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ABSTRACT 

The linearized equations of multicomponent mass transfer with 

chemical reaction are solved by matrix methods fora film model. The 

molar flux of each component at the film boundary and the concentration 

profile of each component across the film are calculated. The general 

solution obtained is also applied to two variations. of the mass transfer 

problem; the case when there is no reaction and the case when there is 

reaction but no convection. The method of solution is applied to the 

cyclopropane-propene-argon-neon and the iodine-hydrogen-hydrogen iodide­

argon quaternary reacting sys·tems. The homogeneous reactions in both 

cases occur isothermally in the gas phase. The ·results of the computations 

show that as the reaction rates increase or as the diffusive fluxes dec~ 

rease,the enhancement factors increase. The 1 qwer fl uxes obta i ned in the 

cases when the convective terms are equated to zero snow~thai the cOnvec­

tive mechanism of mass transfer is just as important as the diffusive and 

reactive mechanisms in the film •. 
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o Z E T 

Cok bilesenli ve kimyasal reaksiyonlu kUtle transferinin linearize 

edilmis denklemleri matris metoduyla bir film modeli icin cHzUlmUstUr. 

Film Slnlrlnda hirbir bilesinin molal aklSl ve film boyunca herbir bile­

senin konsantrasyon degisim'egrisj hesaplanmlstlr. Bulunan genel cHzUm 

aynl zamanda kUtle transferi probleminin 2 degisik durumuna; reaksiyon 

olmadlgl duruma ve reaksiyonun oldugu fakat konveksiyonun cilmadlgl duruma 

uygulanmlstlr. CHzUm:metodu siklopropan-propin-argon-neon' ve iyot- hidro­

jen-hidrojen iyo&ir'...,argon dHrtlU reaksiyon olusan sistemlere uygulanmlstlr. 
,-

Her iki durumda da homojen reaksiyonlar sabit derecede gaz fazlnda olusur. 

Hesaplarln sonucuna gHre reaksiyon aklslarl cogaldlglnda veya diffUz eden 

aklS azaldlglnda, artma katsaYlsl cogallr. Konveksiyon teriminin slflra 

esitlendigi durumda elde edilen dUSUk akJ1ar, kUt1e transferindeki kon­

veksiyon mekanizmaslnln, diffUzyon ve reaks~yon mekanizmalarl kadarHnem-

1i oldugunu gHstermektedir. 



iii 

ACKNOWLEDGEr~ENT 

I would like to express my sincere gratitude to my thesis super­

visor DoC. Dr. Amable Hortacsu for her.interest, creative crit~csm, 
. . 

help and guidance throughout this work. 

I would also like to thank Doc. Dr. Haluk Beker for his help 

in solving some mathematical problems encountered; 

My special thanks to Doc. Dr. Uner Hbrtacsu for'his interest , , 

and. help as well as his instructive criticism •. 

I also want to thank to Ayse Uzen, for her patience in typing 

this thesis. 

I am also grateful to the Chemical Engineering Department staff 

and my friends· for their interest and help. 

Finally, I dedicate this thesis to my parents who,gave much more 

than they could. 



1 

I. INTRODUCTION 

Many industrial separation proces'ses' involv'e,mUTticomponent 'mixtures 

that. have finite rates of mass transfer probabl~with chemical feactio~ 

, ' and the real model would have to be different from the e~uilibrium 

stage model. In multi component mass trarisfer with chemical reaction dual 

coupling occurs; ,one is the simultaneous reaction coupling depending on 

.the local contentrations.and the other is diff~sion coupling depending 
• • • <. 

on the local concentration gradients. ~ccordingly)'a partic~lar species 

may transfer in opposite direction to its own concentration gradient, 

'may not,transfer at all even though a gradient for it exists, or it may 

be transferred through the medium even if it.has no concentration gradients 

s i nc'e the rate of diffus i on o'f each speci es is dependent on all the con­

centration gradients. 

Even thoug~ multitompon~nt mass transfer can appreciably couple' 
~. ' . 

. ~,;. 

wi th chemical reaction, these effects have' not, be-en fully studi ed experi - . 

mentally. Also, there is alack of general solution of the proble'ms 

hawing coupled diffusion and homog~nous reactions in literat~re. 

In this study;first:the solution of the linearized equations of 

of multi component mass transfer by matrix methods'developed by earlier 
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workers is studied and applied. Finally, the linearize~ equations of 

multicompon~nt mass transfer wit~ chemical reaction ~s solved ,by matrix 

methods. Starti'ng from the linearized continuity'equations, the ,second 

order differe~tial equations are reduced to :, firstorder differen"4ial 

equations and th~ soluti'on is obtained in matrizants. Through a ,trial 

and err6r procedure the finite ~ates of individual molar fluxes, total 

molar fluxes and concen~ration profiles are evaluated fo~ a film model. 

As applications cyclopropane-propene-argon-neon ,and iodine-hydrogen-hydrQgen· 

iodide- argon quaternary reacting systems are studied. 



II. THEORETICAL' BACKGROUND 

II • A - SOLUTION OF THE LINEARIZED EQUATIONS OF MUL TICOMPONENT MASS 
) 

. TRANSFER BY THE UNcbUPLING METHOD. 

The starting point for the linear~~ed' theory is tjle,so-cal~ed 
. . 

continuity equation in which Fick"s law for diffusion is inserted. For 

an n+l component system 

i .. 1 ,2p .· .. ,n (II.A.l) 

i': 1,2, ... ,n (II.A.2) 

These n independent differential equations can be represented' in n dimen­

sional matrix notation as: 

a(C) + ~.{ V (C)l =~~.{j) + (r) 
at 

(j) ; - [0] (~C) 

(II.A.3) 

(II.A.4) 

where (C) is the concentration vector, (j) flux vector, Cr) reaction. 
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vector and[D] multicomponent diffusion coefficient matrix. The Dij are 

cross diffusion coefficients ifi=Jj and main diffusi9n coefficients- if ,-, 

i:j. 

In multicomponentmixtures,the diffusion rate of one species 

is dependent not only on its own concentration-gradient but on all the 

other 'concentration gradients as well ~Hence a coupling exi~ts between 

the individual gradients which makes the calculations a great deal more 

compl icated than the binary systems. A poss i 151 e resul t, of the coupl ing. 
, . , . 
~s,lhat a particular species may diffuse in opposition to its own concen-

tration gradient, or may not transfer at all even it has a concentration, 

gradient, or diffuse significantly. with no concentration gradient .. Ifal,l 

the cross diffusion coefficients go to zero, there ~ill bJ no 'coUpling. 

Therefore the cross coefficients in eqtn(JI.A:~)may be considered to rep­

resent the coupling. 

A~ explained in Chapt~r II.C, the conceritration dependent'multi-
-, . . 

component diffusion coefficients for fluid~ can be predicte'd from the 

concentration independent binary diffusion coefficients 'by making u's'e 

of the Generalized Maxwell-Stefan equations. Cussler (1976) points out 
, . 

that th~ concehtration dependence of the D~~ in liquid systems is often 

small. Also, ,for liquid mixtures, the compu~ation of Dik from the Gene­

ralized Maxwell-Stefan equations requires complete knowledge on -f)i~,and 

the activity coefficients Yi~ So, usually, measurement of Dik1s expe~i-
.. 

mentally are preferred for liquid systems. As for the gas mixture~',;~he 

,Dik vary ~ith concentration mor,e significantly and the Ma'x\'1ell-Stef.:n 

equations are utilized preferably for the computation of these coeffici-

ents. 



The kinetic theory of gases require'that the main diffusion 

coefficients are always individually positive, i .. e 

. Di i > 0 1 = 1,2, .... ,n (Il.A.5) 

5 

Moreover, the Di k measured experimentally suggest the val i dity of eqtn , 

~II.A.5). The cross diffus~on coefficients ·Oik (ijk) tan be either 

, negative or positive. In additicin,ihes{gn of these cross ccieffi~ients 

can be changed by' al teri ng' the numberi ng of the components .. 
, ' . 

. . 
The matrix eqtn (III.A.3) in which eqtn.(II~A.4) is substitute~ 

can be partially linearized if the matr.ix [0] is assumed to be independ­

ent of concentration through' the diffusion path as shown by Toor (1964) 

andStewart and Prober (1964). The matrix [0] of this linearized'matrix 

eqtn. is usually calculated at the average concentratfons in between the 

boundaries. The reaction term can also be linearized was ex~lained , ' 

Del ancey (-1974) . 

Hence, by taking [0] outside of gradient 'vector the matrix eqtn. 

becomes 

a(C) at + Il.{ 'i (C) } - [0] !·(IlC).+ (r) (I l.A.-6) 

Uncoupling is accomplished by a slmi1ari~y tra'nsformation 

as shown by Toor (1964). In this method, the modal matrix [tJis' found 
. : , 

, by di agonali zi ng [0] such that 



(II.A.7)· 

\'/here °1 ,°2, .... ,Dn are the eigenvalues of the matrix [0] that are 

obtained· by solving the chal'''acteristic equation of [DJ. There are n 

roots of the characteristic equation of which:l som~ of the~ may be 

repeated. The real parts of ·the roots must be positive for this method 

to be valid. 

6 

For ternary gas mixtures, if the· components are chosen so that 

the binary diffu~ion' coefficient D'12 is the smallest of three Dij, then 

the Di will always be real, positive and distinct for ~ll but trivial 

solutions. Furthermore, if the cross diffusion coef~icients in liquids· 

are much 1 ess than the rna in coeffi ci ents and the di fference .betwee:1l 

·the ~ain coefficients is small, Toor (1964 a) indicates that the Di 

will never be negative. They may be ·complex, but_ the real parts will. 

always be positive. So far in all systems, in which the Dij have; been 

~easured it is seeri that the 0i are real ~ positive and d~stinct~ , 

If there are repeated roots Di, it mayor may not, be possible 

to find a nonsingular [tJ which diagonalizes [D] since [D] is nonsym~ 

metrical. In all situa,tions studied so far (ternary liquids and g~.ses) 

the roots are di~tinct,so [t] is n6nsingular •. 

If reaction exists, ,sin~e (r} = [k] (C), [D] and [kJ 

matrices must commute i~ order to hav~ both matrices in diagonalized 

form. Thecommutation.property of [DJ and[kJ covers only special 



cases of realmulticomponent systems. 

When t,here is no reaction and for a steady-state uni,directional 

film model, eqtn (II.A.7) becomes 

~d {V (C) } = [OJ ~ (C) 
z . 2 

dz 
,(ILA.8) 

Or, in molar fractions~when the total concentration is constant 

d d2 (x) { V (x) }=[OJ ~~'---az- 'di2 (-I LA. 9). , 

If eqtn (II.A.9) is multiplied by [tf1 from the left;'and [tJ [tJ-1 

multiplication is introduced aft~r the [D) m~tr~x 

,. . 
[tr1d , {V(X) } = [tJ-1 [OJ [tJ [tr1 d2 (x) 

az "dz2 
(II.A.10) 

,one can obtain the fol1owing J equation 

(II.A.1l) 

where (x): = [tJ -1 (x). Using the indical notation, eqtn (II.A.l1) is 

\',ritten as 

~ d2x· ..: V d Xl = 0 i Oi ' 1 = 1,2, ... ,n '(II.A.12) 
dz2 ,dz 

The Ri are defined as pseudo compositions. 



The second order differential equation is. now ~n the uncoupled 

form, since the pseudo variables play the role of variables of a binary 

mixture with the diffusion coefficient Di. The boundary c~nditions are 

~i = ~io at ?=O and ~i = xiL at z = L. If nondimensional .variables 

are used such that 

ljJi = 
Xi - ~io 

xiL - xio 

equation (II.A.12)· becomes 

and 

.' 

_. V ..... d 1jJ i =0 i = 1,2 , ••.. , n 
.. ': 

dz 

(II.A.13) 

\'/hile the boundary conditions are at i'~': = 0 ljJi = 0, and at . ~": 
Z .. 1 

Accordingly, the solution is obtained as 

ljJi = exp (Vi'l OJ ) - 1 
exp(V I D;)- .1 

i • L 2 , • • • • , n ( I 1. A • 14) .- ., 

Finally, the real component mole fractions can be reached through back 

transformation by the follO\'/ing equation. 

(x) = [tJ (x) (II.A.15) 

8 

The constituent' flu~ equation is composed ~f d'iffusive and tQnveG~ 
. tive terms. 



Or, 

(N) = (j) + V (C) 

(N) = [D] 
L 

d(C) +,V{C) 
d Zl': 

(II.A.16) 

(II.A.17) 

In the same "lay, the pseudo fluxes (n) are obtained by premultiplying 

the'relevant equation by [t]-l and inserting [t] [t]-l. after the [D] 

matrix. 

(n) 
In.!' = ,D-l 
L' (II.A.18) 

Or, 

= IOJ C' d (~) + V C (~) 
L' d Zl'; 

(II.A.19) 

9 

\'Ihere (x) is replaced by the solution of eqtn (I1.A.12). Then, the real 

fluxes are determine~ by back transformation such that 

(N) = [tJ( n) (ILA.20) 

FinallY',thetotal flux i.s obtained by summing the individual fluxes. In 

order to find the total flux Nt, a trial and 'error procedure is ~e'eded, 

since the reference vel oci ty V = Nt/C and for that reason' eqtri (I!. A. 19) 

i simp 1 i cit . 

The linear dependen.ce ~mong the mol e fraction gradients means 

that an additional relatibnship, called the determinaricy condition, is 
, 

required before the, ' n Ni can be computed. For, isothermal and isobaric 

conditions, the determinancy' conditions can be equimolar counter transfer 



or diffusion through a stagnant nth species. In the fanner case no 

iter~tion is needed to find the con~tituent fluxes, since Nt"is known. 

The outl ine of the iteration procedure is as follows: . 

10 

STEP 1. Calculate "the multicomponent diffusion .. coefficients Dtj at the arith­

metic average 'composition between the boundary concentrations Xio and 

XiL· 
;. .. 

STEP II. Find.the eigenvalues Di of the matrix [D] and the elements 

of the modal matrix [tJ. 

STEP IU. Find the pseudo compositions at the boundaries by multiplying· 

the inverse of [tJ matrix with the composition column .vector .(x) at the 

boundaries . 

. STEP IV. Initialize total flux by mUltiplying the n dimensional multi­

component diffusion matrix with the column vector of·the real composition. 

differences at the boundaries. 

.', 
STEP V. Find the pseudo constituent fluxes at z" = 0 by usil1g eqtn. 

(I I.A.19) 

STEP VI. Calculate the real constituent fluxes at i*. 0 through back 

transformation by using eqtn.{.II.A.20). 

STEP VIL. Find the t~tal constituent flux by summing the individual 

constituent fluxes. 

STEP VIII. Check ~hetherthe difference between the ~alculated total 

1lux and the used total flux is less than a p~~determined error factor, 

e:. If it is so, the procedure ends. ·If not, a new total nux is guessed 

" I 



i.e using the Newton Raphson method and all the calculations are· 

repeated starting from STEP V. till convergence occurs. 

11 



II. B - SOLUTION OF THE LINEARIZED EQUATIONS OF MUL TICor·1PONENT NASS 

TRANSFER WITHOUT THE UNCOUPLING METHOD 

Multicomponent mass transfer for a nonreact~ng mixture can be . 

examined by solving the continuity equations of species 

a c," --,-~- + g. Ni = 0 
a t i = 1,2, .... ,n (11.B.l) 

where there exist only n independent differential eq~ations for an 

n+l component system. The Ni are the constituent molar fluxes that 

are composed of a ~iffusive flux and a convective flux. 

!!i = Ji + !i Nt i = 1,2, .... ,n (11.B.2) 

The Ji are the diffusive fluxes that can be ,expressed by the general­

i zed form of ..' Fi ck I slaw 

~i -

Or it is written as 

n 
L 

k=l 

i '" .1,2, .... ,n (I LB. 3) 

i.l,2, ..•. ,n. (II.B.4) 

if a gas mixture is of concern instead of a liquid,mixture. 

Introducing eqtn ,(ll.8.4) into (11.B.2) and eqtn (11.B.2) into 

(II.B.l) and writing each term in column matrix form yields 

12 
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....:;~ (~) + ~·(~t(x)) = ~. { C [0] ~ (x) }. (II.S.5) 

Th~ matrix [0] represents the concentration dependent mUlticomponent 

diffusion coefficients. According to ·the linearized theory of multicom":' 

ponent mass transfer (Toor, 1964~ and Stewart and Prober,1964)"the 

total concentration C and the matrix C [0] ~re assumed to be constant 

alon~ the mass transfer path. Consequently, the linearized matrix dif­

ferential equation is 

C a (x) + v (~t (x)) =C [0] '12 (x) 
at 

. (Il.B..6) 

. Here, it could be satisfactory to .calculate the multi component 
'. .~ 

diffusion ~oefficient matrix [OJ at the avarage concentration in between 

the boundaries of the diffusion path~ If the concentration gradjentsare 

smal~, the change of [0] matrix with distance won'i be of significance .. 

The multicompon~nt d~ffusion coefficients can be found accurately for 

gas mixtures from binary diffusion coefficients by making use of the 

t~axwell-Stefan equations. For liquid mixtures theoretical prediction of 

the Dik are less developed and hence experimentel value of these coeffi-.. \ . 

cients ate ~referred (Cussler, 1976). 

As shown by Taylor (1982); if the linearized differential ma~s 

balance can be reduced to the first order matrix differential eqtn. 

d (y), 

d n 
= [ A(n)' ] (y) + (a (n)) (II.B.7) . 

then that eqtn can be solved without using the uncoupling procedure. 
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The most general method for solving this eqtn. is explained by Amunds.·on 

. (1960) and also emphasized by Taylor (1982) in which the solution is obtained 

;'n""t.errns' <:iii matrizants \"here:the. matriiant represem;ts"an m-fold iterated 

integral. The advantage of this method is that the t1resome computation of 

the,ejgel.lvalues of the~ [0] matrix is avoided. Furthermore, this method 
. . 

is utilized if [0] can not be dia~o~alized or the modal matrix ~an not 

be found. 

For steady-state and one-dimensional mass transfer, which is called. 

~the film model, eqtn. (11.B.6) becomes. 

(ILB.8) 

where Nt, C an~ [0] are constant. By integrating eqtn .. (ll~B.8) once; 

Nt{x) = C [0] d (x) + (constants) 
d z , 

(11.8.9) 

From the form of the solution, it can be concluded that the 

constants in eqtn. (II.B.9) are the constituent mol~r fluxes, Ni. Then 

~i are i ntroducedwhere t/Ji = Ni / Nt 

(x) 
_ C [0] d (x) + (1jI) 
---r~ d:.z 

(ILB.10) 

, 
Havi ng the IjJ; I S as constants, the eqtn. is made homogeneous by subtrac-

. , , 

tingt,he (t/J) from each concentration corumn. 

(x-ljI) = C [0] 
Nt 

(I1.B.n.) 

Eqtn. (II.B.ll) is rearranged and dimensionless distance n, and matrix 



of rate factors [~] a~e introduced such that n=Z/8 

Nt a [D]-1 
[jii] = ---!:.-

C 

where a is the film thickness.for diffusion. 

(II. B .12) 

(ILB.13) 

Eqtn.(II.B.13) is the reduced form of the continuity equation. Since 

[~] is constant, the solution is 

'(II.B.14) 

which can also be obtained using the m folded iterated integral method 

of solution as proposed by Taylor (i982). Subtracting (xo-~) from each 

side 

(11.6.15) 

Then, by applying the boundary condition such that at n=l, x=xo' 

(II. B .16') 

From eqtn. (11.B.16), 

(I1.B.17) 

Substitutingeqtn. (I1.B.17) into eqtn (I1.B.15), thecorcentration 

profile expression is obtained. 

15 
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. -1 
. (x-xo) = {exp [~] n _ [I] } { exp [~] - [IJ'}.{x6-xo} {II.B.l~} 

Here, exp [JIi] can be calculated first by finding the characteristic 

roots of th,e [l}!] matri x and then by applying the Chayl ey-Hami lton theorem 

{Bronson; 1972}. In an other way, exp [~]can be obtained as a series of, 

matrices (Bronson, 1972},i.e. 

exp [qi] -
co' [ ]k 

~, 
L 

k=o k\ {II.B.19} 

If eqtn.(II.B.4), the diffusion flux eqtn., is written in matrix form,' 

(J) ____ C__ [D] d (x) _ 
o -cr;- (I!. B. 20)' 

Taking the derivative of eqtn (II.B.18), 

-1 
d (x) 

d n 
={ [~] exp [~]n } ~ exp'[qi] - [I] } {x6-~o} (11.B.21) 

The ch~nge of 'concentration at n = 0 is 

{II.B.,22}, 

So, the diffusion fluxes at n = 0 are found by the following eqtn. 

{ 11. B .23} 

I' 

~urthermore, the constituent molar fluxes are found from eqtn. 

, .' 
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(N) = (J) + Nt (x) (I LB. 24) 

and the total flux is found by the summation of'individual ,fluxes. Since 

eqtn. (11.8.24) is impl'icite in Nt, a tri~l and error procedure is req~ired. 

for ~he calculation of the total flux. 

Since f Ji = ° when the molar averaged reference velocity .is used, 

there is. a linear dependence among the concentration gradients. Therefore 

an extra relation, wh~c~ is called the determinancy condi~ioriis required 

before' the constituent flux. calculations. At constant temperature and pres­

sure, the'determinancy conditions can be equimolar counter transfer o'r.'iC!i.ffu-
'. . 

sian through a stagnant nth species. For the former case, s.ince Nt =0. is 

known, no iteration is needed to find the constituent fluxes. Instead, the 

diffusive fluxes are found by the formula 

(J) c 

which has been derived for this case starting from the continuity eqtn. 

The trial and error procedure to find the. total constituent· 

flux Nt and the individual constituent fluxes Ni is as follows: 

STEP I. ~alculate the multicomponent mass transfer coeffici~nts at the 

mean concentrations between the boundaries. 

" 

STEP II. Initialize total flux by multiplying the matrix [D] by the 

differences of boundary concentrations vector and summing the elements 

of the resultant vec~or .. 

STEP III. Find exp em] where [~] is identified in eqtn. (II.B.12). 
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STEP IV. Ca1cu1at;e the diffusive fluxes and the constituent fluxes by 

using eqtns (II.B.23) and (11.B~24). 

STEP V. Calculate the total flux by summing the individual constituent 

fluxes and check whether it stays constant or not. If it is, the procedure 

ends; if not guess a new Nt by Newton Raphson or successive approximation 

method and reeval uatethe terms starting from STEP III, till convergence 

occurs. 

i 
I 

. i 



I!. C - EST! W\T ION OF f1UL T! CQt,1PON ENT DI FFUS ION COEFFI C I ENTS FRaN THE 

, GENERALIZED r'1AXHELL~TEFAN EQUATIONS, FOR FLUIDS. 

If the chemical potential gradient's are linear functions of 

diffusion velocities, the generalized r·1axwell-Stefanequations, for an 

n +1 component system can be written as (Kri shna, 1979) 

n+l 
1 'V \.I - t 

R'r -- i - k=l 

k~i 

xk (Uk - U;) 

. .f)i k 
i = 1,2, ..• ,n (II.C.l) 
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where only n independent equations are dealt. with since the chemical 

pote~tial gradients at isothermal and isobaric co~ditions are related 

by the Gibbs-Duhem equation such that 

n+l 
~ xi J... \.Ii = a 

i=l 
(II.C.2) 

The tlik are the general ized Maxwell-Stefan diffusion coefficients \·,hich 

are,symmetrical,.' 

i , k = 1,2, ... , n +1 
. ilk 

wnereas the.f)i i are und'bfi ned. 

(II.C.3) 

If eqtn. (II.C.l) is·multiplied by xi from both sides and the' 

constituent fluxes. 

i • 1,2, ... , n+ 1 ' (II.C.4) 



are inserted, 

_1_ x. 'V 1-li 
RT 1-

Xi!ik - Xk !!i 
C f)ik 

i = 1,2, ... ,n (ILC.5)· 

Moreover, as the constituent fluxes are made up of.diffusive and con- . 

vective terms, 

!:!i'= Ji + Ci._~ :;'~i + Xi" Nt . i = 1,2, ... , n+ 1 ( I 1. C. 6) 

Substitutin~ eqtn(II.C.6) into (II.C •. 5) yields 

_. _1_ xi J.. lli 
RT 

n+l ' Xi Jk - xk Ji = "E 
k= 1 
kli C f)i k 

i .= 1,2, ... , n (I1.C.7) 

Also, at constant temperature and pressure, the chemical potential 

~radientscan be written as 

'V 1-1' 1 
= 2 ~llj~ 'V Xk 

k=l ~ Xk 
i = 1,2, ... ,n (ILC.8) 

The chemical potentials are given by the eqtn. 

~i = R T ~n Yi xi i = 1,2, .•. , n ( I L C .9 ) 

Then, c6mposition derivatives of the chemical potential are taken. 

= R T 
a ~n (Yi Xi) 

'il Xj 
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- R T : xi () R.n .Yi 
- x'· (Oij+x-

J
. ) 

1 () R.n Xj 

= R.T 
Xi 

rij .l,j = 1,2,.~.,n . (II.C.10) 

The rij are the thermodynamic factors that are given by 

~ . +' Xi aR.n Yi = uij 
xjaR.n Xj 

(II.C.ll). , 

If eqtn. (II.C.10) is inserted into eqtn. (II.C.7), 

n 
E rik ~xk = 

k=l 

n+1 
E 

k=l 
kli 

Xi ~k - xk ii 

C -f)i k . 
i = 1,2,' ... ,n (II.C.12) 

This formula can be written in matrix notation as (Taylor, 1982 a; 

and Krishna, 1979) 

c [r] (v x) ~ - [B] (J) CII. C. 13) 

where the elements of the matrix [B] are ~iven by 

X· 
B' .. = . 1 . 11 

-Di n 

. nXk 
+ L 

k= l' .f)i k 

B·· = - ,xi [" 1. 
.' 1 J .0 .. 

. . 1 'J ---
-oi n lJ' 

i = 1 ~ 2 , ... ,n (II. C . 14 ) 

i,j= 1,2, .... ,n (II.C.l5) 

iik 

The Maxwell-Stefan diffusion coefficients are equal to the 
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binary molecular diffusion coefficients for ideal gas mixtures, Le. 

-D"k = D"k , .. , i ? k= 1,2, ... , n t 1 

i#k 

, , 

(I!. C. 16) 

Since the [rJ matrix ~educ~s to the identity mat~ix for ideal gas~s, 

the generalized Maxwell-Stefan diffusion equations become 

= n~ 1 .2i Nk - xk Ni 
k=l CD," k 
kii 

n+1 
= E 

k=l 
k~i 

XiJk - xk ~i 
C Vi k 

f'= l,2, ... ,n 

which can be written in n dimensional matrix notation as, ' 

C (vx) = - [BJ(J) 

(II.C.17) 

(I1.C.18) 

22 

Here, the elements of the matrix [BJ are identified by eqtns. (ILC.14) 

and (I1.C.15) by replacing -Dik by the binary diffusion coefficients Pik. 

-1 ' 
If both sides of eqt,n. (I1.C.18) is multipled by [BJ ,diffusion 

flux eqtn~ will be obtained as 

-1 
(~) = C [B]' (~x) . (II. C ~19) 

Also, for the multi component mixtures, the diffusion flux formulairi , 

terms of the multi compone~t' di fflls i on coeffi cients , represents Fi ck IS la\'i. 
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.' 

(J) =.C [D] (~.x) (II.C.20) 

Equating eqtn (II.C.19) with eqt~. (II.C.20), it is found out 

that multicomponent diffusion eoeffici~nt matrix is equal to the inverse, 

of the matrix [BJ. 

[DJ _ [B]-l (I I. C. 21 ) 

So~ in order to determine the multi component diffusion coefficients 

usirgbinary'diffusion coefficients~ elements of the matrix [DJ. are re­

quired to be'found in terms of the elements cifthe.matrix [Br1. In this 

way, the mu1ticomponent diffusion coefficients of 3,4,5, .•. ,orn co'mpo.:.. 

I nents systems can be found. ' 

Foll owi ng thi s procedure \'Jhere the reference velocity is taken 

as the molar avarage velocity, multicomponent' diffusion coefficients 

for a ternary ideal gas system are obtained as· 

Dii = Di3 [ (l-Xi) Dij + xi Dj3 ] / s '(ILC.22) 

(I I. C. 23) 

For liquid mixtures,. the 'evaluation of the elements Dij from eqtn' 

[0'] = [8]-1' [r~rieeds,' complete information on the Maxwel1':'Stefan , , 

, diffusivities f)ik, and thei activity coefficient Yi. Hence, the experi­

mental measurements of [D] are necessary in most cases. 

/ 



III.· SOLUTION OF THE LINEARIZED EOUATIONS OF 
MULT I CO~1PONENT f·1ASS TRANSFERH ITH 

CHEMICAL REAcTION 

In multicomponent mixtures, when mass transfer with chemical 

reaction occurs, dual coupling takes place wh~re one is the simultane-

24 

. . 

ous reaction coupling and the other diffusion coupling. Here, the former 

coupling depends on the local concentratiqns, while the latter coupling 

depends on the local concentration gradients. The linearized contlnuity 

equations for n+l components in whiih the generali~ed Fick".s law is 

inserted are as follows 

a (cJ 
at +Y..{'i(C)}= [0] v2 

(C) + [kJ (C) (II1.1) 

~here [k] is the n dimensional square matrix of the reaction rate·cohs­

tants. For simplicity, the reaction is considered as first order and 
, . . 

homogenou~ under isothermal and isobaric conditions. 

, Cussler (1976) indicates that these equations can be solved' . 

. analytically only for two special cases. The fir&case occurs at ste-

/ 
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ady state with no convection 

(IlI.2) 

of which the solution was obtained by Toor (1965) and by lle1ancey and 

Chiang (1970) through the uncoupling meth6d. The, second case of eqtn .• ' 

(111.1) is the mass transfer without convection. 

a (C) = [DJ V2(C) + [kJ (C) 
~a t (IlI.3) 

where a solution is given by Toor (1965) for theone-ilimensiona1 case 

by a separation-of~liariables matrjx 'techoi~t;I~.0 

Furthermore, Cuss1e.r (1976) points out that, the theory about 

the multicomponent mass· transfer with chemical reaction and with con-

. vective term is approximate and limited. This lack of generality results 

from the situation that both the diffusion coeff{cientsmatrix and reac­

tion rate constants matrix'cannot 'be simultaneously diagona1ized ex­

cept in special. case,s. In addition, only first order isothermal mecha­

nisms can be dealed with since the second or higher order rever~ib1e 

mechanisms creates nonl, i nearity. 

, In'this thesis, the linearized equations of mu1ti~omponent mass 

transfer with chemical reaction and convective term are solved. For· ste- . 

ady-state and, unidi recti ana 1 case wi th constant total concentrationthe 

continuity equations become. 

Nt d (x) +C [kJ (xl ~o 
d z 

(IlI.4) 

. .' 

OOGA1\~\ ijm~ERS\1~~\ ~U1UY\\M\t5\ 
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~1ultiplying each term by the matrix [O]~l and dividing by C, 

or, 

where 

Nt [Dr 1 

C 

[ _d-.l-( x....:..) + -A] 

[A] = 2!.L [0]-1 
C 

[B] =[0]-1 [k] 

d (x) + [of' [k] ·(x) =0 
d z 

[B] (x) = 0 

: Eqtn. (111.6) can also be written in simpler form, 

II , 

X - A ~ + B X = 0 

, (111.5) 

(111.6) 

(II 1.7) 

(IIL8) 

(111.9) 

26 

The capital letters with double lines represent the matrices, the other 

letters with Cllrrows above them represent the vector columns. Choosing 

new variables Y, 

X 
Y = (II1.l0) 

X 

Y , b'ei ngof 2n dimensions such that· for n components , 

/ 
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after the nth component, 

Y i = d Xi 
d z 

;= 1,2, ... ,n 

i ,= n+l , .... ,2n 

(IlI.n) 

(TIl .12) 

Combining eqtns. (111.9) and (111.10), eqtn (111.9)'is reduced into a 

first ord~r matrix differential eq~ations 

where 

d V =/,A Y 
d Z 

fA = 
r tOll] r fA 

. The solution, Beker (1984), is 

D f ·· IF - /AZ e lnlng - e' 

Y=IFC' 

. The boundary conditions, 

(111.13) . 

(IIL14) 

(111.15) 

(III.16) 

(I I 1.17) 

(III.1S) 

/ 
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are used.to. evaluate t'he-c·onstant vector'c~' Ifeqtn (rILl7)' 

is written in partitioned form such that 

IF, = 

and C = 

then, 

-
X (Z) 
_. 
V (Z) 

IF 11 

fF211F22 

= 
1F1l (Z) 

, 1F21 (Z) 

1F12 (Z) 

f22 (Z) 

By applying the boundary conditions, 

-
Xo IF 11 (0) 1F12' (0) - = V 

0 lF21(0) 1f22' (0) 

-
\ IF 11 (L) f12 (L) 

VL 1f21 (L) 1f22 (L) 

From eqtns (II I. 22) and (II L23) , 

(III.19) 

, (III. 20) 

(II I. 21) 

Cl 

C2 (III.22) 

C1 

C2 ' , (II 1.23) 
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-
Xo = fll (0) Cl + W12 (0) C2 (II 1. 24) 

(II 1.25) 

From eqtn (Itl.24) 

- ·1 - -1 
Cl = ffil (0) Xo - IFn· (0) 1F12 (O) C2 

Substituting intoeqtn. (111.25) 

-
C2 is obtained, 

",I 

Similarly, from eqtn. (111.24) 

- -1 -:' -1 -
. C2 = If 1 2 (0 ) x 0 :- fF 1 2 ( 0) fF 11 ( 0 ) C 1 (III.29) 

"" 

. Substituting this eqtn into (111.25) 

\ 

"C"l is found as 
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Finally, the general solution is obtained as 

Having assumed the total flux as constant, (II 1.32) 

N· = J. + x· Nt + r· 1 1 1 1 i = 1,2" .•. , n (IIL33) 

n 
d Xi and, J. = - C E O· . 1 lJ 

j=l d z 
i = 1,2, ... ,n (111. 34) 

" J 

where the concentration gradients are found out ~sYi from eqtn. (111-32) 

as 

So, 

~~=Yk 
d z 

J; - -

k=2n 
j=n 
:EO;j Yk . 
j = 1 ,. 
k=n+l 

i = '1 ,2, ... ,n 
, (IIL35) 

k = n+ 1 , ... ,2n . 

i= 1,2, ... , n 
(111.36) 

k = n+l, ... ,2n 
", 

respectively. Substituting, eqtn.. (III.36) into (II1.33) \'1ith ,Xio and 

Yko' constituent fluxes are found at Z=O. Then summing constituent 

fluxes Ni, the total flux is obtained. 

n 
Nt = E N; 

; =1 

Where Nn+l is zero is th~ determinancycondit;on~ 

(II 1. 37) 



In order to calculate total flux Nt, eqtn. (III.37) where eqtn 

(III.33) is introduced is to be solved together with eqtn (III.32)the 

31 

resulting' eq~atiori . is, imp,licit in Nt. Theref~rean iterativ'e 

computati'on is required .. The iteration procedure is as follows 

STEP I. Calculate the [DJ matrix at the mean compositions be~~ 

ween the boundaries. Then, calculate [BJ and [AJ matrices 

STEP II. Initiali~e Nt. 

STEP III. Find ~k' J;, ri' N; and then Nt-

STEP IV. Check whether the total flux stays con~tantor not. If 

it stays constant procedure ends, if not assume a new Nt, i .e,by the secant 

method and reca 1 cul ate the va lues starti ng from STEP I II, ti.11 convergence 

occurs. 

As an illustration,. the quarte-rnary reacting system of Toor (1965) 

can be studied. Three' reacting components plus 1 inert can,be considered. 

. 1, b.l '- '. 2 . 

~':~ + (4) 

n+l 
Since E ri = 0, only n of ri are independent. Therefore, the fourth 

i 
component that which is inert is not included into the eqtns. Consequently, 

k21 + k31 -k12 . -k13 , Yl 

(r) = C -k21 ':1 :- .~.:: k12 + k32 .;,k23 Y2 

-k31 -k32 k13 + k23 Y3 

The continuity eqtns with these reactions can be solved according .to 
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the above calculation procedure. 

Although 'first order systems with no inerts present ~re li~ely 

to shm'/ little diffusion coupling be~ause of the similarity among reac'" 

ting species, the presence of inerts can £ause signific~nt diffusion. 

coupling. Furthermore, near equilibrium one maY,treat higher order reac­

tions as approximately first order. Also, multi component mass transfer 

with second or higher order. reactions ca~_,be solved'by this method by 

, 1 i nea riZ i rig the react i ve terms as shown by Lee and, De 1 ancey,( 1974) and 

taking mass average velocity with constant total mass flux if necessary. 
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_ IV',' COHPUTATIONS AND DISCUSSlor~ 

OF RESULTS 

In this thesis, a computer program vias developed in order to 

study the general solution of-- multicomponent mass transfer with 

chemical reaction, the solutio~ without chemical feaction, ~nd the-

sol ution without convective terms -respectively. In addition for the 

nonreacti ng case two smaller computer programs vlere developed one _ -

of vlhich computes the mass rates by.- '-.. so.l ution of the linearized 

equations Wlththe uncoupling method (Toor, 1964) and the other \'/ithoutthe 

uncoupling method (Taylor,1982) 

In the main program (Appendix F), binary diffusion coefficients -

of the mi*t~res are ca1culated by calling a subroutine program using 

the formula given in Appendix B. Later:oli mu1ti~omponent diffusion coeffici­

ents are calculated throuqh the formulas given in Chapter II.C. by another_ 

subroutine program. t1oreover, the matrices are multiplied and their 
. . . , 

inversesar~ taken by callin~ sepijrate sub~6utines for each. Another 

subroutine exists for linearizin,gthe nonlinear reactions and these arc 

exrl~ined in Appendix D. 

/ 
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, :~~ First the constituentfl uxes 'for the reacting case are found 

,and then the cO;lcentration profiles for this case are calculated. Then, 

the constituent flux calculations andconcent~ation profiles for,the'unre­

l:acd:l ng(' 'caseld ~rel: ,c~llmJl a.'t~d':~::" Fjna,ll !y::.-the': sa mefl:,:ca lcul ati ons '. -':'_ ' ' 

are carried out for the case \</here the convective term is zero. 

In order to find out the constituent fluxes a trial and error 

procedure is carded out by use of the secant method for the reacting 

and unreacting 'cases whereas for the case where' the convecti ve, i::~rrli is'zero 

and for finding the concentration profiles of the three cases no iter­

ations areneeded.The trial and error computations, are stopped '-'/hen the 

total flux stays constant, where the calculation procedure written in 

, ,Chapter III is followed. The iteration 'procedure ,'-'las found to, converge 

rapidly without ;oscillations. Also, even ,if the successive, approximation 

method is used in the trial and error calculations, again rapid conver­

gences are observed~ 

For theotl1er two small computer programs where, calculations are 

carried out for the nonr.eacting· case the convergences are also rapid.ln 

the first one where the uncoupling method is, used, a ~ubroutine program 

is used in order tof1nd o~t the eig~nvalues of the multicomponent diffu-
, , , 

sion matrix and the'modal matrix. The calculation,steps are explained i~ 

Appendix E. Also, anothersuDroutineprogramis used'in order to apply the' 

Newton-Raphson method for the iteration procedure. In the second rrogram 

where no uncoupling is made the successive approximation method was u~ed 

and was found to give rapid convergences as well. .The calculation proce- , 

dures ,for these ,two programs are al so outl ined in Chapter II.A and II.B' 

respecti ve 1 y., 

01- / 
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For the mu1ticompone~t mass transfer without ~hemica1teaction, 

Smith and Taylor (1982,1983) ca1cu1~ted rates of mass transfer for q~it~ 

a large number of systems in order to ,determine the range of ,validity. of 
. " 

the linearized equatio~s for steady diffusion in gas mixtures. I~these 

examples mixtures of high concentration and the high rates of mass trans-
" , - .' 

fer were included as well low concentration and low mass 'transfer rates. 

The average deviation from ·the results found by theStefan-~lax\,/e11',equations 

for the calculated c~nsituent Ni was found to be only 1.4 I; After tbes~ 

studies, it was concluded that for the purposes' of calculating rates.of 

mass transfer rather, than composition profiles, the linearized equations 

are almost always adequate for design purposes. 

In this thesis, for the nonreacting case, mass transfer of carbon­

, ;~dioxipe-\"ater vapor-hydrogen ternary gas mixture was studied. The 

mass transfer rates found either by the uncoupling or without uncoupling . , 

methods were almost the Same as ca~ -be se~n from Tab1 e "l.'The advantage of 

the uncoupling method is that the tiresome computation of the eigen~a1ues 

of [O} matrix is avoided. Furthermore the uncoupling method must be uti1i~ 

z~dif [0] can.not be diagona1ized or the modal matrix can not be found 

The average discrepancy of the calculated mass transfer rates (Table 1). 

from the results found by the Stefan-f:1axw~ll equations (Wilke, 1950) is 

3.99 %. The multi component diffusion coefficients were calculated by 

the use of the Stefan-t~axwe 11 eqtns. It was seen that the rna in diffus ion 

coefficients are positive as expected. Also, the main diffusion coeffici­

ents came out t9 be greater than the cross diffusion coefficients. Since 

the relative value of the cross diffusion coeffic~ents show coupling 

deg ree,. the fact that they a re sma 11 er than the 'ma in d i ffus i on coeffi c i:o­

ents indicate. small diffusion coupling for the system 



TABLE 1.- , . CONSTlTUENT MOLAR FLUX CALCULATIONS FOR CARBON DIOXIDE(C)':'~JATER VAPOR (HO)-HYDROGEN(H) * ' . ' , 

C 

HO 

C 

HO 

C 

HO 

C 

HO 

C 

HO 

H 

HO 

C 

HO 

TERNARY 'SYSTEM 

Nole Fractions 
at Points 

.4029 

.0000 

.3400 

.3270 

.3366 

.3302 

.4029 

.0000 

.4029 

.0000 

.4029 

.0000 

.5333 

.0133 

1 and 2 

.0000 

.3666 

.3266 

.3396 

.3300 

.3364 

.0000 

.0066 

, .0000 
.0333 

.0000 

.0333 

.0000 

.0000 

Calculated Multicomponent 
Diffusion Coefficientst 

(sq.cm.sec- l ) 

2.2035 
0.7148 

2.0250 
9.9684 

2.0250 
0.9684 

2.6954 ' 

0.0157 

2.6516 
0.0782 

2.7183 
-0.0389 

0.7063 
2.4542 

0.8707 
2.2205 

0.8707 
2.2205 

0.8640 
2.2301 

0.8499 
2.2501 

-0 .. 0476 
1.0833 

2.6865 1.0219 
0.02832.0056 

Calculated Constituent Molar Fluxei 
(9 moles sec- l 's~ cm-) x 10

5
. 

'Met~od 1 Method 2 Method 3 

4.8600 
-4.6500 

o ~ 131 0 
-0.1080 

0.0663 
-0.0528 

10.6200 
-0.0441 

10.2100 
-0.2250 

10'.6800 
-0.2310 

4.8730 
-4.6590 

0.1331 
-0.1063 

0.0657. 
0.0521 

10.6100 . 
.,.0.03'43 

10.1700 
-0.1893 

10.7000 
-0.2528 

1 6. 0900 16. 1 000 
0.4340 0.4423 

, 4.8730 

-4.6590 

0.1330 
. '-,0.1063 

0.0657 
-0.0521 

10.6100 
'-0.0343 

10.1700 
'-0.1894 

10.7000 
-5.2530 

16.0900 
0.4422 

~lethod 1 - Solution by the Stefan~l·lax\'lell eqtns.(Ni1ke,1950) 
r.1ethod 2 - Solution of; the linearized continuity eqtns. with , '. 

* For .a11 examples 
Diffusion disbncei= 1. mm. 

~ " . . ',", '. 

Temperature = 40.OC uncoupl i ng .. 
t.lathod 3 - Solution of·the.linearized continuity eqtns·without 

uncoupling , 
Pressure = 150.nm Hg 

-:-. ~ •. ':". \. ~"; {",W: "!: O;:'"!.. .... ~~"1~.~'t'"'.~.--- - - -~,t'".- "-'< • 

'. ·f Dij matrix 

w 
en 



For the application of the solution of the linearized eqations 

of multi component mass transfer with chemical reaction by matrix met­

hods, first the qu~ternary system cyclopropane (C)-propene(P)-argon-
" 

. neon ·wa~: .. chosen. The homogeneous' gas philse isomerization reaction is 

first order (Chambers, 1934; Benson i960; ~nd Robinson, 1972) 

C,'-r P 

The isothermal reaction is irreversible and the rate expression is 

The reaction rate constants at different temperatures vlere computed by 

the Arrhenius equation using the high pressure activation energy and 

constantsvwitten in Appendix C. 
rl, 
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I 

In diffusion ~ith chemical reaction an important design parameter . ! 
is called the enhancement factor. The enhancer.Jent factor is defined as 

the ratio of the mass transfer rate with'chemical reaction to the mass 

transfer rate without reaction. If the enhancement factors found at 

823C and 60 atm. (Table 2) are compared "with the ones found at 865 0 K 

and 60 atm (Table 3),it is seen that the enhancement factors of. the high 
. . . 

temperature system deviate from unity in greater extents. In TablEs 4 and 

5 th~ reaction takes pl ace 'at865 OK and 7.0 a trll. The ·devia tions f~~il1 uni ty 

. in tilese examples are much greater. So it can be concluded that the higher 

the temperature and/or pressure,tllegrea.ter is the enhancement factor .. At 

higher temperatures the reaction rate constants are higher as a result 

of \'1hich the rates of reactions are also higher. Also at higher pressure 

the concentration increases which also increases the 'rea"ction rate. In 

t~eseeaxamples concentrations are calculated using the ideal gas law • 

...;".' 
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TABLE 2 - CONSTITUENT MOLAR FLUX CALCULATIONS FOR CYCLOPROPANE(C)-PROPENCE(P)-ARGON(A)-NEON QUATERNARY 
. s~mf -

~101E: Fractions 
at Points 

Calculated Milticomponent 
Diffusion Coefficients f 

(sq.cm.sec-1) x 10 

Calculated Constituent Molar Fluxes Enhancement 
(gmoles sec-1 sqcm-l ) x 104 Factors 

C 

P 

A 

C 

P 

A 

C 

P 

A 

C 

P 

A 

.1112 

.1725 

.2645 

.. 2112 

~1823 

.2645 

.3112 

.. 2142 

.2505 

.4271 

.2278 

.1505 

1 and 2 

.0995 

.1689 

.2705 

.1995 
;1789 

.2705 

.2995 

.1999 

. 2205 

.3597 

.1981 

.1405 

0.4373 

0.2141 
0.3347 

0.4778 
0.1923 
0.2843 

0.5050 
0.1906 
0.2164 . 

0.5470 
0.1830 
0.1248 

0.1319 
0.5210 
.3341 

0.2183 
0.4529 
0.2838 

0.2806 
0.4158 
0.2161 

0.3374 
0.3931 
0.1246 

0'.4362 

0.2938 

0.0994 
0.1610 
0.8662 

0.1645 
0.1447 
0.7358 

0.2115 
0.1434 
0.6140 

0.2544 

0.1377 
0.5150 

0.3289 
0.0743 . 

General .Solution .~ .C~se~l ... Case 2 

0.0315 
0.0283 -

0.0213 

0.0467. 
0.0304 
0.0274 

0.3591 
0.2473 

. 0.3274-: 

0.8862 
0.4688 
0.3196 

0.0307 
0.0290 
0.0213 

0.0452 
0.0318 
0.0274 

0.3572 
0.2491 
0.3274 

0.8841 
0.4709· 

0.3196 

0.0230 
O~ 0144 

-0.0035 

0.0252 
0.0115 

-0.0055 

0.0745 
0.0533 
0.1068 

0.2225 
0.1099 
0.0767 

C 

P 
A 

.5560 

.1277 

.1605 

.5400 

.1199 

.1505 

0.6309 

0.0~87 

0.1238 0.1236. 0.4840 

0.4904 
0.1106 . 
0.1518 

0.4871 
0.1139 
0.1518 

0.0785 
0.0166 
0.0346 . 

. Case 1 - Solution for nohreacting case 
Case 2 - Solution Hhen convective term is zero 

* For all examples 
Diffusion distance 
Tota 1 Pressure . 

. to;· matrix = .2 cm J 
= 60.0 atm 

o 
Temperature. = 823. 0 .~ -3.-1 
Reaction rate consiant = 8.0844 x 10 sec 

- CO" .... p" .. n'uu"," .... m''''- ;z~ .. ;, i'",je ·P' 

1.026 
0.976 
1.000 

1.033 
0.956 
1.000 

1.005 
0.993 

'1.000 

1.002 
0.996 
1.000 

1.007 
0.971 
1.000 

::.:~ 
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TABLE 3. - CONSTITUENT t10LAR FLUX CALCULATIONS FOR CYCLOPROPAHE(C)-PROPENE(P)-ARGON(A)-NEON QUATERNARY * . 

C 

P 

A 

C 

P 

A 

C 

P 

A 

C 

P 

A 

,C 

P 

A 

SYSTEN 

t101e Fractions 
at Points 
1 and 2 

.1555 

.0095 

.0033 

.1745 

.0915 
'.0099 

.2700 

.1815 

.0200 

~2546 

.1610 

.1200 

.1473 

.2276 

.1735 

.1501 

.0015 

.0036 

.1698 
0.899 

.0008 

.2688 

.1798 

.0210 . 

.2495 

.1585 

.1190 

.1000, 

.1295 

.2010 

Calculated Multicomponent 
DiffusionCoefficientst 

0.8287 
'0.0115 

0.0007 

0.6901 

0.1507 

0.0009 

0.6177 
0.2177 
0.0247 

0.5976 
0.1928 
0.1439 

0.5036 
0.2450 

, '-1 .. , .' 
(sq.cm.sec ).10 

0.3193 

0.5239 
C.0007 

0.2403 

0.0009 
. ·1.02~0 

0.2856 0.2151 

0~.5573 0.1133 
0.0008 0.8197 

0.3241 0.2443 
0.5124 0.1638 
0.0246 0.6087 

0.3036 0.2288 
0.4880' 0.1450 
0.1437 0.6994 

0.1694 
0.5808 

0.1276 
0.1843 

0.25640.2560 0.8651 

Calculated Constituent Molar Fluxes 
, ' -1 '-1 '4 

(9 moles sec sqcm) x 10 

'Gen~ral Solution Case 1 " "C~~e2 

0.0427 

0.0143 

-0.0007 

0.0449 
0.0149 
0.0327 

0.0152 

-0.0011 
-0.0021 

0.0431 
0.0151 
0.0166 

0.2814 
0.4435 
0.2357 

, 0.0384 

0.0185 

-0.0007 

0.0402 
0.0197 
0.0327 

0.0077 
0.0063 

-0~0021 

0.0362 
0.0220 
0.0166 

0.2781 
0.4468 
0.2357 

0.0341 

0.0140 

-0.0009 

0.0290 
0.0065 

. '0.0322 

0.0120 
0.0033 

-0.0023 

0~0243 

0.0031 
0.0077 

0.1619 
0.2685 
0.0576 

Case 1 - Sol ution for nonreacti n9 cas,e * For all examples 
Diffusion distance .2 em 

60.atm Case 2 - Solution when convective term is zero Total pressure = 
Temperature = 

- Reaction rate constant = 
853. K 

, -2-1 
3.2716 x 10 sec, 

Enhancement 
Factors 

1. 112 

0.773 
1.000 

1.117 
, 0.756 
1~000 

~ 

1.974 
0.175 
1.000 

1.191 
0.686 
1.000 

1.012 
0.993 
1.000 

t Dij matrix 

w 
I.!) 

- .-.. '~.- ~~~---.-~ "---".- -- .~-.-, 



TABLE 4. - CONSTITUENT /llOLAR FLUX CALCULATIONS FOR CYCLOPROPANE(C)-PROPENE(P)-ARGON(A)-NEON QUATERN1I.RY 
SYSTEN· :', 

Ivlole Fractions Ca lcul ated ·r·lul t icomponent Calculated Cotistituent Molar Fluxes Erihancement 
at Points Diffus ion· Coeffi ci ents t -(gm~les sec;..l S9 cm-1) x 105 Factors 
'1 and 2 (sq,cmsec-1) x 10 General Solution Case·1· ·Case·2·· 

C .1555 .1501 . 0,7339 0,2128 !. OJ5161 0.3913 . ; 0·.4291 L319 
P .0095 .0015 0.0101 0.4660 0.0077 0.0641 . 0.1888 0.0604 0.340 
A. ;0033 .0036 0.0064 0.0064 0.9111 

.. 

-0.0073 -0.0073 -0.0093 1.000 

C .2112 .1995· 0.4600 0.2102 0.1584 0.6486 0.4829 0.4218 1.343 . 
P .1823 • 1789 o ~1852 0.4360 0.1393 0.1746 0.3402 -0.0294 0.513 
A .2645 .2705 0.2737 0.2733 0.7084 0 .• 2926 0.2926 -0.0059 1.000 

C .1112 .0995 . 0.421.0 0.1270 0.0957 0.4148 0.3284 . 0.3243. 1.263 
~. ·· .. 1725 .16S9 0.2061 0.5016 0.1550 0.2237 0.3100 0.0749 0.722 . 
A .2645 .2705 0.3222 0.3217 0.8339 0.2281 0.2281 -0.0037 1.000 

C .2700 .2688 0.5470 0.2870 0.2163 0.2970 0.0786· 0.2645 3.779 
P .. 1815 .1798 0.1928 0.4538 0.1451 -0.1540 0:0643 -0.1764 -2.395 
A :0200 0.210 0.0218 . 0.021~ 0.5391 -0.0210 -0.0210 0.0235 1.000 

Case 1 .- Solution for nonreacting.case *For all examples tDij matrix 

Cas~ 2 -Solution when convective term is zero Diffusion distance = .2 cm 

Total pressure = 70. atm 
Temperature 0 = 865·. K 

-1 Reaction rate constant = 0.083988 sec 

.::. 
0 
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TABLE 5. -CON·STITUHn TiOLAR FLUX CALCULATIOUS FOR CYCLOPROPAi~E(C)-.rROPENE(P)-ARGON(A)-NEO~~ QUATERj'~ARY 
. SYSTH{· 

r·lo 1 e Fra ct ions Calculated Milticomponent Calculated Constituent Molar Fluxes Enhancement 
. Diffusion Coefficientst -1· -1 5 Factors At Points (g.moles sec sq cm ) x 10 

··(sq~cm.set~l) x 10 
.. 

1 and 2 . - Geneta1 Solutioh ·CaSe·l Case 2 
C .1000 .0950 0.5924 0.1692 0.1274 1.6280 1.5520· ·1.0500 1.0489 

.p .1000 .0050 0.0913 0.5170 0.0686 2.7120 2.7880 2.3810 0.9727 
A . 1000· .0950 0.1690 0.1687 0.9776 1 .6560 1 •. 6560 L0730 1.0000 

C . 3700 . . 3688 . 0.5720 0.3443 0.2596 . 0.4057 0.1070· 0.3493 3~792 

P :1815 .1798 0.1687 0.3970 0.1269 -0.2338 0.0649 -0.2-624· -3.603 
A .0200 .0210 0.0019 0.0019 0.4717 -0.0174 -0.0174 -0.0205 1.000 

C .5000 . .4950 0.7116 0.4771 0.3597 1.8780 1.4850 0.8743 1.264 
P .0050 .0000 0.0024 0.2376 0.0013 -0.326G 0.0653 ·-0.3438 -5.002· 
A .0950 .0850 0.0863 0.0862 0.5356 0.4906 0.4906 0.3066 1.000 

C . ~ 7000 .6965 0.7437 0.5507 0.4152 2.1190 1.5720 0.9314 1.348 
P .0050 .0000 0 .. 0020 0.1954 0.0015 -0.4944 0.0533 -0.5160 -9.276 
A .0050 .0000 0.0020 0.0020 0.3885 0.1010 0.1010 0.0966 1.000 

Case 1- Solution for nonreacting case *For all examples 
Ca se 2 - So 1 ut i onwhe n con veet i ve .term is zero Diffusion distance = .2 em t Dij matrix 

Total pressure = . 70. atm 
Temperature = 865. <)< 

Reaction rate constant = 0.083988 see-l . 

-

~ ....... 
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The diffusion coeffi~ients are smallet at high pressures so the diffu~ 

sive fluxes are also lowered.' " 

nd th' As the 2 and 4 examples of Table 4 are compared with each 

ot~er, the former has greater concentration gradient and smaller enhan­

cement factor. This could be due to the fact that higher concentration 

gradient creates higher diffusive flux. Also as the 1st and ~thexamples 

of Table 5 are compared with each other, it is seen that the enhancement 

'factor of the 4th example having greater ratio of reactant is greater. 
I 

than the 'enhancement factor of the 1st one. This is probable since at 
, 

higher concentrations the reaction rate is higher. 

As the constituent fl uxes of the case where convective term' is 

taken as zero are examined, it is seen that they are smaller than that 

found for the general solution and for tile unreacting case. So this 

seems to indicate, that the convective mechanism is just as impottant 

as the diffusive and reactive mechanisms in the system. Again for this 

system the main diffusion coefficients are great:er than zero and 9reater 

than the cross diffusion coefficients. Since the molecular wei9hts of 

the. molecules do not differ much from each other, diffusion co~pling 

is not so great in this system. '" 

Secondly, the quaternary ,system i odi ne-hydrogen-hydrogen i odi ne-argon 
, nd, 1 ' was studied where the homogeneous and 2 order reverslb e gas phase 

, " 0 
reaction (Benson, 1960; and Graven, 1956) .takes place at 781 K and 

60 atm.' 

The rate ~xpression is 

/ 
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TABLE 6. - CONSTITUENT HOL.AR FLUX CALCULATIOHS FOR lODWE(I)-HYDROCEH(H)-HYDROGEN IODINE(HI)-ARGON QUATERNARY' 
SYSTEM :': 

No 1 e Fraeti ons . 
at Points 

Calculated. Mu1tieomponent 
Diffusion Coefficientst 

Calculated Constituent Molar Fluxes 
-1 . -1' 4 

(g moles. sec sq.em·) x 10 
, Enhancement 

Factors 

1 and 2 ( 
. ~1 

sq em.see.) x.l0 ,G~ner~l,Solutib~:: .C~~e.1" Case 2 

I 

H 

HI 

I 

H 

HI 

I 

H 

HI 

I 

/-I 

HI 

.1525 

.1525 

:3050 

.0500 

.1000 

.3000 

.1055 

.1124 

.3137 

.1455 

.1137 

.3050 

I .1057 
H .• 1057 
HI .3132 

.1242 

.1242 

.2484 

.0050 

.0500 

.1000 

.0674 

.0545 

.1199 

.1242 

.1001 

.2498 

.0545 

.0523 

.1188 

0.1226 '-0.1917 

0.0241 1.57;;'0 

0.0761 -0.3806 

0.1261 -0.0480 
0.0167 2.0160 
0.0781 -0.3519 

O. 1290 -0.1409 
0.0171 1.8370 
,0.0733 -0.3507 

0.1259 -0~202o 

0.0201 1.6530 
0.0815 -0.4127, 

0.1282 -0.1312 
0.0160 1.8550 
0.0737 -0.3511 

Case 1- S61uti~n for nonreacting case 

0.0323 

0.0196 

0.1918 

0.009; 
0.0135 
0.2399 

0.0248 
0.0139 

0.2124 

0.0336 
0.0164 
0.1991 

0.0232 
0.0130 
0.2144 

-0.0743 

0.1459 
0.4422 

0.0148 
0.5220 
0.4510 

0.0224 
0.5252 
0.5129 

-0.0511 
0.0442 
0.3268 

0.0349 
0.4693 
0.5002 

0.0713 

0.2884 
0.1537 

0.0560 
0.5623 
0.3693 

0.1022 
0~6027 

0.3592 

'0.0517 

0.1457 
0.1-224 

-0. 1431 

0.0748 
0.2955 

-0.0171 
. 0.4472 

0.2401 

-0.7020. 
0.~360 

0.2655 

-0.0930 
0.2361 
0.2361 

0.1055 ~0.0483 

0~5379 0.3907 
0.3606 ',0~6086 

* For all examples . 
Diffusion distance =.2 

-1.042 

0~506 

2.877 

0.264 
0.928 
1.221 

0.219 
0.871.' 

1.439 

0.988 
0.303 
2.676 

0.331 
0.872 
1.387 

Case 2- Solution when co"nvective term is zero Total pressure,: 60.0' atm 
Temperature = 78l~0 K 

. . 3 3' ·-1 -1 Forward reaction rate constant = 1.53G8 x10 em mole sec t D" matdx lJ ' ' 
, 3 -1-1 Bach/ard reaction rate constant= 3.8679 xl0 cm mole sec 

'-6' tI ,'. OW!. • • J", .' 5 "' I, '2'.'."". -sf Ow "~"""1l."----.m.1 _____ """1. _~ __ 

.;,. 
w 
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The forward and backward reaction rate 'constants at di fferent temper,a­

tures war.e·found. bi the Arrhenius equation using, the activation energy 

and constant as shown in Appendix ,C. ,Since one mole of iodine reacting 

\'Jith one mole of hydrogen produces 2 moles of hydrogen iodine, the total 

f1 ux of the system stays constant. The reaction rate was 1 inarized by 

the linearization procedl,Jre of Delancey (1974) as outlined in Appendix D.' 

The linearized rate expression is of the form 

It is seen 'from Table 6 that the enhancement factors for this second 

order reaction are also of appreciable extent. These figures are,expected 

to diverge from unity more~ since due t6::lineariiat,ion'; ,the:' reaction'r.ates ' 

found may be less, than the, actual case. The constituent fl uxes found for 

the case 2) where the solutions are obtained with no convective term, 

are less than the other cases. This seems to indicate again the relativ.e 

importance of convective mass transfer in the system. 

The fllU)ticomponentdiffusion coefficients found are greater for 

this system than the other systems studied which could be seen as, Table 

6, and Table 4 or. are compared. This could be due to the molecular \'/e,ight 

differences between the molecules. The main diffusion coefficients a~e' 

greater than zero,'and the cross diffOsion coefficients which are either 

positive or negative ~re smaller than the main diffusion coefficients. 

As the concentration profil~sare examined for the 'two reacting 

system~ using the data of Table 5 and 6,Figure 2 and 3 show that there 

/ 
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Fig 1 Concentration profiles 
I=COn, 2=HnO , 3=H? 

(. C. .. 

X1(0)= .4029 X1(L)=.0000 

"'2.(0)= .0000 ,i X2.(L)=.3666 
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Fig 2. Comp~rison of conc~ntration'profiles 
I=Cyclopropane, 2=eropene, 3=Argon, 4=Neon 
Xl(o)=.7000Xl(L)=.6965 
X2(o)=.0050 :X2(L)=.OOOO 

~(0)=.0050 X3(L)=.OOOO 

Conditions given in Table 5. 
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Conditions given in Table 6. 
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are only small deviations beb/een the reacting and nonreacting Cases, 

For some other systems at different ~onditions'that (an be studied, 

these deviations may be greater, [3:ut it could be mentioned here' that 

Smith and Taylor concluded that the solution of the linea~ized equa­

tions are satisfactory to find out the finite fluxes for design 

purposes rather~to(:..:C:eiermine concentration profiles, . 

48: 

For liquid mixtures, existing . th~oretical computation procedures 
, " 

for calculating multi component diffusivities require complete information' 

about' the comp'onents properties, i.e. the activity coefficient"Yi. f10st 

of these data 'are not available. So, in this thesis, .calculations for reac-:- '" 

ting multicomponent li~uid mixture could not be carried out,' 

In this thesis, in order. to find out the fluxes in 3 cases; the 

general solution, Case 1 and Case ~, the same solut1on of the reduced 

second order differential eqtn was used. In literature the solution of 

Case 1 which,'covers the without reaction ca'se (Amundson, 1964; and Tay­

lor 1982) is quite similar to this, ~ut in our solution the derivatives 

are taken simultaneously as,the solution is obtained. For Case 2, where 

convective term.is zero, the solution is given by Toor (1965), In this 

theSis, through the same reduction method the result is obtained much· 
0\' • 

easier, since in Toor1s method of solution the square root 'of the [00 

matrix has to be taken, which is a ~ifficult procedure. 

·So, the method of solution obtained for ther.1IJlticomponent mass 

transfer with chemical reaction developed in this \'Iork' can ~lso be given 

as alternative solutions to the available solutions in literature for 

the two subcases,as in Case 1 giving [k.]= 0, or Case 2 inserting 

Ht = 0 and. \,11 thout itera t,; on. 
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V.CONCLUSIONS AND RECOMMENDATIONS. 

The conclusions that can be drawn for this thesis are listed 

as follows 

1. As ,diffusive fluxes get s~aller or reaction rate fluxes get higher, 

the enhancement factor deviates from unity ina greater extent. The 

relatiyevalues of the diffusive fluxes ,and the reaction rat~a~e 

affected by the fo.llowing : 

a. The higher the tem~erature, the greater the,rate constant and 

the greater t~e reaction rate. 

b. As pressure increases, the concentration of the materials in the' 

~ystem increases whereas the diffusion coefficients decrease 

whi ch 1 eads to . increases in rate fl uxes and. decreases in di ffu­

slve fluxes . 

. c. The greater the ratio of ~he reactant,the greater the reaction 

rate~ 

d. Higher average concentrations in between the boundaries results 

in hi~her diffusion coefficients and consequently greater diffu-
I • 

sive fluxes. 
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e. Higher concentration gradient creates higher diffusive flux; 

f. . Higher moleculer weight differences between the molecules 

increases the diffusion coefficients and consequently the 

diffusive fluxes . 

2.· .. The 'constituent fluxes calculated for the case in which the con-

vective term is ze~o are less than the constituent fluxes computed 

by the general solution and also the solution with no reaction.' 

This seems to indicate that the convective mechanism is just as 

important as the diffusive and reactive mechanisms in ~he system. 

3. Nonlinear reactions can also be deal"t' with by the method of solu­

tion developed in this work by linearizing the nonli~ear terms as 

shown by Delancey (1974). 
• .. J 

4. The advantage of the uncoupling method is that the tiresome computa- , 

tion of the eigenvaluei of multicomponent diffusiori matrix is avoid­

ed. In addition, the uncoupling method must be utilized i~ [D]:can not 

be dia'gonalized or the modal matrix can not be found. 

5. The method of solution obtained in this thesis for the multicomponent 

mass transfer with chemical reaction can also be given as alternative 
1,- _ 

solutions to the available solutions in literature for the two sub-

,cases; one without reaction,' and the other without convective term. 
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The recommendations for future work can· be summarized as follows; 

1~ The method of solutiop developed in this·work can be applied to 

other systems with different reaction mechanisms and at different 

conditions~ .. 

2. The diffusion coefficients and c9nstituent flux calculations should 

be carried out for mUlticomponent liquid mixtures. 

3. The method of soluti~n of this work can be applied to the reactive 

mixture where total molar flux is not constant by . rewriting.the 

.variables in mass units since the total mass flux remains a constant; 

4. The linearized· equations with the reference velocities changing with 

distance can be tried to be solved. 

5 .. The calculations done by the general solution for the film model can 

also be developed for the penetration model. 
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. NOTATION 

order of rev~~se rate in reaction j associated ~ith species i. 

concentration vector c 

binary diffu~ion coefficients. 

MaxweJl-Stefan diffusion coefficients 

multicomponent diffusion coefficient matrix 

eigenvalues of [D] matrix 

activation energy 

order of forward rate for reaction j associated-with species i. 

identity matrix 

(J) d i ffus i on 'fl ux vector with element j i 

[k]matrix of ~eaction rate constants, kij; reaction i, species j. 

forward reaction rate constant 

backward reaction rate constant 

(N) constituent flux vector with elements Ni 

Nt total constituent flux 

Pc 

(r) 

T 

critical pressure 

reaction rate vector with 

temperature of the system 

criticial temperature 

modal matrix 

reference velocity 

mole fraction vector with 

element r; 
1 

elements xi 

pseudo composition vector with elenets 

Z position coordinate 

xi 

r 

, , . -
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Greek Letters .. 

r;j thermodynamic factors 

C;j Kronecker delta 

(n) pseudo constituent flux vector 

~;j . correction factor associated with species j in the ith reaction 

arising from linearization procedure 

M; ch~mical potential of species i. 

y. co'effi ci ent of speci es i. ,1 

. P' 

f , . 
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TABLE 4.a - CONCENTATION PROFilE CALCULATIONS FOR CYCLOPROPANE(C)-PROPEHE(P)-ARGON(A)-NEON - .... / 

SYSTE/( 

Z/L 
O.ot O. 1 .0.2 ·0.3 0.4 0.5 0.6 0.7 0.8 0.9 

C '.1555 .1545 • 1535 .1527 .1520 .1514 .1509 .1505 .1503 .1501 

P .0095 .0092 .0088, .0083 .0077 .0069 .0061 .0051 .0040 .0028 

A .0033 .0033 -.0034 .0034 .0034 .0035 .• 0035 .• 0035 .0035 .0036 

C ~2112 .2088 .2067 .2049 .2033 .2020 .2010 .2002 ;1997 .1995 

P ~ 1823 .1832 .1838 .1841 .1842 .1840 .1335 .1828 .1818 .1805 

A .2645 .2651 .2657 -.2653 .2668 .2674 .2680 .2687 .. 2693 .2699 

C .1112 .1095 • 1079 ~ 1065 . .1052 .1039 .1028 .1018 .1009 .1002 

P • 1725 . .1727 • 1727 .1727 . .1725 .1722 .1718 .1712 .1706 .1698 

A. .2645 .2651 .2657 .2663 .2669 .2675 .2681 .2687 . .2693 .2699 

C .2700 .2683 .2670 .2660 .2654 ~2651 .2652. .2656 .2663 .2574 
.p .1815 .1829 .1839 ; 1846 .1849 .1849 .1846 .1839 .1829 .1815 

A- .0200 .0201 .0202 .0203 .0204 .0205 .0206 .0207 . .0208 .0209 

~ For General solution and at the tonditions given in Table 4 

+ r'10 1 e fracti ons at poi nt 1. 

"'" 
~ + t~; 1 e fracti ons at poi nt 2. 

_. - - --,."", .-~~ •••• ,,~- . ~~_~ I ,5 . ..;:! .. r!! 

QUATERNJI.RY 

1.0 it 
.1501 

.0015 

~0036 

.1995 

.1789 

' ~2705 

.0995 

.1689 

.2705 

.2688 

.1798 

.0210 

U1 
'-I 
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'TABLE 4.b - CO;;CENTRATlOH PROF)LE CALCULATIONS FOR CYCLOPROPHAtlE{C)"':PI<OPENE(P)-ARGON(A)-I~EON QUATERNARY 
. SYSTEW': 

1.0 1+ Z/L 0.0 t 0.1 . 0.2 0.3 0.4 0.5 . 0'.6 0.7. 0.8 0.9 

C .1555 .• 1550 .1544 .1539 . .1533 .1528 .1523 .• 1517 .1512 .1506 .1501 

P .0095 .• 0087 .0079 . 0071 .0063 .0055 .OUt+7 . .0039 .0031 .. .0023 .0015 

A .0033 .0033 .0034 .0034 .0034 .• 0035 .0035 .0035 .0035 .0036 .0036 

C .2112 .2101 .2089 .2078 .2066 .2054 .2043 .2031 .2019 .2007 .1995 

p .1823 .1820 .1816 .1813 .1809· .1806 .1803 .1799 .1796 .1792 .1789 

A .2645 .2651 .2657 .. 2662 .2668 .2674 .2680 .2686 .2693 .2699 ' .. 2705 

C .1112 .1101 .1089 .1077 .1066 .1054 .1042 .1031 .. 1019 .1007 .0995 

P .1725 .1721 .1718 .1714 .1711 .1707 .1703 .1700 .1696 .1693 .1689 

A .2645 .2651 .2657 .2663 .2669 .2675 .2681 .2687 .2693 .2699 .2705 

C .2700 .2699 .2698 .2696 .2695 .2694 .2693 .2692. .2690 .2689 .2688 

P .1815 . . 1813 .1812 .1810 .1808 .1807 . .1805 .1803 .1801 .1800 .1798 

A .0200 .0201 .0202 .0203 .• 0204 .0205 .0206 .0207 .'0208 .0209 .0210 

* For unreatting case and at the conditionsgive~ in Table 4. 

t· Hole fracti'ons at point 1. 

~+I·to1ri fl~actions at point 2. 

:"'4~' •• '!JI'~ ,." II'. '!~.~' ••. Y· 

(J'1 

co 



TABLE 4.c-:- CONCENTRATION PROFilE CAlCUlATIOiJS FOR CYCLDPRDPANE(C)-PROPE(~E(P)-ARGOl~(A)-NEON QUATERNARY 
. tSYSTEf.j~·; 

.. ' . .. 

it 
Z/.L 0.0 .0.1 0.2 0.3 0.4 0.5 0.6 .0.7 0.8 0.9 . 1.0 

C .1555 . 1545 • i535 .1527 . .1520 • 1514 . 1509 .1505 .1503 .1501 .1501 
.. 

P .0095 .0092 .0088 .0083 .0077 .0069 .r~61 .0051 .0040 .0028 .0015 

A .0033 .0033 .0034 .0034 .0034 .0035· .0035 .0035 .0035 .0036 .0036 

C .2112 . .2088 . , .2067 .2048 .2032 .2019 .2009· .2002 ' '.1997 .1995 .1995 
'. 

P .1823 .1832 .1838 .• i841 .1842 .1840 .1835 .1828 .1817 .1805 ' .1789 
, 

A .2645 .2651 .2657 .2663 .2669 .2675 .268) .2687 ' .2693 .2699 .2705 

C .1112 .1095 .1079 .1064 .1051 .1039 .1028 .1018 .• 1009 .1001 .0995 
p .1725 .1727 .1727 .1727 .1725 .1722 .1718 .1712 .1706 . .1698 .1689 

A .2645 .2651 .2657 .2663 .2669 ,.2675 .2681 .2687· . 2693 ' .2699 .2705 

C .2700 .2683 .2670 .2660 ~2,654 .2651 .2652 .2656 .2663 .2674 .2688 

P .1815 .1829 . 1839 .1846 .1849 .1849 .1846 .1839 .1829 .1815 .1798 

A .0200 .0201 .0202 .0203 .0204 .0205 .0206 .0207 .0208 .-0209 .0210 

"'" . ~': For· the· case \'I'here convecti ve term is zero and at the condicti ons given in Table '1. 

t ~ole fractions at point 1. 

it ~';o 1 e fract ions at poi Ilt 2. 

--------- -,_,,,~.'!_'--~,:,:~:""": .. ~,-.-~ .• --~ 

U1 
I.D 
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TABLE 5.a - COHCEiHRATION.PROFILE CALCULATIONS FOR CYCLOPROPANE(C)-PROPEIJE(P)-ARGON(A)-NEON QUATERI':ARY 
-.,': .. 

0.0+ 
SYSTH-i 

ZjL 0.1 0.2 0~3 0.4 0.5 0.6 

C .1000 .0990 .0980 .0972 .0965 .0959 ~0955 

P .1000 .0919 .0834 .0747 .0657 .0564 .0468 
.. 

A .1000 .0994 .0988 .0932 .0977 .0972 .0967 

C· .3700 .3675 .3655 .3640 .3631 .. 3627 .3628 

P. .1815. .1837. .1854 .1866 .1872 .1873 .1869 

A .0200 .0201 .0202 .0203 :0204 .0205 . .0206 

C .• 5000 .4964 .4934 .4912 .4896 .4887 .4885 
P .0050 .0076 .0096 .0109 .0115. .0114 .0106 
A .0950 .0940 .0931 .0921 .0911 .0901 .0891 

C .7000 .6944 .6899 .6865 .6843 .6833. .6834 
P .0050 .0098 . 0134 .0160 .0173 .0175 .0165 
A .0050 .0054 .0040 .0035 .0031 .0026- .0021 

. ~': For general solution and at the conditions given in Table 5. 

fl101e fractions at point 1. 

1 t t·lol e fractions at poi nt2. 

.'."'.! ... !!.': .;~':..':2...~ 

1.0 1t 0.8 
.. 
0.9 0.7 

.0951 .0949 .0949 ,.0950 

.0368 .0266 .0160" .0050 
.• 0962 .0958 .0954 .0950 

.3635 .3647 .3665 .3688 

.1859 .1844 .1824 .1798 

.0207 .• 0208 .0209 .0210 

.4890 .4902 .4922 .4950 

.0090 .0068 .0038 .0000 

.0831 .0871 .0860 .0850 

.6848 ·.6874 .6913 .6965 

.0143 .0108 .0061 • dooO " . 

.0016 .0010 .d005 .0000 

0) 

o 
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TABLE 5.b - COi~CEtJTRATIOH PROFILE CALCULATIONS FOR CYClOPROPAiJE (C) ':'PROPENE( P) -/\P.GON( A)-NEON QUATERNARY 
.. . . .. 

·0.0+ 
SYSTEr·(' 

Z/L b .1 0.2. 0.3 0.4 Q.5 0.6 

C .1000 .0993 .0986 .0980 .0974 .0969 .0964 
P .1000 .0195 .0828 .0739 ·.0648 .0554 ,0459 
A· .1000 .0994 .• 0988 .0982 .0977 .0972 .0967 

C .3700 .3699 .3698 .3696 .3695 .3694 .3693 
P .1815 • 1813 .181.2 . 1810 .1808 • ]807 .1805 
A .0200 .0201 .0202 .0203 .0204 .. 0205 .0206 

C .5000 .4995 .4989· .4984 .4979 .4974· .4969 
P .0050 .0045 . .0041 .0036 .0031 .0026 .0021 , 

A .0950 .0940 .0931 .0921 .0911 .0901 .0891 

C .7000 ~6996 .69.92 .6989 .6985 .6982 . .6978 
P .0050 .0045 .0041 .0036 .0031 • 8026 .0021 . 
A .0050 .0045 .0040 .0035 . .0031 .0026 .0021 

:':FOI~ um~eacti n9 case and at the condHions given in Tabl e 5 . 

. t '·lole fl"Bctions at point l. 

H '''ole ·fl"actions at point 2. 

_ -. _~_ ~ •• lIP. ..... - "" .... w • ~ 9. 
~- -- .. - - ... __ .. -

.. 0.7 0.8 

~0959 .0956 

.0360 .0259 

.0962 ;0958 

.3692 .. 3690 

.1803 ,1801 

.0207· ;0208 

·.4964 .4959 
.0016 .0011 
.0831 .0871 

.. 6975 .6971 
.0016 .0011 
.0016 .0010 

. 0.9 Loft 

.0953 .0950 

.0156 .0050 
.. 0954 .0950 

.3689 .3688 

.1800 ,·1798 

.0209 .0210 

.4955 .• 4950 

.0005 .0000 

.0860 . .0850 

.6968 .6965 

.0005 .0000 

.0005 .0000. 

0'1 ..... 
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TABLE 5.c - COiiCENTRATION PROFILE CAlCULATIOiJS FOR CYC.lOPROPAUE(t)-PROPENE(P)-ARGON(jI,)-NEor~ QUATERHARY ...... 
SYSTH·l ". 

ill. O.ot 0.1 0.2 0.3 OA 0.5 '0.6 . 0.7 0.8 

C ,1000 .0992 .0984 .0977 .097.1 .0965 .0961 .0957 .0954 

C .1000 .0909 .0816 .0723 .0629 .0535 .0439 .0343 .0246 
A .1000 .0995 . 0990 .0985 .0980 . .0975 .0970 .0965 .0960 

C .3700 .3675 .3655 .3640 .3631 .3627 .3628 .3635 .3647 
P .. 1815 .1837 .1855 .1866 .1872 .1273 .1869 .. 1859 .. 1844 
A - .0200 .0201 .0202 .0203 .0204 .0205 .0206 .0207 .0208 ... 

C .50JO .4963 .4934 .4911 .4896 .4837 .4886 .4891 .4904 
P .0050 .0077 .0096 .0109 .0114 .0113 .0104 " .0089 .0066 
A .0950 .0940 .0930 .0920 .0910 .0900 .0890 .0880 .0870 

C .7000 .6943 .6897 .6864 .6843 .6833 .6836 .6850 .6877 
p .0050 .0099 .0136 .0160 .0173 .0174 .0163 .0140 .0105 
A .0050 .0045 .0040 .0035 .0030 .0025 .0020 .0015 .0010 

:': For the caSeWhel"e convective term is zero and at the conditions given in Table 5 

t ~ole fractioni at point 1. 

tt J.lo-'e fl'actions at point 2 .. 

0.9 1.01+ 

.0952 .0950 

.0148 .0050 

.0.955 .0950 

.3665 .3688 

.1824 .1798 

.0209 ,0210 

.4923 .4950-

.0037 ,0000 

.0860 .0850 

.6915 .6965 

.0059 .0000 

.0005 .0000 

(J') 

N 





TP,BLE 6.b - CONCEfHRATlON PROF11JE CALCULATIOi~S FORIODINE(I)-HYDROGEN(H)-HYDROGEN IODIDE(HI)-ARGOtf QUATERNARY 

t SYSTEl1;': ". 

1.0H, Z/L 0.0 0.1 0.2 0.3 0.4. 0.5 0.6 d.7 0.8 ·0.9 

I .1525 .1505 .1483 .1460 .1435 .1409 .. 1380 .1349 .1316 .1280 .1242 
.. 

H '.1525 . 1497' .1469 .1442 • 1413 .1385 .', ~..,57 ,1328 .1300 .1271 .1242 

HI ~ .3050 .3005 .2958 .2908 .2856 .• 2801 .2743 .2683 .2519 .2553 .2484 

I .0500 .0478 .0453 .0424 .0391 ,0352. .0308 ~0257 .0918 .0130 .0050 

H .1000 .0952 .0903 .0854 .0804 .0755 ,0704 .0654 .0603 .. 0552 .0500 

HI .3000· .2865 .2719 .2560 .2387 ,2199 ,1995 .1775 .1536 ,1278 .1000 

1 .1055 .1031 ,1004 .0975 .0943 ,0907 ~0868 .0825 ,0779 .0729 .0674 

H • 112~· .1069 .1013 ".0956 .0899 .0341 ·.0783 ,0724 .0665 ~0605 .0545 

HI .3137 .3022 .2894 .2752 . .2594 .2418 .2006 .1764 .1497 .1199 

I .1455 .1437 .1418 .1399 .1379 .1358 .1336 .1314 .1291 .1267 .1242 

H .1137 .1124 .1110 .1097 .1083 .1069 .1056 .1042 .1028 .1015 .1001 

HI . 30~0 .3002. .2952 . .2901 .2849 .2795 .2739 . .2681 .2622 .2561 I .2498 

1 .1057' o .1027 .0995 .0958 ,0917 .0871 .0819 .0762 .0697 .0626 .0545 

H .1057 .1006 .0954 .0902 .0849 .0796 .0742 .0688 .0633 .0578 .0523 
. HI .3132 .3010 .2875 . .2727 .2564 .2384 .2187 .1971 .1734 .1473 .1188 

:':For UnCl"2acting case end at the condidions given in Table 6 •. 

+ '·lcle fl~actions ·at point l. 

itMole fractions at point 2. 
en 
-I==> 



TABLE 6~c- CO:JCE NTRA T.1 ON , PROFILE CALCULATJONS FOR IODINE(I)-HYDROGEN(H)-HYDROGEN IODIDE(HI)-ARGON QUATERNARY 
, , 

I 
SYSTHF: 

1.Oit Z/L O.OT O. 1 ' 0.2 0.3 0.4 0.5 0.6 0.7 O.B 0.9 
. I .1525 .1461 .1406 .1359 .1320 .1288 . 1265 .1248 .1239 ' .1237 .1242 

H .1525 .1495 .1465 .1436 .1407 .1379 • "j 351 .1323 .1296 .1269 .1242 
HI .3050 ' .3033 .3006 .2970 .2926 .2873 , .iBn .2741 .2664 .2578 .2484 

I .0500 .0450 , .0401 .0354 ' .0308 .0263 .0219 .0176 .0134 .0092 .0050 
H .1000 .0950 .0900 .0849 .0799 .0749 .0699 .0650 .0600 .0550 .0500 
HI .3000 .2806 - .2610 .2413 .2214 .2014 .1813 . 1611 .1408 .1204 .1000 

I .1055 .1004 .0956' .o~n 1 .0369 .0831 .0795 .0761 .0730 .. 0701 .0674 
H .1124 . 1065. .1007 .0949 .0891 , .0833 .0775 .0717 .0660 .0602 .0545 
HI .3137 .2958 .2776 .2589 .2400 .2207 ."2011 .1812 .1610 .1406 .1199 

I .1455 .1408 .'1368 .1333 • 13003 .1280 .1261 .1249 .1241 .1239 .1242 
H .1137 .1122 .1108 .1093 .1079 .1066 .1052 .1039 .1026 .1013 .1001 
HI .3050 .3023 .. 2989 .2949 .2903 .2850 

-
.2792 .2727 ,- .2627 .2580 .. 2498 

I .1057 .0993 .0933 .0876 .0821 ~0769 .0720 .0673 .0629 .0586 .0545 
H .1057 .1003 .0949 .0895 .0842 .0788 .0735 .0682 .0629 .0576 .0523 
HI .3132 .2952 .2768 .2581 .2390 .2196 .2000 .1800 .1599 .1394 .1188 

:': FOtthe case \,lhel~econvective tetmis zetoandat the conditions given in Table 6. 
L,' '. 
I. nole fl"actions at point 1. 

f+ /·101e fractiqns at point 2.- 0"'1 
()1 



APPENDIX ~ - CALCULATION OF THE BINARY DIFFUSION COEFFICIENTS AND 

LIST OF CALCULATED BINARY DIFFUSION COEFFICIENTS. 

66 

The follm'ling equation for the estimation of the binary dif-· , . . 

fusion coefficients DAB at low concentrations has been devoloped 

(Bird, 1960) from a combination of kinetic theory and corresponding 

states arguments: 

T 
------------~--- = a ( ---,--- ) 

(p PCB)1/3 (T T )5/121 r 1/2 CA . CA CB ( I- - ) . 

DAB 
2 em .• sec- l 

P atm 

T oK 

For nonpolar gas pairs 

u = 2.475 x 10-4 

b = 1.823. 

For H20 with a nonpolar gas 

a = 3.640'x 10-4 

b = 2.334 

t1A MB 

b 



Calculated Binary Diffusion Coefficients 

T = 313°K, p:: 150. mill Hg. 

D12 = 0.0922 cIll2/sec. 
2 

D13 = 0.27064 cm /sec. 
2 

D2 3=0.34576 cm /sec. , 

67 

b. FOl~ cyclopropane(l ),:"propene(2)-argon(3)-neon(4) quaternary system 

T = 865 oK , P = .70 atm· 

D12 =. . 0147 cm2/sec . 

D13.= .0294 cm2/sec 

D'j-1 ::: .. 0746 cli/sec 

D23 :: .0296 cm2/sec 

D2,4=·0752 
2 cm /sec 

D3,4:: .1498 
2 

CIl1 /sec 

. c. For I2(I)-H2(2)-HI(3)-Ar(4) quaternary system . 

T = 781 'k , p = 60'atm 

D12 = .0943 clTi2/sec 

D13 = .0057 em2/sec 

D14 ::· .0161 cm2/see 

D23 :: .1341 2 em /sec 

D24 =. .2475 cm2/sec 

D35 :: .0243 
2 . 

em /see 
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APP.E:NoIX C, - LIST OF Cor'lPONENT PROPERTI ES 

C.l - Critical Properti es 

Come· Tc(oK) Pc(atm) 

Argon 150.07 48.0 

Cyclopropane 397.8 54.2 

Hydrog~n. ' 53.1 12.8 

Hydrogen' i odi ne 423.0 81.9 

Iodine 785.0 116.0 

Neon 44.4 27.2 ' 

Propene 365.0 45.6 

C.2 -,Activation Energies and Arrrhenius Constants of the Reactions .. ~ , 

.': 
E {k ca 1 /11101 e ) Reaction log A 

Cyclopropane-+Propene 15.5 65.6 

H2+ 12 -,. 2H1 14.1 39.0 

21H -,. H2 + 12 13-.9 44.0 

~. l' st 
"A is sec - for 1 . order reaction and 

cm3 mo~~-l sec-1 for 2nd order reaction. 



69 

APPENDIX D ~ LINEARIZATION OF THE NONLINEAR REACTIONS 

For a film model, the reaction velocities can be evaluated such 

that. the isothermal reaction rate eqtn. 

(r) ;: [kJ (~) 

represents the true kirietics of the nonlihear reaction rate expressions 

in the sense of the ~east square error between the concentration limits 

defined by the interfacial and bulk values (Delancey, 1974}.For example) 

the nonlinear rate expression for a ~ingle reaction can be considered 

whi ell depends upon the co~centrati on of spec'j es i· only and ; s 9i ven by 
In . . . 

.. kfC; Delancey (1974) showed· that the nonl'inear expression can be replaced 

by kiCi where k; is to be evaluated from th~ condition 

Cil. rn2 
Min I [kfCi - kiCi J d Ci 
k; Cio' 

The rate expression is given by.the eqtn 

N 

ri = E kij Cj 
'.j=l . 

. ~/hich;nc-ludesa \'Jfde cla·ss ufreaction schemes, dnd . the reaction rate 

constants of a multicomponent system is obtained as 
t 

k .. 
lJ 

b b·· 1 V..; Jl-
IT CJW Cjo. 

R,=l 
9,jlj 

i = 1,2, ••• ,R 

j =1,2, ••• ,N 

.' 
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for R ; ndependent reacti OriS and N no of sp8ci e:::; ~ihere 

~ij,f (fli.f2i ... .,fNi ) = 12 (l+Y..j_) 

(.l-Yj) 

f .. +2 
lJ 

1 - y. 
, J 

N 
r. f ia+ 1 

.. a= 1 I 

f· +2 1 ti arO . let 

f;j+ 1 . 1 N 
-,,- + 1: ( 

oJ a= 1 
fiaiO 

1 
m~+l 

(l-)'.Q. ) 

(l-y~) 

For j = l,2 •....• N 

Yj _ C; L 
Cj 0 

f· -\-2 let 
(l-Yu ) ( FYu ) 

D~YtiCt+ I) (l-Ya )2 

1 + Yet )2 
1 - Ya 

. and if 

ci =. 1,2 •••• N 

[kJ ~ matrix of reaction rate constants, kij; reaction i, speci~s, 

kif = fOr'\'1:lrdr~action rute constant of reaction 'j. 

kib = backward r~action rate constant of reaction i. 

f;j = ordet of fon'lard rate for' rE:uct'j on j associ a ted \'1i th speci es 'i . 

bij = order of reverse rate in reaction j associated with spEcies i . 

. th (p" = cor,i"ect'ion factor associated \'1ith species j in the 1, reaction 
lJ 

arising from lineatizatiori procedure 

CaL = concentrati on of spec; es j at Z = L 

Cao = concentration of species j at Z = 0 



For the second order reaction 

H2 + 12 ~ 2H I 

(1) (2) (3) 

kn = k1f ~11,f C20 . 

k12'~ klf 412,f C10 

k'3'= -k1b t 13 ,b C30
2 

tll ,f = 2 (l+Y1) (1+Y2) 
2 .. 

(l-Yl) . 

(l-Yl) 
3 

(1+Y1 )(l-Yl) 

Similarity ~12,f is found." Also, 

3 
_ll-!LL 

(13
1
)3 

2- -
_,_+( '+Y1 

3 1-Y1 

F-inally."the reaction-rate matrix is wr.itten as 

-k1 -k2 -k
3 

. 

[k]= 
-k1 -k2 -k 3 

2k1 2k 2 2k3 

" 

3 
(l~Y2) 

(1-Y2)3 

"2 ( l+Y? 2 
) ). 

l-Y2 
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APPENDIX. F EVALUATIOWOFTHE EIGENVALUES AND THE MODAL t1ATRIX OF SQUARE. ' 

MATRICES. 

A nonzero vector X is an eigenvector (or charact~ristic vector) 

of a square matrix A if thet'e exists it scalar A such that 

A X = A X Ll 

. then A is an eigenvalue (or characteristic value) of A. Equivalently, 

or 

I\X - "X = 0 

(A-AI) X = 0 

£.2 

E.3 

I be'ing the indentity matrix. X \'/111 be un eigenvector of A if a:ld only 

if 

dc::t (A-AI) = 0 [ L! • I 

Eqtn. E.4 is called the characteristic equation of matr:ix A. 

After the roots of eqtn E.4 are found as 1..1 'A2, ..•. 'An being the eigen­

va 1 ues l the eqtn. 

(A-A,I)Xi = 0 

is utilized for each ~i to find each eigenvector Xi' 

Le. for 'Ai = ~l 

(A-All) Xl = 0 E.G 
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Or; 

I all 0 " a12 q12 Al 
... 

1 0 

a2l 
1.2 AI') 0 

I... = E.8 
" 

qnn 
0 A 

an 1 ' ... n x 0 ':11 ' 

From eqtn. E.o., kno~ling the numerical values Gf An. n e:qtlls 

which"arg the 1 inec.r cOllibinations of the n ui1knO\·ms xl ,X",- •••• X are 
, " n 

, C 1 (I 

+ ' ;' j 2 

x" -I­
'-

+ C,., 
'-11 

C x = 0 nn n 

Cij are numerical values. Solving thesE: n equat'ions simultanE:ousIY>'ei~en­

vector Xl for eigenvalLie 1.1 'is found 
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where d1 ,d2, ..•. ,dn are numeri racl val ues and xnan arbitary val ue'. 
, , 

The xn can be chosen in such a manner that the resu1tin~ eigenvector 

becomes a unit vector. 

Then one by one the n eigenvectors are found separately in 

the same way'. Finally, b.Y:writing n, co1unlns 'of eigenvectors side by 

side~ the modal matri~ [tJ as mentioned in. Chapter II. A is found. 

For a ternary systems, the eigenva'l ues found are 

(°11+°22 ) .!. (°11-°22) ~ 1 + 4°12°21 / (°11-°22) 
2 

01,2 = --------------------
2 

and the modal matrix is; 

1 °12 
-

- °2-°11 
t = 01 ~011 

1 
°12 

which are used in the subroutine DrAG. 

·1 
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DOH,) C * 
.... .... 

J011) C 
:l012)C 
J013)C 
J014)C 
~015)C 
j(\16)C 
CIOl7) C 
:i01b) C 
)019)C 
)0Z(I)C 
)021)C. 
)(lZ 2) C 
)023)C 
:J(24)C 
)025)C 
;026)C 
J027)C 
~I02 8) C 
J029)C 
J029lC 
)029:: C 
:J03(:) C 
j(31)C 
)032)C 
J033) C 
j034)C 
)(\35)C 
~03b)C 

)037)C 
J035)C 
)039)C 
J 04 0) C 
J041)C 
J(42)C 
J(\43)C 
)044)C 
)Q 4 5)C 
J(46)C 
)047)C 
j04 8) C 
)049)C 
)050)C 
)051)C 
)052)C 
;053)C 
)054)C 
)055) C 
)056) C 
)057) C 
)058) C 
~05 9) C 
005 9l C 
)0592 C 
)Ot>l)C 
DOb 2) C 
)063) C 
)064) C 
J065) C 
0066) C 
)007) C .... ... .... ... 

·?AKA~ETE~S 

CONTRJL VARIABLES 

N"l 
KEY 

KD 

NJMBER QF COKPO~ENTS 

EXECUTIJN CODE ~HICH IS EQUAL TO 
1 _ FOR GENERAL SJLJTIO~ 

2 _ FOR UNREACTING .C~SE 
3 _ FOR THE CASE ~HERE CONVECTIVE TER~ 
EXECUTIJN CODE ~HIC~ DEFINES THE JRJE~ 

REACTION 
1 _ FIRST ORDER I~REVERSIBLE RE4CTI8N 
2 SECOND ORDER REVE~SIBLE REACTION 

?RJG~A~ VARIABLES TO BE SUPPLIED 

YO HJLE FKACTIQN AT POINT 1 
YL ~JLE FRACTION AT POINT 2 
CT ~JLAR CJNCE~TRATIDN 0= THE MIXTJRE 
L FIL~THICKNESS 

KFl FORWA~D REACTION VELOCITY 
K81 BACKW4R~ RE~CTION VELJCITY 
p. PRESSJRE OF THE SYSTE~ 

T TEMPERATURE OF THE SYSTE~ 

PC CRITIAL PRESSJRE 
Te CRITICAL TEW.PER~TURE 
M~ HOLECJL~R WEIGHT 

:ALCuL~TED V~RIABLES 

DB BINARY 0IFFJSIO~ COEFFI:IENT 
o ~~ ~\ U L TI C 0 ~ P 0 r~ un D IF F :.J S 1 0 ~ C 0 E F F I C IE r H 
JO DIFFUSIVE FLUX 
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IS ZERO 
OF T-iE 

P-iI= FJRWARD RATE CORR~CTION F~CTOR ~RISI~G FROM NON­
LINEARITY 

P~IB BACKWARD RATE CORRECTIO~ FACTOR A~ISI~G FRO~ 

NDNLIt-.4EARITY 
KRL RATE CO~STA~T OF THE L!~E4RIZED R~TE EXPRESSION 
R R~ACTIO~ RATE 
N CONSTITUENT ~OLAR F~UX 
NT TQTAL MJLAR F~UX 

SUBROUTI~ES USED 
DBI~ CALCULATES THE BI~ARY DIFFUSION COEFFICINTS 
BSTEF :. CALCULATES THE ~ULTICJMPO~ENT DIFFUSION COE~FI-

RATELIN 
I"lVER 
HAT~UL 

CJL~U:.. -
TT 

CIE'JTS 
LINEARIZES THE ~ONLINEAR REACTION 
TAKES THE I~VE~SE OF THE ~ATRICES 
MULTIPLIES KATRICES 

: MULTIPLIES A ~ATRIX A~D A .COLUMN 
: THE HlTRIX OF WHICH EXP. IS TAKEN 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * *, * * 
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J 06 9) . 
:1070) 
J071) 
:i072) 
)073) 
~(74) 

~075) 

j 076) 
)077) 

j (78) 
)':,79) 

PROGRA~ :HETA{INV,JUT,TAPE5=INV,TA?E6=DUT) 
) IKE N S ION N A ~ ( 9) , Y ( 9 ) , D M ( 9, 9 ) , '( 0 ( 9) , Y L ( 9 ) , D I ( 9,9) ,A ( 9, 9 ) , B ( <; i 
DIKE'lSIO'l 05(9,9) ,DEVP2(9),EXLC9,9) ,T5(9,9) ,EXLZ(9,9) ,CO~~(9)' 
DIKE~5IO'l El(9,9),EI2I(9,9),EXL12{9,9),T6{9,9) 

jOt; (J) 2 
::081) 
:'0(2) 3 
:)053)+ 
J084) 
)085) 
)086) 
3087) 5131 
~)088) 

)039) 1815 
j(\90) + 

:1091) 11 
J09Z) 
j='~3) 4 
:! 0:: 4) 
J0,~5) 5 
j096) + 

:>(\97) 
)098) 
)~99) 3 
HUO) 
)181) ~ 

Jl(2) 15 
:11'j3) 
Jl04) 

D IKE N 5 I 0 ~ T ( 9 , 9 ) , T 2 ( 9 , 9 ) , T 3 ( 9 , 9 ) , C 1 ( 9 ) , C 2 ( 9 ) , yf4 t.. ( 9 ) , Y!~ ( 9) ,R ( " 
l) I "i E ~ 5 I 0 I.J ? C ( 9 ) , T C ( 9 ) ,D B ( 9 ,9 ) , 8 B ( 9, 9) ,:3 8 S ( 9 ) , T 4 ( 9, 9 ) , T 7 ( 9 ,9 )' 
DIMENSIO'J T8(9,9),T9(9,9),GG(9,9),~A(9,9) 
~E~L N(9),'1T,NTU,L,KR{9,9),I~(9,9),JJ(9),M~(9) 
~E~L K=I,K81,KRL(9,9) 
:HAR~CTE~*20 NM1 
~EAD(5,2,E'ID=227) ~~,L,P,T,CT 

rORMAT(IZ,F1D.5,F1~.4,2EI0.4) 
~RITE(~,3) L,P,T,CT 
FOi<..I'!A,T( I, lOX, 'L=' ,FIO.4,ZX, 'P=' ,Fl:J.4 ,2X, 'T=' ,Fl:>.4,2X,' CT= I 

E10.4) 
'JL=NN-l 
DO 11 I=l,NN 
I<EAO( 5,5181) NAM( I) ;PC( I) ,TC( I) ,w.r.'( I) 
FOR ~l A T< A 7 , 3 FLO. 4 ) 
~RITE(~,1815) I,NAt1(I),PC(I),TC(I),!'IIHI) 
;:: 0 ~ '1 '" T ( I, 1 C X, , N A '1 ( I , I 1, , ) =' ,l.. 7, , P C = , , FLO. 4, ' T C = ' , FLO. 4, ' ~~ W =.' . 
FI0.4) 
:::O~TINJE 
~EAD(5,4) KF1"KB1,~O 
FORKAT(2El~.4,Il) 

~RITE(5,5) KQ,KF1,(81 
FORMAT(/,lUX,'ORDE~ OFT~E REACTIO~ =',Il,I,10X,'KF1=',ElO.4 
3X, 'K81=' ,E10.4) 
DO 15 I=l,NN 
~E4D( 5, 8, E~D=227) YO( l) .,'(L( 1) 

FOi\"lt.T(ZF1:>.7) 
~Rl TE (~,9)l ,YO (J) ,I ,YL( I) 
FOR ~ A T ( I, lOX, , YO ( , , 11 , I ) = , , FlO. 7, 2 X , ' Y L ( , , I 1, , ) = , , F 1 :J • 7 ) 

CONTINJE 
:lO 3928 I=l,'JN 
Y (I ) = (Y 0 ( I) +Y L (I ) )f 2. 

ne,s) 3928· CO"JTI NJE 
:nOb) 'JG=2*NL 
Jl~7) )0 666~ l=l,~G 

0108) UO 5555 J=1,~G 

)189) IF(I.EJ.J) GJ TO 4444 
0110) 10(I,J)=O.O 
)111) GO TO 5555 
)l1Z) 4444 IO(I,J)=l.O 
n13) 5555 CONTINJE 
J 114 ) 6 66 6 CON TI /·IJ E 
J115) CALL OBI~(~N,PC,TC,~W,T,P,DB) 
)116) CALL BSTEF(NL,DB,Y,BB) 
~ 11 7) CAL L I 'J V ~ R ( BS ,r 0, 0,f1 ) 
nu)) DO 5801 1=1,NL 
Jl19) DO 479':) J=l,NL 
Jl20) WRITE(5,2735) I,J,:>MCI,J) 
0121) 2735 FORMAT(/,lDX,'DM{',Il,',',!1,')=',ElO.4) 
Jl2 Z ) 4 790 CON Tl I~ J E 
Jl23) 5831 CONT1NJE 
Jl24) CALL II.JVER(O"1,I,O,OI) 
Jl25) I<.EY=l 
312.6) IF(KJ.EQ;U GO TO 5532 
)127) CALL RATELIN(YL,YO,CT, KF1,KB1,KRL) 

J~282 .. _ ... '." u.q.?:t.1J I=1,NL 



D129) 
~ 130) 
n3D 
i)132) 
)133) =1105 
J134) 10=15 
)135) 5910 
)136) 
)137) 5532 

JO 1:>95 J=l,NL 
IF(I.E~.3) GD TO 9105 
KR(I,J)=-KRL(1,J) 
GO TO lO~5 

KRCI,J)=2.*KRL(1,J) 
:ONTINJE 
CONTI NJE 
GO TO 1181 
DO 5197 I=l,NL 

)138) <R( I, J) =J.O 
)139) 5197 CONTINJE _ 
)140) <R{1,1)=-KF1 
)141) <R(2,1)=<F1 
)142) 11B1 CALL M~TKUL(NL,DI,<R,B) 

)143)C I~ITI~LIZE THE TOTAL FLUX. 
J144) 5192 5UK=O.D 
)145) DO 1215 I=l,NL 
Jl46) 00-1512 J=l,"JL 
)147) SUM=SU~+DM(I,J)*(YJCI)-Y~(I»/L 

0148) 1512 CONTINJE 
)149) 1215 CONTINJE 
)150) ~T=SUM 
J151) ~RITE(b,43) NT 
l152) 43 FORMAT(/,1DX,'NTIN=',E10.4) 
0153) 70 _:ALL TT(~L,NT,B,DI,CT,T) 
)154) CALL M~T~U~(~G,T,T,T2) 

)155) CALL H6TMUL(~G,T2,T,T3) 
~156) CALL MlT~UL(NG,T3,T,T4) 

)157) CALL KlTMUL(NG,T4,T,T5) 
)158) CALL ~lTMUL(NG,T5,T,T6) 
0159) SALL MkTKUL(NG,Tb,T,T7) 
)160) CALL MlTMUL(~G,T7,T,T8} 
)161) CALL ~kTW.UL(NG,T8,T,T9) 

)164) DO 718 I=1,NG 
Hb5) DO 817 J=l,NG 

77 

:n!:J 6) EX L ( I , J ) = I D ( I , J) + T ( I , J) *:... + T 2 ( I, J) *:... * * 2. 12 • + T 3 (l , J ) * L * * 3 ./6. 
~167)+ +T4(I,J)*L**4./24.+T5(I,J)*L**5./120.+T6(I,J).L.*6./72 J. 
JI68)+ +T7(I,J)*L**7./5040.+T8(I,J)*L**e./40320.+T9(I,J)*L**9 ./3627 
l169) 817 :ONTINJE 

-3170) 718 CONTINJE 
)171) ~O 673 I=l,N:'" 
H72J DO 674 J=l,NL 
Jl73) El(I,J)=EXLCI,J) 
J174) 674 CONTINJE 
)175) 673 CONTIN~E 
J176) CALL CJL~UL(~L,El,YO,YMA) 
H77J DO 161 I=l,NL 
j178) YHCI)=YL(I)-YMA(I) 
~179) 161 CONTIN..JE 
:l18D) DO 1111 I=l,NL 
01(1) DO 2222 J=l,NL 
Jl82) <L=J+3 
0183) EXL12(I,J)=EXL(l,K~) 
0184) 2222 CONTINJE 
0185) 1111 CONTINJE 
0186) CALL I"VER(EXL12,ID,E12I) 
J187) CALL CJLKUL(NL,E12I,YM~C2) 
0168) DO 119=1 I=l,NL 

__ J189) 7lRITEC~,9191) I,C2(1) 
-. - ~- - .-- .. ' ~.~-



)BO) 9191 
51=11) l1:j9 
)192) 
J 19 3) 
J 194) 
J 19 5) 
}1=16) 
)197) 
J 19 8) 
)199) 7193 
)200)+ 
:; 2CI1) 7'519 
j2;)1l 
J282) 
0203) 
j204) 
n05) 63 
)2D7) 
:J2CJB) 
J 20 9) 
J210) :j582 
J 21U 
~'212) 

:J2i3) 101 
J214) 15Cl 
::215)+ 
) 216) 
n17) 
)218) 199 
n19) 103 
)220) 

~221) 104 
)222) 
[\223) 
:1224) 
J 225) 
:'226) 
:J227) 
~228)+ 

)229) + 
[,230) 3951 
)231) 5925 
)232) 
)233) 
~23 4) 
)235) 
~236) 5678 
)237) 
)238) 
)239)7513 
)240) 
)241) 
J(42) 9121 
)243) 5917 
J(44) 5928 
)245) 
a(46) 
)247) 
J(48) 
)249) 

F 0 ~ ~\ A. T ( / , 1 0 X, ' C 2 ( , , I 1 , ' ) = , , E 1 O. 4) 
1>ONTI NJ E 
CALL CJLMU~(~L,D~,C2,JJ) 

CALL CJL~U~(~L,K~,fO,J~) 
DO 751:j I=I,NL 

--=joe I) =-CT*JO( I) 
~ (I )=CT*~ (I> 
'H I ) = J J ( I ) + YO ( 1) * ~H + P. (I ) 
rJRIT::{6,7193) I,JO(I),I,~(I),J,N(J) . 
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F 0 ~ I-i /.0. T ( /, 1 ex, ' JO ( r', II, ' ) = ' , E 1 o. 4, 2 X , ' R ( , , 11 , ' ) = • , E 10.4, 2 X , 
'N( ',11,' )=',E10.4) 
CONTINJE 
IFtKEY.E~.3) GO TO 101 
\JTU='H 
\J T = N ( 1) + \I C Z ) + ~4 (3 ) 

~RITE(b,~3) 'H 
i=0~t!6.T< I, lOX, 'NT:', E10. 4) 
uEV="JTJ-'H 
uEV?=A3S(OEV/NTU)*100. 
wRITE (6,9582) DEVP 
F ORMt. TC /, lOX, • DEV?=', EIO. 5) 
IFCDEV?_E.O.01) GJ TO 1D1 
GO TO 70 
~iRITE(~,15:) 

FORMAT(l~l,/I,lOX,'CALCULATED CO\JSTITUENT FLJXES',1,10X, 
29('-')'/) 
DO 1:l3 I=1,N~ 

,!RITE(S,19=1) 1,"«1) 
FOR MAT ( I, 10 X, • td • ,I 1, ' ) =' ,E 11 • 4 ) 
:ONTINJE 
i'lRITE(~,104) NT 
FOR 11 A T ( I, lOX, • NT = , , E 10. 4) 
z=o.O 

. DO 5926 <A=I,lO 
Z=Z+(;.:>2 
UO 5925 I=l,'\G 
DO 3951 J=l,'lJG 
eX L Z ( I , J) = I D ( I , J ) + T ( 1 , J ) * Z + T 2 ( 1 ,j ) * Z* * 2 • 12 • + T 3 ( I , J ) * Z * * 3. 16. 
+T4CI,J)*Z**4./24.+T5CI,J)*Z**5./120.+T6(I,J)*Z**6./72 o. 
+ T 7 ( I ,J ) * Z * * 7 • /504::> .+ T 8 ( I ,J ) * Z * * 8 • I 4 Q 320. +T 9 ( I , J) * Z * * 9. 13627 
CONTINJE 
::ONTI NJE 
)0 5678 I=l,NL 
<S=I+3 
Cl(I}=YO(l) 
::.l( KS )=C2 CI) 
CONTINJE 
CALL CJLMU~(~L,EXLZ,C1,CDN) 
rlRITE(6,7513) I 
FO~MATCI,lOX,'Z=',F10.4) 

DO 5=117 II=l,NL 
NRITECb,9121) II,CON(II) 
FORMATCl,10X,'Y(',I1,')=',FID.4) 
CONTINJE 
CONTI N~E . 
IF(KEY.E~.2) GO TO 7189 
IF(KEY.E~.3) GO TO 227 
90211S'IK=1,NL 
DO 8112 J=l,NL 
I(R(IK,J)=O.O 
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)250) 8112 
::1251) 2118 
3252) 
J253) 
3254) 7189 
J 25 5) 
J 256) 
)257) 227 
)258) 

)259) 
:>2b(l) 
J 261) 
)262) 
)263) 
nt-.4) 
J 26 5) 
J 26 6) 
)267) 
C1 268) 
)269) 
)270) 
)271) ":J470 
)272) 
)273) 7 
J2 7 4) 6 
J275) 5 
)276) 
)277) 
J276) 
J279) 
)250) 
J 281) 
)262) 
)253) 

)284) 
:J285) 
J 28 b) 

J287) 2 
)Z58) 
J289) 
j290) 3~95 

)291) I 
;)292) 
) 29 3) 
)294) 
)295) 
a296) 4 
0297) 3 
)298) 
G299) 
j300) 
J301) 
)3D2) 
J3i)3) 
03(4) 111 
)305) 
J30 b) 
~307) 

~30 0) 

CON'TI NJE 
CONTINJE 
<EY=2 
so T3 1181 
'JT=O.O 
KEY=3 
:;0 TO lUI 
STOP 
~ND 
SUBRJUTI~E DBIN(~N,PC,TC,~~,T,P,JB) 

DIME~SIO~ PC(9},TC(9),uB(9,9) 
=<. E A L M.~! ( 9 ) 
UO 5 I=l,NN 
)0 6 J:1,N"J 

-IF(I.GE.J) GJ TO 7 
t. 1= (P C( I ) *? C ( J ) ) * * ( 1. /3 • ) 
A2= (TC( I) *TC( J) )**( 5. I1Z.) 
6. 3 = (l • I ~1"" ( I ) + 1 • 111 h' ( J ) ) *' * ( 1 • 12 • ) 
6.4= (T ISQ~ T< Te (1) ~TC (J» ) **2 .334 
JB( I,J)=.OD03640*A4*A1*A2*A3/P 
~RITE(6,947Q) I,J,DB(I,J) 
FOR ri 6. T ( I, 1 D X, , DB ( , , I 1 , ' , t , I 1, , ) = I , = 1·) • 4 ) 
GO T::1 6 
DB( I, J) =)!3( J, I) 
CO"JTINJE 
CO\lTINJE 
~ETURN 

tND 
SUBRJUTI~E BSTEF(N_,DB,Y,83) 
JIME~SIO"J :JB(9,9),Y(9),B3(9,9) 
DO 1 I=l,NL 
=1=YCIl/JBCI,4) 
SUIoj=O.:> 
'IN=N:"'+l 
DO 2 K=l,NN 
IF(I.EJ.O GJ TO 2 
SUM=SU~+Y(~)/DB(I,K) 

:O'JTINJE 
3B( I, I>=:1+SJM 
~RITE(b,3095) I,I,8B(I,I) 
FORMAT( I, lOX,' BB(', II, I,',I 1, I) =' ,EI0.4) 
CONTI N:JE 
)0 3 I=1,N~ 

J,O 4 J= 1, NL 
IF(I.E~.J) GO TO 4 
B B (I, J) =-Y( I) * (1. IJ B ( I, J) -1.1 DB (1,4» 
CONTINJE 
:ONTINUE 
~ ETUR N 
END 
SUBRQUrI~E R~TELIN(YL,YO,CT,~Fl,KB1,KRL) 
D 1 K E ~ S 1 O'l Y U 9 ) , YO ( 9) ,Y ( 9 ) , PHI F ( 9,":J ) , ? HI B ( 9 ,9 ) 
~EAL K~L(9,9),KF1,<Bl 

DO III 1=1,3 i 
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Y ( 1 ) = Y:'" ( I ) I Y D( I} 
~1=(1.-Y(1)**3.)/(1.-Y(1»**3.+(1.-Y(Z)**3.)/(1.-Y(Z»**3. 
AZ=1./3.+«1.+Y(1»/(1.-t(1»)**2.+«1.+Y(Z»/(1.-Y(2)»**2. 
A=AI/AZ 
E1:2.*(1.+Y{1»*(1.+Y(Z»/(1.-Y(1)}**Z. 



:)309) 
(310) 
:> 311) 
~ 312) 
::>313) 
:>314) 
J 315) 
J 316) 
)317) 
)311:» 
j 31 9) 

J320) 
:> 321) 
J 32 2) 

)323) 
)324) 2073 
)325) 5692 
j 32 6) 
8327·) 
:> 32 8) 

~3(9) 

:1330) 
J 331) 
:; 332) 
)333) .­
:>334) 
)335)' 
)336) 
:1337) 
J33a) 
)339) 
)340) 
::> 341) 
:>342) 
~ 34 3) 
:1344) 71 
)345) 
:;346) 81 
J347) 91 
::>348) 
)349) 
)350) 
J351) 234 
)3,2) 123 
)353) 
J 35 4) 
:>355) 
~356) 
)357) 
~358) 
)359) 
J3bO) 
::>361) 
)362) 771 
)363) 
J 364) 661 
:}365) 551 
()366) 
J3b 7) 
)368) 

~ 2 = (1 .. - Y ( 1) ** 3. ) 1« 1. + '( ( 1) ) * ( 1. -y (l ) * * 2. ) ) 
?HIF(1,1)=E1*(E2-A) 
i= 1 = 2. * ( 1. + Y ( 1 ) ) * ( 1. + Y ( 2 ) ) I ( 1. - Y ( 2 ) ) * * Z • 
F2=(1.-Y(2)**3.)/«1.+,(2»*(1.-'(Z)**Z.) ) 
PHIF(1,Z)=i=1*(F2-A) 
G1=3. *( 1. +V (3) )1 (1. -Y (3» *~ 2. 
~2=(1.-Y(3)**4.)/«l.+,(3»*(1.-,(3)**3.» 
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~ 3 = (1 • - Y( 3) * * 4 • ) * ( 1 • + Y ( 3) ) I ( ( 1. -'( ( 3 ) * * 3 • } * ( 1. - Y< 3 ) ) * * 2. ) 
::; 4 = 1. /3 • + ( ( 1. + Y ( 3 ) ) I ( 1. - '( ( 3 ) ) ) * * 2 • 
?HIB(1,3)=G1*(GZ-G3/G4) 
<RL(1,1)=KF1*PhIF(1,1)*Y](2)*CT 
<RL(1,2)=KF1*PHIF(1,2)*YQ(l)*CT 
KRL(1,3)=-<B1*PHIB(1,3)~(YO(3)*CT)**2. 
)0 5692 J=1,3 
NRITE(b,2073) J,~RL(1,J) 

FORHAT( I, lOX, I KP. ... <l,',I 1, I) =' ,~lO.4) 
CONTINJE 
:(ETURN 
E NO 
SUBRJUrI~E I~VER(D~,ID,Dl) 

DItIENSIO~ )H(9,9),)1(9,9),DS(9,9) 
<'Elo.L IJ(9,:t) 
:J E T 1 = D,,\ ( 1 ,1 ) * 0 H ( 2 , 2 ) * 0,.. ( 3 ,3 ) - 0 1"1 ( 1 , 1 ) * 0 Ii ( 2 ,3 ) * D ~I ( 3 , 2 ) 
JET2=-)~(1,Z)*D~(2,1)*)M{3,3)+JM(1,2)*D~(2,3)*)M(3,l) 
)ET3=D~{1,3)*DM(2,1)*D~(3,2)-DM(1,3)*D~(2,2)*D~(3,1) 

DET=DET1+DET2+D:T3 
~ 11 = - D "\ ( 3 , 3 ) (: D t; ( 1 , 1 ) - D ~ ( 3 , 3 ) « D ~\ ( 2 , 2 ) - D r\ ( 1 , 1 ) (: 0 ~ ( 2 ,2 ) 
Dill = 0 ~ ( 2 ,3 ) * D H ( 3 , 2 ) + D¥. ( 1 , 2 ) * 0 M ( Z , 1 ) + D I~ ( 1 , 3 ) * D ~i ( 3 ,1 ) 
Dl=Dl1+D111 
)2=+D4(1,1)+DM{2,Z)+DH(3,3) 
DO 91 1=1,3 
DO 31 J=1,3 
SU'"'=O.J 
DO 71 K=1,3 
SU~=SU~+)M(I,K)*)~(K,J) 

CONTI NJE 
)S(I,J)=SUl~ 

:ONTINJE 
C or~ TI NJ E 
)0 123 1=1,3 
JO 234 J=1,3 
u I ( I , J) = ( -01 * I D ( 1 , J ) - D 2 *) M ( I , J ) +) S ( I , J) ) I D = T 
:: ONTI NJ E 
CO'lTI NJE 
RET UK N 
END 
SUBRJUTI~E K~TKU~('lF,G1,G2,G) 
DIHENSIO~ G1(9,9),GZ(9,9),G(9,9) 
DO 551 I=l,NF 
DO 6b1 J=1,NF 
SUK=O.:> 
DO 771 K=1, NF . 
SUM=SU~+Gl(I,K)*G2(K,J) 

CONTINJE 
G(I,J)=SJM 
CONTI NJE 
CONTINJE 
;(ETURN 
eND 
SUBRQUTI~E CDLKUL(NI,ABB,B8B,C~) 

:. 

.: 

;1 

i1 
:1 

!1 



J369) 
)370) 

D I 1'\ E 'I S 10 'I A B B ( 9, 9 ) , B B B ( 9) , C C ( 9) 
:> 0 191 1= 1, rH 

J371) 5U~=O.~ 

B72) 
)373) . 
)374) 181 
J375) 

DO 181 J=l,NI 
5U~=5U~+AB9(I,J)*B3B(J) 

CONTI NJE 
:C(1)=5U"I 

)376) 191 CO!.JTINJE 
'J.3 77) ~ETURN 

)378) t ND 
)379) 

)380) 
B81) 

5U5RJUTI~E TT(NL,NT,e,DI,CT,T) 
DI"IE'-JSIO'J TC9,9),B(9,9),JI(9,9),t.(9,9) 
~EAL NT 

)382) 

J3~ 3) 

B8lt) 
B85) 223 
:1386) 112 
B87)C FIND 
(388) 
)389) 

0390) 
)391) 
)392) 

)0 112 I=l,NL 
DO 223 J=l,NL 
kCI,J)=NT*DI(I,J}/CT 
CONTINJE 
CONTINJE 
T "lATRIX 
)0 5 I=l,N~ 

)0 6 J=l,NL 
TCI,J)=O.O 
<P=J+3 
<DIF=K:>-J 

j3:;l3) 

J394) 
IF(KJIF.=Q.3) GO TJ 52J9 
T(I,{P)=:t.:l 

)395) 

J 39 6) 
)397) 
)398) 

)399) 
J4c)O) 

HOD 
)4:12) 

J 4D 3) 

. SO El ~ 

52J9 T(I,<P)=1.0 
6 C O~H I 14J E 
5 ~O\jTINJE 

'IG=2*NL. 
~N=N~+l 

DO 7 I=N'I,t...;G 
-DO S J=l,NL 
<=1-3 

} 4 (I 4 ) T ( I , J ) = - 3 ( < , J ) 
J4 [. , ) 8 :: 0 'I TIN J E 
)4~'6) 7 ::O\iTlNJE 
J4(·7) )0 9 I=N:-.;,.~G 

i j405) DO ID J='lN, ~G 
)409) <=1-3 
2,410) ... =J-3 
)41D T(I,J)=+A(I(,L) 
)412) 10 CONTINJE 
J413) 9 :Ot-.lTINJE 
J414) i<ETURN 
)415) =ND 
16. 0 3 • 4 4~ U C L?, A A., P :> 4 , O.449:(LNS. 
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)056) 
)057) 
J (58) 

)O~ 9) 

)ObO) 
j (lbU 
JO~2) 

)063) 
) 8b 4) 
)D65) 
0066) 
)067) 

~Ob8) 

:: (69) 
J(170) 
)071) 
)072) 
J073) 
)074)' 
JJ75) 
)076)" 
)077) 
) [178) 

u(79) 
)CSC;} 
JOE,I) 
J052) 
:l05 3) 
)054) 
JO&·5 ) 
~QS6) 

Cl[;37) 

J 0 e 5) 
J05 9) 
)\':;0) 
j::J91) 

:)0; 2) 

)(',~ 3) 

:JQ9 4) 
jO~5) 

)096) 
)097) 
)~:t8) 

)(199) 

)DO) 
j181) 

JlD2) 
HO 3) 
H04) 
JIO 5) 
H06) 
HOl) 
:lID 8) 
J 109) 
)11 0) 

J111) 
)112 ) 
J1l3) 
J114) 

, , 
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PROG><A"1 TOLJR 
D I ti E I-l S I O,~ N A'", ( 9) , Y ( 9 ) , ::> [) ( 9, 9) , D I!' ( 9, 9) ,9 ( 9 ) , Y J ( ~ ) , YL ( 9 ) , T ( 9 , 9 
DIKENSIO'l TI{9,9),YOP(=t),Y~P(9),::JEVP2(9) 

~EAL NJ,'l?(9),N(9},NT,'lTJ,L,NCD(9) 
CO~MJN/T</NL 

CHARACrE~:;:20 NA"'t 
JPEN(U'lIT=5,FIL~='DATA') 

?.J-P E N ( U \J I T = 6 , F I L E = 1 < E S U ~ T I ) 

:<'E~,D{5,l) ~JDD 

1 

2 

':: 

--

4 

5 
11 

6 

7 
13 
12 

8 

9 

IiRITE(bd) NJD 
FOi<.!'it. TC 15X, J2) 
JO 14 <=l,~JDD 

~Et.D{5,2,E'JD=227) 'IN,L,ND,CT 
r:ORr':t.TC 12 ,F1D. 5,::11.4,2X,E10. 4} 
~RITE(6,3) ND,CT,L 
;: 0 ~ K 4 T ( / , 1 Ci X, ' ND = , , Ell. 4, 2)( , ' C T =' , :: 1 CJ • 4 , I L =,' , F 1 O. 5 ) 
90 11 I=l,'l~ , 
<EAD(5,4) NAM(I),NCD{I) 
=OR1-'t.T(~7,E11.4) 

';RITE(b,5} I,NA~'(I) ,I,'lCJ{I) 
~ 0 R ;; f." T ( I, lOX, ' Nt:. f1 ( , , 11, , ) = ' ,2 X, A 7 ,3 X, "'J C D ( , ,11, t ) =' ,E 11 .4 ) 
CO:.JTINJE 
JO 12 I=1,~N 

DO 13 J =J. ,W~ 
IF(J.L~.I) G::J TO 13 
:(.EAD(5,6) DB(I,J) 
;: 0 ~ tl t TC FlO. 5 ) 
,.;RITE(b,7) I,J,D3(I,J) 
:= 0 K lId. T ( I , 10 X, , D 5 ( • , r 1 , , , ' , I 1, ' ) =' , 2 X, FlO. 5 ) 
CO'HI NJ E 
: O~HINJ E 
)0 115 I=1,N'J 
:('[AD(5,8,E~D=1l;) YO(l),YLCI) 
= 0 R '~A T ( 2 F 1 0 • 7 ) 
,.;P,lTE(S,:;l) I,YO(l),!,YL.(I) 
F 0;;: ~ t. T ( I, 1 \) X, , YO ( , , I 1 , , ) = I , FlO. 7, 2)( , , Y L ( , , I 1, ' ) =' ,F 10 • 7 ) 

115 :ONTINJE 

2 C' 
)0 20 I=l,~~N 

r(I )=(YO(I)+YL(I) )/2. 
'JL=W~-1. 

D8{2,1)=J5(1,2) 
5=Y(1)¢:D3(2,3)+Y(2)*DS(1,3)+Y(3)*D3{1,2) 

')0 21 I=I,NL 
JO 22 J=l,NL 
IFlI.EJ.J) GO TO 22 
DI'I{I,I)=)8(I,3)*(1.-Y(I»*Dg{I,J)+Y(I)*DB(J,3»/S 
J /-1 ( I , J ) = '( ( I ) * 0 B ( J , 3 ) * ( DB ( I , 3 ) - J B ( I , J) ) I S 
r:RITE(b,23) Id,OH{I,I),r,J,DM(I,J) 

23 FOR~ATC /,1DX,2(2X,'DI'I(' ,II, I, ',II,' )=',FI0.5» 
22 SO~TINJE 
21 :::ONTINJE 

CALL DIAS(D,DH,T,TI) 
YO P (l ):: TI (l ,1 ) * Y Q ( 1 ) + T I ( 1 ,2 ) * Y J ( 2 ) 
YO? ( 2 ) = T I (2 ,1 ) * Y 0 ( 1 ) + TI ( 2 , 2 ) * YO ( 2. ) 
Y L P (I ) = T I (I ,1 ) *YL ( 1 ) + TI ( 1 , 2 J * Y - ( 2 ) 
Y L P ( 2 ) = TI (2 ,1 ) *y L (l ) + TI (2 ,2 ) * Y ~ ( 2 ) 
I'iRITECo,32) YOP(l),YOP(2) ,YLPCl),Y:,.P(2) 

32 FORMAT(/,lOX,~YOP(I)="FIO.7"yOP(2)=·,FIO.7,2X'2FI0.7) 
30 CONTI NJE 



J 115) 
~116) . 
0117) 
;)118) 
J 119) 
J 120) 
J 1(1) 
JI2Z) 
J 12 3) 
J 12 4) 

:> 12 5) 
J 12 6) 
J127) 
J 12 8) 

:1129) 
J 130) 
j 131) 
)132) 
J 13 3) 
:1134) 
J 13 5) 

)136) , 
) 137) 
J138) ,; 
)139) 
J 140) 
J 141) 
)142) 
j 143) 
J 14 4) 
,) 145) 
J 146) 
) 147) 
J 14 8) 
J 149) 
J 150) 
J 151) 
::152) 
J153) 
)154) 
)155) 
J 15 6) 
0157) 
J 15 S) 
0159) 
j 160) 
U 161) 
n6Z) 
:>163) 
~1(4) 

0165) 
:>166) 
)167) 
:nbS) 
)169) 
0170) 
J 171) 
017 2) 
)173) 
n74) 

NT=ND 
wRITE(~,43) NT 

43 FOR~iAT(/,10X,fNT=f,EIO.4) 
70 i)0 50 I=l,~L 

t..1=YLP( 1) -YOP (1) 
h.2=EXP(NT/(CTtD(I» )-1. 
'J P ( I ) = .. Al *:-n I ( L * h. Z ) + NT * YO P ( I> 
NRITE(~,51). I,N?(I) 

51 FOR '" t, T { I, 10 X, IN? ( I , r 1 , I ) = • , E 10.4) 
50 CO~TINJE 

'1TU=NT 
SU"iT=O.O 
:;0 6D I=l,NL 
SUI';N=O.O 
D 0 61 J = 1 , '~ L 
SU~N=SJ~~+T(I,J)*NP(J) 

61 CONTINJE 
'1(I>=SJK~ 
tiRITE(6,~Z) I,NCI) 

6 2 ~ 0 K 'i h T C I, 1 J X, • N ( • , 11 , ' ) = 1 ,E 1 [; • 4 ) 
SU~T=SJMT+~(I ) 

60 CO~HI NJE ' 
'H=SJI'.T 
.... RITfC6,:,3) \IT 

63 FORH~T(/,lUX,'NT=·,EI0.4) 
'JEV='JTJ-\lT 
JEV~=A3SCDEV/NTU)*100. 
IFCD~V~.~E.0.01) GJ TO 1)1 
CALL NER4(~T,T,D,Y~P,YQP,CT,_,NP) 

GO TO 70 
101 JEVl=('1D-NT) 

D E V P 1 = A 8 5 ( D E V 1 nw ) * 1"0 0 • 
UO 700 I=l,NL 
JEVP2(I)=ABS«NC)(I)-N(I»/NCD(I»~1)Q. 

700 :ONTINJE 
rlRITE(~,l50) 
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1 5 V FOR ~i A T ( 1,., 1 , I I , 1 0 )( ,Ie ALe U L ATE D ~ E S U ~ T 5 A. ;:; E : 1 ,I , 1 0)( , Z B ( 1 - I ) , I; 
DOl J 3 I = 1, tJ L 
~RITE(~,102) I,N(I),I,DEVPZ(I) 

1 0 2 F 0 =< Ii t'. T ( I , lOX, , N ( 1 ,I 1 , • ) =' , E 11 • 4 , 2 X, '% ERR N ( , ,I 1, ' ) = , , F 1 D • 4 ) 
l03::0NTINJE 

tJRIH(6,104) NT,DEVPl 
104 FORHAT( 11,10X, '~T=' ,E1~.4,5X, '%ERRNT=',F10.5,11l 

14 :::O~TINJE 

227 STOP 
END 
SU8ROUTI~E DIAG(D,~M,T,TI) 

. JIMENSION D(9),D~(9,9),T(9,9),TI(9,9) 
COMH:JNIT~/NL 
C=DM(1,1)*D~(2,2)-JM(1,2)*JH(2,1) 
3=)M(1,1)+DM(2,2i . 
~=SQ~T(9**2.-4.*C) 
)(l)={3+E)/2. 
:>(Z)=(B-E)/2 •. 
G=(DM(1,2)**2~+(JM(2,2)-D(1»*~2. )**~.5 

"Ti = ( 0 "l (1 , 2 ) * * 2 • + ( D M ( 2 , 2 ) - J ( 2 ) ) * * 2. ) * *:) • 5 
T(l,l)=l.O 

, T(2,2)=1.O 
T(1,2)=D~(1,2)/()(2)-DM(1,l» 

...,,- ( 2 , 1 ) = ( D ( 1 )- D r. ( 1 , 1 ) ) I D M ( 1 , Z ) 
,i 
:1 
'I 



J 17 5) 
~ 176) 
j 177) 
:)178) 
j179) 
) Ie 0) 
)1&1) 

J182) 
:,163) 
)134) 
J 12 5) 
C>lE'6) 
j 187) 

) 18 8) 

)139) 
:; 190) 
)Ul) 

)192) 
)193) 
)194) 
J 1 ~ 5) 
:; 19 6) 
:;197) i 
Jl 96) 
)199) 
:; 2DC') 
)2(;1) 

:; 2 C~ 2) 
:; 2:, 3) 
::2(4) 
,)2(; 5) 

)2:>6) 
) 207) 
)2:iO) 
:'2(:9) 
)21C) 
~1211) 

=< = T <1 ,1 } * T ( 2, 2 ) - T (l ,2 ) * T< 2, 1) 

T I ( 1,1) =1.0 * T ( 2,2 ) I R 
TIC2,2)=T(l,1)fR 
TI11,2)=-T(1,2)/~ 

TI(2,1)=-1.O*T(Z,I)/R 
)0 15 I =1 ,~~L 
rlRITE(~l!25) 1,0(1) 

2 5 ; 0 R II, t., T< I, lOX, , D ( • ,I 1 , , ) =' , F 1 J • 5 ) 
)0 35 J=l,NL 
.... RITE(b,45) I,J,TCI,J),I,J,TI(I,J) 

4 5 ~ 0 R "\ 1:., T ( /, 10 X, 2 ( 2 X ,. , T ( • , I 1 , • , ' , I 1, ' ) =' ,F 1 D • 5 ) ) 
35 :::ONTINJE 
15 CONTINJE 

~ETUt<N 

E NO 
SUBRDUTI~E NERA(~T,T,D,YLP,YOP,CT,L,NP) 
~ I HEN S I O~ T( 9 , 9) , D ( 9) ,Y L P ( 9 ) , YO P ( 9) , id 9 ) , B ( 9) ,E ( 9 ) 
~EAL N~(9),NT,NTJ,L 

:::OI<jMJI~/T=<INL 
r = - ~H + C T ( 1 , 1) ... T ( 2, 1 ) ) * \J P ( 1 ) + ( T ( 1, 2) + T ( 2 , 2 ) ) * ~ p ( 2 ) 
SUh=O.~ 
)0 55 I=l,~L . 
A. ( I ) = E X P ( NT I ( C T*:> ( I ) ) ) 
8 ( I ) = Y _ P ( I) -y 0 P ( I ) 
EO )=TCl, I)+TC2,I} 
FP1~SCI )*U,(I )-I.)/L 
FP2=NT*aC I)*A( 1 )/(~*CT*DC 1) 

F P 3 =E (J ) * C ( FP I-FP 2) I {A ( I ) -1. ) ** 2. -Y O? ( I ) ) 
5 U t·; = 5 U ~ - F P 3 

55 CO~TINJE 
NTU=NT 
FP=SUt·~ 

'IT=NTU+FI (FP-l.) 
tiRIT!:{b,105) NT 

105 FORI~t.T(/,10X,·FRJt-j SUB:;:. NERll.: NT=',EIJ.5) 
~ETU:;:N 

END 
17.23.~5.UCL?, A~, PJ4 n.236<UJS. 
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)051) 

~05 2) 
)053) 
)054) 
)055) 
0056) 
)057) 
; 058) 
j(59) 

JObO) 
JOb1) 
j(l~2) 

JOb 3) 
J 06 4) 
jOb5) 
3(66) 
)067) 
DObS) 
JOb9) 
0070) 
~O71) 

0072) 
;)073) 
:;(74) ,. 

J07,) 
:;076) 
)077) 
0078) 
)079) 
JOS(l) . 

:JD8U 
~(32) 

:;0&3) 
j 05 4) 
JOB ,.) 
~I 0 C. 6) 
:;Ob 7) 
)088) 
;)089) 
)090) 
;)091) 
~O92) 

)093) 
)094) 
)095) 
;)096) 
)097) 
)098) 
;)099) 
j 100) 
0101) 
:)102) 
n03) 
3104) 
n(5) 
Jl06) 
HO?) 
JlOS) 
0109) 
:lilO) 
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PRDGRA"i T~YLDR 
DIM P': SID 'I N A ~ ( 9 ) , Y ( 9 ) ,~B ( 9 , 9 ) ,D 'q 9, 9) ,Y 0 ( 9) , Y L( 9 ) 
DIME~SIO~ PHI(9,9),EPHI(9,9),S(9,9) ,T(9,9),P(9,9),OEVP2C9) 
REAL ND,~(9),NT,NTJ,L,~CD(9),JD(9) 

CHARACTE~*20 NAH 
QPEN(U'IIT=5,FILE='DATA' ) 
JPEN(U~IT=6,FILE='~ESULT') 
REAO{S,l) NDL) 
tlRITECo,l) NDD 

1 FORM~T(15X,I2) 
DO 14 <=l,NDD 
~EAD(5,2,END=227) ~N,L,NO,CT 

2 FORH6.T( 12,F1:>.5,~11.4,2X,t10.4) 
~RITE(~,3) ND,CT,L 

3 F 0 ~ K 4 T C / , l:l X, r ~D = r , Ell. 4, 2 X , , C T =' , :: 10 • 4, , L =.' , FlO. 5 ) 
DO 11 I=l,NN 
~EAD(5,4) ~A~{I),NCD(I) 

4 FORMATCA7,El1.4) 
~ R'I T E ( ~ , 5) I, N A '1 ( I ) , I , \j C ~ ( I ) 

5 FOR~AT(/,lOX,'NA~(',Il,r)=',2x,A7,3X,'~CD(',Il,')=',El1.4) 
11 CONTlNJE 

:>0 12 I=l,NN 
DO 13 J=l,NN 
IF(J.L=.I) G:J TO 13 
READ( 5,6) JBC I ,J) 

6 FORKf.:.TtF10.5) 
vlRITE(6,7) I,J,D8CI,J) 

7 = 0 R ,,\6. T ( I, 1:J X, , DB ( t , I 1 , , , ' , I 1, , ) =' , 2 X , F 1 (1. 5 ) 
13 ::ONTINJE 
12 CO~TIN~E 

DO 15 I=l,~N 

READ(S,8,E"-:D=14) YJCl),YL.(I) 
8 FORMAT(2F10.7) 

WRITE(S,9) I,YOCI),I,YLCI) 
9 FOR M t. T ( I , lOX, , Y DC ' , I 1 , , ) = , , FlO. 7, 2 X , , Y L ( , , I 1, , ) = , , FlO. 7 ) 

15 CONTINJ~ 
DO 2D I~,NN 

20 YCI)=(YO{J)+YL(I»/2. 
'JL=NN-l. 
)BC2,1)=~8(1,2) 

G = Y C1 ) * 0 B C 2 ,3 ) + Y ( 2) * D B ( 1, 3) + Y ( 3 ) * 0.3 ( 1 ,2 ) 
DO 21 I=l,NL 
DO 22 J=l,NL 
IFCI.EJ.J) GJ TO 22 
o H ( I, I) =D B ( 1,3 ) * ( (1. - Y ( I ) ) * 08 ( I , J ) .. Y ( I) * D B ( J, 3) ) I G 
D ~ ( I, J) =Y (I ) * 08 ( J ,3) * (D B ( 1,3) -) B ( I, J) ) I G 
wRITE(S,23) I,I,DM(I,l),I,J,Ol'l(I,J) 

23 FOR'HTC/,lOX,2(2X,'DK(' ,II,', ',11,' )=',FI0.5).) 

22 CO"JTINJE 
21 CONTINUE 

A33=CD~(1,1}+DM(2,1»*(YJ(I)-YL(1» 
~44=(D~(1,2)+Dr,(2,2»*(YD(2)-YL(2» 

NT=CT*(A33+A44}/L 
rJRITE(!>,43) 'IT" 

43 FORMAT(/,10X,'NTIN=',E10.4) 
v=~/(Cr*(D~(1,1)*DM(2,2)-D~(1,2)*D~(2;1») 

70 PHI C1,1 )=NT*V*DII,(Z,Z) 
PHI(2,2)=NT*V*D~(1,1) 

? HI (1 , 2 ) = -~ T * V * D M ( 1 ,2 ) 
PHI(2,1)=-~T*V*O~(2,1) 

, 
I' 

I 

i , 
II 

Ii 
i 



! Ull1) 
)112 ) 
J1l3) 
)114) 707 
H15) ~O9 

H16) ~O8 

Jll 7) 

HI8) 
)119) 
J 12 0) 

J1Zl) 
H22) 
HZ 3) 
)124) 
H25) 
H26) 
H(7) 

HZ 8) 
HZ 9) 
)130) 

.. )131) 

)132) 
,. 

J13 3) 
)134) 
Jl35) 
) 13 6) 
}13 7) 
H38) 5931 
Jl39) 
Jl40) 
)141)-
:,lL.Z) 
Jl43) 
j14Lr) 
~14:') 

JI46) 63 
Jl'tn 
jll;8) 

[1149) 
V 150) 
)151) 101 
H52) 
)153) 
Jl54) 
H5 5)' 5921 
)156) 
0157) 
J15 8) 
n59) 70(1 
JIbO) 
01b 1) 150 
JI6 Z) 
JIb3) 
)1b4) 102 
jIb 5) 103 
Hb6) 

DO 608 1=1,2 
DO 6D9 J=1,2 
WRITE(6,707) I,J,Pil(I,J) 
r:: 01<. "I L. TC I, 10 X, ' PHI( , ,I 1, I, " Il , I ) = • , E 1 (I. 4 ) 
CONTINJE 
CONTI l\JUE 
CALL A_FA(PHI,AL1,AL2) 
EPrlI{1,1)=6.L1*PHI (1 ,1)+ALZ 
t ? -i I ( 1,2) =A L 1 * P rl I ( 1 ,Z ) 
EPHI(Z,l>=flLl>1"PHI(2,1) 
EPrlI(2,2)=ALl*PHI(2,2)+A~2 

89 

:; = ( (E P i 1 ( 1 , 1 ) -1. ) * ( E P HI ( 2 , 2 ) -1. ) ) - ( E P HI ( 1 , 2 ) * E PHI ( 2 ,I) } 
S (1,1 ) = (E PH I (Z,2) -1. } IS 
5(I,Z)=-EP!-iI(1,Z}/S 
5 (2 ,1') = -E PHI ( Z ,U I G 
5 ( 2 ,2 ) = ( E PHI ( 1 , 1 ) -1 • } I:; 
T ( 1 ,1 ) = C r * ( ( D K ( 1,1) * PHI Cl , 1 ) ) + ( D"I ( 1 ,Z ) *' PHI ( Z, 1) ) ) I L 
r ( 1 ,2 ) = C T *- ( (D "l (1 , 1) * PHI ( 1 , 2 ) ) + ( D ~ ( 1 ,2 ) * P r-j I ( Z, 2 ) ) ) I L 
T ( 2 ,1 ) = CT * ( (D 1-\ ( Z ,1) * P ~ I ( 1 ,1 ) ) + ( D": ( 2 ,2 ) * ? H I ( 2, 1) ) ) I L 
T ( 2 , 2 ) = C T * ( (D H ( 2, 1) * PHI (1 , 2 ) ) + ( 0 ~ ( 2 ,2 ) * ? HI ( 2, Z ) ) ) I L 
? (1,1 ) = (r (1,1 ) *5 (1,1) ) + (T (1,2 ) * 5 ( 2,1) ) 
? (1 ,2 ) = (T (1,1) *5 (1,2) ) + (T (1,2) * 5 ( 2,2) } 
? ( 2 ,1 ) = ( T (Z ,1 ) *5 I 1, 1) ) + ( T ( 2 ,2) <- 5 ( 2,1) ) 
p ( 2 ,2 ) = (T 12 ,1 ) *5 ( 1 , 2) ) + ( T ( 2 ,2 ) * S ( 2, 2) ) 
J 0 ( 1 ) = ( P ( 1, l) * ( Y Ll ( 1 ) - Y L ( 1 ) ) ) + ( ? ( 1 , 2 ) * ( YO ( 2 ) - Y LC 2 ) ) ) 
J 0 ( 2 ) = ( P ( 2, 1 ). * ( Y 8 ( 1 ) - Y L ( 1 ) ) ) + . ( p ( 2 , 2 ) * ( Y 8 ( 2 ) - Y L ( 2 ) ) ) 
IIRITE<b,59tll) JOIl) ,JO(Z) 
:: 0 ~ t~ A T ( I , 1 C; X, t J Cl( .1) = , ,: 1:) • 4 , ' J J ( 2 ) = , , El :' • 4 ) 
'( 1 = { S ( 1 , 1 ) 'it ( YO ( 1 ) - Y L ( 1) ) ) + ( 5 ( 1 , 2 ) * ( Y:J ( 2 ) - Y L ( 2 ) ) } + YO ( 1 ) 
Y 2 = ( 5 ( 2 , 1 ) * ( Y G ( 1 ) - '( L ( 1) ) ) + ( 5 ( 2 , 2 ) :;: ( YO ( 2 ) - Y L ( 2 ) ) ) + Y J ( 2 ) 
'i ( 1 ) = J J ( 1 ) + NT :;>Y8 ( 1 ) 
\j (2 )=JJ (2 )+~H*YO( 2) 
>.JTU="n 
'iT=N( 1) +'J{ 2) 

,; ~ i T ~ ( b , ~ 3 ) t~ T 
F 0;;: ~A T I I, 1:) X, ' tH = , , !: 10. 4 ) 
DEV='n J-'H 
JEV?=A95(OEV/NTU)*lOO. 
IF(DE.V~._E.O.01) GJ TO 101 
GO TO 70 
JEV1={\lO-NT) 
DEVPl=)EVl/NJ*10D 
IF(OEVP1.GT.O.) GO TO 5921 
JEVPl=-DEV?l. 
)0 700 I=l,NL 
DEVP2(I )=('ICD( I>-N( Il )/NeDI 1)*100 
IF(DEVP2(!).GT.0.) GO TO 7;0 
DEVP2 (! )=-9EVP2(I) 

COt-.lTINJE 
ri~ITE(6,15J) 
FO;;;'MAT( 1;1, II, lOX,' CALCULATED RE5U"- TS ARE: t,; ,lOX,28( I_I) ,I) 
JO 1:>3 I=1,N~ 
nR.ITE{6,102) I,N(I),I,DEVP2II) 
F 0 Q, ,~ A T ( I, 10 X, t N ( " I 1, ' ) = t , E 11 .4, 2 X, , % E ~ R "J ( t , I 1, ' ) = I , F 1 J • 4 ) 
CO'lTINJE 
~RITE(S,104) NT,DEVP1 



- .-

j1~7) 

0168) 
J 169) 
:> 170) 
)171) 
:)172) 
J 17 3) 
) 174) 
J 175) 
)176) 
j 177) 
J 17 8) 

:'179) 
:'18D) 
:1181) 
:)182) 

:> 18 3) 
jl~4) 

Jl55) 
)186) 

104 FOi\Ht..TCII,lOX, 'NT=' ,EID.4,5X, '%E~R\jT=',F10.5,11) 
14 :ONTINJE 

227 STOP 
E NO 
SUBROUTI\lE ALFACPHI,AL1,AL2) 
DIMENSIO\l ?HI{9,9) 
~EAL U,1,LA2 
:: = PHI (l ,1 ) * p;; I C 2 , 2 ) - PHI ( 1 ,2 ) * P:-l I ( 2, 1) 
3=PHI (l,l)+P-lI (2,2) 
E=SQ~T(B··2w-4.*C) 
:..A2=(B+E)/2. 
_,n=( B-E) 12. 
,I,RITE(:,,25) LA1,LA2 

25 =OKl'it..T( I, lDX, 'L~l=' ,E12.5,2X, ':...A2=' ,E12.5), 
AL1=(EXP(LA1)-EXP(~A2»/CLAI-LA2) 
AL2=(LA1*EXPCLAZ)-_A2*EXP(LA1)/CLt..1-LA2) 
~RITE(~,35) AL1,AL2 

35 F 0 K 1-1 t, T ( I, 1 D X, ' AL 1 =' , E 10.4, 2 X, ' A L 2 =' ,E 1 j .4 ) 
<'ETU~N 

END 
16.5).53.UCL?, AA, PJ4 , O.211KLNS. 

, 
.' 
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