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Abstract
Multicomponent film model equations 1n the framework of generalized Maxwell-Stefan model were solved
for non-1deal flmd muxtures for any given composition dependence of concentration, diffusivities and
thermodynamic non-ideahities. The solution i1s vahd for planar, cylindncal and spherical film geometnes
This proposed solution was used to evaluate the available approximate solutions and to examine the
conditions under which they perform well On the basis of calculations for the system ace-
tone—benzene—carbon tetrachlonde, 1t was observed that approximate methods generally give nse to
greater errors in calculating small fluxes, 1 ¢ when components transfer under small values of dnving
force. A parameter « was defined for each component to assess the influence of varying physical properties
on the error associated with approximate methods When a<15% the error 1s about 6% and, when
az>25%, the corresponding errors are greater than 18% Whenever the approximate methods may be
used for calculation, their performances are smmilar, but the method based on effective diffusivities has
the advantage of being simple

1. Introduction

~1
'm,E gﬁ o i Nsz—N?xi
<Y dr =1 ch,,
In many practical engimeermg operations such as G*)

absorption, distillation, extraction and 1on exchange .

processes, 1t 1s essential to calculate rates of trans- fori=1,2, ..,m-1 (1a)

port 1 the liqmd phase Often the hqud-phase < 4,%,~-J,7,

components exceed two and the transport occurs - = cb,,

m a multicomponent environment. Transfer of spe- G*1)

cies I multicomponent systems 1s complicated by fori=1,2,...,m—1 (1b)

thermodynamic non-idealities of the mixture, dif-
fusional coupling between the transfer of the species,
and composition dependence of these thermody-
namic and diffusional imnteractions Diffusion m mul-
ticomponent flud mixtures 1s described by the gen-
eralized Maxwell-Stefan (GMS) equations. The GMS
equations for r-directional diffusion (1in the absence
of external forces) of an m-component fluid mixture
at constant temperature and pressure may be written
as

*Author to whom correspondence should be addressed
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where D,, are the GMS pair diffusivities and I, are
thermodynamic factors defined by

1-;,7—81,1+ ; e N (2)

The GMS equations are then commonly combmed
with the film model to analyse multicomponent mass
transfer problems of chemical engineering interest.
For steady state one-dimenstonal transport, the gov-
erning film model equations may be obtamed as

(1]
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m—lr % _ 5": N,x,—N,x,
J=1 U r =1 Ckz]
G#v)
forz=1,2, .,m—1 (3a)
__3% La=da
7=1 Cku
G *)
forz=1,2, . ,m—1 (3b)

subject to the following conditions at either ends
of the film

at n=0 (r=7,) (x)=(%) (4a)
atn=1 =7 @) =(x5) (4b)

k,, m eqn. (3) are the GMS mass transfer coefficients
defined as
ko= 22 (5)
l

The thermodynamic and diffusivity terms in eqn
(3) generally exhibit highly non-linear dependence
on mixture composition Any numerncal technique
to solve the equations may therefore be comphcated
by computational difficulties such as multiphcity of
solutions as was observed with the parametric form
of solution for ideal gas muxtures [1] and conver-
gence problems especially when the concentration
dependence of the terms is large as in the case of
polymer solutions [2] Further, numerical calcula-
tions do not render easy mnterpretation of the results
since the contnbutions to fluxes due to different
effects such as thermodynamic non-idealities, rel-
ative component diffusivities and their concentration
dependence are not brought out explicitly Hence,
an analytical solution i1s desirable

Analytical solution of eqn. (3) 1s quite mvolved
because of the concentration-dependent physical
properties (z e. I,,, D,, and ¢) Several approxmmate
solutions were proposed on the basis of (1) a pseu-
dobimnary assumption wheremn the multicomponent
transport problem 1s treated as a set of bmary
problems using a suitable effective diffusion coef-
ficient for each component [3], (1) limeanzation of
egn. (3) wherein the physical properties are assumed
constant either separately [1] or iIn combination [4,
5] and (1) the assumption that a combination of
the properties remains constant across the film up
to some distance and then vanes linearly with com-
position [6]. In the case of 1deal gas mixtures the
approximate solutions of Knishna {1] and Kubaczka
and Bandrowski [6] become exact while the other
methods still remam approximate i nature The
validity and himutations of the approximate methods

have been well studied for gas mixtures but have
not been evaluated in the case of hquud mixtures
Such a study 1s important since it was shown [7]
that, even for 1deal gases, the Toor—-Stewart—Prober
[4, 5] lineanzation approxmmation can lead to sig-
nificant errors in some cases

In the present work a method was proposed to
solve the film model equations with composition-
dependent properties The proposed method was
then used to evaluate the various approximate meth-
ods and to examine the conditions where they are
likely to perform well

2. Analysis

The film model equations I eqn (3) may be
generalized to any geometry (planar, cylindncal or
spherical) when the fluxes N, (which depend upon
cross-sectional area) are replaced by those at =0,
Ny,, and when the dimensionless distance 1 and
charactenstic length I are approprnately defined for
different geometries [8] For a planar geometry, n
and [ are giwven by

r—7g

= — l=rs— 6
n o s 7o (6)

Eguation (3) can be wrntten mn a matnx form as

] ad— @) = [B1(@) + () (72)
n

l
== 5 1Bl (7b)

l 1
. ;Nm[Bl((x - (No))

where the elements of various matrices are defined
as follows

xz xk
Bu: + T~
Bzm kgl Dzk
D)
forz=1,2, .,m-—1 (8a)
B . 1 1
v ’ sz Dzm
fore,7=1,2, . ,m—1 (2#)) (8b)
o No 3 Mo
ktm k=1 Ckzk
(k+1)
forz=1,2,. ,m-—1 (9a)
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1 1
@, = —N, -
g O’(Ck,j ck,m)

fori,j=1,2, ..., m—1 (i#j) (9b)
and
&= — ZZ"; forz=1,2,...,m—1 (10)
By mtroducing the matrices
[61=[I7""[2] 11
[D]1=[B]~'[I] 12)
egqn (7) may be more compactly written as
i (x)=[01((x)— o (No)) (133)

. me[D]—‘((x - (No)) (13b)
c No:

The fluxes Ny, n egn. (13) are constant while [6],
[D] and ¢ 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. This necessitates an additional
relation among N,, (termed the determinacy con-
dition) for the problem to be fully determined We
are mterested i seeking a solution to eqn (13)
for obtaining the fluxes Ny, for any given determinacy
condition when the mixture composition at both
ends of the film 1s specified It may be noted that
eqns. (13a) and (13b) are equivalent and either of
them may be used to obtamn 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, 9]

(@ — 20) = [Q3(6) —I1[Q3(0) — 11~ (5 — Xo) (14
where the matrizant [Qg(6)] of [0] 1s defined as

[96'(0)]=[I]+f[9ﬂ] dm +f [0n]f (6] d7p d7y
[} o] 0

+].[e,,]f[a,2]f [6,] d73 d7p d7y +
4] [o] 0
(1%)

The matnzant mcorporates the effect of thermo-
dynamic non-idealities, component pair diffusivities
and their composition dependence. For diffusion of
1deal gas muxtures, [I'1=[I] and D,, are the cor-
responding bmary gas diffusivities which are con-
stant. The matnzant then equals [exp|P]], and the

general solution 1n eqn (14) reduces to the solution
of Knshna and Standart [7].

To calculate the fluxes from the composition
profiles, we first define the matrix [K,] of low-flux
coefficients at n=0 as
o) = —C[Ko](di (x)) (16)

n

n=0

It 1s clear from eqn. (7b) that [K,] 1s given by

1 1
[Kol= 1 [Bo] ™ [Ib]= 7 [Dol a7
For the computation of (J,) from eqn. (16), low-
flux coefficients can be obtamned readily from the
property values at 1 =0 while the composition gra-
dients can be obtamned from eqn, (14) to give
d
an (@) =16,][23(0) 1 [Q3(6) — 11 (%5 —%o) 18)
Equations (16) and (18) may be combmed and
written m the form

Wo)=— C[Ko][Eol(xa"‘xo) 19
where the correction factor matnx [£], is given by
(B0l =16,1108() — 1171 20)

In 1deal gas muxtures, [5,] mcorporates the cor-
rection due to the high flux while, in liqud mixtures,
1t additionally accounts for the effect of thermo-
dynarmuc non-1idealities, diffusional interactions and
composition-dependent properties. Fmally, the
fluxes N,, are required to be obtamed from (J,) to
complete the problem

As mentioned earlier, mm order to calculate the
m mdependent fluxes Ny, (i=1, m) a determinacy
condition 18 required. This determimacy condition
1s often provided by the physical situation m the
given problem (e.g. equumolar counterdiffusion or
diffusion through a stagnant component), by en-
thalpy balance, or by momentum balance for the
components [1, 10]. It is possible in most of the
cases to express this condition as a bootstrap matrix
[B] relating N,, and Jo,:

(No) =[Bolo) 21

where the elements of [B] can easily be denved
from the given determinacy condition [10].
Equations (17) and (19)—(21) provide the nec-
essary relationships to compute N, using com-
position gradients at 1=0. These fluxes may also
be computed by another set of equivalent equations
using composition gradients at n=1. An identical
approach with that employed for obtaining the quan-
tities at =0 gives the low-flux coefficients, cor-
rection factor matnx and the fluxes at n=1. The
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resulting equations are

1
[Ks5]= i [Bs]7'[15] (22)
W)= “C[Kﬂ[Ea](xs —Zo) (23)
WNo)=1B51J5) €23
where
EARICAIHOIC{ORS ik (25)

Finally the fluxes N;, at =1 may be obtamned from
N,, using the following relationship for different
geometnes [8]

TN =7No,=75N,, (26)

where v 1s equal to 0, 1 and 2 for planar, cylindrical
and spherical geometries respectively Equations
(17)~(26) provide the required solution to the GMS
equations Smce these equations are highly non-
linear and mmphicit 1In Ng,, they need to be solved
iteratively

3. Computational algorithm

Several algorithms have been proposed [7, 11-14]
for the calculation of fluxes in the case of gas
muxtures for which the integral equations (19)—-(21)
and (23)—(25) reduce to smmple algebraic equations
The computational scheme of Krishna and Taylor
[13] 1s the most rehable, and 1t uses the dominant
eigenvalue of [6] for choosing one of the two
equivalent sets of equations, egns (19)—(21) and
(23)-(25), for computing N, Smce the present
problem represents a set of integral equations, the
following algorithm was used
Data

They are as follows composition (z ¢ mole frac-
tion x,, and x;) at =0 and 1, ¢, D,, and [, as
functions of the composition, geometry (planar,
cylindrical or sphencal), film thickness 75— 1, boot-
strap condition
Step 1

Compute [, [Bol, [Bs], [Ko] and [K]

Step 2

(a) Choose the number of pomts (say 7,, :=1,
I+ 1) along the film thickness in the interval 0 < n <1
where the composition profiles are to be matched

(b) Assume the mitial composition (ze mole
fraction (z°9) at different 7,

(c) Assume mitial values of (Ny)

Step 3

(a) Using previous values of (V) and (z°9) find

(6], [05] and [QJ(6)] for 2=1, I+ 1

(b) Find the latest mole fraction (") at n, using
eqn (14)
Step 4

Check for convergence of (x°?%) and (z™") If
not converged, go to step 3 with (z°%)=(x™"),
else go to step 5

Step 5
Find
R 1 m—1
- 000+ 00,
eav 2(m-—1) (12:1 ( O & ))

If éav<0, then find latest values of (N,) using eqns
(23)-(25) and go to step 6, else find latest values
of (Ny) usmg eqns (19)—(21) and go to step 6
Step 6

Check for convergence of previous and latest
value of (N,) If converged, stop, else go to step
3

4. Evaluation of matrizant

Use of the above algorithm for solution of egns
(19)—(25) mmvolves computation of the matrizant
several times Any numerical evaluation for [Q(6)]
18 computationally very expensive since the number
of terms required for the convergence of the senes
m eqn (15) will be large when |6,,| are significantly
away from zero, and the evaluation of each suc-
cessive term mvolves icreasingly greater number
of [8] calculations Hence an algonthm to evaluate
[Q3(6)] economically to a good accuracy i1s 1m-
portant for the success of the algorithm

If [#] varies hnearly with n m the mterval
m<M<n2, [22(6)] can be easily obtamed from
analytical mtegration of the terms m the series m
eqn (15) If the size of the interval 1s sufficiently
small, the first five terms are usually sufficient for
the convergence of the series Matrizants computed
over small mtervals can be used to obtam the
matrizant value over a larger interval employing the
chain rule of matrizants [9]

(O] =107 _ (DI (ONZHO] - [ (6)]

@7

We compared the value of [13(8)] computed using
the above procedure with that calculated from nu-
merical mtegration of eqn (15) A composite Sump-
son rule with a sufficiently large number of intervals
of mtegration was used to give good accuracy On
the basis of calculations using different functional
relationships of [@] with 7, 1t was observed that,
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when the size of the interval 1s appropnately chosen,
the value of [QF(6)] can be computed to the desired
accuracy.

5. Approximate methods

Kubaczka and Bandrowski [6] assumed the com-
position dependence of [0] as

[9]=[wol cor {0<n<m (282)

[60] — [[60] — [6511m m<n<l (28b)

This sumphfied composition dependence of [8] 1s
expected to be a better approximation than the
constancy of [#] assumed in Knshna's {1] model.
This also allows easier determination of the matrizant
from the relation

[Q5(6)] = [Q,,.(0) ][exp[ 6 m.]] (29)

The first term can be determined using analytical
mtegration of eqn. (15) as described earher. The
method, however, requires prior knowledge of 7,
This method 1s designated as method 2

If the composition dependences of I,,, D,, and
¢ are ignored and these parameters are treated as
constant at the values evaluated at the average
composition, [#] 1s a constant matrix The matrizant
then 18 equal to [exp[#8]] and the proposed solution
1S 1dentical with the approxmmate solution of Krishna
[1]. This method of computing 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
eqns (19)—(25) 1s stall vahd if {6] 1s replaced by
[¥] which 1s defined as
(¥1= £ NolDI"* (30)
Further, if [ ] is assumed constant and 1s evaluated
at the average composition, the resulting solution
1s the approximmate method suggested by Toor and
Stewart and Prober [5] This method 1s designated
as method 4

The effective diffusivity method [3, 10} asreported
m the work by Krishna and Taylor [10] results from
eqns. (7b) and (12) which may be rearranged to
give

I D J

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

forz=1,m—1

38D

dz,
J=-24, forv=1, m—1 (32)
l " dn

where the effective diffusivity d, 1s defined as

Az,
d,=D,,+ 2 D, v (33)
(7*1)
Further, if D,, and ¢ are assumed constant and

evaluated at the average composttion, eqns (21)
and (32) can be easily solved for the flux of each
component. This method 1s designated as method
5

Method 5 1s the crudest approximation but, when
the convective flux 1s small, this method should
produce results similar to those from method 3
because the underlying assumptions become equiv-
alent. Likewise, method 3 (based on GMS coefli-
cients) and method 4 (based on Fickian coefficients)
are essentially equivalent when constant properties,
evaluated at the average composition, are assumed;
similar results would be expected i all cases Method
2 contamms an adjustable parameter; so it mght
produce superior results 1f 1t 1s fitted to the proposed
solution.

6. Results and discussion

The proposed solution was apphed for the transfer
of acetone(1)-benzene(2)—carbon tetrachlonde(3)
mixture (at T=298.15 K) across a planar film to
find component fluxes for the given surface coms-
positions and the determinacy condition When the
mitial composition profiles were taken as hnear,
and the mitial fluxes obtamed by assuming that the
correction factor m egn. (19) 1s unimportant (z e
[E,]1= U], solution was assured for all the cases
studied The composition dependence of the ther-
modynamic quantities I, was described using the
non-random two hqud (NRTL) equation with the
reported parameters [15]. The composition depen-
dence of the GMS diffusivities D,, can be predicted
by any of the models of Bandrowski and Kubaczka
[16], Kosanovich [17] or Wesselingh and Krishna
[18]. In the present work the model of Wesselingh
and Knshna was used. Their model describes the
composition dependence of D,, as follows.

B, = @) o R@))¢ Tl @4)

where D, is the bmary diffusion coefficient of com-
ponents 2 and j at mfinite dilution of component
2 The values of the ternary diffusivities predicted
by eqn (34) agree with the reported data [19], and
the accuracy of the predictions 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 assuming that
volume change due to mixmng 1s zero

c=1/2v1xz

The NRTL parameters D2, and v, necessary for the
estimation of D,,, I, and ¢ are given mn 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 mtervals (z e
value of I) chosen For 7= 1, the solution s identical
with the method of Kubaczka and Bandrowsk [6]
with n,=0. When the number of intervals 1s suf-
ficiently large, the assumed lmear vanation i [8]
within each mterval 1s valid and the matnzant cal-
culated by the method descrnibed earher will ap-
proach the true value The proposed solution then
becomes exact The mmfluence of the number of
mtervals on computed fluxes for two sets of con-
ditions (listed in Table 3) 1s shown in Table 2 It
18 clear that true solution 1s assured when 1> 20.

The flux of a component depends upon the driving
force (e Ax,) of all components, the physical
properties and theiwr vanation across the film, and
the contribution from the convective flux resulting
from the diffusion process For a given system, the
first two factors are decided by the boundary con-
ditions while the determinacy condition decides the
bootstrap matrnx or the contribution from the con-
vective flux The performance of different approx-
mmate methods may be assessed by examining the
deviation between the fluxes calculated by them
and the proposed method for different conditions
Calculations were made with several sets of boundary
and determinacy conditions Only a few results which
emphasize the main features are presented in this
work. A summary of conditions employed 1n these

(35)

TABLE 1 Data for the calculation of the system properties

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

I(N Dmetnod 1 ~ (Vo )method ‘LI
= 100
(N z)memod 1 l x

(36)

€,

where (N )nmemoa 1 are the fluxes obtamed from the
proposed method while (N )etmoa. are the fluxes
calculated by method 2 (i=2-5) For each set of
conditions given i Table 3, N, were calculated
usmg the proposed method (method 1) as well as
approxmmate methods (methods 2-5) and ¢, eval-
uated from eqn (36). These values are given m
Table 4 The values of ¢co, Dy,,, [[o] and [6,], together
with thewr dewviations across the film, are given m
Table 5

The conditions m sets 1 and 2 (see Table 3)
represent commonly encountered situations in many
mterphase mass transfer problems m which the
driving forces (i.e Ax) of all three components are
significant and all N, are of the same order of
magnitude (see Table 4) It 1s clear from Table 4
that all the approximate methods calculate fluxes
to a similar accuracy The errors in fluxes associated
with the approximate methods 1s about 0 2—6% in
set 1 and about 0 1-1.5% 1n set 2 It may be noted
that errors in set 2 are smaller 1n spite of a sirular
magnitude of vanation m the values of ¢, D,, and
[I'] in both the sets (the average absolute deviation
1s 14 5% 1n set 1 and 13% 1 set 2) This suggests
that dewviation in the properties 1s not a reliable
mdex for assessing errors As discussed earlier, the
difference m various methods of calculating fluxes
chiefly hies 1n the manner i which the composition
dependence of [0] 1s described Hence the deviation
m [8] may provide a better mdex mm evaluating the
errors The values of [6,] ![05] are presented m

Component pair (2, 5) 7" 7, a, DY, D}, v,

(107°* m? s71) (m® kmol™1)
Acetone (2)-benzene(7) —0 4650 07643 02 27 415 0074
Benzene (z)—carbon —-05182 0 7338 02 142 191 0 089
tetrachlonde ()
Carbon tetrachlonide (2)— 15931 —~04279 02 3567 170 0 097

acetone ()

aTIJ h (gu _g]t)/RT (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

I Set 5* (Np,) (X 10° kmol m~2 s™1) Set 7* (Ng) (X 10° kmol m~2 s71)
=1 1=2 1=3 2=1 1=2 =3

1 207 89 —4 0842 —193 51 —-33721 —78 508 -5 8083

5 187 38 36781 - 181 68 —-349 60 —90 070 2 6641
10 186 75 3 8635 —181 28 —346 26 -89 973 34133
15 186 65 3 8944 -18121 —~345 62 —89 941 35520
20 186 61 39051 —181 18 —345 43 -89 932 356914
25 186 61 39051 —181 18 —345 43 —89 932 36914
*The boundary and determinacy conditions employed mn sets 5 and 7 are given i Table 3
TABLE 3 Summary of the boundary conditions employed 1n the calculations
Set Composition at n=0 Composition at n=1 Dniving force Determinacy

condition
Zoy Zoo Zo3 23 X2 Xs3 Az,* Axy® Azy*

1 0 8954 00948 0 0098 0 2989 03490 03521 05965 —0 2542 —0 3423 N,/N;=1563
2 0 0098 0 8954 0 0948 0 3521 02989 0 3490 —0 3423 0 5965 —0 2542 N,/N,=1563
3 0 8954 00948 00098 00933 0 8967 00100 0 8021 —08019 —0 0002 Ny/N;=—116
4 05400 0 2500 02100 0 2900 04900 02200 0 2500 —02400 —00100 N,/N,=240
5 0 8954 00948 0 0098 0 0500 0 0500 0 9000 08454 0 0448 —0 8902 N,/N;=200
6 00948 0 8954 0 0098 0 0500 00500 0 9000 00448 0 8454 —0 8902 N,;/N,=200
7 0 1000 01000 0 8000 0 7000 02000 0 1000 -0 6000 -0 1000 0 7000 N,;/N,=0 80
8 01000 0 8000 0 1000 0 5000 02000 0 3000 -0 4000 0 6000 —0 2000 N,;/N,=-010

lA.x,=x01 7%

Table 5, and the extent of deviation mn the matnx
product from [I] represents a measure of variation
m [8] across the film. It 1s clear from Table 5 that
[6] varies more strongly mn set 1 than mn set 2, and
this is consistent with the greater errors observed
m the former set

In sets 3 and 4, the driving force, and hence the
flux, of one of the components 1s 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 vanation
in properties For example, m set 3, the properties
vary significantly (the average absolute deviation is
about 14%), and the approximate methods fare very
poorly for calculating the smaller flux although they
calculate the larger fluxes to an accuracy (about
4%) siumilar to that in the previous cases In set 4
the deviation in the properties is small (the average
absolute deviation 1s about 5%) and the values of
fluxes including that of the smaller flux are calculated
satisfactorily by the approximate methods. Thus,
unhke the situation with sets 1 and 2, the per-
formance of the approximate methods 1s consistent
with the vanation n the properties However, the
criterion based on the vanation in [6] fails m this
case since [6,] '[6;] 1s significantly away from [/]
Imn 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 [6] vary significantly across
the film. The approximate methods perform very
well even for the smaller flux mn set 6 while, in set
5, they totally fail for calculating the smaller flux
and give nise to significant errors (about 10-20%)
i calculating the larger fluxes. Thus neither of the
criteria based on the variation i properties and {6]
can explain the observed performance of the ap-
proximate methods.

In sets 7 and 8 the determinacy conditions were
chosen such that the convective contnbution to the
flux 1s 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 i prop-
erties 1s significant 1 both these sets while the
change n [0] 1s significant only in set 7. Thus the
vanation m [8] 1s consistent with the observed per-
formance of the approximmate 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
Ng; (107° kmol m~2 s71) 203 20 7.=010 202 75 193 87 193 88 193 87
Ngz (107° kmol m™2 s71) —-100 16 —104 48 —94 162 —94 294 —94 298
Ng; (107% kmol m~2 s71) —89 768 -85 028 —87 036 —86 910 86 897
€ - 02 47 47 47
& - 43 60 60 60
€5 - 54 30 32 32
Set 2
Ny, (107° kmol m~2 s71) —108 22 7.=000 ~108 24 -108 10 —~107 95 ~107 96
Ny (1073 kmol m™2 s~1) 168 37 -167 171 168 39 168 07 168 11
Ny; (1075 kmol m~2 571 —49 140 —48 502 —49 284 —49 138 —49 166
€ - 00 01 03 03
& - 04 00 02 02
€ - 13 03 00 01
Set 3
No, (107% kmol m™2 571 317 92 nL=0 00 320 19 306 00 305 66 305 64
Nyz (107% kmol m~2 s71) —292 68 —294 80 —281 80 ~281 49 - 281 45
Ny; (107° kmol m~2 571 —0 00831 001989 009018 008982 0 07466
& - 07 37 39 39
€ - 07 37 38 38
€ - 339 1185 1181 998
Set 4
Ny, (107° kmol m™2 s571) 79 910 1.=0 00 80 432 79 755 79 636 79 635
Ny, (107°% kmmol m~2 s71) —75 309 ~75 729 —75 191 —75 065 - 75 062
Ny; (107°% kmmol m™2 s71) —-12716 - 13529 ~12409 —12531 ~12679
€ - 05 02 03 03
€ - 04 02 03 03
€ - 63 24 15 03
Set 5
Ny; (107°% kmol m~2 s71) 186 61 n.=0 00 207 89 149 54 149 44 149 45
Ngz (107 kmol m~2 571 3 9051 4 0842 69412 6 6922 69241
Ny; (107°% kmol m™2 s71) -181 18 ~193 51 - 149 00 —148 89 ~148 90
€ - 114 199 199 199
€ - 45 778 713 77 4
€ - 68 178 179 179
Set 6
Ny (107°% kmol m~2 s71) —4 6427 n.=0 10 —4 6541 —4 7153 —4 7430 —4 7972
Nyz (107°% kmol m~2 s71) 161 10 164 70 157 01 157 05 157 08
Mgz (107% kmol m~2 s71) —148 40 —151 81 —144 45 —144 45 —144 48
€ - 02 15 21 33
€ - 21 25 25 25
€ - 22 27 27 27
Set 7
Np; (107° kmol m™2 s71) —345 43 =0 ~33721 - 259 38 —-259 77 —259 33
Npz (107 kmol m~2 s71) —89 932 —78 508 -~ 69 941 —70095 - 70016
Nyz (107° kmol m~2 s™1) 35914 5 8083 5 0955 5 1531 5 0953
€ - 23 249 24 8 249
€ - 127 223 221 22 3
€ - 260 419 435 419
Set 8
Ny, (107% kmol m~2 s71) —36 340 m=015 —-36 395 —36 535 —36 285 —36 453
Ny, (107°% kmol m~2 s71) 379 87 380 50 382 75 379 16 379 81
Ngz (1078 kmol m~2 s~ 1) 19 870 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 in the physical properties across the film
Set ¢o Dz rNy I 6, 612 Ac/co* (ADU) [AI},] [60]*165]
-3 — h—
(kmol m~%) Pis X100 Do, Iy,
D3’ o LI, Iapdo L8y B23-do *x 100 x 100
(1072 m? s
398 r 093 -—-0037 1 005 0 057 161 r 266 - 77r1r 51 5 91
1 132 342 1356 29 4
167 L 006 1031 L-024 -044 130 L — —-104 L -23 -—23
282 r 099 -—-0037 -005 —0067 -211 - 325 - 71r 12 0 21
2 111 239 -40 -33
185 L 006 0994 L 028 0 23 118 L — ~-504d L 05 121
399 r 094 -0037 1 013 0 087 281 - 33 - 7r 83 177
3 132 342 140 257
167 L 006 1034 L-073 -068l -126 L~ 104 L -29 -—13d
339 r 072 -0127 r 005 0 047 96 r—23 - 17T 85 2 47
4 121 2178 45 92)
166 L 010 106d L-020 -019d -34 L — ood L -27 -16d
398 r 094 -0037 1 002 0 041 152 r 83 - 715 17 1959
5 132 342 207 475
167 L 006 1034 L-002 -035d 129 L — 201 L 00 -24.1
287 r 090 —-0047 -003 0 001 -179 r 49 - 7 r 142 0 41
6 114 254 78 29 3
188 L 009 1044 L 025 004 226 L — 20 L-682 -04d
338 - 076 -0107 r—-20 -09 -108 r—50 - 7 057 —-0201
7 106 190 ] —-212 —-620
148 L -007 0981 L-039 -12 —-126 L — -204 L -012 0714
293 r 089 -0059 127 008 —-228 r 244 - 1r 112 0 207
8 113 246 :l -121 -76
183 L 004 1031 L o063 178 112 L — 100 L 014 099
*A mdicates the difference between the values at =0 and 1
vanation 1n properties does not explam  In method 6, the fluxes are calculated by treating

these trends

It is clear from the above discussion that the
variation m properties or [#] does not consistently
explamn the performance of the approximate meth-
ods. It may be attributed to the fact that (V,,) In
eqns. (19)—(25) are related to the properties through
the matrix functions of [8] in a comphcated manner,
and the deviations in ¢, D,,, [I] or [ 8] do not directly
correspond to €, A parameter «, i1s defined for each
component according to the followmg equation m
order to understand the performance of the ap-
proximate methods

o _|(N1. method3_(N1 method 6
o

37

(N 2/method 3

[6] m egqn (13a) as constant and equal to
0 5[[6,]+[65]] while the fluxes obtained by method
3 are obtamned by treating [6#] as constant at its
value evaluated for the average composition The
values of (N,,) calculated from methods 3 and 6,
a, and ¢, (obtained for method 3) are presented 1n
Table 6. It 1s clear from the table that, for a given
set, €, are consistent with «,. In the pairs of sets
3 and 4, 5 and 6, and 7 and 8, the greater errors
m the former set of pairs 1s satisfactorily explamed
by the corresponding values of «,. Further, errors
associated with the approximate methods are about
6% when a, 1s less than 15% while the errors are
generally greater than about 18% when «,>25%
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TABLE 6 Test of @ as an index for the influence of property

vanation on the performance of approximate methods

Set (Vo) (@) (e,) for
(X107° kmol m~2 s71) method 3
Method 3 Method 6

1 193 87 211 80 92 47

—94 162 - 105 00 115 60
—-87 036 —92 963 70 30
2 —108 10 - 108 69 05 01
168 39 168 83 04 00
—49 284 —48 906 08 03

3 306 00 336 12 100 37

- 281 80 —309 35 99 37
009018 —0 11886 232 1185

4 79 755 - 80 222 13 02

-75191 —76 049 11 02

—1 2409 —1 4053 32 24

5 149 54 244 30 63 4 199

69412 -02503 104 713

— 149 00 —231 83 556 179

6 —4 7153 —4 4586 54 15

157 01 166 46 60 25

—144 45 —1563 68 63 27

7 —259 38 -364 50 405 249

—69 941 —87 798 255 22 3

5 0955 —3 3269 165 411

8 -36 535 —37 057 14 05

382 75 387 62 13 08

19 137 20 004 45 38

Itis clear from Table 5 that, whenever approximate
methods may be used for the computation of fluxes,
their performance 1s similar The method based on
the work of Kubaczka and Bandrowsk: [6] requires
an appropriate value of n, The best value of m,,
designated as 7m.*, was chosen 1n the present work
$0 as to give mmmum deviation 1n the larger fluxes
It 1s clear from Table 4 that 7. * 1s spectfic to a
gven set of conditions For example, . *=0 for
sets 2-5 and 7 while 1t 1s 01 for sets 1 and 6,
and O 15 for set 8 Use of 1,*=0 m sets 1, 6 or
8 gives greater errors than those obtained by other
approximate methods Method 2 thus does not offer
any particular advantage even if the best value of
7 specific to a given set of conditions 1s used. The
other approximate methods are almost 1dentical in
thewr performance while method 5 has the advantage
of bemng simple but 1s mapphcable when Ax of a
component 1S zero

7. Conclusion

Multicomponent film model equations mm the
framework of GMS model were solved for non-i1deal

fluid mixtures for any composition dependence of
concentration, diffusivities and thermodynamic non-
1dealities The solution 1s valid for planar, cylindrical
and spherical film geometnes The proposed solution
was used to examine the existing approximate meth-
ods suggested for non-ideal flmd mixtures A pa-
rameter a was defined for each component to assess
the influence of varying the physical properties on
the error associated with the approximate methods
On the basis of the calculations for an example
system, 1t 1s generally recommended that the pro-
posed solution should be used when accurate results
are required especially for those components trans-
ferming under the conditions of small driving forces.
However, when «, < 15%, any of the approximate
methods, including the simplest which 1s based on
effective diffusivities, may be used with a maximum
error of about 6%
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Appendix A: Nomenclature

¢ molar concentration (kmol m™%)

d effective diffusion coefficient of component 2
(eqn. (33)) (m® s™1)

D,, GMS par diffusivity of components ¢ and j n
a multicomponent mixture (m? s~ 1)

D?, bmary diffusivity of component mixture i-j at
mfimite dilution of component ¢ (m? s™1)

[D] matrix of Fickian diffusion coefficients (eqn.
(12)) (m* s7Y)

[I1 1dentity matrx

J molar diffusive flux with respect to molar av-
erage velocity (kmol m~2 s™1)

k., GMS mass transfer coefficient of component
parr 2— in a multicomponent mixture (egn
(6)) (m s~

[K] matnx of low-flux Fickian mass transfer coef-
fictents (eqn (17)) (m s~ 1)

l charactenstic length (egn. (6)) (m)

N molar total flux with respect to fixed coor-
dinates (kmol m~2 s™1)

r distance coordmmate (m)

v  molar volume of mixture (m® kmol™!)

x  mole fraction

Greek Letters

[B] bootstrap matrix

[l matnx of thermodynamic factors (eqn (2))

y  activity coefficient

8,, Kronecker delta

€ error 1n flux value calculated by approximate
methods (eqn. (36))

n  dimensionless distance

[Z] correction factor matrix (egns. (20) and (25))

[Q] matnzant (eqn. (14))

Subscripts

2, J components 2, j
t total value

0 position at n=0
8 position at n=1

Superscripts
new latest values
old current values

Symbols
[1 (@m—1)X(m—1) square matnx
0O (m—1) column matrnx



