2Ре*пл  sin пл( 1 — J) ; 

Dz — Гг +  Ре*пл  sin пл( 1 — J) ;

В - A
Da =  -Гз +  2 —---- — Ре*пл  sin пл( 1 — Ç) ;

А  +  В

A n — f l  - Р е * 2п2л 2;

' A - В  ( 2тРе* 1
J q~ ä^ b  ( “ с+ в + А ^ в У

Ав\Вва

Сз =  С  =  

т =  ßt.

А  +  В  ’

AG i- BCz
А  +  В

(А.З)
I t  can  be easily shown that the countercurrent backmixing model (A .l) is the generali

zation o f  hyperbolic equation (7). Indeed, successive elimination of Ci and Gz from Eq. 
(A .l) for mean concentration G =  (AC\ +BCz)!(A  +  B) gives:

SC
- +

A B 82G A B (u \  — иг) S2C 02C
Si ß(A +  B) Sí2 ß(A +  B) dtdx ß(A +  B) 0 x 2

(A.4)

Equation  (A.4) is the hyperbolic diffusion equation with different velocities o f the direct 
and indirect waves (m j , u z ,  respectively). Assuming in Eq. (A.4) ui =  u z ;  A B /ß ( A  + B) =  
=  r*; M2/ ß(A + В) —Ka, yields the ordinary hyperbolic diffusion equation:

SC „ S2C S2C
---- -fr*  ------=  K n ------
Si Si2 Sx2 (A.6)

The boundary conditions in (A.2) w ith regard for A u \ =  Buz =  u  prescribe no solids 
tracer flow  in the cross section x  =  0, H .

E quation  (7) under boundary conditions (8) corresponds, as accurate as the notations, 
to E q . (A .l) (at u\ =  uz) at the conditions o f Eq. (A.2). Hence, the solution to system  
(7)—(8) m ay be directly obtained from Eq. (A.3) assuming A  =  В  ;u2/ß(A +  В) =  ац/{ 1 — ß*r*) 
A B /ß ( A  +  В) =  т*/1 — fi'* т*). Thus, the solution of hyperbolic equation (7) under boundary 
conditions (8) is o f the form:

8 =  R  +  2 exp (-Иг) 1
s i n  ПлВ COS П Л  Tj

-X

ch ( -4^—У1 -  4п2тг2/ 0*12/V*

sh
+ -

( г £ г Г‘ - 4,1,*, л * ) '

У1 -  4п2я2Ё0*
(A.6)
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РЕЗЮМЕ

Авторы использовали метод теплового импульса для изучения механизма боковой тепловой 
диффузии псевдоожиженного слоя крупных частиц в котором размещены пучки труб. При 
обработке данных использовали гиперболическую функцию тепловой проводимости. Изме
ренные и расчетные совпали. Иная картина получается если используют классическое урав
нение тепловой проводимости. Боковую диффузию псевдоожиженного слоя и время релак
сации определили методом наименьших квадратов. Расчетные данные близки к тем которые 
определены классическим уравнением. Составили общую корреляционную зависимость для 
расчета боковой тепловой диффузии псевдоожиженного слоя пучками труб.
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The state of knowledge of thermodynamical properties of organic 
solutions of hydrogen chloride is described. Methods for the approxi
m ate calculations the activity o f hydrogen chloride in various sol
vents and temperatures are presented.

Nonaqueous solutions of hydrogen chloride are often used in analytical chemis
try  [1, 2] and likewise in  organic synthesis [3]. U nfortunately the elaboration 
of the results is faced with difficulties connected with appointm ent of hydrogen 
chloride activ ity  in different tem peratures and different solvents

Mathematical methods are presented which allow an approxim ate calculation 
of the activ ity  of hydrogen chloride in  nonaqueous solvents in subordination 
to  tem perature, in order to  compare the  activities of ions in different solvents, 
which it is considered separately influence solvents in the  extreme dilution of 
ions [4,5] connected with activity coefficient y0, influence dilution in one solvent 
connected with activity coefficient y ± . This effect connected with activ ity  
coefficient y0 has been named “prim ary” , but the effect connected with activ ity  
coefficient y± has been named “secondary” . The complete activity  coefficient 
is a product of these effects.

log y — log y0 +  log y* ( 1 )

The values of y0 and y± are calculated from the emf of cells P t, H 2/HC1 (m) 
solvent/AgCl, Ag.

log y0 =
(E o2° - E o ) F v  

4.606 RT ( 2 )

log y± =
( E o - E ) F v

— log m
4.606 RT (3)
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The primary effect defines the interaction of ions and solvents. I zmailov 
[6] described an equation in which y0 is calculated from the  physicochemical 
d a ta  of solvent and hydrogen chloride.

log yo =  log ysolv +  log yelst (4)

The first element of the  equation log ysolv is dependent on chemical in ter
actions of molecules of solvent and proton and is conditioned by equilibrium 
constant of the reaction exchange proton between solvent and water К r.

(ROH)3H+ +  4 НгО =  3 EO H  +  (H20 ) 4H+ (5)

F or alcohols ^ г =  ̂ °н-«[Нз0],Н +
ЯнгО'Я[ВДН]зН+

m T J +
Generally for all solvents : K r = ̂ —[H2°]4-----

«НгО •a [M]mH +

The equilibrium constant is therefore according to the definition definite 
by  the constant of solvent K a, for instance for alcohols :

pJ£a =  log Kr— 4X  1.75 =  log  Kr— 7 (6)

Table 1 illustrates the  values of the p i t a of alcohols according to  literature 
da ta , and calculated from K t data. A good agreement between these values 
was obtained.

T a b le  1

Calculated from Eq. (6) and literature data of pK&

solvent methanol ethanol Î7.0-
propanol

ethyl
acetate

p к л
Inv. meth. 
Raman - 4 .9 -4 .9 5
NMR — - 4 .8 — —
Calc. -4 .97 - 4 .7 -4 .9 7 -3 .7 4

According to I s m a il o v  log ysolv can be calculated from the  equation:

log ygolv =  0.5 ( l og-Kr+log — I (7)
V Ям 1

Table 2 presents th e  literature da ta  of log y0 and log K r for different solvents 
[6 — 18, 36].

The second elem ent in Equation (4) is connected with the electrostatical 
interaction of ions w ith dipoles of solvent, and is linearly dependent on the 
reciprocal of dielectric constant 1/e.
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T a b le  2

Values of log K r, logyo and —log Ka, 25 °C

Solvent acetonitryle nitrobenzene nitromethane

log K r 5.41 5.19 4.11
log y0 — -5 .3 4 —

solvent MeOH EtOH Iz-PrOH Iz-PentOH Iz-BuOH Bensyl. ale. n-BuOH

log Kr 2.03 2.30 2.03 2.08 1.85 1.17 2.16
log yo 1.97 2.52 2.81 3.02 3.02 3.24 3.00
log Ka -  1.26 -1 .8 9 -2 .4 3 -3 .3 2 -2 .9 6 -4 .3 7 - 3 .3 0

solvent dimeth.
form. formamide N-methyl-

formaide
N,N-dimethyl

formaidé acetone DMSO

log Kr -0 .1 9 -1 .0 6 _ _ _ _
log yo 1.02 0.2 0.12 0.61 4.54 3.04
log K a -  1.15 -3 .5 5 -0 .9 7 -4 .0 8 -4 .5 1 —

acetates

solvent methyl ethyl propyl butyl amyl

log fir 3.01 3.26 _ _ _
log yo - 2.98 3.06 3.12 3.17
log Ka — -  1.65 -2 .9 2 -3 .5 4 -3 .3 4

ethers

solvent diethyl dipropyl dibutyl diamyl

log yo 5.21 — — —
log Ka -4 .8 8 -4 .9 7 -5 .6 1 -5 .7 3

log yeist=
e2N  (1/ем — 1/ £Hao) 

4.606 RTr
A A

4.606 В Т ( 8)

From  the data  of I sm ailo v  r =  0.414 nm and zl^4/4.606Ä77 =  0.22, a t  T  = 
=  298.15 К  for alcohols.

Fig. 1 presents the  interaction in alcohols for hydrogen chloride, p- 
toluidine and aniline [19].

Fig. 2 presents the  interaction between log y0 and tem perature calculated 
from literature da ta  for alcohols by Equation 2.
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0Ű2 QM 006 0.08 Q1
1 - 1

£h2o

Fig. 1
Interaction between log yeist and 1/e for hydrogen chloride, aniline and ja-toluidine

hydrochlorides in  alcohols at 25 °C

log ïo

3.0 

2.8 

2.6 
2A 
2.2 

20

0A 
0.2

20 30 A0 50 t'C

n -  Buo 'h
n -P rO H

i£tOH
■—- 1

M0UM 1
^  -

to m am idé

Fig. 2
Interaction between log yo o f hydrogen chloride and temperature in alcohols and forma-

mide

Interaction between molar partial enthropy and tem perature are presented 
in  differential E quation  9,

d/iHci =  F T  In yoy±m, Snci =
( 8A finci ^
{ ST jp

Suci =  — F In ci — F T
6 In yo

0T — F T
din y± 

8T
(9)

a = y o y ± m
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Table 3
Interaction between log yo and log y± and temperature for m = 0.1 mol/kg in different solvents

Solvent
dlog yo dlog y± range of temperature

literature
d T d T log yo log y±

ethyl acet. -  0.001 _ 5 0-60° _ [36]
methanol 0.004 0.0002 30-40° 25-50° [20]
methanol — -0.00225 — 50-60° [20]
ethanol 95% 0.006 0.003 30-40° 45-50° [21]
n-propanol 0.01 0.0012 30-40° 40-45° [22, 23]
n-buthanol 0.011 0.0082 30-40° 35-45° [24]
formamide 0.0005 0.0032 5 0-55° 50-55° [8]

Table 3 presents d a ta  — 0 log y0 and —0 log y± in different tem peratures.dT dT
The secondary effect is connected w ith the influence between ions in different 

concentrations. The dielectric constant of the solvent in the whole is smaller 
than  the dielectric constant of water (the exceptions are amides), therefore the 
electrostatic forces between ions of electrolyte in organic solvent are greater 
than  in water, while the activity connected with secondary effect is sm aller in 
organic solvents than  in water. This effect is intensified by increasing the 
concentration of hydrogen chloride. In  the whole, the secondary effect is 
smaller and contrary to  the prim ary effect, which caused the increase in 
activity.

Mineral acids, bu t first of all hydrochloric acid, in organic solvents are only 
partially dissociated. Interaction between stoichiometric molality and effective 
m' is defined by dissociation constant a and is connected with the constan t 
of ionic pairs, K d.

j r  («»'Ы2m fm  =  a ; К  d = ------------
m — m'

( 10)

K a =  -1 — a my

The dependence K á constant and tem perature is gained by the E quation  of 
Fuoss [24, 27].

, B ’
In K d — A'-\-----

eT

For extremely diluted solutions the equation presented by D enison and 
R am se y  [28] is valid.

- lo g  К л=
r2

2.303 ka eT

Table 2 presents the values—log K d for different solvents for hydrogen 
chloride, calculated from literature data. Fig. 3 presents the interaction be
tween—log K d and effective molality m' for methanol and ethanol.
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Fig. 3
Interaction between m ’n  o f  hydrogen chloride and —log I f  a in methanol and ethanol

at 25 °C

Influence of effective m olality on activ ity  coefficient y ± is described below 
by  the equation of R o bin so n -S tokes [29, 30], which takes into account the 
decreasing am ount of free solvent, which is caused by solvation. I t  is im portant 
for concentrated solutions of electrolytes [31].

4m '1/* h r (v —■ h)mom' 1
- log r± =  1 +  В от,1/2 log ao — log | l  +  iQoo- j

e3N ir'X  31.62 gl'2
A  = ----------------------------X----- (11)

2.303 X 4я /2  (eokT)3/2 e3/2

B =
2e2N  y/2 
eokT )

3.162X 10_8X

The activity of the  solvent is calculated from the equation of Gibbs- 
D uhem  [32].

log ao =  -
Mo V

2.303X1000
\m  +

• m  ̂
---- dy±
y± )

( 12)

Equations (10) (11) and (12) were used for the  calculations —log K d from 
literature data  [8—17, 33] (Table 2). L iteratu re  value — log ITd for dimethyl- 
formamide 3.548 [9], calculated 3.55; for acetone literature value 4.4 [10], 
calculated 4.51.

Fig. 4 and 5 p resent the  interactions betw een — log К л and 1 /e for different 
solvents.

Interactions betw een —log K A and 1/e for the  homologue series of solvents 
are on the whole linear the  exceptions are ethyl acetate and diethyl ether). 
Values —log K d increase in series:

acetates and ethers <  alcohols <  acetone <  amides
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- lo g  Kd

Fig. 4
Interaction between —log Ka and 1/e for amides, alcohols and acetone, 25 °C

Fig. 5
Interaction between —log Ka  and 1/e for alkyl acetates and dialkyl ethers, 26 °C

Fig. 6 presents the correlation between — log K d/log y0 and eMNS/M s. 
R atio  — log K á/\og y0 in approxim ation defines the influence of the solvent 
on the activity of hydrogen chloride. — log K d qualifies the  secondary effect, 
b u t log y0 qualifies the prim ary effect. This correlation should be used in 
choosing the best solvent in the reactions in which ac tiv ity  of hydrogen chloride 
is very im portant. From Fig. 6 param eter — log K d/log y0' can be estim ated 
even if only the chemical symbol of the solvent molecule is known.



Ms
Fig. 6

Correlation between —log К  a log yo and еМц s/M& for solvents 
1 — formamide; 2 — DM F; 3 — N-m ethylform amide; 4 — N,N-dimethylformarhide; 
5 — acetone; 6 — diethyl ether; 7 — ethyl acetate; 8 — propyl acetate; 9 — buthyl 
acetate; 10 — am yl acetate; 11 — m ethanol; 12 — ethanol; 13 — izopropanol; 14 — 

izobuthanol; 15 — izopentanol; 16 — benzyl ale.

F i g . 7
Interaction between —log ao and m ' for alcohols at 25 °C
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The regression equation of this interaction is :

— log ifd/log yo =  —0.174 +  0.0296
MxsXe

M N
(13)

r' =  0.969 n =  16

The activ ity  of solvent a0 is dependent on the molality and chemical struc-

Fig. 8
Interaction between —log y± and m o f hydrogen chloride in methanol in temperatures 

25°, 50° and 60 °C calculated from Eq. (11) and from literature data [6] in 25 °C

Fig. 9
Interaction between —log y± and temperature for 0.1 mol/kg of hydrogen chloride in

alcohols and formamide
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tű re  of the solvent. Fig. 7 presents the influence of the  structure of alcohols 
on the interaction betw een log a0 and m.

The activity of the  solvent for alcohols decreased with the  increase in molec
u lar weight.

Fig. 8 presents the  in teraction between — log y ± and the  molality of m etha
nol calculated from E quation  11 for tem peratures of 25°, 50° and 60 °C. In  
th is Fig. the in teraction  is also presented between — log y+ and the molality 
of methanol from litera tu re  d a ta  [6].

A good agreement betw een the  calculated and literature data, especialy for 
molality greater th a n  0.2 mol/kg was obtained. The interaction between 
— log y± and the tem pera tu re  for 0.1 m ol/kg of hydrogen chloride in alcohols 
is presented in Fig. 9.

05 1.0 c

Fig. 10
Interaction between activ ity  o f hydrogen chloride and concentration c (mol/dm3) in

temperatures 25°, 60° and 60 °C
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Fig. 10 presents the activ ity  of hydrogen chloride in  methanol depend
ing on concentration c in tem peratures of 25°, 50° and  60 °C. An increase in 
tem perature only imperceptibly decreased the activ ity  of the hydrogen chloride 
in methanol depending on the  concentration of hydrogen chloride.

Fig. 11 presents the interaction between the ac tiv ity  of hydrogen chloride 
and sulphuric acid and the  concentration of these acids in methanol and water. 
The activity of hydrogen chloride in both solutions was only slightly greater 
than  the activ ity  of sulphuric acid [6, 34, 35].

- U  - 3  -2 -1  0 1 l o g e

Fig. 11
Interaction between logarithm o f activity of hydrogen chloride and sulphuric acid and 

logarithm o f concentration c in water and methanol

The reliability of the proposed methods a t different tem peratures was exam 
ined by numerical calculations [Eq. (10) (11)] values of —log y± of hydrogen 
chloride in n-butanol (Table 4). The relative difference between the numerical 
values and literature data  [24] did not surpass 12 per cent.

Table 4
Numerical data of — log y± (Eq. 10, 11) of hydrogen chloride in 
n-butanol and literature data [24], m = 0.1 mol/kg, at the range of 

temperatures 5 — 45 °C

t°c —log Y± lit. —log y± calc. mf -lo g  Ka

5 0.251 0.250 0.00694 3.7885
15 0.337 0.374 0.0135 3.4814
25 0.446 0.404 0.0147 3.4853
35 0.622 0.650 0.0341 2.9650
45 0.703 0.702 0.0392 3.0033
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The reliablility of the  proposed m othods for different molalities of hydrogen 
chloride in m ethanol a t 25 °C are presented in  Fig. 8. A good agreement be
tw een  numerical values of — log y± and literature data  was achieved, especially 
for m — 0.2 mol/kg.

SYMBOLS

yo activity coefficient connected with the influence of solvents in  the extreme
dilution of ions.

y± activity coefficient connected w ith the influence of dilution o f  solvent,
ysoiv activity coefficient dependent on chemical interaction of m olecules o f solvents 

and protons.
yeist activity coefficient connected with electrostatical interaction o f ions with 

dipols o f solvent.
ан2о moles o f water in 1 dm3.
ям moles o f solvent in 1 dm3.
А /тел chemical potential o f hydrogen chloride.
S  molar partial enthropy o f hydrogen chloride.
K T equilibrium constant o f the reaction exchange proton between solvent and water,
a dissociation constant.
K a  constant o f ionic pairs.
a  distance o f closest approach.
h solvation number which defined the number of molecules solvated one molecule

of electrolyte.
V number o f ions from one molecule o f electrolyte,
log oo activity o f solvent.
M 0 molecular weight of solvent.
Qo density o f solvent.
m' effective m olality.
£m dielectric constant of solvent.
£hso dielectric con stan t o f  w ater.
r constant o f  ions hydrogen chloride in  solvent.
M ss  molecular weight of non-solvated part o f solvent molecule.
M s molecular weight of solvated part o f solvent molecule.
r' coefficient o f  correlation —log К о /log y0 and M ss/M s.
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РЕЗЮМЕ

Автором изучены термодинамические свойства соляной кислоты растворенной в органиче
ских растворителях. В статьи описаны методы расчёта активности при различных температу
рах соляной кислоты растворенной в различных растворителях.
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THERMODYNAMICAL PROPERTIES OF NONAQUEOUS SOLUTIONS OF
AROMATIC AMINES

Properties of aromatic amines as an individual class of organic compounds are 
characterized first of all by the occurrence of free electronic pairs in the  n itro 
gen atoms and their ability to  link w ith electrophilic species or with protons. 
The reactions of the acidic-basic equilibrium, which are caused by the  transfer 
of protons, are widely used. Theinform ation on the  scope of the studies is very 
im portant for practical applications (for instance to  define the suitable range 
of pK a for the  optimal yield of products) and for the  development of theoretical 
chemical problems [1].

The aim of the work is to  elaborate methods for estim ating the pK a of arom a
tic amines for different tem peratures and solutions. This problem is very im por
ta n t for the  practical use of pK a of arom atic amines. Only a small num ber 
of works dealing with the  piY, of arom atic amines for different tem peratures 
and solvents have been published in literature.

P errin  [2] circumscribed interactions between pК л, tem perature and entropy 
of the reaction : 1

B olton and  H all found a  correlation betw een pK a and  All as well as  AG 
an d  AH [3, 4] for derivatives of aniline.

M. S t t j d n ic k i

(Institute of Inorganic Chemistry, Gliwice, Poland) 

Received: November 6, 1982.

The state of knowledge of thermodynamic properties of organic 
solutions of aromatic amines is described. Methods for the approxi
mate calculation o f the pK & o f aromatic amines in different solvents 
and temperature are presented.

B H + = B  +  H+

( 1 )

p A a=  8.86X 10-4 AH  — 2.0945 

A G =  1.202 d H -264 2 .7 ;

( 2 )

(3)
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ÆS®= -  227.99 р К л/Т  +  2165.173/T ; d/S° =
- л а + л н

(4)

A fter algebraic transform ations, a linear differential equation was obtained.
d(p-KTa) W  49.71 472

(5)
d T

I 1 ( 49.71 472
' + т ( 1 _ ~ т ~ ]р'К'а= ~ ~T*

Solution of Eq. 5 in  boundary  conditions for T  = 298 К  is :

T
Y>Kz=pK,298 ( 2981

• Ы '
" ( b 4 )  " î .

T
- (49.7)

-in — +  y - -------298 1 n X n - Í - - — )l! [ T n 298nJ J ( 6)

E q . (6) may be presented  in  the  form :

рК 1  = р К Т А (Т )  +  В(Т) (7)

In teraction between A  (T ), В  (T ) and tem peratures is presented in Table 1 
[m ethod I].

Table 1,
Coefficients A (T ) and B (T )  of Eq. (7) in the temperature range of 273 — 333 К

n  K) 273 278 283 288 293 298 303 308 313 318 323 328 333

л е г )
B ( T )

1.075
0.137

1.059
0.118

1.044
0.093

1.029
0.065

1.014
0.033

1 0.9867
-0 .27

0.9729
-0 .052

0.96
-0.076

0.947
-0.098

0.9346
-0.119

0.9223
-0.138

0.9086
-0.158

Table 2 presents th e  relative difference betw een the values of pК л calculated 
from  Eq. (7) and lite ra tu re  values [3—6].

Table 2.
Relative difference between values of pК л calculated from Eq. (7) 

and literature values [3 — 6]. Der. of aniline

t
(°0)

-O C H 8 —СПз -N O a

orto meta para orto meta para orto meta para

5 0.02 0.07 - -0.09 _ _ _ _ -0 .0 7 _
10 0.00 0.3 - -0.1 0.02 0.02 0.00 7.3 0.2 1.0
15 0.00 0.3 - -0.04 0.09 0.2 0.08 5.1 0.4 1.0
20 0.00 0.2 0.02 0.02 0.15 0.02 2.7 0.2 0.6
30 0.07 0.1 0.02 0.02 -0 .02 0.04 0.00 0.04 0.0
35 -0 .0 5 0.1 0.04 0.00 0.04 -0 .0 2 1.0 0.13 0.2
40 0.00 0.16 - -0.02 0.14 0.02 0.04 2.5 0.18 0.7
45 0.00 0.3 - -0.06 0.17 0.00 0.02 4.6 0.18 1.3
50 0.02 0.4 - -0.02 0.22 0.02 0.02 6.9 0.3 2.1
55 — — — — — — 9.0 0.5 2.6
60 — — — — — — 10.7 0.58 2.5
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A good agreement was obtained with literature data . A greater relative 
difference was obtained only for the  nitro compound, connected with the  small 
values of p K a of these compounds.

The problem of the interaction pK a of arom atic amines and tem perature can 
be solved by correlation analysis [method II]. The calculations presented below 
were supported on the da ta  presented b y  J . Sh o r t e r  [7].

System of equations to  be solved, are :
_  т-г(рага) T-r P . P  0
P ^ a  — p i£ a ,  an il =  Ql # 1 +  0 r Or

(meta) T7.&, m , m 0
p K a  — p K  anil = 0 1  Ci  +  ^RCTe , ( 8 )

jr(orto) тг 0 . О 0
P ^ a  — p i l a ,  a n i l=  Q lG i +  0RÖ R +  QS&S

From literature data  [4, 6, 7] q param eters were calculated as a function of 
tem perature. Values of a were corrected and are presented in Table 3.

Table 3.
Literature data and calculated values a1, cr° and crs

Group -NOa -Cl -OH -OCH3 -CH3 -соон - nh2 Piridines-
n h 2

&I calc. 0.67 0.35 0.09 0.08 -  0.045 -0 .0 6 2 -0 .1 2 -0 .5 1
[7]ю. 0.63 0.47 0.25 0.26 -0 .0 5 — 0.12 —

Group - no2 -COOH -0H 3 - n h 2 -Cl -OH -OCH8 Pirid ines- 
N H a

оOR calc.
[7]iit.

0.046
0.19

0.009 -0 .0 6
- 0 .1

-0 .0 9
-0 .4 8

-0 .2 4
- 0 .2

-0 .2 7
- 0 .4

-0 .3 2
-0 .4 1

-0 .4 1

Group -N O a -Cl —CH3 — ОСНз -COOH -O H - n h 2 Piridines-
NHa

crs calc. -5 .7 8 -1 .8 6 0.074 0.19 0.42 0.46 0.53 3.76
[31m. - 5 .5 -1 .9 4 0.155 0.204 0.398 0.533 0.752 2.14

Fig. 1 presents the param eters q as a function of 1 /Т.
In  tem peratures higher th an  40 °C param eters q are linear functions of 1 /T . 

These functions were linearly extrapolated to  tem perature 60 °C which in  th e  
m ain are absent in literature. Table 4 compares the values of pATa at a tem pera
tu re  of 60 °C calculated by m ethod I  (thermodynamical) and obtained by 
extrapolation param eters q(llT) a t 60 °C (method II).

In  many cases a good agreement was achieved.
The problem of the changes of p К л in the dependence of the solvent was 

investigated. An attem pt was made to  estim ate changes in  the  pK à of arom atic 
amines in non-aqueous solutions. L a it in e h  and H a r r is  [8] presented literature  
d a ta  for these changes, but did not describe the calculating methods.
2
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Table 4.
pК л o f derivatives of aniline calculated b y  I. and II . m ethod a t  60 °C

- n o 2 - C l -C O O H

orto meta para orto meta para orto meta para

I -0 .7 9 2.13 0.75 2.24 2.88 3.46 4.34 4.18 4.25
I I -0 .7 7 2.15 0.78 2.25 2.99 3.52 4.35 4.19 4.26

— OCH3 -NHa - C H 3

orto meta para orto meta para orto meta para

I monocation 0.76 1.22 1.9
I 3.92 3.66 4.65 3.99 4.27 5.33 3.83 4.10 4.49

I I 3.74 3.73 5.08 4.12 4.34 4.97 3.78 4.13 4.51

-OH Piridines-NH2 Aniline

orto meta para orto meta para

I 4.13 3.63 4.84 6.07 5.27 8.17 4.02
I I 4.16 3.73 4.84 6.11 5.38 8.18 —

The calculations of pK a in different solvents provided the  basis for the defi
nition of the K a constant in water and in  a  non-aqueous solvent.

4

2

0 

-2

-4  

-5

2.9 3.1 3.3 3.5 -Lxi03
T

^ ____

- q m“R

—__
- ? T

 ̂—̂=. --

Fig. 1
Relationship between q and 1 /Т  o f derivatives o f aniline
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„H20
Aa Hs°

k̂nhJ
К а и —

aRNH2XOMH+
И

“ e n h J

-  p-K» =  pJfaHl0 -  pAaM =  log AaM-  log 

From  the definition of K T

& M H +
lo g --------

Я Н а О *
- lo g  Kr +  log

*HiO

(9)

( 10)

For aromatic amines the following is also valid:
H 20

“юга? e2N  / 1  I t  AA 

° g ° rnhÎ _ 4 -606RTr _  «no j  +  4.606 R T

From  definition [9]:
„М л  T T  M

, a RNH2 П  П  RNHa

„mo 2.303 R T
“ BNHi

( 11 )

( 12 )

Because /I / /rNH2 is small ~  0.2 kcal/kmol this element can be ignored. 
Effective radii of aromatic amines were calculated as an arithm etic mean of 

three dimensions of projection on X , Y, Z  axis. The values of effective r for 
arom atic amines are presented in  Table 5.

Table 5.
Effective radii (r) of aromatic amines (nm)

Derivatives of aniline

group - n o 2 -OH -Cl -NH* -OCH3 -COOH — CH3

orto, meta 0.2084 0.2115 0.2009 0.2065 0.2032 0.2146 0.2041
para 0.211 0.2145 0.2022 0.2087 0.2049 0.218 0.206
3,4-di-ci 0.2447 3-Br 0.2033 aniline and pir.-NHa 0.1921

Derivatives of naphthalene and di-phenyl 
a-naphthyloamine 0.2333, benzidine 0.3138

The value of AA was calculated from literature d a ta  of pК л aniline and 
p-toluidine dissolved in  methanol and  ethanol [10, 11].

After algebraic transform ations Eq. (9), (10) and (11), Eq. (13) was obtained.

T T ° H , o  298 г 0.1921 ( 1 1 \  1
P ^ = P ^  H o ~ IoS ------+-ST l°S  A r - 63.31--------- ---------------+2.595 +^  H2° a» T  L г [ем £н2о) J

+  0.012 log A r —0.665. (13)

Table 6 presents the  log ан,о1ам d a ta  for different solvents.
Table 7 presents the  values of pК л of aniline and p-toluidine calculated

2*
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Table 6.
Logarithm одо/ам

Solvent MeOH EtOH iz-PrOH n-BuOH iz-BuOH iz-PentOH

log a lio /ам 1.397 1.512 1.634 1.706 1.711 1.781

Solvent bensyl al. nitrobenz. formamide ethyl acet. buthyl acet.

log анао/ ам 1.756 0.762 0.3452 0.7432 0.8729

Table 7.
Values of pK& of aniline and p-toluidine in methanol and ethanol, and values of pA'a of 

p-toluidine in formamide in different temperatures. Literature data and calculated
from Eq. (13)

Solvent MeOH EtOH Formamide

Temp. °C 25 25 15 20 25 30 35

aniline lit. 6.00 5.70 _ _ _ _ _
aniline calc. 6.02 5.60 — — — — —
p-tol. lit. 6.60 6.24 5.93 5.88 5.81 5.66 5.53
p-tol. calc. 6.56 6.16 6.06 5.94 5.81 5.69 5.58

from  Eq. (13) for m ethanol, ethanol and formamide. These values are compared 
to  literature  d a ta  [10—12].

A good agreement was obtained for all calculated values. Especially good 
agreem ent was achieved in all tem peratures for formamide.

SYMBOLS

p X f8
pifa, anil 
pattanó

K r

EM
EHiO

v K
pK L

На О

píia  at temperature 298 К . 
рХа of aniline.
pÄa of para derivatives o f aniline.
equilibrium constant o f the reaction exchange proton between solvent and 
water.
effective radius of aromatic amine.
molal enthalpy o f aromatic amine in organic solvent.
dielectric constant o f solvent.
dielectric constant of water.
р К л at temperature T  K.
pK& at temperature T  in solvent M .

moles o f water in 1 dm8.
moles o f solvent in 1 dm3.
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РЕЗЮМЕ

Автором изучены термодинамические свойства ароматных аминов растворенных в органи
ческих растворителях. В стати приведена методика расчёта РКа значений растворов содержа
щих ароматные амины различной температуры, растворенных в различных растворителях.
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В статьи излагается влияние скорости потока смеси бензол-азот и фрак
ционного состава адсорбента антивированного угля Нуксит-БО на выход
ные кривые. Связывая данные выходных кривых с текущей концентра
цией адсорбата и равновесной концентрацией адсорбтива получены дан
ные общего коэффициента массообмена. В предложении линейного рас
пределения концентрации в радиальном направлении зерна для каждой 
концентрации определяются коэффициенты диффузии в микро- и макро- 
порах.

Целью наших исследований является определение влияния скорости потока сме
си бензол-азот и фракционного состава адсорбента Нуксит-БО на выходные 
кривые, определение адсорбционной способности этого адсорбента при 293 К 
в пределах равновесной концентрации бензола 0,005-1-0,1 кг/м3, определение 
коэффициентов диффузии и массообмена бензола в динамической адсорбцион
ной системе бензол-азот-активированный уголь Нуксит-БО, влияния на эти ко
эффициенты изменения диаметра гранул от 1,3 мм до 2,5 мм и скорости потока 
смеси бензол-азот от 0,1 м/с до 1 м/с.

На ри с. 1 приводится изотерма адсорбции бензола на активированном угле 
Нуксит-БО при 293 К.

На ри с. 2 изложены выходные кривые динамики адсорбции бензола в непод
вижном слое активированного угля Нуксит-БО. Диаметр адсорбера Д=35 мм, 
высота слоя Н =  157 мм. В I части рисунка, где х = С /С 0 — относительная кон
центрация бензола в смеси газа, С0= 10 г/м3 (для всех опытов), приведены вы
ходные кривые адсорбции бензола на активированном угле Нуксит-БО диамет
ром гранул d =  2,50 мм. Кривые 1—5 соответствуют скоростям потока газовой
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а, г /г

Рис. 1
Изотерма адсорбции бензола на Нуксит-БО: измеренные данные 
— уравнение Лангмюра,-------изотерма Дубинина-Радушкевича

смеси v= 1,00; 0,667; 0,333; 0,167; 0,1 м/с. Видно, что с уменьшением скорости 
потока увеличивается время первого проскока и время работы работающего 
слоя. На II—IV участках рисунка указаны выходные кривые для тех же скоро
стей потока, но на других фракциях активированного угля Нуксит-БО с мень
шими диаметрами гранул. Во II участке диаметр гранул d =  2,25 мм, в III уча
стке d =  1,8 мм, в IV участке d =  1,3 мм. Видно, что время первого проскока во 
всех образцах при одинаковых скоростях меняется незначительно. Время рабо
ты работающего слоя с уменьшением размеров гранул уменьшается. Это про
исходит по той причине, что в крупнозерненных образцах массообмен идет мед
леннее, потому и насыщение происходит медленнее, чем в мелкозернистых об
разцах.

Д ля  определения влияния скорост и пот ока и зернения на общий коэффициент  
м ассообм ена, строим рабочую линию процесса, с целью организации связи 
между текущей и равновесной концентрациями адсорбтива. Рабочую линию 
процесса построили соединением двух точек: 1-я получается из данных задавае
мого первого проскока выхода С' и остаточного количества адсорбата в адсор
бенте а' после десорбции (недесорбируемое количество адсорбата). 2-ю точку 
получили из начальной концентрации целевого компонента С0 и динамической 
активности адсорбента aó (получается öó=0,8.a0, где а0 равновесный с С0 ад
сорбат. Множитель 0,8 означает, что адсорбент в динамических условиях на
сыщается на 80%). Данные 1-й точки таковы: на выходе задаваемый первый про
скок С'=0,05 и адсорбент чистый а '—0; 2-я точка С0=  10 г/м3 для всех образцов 
и скоростей, aó= 0,8.ö0=0,8.0,3 г/г=0,24 (рис. 3 ).

Связывая данные выходных кривых (рис. 2 ) с текущей концентрацией ад
сорбата и равновесной концентрацией адсорбтива с помощью кривых рис. 3  и 
подставляя эти данные в кинетическое уравнение адсорбции (1) [1]:

dC/dr-da*/dC
(1)
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Р и с . 2
Выходные кривые адсорбции бензола на Нуксит-БО

получаем данные общего коэффициента массообмена для разных зернений 
активированного угля Нуксит-БО и разных скоростей потока бензол-азот. Ре
зультаты некоторых из них приведены на рис. 4. В (1) т — время; С и Ср — не
равновесная и равновесная концентрации адсорбтива; а* — неравновесная кон
центрация адсорбата.

Как видно из рисунка 4, кривые коэффициента массообмена проходят через 
максимум. Кривые 1 и 2 получены для одинакового образца с зернением d =  
= 2,5 мм, но разных скоростей потока v = 0,667 м/с и v= 0,l м/с соответственно. 
Кривые 3 и 4 получены для одинакового зернения d =  1,3 мм и разных скоростей 
потока v= 0,667 м/с и v=0,l м/с. Видно, что с увеличением скорости потока на 
одном и том же образце в шесть раз, максимальная точка коэффициента массо
обмена увеличивается на 3,5 раза. Это наблюдается на обоих образцах. Это 
объясняется тем, что с увеличением скорости потока количество подаваемых
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С,2/М3
Р и с . 3

Равновесная и рабочая линии для адсорбции бензола

веществ увеличивается, что способствует улучшению массообмена. Наблюда
ется влияние и зернения. Кривые 1 и 3, также 2 и 4 соответствуют одинаковым 
скоростям потока на разных образцах с диаметрами гранул 2,5 мм и 1,3 мм.

Зависимость общего кинетического коэффициента от степени заполнения адсорбента
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С уменьшением зернения в 2 раза максимальная точка коэффициента массо- 
обмена увеличивается немного меньше, чем в два раза. Это объясняется тем, 
что поверхность контакта фаз увеличивается.

Видно, что общий коэффициент массообмена меняется в большом интервале 
степени заполнения адсорбента и принимать его постоянным, как это делается 
часто, приводит к большим отклонениям. Так для случая кривой 1 среднее 
значение коэффициента массообмена меньше от максимального его значения 
2,78 раза, а больше от минимального значения на два порядка. Для кривой 2 эти 
различия соответственно равны 2,51 и два порядка, для кривой 3—2,45 и один 
порядок, для кривой 4—2,52 и один порядок.

Коэффициент диффузии в области адсорбции считается одной из самых не
стабильных констант. Нам представляется, что такое мнение создалось пото
му, что коэффициент диффузии обычно принимается постоянным. Ниже мы 
увидим, что это допущение часто не оправдывается.

Управление внутренней диффузии в отдельных микропористых зонах (в мик
ропористые зоны входят многочисленные адсорбционные ячейки) со сфери
ческой координатой в радиальном направлении гранулы записывается в виде 
[2]:

б (гал) д 2(rajt)— ^ -= D a— ^  , (2)
or or2

то же в транспортных макропорах можно записывать в виде

б (га*) д(гСс) в2(гСс)
(3)

где Z>a, D c — коэффициенты диффузии в микро- и в макропорах; а*, Сс — теку
щие концентрации адсорбата и адсорбтива; г  — координата; х — время ад
сорбционной работы слоя.

Переписываем (2) и (3) в виде

2 0Ű,
1 бг2 г дг

(2 ')

0Ű* 0Се (&Се 2 дСо)
0т 0г I 0г2 г д г )

(3')

При проведении динамического опыта на любом фиксированном сечении 
адсорбера вокруг каждой гранулы в газовой фазе концентрация меняется по 
закономерности выходной кривой. Предполагаем, что в центре зерна, при г = 0  
Сс=0, а* =  0. Распределение концентраций в радиальном направлении зерна для 
каждой концентрации принимаем линейным и в виде

Сс— Ьс~\-КсГ, 
а*=Ьл+Кв,г,

( 4 )

где b и К  — константы.
Зная в двух точках, г= 0  и r = R  значения концентраций, из (4) получаем

(4')
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Изменение коэффициента диффузии в транспортных порах на радиальном расстоянии т=  
=  1.2-10-3м; 1-аГ=2.5-10-3м, « =  0.667 м/с; 2 - d = 2 .5 -  10~3м, «=0.1 м/с; 3-űf =  1.3- 10-3м, 

«=0.667 м/с; 4—d =  1.3* 10-3м , «=0,1 м/с.

Рис. 6
Изменение коэффициента диффузии в микропорах на радиальном расстоянии г = \ ,2’10-3м) 

обозначения 1, 2, 3 и 4 те же, что и на рис. 5
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По этим значениям К с и К.л из (4) можно определить концентрации в транспорт
ных и микропорах для любого значения г.

На основе изложенного предположения в виде (4) значения D c и D a были опре
делены численным методом. Из увавнений (2') и (3'), написанных в конечно-раз
ностной форме, вычисляем коэффициенты D a и D c и другие параметры, резуль
таты которых изложены на рис. 5—10.

Рис. 7
Изменение коэффициента диффузии в транспортных порах по г, при концентрации адсорбтива 

на границе гранулы Со=0,006 кг/м3: обозначения 1, 2, 3 и 4 те же, что и на рис. 5

Рис. 8
Изменение коэффициента диффузии в микропорах по г, при концентрации адсорбтива на гра

нице гранулы Со=0,006 кг/м3: обозначения 1, 2, 3 и 4 те же, что и на рис. 5



2 3 8 Ч. Ш. Ибрагимов, Е. Немет, А. А. Мамедов и T. Н. Шахтахтинский Vol. 11

На рис. 5— 6 иллюстрирована зависимость коэффициентов диффузии в транс
портных и микропорах от концентрации при разных зернениях адсорбента и 
скорости потока адсорбтива. Сравнение коэффициентов диффузии в транспорт
ных (Д ) и микропорах ( Д )  показывает, что они отличаются на четыре порядка. 
Кривые 1 и 2, 3 и 4 отражают значения коэффициентов диффузий для разных 
скоростей потоке при равных других условиях. Видно, что в этом случае они 
отличаются значительно. Так при скорости потока 0,667 (кривая 1) и 0,1 м/с (кри
вая 2) оба коэффициента в некоторых участках при одинаковой концентрации

Рис. 9
Распределение концентрации адсорбтива в транспортных порах при концентрации его на гра

нице гранулы Со=0,0093 кг/м3: обозначения 1, 2, 3 и 4 те же, что и на рис. 5

Рис. 10
Распределение концентрации адсорбата в микропорах при концентрации адсорбтива на гра

нице гранулы Со=0,0093 кг/м3: обозначения 1, 2, 3 и 4 те же, что и на рис. 5
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отличаются до 5-ти раза и больше. Причем при меньшей скорости потока коэффи
циенты диффузии и в макропорах, и в микропорах всегда меньше, чем при боль
шей скорости. Кривые 1 и 3 ,2и 4 показывают влияние также зернения адсорбента 
на коэффициенты диффузии в транспортных и микропорах при одинаковых дру
гих условиях. Видно, что при <7= 2,5 мм оба коэффициента диффузии значительно 
выше, чем при d= 1,3 мм. Исследования проведённые на основе вышеизложен
ных предположений показывают, что если взять среднее значение констант 
диффузии и считать их постоянными, то при проверке адекватности можно до
пустить грубую ошибку.

На рисунках 5 и 6 приведены коэффициенты диффузий только на участке 
зерна /-= 1,2.10—3 м. Но составленный алгоритм расчета позволяет получить 
эти зависимости на всех участках значений г, в интервале г=  0,025 ч-1,2 мм. 
Это дает возможность получить й с и Ва в зависимости от г, примеры для кото
рых, при концентрации адсорбтива на границе гранулы С0= 0,006 кг/м3, приве
дены на рис. 7 и 8. Из этих рисунков видно, что данные коэффициентов диффузии 
в радиальном направлении гранул ложатся на прямой. Установлено, что раз
личная фракция гранул не оказывает влияние, а скорость потока бензол-азот 
из-за различных поверхностных условий, предположенных нами ранее [см. ри
сунок 2 и уравнение (4)] имеет значительное влияние на коэффициенты в ради
альном направлении. С увеличением линейной скорости потока коэффициенты 
увеличиваются. Эти закономерности получены для всех дискретных значений 
начальных концентраций бензола в интервале С0=  0,0047 ч- 0,00985 кг/м3.

На основании вышеуказанного алгоритма получено также распределение кон
центрации адсорбтива и адсорбата в транспортных и микропорах в радиальном 
направлении зерен адсорбента при разных начальных концентрациях на гра
нице зерен в интервале С0=  0,0047 ч- 0,00985 кг/'м3.

На рисунках 9 и 10 иллюстрировано это распределение для начальной кон
центрации на границе зерен С0= 0,0093 кг/м3. Видно, что изменение скорости 
потока не оказывает влияние на распределение концентраций в транспортных 
и микропорах гранул. Зернение же оказывает влияние и с уменьшением его 
увеличивается концентрация адсорбтива и адсорбата в порах зерен адсорбента.
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BENZENE VAPOUR ADSORPTION ON NUXIT-BO ACTIVE CARBON BED

SUMMARY

The effect o f flow rate of benzene-nitrogen mixture and the particle size of NUXIT-BO  
active carbon on the shape o f breakthrough curves are discussed. The overall mass 
transfer coefficient could be calculated from the data obtained, among them the shape 
of the breakthrough curves, the concentration o f the benzene vapour to be adsorbed 
and the equilibrium adsorbate concentration were taken into account. The values of 
diffusion coefficient valid for the micro and macro pores were determined.
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The m ost important methods used for the estimation of vaporiza
tion heat are reviewed. Their applicability in the case of n-paraffins, 
isoparaffins, aromatics, monoolefins, diolefins, alcohols, ketones, 
amines, ethers and esters is evaluated using literature data.

The knowledge of the vaporization heat of various compounds is often indis
pensable for the design and operation of various chemical operations. Generally, 
the vaporization heat data  found in  handbooks relate to the norm al boiling 
point tem peratures [1, 2a, 3] while most calculations require d a ta  a t  other 
tem peratures.

Several methods were developed for the  estimation of vaporization heat 
data. The m ajor estimation methods are reviewed here, followed by a  com pari
son of their accuracy for various classes of compounds.

Methods Used to Estimate the Vaporization Heat [2b]

Generally, most estimation methods make use of the fundam ental physical 
constants (critical pressure and tem perature) of compounds. Some calculation 
methods use the  integrated form of the  Clausitjs-Clapeyron equation, 
while the  others apply empirical equations. The most im portant estim ation 
methods are as follows:

— the Watson equation
(1 - T t, 2)0.88

(1)
where

Ahx is the known vaporization heat a t reduced tem perature, T T x:
— the Pitzer equation :

Ah  =  RTc  [7.08 (1 -  y r)0.354 +  ю.Эбси ( 1 -  (2)
3
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Some of the estim ation methods define function ip as :

Ah
v =  RTcAZ

The following expressions are used for function y> :
— the Lee-K esler equation :

V> = 6 .09648-1 .28862T r+1.0162’I +  w (1 5 .6 8 7 5 -1 3 .4 7 2 1 ^ + 2 .6 1 6 ^ ) (3)

— the Riedel equation:

xp= В  + CTT+  GDt I (4)

where В, C and D  are the correlation coefficients of Riedel’s vapour pressure 
equation

w =  A \ \ + t \ + ‘Í B { \ - T V ) 2} (5)

where A, В are the correlation coefficients in the Riedel-P lanck— Miller 
vapour pressure equation

— the Frost-K alkwarf equation

v=
- B  + CTr- 27 P T 

32 T t

1 - 27Pr
64Tr

( 6 )

where В and C are the correlation coefficients of the Frost-K alkwarf 
vapour pressure equation

— the Thek—Stiel equation

y> =  B (l -  0.375Tr-  0.11719Гг-  0.06348T?) +  ( 1 .0424  -  0.46248B)(T?+1 -  0.04) (7)

where

R T c(l —Ть, r)0-375

where A, В and C are the correlation coefficients of the Thek-S tiel vapour 
pressure equation.

The correlation coefficients in Eq. (3) to  (7), and thus the y> values, can be 
calculated from th e  critical pressure and tem pera tu re  data  of the compounds, 
and the state variables (pressure and tem perature) of the system studied. For 
the calculation of Ah from ip the difference in th e  compressibilities of the gas 
and liquid phases, AZ m ust also be known.

AZ values can be calculated by the H aggenmacher relationship and, the 
Othmer and N ernst equations [4a]. However, since the application ranges of 
these equations are  narrow, the AZ values were obtained by interpolation 
from the Table of L ydersen and Greenkorn [4b].

According to  E q. (7a) the vaporization h ea t a t the normal boiling point 
tem perature, Ahb m ust also be known for th e  calculation of correlation coeffi-
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oient В  in th e  T h ek -S t ie l  equation . Ahb d a ta  no t ava ilab le  in  handbooks 
can  be estim ated  by  the  following expressions :

— th e  R ie d e l  equation :
r I n P c - 3.2891

Ahb=  1.093ЙТС I Ть, г ------------------ (8)
l 0.93 — Ть, r J

— th e  K l e in  equation [4c] :

1.04РТь / -я _i ,n =, .
Ahb = ------ - ---- ( l  -  9.869Tb,rPc ) ( l n P c -  2.289) (9)

— th e  Ch en  equation :

Ahb =
P T b(3.978Tb, r-  7,498 +  1.555 ln P c) 

1.07-Tb.r
— th e  Vetere  equation:

PTb(0.4343 In Pc -  1.68289 + 0.89584Ть, r)
Ahb—-----------------------------------------------------------

0.37691 -  0.37306Tb, r+ 1.4б834Рё1т;;>2г

Results and Discussion

( 10 )

( 11 )

The estimation methods m entioned above were tested for the  following com
pound classes :

— normal and isoparaffins
— cycloparaffins
— aromatics
— m ono and diolefines
— prim ary and secondary aliphatic alcohols
— aliphatic ketones
— prim ary and secondary aliphatic amines
— aliphatic esters
— aliphatic ethers.

Com puter programmes were used to  calculate the heat of evaporation data  of 
various compounds a t their normal boiling point tem peratures and a t 293 K. 
Calculated results were compared w ith published da ta  [2a]. The relative devia
tion a t the  normal boiling point tem perature of the vaporization heat data  
calculated by Eq. (8) to  (11) and published in literature was calculated as:

X i-X u
r i \  %  =  100  — -  ( 12)

where X , is the published Ahb value of compound i
Xjj is the Ahb value of compound i calculated by m ethod j, j =  8, 11

The relative deviation at T  =  293 К  of the vaporization heat d a ta  calculated 
by Eq. (1) to  (7) was evaluated sim ilarily to  Eq. (12) except th a t:

J lj is th e  published Ah value of th e  г-th  compound, or, if i t  is n o t known, 
i t  is th e  Ah value calculated b y  th e  T h ek-S t ie l  equation  from  /1Ab.

3*
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Jíjj is the  Ah value of th e  i-th  compound calculated by  m ethod j, j=  1, ..., 
6, 7/8, ..., 7/11.

The relative deviations were determ ined for 99 compounds. Since the detailed 
discussion of the vaporization heat and r% data  is beyond the  scope of this 
paper, only the general conclusions are reviewed here. R esults of the calcula
tions are available from the  authors upon request.

From  the  analysis of the  relative deviations obtained for the various com
pound classes, the following general conclusions can be m ade:

—• for paraffins, cycloparaffins and aromatics the error of estimation is less 
th an  1% for Ahb and less th an  2% for Ah (except for a  very limited number 
of cases). Generally, estim ated results are smaller th a n  the. calculated 
ones;

— for olefines the relative deviations are in the 1-2% range, and the error 
is smaller for the monoolefines ;

— for ketones, amines, esters and ethers the error of estimation is larger,
2-5%.

— for alcohols the error is especially large, 4-7%, a  fact clearly related to 
the  H-bonding ability  of alcohols ;

— for each compound class there are r% values larger than  the previous 
values. The outliers were obtained by Eq. (1), (2) and  (6).

The applicability of th e  calculation methods depends on the error of estima
tion  of Ahb and Ah.

Standard deviations used for the  comparison were calculated as :

(13)

where rV] is the relative deviation determined by E q. 12, %
j  = 8, ..., 11 and 1, ..., 6, 7/8, ..., 7/11 is the  serial num ber of the 
method used to  calculate Ahb and Ah, respectively i  = 1, ..., n 
n = number of the  compounds tested in a com pound class.

Table 1
Standard  deviations, Ahb an d  Ah values obtained w ith th e  d ifferent calculation methods

for various classes of com pounds

Compound class

Estimation of A hb Estimation of A h No. of 
proposed 

equation for
Äh\y Ah8 9 10 11 1 2 3 4 5 6 7/8 7/9 7/10 7/11

n -paraffins 0.82 0.70 0.41 0.36 6.09 4.96 1.82 1.21 1.36 5.31 0.71 0.50 0.31 0.27 11 7/11
isoparaffins 0.49 0.60 0.75 0.79 5.63 3.99 1.22 0.78 0.50 4.50 0.40 0.49 0.67 0.53 8 7/8
cycloparaffins 0.32 0.37 0.54 0.59 3.86 2.03 0.27 0.30 1.06 3.05 0.27 0.32 0.44 0.47 8 7/8
aromatics 1.05 0.96 0.84 1.09 5.27 3.45 1.53 1.32 1.85 5.17 0.94 0.83 0.73 0.94 10 7/10
monoolefines 2.58 2.25 2.59 2.55 4.12 3.13 1.85 1.83 2.05 2.32 1.88 1.62 1.93 1.89 9 7/9
diolefines 4.25 3.80 4.25 4.31 3.54 4.81 2.81 2.78 3.28 3.10 2.91 2.66 2.71 2.96 9 7/9
alcohols 4.64 6.91 6.66 5.98 4.88 4.19 4.31 5.15 3.93 3.46 5.07 7.14 6.85 6.27 8 6
ketones 4.20 3.50 3.58 3.66 4.51 4.82 3.98 3.44 2.88 6.41 3.28 2.69 2.76 2.82 9 7/9
amines 3.91 3.63 3.31 3.51 4.11 5.36 4.07 3.65 4.53 5.23 3.47 2.94 2.74 2.89 10 7/10
ethers 1.94 1.55 1.47 1.61 5.81 6.06 2.23 1.75 1.85 4.80 1.75 1.20 1.08 1.24 10 7/10
esters 1.26 2.08 1.91 1.80 3.94 1.86 1.20 1.29 1.83 2.68 1.31 1.76 1.70 1.58 8 3

!-
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Standard deviations obtained for the various estim ation methods and 
compound classes are summarized in Table 1.

The serial numbers shown in Table 1 refer to  the calculation method, e.g. 
No. 7/10 indicates the T h e k -S t ie l  equation (Eq. 7) which uses the Ahb value 
obtained from the Ch en  equation (Eq. 10).

Standard deviation d a ta  shown in Table 1 support th e  previous conclusions 
draw n from the relative deviation values.

Evaluation of the Estimation Methods

From the comparison of the  standard deviations of th e  various estimation 
methods used for the calculation of. Ahb it can be concluded th a t none of Eq. 
(8) to  (11) is more suitable for any particular compound class than  all the  
other. For nonpolar compounds, the standard deviations are low, while for 
increasingly polar compounds the  standard deviation increases. The error is 
the largest for alcohols, and even Eq. (8) is only relatively b e tte r than  the other 
three equations.

From  the comparison of the  standard deviations of th e  estim ation methods 
used for the calculation of Ah, i t  can be concluded th a t  th e  W atson (Eq. 1) 
and the P itzer  (Eq. 2) equations yield the worst results. Consequently, their 
use for the calculation of vaporization heat da ta  is not recommended for any 
of the compound classes.

The T h ek -S t ie l  equation (Eq. 7) gave the smallest s tandard  deviation for 
each compound class. L iterature references propose the  application of this 
equation for the calculation of Ah of polar compounds. E xcep t for alcohols, 
this conclusion is supported by our calculations.

I t  was concluded th a t Eq. (7) is extremely sensitive for the accuracy of 
Ahb used. Standard deviations indicate th a t the T h ek -S t ie l  equation, which 
uses the most accurate equation for Ahb, gives the best results for Ah.

This observation explains the  anomalies of Eq. (7) with alcohols.
In  conclusion, in the last two columns of Table 1 the serial numbers of the 

equations are indicated which yield the smallest standard  deviations in the 
calculation of vaporization heat d a ta  a t both the normal boiling point tem pe
rature and at tem perature T.

The vaporization heat values of 99 compounds—calculated by the most 
accurate m ethods—are available from the authors upon request.

SYMBOLS

A ,  B ,  C, D co rre la tion  coeffic ien ts in  th e  v ap o u r p ressu re  e q u a tio n s
v ap o riza tion  h e a t a t  te m p e ra tu re  Т ь ,  (J /m o l)
v ap o riza tio n  h e a t a t  te m p e ra tu re  T, (J /m o l)
kno w n  v ap o riza tio n  h e a t  a t  reduced  te m p e ra tu re , T r, i
ca lcu la ted  v ap o riza tio n  h e a t a t  reduced  te m p e ra tu re , T r,2
critica l p ressu re, (bar)
red u ced  p ressu re
gas co n s ta n t, (J /m o l K )
te m p e ra tu re , (K)
n o rm al boiling p o in t te m p e ra tu re , (K) 
c ritica l te m p e ra tu re , (K) 
red u ced  te m p e ra tu re  
Ть/T e

Ahb 
Ah 
Ahi 
A hi 
Pc
Pr
R
T
T b
T c
Tr
Tb,r
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A Z  -  Z g -Z t
Z s  — com pressib ility  o f  th e  g a s  p h ase
Z i  — com pressib ility  o f  th e  liq u id  p h ase
со — acen tric  fa c to r
ip — fu n c tio n  d eriv ed  f ro m  th e  v a p o u r  p ressu re  eq u a tio n s
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Приведены результаты экспериментального исследования локального 
массопереноса от частицы к жидкости в трехфазных неподвижном и псев
доожиженном слоях. Измерения проводились электрохимическим мето
дом. Установлена зависимость осредненного и пульсационного значения 
коэффициента массопереноса от расходной скорости жидкости и газа, при 
изменении порозности слоя от 0,38 до 0,9. Отмечено, что с ростом ско
рости газа среднее значение и среднеквадратичное значение коэффициента 
массопереноса возрастают. Последнее достигает 13—21% от среднего 
значения.

С использованием экспериментальных данных, сообщаемых в настоя
щей работе, а также данных, описанных в Сообщении Ш, найдена общая 
инвариантная форма критериального уравнения для осредненного ко
эффициента массопереноса:

в области 40 =£ Ле 2000, 5 с »  1:

slî=(0,693±0,0\5)Rel/2Sc1l3 (I)

которое справедливо для двух- и трехфазных, неподвижных и псевдо
ожиженных слоев. Критерий Re в уравнении (1) построен с использова
нием „определяющей“ скорости, выраженной через суммарную дисси
пацию энергии газовой и жидкой фазы:

Й ?= У 2 ((ев+ б Ь)-Я)1/з, X = d q > -У* (2)

Отмечено, что уравнение (1) в пределах доверительного интервала ко
эффициента пропорциональности совпадает с известным аналитическим 
решением Левича, полученным для чисто стационарной конвективной 
диффузии:
В области Rei, »  1 Sc »  1

SA=0,68 Rei!2 Sc113, «eL=  UiM/v^ (3)
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Идентичность структуры эмпирической корреляции (1) и аналитического 
решения (3) подтверждает вывод о квазиламинарности процесса массо- 
переноса в рассматриваемых условиях.

В настоящем сообщении приводим результаты исследования локального мас- 
сопереноса от частицы к жидкости в трехфазных системах газ-жидкость-твер- 
дые частицы, в условиях восходящего прямотока потоков. Целью работы явля
ется анализ влияния скорости газа на интенсивность массообмена между твер
дыми частицами и жидкостью.

С использованием результатов настоящей работы, а также предыдущих ре
зультатов, опубликованных в Сообщениях I—III [1—3], попытаемся сформули
ровать окончательный вид инвариантной к числу фаз и состоянию слоя мате
матической модели массопереноса.

Экспериментальная часть

Опыты проводились по описанной ранее [1—3] методике, путем измерения плот
ности электродиффузионного тока от датчика-частицы диаметром 0,3 см, сво
бодно подвешенной в слое стеклянных шариков. Расходную скорость газа и 
жидкости варьировали в пределах 0— 14 см/сек, и 0,2— 12,5 см/сек соответствен
но. В этих условиях слой частиц находился либо в неподвижном, либо в псев-

Р и с. 1
Зависимость tpi и tps от 11ъ при U g :

№ 1 2 3 4 5 6 7

и*
см/сек 0,1 0,33 1,55 2,18 5,95 11,4 14,1
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доожиженном состоянии с различной степенью расширения. Статистическая 
обработка поступающего от датчика непрерывного сигнала проводилась так
же описанным ранее [1—3] методом. В каждом опыте были определены сред
нее значение и дисперсия коэффициента массопереноса, амплитудно-частотный 
спектр мощности сигнала, объемные доли газа и твердых частиц. Объемную 
долю жидкости вычисляли по соотношению:

?>1+9>2+9>з=1 (I)

На рис. 1 приведена зависимость <р1 и q>3 от расходной скорости жидкости при 
различных значениях расходной скорости газа. Аналогичные зависимости для 
среднего значения (к) и дисперсии (а£) коэффициента массопереноса приведены 
на рисунках 2 и 3.

Линия „A-A“ на рисунке 2 является границей неподвижного и псевдоожи
женного слоя, линия „B-B“ соответствует 25%-ному содержанию твердых ча
стиц. Скорость жидкости, при которой наступает псевдоожижение, удовлет
воряет эмпирическому уравнению [4]:

ü g = ü g - ( l - í » i )  (2)

В области, лежащей правее линии „B-B“ наблюдается интенсивное разруше
ние трехфазного псевдоожиженного слоя вследствие уноса твердых частиц. 
Значения к, отмеченные на графиках знаком „ О “, уже не соответствуют режиму 
псевдоожижения. В этих опытах подвешенный на проволоке датчик был вы
несен на верхний край слоя, и под напором жидкости поддерживался в непод
вижном состоянии.

Из графиков рис. 2 видно, что с ростом скорости газа средние значения ко
эффициента массопереноса возрастают. Влияние скорости газа на скорость 
массопереноса является более сильным в области неподвижного слоя.

UL, см/сек
Рис. 2

Зависимость к от Ul при различных значениях Ug:

№ 1 2 3 4 5 6 7

и .
см/сек 0 0,33 1,55 2,18 5,95 11,4 14,1
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Пульсации коэффициента массопереноса в трехфазной системе более интен
сивны чем в двухфазной. С ростом скорости газа (см. рис. 3) дисперсия возрас
тает. С ростом скорости жидкости кривая а\ проходит через ярко выраженный 
максимум в области начала псеводожижения. Среднеквадратичное отклонение 
коэффициента массопереноса (]/о|) в трехфазной системе достигает 13—21% от

Зависимость ^  от í/l при различных Ug:

№ 1 2 3 4 5 6

Cg
см/сек 0,33 1,55 2,18 5,95 11,4 14,1

Автокоррелограммы k(t )
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среднего значения, в то время как в двухфазной системе уровень пульсаций не 
превышал 3—5% [3].

Некоторое представление о характере пульсаций массового потока могут 
дать кривые автокоррелограмм, приведенные на рис. 4. Пульсации носят чисто 
случайный характер и основная мощность пульсаций принадлежит низкочатот- 
ным (0—2 герц) колебаниям.

Обобщение Экспериментальных Данных

1. Краткий Обзор Литературы.

В большинстве известных нам из литературы работ [5—15], посвященных ис
следованию массопереноса между частицей и жидкостью в трехфазных систе
мах, отмечается, что коэффициент массопереноса в двухфазном потоке выше 
чем в однофазном. Об этом свидетельствуют, например, данные работы [5], 
приведенные на рис. 5а. Объектом исследования авторов был трехфазный не
подвижный слой с восходящим потоком газа и жидкости, в области Rc\ -= 30, 
Æeg=0,19-b 13,8, Sc=  1170. Измерения проводились электрохимическим мето
дом.

Что касается обобщений экспериментальных данных в виде критериальных 
уравнений, то по этому вопросу в литературе нет единой точки зрения. Тем не 
менее можно выделить некоторые характерные подходы и оценить их эффектив
ность. Например, в указанной выше работе экспериментальные данные опи
саны с помощью простых эмпирических уравнений:

Sh=4SRe\14 при Re ь«=5 (3)

S/io =  5Ä (при Reg—0)=0,15Rej!2 Sc113 при Reb>  10 (4)

Определяющим линейным размером в вышеуказанных безразмерных крите
риях является т. н. „гидравлический диаметр“ , выраженный в виде формулы:

d3= è -  rf/[ l ,5 ( l -ê )]  (5)

Авторы работы [13] исследовали массоперенос (электрохимическим методом) 
в неподвижном слое, при нисходящем прямотоке газа и жидкости. Экспери
ментальные данные описываются в виде эмпирического уравнения:

гФ5А/5с1,3=0,72 R e f 4 Re°/ß (6)

которое подтверждается в области 40<  300, 50<ÄeL<  140.

В работе М. А. Касаманяна [6] предлагается более сложное уравнение, вы
ражающее явную и неявную зависимость коэффициента массопереноса от ско
рости газа:

Yh/Sclla=3P8{0J+0,l2[U g(l-<pb/Ub<pt]0’e2)Re\l3(d/m)113 (7)

гдеq>*=9д/(1-<рз); m/d=0,\5Fri01; FrK=ul/g-d (8)

Параметр cpf  в свою очередь зависит от ReK и Frg [6].

Уравнение (7) справедливо для трехфазного неподвижного слоя с выходя
щим прямотоком потоков, в области t /g= 0,2—50 см/сек, UL = 0,02—2 см/сек.
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Коэффициент массопереноса измеряли методом растворения бензойной кис
лоты и гидрохинона в воде.

В более поздней [15] S. Mochizuki обобщил свои предыдущие эксперимен
тальные данные [5], представленные на рис. 5а. Автор показал, что если в ка
честве характерного размера при построении безразмерных чисел Sh3 и Re3 
использовать выражение:

d=<pd/(l,5(l-<p)) (9)

то семейство кривых, приведенных на рис. 5а, относящихся к различным ско
ростям газа сводятся к одной кривой, приведенной на рисунке 56. Однако, об
общенная кривая, полученная для двухфазного потока, отличается от кривой, 
описывающей скорость массопереноса в однофазном потоке.

Другой подход к обобщению экспериментальных данных основан на исполь
зовании т. н. „энергетического“ критерия [7, 11, 12]. Базовой величиной при 
этом авторы используют суммарную скорость диссипации энергии двухфаз
ного потока (еД , отнесенную к единице массы жидкости в реакторе. Детальный 
анализ факторов, опрделяющих значение е£ , приводится в работе [12]. Азторы 
этой работы для описания экспериментальных данных, полученных в непод
вижном слое с восходящим двухфазным потоком (измерения проводились 
электрохимическим методом) предлагают следующее обобщенное уравнение

líh/ScV3= G (ezd * e llM l)0’28 (10)

где G=0,102 и 0,155 соответственно для сферических (<7=0,6 см) и цилиндри
ческих ( d x l— 0,6X0,6 см) частиц. Уравнение (10) справедливо для условий:

Ug= 0—50 см/сек; £/L=0,28—-14,9 см/сек.

Оно обеспечивает 30%-ную точность описания экспериментов. К сожалению, 
авторы не приводят график уравнения (10) и его сопоставления с эксперимен
тальными данными.

Приведенный выше краткий обзор литературы свидетельствует о том, что 
в настоящее время нет единого подхода к описанию скорости массопереноса 
в трехфазных системах, и не найден инвариантный к числу фаз и состоянию 
слоя вид обобщенного критериального уравнения. Очевидно, что уравнения 
вида (3), (5) и (6), выражающие зависимость числа Sh от критериев ReL и Reg, 
имеют частное значение, так как фиктивные скорости газа и жидкости не опре- 
деяют однозначно гидродинамику двухфазного течения в слое насадки. Обоб
щения в виде уравнений (7) и (10), учитывающие влияние скорости газа косвен
но, через другие определяющие параметры, можно считать более обоснован
ными. Однако эти уравнения не распространяются на область псевдоожижен
ного слоя.

Осредненные Значения Коэффициента массопереноса

Учитывая опыт наших предыдущих работ [2, 3] можно предположить, что 
упомянутый выше энергетический подход может оказаться наиболее плодот
ворным при попытке построения инвариантного обобщения .В Сообщении 
I II  [3] нам удалось описать экспериментальные данные, относящиеся к двух
фазному неподвижному и псевдоожиженному слою в виде одного критериаль
ного уравнения:

S h = (0,699± 0,021)Re1'2 Sei'3 (И)
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а) [5]

Рис. 5
Экспериментальные данные M o c h iz u k i , S., M a tsu i, T . [5] и [15]

№ 1 2 3 4 5 6

Ree 0 0,91 1,82 3,65 9,14 13,8

в) [15]

№ 1 2 3 4 5

Яее 0,91 1,82 3,65 9,14 13,8
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Критерий Re в уравнении (11) построен с использованием „определяющей“ 
скорости W, выраженной через локально-осредненное значение кинетической 
энергии:

T Ë = (2 l/o L)i/2 (12)

La
1 = ( î?l/2 L a )  J V \ * ) d a . ;  F (a )= £ /L/e(a) (13)

о
La и a — геометрические параметры элементарной ячейки зернистого слоя, в 
пределах которой произведено осреднение, е(а) — локальная порозность ячей
ки. Функция ос(е) выведена из предположения о гексагональной упаковке сфе
рических частиц в зернистом слое.

Учитывая, что гидродинамическая структура трехфазного слоя является бо
лее неоднородной чем структура двухфазного слоя, использованная в Сооб
щении III [3] для определения Е  простая ячеечная модель теряет физическое 
обоснование. Более общее выражение для Е  через суммарную диссипацию 
энергии еЕ найдено методом анализа размерностей:

£ = ег.(ад /)2/3 (14)

W =  (21/еь)1/2= У2(£г Д)!/з (15)

Суммарная скорость диссипации энергии еЕ в газо-жидкостном потоке скла
дывается из двух составляющих: скоростей диссипации энергии потоков жид
кости и газа соответственно:

£T=£L+t-g =  ( А Р / Ц Ъ V lJ< f2Qs, +  ( А Р /D g  Ug/<pzQí (16)

Первый член этой суммы выражаем из рассмотрения взаимодействия потока 
жидкости с твердой фазой. Энергетические потери жидкой фазы обусловлены, 
главным образом, трением о поверхность твердых частиц. Следовательно, для 
расчета перепада давления (A P /L \  можно использовать известные уравнения 
выведенные для двухфазных систем жидкость-твердые частици. В работе [16], 
для этой цели используют формулу:

(ДР/Е)ъ= 4,5№ (6 /^ ) [ ( 1 -  ê )2 /ê 3] i /L+ 0 ,3 -eL[(6 /rf)(l- ? ) / ê ] - U Î  (17)

справедливую как для неподвижного, так и для псевдоожиженного слоя.
Энергетические потери газовой фазы в трехфазных слоях связаны с преодо

лением сопротивления столба жидкости и трением о межфазную поверхность 
газ-жидкость. Согласно данным работы [17] (AP/L)g может быть вычислено по 
уравнению:

(A P /L )g = g -< p 2Q b + i ,O ç g( Ug/<pi)2( \ / d 3) (18)

причем вторым членом этой суммы в исследуемых пределах t/g можно пренеб
речь по сравнению с первым.

Уравнение (16) — с учетом выражений (17) и (18) дает явное выражение еЕ от 
известных макроскопических параметров состояния трехфазного слоя: расход
ных скоростей фаз, фазового состава, физических констант, диаметра частиц.

Для того, чтобы воспользоваться формулой (15) для вычисления определяю
щей скорости W, необходимо задать линейный размер Я, характеризующий 
масштаб локальной области, в пределах которого определено осредненное зна
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чение Е. Представим эту область в виде сферы диаметром X, и преположим, 
что объемная доля твердой фазы в этой области равно среднему по всему слою 
значению срг . Исходя из этого предположения выражение для X имеет следую
щий вид:

X=d-cp3113 (19)

На рис. 6 приведен график зависимости осредненного значения коэффициента 
массопереноса от комплекса (еЕХ)1/3. Из графика следует, что все опытные зна
чения к, измеренные в неподвижном или в псевдоожиженном слое, при различ
ных расходных скоростях газа и жидкости, лежат на одной кривой. Это свиде
тельствует о возможности обобщения экспериментальных данных с помощью 
критерия егЯ.

Г —1V3
1Сг  A J  с м / с е к

Рис. 6
Зависимость к от комплекса (едА)1/3

Ul=0,2-s- 12,5 см/сек, dp =  0,3 см,

Ug= см/сек: 1 — 0,33; 2 — 1,55; 3 — 2,18; 4 — 5,95; 5 — 11,4, 6 — 14,1.

С целью проверки возможности построения инвариантной формы обобще
ния на базе определяющей скорости w, выраженной уравнением (15), экспери
ментальные данные представлены в виде зависимости:

Sh=AReV*ScV* (20)

Те  =  Wd/v ь ; W = Щ  (едА)1/3 (21 )

Коэффициент пропорциональности А в уравнении (20) был найден методом 
наименьших квадратов с использованием экспериментальных данных, относя
щихся к трехфазным системам, с привлечением экспериментальных данных, 
полученных для двухфазных систем, описанных в Сообщении III [3]. В резуль
тате, с 95%-ной доверительной вероятностью, было найдено следующее зна
чение А:

Д = 0 , 6 9 3 ± 0 , 0 1 5 ( 22 )
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Интересно отметить совпадение значения А с коэффициентом пропорциональ
ности уравнения (II).

Среднеквадратичное отклонение опытных и расчетных значений числа Sh 
составляет в среднем около 8%.

Г  рафик обобщенной зависимости Sh/Sc1/3 от Re в логарифмических коорди
натах представлен на рис. 7. Из рисунка видно, что все опытные точки, относя
щиеся к двухфазным и трехфазным неподвижным и псевдоожиженным систе
мам, и к разным диаметрам твердых частиц, группируются в окрестности пря
мой линии, которая списывается уравнением (20) с коэффициентом пропорцио
нальности (22).

Sh/Sc13 50

30
20

10
7
5

3
400 100 300 1000 3000

Re.

Рис. 7
Обобщенная зависимость Sh/Sc1!3 от Rew

Знаки 1, 2 и 3: двухфазные слои (£/g =  0) при dp = 0,3, 0,4 и 0,5 см; знаки 4ч-9: трехфазные слои 
при Ue : 0,33, 1,55, 2,18, 5,95, 11,9 и 14,1 см/сек.

{/ь=0,24-0,33 см/сек, d p = 0,3 см

Совпадение коэффициентов пропорциональности уравнений (20) и (11) указы
вает на то, что

1. Заданные уравнениями (12) и (15) две формы выражения опрделяющей ско
рости идентичны.

2. Выражение (15) является более общим, не требующим предположения 
о локальной структуре зернистого слоя.

Пульсации Коэффициента Массопереноса

Пульсации коэффициента массопереноса являются следствием возмущения 
относительной скорости, вызванного хаотическим продвижением газовых пузы
рей через слой жидкости. Механизм воздействия газовых пузырей можно пред
ставить следующим образом: попадая в канал между частицами, вследствие 
поверхностного трения пузырь захватывает часть жидкости, унося с собой
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вверх со скоростью, равной скорости подъема пузыря. После удаления пузыря 
захваченная жидкость стекает обратно. Таким образом возникают локальные 
возмущения скорости жидкости. К сожалению, имеющаяся экспериментальная 
информация не позволяет предложить вполне обоснованную физическую мо
дель для описания динамики процесса массопереноса. Поэтому воспользуемся 
чисто эмпирическим приемом. Предположим, что пульсация относительной 
скорости является полигармоническим процессом:

V \t)= A v 2  ОMv)(« vn cos wtüoH'èvn sin шо() (33)n«l

где Av — характерный масштаб пульсационной скорости, avn, bvn — коэффици
енты Фурье.

С использованием уравнения (23) дисперсия относительной скорости может 
быть выражена в виде:

т

ст“=(1/Г) J  V'2(t) dí=const-/lv (24)
о

В качестве масштабной скорости Ач выбираем скорость скольжения газовой 
и жидкой фазы:

Ау= [(Ug/<pi)-(Ub/<P2)] (25)

Зависимость среднеквадратичного отклонения коэффициента массопереноса 
от масштабной скорости Av приведена на рис. (8). Из графика видно, что 

эта зависимость с достаточной точностью обобщает экспериментальные дан
ные, принадлежащие различным значениям Ug, UL, q>l , q>2. Она может быть 
выражена в виде эмпирического уравнения:

YöÍ=\,2 A0 -*-[(Uts/<pi)-(Ublq>2 )\Ll2 см/сек (26)

Рис. 8

Зависимость о \  от Av
4
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Существование однозначной связи среднеквадратичного отклонения коэффи
циенте массопереноса и масштабной скорости Av может быть использовано 
в дальнейшем в качестве рабочей гипотезы при более детальном исследовании 
динамики процесса массопереноса в трехфазных системах.

Обсуждение результатов

Закончив серию работ по экспериментальному исследованию локального мас
сопереноса от жидкости к частице, находящейся либо в бесконечном потоке 
жидкости, либо в двух- и трехфазных неподвижных и псевдоожиженных слоях, 
можно отметить следующие основные результаты:

1. Массоперенос в трубулентном потоке жидкости протекает более интен
сивно, чем в ламимарном, невозмущенном потоке. Об этом свидетельствуют 
первичные экспериментальные данные, описанные в Сообщениях I—III [1—3], 
и в настоящей работе. Причиной возникновения турбулентности в двухфазных 
системах жидкость-твердые частицы является возмущение скорости при тече
нии жидкости через каналы переменного сечения. В трехфазных системах прод
вижение газовых пузырей через слой жидкости является источником дополни
тельных возмущений.

2. Уравнения нестационарного гидродинамического и диффузионного по
граничных слоев составляют единственную, физически обоснованную мате
матическую модель элементарного акта массопереноса в турбулентном потоке 
жидкости. Как было показано в Сообщении II [2], эта модель, записанная в 
терминах осредненных во времени переменных, при выполнении условия S c »  I 
может быть рассмотрена в квазиламинарном приближении. Квазиламинарная 
природа процесса турбулентного массопереноса приводит к формальной ана
логии структуры уравнения осредненного во времени диффузионного погра
ничного слоя со структурой чисто ламинарного диффузионного пограничного 
слоя. Следовательно, для описания скорости массопереноса в турбулентном 
потоке жидкости нет необходимости использовать эмпирические поправки в 
виде „коэффициента турбулентной диффузии“, как это было сделано в Сооб
щении I (1).

3. Несмотря на внешнюю идентичность структуры уравнений чисто ламинар
ного и квазиламинарного диффузионных пограничных слоев, они существенно 
различаются между собой физическим содержанием переменных, в том числе 
и граничного условия: относительной скорости течения.

В турбулентном потоке эта величина — как было показано в Сообщении 
II [2] — формируется как результат наложения турбулентных пульсаций на 
стационарную скорость течения жидкости и ее осредненное во времени значение 
может быть выше стационарной скорости. Этим определяются более высокие 
значения коэффициента массопереноса в турбулентном потоке жидкости.

Поскольку в реальных гидродинамических условиях трехфазного слоя зна
чения локально-осредненной относительной скорости нам неизвестны, необхо
димо было найти эквивалентный способ ее выражения через известные макро
скопические параметры состояния трехфазного слоя. Учитывая энергетическую 
природу процесса массопереноса, выраженную наглядно в известных решениях 
[18], связывающих плотность диффузионного потока с касательным напряже
нием трения, было введено понятие „определяющей“ скорости. Она пропор-
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циональна корню квадратному из осредненного в локальной области полного 
динамического напора (кинетической энергии) относительной скорости. Соглас
но закону сохранения энергии полный динамический напор непосредственно 
связан со скоростью диссипации энергии, внесенной в систему извне, движу
щимися потоками газа и жидкости. Уравнения (14) — (18) выражают однознач
ную, инвариантную связь между „определяющей“ скоростю и параметрами 
макроскопического состояния трехфазной системы. Этим самым, упомянутая 
в п. 2 математическая модель элементарного акта массопереноса может быть 
представлена в виде замкнутой системы уравнений.

4. Формальная аналогия структуры квазиламинарного и чисто ламинарного 
дифузионных пограничных слоев приводит к формальной аналогии структуры 
их решения. В качестве примера ниже приведено классическое решение Левина 
[19]. Аналитическим решением уравнения конвективной диффузии в ламинар
ном пограничном слое Левичем было получено следующее выражение для пре
дельного диффузионного тока на поверхности обтекаемой пластинки:

бля Л ед» 1, S c» ! :

y = 0 ,6 8 D - C 0(l/Z .x)(vL/£))1/3 ([/LZ.x/ r L)i/2 (27)

Преобразование этого уравнения к безразмерному виду приводит к следующему 
критериальному уравнению:

S h —0 ,6 S R e l,2S c113 (28)

Интересно сопоставить теоретическое решение (28) и частные корреляцион
ные уравнения, выведенные на основе экспериментальных данных, описанных 
в Сообщениях I—III [1—3], и в настоящей работе. Они приведены в таблице 1.

Данные таблицы показывают, что коэффициенты пропорциональности в 
уравнении (20), полученные для различных частных случаев трехфазной систе
мы — при соответствующем выборе „определяющей“ скорости W  — совпада
ют в пределах доверительных интервалов, и очень близки к значению 0,68, 
выведенному из аналитического решения чисто стационарной задачи. Это под
тверждает, во-первых, вывод о квазиламинарности турбулентного погранич
ного слоя, во-вторых, справедливость описанного выше подхода к выбору, 
„определяющей“ скорости.

6. В заключении, на основе приведенных в таблице 1 результатов, можем 
сформулировать окончательный вид общей, инвариантной к числу фаз и со
стоянию слоя математической модели:

SÄ =(0,68 ±0,02)Ле1/2'5с1/3 (29)

описывающей скорость массопереноса от жидкости к частице, находящейся 
либо в бесконечном потоке жидкости, либо в двух и трехфазных неподвижных 
или псевдоожиженных системах. Коэффициент пропорциональности уравне
ния (29) найден как средневзвешенное значение коэффициентов, приведенных 
в таблице 1, в строках 2, 3 и 5. Доверительный интервал коэффициента опреде
лен как среднеквадратичное отклонение от среднего значения.

Уравнение (25) справедливо в области чисел Re=404-2000, при А с»  1. Верхний 
предел числа Re соответствует реальному верхнему пределу существования 
трехфазного псевдоожиженного слоя. Что касается области малых чисел Re,
4*
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Сопоставление теоретического решения с экспериментальными корреляциями, 
выраженными в виде ур-ия Sh =  A Re112 ScV3 (I)

№ Состояние
слоя

Условие
эксперимента

Выражение для 
, »определяющей“ 

скорости и 
критерии

Характер
массового

потока

Коэфф.
при 

„A“ в 
УР- (D

Число
экс-
пер.

точек
Примечание

1 Единичная не
подвижная 
сфера, обтека
емая невозму
щенным пото
ком

W = U l
Чисто стацио
нарный, не за
висим. от вре
мени процесс.

0,68 Теоретич, ре
шение Левина 
(19)

2. Единичная не
подвижная 
сфера, обтека
емая невозму
щенным пото
ком

С/ь=0-ъ54 —  сек
</=0,64; 0,48; 

0,32 см

W = U b Чисто стацио
нарный, не за
висим. от вре
мени процесс.

0,669 ±  
0,113

21 Эксперимен. 
корреляция 
(3) по данным 
(2)

3. Единичная 
частица со
вершающая 
гармония, ко- 
леб. в потоке 
жидкости

C/L=0-f54 —  сек
Ах.- 0-ь1 см/сек 
/о = 0 -г 8,4 сек-1 

</=0,4 см

TJ V ( t ) d t  

0
К(Н =|П ь-2яФ оДхХ 

Xcos 2л/о» 1

Стационарный 
полигармо- 
нич. процесс

0,678 ±  
0,018

66 Экспер. 
корреляция 
(3) по данн. 
(2)

4. Двухфазный 
неподвижный 
и псевдо
ожиженный 
слой

t/L=0,64-33 см/сек 
7 =  0,384-0,9 
</=0,4; 0,5 см

Jv=Ub*I

, _ L L  f* * L l 1/2 
L ia  J ®2(a)J 0

e(a)= 1-1,499(1- ê ) x  
Xsin2a

Стационарный
случайный
процесс

0,669 ±  
0,027

38 Экспер,
корреляция
(3)

5. Двух- и трех
фазный непод
вижный и 
псевдоожи
женный слой

С/д=0,28ч-33 см/сек 
£/g=0-M4 см/сек 

</=0,3; 0,4; 0,5 см
x=d-<p~llz

. * - ( £ ■ )  - 2 U\ L  /д  <F2Qi.

+ ( £ - )  J b -\ L  /g (pzQb

Стационарный
случайный
процесс

0,693 ±  
0,015

74 Экспер. 
корреляции 
данной рабо
ты

можно предположить в качестве рабочей гипотезы, что известное аналитическое 
решение [19]

Sh=0 ,99Ped3 (3 )

полученное для единичной частицы, обтекаемой ламинарным потоком жид
кости, при аналогичном вышеописанному выборе „определяющей“ скорости 
в критерии Ре, также может быть использована для описания скорости массо- 
переноса в зернистных слоях. Однако, эта гипотеза требует экспериментальной 
проверки.

СПИСОК ОБОЗНАЧЕНИЙ

Av — характерный масштаб пульсации относительной скорости, м/сек; 
Со — концентрация, кмоль/м3; 

d  — диаметр частицы, м;
d-, — эквивалентный диаметр канала в зернистом слое, м;



J 083 Исследование локального массопереноса от частицы к жидкости 261

D — 
Е  — 
g  — 
J —
к —

к —

U  — 
т — 

úPjL  —
I —

t/kp, £ /g  —

V'(0 —
W —

коэффициент молекулярной диффузии, м2/сек; 
локально-осредненное значение кинетической энергии, н/м2; 
ускорение силы тяжести, м/сек2; 
плотность массового потока, кмоль/м2сек;
осредненное во времени значение коэффициента массопереноса в турбулентном 
потоке жидкости, м/сек;
коэффициент массопереноса в стационарном невозмущенном потоке жидкости, 
м/сек;
характерный линейный размер, м;
толщина пленки жидкости в окрестности твердой частицы, м; 
перепад давления, н/м3; 
время, сек;
линейная скорость, отнесенная к полному сечению реактора, м/сек; 
скорость жидкости, соответствующая началу псевдоожижения в двух- и трех
фазных системах соответственно, м/сек; 
пульсационная составляющая относительной скорости, м/сек;
„определяющая“ скорость процесса массопереноса, м/сек;

Греческие символы:
е —
ё — 

<ри ф2 , <рз —  
Ф — 
À — 
Р —
V  —

соо — 2 2 ОЭс , 0V --

в —

диссипация энергии, отнесенная к единице массы жидкости, м2/сек3; 
средняя объемная порозность зернистого слоя, (—); 
объемные доли газовой жидкой и твердой фаз в реакторе, (—•); 
доля смоченной поверхности твердых частиц, (—);
характерный геометрический размер элементарной ячейки зернистого слоя, м; 
динамическая вязкость, кг/сек.м; 
кинематическая вязкость, м2/сек; 
круговая частота, рад/сек;
дисперсия коэффициента массопереноса и относительной скорости соответ
ственно, м2/сек2; 
плотность, кг/м3.

Индексы:
L  — жидкая фаза; 
g  — газовая фаза;

2  — суммарное значение,

Безразмерные числа
R eb =  Uhd/v ъ/ R eg — Ugd/vg; Re = Wd/vju; Re3  =  Uud3/vi,;

S c = v l / D ;  Р е  =  Reh- Sc ; Sh=kd/D ; S h = k-d /D ; Sh3 =  kd3/D
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SU M M A RY

E x p e r im e n ta l d a ta  o n  th e  lo ca l m ass tra n sfe r from  p a r t ic le  to  liqu id  in  th ree-phase  
f ix e d  a n d  flu id ized b ed s  a r e  p re se n te d . M easurem en ts w ere  m a d e  b y  th e  e lec tro-che
m ic a l m e th o d . The a v e ra g e d  a n d  p u ls a to ry  values o f  th e  m a ss  tra n s fe r  coefficient w ere 
fo u n d  to  depend on th e  m a s s  r a te  o f  liqu id  and  gas u p o n  v a ry in g  th e  bed p o ros ity  from  
0.38 to  0.9. As no ted , th e  a v e ra g e  a n d  m id q u ad ra tic  v a lu e s  o f  th e  m ass tra n sfe r coeffi
c ie n t increase  w ith  in c re a s in g  th e  r a te  o f  gas and  m a y  m a k e  u p  to  13 — 21% o f th e  a v e r
ag e  value .

U sin g  th e  ex p e rim en ta l d a t a  o f  th e  p re sen t p a p e r  a n d  th o se  rep o r ted  in  C om m unica
tio n  III, a  com m on in v a r ia n t  c r ite r io n  equation  fo r th e  av e ra g e d  m ass tran sfe r coeffi
c ie n t h a s  been fo und :

in  th e  range 40 =s R e s  2000, < S c» l :

SÄ =  (0.693±0.015)Ri1/2Rci/3 (1)

w h ich  is valid  for tw o - a n d  th re e -p h a se , fixed an d  flu id iz e d  beds. C riterion  Re o f e q u a 
tio n  (1) h as  been b u il t  b y  m e a n s  o f  th e  “ d e te rm in in g ”  ra te ,  exp ressed  th ro u g h  th e  overall 
e n e rg y  dissipation  o f  th e  g a s  a n d  liq u id  phase :

F = y 2 ( ( 6 g +  eL)A)i/3, A =  dg>31/3 (2)

W ith in  the  con fidence  in te rv a l o f  th e  p ro p o r tio n a lity  coeffic ien t, eq u a tio n  (1) is in  
ag re e m e n t w ith  th e  k n o w n  a n a ly tic a l L evich  so lu tio n , o b ta in e d  fo r p u re  s te ad y  s ta te  
convec tiona l d iffusion  :

in  th e  range Д е ь » 1  * S 'c » l  :

S h  = O.GSRe]!2Sc\!a, Reb = . (3)
VL

T h e  id e n tity  o f th e  s t ru c tu r e s  o f  em pirica l c o rre la tio n  (1) a n d  an a ly tic a l so lu tion  (3) 
su p p o r ts  th e  conclusion  o n  th e  q u as ilam in a rity  o f  th e  m a ss  tr a n s fe r  in  th e  stu d ied  co n d i
tio n s .
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Проведение расчетов ряда промышленно важных процессов в реакторах 
с неподвижным слоем катализатора при прямоточном восходящем дви
жении фаз в значительной степени ограничивается отсутствием (или не
достаточностью) экспериментальных данных по гидравлическому со
противлению, а также процессам тепло-массообмена в реакторах такого 
типа.

В связи с этим в настоящей работе будет предпринята попытка с единых 
позиций оценить эти параметры, а также предложить зависимости для 
их расчета.

Математическая Модель Процессов Переноса

Ранее в [1] была предложена гирдодинамическая модель для анализа процессов 
переноса вещества между жидкой фазой и поверхностью растворимых частиц. 
Согласно этой модели жидкая фаза представляет собой пленку равномерной 
толщины движущуюся по боковой поверхности зерна. На внешней границе этой 
пленки возникают пульсации скорости, связанные с прохождением пузырей 
в пузырьковом или снарядном режимах, а также возмущением границы раздела 
фаз в дисперсном или дисперсно-пленочном режимах. В такой постановке ана
лиз процессов массопереноса сводится к решению методом последовательных 
приближений уравнения конвективной диффузии совместно с уравнениями не
стационарного пограничного слоя [1, 2]. С учетом результатов, приведенных 
в этих работах, математическая модель нулевого приближения для расчета 
распределения скорости потока концентрации и давления вокруг частиц запи
шется в виде:

d u б 2Ы dlie

d t 20_y2 di

1 d p  dite

Q d x  d t
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бс бс б 2С

и ъ +% =°*ъ ?
при: .у=0 и=0, v=0, с=с*

у= т  и = ие 
Х = Х 0 С— Со, р = р о  

t = 0 u =  ll2

скорость на внешней границе пленки примем аналогично [1]

(3)

ие= rC/i+t/2 U2- U 1 
- +  —L 2

cos си/ sinj sir
R

(4)

(5)

Решение (1—2) можно получить обычными методами математической физики 
[3]. Для этого необходимо перейти к однородным граничным условиям и затем 
воспользоваться методом разделения переменных. Тогда получим:

с г 2м2 ” 1 2В “ sin лпт]
t/=sin  — Ы [А + В cosco/]4----- 2  — exp ( — a<ot) sinлпг)--------2  ---------— exp (—aco/)+

R ( л  n= i n л n=i n ( l + a 2)

+  a sin со/ —cos со/] ! (6)

где

X I n2 m 4U2 m  “  1 лпп
K=cos— ---------(A +  В cos со/)----—•— 2  —exp (—aco/).sm2  ------ b

R {  2 R л2 R n=i n2 2

•  2 л п г > 
A  r >  S i n 2 — S —4 B m 00 2

2Л2 R n=i «2(1 + a 2)

P(x) —Po—Brjto sin со/

[exp ( — aco/)4-a sin со/—cos со/]

B-
1/2-«1

A = -
1/1 + М2 V /лп)2 1

; »»=— ; e=v2 — —m \m  ) w

( 7 )

(8)

Для расчета потерь на трение при движении газо-жидкостного потока необхо
димо (6) продифференцировать по г), при г] 0 :

ц 2 . X
т =  — То sin — /и Я (9)

где

т0= /4 +i?cos со/—2м2 2  ехР (—a(ot)— 2В 2П=1 П—1
ехр ( -  асо/ )+ a sin со/—cos со/ 

1+а2

Используя (9) можно упростить выражения для С/ и F  особенно если их рассмот
реть вблизи боковой поверхности частицы, тогда
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С учетом (10) уравнение для конвективной диффузии (3) запишем в виде:
Э2С 0С Г] 2 0С

Ai——— sin f r —I—  cos f — = 0 ,
0>г2 ©f 2 dt}

( 11)

где

при

( R )2 Ü2 1
Ç = x / R ;  А =  — — — ; Р е =

\ т )  то Р е

U 2R

~d7

г}— 0 : с = с * \  г } - * ° ° : с = с о ;  f= fo :C = C o

Можно показать, что если функция С(|, г}) непрерывная и интегрируемая на 
всем интервале ее определения, то для получения решения при в (11) до
пустимо опустить член г], при этом приближенное решение от истинного будет 
отличаться не более чем на eps2. С учетом этого допущения из (11) получим

02С 0С
А 1- —• — J js in f  — =  0 0^2 '  0 f ( 12)

Решение (12) при имеет вид

С = С * + ( С о — С * )  -
0

I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

d y

d v

(13)

где

tf=
Z 4 3A V *  ’

Z = ln  tg f/2  .

Из (13) можно найти выражение для расчета коэффициента массообмена ß .

Так,

где

ßm 1 1 [ т2 Ре то]1/3
и2 J ’ (14)

è=J exp(-ir) d y =  1,859

Для расчета т0 воспользуемся выражением для полного перепада давления на 
элементе неподвижного слоя. Так можем записать, что изменение давления 
вокрут частицы складывается из потерь на трение и ускорение потока, т. е.

/Иг
Р(f  ) =Ро — BcoqR(sm toi ) (1 — cos f  ) ------ - (sin f  )т0 (15)т

Полагая, что основное изменение давления происходит на участке f0 — (л — f0) 
из (15) получим

т0 =
A P — 2 B o) qR  sin cot cos2 fo/2 

itt2 sin fo
AP=(Ío)-P(n-£o) (16)
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Подставим выражение для т0 в (14) и, проведя усреднение коэффициента массо- 
обмена по поверхности зерна и периоду пульсаций т, после преобразований на
ходим:

г Ре APR В/3 г d£ 1 г г
S h= 0.342 ---------—  — 1 -I ii2 /í2 sm f o l  J ZU3 T JL

2 B q R  sin a>t cos2 fo/21
AP

át (17)

Выражение в квадратных скобках можно преобразовать к виду:

где

Ре АР
------- = 0.25ScEuRe2 ;
Uz fiz

AP
Eu =  —- ; Re =

Qli2
Űzd

Sc-
V2
Ih.

Sh=
ß_d_
D2

Таким образом, зависимость для расчета коэффициентов массообмена между 
жидкостью и боковой поверхностью частиц можно представить как

Sh=A [EuRe2Sc]1l3, (18)

где А некоторый коэффициент, численно равный

0 085 г df с г 2BqR sin tot cos2 fo/21
^ “ ísinVsfo J ZV3 )  L ÄP J ‘

|o 0

Оценить эту величину пока представляется затруднительным, поэтому в даль
нейшем она будет определена экспериментально.

Полученное выражение (18) содержит в правой части экспериментально опре
деляемые величины: перепад давления и скорость жидкой фазы или газосодер- 
жание потока. Поэтому дальнейший анализ свелся к экспериментальному опре
делению этих параметров наряду с коэффициентами тепло-массообмена.

Экспериментальное Исследование Процессов Переноса 
в Неподвижном Слое

Газо содержание

Экспериментальное исследование газосодержания проводилось на зернистых 
слоях, состоящих из шариков 3, 5, 8 мм и помещенных в колонну D=  100 мм 
при движении воды и воздуха, а также 0,7 N  раствора NaOH и воздуха восходящим 
прямотоком. Измерение газосодержания проводилось методом отсечки. Полу
ченные экспериментальные данные и их сравнение с литературными значениями 
величин газосодержаний приведены на рис. 1 для системы вода-воздух и раствор 
NaOH-воздух. Особенностью последней является склонность к значительному 
пенообразованию. Вследствие этого величины газосодержаний получаются 
выше, чем при движении воды и воздуха.

При обработке экспериментальных данных на графике по горизонтальной 
оси был выбран критерий Фруда, как и в [4], а по вертикальной — комплекс
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Рис. 1
Сравнение экспериментальных данных по газосодержанию зернистого слоя с их литератур
ными значениями. Очерченные области соответствуют результатам работ: I — [4]; II — [5]; 
III — [6]; IV — [7]; V — [8]. Экспериментальные точки соответствуют условиям: раствор 0,7

NaOH воздух, шарики
d  =  7,6 мм 1 — «1 =  10,4—20, мг =  20, 2 — «1=10,2—55,6, и2 =  13,6, 3 — «1=10,6—58,3, м2 =  3,37. 
4 — «i =  20—62,4, «2 =  0,50, 5 — «i =  33, «2 =  0,5—13,6, 6 — «i =  16,2, «2 =  0,5—13,6. Шарики d =  
=  3,1 мм: 7 — «1 =  60, «2 =  0,54—1,74, 8 — «i =  35, «2 =  0,54—2,51, 9 — «i =  7,4, «2 =  0,54—3,64, 
10 — «i =  ll,2—58,1, «2 =  1,13. Шарики d =  5 мм: 11 — «i=16, «2=0,5—7,2, 12 — «i =  16,2—53, 

«2 =  3,54, 13 — «i=40, «2 =  0,5—7,2. Размерности «i и «2 см/сек 
Система вода-воздух, шарики d=  5 мм: 14 — «1 =  8,8—168, и2 =  0,5—4, 15 — «1 =  8,8—168, к2 =  
=  6—20, Шарики d =  3 мм: 16 — «1 =  11,6— 173, «2 =  0,5—2, 17 — «i =  ll ,6 — 173, и2=4— 16. Раз

мерность «1 и «2 см/сек

Q =  Eô015Re2  05R e ï01, который учитывал влияние на газосодержание физи- 
1 ~<Р

ческих свойств жидкости, а также скорости ее течения. Где:

a Uid U2 d
E ö = ------- ; R e  1 = ------ ; Re 2 =  ——

É>2gd2 1>1 V2

Приведенные на этом рисунке данные авторов по углу наклона от совпадают 
с результатами [4], однако по абсолютной величине они примерно на 50—60% 
меньше и находятся в пределах между измерениями [6] и [8]. Этот график так
же указывает на сильную зависимость газосодержания от условий эксперимента 
и используемой методики.

Гидравлическое Сопротивление Слоя

Условия для определения гидравлического сопротивления были практически 
теми же, что и при измерении <р. Обработка полученных результатов проводи
лась в координатах Локарта—Мартинели и ее результаты представлены на рис.
2. Там же приведены известные в литературе зависимости [9— 12] для нисходя
щего прямотока.

Из этого графика видно, что экспериментальные точки удовлетворительно 
согласуются с литературными данными, хотя и лежат несколько выше их.
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Сравнение экспериментальных и литературных данных по гидравлическому сопротивлению 
зернистого слоя. Сплошные линии соответствуют зависимостям, приведенным в работах: 
1 —  [9], 2 — [10], 3 — [11], 4 — [12]. 5 —  эта работа, формула (19). Экспериментальные точки 
соответствуют условиям система вода-воздуха: шарики d — 3,1 м м , 1 —  k i=0,39—-54, иг =  
=  0,81— 11,2, 2  — Ki =  0,08—8,28, к2 =  0,2—4,2, 3  —  к г= 2—93, ка =  0,2—6,2. Шарики d = 5  мм: 

4  — K i=2—93, К2 =  0,2—6,2. Размерность ki и кг см/сек

Апроксимационная зависимость, которая может быть получена на основании 
представленных результатов имеет вид:

Ф = 1.25+2.8V-0-75 (19)
где

. IP 12 ДР%Ф2 =  .--- Х* = ---------- 1
ДРъ ДРх

АР12 — перепад давления при течении двухфазного потока, АРХ и ЛР2 — пере
пады при движении однофазных потоков, которые могут быть рассчитаны по 
формуле Эргуна.

Массообмен между Жидкостью и Насадкой

Экспериментальное исследование процессов массообмена проводилось с по
мощью электрохимического метода. При этом использовалась эксперименталь
ная методика подобная, описанной в [13]. Измерения были проведены с помо
щью сферических датчиков, помещенных в зернистый слой из шариков 3, 5, 8 
мм соответственно.

Поскольку коэффициенты массообмена при движении двухфазного потока 
в значительной степени зависят от условий эксперимента, в частности от гидро
динамических режимов, то для оценки точности метода, а также градуировки 
датчиков были проведены измерения коэффициентов массообмена при движе
нии однофазных потоков. Результаты этих измерений, а также сравнение с не
которыми литературными данными приведены на рис. 3. в общепринятых ко
ординатах. Этот график показывает, что наши экспериментальные значения 
коэффициентов массообмена довольно хорошо согласуются с литературными
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Рис. 3
Сравнение экспериментальных и литературных данных по коэффициентам тепло-массообмена 
при течении однофазного потока. Сплошные линии соответствуют зависимостям, приведен
ным в работах: I — [14], II — [15], III — [16]. Экспериментальные точки соответствуют усло
виям: 1 — [17], 2 — [18], неподвижный зернистый слой с /= 3,12 мм: 3 — 0  =  50 мм, 4 — D — 
=  100 мм, 5 — í/=  7,9 мм, /)= 50  мм. Свободный поток, одиночный шар: б — d =  3,12 мм, 7 —

d =  8 мм

данными. Следовательно, методика может быть использована для определе
ния коэффициентов массообмена при течении двухфазных потоков.

Условия экспериментов подробно изложены в подрисуночной подписи к 
рис. 4. Здесь же только укажем, что одновременно с массообменом определя
лось газосодержание и гидравлическое сопротивление слоя. Наличие этих дан
ных позволило использовать для обработки полученную выше теоретическую 
зависимость (18), которая была преобразована к виду:

Sh láp d2 ]°.зз
------- =А \ — d - ----------------------- (20)
Sc»-** Id/ „I[í?2( l - 9,)+É?1(íp)]l

где dp/dl — потери на трение при течении двухфазного потока. Свободный гра
фик, где представлены полученные экспериментальные результаты при течении 
двухфазного и однофазного потоков, рис. 4. Апроксимационная зависимость, 
которая может быть получена на основании обработки данных измерений име
ет вид

Sh
------- = 0.24 [Яи/te2]0-33 (21)Sc0-33

Эта формула совпадает с теоретической (18), что подтверждает правильность 
преложенной математической модели процессов переноса. Зависимость (21) 
является довольно универсальной, поскольку, во-первых, она описывает как 
одно- так и двухфазный потоки и, во-вторых, не имеет переломов на всем интер
вале изменения.
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Рис. 4
Зависимость безразмерного коэффициента массообмена от комплекса EuRe2. Сплошная линия 
соответствует формуле (21), а экспериментальные точки условиям: шарики <7=3,1 мм: 1 — «i =  
=0,26—45,3, «2 =  5,6, 2 — «1=0,26—27,8, «2 =  8,66, 3 — «i=0, «2 =  0,81—16,8, 4 — «i =  5,6—7,4, 
«2=0,81— 15,6, 5 — «1=0,37—35,7, «2=0,81, 6 — «i =  0,43, «2 =  0,8—16, 7 — «i =  0,69, «2=0,2—2,8, 
8 — «i = l,7, «2=0,2—4,2, 9 — «1 = 0,23, «2 = 0,2—4,2, 10 — «i = 0,09—7,4, «2 = 0,2, 11 — «i = 7,2, 
«2 =  0,2—2,2. Шарики d = 8 m m : 12 — «i=0 , «2 =  0,2—16,8, 13 — «i =  l,04, «2 =  0,81—16,8,14  — «1 =  
=  16,5, «2 =  0,81—8,7, 15 — «i =  32, «2 =  0,81—8,7, 16 — «i=0,25, «2=0,43—5,5, 17 — «i=7,4, 
« 2  =  0,2—5,5, 18 — «i=0,09—7,5, «2=4,2, 19 — «i =  3,2, «2=0,8—16,8, 20 — «i=7,6—8,2, «2 =

= 0,8—16,8. Размерности «i и ui см/сек

Сравнение с литературными данными

Поскольку при выводе уравнений модели и их решении не делалось никаких 
ограничений на направление движения фаз, то, очевидно, проведенный анализ 
будет приемлем как для восходящего, так и нисходящего прямотоков газа и 
жидкости. В связи с этим целесообразно сравнить (21) с литературными экспери
ментальными данными по процессам массопереноса [1, 19—25]. Результаты 
такого сравнения в координатах рис. 4 представлены на рис. 5. В тех случаях, 
когда отсутствовали необходимые сведения по ср или перепаду давлений, они 
оценивались по рис. 1 или (19) для восходящего прямотока. При нисходящем 
движении их расчет проводился по данным [26]. Как следует из этого графика, 
экспериментальные данные других авторов, правда с несколько большим раз
бросом, чем на рис. 4 удовлетворительно группируются вокруг прямой линии, 
соответствующей (21). Таким образом, полученная полуэмпирическая зависи
мость для расчета процессов массообмена между жидкостью и растворимым 
твердым телом справедлива в широком диапазоне параметров и режимов дви
жения газожидкостного шотока и может быть использована для расчетов.

Процессы Теплообмена в Неподвижном Зернистом Слое

Методика

Экспериментальное исследование процесса переноса тепла между элементами 
насадочного слоя и восходящим газожидкостным потоком осуществлялось в 
колонне проточного типа диаметром 100 мм и длиной 850 мм, в которой нахо
дились шарики d— 5 мм. Измерение коэффициентов теплообмена проводились
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Рис. 5
Сравнение зависимости (21) (сплошная линия) с экспериментальными результатами работ. 
Нисходящий прямоток: 1 — [19], 3 — [21], 4 — [21], 5 — [22], 9 — [25]. Восходящий прямоток: 

2 — [20], 7 — [24], 8 — [1], 9 — [25], 10 — [23]

от датчиков сферической формы d= 5 мм внутри которых помещался электро
нагревательный элемент, изготовленный из полупроводникового материала. 
В качестве материала для тела датчика использовался тройной сплав олово- 
-свинец-висмут с температурой плавления 150— 180 °С. Измерение температуры 
датчика производилось медь-константановой термопарой с диаметром король
ка 60 мк. Было изготовлено 2 типа датчиков, из которых первый представлял 
одиночный шар, контактирующий с холодными зернами, а второй такой же 
конструкции, но помещенный внутри группы из 12 нагреваемых (охранных) 
зерен. Последние имели такие же нагреватели и размеры, что и сам датчик. 
При проведении измерений на датчик подавался электрический ток, который 
обеспечивал его нагрев таким образом, что тепловой поток зависел только от 
электрических характеристик измерительной схемы, но не изменялся при вариа
ции гидродинамических условий в месте нахождения датчика.

Определение коэффициентов теплообмена было проведено на 2-х типах дат
чиков. Сравнение результатов показало их расхождение до 50%, причем боль
шие значения наблюдались в варианте без охранных зерен. Поскольку датчик 
2-го типа более физично воспроизводит условия слоя катализатора, то основ
ные эксперименты были проведены на датчиках с охранными зернами, однако 
при обработке результатов измерений производилась их корректировка на 
нагрев потока со стороны горячих зерен.

Результаты измерений и их обработка

Математическая модель, приведенная в первой части этой работы, описывает, 
по-видимому, и процессы теплообмена между газо-жидкостным потоком и по
верхностью зерен неподвижного слоя. Поэтому можно предположить, что 
итоговая формула (18), а также ее аналог (21) применимы для оценки коэффици
ентов теплообмена а. Однако, поскольку теплообмен в отличие от массообмена 
осуществляется через всю поверхность датчика, то в этом случае получаются
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эффективные коэффициенты переноса. Одним из вариантов учета этого факта 
может быть введение эффективной теплопроводности двухфазной смеси, а 
также эффективного числа Прандтля в теоретическую зависимость (18).

В настоящее время существуют несколько расчетных формул для Хэср [27]. 
Однако, из всего наличия мы выбрали простейшую:

A.3<p=Ài(p+À2(l — <р) (22)

и аналогично для чисел Прандтля:
Рг=Рп<р+Рг2(1-ч>) (23)

где Ргъ Рг2 — числа Прандтля для газовой и жидкой фаз.
На рис. 6 приведены результаты такой обработки полученных эксперимен

тальных данных для шариков d= 5 мм и ci— 8 мм (последние заимствованы из 
работы [28]).

Рис. 6
Сравнение экспериментальных данных по теплообмену с зависимостью (21) (сплошная линия). 

Экспериментальные точки соответствуют: I — эта работа rf=5 мм; 2 — d=  8 мм [27]

Как следует из этого рисунка экспериментальные данные по теплообмену 
удовлетворительно описываются формулой (21). Наряду с такой обработкой, 
полученные экспериментальные данные были обработаны посредством числа 
Рейнольдса для каждой из фаз. При этом была получена чисто эмпирическая 
зависимость для расчета Nu, более удобная в некоторых случаях для практи
ческого применения:

Nu=(9.62+03%Reî'S1) Re2 '2Pr0-33 (24)
где

-  a d  ~ Сем Дсм
N u= - — ; Р г= — ------- ;

Хсм /‘■см
Re i =  -

Uid
Vi

Re2-
U2d
V2

Ссм =
eiCvi<p+ ?2Ср2( 1 -  <р)

Q1<P+Q2(\-<P) Цсм= р\<¥+Дг(1 —<р)

2см=Ai (1 — ç>)(l — A2/2 i
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Эта зависимость удовлетворительно описывает имеющиеся эксперименталь
ные данные по теплообмену для шариков и справедлива в области изменения 
газосодержаний <р=0,1—0,9 и чисел Re равных Re1= 10—5000, Re2— 10—1160.

УСЛОВНЫЕ ОБОЗНАЧЕНИЯ

с — концентрация;
Ср — теплоемкость;
d = 2R
D — диаметр колонны;
Z>2 — коэффициент диффузии;
т — толщина пленки жидкости;
Р — давление;
R — радиус частицы;
t — время;
и, V — скорости жидкости в продольном и поперечном направлениях по толыцине плёнки; 
Ui, U2 — скорость пузырей газа и перемычек жидкости соответственно;
X, у  — координаты;
а — коэффициент теплообмена;
ß — коэффициент массообмена;
V2  — кинематическая вязкость жидкости;
А — коэффициент теплопроводности;
Ц2 — динамическая вязкость;
д — плотность;
<р — газодержание;
ш — частота прохождения пузырей.

И н д е к с ы

1 — газовая фаза;
2 — жидкая фаза;
см — двухфазный поток;
* — равновесные условия.
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ANALYSIS OF TRANSFER PROCESSES IN A FIXED GRANULAR BED AT A 
COCURRENT UPFLOW OF GAS AND LIQUID

SUMMARY

Calculations of some practically important processes taking place in fixed bed reactors 
at a cocurrent upflow o f phases are considerably limited by deficiency of experimental 
data on hydraulic pressure drop, as well as by heat-mass exchange in such reactors.

In  this work an attem pt was made to estim ate these parameters from the unitary 
standpoints and propose m ethods for their calculation.
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Reliability analysis o f complex chemical engineering systems includes 
the following main steps: function analysis and behaviour analysis 
of the system, evaluation of the reliability model, including parameter 
estimation and the simulation of reliability behaviour. — Typical 
examples of complex chemical engineering systems are integrated 
piping systems, which connect producer units and consumer units. 
The reliability analysis o f these supplying systems is o f interest. 
The function as well as the behaviour analysis o f a complex piping 
system  is based on a computer programme. Because of the large 
number o f system states considered, a M a r k o v i a n  model is required 
for the reliability analysis o f a complex piping system. The model 
is formed by a system of ordinary first order differential equations:

p(t) =  A (t)X p(t).

As an example of this method, the reliability analysis o f a steam  
supplying system is realised.

Introduction

The reliability analysis of complex chemical engineering systems includes th e  
following m ain steps:

function analysis of the system, 
bahaviour analysis of the system,
evaluation of the  reliability model, including param eter estimation, and 
simulation of the  reliability behaviour.

The aim of function analysis is to  describe the  modes of operations of the  ele
ments, subsystems and of the whole system with respect to the system function. 
The behaviour analysis has to result in inform ation on the effects of failures of 
the elements and the subsystems on the system reliability.
5*
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In  simple cases, the  logical relationships betw een the element states (failure, 
and  function) and the  system  states (failure, and function) can be pointed out 
w ithout simulation. More complicated situations arise if partial failures of the 
elements and the system s are  considered, or systems with complicated in te 
g rated  structures have to  be studied. In  m ost of these situations, the relation
ships between the elem ent s ta tes  and the corresponding system states can only 
be determined by process stream  simulations. Typical examples are integrated 
piping systems connecting producer units and consumer units. Failures of 
producer units, pipes, fittings, and consumer units, etc., lead to  a large num ber 
of system states. For a  given system, each consumer unit normally can be 
supplied in different ways from various producer units.

Typical examples for these types of chemical engineering systems are steam  
systems, cooling w ater system s and compressed air systems of chemical works.

The reliability analysis of these supply system s is of interest because of their 
im portant influence on various chemical plants, which are connected with 
them  in a chemical works. The rem arkable characteristics of these systems 
are  in general :

extremely high level of system reliability, 
relatively high level of th e  reliability of th e  elements, 
limited number of different element types.

The results of quan titive  reliability analysis are necessary, not only for struc
turing  the systems and  for estimating effective maintenance strategies, but 
also for controlling th e  system s in the case of element failures.

Mass Stream Simulation programme

For the mass stream  sim ulation of complex piping systems a sim ulation prog
ram m e was developed ( 1, 2). The calculations are based on the mass stream  
balances for the nodes and  on the pressure drop balances for the loops of the 
system.

N
2 ^ 1 = 0 ( i )

M

2  ^ j = o ( 2 )

m 1 mass stream  i to  th e  node
dpj pressure drop of th e  loop element j
N  to tal num ber of in p u t and output mass streams of the node 
M  to tal num ber of th e  loop elements.

The pressure drop Apj is given by :

dpj =  а$щ ( 3 )

J _  y  
2£j * -i A Î

(4 )
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£j density of the mass stream  through loop element j 
ck pressure drop coefficient 
A k cross-section area.

An approxim ation algorithm is used for the simultaneous solution of the 
equation system. In this way, the  elements of each loop are supplied with 
corrections for the mass streams, provided th a t the mass balances of each loop 
are fulfilled.

The am ount of the mass stream  corrections are determ ined by the solution 
of the linearized pressure drop balances for the complete piping system. An 
iteration becomes necessary, because of the linearizations and because of the 
fact th a t the  pressure drop coefficients depend on REYNOLDS-numbers. For 
compressible mass streams, an additional correction of the density m ust be 
included.

Computer programme for reliability analyses

Because of the large number of system states to  be considered, a Markovian  
model is needed for the reliability analysis of a complex piping system. The 
model is formed by a system of ordinary first order differential equations :

p(t)  =  A(t)p(t) (6)

p  (t) vector of state  probabilities 
A (t) transition matrix.

The transition m atrix can be derived from the state  graph of the  system.
The elements of the matrix are formed by the failure rates and the  repair rates, 

which are determined in an empirical way. For numerical calculations, a com
puter programme was developed [3, 4]. For this, the solution of the  Markovian 
model equations (5) was based on the R itnge-K utta method.

Technological problem

In  a chemical plant, a steam supply system shown in Fig. 1 is in operation. 
The steam  is generated by a steam  power p lant (cogeneration of electricity 
and steam) a t a pressure of 2.3 M Pa and a tem perature of 600 К  and transport
ed by two feed lines. Eleven consumer units (6, 14, 16, 18, 20, 22, 24, 25, 28, 
30, 32) e.g. an ethene-plant, a polyethene-plant, a caprolactam-plant, and 
torches, e.t.c. need to  be provided with steam  of specific param eters for each 
consumer unit as shown in Table 1. The consumer units 6, 24, 30 m ust be 
provided in special situations only.

The piping system consists of pipes, fittings, pipe branchings, and valves, 
etc. Based on practical experience, it  is intended to  remove the transfer lines, 
given in Fig. 1 by dashed lines, from operation in order to  gain a simpler piping 
arrangement. The transfer lines are assumed not to  be necessary for securing 
a high level of reliability.
Thus the special aims of the reliability analysis consist of examining the per

missibility of the structure reduction intended,
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Fig. 1
Block scheme o f the piping system

(1, 2) producer units; (6, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32) consumer units; (3-5, 
7 — 13, 15, 17, 19, 21, 23, 26, 27, 29, 31) feed spreaders; (1-33) pipelines incl. fittings,

valves etc.

Table 1
Steam parameters of consumer units

unit mass stream
i(A-0

pressure
(medium)

(MPa)

pressure
(min.)
(MPa)

60 _ _ _
14 5.0 2.04 1.6
16 6.0 2.00 1.6
18 7.0 2.00 1.6
20 6.7 2.00 1.6
22 0.8 2.01 1.6
240 — 2.06 1.6
25 0.2 2.07 1.6
300 — 2.09 1.6
32 0.3 2.10 1.6

О only in temporary operation.

estimating the reliability  level of the  (reduced) system on the basis of the 
failures of its elements, and testing the  effectiveness of the analysis procedure 
developed.

Solution Procedure

The most im portant com ponents of the  solution procedure can be formulated 
as:

definition of the  elem ent failures and estim ation of their m athematical 
characteristics,
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definition for the system failures,
estimation of the relationships between the element failures and system fai
lures, based on mass stream  simulation to  form the s ta te  graph, 
formulation of the characteristic! differential equation system corresponding 
to  the sta te  graph, and
simulation of the reliability behaviour with the programme.

For elements the binary behaviour are considered, so th a t only the  tw o 
states, function and (total) failure, are defined. I t  was found th a t the function 
states and failure states can be statistically approxim ated by exponential 
distribution functions, and in this way practical conditions for each equipm ent 
can be met by constant values of failure rates and repair rates (Table 2).

Table 2
Ranges of failure rates

element failure rate 
10-в(Л-1)

л
10”вЛ_1к т”1

shut-off valve 0.1 -1 0 .0
measuring slade 0.1 — 1.0
sealing 0 .0 1 -  0.04
bare pipe 0 .2 5 -5 .0

In  general, a system failure occurs when the pressure and /or the mass stream  
for one of the consumer units fall below the minimum values shown in Table 1.

Further calculations were carried out under the special condition of guaran
teed mass streams for all consumer units, so th a t a system  failure is represented 
by a pressure below 1.6 MPa.

Furtherm ore, it  could be clarified by prestudies th a t  the  probability of 
simultaneous failures of different pipelines of the systems is negligible. Because 
of this im portant simplification, only 19 prim ary element failures needed to  be 
investigated with respect to  their consequences for the  system.

The resulting sta te  graph is shown in Fig. 2. I t  contains 20 system states w ith :
1 state of full function (1) (no element failures, pressure from 2.0 to 2.1 MPa),
14 states of restricted function (2 — 15) (element failures, pressure from
1.6 to  2.0/2.1 MPa) and
5 failure states (16 — 20) (element failures, pressure under 1.6 MPa).
The state graph is based on the  fact th a t  failures of the  pipelines 15, 17, 19, 

21, 25, 29, 31 and 35 are negligible. The failures of the pipelines 32, 30, 28, 26, 
24 are summed up by /.33-.

By noticing th a t  a failure of each of these elements causes a  system failure, 
the  failures of the pipelines 34, 27 and 23 are modelled by A:i4' .

The probability th a t two or more elements are in the  failure mode a t the  
same time is nearly negligible. Thus the sta te  graph is developed for the failure 
of only one element. The transition m atrix corresponding to  the  state graph 
is given by:
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a n  /<e /<з f i i  fia  f i t  f i s  /m j fi io  f i n  f i n  f i i  з /И з  f i 2 о f i n  f 4  f i n  f i n  f ia i '  /Ш '

A  =

Ae
A3

h
As
h
Ae
Ag
A10
An
Al2
A13
Aie
A20
A22
Ai
Al4
Aie
Азз'
A34'

- f i e

- и з

—fii
—fia

—fii О
- fi8

—fia
/Но

- f i n
—f i n

—/ l i s
—/118

—/<20

0  —/<22

- f i l
—/<14

—f i u
—fl33‘

—/<34,

w ith:
a n  =  — Ae — A3 — A4 — As — A7 — As — A9 — A10 — An — A12 

— A13 - Aie — A20 — A22 — Ai — A14 — Aie — Азз' — A34'

Therefore, the  differential equation system  is given by:

Put) = a n p i  + fieP2 + /1 зрз  + f l i p  I +  fibPb + p i p e  + f i s p i  4- 
+ fiep» + /<ю р з  + f l n p i o  + P12P11 + f i n p n  +

+ f l n p i 3 + f l w p i l  + /<22pl5 + f l i p u  +  f l l l P n  +
+  f l u p u  +  РЗЗ'РЫ  +  /<34 'P20

p2(t) = f l» p i  — fa p z

P 20( t )  =  f l b i ' p i  —  Аз4'Р20.

This differential equation system was solved by the  com puter programme 
mentioned above.

Results

Fig. 3 shows th e  availability behaviour of the piping system  investigated. 

The following facts are pointed out :
1. After an operation tim e of about 1000 h a high stationary  level of the system
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availability (V = 0.9932) is reached. I t  is justified to  remove the transfer 
lines given in Fig. 1 by dashed lines from operation.

2. An effective and low-cost possibility for further increasing the system 
availability consists of increasing the pipeline 4 diam eter or of installing 
a second pipeline parallel to  it.

3. The soft-ware proved effective for handling reliability problems of the  
present type.

1.0

0.998

5  0996
m<_j
§
< 0.994

Q992
0 2 4 16 18 20

TIME(t) X 103 h

Fig. 3
Time behaviour o f system availability

_______

Fig. 2
State graph of piping system
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РЕЗЮМЕ

Анализ надёжности некоторой комплексной системы химической промышленности состоит 
из следующих основных этапов: функциональный анализ работы системы, анализ поведения 
системы, разработка модели надёжности, причём последний этап включает в себя определе
ния параметров системы и симуляцию поведения по надёжности. Комплексная химико-техно
логическая система характеризуется полной системой трубопровододной сети, которая со
единяет производительные и потребительские узла. Задача состоит в анализе надёжности 
этой полной системы. Как функциональный, так и анализ по надёжности требуют применения 
ЭВМ, авторами составлены программы для этой цели. В системе могут возникать много
образные состояния, поэтому для подготовки анализа надёжности трубопроводной сети не
обходимо составить модель типа МАРКОВА, которая состоит из систем дифференциальных 
уравнений первого порядка:

p ( t )  =  A ( t ) X p ( t )

В качествепримера исследовали систему производства пара.
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There is a strong correlation between the oxide com position and the 
characteristics o f glasses. The oxide composition-based calculation 
of glass density is o f importance in the design of various glasses. 
Up to  now no method was published for the prediction o f the density 
of phosphate glasses. Multiple regression analysis was used for estab
lishing an equation to  be employed for the calculation o f the oxygen 
ion volume. The volum e of glass containing one gram atom oxygen 
is the size of the O2-  ion, which is influenced by the presence of 
various cations. This, on the other hand, influences the character
istics o f  glass, such as its density. The applicability o f the elaborated 
method was checked with metaphosphate glasses prepared by Japa
nese researchers. The difference between the calculated and measured 
data was less than one per cent.

Introduction

Researchers have long been concerned with the calculation of physical charac
teristics (density, heat conductivity, specific heat, and molecular refraction) 
of glass on the  basis of composition.
Each agent of the basic m aterial and each oxide of the glass have a m ajor 
influence on th e  characteristics of glass [1]. The viscosity and specific heat 
decrease by increasing the atom ic mass ; chemical resistance of glasses is higher 
if oxides have lower solubility and hydration tem perature.

As a result of oxide change, the characteristic to  be examined also changes. 
Glasses have a  complicated structure, but a num ber of researchers gave a 
relatively good approach for the  calculation of some characteristics by various 
formulas — sometimes with limits of composition.

The methods described in Table 1 relating to  the investigation of S i0 2— 
B20 3—A120 3—MgO —Na20  —K 20  system were extended by K is [3] to study  
germanete, plumbosilicate and silicogermanate glasses. According to literature 
no studies were so far carried out for the reproduction of th e  density of phos
phate glasses, thus  the author tried  to  develop a calculation method.
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Table 1
Known calculation methods for glass density from its oxide 

composition, authors, year of publication [2]

Method Author Year

linear W in k e l m a n n , Schott 1894
T lllotson 1911
E n g l ish , T u r n e r 1920
B a il l ie 1921
P a y n e 1928
W a ter so n , T u r n e r 1934
M o riy a su 1940
K n a p p 1968
W ole 1977

fu n c tio n  of Gl a ze , Y o u n g , F in n 1932
m ore v a riab les Y o un g , Gla ze , F a ic k , F in n 1939

H u gg in s 1940
q u ad ra tic Gl a z e , Y o u n g , F in n 1932

Gllard , D u b r a l 1938
logarithm ic F in n , T hom son 1925

W in k s , T u r n e r 1931
special Stev els 1946
m ethod A p p e n 1949

M e l n iő e n k o , Öer n in a 1953
P lum ât 1956
N á ra y -Szabó 1960
Co en es 1962
K is 1968 [3]
R o binso n 1969
K ocsis 1978 [4]

direc t Scholes 1929
re la tio n sh ip B il t z , W e ib k e 1932

Calculation of the Density of Phosphate Glasses by 0 2 volume

Oxigén occupies about 95 per cent of the  volume in the  structure  of glasses. 
T he position of the  oxygen atom s is determ ined by the network, depending on 
th e  coordination of network former elements and by the  modifier ions in its 
holes. The incorporation of various cations in  glass may cause changes in the 
()2~ ion size (the volume of glass containing one gram atom  oxygen) and this 
influences the character of glass.
O2- ion volume was calculated with the assistance of the composition in mass % 
an d  density found as follows :

if the NpOr compound exists in x  mass per cent and its molecular mass is M t ,
CCaTgram ion oxygen taken  in to  100 g glass by the NpOr: О = —г г
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volume of 100 g glass : ----- , where g is the density of glass (g/cm3)

£  gram ion 0 2~ taken  into glass by each component, multiplied the Avogadro 
number (6.022X 1023), the num ber of 02_ ion can be obtained 
in the above volume.

The volume of one 0 2~ (v) can be calculated in 10-24 cm 3 as follows :
100

6.022 X 1023 X о X AO2-

Multiple regression analysis was used to obtain an equation suitable for calcu
lating the oxygen ion volume. Observed variables were as follows:

independent variable: Ä,fsf,NaF
dependent variable : oxygen ion volume of which density  can be calculated 
(total Na as independent variable did not give significant correlation)

Number of observed units were 17.
Explanation of independent variables :
R: num ber of oxygen per atom  of network former elements

02- Z02-
R = --------------- = -------

B +  A l+ P .. .  2 H

where: £ 0 2~ to tal gram-ion of oxygen in 100 gram glass
2Tf to tal gram atom  number of all netw ork formers in 100 gram 

glass
К  and NaF atom ic or molar number of potassium  and sodium 

fluoride th a t participated in the construction of th e  glass

(Composition of A I P O 4  glasses made by the au tho r is given in Fig. 1.)

Basic d a ta  for the m ultiple regression analysis and calculated from the d a ta  of 
Table 2, according to  the given equation in Table 3.
Equation for calculating oxygen ion volume is as follows :

s = A x B  +  B X K +  C x N a F  +  D 
A =  6.642 ±  3.8 
В  =  4.315 ±  2.9 
<7=21.36±  13.0 
D =  7.024

The statistical analysis of the  coefficient for the  quality  of fit gave positive 
results. The FiscHER-test was significant a t the 99,8 p e rc e n t probability level. 
Partial regression coefficients were significant a t the  99.78%, 99.38%, 99.55% 
probability level (Student-test).

Density can be calculated by the  oxygen ion volume:
NO2- gram-ion in 100 gram  glass is known from the  composition volume of 
100 g glass: 6.022X 1023X « X 2 ’02_ =  V
, -, 1 0 0density =  — = Q
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Composition o f AIPO 4 glasses prepared by the author

In  th e  case of A1P04 based glasses, the density was calculated from the compo
sition  with 2% tolerance. Applicability of the method was checked with m eta
phosphate  glasses prepared by  Japanese researchers [5]. (Composition of glasses 
can be seen in Fig. 2.)

Fig. 2
Composition of m etaphosphate glasses prepared by Japanese researchers [6]
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Table 2
Oxide composition of phosphate glasses prepared by the author (mass per cent)

Sample Oxide
P2O5

AI2O3 B2O3 Na20 K20 NaF

l. 40.70 29.24 9.61 17.77 _ 2 .6 8

2 . 40.58 28.94 10.24 17.59 — 2.65
3. 40.12 28.81 10.93 17.50 — 2.64
4. 39.80 28.59 11.62 17.38 — 2.61
5. 30.60 21.98 16.68 26.72 — 4.02
6 . 35.36 25.40 13.80 2 2 .1 1 - 3.33
7. 38.61 27.74 11.82 18.95 — 2 .8 8

8 . 36.60 26.30 16.00 17.30 — 3.80
9. 29.04 19.85 12.28 21.57 14.02 3.23

10 . 35.45 18.97 8.80 20.50 13.23 3.05
1 1 . 35.49 24.25 8.46 15.40 13.35 3.08
1 2 . 35.90 26.10 12.30 18.80 3.60 3.30
13. 40.40 28.89 9.91 15.20 2.90 2.70
14. 40.14 28.83 9.85 15.58 2.96 2.64
15. 40.20 28.80 9.50 14.90 4.00 2.60
16. 40.24 28.90 1 0 .2 2 17.55 — 3.09
17. 40.12 28.81 10.93 17.50 — 2.64

Table 3
Basic data of R, K, NaF and ĉalculated

Sample R К
gion/100 g

NaF
102 gmol/100

v(0)
10-24 cm2

1. 2.104 _ 6.3827 22.28
2 . 2.097 — 6.3113 22.26
3 . 2.087 — 6.2874 22.32
4 . 2.078 — 6.2160 22.30
5 . 2.142 — 9.5265 23.30
6. 2.114 — 7.8593 22.92
7 . 2.096 — 6.9067 22.49
8. 2.033 — 9.0500 22.13
9. 2.287 0.2976 7.6926 25.56

10. 2.363 0.2809 7.2640 25.10
11. 2.230 0.2834 7.3354 24.64
12. 2.118 0.0764 7.8593 23.37
13. 2.095 0.0616 6.4303 22.55
14. 2.100 0.0628 6.2875 22.39
15. 2.105 0.0849 6.1922 22.37
16. 2.096 — 7.3590 22.43
17. 2.087 — 6.2875 22.50
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Table 4
Found and calculated values of v  and density, deviation %

Sample
r(O)(10--24 cm3) density (g/cm3)

deviation
%found calculated found calculated

l. 22.28 22.37 2.487 2.478 0.361
2. 22.26 22.30 2.480 2.476 0.157
3. 22.32 22.23 2.467 2.477 0.415
4. 22.30 22.15 2.461 2.477 0.661
5. 23.30 23.29 2.477 2.479 0.065
6. 22.92 22.74 2.459 2.478 0.757
7. 22.49 22.42 2.467 2.475 0.316
8. 22.13 22.46 2.474 2.438 1.474
9. 25.56 25.14 2.476 2.507 1.674

10. 25.10 25.49 2.488 2.451 1.490
11. 24.64 24.63 2.478 2.479 0.045
12. 23.37 23.10 2.446 2.474 1.149
13. 22.55 22.58 2.473 2.470 0.122
14. 22.39 22.59 2.496 2.475 0.852
15. 22.37 22.69 2.510 2.475 1.413
16. 22.43 22.52 2.474 2.464 0.387
17. 22.50 22.23 2.447 2.477 1.236

D ensity-reproduction of m etaphosphate glasses

Sample R К
gion/100 g

Ог-уоЦЮ-м cm3) Density (g/cm3) Deviation
%

found calculated found calculated

l . 2.829 _ 21.80 21.96 2.563 2.544 0.739
2. 2.673 - 21.16 21.25 2.602 2.591 0.424
3. 2.746 — 21.64 21.58 2.506 2.512 0.255
4. 2.579 — 20.91 20.82 2.557 2.567 0.401
5. 2.684 — 21.40 21.30 2.471 2.482 0.464
6. 2.554 — 20.78 20.71 2.525 2.553 0.328
7. 2.475 — 20.44 20.35 2.552 2.564 0.454
8. 2.396 — 20.06 19.98 2.570 2.580 0.397
9. 2.420 — 20.01 20.10 2.563 2.552 0.414

10. 2.376 — 19.85 19.90 2.569 2.563 0.233
11. 2.308 — 19.65 19.59 2.572 2.584 0.470
12. 2.675 0.686 24.74 24.63 2.517 2.506 0.442
13. 2.555 0.609 23.86 23.70 2.535 2.553 0.692
14. 2.737 0.641 24.72 24.69 2.437 2.440 0.124
15. 2.578 0.546 23.49 23.50 2.493 2.492 0.044
16. 2.664 0.521 23.75 23.76 2.415 2.413 0.078
17. 2.550 0.444 22.81 22.87 2.459 2.452 0.269
18. 2.483 0.403 22.17 22.36 2.505 2.483 0.878
19. 2.416 0.343 21.59 21.76 2.527 2.507 0.790
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Table 5
Composition of m etaphosphate glasses [6]

Com position o f N a2Û —AI2O3 —P2O5 glasses

Sample Ка20
mol%

Ala03
mol%

P2O5
mol%

density
g/cm3

1. 4 5 .7 4 5 .0 0 49.26 2.563
2 . 3 9 .9 9 9.81 49.20 2.602
3 . 3 9 .6 8 5.03 55.29 2.506
4 . 33.38 11.40 55.22 2.557
5 . 34.08 4.92 61.00 2.471
0 . 29.24 10.78 59.98 2.525
7 . 25.81 14.77 59.42 2.552
8. 20.80 18.70 60.43 2.570
9. 20.53 16.59 62.88 2.563

10. 17.69 19.02 63.30 2.569
11. 13.38 23.31 63.32 2.572

C om position o f  K 2O —AI2O3 — P2O5 glasses

Sample Na20
mol%

AI2O3
mol%

p2o6
mol%

density
g/cm3

12 . 40.67 9 .9 5 49.38 2.506
13. 36.19 14.61 49.20 2.535
14. 38.89 4.98 56.13 2.437
15. 33.17 11.35 55.48 2.493
16. 32.40 5.14 62.46 2.415
17. 27.68 10.20 62.12 2.459
18. 25.10 13.83 61.08 2.505
19. 21.41 17.34 61.25 2.527

The data  for multiple regression analysis are given in Table 6: R,K,p/02~ ion 
volume/found and

t ) = A x E  +  B x K + C  
A  =4.666 ± 0 .4  
В =  4.908 ± 0 .2  
C =9.048

V calculated by the equation and the density data . Calculated and m easured 
values differed less than  1%, less deviation of partial regression coefficients 
was due to  the larger num ber of observed units.
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РЕЗЮМЕ

Известно, что оксидный состав и свойства стекла тесно коррелируют между собой. В планиро
вании состава стекла большое значение имеет методика расчета плотности основанная на 
оксидном составе. До сих пор не была опубликована формула для расчёта плотности фосфат
ных стекол. Автором стати применены методы многофакторного регрессионного анализа для 
составления уравнения расчёта объёма иона кислорода. Установлено, что объём стекла со
держащего одного грамматома кислорода совпадает размерами иона О2, но это зависит ещё 
от присутствия некоторых катионов, что в дальнейшем оказывает влияние на свойства стекла, 
в том числе и на его плотность. Разработанная методика проверена автором для фосфатных 
стекол произведенных японскими исследователями. Расхождение расчётных и измеренных 
данных не превышает одного процента.
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Analytical methods have been developed for the investigation of 
basic materials and product controlling the process for manufacturing 
1,2,4- lH-triazole.

Analysis o f 1,2,4-lH-triazole and formamide of the product run 
by gas chromatograph; 1,2,4-lH-triazole and 1,2-diformyl-hydrazine 
can be determined by potentiometric titration with silver nitrate in 
the presence o f a borate buffer.

Introduction

The m anufacturing process of 1,2,4-lH-triazole [1] developed in the In sti
tu te  for Heavy Chemical Industries (NEVIKI) is as follows ( Fig. 1., 2 .):

According to the reactions, analytical demands of the planned pilot p lant are;
1. investigation of the basic materials, as formic acid, hydrazine, formamide.
2. analysis of the product, as 1,2,4-lH-triazole, formamide, 1,2-diformyl- 

hydrazine.

N H 2- N H 2 +  2HCOOH

/ Hn h 2 -  N H 2+ N H 2 -  c {

NH---- N H + 2H 2O
I 1/  HCO HCO + 2NH3

NH— NH
I +NH3—► 

HCO HCO

N H —N  
I J +2H2O 

CH CH
\ n /

e*

Fig. 1
Process for manufacturing 1,2,4-lH-triazole
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N H —NH

Hi o  HO
heat

O
N — N

> - Il I + h 2o
CH CH

N H —N H
I + N H ü—N H 2- 

HCO HCO

N- ■N
I 1 + 2 H 20  

CH CH
\ n /

n h 2
heat / n

N H i OOCH------ >- N  H2—C {  +  H 20
л о

/ н
N H 2- c (  h eat>. CO + N H 3

л о

Fig. 2
Possible side reactions

Origón of the analytical standards

formamide chemically pure agent, Merck Art, 9684
formic acid chemically pure REACHIM  USSR
hydrazine hydrate chemically pure BIOGAL HUNG. MSz 23778
1,2,4-lH-triazole (sublimate), prepared in  N E V IK I
1,2-diformyl-hydrazine prepared in  N E V IK I
4-am ino-l,2,4-triazole prepared in  N E V IK I

Quality control of the analyical standards

Table 1
Elemental analysis (mass per cent)

1,2,4-ш-
triazole

1,2-diformyl-
hydrazine

4-amino- 
1,2,4-triazole

c theory 34.8 27.3 28.6
found 37.7 27.7 31.0

H theory 4.3 4.5 4.7
found 3.9 4.4 4.1

N theory 60.9 31.8 66.7
found 59.2 31.8 66.0

О theory — 36.4 —
found — 37.0 —

found 100.8 100.9 101.1

Analysis were performed by Carlo Erba type 1102 elemental 
analyzer.
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Infrared, 1H -N M R  spectroscopy, X-ray diffraction investigations

The m aterials obtained as standards were controlled by infrared (U R-10 
Carl Zeiss) 'H -N M R  spectroscopical (Varian) and X -ray (Müller m ikro 111) 
diffraction methods (Table 2). They were accepted as the point of reference 
considering th a t  1,2-diformyl-hydrazine involves unidentified im purities 
according to  the  'H -N M R analysis [2].

Table 2
Quality control by infrared, 1H — NMR spectroscopic and X-ray diffraction methods

Compound M.p. °c IR cm-1 1H NMR
ppm, DMSO —de X-ray dÂ I/li

(ASTM 24 -  1983)
1,2,4-1H- 120-1 (lU SADP 10626) 8.22 3.974 100
triazole 3130 2940 1490 1390 3.187 35

1280 1270 1180 1150 3.608 34
1060 990 960 930
890 680

1,2-diformyl- 160 (SADG 4735) 8.9 9.9 3.284 100
hydrazine 3100 2900 2700 1620 2.913 46

1480 1370 1230 760 4.996 26
750

4-amino- 8 0 -1 (SADG 18250) 6.2 8.4 5.356 100
1,2,4-triazole 3290 3120 1700 1630 3.119 35

1520 1450 1370 1180 2.685 21
1060 960 850 670

Analysis of the Basic Materials

Formic acid was investigated by alkalim etry, hydrazine by iodometry [3], 
formamide [4] tv as titra ted  by acid after liberation of ammonia according to  
literature.

Analysis of the Product

There are few papers for the analysis of 1,2,4-lH-triazole in literature.
Ferroin-type chromogens give coloured compounds [5] in reactions with 

ion(II), copper(I) and cobalt(II). Among heterocyclic compunds 3,5-disubstitu- 
ted  1,2,4-triazoles were investigated. The triazole and triazoline compounds 
also undergo hydrolytic decomposition, strongly catalysed by ion(II).

According to  the  thin layer chrom atography of heterocyclic nitrogen com 
pounds [6] N{ value for TLC of 1,2,4-triazole on silica gel CAMAG DS—5, for
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various eluants (EtOAc, C6H 6—MeOH 90 +  5, CHC13 —MeOH 90+10 and 
80 +  20, C6H 6—Me2CO 50 +  50), and developer A gN 03(NH3) spray, 5 min in 
UV-light (254 um) are given.

Heterocyclic nitrogen compounds were determ ined potentiom etrically by 
SELIG  [7]. The m ethod also works when substituents such as nitro, halogen or 
alkyl groups are present. This method was adapted.

Some studies for the  determ ination of form am ide are known, e.g. volumetric 
[8] polarographic [9] colorimetric [10] and gas chrom atographic [11, 12] methods. 
Those methods were chosen, which give some information simultaneously and 
analyses can be run easily and quickly.

Determination of 1,2,4-1H-triazole and Formamide by Gas Chromatography

10 mg/ml of ethanolic stock solution was p repared  from the melt of the sample. 
Analysis was performed under following conditions :

instrum ent : Carlo E rb a  Linea GV 
detector: HWD
column: 1.0 m X 2 .5 0  mm glass tube
column packing m ateria l: Chromosorb 101 ; 80-100 mesh
carrier gas: hydrogen, flow rate: 3,6 1/h

triazole formamide

tem perature: column 240 °C 180 °C
injector 265 °C 245 °C
detector 325 °C 300 °C

detector current : 250 mA 
sensitivity: 4
sample volume in jected : 2.5 pi

The quantity of the  compounds were determ ined by measuring the peak 
height (Fig. 3). The calibration curves were taken in the range of 5—30 pg 
of 1,2,4-lH-triazole and  0.5-8.5 pg of form amide.
Iden tity  of peaks was certified by mass spectrom etry ( Fig. i ) .

Table 3
Retention data of the compounds

compound relative 
240 °0

retention* 
180 °C

ethanol (solvent) 0.03 0.19
formamide 0.34 1.00
1,2,4-lH-triazole 1.00 4.46

* Retention time of 1,2,4-1H-triazole was 74—76 sec 
at 240 °C, in the case of formamide, it was 65 — 67 sec 
at 180 °C.
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Gas chromatograms
1 — ethanol (solvent), 2 — formamide, 3 — 1,2,4-lH-triazole

Average value, variance and confidence interval for the mean with coeffi
cient 90 and 95 per cent for the representation of reproducibility of measures, 
based on five different measures and twelve gas chromatograms, can be seen 
in Table 4.

Potentiometrie Determination of 1,2,4-1H-triazole and 1,2-diformyl-hydrazine

Procedure based on the phenomena th a t the heterocyclic nitrogen compounds, 
involving a free hydrogen atom on the  secondary amino nitrogen, can be deter
mined by potentiom etric titration with silver ions in the presence of a borate 
buffer.
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Table 4

Average value, variance and confidence interval for the mean with coefficients 
90 and 95 per cent for the representation of reproducibility of mesures

Compound Anal.
method

Average
value Variance

Confidence interval

coefficients,
% lower limit upper limit

1,2,4-1H-triazole GC 81.4 1.4 95 80.5 82.4
90 80.7 82.2

formamide GC 1.5 0.06 95 1.42 1.59
90 1.44 1.47

1,2,4-1H-triazole Ag-titr. 85.6 0.87 95 83.4 87.7
90 84.1 87.0

Fig. 4
GC-MS spectra
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The titra n t was 0.05 n aqueous silver nitrate. I t  was standardized against 
aliquots of potassium chloride solution. The borate buffer solution contained 
0 . 1 2  m sodium tetraborate and 0.04 m boric acid ; it had a p H  of 9.25.

Ethanolic stock solution of triazole was prepared for gas chromatography. 
Aliquots of th a t solution containing 0.03-0.05 mmol of triazole were diluted 
to 45 ml with methanol and 5 ml of the borate buffer were added. E m f’s were 
monitored by a RA DELKIS model OP-Ag 07111 silver sulphide indicating 
electrode and a double-junction Ag/AgCl reference electrode, in which the  salt 
bridge was 1  n potassium nitrate. Stirring was provided by  a magnetic stirrer.

The reaction product, precipitate, in the  case of 1,2,4-lH-triazole is 
Agi 2 5C2H 0N3 , so four molecules of triazole consumed five moles of silver. 
That was controlled by elemental analysis of the precipitate. I t  m ight be th a t  
the cause of the strange stoichiometry is the  tautom erism  of the 1,2,4-1H- 
triazole [13, 14, 15] (Fig. 5].

Fig. 5
Tautomerism of 1,2,4-lH-triazole

Transitional stage rising during the resonance makes th is ratio possible, 
because the I, and I I  form require 1 mol of silver ion per mol of compound, 
and the transitional form 2  moles.

If the ratio of moles I —I I  to  transitional form is 3:1, consumption of silver 
is 5 moles which corresponds to  literature d a ta  [7] and our measurements. B u t 
verification of th a t idea demands further investigations.

The effect of the  compounds was examined, which may occur in the techno
logical samples and perhaps disturb the reaction. I t  was found th a t the form- 
amide, formic acid, 4-am ino-l,2 ,4-triazole do not react w ith silver. Hydrazine 
hydrate requires 1.4 moles of silver ion per mol of compound and 1,2-diformyl- 
hydrazine 3 moles.

Since during the  process, excess of formamide/formic acid was used hydra
zine hydrate did not appear.

The effect of aqueos silver nitrate  solution to  the E m f  was also investigated 
under the experimental conditions, because the methanolic medium dilutes 
by the titran t. I t  was found th a t the variation of Em f in the  range of conver
sion was caused only by the compound to  be determined. The m ethod enabled
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E M F  
(m V ) I

600 \

Fig. 6
Titration curve o f technological sample 

(1,2,4-lH -triazole 80.2%; 1,2-diformyl-hydrazine 14.2%)

analyses of the product w ith 50-98 per cent 1,2,4-lH-triazole content 
arising from a continous pilot plant. The am ount of 1,2-diformyl-hydrazine 
was 0-25 per cent. The typical titra tion  curve is presented in Fig. 6. Average 
value, variance and confidence interval for the mean w ith coefficients 90 and 
95 per cent for the representation of reproduceability of measures for 1,2,4- 
1—H-triazole by potentiom etric titra tion  can be seen on Table IV .
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РЕЗЮМЕ

Разработаны аналитические методы для контроля сыря и готовой продукции производства 
1,2,4-1Н триазола. Для анализа 1,2,4-1Н триазола и формамида использовали газовый хрома
тограф, а 1,2,4-1Н триазол и 1,2-диформил гидразина могут быть определены титрированием 
нитратом серебра в присутствии борат-буфера.
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Experiments o f raffination were carried out with hydrocracked 
(heavy, middle and light) distillates in the presence o f furfurol and 
NMP solvents.

It was established that both solvents are suitable for raffination 
of the above distillates; because of their characteristics they are 
suitable for the production of base oils having high viscosity indices. 
I t  could be proved that using NMP in significant energy savings 
results, because less solvent quantity is used and therefore less need 
to be recovered from the raffinated and extracted phases.

In  a previous paper [1] details of the possibility of using N-methyl-2-pyrolidine 
(NMP) solvent for the  raffination of luboil cuts were discussed. Compared 
to  furfural solvent it  was shown th a t the same or higher yields of raffination 
can be realized with a  smaller amount of solvent and the quality of the  raffinate 
is the same or near th a t  with furfurals, the column of extraction could be better 
and more flexible loaded, tem peratures of extraction could be lower th an  in the 
case of phenol and furfurals, and a t the same tim e it is neither toxic nor corrosive 
or gumming. Mostly light and middle paraffinic and deparaffinized cuts were 
used.

Raffination Experiments with Hydrocracked Fractions

Studying the possibilities of the modernization of luboil production in Hungary, 
experiments were also extended to  hydrocracked fractions, for the examination 
of the advantages of using hydrocracked raffinates in motor oil compounds; 
what yields could be expected during raffination and chiefly what quality of 
base oils can be produced.
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Objective of the Experimental Work

Results and  observations obtained w ith paraffinic light and middle cuts made 
it possible to  extend the raffination experim ents to  hydrocracked fractions and 
to study  th e  possibilities of their processing. By developing the task, which is 
significant w ith regard to the  m odernization of lubricating oil products, an 
answer could be expected about how traditional technology could be used for 
processing strong paraffinic type of cuts, or some other types of processes 
should be considered.

Regarding raffination processes, using traditional solvents (furfural and 
phenol), th e  application of NMP solvent should also be taken  into consideration, 
which has the  advantageous p roperty  of mixing with water unrestrictedly; 
instead of distillation, the raffinated and extracted phases can easily be desol- 
ventized by  extraction, using water, b u t another advantage is th a t the  arom a
tic content of the base oils can easier be set to the necessary value.

The raffination experiments were m ainly carried out with furfural (in some 
cases w ith  NMP), but in the case of NMP using different technologic param e
ters, which were identical to  the  established favourable conditions obtained 
during experim ents with paraffinized cuts.

The instrum ent used during the  raffination experiments was the same which 
was m entioned in the previous [1] paper; feeding the  oil and solvents, and 
removal of the raffinated and ex tracted  phases were chosen in such a m anner 
th a t th e  phase boundary should be formed at the upper pa rt of the column and 
it was ad justed  by measuring the  differences of the dielectric constant.

A fter set-in  equilibrium, the separated  raffinated and extracted phases were 
desolventized by steam distillation.

For deparaffinization of the  raffinate, MEK-toluol solvent m ixture was 
used ; th e  extracted paraffin was separated  from the solvent after cooling it to 
— 20 °C. B u t in the case of hydrocracked light cut, according to  the requirem ent 
of lower freezing point, the  deparaffinization was carried out a t the 
lowest tem peratures of — 45 °C to  — 50 °C, attainable in a laboratory.

Materials used

According to  operation requirem ents, hydrocracked cuts (heavy, middle and 
light) were used, the features of which are summarized in Table 1.

Table 1

Hydrocracked cuts

Property
Heavy

Middle
Light

A В

Density at 20 °C 0.895 0.888 0.894 0.881
Viscosity

at 50 °C, mm2/s 29.40 13.38 14.50 5.77
at 100 °C 6.58 3.90 3.99 2.19

Freezing point, °C +  30 + 24 +  22 +  6
Flash point, °C 241 216 219 139

Sulphur content, w% 0.39 0.39 0.71 0.4
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Results of the Experiments

The tes t conditions (quality of solvent, solvent-base oil ratio, top  and  bottom  
tem perature of the extraction column) and da ta  characteristic of th e  deparaf- 
finized refined oil (yield, viscosity, viscosity index, and freezing point) are 
listed in the  Tables; based on these data  the efficiency of the quality  and quan
tity , of solvents as well as the  conditions of the  extraction process on the 
degree of raffination can well be evaluated.

Several examinations were carried out with all oil-solvent ratio  values, of 
which average results are represented by the d a ta  of the  Tables. I t  is noted th a t 
there were not significant differences between the repeated m easurem ents, and 
this can be taken as confirmation of the perm anent quality of the base material, 
as well as an assurance of appreciation of the obtained results.

The aim  of raffination w ith  hydrocrclced heavy cut was to  produce a sui
table base oil for the further development of m otor oils from th is  cut. The 
circumstances and results of th e  raffination experiments are listed in  Table 2.

D ata of raffination with furfural show th a t  this solvent can efficiently be 
used for th e  raffination of the  above out. Increasing the ratio of solvent (from 
1:2.0 to  1:3.5) yields of raffination decrease significantly from 66 to  54%) 
with an adequate increase of viscosity indices. After average (75 — 80%) yields 
of deparaffinizations viscosity indices above 100 can be reached w ith  every 
solvent ratio  and the freezing points can be found near —15 °C.

In  the case of NMP, experiments were carried out with anhydrous solvent 
and with a water-injection m ethod. Hydrocracked heavy cut can easily be 
raffinated with both methods. Compared to  the raffination with furfural a t a 
significantly lower solvent ratio  — with regard to  the raffinates with identical 
or near identical viscosity indices — higher yields can be obtained. Increasing 
the ratio of solvent (from 1.25 to  2.0) yields of raffinate are slightly reduced 
(from 63.6 to  60.1 w%).

Table 2
R esults of raffination and deparaffinization of hydrocracked heavy cut

Temperature of column, °0 Raffinate

Solvent Oil/solvent 
volume ratio

Bottom Top Yield VK40 VKwo
V Iew% mm2/s

1:2.0 70 110 6 6 .1 28.9 5.45 127
Furfural 1:3.0 70 110 59.5 25.9 5.17 133

1:3.5 70 110 53.7 25.5 5.19 139

1:1.25 40 60 63.6 31.0 5.81 132
1:1.5 40 60 62.9 30.1 5.74 135

NMP 1:2.0
1:1.5

40 60 60.1 29.2 5.71 140

+  2% water 
1:1.5

40 60 6 6 .2 31.1 5.76 129

+  5% water 40 60 71.7 31.8 5.81 127
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Table 2 (contined)

Deparaffinized raffinate

Yield
w%

VK« VKioo
VIE

Freezing
point

°C

Flash
point

°0mm2/s

75.9 37.73 6.03 104 - 1 5 215
79.0 34.42 5.81 110 - 1 4 205
78.3 31.38 5.54 114 - 1 4 206

80.2 41.89 6.39 101 - 1 4 222
80.2 41.24 6.48 107 - 1 4 214
79.1 40.21 6.38 107 - 1 2 218
81.0 40.01 6.31 105 - 1 4 218
81.5 42.65 6.47 101 -  14 222

The advantage of N M P is in the first place illustrated  by the  fact th a t to 
ob ta in  the necessary qua lity , lower solvent ratio  is sufficient. I t  was possible 
to  produce deparaffinized raffinate with the  ra tio  of 1.25, a viscosity index 
exceeding 100, and th a t  of 107 with a ratio of 1.5. H igher solvent ratios th an  the 
la t te r  do not result in fu rth e r  improvement of quality.

Concerning the effect of w ater in the extraction process, it can be established 
th a t  it  increases the  y ield  by  entrapping the  oil component and still has good 
oilness. Using 2% of w ater th e  yield was increased by about 3%, and after de- 
paraffinization the v iscosity  index was 105. W ith 5% of water quantity  
th e  yield was increased by  almost 9% and even so the  viscosity index remained 
above 100. I t  m ust he noted, however, th a t  instead  of mixing water, the use 
of solvent containing th e  same quantity  of water, results — especially as 
re la ted  to quality — in  substantially lower levels.

The method em ployed for feeding the  w ater is also significant, because 
w ith  higher yields an d  good quality the recovery of solvent with aqueous 
exraction is not affected  by the added w ater content; the remaining water 
conten t of about 1%, a fte r dewatering of the  solvent, does not deteriorate the 
quality  of the raffinates. So with the use of N M P the process can definitely be 
m ade power saving.

Drawing a com parison between the results obtained with the two solvents, 
th e  advantages of fu rfu ra l raffination, considering the quality, are identifiable, 
especially, because a fte r  deparaffinization, the  viscosity indices of the raffinates 
decrease to a lesser degree.

Advantages of N M P imply smaller solvent ratio , simplicity of the accomp
lishment of desolventization, higher flexibility and lower power demand of the 
whole process.
To summarize : it  can  be established th a t  w ith the  use of both solvents, raffina
tes  having a viscosity index of about 110 can be produced from hydrocracked 
heavy cut with adequate  quality, which could form a suitable base oil — with 
regard to the extension of the product varie ty  of motor oils.

According to  T able  1, two types of m aterials were used for raffination 
testing of the hydrocracked middle cuts and  differences appeared between
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them , because the lighter sample containing a smaller quan tity  of sulphur was 
hydrocracked after the mixing of the gas oil only.
W ith these base materials, the aim was Type SN80 base oil, th a t  is to  say the 
production of a deparaffinized raffinate having an about 110 viscosity index 
and freezing point of about —15 °C. In  this case, experim ents w ith the 
hydrocracked light cut were carried out with furfural only, because in the 
first place we were interested in  the feasibility of possible com plete desolven- 
tization of lighter base m aterials after raffination, with little losses.

Presum ably, similarly to  the  previous results, an adequate degree of raffina
tion  could be obtained with NMP and in the  case of lighter base m aterials the 
desolventization with aqueous extraction would appear not ju st as a possibility, 
bu t because of the higher boiling point of NMP, as a necessity.

The results of our experiments of raffination with hydrocracked middle cut 
are summarized in Table 3, and optimum param eters and optim um  oil-furfural 
ratio  were employed. The results obtained were also given — in this case — 
as an average of several parallel measurements.

Table 3
Raffination and deparaffinization results of hydrocracked middle fraction

Oil / 
/sol- Column 

tem
perát. °C

Raffinate Deparaffinized raffinate

Дa3
Base

material
vent
vol
ume
ratio

Yield
VK« VKioo

VIE Yield
VK40 VKioo

VIE
Free
zing Flash

point
°0>

3CQ Bottom Top
w% mm2/s s% mm2/s point

°0

5

Hydrocr. 
middle A 1:3.5 70 110 51.92 14.73 3.54 122 80.51 16.50 3.68 108 -  14 186
HK middle 
В 1:3.5 70 110 49.24 14.71 3.57 126 79.19 17.28 3.79 109 -  14 201

I t  is evident th a t with furfural of 1:3.5 ratio it is possible to produce deparaf
finized raffinates from hydrocracked middle outs, which meet quality  requi
rements. From  “H K  middle A” cut 2% higher yields can be obtained. Accor
ding to  the exam ination of the group composition, it was possible to  reduce the 
starting  arom atic content of 28% in the product to  6 — 7%.

The aim of studying the processing of hydrocracked light oil was to  find out 
if there was any possibility of obtaining a  product by furfural raffination, 
having an arom atic content of 11 —13%, and freezing point below —30 °C.

The conditions of experiments and the obtained results are compiled in 
Table 4. The da ta  obtained, as average results of several measurem ents show, 
in this case too, th a t yields of raffination increase with the reduction of solvent 
ratio — corresponding to  expectation — bu t the aromatic content of the 
raffinates also increases.

I t  is emphasized th a t using even 1:1.5 solvent ratio it is possible to  produce 
deparaffinized raffinate complying with requirements and a t the same tim e 
to tal yields of the raffination and deparaffinization amount to  40%. This means 
tha t th e  products obtained can be taken  into consideration as a prospective 
base oil for the production of transform er oil.
7
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Table 4
R affination and deparaffin ization  results of hydrocracked light fractions

Solvent
Oil/solv.
volume

rate

Column
temperature

°C Yield of 
raffinate

%

Deparaffinized raffinate

Yield
w%

УК-20
m2/s

Freezing
point

°C

Aromatic
content

w%Bottom Top

f u r f u r a l 1:1.5
1:2.0

70 110 
70 110

55.20
49.36

80.62
78.76

17.9
17.2

- 4 0
- 4 2

11.3
10.9

Summarizing the investigation, it can be sta ted  th a t  the objective was 
a tta ined  to  produce a prospective oil with the required quality in the case of 
all hydrocracked cuts.

Though NMP was used w ith  heavy cut only, it can definitely be stated  th a t 
it  is also possible to produce th e  above base oil products with this solvent, and 
w ith a method requiring considerably less energy.

I t  seems that both of the  solvents is su itable for retention of the 
p roduct ranges of base oils w ith refinement procedure of hydrocracked cuts, 
th a t  is to say with long established procedure. In  a  particular case it will be 
possible to decide in favour of one of the used solvents employing optimizating 
calculations and their comparison.
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РЕЗЮМЕ

Проведены эксперименты рафинирования продуктов гидро-крекинга в присутствии фурфуро
ла и растворителей. Установлено, что растворители пригодны для рафинирования дестилля- 
тов, так как они обладают хорошими свойствами а рафинады пригодны для производства 
основных масел большой вязкости. Преимуществом применения растворителей состоит в 
экономии части растворителей, таким образом в меньшем количестве попадают в готовый 
продукт и меньше надо возвращать из рафинированных и экстрактных фаз.
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Some compounds with high bactericidal and moderate fungicidal 
activities were obtained by condensing three sulphonyl chloride 
mixtures (Аг, В a and Сг, prepared by sulphochlorinating three frac
tions from the Egyptian “Morgan” distillate) with aniline, 1-naphthyl- 
amine and some of their 4-substituted derivatives. A conclusion 
relating the structures of the prepared sulphonanilides and their 
toxicities is discussed.

In  attem pts to  study the possiblity of manufacturing some biologically active 
products from petroleum distillates, a series of experiments were carried out 
in  our laboratory, utilizing the E gyptian petroleum fractions.

In a previous paper, the Egyptian “Morgan” gasoline was used as the  starting 
material for this purpose, via sulphochlorinating its arom atic portions and 
converting them  into some aromatic sulphonate esters [1].

The present investigation concerns with the synthesis of some sulphonanilide 
mixtures w ith expected biocidal activity . This was followed by condensing the 
previously prepared sulphonyl chloride mixturesBl with aniline, 1-naphthyl- 
amine substituted in the 4-position with a methyl, bromo, chloro, or a  nitro 
group, respectively. The effect of the  structure of the prepared compounds on 
their toxicity against some harmful bacteria and fungi was also studied.

Experimental

Conversion of the '‘Morgan” Gasoline Distillate into Three Sulphonyl Chloride 
Mixtures.

The gasoline distillate (b. r. 50-170 °C) was fractionally distilled into three 
cuts with boiling ranges 70-90 °C, 100-120 °C and 130-150 °C, respectively. 
Each cut was sulphonated with concentrated sulphuric acid and neutralized with
7*
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sodium  carbonate solution. T he resulting sodium sulphonates were treated  
w ith phosphorous pentachloride to  give the corresponding sulphonyl chloride 
m ix tu res A2'-', B2 and C2'"\

The apparatus, procedure a n d  the  specifications of these sulphonyl chloride 
m ix tures were described in d e ta il elsewhere [1].

Reactions of Aniline, 1-Naphthylamine and some of their 4-Substituted Deriva
tives w ith  the Prepared Sulphonyl Chloride Mixtures.

E q u im o la r quantities from each of the sulphonyl chloride mixtures and aniline, 
1-naphthylam ine or their 4-substitu ted  derivatives (prepared according to 
pub lished  methods [2-5]) were treated  with sodium  hydroxide solution. The 
p rocedure  described previously for the preparation of the sulphonate esters 
[1] w as followed, but w ith on ly  one difference, th a t  is, the unreacted amines 
were rem oved by washing w ith  d ilute hydrochloric acid.

T he  structure of the sulphonanilides obtained was deduced from measuring 
th e ir  average molecular w eights [6], and from th e ir infra-red spectra which 
show ed a  stretching frequency a t  1,320 cm“ 1 characterisitic for the — S 0 2-NH- 
group.

Determination of the Antibacterial and Antifungal Activities of the Obtained 
Products.

T he biocidal activities of these  sulphonanilides were screened against eight 
h a rm fu l bacteria and tw o fungal species following a  standard procedure [7]. 
T he minimum inhibition concentrations, у /ml, of these compounds were 
determ ined. The results are  given in Tables (1-3).

Discussion of the Results

T he  present paper is an  extension to the previously mentioned study dealing 
w ith  th e  preparation of som e biocidally active products from local “Morgan” 
gasoline distillate. The th re e  sulphonyl chloride m ixtures (A2, B 2 and C2) 
p rep ared  in part one of th a t  paper [1] were reacted  with aniline, 1-naphthylam i
ne an d  some of their 4 -substitu ted  derivatives.

T h e  formed sulphonanilides were screened against some harm ful bacteria 
a n d  fungi. The relationships between the structures of these compounds and 
th e ir  toxicity were stud ied  from  the following points of view :

1. The type of prepared sulphonyl chloride m ixtures.
2. The type of arom atic  ring bearing th e  substituents, either phenyl or 

naphthyl.
3. The type of substituen ts  present in the aniline or 1-naphthylamine.
4. The type of tested  bac te ria  and fungi.

Effect of the Type of Prepared Sulphonyl Chloride Mixtures

I t  is abvious from Tables 1-3  th a t the products obtained from the  sulphonyl 
chloride mixtures B2 show ed the highest ratios of the  active products (8 pro
ducts), followed by those  derived from the  sulphonyl chloride mixtures A2
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(7 products) and  the least active compounds were those prepared from the  
sulphonyl chloride mixtures C2(6 products).

Effect of the T ype  of Aromatic R ing Bearing the Substituents

From  the d a ta  obtained, it was found th a t the products derived from the subs
titu ted  anilines were highly active products (11 compounds) than  those obtained 
from the substituted- 1-naphthylamines (10 products).

Effect of the T ype of Substituents Present in Aniline or 1-naphthylamine:

I t  was noticed th a t  the degree of toxicity of the compounds prepared from  
substituted anilines varies w ith the  type of substituents in  the  following order :

- N 0 2^  -C l= - - C H 8>  -B r .

On the other hand, the biocidal activities of the products derived from th e  
substituted-1-naphthylamine decrease in the sequence:

- N 0 2>  -Cl=> - B r >  -C H 3.

Effect of the type of tested bacteria and fungi:

I t is also clear from  Tables 1-3 th a t  both the Bacillus subtilis and Escherichia

Table l
Antibacterial and antifungal activities o f the products obtained by the condensation of the 

sulphonyl chlorides mixture (A2) with aniline, naphthylamine, and their 4-substituted
derivatives
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i i Aniline 245 ♦ * 750 800 1000 900 750 700 * *
íz P-Toluidine 260 350 600 100 500 650 100 350 500 * 300
Is P-Chloroaniline 276 300 100 200 400 500 100 250 150 400 350
I 4 P-Bromoaniline 324 * 700 100 800 600 750 650 550 * *
Is P-Nitroaniline 285 250 50 250 100 300 200 100 950 300 250
Ie 1-Naphthylamine 296 * 850 900 * 1000 ♦ 850 * * 700
I7 4-Methyl-l-

naphthylamine 304 * 800 * 750 800 650 550 ♦ * 600
Is 4-Chloro-l-

naphthylamine 328 700 250 100 700 550 450 400 350 500 600
Is 4-Bromo-l-

naphthylamine 370 * 600 450 100 600 400 550 400 * *
I io 4-Nitro-l-

naphthylamine 336 350 200 100 400 450 100 250 350 450 500

* Means no activity at concentration up to 3000 y  /ml solution.
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Table 2
Antibacterial and antifungal activities of the products obtained by the condensation of the 

sulphonyl chlorides mixture (B2) with aniline, naphthylamine, and their 4-substituted
derivatives

Bacteria Fungi

Pr
od

uc
t 

nu
m

be
r

A
ni

lin
es

 o
r 

1-
na

ph
th

yl
-a

m
in

e

A
ve

ra
ge

 m
ol

. 
w

t 
of

 t
he

 o
bt

ai
ne

d 
su

lp
ho

na
ni

lid
es

A
er

o.
ae

ro
ge

ne
s

K. ae
ro

ge
ne

s

B
ac

ill
us

su
bt

ili
s

B
ac

ill
us

ce
re

us

M
ic

ro
co

cc
us

sp
.

Es
ch

er
ic

hi
a

co
li

St
ap

hy
lo

co
cc

us
au

re
us

Sa
lm

on
el

la
sp

.

C
an

di
da

al
bi

ca
ns

A
sp

er
gi

llu
s

ni
ge

r

H i Aniline 248 750 * 700 650 500 450 500 650 * *
1 1 2 p-Toluidine 262 300 500 100 450 100 600 300 100 450 300
Пз P-Chloroaniline 280 250 150 100 350 400 100 200 100 350 400
1 1 4 P-Bromoaniline 328 * 650 100 700 * 100 500 600 500 450
iis P-Nitroaniline 290 150 50 200 50 350 100 250 100 250 400
He l-Naphthylamine 298 * 450 * 550 450 800 700 650 * *
I I 7 4-Methyl-l-

naphthylamine 312 * 400 650 450 500 100 500 450 600 *
He 4-Chloro-l-

naphthylamine 328 650 100 700 650 100 500 350 400 300 450
I I 9 4-Bromo-l-

naphthylamine 372 550 350 500 250 100 350 450 450 500 550
I I 1 0 4-Nitro-l-

naphthylamine 340 250 100 350 100 400 200 300 100 350 400

* Means no biocidal activity at concentrations up to 3000 y  /ml solution.

coli were the  m ost affected organisms (8 toxic products for each organism) 
followed by K . aerogenes and Micrococcus sp. (6 compounds for each orga
nism), Bacillus cereus (5 products) and  finally Staphylococcus aureus and 
Salmonella sp (4 compounds for each organism).

General speaking these sulphonanilides showed high toxicity towards 
bacteria, b u t were of moderate tox ic ity  to  fungi.

From these results it could be concluded th a t E gyptian  “ Morgan” gasoline 
could be used for the  production of some biocidally active products.
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T a b le  3

Antibacterial and antifungal activities of the products obtained by the condensation of the 
sulphonyl chlorides mixture (С'г) with aniline, naphthylamine, and their 4-substituted

derivatives
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U li Aniline 252 900 * 800 * 250 4с 850 750 4c 500
Ills P-Toluidine 265 * 650 * 750 100 250 450 600 4c 4c

Ш з P-Chloroaniline 290 350 250 100 450 600 350 100 250 450 500
I I I 4 P-Bromoaniline 330 * 4« 900 1000 850 750 800 4c 4c 950
I I I 5 P-Nitroaniline 296 300 100 350 250 400 450 100 350 400 350
Ш е 1 -Naphthylamine 302 ♦ * 950 1000 * 900 2000 1500 4c 4e

III, 4-Methyl-1- 
naphthylamine 320 1000 * 900 ♦ 4с 850 700 650 4c 4c

Ills 4-Chloro-l-
naphthylamine 340 * * 750 * 100 600 100 650 550 4c

Ills 4-Bromo-l-
naphthylamine 385 * 700 650 750 100 4с 850 600 4c 4c

Ш 1 0 4-Nitro-l-
naphthylamine 350 500 350 * 100 450 100 350 450 4: 550

* Means no biocidal activity at concentrations up to 3000 у /ml solution.

РЕЗЮМЕ

Путём конденсации сульфомилхлоридов (производные Аг, В2 С2 полученных из сульфохлори- 
рования фракций дестилляции эгиптской фирмы „МОРГАН“) произведены сильные бакте
риеубивающие, но слабые гриооуоивающие материалы. В конденсациоонной реакции приме
нены анилин, 1-нафталинамин и замещающие их производные. В сообщении обсуждены за
висимости между структурой полученных соединений и их бактериеуоивающими и грибо
убивающими свойствами.
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Kinetic and equlibrium relationships were studied for the chemical 
synthesis o f malic acid at 160, 180 and 200 °C. A kinetic model was 
suggested for the investigated system and the values o f  the reaction 
rate constants were determined. It was found that malic acid is 
formed from maleic acid in two ways: directly from m aleic acid and 
by the maleic acid -» fumaric acid-»malic acid way. Lower tempera
tures are favourable for malic acid production.

Introduction

Generally citric acid is used for flavouring and acidifying foods. This acid is 
produced by ferm entation. The need for an inexpensive synthetic acidifying 
agent emerged in  the  first ha lf of this century. DL-malic acid proved to  be 
such a product. The physical and  chemical properties of malic acid are very  
favourable for its application in  th e  food industry, w ith th e  additional advan
tage th a t it can be produced from  maleic anhydride, an  inexpensive p e tro 
chemical product.

Many patents dealt with the  catalytic hydration of maleic acid in the p res
ence of sulphuric acid or various m etal salts [1-5]. Though the  yield of m a
lic acid is higher in  these cataly tic  reactions, malic acid of food specifications 
is produced by noncatalytic processes, where the purification requirem ents 
are not so complex [6-24].

There are different views concerning the reaction mechanism. According to  
several authors, hydration is brought about in  two steps. In  the first one, 
maleic acid is isomerized to  fum aric acid, and then  fum aric acid is hydrated  
to  malic acid [12]. O ther researchers believe th a t  maleic acid is also hydrated. 
Fum aric acid is formed concurrently with the hydration of maleic acid and it 
is also hydrated to  malic acid [14, 18].

Kinetic data are not published on malic acid form ation s tarting  with maleic 
acid. In  patents only the fact is given th a t the reaction is an  equilibrium reac
tion. However, the  kinetics of th e  hydration of fumaric acid was studied in
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basic, acidic and neutral media [25-27]. I t  was found th a t  th e  hydration of 
fum aric acid is first order with respect to  fumaric and malic acid, and the 
reaction is reversible.

Considering th a t  there  is a lack of d a ta  concerning these reactions, the k i
netic and equilibrium  characteristics of the  form ation of malic acid from maleic 
acid were studied.

M aterials

Commercial grade maleic anhydride and fum aric acid (Reanal, Hungary, ana
lytical grade) and malic acid (Fluka, Switzerland, pure grade) were used w ith
o u t further purification.

Ionexchanged w ater (~  10 pS) was freshly boiled before use to  remove car
bon dioxide.

Apparatus
Experim ents were carried out in  25 cm 3 titan ium  autoclaves constructed of 
technical grade titan ium  (99.99%), closed w ith  a teflon packing and screw-top. 
The autoclave was heated with an alum inium  hlockheater, which was m ount
ed on a shaking machine. The tem pera tu re  of the blockheater was regulated 
w ith a transform er and measured w ith a m ercury therm om eter. The tem pera
tu re  was kept constant w ithin ± 0 .5  °C.

Procedure

100 mmole dicarboxylic acid (anhydride in  the  case of maleic acid) was weighed 
in  the autoclave in  a  40% aqueous solution. The autoclave was closed and plac
ed in the heater th a t  was kept a t th e  desired tem perature. A fter the required 
tim e had elapsed, the  autoclave was rem oved from the  hea te r and quickly 
cooled in running water. Fum aric acid th a t  was crystallised during cooling 
was filtered through a G-4 porous glass filte r and the reactor was rinsed with 
3X 5 ml of ionexchanged water. A fter drying a t 105 °C for 24 hours, the  mass 
of crystallised fumaric acid was determ ined.

The composition of the solution was determ ined by gas chrom atography 
after making e thy l esters of the carboxylic acids. The composition of the  pro
duct solution was calculated from the  results of this two determ inations.

Results

The form ation of malic acid from m aleic acid was studied a t  160, 180 and 
200 °C. Reactions were carried out un til th e  equilibrium a t th e  given tem pera
tu re  was reached.

Results a t 180 °C are given in  Fig. 1. I t  is clearly shown th a t  the  system 
reaches an equilibrium  state, where th e  composition no longer changes. The 
results of experim ents starting  w ith  m alic and fumaric acids are given in 
Figures 2 and 3. I t  can be seen th a t  th e  sam e equilibrium was reached in  both 
cases.

W ith s tarting  m aterial of maleic acid, the  composition of the reaction mix
tures was also determ ined a t 160 and  200 °C. The results were similar to  those 
obtained a t 180 °C.
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On the 
suggested

where kv

Fig. 1
Results o f experiments starting with m aleic acid at 180 °C 

basis of the  experimental results the  following reaction scheme is

/
CH

coon

CH
\ c o o h

malecfd acid

+ H 2o
COOH 

HO—OH

к -3 íj k3
/C O O H

CH

HOOCУ
CH

+ H 2o

CH2
I

COOH
malic acid

fumaric acid

. .  ., k_g are the  ra te  constants of the individual reactions.
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Fig. 2
R esults o f  experiments starting with fumaric acid at 180 °C

The following kinetic model belongs to  the  above reactions scheme: 

d(Maleic) =  k3(Fum aric) _  k_3(Maleic) +  k_1(Malic) -  ̂ (M aleicH l^O )

=  Æ_3(Maleic) — &3(Fumaric) +  k 2(Malic) — k_2(Fum aric)(H 20)

^ j ^  =  k 1(Maleic)(H20) -k_j(M alic) +  k_2(Fumaric)(H20 ) - k 2(Malic)

tf(H20) d  (Malic) 
dt dt

where the term s in  brackets are th e  mole fractions of the given component.
The ra te  constants were determ ined w ith the  symplex m ethod of N e l d e r -  

M e a d  [28] and are presented in Table 1 and Fig. 4. The equilibrium  constants 
a t three tem peratures were also calculated and are given in Table 2 and Fig. 5.
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Results o f experiments starting with malic acid at 180 °C

Conclusions

The experiments clearly showed th a t  the form ation of malic acid from m aleic 
and fumaric acids is an equilibrium reaction. Figures 1 to 3 confirm th a t  a fte r 
a  sufficient period of time, the  same equilibrium m ixture is formed a t a given 
tem perature independently of the starting  material.

In  previous experiments on the hydration of fum aric acid it  was found th a t  
maleic acid was not formed, i.e. only fumaric and malic acids were p resent 
in the equilibrium  mixture. I t  was found th a t all th ree  acids are in equ ilib 
rium in all cases.

P aten ts on this reaction explained the mechanism differently. Our resu lts 
showed th a t  fumaric and malic acids are formed concurrently. The form ation 
of fumaric acid is quicker than  th a t of malic acid, b u t the  rate costants are 
of the same order of magnitude.

The hydration of fumaric acid formed by isom erization from maleic acid is 
a slower process than  the hydration of maleic acid. The formation of m alic 
acid takes place in two ways in the investigated system  : by the direct h y d ra 
tion of maleic acid and by the maleic acid —fumaric a c id — mahc acid way.
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Fig. 4
T em p era tu re -d ep en d en ce  o f  r a te  co n stan ts

Table 1.
Values of the rate constants

Temperature, °0
160 180 200

ki 0.2437 0.8448 1.900
k-1 0.00169 0.00415 0.0155

0.0223 0.0878 0.275
k-2 0.0569 0.155 0 365
k3 0.0153 0.0650 0.195
k- 3 0.354 1.168 2.700

Table 2.
Values of the equilibrium constants

Temperature, °0

160 180 200

Malic acid/Fumaric
acid 2.30 1.82 1.39

Malic acid/Maleic acid 
Funiaric acid/Maleic

69.0 49.0 28.5

acid 30.0 26.9 20.5
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temperature, °C

Fig. 5
Temperature-dependence of equilibrium constants

At the beginning of the reaction, when the  concentration of the maleic acid 
is higher th an  its equilibrium concentration, th e  direct hydration is th e  dom 
inant way. However, as the  concentration of maleic acid decreases rapidly  
to  its equilibrium value, the  hydration rate  of fumaric acid and equilibrium  
relations is increasingly im portant.

The values of equilibrium constants show th a t  lower tem peratures are more 
favourable to  the  formation of malic acid.
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РЕЗЮМЕ
Авторы изучали равновесные и кинетические условия реакции лежащей в основе химического 
синтеза яблочной кислоты при темперетурах 160, 180 и 200 °С. Составили кинетическую мо
дель изученной системы и определили значения коэффициентов скорости. Авторами установ
лено, что яблочная кислота синтезируется из малеиновой кислоты двумя способами: непо
средственно из малеиновой кислоты и через следующую цепь, малеиновая кислота -* фу- 
марная кислота яблочная кислота. Установили также, что более низкая температура спо
собствует, синтезу яблочной кислоты.
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The preparation, by electrolysis, o f battery-grade manganese dioxide 
from nitrate and sulphate solutions of manganese was investigated. 
Lead plates and titanum plates, thermally coated with manganese 
dioxide, were used for the cathode and anode, respectively. W ith  
nitrate electrolytes, the current efficiency, while with sulphate 
electrolytes, the specific energy consumptions were lower. The degree 
of oxidation of the product was higher in the case of nitrate electro
lytes. Over the 6-90 g/1 Mn2+ concentration range, the electrolysis 
parameters did not change with the Mn2+ concentration. Decreasing 
acidity decreased the current efficiency and increased the active  
manganese content. Copper, nickel and cobalt contamination in the 
product was proportional to that o f the electrolyte. Iron, titanium  
and lead could enter the product from the electrodes. The optimum  
temperature and current density of the electrolysis were 86-97 °C 
and 0.5-1.5 А/dm 2, respectively. Higher current density decreased 
the active oxygen content of the product, but the oxygen content 
could be increased by post-electrolysis digestion in hot nitric acid.

Introduction

Manganese dioxide produced by anodic oxidation of manganese(II) salts is 
prim arily used in dry cells.

From aqueous, sulphuric acid solutions of manganese sulphate, manganese 
dioxide is electrolytically deposited onto lead, graphite or titan ium  anodes, 
a t tem peratures ranging between 90-94 °C. Occasionally, n itra te  electrolytes 
are also used. Anodically produced manganese dioxide always contains some 
manganese with a lower degree of oxidation, and also some bonded water. 
There is some correlation between the composition of the electrolyte, cell po
tential, anodic current density, electrolyte tem perature and the characteris
tics of the deposited manganese dioxide. The nominal degree of oxidation of 
anodically formed manganese dioxide is in  the  1.85 to  1.90 range [1]. A dvan
tageously, the  degree of oxidation is increased by post-electrolysis acid tre a t
ment [2]. The current efficiency of manganese dioxide production rem ains
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essentially constant, when the  manganese concentration is varied over the 
50-100 g/1 range in  sulphuric acid electrolytes [3]. The M n02 concentration 
of the  coating is independent of the sulphuric acid concentration in  the 0.1-
0.75 mol/1 range, b u t rap id ly  drops off above 2 mol/1. W ith increasing sul
phuric acid concentration, the  adsorbed water conten t of the product increases
[4].

I t  was found th a t in  electrolytes saturated  w ith lead sulphate (0.038-0.051 
P b S 0 4 g/1), the lead concentration of M n02 increased with the current density, 
and  decreased with increasing tem perature [5]. Ferric ions decreased the cur
ren t efficiency of M n 0 2 deposition [6]. A pparently Co and Ni had no effect 
on M n02 separation [7].

According to  a C anadian pa ten t [8], battery-grade M n02 can be deposited 
from  an electrolyte, which contains the following contam inants: copper: 
1.5 mg/1, cadmium: 5.0 mg/1, lead: 0,5 mg/1, and traces of cobalt, nickel, arse
nic and antimony.

Battery-grade m anganese dioxide can be produced electrolytically a t ele
va ted  tem peratures : betw een 90-94 °C [9]. The form al degree of oxidation of 
the  product decreases, when th e  current density of anodic oxidation is increased 
[10]. M u r a k i [10] dem onstrated  th a t the concentration of the contam inants 
in  the  product also increased w ith the anodic curren t density.

The material of th e  anode plays an im portant role in  the electrolysis. T ita 
nium , subjected to  various finishing procedures, proved to  be the  best, both 
technically and economically [11-14].

Based on the above references, a comprehensive experimental programme 
was initiated to  determ ine the  dependency of the  m ajor electrolysis param eters 
and  product characteristics on the experim ental conditions.

Experimental

Electrolysis experim ents were carried out in  a double-wall glass electrolysis 
ta n k  of 1.5 1 capacity. The cover and the m ain vessel both had a plane, ground 
surface to ensure tig h t sealing. Copper electrode holders, coated with plastic, 
were secured by p lastic  screw-clamps to  the  top  of the tank. Electrodes were 
attached  to the electrode holders by bolts and screws. The distance between 
th e  anode and cathode was 3.5 cm. A m agnetic m ixer was used to  mix the 
electrolyte. A stabilized DC power supply, Type Т В  9177 (FOK-GYEM, B u
dapest, Hungary) was used for the electrolysis. Current, transported  through 
th e  electrolysis cell, was measured by a m ultim eter, Type PE  22421/04 (Phi
lips) via the po ten tia l drop on a 1.4 ohm wire resistance, connected in  series 
w ith the electrolysis tan k . A therm ostat was used to  m aintain the  tem perature 
of the electrolysis cell, except a t 97 °C, when steam , introduced into the  jack
e t of the cell, was used. Cell potential was recorded by a strip chart recorder, 
Type OH 851/1 (Radelkisz, Budapest, H ungary). The manganese sulphate 
and manganese n itra te  solutions obtained by  acid digestion (sulphuric acid 
and nitric acid, respectively) of manganese carbonate ore from Ú rkú t, H un
gary, were used as electrolytes (Table 1).

Electrolyte p repara tion  is not discussed here. A new electrolyte was used in 
each experiment. M etal concentration in  the  electrolyte was determ ined by 
atomic absorption spectrom etry. A Type O P 213 acidometer (Radelkisz,
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Table 1.
Composition of the electrolytes

Components
IUg/1

Sulphate
electrolyte

Nitrate
electrolyte

Iron 1.4 2.7
Cobalt 8 . 2 13.0
Nickel 4.5 2 . 8

Lead 3.4 1.9
Copper 1.1 2.3
Zinc 2.3 2.7
Chromium 0.1 0.1
Potassium 312 312
Sodium 552 586
Titanium 1.1 0.9
Calcium 54 2800
Magnesium 920 503
Silicon dioxide 27 33

Budapest, Hungary), equipped with a glass electrode, was used to  determ ine 
the  acid concentration of the  electrolyte. Only in slightly acidic electrolytes 
could changes in  the acid concentration be detected (electrolysis tim e: 1 hour).

A 0.5 mm thick titanium  plate, pretreated by sand blasting, was used as an 
anode, both as received, and after therm al coating by M n02. An expanded 
titanum  plate of 1 mm thickness, coated by a 4 pm thick  layer of p latinum  
(Heraus) was also used as an anode. The chemical composition of the 0.5 mm 
thick titanum  plate was as follows: titanum : 99.5%, silicon: 0.1%, iron: 0.4%, 
cobalt: 10 ppm , copper: 16 ppm , and lead: 28 ppm.

Lead and blasted titanum  cathodes were used in the sulphate and n itra te  
electrolytes, respectively.

Prior to  electrolysis, the electrodes were degreased by acetone and weighed. 
A fter electrolysis, the anodes were washed with hot w ater and acetone, dried 
for 2 hours a t 85 °C, and weighed. Iodometric and complexometric titra tions 
were used to  determine the manganese dioxide, and the  overall manganese 
content of the  coating [15]. The advantage of this (i.e. Ga t t o w ’s method) is 
th a t  both the active oxygen content, and the  to ta l manganese content can 
be determined from the same weighed sample. The actual manganese dioxide 
content of the coating was used to  determine the  current efficiency, and the  
specific energy consumption of the  electrolysis.

The concentration of Mn2+, H 2S 0 4 and H N 0 3, as well as the  tem perature 
of the  electrolyte were varied in the experiments, along with the m aterial 
and anode preparation mode, and the anodic current density. Coating recovered 
from the electrode was ground in an agate m ortar, and the  current efficiency, 
specific energy requirement, and x  values in M n01+x were determined. In  cer
ta in  cases, the contam inants and water content of the coating were also deter
mined.

In  a separate series of experiments, the effects of aqueous washing and 4 
hours digestion in  boiling nitric acid, respectively, upon the  x  values were 
tested.
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Table 2a
Effects of the Mn2+ concentration of the electrolyte upon the electrolysis parameters

Parameter

Sulphate electrolyte 
H 2 S O 4  cone.: 50 g/1 

Mn2+ cone, (g/1)

Nitrate electrolyte 
HNO3 cone.: 6  g/1 

Mn2+ cone, (g/1)

6 40 90 6 40 90

Current efficiency, % 93.3 87.7 89.8 92.7 89.9 86.9
Specific energy

consumption, (Wh/g) 1.4 1.5 1.6 1.2 1.1 1.7
Formal degree of

oxidation, X  in MnOi+x 0.93 0.86 0.90 0.88 0.88 0.90

Results

M n 2+ Concentration of the Electrolyte

The relationship between the Mn2+ concentration and the  characteristics te s t
ed is shown in Table 2a. I t  can be concluded th a t w ithin the  lim its examined, 
changes of the  Mn2+ concentration have practically no influence upon the cur
ren t efficiency, specific energy requirem ent and formal degree of oxidation.

Acidity of the Electrolyte

The effects of electrolyte acidity are shown in Table 2b. W ith increasing acidi
ty , the current efficiency drops and product quality improves, i.e. the  value 
of X in M n01+x increases, especially for th e  n itra te  electrolyte. Increased acidi
ty  resulted in  increased manganese dioxide and adsorbed w ater contents.

Table 2b
Effects of the acidity of the electrolyte upon the electrolysis parameters

Param eter
Sulphate electrolyte 

H2SO4  cone, (g/1)
Nitrate electrolyte 
HNO3 cone, (g/1)

4.9 50 1 0 0 6.3 30 60

Current efficiency, (%) 100 87.7 88.4 89.3 78.6 72.2
Specific energy consumption,

(Wh/g) 1.3 1.5 1.4 1.1 1.2 1.4
X  in MnOi+x 0.85 0 . 8 6 0.89 0 . 8 8 0.90 0.93
Moisture content, (%) 1.2 0.9 1.3 1.7 1.9 2.0

Contaminants and Additives of the Electrolyte

The concentration of centam inants found in  the coating is listed in  Table 3. 
Based on the  in itia l iron, titan ium  and  lead content of the  1.5 1 sulphate elec
trolyte, a m axim um  of 2.1 mg iron, 1.65 mg titanium  and 5.1 mg lead can enter
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the coating. Assuming complete deposition and a coating mass of 3 g, the 
respective maximum concentrations are: 0.07% iron, 0.055% titan ium  and
0.17% lead.

I t  can be seen in Fig. 1. th a t  the contam inant concentration values a re —with 
the exception of a few iron values—within the range perm itted  for d ry  cells.

Table 3.

Contaminants o f  the manganese dioxide coating under varying experimental conditions 
(electrolyte temperature: 97 °C, blasted titanium  anode)

Contaminant 
and its 
cone.

Cone, of 
contaminant 
in electro
lyte mg/1

Sulphate electrolyte

Cone.
of

contami
nant in 
electro

lyte

N itra te  e lectro ly te

H 2 S O 4  cone, (g/1) H N O 3 cone, (g/1)

4.9 50 100 6.3 30 60

Current
density
A/dra2

Current
density
A/dm2

Current
density
A/dm2

Current
density
A/dm2

Current
density
A/dm2

Current
density
A /dm 2

1 2 1 2 1 2 1 2 1 2 1 2

Iron, (%) 1.4 0.030 0.020 0.060 0.045 0.020 0.030 2.7 0.115 0.037 0.100 0.023 0.090 0.028
Titanium, (%) 1.1 0.016 0.010 0.032 0.027 0.065 0.013 0.9 0.150 0.060 0.152 0.088 0.092 0.030
Lead, (%) 3.4 0.067 0.070 0.520 0.085 0.022 0.022 1.9 0.050 0.022 0.015 0.015 0.330 0.030
Cobalt, (ppm) 8.2 40 35 10 25 11 10 13.0 10 10 10 10 10 10
Nickel, (ppm) 4.5 50 50 50 50 50 50 2.8 50 50 50 50 50 50
Copper, (ppm) 1.1 15 20 45 40 30 40 2.3 40 45 60 40 50 50

Electrolyte Temperature

The tem perature dependency of the various param eters is shown in Fig. 1, 
using the data  obtained with platinum  coated titanum  electrodes. Electrode 
passivation, and the  continuous increase in cell potential hindered the deter-
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Fig. 1
Current efficiency as a function of the electrolyte temperature 

(current density: 1.14 A/dm2; H2SO4 cone.: 4.9 g/1; platinum-coated titanium)
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m ination  of the exact specific energy consum ption values in  the  case of the 
b lasted  titanum  electrodes. However, it  can be concluded th a t  both the  cur
ren t efficiency, and the  specific energy consumption values decrease with 
increasing electrolyte tem perature. The quality  of the manganese dioxide 
coating improves with the  tem perature: th e  formal degree of odixation in 
creases with the electrolyte tem perature.

Anodic Current Density

The effects of anodic current density upon the coating characteristics are 
shown in Table 4. The specific energy consum ption rises w ith increasing cur
ren t density. The x  values are lower for th e  higher, 2 А /dm 2, anodic current 
densities.

Table 4.

The effects o f anodic current density upon the current efficiency, specific energy 
consum ption and formal degree o f oxidation [electrolyte temperature: 97° C, particle- 

blasted titanium, Mn concentration: 40 (g/l)J

Current density 

Parameter

L?k.. . . '_ j  
Sulphate electrolyte 

H 2SO4 cone, (g/1)
Nitrate electrolyte 
HNO3 cone, (g/1)

4.9 50 1 0 0 6.3 30 60

0.5 1 2 0.5 1 2 0.5 1 2 0.5 1 2 0.5 1 2 0.5 1 2

Current efficiency, (%) 100 100 99.5 95.6 87.7 78.5 85.2 88.4 82.4 74.2 89.9 74.6 8 8 .6  78.6 76.4 67.9 72.2 67.2
Specific energy consumption (Wh/g) 1.0 1.3 1.9 1.9 1.5 2.0 1.4 1.4 2.2 0.7 1.1 1.7 0.9 1.2 1.6 1.1 1.4 1.6
x  in  MnOi+x 0.84 0.85 0.87 0.85 0.86 0.78 0.87 0.89 0.83 0.86 0.88 0.79 0.92 0.90 0.88 0.93 0.93 0.89

Material and Pretreatment of the Anode

The effects of the anode m aterial and pretreatm ent m ethods upon the cur
ren t efficiency, specific energy consum ption and degree of oxidation are 
shown in Table 5. No apparent differences can be discerned. Comparison of 
th e  low and high tem perature  d a ta  reveals th a t a t 1 А/dm 2 and 1.14 A/dm2 
current densities, respectively, the  deposition of manganese dioxide a t 85 °C

Table 5.

E ffect of anode material and pretreatment upon the current efficiency, specific energy 
consumption and formal degree of oxidation

Characteristic

Electrolyte

Sulphate Nitrate

Particle
blasted

titanium

Manganese
dioxide
coated

titanium
(thermally)

Platinium
coated

titanium

Particle
blasted

titanium

Manganese
dioxide
coated

titanium
(thermally')

Platinum
coated

titanium

Current efficiency, (%) 1 0 0 95.8 94.6 89.9 83.9 78.4
Specific energy consumption, (Wh/g) 1.3 1 .2 1 .2 1 .1 1.0 1 .1

x  in MnOi+x 0.85 0.85 0.85 0 .8 8 0 .8 8 0.87
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tem perature onto particle-blasted titanium , manganese dioxide-coated (ther
mally) titanium , and platinum  coated titan ium  anodes results insuitable 
products, while a t 55 °C tem perature, only the platinum  coated and m an
ganese dioxide coated (thermally) plates gave acceptable results, b u t even 
so, the product characteristics were not as good, as before.

Post-Electrolysis Washing and Nitric Acid Treatment

Following thorough aqueous washing, and 20 hours of drying, the formal degree 
of oxidation of the samples was determined. The results unequivocally proved 
th a t simple aqueous washing could not increase the degree of oxidation (Table 
6 ) .

Table 6

The X values (in MnOi+x) of a few selected manganese 
dioxide samples, after grinding, aqueous washing and 20 hours 

of drying

Sample number X  in MnOi+x Moisture content, (%)

l 0.89 0.8
4 0.89 1.2

28 0.85 1.5
29 0.86 0.9
39 0.87 1.2
40 0.89 1.3
56 0.86 0.9
57 0.88 1.7
65 0.87 1.7
74 0.85 1.3
75 0.89 2.0

The post-electrolysis nitric acid trea tm en t had a favourable effect on the 
product quality (Table 7).

Finally, the DROTSCHMANN-activity of the manganese dioxide samples 
was also determined. This activity  characterizes how well manganese dioxide 
can be used in dry  cells. The Drotschmann numbers of th e  sulphate and n i t
ra te  electrolyte-based manganese dioxide samples were 61 and 6 4 , respective-

Table 7
Characteristics of the product, following post-electrolysis boiling 

in nitric acid for 4 hours, and through ashing and drying

Characteristics
Sulphate electrolyte 

Sample No.
Nitrate electrolyte 

Sample No.

1 2 1 2

Mn cone, of coating, (%) 56.4 60.8 58.9 59.6
МпОг cone, of coating, (%) 85.6 93.5 88.3 89.4
X  in MnOi+, 0.96 0.97 0.95 0.95
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ly. The Hungarian standards require a m inimum  of 57, when the m aterial 
is to  be used for dry cells.

I t  can be concluded from the  experim ents discussed above, th a t  acceptable, 
dry-cell-grade manganese dioxide can be prepared from th e  carbonaceous 
manganese ore mined a t Ú rkú t, Hungary.

These experimental results can be used to  design a p ilot-plant scale unit. 
Experience obtained w ith th is pilot-plant un it would facilitate the  design and 
operation of a  modern, large-scale production plant.
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РЕЗЮМЕ

Авторы изучали способ получения двуокиси марганца использованной в производстве сухих 
батерей путём электролиза нитратных и сульфатных марганцевых растворов. В качестве 
катода использовали свинец, а анода титановый лист покрытый двуокисью марганца. Уста
новили, что к. п. д. тока меньше у нитратного электролита, а удельная энергия у сульфат
ного электролита. Степень оксидации продукта выше у нитратного электролита. Изменение 
концентрации иона Мп2+ не влияет существенно на параметры электролита в области 6—90 
г/л. Увеличение содержания кислоты в электролите уменьшает токовой к. п. д. и увеличивает 
содержание марганца. Содержание меди, никеля и кобалта в продукте было пропорциональ
ным содержанием загрязняющих примесей, но железо, титан и свинец могли попадать в дву
окись марганца и из электрода. Оптимальной температурой электролиза является 85—97 °С, 
плотность тока 0,5—1,5 А/дм2. Увеличение плотности уменьшает содержание активного ки
слорода, но это можно увеличивать и последующей переваркой.
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In continuously operated production system s certain pre-known 
events occur at random. These random events require a closer exa
mination of the problems of continuous mass production in the che
mical industry; they call for a new approach in work-schedule organi
zation and manpower-requirement estimation.

Introduction

A comparison of the continuously operated and batch-wise operated chemical 
technologies shows th a t the second type requires more capital and produces 
more material value th an  the first one. Therefore, it is not surprizing th a t most 
organizational studies deal with batch-wise systems. Nevertheless, the  peculia
rities of continuous technologies also deserve a more in-depth study.

In  continuously operated technologies the same m aterial is produced conti
nuously, or successive series of operations are carried out continouosly. No 
cycles or periods can be defined, m aterial moves through the chain of opera
tions without interruption. Time spent in the successive technological units 
depends on the chemical reaction proper, the actual technological param eter 
settings, and the yield or conversion sought.

In  continuously operated system, the  actual work or the series of motions 
are the  integral p a rt of the technology. Therefore, conventional ergonometric 
principles or motion-simplification rules cannot be applied. The operator’s 
activ ity  is directly linked with the technology. However, unlike batch pro
duction, the  operator’s activity often cannot be determined in  advance as 
a function of the residence time. In  known continuous system s, expected 
events occur a t random. The stochastic nature of the system calls for a re-
2
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exam ination of the  problems of continuous mass production in the chemical 
industry, for a new approach in  work scheduling and the  manpower require
m ent estimation.

Number of Staff

A typical, continuously operated chemical technology was selected for th is 
study, namely the  digestion of bauxite. Digestion is the  principal step of 
alum ina production, in  which the m etals in  bauxite are dissolved. Digestion 
lines composed of autoclaves and expansion vessels, connected in  series with 
the  autoclaves, are located on a 50X20 m 2 area. Digestion lines are operated 
in  parallel mode. Digestion is followed by  compression of the  suspension by 
piston pumps. The pum ps do not belong to  the  digestion un it proper examined 
here. Unlike the  pum ps, heat exchangers, which utilize the  heat of steam  lib
erated in the  last expansion vessel, belong to  the  digestion plant.

Determination of the Number of S ta ff Required

The required num ber of staff is the  m inim um  num ber of workers which en
sures the sm ooth, norm al operation of failure-free technology.

The technical and technological conditions also influence the manpower 
requirem ent of continuous, m ass-production technologies. Therefore, one has 
to  s ta rt w ith the  analysis of the technology itself to  arrive a t the true  m an
power requirem ent of the technology.

At first, th e  technological process was decomposed into operations, and 
the corresponding work-stations were assigned. Questionnaires were used 
to  determine th e  am ount of :

— m aterials
— devices
— energies

used and th e  :
— inform ation
— storage and transport
— personel and
— ergonomic

data  connected w ith each work-station.

While completing th is tim e-consuming work, both  the  system atically re
curring and the  failure-related “activ ities” were defined. The quantative com
position of the  s ta ff  and the  m ajor work-influencing factors were also learnt.

The frequency of the  recurring activities, the distance and level difference 
covered while carrying out these activities led to  the  determ ination of the 
num ber of staff required for the  supervision of the  technology.

A  New Approach, Based on the Interrelationship of Manpower Requirement 
and Reliability

According to  the  operators, the  num ber of staff required—as determined 
previously—cannot cope with technological upsets. Their opinions and our
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observations indicated th a t  there were two m ajor factors which led to  the  
increased manpower requirem ent:

— as a result of the technology proper, there were few activities which 
recurred in a determined, periodic manner;

— as a consequence of the  low in tensity  of preventive maintenance, there  
were too many “occasional” , random  problems th a t  had to  be tak en  
care of.

These two observations made it clear th a t  a sufficient num ber of staff cannot 
be deduced from the tim e and production d a ta  of technology, as is usualin  
the  machinery industry or in  batch-operated chemical systems. Conventional 
methods used for the determ ination of the num ber of staff are necessarily 
deterministic in  nature, and th is also influences the  approach of m anagement. 
The number of staff thus obtained is “objective” and is based on figures 
which are in terpreted identically by everybody concerned. Assuming th a t  
the  primacy of time-function holds true, the m anagement does not need to  
fear risks as long as the required num ber of staff are available.

However, in  continuously operated chemical production systems the  m ajor
ity  of events occur a t random, consequently, p robab ility—based approaches 
are called for.

While searching for the principles and methods of probability—based 
estimations, our attention turned to  the  instrum ent logs recording the  date , 
duration and cause of equipm ent failure. This led to  the application of reliabi
lity-analysis methods for the  ectim ation of the occurrence of random failures, 
and the related later requirement. Reliability analysis means the identifica
tion  and evaluation of the  causes of failures. The probability distribution 
function of failure-free operation was thus determined, and the analysis of 
failures lead to  the prediction of expected failures and the  duration of failure- 
free operation between two failures. These d a ta  perm it the scheduling of 
preventive maintenance, system shut-down and the  m anpower-requirement.

These considerations led to  the hypothesis which calls for the analysis of 
th e  technology as the first step in work-scheduling in the  chemical technolo
gies, followed by the determ ination of the  manpower-requirement and  the  
designation of production rates by transform ing the  work-stations into work- 
precincts.

Determination of the Sufficient Number of S taff via the Reliability A nalysis  
fo the System

A fter the determ ination of the  required num ber of staff, the  statistical cha
racteristics of failures occurring in the system  can be determ ined by the  m eth 
ods of reliability analysis. These d a ta  and the manpower requirem ents of 
the  various failures perm it the  determ ination of the sufficient num ber of 
staff which, in  tu rn , ensures the  safe operation of the system.

Data Used for the Investigation

This investigation covered a period of 3.5 years, the  equivalent of 3,717 shifts. 
During this period, which was connected two m ajor overhauls, there was no 
significant change in the technology or the  elements used. Thus, the d a ta  base 
can be considered homogeneous.
2*
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Structural Model of the System

A t first, the decisive elem ents were selected, according to  their technological 
an d /o r reliability an d /o r manpower requirem ent characteristics. This led to  
th e  structural model, th e  so-called manpower-oriented reliability structure 
m odel (MORM, in  brief). This model differs from  the usual reliability structure 
m odels (Fig. 1.).

Fig. 1
The manpower-oriented reliability structure model (MORM) o f the system  
1 — preheaters, 2 — piston pumps, 3 — autoclaves, 4 — expansion vessels

I f  any small elem ent of an actual system  influences the  reliability of the 
en tire  system, it  th e n  becomes the elem ent of the reliability structure model, 
too . In  the MORM, i t  is no t the probability  of failure, bu t ra the r the manpower 
i t  takes to elim inate th e  failure, th a t m atters. Thus, the area of the  work
s ta tio n  which can be reliably managed by  any single worker was sought. This 
led  to  the transform ation  of the idea of th e  work-station in to  the more dyna
m ic idea of the  w ork precinct.

In  order to  define th e  precincts, the  system  was decomposed into units 
m uch smaller th a n  th e  present w ork-stations. These became the  elements 
o f the  MORM. Then, th e  number, frequency, duration and tim e-dependent 
changes of the failures and shut-downs of these elements were determined.

The MORM correctly  represents the  reliab ility  features of the  system, and 
th e  effects of the  failure  of a certain elem ent upon the o ther elements.

Examination of the Reliability of the System

Down-time caused by  element failure was calculated from the  d a ta  in the 
apparatus logs. T he estim ated expected value of failure was then  defined as 
th e  ratio of dow n-tim e and the overall tim e  span of the period (time-base). 
A ctual failure probabilities hover around th is  value.

Estimation of the M anpower Requirement via the Distribution Functions 
of Actual Operation

D istribution functions of the actual operation  describe th e  tim e-dependent 
changes of elem ent-reliability and enable the  determ ination of realistic 
maintenance periods. This, in turn , facilita tes the estim ation of the occur-
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rence probability of “random ” activities and the objective scheduling of th e  
required staff. Application of the  distribution function to  th e  elements of th e  
MORM gives the  probability of failure as a function of tim e, i.e. the probabi
lity  th a t the operator has to  elim inate some failure after th e  lapse of certain  
period of time.

W ork on the determ ination of the  lim its of work-precincts started  w ith the  
determ ination of the actual probability distribution functions of the suffi
ciently small units. The elements of the MORM were such small units. This 
work led to  the  first variant of work-precincts shown in Fig. 2.

Fig. 2
First variant o f the work-precincts.

1: preheaters of the first and second line (E 1-2), 2: preheaters o f the third line (E 3), 
3: piston pump (D), 4: first and second line of autoclaves (A 1-2), 5: third line of auto
claves, 6: first and second line of expansion vessels, 7: third line o f  expansion vessels

I t  could be concluded from the  theoretical distribution functions of actual 
operation th a t a t a 0.9 probability level it takes 410 hours in  precinct A 1-2, 
428 hours in precinct A 3, 1,717 hours in precinct Ex-3, 1,794 hours in precinct 
E x 1-2, 2,035 hours in precinct E  1-2, 2,616 hours in precinct D and 5,726

Fig. 3
Theoretical distribution functions of actual operation in the first work-precinct variant



334 L. B e n e , P. B it t n e r  an d  J. I sa szeg i Vol. 11.

hours in precinct E  3 to  encounter a failure. Such precincts result in low—and 
inhomogeneous—work loads.

Therefore, the  low-load precincts were combined w ith  due respect to  spa
tia l and technological connections. Accordingly, the  param eters of the  ex
ponential distribution functions of actual operation were added, and the  ex
ponential theoretical distribution functions of actual operation in the new 
precincts were calculated. The theoretical distribution functions became steeper, 
th e  work-load became higher and more even, though none of these param eters 
reached the satisfactory level.

In  the following step, the  precincts were further extended. This MORM re
sulted in d istribution functions, which were similar to  each other, and were 
located close to  one another. This led to  even work loads, though the absolute 
load remained fairly low. However, the  precincts could no t be increased any 
further, because other ta sk s—relating to  “norm al” operation—also had to  be 
performed.

This work proved the  hypothesis s ta ted  in 1.2.1., i.e. work scheduling in 
the  chemical industry  has to  begin a t th e  analysis of the  technology, followed 
by the determ ination of the  manpower requirem ent, and the  reliability—based 
determ ination of the  w ork—precincts.

The methods of reliability analysis were used for the  determ ination of the 
sufficient num ber of staff. These m ethods relied on th e  recording of event 
occurrences and s tandard  statistical calculations. Thus, an entirely new ap
proach was adapted  for the  evaluation of the  technology : random  disturbances 
in  the system were estim ated and were used to  determ ine the  actual manpower 
requirem ent. This approach differs from  the  classical approaches, which rely 
on norms, event or task  frequency and tim e requirem ent.

The new approach, on the  other hand, demands more skill from the  work
ers and m anagement th a n  the  classical, work-station oriented system. The 
workers m ust be skilled in  several occupations, know a  larger section of the 
technology, and have a  financial in terest in  the perfect operation of the  sys
tem . The theoretically determ ined num ber of staff will also be sufficient in 
the daily operation of the  plant.

The apparatus-log and reliability-analysis—based m ethod of manpower- 
requirem ent estim ation allows:

— for the  estim ation of both the  d irect and indirect manpower require
ment

— for the  im provem ent of preventive m aintenance work
— for the reduction of down-time.

The Relationship Between Reliability, Maintenance and 
Manpower Requirement

In  the previous chapter, it  was shown th a t  the m ethods of reliability analysis 
can be used for the  estim ation of the manpower requirem ent. I t  was concluded 
th a t  da ta  obtained by th is m ethod allow for the reduction of down-time and 
the estim ation of the  manpower requirem ent of preventive maintenance. To 
prove the validity  of these statem ents, down-time analysis was carried out, 
followed by the  exam ination of the  current m aintenance schedules. I t  will be
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shown th a t the  d a ta  obtained in  the  previous, expensive and time-consuming 
survey can be used for several purposes, and can be readily integrated in to  
the  information system of the company leading to  periodic evaluations.

Failure Analysis

During the test period, 572 failures were registered. The failures were classi
fied as environm ent-related or system -related failures. Their tim e and 
spatial distributions were investigated. This analysis revealed the  weak points 
of the system, th e  types of failures, their frequency, as well as the  strategy and 
tactics of operation and maintenance.

From  the analysis of the history  of failures it became apparent th a t  in the  
middle of the year, low failure frequency was connected w ith long down-times, 
while a t the end of the year, high failure frequency was coupled to  short 
down-time periods. Environm ental causes led to  down-time amounting to  
3.23% of the time-base, while system -related failures caused 19.7% down
tim e. Even if one calculates only the  value of alum ina not produced during 
th is time, the loss is considerable.

In  the statistical control-card investigations, the  num ber of m onthly failures 
were recorded on the  x card. This analysis made it possible to  examine the  
statistical orderliness of the process, and gave a reliable picture about the  
load of the operators. The m axim um  value of the m onthly failures was 10, 
and this occurred only four tim es during the 3.5 years-long te s t period. The 
averages of m onthly failures were 4.31 and 3.38 respectively. Once, in  one 
of the lines, there was no failure for two months. These facts did not support 
th e  claim of the  p lan t managers th a t  they needed ex tra  personnel, because 
failures represented increased work.

The number of internal-cause related failures was also examined, both for 
th e  lines and the elements of the MORM. I t  could be concluded th a t the num 
ber of failures per element was not too large. Analysis of the  num ber and 
duration  of failures showed th a t th e  key elements are the autoclaves and the 
expansion vessels, causing 61.2% of the  failures and 72.1% of the  down-time. 
Typical failures could also be identified in these elements. The detection of 
th e  weak points of the  technology, and their elimination v ia  increased relia
bility , increases the  reliability of th e  overall system more th an  proportionally. 
Thus, a significant saving in manpower can be achieved.

I t  is apparent from the previous discussion th a t  reliability, maintenance 
and  manpower requirem ent are interrelated. The manpower directly depends 
on the  level of maintenance. W ith better organized planned preventive m ain
tenance, the estim ates of the sufficient number of staff required for smooth 
operation also become better. To prove this point, the actual maintenance 
practice in the p lan t was examined.

The Present State of Maintenance

The tim e dependence of the average length of operation between two failures 
(ALO, in  brief) was determined to  evaluate the effects of maintenance. ALO 
values of both autoclave lines were calculated for half-year and one year 
periods. The results—which reflect th e  adequacy or inadequacy m aintenance— 
were compared to  those obtained from the  time-dependency of failures. I t
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was concluded th a t  ALO values did not realistically represent the  state  of 
preventive maintenance.

Therefore, the  reliability changes over the  years of th e  elements of the 
MO RM were analyzed. I t  could be concluded th a t for one of the  lines—in 
agreement w ith the  previous conclusions—the autoclave and  expansion vessel 
elements required the most m aintenance work.

A characteristic and significant feature of the  m aintenance system is the 
planned, preventive shut-down. I t  became obvious during the analysis th a t 
bo th  their num ber and duration  was excessive. P lanned shut-downs caused 
a loss of 3.23% of the tim e base. A part from  the  direct loss, frequent start-ups 
represent an excessive load for the  operating staff. Due to  the  increased load 
of the  structural m aterials each hour of start-up  corresponds to  100 hours of 
normal operation, and th is again leads to  more frequent failures. The failures 
generally occur in  the  second shift following the start-up . However, m ainte
nance personnel work in  single shift arrangem ents, resulting in even longer 
down-times. Therefore, i t  is altogether desirable th a t th e  num ber of s ta r t
ups be kept to  a  minimum.

The repair d istribution functions of th e  elements of th e  М о е м  model were 
also examined. These functions gave th e  probability of the occurrence of 
repairs shorter th an  a predeterm ined value. These results can be used for the 
scheduling of the work and  num ber of m aintenance personnel.

Effects of Manpower Requirement Estimations

Following th e  survey of the  work-stations and the reliability analysis, the 
expected effects of the  losses and reserves, uncovered upon the  aim, complex 
operation and efficiency of the  overall process, were also evaluated.

I t  was concluded th a t  when the  m arket demanded, the  company could 
increase its production by  20%, w ithout ex tra  investm ent, merely by better 
work scheduling and the  reduction and /o r elimination of down-time.

Results of the  present analysis allowed for a 25.7% reduction in the  number 
of staff, also reducing the  associated manpower costs. N aturally , the  ergono
mic investigation had its own costs, b u t it  could be easily covered from m ain
tenance savings and developm ent resources. Funds spent on ergonomic work 
show a favourable pay-back p a tte rn , for direct production boosts could be 
achieved.

Since production and productive tim e could be increased, the  manpower 
requirem ent—and the  associated m anpower costs—could be decreased, the 
level of production means could be kep t constant, and the  efficiency and 
profitability  of the  entire production process increased considerably.

Conclusions

Though apparently  obvious, reliability analysis has never been used for the 
determ ination of the  m anpower-requirem ent of continuosly operated chemi
cal technologies. Since th e  stochastic approach used here fitted  the  actual 
system  much better th an  the  determ inistic rigid old m ethods the results ob
tained  proved more useful and reliable.
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Scheduled preventive maintenance, based on the  results of reliability ana
lysis, led to  an alm ost complete elimination of unexpected shut-downs. W ith 
the determ ination of the  down-time of the key elements, and w ith the in tro 
duction of scheduled small and medium-scale m aintenance work, “random ” , 
occasional activities became almost scheduled events, and the num ber of 
staff required for the  safe operation of the p lan t could be reliably determined.

The ergonomic work involved in the determ ination of the manpower re
quirem ent of continuously operated chemical technologies is considerable, 
both in  time and expenses. Nevertheless, it  is a very cost-effective move, be
cause it  leads to  minimum losses and unused reserves, yet ensures safe opera
tion under the given technical, technological and personnel conditions.

РЕЗЮМЕ

Некоторые ранее известные события в непрерывных промышленных системах возникают 
случайно. С целью выяснения характера этих случайных событий необходимо изучать заводы 
непрерывного процесса химической промышленности, а также детально изучать отдельные 
участки производства и потребность в рабочей силе.
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The major methods used to establish steady-state operation condi
tions—including steady-state particle size distribution—are discuss
ed here. A continuously operated experimental fluidizer is described, 
which contains a special grinding element used to establish and con
trol the steady-state particle size distribution. The results of experi
ments carried out with solutions o f sodium chloride, iron (II) sulphate, 
urea and beet sugar, and those with melts of hydrated soda, sodium  
sulphate and calcium nitrate are discussed, including the values of 
the technological parameters, time-dependent changes o f the particle 
size distribution and the major physical characteristics o f the pro
ducts.

Introduction

Particle form ation from solutions (melts or suspensions) in  gas fluidized beds 
(direct particle formation, in  brief) takes place as follows. In  a continuously 
operated fludizer, particulate m aterial is fluidized by hot air. The composition 
of the particulate m aterial is identical with th a t  of th e —e.g.—dissolved m a
terial. The solution to  be processed is sprayed onto the top  (or into the  bulk) 
of the fluidized bed. The liquid droplets are deposited onto the  surface of the 
perm anently moving particles. Solvent is evaporated from  their surface by 
hot air and it leaves the bed along with the latter. The solid m aterial content 
of the solution remains in  the  bed and it is deposited onto the particles. P a r ti
culate m aterial is continously withdrawn from the fluidized bed a t a rate  
which corresponds to  the  solid m aterial load reaching the  equipm ent in  so
lution.

The fundam ental requirem ent of the industrial application of direct pa r
ticle form ation is the establishm ent and maintenance of steady-state opera
tion conditions, including steadystate particle size distribution. Particles
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s tead ily  grow, while solid m aterial is deposited onto their surface from the 
solu tion . This growth m echanism  is called surface layering. A part from that, 
th e  w et particles can readily  agglomerate leading to  rapidly increasing 
p a rtic le  size.

T he m ost wide-spread m ethod used to  establish steady-state  particle size 
d istribu tion  calls for the  addition  of particles [1-3]. Then, a  fraction of the 
solid m aterial leaving the  appara tu s is continuously returned, either directly 
[4] o r after grinding [5], to  th e  fluidized bed. I t  is more advantageous to  frac
tio n a te  the  discharged particles and re tu rn  th e  below-limit fractions [6-7]. 
A no ther solution, in which th e  above-limit particles are retu rned  after crushing 
is also of importance [8]. The tw o methods are often combined, i.e. below- 
lim it particles are retu rned  directly, while above-limit particles are crushed, 
sized and  are also retu rned  in to  the fluidized bed [9—10].

A nother, less frequently used m ethod of particle-size stabilization relies 
on tem perature-fluctuation-induced particle désintégration [11]. Essentially, 
partic les  from the warmer, d rier section of th e  fluidized bed enter the  upper, 
sp ray ing  zone where the  particle  contacts th e  atomized solution, which has 
a  considerably lower tem peratu re . Here the  surface of the  particle is rapidly 
cooled. Due to  differences in  th e  inner and ou ter tem peratures, and expansion 
coefficients, the particle désintégrâtes. In  a few cases, this process alone en
su red  steady-state particle size distribution [12-13].

R a p id  evaporation of th e  liquid  in the in terior of the particle can also lead 
to  considerable particle désintégration [14].

All the  above methods have a number of disadvantages. Particle feed-back 
requ ires additional equ ipm en t—for example, continuous size—fractionating 
u n its , continuous solid feeders, continuous and  variable crushers, and pneu
m atic  or other mechanical conveyers, etc. E ven so, particle size can only be 
controlled  within narrow  lim its. Thus, varying particle size specifications 
can n o t be readily met. The surface-tem perature-fluctuation-induced désinté
g ra tio n  becomes significant only a t high bed tem peratures (180-250 °C). This 
lim it severely restricts the  ty p e  of m aterials which can be processed in  this 
m anner, for heat sensitive m aterials or m aterials with lower melting points 
obviously cannot be processed. High bed tem perature also means high energy 
consum ption and low productiv ity .

S teady-state  particle size d istribution can be established v ia the crushing 
of th e  solid particles as well. To accomplish th is task, a m ethod and apparatus 
w ere developed in which th e  solid m aterial is in-situ crushed in the  fludized 
bed  and  thus a steady-sta te  particle size d istribution is established. P aten t 
applications have been filed in  five countries and a pa ten t was issued for it 
in  th e  U.S. [17] and in G reat Britain [18].

Experimental

T he continuously operated, cylindrical (inner diam eter 0.106 m) fluidization 
system  follows the specifications given in th e  above m entioned paten t. I t  has 
a  special particle grinding u n it in  the lower section of the  fluidized bed. The 
ap p a ra tu s  is shown schem atically in Fig. 1. The grinding un it consists of a 
num ber of rollers, which are arranged parallel to  the  inner wall of the apparatus. 
T here  is a given clearance between the rollers and the inner wall. The rollers
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Fiq. 1
Experimental apparatus

1 — fluidization chamber; 2 — fluidized bed; 3 — gas distributor; 4 — desintegrator; 
5 — atomizer; 6 — feeder; 7 — cyclone; 8 — thermometer.

can freely ro ta te  around their axis. Height and diam eter values of the  rollers 
are 0.03 m and 0.015 m, respectively. The surface of the rollers and the  inner 
wall of the fluidized bed opposite the rollers is coarsened. The grinder is driven 
by a variable speed electromotor (10 to  120 rpm). The clearance between the 
surface of the rollers and the inner wall of the bed can be varied, as required, 
in the (0 to  6)X 10~3 m range.

For the experiments, a certain am ount of particulate solid m aterial w ith a 
known particle size distribution was loaded into the system. The layer was 
then  preheated once the  preset input air tem perature was reached, a bed ex
pansion of 1.6 was established and spraying, particle discharge and particle 
grinding were commenced. The discharged product was sampled a t regular 
intervals and the  m ajor physical characteristics of the particles were deter
mined [15]. Experim ents were conducted until steady-state  conditions were 
unequivocally established, or it became apparent th a t  steady-state conditions 
could not be established a t all.

Results and Discussion

Recovery of the Solid Material Content of Solutions

Aqueous solutions of sodium chloride, urea and beet sugar were used. At 
first, a test was made to  see whether steady sta te  particle size distribution 
could be established w ithout the  use of the  grinder. In  these experiments, an 
ag itator replaced the  grinder. I t  was located immediately above the bed sup
porting plate. The ag itator consisted of three blades located a t 120° with re
spect to  each other.

A t first, the tim e-dependent changes of the average particle size were deter
mined, as shown in the following Figures. Dimensionless tim e (t*) is plo tted
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in  th e  Figures : it is the  ra tio  of actual tim e and the average residence tim e of 
th e  solid  material (t/t).

F o r  sodium chloride as te s t  m aterial, the average particle size soon exceeded 
2X  10-3 m which was th ree  tim es as much as the  initial particle size (Fig. 2. 
C urve 1). The well-known equation [16] was used to  calculate the tim e depend
ence of the average particle size, assuming th a t  growth took place by surface 
layering  (Fig. 2, Curve 2). In  the  0 < i* < 2  range the calculated and measured 
curves agreed sufficiently well. B oth the m easured and the  calculated curves 
show  th a t  the process is a non-steady-state one.

n ( m in ’ ) 
60 
40 
20 
0

Fig. 2
Time-dependent changes o f  the average particle size of sodium chloride. 

1 — with agitator, 2 — calculated curve, 3 — with grinder

W hen the grinder was used during the experim ent (r =  2 X 10“3 m) a t n = 
=  30 rpm, the average particle  size soon became stabilized close to  the initial 
v a lue  (Fig. 2, Curve 3). W hen th e  ro tation speed of the  grinder was increased 
to  n  = 50 rpm the average particle  size decreased and the  new steady-state 
conditions became established in  about one average residence tim e (d = 
=  0.51 X 10-3 m). W hen th e  ro tation  speed was reduced to  the original, n = 
=  30 rpm  value, the  average particle size increased to  the  original value 
(0.72 X 10-3 m) in about one residence tim e. Then, the  param eters were kept 
constan t and the steady-sta te  conditions soon became stabilized, the  particle 
size of the discharged p roduct varied w ithin ±2.5% of the  average.

T he average particle size-time diagrams of urea are shown in Fig. 3. The 
agreem ent of the m easured (Curve 1) and calculated (Curve 2) curves indicates 
t h a t  with the mechanical ag ita to r present, steady-state  conditions could not 
be established. Though th e  trends of the tw o curves are identical, the  measur
ed  curve runs somewhat higher th an  the  calculated one. This indicates th a t 
surface layering is also accom panied by agglomerization.

W hen the grinder was used (r =  3X 10~3 m, n=  20 and 50 rpm) the steady- 
s ta te  conditions could be established in w hat am ounted to  about twice the
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Fig. 3
Time-dependent changes o f  the average particle size of urea 
1 — with agitator, 2 — calculated curve, 3 — with grinder

average residence tim e. In  steady-state conditions the average particle size 
of the  discharged product varied within ±  5% of the  average. The same con
clusions also apply to  experiments with beet sugar.

I t  should be noted th a t every effort was m ade to  ensure th a t  really stable 
steady-state conditions have been reached. Therefore, long experiments were 
carried out lasting for 26 to  35 hours.

The m ajor physical characteristics of the particu late  material produced are 
listed in  Table 1.

I t  can be seen from Table 1 th a t  the average particle size of th e  product 
could be varied over wide lim its (0.5—1.36) X 10-3 m. This in terval can be

Fig 4
Time-dependent changes o f  the average particle size of sugar 
1 — with agitator, 2 — calculated curve, 3 — with grinder
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Table 1

Property N aCl CO(NH2>2 Sugar

d-103 (m) 0.72; 0.51 1.23; 0.77 1.35; 0.99
Q (kg/m 3) 2165 1335 1590
es (kg/m 3) 1780 1020 1350
ei (kg/m 3) 980 510 740
eP ( — ) 0.176 0.237 0.15
К  (%) 93 90 95
<p { — ) 0 .4 4 -0 .4 6 0 .3 8 -0 .4 2 0 .4 8 -0 .5
Xj, (s%) 0 .0 5 -0 .1 0 .1 5 -0 .2 0 .0 2 -0 .0 4

increased by increasing the  clearance (r) and  th e  ro tation speed (n). The pore 
fraction of the particles varies between 0.15 — 0.24 their wear resistance and 
rolling characteristics are favourable and th e ir m oisture content is low.

Recovery of Solid M aterial from Melts

Experim ents were carried  out to  dehydrate th e  low-melting hydrated  crytal- 
line materials: N a2C 0 3- 10H2O, Na2S 04- 10H2O, Ca(N 03)2• 4H20  and F eS 04- 
• 7H 20 . The melts of N a2S 0 4- 10H2() and N a2C 0 3- 10H2O contained a  small 
am ount of solid m ateria l as well as fine crystals. These were homogeneously 
dispersed in the  m elt by  mixing. This liquid m aterial, kept a t 50 °C, was 
sprayed onto the  to p  of the  fluidized bed. P a r t  of FeS04-7H20  decomposed 
during melting, therefore a solution sa tu ra ted  a t  40 °C was used instead of 
the  melt. The melt of C a(N 03)2-4H20  was a homogeneous liquid a t 50 °C, and 
as such, it could be easily processed.

Dehydrated, p a rticu la te  m aterial was first charged into the fluidized bed. 
The initial particle size distributions are shown in Fig. 5. The in itial particle 
size distributions of F e S 0 4 and Ca(N03)2 were identical. The ro tation speed of 
th e  grinding elem ent was kept a t n  =  60 rpm , and the  clearance a t r =  3 -10~3 m.

Time-dependent changes of the produced solid m aterial were also tested. 
The particle size d istributions of fractions tak en  a t various tim e intervals

Fig. 5
Particle size distribution o f the solid material loaded into the fluidized bed at t* =  0 

1: N a 2S 0 4; 2: Na2C 03; 3: F eS 0 4 and Ca(N03)2
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Fig. 6

Particle size distribution o f  the discharged sodium carbonate 
1: t* =  0; 2: t* =  1.2; 3: t* =  2.3; 4: t* =  2.9; S: t* =  3.8

during dehydration of the melt of N a2C 03- 10H2O are shown in Fig. 6. D ue to  
particle growth, the  curves shifted tow ards larger size. I t  can be seen in Fig. 6 
th a t  the  linear growth rate of the  particles is constant, independently from  the  
actual particle size. Particle size growth takes place via the  surface layering 
mechanism.

In  the first, non-steady-state section of the process, the  tim e-dependent 
changes of the particle size distribution of Na2SO4-10H2O; FeS04»7H20  and 
C a(N 03)2-4H20  are quite similar.

Steady-state conditions, including a steady-state particle size distribution 
could be reached in  each case. The tim e required for the  establishm ent of 
steady-state conditions, and the stab ility  of the m ajor physical properties are 
of special im portance from a technological point of view. The tim e required 
for th e  establishment of the steady-state  particle size distribution can be deriv 
ed from the tim e dependence of th e  average particle size ( Fig. 7). Expressed 
as the  multiple of average residence tim e this was 5-5.5 for Na2C 03; 4 .5-5  
for F eS 04-H20  and 1.5-2 for C a(N 03)2.

In  steady-state conditions, the  average particle size of the  product varied  
w ithin ±4% of the average. The same applies to  the  stab ility  of the o ther 
physical properties of the  product (bulk density, porosity, rolling characteris
tics, and moisture content) as well.

The steady-state values of the  m ajor physical properties of the product 
granules are listed in  Table 2.

Table 2

Property NaaCOs NaaS04 PeSOjXHaO CaCNOab

dx  103 (m) 0.97 1.15 0.83 1.09
Q (kg/m3) 2509 2698 2800 2360
Qs (kg/m3) 2260 2430 2530 2120
Qi (kg/m3) 1100 1130 1420 1020
eP ( — ) 0.096 0.112 0.092 0.11
К  (%) 93 90 92 93
<P ( - ) 0.67 0.59 0.82 0.73
xn (wt%) 0.02 0.04 0.61 0.84

3
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Fig. 7
Changes of the average particle size as a function of time for various materials 

1: N a2C 03; 2: Na2S 0 4; 3: F e S 0 4-H 20 ;  4: C a(N 03)2

The small average particle size (IX  10-3 m), the low porosity and the high 
rolling coefficient unequivocally indicate th a t  particle growth takes place via 
surface layering. I t  should be m entioned th a t  even a single-stage unit could 
produce a m aterial of extremely low m oisture content.

Operation Conditions and Production Capacity of the Apparatus

The values of th e  technological param eters, the  average residence tim e of the 
solid material, th e  water-removal and solid product discharge rates refer to  
th e  empty cross section of the apparatus listed  in Table 3. The ro tation speed 
and  clearance values of the  grinder were given earlier in th e  text.

Table 3

Material u
(m/s) (°0)

ôut
(°0) (kg/m3)

WH)»
(m3/h)

t
(h)

Qw(kg/m2h) (kg/m2h)

CO(NH2)2 0.5 100 50 450 0.37 3.03 25.5 19
Sugar 1.2 100 68 700 0.44 2.38 26.9 35
NaCl 0.47 125 55 250 0.63 5.09 65.3 18
Na2C03 0.74 200 110 515 0.99 1.72 98.4 58
Na2SÜ4 1.1 190 110 575 1.3 1.92 107.4 85
Ca(N03)2 0.83 210 130 1167 1.42 0.48 82.7 188.2
FeS04 X H20 0.93 210 120 340 1.3 1.83 136.0 50.2

For the m ajority  of m aterials, the  tem pera tu re  of the  exhausted air had to  
be kept a t 50 °C to  ensure a sufficiently low moisture content in  the  bed 
(below 1%). This is also desirable for the  product, as indicated by the present 
and earlier results. F o r the  melts, a com paratively high exhausted air tem pera
tu re  value was selected, because th is ensured optim um  dehydration condi
tions.

I t  can be seen from  Table 3 th a t  both th e  raw m aterials and the  param eters 
encompass a  wide range. This perm its th e  study of the  grinder over widely 
varying experim ental conditions.
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The water removal rates with reference to  un it em pty cross-section (qw) have 
to  be mentioned specifically. Often, these values are in the  v incin ity—or 
above—of 100 kg/m 2h.

Conclusions

The use of a particle grinder ensured th a t steady-state operation conditions 
—including steady-state particle size d istribu tion—could be established for 
m aterials of widely varying physical and chemical compositions. The particle 
size distribution can be readily controlled via the  clearance and the  rotation 
speed of the grinder—even during operation (see, for example. Fig. 2-4).

Using the particle grinder, particulate m aterial can be produced from so
lutions in a single, continuously operated fluidized bed, under steady-state 
conditions, w ithout recourse to  additional operations—e.g. crushing, frac
tionation, and solid m aterial feed-back, e tc .—on the product.

SYMBOLS

c concentration, kg m-3
d  average particle size, m
D(x) particle size distribution curve (undersize fraction), %w/w 
К  wear resistance, %
n  rotation speed, rpm
qw water evaporation rate, kg rn~2 h-1
qt production capacity expressed as discharged solid material, kg m-2 h-1 
r  grinder — wall clearance, m  
t time, h
t* dimensionless time, t* =  t/t
T  air temperature, °C
X sieve opening, m
xu moisture content, %w/w
и linear velocity o f air with reference to empty cross section, ms-1 
w  flow rate of the solution, m3h_1 
£p average pore fraction,
Q true density, kg m-3
gs average particle density, kg m~3
oi bulk density in expanded bed, kg m -3 
<p rolling coefficient

Subscripts
in input value
out exhaust value
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РЕЗЮМЕ

В шестой стати серии авторы ознакомлят читателей с наиболее важными способами установ
ления условий для стационарного процесса получения гранул и также стационарного распре
деления размера частиц. В стати описана экспериментальная установка непрерывного дей
ствия с псевдоожиженным слоем в которой размещен специальный рабочий орган, дробя
щий элемент, с целью получения и регулирования стационарного распределения размера 
частиц. Приведены результаты экспериментов проведенных растворами хлорида натрия, 
железо(П)сульфата, карбамида и сахарного свекла, и также расплавами карбоната натрия 
содержащего кристальную воду, сульфата натрия и нитрата кальция. Приведены численные 
значения технологических параметров, изменения среднего размера частиц и некоторые дру
гие важные физические свойства продукта.
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Operation parameters are detailed here, followed by an examination  
of the parameters which influence the operation of the particle grind
er. The particle size distribution of the product obtained in steady- 
state conditions is examined. Calculations are shown for the lower 
particle size limit of the product. The effects o f the major operation 
parameters o f the grinder upon particle size distribution and the lower 
and upper particle size lim its o f the product are examined.

The physical characteristics of particu late m aterial formed from solutions in 
gas fluidized beds can be controlled via the  independent operation parameters. 
These param eters were detailed in  a previous paper [1] for the case when 
steady-state conditions were achieved via the  addition of particulate m aterial. 
The operation param eters are somewhat m odified—as follows—when steady- 
s ta te  conditions are achieved w ith the  help of a  particle grinder located in th e  
fluidized bed.

The process parameters are:
— phyisical and chemical characteristics of the solid m aterial present in 

the solution
— concentration of the solution

The operational parameters are:
— volumetric flow rate of sprayed-in liquid
— dispersity of the  liquid
— input m oisture content and tem perature of air
— minimum bed height to  bed diam eter ratio
— extent of bed expansion
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The characteristics of the apparatus are:
— shape and characteristic size of th e  fluidization space
— type of layer support and gas d istribu to r plate
— distance betw een spraying head and  layer supporting plate, direction 

of spraying
— method and place of offtake
— characteristics of the  grinder

The linear velocity of the  fluidizing and  drying air is a dependent variable 
whose value depends on bo th  the physical characteristics of the solid m aterial 
in  the  layer (e.g. particle density, and particle  size distribution, etc.) and the 
ex ten t of bed expansion.

The effects of the  m ajor param eters—except those of the param eters of 
th e  grinder—were exam ined and reported  on earlier [1, 2]. Therefore, only 
th e  characteristics of the  grinder are exam ined here as follows:

— mounting of the  grinder: Essentially , there are two m ounting possibi
lities. In  one of the  cases, the  axis of the  rollers is vertical and the  p a r
ticles to  be ground are forced th rough  the  opening formed between the 
surface of the  rollers and the  inner wall of the cylindrical fluidization 
bed (Fig. la ) .  In  the  other case, th e  axis of the grinder is horizontal. 
In  this case, the  opening is form ed between the surface of the  rollers 
and the  annulus on the  surface of th e  bed supporting (and gas d istri
buting) p la te  (F ig . lb ). The advantage of the horizontally m ounted 
grinder is th a t  it  can also be used in  non-cylindrical beds. The axle 
which drives the  rollers is vertically  m ounted in both cases. A certain 
size-segregation is unavoidable in  the  fluidized bed. The occurrence 
probability of the  larger particles is higher in the  lower section of the 
fluidized bed. Since the  aim is th e  dim inution of these large particles it 
is advantageous to  m ount the  grinder in  the lower section of the flu id
ized bed. (This type  of m ounting is unavoidable for the horizontal rol
lers.)

— grinder equipped with a m ixer: The efficiency of particle grinding in 
the lower section of the  fluidized bed can be increased by a mixing ele
ment located  im m ediately above th e  layer-supporting and air d istri
buting plate, on th e  axle which drives the rollers. This mixing element 
increases the  probability  th a t  th e  large and less intensively fluidizing

a b

Possib le  m o u n tin g s  o f  th e  grinder
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° b

G rin d ers  equ ipped  w ith  m ix ers  (from  above)

particles get in front of and under th e  rollers. Such arrangem ents are 
shown in Fig. 2a and 2b. The grinders are equipped with back-folded 
blade-mixers. Furtherm ore, mechanical agitation prevents th e  devel
opm ent of fluidization irregularities (i.e. stationary  bed, and channel
ling, etc.) and promotes the disintegration of agglomerates held together 
by  loose liquid bridges [2],

— num ber of the  rollers: Obviously, under otherwise constant conditions, 
an  increase in  the  number of rollers increases the grinding effect. I t  is 
advantageous to  use an even num ber of rollers, located at opposite sides 
of th e  axis, so th a t  the  la tte r is evenly loaded,

— geometric sizes of the  rollers : An increase in  the  size of the roller brings 
abou t an increase in the grinding effect. The theoretical upper lim it of 
the  rollers depends on the size of the apparatus and the height of the  fluid
ized bed. However, it  is advantageous if the  height of the rollers is less 
th a n  two thirds of the bed height (the larger particles are in the  lower por
tio n  of the bed, anyway), while the d iam eter of the rollers is no t larger 
th a n  a quarter of the  diam eter of the apparatus,

— th e  surface of grinder: Advantageously, the  surface of the rollers —and 
th a t  of the opposite wall (apparatus wall or the supporting plate) is 
coarse,

— size of the clearing : The size of the clearing between the rollers and the 
wall (or the supporting plate) essentially determines the upper lim it of 
th e  particle size of the  product. Therefore, th is is one of the  m ost im 
p o rta n t operation param eters of the grinder,

— ro ta tion  speed : By changing the  ro tation speed of the grinder, th e  p a r
ticle-size distribution of the product can be influenced, even during a 
urn. Therefore, ro tation speed is the second most im portant operation 
param eter of the  grinder.

Particle Size of the Solid Material Produced

The particle size of the  solid m aterial produced by the  given apparatus in  the  
manner described above is in the (0 .1-5)X l0-3 m range [2]. The lower lim it 
of the particle  size distribution is determined by the  linear gas velocity. The 
upper lim it is controlled by the location of th e  rollers and the size of the 
clearing. According to  our experience, it  is no t advantageous to  produces 
particles larger than  (4-5) X10-3 m by fluidization, because an extrem ly high
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linear gas velocity is required  to  m aintain the  fluidized state and th is signifi
can tly  lowers the economics of the  process.

The steady-state particle  size d istribution curves of the product obtained in 
the  experiments described in  [3] were determ ined and compared {Fig. 3 and 
4). I t  could be concluded th a t  irrespective of the  in itial particle size d istribu
tion  and the values of the  technological param eters, the distribution curves 
are all of the same type. The size in terval of th e  product prim arily depends 
on th e  size of the  clearing. For example, for a  clearing r =  2X Ю-3 m the  low
er lim it of the particle size is 0 .1X 1СГ3 m, while th e  upper lim it is 1.6 X 10-3 m.

Fig. 3
S te a d y -s ta te  p a rtic le -s iz e  d is tr ib u tio n s  fo r v a rio u s  ro ta tio n  speeds 

a n d  c lea rance  sizes
N aC l: r  =  2 X 10~3 m, 1 — n =  50 m in-1, 2 — n =  30 min-1 

C O (N H 2 )2 : r = 3 X  10-3 m, 3 —n =  50 m in-1, 4 —n =  20 min-1 
S u g ar : r — 3 X 10-3 m, 5 — n =  80 m in-1, 6 — n =  50 m in-1

Fig. 4
S te a d y -s ta te  pa rtic le -s ize  d is tr ib u tio n s  fo r id e n tic a l ro ta t io n  speeds an d  c lea ran ce  sizes

r  =  3 X 10 -3 m , n  =  60 m in -1
l - N a a C O s ,  2 - N a 2S 0 4, 3 - F e S 0 4x H 20 ,  4 - C a ( N 0 3)2
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For a clearing г — 3X10-3 the  lower and upper lim its of most m aterials are
0.2 X10-3 and 2ХЮ -3 m, respectively. The larger fraction of th e  product 
mass is below this upper lim it and covers a much more narrow range. For ex
ample, for urea a t a ro tation speed n  =  20 rpm, more than  90% of th e  product 
is in the (0.8-1.6)X 10-3 m range. For n  = 50 rpm  the  range is (0.3-1)-3 m. The 
similarity of the size distribution and the  clearing-related, m aterial-independ
ent size lim its indicate th a t the  grinding element is indeed effective.

Calculations were carried out to  determ ine the  smallest particle size (dm) 
which occurs in  the product. The well-known lim iting sedim entation ra te  was 
used for the  calculations which is valid in the transitional range (Re = 2.500) 
when the resistance of the  medium can be described as 18.5 Re~oe. The poro
sity  [3], and shape factor (approxim ately 0.7) were also taken  into considera
tion in the  calculations. By taking the  actual linear gas velocity as th e  lim it
ing sedim entation velocity, the  corresponding dm values were calculated. The 
results are shown in Table 1 along w ith the size lim its of the sm allest sieve 
fraction of the  product and its relative amount.

I t  can be seen from Table 1 th a t  the  calculated smallest particle size (dm) 
and the lower size lim it of the  smallest sieve fraction (æml) agree sufficiently 
well. The relative amount of particles present in th e  smallest sieve fraction is 
always less th an  5% w/w.

The relationship between the  upper size lim it of the product and th e  m ajor 
operation param eters of the  grinder was also tested  (Table 2). I t  could be

Table 1

Material u
(m/s)

dmXlO3
(m)

(®ml —%toZ) X 10s 
(m) ÁGxtx.

(wt%)

CO(NH2)2 0.5 0.18 0.2—0.4 4.8
0.66 0.23 0.2—0.4 0.4

Sugar 1.20 0.32 0.4—0.6 0.8
0.78 0.22 0.2—0.4 0.8

NaCl 0.47 0.12 0.1—0.2 3.9
0.60 0.17 0 .1 -0 .2 0.6

N a2C03 0.74 0.15 0.2—0.4 0.5
N a 2 S0 4 1.10 0.21 0.4—0.6 2.4
Ca(N 03)2 0.83 0.17 0.2—0.4 0.7
F eS 0 4x H 20 0.93 0.17 0.2—0.4 3.9

Table 2

Material n
(min“1)

ГХ108(m) (*ш—Zjra)xl0s (m) (wt%)

CO(NH2)2 50 3 1 .3 -1 .6 3.2
20 3 1.6 —2.0 4.9

Sugar 50 3 2 .0 -2 .2 2.7
80 3 1.6—2.0 0.9

NaCl 40 2 1.0—1.3 2.6
30 2 1 .0 -1 .3 7.2

N a2C03 60 3 1.6 —2.0 3.6
Na2SC>4 60 3 1.6—2.0 7.8
Ca(NOs)2 60 3 1.6 —2.0 11.4
F eS 0 4 x H 20 60 3 1.6 —2.0 1.7
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concluded th a t particles equal to  or larger th a n  the  size of the clearance 
were missing from th e  product.

T he size of the largest particle (dM), which is approxim ately equal to  the 
u pper size limit of th e  largest sieve fraction (æM2) prim arily depends on the 
size of the clearance, b u t it  also depends on th e  ro tation  speed of th e  grind
ing element. For exam ple, for sugar and urea, th e  upper size lim it decreased 
b y  10 and 20% when th e  ro ta tion  speed was increased. At the same time, for 
N aCl increased ro ta tio n  speed did not influence the  upper size lim it, but 
decreased to one th ird  th e  am ount of particles present in the  upper sieve frac
tion . In  the m ajority  of cases, the  size of th e  largest particles closely agrees 
w ith  2/3rds of the size of the  clearance.

The overall size in te rv a l ranged between (1.1—1.9) X 10-3 m for the  opera
tio n a l param eters used (Table 3).

Table 3

Material ГХЮ3
(m)

n
(min'1)

(<iM-ám)Xl03
(m)

JXDoXlO3
(m)

X100

(%)

CO(NH2)2 3 50 1.42 1.0--0.3 49.3
3 20 1.77 1.6--0.7 50.8

Sugar 3 50 1.88 1.9--0.8 58.5
3 80 1.78 1.4--0.5 50.6

NaCl 2 50 1.18 0.9--0.2 59.3
2 30 1.13 1.0--0.3 61.9

МагСОз 3 60 1.85 1.4--0 .4 54.1
Na2S 0 4 3 60 1.79 1.6--0.6 55.9
Ca(N03)2 3 60 1.83 1.3--0 .4 49.2
F eS 04 X H20 3 60 1.83 1.6--0.5 60.1

In  steady-state conditions, the  larger p a rt  of the  m aterial w ithdrawn from 
th e  system occupies a  m uch more narrow size fraction. For example, 90% 
of th e  material is w ith in  (0 .7 -l.l)X  10~3 m, which is only 50-60% of the  over
all size interval.

Summary

T he grinder carries o u t a  partia l and controlled size dim inution operation. I t  
grinds the particles which are larger th an  th e  size of the  clearance, while it 
leaves practically in ta c t those particles which are below this size lim it. This 
claim  is substan tia ted  by  the  small am ount of m aterial present in  the  smallest 
sieve faction (Table 1 ) . Therefore, the product occupies a well-defined size- 
range, which can be predicted  from th e  m ateria l characteristics and the set
tin g  of the operational param eters. Most of the  particulate m aterial (mini
m um  90% w/w) occupies a narrow size range, which—in the  m ajority of 
cases—is only 50-60% as wide as the entire size interval (Table 3).

SYMBOLS
d particle size (m)
D(x) particle size distribution, (% w/w) 
dGr relative am ount o f  material present in a given  

sieve faction, (% w/w)
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n  rotation speed, (rpm)
r  distance between roller and the wall, (m)
R e  R eyno lds num ber
X  sieve opening
Axoo size interval containing at least 90% w /w  of the solid material, (m)
и  linear air velocity with reference to empty cross section, (m s-1)

Subscripts
m smallest value
M largest value
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РЕЗЮМЕ

В стати приводятся параметры процесса, а также детально описаны параметры определяю
щие действие дробильного органа. Изучено распределение размера частиц полученных в усло
виях стационарного процесса. Рассчитан нижний пределный размер продукта. Изучено вли
яние технологических параметров дробильного органа на размер частиц и на его нижний и 
верхний пределы.
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Adsorption o f  methanol and a water vapour mixture on activated  
charcoal was studied. It can be concluded from the adsorption iso
therms o f the pure components and of the mixtures, that the presence 
of water (up to 11 g/m3) increases the equilibrium adsorption values, 
which correspond to a methanol vapour phase concentration of 10 g/m s. 
It could be shown by the analysis of the kinetic curves, recorded on 
single charcoal particles, that the presence o f water vapour increased 
the rate o f  methanol adsorption over the concentration ranges tested. 
This means that compared to  pure methanol, higher transfer coeffi
cients were obtained.

Introduction

Often, gas streams subjected to  various chemical operations contain signifi
cant amounts of vapour. Former adsorption studies generally dealt w ith the 
adsorption from gas phases of single components. However, increasing solvent 
costs necessitate the  study of m ulticom ponent vapour adsorption phenomena.

There are relatively few papers, which dealt w ith the adsorption of vapours 
from carrier gases. In  the main, a qualitative description is given [1, 2], noting 
th a t the  number of concentration d istribution curves in the stationary  adsor
bent bed is equal to  th a t  of the components. I t  was observed th a t  the  higher 
the  molecular weight of the component, the  stronger is its adsorption on 
charcoal. However, adsorption is also influenced by chemical characteristics, 
such as unsaturation, or by strong electrostatic forces, in gel-type adsorbents. 
The concentration distribution curves of less-strongly adsorbed components 
move through the adsorbent bed more rapidly (and their distribution curve 
is m ore elongated) th a n  those of th e  more strongly adsorbed components. To 
make the  situation even more complicated, the  initial concentration distribu
tion is influenced by  the  exchange—adsorption of the more strongly bound
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component, i.e. Silov’s rule of parallel adsorption-zone-displacement cannot be 
applied for the description of mixed adsorption zones.

Thus, systems with sa turation-type isotherm s were studied more frequently 
th a n  others [3]. Though there  were a few a ttem pts to  compute different 
equilibrium types [4, 5], th e  problems have not ye t been solved. For example, 
often the LANGMUiR-rule, i.e. th a t  the presence of a second adsorbed compo
nent in  equilibrium decreases the  adsorbed am ount of the  first component, 
does not apply. Anom alies are rather frequent in  w ater and alcohol vapour 
m ixtures [6-10]. Since alcohol-water system s are of special im portance in 
m any branches of chem istry, the  m ethanol-w ater system  was selected for 
study. The technological aim  was the rem oval of flammable m ethanol vapours, 
so charcoal, rather th a n  molecular sieve or silica adsorbents, were selected. 
The la tte r are more selective for water vapour. In  later parts of this paper, the 
kinetic and dynamic m easurem ents will also be discussed, because these da ta  
are indispensible for th e  description of the  tim e-dependent behaviour of the 
concentration distributions. In  order to  complete our knowledge of th is sys
tem , the vacuum desorption data  will also be presented, though vacuum 
desorption is not ye t a  common technique in  the  chemical industry.

Fig. 1.
Adsorption isotherms at 20 °C

1 — methanol; 2 — w ater; 3 — sum of the m ethanol and water isotherms (c=  10 g 
constant); 4 — m ixture o f  methanol and water vapour (cmethanoi =  10 g/m 3, const.)
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Equilibria

Equilibria depend on the  structure of the adsorbent, the  chemical characteris
tics of the  solute and adsorbent, the concentration (partial pressure) of the  so
lute, and the  tem perature of the system. Knowledge of the equilibrium  condi
tions is im portant for the  determ ination of the  adsorption capacity  of the 
adsorbent.

The pure vapour adsorption isotherms of m ethanol and water, and  the  iso
therm a t 10 g/m 3 constant methanol concentration and varying w ater con
centration, are shown in Fig. 1. Since the m ethanol isotherm is only slightly 
curved up to  10 g/m 3 (B.E.T. No. 1 type isotherm), it  can be approxim ated 
by a stra igh t line in the low concentration range. (Max. relative error: 15%). 
This considerably simplifies the  m athem atical formulae used in th e  descrip
tion of adsorption kinetics.

In  the concentration range tested, the  adsorption isotherm of w ater follows 
the more rare B. E. T. No. 3 or No. 5 isotherms, and up to  11 g /m 3, it  runs 
below, while above 11 g/m 3, it  runs above the m ethanol isotherm.

The equilibrium values measured a t 10 g/m 3 m ethanol and varying water 
vapour concentrations are shown by Curve 4 in Fig. 1. Curve 3 shows the  hypo
thetical curve obtained by the  addition of the equilibrium  value correspond
ing to  10 g /m 3 methanol and Curve 2. I t  can be seen th a t  Curve 4 runs above 
Curve 3, indicating th a t w ater vapour a t ambient tem peratures increases the 
equilibrium adsorption of methanol.

Kinetic Model

In porous adsorbents, adsorption takes place via several sub-processes. These 
are as follows:

1. Mass transfer through the  external boundary surface area of th e  particle, 
external mass transfer for short.

2. T ran sp o rt phenom ena occurring in  th e  pores (PoiSEUiLLE-flow, pore- 
diffusion, V olmer’s d isp lacem ent in  th e  adsorbed  layer). These can be 
characterized  by an effective tran sfe r coefficient.

3. Adsorption proper (binding) on the  surface of the  adsorbent.

From a practical point of view, only the  external mass transfer and  mass 
transfer in the  pores is of im portance, because as B o er  dem onstrated [11], the 
time-scale of “binding” proper is in the  10-5 s range, while diffusion tim es re
lated to the  first two processes are in  the  few m inutes range. Thus, when the 
overall adsorption rate is determ ined, the  speed of “binding” proper does not 
need to be considered.

At constant driving force, the  ra te  of mass transfer a t the boundary of the 
external surface of a spherical adsorbent and the fluid phase, depends on the 
resistance of the  boundary layer, which for flowing gases, depends on th e  flow 
rate. Analogous to  heat transfer, mass transfer in the  first subprocess can be 
described as:

— = ßp* F [c0 — cr(a)] ( 1 )
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where :
G — am ount of m aterial adsorbed in  tim e t
ßp — mass transfer coefficient
F  — external surface of th e  particle
c0 — solvent vapour concentration in  the  carrier gas
cP(a) — solvent vapour concentration a t the  ex ternal surface (actual, momen

ta ry  equilibrium  vapour concentration corresponding to  the  actual 
adsorbed am ount of solute).

However, external mass transfer is frequently described by another rela
tionship , and especially so, in  operation-design, by  the so-called Chilton— 
Colburn factor :

j o  =  Sh X Sc~3Re~1 (2)
where :

2 E ß F
Sh =

D q
(3)

« v Sc =  -—  
Do

(4)

2  Rv 
Re =-----

V
(5)

and  :
R  — particle radius
D 0 — vapour diffusion coefficient in  the carrier gas
V — kinem atic v iscosity
V — linear flow ra te  of carrier gas

I f  only  th e  REYNOLDS-number is used, th e n  E q . 2 becomes:
j o  =  K x R e ~ 0-5 (6)

where К  varies according to  th e  m aterials used.
Marctjssen [12] com plied  th e  available К  values, and  showed th a t  in  m ost 

cases, К  varied  betw een  0.80 an d  0.97.
W hen external mass transfer is very rapid, th en  the  overall adsorption rate 

depends on the  ra te  of mass transfer in  the  pores. In  the case of spherical ad 
sorbents, this lim iting case can be described m athem atically by the  material 
balance equation applied to  an elem entary spherical layer. In  the  case of a 
linear adsorption isotherm , adsorption ra te  [13] is obtained by the  analytical 
solution of F ic k ’s second diffusional differential equation :

Ф)
CO

а(Ь
ao(í-) 271 ̂  n=1 ПГ

■ exp ( - í H
where :
a — amount of vapour adsorbed in  tim e t 
a0 — equilibrium am ount of adsorbed vapour

(7)
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c — vapour concentration in  the  pores of the  particle 
De — effective diffusion coefficient

I t  is known th a t  from experimentally determ ined kinetic curves, the value 
of De can be evaluated by Eq. 7, or if the slope of the isotherm , A  is also known, 
then  the internal diffusion coefficient can be derived as :

Di — De{ 1 + A ).

The situation is more complicated, when the  adsorption ra te  depends on 
both the  external and the internal mass transfer. Then, for a linear isotherm, 
the  equation of the  kinetic curve becomes:

a(t) ( 2 De I
_  =  У= 1 - 2 ^ е х р ( - ^ - Х . )  (8)

where :
GBi2

*n = - — -------------7 (»>
fini fin +  B i2 — Bi)

tg fl= I“
1 - B i

( 10)

Вг = |ŐF Х Й  

D ( И )

th e  l a t t e r  being th e  so-called  B iO T-num ber.
The corresponding values of B n and tg ц were published [13].
The previous equations were used for the evaluation of the  measured kinetic 

curves.

Physical Characteristics of the System Studied

M ethanol and water were used as solutes in  nitrogen carried gas. Spherical 
particles of CHEMVIRON BPL activated charcoal were used as adsorbents. 
Its  characteristics are listed in Table 1.

Table 1
Physical characteristics of the activated charcoal adsorbent used

B.E.T. surface area, m2/g 1050-1150
Bulk density, g/cm3 0.58-0 .54
Pore volume, cm3/g 0.80-0.85
Particle size (4 x 10 US mesh), mm 3

less than 2 mm, % 0 - 3
larger than 4.8 mm, % 0 - 5

Void volume (tapped packing), % 38-42%

4



362 J. N é m e t h , S. B a t ic z  and M. P é t e b -H o iíá n y i Vol. 11.

The m ajor physical characteristics of methanol are listed in Table 2.

Table 2
Physical characteristics of methanol

Boiling point (1013 mbar) 64.6 °C
Heat of evaporation (20 °C) 1173 kj/kg
Refractive index 1.329
Saturated vapour cone. 0.164 kg/ms
Vapour pressure (20 °C( 128 mbar
Normal diffusion coefficient 14.7 X 10-e m2/s
Kundsen diffusion coefficient (20 °C) 4.4 X 10“7 m2/s
Integral adsorption heat 1712.5 kj/kg
Lower explosion limit 5.5 — 6% v/v  

7 3 -7 4  g/Nm3
Upper explosion limit 36.5% v /v
TWL value 200 ppm 

260 mg/m3

Experimental

Methods used to  determ ine the  adsorption kinetic curves on single particles 
are described in [14, 15]. Since the  producer claims th a t  CHEM VIRON BPL 
is an excellent adsorbent for solvents, including m ethanol, gravimetric methods 
were adopted.

Fig. 2.
Experim ental set up

A  — balance, В  — methanol vaporiser, G — water vaporiser, D  — mixer, 1 — adsorbent, 
2 — thread, 3 — molecular sieve drier, 4 — rotameter, 5 — distributor valve, 6 — four- 

port valve, 7 — baffle annulus, 8 — balance arm

The schematics of the system  is shown in Fig. 2. A th in  wire of 0.02 mm 
diam eter was hung onto of the  arm s of a balance of 2 Х Ю '4 g sensitivity. 
Spherical particles were attached  to  th e  wire as shown in  Fig. 2. Three particles 
of identical diam eter (3.5 mm) were used. This increased the am ount of sol
vent adsorbed in un it tim e, and im proved the precision of the measurements.



1983 Adsorption on Activated Charcoal. I. 363

The solvents were placed in to  therm ostatted  gas-washing bottles, and dry 
nitrogen was bubbled through the  solvents. Nitrogen was thus sa tu ra ted  a t 
the  selected tem perature. Solvent vapour concentrations required for the 
experiments were obtained by  mixing the  sa tu ra ted  and the  dry nitrogen gas 
flows. I t  is assumed that adsorption proceeds isothermally, because th erm o sta t
ted  flowing nitrogen dissipates the  heat of adsorption liberated on th e  single 
particles.

Results and Discussion

F or comparison purposes, pure m ethanol was used first for the  determ ination 
of the kinetic curves. Carrier gas flow rate was changed in these experiments. 
The kinetic curves obtained a t  10 g/m 3 m ethanol concentration are shown in 
Fig. 3.

!

K inetic curves o f m ethanol at various gas velocities 
+ t> = 0.167 m /s, ot> =  0.33 m /s, r =  0.667 m /s 

i>= 1.0 m /s, * o  =  1.33 m /s.

In  Fig. 4, th e  curve obtained w ith a m ixture of 10 g/m 3 m ethanol and  
10 g /m 3 water is shown. I t  can be seen th a t  in both  cases the  curves ten d  to  
a lim iting value, as the carrier gas flow rate  is increased. This means th a t  
above this value, th e  transfer ra te  cannot be increased any further, i.e. mass 
transfer in the pores becomes th e  rate  controlling process. K inetic curves 
obtained at this gas velocity (1.3 m/s) were used for the evaluation of the  
effective diffusion coefficient, Z>e, as follows.

A t first n — 1 was assumed, and an approxim ate De was calculated from 
Eq. 7 using the t0 5 experimental tim e, which corresponded to  y =  0.5. Then, 
a series of curves were calculated by a computer, using De values in the  vi
cinity  of the previously determined D c. This was followed by the  calculation 
of th e  sum of the  squares of difference between calculated (ys) and m easured 
(y) values as:

° 2 =  -  2  ( y - i - y i ) 2 (12)
П  (-1

4»
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T t

Fig. 4.
Kinetic curves o f m ethanol and water m ixtures at various gas valocities 

Фг; =  0.1 m /s, +  v =  0.167 m /s, ou =  0.33 m /s 
г> =  0.667 m /s, v = 1 .0  m /s, s|tr =  1.33 m /s

Fig. 5.
Determination of D  diffusion coefficient by the minimalization of the square o f error
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The Z>e value a t the  minimum of a2 was accepted as the one representing 
the  best fit of Eq. 7 to  the measured kinetic curves.

The results of one of these calculations are shown in Fig. 5.
Calculated (minimized a2) De values for th e  previously studied systems are 

listed in Table 3. W ith the help of the slope of the  approxim ately linear iso
therm ,-the  internal diffusion coefficient, D t was calculated. This value is 
necessary for the evaluation of the  kinetic curves measured a t lower gas velo
cities.

Table 3.
Diffusion coefficients of pure methanol and methanol plus 

water vapour mixtures

Solvent vapour Methanol Methanol plus water

De m 2/s 2.55 X 10-6 2.68 X IO“2
A 1.06 X 104 1.02 X 104
di m 2/s 2.71 X IO"2 2.83 X IO”2

ь
In  Figs. 6 and 7, the  measured and calculated (using De-s from  Table 3) 

kinetic curves are shown for m ethanol and m ethanol plus water vapour, re
spectively. Mesured and calculated curves agree sufficiently. The slight sys
tem atic error a t the beginning and the  end of the  curves might be caused by 
slight deviations from the  assumptions (slightly unisotopic particle structure, 
and slight deviation from ideal spherical shape, etc.).

The kinetic curves obtained a t lower gas velocities were evaluated by 
Equations 8-11, which take into account both th e  internal and th e  external 
resistances.

Fig. 6.
Kinetic curves of methanol 

v =  1.33 m /s, D e =  2 .55X 10-e m 2/s 
— =  calculated, X — measured
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K inetic curves o f methanol and waters mixtures 
v =  1.33 m /s, D^=  2.68 X 10-2 m 2/s 

— =  calculated, x  — measured

Graphic differentiation of the  initial section of th e  kinetic curves measured 
a t  various gas velocities yielded the  external mass transfer coefficients, the 
ßP values. ßP and I ) i in ternal diffusion coefficients from Table 3 were then 
used to  calculate the  approxim ate B i  numbers (Eq. 11). Another minimaliza- 
tion , sim ilar to  Eq. 12, yielded the  B i  value, which ensured the  best fit of 
E q . 8 to  the m easured kinetic curves.

As examples, the  m easured and calculated kinetic curves a t gas velocity of 
0.33 m /s are shown in Fig. 8 and 9, for pure m ethanol and the  m ixture of

Fig. 8.
Kinetic curve of methanol 

v =  0.33 m /s, -B*=17 
— =  calculated, x  — measured
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Fig. 9.
Kinetic curve of methanol — water vapour mixtures 

» =  0.33 m /s, B i=  25 
— =  calculated, x =  measured

m ethanol and water, respectively. The agreement is adequate, in  both  
cases.

The .Вг-numbers, where the sum of the  square of the  error was minimum, 
were th en  used for the  calculation of the  ßP external transfer coefficients a t  
various gas velocities. These values are summerized in  the  first column of 
Table 4.

The ßP values calculated from Eq. 2, using i f  =  0.8, are listed in the  
second column of Table 4. Agreement of the ßp values—calculated by different 
m ethods—indicates th a t  over the gas velocity range tested, mass transfer 
depends on both the  external and the  internal resistances. This also follows 
from the  respective Biot numbers, for B i  varied from 8 to  33.

Table 4

Mass transfer coefficients (ßp) for pure methanol 
and methanol plus water vapour mixture, respectively

Gas
velocity

m/s

ßr rm/e
Methanol Methanol 4- water

1 2 1 2

0.1 _ _ 1.3 2.0
0.166 1.7 2.1 2.5 2.5
0.33 2.8 2.9 3.9 3.6
0.67 3.8 4.1 6.2 5.1
1.0 4.0 6.1 6.3 6.3
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Fig. 10.
K inetic curves 

г> =  0.33 m /s
A =  water vapour (10 g/m 3) 

о =  m ethanol (10 g/m 3)
X =  mixture of methanol and water (10 g/m 3 each)

Higher transfer coefficients obtained for the  m ixture of methanol and water 
unequivocally proved th a t  the system  studied did not obey the L a n g m u ir  
rule.

In  order to  illu stra te  other aspects of th is point, the  adsorption values ex
pressed as a percentage of the weight of the  activated charcoal are plotted 
against tim e in  Fig. 10.

The larger percentage bound for th e  vapour m ixture substantiates our pre
vious claim. I ts  physico-chemical explanation will follow in P a rt 2 of this 
paper, which will discuss the results of adsorption tests in stationary  beds.
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РЕЗЮМЕ

Авторы изучали адсорбцию смеси метанола и водяного пара на активном угле. На основе 
изотерм полученных для чистых компонент и смеси установили, что присутствие водяного 
пара (до 11 г/м3) увеличивает равновесное значение адсорбции при концентрации метанола 
10 r/м3. На основе кинетических кривых снятых на отдельных частицах активного угла пока
зали, что водяной пар увеличивает скорость адсорбции метанола т. е. получены большие по 
сравнению с чистым метанолом значения коэффициента массопередачи.
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Using the theory o f  vibrated impacting systems, the mathematical 
model o f particle m otion on the active element o f a vibrated pneumatic 
separator was developed. The model led to the derivation of the for
mula, which describes the average motion velocity o f the particle. 
Experimental m ethods were developed for the determination of the 
material characteristics and the adequacy of the model was verified. 
The model and the physical system agreed sufficiently, but the super
position of the interactions between the separation—influencing 
parameters called for additional m athematical-statistical methods. 
A multiparameter experiment-design led to the regression equation 
of the separation efficiency indicators. This equation accounted for 
the major technological parameters as well. Comparison and analysis 
of the experimental results and those of the two models indicated 
that separation efficiency could be improved by increased vibration 
intensity, and by the adjustment o f the apparatus parameters and 
the material characteristics.

Introduction

W heat, transported  from storage bins, contains foreign materials which have 
to  be separated before milling. In  the milling industry, foreign m aterials w ith 
particle sizes close to  th a t  of wheat are called difficult-to-separate contam i
nants, because conventional machines (screens, sieves, and bolters) are unable 
to  separate them  [1].

Separation of the difficult-to-separate contam inants is amply discussed in 
literature [1-10]. However, it  is also known th a t  m any of the  physical-m echa
nical aspects of the separation of m ultifractional particu late m aterials have 
not been clarified, because there are too m any factors which influence the  
separation and back-mixing of particles (material characteristics, and tech n i
cal-technological param eters, etc.), and therefore, no unifying theory has been 
developed.



372 R e n c e n g in  B a t m e n d  a n d  K . E r d ész Vol. 11.

Particu late m aterials are separated in bulk  flows as a result of many in te r
acting subprocesses (chaotic motion of the particles, particle im pact, impact- 
induced mixing and separation, and back-m ixing of the separated particles, 
etc.). These factors, m ake the  m athem atical modelling of the  separation pro
cess quite difficult. A nother set of problems arises from the distribution of the 
physical characteristics (size, friction and resilient characteristics, and aero
dynam ic characteristics, etc.) w ithin the  bu lk  phase, and their stochastic 
tim e-dependent d istribution. Therefore, th e  characteristics of the discrete 
particles and of th e  bulk  phase are different. The flowing particu late bulk 
phase is a complex system , in which various subprocesses occur a t various 
hierarchy levels. This necessitates a system -theoretical approach, i.e. the 
recognition th a t th e  object studied has a complex internal structure, consists 
of m any interacting elements, and in teracts w ith its surroundings [11]. In  
general, complicated systems are described by  complex models, in which 
—corresponding to  th e  actual physical processes—the stochastic or determ i
nistic character becomes dom inant a t various hierarchical levels. This approach 
will also be used in  th is  paper.

The ultim ate aim  of m athem atical modelling is the optim ization of certain 
operations, the establishm ent of an overall control scheme, and the account
ing for all m ajor param eters. Due to  the  large number of param eters, verifi
cation of the optim ization model requires an  enormous am ount of experimen
tation . Experim ental work can be decreased by  suitable m ultifactorial experi
m ent design. Facto rial experiments lead to  polynomial regression equations, 
which describe the  connection of the  optim ized param eter and the factors 
proper. Analysis of th e  regression equations allows the selection of the optim iz
ed operation ranges [12].

Separation of particu la te  m aterial m ixtures is based on th e  dissimilarity 
of some of the  m ateria l characteristics of th e  components. Modern particle 
separators can detect, simultaneously, several of the m aterial characteristics, 
and  ensure im proved separation. Such an im proved separation m ethod is 
th e  vibrated pneum atic separation m ethod, where vibration of the bulk 
m aterial is com pleted by the  fluidization effects of gas flowing through the 
bulk  phase.

There are several v ibrated  pneum atic separators on the  m arket (Biihler- 
MIAG Simon, Golfetto, and Nagema, etc.) readily  lending themselves to  the 
development of efficient technologies. However, the further development of 
these machines, and  the  selection of th e ir  optim um  operation param eters, 
require additional research. This paper presents the results of modelling work 
on vibrated pneum atic separators.

Mathematical Model of Particle Motion in Vibrated Pneumatic
Separators

As an example for the  typical design of m odern, vibrated, pneum atic gravel- 
separators, the  schem atics of the TQAO-00-60 machine of Bühler-Miag is 
shown in Fig. 1. The m aterial is fed th rough  a hopper and metering device 
in to  the active elem ent of the  separator. The active elem ent is a vibrated  
frame, equipped w ith an air-permeable cover. Essentially, m aterial flows in
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F i g .  1 .
S chem atics o f  th e  B iih ler-M iag s to n e -se p a ra to r 

1 — fram e, 2  — v ib ra ted  a c tiv e  e lem en t w ith  feed p o r t , 3  —  a ir  perm eab le  cover, 4  — 
d rive  m echan ism , 5  — co u n terw eigh ts , 6  — suspension  o f  d riv e  m echan ism , 7 — te le 
scope, 8  — feed and  con tro l m echan ism , 9 — co n tro l screw , 1 0  — cover, 1 1  — a ir  su c tio n  

p o rt , 1 2  — choke, 1 3  — ru b b e r  cover, 1 4  — b a ff le  p la te

a closed channel, as a th in  layer, through the  cover. The slant angle of the  
active element can be varied front the sides. The vibrating mechanism, equip
ped with a counterweight, is fastened to  an axle, which is supported by three 
spings a t each side. The driving mechanism and the active element are con
nected by a frame-system. The single-mass alternating system  thus obtained 
is shown in Fig. 2. I t  can be seen th a t the periodic excitation force created by

Fig. 2.
Kinem atic schematics of the vibrated pneumatic separator
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th e  ro ta ting  masses leads to  a harm onic a lternating motion. V ibration frequency 
of th e  active element can be varied v ia the  ro tation  speed of th e  electromotor, 
while the  v ibration am plitude depends on the  param eters of the system 
(exciting mass, spring constant, and dam ping, etc.). Due to  its design, the 
tim e-dependent changes of th e  slant angle of the active elem ent (a) and the 
angle of the  excitation force w ith respect to  horizontal (ß ) are negligible, i.e. 
these  angles are practically constant. An external fan draws air through the 
air-perm eable cover. This a ir then  loosens the  bulk m aterial. Flow-rate of 
a ir can be regulated via the  choke located in  the  suction th roa t.

V ibrated  pneum atic separators have to  remove gravel from  wheat, even if 
th e  particle sizes are equal (removal of hard-to-separate contam inants).

W heat, continuously fed to  th e  v ibrated  active element (separating table), 
slides downward, while gravel particles move upward on th e  table, w ith a 
p articu la r jolting motion, assuming th a t  the  vibrating pulses are of the  right 
in tensity .

A t first, separated gravel particles have to  overcome the resistance of micro
forces originating from im pacts and friction w ith wheat grains. Since these 
forces are too small to  m easure directly, and have a stochastic tim e-distri
bution, the  resultant resistance was taken  as viscous resistance proportional 
w ith  the  velocity of the  particles [13]. A ir flowing through the bulk phase 
(wheat) results in a looser phase structure, which, in tu rn , promotes the  jo lt
ing, jumping motion of gravel particles (micro-throwing, and vibrated im 
pacting  mode of m otion [4, 5]). Flowing air increases the  bouyancy of gravel 
particles. They are also effected by v ibration  and gravity  ( Fig. 3).

The differential equation set which accounts for the above forces has the 
following form:

m x  +  K x = m A  со2 sin  (cot +  cp) cos ß  — m g  sin  a  +  P  cos у  (1)

m ÿ  +  K ÿ  =  m А a>2 sin  (cot +  cp) s in  ß  — m g  cos a  +  P  s in  у  (2)

I t  is assumed th a t  in steady-sta te  conditions, particles experience an orderly 
periodic m otion on the  active element of the  separator (Fig. 4). The initial 
an d  boundary conditions of the  differential equation set follow from the

F i g .  3 .
F o rce s  a c tin g  u p o n  a  p a rtic le  a s  i t  p asses th e  a c tiv e  elem en t o f  th e  v ib ra te d  p n e u m a tic

s e p a ra to r
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F i g .  4 .

S ch em atics  o f  p a rt ic le  m o tio n

energy dissipation conditions [14]. Average displacement velocity of selected 
particles results as the ratio of displacement in direction x, and the  period-
tim  е ,Г  =  ̂ :

f t )

-  SCO

V=-— (3)
2  n n

where :
n  — period coefficient, n = 1, 2, 3, . . .

Phase angle cp in differential equations (1) and (2) leads to  the  prerequisite 
of the vibrated  impacting mode of motion and acts as the lowest lim it of the  
evaluation range, because of the  following relationship :

cos j j s l ( 1 )

Derivation of the analytical solution is given in Appendix 1. The average 
displacement velocity of the  particle reads:

V =

Aa>2 sin  ß
——— — -  (cos <p — k  s in  <p) c tg  ß  +  (sin a — p  cos y )  (1 — е~к2лп) 
gr(l +  A;2) sin  а  —p  cos у

к 2
1 -  е - ь 2 я п ( 1  _  X)

2 л  п

In  Eq. 5:

к  =  -
К

_£
со

( б )

( 6 )

is the dimensionless viscous resistance coefficient and:

P  =  -m g (7)

is the  fluidization factor, which shows the  ratio  of the  bouyancy force of up-
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ward-flowing air and th e  weight of the average flow velocity of air and the 
m inimum fluidization velocity:

Analysis of Eq. 5 leads to  the factors, which influence the velocity of the 
particle to be separated :

a) with increasing am plitude (A )  the velocity of the particle increases 
almost proportionally ;

b) with increasing angu lar frequency (со), i.e. increased rotation speed of 
the drive m echanism , the  period factor (n )  increases, and accordingly, 
the velocity of th e  particle increases according to  a power function;

c) with increasing slan t angle (a) the particle  velocity decreases propor
tionally (  Fig. 5 )  ;

Fig. 5.
P artic le  v e lo c ity  (#) a s  a  func tion  o f  th e  s la n t  ang le  o f  th e  ac tiv e  e lem en t (a)



б

Fig. 7.
Particle velocity (v ) as a function  

of the extent of fluidization (p)

Fig. 6.
Particle velocity (v ) as a func
tion of the viscous resistance 

coefficient (К )
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d) with increasing viscous resistance coefficient (К) the particle velocity 
decreases according to  a power function (Fig. 6 );

e) with increasing bouyancy force (increased fluidization, p) the particle 
velocity increases, assuming th a t  th e  angles of the  air flow vector (y) 
and the excitation vector (ß) are practically  identical. In  other cases the 
particle velocity decreases (Fig. 7 and 8).

Fig. 8.
P a rtic le  v e lo c ity  (v ) a s  a  fu n c tio n  o f  th e  d ire c tio n  o f  flu id iz in g  a ir  flow  ( y )

Verification of the Mathematical Model

The m athem atical model was verified by  comparing the particle velocities 
calculated by Eqn. 5 with those obtained experim entally in a Type LA -K 
laboratory separator (Fig. 9). M aterial characteristics required for the  calcu
lations were obtained partly  from experim ents, partly  from model identifi
cation as follows:

a) impact coefficient (R ) was determ ined by the  statistical analysis of 
high speed photographs of free-falling particles;

b) viscous resistance coefficient (К ) was obtained by model identification;
c) actual m om entary friction coefficient (A) was obtained by model identi

fication ;



\ J _

F i g .  9 .
S chem atics o f  th e  T ype  L A -K  lab o ra to ry -sca le  sep a ra to r 

1 — sep a ra tin g  tab le , 2  — a ir  d is tr ib u tin g  cover, 3  — a ir  in le t confusor, 4  — 
springs, 6  — fram e, 7 — v ib ra te d  feeder, 8  — e lec tric  m o to r , 9  — clu tch , 1 0

drive , 1 1  — d rive  ro d

A= 0 .0 0 7 m .o j= A 9 .2 2  s ' 1, m * 0 .0 0 6  k g , p = 2  

R - 0 . 2 ; A - 0 . 8  1 - 3 0 °  ß  - 3 0 "

0.020

0 0 1 5

0 0 1 0 -

0  0 0 5 -

---------------1 ■ I--------------- 1---------------L
3  A 5  6  o c fg ra d ]  7

fram e , 5  — 
— eccen tric

5*

F i g .  1 0 .
C om parison  o f  m easu red  a n d  ca lc u la ted  va lues o f  th e  r a te  o f  p a rtic le  s e p a ra tio n
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d) fluidization coefficient (p ) was obtained from fluidization diagram s re
corded in  a v ib ra ted  fluidization apparatus.

Comparison of the  calculated and m easured particle velocities ( Fig. 10) 
led to  the  following conclusions:

a) qualitatively, th e  m athem atical model correctly represents the  physical 
phenomena, i.e. over the  param eter range tested, the  trends of the 
calculated and m easured velocity curves agree well;

b) there is a significant interaction betw een the  factors which influence 
the  separation of particles. This observation is well dem onstrated in 
Fig. 10, where the  viscous resistance coefficient (K) increases rapidly 
w ith a.

Since the  m athem atical model does not contain im portant technological 
param eters, such as th e  particle concentration or the  mass feed rate , and be
cause the  determ inistic model leads to  deviations, statistic methods were used 
for the  exam ination of th e  separation process.

Examination of the Efficiency of Vibrated Pneumatic 
Separation by Factorial Experiments

Factorial experiments are amply discussed in  literature  [15-17], so only the 
m ajor steps to  the  2N-type factorial design are dealt with here.

The following indicators were used as optim ization param eters of separa
tion efficiency [5, 15].

a) Quality indicator

F1= ¥ f= m ass  flow  ra te  o f  s e p a ra te d  p a rtic le s
m ass flow  r a te  o f  p ro d u c t

g A i

?i

b) Q uantitative indicator

Fa=  v  =
m ass  flow  r a te  o f  se lec ted  p a rtic le s  q a i  

m ass  flow  r a te  o f  p a r t ic le s  to  be se lec ted  q \

(9)

( 10)

The factors included in  the  experim ents were selected on the basic of the 
analysis of the  m athem atical model. The varia tion  levels were determ ined in 
prelim inary experim ents following the  Latin-square design.

aq: am plitude of v ibration, —A
* i=  +  1, А тях = 7 mm
Xi= - 1 ,  A min = 5 mm
x2: slant angle of th e  table, a
x2 = + 1 , max 5.5°
x2 = — 1, min 4°
x3 = ex ten t of fluidization, —p
*3 +  1> T̂max 2
* • = - 1 .  Pmin =  L 2  
x 4 : mass flow ra te  of feed, — q 
*4= + 1 . ?max =  0-02 kg /В
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* 4 = - l >  ?mln =  0-01 kg /8
x5 : concentration of particles to  be separated, — c
* • = + 1 .  c m a x  =  5 %

x 5 ~  ~~  1 >  c m i n  =  3 %

The computer-generated m atrix  of the factorial experim ent—including the 
interactions of the factors as well—was available from  literature [18]. Calcula
tion formulae are given in Appendix 2.

The regression equations of the  significant factors are as follows :
2/1 = 0.1141- 0.067x2 + 0.0327x3 + 0.0296x4 + 0.08xe + 0.0446xie + 0.027xu (11)

y2 = 0.4469 + 0.1484X1 -  0.1731x2 -  0.0619x3 -  0.0300x4 -  0.044 = x5 -  0.0662xa -  0.0478x9 -  
— 0.0631xio + ОЛООЗхп + 0.0726xi4 — 0.0675xie + 0.0866xi7 (12)

The calcu lated  and  th e  ta b u la te d  values of th e  FiscHER-criterion are  :
F i =  2.77; F 2 =  2.69; Fo.oi =  3.32;

and since:
Fo.01^-Fl>-F2,

the model is adequate.
Analysis of Eq. 11 and 12 led to  the  following conclusions:
a) the  quality of vibrated  pneum atic separation prim arily depends on the  

slant angle of the  table (a), th e  extent of fluidization (p) and the  feed 
mass flow rate (q). Increasing a impedes the  quality  (negative b2), while 
the  other two param eters improve the quality  of th e  separation (b3 and 
64 are positive numbers).

b) the simultaneous increase of the  amplitude, th e  slant angle and the 
extent of fluidization improves the  quality of separation (6J6 is positive) ;

c) increased am plitude improves the  yield of separation (by is positive) ;
d) simultaneous increase of the extent of fluidization and feed ra te  (6n )> 

simultaneous increase of the extent of fluidization and particle concent
r a t io n  (bu ), simultaneous increase of the slant angle, extent of fluidiza- 
ion and feed rate  (b17) all improve the productiv ity  of separation ;

e) from among the negative coefficients, the effects of slant angle are of 
im portance (b2), because increased slant angle decreases the yield and 
lowers the quality of separation. Therefore, the  slant angle should not 
be increased beyond the necessary value.

Results of Vibrated Pneumatic Separation Experiments

I t  was assumed th a t the  motion of particles depends on determ inistic forces 
(i.e. on forces which can be defined unequivocally). Accordingly, the  m athe
matical model of particle motion was developed, and the  formula for th e  cal
culation of the average ra te  of particle separation was derived. An experim ental 
method was also developed to  verify the m athem atical model. These experi
ments showed th a t a viscous resistance (i. e. one th a t  is proportional to  the 
velocity of the particles) acts upon the  particles in the  fluidized layer.

I t  was concluded th a t qualitatively, the model gave an adequate descrip
tion of the  particle motion, and th a t  the  factors were also interrelated.
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The effects and in teractions of random  (stochastic) subprocesses are indi
rec tly  manifested in th e  quality  indicators of the  separation process. The 
regression equations, which were obtained in the  factorial experim ents, were 
verified, and the true ly  influential factors were identified.

Comparison of the  results obtained by th e  tw o different modelling methods 
showed th a t:

— the  optimum operation modes of v ib ra ted  pneumatic separation occur 
a t  higher v ibration  param eter values (A =  5—7 mm, со =105 s-1);

— th e  efficiency of the  separation process can he improved by the  proper 
matching of separation  param eters and m aterial characteristics;

— theoretically, v ib ra ted  pneum atic separation can be used to  separate 
any particulate m aterial m ixture, if there  is a difference between the 
resilient and friction characteristics of th e  particles.
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A PPE N D IX  1

D erivation of the Average Motion Velocity of a Particle Experiencing Periodic 
V ibrated  Im pact Motion.

Based on Fig. 4, th e  im pact conditions are:

R = - УГ
.*

2/2

1 — A =
X2

( i . - i )

(I.-2)

The dimensionless form s of the  differential equations of m otion are :
x *  +  k x *  — A *  cos ß  s in  (t +  <p ) — (sin  a —p  cos y )  (I.-3)

ÿ *  +  k ÿ *  =  A *  s in  ß  s in  ( r  +  ?>) — (cos « .— p  s in  y )  (I.-4)

where: т=wt; A* —A —
g

and  the  differential term s are multiplied by -w 2 ; —  and - ,  respectively.

The initial conditions are :
r  =  0, x* =  0, y *  =  0, x* =  x * ,  =  (I--5)

which, after substitu tion  into the  general solutions of differential equations 
E q. 3 and 4 yield:
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A *  cos ß
0 = C i +  C? 2 --------------- ( k  cos ® +  sin  <p)

1 +  k 2

A *  sin  ß
0 =  C3 +  G \ --------------- ( к  cos w +  sin  œ)

1 +  K2
.* А *  с о в  ß  sin  a  — p  cos у

X \ — — k U i -----, (cos <p — к sin  <p)----
1 + 1 к

.* А *  с о в а  — p  sin  у
У1 =  -  к С з - - — — (cos ip -  к  s in  <р)------------ ;-----------

1 +  к2 к

The boundary conditions are:
т =  2 n n ,  x * = S * ,  y *  =  0, x * — X 2 , ÿ  =  2/2

After substitution into the general solution, we obtain:
„  „  _ A * cob ß  (cos а  — p  s in  у ) 2 л п
S* =  (7ie-k2,ln +  C i  —   ( k  cos (p +  sin  <p)---------------------------------1 + fc2

_ _ „  -4 * s in /l . (cos a  — p  s in  у ) 2 л п
О  =  С зе ~ к2пп +  C i  — -- 7 (к  cos <p +  sin  <p) — ■1 + *2

X* — W je-kftm . A *  cob ß
X2

V t  = k C 3e~k27tn

1 +  /5;2 

A * s in  ß
1 +  &2

(cos cp — к  s in  (p) ■

к

(sin a  — p  cos у )

(1- 6 ) 

(1-7) 

(1- 8) 

(1 -9 )

(1- 10)

(1-11) 

(1- 12) 

(1 -13 ) 

(1 -14 )

(1 -15 )

(1 -1 6 ) 

(1 -1 7 )

a rc  tg  к  

(1 -1 8 )

Integration constant Cx can be determ ined from the phase angle, Eqn. 8 
and 13, and the  im pact condition (2):

(cos а - p  sin  y )

Integration coefficient G3 can be obtained from Eq. 7 and 12:
(cos a — p  sin  у ) 2 л п  

3 Щ — e-k2*n)

Im pact condition (1) and Eq. 9 and 14 yield:

- R V t  -2 /a  =  - k C 3( l  -  e ~ k2nn)

.* (cos a  — p  sin у ) 2 л п  у  2 --------------------------------
1 + Д

The phase angle is obtained from Eq. 14 and 17 :

(cos a —p s in  у) У1 +  к 2 l 2 n n k ( \  +  7ie~k2:rm) -  (1 +  P ) (1 — r 12"”)
q> =  arc  cos -

A *  sin  ß (1 +  Ä) X (1 — е~к2лп) к }-

[A  *  sin  ß  1
—— —— t- (cos <p — к  sin  <p) c tg  ß k  — (sin  a —p c o s  у )  I

1 + K2 JCi =
k \  1 — е - кглп( 1 — A)]

Finally, displacement S  is obtained from Eq. 6 and 11 :

S = [ - ( 7 i ( l - e - k
(sin а - p  cos у )  +  2лп  ] g

к

(1 -1 9 )

( I .-20)
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A PPE N D IX  2

Coefficients of the regression equations were calculated by the following for
mula:

6i =

Я

2
i-X

N
( И— 1 )

The so-called /-test was used to  test the  significance of the coefficients :
A b i = ± t x S i i  (II.-2 )

where :
Zl&i — the half w idth of the  confidence in terval; 
t —- the tab u la ted  value of the S tuden t’s criterion ;
aS'jj- — is the standard  deviation.

The coefficient is significant, when the  relationship:

( b i ) ^ A b i  (II .-3 )
holds.

The F i s c h e r ’s criterion was used to  te s t the  adequacy of the polynominal 
regression model:

«S2
F  =  —  (II.-4 )

Sv
where :

S2 =
2  y t<-i (II.-5)

2 2 (va -  ÿi)22 <-X i-XО у — “
N ( n -  1)

The model is adequate when the relationship :

holds.
E t a b u ] a t e d > " E  ca lcu la ted

(II.-6 )

(II.-7 )

SY M B O L S

A  —  am p litu d e  o f  v ib ra tio n , m  
b  — coefficient 
c — co n cen tra tio n  
F  — F is c h e r ’s c r i te r io n  
/  — degree o f  freed o m  in  th e  ex p erim en ts
<7 — g ra v ity  c o n s ta n t, m /s 2
К  — viscous re s is tan ce  co e ffic ien t, k g /s  
к  —  d im ensionless v isco u s  re s is tan ce  coeffic ien t
L  — d is tance  on  th e  e x p e r im e n ta l se p a ra to r , a v a ilab le  fo r p a rt ic le  sep a ra tio n , m  
m  — m ass o f  p a rt ic le , k g  
N  — n u m b er o f  e x p e rim e n ts
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n  — p e riod  coeffic ien t
P  — b o u y a n t force o f  th e  fluidizing a ir , N
p  — flu id iza tio n  coeffic ien t
q  — m a te ria l flow , k g /s
R  — im p a c t coeffic ien t
a — s ta n d a rd  d ev ia tio n
S  — d isp lacem en t o f  p a rt ic le  in  d irec tio n , x
t — tim e , s
i — S tu d e n t’s c rite r io n
u "  — average  gas v e lo c ity , m /s
«mi — m in im u m  flu id iza tio n  gas ve lo c ity , m /s
x  — coeffic ien ts o f th e  fac to ria l ex p e rim e n t design
y  — o p tim a liza tio n  p a ram e te rs
x ,  y ,  x, ÿ ,  x ,  ÿ  — co o rd in a tes  and  tim e -d e riv a tiv e s  o f p a rtic le  

m o tio n
a — s la n t angle, g rad e
ß  — ang le  o f  e x c ita tio n  force, g rade
y  — ang le  o f  flu id iz in g  a ir  flow, g rad e
y  — quan tita tiv e , in d ic a to r  o f sep a ra tio n  efficiency
<p — p h a se  angle o f  im p a c t, grade
A — m o m e n ta ry  fr ic tio n  coefficient
У  — q u a li ta t iv e  in d ic a to r  o f  sep a ra tio n  efficiency
t  —  dim ensionless tim e
со — a n g u la r frequency , 1/s

S u b s c r i p t s

A — co m p o n en ts  to  b e  separa ted  (g ravel)
В — base  p a rtic le s  (w heat)
1 — d irec tio n  o f se p a ra tio n
2 — d irec tio n  o f back -m ix ing
i — co lum ns
j — raw s
q  — n u m b e r o f re p e tit io n s
* — dim ensionless am p litu d e , co o rd in a tes  a n d  th e ir  d e riv a tiv es
• — tim e  deriv a tiv e
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РЕЗЮ М Е

Авторы с применением теории виброударных систем разработали модель движения частицы 
на рабочем органе вибропневматического сепаратора и выводили формулу средней скорости 
перемещения частицы. Разработали  экспериментальные методики для определения физичес
ких свойств материальных частиц и контролировали адекватность модели. Установили, что 
математическая модель удовлетворительно согласуется с физической системой, но наблюда
ется суперпозиция взаимодействий между параметрами системы влияющих на процесс разде
ления, поэтому моделирование дополнили методами математической статистики. С помо
щью многофакторного эксперимента составили регрессионные уравнения для показателей 
эффективности разделения в которых были учтены и основные технологические параметры 
процесса. Сопоставлением и анализом экспериментальных и расчётных данных полученных 
двумя спосбами моделирования установили, что эффективность разделения можно повы
шать с увеличением интенсивности вибраций и также соответствующим материальным свой
ствам сепарируемой смеси подбором параметров оборудования.
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T he o x ida tion  o f  copper(I) ions b y  abso rbed  oxygen , in  bubb le- 
co lum ns an d  s tirre d  co n tac to rs , w as in v es tig a ted  a t  20 a n d  64 °C 
te m p e ra tu re s , in  th e  p resence  o f  am m on ia , m o n o eth an o lam in e , d ie th 
an o lam ine  a n d  tr ie th an o lam in e . T he  effective in te rfa c ia l a re a  in  th e  
b u b b le  co lum n, an d  its  dependence  o n  th e  gas flow  ra te  a n d  so lu tion  
te m p e ra tu re  w ere de te rm in ed . T he ty p e  o f  th e  reac tio n , a n d  th e  
c o n s ta n ts  fez a n d  k i / i  w ere derived  fro m  ex p erim en ts  ca rr ied  o u t in  
a  s tirre d  co n tac to r.

Introduction

Copper(I) ions, formed during the etching of printed circuits, inhibit th e  e t
ching reaction. Even though their spontaneous oxidation is fairly rapid, cop- 
peril) ions accumulate in  the etching solution. E tching technologies are diffi
cult to  modify, because only scanty information is available on the oxidation 
of copper(I)-amine systems, and even these papers use different system s of 
units and symbols. This prom pted us to  unify the available d a ta  base, and  to  
complete it with further kinetic information.

Cuprous chloride, dissolved as amine complex, is rapidly oxidized by  the  
absorbed oxygen. The process can be trea ted  as absorption, accompanied by 
an irreversible chemical reaction [1, 4-7]. The reaction can be instantaneous 
or pseudo m -th order [4, 5]. For reactions pseudo mth order, and for th e  con
ditions :

3 . Ro> ,,
4[0*]

the specific rate  of oxygen absorption becomes:
( 2  \ i / 2
----- - D o afcm,n[C u(I)]” [O f ]n- 1
n+1 )

(2)
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Since а -Ro,— — (l/4)d[Cu(I)]/di, and in  ammonia-containing solutions: 
m = n =  1 [5], the kinetic equation reads:

-  — =  4o[ 0* ] (ű o 2fc2[C u (I)][N H 3])1/2. (3)dt

F o r instantaneous reactions, the  condition [5]:

1
кь

2
n-f 1

U / 2
i?0^m,D[Cu(I)]m[O f]n- 1 | » [Cu(I)l

4[Of]

has to  be fulfilled, and then , the  specific ra te  of oxygen absorption is :

(4)

If  the  condition:

•Ro2 = &l[o £] Дсиго [Cu(I)] \
D o, ~4[0* ] J

Dcu(i) [Cu(I)]
--------- X -------------» 1

Do, 4 [О г]

(5)

( 6)

is fulfilled, then  Eq. 5 can be simplified, leading to  :

d[Cu(I)]
------- ;---- =  &La[Cu(I)]dt

S h a r m a  [11] found th a t  for copper(I) concentrations less th an  0 .2  M, the 
reaction proceeds instantaneously, both w ith oxygen and air, while for copper (I) 
concentrations exceeding 0.5 M, and oxygen partial pressures smaller th an  
21 kPa, the reaction follows a pseudo m -th  order. Since the  specific ra te  of 
oxygen absorption depends on both the p a rtia l pressure of oxygen, the  hydro
dynam ics and the  order of the reaction, th e  la tte r  can be determined from 
stirred  contactor experim ental d a ta  [5].

The effective interfacial area can be easily determ ined, when the  reaction is 
pseudo mth order, th e  gas-side mass transfer coefficient is negligible (and this 
is always the case in  copper(I)-amine system s), and the  reaction conditions 
fulfil Eq. 1. In  this case, a can be calculated from  the kinetic equation, Eq. 3. 
I f  the  first relationship in  Eq. 1 is not fulfilled, then the  kinetic equation is 
somewhat different:

Ocu(I)

■DOa ( ? )

_d[Cu(I)] =  4a[0 £] (D o2̂ [ C u (I )][N H 3] +  k l ) 1/2 (8)
dt

A fter rearrangement, and raising to  the second power, Eq. 8 becomes: 

лггси(1)1/<»л*r = аВ Д С и(1)][Ы Н 3] + (къа)* (9)
I  4 [O f ]  )

W hen the left hand  side is plotted agains the  term  D02k2 [Cu(I)][NH3], a 
s tra igh t line is obtained w ith  an intercept and  slope (kLa)2 and a2, respectively. 
This plot, the so-called D a v c k w e h t s ’ plot [2], allows for the simultaneous 
determ ination of a and kLa.

For instantaneous reactions, the kinetic equation gives only the  kha term .
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T a b le  1

Characteristics of the equipm ent used to  determ ine th e  oxidation rate  of copper(I) ions

Eq. used to 
calculate the 

effective interfacial 
area

Average values of the major parameters

Aparatus
V*

m s-1
a

m2/m3
drop size 

(mm)

Bubble column a  -  kVg 10-2 to  3 X 10-1 50 to  350 —

Spray column a  = ocLß* 
*у0.28н —0.38 10-2 to  3 X 10-1 30 to  80 0 .2 5 -2 .5

Packed bubble 
column _ _ 250 to  360 _

Stirred contactor diam eter (m)

7.5 X 10-2 to  
1 .5x10-1

rotation speed 
(min-1)
40 to  120 
max. 200 [3]

Bubble-columns [8], spray columns [9,10], packed bubble-columns [6, 11, 12, 
14] and stirred  contactors [2-6, 15, 16] were used to  study the oxidation of 
cuprous chloride. A few characteristics of the  operation units used are sum m a
rized in Table 1.

Experimental

Bubble-columns and stirred contactors were used to  study the oxidation of 
copper(I) by air.

Equipment

The characteristics of the bubble columns, and those of the stirred are listed 
in Table 2. The apparatus equipped with column A  is shown in Fig. 1. Air is 
sucked through wash-bottle (1) to  remove the air-borne particulate contam i-

©

E x p e rim e n ta l se t-u p  w ith  C olum n A
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Table 2
Major characteristics of the columns and the mixed tank

Parameters Column A Column В Mixed tank

Capacity, cm3 150 cm3 200 cm3 400 cm3
Diameter, cm 4.37 cm 3.11 cm 7.5 cm
Working height, cm 10.0 cm 26.4 cm 9.1 cm
H/D 2.3 8.5 —
Cross section area, cm3 15.0 cm2 7.58 cm2 44.2 cm2

nants. I ts  volumetric flow rate  is determ ined by  rotam eter (5). W ash-bottles 
(2, 3, 4), therm ostated  to  the tem perature of th e  bubble column, contain 
solutions which—except for copper(I)—are identical to  those used in  the  bubble 
column. Here, air is sa tu ra ted  by water and am m onia (or the respective amine), 
so th a t  it leaves th e  composition of the  system  studied undisturbed. This 
m easure is of special im portance for am m onia, because it has high vapour 
pressure. Air flow ra te  is regulated by MoHR-clamps (12) and (13) (coarse and 
fine control). Samples are introduced through a syphon (11), following the 
closing of the fine control (13), and the resetting of the three-port valve (9). 
Excess pressure is supplied by pressurized air in  a rubber bulb (7). Air passing 
through the system  was sucked by a w ater aspirator, preceded by  a buffer 
vessel (8).

In  the  case of colum n B, the  apparatus was sim ilar, except th a t  due to  its 
length, column В  could not be therm ostated. Consequently, these measure
m ents were carried o u t a t  room tem perature only.

In  both columns, identical flow rates were used: 10; 20; 30 and 40 dm 3/hr, 
corresponding to  1.85X 10-3, 3.70ХЮ -3 ; 5.56 ХЮ -3; 7.41 X 10~3 ms-1 and 
3.67ХЮ -3; 7.33X 10-3 ; 1.1 X Ю-2 and 1.47X 10~2 m/s superficial velocities, 
respectively.

©
i —

Fig. 2.
Experimental set-up w ith Column В
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F i g .  3 .

M ixed -tank  sy s tem

The stirred contactor had a capacity of 600 cm3. I t  was equipped with mixer 
(1) and placed into a therm ostat (3) ( Fig. 3). R otation speed was determ ined 
by a glow-discharge lamp (4), and stroboscope (5). A ir above the  solution was 
kept fresh by a fan (7). 2 cm3 samples were obtained using polyethylene hypo
dermic syringes.

Chemicals Analysis

A Spectromom Type 204 UV-VIS spectrophotom eter (MOM, Hungary) was 
used for the  determ ination of the concentration of the copper(II) am ine com
plexes formed. The copper(II)-amine complexes have absorption m axim a 
around 620 nm (49-57 M“1 cm ' 1). Copper(II) concentration was derived from 
measured absorbances, and the appropriate calibration curves.

Cuprous chloride was produced by sulphur dioxide reduction of copper(II), 
in sodium chloride solution [17]. Reagent grade diethanole amine (Merck), 
CuS0 4X5 H 20 , NaCl, monoethanolamine (MEA), triethanolam ine (TEA) 
(Reanal) and ammonium hydroxide (Biogal) were used w ithout further purifi
cation. Sulphur dioxide was a commercial grade product.

Results

Oxidation rate  was first studied in  aqueous amm onia solutions. Increasing 
ammonia concentrations resulted in  higher reaction rates {Fig. 4 and 5), i.e. 
the reaction was not entirely momentary. 1 M amm onia solutions were used 
for the  further experiments. For 0.05 M initial cuprous chloride concentrations, 
longer reaction times had to  be used to  ensure complete oxidation ( Fig. 6).
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Fig. 4.
Oxidation of copper(I) (20 °C) 

[N H S] =  0.5 M ; [Cu+] =  0.02 M

X ' l y .  I / .

Oxidation o f copper(I) (20 °C) 
[N H 3] =  1 M ; [Cu+] =  0.02 M

At a 0.2 M overall copper concentration (F ig . 7), 1 M ammonia proved in 
sufficient to  keep all copper(II) ions in  solution. Apparently, a t the  pH  value 
determined by th e  concentration of amm onium  hydroxide, the  solubility lim it 
is exceeded, when th e  concentration of free copper(II) increases beyond a cer
ta in  limit.

A t the  tem peratu re  of etching (54 °C) oxidation is slower th an  a t ambient 
tem perature, because decreased solution viscosity leads to  increasing bubble 
coalescence, and a decreased effective interfacial area. At 54 °C tem perature,
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higher ammonia concentrations neither increase th e  reaction rate, nor prevent 
the precipitation of copper(II) hydroxide ( Fig. 8-11 ).

In  th e  smaller cross-section-area-column, the  superficial gas velocity is 
higher, consequently, th e  effective interfacial area is larger, and oxidation 
proceeds more rapidly (Fig. 12, 13).

In  th e  case of ME A, D E A and TEA , solution concentrations were selected 
according to  production-proven rules. The concentrations were as follows: 
200 gdm -3 ethanolamine, 50 gdm-3 ammonium n itra te , and 50 gdm “3 ammo
nium chloride.

In  th e  presence of organic amines, oxidation of copper(I) ions proceeds more 
slowly. This can be explained by the  slightly reducing nature  of the  amines,

Fig. 6.
O xidation  o f  copper(I) (20 °C) 
[N H 3] =  1 M  ; [Cu+] =  0.05 M

Fig. 7.
O xidation  o f  copper(I) (20 °C) 
[N H S] =  1 M  ; [Cu+] =  0.2 M
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Fig. 8.
Oxidation o f copper(I) (54 °C) 
[NH 3] = 1 M ;  [Cu+] = 0.02 M

Fig. 9.
Oxidation o f  eopper(I) (54 °C) 
[NH S] = 1  M; [Cu+] = 0.2 M

and their steric hindrance. The increased steric hindrance of DEA becomes 
apparent from the  comparison of th e  MEA and DEA d a ta  (Fig. 14 and 15 vs. 
16 and 17). However, it  is surprising th a t  the same effects of TEA  become 
evident only a t higher tem peratures.

Increasing tem peratures led to  decreased oxidation rates, for all of the  etha- 
nolamines. This can be explained by  the  decreased effective interfacial area 
(F ig . 14-19).

In  column B, foaming prevented the  use of higher superficial gas velocities. 
W hen the  param eter settings were equal to  those of column A , th e  oxidation
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F i g .  1 0
O xidation  o f  copper(I) (54 °C) 
[N H s] =  3 M ; [Cu+] =  0.02 M

Fig. 11.
O xidation  o f  copper(I) (64 °C) 
[N H 3] =  3 M ; [Cu+] =  0 . 2 M

proceeded more slowly, because bubbles started  to  coalesce in the upper sec
tion of the  column (Fig. 20).

The order of the reaction could be determined by stirred contactor experi
ments. Using ammonia, and 0.05 M and 0.2 M initial copper(I) concentrations, 
the value obtained corresponded to  those described in  literature [5], in d ica t
ing th a t the  apparatus fulfilled the requirem ents (Fig. 21). In  ethanolam ine 
solutions, and 0.05 M initial copper(I) concentrations, the oxidation ra te  
considerably depended on the ro tation speed of the  mixer (instantaneous 
reaction). A t 0.2 M initial concentration, the dependence was still present, b u t 
a t 0.5 M, it  was hardly noticeable (pseudo-m-th order reaction).
e*
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Oxidation o f copper (I) in Column В  (20 °C) [NH$] =  1 M; [Cu(| ]  =  0.02 M

F ig .  14.
Oxidation o f copper(I) (20 °C) [MEA] =  3.27 M; [Cu+] = 0.2 M

Fig. 13.
Oxidation o f  oopper(I) in Column В  (20 °C) [NH 3] =  1 M;[Cu®] =  0.2 M
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Fig 15.
Oxidation o f copper(I) (64 °C) [MEA] =  3.27 M; [Cu+] =  0.2 M

Fig. 16.
Oxidation o f  copper(I) (20 °C) [D E A ]=  1.90 M; [CuJ] =  0.2 M

F i g .  17.
Oxidation of copper(I) (54 °C) [DEA]= 1.90 M; [CuJ] =  0.2 M
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Fig. 18.
Oxidation o f copper(I) (20 °C) 

[TEA] =  1.34 M; [Cuf] =  0.2 M

Fig. 19.
Oxidation o f copper(I) (54 °C) 

[TEA] =  1.34 M ; [Cu+] =  0.2 M

F i g . 2 0 .
Oxidation of copper (I) in Column В  (20 °C)

[MEA]= 3.27 M; [Cu+] = 0.2 M
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D ete rm in a tio n  o f  th e  re ac tio n  o rd e r in  3 M  NEU 

Conclusions

From  the experimental results obtained in the stirred contactor, th e  kLa 
values could be determined for low copper (I) concentrations. For ME A and 
high initial copper(I) concentrations, k2 was calculated by Eq. 7 and 3 (Tab-

T a b le  3  K inetic results

(Cu+)o=0.05 M, instantaneous reaction

Ligand

n (1/min)

50 100 125

10* kLa(s~l)

NHs 7.7 20 33
MEA 4.9 8.4 9.6
TEA 4.4 7.3 8.7

(Cu+)o=0.5, pseudo m-th order reaction

n (1/min)

Ligand 50 100 125

IO“ 3 Är8

MEA 1.3 1.4 1.8
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Table 4 Values vised in Eq. 3
Temperature, °0

Parameter 20 54

Values

(O?)*
(k m o l m  s ) 2.7 X 10-4 1.8 X 10"4

-Doa
(m 2 s- 1 ) . 2.5 X 10-» 5.6 X IO"2

(km ol_2m 6s _1) 1.3 X 103b 1 —2 x  104c

a) Air, 1 bar pressure; b) MEA, mixed tank measurement, Eq. 6; 
c) estimated value

Fig. 22.
Determination o f  the reaction order in 3.27 M MEA
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F i g .  2 3 .
D ete rm in a tio n  o f  th e  reac tio n  o rd e r in  1.34 M  T E A

le 3). W hen k2 was determined, a was derived from the  geometric surface area. 
However, the slow increase of k2 w ith  the ro tation speed indicates th a t micro
vertices, undetected by visual means, were present.

In  MEA solutions—even though the  pseudo-m-iA order is not strictly va lid— 
the  effective interfacial area values could be estim ated using the calculated 
Jc2 values, and th e  post-integration fitting of Eq. 3. Estim ated values are 
shown in Fig. 14 and  15, indicating th a t  the effective interfacial area decreased 
w ith increasing tem perature. The inpu t data  for calculations are summarized 
in Table 4.

The measured and  collected d a ta  serve as a suitable basis for the design or 
param eter comparison of spray, bubble, or packed bubble columns.

SY M BOLS

a  e ffec tiv e  in te rfac ia l a rea  per u n it  co lu m n  volum e, m -1
D  d iffu s iv ity  o f so lu te  in  so lu tion , m 2s-1
I I  e ffec tiv e  heigh t o f  th e  colum n, m
к  r e a c tio n  ra te  c o n s ta n t in  E q . (2), (m 3 m ol_1)m~n_1-s_1
к г  seco n d  order r a te  c o n s ta n t m 6 m o i-2  s~ l
k jj liq u id  side ph y sica l m ass tra n sfe r coeffic ien t, m s-1
L  l iq u id  ra te , kg m “ 2 s -1
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m  o rder o f  re a c tio n  w ith  re sp ec t to  th e  c o n c e n tra tio n  o f  cuprous ch lo ride  
n  o rd e r o f  re a c tio n  w ith  re sp ec t to  th e  c o n c e n tra tio n  o f  oxygen  
R  specific r a te  o f  ab so rp tio n , m ol m ~ 2 s_1 
t  re ac tio n  tim e , s 
F g superfic ia l g as v e lo c ity , m s-1 
a  co n s ta n t 
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РЕЗЮ М Е

Изучали окисление медных (I) ионов в барботажный колоннах и в камерах перемешивания 
происходящее под влиянием абсорбированного кислорода при температурах 20 °С и 54 °С 
в присутствии аммония, моно- ди- и триэтаноламина. В барботажных колоннах определили 
удельную поверхность соприкосновения и зависимость его значения от температуры и рас
хода газа, а  в камерах перемешивания тип реакции и также коэффициенты к г  и к ъ а .
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T he  am m on ium  a n d  lan th a n u m  ion-exchanged  fo rm s o f  F A U , Y  
zeolite  w ere in v es tig a ted  in th e  hete rogeneous c a ta ly tic  a lk y la tio n  
o f  iso b u tan e  w ith  1-butene. T he a c tiv ity  change  o f  th e  llfN IU ), 
L a - F A U , Y  w as follow ed in  th e  fu n c tio n  o f  tim e  a t  a  te m p e ra tu re  
o f  80 °C, a  p ressu re  o f  30 b a r  app ly ing  an  is o b u ta n e -1-bu tene  m o lar 
ra tio  o f  8:1. T he ex p erim en ts  w ere carried  o u t in  a  co n tin u o u s  reac to r 
sy s tem . O n th e  b asis  o f  th e  ex p erim en ta l d a ta ,  i t  shou ld  be n o ted  
th a t  th e  a lk y la tin g  reac tio n  is th e  m ain  re a c tio n  u n ti l  an  olefine 
charge  o f  0.5 g /g  c a ta ly s t  is a tta in e d , th e re a f te r  th e  r a te  o f th e  a lk y l
a tio n  beg ins to  decrease  an d  th e  po ly m eriza tio n  o f o lefine com es in to  
p rom inence  in d ica tin g  th a t  a  d ra s tic  se lec tiv ity  ch an g e  occurs.

The alkylating reactions of isoparaffins (isobutane) w ith olefins (propylene, 
butylenes and amylenes) are of major im portance in  the  petroleum refining 
industry. The alkylate has very good characteristics (octane-number, a n ti
knock ratings, and susceptibility). At present, alkylating processes employ 
sulphuric and hydrofluoric acid catalysts. Instead  of acid catalysts, because 
of the  problems encountered in the processes (corrosion, and post-treatm ent) 
the  application of zeolites can be regarded as promising.

In  previous papers [1-5] preliminary investigations were given on th e  
heterogeneous catalytic alkylation of isobutane. The activ ity  of different types 
of ion-exchanged zeolites was studied. The effect of the  rare earth content of 
ion-exchanged FAU, Y  zeolites was also investigated.

The activ ity  change of ammonium and lanthanum  ion-exchanged FAU, Y  
[H (N H 4), L a—FAU, F] p retreated  a t a tem perature of 450 °C in vacuum  was 
followed in a continous operation mode applying a m icroreactor system p re
pared by the NAK1. The experimental param eters were as follows :



404 G y . G á r d o s , Á . R é d e y , Ж. K ovács a n d  J. K r ist ó f Vol. 11.

tem peratu re: 80 °C; pressure: 30 bar; 
isobutene-1-butane m olar ra tio : 8 =  1; 
liquid-load: 0,8 cc/cc c a ta ly s t• h 
(space velocity: 2.3-10-4 g/g catalyst-s).

Experimental

T he change of the  com position of alkylate w ith  the function of the  tim e and 
th e  amount of 1-butene fed in to  the reactor calculated on the  basis of 1 g 
ca ta ly st is sum m arized in  Table 1. The results obtained are illustrated  in Fig. 
1- 2 .

On the basis of th e  experiments it  can be s ta ted  th a t the  alkylate yield is 
th e  function of th e  lifetim e of the catalyst. The alkylate yield decreased by 
30% during an experim ental period of 12 hours. The decrease of the  alkylate 
y ield  can be due to  th e  deposit and coke form ation on the surface of the  cata
lyst. Because of th is  th e  zeolite catalyst cannot function. Alongside the  para
m eters given after a  bu tene charge of about 0.5 g calculated on 1 g catalyst 
(which corresponds to  a  running tim e of abou t 5 hours) drastic changes occur
red. The C8-content of th e  alkylate was about 40% a t the beginning of th e  expe
rim ents and after a charge of 1.39 g butene/g  catalyst the C8-content decreased 
to  31%. The com position of the C8-fraction also changed. The am ount of 
trim ethyl-pentanes (TMP) decreased by 20%, the  amount of dimethyl-hexanes 
(DMHx) doubled, and  th e  am ount of Cg-olefines significantly increased (from 
0.8% to  7.3%). The am ount of C5-hydrocarbons slightly decreased, the  amounts 
of C6, C7 slightly increased and the am ount of CJ-hydrocarbons increased to  a 
large extent (0.6% -►8.9%) as a consequence of the  side reactions.

On the basis of th e  above changes, it  can be concluded th a t  the  alkylating 
reaction is accom panied by  polymerization, which can be considered to  be a 
side reaction. The alkylation starts w ith th e  protonation of 1-butene. The 
secondary-butyl carbénium  ion reacts w ith  isobutane and th is reaction results 
in  tertiary-butyl cation  and butane. The tertiary-buty l cation reacts with

T a b le  1
The change of the  alkylate com position w ith  the tim e

Time
h

Catalyst loading 
g butene 

g oat

The composition of the alkylate

Ct C, Сл Ct TPM DMHx V <

1 0.11 43.1 8.4 7.7 40.2 32.5 6.2 0.8 0.6
2 0.23 44.6 7.1 6.8 41.0 33.2 6.3 0.5 0.5
3 0.34 44.1 7.9 7.1 40.3 32.8 5.9 0.9 0.6
4 0.46 42.8 8.8 7.9 39.8 31.4 6.8 1.2 0.7
5 0.47 43.5 8.7 7.4 39.8 32.0 6.5 0.7 0.6
6 0.59 43.2 8.3 8.1 37.5 27.6 6.7 2.1 2.9
7 0.81 42.2 9.5 8.8 36 1 24.0 7.5 2.9 3.4
8 0.92 41.8 9.8 7.9 35.4 22.5 8.3 3.7 5.1
9 1.04 42.1 9.7 8.5 33.8 20.2 9.1 4.2 5.9

10 1.15 40.2 10.1 9.7 33.2 16.7 10.2 5.5 6.8
11 1.27 39.6 10.8 9.1 32.8 14.7 10.8 6.9 7.7
12 1.38 38.7 11.3 9.9 31.2 12.1 11.5 7.3 8.9
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Fig. 1.
The change of the alkylate composition

The change o f the alkylate composition

butene, and the isooctyl cation formed in a hydride-transfer reaction w ith 
isobutane gives isooctane and tertiary-buty l cation.

The formation of the trim ethyl-pentanes is a result of the addition reaction 
of tertiary-butyl cation and 2-butene (2-butene forms in the isomerization 
reaction of 1-butene a t the given reaction param eters). The formation of the  
dimethyl-hexanes can be explained by the additional reaction of tertia ry - 
butyl cation and 1-butane and by the  dimerization of 1-butene following a 
hydride transfer. I t  should be noted th a t the ratio  of TM P/DM Hx gives in 
formation on the rates of the alkylation and polym erization reactions on the  
basis of the above mentioned.

Fig. 3 shows the  change of TM P/DM Hx ratio  w ith time. On the basis of 
Fig. 3, i t  can be concluded th a t  during the first 5 hours, the TM P/DM Hx 
ratio is about 5, th a t  is the alkylation is the m ain reaction, later (time =  6
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The change of the TM P/DM Hx ratio

hours) the TM P/D M H x ratio begins to  decrease and the form ation of 
C8-olefines increases (F ig . 2). C8-olefine hydrocarbons can be formed by the 
dimerization of bu tene and the deprotonation of the  isooctyl cation. This can 
be determined only by  the  application of C14-labelled isobutane. Trimethyl- 
pentenes and dim ethyl-hexenes were identified by mass-spectroscopic studies. 
On the basis of the  above mentioned, it  can be sta ted  th a t the  C^-carbeniumion 
can take part in two reactions. The C8H£, carbeniumion reacting w ith isobu
tane  results in  trim ethyl-pentane in  a  hydride-transfer reaction, or gives iso- 
octene with deprotonation:

C8H+7 +  i - C 4H 10------^  C8H 18 + t -  C4H 9+

b ' g H j ^  —  >  b g H 16 —  2  C 4 H 8— H+

W ith the activ ity  decrease of the  ca ta lyst the  selectivity changes ; the hy
dride-transfer ability  of th e  catalyst decreases and the polymerization of olefines 
comes into prominence, m arked by th e  increase of C8-olefines. The octyl car
beniumion accum ulates on the surface of the  catalyst with the activ ity  dec
rease, and the B r ö n s t e d  acid sites will be covered. The octyl carbeniumion 
reacting with butene results in hydrocarbons having higher carbon atom  num 
bers.

C8H+7 +  n - C 4H 8- C 12H+5

С12Н + + п - С 4Н 8+ С 16Н 3+з

C5, C7, C6, Cf hydrocarbons are form ed by the further reactions of C 1 2 H J 5 ,  

С 1 6 Н . | з  carbeniumions.
The regeneration of the  catalyst used was studied by applying inert gas 

stripping, washing w ith  isobutane, hydrogen feed, heat trea tm ent and pressure 
decrease. The ca ta lyst d id  not recover its  original activity, so fu rther investi
gations are necessary from  the point of view of industrial utilization.
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РЕЗЮМЕ

Авторы изучали формы цеолитов типа FAU, Y заполненных ионами аммония и лантана путём 
гетерогенной каталитической алкализации изобутана в 1-бутен. Изучали изменение актив
ности цеолитов H/NHi, La—FAU, Y в зависимости от времени, входу экспериментов мольная 
пропорция при температуре 80 °С и при давлении 30 бар составляла 8/1. В экспериментах ис
пользовали систему реакторов непрерывного действия. На основе экспериментальных данных 
авторами установлено, что увеличением подачи олефина до 0,5 г/г катализатора реакцию алка
лизации можно считать главной реакцией, выше этого значения интенсивность алкализации 
уменьшается а полимеризация становится более интенсивной указывая на то, что селектив
ность катализатора изменится значительно.
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Heterogeneous catalytic alkylating reactions were carried out with 
isobutane and 1-butene on ammonium and lanthanum ion-exchanged 
FAU, Y  zeolite. The change of the alkylate composition was studied 
in the function of the temperature. The formation of trimethyl- 
pentanes and dimethyl-hexanes was investigated. The equilibrium  
distribution of Ce-hydrocarbons was studied on the basis o f thermo
dynamic data and it was compared with the measured data.

Previous papers discussed the im portance of the  heterogeneous alkylating 
process [1-5]. The experimental methods, and the  apparatus used for the  
experiments were given. Ammonium and lanthanum  ion-exhanged FA U, Y  
zeolites were used in the  continuous alkylating experiments after a p retreatm ent 
a t a tem perature of 450 °C in vacuum. The change of the alkylate y ield  was 
studied as a function of the technologic param eters (tem perature and  isobu
tane-1-butene molar ratio).

The alkylating reaction of isobutane with normal-butenes can be rendered 
probable according to  the following. The first step is the protonation of 
n-butene as a result of it, secondary-butyl cation forms. The proton (H+) comes 
from th e  B r ö n s t e d  acid site of the ion-exhanged FAU, Y zeolite. The secon
dary-butyl cation reacts with an isobutane and tertiary-buty l cation and  nor
m al-butane form. The tertiary-buty l cation reacting with 1-butene results in 
dimethyl-hexyl cation, reacting with 2-butene gives trim ethyl-pentyl cation. 
The isooctyl cations in a hydride transfer reaction with the  isobutane resu lt in 
isooctane and tertiary-butyl cation.

C =  C— C— C ^  C— C— C— C C — C =  C— C
-H +  +H+

7
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I 11 1 1-C+ +C—C -C —C— c

A A
Considering the hydride and  methyl-shifts of th e  isooctyl cations, the  form a
tion  of the following isooctanes can be taken  in to  consideration :

(2,2,4-, 2,3,4-, 2,3,3-, 2,2,3-TMP; 2,5-, 2,4-, 2,3-, 2,2-DMHx)

T he formation of th e  o ther isooctanes (2,2,3,3-tetra-m ethyl-butane; 3,4-,
3-3-DMHx; 3-ethyl-hexane; m ethyl-heptanes, m ethyl-ethyl-pentanes and 
n-octane) cannot be rendered on the reaction mechanism proposed.
In  the  case of 1-butene:
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In  the case of 2-butene

C

-A*С—C+ +  C— C =  C—c
Ic

c

A
+ -c

c

c c
1 +c o r e + 1

V с 0 0 1
! 1 c c "  Í  A
+

C— I

Experimental

The alkylation of isobutane on H (N H 4), La-FAU, Y  zeolite was studied in 
the tem perature range of 40-160 °C alongside an isobutane-1-butene molar 
ratio of 8:1 applying a liquid load of 1.0 cc/cc catalyst Xh.

On the basis of the experimental da ta  it  should be sta ted  th a t  the  trim ethyl- 
-pentanes and dimethyl-hexanes constitute the C8-fraction of the alkylate. The 
amount of other C8-hydrocarbons in the C8-fraction was less th an  1%. The for
mation of 3,3-DMHx, 3,4-DMHx, m ethyl-heptanes and m ethyl-pentanes was
Table 1

The composition o f Ce*fraction in the function of th e  reaction tem perature

Oe-isomer
Ce-composition, %

Temperature, °0

40 60 60 70 80 90 100 120 140 160

2,2,4-TMP 47.7 45.3 46.1 41.7 40.5 35.5 32.5 26.5 21.1 17.2
2,3,4-TMP 18.1 19.4 16.6 19.5 20.6 17.5 16.8 18.5 17.9 14.8
2,2,3-TMP 6.2 6.7 6.6 8.6 7.7 8.4 7.6 8.7 9.1 6.7
2,3,3-TMP 9.9 11.6 9.9 11.3 12.7 9.5 12.4 10.3 13.5 6.4
2,5-DMHx 7.3 7.1 8.1 7.6 6.9 11.5 12.1 14.0 12.1 18.6
2,4-DMHx 4.4 4.0 5.4 4.6 5.2 7.7 9.1 11.2 14.7 23.1
2,2-DMHx 5.9 5.3 6.7 5.7 6.0 8.4 8.3 9.5 9.2 10.2
2,3-DMELx 0.3 0.5 0.3 0.7 0.4 1.1 0.8 1.0 1.8 2.2
3,3-DMHx 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3,4-DMHx 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
O ther C8 0.2 0.1 0.2 0.3 0.0 0.2 0.1 0.0 0.2 0.2
c ? 0.0 0.0 0.1 0.0 0.0 0.2 0.3 0.3 0.4 0.6

7*
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n o t observed. The trim ethyl-pentane (TMP) yield is higher a t lower tem pera
tu res  (50-70 °C), the  dim ethyl-hexane (DMHx) yield increases a t higher tem 
peratures (80-140 °C). The change of the C8-fraction is summarized in Table 1, 
alongside an isobutane-1-butene molar ratio  of 8:1. The distributions of 
TM P and DMHx-isomers are illustrated  in  Fig. 1-2.

T e m p e ra tu re , *C

Fig. 1.
The change o f  the trim ethyl-pentane distribution

Fig. 2.
The change o f the dimethyl-hexane distribution

On the basis of therm odynam ic da ta , th e  equilibrium  distribution of 
C8-hydrocarbons was calculated in good agreement with one given in litera
tu re  [6]. (Fig. 3)

According to  the  reactions outlined above, the distribution of the octane 
isomers formed in the  alkylating reaction of isobutane w ith normal-butenes 
(2,2,4-TMP, 2,3,4-TM P; 2,3,3-TMP; 2,2,3-TMP; 2,5-DMHx; 2,4-DMHx, 
2,3-DMHx, 2,2-DMHx) was also calculated, and is illustrated  in Fig. 4. Con
sidering the C8-distribution it  should be noted th a t the am ount of trim ethyl- 
-pentanes decreases, and the  am ount of dimethyl-hexanes increases with the 
tem perature. The TM P/C8 ratio  is relatively high in the tem perature range of 
40-80 °C, the DHM x/C8 ratio  increases w ith the  tem perature in  accordance 
w ith  therm odynam ic equilibrium. On the  basis of Fig. 1, i t  can be stated  th a t  
th e  2,2,4-TMP and 2,3,4-TMP are the m ain trim ethylpentane components. 
The am ount of 2,2,3-TMP is relatively low and it does not change signifi
can tly  with th e  tem perature. The am ount of 2,2,4-TMP decreases, the for
m ations of 2,3,4-TMP and 2,3,3-TMP increase w ith the function of the  tem pera
tu re .
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2 .2Л -Т М Р
T e m p e r a t u r e , 'C  2 2 3 3 - t e t r a -  m e th y l-  b u t in e
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o c t a n e

T e m p e r a t u r e 'K

Fig. 3.
The distribution of Ce-hydrocarbons

I t  can be observed th a t  3,3-DMHx and 3,4-DMHx cannot be found in th e  
alkylate and this makes it probable th a t dimethyl-hexyl-cations do not form 
from trim ethyl-pentyl cations alongside the reaction param eters applied. The

Tern e ra t u re^C
2 7  1 2 7  2 2 7

Fig. 4.
The distribution o f Ce-hydrocarbons formed in the alkylating reaction 

of isobutane with n-butenes
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am ount of 2,4-DMHx increases, the  am ounts of 2,5-DMHx and 2,2-DMHx 
decrease with the tem perature. The change of the  distribution of trim ethyl- 
-pentane and dim ethyl-hexane isomers is in  good correlation with the  equilib
rium  distribution calculated on the basis of therm odynam ic d a ta  (Fig. 4).

I t  m ust be emphasized th a t the TM P-DM H x distribution calculated on the 
basis of therm odynam ic d a ta  differs from  the  experimental distribution simi
larly as mentioned in  literature [7], which is a result of the isomerization of 
1-butene into 2-butene. The alkylation of isobutane with 1-butene results in 
dimethyl-hexanes, and  with 2-butene results in trim ethyl-pentanes. The equi
librium  distribution of »-butenes is illu stra ted  in  Fig. 5.

Alongside the alkylating  reaction conditions the  isomerization of 1-butene 
in to  2-butene was stud ied  on an am m onium  and lanthanum  ion-exchanged 
zeolite catalyst. On th e  basis of the  experim ental results, the composition of 
the  product was determ ined: 12% 1-butene, 33% cis-2-butene, 55% trans-2- 
-butene. These results justify  the isom erization of 1-butene and explain the 
composition of the  alkylate.

The conversion of octane isomers (2,2,4-TMP, 2,3,4-TMP) was studied 
alongside the alkylating reaction param eters on H (N H 4), La-FAU, Y  zeolite. 
The experiments were carried out in  th e  presence of 1-butene so th a t the 
tertiary-buty l cation, which is necessary for the  isomerization of trim ethyl- 
-pentanes, was ensured. On the basis of th e  experim ental results, th e  formations 
of all trim ethyl-pentanes were observed, th a t  is the  isomerization of octanes 
takes place, and th e  change of the composition follows the distribution calcu
lated  on the therm odynam ic data.

T e m p e r a t u r e , ° C
-7 3  1 2 7 3 7 7  5 2  7  72 7 3 2 7  1127

Fig. 5.
The distribution of n-butenes with the temperature 
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РЕЗЮМЕ

Авторы изучали гетерогенную каталитическую реакцию алкализации изобутана в 1-бутен 
в присутствии катализатора-цеолита FAU-Y обладающего ионами аммония и лантана. 
Изучали состав продукта алкализации в зависимости от температуры. Следили за произ
водством триметил пентанов и диметил гексанов. С помощью термодинамических данных 
изучали равновесное распределение углеводорода Се, расчётные данные сопоставили с экс
периментальными данными.
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Factors influencing the separation power and capacity of pressure 
swing adsorption-type (PSP) gas separators were studied by the 
m ethods of similarity analysis. Parameters, which fundamentally 
influence separation quality and capacity were determined from expe
rimental data obtained with a single-step PSA unit. Momentum 
and energy transfers were neglected these led to three similarity cri
teria to  be used for scale-up purposes. Separation quality was related 
to the term obtained from the mass transfer characteristics of the 
adsorbent and the filling-time. Theoretical considerations and experi
m ental data showed that separation quality was independent of the 
geom etry of the bed. In the case of quasi-equilibrium operation the 
scale up was proportional to the mass o f the adsorbent involved.

Introduction

In  previous papers of this series [1, 2] it was shown th a t the rate of gas-solid 
mass transfer in  the case of contact between pressurized gas m ixtures and 
evacuated solid adsorbent depended on the  pore structure  of the adsorbent 
used. When th e  simple transfer model was used for the  description of th e  phe
nomenon, the  term  ßco characterized the transfer process, and ßco values were 
determined in a  constant volume vessel for various adsorbents and pure pe r
m anent gases.

In  this paper, the separation quality and cycle capacity of PSA gas separa
tion  is exam ined using experim ental d a ta  obtained with various synthetic  
and natural zeolites, and both with air and m ixtures of carbon monoxide and 
nitrogen (tube effect).

Theoretical

Using the sim plest transfer model, the differential mass balance of the  sim ul
taneous adsorption of two components in PSA gas separator columns, be
comes :
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e 9  e dpi
- R T  Y z {VXr t - ßlWe ( K i P l - qi )~ R T  ~dt (1)

6 0 . __ e dpz 
- R T (2)

0?1
— r  =  ß u o (K ip i - q i )
O t (3)

0Ç2
—— =  ß2(ü{K2p2 — £2 ) 
Ы (4)

In  dimensionless form  Eq. 1 to  4 reads as :

w r  0 , ,  *. » R T  0ÇÎ 0 p î 
— H ë T * (v P i ) - q K x^ - - W = ^ (6)

^ - = ß i . o n ( p t  -q X)  
0Í* (6)

гот 0 , * * . * „  R T  dqt  _  dp* 
H  dz* [v P2> Q 2 e st*  -  dt* (7)

^ L = f c ( 0 T(pt - q t ) (8)

The necessary and  sufficient conditions [3] of the sim ilarity of various oper
a tio n  units differing e ither in the geometrical sizes or the m aterial charac
teristics is the id en tity  of the  equation set, and th a t  of the conditions of un 
equivocality.

I t  is obvious th a t  due to  the differential equation set used, only partial 
sim ilarity  can be claim ed in  the case tested. Neglection of the  energy relation
ships is justifiable, w hen one considers th a t  the  amount of heat liberated d u r
ing  the adsorption of perm anent gases is negligible. The m om entum  transfer 
can  also be neglected, because under strong external pressure drop, there is 
practically no pressure gradient in the packed column.

The solution of differential equation set (5)—(8) a t preset p*(z*, 0), q*{z*, 0), 
v*(z*, 0), p*(0, t*) and  v*(0, t*) = v0 leads to  identical solution functions qf{z*, 
t*), p*(z*, t*) and v*(z*, /*), assuming th a t  coefficients г0т/Н , q*K xR T /e and 
ß,wr are also identical.

For a given adsorbent-gas system, coefficients ß p n  and o*KiR T  /e 
a re  constant for constan t r, irrespective of the  size of the  column. Thus, the 
prerequisite of an  iden tical solution is th e  constancy of the  w0/H  ratio. This 
requirem ent is fulfilled by  specifying q* and  p f ,  because these require feed 
an d  take-off flows proportional to  the size of the column.

The presence of th e  coefficient у0т/Н  in  the  dimensionfree equation set 
m eans tha t the separa tion  quality [i. e. functions qf(z*, t*) and p*(z*, i*)] is 
invarian t with respect to  the  bed geometry. The same conclusion can be 
draw n from the equilibrium  model of U stinow  [4], though the author fails to 
po in t out this feature. The term s q*KxR T /e show the ratios of the capacities 
of the adsorbent and  th e  gas phase, respectively, for the individual compo-
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nents. In  the  case of perm anent gases, where the  isotherm s are approxim ately 
linear over wide pressure ranges, these coefficients are constant, irrespective 
of the pressure and bed geometry.

The presence of sim ilarity criteria ßx<x>x means th a t th e  quality of the  sepa
ration depends on the ratio  of the  convective and transfer flows.

In  this paper, we do not deal with the solution of the  differential equation 
system shown. Instead, the  effects of model param eters are examined under 
preset identity  conditions. Transfer coefficients ßK of the  various components 
are considered identical.

Tube Effects

The experimental method used here was described previously [1, 5]. I t  involves 
the determ ination of the separation power and capacity of an operation unit 
with several transfer-units. Separation power and capacity can be determ ined 
by measuring the am ount of m aterial required to  fill an evacuated, adsorbent- 
filled column to  a preselected pressure, and by measuring the  concentration 
distributions of the various components during blow-down (or evacuation).

Characteristic concentration distribution curves obtained during the  sepa
ration of air on Molfilit K X  50 5 A zeolite adsorbents are shown in Fig. 1.

10 2.5 2*0 ife  TÍ2 — b
p I bari

Fig. 1.
Tube-effect examinations with Molfilit K X  60 extrudate, at 293 K. Column length:

1000 mm; filling time: variable

In  a few cases, only the  volume-distribution of the component concentra
tions was determined in blow-down operations.

Separation quality is characterized by the  standard  deviation of the  ex
perim entally determined concentration distribution curves. The total-volum e 
related standard  deviation is aT, the value of the overpressurized section is 
av. In  the case of complete separation, the  maximum standard  deviation is:

(J max — Cin( 1 — Cin) (9)
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T ,M •£ 1
Summarizing table of tube effect, examinations

Colum
dimensions

(mm)
Adsorbent Gas

m ixture w
P t

[ta r]
£
>

C?g

G
[kg]

Vm
[dm3]

Vl
[dm8]

«•Obű
о
В

M â Ka [m
m

ol
/g

ba
r]

Et
t

<?£

£ (3a>
[l/s]

50 2.50 0.40 2.74
210 2.80 0.47 2.29
270 2.75 0.50 3.18

0 1 5  V 1000 M-8112 Na air 480 2.80 21 0.178 — 0.54 0.120 .0.198 4.26 — 4X 10-3
340 2.75 0.50 3.81
490 2.80 0.55 4.80
720 3.00 0.55 6.02

85 2.75 1.426 0.71 16.75 20.61
015X 1000 M-8112 air 30 2.62 21 0.169 1.314 0.62 0.115 0.188 11.51 15.98 1.1

7 2.15 1.110 0.31 5.92 14.56

0 1 5  V 1000 M-801-ln-4h CO-Na 3 2.25 20.3 0.171 1.488 0.48 0.182 0.245 10.66 18.78 1.1
236 3.00 20.1 2.148 0.86 24.90 28.60

3 88 3.00 20.5 1.975 0.81 2^.28 26.58
7 2.55 20.5 1.628 0.55 6.92 14.79

138 3.02 79.8 1.649 0.45 — 17.87
015X 1000 M-801—ln-2h CO-Na 98 3.02 50.6 0.175 1.913 0.45 0.149 0.225 12.09 24.26 1.1

11 3.00 79.8 1.628 0.56 3.63 9.54
87 3.00 79.8 1.628 0.74 2.62 15.41
10 2.80 48.6 1.606 0.61 8.72 19.20

Union 22 3.05 18.0 2.278 0.81 30.44 28.88
015X 1000 Carbide CO-Na 88 2.70 18.0 0.119 2.018 0.72 0.251 0.484 27.57 31.17 30

10X 3 2.95 22.8 2.170 0.71 19.58 22.80

158 2.89 1.586 0.84 21.42 24.58
015X 1000 KX 50 air 18 2.80 21 0.151 1.735 0.84 0.131 0.258 16.21 21.14 10

1 2.97 1.721 0.86 8.46 14.58

015X 300 Mo] f il it air 6 2.32 21 0.026 0.230 _ 0.131 0.258 _ 19.24 30
KX 50 3 2.28 0.215 17.25

10 3.00 80.0 9T2 503 13.91 16.40
12 3.00 79.8 918 402 14.71 17.22

0300X1500 Molfilit air 10 3.00 21 81.1 910 513 0.131 0.258 15.33 15.89 10
KX 50 24 3.00 80.0 920 340 23.00 38.00

102 3.00 80.0 910 465 16.41 21.33
277 3.00 80.8 925 411 20.76 23.78

53 3.00 159.8 1760 633 18.23 17.72
0300X3000 KX 50 air 389 3.00 21 159.8 1760 808 0.131 0.258 27.78 26.07 10

224 3.00 159.8 1821 821 21.98 25.06

0300X4500 M KX 50 air 104 3.00 21 240.9 2620 1417 0.131 0.258 19.97 22.33 10

015X ^000 MSC air 163 2.70 21 0.120 0.345 - 0.147 0.061 - 6.71 5X10"3

The concluding d a ta  of the  tube-effect examinations, obtained with various 
adsorbents, and both air and CO—N 2 m ixtures are listed in  Table 1.

The relationships between the quality of the separation and coefficients 
ßcor are shown in Fig. 2 and 3.

I t  is apparent from Fig. 2 and 3 th a t 
la ted  to  the param eter ßcor. I f  a linear 
regression equation becomes:

- -  =  0.24 + 0.13 log  /Scot
Omax

the  separation quality  is directly re
relationship is postulated, then  the

(10)
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Fig. 2.
Correlation between and ßon, summary o f all data points

Fig. 3.
Correlation between ctt and ßon; data for total volume

This relationship can be used to  estimate the length of the filling period in 
actual systems. The am ounts of gases processed in a  period are shown in Fig. 4 
(various combinations of adsorbents and gases). Similary to the case of s ta tion
ary bed adsorbents, the  am ount of material fed into the  operation u n it—when 
the bed is considered a single equilibrium u n it—(Ne) (the sum of o'*Ki +  e(HT) 
was related to the overall am ount of gas fed in  iVjn). I t  can be seen th a t  for 
sufficiently large ßon values (around unity), the relative am ount of gas pro
cessed is approxim ately constant and, using the linearized isotherms, it  can 
be computed within a 20% error margin. For small ßon values, the quotient 
N e/N in is approxim ately 10, in agreement with the  capacity of the  gas space 
among the particles.

The previous tube effect exam inations—which embraced four orders of 
m agnitude in the am ount of gas processed and the  size of the equipm ent — 
show th a t  similarly to  the stationary  bed adsorbents, scaled-up PSA separa
tors should be proportional to  the  mass of the  adsorbent involved. The ratio 
of column length and diam eter depends on other considerations (exclusion 
of dead volumes, low pressure-drop over the packing, and mechanical conside-
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F i g .  4.
T heo re tica l an d  a c tu a l  a m o u n ts  o f  gas m ix tu re  p rocessed  in  an  equ ilib riu m  u n it  as a

fu n c tio n  o f  /Scot

rations). Thus, for a given m aterial system , the identity  of the  separation 
quality or of functions q*(z*, t*) and p f(z* , t*) requires th a t the filling times 
be identical.

Conclusions (6)

Separation of perm anent gases by PSA m ethods, depends both on the  equilib
rium conditions and th e  sorption kinetic factors.

Neglection of the  m om entum  and energy transfers in the system leads to 
three sim ilarity criteria  for the characterization of PSA adsorption-type ope
ration units.

The quality of the  separation is independent from the size of the  adsorbent 
bed over a fairly wide range of sizes. The kinetic param eters of the  adsorbents 
and the duration of th e  filling cycle are closely related. Longer filling cycles 
yield sharper separations.

The relative am ount of gas processed in  a  cycle decreases with the  deteriora
tion of the mass transfer characteristics or the  shortening of the  duration of 
the filling cycle. However, for sufficiently large ßu>x values, i t  is practically 
constant. Thus, sim ilarily to  the scale-up of stationary-bed adsorbents, the 
scale-up of PSA adsorption-type separators is also proportional to  the  mass 
of the adsorbent required.

SYMBOLS

R  — g as c o n s ta n t,  m 3 b a r/m o l К
T  — a b so lu te  te m p e ra tu re , К
e — vo id  v o lu m e  fra c tio n  o f  th e  p a c k e d  co lum n
V — lin ea r flo w  v e lo c ity , m /s
p i ,  P i  — p a r t ia l p re s su re  o f  th e  co m p o n en ts , b a r
ßi, ßi — m ass tr a n s fe r  coeffic ien ts o f  th e  co m p o n en ts , m /s
Q* — b u lk  d e n s ity  o f  th e  so rb en t, k g /m 3
ш — specific m ass tr a n s fe r  surface  a r e a  o f  th e  ad so rb e n t in  u n it  b ed  vo lum e, 
K i ,  К г  — eq u ilib riu m  co effic ien ts  in  th e  H e n r y  ran g e , m o l/g  b a r  
? i, 2 2  — c o n c e n tra tio n  o f  ad so rbed  gases in  th e  solid  p h ase , m ol/g
t  — tim e , s

m-1



z — axial length coordinate, m
V *  :=  v/vo
vo — time dependent linear velocity at z =  0, m /s 
p i  :=  p i/p*  X i/o
p2 :=  P 2/p * (l-yo )
p*  — feed pressure, bar
»/о — mole fraction of the least adsorbed component in the gas mixture processed
q* : =  qi/K\p*yo
q t  : =  qi/Ktp% (\ -  y 0)
z* :=  z/H
H  — length o f column, m
t*  =  t/x
X — duration o f the filling cycle, s
px — filling pressure, bar
cm =  2/0, v/v%
(Tt — standard deviation according to blow-down volume, v/v%
<7V — standard deviation of concentration distribution according to volume in the

overpressurized range,
Umax — standard deviation of concentration distribution according to volume at 

complete separation of the gas mixture, v/v% 
в  — amount of adsorbent in the column, kg
Pm — volume of gas fed in, dm3
F l — volume o f gas blown-down in the overpressurized range 
i — subscripts, component identifier (1 — less adsorbed, 2 — more adsorbed)
Molfilit K X  50 — 5 A Type synthetic zeolite molecular sieve extrudate 
Union Carbide 10 X  — Type 10 X  synthetic zeolite extrudate
MSC — molecular sieve activated charcoal, 0. Kadlec, Heyrowsky Institute, Prague 
M 801 In—2h, M 801 ln -4 h  — natural, mordenit-based zeolite adsorbents [6]
M 8112 — natural, mordenit-based zeolite mineral without pretreatment 
M 8112-Na, M-8112 adsorbent after sodium exchange
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РЕЗЮМЕ

Авторы с помощью теории подобия изучали факторы определяющие разделяющую способ
ность и производительность адсорбционного газосепарирующего оборудования. На основе 
одношагового метода PSA определили влияние основных параметров от которых зависит 
разделение и производительность. Пренебрегая передачей импульса и энергии получили три 
критерия подобия служащего основой для масштабирования. Установили, что чёткость раз
деления находится в тесной связи с комплексом составленным из факторов массопередачи 
адсорбента и времени загрузки. Исходя из теоретических рассуждений и анализа эксперимен
тальных данных доказывают, что геометрия колонны не оказывает решающее влияние на 
чёткость разделения, и то, что в случае квазиравновесной работы аппарата масштабирование 
осуществимо пропорционально массе адсорбента.
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The pH  o f a process often has to be automatically controlled in the 
chemical, pharmacentical and food industries. Following from the 
nonlinear nature of pH, the principles of linear process control can
not be applied, while those of the nonlinear process control are diffi
cult to  apply. Therefore, a simulation programme was developed 
which, on a desk-top calculator, can simulate the behaviour of a 
control-loop, equipped with a three-mode controller, assuming that 
the system  consists o f a cascade series o f maximum six perfectly 
mixed tanks, and physical-chemical equilibria described by any algo
rithm. The simulation makes use of the analytical solution of the 
differential equation o f the process units, consequently, tim e segments 
much larger than usual in the numeric techniques, can be used. This 
considerably decreases the computation time and allows for the search 
of the optimum control parameters by the trial-and-error method.

Introduction

pH  control is often used in the chemical industry. The m aintenance of constant 
pH , or its regulation in a predeterm ined manner, is often crucial in a num ber 
of chemical, pharm aceutical and food production processes. pH-control be
comes especially difficult when it is to  be achieved in a  flowing medium.

In  such cases, only autom atic control yields the desired result. In  the m ajor
ity  of cases, one of the input flows is regulated according to  the value of pH  
measured in  one of the outpu t flows. There is a general lack of reliable fitting 
methods for such problems, because prim arily the principles of linear process 
control do n o t apply here. The results of our extensive investigations showed 
th a t  even the  harmonic linearization methods of nonlinear control theory fail, 
because the nonlinearity of pH  is so pronounced [1].

Both old [2] and recent publications [3, 4] agree th a t  the  controllers used 
belong to  th e  three-mode family. This agrees with the  respective technologi
cal levels. Only recently was there a mention of the adaptive controllers [5].
8



426 R . M o h illa  an d  B. F ídbencz Vol. 11.

T heir application is undoubtedly facilitated by the increasing use of micro
computers. I t  can be easily noted th a t  the  amplification (or perhaps other 
param eters) of a correctly operating P ID  controller has to  change as the slope 
of th e  titra tion  curve does. This means change over several orders of magni
tudes. Widely used controllers, on the other hand, have constant parameters. 
This means th a t a t  2-3 pH  units away from th e  equivalence point, the con
tro llers are usually sluggish, and a re—practically— unable to  correct a dis
turbance. However, when the  amplification is increased, in  the vicinity of 
equivalence point there are the  well-known and unwanted oscillations (6). 
Only within very narrow lim its, and w ith strong restrictions, can we hope to  
find  a satisfactory compromise. Calculations in  themselves are insufficient for 
b o th  the  three-mode and the  adaptive controllers. F itting  of the controller 
requires experimental trials and errors. However, this m ethod is either not 
permissible in a production facility, or the  disturbance caused in the produc
tio n  process is too costly. The m ajor idea behind the present work is as follows. 
I f  th e  operation of a  control loop can be sim ulated by a computer, then  the 
optim um  param eters of the  controller can be determined, by tria l and error, 
in  a few iteration cycles. This approach has two advantages over the experi
m ental approach. F irst of all, there is no unnecessary disturbance to  the 
production process, and second, the  time-scale can be compressed. Thus, if 
th e  tim e required to  run the  sim ulation programme is not too excessive, then 
significantly more varian ts can be tested  during the same am ount of time.

The simulation system  selected is shown in  Fig. 1.
The dynamic behaviour of th e  process is sim ulated by a six-storage, propor

tional system of un it transfer coefficient Eq. 1. This can be used to  approxi
m ate  the cascade of several m ixed tanks, th e  lag of the sensor and, more or 
less, the dead-time.

The resultant transfer coefficient of the process consists of the transfer 
coefficient of the  sensor (defining the relationship between p H  and concentra
tion), and of the steady-sta te  physico-chemical relationships. Eventually, the 
resu ltan t transfer coefficient is calculated by  Eq. 2 and 3.

The customary, three-m ode, constant param eter controller was considered. 
I ts  operation is described by Eq. 4. The un it of its transfer coefficient is m3s_1-

C o n t r o l l e r
T r a n s m i t te r

Fig. 1.
Scheme o f pH  control loop
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• (pH unit)-1. Naturally, any other, more convenient u n it—be it SI or n o t—can 
be selected for the input.

The algoritm described by Eq. 4 can be extended by conditional statem ents 
which change the param eters of the three-mode controller as a function of 
the actual pH , resulting—in final analysis—in an adaptive control system.

The algoritm used to  calculate the physico-chemical equilibria is located in 
a labelled programme section, and can be easily replaced as required by the 
given component, w ithout effecting the  other p a rts  of the programme.

Thus, the equation set reads as follows.
The linear portion of the dynamic equation of the  process is :

Coo(s) n n
2  ( sTi+1)  1 + 2 " к « кi-1 tc-l

The expression can have only single poles, th a t  is, in our experience, tim e 
constants T i have to  differ a t least by 1%.

The sensor is described as :
x =  — 10log c (2)

The nonlinear portion of the dynamic equation of the process is :
c_= Ф(В\) (3)

with param eters t íB , cA , cB.
The controller is:

„  В A, min+ -Ba , max
в  A. i = ---------2---------+ ABa-i

where
I At i T D ej11!

Л В ^  = К * \ щ - к + - 2 ( * i- * e ) - —  (4)

If  we want to  avoid B A-sO values, then:
Ba , min ̂  B. A=£ В a , max

can be required.
Prelim inary investigations showed th a t numeric simulation of the  process 

is not advantageous. Acceptable convergence m andates the use of such small 
tim e segments th a t  the  calculation tim e becomes impossibly long. The tim e 
interval also depends on the actual param eter set, and it has to  be estim ated 
in each successive case. Therefore, the approach seeking an analytical solu
tion was adapted.

I t  is known from the rules of Laplace transformation that:

,g[cO»(<)] =  e“c ( s ) -  2  sn- ,- 1c<1>(0) (6)

From  here on, for the  sake of simplicity, 0 stands for ( —0).

c-(s) — snc(s) -  2  «"-‘- ‘cflHO) j -h (ln-\ ŝ”-ic(s) -  2 ) ♦ -
. . .  +  « 2  2  ec<J)(0) j +  a i[ s c ( s )  -  c (0 )]  4- c(e),

8*
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if:

From  this:

c(s)--

с « ' ( 0 ) ^ 0 ,  i  =  0 , l . . . n - l .

2 i«k s ' sk-‘-1s<i,(0)|
» - 1 L i - o  JCoo(s) ^  k-

1 + 2  “kSk k=1 1 + 2  «kSk k-I

The numerator of th e  second term  in Eq. 6 can be rearranged :

/ f c = l  a ic< °)(0 )  

k = 2 a 2[sc«>)(0) +  c<D (0)]

к =  3  a 3( s 2c(°)(0 ) +  s Ca> (0 ) +  c (2 )(0 ))

к = 4  a 4( s 3c« » (0 ) + s 2c<1>(0) + .sr<2>(0) + c(®>(0))

a n d  s o  o n .

Thus, it follows th a t :
aic<°>(0) +  a 2c (1) ( 0 )  +  озс<2>(0) +  . . . +  .s[o2C<°)(0) +  а зс < 4 (0 )  +  a 4c(2>(0) +  . . . ]  +

+ s2[a3c«*)(0) +  a 4c(D(0) +  a5c<2>(0) + . . . ] + . . .  =  V  i«m 2  «kck- m-i(0 )]l
m = 0 L k=m + 1 J

Consequently, E q . 6 can be rewritten as:

c (s )  = Ms)

1 + 2  akSk к- 1

-+-
2  fsm 2  ®kC,k - m- 1>(0)

m = 0  L Jc—m + 1

1 + 2  ®kSk k-1

( 6 )

( 7 )

I t  can be seen th a t  in  Eq. 7 the second te rm  is a rationale function of s, 
and  its coefficients depend only on the in itial conditions.

L et us introduce th e  following term s:

4 m =  2  a kc<k- m-i> (0 )
k=m+1

and :

H(s) =  1 +  2  a ks k
к- 1

dH(s) n
----l ±  =  H'(s)=  2  1

as k- 1

M*) = -

Thus, Eq. 7 can be rew ritten  as:
П —1
2  SmMm

__ C o o  771 =“ 0

C S = sH(s)"*" f f ( s j
(8)
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Using the single pole axiom of Laplace transformation, we obtain from Eq. 
8 that:

П — 1
, 2  «M »r n 1 I я to-0

c(í) = c J  1 + 2  rri/' , + 2  — íj'/L i- i siH  (ер 1 i - i  H  (si)
where :

H (a i)  = 0  and H ' ( s i ) ^ 0

L et us introduce th e  term :

Я0 = 2  eSlt< -i H  (Si)

Then, the m-th derivative of f(t) is:

/< “ >(«) =  T  i s “  -— 1—  esit]
J ' ' Á l .  H'(«i) J

This should hold a t  least in the m =  — 1 . . .  2n — 2 range. 
F o r any At interval :

/<■>(*)-£  i*” iT ^ T e8H(_iL H (si) J

(9)

( 10)

(И)

( 12 )

Since the values of s, depend only on the invariable characteristics of the  
process, and since during the simulation, Ai =  constant, it  follows from Eq. 12 
th a t  the  values of /lm)(A#) can be calculated in  advance for the values of m, 
and can be stored in  the  memory. This leads to  a  significant da ta  compression 
in th e  preparation step  of the programme, and th e  computation tim e of the 
sim ulation programme can be considerably reduced.

E q . 12 can be substitu ted  into Eq. 9 yielding the  expression:
c(At) = c„[l+f<-V(At)] + Aof<°KAt) + A lfW(At)+ . . .  +  (13)

or, in  another form,

c (z li)  =  c ^ [ l + / ( - D ( 4 « ) ] +  "£  At) (1 4 )m—0

H ere, with respect to  programming, c(m)(0) values in  A m are the same values 
taken  At time earlier.

At can be tem porarily replaced by t  in Eq. 14 and the derivative of the 
expression can be obtained. Then, At can be reinserted and Eq. 12 can be re
called leading to:

c («(zlt) =  c „ / < - 1+J>(zli) +  2 *  A mf ^ i ) ( zu) (1 6 )
m-0

From  Eq. 15, we will need the  values a t j=  1. . .  2n— 2, and these will be 
substitu ted  into Eq. 7.

Thus, we can conclude that the  simulation is based on the analytical solu
tion  of the differential equation of the process, and only the in tegrating 
(reset) behaviour of the controller is sim ulated numerically. As can be seen 
from  Eq. 4, sim ulation of the derivating behaviour of the controller proceeds 
through the derivative, which is generated analytically from Eq. 15.
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The major consequence of this approach is th a t here, unlike in numeric 
processes, acceptable convergence is obtained even when At is in  the  order 
of magnitude of rl \ . N aturally , this fu rther reduces the com putation time 
requirements.

The simulation program m e was im plem ented on an H ew lett-Packard  
HP-9810A desk-top calculator which, equipped with a plotter, immediately

S/ve the required transien ts. (Calculation of one point of the  diagramme 
kes 5 seconds.) The schematics of the program m e is shown in Fig. 2.

Fig. 2.
S chem e o f  ca lcu la to r p ro g ra m m e
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Fig. 3.
T itra tio n  curve
±6% change in acid-feed
±0.5% change in acid-feed

The simulation program me was tes ted  for a cascade model consisting of 
four m ixed tanks. Their tim e constants were:

Ti = 0.8 Гг = 0.9 T3=1.0 T4= l . l

time units. The param eters of the controller were:
A'b, =  0.008 m 3s_1(pH-unit)-1 

T i =  2 time unit, To  =  2 time unit.

Sufficient convergence was obtained for Д/ =  0.5 tim e unit.
The physico-chemical system selected was the  neutralization of am m onia 

by nitric acid. In  the end point, the p H  is 3.82 pH  unit. The feed ra te  of nitric 
acid was the  m anipulated variable. The titra tion  curve is shown in Fig. 3 
around ±5%  and ±0.5%  of the end-point, respectively.

The response to a stepwise change by  about ±  2 pH  units in the  set-point 
is shown in Fig. 4.

In Fig. 5, the response to  a ±1% stepwise change in the ammonia feed rate 
is shown.
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Fig. i.
pH transients

±  2 pH  step-change in set-point
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SYMBOLS

a coeffic ien t in  E q . (1) 
c co n cen tra tio n  km o le  m ~3 
/  fu n c tio n  defined  b y  E q . (10) 
n  n u m b e r  o f  s t ir re d - ta n k s  in  m odel 
s LAPLACE-variable 
t t im e  s
X  concentration expressed in pH  units 
w  set points pH units 
A  coefficient defined via Eq. (8)
В  feed m3 s-1
H  polynominal defined via Eq. (8)
K b. Controller transfer coefficient m 3 s -1 • (pH units)-1 
T i  Controller integration (reset) tim e constant s 
2’d Controller differentiation (rate) time constant s 
Ti tim e lag in Eq. (1) s
Ф function of electrochemical equilibrium defined by Eq. (3)



1983 Simulation of pH Control System 433

Fig. 5.
pH transients

±1% step disturbance in base-feed

Subscripts:

A acid 
В  base
i, j , к , 1, m , n  ind ices in su m m atio n  
~  in  s te ad y  s ta te  
c LAPLACE-transform
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РЕЗЮМЕ

В химической-, фармацевтической- и пищевой промышленностях во многих случаях требу
ется автоматическое регулирование значения pH. Из за значительной нелинейности вытекаю
щего из дефиниции pH для согласования регулятора методы теории линейного регулирования 
исключаются а применение методов нелинейной теории связано с значительными трудно
стями. Авторы разработали симуляционную программу для инженерного калкулятора с по
мощью которой можно симулировать поведение контура регулирования оборудованного 
three mode регулятором для физико-химические равновесные зависимости каскадной системы 
состоящей из максимально шести котлов идеального перемешивания. В симуляции вклю
чен аналитическое решение дифференциального уравнения участка, таким образом можно 
выбирать более широкие интервалы времени по сравнению обычных цифровых методов. 
В результате расчёт ускоряется и становится возможным методом пробной ошибки находить 
наиболее подходящие параметры регулятора.
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Due to its well-known advantages, the NMP solvent is increasingly 
used in lubricating oil refining. The recovery and re-use of the sol
vents applied are important steps for any of the technologies. The 
method of its realization can significantly influence the rentability 
of the process and the quality of the basic materials in question.

Taking the advantage of the unlimited solubility of NMP in water, 
the solvent removing technology o f the solvent containing raffinate 
and the extract phases was worked out based on aqueous extraction.

The developed technology has several advantages over those of 
removing solvents by distillation.

The production o f good quality lube oils necessitates suitably 
refined basic oils. For this purpose, extraction processes using hydro
genation and various solvents are applied. Out o f the multide of pos
sible solvents, phenol and furfural are the most frequently used ones, 
in Hungary as well.

Successfully applied in o ther extraction processes (Arosolvan, D istapex, 
Sachsse, and Purisol, etc.), N-methyl-2-pyrrolidone has been used for industrial 
scale lube oil refining since the  end of the  1970s [1, 2, 3, 4, 5]. The new solvent 
has several advantageous properties over those used earlier. Lower solvent 
ratios can give the same, or even higher yields; be tter loadability, non-toxic, 
non-corrosive, non-polymerizing, freely miscible with water, and the  ex trac 
tion  tem perature can be lower than  th a t  for phenol and furfural [1, 2, 3, 4, 5, 6].

The recovery and re-use of solvents is an im portant stage of every refining 
process. This is particularly im portant for NMP, since i t  is more expensive 
and has a higher boiling point than  phenol or furfural. The fact th a t  N M P is 
freely miscible with water provided the idea for the  solvent removal of the  
solvent containing raffinate and the ex tract using aqueous extraction. This 
can have significant advantages from both economic and technical points of
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view. Several processes have been pa ten ted  for the recovery of NMP [7, 8, 9, 
10, 11, 12, 13, 14]. F rom  a technological po in t of view, these processes are based 
on

— distillation
— secondary ex traction

or the combination of these basic types. For secondary extraction light 
hydrocarbons and w ater are used as solvents.

The Goal of the Experimental Work

The aim of our work was to  develop a solvent refining—and within this solvent 
removing—technology, providing the following advantages over the known 
benefits of the NM P solvent:

— applicable for refining light lube o il—and atmospheric distillates as 
well;

— technologically simple and easy to  operate;
— safe from environm ental, health, and fire prevention view-points;
— economic.

The Technology of Solvent Removal

T he scheme of th e  technological process is shown in Fig. 1.
The distillate to  be refined and the NM P solvent are fed into the solvent 

refining [1] extractor. Leaving the ex tractor, the  solvent containing raffinate 
enters the [2] solvent rem oving column, where i t  comes into contact with water

Fig. 1.
Solvent lube oil refining process

1. lube oil extraction (NMP) column, 2. raffinate wash (water) column, 3. extract wash 
(water) column, 4. m ixer, 5. démulsification colum n, 6. separator, 7. raffinate stripper, 

8. extract stripper, 9. NMP-water distillation column
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in counter-current. The tem perature of the  extraction column is 60-80 °C. 
The am ount of the  wash-water is 150-200 per cent of the NM P content of the  
raffinate. The overhead product with less th an  1 per cent w ater content is 
fed into the [7] raffinate stripper, and the  raffinate product of less than  20 
ppm  solvent content is removed at the  bottom .

The solvent containing extract as the bottom  product of the  solvent refin
ing extractor enters the [4] continuous mixer, where it is m ixed with NMP- 
containing water from the solvent removing extractors of the  raffinate and 
the  extract [2, 3], as well as the raffinate and extract strippers [7, 8]. The 
suitable tem perature range is 20-50 °C. Prom  the mixer, th e  m ixture is fed 
into the  [5] démulsification column. The tem perature of th e  column is the  
same than  th a t of the  mixer. After breaking the emulsion, th e  m ixture is led into 
the [6] settler. In  order to  complete solvent removal, the  upper phase of 4-7 
per cent NMP content is fed into the [3] solvent removing ex tracto r and wash
ed w ith recycled w ater in counter-current a t 60-80 °C. The overhead product 
of less than  1 per cent NMP is fed into the  [8] extract stripper. The solvent 
content of the ex tract is less than  20 ppm.

Prom  the bottom  of the settler the emulsion-free aqueous solvent with less 
th an  4 per cent oil content is fed into the [9] distillation column. The overhead 
product is water, containing less th an  1 per cent NMP. This is recycled to  
the  raffinate and ex tract solvent removing extractors (2, 3). The regenerated 
solvent bottom product containing a m axim um  of 1 per cent w ater is fed back 
to  the  [1] solvent-refining extractor.

The Results of the Technological Experiments

The aim of the technological experiments was—beyond th e  comparison with 
the  refining technology using furfural w ith regard to  the  refining param eters, 
yields and quality—the study of the  m aterial balance, th e  energy-need, the  
technological param eters, the required size of the devices, and the technolo
gical process.

The oil enrichment during the solvent removal makes th e  refining of light 
lube oil—and atmospheric distillates w ith phenol or fu rfu ra l—difficult or 
impossible. Taking the inherent possibilities of the technology described—th e  
solvent removal is made by aqueous extraction, only the distillation of w ater 
is needed—the process can also be applied to  different basic materials.

As an example, the qualities and the  m aterial balances obtained for the  
resulting products of the refining of a wax distillate and an  atmospheric gas 
oil in  laboratory equipm ent are presented.

The data  concerning the wax distillate are summarized in  Tables 1 and 2.
A fter dewaxing, a base oil with a setting point of —20 °C and a viscosity 

index of 97 was obtained. The yield was 79 per cent.
The results obtained for the atm ospheric gas oil are shown in Tables 3 and 4.
The raffinate of the gas oil can be successfully used in several fields :
— base oil for special metal working oils (aluminium cold rolling, honing, 

and superfinishing, etc.)
— odourless paraffin (cosmetics)
— odourless reducer (paints)
— anticorrosion and cleaning liquids (as a hydrocarbon component).
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Table 1
Basic material and product qualities for wax distillate refining

wax distillate raffinate extract

density at 20 °C, g/cm3 0.909 0.825 0.988
viscosity at 40 °C,

mm2/s 22.18 16.22 31.8
viscosity at 100 °C,

mm2/s 4.04 3.68 4.42
viscosity index, VIe 61 113 -  1
setting point, °C 19 25 -1 1
flash point, °C 195 200 197
IR-composition, Сд, % 19.0 6.5 35

The da ta  of Tables 2 and 4 show th a t  the  solvent rem oval can be advan ta
geously carried out w ith 20-50 per cent, as well as 36 per cent water, concern
ing the NMP solvent fed, and the  base material, respectively. During the 
solvent removal, oil enrichment was no t observed.

Table 2
The total mass flow of wax distillate refining

Designation of the 
mass flow

mass flow (mass/time)

NMP water oil

In:
NMP 141.5 0.0000 5.0
wax distillate 0.0 0.0000 100.0
raffinate wash water 0.0 14.0000 0.0
extract wash water 0.0 21.5000 0.0
raffinate strip-steam 0.0 0.1765 0.0
extract strip-steam 0.0 0.2550 0.0

total 141.5 35.9315 105.0

Table 2 (continued)

mass flow (mass/time)
mass flow NMP water oil

Out:
raffinate product 0.001 0.0000 48.913
extract product 0.001 0.0000 51.087
dis t illat ed water 0.000 35.9315 0.000
regenerated solvent 141.498 0.0000 5.000

total : 141.500 35.9315 105.000
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Table 3
Basic material and product qualities for gas oil distillate refining

Designation gas oil
gas oil 

raffinate gas oil extract

Characteristics :
density at 20 °C 0.838 0.807 0.858
colour, ASTM 
viscosity at 20 °C,

0.5 0 0.5

mm2/s 5.7 5.6 5.8
flash point, °C (PM) 125 130 120
setting point, °C 
distillation test 

(Engler) 
initial temp. °C 

5% (v/v)
50% (v/v)
95% (v/v) 
final temp. °C

- 1 7

260
270
285
320
325

-1 2 - 2 4

IR-composition, Сд% 19 4.0 34
Cp% 64 — —
Cn % 17 — —

Table 4
The total mass flow of atmospheric gas oil distillate refining

Designation of the
mass flow (mass/time)

mass flow NMP water oil

In:
NMP
atmospheric gas oil

1.7390 0.0 0.0610

distillate 0.0 0.0 1.0000
raffinate wash water 0.0 0.1590 0.0
extract wash water 0.0 0.2000 0.0
raffinate strip-steam 0.0 0.0012 0.0
extract strip-steam 0.0 0.0012 0.0

total: 1.7390 0.3614 1.061

Out:
raffinate product 0.00001 0.0 0.5467
extract product 0.00001 0.0 0.4533
distilled water 0.0 0.3614 0.0
regenerated solvent 1.73898 0.0 0.061

total 1.7390 0.3614 1.061

The Energy Demand of the Process

Using the quantity , composition, and tem perature of the mass flows, an energy 
balance was made and compared to  th a t of the refining process using furfural. 
The basis of the calculations is th a t  a lube oil with a setting point of — 20 °C
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Table 5
E nergy dem and for the refining o f w ax distillate w ith furfural 

and iV-methyl-2-pyrrolidone

Solvent furfural NMP

oil-solvent 1:3.5 1:1.25
volum etric ratio

th e  am oun t o f w ater
used (base oil — 25 50
percentage)

fuel oil k g /t 70 38.6 61.9
% 100 55.1 88.4

cooling w ater m3/t 11 7.8 12.6
% 100 70.9 114.5

to ta l heat dem and
k J  /h 60, O il, 470 28, 960, 220 44, 514, 720
% 100 47.5 73

and a viscosity index of near 100 can be produced from the wax distillate, 
using the two different solvents a t the  sam e yields. The results are shown in 
Table 5. Since in  th e  solvent removing process, 36 per cent water is needed 
regarding the  base oil in  both cases, i t  can be seen on the basis of Table 5 
th a t the to ta l energy dem and is only 55-60 per cent of th a t  of the  traditional 
process using furfural and similar processes applying phenol.

The Advantages of the Process

1. The process presented enables the  recovery of the NMP solvent w ithout 
oil enrichm ent, therefore it can also be favourably used for the refining 
of light vacuum  and atmospheric distillates.

2. Using th is process, the  usual num erous distillation steps can be radically 
reduced in solvent refining of lube oils.

3. The process is energy-saving, the  energy demand is 55-60 per cent of 
the processes using furfural or phenol.

4. The process is rem arkably simple regarding the technology and opera
tion. From  environm ental, health and  fire prevention points of view, the 
process is less dangerous th an  the  trad itional ones. As a further advan
tage, the  problem  of high tem perature  cracking of the solvent can be 
eliminated.
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РЕЗЮ М Е

В рафинировании смазочных масел-благодаря известным преимуществам-всё большое ра
спространение получит растворитель типа NM P. Важным элементом всех технологий рабо
тающ их с растворителями являются регенерация и повторное использование растворителя; 
методика которых оказывает решающее влияние на экономичность процесса и качество исход
ных материалов.

Так ка растворимость воды в N M P растворителе неограничено, на основе лабораторных 
экспериментов разработали технологию регенерации водяной экстракции рафината раство
рителя и экстрагирующих фаз.

Разработанная технология имеет ряд преимуществ по сравнению технологиями регенера
ции осуществимых путём дестилляции.
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