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ABSTRACT

The linearized oquations of multicomponent mass franéfer.with
chemical reaction are solved by matrix methods for a film model. The |
mo]ar‘f]ox of each component at the film boundary and the ooncentration
orofi]e of each compooent'ackoss the film are calculated. The genero]
solution obtaioed is also app]iéd to two variationshof:the mass transfer
prob]em; the case When there is no reaction and the case when there 1s. o
reaction but no convection. The‘method of solution is applied to the =
"cyclopropane-propene-argon-neon ond the jodine-hydrogen-hydrogen jodide-
argon quaternary reactiog-Syotems. The homogeneous reactions in both
cases occur isothermally in the gas phase. The'reso1ts of the compotdtions
show that as the reaction rates increase or as the diffusiVe‘fluxes dec~ -
reaséJhe enhancement factors 1ncreasé. The Tower fluxes obtajnéd 1n'thé
cases when'the convective terms are equated to zero showsthat the cOnVec—
tive mechanism of mass tronsfer is just as important as the diffusive and

reactive mechanisms in the film.




BE

UZET

Cok bilesenli ve kimyasal reaksiyon]u kiitle transferinin iihearize
edf]mis denklemleri matris metoduyla bir film mode]ivicin ¢coziilmustiir.
Film sinirinda hirbir bi]esinin molal ak1$1 ve ff]m boyunca herbir bile-
senin konéantrasyon degisim'egris}.heéaplanm1st1r. Bulunan genel gﬁzUm'
ayni zamanda kitle transferi_prob]eminﬁn 2 dedisik durumuna; reaksiyon
olmadi§i duruma ve reaksiyonun o]dugu fakat konveksiyonun dlmad1§1 duruma
uygulanmistir, CﬁzUmimétddu.sik16propan-propin-argon-neon'veiyqt«-hidro- -
jen—hidrdjen 1yodﬁr§argon dortlii reaksiyon olusan sistemlere uygulanmistir.
Her iki durumda da homojen reaksiyonlar sabit derécédevgaz fazinda olusu};
Hesap]ar1n sonucuna gore reaksiyon akislars co§a1d1g1ndé veya diffiiz g@en
ak1s azaldiginda, artma katsayisi codalir. Konveksiyon tefiminin_s1f1ra
esitlendigi durumda e}de edj]en diisiik akilar, kiitle transferindeki kon-
veksiyon mekanizmas1n1n; diffiizyon ve reaKsdyon mekanizmalar: kadar Gnem-

11 oldugunu gdstermektedir.
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I, INTRODUCTION -

Many industrial separat1on processes 1nv01ve muTt1component m1xturests

that have finite rates of mass transfer probab]y,W1th chemical react1on,

~and the real model would have to be d1fferent from the equ1]1br1um |

stage model. In mu1t1component mass transfer w1th chem1ca] ‘reaction dua]
coup]1ng occurs, one is “the s1mu1taneous reaction coupling dependlng on
l_the Tocal contentrations, and the other is d1ffus1on coupllng depend1ng
“on the local concentration gradients. Accord1ng]y, a part1cu1ar species

may transfer in oppdSite direction to its own concentration gradient;

:may not. transfer at all even thougn a‘gradient for it exists, or it mey ~

be transferred through the med1um even if it has no. concentratwon grad1ents .

since the rate of. d1ffus1on of each spec1es is dependent on all the con-

"centrat1on grad1ents

Even though mu]titomponént mass‘transfer 6an appreciably couple’
with chemical react1on these effects have not been fully stud1ed exyer1—'
. mentally. “Also, there is a lack of general solution of the prob]ems

haw1ng coup]ed d1ffus:on and homOgenous reactions in 11terature.

In th1s study,f1rst the so]ut1on of the linearized equations of

of mu1t1component mass transfer by matr1x methods: deve]oped by ear]1er




workers 1svstud1ed_and apﬁ]ied.’Fina]]y, the linearizedvequations of‘
multicomponent mass transfer withychemiéal reaction is. solved by matrix
methods. ‘Startfhg from fhe ]inearized’continuity~equatiohs, the;seCOnd
.order d1fferent1a1 equations are reduced to .. firstorder differéntiai
equat1onsuand the so]ut1on is obta1ned in matr1zants Through a tr1a1’;
“and error procedure -the finite rates of 1nd1v1dua] mo]ar fluxes, total .
mo]ar fluxes and concentrat1on prof11es are eva]uated for a Tilm model.

As app11cat1ons cyclopropane~ propene argon neon and 1od1ne hydrogen hydrogen=f

.1od1de— argon quaternary react1ng systems are stud1ed




11, THEORETICAL BACKGROUND

IT.A - SOLUTION OF THE LENEARIZED EQUATIONS OF MULTICOMPONENT MASS
_TRANSFER BY THE UNCOUPLING METHOD.

The Stabting point for the 11nearjzed'thedry is tneso-caTled'

continUity equation in which Fick”i law for diffusionlis inserted. For

an n+l component system

_EEj__+'yl{ V Ci }a~g.3i+ri 151,200, .(II.A;15 A
Fe-IDigYC . i=l2eian (ILA2)

These n 1ndepehdent differential equations: can be represented'in n dimen-

sional matrix notation as

ag%)' £yl Y (C)} = =g (§) + () * :; s (11.A!3) -

() = - 01 (1) (11.A.4)

where (C) is the concentration vector, (j) flux vector, (r) reaction_"




vector and [D] multicomponent diffusion coefficient matrix. The D{jiare

cross diffusion coefficients if ] and main diffusion coefficients if =

=],

| In muiticomponent'mixtufes, £he diffusion-rate df one Speciés
1$‘dependeht not only on its own concéntration'éradient but on all fhe
6ther'concentrationvgradieﬁtéias well. Hence a coupling exists between
the'individual gradients which makes thé'ca]cu1ations a great deal more

complicated than the binary-éystems. A poésibie result of the coup]ihgf

is.that a particular species may diffuse in opposition to its own concen-
tration gradient, or may not transfer at all even it has a concentration..v”'

gradient, or diffuse significant]y-with no concentration gradient.,1f~a1]“"

the .cross diffusion coefficients gb td zero, there will b2 no colipling.
Therefore the cross coefficients in eqtn(JI.A:@)may be cohsideréd.to rep-

resent the coupling.

As éxp]ained in Chaptéf I1.C, the concentratiqn dependent'multi-_
vcomponént diffuﬁion coefficients‘fof f]uid§ can be predicted from the
conCehtratjon independent bihary difosidn coefficients by making use
: of'phe Generalized Maxwe]l-StefanqudatiQns. Cussler (]976)>pojnts_6ut.

that. the concéntration dependence of the D;k in liquid systems is often

. -.small. Also, .for 1iquid mixturés, the computatibn of Dik from the Gené- 

|  ra1ized Maxwé]]-Stefan eqdations requiréé complete~knOW1edgé'on ﬂ{k“and_
the activity coefFicients yﬁ;.So, usually, measurement of Diy's eXpérif
‘mentally are preferred for_Tiquid gystems; As fdr the gas mixthreé;ﬁihe
{Dﬁk Qary wfth‘concentratioh more significantly and the dewe]]-Stefan
équatidns.are ufi]izéd preferably for the combutation»of these COeff%ci—

ents.




(8]

The kinetic theory of gases require that the main diffusion

coefficients are always ihdividua]]y positive, i.e

. Dji > 0 . 1=12,....,n (IL.A5)

7 Moreover the D1k measured exper1menta]1y suggest the va]1d1ty of eqtn _bf'

(I1.A.5). The cross diffusion coefflc1ents Dik (i#k) can be e1ther .
“negative or positive. In addition, the sign of these cross coeff1c1ents/

“can be changed byﬁa]tering~the numbering of the.compohents;

The matrix eqtn (II1.A.3) in which eqtn (II.A.4) is substituted
can be pértia]]y linearized if the matrix [D] is assumed to be independ-
ent of concentration through the diffusion path as shown hy Toor‘(1964)

and Stewart and Prober (1964). The matrix [DI of this linearized -matrix

eqtn. is'usua11y calculated at the average concentrations in between the o

' boundar1es The reaction term can a]so be Tlinearized was exp1a1ned

Delancey ("1974).

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

becomes

sgg) PRV () T =00+ () | (11.A.6)

Uncoup11ng 1s accomp]1shed by a s1m1]ar1ty transformat1on o

as shown by Toor (1964). In th1s method the modal matr1x [t] is’ found
'.by d1agona]121ng [D] such that




. 5-
-1 = 16 . P
[t bl [t_],-' 2 = DI o (I1.A.7)

where Dy,Dp,....,Dp are the eigenvalues of the matrix [D] that are
. obtained by solving the characteristic equation of [D1. There are n -
roots of the characteristié equation of whichi Sdmé of them may be

repeated. The real parts of -the roots must be positive for th1s method

to be va]1d

For ternary. gas m1xtures, 1f the’ components are chosen SO that-
~the binary diffusion coe1°1°1c1en’c17]2 is the sma]lest of three Dij, then

the D4 w111 always be real, positive and d1st1nct for all but tr1v1a1'

~ solutions. Furthermore, if the cross diffusion coefficients in Tiquids = .

- are much less thah the main coefficients and the differehce,between_
“the main coeffitiénts-is‘sma11? Toor (1964 a) indicates that the Di,
will never be negativév They may'be'comp]éx but the real parté-wi]T
always be pos1t1ve So far in all systems, in wh1ch the D1J have: been

ﬁmeasured 1t is seen that the Di are real, pos1t1ve and d1st1nct

‘ "If‘there are repeatéd roots Di, it may or may'not~be possible
to find a nons1ngu1ar [t] which d1agona11zes £D] s1nce [D]1 is nonsym- -
‘metrical. In all s1tuat1ons stud1ed so far (ternary ]1qu1ds and gaces)

“the roots are distinct, so [t] is nons1ngu1ar

If react1on ex1sts, since (r) = [k1 (C ) [D] and [k]"
= matr1ces must commute in order to have both- matrices in d1agona11z=d

- form. The.commutat1on,property of [D] and [k] covers on]y special o



cases of realAmu1ticomponent systems.

- When thére'is no reaction and for a steady-state unidirecﬁiona] ‘

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

Lveyr-m £ (11.A.8)
z . o s
d22 : - :

Or, in molar ffactions,'when the total concentration is constant

d_ (v (x) }=[p] d (x) - | (11 A 9} _
o DL = - MR

dz®

If eqtn (II.A.9) is multiplied by [t]-] from the Teft; and [t] [t]™"

multiplication is introduced'aftEr'the'ED] matrix
-1 =1 rnq Y. - -
LI 4 } = [t17 [0 [t] [t17~ 42 (x) I11.A.10)
- W ’ , D { A )

-one can obtain the following’ equation -

[E dz(;() - V. dd(;‘Ln o ' -(I.I.A.'l].).
dz z : '

where (&) = [t]-] (x). Using the indical notation, eqtn (II.A.11) is
_wWritten as |
5 i Ly 43 .g

dzz » -dz

.i = ].’2’...;{] (II.A.]Z) B '

~ The %; are defined as pseudo compositions.




The second order differential equation is now in the uncoupled
form, since the pseudo variables pTay the role of variables of a binary
mixture with the diffusion coefficient'ﬁi. The boundary conditions are

i = Xjo at Z;O and‘xi = XiL at z = L. If nondimensional variables

‘are used such that

Ri - Xio ’ o .-:': z

3}
[3)
=
o

[N
n

i

Y = ———
XL = %o

-equation (I1.A.12) becomes

;Ei; ¢? ¢Z__ Sy 4% =0 - ],2:;...,n (11.A.13)
dZ*2 ' ty = S L
dz .
. while the boundary conditions are at i* =0 i =0, and at 2&‘_ 1

Vi1,

Accordingly, the solution is obtained as

exp (VZ/Di) -1 i = 1,2,....0 (ILAI4) o -
exp (V / Di)- 1

<=
-
"

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

transformation by fhe following equation,
(x) = [t] (}) o (11.A.15)

The constituent'f]ux equation is composed of diffusive and ¢onvec-
© tive terms, ' ' ' '




M= rve) C aLAe)
Or, : ' : . R o
(N) = £RL. 4 (C) +.v(C) | (11.A.17)
d z" RN -

In the same way, the pseudo fluxes (n) are obtained by premu]tﬁp]ying'
“the relevant equation-by_[t]_] and inserting [t] [t1"" after the [D]
matrix. ‘ |

_ (n).= _JEiJ;._Q;LQl_ +V(B)
1

L (I1.A.18)

Or,'

Bl 4@ ,vew (ILAI9)

(M -
. L d z°

~ o

~ where (X) is replaced by the solution of eqfn (11.A.12). Then, the real
. fluxes are determibed by back tranéformation such that . |

(N) = [t (n) - o | ~ (I1.A.20)

Fina]ly{the.tota] flux is obtained by summihg the individual.fluxes. In
order to find the total flux Ny» @ trial and error procedure 1s needed |
since ‘the reference velocity V.='Nt/C and for that reason eqtn (II.A.19)

is implicit.

Thei]inear dependence among the mole fraction gbadients means
‘that an additional relationship, called the determinancy condition, is
required before the.'n‘Ni can be computed. For isothermal and isobaric

conditions, the determinancy conditions can be equimolar counter transfer .
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or diffusion_throhgh a stagnant nth species. In the former ca§e7ho_

iteration is needed to find the constituent fluxes, sinte Nt is known.

The outline of the iteration procedure is as follows: -

STEP 1..CéTcu1até'ménw1t1§dmponent diffusion. coefficients D;;at the arith-

‘metic average composition between the boundary concentrations X;o and

XL

STEP II. Find the eigenvalues 51'of the matrix [D] and the elements -
of the modal matrix [tl. |

STEP 111. Find the pseudo compositions at the boundaries by’muTtiplying C

the inverse of [t] matrix with the composition column vector (x) at the

boundaries.

- STEP IV. Initialize total flux by multiplying the n dimensional mu]ti-'
component diffusion matrix with the column vector of -the real composition

_differences at the bpundaries.

1 STEP V. Find the pseudo constituent fluxes at 2* =0 byAusing eqtn.
(II.A.19) | '

STEP VI. CaTcu]ate the real constituent fluxes at 3% 0 through back
transformation by using eqtn. (II.A.20).

STEP VIi;__Find the tbta] constituent f]ux by summing the individual .

constituent fluxes.

STEP VIII.‘Check;whéther'the difference befweeh the calculated total
f]ux and-the used total flux is less than a predetermined error factor,

'a. If it is so, the procedure ends. .If not, a ncw tota]’flux is guessed.



i.e using the Newton Raphson method and all the éa]cu]ations are

‘repeated starting from STEP V. till convergence occurs.

11




11.B - SOLUTION OF THE LINEARIZED EQUATIONS OF MULTICOMPONENT MASS
TRANSFER WITHOUT THE UNCOUPLING METHOD . |

Multicomponent mass transfer for a nonreacting m1xture can be -

exam1ned bj solving the cont1nu1ty equat1ons of spec1es

gii +VNj =0 i=1,2,....,n (IL.B.1)
where there exist only n 1ndependent d1fferent1a1 equations for an
nt] component system. The N1 are the const1tuent molar Fluxes that

- are composed of a d1ffu51ve flux and a convective flux.

Ni = Ji + Xi Nt i=1,2,....,n (I1.B.2)

,,The J1 are the d]ffus1ve fluxes that can be. expressed by the genera]-

1zed form of . Fick's Taw

. n '
di == L Dik ¥ Cy
kel -

i's 1,2,....,n  (I1.B.3)
Or it is written as

‘ , . n ‘ . . ". '

_‘]_'i =-C ¥ Dik v Xk 1= 1,2,....,n: (II.B.4)

k=1 - S | "

if a gas mixture is of concern instead of a Tiquid mixture.

Introducing eqtn (II.B.4) into (II.B.2) and eqtn (II.B.2) into

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

12




The matrix [D] represents the concentration dependent mu]ticdmponentv
diffusion coefficients. According to -the linearized theory ofvmu1ticom:
ponent méss transfer (Todr; 1964; and Stewart and Prober, 1964}, the |
total concentration C and the matrix C tD] are eseumed to be constant.bb

along the mass transfer path. Consequently, the linearized matrix dif-

ferential equation is

+ 9 (N (x)) = € 101 92 (x)  (1.8.6)

[-P]
ot

. Here, it eou1d be SatﬁsfaCtory toﬁga1cu]ate the mu]ticomponent.
diffusion coefficient matrix [D] at the evarage concentration in between
the boundaries of the diffusioh path. If the concehtration gradients are
small, the change of [D] matr1x w1th distance won't be of s1on1f1cance ;,
The mu1t1component diffusion coeff1c1ents can be found accurate]y for
gas m1xtures from b1nary diffusion coeff1c1ents by mak1ng use of the
Maxwe]]-Stefan equations. For 11qu1d mixtures theoretical pred1ct1on of

the Dik are less deve]oped and hence exper1mente1 value of these coeff1-

: c1ents are preferred (Cussler, 1976).

As shown'by.Taylor (1982); if the linearized differential mass

balance can be reduced to the first order matrix differentia] eqtn.

d_d(y)f = [ An) 1 (¥) + (a (n)) . (11B.7).
: ‘. |

then that eqtn'can be solved without using the uncoupling procedure.
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The'mdst geneka1 methbd for solving this eqtn. is explafhed by Amundson ,}
_(1960) and also eﬁphasiéed by Tay]or}(1982)'1n thch the solution is obtained.
inﬁtérm§ ofi matrizaﬁt§ wheré%theAmatriZant representsan m—fd]d,itérafed.
1ﬁtegra1. The advantagg of this method is that the tjresoﬁe computation of

the eigenvalues of the [D] matrix is avoided. Eurthermdre, this method

is utilized if [D] can not be diagohalgzed or the modal matrix can ndt

be found. | |

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

.-the film model, eqtn. (II.B.6) becomes -

N 4 ()= (D] -%E-ggl- - (11.8.8)

dz.

'where'Nt, C and [D] are constant. By 1ntégrating eqtn. - (I11.B.8) once,

Ne(x) = ¢ 101 —4(X) 4+ (constants) 7 (11.8.9)
' d z , ,

From the form of the so]ution, it can be concluded that the
constants in eqtn. (II.B.9) are the constituent molar fluxes, Ni. Then

yi are introduced where ¥ = N1 / Nt

(x)":.cf[lg].' ddiz) +(v) © (I1.B.10)

'HaV1ng the ¥'s as.constants, the eqtn. is made homogeneous by subtrac-

ting the (¥) from each cdncéntrétion'co1ﬁmn;.

_ C[D] d (x-y)
.Nt | dz

(x=4) (11.B.11.)

Eqtn. (II.B.11) is rearranged and dimensionless distance n, and matrix



v

» of rate factors [§]1 are .introduced such that n=2/8

--1
(o] = Nt 8 [D]'

(I1.B.12)
c .
where § is the fi]m:thickness,for diffusion.
d QX-W) = [g1 (x-¢) | ‘ (II.B.13)
n . B ,

| Eqtn. (II.B.13) 1is the reduced form of the continuity equatfon. Since

Lyl is:constant,'the solution is
(x-p) =exp { [ g1 n} (x,-¥) | (I1.B.14)

which can also be obtained using the m folded iteratédtintegral method

of solution as proposed by Taylor (1982). Subtracting (Xo=¥) from each

side

(x-x,) = { 'exp'[q:]‘n-‘-l[I].} (3a) .' . (mBas) |
Then, by épp]y%ng fhé boundary condition such tha# at n=1 x%xG,A
(xs- go)’? { exp tg] - [I] }'(xo-w)‘}' R l(Ii.B.16)
From eqtn. (II.B.]G),
' (xo-wj = { exp [Q]_- [I]’}—1v(x5-xo);‘ A‘~ (IIQB.]??

Substituting eqtn. (II.B.17) into eqtn (II.B.15), thecorcentration

profile expression is obtained.

15
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(x-Xo) = {exp [yl n — [I1} { exp [yl - [I]7} (xg-%,) (II.B.18)

Here, exp [¥] can be calculated first by finding the characteristic
roots of the [§] matrix and then by applying fhe Chay1ey-Hamilton‘theokem

(Bronson, T972). In an other way, exp [¥1 can be obtained as a series of

matrices (Bronson, 1972),1.e.

[pl= » —= ‘
exp L7 koo K| | | | : (II.B.19)

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

(3) = - = 0] dd(ﬁ) | (11.8.20)

Taking the derivative of eqtn (Ii.B.]B),

‘ ' ‘ _ ‘ : -1 :
—QEL514 = { [g] exp [¢In } { exp [l - [I1} (xa-xo) (I1.B.21)
n
Thé change of’conCentrétion at n = 0 is
-1

d(x) | = g1 { exp [y]
dn '

R
M
—
- b
—
—
X
(o)
1
x
o
N

(11.B.22)

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

o | E |
() = = [0 03] Cexp [g] - [11) (xo=xg)  (I1.B.23)

Furthermore, the constituent molar fluxes are found from eqtn. -
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S (N) = (J) + N (%) | | (11.3.24)'

and the total flux is found by the summation of individual -fluxes. Since
eqtn. (II.B.24) is implicite in'Nt, a trial and error procedure is reqUired-

for the calculation of the total flux.

3

Since Z Jj =0 when the molar averaged reference'veTOCity‘is uSed,.
there 1is.a linear dependence ambng_the'concentration gradients. Therefore
an extra re]atidn whfch’is called the determinancy COndifion is required
before the const1tuent flux. ca]cu]at1ons At constant temperature and pres-
sure, the’ determ1nancy conditions. can be equ1mo]ar counter transfer or: d1ffu-
sion through a stagnant nth spec1es. For the former case,’ SJnce Ny =0 is
known;-no iteration is needed to find the constituent f]uxee. Instead, the
diffusiya fTuxes are‘feund-by the formula A |

C

(J)‘:‘——a— (D] (xo-,xa)

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

“The trial and error procedure to find the total constituentj‘

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

STEP 1. Calculate the multicomponent mass transfer coefficients 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 vector.

STEP II1. Find exp [g] where [§] is identified in eqtn. (II.B.12).
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STEP IV. Calculate the diffusive fluxes and the constituent fluxes by
using eqtns (II.B.23) and (II.B.24). |

STEP V. Calculate the total flux byISUmming the individual constitueﬁt
fluxes and check whether it stays constant or not. Iflit is, the procedure
ends; if not guess a new Nf by Newton Raphsén dk successive abproximation
‘method and reevaante'the-terms étarting from‘STEP I1I, ti]l'convergehéev

occurs.




I1.C - ESTIMATION OF MULTICOMPONENT DIFFUSION COEFFICIENTS FROM THE
. GENERALIZED MAXWELLSTEFAN EQUATIONS- FOR FLUIDS.

If the chemical potentfa] gradients are 1inear‘functions of
- diffusion ve10cities, the'genéralized Maxwe]]-Stefan»equatiohs for an

n+l component system can be written as (Krishna, 1979)

B ntl oy (Uk - Ui) e . '
Y= % 2 1) i=1,2,...,n (IL.C.1)
Rl Dokl - Pik ' |
k#i |

where only n'independent equations are dealt with since the chemical
potential gradients at isothermal and isobaric conditions are re]ated
by the Gibbs-Duhem equation such that |
ntl ,
I X{iVuj=0 ' : . (I1.C.2)
i=1 - : v
The Dik are thé generalized Maxwell-Stefan diffusion coefficients which

are symmetrical,.’

CBik o= ki k= 1,2,..., 04 (11.¢.3)
- ik |

whereas ' the Bij are undtfined.

If eqtn. (II.C.1) is-multiplied by xi from both sides and the

A conStitqent fluxes.

ﬂi - C'i _lii -i.. ])230-'0 ’n+] : (II'C'4)




are inserted,

I xk- Ni T
] X,i zu‘i = X X] l\l'k k_J i = ]'923---:n (II.C.S) .
RT S € Pik | : | .
kz1

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

vective terms,

NjF J§+ Ci_g =4 +x1'ﬂﬁ A= 1,2,...0.041 (I1.C.6)

" Substituting eqtn(II.C.6) into (IL.C.5) yields

RN *i v =.n;]’ xi dg = Xk di i = 1,2,...0,0 (II.C.7)';
RT k=1 C Bik _

K

Also, at constant temperature and pressure, the chemical potential

gradientS‘can be written as

AL B |
k=1 9 Xg

V]J.i:

7

The chemical potentials are given by the eqtn}’

Bz RT 20 vi X © i=12,...n (I1C.9)

Then, composition derivatives of the chemical potential are taken.

S M _opp 8 (Y8 X{)
3Xj' 3xj

i=1,2,....n (I[.C.8)
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-)G— ]‘] ) xj 9 &n )(j
- 3%1 My . .hi=h2...n (ILC0)

The r'ij are the thermodynamic factors that are given by

VPij :.ij;+. Xi9%n Yi ' 1,j‘=11,2,.;.,n “(II.C.ll)i;
- xjotn xj : . :

If eqtn. (II.C.]Q) is inserted ‘into edtn. (II.C.7),

' oy Jr X i s o \ ‘
n Pk T X = I Xi vk k<l 4 = 1,2,...,n (II.C.]Z)
k=1 - k=1 C Dik '
kgi ‘

This formula can be-written in matrixfnotation as (Taylor, 1982 a;.

and Krishna, 1979)

C [r] (y_x).; -1 (1) " | (Il{c.13)'

where the e]ehents_of the matrivaB] are given by

x. * n x ' . . .
BALTL N = 152,000 (11.C.14)
Dip k1" Dig R

B

LTORTS 0 i R S T T (11.¢.15)

'The'Maxwé11-Stefantdiffusion coéffiéients ape_edua] to the -
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binary molecular diffusion coefficients for ideal gas mixtures; i.e.
Bip = Diy o k= 1,2,..., nHl (I1.C.16)
) | ik ‘ .

.-Sihce-the_[f] matrix reduces to the identity matrix for ideal gases, .

the generalized Maxwell-Stefan diffusion equations: become

X4 Nk - Xk MNi -

n+1
SRR R
= C D:
- kein K
O xid -k dE = 1,2,00n (11.€.17)
k=1 . C D'lk _ : ) '
ki \

~ which Cén be written in n dimensiona] mdtrjx notation as
C(wx)=-[BI () . (11.C.18)

Here, the elements oﬁ the_matrix [B] are identified by eqtns; (I1.C.14)

and (II.C.15) by réplacing Bk by the binary diffusion coefficients Djy. }.‘,

C B -1 N
If both sides of eqtn. (II.C.18) is multipled by [Bl , diffusion

flux eqtn. will be thained as’ .
. o o | - o
() = C Bl (W) o . (I1.c19)

* Also, for the multicomponent mixtures,;the diffusion flux fbrmula in

“terns of the muTticomponent diffusion coefficients represents Fick's law.
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(J\)',= -C‘[D]’ (vx) R _' S .(II.‘C.20)

IEqUatiﬁg eqfn (II1.C.19) with eqtn. (I12C.20), it is found out
 that mu]ticomponent diffusion coefficient matrix is equal to the inverse.

" of the matrix [BJ.

[D] [B] - - (e

" So, in order to determine the multicomponent diffusion coefficientSW

us1&1b1nary d1ffus1on coeff1c1ents, e]ements of the matr1x (Dl are re--
qu1red to be found in terms of the e]ements of the. matr1x [B] ]. In th1s :
.way, the mu1t1component d1ffus1on coeff1c1ents of 3,4,5,...,0r'n compo-

«nents systems can be found.

Fo]low1ng th1s procedure where the reference ve]oc1ty is taken
as the molar- avarage velocity, mu1t1component diffusion coeff1c1ents

for a ternary 1dea1 gas system are obta1ned as-

For Tiquid mixfures,gthe-evaTuétion of -the e]ehents‘Dij from‘eqth”
- [p] = 81" [P],Heeds-comp]ete,information'oh theAMaxwe]1¥Stefan,
'dfffusivities Qik,and the activity coefficient Yi. Hence, the experi-

mental measurements of [D] are necessary in most cases.
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I11. SOLUTION OF THE LINEARIZED EQUATIONS OF
MULTICOMPONENT MASS TRANSFER WITH
CHEMICAL REACTION

- In multicomponent mixtures, when mass transfer with chemical

~reaction occurs, dual coupling takes place where one is the SimU1tane-
ous reaction coupling and the other diffusion coup]ing.‘Heke, the former .';

coupling depends on the local concentrations, while the latter Coup]ing

depends on the Tocal concentration gradients. The Tinearized continuity
equations for n+l compohents in\whith‘ the generalized Fick's 1aw»1§

inserted are as follows

5 (C)

— + . lA(C) } = [D] v° (C) + [k €y  (IIL.1)

where [k] is the n dimensional square matrix of the reaction rate-cons- - .
tants. For simp]itity, the reaction is considered as first order andv

homogenous under isothermal and isobaric conditions.

_'Cuss1er (]976) 1ndfcatesithat these equations can be solved =

~analytically oh]y for two special cases. The first case occurs‘ét ste-



ady state with no convection
- o2 51 : -
0 =v=(C) + D1 [k (C) e (I11.2)

of which the solution was obtained by Toor (1965) and by Delancey'and'
'Chiang (1970) through the uncoupling method. The,seeond’caSe of eqtn;

(ITII.1) is the mass transfer without convection.

3 (C '_ 2 : . ! -
1t =[Dlv (C).+ [kl (C) (111.3)
where a solution is given by Toor (1965) for the one-dimensional case

by a separation-of-varjables matrix technigue..:

v Furthermore, Cuss]er.(]976) points out that:the theery about
the multieomponent>mass;transfer‘with chemical reaction and with con- .
evective ferm is approximate and 1imited; This lack of genere]ity,resuTts‘
| from the situatidr that both the difosion‘coefficients‘matrix and reac-
tion rate constants matrix-can,notj"be simu]taneousiyediagonaliZea ex-
cept in specfal cases. In additfoﬁ on]y first order. isdthermal meeﬁa-
nisms can ‘be dealed w1th since the second or h1gher order reversible:

mechan1sms creates non11near1ty

. In this thesis, the linearized equations of multicomponent mass
transfer with chemical reaction and convective term are solved. For-ste-.
ady-state and-unidirectional case with constant total concentration the
continuity equations become..

- N dgx} +C[k] o (III 4)

C [D]
: d z

BOBAZ\Q UNWERS“E$\ NN?N\\\&S\
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Multiplying each term by the‘matrix [D]f]vand-dividing by C,

o -1 R | | o
LU0 . ML de) vr ki o=0 (s
dz c - Tdz - o
OY‘?
S a4 g (x) 20 S (1ILe)
. dz dz. S ‘ o
where
(A1 = Meppy7! S S 1I1.7)
(81 =001 [k] S (r.g) .

- Eqtn. (II1.6) can also be written in simpler form,

CX-AX+BXZ0 (111.9)

The cap1ta1 1etters with double. Tines represent the matr1ces, the other )

.‘]etters w1th arrows ‘above them represent the vector co]umns Choosing

. new var1ab]es Y

-

= |-
=< |

< |
n
]
1]

(111.10)

> .
-

=<I

being of 2n dimensions such that - for n components
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YiExy oo = 1,2, | (IIL.77)

after thé.nth-component,

Y- d X ' =01, 2 (I11.12)

d z

Combining eqtns. (III.9)-and (II1.10), eqtn (II1.9) is reduced intoa

first order matrix differential equations
4 47 R - (111.13)
d z-. - .
where
oo e (1I1.14)
A= 1g n

~ The so]ution; Bekerv(]984), is

vy=dM2T o (uLas)
Defining F = I | O (I11.16)
Y=FT - o (I11.17)

. The boundary conditions,

X (0) =%, and X (L) =X | C (111.18)



is written in paftitioned'form such that

F =
and C =
then,

X (2)
v (2)

‘By applying the boundary cohditions,
(x|

From eqtns (II1.22) and (III.23),

-1

| T Rz ()
F21 (2)  Fpp (2)
Fi1 (0)  Fyz (0)
F21 (0) Fas (0)
L . -
Fqq (L) | Fio (L)
| i }Fg]‘(L) a2 (L),_

~are used -to evaluate the -Constant Véétbx‘Eﬁv‘If’eqtn (111.17)

(111.19)

(111.20)

(111.21)

(111.22) |

- (111.23)_‘

28




- Similarly, from eqtn. (II1.24)

29
X an,_(O).E] ?IFQ (0)‘5)2 IR o _('1:11‘.'24‘) 
X o= Fpy (L) G HF]‘?_' (L) Ez, S (111.25)
Efom eqtn (1;1;24) ‘1 - | o .v" S ‘A o | ‘-" ;

— ;_] ’ — -]._ . ‘_..
Cy = .FF]] (0) Xo - H:]_]'(O) F1o (0) C2

Substituting into eqtn. (III.25)

X = Fq(L) F7p (0) X = Fq(L) Fi1 (0) F12(0) EZ+H:]2‘(L;)‘EZ (111.27)

Eé is obtained,

vl

o o -] =] - o i
C2 = [ Fyy(L) Fp7(0) F]Z(O) - Fio(L)] L F]](L) E]](O) Xo=X.1 .(III.ZB)

L =2 (0) X ,-H’]% (0) Fyq (0) Cy | o (111.29)

Substituting this eqtn into (II1.25)
AT S - "
XL=fFyq(L) €y + Fra(L) Fp5(0) X - Fpp(L) IF]]Z(O) Fy3(0) Ty (111.30),
Ty is found as

— ) -1 =1 — = | :
Oy = [Fa(L) Fp(0) Fyy(0) = Fq (1)1 € Fia(L) Frp0) - 01131

-
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Finally, the general solution is obtained as

e [

' i ~' i ‘ ] | — )
0 ﬂ [ F]](L) sz(L) sz(o) F]](O)] EXL' F]Z( )F]z(O) XOJ,w.~’
- B A 2 N o i -
Y(Z)= e N ' [fF]g(L) - H:]'l.(l-)}}".]]( ) rF]2( )] [XL‘IF]](L)$H](O) Xo]
~ Having éssuméd the total flux as constant, . "(IIII32)
Ni = d5 % x; Ny * ry P N2 (unm)
. n B . ' ) ‘ o
and, Jj=-¢C 1 Dij d X5 i=1,2,...,n , . (III.34)‘
j=1 dz . : ’

where the concentration gradients are found out as;y] from eqtn (III 32)

as

| | i=72,...,n (111.35)
A% - k=ntl,...,2n.
dz o ‘
l$:2n . _ E
e TEh2en (111.36)
S0, Ji m ok :DTJ k- ~ k=ntl,...,2n ‘ '
k:n+]

’vrespect1ve1y Subst1tut1ng eqtn. (II1.36) 1nto (III 33) with X10 and
yko’ constituent fluxes are found at l= 0 Then summing . const1tuent
fluxes N1, the total flux 15 obtained.

: “' - A;'~. I : ' (I11.37)

where Nn+]'isIzéro,is the determinancy condition,
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In order to caIcuIate,totaI flux Ny, eqtn. (II1.37) where eqtn
- (II1.33) is introduced is to be solved together with eqtn (III.32)the
AresuTtinQ» equation '_ - iscimplicit din Ni. Therefore'an iterative

~ computation is required. The iteration procedure is as foIIows

STEP I. Ca]cuIate the (ol matr1x at the mean compos1t1ons bet-
ween the boundaries. Then, caIcuIate sl and [A] matrices

*.STEP 1I. In1t1a11ze N . |

STEP III Find Yk, di» 5, Ny and then Nt.

STEP 1V. Check whether the totaI qux stays constant or not. If
it stays constant procedure ends, if not assume a new N¢,i.e,by the secant
. method and recoIcuIate the'VaIues starting from STEP III, tiII’convergence

occurs.,

‘As an iIIustration the quarternary reacting system-of Toor‘(1965)

can be studied. Three react1ng components plus 1 1nert can-be cons1dered

\/ W
/3 \l"v
ntj

Since I ri =0, only n of rj are 1ndependent. Therefore, the fourth

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

kpy kg ki kg Y1

Sy = c |tker i e kg kg ckpg Yo
| | k3t - 32 kig + kg3 L ¥3
- . - -

The continuity eqtns with these reactions can be solved according .to

EEA
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the above ca]culatibn procedure.

A]though first order systems with no inerts present are 11Pe1y
to show 11tt1e d1ffus1on coup]lng because of the s1m11ar1ty among reac”
nng‘spec1es, the presence of inerts can,cause s1gn1f1cant,d1ffus1on_

g cerling, Furthermore,‘near equi]ibrium‘one may,treat higher order reac-
tions as approximately first order. A]so, mu]ticomponent‘mass transfer
with secohd or higher order. reactions can be solved‘by this methed by

.11nearfiihg the reactive tetms as.shown b}'Lee and,De]enceyl(1974) ehd7

taking mass average velocity with constant total mass flux if necessary.
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v, COHPUTATIONS AND DISCUSSIDH
OF RESULTS

In thié‘thesis, a computer program wés'developed in order to
study the genéra] solution of""'mu]ticomponent'mass,transfer wifh
Chemiéa] reactibn, the so]utibn without chemical reaction, and the =
solution without convective terms respectively. In addition for thé
‘nonreacting case two smalier cqmputer.programs viere developed one -
of which cbmputes the mass ratés by -~ solution of the 1inear1£ed.
equations with the uncoupling method (Toor,‘]964) and the other'withOUtihe
uncoupling method (Tay]or,1982) v ' | | |

In the main program (Appendix F), binary diffusion coeff1c1ents
of the m1xtures are ca]cu]ated bj ca111ng a subrout1ne program us1ng

the formula g1ven in Append1x B. Lateron mu1t1component d1ffus10n coeffici-

~ents are ca]cu]ated through the formu]as given 1in Chapter II.C. by another o

subroutine program. Moreover, the matrices are multiplied and their
inverses are taken by calling separate subroutines for each. Another
subroutine exists for linearizingthe nonlinear reactions and these are

explained in Appendix D.
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‘F1rst the constituent fluxes “for the react1ng case are found .

.and then the concentration profiles for th1s case are calculated. Then,

the const1tuent flux ca]cu]at1ons and:concentrat1on prof1les,f0r1thefﬂnre-”

_tactinge baseuTanedpcaﬂcd1a¢edthFﬁnal]y:théﬁsamehQCaltulations{\;“w ‘

are carried out for the case where the convective term is zero.

in order to find out the constituent fluxes a trial and error
procedure is carried eut'by use of the secant methdd fon.the(reactingh,
~and unreacting cases wheheas for the.case where the eonvectivefternriszero
and for finding the concentration profiles of the three cases no iter-
ations areneeded The trial and error computat1ons are stopped when the
total f]ux stays constant where the ca]cu]at1on procedure written in
.Chapter III is followed. The iterationﬁprocedure,was found to-converge
rapidly wifhout'oscillafions.'A]so, even if the suceessive,approximatﬁon
method - is used in the trial and error ca]cu]afions, again_napid Conver;

gences are observed.

ror. the‘other two sma]i'cdmpdten phograms where'calcu]ations are
carr1ed out for the nonreacting case the convergences are a]so rapid. In
the first one where the uncoup11ng method is. used, a subrout1ne program
is used in order to find out the e1genva]ues of the mu1t1component d1ffu-
sion matrix and the modal matrlx The calculation steps are exp]a1ned in
Appendix l-_7 Also, anothersubrodt1neprogram.1s used in order to apply the
Newtdn;Raphsen method for the iteration.phocedure ‘In the second progkam

where no uncoup11ng is made the successive approx1mat1on method was used

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

duresvfor these,two-programs are a]so outlined. in Chapter II.A and II.B"

respectively.. o




For the mu1t1COmpdnent mass transfer without chemical reaction, ;
Smith and Taylor (T982,1983) calculated rates of maésitransfer for'qu1tear'A
- a large number of sysfems in order toldetermine the range of validity of
_fhe linearized equations: for steady diffusion in gas mixtares.‘In‘these
exaﬁp]es mixtures of high,cencentration.and the high rates of mass trans-
" fer were incTuded as We11 lbw concentration and low mass‘transfer.rates.
The average deviation from-the results found by the.StefanfMaXWell«equatibne
for the'calcd]atedtcphSituent N; was feund to be dn]y 1.4 % After thesé‘.e
studies, it waé conc]uded that'forlthe purposes~of calculating rates.of
‘mass transfer rather, than compos1t1on profiles, the 11near1zed equat1ons

are almost a]ways adequate for design purposes
In this thesis, for the nonreacting case,‘mass transfer of carbon-

“~dioxide-water vapor-hydrogen ternary gas mixture was studied. The

mass transfer rates found either by the uncoupling or without uncoUp1ing

'methods were almost the same as can be seen from Table 1.The advantage of
‘the uncoup]1ng method is that the t1resome computation of the e]genva]ues '
of [D] matrix is avoided. Furthermore the uncoup]1ng method must be ut1]1-
zedif [D] can.not be diagonalized or the moda] matrix can not be found
~ The average d1screpancy of the calculated mass transfer rates (Tab]e ])_~'4' |
from the reéu]ts‘found'by the Stefan-Maxwell equationg (Wilke, 1950) is e 4
"3.99 %. The mu]ﬁieomponent diffusion coefficients were calculated by, i
the use of the Stefan-Maxwell eqtns. It.was'seeh that the main diffusion» S
_coefficienfs are positive as expected. Also, the main diffusion ceeffici-
ents came oat to be greater than the cross diffusion coefficients./éincei
the relative value of the cross diffusion coefficients show coupling
‘degreel the facf that they are smaller than the main difoSion COefficir

o

ents ihdicate'sma11 diffusion coup]ing'for the system



TABLE T.- . ' CONSTITUENT MOLAR FLUX CALCULATIONS FOR CARBON DIOXIDE(C) “WATER VAPOR (HO)-HYDROGEN(H)
TERNARY SYSTEM :

Mo]eiFractions ~ Calculated Multicomponent Calculated Constituent Molar F;uxeé

at Points Diffusion Coefficients1' (g moles sec']'sq cm ) x 10

- : -1 ) ' o

o 1 and 2 . (sq.cm.sec”’) ‘Methiod 1  Method 2 Method-3
- ¢ .4029  .0000 2.2035  0.7063 4.8600  4.8730 - 4.8730
. HO  .0000  .3666 0.7148  2.4582  -4.6500 -4.6590  -4.6590
C  .3600  .3266 2.0250 0.8707 0.1310 = 0.1331  0.1330

HO  .3270  .33% . 9,9684 . 2.2205 -0.7080  -0.1063 ~=0.1063
C  .3366  .3300 2.0250  0.8707 ~© 0.0663  0.0657.  0.0657
CHO  .3302  .3364 ©0.9684  2.2205 -0.0528  0.0521 ~ -0.0521
C  .4029  .0000 2.6954  0.8640 10.6200. 10.6100 10.6100
HO  .0000  .0066 0.0157  2.230] -0.0441 -0.0343 "-0.0343
C  .4029  .0000 2.6516  0.8499 .10.2100  10.1700  10.1700
HO  .0000  .0333 0.0782 . 2.2501 - -0.2250  -0.1893 © '-0.1894
H  .4029  .0000 2.7183  -0.0476 ©10.6800 10.7000  10.7000
HO  .0000  .0333 -0.0389  1.0833 -0.2310 -0.2528  -5.2530
¢ .5333  .0000 2.6865  1.0219 ~16.0900. 16.1000  16.0900
HO  .0133  .0000 0.0283  .2.0056 0.4340  0.4423  0.4422

Method 1 - Solution by the Stefan-Maxwell egtns.(Nilke,1950) ¥ For all examples. ~ffDaj matrix

‘Method 2 - Solution of the linearized continuity eqtns. with Diffusion distance;= 1. mm

Temperature = 40.°C
150.mm Hg

uncoup11ng

Mathod 3 - Solution of the.linearized cont1nu1ty eqtns- w1thout - Pressure
uncoup11ng : .

‘9¢
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€0, - Hp0 - Hy.

For the application of‘the solution of the linearized eqations
of mu]ticompbnent.mass transfer With chemical reaction by matrix<met?
hods, first the quaternary system cye]opropqpe (Ci—propene(é)-akgon;s
‘neon was: chosen. The hbmogeneous»gas‘phase'isomerization reaction is |

first order (Chanbers, 1934 Benson 1960; and Robinson, 1972)

C~ P
The isothermal reaction is ifreyersible and the rate expression is
r=kCe
The react1on rate constantsat d1fferent temperatures vere computed by

the Arrhenius equation using the high pressure activation energy and

constantswritten in Appendix C.

' In d]ffu51on with chemical reaction an 1mportant design parameter‘
is called the enhancement factor. The enhancement factor is defined as

the ratid of the mass transfer rate withjchemical reaction-to the mass
transfer rate without reaction. If the enhancement factors found at

823 C and 60 atm. (Table 2) are cempered/with'the ones found at 865°K

and 60 ath (Tébie,Bj,it is seen that‘tﬁe enhancement factors of, the high

temperature system deviate from unity in greater extents. In Tables4 and

5 the reaction takes place at 865°K and 70 atm. The- dev1at1ons from unity 4

- 1in tnese examples are much greater. So it can be concluded that the h1gher
the temperature and/or pressure,the greater is the enhancement factor. A
h1gher temperatures the reaction rate constants are higher as a result

of wh1ch the rates of reactions are also h1gher A]so at higher pressure
the concentrat1on 1ncreases which also 1ncreases the reaction rate. In

theseeaxamples concentrations are ca]cu]ated using the ideal gas Taw.

~

Y WY WY wm CY W= o oy SR wm_ e R

BIASAL




TABLE 2 - CONSTITUENT MOLAR FLUX CALCULATIONS FOR CYCLOPROPANE(C)- PROPENCE(P) ~ARGON (A )-NEON QUATERNARY

Mole Fractions

SYSTEM'

Calculated Mi]ticompbnént ‘

.1505'

_ at Points
. Tand2
C J1112 . .0995
P .1725  .1689
A .2645  .2705
C .2112  .1995
P 11823  .1789
A .2645  .2705
C .3112 .2995
P 21427 .1999
A .2505 - .2205
C 4271 - 3597
P -.2278 . .1981
A -.1505  .1405
C  .5560  .5400
P . .1277 .1199
A . 1505

o oo oo o oo o0 oo o oo

‘Case 1 - So]ut1on for nohreacting case

Case 2 - So]ut1on when convective term 1s Zero

Cé]cu]ated Constituent Molar Fluxes Enhah;emenf
Diffusion Coefficients (gmoles sec™! sqem™ 1) x 104 Factors
',(sq.cm.sec']) x 10 ~General .Solution .. .Case.1...Case.2
0.4373  0.1319  0.0994 0.0315 '0.0307  0.0230 1.026

.2141  0.5210  0.1610 0.0283 ~ 0.0290  0.0144 0.976
.3347 . 3341 0.8662 0.0213 070213 - -0.0035 1.000
4778 0.2183  0.1645 0.0467  0.0452  0.0252 1.033
L1923 0.4529 0.1447 0.0304 0.0318 0.0115 - 0.956
.2843  0.2838  0.7358 0.0274 0.0274  -0.0055 1.000
.5050  0.2806  0.2115 0.3591  0.3572  0.0745 1.005
.1906 0.4158 0.1434 0.2473 0.2491 0.0533 0.993
2164 . 0.2161 ~ 0.6140 - 0.3274: -0.3274 - 0.1068 ‘]tOOO ,
5470  0.3374  0.2544 0.8862 = 0.8841  0.2225 = 1.002
. 1830 0.3931 0.1377 0.4688 0.4709  0.1099 0.996
.1248 0.1246 0.5150 0.3196 ©0.3196.° 0.0767 1.000
.6309  0.4362  0.3289 0.4904  0.4871  0.0785. 1.007
.0987 0.2938 0.0743 0.1106 - 0.1139 0.0166 0.971
.1238 0.1236  -0.4840 0.1518 0.1518 0.0346 - 1.000

% F?r all exanles ‘ 1-Dij natrix

~ Diffusion distance = .2 cm :

Total Pressure = 60.0 atm
" Temperature. = 823.0°%K 3 -
Reaction rate constant = ;ec

8.0844 x 10

gt
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- CONSTITUENT MOLAR FLUX CALCULATIONS FOR CYCLOPROPANE(C) PROPENE(P) ARGON(A) -NEON - QUATERNARY

 TABLE 3.
' SYSTEM ,
Mole Fractions | Calculated Multicomponent Calculated Const{tuent Mo]ar Z]uxes Enhancement
at Points Diffusion Coeff1c1entsT (g mo]es sec sqcm ) x 10 Factors
1and 2 ~ {sq.cm.sec 1) 10 ‘General So]ut1on Case'1  Case 2°
C 7Q1555 1501 0.8287 - 0.3193 0.2403 0.0427”' £ 0.0384. 10.034] ' ‘ -1}1]2
P .0095 .0015  0.0115. ~ 0.5239 0.0009 0.0143 0.0185 0.0140 0.773
A .0033 .0036 0.0007  €.0007 - -1.0290 -0.0007 -0.0007 -0.0009 . . 1.000
C 1745 .1698  0.6901  0.2856  0.2151 0.0849  0.0402 . 0.0290 SR 1T
P 7 .0915  0.899 0.1507  0.5573 0.1133 0.0149 0.0197 0.0065 - 0.756
A .0099 .0008 - 0.0009 ~ 0.0008 0.8197 . 0.0327 0.0327 -0.0322 1.000
C .2700 .2688 0.6177 10,3241 0.2443 0.0152 0.0077 0.0120 - 1.974
P .1815 = .1798 0.2177  0.5124  0.1638 -0.0011 0.0063 0.0033 0.]75
A .0200 0210 '0.0247 0.0246 = 0.6087 ~0.0021 -0.0021 -0.0023 . 1.000
C ;2546 2495 0.5976  0.3036 0.2288 0.0431 '0.0362 0.0243 1.191
P .1610 .1585 0.1928  0.4880° 0.1450 0.0151  0.0220 0.0031 0.686
A .1200 .1190 0.1439 0.1437 0.6994 0.0166 0.0166 0.0077 1.000 -
. C .1473 1000 0.5036 - 0.1694 0.1276 0.2814 0.2781 0.1619 = 1.012
P .2276 .1295 0.2450  0.5808 = 0.1843 - 0.4435 -~ 0.4468 0.2685 0.993
A - .1735 .2010 | - 0.2564 -0.2560 0.8651 0.2357 0.2357 - 0.0576 | 1.000
L o * For all examples . - ‘ - K
Case 1 - Sp]ut1on fnr nonreacting case - Diffusion distance = .2 cm iﬁDij matrix
Case 2 - Solution when convective term is zero Total pressure = 60.atm '
o - ‘ ' Temperature | = ,853.‘K )
" Reaction rate constant = 3.2716 x 10 * sec

6€




TABLE 4. - CONSTITUENT MOLAR FLUX CALCULATIONS FOR CYCLOPROPANE(C) PROPENE(P) ARGON(A)- NEON QUATERNARY

e R G s e I I

SYSTEM 7
Mole Fractions - Ca]cu]ated'llu]ticomponent . Calculated Constituent Molar Fluxes Erhancement
~ at Points Diffusion Coeff1c1ents+ (gmoTes sec ! sg cm-]) x 10°  Factors
Tand 2 . (sq.emsec™) X 10 Genperal Solution Case'1” ‘Case 2 '
.]555 <1501 - 0.7339  0.2128 105161 0.3913 -~ [0.4291 . - 1.319
.0095 ° ,0015 0.0101 0.4660 0.0077 - 0.0641. 0.1888 0.0604 0.340
.0033 ~ .0036 0.0064  0.0064 0.9111 : -0.0073  -0.0073 ~0.0093 - 1.000
2112 .1995. -0.4600 0.2102 - 0.1584 0.6486 0.4829 0. 42]8 1.343
.1823 1789 0.1852 0.4360  0.1393 0.1746 0.3402 -0.0294 - 0.513
.2645 .2705 0.2737 ~ 0.2733 = 0.7084 0.2926 0.2926 -0.0059 1.000
M2 L0995 - 0.4210 - 01270  0.0957 0.4148  0.3284 0.3243 . 1.263
1725 1689 0.2061  0.5016  0.1550 0.2237 . 0.3100  0.0749 0.722
,2045 - .2705 - 0.3222 0.3217 0.8339 0.2281 - 0.2281 -0.0037 1.000
.2700  .2688  0.5470  0.2870  0.2163 . 0.2970 0.0786  0.2645 3.779
..1815 L1798 0.1928 0.4538 0.1451 -0.1540 -0;0643 -0.1764 - -2.3%5
.0200 0.210 - 0.0218 © 0.0218 0.5391 -0.0210 -0.0210 0.0235 1.000
Case 1 - Solution for nonreacting case For a]]‘ gxan‘]p]eg - o +D1‘j matrix
Case 2 - ‘Solution when convective term is zero Djffuswn_v distance - -2 cm-
S L ‘Total pressure - = 70, atm
Temperature = 865.°K
Reaction rate constant = 0.083988 sec” |

. 0b



TABLE 5. -CONSTITUENT HOLAR FLUX CALCULATIONS FOR CYCLOPROPAWE(C)-PROPENE(P)-ARGON(A)-KEON QUATERNARY

© SYSTEM™ |
lole Fractions _ Ca]td]ated 1i1ticomponent - Calculated Constituent Molar Fluxes * Enhancement
At Points - Diffusion CQefficients* | (g-.moles sec_? sq cm“]),x 10° Factors
1 and 2 N ”(Sq;cm.sec?]) x 10° 7 General Solution 'Case'1 = Case 2
C .1000  .0950  0.5924 _ 0.1692  0.1274 . 1.6280 = 1.5520 1.0500 11.0489
P .1000 .0050 0.0913°  0.5170 0.0685 - - 2.7120 2.7880  2.3810° 0.9727
A .1000° .0950  0.1690  0.1687  0.9776 1.6560  1.6560  1.0730  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 -0.2624 . -3.603
A .0200 -.0210 0.0019  0.0019  0.4717 ~ -0.0174 -0.0174 -0.0205 1.000
C  .5000 .4350 0.7116  0.4771  0.35897 1.8780  1.4850 . 0.8743 . 1.264
P . .0050  .0000  0.0024  0.2376  0.0018 - . -0.3266  0.0653 '-0.3438  -5.002
A .0850  .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 VQ.3885 - . 0.1010 0.1010 - 0.0%66 - 1.000
Case 1- Solution for ndnreac{ing‘éase ’ ~ *For all examples.
Case 2- Solution when convective term is zero Diffusion distance . = 2 cm 'fDij matrix
' - Total pressure ' = -70. atm '
Temperature = 865. X

= 0.083988 sec” .

‘Reaction rate constant -
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The diffusion coefficients are smaller at high pressures so the diffu-
sive fluxes are also lowered . |
nd

th examples of Table 4 are compared with each

As the 2 and 4
other ~the former has greater concentrat1on grad1ent and smaller enhan-
cement factor. This could be due to the fact that h1gher concentration .
4th

gradient creates higher.diffusive flux. Also as the 1°% and examples

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

th example having greater ratio of reactant is greatenr.

‘factor of the 4
than the enhancement factor of the 15t one. This is probable since at

higher ‘concentrations - the reaction rate is higher.

| As the constituent fluxes 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 so]ution and for tneunreacting case. So this

seems to indicate'that'the»convective mechanism is just as important

as theidiffosive and reactive mechanisms 1in the system. Again for this

' sySten the nain diffusion coefficients are greater than.zeko_and.greater
than the ckoss diffusion coefficients. Since the»m01ecu1ar Weights of
the molecules do not dlffer much from each other d1ffus1on coup]1ng

- is not so great in this system

Second]y, the . quaternary system 1od1ne hydrogenhydrogen iodine-argon

nd

was stuo1ed where the homogeneous and 2"% order reversible gas phase

reaction (Benson, 1960; and Graven, 1956),takes‘p]ace at 781°K and
60 atm.’ | ‘

The rate expression is-

) . '
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TABLE 6. - COJSTITUENT MOLAR FLUX CALCULATIONS FOR IODINL(I) HYDROCEN(H)- HYDROGEN IODINE(

HI

HI

HI)-ARGON QUATERNARY -

SYSTEM :
Mole Fractions . Calculated huTticomponent Calcu1ated Const1tuent Wo]ar F]uxes - Enhancement
at Points Diffusion Coeff1c1entsf (g moles. ¢! sq.cm ) X 104 " Factors -
1and 2 - (sq cm,sec ) x.10 .Géneral‘So1utjon.,‘Case.l..: Case 2
I 1525 - .1242 0.1226 -0.1917 0.0323 -0.0743 0.0713 -0.1431 -1.042
H .1525 1242 0.0241 1.5230 0.0796 -0.1459 0.2884 - 0.0748 0.506
HI 03050 .2484 0.0761- -0.3806 0.1918 0.4422 '0.1537 - 0.2955 2.877
.0500 .0050  0.1261 -0;04uu 0.0091 0.0148 ~ 0.0560 (-0.0]7]~ 0.264
~.1000 .0500 0.0167-  2.0160 0.0135 0.5220 0.5623 - 0.4472 0.928
.3000 - .1000 0.0781 -0.3519 0.2399 0.4510 0.3693 0.2401 1.221
.1055 .0674 0.1290 -0.1409 - 0.0248 0.0224 0.1022 -0.7020 . 0.219
H 1124 .0545 - '0.0171 1.8370  0.0139 0.5252 0.6027 0.4360 0.871° -
3137 .1199  0.0733  -0.3507 0.2124 0.5129 0.3592 1 0.2655 1.439
I .1455 .1242 0.1252 -0.2020 0.0336 -0.0511 '0.0517  -0.0930 0.988
H  .1137  ,1001 = 0.0201 _ 1.6530 ~ 0.0154 0.0442 0.1457 - 0.2361 10.303
HI ~ .3050 - .2498  0.0815 -0.4127. 0.1991  0.3268 0.1224 0.2361 - 2.676
1 .1057 .0545 -~ 0.1282 -0.1312 0.0232 0.0349 0.1055 -0.0483 - 0.331
~H - .1057  .0523 0.0160 1.8550 0.0130 0.4693 0.5379 0.3207 0.872
HI  .3132 1188 .~ 0.0737 -0.3511 0.2144 0.5002 0.3606 . 0.6086 . 1.387
; e : . For all examples : .
Case_]-ASolut?qn for nOﬁreactTng case i AD1ffus10n distance - .2
Case,Z— Solution when convective term 1§ Zero _Tota] pressure. = 60. O‘atm'
: . Temperature = = 781.0 K '
D1j matr1x ' Forward reaction rate constant = '1.5368 x]O cm mo]e -1 Ac~]

Backward reaction rate constant= 3.8679 x10 cm3 mole 1'ec']

L T T
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H];.‘ ~T kb CH2 'CIZ

r = kf CZ

The forward and backward reaction rate755T§fiﬁf§étvdifferent temperé-/
| fureé Were. found by the Arfhenius equation using,thé acfivation energy
and constant as shown in AppendiX:C;.Since one mole. of iodine reacting
with one mole of hydrogen produces 2 moles of hydrdgeh jodine, the fota]
flux of the'system stays constant. The reaction rate was linarized by
the linearization procedure of Delancey (1974) as outlined in Appendix D.

The linearized rate expression is of the form
T ng CHZ‘f_kIZ‘CIQ * Kyp CHI

It is seen from Tab]e 6 that the enhancement factors for this seébndf,
6rder reaétion érea]so’of.appreciable extent. These figures}are.eipected N
to divergé_frbm unity moré; since due té:]inéariiatjon},thefreéttion“natéé~
found may be less than the actual case. The constituént'fluxés found for"
the case 2, where the solutions are obtained with no convectivé térm,

are less than the 6theé cases. This Seems,to indicate again the re]étive

importance of convective mass transfer in the system.

The mthfcpmponent»diffusion coefficients found are greéter for
" this system than the other systems studied which could be $een aszTable'.,
6, and Table 4 or.aré compared. This could be due to the molecular weight
“differences between the molecules. The main diffusion coefficients are’ |
greater than“zérofand'the cross diffusion coefficients thch are eithér
positive or negative'are sma]]éflthan'the main diffusion coeffjciéhts.

As the cbncentration pfofi]es_are examined for the ‘two rea;ting

systengusing the data of Table 52and6,Figure 2 and 3 show that there
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‘Fig 2. Comparison of concentration profiles |

I=Cyclopropane, 2=Propene, 3=Argon, 4=Neon

CYy0)=7000 Xq(L)=.6965
Xp(0)=.0080 ~  Xp(L)=.0000
- Xg(0)=.0050 Xa(L)=.0000

Conditions given in Table 5.
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07
06. t
0.5 1 General SOLU{‘OE
' x Without Reaction
04 |___ - |
. s * —"" 4
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0.2
1 X
B D s e
04 ' ~ X1 |
|
'1
0 0.2 04 0.6 0.8 1.0
| z/L —>
.'Fig.-3. Comparison 6f concentration profiles :
1=1p,2=Hy, 3=HI, 4= A,
X1(0) = .1525 - Xj(L) = .1242
Xp(0) = .1525 ~  Xo(L) = .1242
X3(0) = .3050 X3(L) = .2484

Conditions given in Table 6.
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are only small deviations betweeh‘thé reactingénd ndnkeactihg cases,'
For some other systems at different conditions that can be studied,
these deviations may be gféater. &utit‘could'be mentioned here that
Smifh and Taylor con¢1uded that the solution of the linearized equa-
‘tions are satisfactory to find out the finite fluxes for design
purposes rather itod;dg%ermjne , concehtration profiles.’
For Tiquid mixtures, existing"théoreticél Cdmputatjon.procedUres
for cal¢u1$ting\mu]ticomponent diffusivities require complete information'r

about’ the components properties, i.e. the‘activity coefficient ¥j. Host

of these data are not available. So; in this thesis,.cé]cu]ations fcrlreac+'”

ting multicomponent 1iquid mixture could not be carried out.

- In this thesis, in order to find out the fluxes in 3 cases;ithe
- general solution, Case 1 and Case 2, the Samé solution of the reduced
second order‘differential‘eqtn was used. In literature the solution of
’Caée 1 which . covers the without reattion»case (Amundson, 1964;.and Tay-
]or 1982) is QUite simi]ér to this, but in our solution the derivativesv
are taken simu]tanebusly ag-the solution is obtained, For Case é, where.
convective term,is zero, the solution is given by ToorA(1965)\ In this
thesis, thrqugh the'same\reduction method the result iS'obtained much -
easiér, since in Toor's method of éo]ution the square root'of the [ D]

matrix has to be taken, which is a difficult procedure.

| -So,‘the methqd of so]ution'obtained for the-multicdmponent mass
transfer with chemical reaction devaloped in this hork'can q1so~be given
as alternative solutions to the availab]e solutions in literature for
the two subcaseﬁ,,as fn Casé‘] giving th= 0, or Case 2 inserting

it = 0 and without 1tefatjon.»
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V. CONCLUSIONS AND RECOMMENDATIONS.

“The conclusions that can be drawn for this thesis are listed

as fo]]bws

1. As diffusive fluxes get smaller or reaction rate fluxes get»highek,
the enhancement factor deviates from unity in a greater extent. The

relative values of the diffusive fluxes and the reaction ratesare .

affected by the following :

a. The higher the temperature, the greater the, rate constant and |

the greater the reaction rate.

b. As pressure increases, the concentration of the materials in the
system increases whereas the diffusion coefficients decrease
- which leads to * increases in rate fluxes and decreases in diffu;

sive fluxes.
.C. fhe greater the ratio of‘the reactant,'the greatér'thg reaétggn‘
rate. v | | ”
d. Higher average concentrations in between the boundaries results
fn higher aiffusioq coefficients and cohsequent]y greater diffu-

sive fluxes.
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)
e. _Higher concehtratioh‘gradient creates higher diffusive flux.

~ . Higher moleculer weight differences bétween the molecules
increases the diffusion coefficients and consequently the

diffusive fluxes.

{J The constituent fluxes calculated for the case in which the con-

vective term is zero are less than the constituent f]uxés cdmputéd

~‘by the general solution and also the solution with no reaction.
This seéms to indicate that the';onvective mechanism is just és

important as the diffusive and reactive mechanisms in the system.

~ Nonlinear reactions can also be dealt’ with by the method of solu-
tion developed in this work by ]inearizing the non]iheakvterms as

shown by Delancey (1974).

e

The advantage of the uncoupling method is that the tiresome computa~

tion of the eigenvalues of multicomponent diffusion matrix is avbid- 
‘ed. In addition, the uncoupling method must be utilized if [DJ:can not

be diagonalized or the modal matrix can not be found.

The method of solution obtained in this thesis for the multicomponent
? maés transfer with chemical reaction can also be given as alternative

solutions to the avai]ab]é solutions in literature for the two sub-

cases; one without reaction, and the other without convective term.

et e e e A £t E R & A
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The'récommendations for future work can be summarized as fo]ldws;

The method of solution developed in this-work can be applied to

“other 'systems with different reaction mechanisms and at different
.cdnditions;;

The. diffusion cqefficiénts and constituent flux calculations should .

be carried out for multicomponent liquid mixtures.

+

.- The method of solution 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.

The linearized equations with the reference velocities changing with .

distance can be tried to be solved.

.The ca]cuiations done by the general solution for the film model can

also‘be developed for'the penetration model.
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- NOTATION

order of reverse rate in reaction j associated with species i.

concentration vector

binary diffusion coefficients
Maxwe]]-Stefan diffusion coefficients
mu]tiéomponent diffusion coefffcient matrix
eigenvalues of [D] matrix

activation energy

order of forward rate for reaction j associated-with species 1i.

identity matrix

diffusion flux vector with element j;

‘matrix of reaction rate constants, kij; reaction i, species j.
_ forward reaction rate constant

backward reaction rate constant

Eonstituent flux vector with elements Nj
total constituent flux
critical pressure

reaction rate vector with element ry

temperature of the system

criticial temperature
modal matrix

reference velocity

mole fraction vector with elements X

pseudo composition vector with elenets ii

position coordinate




Greek Letters

Fii
6]'3'
(n)
$ij

M

thermodynamic factors

Kronecker delta

pseudo constituent flux vector

.correction factor associated with species j in the i

-arising from linearization procedure

chemical potential of species i.

coefficient of species i.

th
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_TABLE 4.a - COVCENTATION PROFILE CALCULATIOHS FOR

.TMo]e fractions at point 2.

CYCLOPROPANE(C)-PROPENE(P)—ARGON(A)-NEON QUATERNARY

: For General solution and at the conditions gwen in Table 4
-LHo]e fractions at point 1.

SYSTEN. ,

e 0.0 01 02 .03 04 05 0.6 07 0.8 09 1.0l
C 1555 ,1545 1535  .1527  .1520  .1514 - .1509  .1505  .1503  ,1501  .1501
P .0095  ,0092 .0088  .0083  .0077  .0069  .0GG1  .0051 - .0040  .0028  .0015
A .0033 - .0033 -.0034 .0034  .0034  .0035 -.0035 .0035  .0035  .0036  .0036
C 2112 .2088 .2067  .2049  .2033  .2020  .2010  .2002 ;1997  .1995  .1995
P 1823 .1832 .1838  .1841 1842  .1840 - .1835  .1828  .1816  .1805  .1789
A .2645 2651 ,2657  -.2663 - .2668 . .2674  .2680  .2687 ..2693  .2699  '.2705
c A2 .1095  .1079 1065 .1052  .1039  .1028 .1018  .1009  .1002  .0995
P 1725 V727 727 727 725 - 722 718 72 1706 L1698 L1689
A 2645 2651  .2657  .2663  .2669  .2675  .2681 - .2687 ° .2693  .2699 - .2705

C 2700  .2683 .2670  .2660  .2654  .2651  .2652. .2656  .2663  .2574  .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
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"TABLE 4.b - COSCENTRATION PROFILE CALCULATIONS FOR CYCLOPROPHANE(C)-PROPENE(P)-ARGON(A)-KEON QUATERNARY
oSYSTEMF - D | o m
‘zL o0t 01 0.2 0.3 0.4 -~ 0.5 - 0.6 0.7.. 0.8 0.9 10T

1555 1550 1544 1539 1533 528 1523 .1517 1512 L1506 L1500
.0095 .0087 .0079  .0071  .0063  .0055  .0047  .0039  .0031. - .0023 0015
©.0033 - ,0033 .0034  .0034  .0034 -.0035 . .0035  .0035  .0035  .0036  .0036

1823 .1820 .1816  .1813  .1809° -.1806  .1803  .1799 1796  .1792  .1789

C

P

A

c 2112 .2101  .2089 .2078 2066 .2054 .2043 .2031 .2019 .2007 .1995
P -

A .2645 .2651  ,2657 - - .2062 - .2668 2674  .2680  .2686 . .2693 .2699 - ,2705

112 .01 L1089 - 1077 1066 L1054  .1042  .1031 1019 .1007  .0995
1725 1721 718 714 71 1707 L1703 L1700 .1696 L1693 .1689
2645  .2651 .2657  .2663  .2660  .2675  .2681  .2687  .2693  .2699  .2705

C
P
A
C  .2700  .2699 2698  .2696  .2695  .2604 2693  .2692. .2690  .2689  .2688
P .1815 .1813 .i1812  .1810  .1808  .1807 - .1805  .1803  .1801 1800 .1798
A .0200 .0201 .0202  .0203 .0204  .0205  .0206  .0207  .0208 = .0209  .0210

* For unreacting case and at the conditions given in Table 4.
*:lﬁo]e fractions at point 1.
{+Hole fractions at point 2.
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"TAELE 4.c - CONCENTRATION PROFILE CALCULATIONS FOR CYCLOPROPANE (C)-PROPEE (P)-ARGON(A)-HEON QUATERNARY

o TSYSTEM* S . g . +t
/L 0.00 0.1 - 0.2 0.3 0.4 0.5 . 0.6 . 0.7 0.8 0.9 1.0
c 1555 1545 1535  ,1527  .1520  ,1514  .1509  .1505  .1503  .1501  .1501
P .0095  .0092 .0088  .0083  .0077  .0069  .PPGY - L0051 .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  .1841  .1842 _ .1840  .1835 = ,1828  .1817 1805  .1789
A .2645 2651 .2657  .2663  .2669  .2675  .268]1  .2687  .2693  .2699  .2705
C 1112 ° .1095 L1079 .1064  .1051  ,1039  .1028  .1018 . .1009  .7001  .0995
P A725 1727 1727 727 1725 L1722 1718 . 1712 1706, 1698 1689
A .2645  .2651 .2657  .2663  .2669  -.2675  .2681  .2687.  .2693  .2699  .2705
c 2700  .2683 .2670  .2660  .2654  .2651  .2652  .2656  .2663  .2674 2688

P 1815 .1829 .1339  .1846  .1849  .1849  .1846  .1839 . .1829  .1815  .1798
A 0200  .0201 .0202  .0203  .0204  .0205 - .0206  .0207 - .0208  .0209  .0210

"'_: For the case where convective térm is zero and at the condictions given in Table 4.
-+ Hole fracticns at point 1. | o
ﬁ ole fractions at point 2.
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TABLE 5.a - CONCENTRATION PROFILE CALCULATIONS FOR CYCLOPROPAWE(C)-PROPENE(P)-ARGON(A)-NEON QUATERKARY
S sysTEM T L R o ) TR
Z/L Q.J' 01 92 0.3 04 05 0.6 07 0.8 0.9 1.0 ' \
1000 .0990 .0980  .0972  .0965  .0959  .0955  .0951  .0948  .0949 0950

1000 .0919  .0834  .0747  .0657  .0564  .Gi68  .0368  .0266  .0160  .0050

1000 .0994 .0983  .0932  .0977  .0872 - .0Y67 .0862  .0958  .0954 - .0950

.3700  .35675 .3655 _.3640 .3631 - .3627 .3628 3635 3647 L3665 .3688
1815 .1837. 1854 1866  .1872 1873 .1869  .1859 ~ .1844  .1824 -. .1798
.0200 . .0201  .0202  .0203 .0204  .0205. .0206  .0207 .0208 .0209 .0210

.5000  .4964  .4934  .4912  .4896  .4887  .4885  .4890 ° .4902  .4922 .4950
.0050 ~ .0076 .0096 . .0109  .0115. .0114  .0106  .0090 0068  .0038  .0000 -
.0950  .0940  .0931 0921  .0911  .0501  .0891  .0881  .0871 . .0860  .0850

70000  .6944 .6899  .6865  .6843 - .6833. .6834  .6848  .6874  .6913 . .6965
0050  .0098 .0134  .0160 - .0173  .0175  .0165  .0143  .0108 - .0061  .0000-
.0050  .0054 ~ .0040  .0035  .0031  .0026- .0021  .0016  .0010  .0005  .0000

> u O > o O r oo oo > O O

. % For general solution and at the conditions given in Table 5.
tlole fractions at point 1.
| 'H_Mo]e fractions at point 2.
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TABLE 5.b - COVCEhTRATION PROFILE CALCULATIONS FOR CYCLOPPOPAAt(C) PRODEN:(P) PRCON(A) ~NEON QLATERNARY
S ; SYSTEM® . : o - A - "+
- Z/L o.o 0. 0.2.. .0. 0.4 0.5 . 0.6 0.7 0.8.. - 0. 1.0
1000 .0993  .0986  .0980 - .0974  .0969  .0964  .0959  .0956 .0953  .0950
.1000  .0195 ~ .0828  .0739 0648 - .0554 ' ,0459  .0360 - .0259  .0156  .0D050
1000 .0994 ©.0988  .0982  .0977 .0972  .0967 .0962  .0958  .0954 . ,0950

[X5]
w

3700  .3699 .3698  .3696  .3695  .3694  .3693  .3692 .3690  .3689  .3688
1815 1813 1812  .1810  .1808  .1807  .1805  .1803  .1801  .1800  .1798
.0200  .0201 0202~ .0203 .0204  ..0205 .0206  .0207- .0208 .0209  .0210

5000 .4995  .4989.  .4984 4979  .4974°  .4969 4964  .49ES L4955 4950
.0050  .0045. .0041  .0036 . .0031 - .0026 0021  .0016 .00  .0005  .0000
.0950 . .0840 .0231  .0921  .0911  .0%01  .0891  .0831  .0871  .08G0 -  .0850

7000 .6996 .6992  .6989  .6985  .6982 .6078 ..6975  .6971  .6968  .6965
.0050  .0045 .0041  .0036  .0031  .0026  .0021  .0016  .0011 . .0005  .000O
.0050  .0045 .0040  .0035. .0031  .0026  .0021  .0016  .0010  .0005  .0000.

> U0 »UuO OPTTO OPBUO

*For unreacting case and at the condi t‘nons gwen in Tab]e 5.>
. {I.o]e fractions at pomt 1. '
{4 Mole fractions at point 2.
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TABLE 5.c - CO.CENTRATION PROFILE CALCU ATIONS FOR CYCLOPROPANE (C)-PROPENE (P)-ARGON(A)~KEON QUATERNARY
SYSTEM ° | o

‘0.1‘ 0. H

[p®]

0.3 04 05 0.6 07 0.8 0.9 1.0

NI
~.
Lo
o
[a)

.1000 .0962 ;0984 o .0977 .097 .0965 .0961 .0957  .0554 .0952  .0950
.1000 .0909  .0816 0723 .0825 . ,0535 .0439  .0343  .0246  .0148  .0050
1000 .0995 .0990  .0985 . .0980. .0975 . .0870  .0965  .0S60  .0955  .0950

3700 .3675 .3655  .3640  .3631  .3627  .3628  .3635  .3647  .3665  .3688
1815 .1837  .1855 1866 . ,1872  ,1873 J869  ©.1859 -.1844  .1824 .1798
©.0201 .0202°  .0203  .0204  .0205  .0206  .0207  .0208 . .0209  .0210

5000 .4963  .4934 4911  .4896  .4837  .4886  .4891  .4904  .4023 - .4950.
0050  .0077 .00%6  .0109  .0114  .0113  .0704 - ,0089  .0066  .0037  .0000
.0950  .0940 .0930  .0920  .0910  .0900  .0890 . .0880  .0870  .0860 0850

7000 © .6943 .5897  .6864  .6843 ° .6833  .6836  .6850  .6877  .6915  .6965
.0050 ~ .0099 .0136  .0160  .0173  .0174  .0163 -.0140  .0105 ~ .0059  .0000
.0050  .0045 .0040  .0035  .0030  .0025 . .0020  .0015  .0010  .0005  .0DOO

b= I I — T v B o TR — R » B oo T S o M o
o
~
o
(&)

* For the case-where convective term is zero and at the cond1t1ons given in Tab]e 5
IL Mole fractions at po1nt 1. S \
'H Mole fractions ct point 2.
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TABLE 5.a - COnCENTRATION PROFILE CALCULATIORS FOR IODIIE(I)-HYDROGEN(H)—HYDROGEN 10DIDE (HI)-ARGON

/L

HI

- H

QUATERhﬁRY SYSIEH

S
v

4

0.0 0.1 0.2 0.3 0.4 0.5 0.6° 0.7 0.8 0.9 1.0
525 .1475 L1428 L1386 L1348 1315 .1Z27 L1265 L1250 L1242 L1242
1525 .1496 1466 . .1438 1409 1381 1352 1324  .1297  .1269  .1242.
.3050  .3039 .3020  .2992  .2954  ,2905  .2846 2775  ,2692  .2595  .2484
0500  .0473 .0446  .0413  .0378 . .0338  .0295 .0245 0189 .0214  .0050
1000 .0951 .0902 = -.0853 ~ .,0804  .0754 . .0704  .0653  .0602  .0551  .C500
.3000 ~ .2871 .2730 - .2574  ,2403  .2216  .2012  .1789  .1547  .1284 ° .1000
1055 .1021  .0986 - .0950  .0913  .0875  .0835  .0795° .0755  .0714  .0674
1124 .1068 .1011  .0955  .0897  .0839  .0781  ,0723  .0664  .0605  .0545

~.3137 .3034 .2016  .2782  .2629. .2456  .2260  .2040  .1791  .1512  .1199
455 414 13770 L1383 1314 L1290 L1260 L1254 L1244 L1260 L1242
1137 122 1108 L1094 1080 1066 .1053  ,1039  .1026 .1014  -.1001
.3050  .3028 .299¢  .2963 .2921  .2871  .2813  .2747  .2673  .2590  .2498
1057 .1018 .0977  .0934 0388  .0839  .0788. .0733  .0675  .0612  .0545
1057 .1005 .0953  .0900  .0847 . .0794 - 0740 - .0686  .0632- 0578  .0523
2756 .2598 . .2421  ,2223  .2003 ~ .1759 ° .1488  .1188

.3132

3021

2896

* For ganera1 qo]ut1on ana at the cona1o1ons given Tab]e 6

1Mole fractions at pot int 1.
11MoTe fra ct1ons at point 2
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IPBLE 6.b - CO'CENTRATIOh PROrINE CALCULATIONS FOR IODINE(T) HYDRDGEN(H) HYDROGEN IODIDE(HI) ~ARGON QUATERNARY

For uno*““ct1no
T HMele fraru1ons
'v%{ﬂﬂo]e,fractions

-at point 1.
at point 2.

case and at the condidibns given in Table 6.

+ SYSTEL* Lo _ H#o
Z/L 0.1 0.2 0.3 0.4. 0.5 0.6 0.7 0.8 . 0.9 1.0
I 1525 .1505 " 1483 .1460  .1435 1409 ©.1380 .1349 .1316 .1280 .1242
H 1525 1497 1469 .1442'.‘ L1413 .1385 L1357 .1328 1300 271 L1282
HI :  .3050 .3005 .2958 .2908 2856  .2801 L0743 .2683 .2619 . .2553 .2484
0500  .0478  .0%453 0424 .0391 .0362,  .0308 ;0257, 0518 .0130 .0050
H 1000 .0952  .0903 .0854 .0804 .0755.  ,0704 .0654 .0603 .0552  .0500
HI  .3000. .2865 .2719 .2560  .2387  .2199 .1995 - 1775 J1536  .1278  .1000
.1055  ,1031  .1004 .0975 .0943 .0907 .0868 .0825 0779 ', .0729 0674
H L1124 1069 0 .1013 -.0956 .0899  .0841 .0783 -~ .0724 .0665 .0605  .0545
RI 3137 .3022 .2894 2752 - ° 2594 2418 . .2006 1764 .1497 L1199
L1455 1437 1418 1399 .1379 .1358 1336 1314 1297 1267 L1242
H 137 124 11100 L1097 L1083 7069 L1056 . .1042  .1028 1015 1001
HI . .3050  .3002. .2852 ..2901 .2849 . .2795  -.2739.  .2681 2622 25611 .2498
1 10577 °,1027  .0995 0958 .0917 .0871 .0818  .0762 .0697 .0626 .0545 .
H .1057  .1006  .0S54 0902 .0849 .0796 .0742 ~ .0688 .0633 .0578 .0523
T HI .3132 3010 .2875 .2727 .2564 .2384 .2187 .1971 .1734 1473 .1188

b9




TABLE 6.c - CO; ‘CENTRATION PROFILE CALCULATIOI‘S FOR IODINE(I) HYDROCEP\(H) '-IYDPOCEN I0DIDE(HI)-ARGOH QUHTERNARY

SYSTEN: . A ;
7L T 000 01 02 0.3 . 0.4 0.5 0.6 0.7 0}8- "'0.9' 1.6T
©1 0 .1525 . 1461 1406 1359 1320 1288 .1265  .1248  .1239  .1237  .1242
W 1525 1495 1465  .1436  .1407 1379 .i357  .1323  .1296  .1269  .1242
CHI .3050 .,3033 .3006  .2970  .2926  .2873  .2811 . .2741  .2664  .2578 . .2484

.0500  .0450 0401  .0354 .0308  .0263  .0219  .0176 013  .0092  .0050
H o .1000  .0950 .0900  .0849  .0799  .0749  .0699  .0650  .0600  .0550  .0500
HL .3000 2806 .2610  .2413  .2214 - .2014 - .1813  .1611  .1408  .1204  .1000

1 .1055 006 09567 .00 .0369 .0831  .0795 .0761 0730 . .0701 .0674
H 124 1065 1007 .0949 .0891 . .0833 0775 0717 0660 .0602 ,0545
HI  .3137 .2958  .2776 .2589 .2400 .2207 2011 ;1812 L1610 1406 .1199

I .1455  .1408 .138  .1333  ,13003 .1280  .1261  .1249  .1241  .1238 1242
Ho 137 1722 1108 L1093 L1079 L1066 .1052  .1039  .1026 . .1013  .1001
HI 3050  .3023 * .2989  .2949  .2903  .2850  .2792  .2727 .2627  .2580  .2498

| .1057 .0993  .0233 0876~ .082] .0769 .0720 .0673‘ .0629 .0586  .0545 -
H  .1057 .1003  .0%49 0895  .0842 .0788 .0735 .0682 0629 . .0576 .0523
HI  .3132 .2952  ,2768 .2581 .2390 .2196 .2000 .1800 .1599 .1394 .1188

* For the case vhere corvective tern is zero. ana at the cond1t1ons given in Tab'le 6.
Mole fractions at ‘point 1.
1

J
H
i.
¥

T7 Msle Tractions at point 2.
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* APPENDIX B - CALCULATION OF THE BINARY DIFFUSION COEFFICIENTS AHD
- LIST OF CALCULATED BINARY DIFFUSION COEFFICIENTS.

The following equation for the estimation of the binary dif-
fusion coefficients Dpg at tow concentrations has been devoloped
(Bird, 1960) from a combination of kinetic theory and correspdnding

states arguments:

P Dap ; , : T b
. . =a ( )
\1/3 b/12 - 1/2 Y
(PCA PCB) / (TcA. TCB) /1 (—H-) / TCA TcB
( ’ . - TA B

2 .1
DAB | cm-, sec
P atm
T N

For nonpolar gas pairs :

2.475 x 1077
1.823

n

~a

b
For H,0 with a nonpolar gas :

T a

3.640 x 1074

b= 2,334
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Calculated Binary Diffusion Coefficients

a. For C02(1)-H20(2)-H2(3) ternary system

b.

T =

Dy

Dy3

313% , P = 150, mm Hg.

0.0922 cn?/sec.
2

0.27064 c€m /sec.

2 .
- cm

For

T

D12

Dis.
Dy
Dr)3

Dy g
D3 4

For

cyc]opropane(])epropene(Z)-argon(3)-neon(4) quafernary‘system

= 865% , P =.70 atm

;0147 ;mz/sec.

G294 ‘cmz/sec
= .0746 sz/SéC
= .0296 cmz/sec
- 0752 cn?/sec
;.1498 cmz/sec

Ié(I)-H2(2)~HI(3)-Ar(4)'quaternary system.

= 781% , P = 60 atm
= 0943 ON¢/gec

- .0057 cm?/sec ‘
=..0161 cmz/sec
‘2 L1341 cmz/sec

= 2475  cm%/sec
= ,0243 cmz/sec
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APPENDIX C. - LIST OF COMPONENT PROPERTIES =

C.1 -~ Critical Properties

Comp. o Tc(°K) o _ Pclatm)

Argon ' 150.07' _ 48.0
Cyc]opbopane 397.8 , 54.2
Hydrogen . - . . 53.1 | ”‘]2.84._
‘ Hydrogén'iodine 423.0 81.9
Todine . 785.0 116.0
Neon 44.4 27.2°
Propene\ - 365.0 |

45.6

€.2 - Activation Eﬁergies and Arrrhenius Constants of the Reactions

Reaction log A" -~ E (k cal/iole)
| Cyc]opropaneap}opene 15.5 ‘ 65.6
H2+12'+ 2HI' i 14.1 39.0
2HL + Hy + T, | 13.9 440
& - s ..] st .
A is sec for 1 . order reaction and
"<cm3 molé'1 cec”! for 2"

order reaction.
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APPENDIX D - LINEARIZATION OF THE NOMLINEAR REACTIONS

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

that the isothermal reaction rate eqtn.
(r) = [k (c)

répresents the true kinetics of the nonlinear reaction rate expressions’
in the sense of the least square error between the concentration limits
defined by the inferfacia] and bulk Qa]ues (De]an;ey, 1974);For eXamﬁ]e,
the nonlinear rate expression for a siﬁg]e feaction can be considered
which depends Upoﬁ.the concentration of spécies i~ only and is given by
B kaT De]ancey‘(]974) showed - that the ndn]inear expression‘can be replaced

by kiCj where ki is to be evaluated from the condition

Civ m

| 2
ki Cio- :

The rate expression is given by the eqtn
N
r'—i = Z, k'iJ Cj

3

“which includes awide class of reaction schemes, and ' the reaction rate

constants of a multicomponent system is obtained as

. . N fli -fij-] C bli vbji-]
kij = Kif (P]-J-,fzz[ll- Cx0 Cjo - k‘ib‘("ij,b 21:1'] CsLO Cjo,

Wi 243 _
‘ _ izlgz,ovo’R

J = 1,2,..,N




70 -

for R independent reactions and N no of species where

q)_ij,f (f]-i 3f2-i 2000

42
| Y’fu
1 -7

F

. T3 '
(1-75) g2 () (1T
N fia"2
- Y] Figel (0-Ya ) (1Y) -
a=1 . - - -
L1 fede Figrz g dieth o2
fii+l N -
J __1_ vy 1+ \‘a )2
> az] T -7
140
i ’m2+1

2=l me+] (1-74)
LF )
For j =1,2,....,N - and if fi; = 0.

where vy = Ci L a=1,2,...1

' Cj 0 ‘
[k]l = matrix of;reaction rate constants, kij§ reaction i, species,
kif = forward‘redction rate constant of reaction 1.
Kip = baékward reaction rate constant of reaction i.
fij = order of forward rate for reaction-j associated with species-i.
bjj = order of reverse rate in reaction j associated with species i.
¢ij = correction factof associated with species J in the i#h réaction
arising from lincarization prdcedure_

Cap = concentration of species at Z =L
Cag = concentration of species j at Z =0




For the second order reaction

Hy + 1, % 2H 1
1 (@ ()

M1 7 ke g G20

71

kig = ke 412, Cqg
k13‘F ;k1b'¢134?' C3o”
. 3 3
(1-Yy) . (1-Y9) .
BB 2 (111) (1+19) a-m)° (RN

(1-v7)2 (177)(1-17)°

'Similarfty ¢]2 £ is found. -A]so,'

—~1

1-77

4
(1-73) (I*vg)

1-Y

4

. ¢]3;b = 3 (1+v3) (1- Y3)

(-13%) (1-13)°

2

(]-Y3)2 ' A(1+Y3) (]ngs) ; (

ey

Finally,the reaction rate matrix is written as

- BT
.;‘k] —k2_ -k3'
[kl=
2y . 2ky o 2Kg 1

]+Y3‘)
1-74

(M2 2

2

)7
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APPENDIX_E* EVALUATION OF THE EIGENVALUES AMD THE MODAL MATRIX OF SQUARE -
MATRICES . ’

A nonzero vector X is an eigenvector (or characteristic vector)

of a square matrix A if there exists a scalar X such that

A X

N S ' - [
“then A is an eigenvalue (or characteristic value) of A. Equivalently,

AX - 2X = 0 ' - | E2
or  (A=AI) X = 0 | o E3

1 L;lng the 1nd ntity matrix. X Will be an eigeavector of A if and only
if
det (A-AI) =0 - . L

eqn E.4 1is ca]]ed the characteristic eguaticn of matrix A.
~ After the roots of eqtn E.4 are found as A1,A2,....,A, being the eigen-

values, the eqtn.

(A-2,I) % = 0

r
(41

- is utilized for each A5 to find each eigenvector X;.

i.e. for Ay = A3

(A-A1) Xq = 0 E.6




X
X] = W
2
A
or,
a7 32 --- 92
an] v anl

Fron eqtn. E.3., knowing the numerical values of Ap. noeqtis

which are the linear combinations of the n unknowns x],xz,...',x ’aré_

thained.
Ci1 X
Cor %y
L X

1J
vector X] for ei

X] = ‘X-i

+ ‘2 X2 + P 'I'C-lz
t Cop Xot oilL. A+ Capn
+ S P

CnZ X2 Cnn

genvalue Ay is Tound

?(:H

n

.73

o .

G
[ o]
L.
.

©

1

.. are numeri a . vin 1ese n equations simultaneously, cioca-
C.. are numerical values. Solving these n equaticns simultaneously, cic
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where dy,dp,....,dn are numeriracl values and x_-an arbitary value.
The xn'can be chosen in such a manner that ‘the resulting eigenvector

becomes a unit vector.

Then one by one the n e1genvectors are found separately in
the same way. Finally, by Wr1t1ng n. columns of e1genvectors side by

side, the modal matrix [t] as mentioned 1n.Chapter II. A is found.

For a ternary systems, the eigenvaﬂues’fdund are-

and the modal matrix is;

Dq2
Dp-D11

which are used in the subroutine DIAG.
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00163C *

30113C
10123C
30133C
20143C
00153C
20163C
an173C
i016)C
20193C
20203C

20213C .

2022)C
a0233C
90243 C
30253C
20263C
20273C
uG283C
20293C
30291 C
30292 ¢C
J03C2C
3031)C
30322¢C
3033)¢C
1034)C
2035)C
0B36)C
20373 C
50383C
1039)¢C
20400 C
3041)C
3042)C
3043)C
2044)C
10655 C
V0462C
I047)C
J0480C
20493 ¢C
30500 C
30512 C
052> ¢C
3053)¢C
J054)3C
3055) ¢
J056)C
3057)C
20583 C
00593 ¢C
00591 C
30592 ¢
J051)¢C
L2 ¢C
2063)¢C
064) ¢
J065)C
2066 ¢C

We7)C *

PURPDSE:

CALCULATE

RATELIN
CILMUL -

B % % % % &

£ 0k ok % k o& & o2 & % & £ % & % £ % % ¥ k = & * F ¥ & K %

HAIN PJOGRAH

CALCULATES THE CONSTITUENT MOLAR FLUXES AND CON-
CENTRATION PRJIFILES OF MULTICOMPONENT SYSTEMS
FIR & FILM MODEL.

P ARAMETERS

CONTRIL VARIABLES

NJMBER OF COMPONENTS

EXECUTIJON CJODE AHICH IS EQUAL TO

1 _ FJIR GENERAL SJILJTION

2 _ FOR UNREACTING CASE

3 _ FOR THE CASE WHERE CONVECTIVE TERHM IS ZERD
EXECUTIJON CODE AHICH DEFINES THE JRDER OF THE
REACTION .
1 _ FIRST ORDER TRREVERSIBLE REACTION

2 _ SECOND ORDER REVERSIBLE REACTION

" PRIGRAM VARIABLES TO BE SUPPLIED

HWILE FRACTION AT POINT 1
MOLE FRACTION AT POINT 2
MILAR CINCENTRATION D= TH
FILKN THICKNESS
FORWARD REACTION VELOCITY
BACKWARD REACTION VELOCITY
PRESSJRE OF THE SYSTEM
" TEMPERATURE OF THE SYSTEM
CRITIAL PRESSJRE
CRITICAL TENPERALTURE
_ HOLECJULAR WEIGHT

m

MIXTJRE

D VARIABLES

BINARY DIFFUSICN COEFFICZIENT
MULTICOMPONENT DIFFUSION COEFFICIENT
DIFFUSIVE FLUX

LINEARITY

BLCKWARD RATE CORRECTION FACTOR ARISING FROM
NONLINEARITY

RATE CONSTANT CGF THE LINEARIZED RATE EXPRESSIOIN
REACTION RATE '
CONSTITUENT MOLAR FLUX
TOTAL MILAR FiLUX

SUBROUTINES USED

CALCULATES THE BINARY DIFFUSION COEFFICINTS

LX)

CIENTS

LINEARIZES THE NONLINEAR REACTION
TAKES THE INVERSE OF THE RATRICES
MULTIPLIES MATRICES

MULTIPLIES A MATRIX AND A .COLUMN
THE MATRIX OF WHICH EXPe. IS TAKEN

4

FORWARD RATE CORRECTION FACTOR ARISING FROF NON-

. CALCULATES THE “ULTICIMPONENT DIFFUSION COEFFI-

% % K % & % % & % & & % # & K &£ &£ % ¥ ¥ F & %



35069)
30703
2071)
50720
2073)
3074)
a075)
10761
1077

2078)
10792
I080) 2
30812
2082) 3
20530+
i084)
2085)
206862
JOB7) 5181
1068)
)089) 1815
a030)+
3091) 11
2092)
J033) &
3034)
2295) 5
3096) +
J097)

30985)

’\’\"‘9) 8
2100)
31010
3102) 15
21333
J154)

N8

9105) 3928-

3106)

¥107)

2108)

3109)

9110)
111D

1112) 4444
J113) 5555
J114) 6666
1115)

J116)

M17)

1118)

3119)

3120)

2121) 2735
122) 4790
M123) 5801
3124)

J125)

3126)

3N27)

1128) '
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PROGRAY CHETA(INV,.JUTsTAPES= INVvTAPES ouT)

JIKENSION NAW(Q)vY(Q)’DH(QQQ)sYU(Q),YL(9)931(999)74(999)98(‘
DIKENSION DS{94+9) 4DEVP2(9)4EXLI999)sT5(959)+EXLZ(999)sC N(9)
DIKENSION 51(999)9E121(999)7EXL12(9,9)’T6(999)

DIMNENSION T(999)sT2(9453)5T3(9, 9),C1(9)9C2(9),YMA(9)’YV(Q),R(
DIKENSION PC(9)9TC(9),08(999)a88(919),353(9)9T4(9 9)eT7(949):
DIKENSION T8(949)¢T9(999)+5G(959)+4A(949) :

REAL N(9) oNTyNTUsLsKR({999)9ID(343)5J3(9)sHA(I)

RELL K=14KB14KRL(949)

CHARACTER*20 NAM

READ(5424END=227) NNsLyPsTHCT

FORHAT(IZ ¢F1De59F10e492E10,4)

ARITE(5493) LePosTHCT
FURNAT(/leX,'L=',F100432X7'P='9F13¢Q,2X"T="Flooqux’.CT=

"El0e4)

NL=NN=1
DO 11 I=1,NN - : ‘ .
READ(55518L) NAM(I)sPC(I)sTCUI)gHu(I)
FORMAT(A743F10.4)

HRITE(591815) TeNAM(INSPC(I)sTCUII)sHKH(I)
FORMAT( /910Xy "NAM(" 9 T1s )=t 4274 'PC="9FLOs 4y 'TC="9FL0s4,y "HW="
F10e4) _

CONTINJE

READ(5¢4) KFlLgKB1,XO0
FORMATI2E1D a4 11)
ARITE(545) KOsKF14XB1
FORMAT( /910Xy YORDER OF TAE REZACTION ='43I14/410Xs"'KF1="'5E1044.
3Xg 'KBL="4E10. 4) .
DG 15 I1=14NN

READ(5484END=227) YO(I)aYL(I)

FORMAT(2F10.7) . ' -

ARITE(S593)15Y0(I) I, YL(I)

FORHUAT(/s10Xs "YD( s I1s" )=ty F10,7¢2Xy"YL('yI1y")="3F1047)
CONTINUJE :

50 3928 I=14NN

Y(I)=(YO(I)+YL(I))/ 2,

CONTINUJE

NG=2%NL

)0 6665 1=14NG

D0 5555 J=14NG -

ID(I4J) =040

GO TJ 5555

ID(I4J)=1.0

"CONTINJE

CONTINJE A

CALL DBIN(NNgPCyTCoM¥KHsTsP4DB)
CALL BSTEF(NL+DBsYsBB)

CALL INVER(BB4sIDsDM)

DO 5801 I=14¢NL

DO 4790 J=1,NL :
ARITE(542735) I9Js2M(IsJd)
FORMAT(/910Xe *DM{ 93Tl 9" eIly')="49E10.4)
CONTINJE ‘

CONTINJE

CALL INVER(DM41D.DI)

KEY=1 :

IF(KJ).EQ.,1) GO TO 5532

CALL RATELIN(YLsYOsCTy KF14KB14KRL)

100 5313 I=lsNL




01292
21300
3131)
0132)
2133)
J134)
11353
3136)
2137)
3138)
2139)
21402
J141)
3142)

3105
1035
5910
5532

5197

1181
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D0 1095 J=1,4NL
IF(I.EJ.3) GO TO 9105
KR{Ig¢J)==KRL{1,4J)

GO T3 1035
KREIsJ)=2 4%KRL (1, J)

"CONTINJE

CONTINUJE
GO T0 1131

D0 5197 I=1,NL

{R(I4J)=2.0

CONTINJE .
{R{1ls1)==KF1
{R{241)=<F1

CALL KATHKRUL(NL.DIs<RsB)

2143)C INITIALIZE THE TOTAL FLUX.

3144)
2145)
0146)
2147)
0148)
2149)
3150)
J151)
2152)
3153)
1154)
3155) -
1156)
21572
2158)
0159)
2160)
I151)
1164)
3165)
1156)
167+
J168) +
1169)
170)
3171)
u172)
2173)
174>
1175)
I176)
1N
i178)
0179)
3180)
2181)
3182)
0183)
0184)
0185)
0186)
187)
168)
3189)

5192

1512

1215,

43
70

817
718

674
673

161

2222
1111

WRITE(5,9191) 1,C201)

SUK=040

DO 1215 I=1sNL

00 1512 J=1,sNL

SUM=SUM+DH({T4 J)*=(Y2(I)=-Y_L(I))/L
CONTINJE

CONTINJE

NT=SUHM :

ARITE(S5443) NT
SORMAT( /510Xy "NTIN='4EL0.4)

CALL TT(NLsNTsByDIsCTsT)

CALL MATHULINGsTsTsT2)

CALL MATHUL(NGsT25T,5T3)

CALL MATKUL (NG3sT33sT9T4)

CALL MATMUL (NGsT45TsT5)

CALL MATHULINGsTS5,T,T6)

CALL MATHUL (NGsT55T+T7)

CALL MATHUL(NGsT7,T5T8)

CALL HATKUL(NGsT83TsT9)

DO 718 I=1,NG

DO 817 J=1,NG

EXL(T9d)=ID(I s d)+T(Iad)d+T2( 1, ) 4L %%2,/2.+T3(19J)%L%%30/60
CTA Iy V4L E%4, /24,4 T5 (19 )¥L%$5,/120,+T6(15J)*L¥%64/720.
ST7(I5J ) 4L%%7,/5040¢+TB(15J)ELE%8,/40320a+T9(I5J)*L%%9./3627
CONTINJE .

CONTINJE

D0 673 I=1yNL

DD 674 J=14Ni

E1(T,J)=EXL(IJ)

- CONTINJE

CONTINUE

CALL CILMUL(NLsE1l,sYOsYNA)
DB 161 I=1sNL
YM(I)=YL(I)=YKA(I)
CONTINJE

DO 1111 I=lsNL

DO 2222 J=1sNL

{L=J+3 ’
EXL1I2(IsJ)=EXL(Iq4KL)
CONTINUE -

CONTINUE

CALL IVVER(EXL129ID,E121)
CALL CJLHUL(NLyEIZI’YHqCZ)
DO 1193 I=1,NL




3130) 9191
3191) 11939
21923
3193)
3134)
3195)
3136)
71972
3198)
3129) 7193
22C0)+
2201) 7519
32011
3202)
2032
32C4)
3205) 63
31207)
32082
22092
2210) 9582
3211)
0212)
3213) 101
3214) 159
32153+
3216)

217D

0 2218) 199
2219) 103
3220)

0221) 104
3222)

2223)

3224)

2225)

$226)

52272
52282+
3229) +
0230) 3951
J231) 5925
32322
2233)
3234)
3235)
3236)
3237)
)238) - -
3239) 7513
32400
3241)
3242)
3243)
J244)
3245)
3246)
3247)
9248)
3249)

5678

9121
5917
5928

<I0(1)=-CT*J0(1) | ﬁ
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rDQHbT(/,lOX,'CZ('aIl, )=
TONTINJE

CALL CJLHU;(ML;DHsCZ,JD) b
CALL CILMUL(NL3KRsYOsdD) i
DD 7519 I=14NL i

'eElOoQ)

RAI)=CT=*R(I)

N(I)=J3(I)+YD(I)=NT+R(I)

ARITE(647193) IQJU(I)QIQQ(I)9I,N(]) .
FORMAT(/+s10Xs'Jd0( "5 11,")=",E10, 4,2XQ'R('911")=
TN(T9ILls')="4E1044)

CONTINJE
IF(KEY4E243)
NTU=NT _
NT=N(1)+N{2)+N(3)
ARITE(5453) NT
FORHMAT(/910Xs *NT="
DEV=NTJ-NT
DEVP=ABS(DEV/NTU)}*100.

NRITE(6+9582) DEVP

FORMAT( /410X 'DEVP="4,E10.5)

IF(DEVPs_EeDe01) GI TO 101

G0 73 70

ARITE(54150)

FORMAT(LALy// 10X * CALCULATED CONSTITUENT FLUXES' /410X,
29(*'=1),47)

DO 123 I=14NL
PRITE(5,5193) I4N(D)
rURHAT(/,lOX,'h(',Ilg
CONTINJE

HRITE(59104) NT
FORMAT(/910Xs " NT="9E10,. 4)
Z=000

Y3 EiDe492Xy

GO 70 101

!ElOQQ)

}J="4E1ll.4)

DD 5928 KA=1,10

£=7+0.02
00 5925 I=14NG

D0 3951 J=14NG
'XLZ(IaJ)—IW(IvJ)+T(I,J)*Z+T7(I,J)¢Z¢*Z /2. +T3(IaJ)*Z*¢3 /6.

+ TG (193 )57%%4 /264 TH(1 4 J)%Z2¥*%5,/220.+4T6(14J)%7%%¥64/720
+T7(I,J)*Z**?./SOAD.#TB(I,J)*Z**S./40320.+T9(I,J)*Z**Q./3627
CONTINJE

CONTINJE

D0 5678 I=14NL

{S=1+3

Ci(1)=y0(1)

C1(KS)=C2(I)

CONTINUE

CALL CILMU_(NLsEXLZ9yC1lsCON)

HRITE(H647513) Z
FORMAT(/510Xs"2Z="9F10.4)
DO 5317 II=14NL
ARITE(649121) 1I,CON(II)
FURHAT(J,IOXa'Y(Y,Il,')='
CONTINUE

CONTINJUE. :

IF(KEY. E: 2) GO TU 7189
IF(KEYsEQe3) GO TO 227
D0 2118 IK=14NL :

DO 8112 J=14NL
KR(IKsJ)=0,0

9sF10¢4)



79

3250) 8112 CONTINJE
5251) 2118 CONTINJE

2252) KEY=2

2253) 50 T3 1181

9254) 7189 NT=0.0

5255) KEY=3

32562 50 TO 1151

1257) 227 STOP

22582 TND ,

12359) SUBRIUTINE DSIN(NNyPCsTCyMidyeT 4P 4I8B)
3250) DIMENSION PC(9)sTC(9)sDB(949)

22612 REAL MA(3)

2262) D0 5 I=14NN

3263) 20 6 J=1,HN

2264) "IF(I+GEWsJ) G2 TO 7 B L
22552 © ALI=(PC(IN#PC(JINI%%(1e/3,)

2266) A2=(TC(I)*TC(J)}**(5.,/12.)

1257) £3=(Le/MA(I)+ 1o /ARII)I®E(14/24)

2268) La=(T/SQAQRT(TCLI)&TC(J)) ) ¥%24334

1259) IB(I13J)=s0003640%A4%ALEA2%A3/P

2270) FRITE(643470) I4J90B(1sJ)

3271) 9470 FORMAT(/+10Xs"DB("sT1ls's'sIls')="3"1D,4)
3272) 50 TJ 5

3273) 7 DB(I,4J)=28(Jy1)

2274) 6 CONTINJE

J275) 5 CONTINJE
3276) RETURN

3277) END :

2278) © SUBROUTINE BSTEF(N_sDB,Y4sB3)

2279) JIMENSION DB(949)sY(9)9B3(949)

1250) DO 1 I=14NL

3281) 21=Y(I)/JB(I44)

2282) SUM=04D

3283) YN=NL+1

3284) DO 2 K=14NN

2285) IF(I«E2¢<) G3 TO 2

286D SUM=SU%+Y{(X)/DB(I4K)

3287) 2 CONTINJE

12682 3B(IsI)=E1+SUM

2269) NRITE(6,3095) I414BB(I,41)

5250) 3095 FORMAT(/:10Xs"BB('eIls's'9lley')="4E1D.4)
0291) 1 CONTINUE

3232) D0 3 I=14NL

3293) 20 4 J=1,NL

323 4) " 1F(I.EJ.J) GO TO 4

1295) BB(IsJd)==Y(I)%(1e/DB(T9J)=14/DB(I44))
0256) 4 CONTINJE . ’

02973 3 CONTINUE
1 298) RETURN .

0299) END .

3300) SUBROUTINE RATELIN(YLsYOsCT4KFLyKBLyKRL)
I301) DIKENSION YL(O9)sYO(9)5Y(G)gPHIF(949)4PHIB(T,49)
3302) REAL KRL(949) 4KF194B1

0303) DO 111 1=1,3

0304) 111 Y(I)=Y_(I1)/YD(I)

3305) E1=(le~Y (1) %%34)/(La=Y{(1))%%3,+(1a-Y(2)%%34)/(La-Y(2))%*3,
3306) A 251e/3et((1atY(L))/(la=Y(L)))8%2,4((Le+Y(2))/(le=Y(2)))¥%%2,
3307) A=Al/ A2

2308)  E1=2.%(1.+Y(1))F(Lo+Y(2))/(1e-Y (1)) %42,

|



3309)
03102
0311)
9312)
2313)
2314)
2315)
5316)
33172
31316)
3319
2320)
3321)
3322)
3323)
2324)
1325)
3326)
5327)
7328)
2329)
9330)
3331)
3332)

3333) -

J334)

2335)
J336)

2337)
3333)
2339)
33402
2341
J342)
2343)
3344)
3345)
2346)
3347)
3348)
3349)
3350)
3351)
33523
J353)
J354)
2355)

J356)

23573
2358)
3359)
9350)

33610

2352)
3363)
J364)
I365)
U356)
3357)
9368)

2073

5632

71

81
91

234
123

771

661
551
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52-(1.-v(1)**3.)/((1.+v(1))~(1.-v(1)¢*z.))
PHIF(1s1) =E1%(E2-A)
FL=2,%(1e+Y (L) )5(1a+Y(2))/{1a=Y(2))5%2,
F2=(1e=Y(2)%%3 )/ ((La+Y(2))%(1a=Y(2)%%2,))
PHIF(142)=F1%(F2-4) |
61=3,#(1.+Y(3))/(1e=Y(3))%%2,
52=(1a=Y(3)%¥4,)/({1a+Y(3))#(La=Y(3)%%3,))
632 (Le=Y(3) %4405 (1a+Y(3))/((Le=Y (3)4%3,)%(La=Y(3))%%2,)
54=1¢/3¢+({1.+Y(3))/(1=Y(3)))%%2,
PHIB(193)=51%(62-63/G4)
<RL(Ls1)=KF1¥PHIF(Ls1)%Y2(2)%CT
<RL(152)=KFL¥PHIF(142)%YD(1)%CT
KRL(153)==<BL#PHIB(153)%(YD(3)%CT) &2,
D0 5592 J=1,3
ARITE(592073) J54RLI(LyJ)
FORMAT(/310Xs "KR_(Lls'9I1ly')="4E1D44)
CONTINJE :
RETURN
END
SUBRJIUTINE INVER(DMsID,DI)
DIKENSION DH(959)501(959),35(9,9)
REAL I12(9,9)
DET1=DM (1,1 )%DH(252)%DK(353)=DM(Ls1)¥DX(253)%DH(3,2)
DET2=-0K(1,2)%0%(2, 1)%DH(3,3)+DM(L1s2) #DH(253) %DM (3,1)
DET3=D%(143)#%DNM(251)#D%(352)~DK(193)4D¥(2,2)4DH(3,1)
DET=DET1+DET2+DET3 |
D11=-D%(3,3)%DK(L1s2)=D%(3,3)¢D4(252)=DM{1s1)%DK(2,2)
D111=D%(293)4DH(342)+DK(Ls2)#DH (291 )+DM(L93)¢D%(3,51)
D1=D11+D111
J2=+DM (1, 1) +DK(292) +DK(3,3)
D0 91 1=1,3
DO 31 J=1,43
SUM=0.2
DO 71 X=1,3
SUM=SU%+DH (T4 K)*DH( K,y J)
CONTINUE
IS(Tsd)=5UY
CONTINJE

NTINJE
D0 123 I=1,3
D0 234 J=143
DI(I,d)=(=D14ID(1sJ)=D2%DK(IsJ)+IS(I94))/DET
CONTINJE
CONTINJE
RETURN
END
SUBROUTINE KATHUL(NF46135G625G)
DIMENSION G1(939)3562(959)36(3,9)
DO 551 I=14NF
DO 651 J=1sNF
SUK=049
DO 771 K=1yNF -
SUM=SU¥+51(1sKI$C2(Ks J)
CONTINJE
S(I54)=SIM
CONTINJE
CONTINJE
RETURN
END

SUBROUTINE COLMUL(NIZABBsBBBsCC)




DINENSION ABB(9,9)sB8BB(9)sCC(9)

13569)

2370) 20 191 I=1,NI

9371) SUK=D,.9

9372 D0 181 J=14NI

3373) - SUXH=SUM+4BR (T, J)¥B3B(J)
9374) 181 CONTINJE

3375) , CC(I)=SuM

13763 191 CONTINJE

2377) RETURN

13782 END

3379) SUSRIUTINE TT(NLyNTsBsDI4CTsT)
I380) DIMENSION T(9+9)93{9349)4sD1(959)42(3,3)
1361) REAL NT '

23582) 20 112 I=1,NL

53¢£3) D0 223 J=1,NL

0384) E(I4J)=NTEDI(T4J)/CT
9385) 223 CONTINJE

J386) 112 CONTINJE

2387)C FIND T M4ATRIX

$388) 20 5 I=14N0C

2389) D0 6 J=14NL

9390) T(14J)=0.0

3331) <P=J+3

332D {DIF=K>~J

33393) IF(KD)IF.ZQ.3) GO TJ 5239
2334) T(I4<P)=04d -
1335) .50 T2 5 ‘

33560 5299 Tl 4<P)=1.0

2357) 6 CONTINJE

13¢8) 5 CONTINJE

2399) TNG=2%NL

2400) NN=N_+1

1401) D0 7 I=NNNG

3432) -D3 8 J=1yNL

3403) <=1=3"

24042 T(IsJ)==B(KyJ)

2405) 8 CONTINJE

3406) 7 CONTINJE

340 T7) J0 9 I=NNs\G

13408) DO 1D J=NNy NG

J409) (=1-3

$410) L=Jd=-3 .

3411) T(IyJ)=44(K4L)

4122 10 CONTINJE

3413) 9 CONTINJE

V414) RETURN

3415) IND

16e03.44,UCLPy Ahy P4 0, 449<KLNS.
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10562 PROGRA® TOOJR

3057) DIKENSION NA”(9)9Y(9);3d(9s9)93ﬁ(999)9D(9)qYJ(9),Yb(9);T(9,9)
30582 DIMENSION TI(959)sYOP(I)sYLP(9)4DEVP2(9) é
105G) JEAL ND9yNP(9)4N(I) ¢ NTyNTUsL ¢NCD(I) :
565C)  COMMIN/TR/NL :
3061) CHARACTEI*20 NAM :
10522 JPEN(UNIT=5,FILE="DATA") j
3663) ~FPENIUNIT=54FILE="23ESULT") i
3064) RELD(5,1) NDD J
3055) ARITE(S541) NDD ;
00562 1 FORMAT(15X,72) :
3067) D0 14 <=14NDD ;
5068) READ(5425END=227) NN3yLsNDsCT ;
$069) 2 FORMAT(I29F13e595E114442X9E1044) ;
36702 AEITE(543) ND s CT,L 5
J0713 3 FORMAT(/910Xs 'ND=',E11, 4,2x,'cr—',_1u.4, L='4F1045) ‘
1072) N0 11 I=1,4NH

2073) XEAD(S5s4) NAM(I)aNCD(I)

2074) 4 ZORMAT(A7HELLl.4)

9575) ARITE(545) T9NAM(I)s1,4NCO(I)

2076) 5 CORMATI/9s10Xs "NAM(" 9T119 ") =" 92 X9 A7 93Xs " NCD( 911" )="4E1144)
2677 11 CONTINJE

2678) 30 12 I=1,NN

w0793 o DO 13 J=1sNN

LT IF(JeLEeI) GI TO 13

3061) . READ(556) DB(Igd)

3052) 6 FORMET(F1IO0.5)

30863) ARITE(E37) T4Js4D3(14J) ;
3054 7 FORMAT(/410Xe"DB( "9 T1s"s"'3Ils')="42XsF10.5) !
J085) 13 CONTINJE - ;
305862 12 CONTINJE

0G37) 30 115 I=14NN

20938) READ(5584END=14) YOU(I),YL(I)

J0E9) 8 SFORMAT(2F1047)

203G SRITE(S593) T9YO(I)sI,aYiL ()

3991) Q FORMAT(/+1UXe 'YOU 9 ILlg )=t aF1IN 732X YL("9I1g")="4F10.,7)

2052) 115 CONTINJE S ,
9093) 20 20 I=148N i
165 4) 2¢ Y(I)=(YD(I)+YL(1))/2,

4035) NL=NN=-1.

3096) DB(251)=28(1,2)

36972 5= Y(1)¢Dn(2,3)+Y(2)*Ds(1,3)+v(3)¢os(1,2)

1928) 20 21 I=1sNL

0099) ~ 98 22 J=14NL

3100y . IF(I.E2+J) GJ TO 22 ;
2151) DH(I,I)—«8(1,3)*((1.-Y(I))*DB(IaJ)+Y(I)*DB(J93))/S ;
02D DH(T4d)=Y(I)¥DB(Jy3)%(DB(I+3)=DB(I,4))/S ;
3163) ARITE(54923) I914DH(TIsI)sIsdsDM(IyJ)

3104) 23 FORMAT(/410X92(2X s DK (' 91199 'sTls")="4F10.5))

21053 - 22 CONTINJE i
3106) 21 CONTINJE , i
J107) © . CALL DIAG(DsDHeTSTI) é
J108) CYOP(L)=TI(1+1)%Y0(1)+TI(142)%YD(2) _ |
i169) C Y0P (2)=TI(Z491)%YD(1)+TI(242)%Y0(2) ;
10) YLP(L)=TI(11)3YL(1)+TI(1,2)%Y_(2) ;
J111) YLP(2)=TI(291)%YL(L)+TI(2,20%YL(2) . -
J12) ARITE(5432) YDP(l),YOP(Z)sYLP(l)aY P(2)

3113) 32 FORMAT( /910X "YOP(L)="3F10475°'Y0P(2)="4F10, 7,2x,2F10 7)

J14) 30 CONTINJE



31153

31162

0117)
0118)
21193
31203
2121)
21223
3123)
2124
3125)
2126)
ule7)
2128)
2123)
J130)
J1313
21320
3133)
3134)
3135)

3136 .

3137)

21383 2

J129)
3140)
J141)
J1l42)
3143)
2144)
21453
2146)
3147)
2148)
3149)
J150)
31513
$152)
3J1563)
J154)
)155)
J156)
¢157)
$158)
01593
3150)
0161
2162)
9163)
2164)
J165)
21662
I167)
J168)
3169)
0170)
9171)
0172)
3173)
J174)

43
70

51
5¢C

61

62

6C

63

101

700

150

102

103.

104
14

227

NT=ND

ARITE(S5443) NT

FORHAT(/910Xy "NT="4EL10, 4)

90 50 T=1,4NL

A1=YLP(I)~-YOP(I)
A2=EXP(NT/{CT*¥D(I)))=-1.
NP{I)=<AL*NT/(L*A2) +NT*Y3P(I)
ARITE(5451) T4NP(])

FORMET( /410Xy *NP ("9 T1ly")="yE1D.4)
CONTINJE

NTU=NT

SURT=0,0

50 60 I=14NL

SUKN=0.,0

20 61 J=l4AL

CSUMN=SJIHEN+T (14 J)ENP(J)

CONTINJE

N{I)=SJ&EN

ARITE(6452) 1 aN(I)
O“”AT(/sluX,'h('glla }=14351044)

UK T=SJUMT+N(I)

CUNTINJE'

NT=SUnT o

ARITE(5453) NT
FORHMALT( /910Xy "NT="4E1044)

TDEV=ENTI-NT .

JEVP=A3S{DEV/NTU)*100.
IF{DEVP._EeD.01) GI TO 131

CALL NERAZ(NT9TsDeY_PeYDP4CTe_oNP)

GO T0 70

JEV1I=(ND=NT)

DEVPI=ABS(DEVI/ND)®100,

00 700 I=14NL
DpVPZ(I)—ABS((NCJ(I)-N(I))/NpD(I))¢13Jo
CONTINJE

ARITE(54150)

—DR”AT(l%lq//alOX,'CALCULATED RESULTS AR E"’/leX,ZB('

D0 103 I=1lsHL
ARITE(55102) T4N(I)sI14DEVP2(I)

CONTINJE
ARITE(54104) NT4DEVPL

FORHAT(//,IOX,YNT='9E19.495Xg'ZERRNT=',F10.5;//)

CONTINUE

5TOP

END

SUBRDUTINE DIAG(Ds3IHMsTHTI)

CJIMENSION D(9)4DM(399)9T(949),4T1(9,9)

COKHIN/ TR/NL
C=DM(1l,1)#DH(2,2)-DM(142)*%DH(2451)
3=JM(1s1)+DM(242) :
E=SORT(B¢#2 -4 ,%*()

D(1)=(3+E)/2,

D(2)=(R=-E)/ 2,
u-(DH(lyZ)**2-+()M(2s2)-D(l))*¢2.)**O 5
TH=(DM(1s2)%%2, +(DM(292)—3(2))*¢2.)#*0 5
T(ls1)=1.0

T(242)=1.0
T(192)=D%(1+2)/(2(2)=DN(141))
T(251)=(D(1)=-DHF(1,s1))/DN(1,2)

FORMAT( /910X "N( " 9T 1s')="3ELLab92Xy "ZERRN("4I1l,"
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1175)
2176)
J177)
5178)
2179)
J3150)

31610

31825
J183)
3184)
J1285)
01e6)
21E7)
3188)
3139)
.19
131D
31923
3193)
2194)

5195) |

31967

3197 ¢

2198)
139>
32003
32612
3202)
J203)
L 2204)
Y2653
32563

207)
J2UE)
32092
2210)
3211

- 55

105

85

R=T(1le1)#T(242)=T(Ls2)%T(241)
TI(191)=1.0%T(2s2)/R
TI(242)=T(1,41)/R

TIT142)==T{242)/R
TI(241)==-1,0%T(251)/R

30 15 I=1,NL

ARITE(5425) 14D(I) A
FORMET(/910Xs"D(Y911,3%)="43F1345)
20 35 J=1lseNL

ARITE(5945) 1 49JdeT(I gd)eledsyTI(IY)

CFORMAT(/910Xe2(2X s " T '9sI1ls"'y'yI1y')="4F10.5)])

CONTINJE

5 CONTINJE

RETURN

END

SURROUTINE NERA(NTsTeDsYLPysYOPsCT oL oNP)
DIMENSION T(G94G)sD(9)sYLP(I)sYOP(9) 4A(T)4B(9)+E(I)
REAL NP (3) g NTeNTUsL

COMMOIN/TR/NL
—=-NT+(T(1,1)+T(2,1))*Vp(1)+(T(l,2)+T(292))¢VP(Z)
SUK=04D

20 55 T=14NL"

A(TY=EXP(NT/ICT*D(1)))

3(I)=Y_P(I)=YOP(I)

E(I)=T(la1)*T(ZqI)

FP1=E(I)¢:(A(I)=1.)/L
Ep2=NT*B(I)*a(1)/(_=CT«D(1))

FP3=E (T )% ({(FP1~-FP2)/(A(I)=1.)%%2,~-Y0P (1))
SUK=SUM—-FP3

CONTINJE

NTU=NT

Fp=SUNM

NT=NTU+F/{FP~-1,)

ARITE(64105) NT

FORMAT( /510Xy 'FRIM SUBR. NERAZ NT=*4E1D.5)

" RETURN

END

17.234035.,UCLPy ALy P14 ’ Ne236<XLNS.
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J651)
2052)
3053)
305 4)
3055)
2056)
3057)
2058)
2059)
3650)
3061)
3052)
2063)
2064)
Q0652
J066)
Jo67)
00568
3059)
J070)
2071)
0072)
3073)
2074)
J075)
30763
K077)
36782
0797

Jnse) -’

J081)
0082)
J06&3)
J064)
3685)
v0E6)
5087)
3088)
J089)
630)
2091)
2092)
3093)
3094)
J095)
3096)
097>
3098)
3099)
0100)
3101)
No2)
3103)
3104)
ILes)
3106)
d107)
J108)
1109)
N10)

13
12

23
22

21

43

70

87

PROGRA% TAYLDR

DIMENSION NAM(9)sY(9)sDB(959) 9sDH(9439)5sY0(T)sYL(T)
DIMENSION PHI(993),EPHI(999)35(959)sT(959)9P(9+99),DEVPZ(T)
REAL NDsN(3)sNTHNTUsL4NCD(9)4JD(3) '
CHARACTER %20 NAM

OPEN(UNIT=5,FILE="DATA")
JPEN(UNIT=6,FILE="RESULT")

RELD(551) NDD

ARITE(541) NDD

FORMAT(15X412)

D0 14 <=14NDD

READ(5429sEND=227) NNsLsNDsCT
FORMAT(I29F10e595110492XsEL044)

ARITE(543) NDsCTsL

FORMAT(/s10Xe "ND="3E11e492Xs ' CT="9210445'L="3F10.5)
DO 11 I=1 4NN

JEAD(594) NAM(I)SNCD(I)

FORMAT(A7 9yE11le4)

WRITE(535) T9NAR(I) I 4NCD(I)

FORMAT(/510Xe "NAM{' sT1s")="32XsA733Xs "NCD("+I1s")="4E1Lla4)
CONTINJE

D0 12 I=1,4NN

DO 13 J=1,4NN

IF(J.LELT) GI TO 13

READ(546) DB8(I4J)

FORKAT(F10.5)

WRITE(E47) T4J4DB(IsJ)

CORMAT( /910Xy "DB( T3y I14 9" sI1y")="42XsF10e5)
CONTINJE -

CONTINUE

DO 15 I=14NN

READ(548yEND=14) YI(I)sYLI(I)

FORMAT(2F10.7)

WRITE(S549) T4YD(I)gIaYL(I)
FORMAT(/+s10Xe ' YOAL"9I1e")="aF10.4792Xs"'YL('3I1,')="4F10.7)
CONTINJE R

DO 20 I<T 4NN

Y(1)=(YOUT)+YL(I})/2.

NL=NN=1,

DB(241)=D8(1,2)
G=Y(1)%¥DB(243)+Y(2)%DB(143)+Y(3)%D3(1,2)

90 21 I=1.NL '

DO 22 J=1,4NL

IF(I.EQ.J) G3 TO 22
DHM(I41)=DB(I93)%((1e=Y{I))*DB(IJ)+Y(I)*¥DB(Js3))}/6
DM(T4Jd)=Y(I)%DB(J,y3)%(DB(1,3)=DB(1,J))/6G
HRITE(5423) I1414DM(I41)9]1sJsDH{IsJ)
FORMAT(/s10X92(2X o' DE(" 911y %5 '9sI1s')="3F1045))
CONTINJE : .
CONTINUE

A33=(DM(L1s1)+DK(241))%(YD(1)=YL(1))
A44=(D%(14,2)+DK(242))%(YD(2)=YL(2))

NT= CT*(A33+A44)/L

NRITE(5443) NT

FURHAT(/alOXa'NTIN '4E1044)
v-‘/(CT*(D*(lgl)*DH(Z,Z)—D“(l,Z)*D%(Z,l)))
PHI(1491)=NT*V*DK(242)

PHI(242)=NT#V#DM(1,s1)

PHI(192)==NT%*V*DH(1,42)

PHI(251)==NT#ViDH(2+1)

Fl

i




11112
11122
1113)
711 4)
115)
116)
91172
111 8)
9119)

51200

il 1)
1122)
11232

1124)

1125)
3126)
3127)
71283
31290
31303
-J131)
J132)
31333

11343,

4135)
3136)
3137)
2136)
1139
1140

1141) -

11423
3143)
1443
1145)
1146)
:1647)
1148)
1149)
¥150)
1151)
152)
11533
N54)

155)-

N156)
01572
J158)
1159)
I1150)
s1)
N62)
163)
No4)
1652
Ns6)

707
509
508

63 FO

101
5921

700

15¢

102
103

88

D0 608 I=1,42
DO 609 J=1,2
HRITE(H4707) 14JsPHI(I4J)
FORMET( /910X *PHI( Y 41159 "9 I1l,')="3E1044)
CONTINJE
CONTINUE .
CTALlL A_FA(PHI ALL.aL2)
EPHI(141)=ALL#*¥PHI(1,42)+AL2Z
EPHI{142)=ALYL*PHI(1,42)
EPHI(2¢1)=AL1*PHI(2,41)
:Pﬂl(Z,Z) ALLEPHI(242)¢AL2

=({EPAI(1s1) =) *{EPHI(242)=14))~(EPHI(Ls2}+EPHI(2,41))
S(l,l)=(EPHI(2,2)-l-)/5
S(142)==-EPHI(14+2)/5G
S{2+41)=—EPHI(241)/6
S(242)1=(EPHI(L41)=1,)/G
T(Lal)=CT*({(DM(L1yL)*PHI(1s1))+(D%(142)%¥PHI(241)))/L
T(Ll42)Y=CT*( (DK (141)%PHI(Ls2))+(D¥%(142)%PHI(242)))}/L
T 2491 )=CT#((DF(251)*PHI(141))+(D%(2,42)%PHI(291)))/L
T{2+2)=CT*((DH(2s1)%PHI(L42))+(D%(2,42)%PHI(242)))/L
Plle1)=(T(1s1)%S(1s1))+(T(142)%S(251))
Pll92)={T(LsL)%S(1g2))+(T(1Ls2)%5(2452))
P 291 =(T(241)FS{Ly1))+(T(242)45(241))
P(292)=(T(241)%S5(142))+4(T(242)%S(242))
JO(L)=(P{La)2(YD(L)=YL(L)) I+ (P(Ly2)5(YD(2)=YL(2)))
JO(2)Y=(P{241 )15 (YI(L)=YLILI) I+ (P(2,2)%(YT(2)~YL(2)))
ARITE(545981) J0(1)+J40(2)
CORMATO/sI0Xe P JD(L) = 9E10444"'J0(2)="9E1744)
Y1=(SCLel)*(YO(L)=YLA(L)))+(S{La2)*(YD(2)=YL(2)))+YD(1)
Y2:=(S(241)%(YD(L)=YL(1)))+(S(242)=(YD(2)-YL(2)))+Y3(2)
N{L)=J3(1L)+NT=YD(1)
N(Z2)=Jd2(2)+6T*Y0(2)
NTU=NT
NT=N({1)+N(2)
ARITE(H953) NT
RHUAT( /410Xy "NT=",C10.44)
DEV=NTJI=-NT
JEVP=A3S(DEV/NTU)%100.
IF(DEVP .. _Ee0e01) G TO 101
GO TO 70
JEVI=(ND=NT)
DEVP1=DEVI/ND*1DD
IF(DEVP1.GT«0¢) GO TO 5021
JEVPL=-DEVP1 .
33 700 I=14NL
DEVP2(I)=(NCD(I)Y~-N(I))I/NCD(T)=10D
IF(DEVP2(I)«GTe0e) GO TO 720
DEVP2(I)==DEVP2(]) ' '
CONTINJE
PRITE(5415D) ' 3
FORHAT(lﬂla//leXa'CALCULATED RESULTS ARE:' 49/ 410X928('=*)s/)
20 123 I=14NL
ARITE(5+102) T 4N(I)elI4DTVP2(1)
FORMAT(/910Xe "N gTI1y ') ="9E11449s2Xy "ZERRN(' 3I14')="4F1lDle4)
CONTINJE :
ARITE(5+104) NTsDEVP1




1 21673
1 5168)
2169)
2170)
2171)
2172)
J173)
2174)
3175)
2176)
J177)
7178)
5179)
J180)
2181)
2182)
7183)
31940
2165)
1186)

-

104 FORMAT(// 410Xy 'NT="
14 CONTINJE

227 5T0P

25

35

END

SUBROUTINE ALFA(PHI gAL14.AL2)
DIKENSTION PHI{(9,49)

REAL LAL1,LA2 : '
C=PHI(L1)%PHI(242) =PHI(142)%PHI(2,1)
3=PHI(Lls1)+PHI(242)

E'—'SQRT(B**Z =4 4%C)

~A2=(B+E) /2. :

-A1l=(B-E) /2,

ARITE(5425) LAlsLA2

SORMAT(/910Xs "LAL="9E124542Xs'_A2='4E12,5)

ALL=(EXP(LAL)=EXP(_A2)) /(LAL-LA2)
AL2=(LAL*EXP(LA2)=_A2%EXP(LAL)) /{LA&L1-LA2)
WRITE(5935) AL14AL2
FORKAT(/310Xs "ALL=" yE1Da4b 92Xy 'AL2=" 3E1044)
RETURN

END

1665)¢53,UCLPy AAs PI4 ’ Ne 211KLNS,

SE1D4495Xs YL ERRNT="3F10e5,//)
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