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Abstract 

Multicomponent film model equations m the framework of generahzed Maxwell-Stefan model were solved 
for non-ideal fled nuxtures for any @ven cornposItion dependence of concentr&on, dfluslvlties and 
thermodynanuc non-ldeahties. The solution 1s vahd for planar, cylmdncal and spherical f&n geometnes 
ThLs proposed solution was used to evaluate the avzulable approxunate solutions and to examme the 
con&tions under whch they perform well On the basis of calculations for the system ace- 
tone-benzene-carbon tetrachlonde, It was observed that approxunate methods generally gwe me to 
greater errors m calculatmg small fluxes, z e when components transfer under small values of dnvmg 
force. A parameter (Y was defined for each component to assess the mfluence of varymg physical propertles 
on the error associated urlth approxunate methods When a< 15% the error 1s about 6% and, when 
a> 25%, the correspondmg errors are greater than 18% Whenever the approxunate methods may be 
used for calculatron, their performances are smular, but the method based on effective Muslvlties has 
the advantage of bemg sunple 

1. Introduction 

In many practical engmeermg operatrons such as 
absorptron, drstrllatron, extractron and ion exchange 
processes, it is essentral to calculate rates of trans- 
port m the liquid phase Often the hqmd-phase 
components exceed two and the transport occurs 
m a multicomponent envrronment. Transfer of spe- 
cies m multrcomponent systems 1s complicated by 
thermodynamrc non-rdeahtres of the nuxture, drf- 
fusronal couplmg between the transfer of the species, 
and composrtron dependence of these thermody- 
nanuc and drffusronal mteractrons DBuslon m mul- 
tlcomponent fled mrxtures 1s descrrbed by the gen- 
eralized Maxwell-Stefan (GMS) equations. The GMS 
equatrons for r-drrectronal dtiusron (m the absence 
of external forces) of an m-component fluid mrxture 
at constant temperature and pressure may be wrrtten 
as* 

*Author to whom correspondence should be addressed 

6’2) 

for i=l, 2, .., m-l (la) 

= _ J$ JSX-&JJXS 
2.9 

6+*) 

fori=l,2, . . ..m-1 (lb) 

where D, are the GMS parr drffusivlties and r, are 
thermodynanuc factors defhred by 

(2) 

The GMS equations are then commonly combmed 
wrth the f3m model to analyse multrcomponent mass 
transfer problems of chenncal engineermg interest. 
For steady state one-drmensronal transport, the gov- 
emmg film model equatrons may be obtamed as 

[11 
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for 2=1, 2, ., m-l (3a) 

forz=l, 2, . ,m-1 (3b) 

SubJect to the followmg conditions at either ends 
of the film 

at n=O (T=TO) (x)=(x0) (4a) 

at r]=l (T=Y-~) (x)=(x8) (4b) 

k, m eqn. (3) are the GMS mass transfer coefficients 
defined as 

(5) 

The thermodynamic and dflusivrty terms m eqn 
(3) generally exhibrt highly non-lmear dependence 
on mixture composition Any numerical technique 
to solve the equatrons may therefore be complicated 
by computational drfficultres such as multrphcity of 
solutions as was observed with the parametric form 
of solution for ideal gas mixtures [l] and conver- 
gence problems especially when the concentration 
dependence of the terms is large as m the case of 
polymer solutions [ 21 Further, numerical calcula- 
tions do not render easy mterpretation of the results 
smce the contnbutrons to fluxes due to dtierent 
effects such as thermodynamrc non-ideahtres, rel- 
ative component drffuslvlties and their concentration 
dependence are not brought out exphcrtly Hence, 
an analytical solution is desirable 

Analytical solution of eqn. (3) IS quote mvolved 
because of the concentration-dependent physical 
properties (z e. IY,, D, and c) Several approximate 
solutions were proposed on the basrs of (1) a pseu- 
dobmary assumptron wherein the multicomponent 
transport problem 1s treated as a set of bmary 
problems using a sunable effective diffusion coef- 
ficient for each component [ 31, (u) lmearrzatlon of 
eqn. (3) wherem the physical properties are assumed 
constant either separately [ 11 or m combmatron [ 4, 
51 and (m) the assumption that a combmatlon of 
the properties remams constant across the film up 
to some du$ance and then varies lmearly with com- 
position [6]. In the case of ideal gas mixtures the 
approximate solutions of Krishna [ 1 ] and Kubaczka 
and Bandrowski [6] become exact whrle the other 
methods strll remam approximate m nature The 
validity and hmrtatrons of the approximate methods 

have been well studied for gas mixtures but have 
not been evaluated m the case of liquid mixtures 
Such a study is important smce it was shown [7] 
that, even for ideal gases, the Toor-Stewart-Prober 
[4, 5] lmearlzatlon approxlmatron can lead to sig- 
nificant errors m some cases 

In the present work a method was proposed to 
solve the film model equations with composmon- 
dependent properties The proposed method was 
then used to evaluate the various approximate meth- 
ods and to examme the condrtrons where they are 
hkely to perform well 

2. Analysis 

The film model equations m eqn (3) may be 
generahzed to any geometry (planar, cylmdncal or 
spherical) when the fluxes N, (which depend upon 
cross-sectional area) are replaced by those at 7 = 0, 
N,,, and when the dimensionless drstance 17 and 
characteristic length I! are appropriately deflned for 
different geometries [S] For a planar geometry, 77 
and 1 are given by 

Equation (3) can be written m a matrix form as 

]rlZ (xI=[@l(~)+(4) Ua) 

= - t vm-0 U’b) 

where the elements of various matrices are defined 
as follows 

forz=l, 2, ., m-l 

for z,J=l, 2, . , m- 1 (z#J) @b) 

forz=1,2,. ,m-1 @aI 
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for i,j=l, 2, . . . . m-l (i#J) 

and 

+%=- 2 forz=l, 2, . . ..m-l 
2nl 

(9b) 

(10) 

By mtroducmg the matrices 

1e1= [n-‘[@l (11) 
PI = PI-VI (12) 
eqn (7) may be more compactly written as 

WW 

The fluxes Not m eqn. (13) are constant while [t-l], 
[II] and c are composition dependent Further, the 
fluxes of all m components (N,, i = 1 -m) are 
mdependent while eqn. (13) represents a set of only 
m - 1 equations. TIus necessitates an additional 
relation among N, (termed the determmacy con- 
dition) for the problem to be fully determmed We 
are mterested m seekmg a solution to eqn (13) 
for obtaining the fluxes No, for any given determmacy 
condition when the mixture composition at both 
ends of the fYm 1s specified It may be noted that 
eqns. (13a) and (13b) are equivalent and either of 
them may be used to obtam the solution. In the 
present work, eqn. (13a) was used. The solution 
to eqn (13a) with the boundary condition m eqn. 
(4a) can be given by [6, 91 

(~,-~o)=[~~(~)-~l[~(~)--Il-l(~~-~o) (14) 

where the matnzant [CnJ(f?)] of [ 01 1s defined as 

]m(e)]=]I]+ 
3: JP 

te,,] dTi+ ]e,,] ]e,] dr2 dT1 
0 0 0 

(15) 

The matnzant mcorporates the effect of thermo- 
dynamic non-ideahties, component pair diffusivltles 
and their composition dependence. For diffusion of 
ideal gas mixtures, [IJ = [I] and D, are the cor- 
respondmg bmary gas diffusivmes which are con- 
stant. The matnzant then equals [ exp[ CD] 1, and the 

general solution m eqn (14) reduces to the solution 
of Krishna and Standart [7]. 

To calculate the fluxes from the composition 
profiles, we first define the matrix [Ko] of low-flux 
coefficients at n=O as 

(16) 
TJ=o 

It is clear from eqn. (7b) that [Ko] is given by 

WoI= f PO]-‘[rol= f Do1 (17) 

For the computation of (Jo) from eqn. (IS), low- 
flux coefficients can be obtamed readily from the 
property values at 77 = 0 while the composition gra- 
dients can be obtamed from eqn. (14) to give 

(13) 

Equations (16) and (18) may be combmed and 
written m the form 

(Jo)= -wol[zol(xs-~o> (19) 
where the correction factor matrix [El0 is given by 

rZo] = ]eo]]@Ke)-P (20) 

In ideal gas mixtures, [Bo] mcorporates the cor- 
rection due to the high flux whiIe, in liquid mixtures, 
it additionally accounts for the effect of thermo- 
dynamic non-ideahties, dlffusional mteractions and 
composition-dependent properties. FmaIIy, the 
fluxes Nti are required to be obtamed from (Jo) to 
complete the problem 

As mentioned earlier, m order to calculate the 
m mdependent fluxes No, (i = 1, m) a determinacy 
condition is required. This determmacy condition 
is often provided by the physical situation m the 
given problem (e.g. eqmmolar counterdiffusion or 
diffusion through a stagnant component), by en- 
thalpy balance, or by momentum balance for the 
components [ 1, lo]. It is possible m most of the 
cases to express tlus condition as a bootstrap matrix 
[p] relatmg NoE and Jo%: 

(No) = WoKJo) (21) 
where the elements of [/3] can easily be derived 
from the given determmacy condition [lo]. 

Equations (17) and (19)-(21) provide the nec- 
essary relationships to compute Nor usmg com- 
position gradients at 17 =O. These fluxes may also 
be computed by another set of equivalent equations 
usmg composition gradients at 77 = 1. An identical 
approach with that employed for obtammg the quan- 
tities at 77 = 0 gives the low-flu coefficients, cor- 
rection factor matrix and the fluxes at TJ = 1. The 
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resulting equations are 

Kl= 4 m-‘[Gl (22) 

(Jd= -c[&lE&%-~o) 

(No) = Wsl(Js) 

where 

(23) 

(24) 

]%I = [wm(~Ilu%(~)-~l-’ (25) 

Fmally the fluxes N,, at q = 1 may be obtamed from 
N, usmg the followmg relationship for different 
geometnes [ 81 

r;N,,,=r;;Noz=r;N,, (26) 

where v is equal to 0, 1 and 2 for planar, cylmdrrcal 
and spherical geometries respectrvely Equations 
(17)-(26) provrde the required solution to the GMS 
equations Smce these equations are highly non- 
lmear and lmphcit m N,,, they need to be solved 
iteratively 

3. Computational algorithm 

Several algorithms have been proposed [ 7,1 l-141 
for the calculatron of fluxes m the case of gas 
nuxtures for which the integral equations (19)-(2 1) 
and (23)-(25) reduce to sunple algebraic equations 
The computational scheme of Krishna and Taylor 
[ 131 is the most reliable, and it uses the dommant 
eigenvalue of [e] for choosmg one of the two 
equivalent sets of equations, eqns (19)-(21) and 
(23)-(25), for computmg N,, Smce the present 
problem represents a set of mtegral equations, the 
followmg algorithm was used 
Data 

They are as follows composition (z e mole frac- 
tion xoZ and x&J at 77 =0 and 1, c, D, and r, as 
functions of the composition, geometry (planar, 
cyhndncal or spherical), film thickness ~~-r,, boot- 
strap condition 
Step 1 

Compute 1, Wol, l&d, WOI and t&l 
Step 2 

(a) Choose the number of pomts (say q,, z = 1, 
I+ 1) along the film thickness m the interval 0 < 17 < 1 
where the composition profiles are to be matched 

(b) Assume the mitral composition (z e mole 
fraction (x0’“)) at dflerent r], 

(c) Assume mitial values of (No) 
Step 3 

(a) Using prevrous values of (No) and (x”ld) find 
[e,], [e,] and [n?(e)] for 2=I, I+ I 

(b) F’md the latest mole fraction (~“~7 at 77% using 
eqn (14) 
Step 4 

Check for convergence of (x0,‘“) and (x”““) If 
not converged, go to step 3 with (x0’“) = (~“‘7, 
else go to step 5 
Step 5 

F’md 

1 

( 

m-1 n 
eav= Z(m- 1) X_ (eo,, + eszZ) 

1 

If G,, < 0, then find latest values of (No) usmg eqns 
(23)-(25) and go to step 6, else find latest values 
of (No) usmg eqns (19)-(21) and go to step 6 
Step 6 

Check for convergence of previous and latest 
value of (No) If converged, stop, else go to step 
3 

4. Evaluation of matrizant 

Use of the above algorithm for solution of eqns 
(19)-(25) mvolves computation of the matnzant 
several times Any numerical evaluation for [fig(e)] 
1s computationally very expensive smce the number 
of terms required for the convergence of the series 
m eqn (15) will be large when IS,l are srgmficantly 
away from zero, and the evaluation of each suc- 
cessive term mvolves mcreasmgly greater number 
of [e] calculations Hence an algorithm to evaluate 
[fiz(e)] economically to a good accuracy is im- 
portant for the success of the algorithm 

If [e] varies lmearly with 77 m the interval 
qi <(rl< Q, [Q;(e)] can be easily obtamed from 
analytical mtegration of the terms m the senes m 
eqn (15) If the size of the interval is sufficiently 
small, the first five terms are usually sufficient for 
the convergence of the series Matrlzants computed 
over small mtervals can be used to obtain the 
matnzant value over a larger mterval employmg the 
chain rule of matrizants [9] 

We compared the value of [n?(e) ] computed usmg 
the above procedure wrth that calculated from nu- 
merical mtegration of eqn (15) A composite Sunp- 
son rule with a sulllciently large number of mtervals 
of mtegration was used to give good accuracy On 
the basis of calculations usmg different functional 
relationships of [e] with 7, it was observed that, 
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when the size of the mterval is appropriately chosen, 
the value of [fir(8)] can be computed to the desired 
accuracy. 

5. Approximate methods 

Kubaczka and Bandrowski [S] assumed the com- 
position dependence of [e] as 

This smphfied composition dependence of [8] is 
expected to be a better approximation than the 
constancy of [6] assumed in Krishna’s [l] model. 
This also allows easier determmation of the matrizant 
from the relation 

If%(e)1 = ]~~,(~)]]exp]%~LIl (29) 

The first term can be determmed using analytical 
mtegration of eqn. (15) as described earlier. The 
method, however, requires prior knowledge of qL 
This method is designated as method 2 

If the composition dependences of r,, D, and 
c are ignored and these parameters are treated as 
constant at the values evaluated at the average 
composition, [e] is a constant matrix The matrizant 
then is equal to [exp [ S]] and the proposed solution 
1s identical with the approximate solution of Krishna 
[ 1). This method of computmg fluxes 1s designed 
as method 3 

As mentioned earlier, solution to eqns. (3) and 
(4) can also be arrived at through eqn (13b). When 
this approach 1s taken, the proposed solution m 
eqns (19)-(25) is still valid If (01 1s replaced by 
[P] which is dellned as 

[?P]= ;N,[D]-’ (30) 

Further, if [ ?P] is assumed constant and is evaluated 
at the average composition, the resultmg solution 
1s the approximate method suggested by Toor and 
Stewart and Prober [5] Tlus method is designated 
as method 4 

The effective diffuswity method [ 3, lo] as reported 
m the work by Krishna and Taylor [lo] results from 
eqns. (7b) and (12) which may be rearranged to 
give 

J,=- ~m~lLlz~~ forz=l,m-1 
3-1 

(31) 

If the derivatives are approximated by the ratio of 
corresponding difference m concentrations, eqn. 
(31) can be decoupled to give 

J,= - Fdzz forz=I,m-I 

where the effective dflusivity d, 1s defined as 

m-1 

d,=D,,+ c D, 2 
.7=1 I 
6+*) 

(33) 

Further, if D, and c are assumed constant and 
evaluated at the average composition, eqns (21) 
and (32) can be easily solved for the flux of each 
component. Tlus method is designated as method 
5 

Method 5 1s the crudest approximation but, when 
the convective flux is small, this method should 
produce results sinular to those from method 3 
because the underlymg assumptions become equiv- 
alent. Likewise, method 3 (based on GMS coeffi- 
cients) and method 4 (based on F’mhan coefficients) 
are essentially equivalent when constant properties, 
evaluated at the average composition, are assumed; 
similar results would be expected m all cases Method 
2 contams an achustable parameter; so it might 
produce superior results if it is fitted to the proposed 
solution. 

6. Results and discussion 

The proposed solution was applied for the transfer 
of acetone( l)-benzene(a)-carbon tetrachlonde(3) 
mixture (at T=298.15 K) across a planar film to 
find component fluxes for the given surface com- 
positions and the determinacy condition When the 
mitial composition profiles were taken as lmear, 
and the mitml fluxes obtamed by assummg that the 
correction factor m eqn. (19) is ummportant (2 e 
[E,,] = [I]), solution was assured for all the cases 
studied The composition dependence of the ther- 
modynamic quantities Q, was described usmg the 
non-random two hqmd (NRTL) equation wrth the 
reported parameters [ 151. The composition depen- 
dence of the GMS drffuswrtres D,J can be predicted 
by any of the models of Bandrowskr and Kubaczka 
[ 161, Kosanovrch [ 171 or Wesselingh and Knshna 
[lS]. In the present work the model of Wesselmgh 
and Krishna was used. Their model describes the 
composition dependence of D, as follows. 

D, = (@)(l+.% -z%Va(@J(l +%-*)I2 (34) 

where 0: is the bmary ddfusion coefficient of com- 
ponents z and j at mfhute tiution of component 
z The values of the ternary drffusrvrtres predicted 
by eqn (34) agree wrth the reported data [ 191, and 
the accuracy of the predxtrons 1s comparable with 
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that of other methods for the system considered 
[18] The composition dependence of the molar 
concentration of the mixture was calculated from 
eqn (35) which was obtamed by assummg that 
volume change due to mlxmg is zero 

c=l I c v,x, 

The NRTL parameters 0: and v, necessary for the 
estimation of D,, l?, and c are given m Table 1. 
The proposed solution, however, does not depend 
upon the model chosen for the estimation of these 
properties. 

Solution of eqns. (19)-(25) with the proposed 
method depends upon the number of intervals (z e 
value of r> chosen For I = 1, the solution is identical 
wrth the method of Kubaczka and Bandrowslu [6] 
with vL= 0. When the number of mtervals is suf- 
ficiently large, the assumed lmear variation m [0] 
wrthm each mterval 1s valid and the matrizant cal- 
culated by the method described earlier wrll ap- 
proach the true value The proposed solution then 
becomes exact The mfluence of the number of 
mtervals on computed fluxes for two sets of con- 
ditions (listed m Table 3) is shown m Table 2 It 
is clear that true solution is assured when 1220. 

The flux of a component depends upon the driving 
force (Z e Ax%) of all components, the physical 
properties and theu- vanation across the film, and 
the contribution from the convective flux resultmg 
from the diffusion process For a given system, the 
first two factors are decided by the boundary con- 
ditions while the determmacy condition decides the 
bootstrap matrix or the contribution from the con- 
vective flux The performance of dflerent approx- 
imate methods may be assessed by exammmg the 
deviation between the fluxes calculated by them 
and the proposed method for different conditions 
Calculations were made with several sets of boundary 
and determmacy conditions Only a few results whrch 
emphasize the mam features are presented m this 
work. A summary of conditions employed m these 

TABLE 1 Data for the calculation of the system properties 

calculations is shown m Table 3 The determmacy 
conditions chosen m sets l-6 are similar to those 
employed by Kubaczka and Bandrowskr [6] and are 
such that the convective contribution is not em- 
portant while the conditions m sets 7 and 8 ensure 
a sigmficant contribution from the convective flux 
The percentage error E m fluxes associated with 
approximate methods, 1s defined accordmg to 

where (Nz)method 1 are the fluxes obtamed from the 
proposed method while (Ar&,,&,Odz are the fluxes 
calculated by method z (i= 2-5) For each set of 
conditions given m Table 3, Nol were calculated 
using the proposed method (method 1) as well as 
approximate methods (methods 2-5) and ez eval- 
uated from eqn (36). These values are given m 
Table 4 The values of co, D,, [ ToI and [ &I, together 
with therr deviations across the film, are given m 
Table 5 

The conditions m sets 1 and 2 (see Table 3) 
represent commonly encountered situations m many 
mterphase mass transfer problems m which the 
dnvmg forces (i-e AX) of all three components are 
significant and all Nti are of the same order of 
magnitude (see Table 4) It is clear from Table 4 
that all the approximate methods calculate fluxes 
to a sunllar accuracy The errors m fluxes associated 
wrth the approximate methods is about 0 2-6% in 
set 1 and about 0 l-1.5% m set 2 It may be noted 
that errors m set 2 are smaller m spite of a sumlar 
magnitude of variation m the values of c, D, and 
[Q m both the sets (the average absolute deviation 
is 14 5% 111 set 1 and 13% m set 2) This suggests 
that deviation m the properties is not a reliable 
mdex for assessmg errors As discussed earlier, the 
drlference m various methods of calculatmg fluxes 
chiefly lies m the manner m which the composition 
dependence of [ tl] 1s described Hence the deviation 
m [ 01 may provide a better mdex m evaluating the 
errors The values of [ 6,] - ’ [O,] are presented m 

Component paw (z,J~ 

Acetone (z)-benzene03 

Benzene (z&carbon 
tetrachlonde Q 

Carbon tetrachlonde (z)- 
acetone Q 

- 0 4650 0 7643 02 2 75 4 15 0 074 

-0 5182 0 7338 02 1 42 1 91 0 089 

1 5931 -0 4279 02 3 67 1 70 0 097 

“G.j = @,, -g,,YRT (T=298 15 K) 
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TABLE 2 Influence of the number of mtervals on the values of fluxes calculated by the proposed method 

25 

I Set 5” (N& (X lo5 km01 me2 s-l) Set 7” (Nol) (X 10’ km01 m-’ s-‘) 

2=1 2=2 2=3 2=1 2=2 

1 207 89 - 4 0842 - 193 51 -337 21 - 78 508 
5 187 38 3 6781 - 18168 - 349 60 - 90 070 

10 186 75 3 8635 - 181 28 - 346 26 -89 973 
15 186 65 3 8944 - 18121 - 345 62 -89 941 
20 186 61 3 9051 -181 18 - 345 43 - 89 932 
25 186 61 3 9051 -181 18 -345 43 - 89 932 

V’he boundary and determmacy con&tions employed m sets 5 and 7 are gwen m Table 3 

2=3 

- 5 8083 
2 6641 
3 4133 
3 5520 
3 5914 
3 5914 

TABLE 3 Summaxy of the boundary conditions employed 111 the calculations 

Set Composition at q=O Composition at 7 = 1 Dnvmg force Determmacy 
condition 

x01 x02 x03 XSI X.32 453 &I” h2” h3s 

1 0 8954 0 0948 0 0098 0 2989 0 3490 0 3521 0 5965 - 0 2542 - 0 3423 N,IN,= 15 3 
2 0 0098 0 8954 0 0948 0 3521 0 2989 0 3490 - 0 3423 0 5965 - 0 2542 N,IN,= 15 3 
3 0 8954 0 0948 0 0098 0 0933 0 8967 0 0100 0 8021 -0 8019 - 0 0002 N,IN,= - 11 6 
4 0 5400 0 2500 0 2100 0 2900 0 4900 0 2200 0 2500 - 0 2400 -0 0100 N,lN,=24 0 
5 0 8954 0 0948 0 0098 0 0500 0 0500 0 9000 0 8454 0 0448 - 0 8902 N,fN,=20 0 
6 0 0948 0 8954 0 0098 0 0500 0 0500 0 9000 0 0448 0 8454 - 0 8902 N,fN,=20 0 
7 0 1000 0 1000 0 8000 0 7000 0 2000 0 1000 - 0 6000 -0 1000 0 7000 N,IN,=O 80 
8 0 1000 0 8000 0 1000 0 5000 0 2000 0 3000 - 0 4000 0 6000 - 0 2000 N,IN,= -0 10 

Table 5, and the extent of deviation m the matrix 
product from [I] represents a measure of variatron 
m [0] across the film. It 1s clear from Table 5 that 
[S] varies more strongly m set 1 than m set 2, and 
this is consistent with the greater errors observed 
m the former set 

In sets 3 and 4, the drwmg force, and hence the 
flux, of one of the components is very small This 
1s normally the case when solutions are dilute with 
respect to a component In such cases the value 
of the small flux 1s generally sensitive to the variation 
in properties For example, m set 3, the properties 
vary sigmficantly (the average absolute deviation is 
about 14%), and the approximate methods fare very 
poorly for calculatmg the smaller flux although they 
calculate the larger fluxes to an accuracy (about 
4%) similar to that m the previous cases In set 4 
the deviation m the properties IS small (the average 
absolute deviation is about 5%) and the values of 
fluxes includmg that of the smaller flux are calculated 
satisfactorrly by the approximate methods. Thus, 
tmhke the situation with sets 1 and 2, the per- 
formance of the approximate methods 1s consistent 
w&h the variation m the properties However, the 
criterion based on the variation m [0] fails m this 
case smce [ 0, ] - ’ [S,] is significantly away from [I] 
m both the sets 

In sets 5 and 6 the boundary conditions are such 
that transfer of species occurs between two nearly 
pure components This 1s commonly the case when 
a small quantity of a valuable solute is to be extracted 
from one phase to the other In these sets the 
properties as well as [0] vary significantly across 
the film. The approximate methods perform very 
well even for the smaller flux m set 6 while, in set 
5, they totally fail for calculating the smaller flux 
and give rise to s@uficant errors (about lo-20%) 
m calculatmg the larger fluxes. Thus neither of the 
criteria based on the variation m properties and [ fl] 
can explain the observed performance of the ap- 
proxunate methods. 

In sets 7 and 8 the determmacy conditions were 
chosen such that the convective contribution to the 
flux is significant for all components. For the former 
set the approximate methods give rise to greater 
errors even for large fluxes while they fail to calculate 
even the correct direction of the small flux For 
set 8, however, the approximate methods fare well 
for both large and small values of flux It may be 
seen from Table 5 that the variation m prop- 
erties is sigmflcant m both these sets while the 
change m [e] is significant only m set 7. Thus the 
variation m [ 01 1s consistent with the observed per- 
formance of the approximate methods while the 
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TABLE 4 Companson of the fluxes calculated by different methods 

Method 1 Method 2 Method 3 Method 4 Method 5 

Set 1 
N,, (10m5 km01 m-’ s-l) 
N,, (10T5 km01 m-’ s-‘) 
NC3 (10m5 km01 m-’ s-l) 

El 
E?. 
E3 

Set 2 
N,,, (10e5 km01 m-’ s-‘) 
N,,, (low6 km01 me2 s-‘) 
No3 (10m5 km01 mm2 s-‘) 

El 
% 
fi3 

Set 3 
N,,, (1O-5 km01 m-’ s-l) 
N,, (10e5 km01 mm2 s-l) 
No3 (10m5 km01 mm2 s-l) 

El 
E2 
E1 

Set 4 
N,,, (10T5 km01 m-’ s-l) 
N,,, (10m5 km01 mm2 s-‘) 
No3 (1O-5 km01 mw2 s-l) 

l l 
Q. 
% 

Set 5 
N,,, (10d5 km01 mm2 s-l) 
N,,, (10m5 km01 me2 s-l) 
No3 (10m5 kmol mw2 s-l) 

l l 
62 
63 

Set 6 
N,, (10m5 kmol mm2 s-l) 
N,, (10m5 kmol m-’ s-‘) 
no3 (10e5 km01 me2 s-‘) 

% 
% 
E3 

Set 7 
N,,, (10m5 km01 m-’ s-l) 
N,, (10m5 km01 me2 s-l) 
No3 (10m5 km01 m-’ s-l) 

l l 
l 2 
E3 

Set 8 
N,,, (10e6 km01 m-’ s-l) 
N,-,, (10m5 km01 m-’ s-‘) 
No3 (10m5 kmol m-’ s-‘) 

El 
‘2 
l 3 

203 20 
- 100 16 

-89 768 
- 

- 108 22 
168 37 

-49 140 
- 
- 
- 

317 92 
- 292 68 

-0 00831 

- 
- 

79 910 
- 75 309 

- 1 2716 
- 

186 61 
3 9051 

-181 18 
- 
- 
- 

- 4 6427 
161 10 

- 148 40 

- 

- 345 43 
- 89 932 

3 5914 

- 36 340 
379 87 

19 870 

- 

qL=o 10 

vJL”O 00 

.qL=o 00 

qL=o 00 

TJL=o 00 

qL=o 10 

X=0 

Q’O 15 

202 75 193 87 193 88 193 87 
- 104 48 -94 162 - 94 294 - 94 298 

- 85 028 -87 036 -86 910 86 897 
02 47 47 47 
43 60 60 60 
54 30 32 32 

- 108 24 
- 167 71 

- 48 502 
00 
04 
13 

- 108 10 - 107 95 - 107 96 
168 39 168 07 168 11 

- 49 284 -49 138 -49 166 
01 03 03 
00 02 02 
03 00 01 

320 19 306 00 305 66 305 64 
- 294 80 -28180 -281 49 -28145 

0 01989 0 09018 0 08982 0 07466 
07 37 39 39 
07 37 38 38 

339 1185 1181 998 

80 432 
- 75 729 

- 1 3529 
05 
04 
63 

79 755 79 636 
-75 191 - 75 065 

- 12409 - 1 2531 
02 03 
02 03 
24 15 

79 635 
- 75 062 

- 1 2679 
03 
03 
03 

207 89 149 54 149 44 149 45 
4 0842 6 9412 6 6922 6 9241 

-19351 - 149 00 - 148 89 -14890 
114 19 9 19 9 19 9 

45 77 8 713 77 4 
68 178 179 17 9 

-4 6541 -4 7153 - 4 7430 -4 7972 
164 70 157 01 157 05 157 08 

- 151 81 - 144 45 - 144 45 - 144 48 
02 15 21 33 
21 25 25 25 
22 27 27 27 

-337 21 - 259 38 
- 78 508 -69 941 

5 8083 5 0955 
23 24 9 

12 7 22 3 
260 419 

-259 77 - 259 33 
- 70 095 - 70 016 

5 1531 5 0953 
24 8 24 9 
22 1 22 3 
43 5 41 9 

-36 395 - 36 535 - 36 285 - 36 453 
380 50 382 75 379 16 379 81 

19 850 19 137 19 973 21 168 
02 05 02 03 
02 08 02 01 
01 38 05 65 
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TABLE 5 Vanation m the physical propeties across the lilm 

1 13 2 

2 111 

3 132 

4 12 1 

5 132 

6 114 

7 106 

8 113 

( 2 2 1 39 82 85 ) 

( 3 2 1 39 78 66 ) 

( 3 1 1 38 90 48 ) 

135 ( 3 [ Y6 -2 [ -1: _::1 
-40 (-3 L325 -il [ :: ::I 
140 (3 [ _33 J [ -1: _::I 
45 (ii) r3 ,,1[ -:: _::I 
207 ( 3 [ _83 ,,1 [ :: :::I 
78 (-3 [ _4g ,,1 [I:: _::1 

*A mdxates the Merence between the values at q=O and 1 

variation m properties does not explam 
these trends 

It is clear from the above discussion that the 
variation m properties or [e] does not consistently 
explain the performance of the approximate meth- 
ods. It may be attributed to the fact that (N& m 
eqns. (19)-(25) are related to the properties through 
the matrix functions of [ 01 U-I a comphcated manner, 
and the deviations m c, D,, [ I’J or [ O] do not directly 
correspond to l z A parameter CX, IS defined for each 
component accordmg to the following equation m 
order to understand the performance of the ap- 
proximate methods 

(37) 

In method 6, the fluxes are calculated by treatmg 
[ 81 m eqn (13a) as constant and equal to 
0 5[ [ 6,] + [f&J] while the fluxes obtamed by method 
3 are obtamed by treatmg [e] as constant at its 
value evaluated for the average composition The 
values of (N& calculated from methods 3 and 6, 
(Y, and l E (obtamed for method 3) are presented m 
Table 6. It 1s clear from the table that, for a given 
set, ez are consistent with CY,. In the pairs of sets 
3 and 4, 5 and 6, and 7 and 8, the greater errors 
m the former set of pairs is satisfactorily explamed 
by the correspondmg values of (1~~. Further, errors 
associated with the approximate methods are about 
6% when LY, is less than 15% while the errors are 
generally greater than about 18% when (Y, > 25% 
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TABLE 6 Test of (Y as an index for the mfluence of property 
vanatlon on the performance of approxunate methods 

Set (No,) 
(X 10T5 km01 me2 s-‘) 

Method 3 Method 6 

(%I for 
method 3 

193 87 
-94 162 
-87 036 

- 108 10 
168 39 

-49 284 

306 00 
-281 80 

0 09018 

79 755 
-75 191 

- 1 2409 

149 54 
6 9412 

- 149 00 

-4 7153 
157 01 

- 144 45 

- 259 38 
-69 941 

5 0955 

-36 535 
382 75 

19 137 

21180 
- 105 00 

- 92 963 

- 108 69 
168 83 

- 48 906 

336 12 
- 309 35 

-0 11886 

- 80 222 
- 76 049 

- 1 4053 

92 
115 

70 

05 
04 
08 

47 
60 
30 

100 
99 

232 

13 
11 
32 

244 30 
- 0 2503 

-231 83 

- 4 4586 
166 46 

- 153 68 

01 
00 
03 

37 
37 

1185 

02 
02 
24 

19 9 
71 3 
179 

15 
25 
27 

- 364 50 
-87 798 

- 3 3269 

63 4 
104 
55 6 

54 
60 
63 

40 5 
25 5 

165 

24 9 
22 3 
41 1 

-37 057 14 05 
387 62 13 08 

20 004 45 38 

It 1s clear from Table 5 that, whenever approximate 
methods may be used for the computation of flmes, 
their performance IS smular The method based on 
the work of Kubaczka and Bandrowskl [6] requu-es 
an appropriate value of qL The best value of qL, 
designated as qL*, was chosen m the present work 
so as to give mmunum devlatlon m the larger fluxes 
It 1s clear from Table 4 that Q,* 1s specific to a 
given set of condltlons For example, qL* =0 for 
sets 2-5 and 7 while it 1s 0 1 for sets 1 and 6, 
and 0 15 for set 8 Use of vL* = 0 m sets 1, 6 or 
8 @ves greater errors than those obtamed by other 
approxunate methods Method 2 thus does not offer 
any particular advantage even if the best value of 
rlL specfic to a given set of condltlons is used. The 
other approxunate methods are almost identical m 
theu- performance while method 5 has the advantage 
of bemg sunple but is mapphcable when Ax of a 
component is zero 

7. Conclusion 

Multicomponent film model equations m the 
framework of GMS model were solved for non-Ideal 

fluid nuxtures for any composltlon dependence of 
concentration, dfiuslvltles and thermodynanuc non- 
ldeahtles The solution 1s valid for planar, cylmdncal 
and spherical film geometnes The proposed solution 
was used to examme the exlstmg approximate meth- 
ods suggested for non-ideal fluid nuxtures A pa- 
rameter cx was detied for each component to assess 
the mfluence of varymg the physical propertles on 
the error associated mth the approxunate methods 
On the basis of the calculations for an example 
system, it 1s generally recommended that the pro- 
posed solution should be used when accurate results 
are requu-ed especmlly for those components trans- 
ferrmg under the condltlons of small dnvmg forces. 
However, when CX, < 15%, any of the approxunate 
methods, mcludmg the sunplest which IS based on 
effective dtiuslvltles, may be used urlth a maxunum 
error of about 6% 
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Appendix A: Nomenclature 

molar concentration (km01 rne3) 
effectrve drffusion coefficient of component i 
(eqn. (33)) (m” s-‘) 
GMS pau drffusnnty of components i and j m 
a multicomponent mrxture (m2 s- ‘) 
bmary diffusnnty of component nuxture i-j at 
mfhute dllutlon of component i (m2 s-l) 
matrix of F’rckum diffusron coefficients (eqn. 
(12)) (m2 s-‘) 
identity matrrx 
molar drifuslve flux wrth respect to molar av- 
erage velocity (km01 me2 s- ‘) 

k v GMS mass transfer coefficrent of component 
pau- 23 in a multicomponent nuxture (eqn 
(5)) (m s- ‘) 

[K] matrrx of low-flux F’lckran mass transfer coef- 
ficients (eqn (17)) (m s- ‘) 

1 charactenstlc length (eqn. (6)) (m) 
N molar total flux wrth respect to fixed coor- 

dinates (km01 mm2 s-l) 
r distance coordmate (m) 
V molar volume of mrxture (m3 kmol-‘) 
X mole fraction 

Greek Letters 
bootstrap matrix 
matrrx of thermodynanuc factors (eqn (2)) 
actrvrty coefficient 
Kronecker delta 
error m flux value calculated by approximate 
methods (eqn. (36)) 
dimensionless distance 
correction factor matrrx (eqns. (20) and (25)) 
matnzant (eqn. (14)) 

Subsmpts 
2, J components 2, j 
t total value 
0 position at 7)=0 
6 position at 77 = 1 

supersc?%pts 
new latest values 
old current values 

Symbols 
[] (m-l)X(m-1) square matrrx 
() (m-l) column matnx 


