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The use of the Chilton-Colburn analogy to obtain an effective film thickness over which the 
Stefan-Maxwell equations can be integrated was confirmed for binary mixtures and found op- 
plicoble for ternary, quaternary, and presumably higher order mixtures under conditions of 
nonequimolal counterdiffusion in a differential convective flow system. A method of averaging 
binary diffusivities was developed for use in computing the Schmidt number in these multicom- 
ponent systems. It was also found necessary to modify the usual Shenvood number, if  there was 
a large molecular weight chnge  across the diffusion barrier when the Chilton-Colburn analogy 
was employed. 

One of the most dacul t  current problems in chemical 
engineering involves mass transfer in multicomponent 
gaseous mixtures under conditions of convective flow. For 
many years the concept of a film resistance to diffusion, 
originally proposed by Noyes and Whitney ( 1 )  and sub- 
sequently extended by Nernst ( 2 ) ,  was sufficient for most 
applications involving systems with two components or 
one diffusing component in a mixture of nondiffusing com- 
ponents ( 3 ) .  Whitman ( 4 )  proposed the additive resis- 
tances of these films, and Fischbeck (5) and Tu et al. (6) 
extended their utility to interfaces at which a chemical 
reaction is occurrin However, Bischoff and Froment (7) 

reaction and kinetic resistances for real systems without 
the use of computational equipment. In recent years the 
penetration theory of Higbie ( 8 ) ,  with suitable modifica- 
tions, has been gaining in popularity (9 to 1 2 ) ,  and Sher- 
wood et al. have recently suggested turbulent film (13, 
1 4 )  and parallel eddy and molecular diffusion (15 )  mod- 
els. However, the film concept is still widely used indus- 
trially and is quite satisfactory for many applications. 

The use of analogies between momentum, heat, and 
mass transfer is especially he1 ful in defining a resistance 

ject is by Sherwood ( 1 6 ) .  However, if these analogies are 
to be employed with the kinetic theory of gases to solve 
multicomponent diffusion problems, a model such,as eff ec- 
tive film, surface renewal, etc., must be employed. In ad- 
dition, multicomponent systems present problems, because 
the analogies between momentum and heat transfer no 
longer bear a direct similarity with mass transfer. The dif- 
fusion rates of various components in a mixture are not 
necessarily directly related to the heat and momentum 
transport rates. For instance, the diffusion rates of a given 
component, or of the mixture as a whole, can vary in both 
sign and magnitude under conditions where the heat or 
momentum transfer is relatively invariant. Ackerman (1 7) 
first reported this difficult and showed how total heat 

ponent, as well as by the transport parameters of the bulk 
stream. Mickley et al. (18)  extended this concept to the 
case where the flow to or from an interface was essentially 
independent of bulk stream conditions. Such a situation 
can occur, for instance, in transpiration or ablative cool- 

have pointed out t f e difficulty of treating simultaneous 

to mass transfer, and one of t g e best surveys on this sub- 

transfer was affected by t K e diffusion rates of each com- 

ing. Bedingfield and Drew (19) derived a correction fac- 
tor for direct analogy between mass and heat transfer in 
binary systems and using dilute systems obtained good 
correlation. Heinrich ( 2 0 ) ,  working with a more concen- 
trated system, was unable to find a eneral analogy. 

Colburn (21) analogy could be used as the basis for ex- 
tracting an effective film thickness, which could then be 
substituted in the Stefan-Maxwell (22, 23)  equations to 
predict local transport rates in convective multicomponent 
gaseous systems. At the same time, the general utility of 
the Chilton-Colburn analogy and the Stefan-Maxwell equa- 
tions could be demonstrated. 

The purpose of this study was to s 5 ow that the Chilton- 

THEORETICAL ANALYSIS 

The equations for diffusion of ideal gases were devel- 
oped during the latter part of the nineteenth century by 
Maxwell ( 2 2 )  and Stefan ( 2 3 ) .  For an n component mix- 
ture, there is one equation of the form 

- ( P / W  (dyi/dZ) = (Iiyz - izyi) ( 1 / W  

for each of the n components, relating the molar flux of 
the given component with all the other component fluxes 
in terms of the mole fractions of the components, the 
binary diffusivities, the pressure, gas constant, and system 
temperature, and the gradient of the component of in- 
terest. However, only n - 1 of these equations are inde- 
pendent, since one of the equations is dependent upon 
the others by the relationship 

+ (JlY3-JJayl) (1/013) f * * * (1) 

y. = 1 - yn-l - yn-2 - . . * ( 2 )  
Mathematically, the Stefan-Maxwell equations are a set 

of simultaneous, linear, first-order differential equations. 
There are a number of analytical solutions of these equa- 
tions available for binary and ternary systems. Lewis and 
Chang ( 3 )  have summarized these binary solutions, and 
ternary solutions have been derived by Gilliland ( 2 4 ) ,  
Hoopes and Drew ( 2 5 ) ,  Benedict and Boas (26) ,  Cichelli 
et al. ( 2 7 ) ,  Keyes and Pigford (28) ,  Toor (29) ,  Heubner 
( 3 0 ) ,  and Hsu and Bird (31 ) . However as the number of 
components increases, the solutions become increasingly 
difficult to derive as well as to use, and various approxi- 
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mate methods have been proposed by Hougen and Watson 
( 3 2 ) ,  Wilke ( 3 3 ) ,  Stewart ( 3 4 ) ,  Shain (35), etc. The 
binary solutions of the Stefan-Maxwell equations have 
been exhaustively tested (36 )  in cross-flow convective 
flow systems like that used in the present study. However, 
no ternary or higher order system under flow conditions 
has been satisfactorily investigated heretofore. 

roblem in experimentally verifying the Stefan- 
Maxwel P equations in multicomponent systems is the 
boundary conditions. Usually, the compositions at one 
boundar are known, for instance, the bulk stream con- 
.ditions r or diffusion across a boundary layer at an inter- 
face. However, the interfacial compositions and the diffu- 
sion rates of each species in the mixture must be obtained 
from additional sources of data. In chemical kinetic proc- 
esses, the individual rates of diffusion are related to each 
other by reaction stoichiometry, and the interfacial com- 
positions must assume values which are defined by 
chemical kinetic and/or thermodynamic considerations. 
This system of constraints is the one of interest for the 
present study, and a computer solution for integrating the 
Stefan-Maxwell equations was developed for a reacting 
mixture of any number of components under control of 
diffusion and/or kinetic resistances at one boundar with 
numerical integration techniques used (see A p p e n k  A ) .  

The problem in using the Stefan-Maxwell equations in 
most industrial applications is how to obtain a value for 
the film thickness for use in integrating Equation (l), 
that is, how to use a suitable analogy derived for binary 
systems for the more usual case of multicomponent mix- 
tures. The validity of the Chilton-Colburn analogy be- 
tween heat and binary mass transfer for flow across a 
cylinder is fairly well established ( 2 1 )  and recently has 
been iven some theoretical 'ustification for turbulent sys- 

The 

tems 714) .  This familiar ana i ogy involves 

j h  = j d  (3) 

jh = (h/c&) (NPr)2'a ( 4 )  

i d  = (kgMb/G) ( N s ~ ) ~ ' ~  (5) 

where 

and 

Multiplication of both sides of Equation (4) by the Reyn- 
olds number yields 

jhNRe = N N J N P ~ " ~  (8) 
This grouping has been found to be related to the convec- 
tive parameters of the system by equations of the form 

(7) 
where Chilton-Colburn specified physical properties were 
to be evaluated at film conditions (21).  For cross-flow 
over a cylinder, the forced and natural convection heat 
transfer data resented by McAdams (37) can be cor- 

iia 
N N U / N P ~  = f ( N R ~ ,  NGr) 

related to yiel 2; the functional relationship 

f ( N R e i  N G r )  = OSO + 0.49 ( N i e  + NGr)"." ( 8 )  
Similarly, multiplying Equation (5) by Reynolds num- 

ber and assuming perfect gas behavior, we obtain 

(9) 
113 

fdNRe  = N s d N s c  
where 

N . k  = (kgdRT/DfP) (Mb/Mj) (10) 
The correction of the Sherwood number for the molecular 
weight ratio between that of the bulk stream and that of 
the film should be noted. This modification arises because 
film properties are specified in the analogy which is used 
as the basis for the transport correlation. As will be shown 
later, this ratio can be an important correction. 

If the Chilton-Colburn analogy is valid for multicom- 

ponent diffusion, the function which relates N i h / N s c  to 
the Reynolds and Grashof numbers of the system must be 

the same as the function which relates N ~ ~ / h ' p ~  to the 
Reynolds and Grashof numbers. One difficulty with ap- 
plication of this analogy to multicomponent systems is the 
choice of the proper diffusivity in the Sherwood and 
Schmidt numbers, as has been discussed in some detail by 
Toor and Sebulsky ( 3 8 ) .  For an n component mixture, 
there are (n2  - n ) / 2  binary diffusivities and obviously a0 
infinite number of possible combinations. Fortunately, the 
Sherwood and Schmidt numbers appear as ratios in most 
analogies, and the actual value of an average multicom- 
ponent diffusivity does not need to be known with 
accuracy, since its overall effect is usually only to a out 
the one-third power. However, one must obviously be 
consistent in usin the same average value in computing 

To avoid such an inconsistency, and since in using the 
Stefan-Maxwell equations with a film model one is inter- 
ested in the effective film thickness and not the mass 
transfer coefficient, per se, it appears desirable to use 
the film definition of the mass transfer coefficient 

113 

I f 3  

Tt 
the Sherwood an % Schmidt numbers of the system. 

kg E 01 P/ZRT (11) 

N i b  = dMb/ZMf (12) 

to eliminate the diffusivity term in the Sherwood number, 
that is 

If the Chilton-Colburn analog can be verified for multi- 
component systems, the film t K ickness is then 

I-Thermocouple 

Rubber insulator 
and vacuum wl 

Gas flow 
_I 

Vertical Section Horizontal Section 

Fig. 1. Filament and orifice detail. 

Page 572 AlChE Journal May, 1967 



Or for cross-flow over a cylinder with N R ~  < 1,000 

2 = dM,/Mf NiL3 [0.50 + 0.49 (NR2, + N G r )  0.26] ( 14) 

The molecular weight correction can now be tested with 
binary data; a method of calculating the effective dif- 
fusivity in the Schmidt number for multicomponent sys- 
tems can be obtained from ternary data; and the general 
utility of the Stefan-Maxwell e uations and the Chilton- 
Colburn analogy can be checke 1 with quaternary data. 

EXPERIMENTAL PROCEDURE 

The experimental systems selected for study were based on 
chemical stoichiometric control of the relative diffusion rates 
to and from a heated interface in a convective, differential 
reactor system. A similar chemical technique was used by 
Hoopes and Drew ( 2 5 )  in their nonconvective ternary studies 
based on the decomposition of ammonia. Kesler (39) employed 
the dissociation of Ti14 in a flow s stem similar to that used 
in the present studies, but obtaine 2 results which were about 
40% reater than he predicted on the basis of full diffusion 
controf. 

Two carbonyl systems, which decompose, F p i t a t e  metal, 
and liberate carbon monoxide at  the heate interface, were 
employed in the present study (@, 41): 

Ni( C 0 ) 4  3 Ni + 4CO (15) 
and 

Fe(C0)5  4 Fe + 5CO (16)  

These reactions provide* two independent ratios between dif- 
fusing reactant and products, and could be further generalized 
by the addition of diluents. The results were then to be tested 
on a more complicated system involving a hydrogen reduction 
reaction : 

WFs + 3Hz-W + 6HF (17)  

The deposition experiments were conducted on resistance- 
heated 3%-in. lengths of %-in. O.D. tubular filaments sup- 
ported in a %in. wide rectangular orifice, as shown in Figure 
1. The reactant vapors, sometimes diluted with other gases, 
were passed at known rates and pressures through the orifice 
and horizontally over the deposition surface. Approximately 
three-fourths of the experiments with iron carbonyl and one- 
half of those with nickel carbonyl were run with a horizontal 
filament; all other runs employed vertical filaments. There 
was no significant difference with orientation of filament on 
deposition rates for the particular length/diameter used. The 
deposition rate and hence diffusion rates were determined from 
the weight gain and initial surface area of the filament and 
the length of the run. 

The kinetics of the two carbonyl reactions were studied to 
define fully both the interfacial compositions which exist in 
a dynamic system and also the boundaries between the so- 
called kinetic- and diffusion-controlled regions. The kinetics 
of the hydrogen-reduction reaction, although not studied in 
detail, are known with sufficient accuracy to define adequately 
the diffusion-controlled region (42). The tungsten was de- 
posited at conditions where mass transport rather than reaction 
kinetics was limiting deposition rates. 

Under the flow conditions employed, the reaction rates in 
carbonyl systems were controlled primarily by surface reactions 

adsorbed reactants and products at temperatures 
te:?!%out 20aPC. for iron deposition and 175°C. for nickel, 
as indicated by a carbonyl concentration at the interface of 
more than 50% of the concentration in the inlet gas. The 
de osition kinetics were correlated over a three-order magni- 
tux, of rate, with a standard deviation of about 29% by rate 
expressions of the form (40, 41 ) 

750" C. for tungsten, the deposition rates were primarily limited 
by gas phase diffusion processes. I t  is this region which is of 
primary interest in this paper, and because of the volume and 
complexity of the experimental data the results are shown 
graphically and discussed in later sections. The transport char- 
acteristics in this diffusion region, and to some extent in the 
lower temperature, kinetic region, were determined by both 
forced and natural convection, and a suitable parameter to 
establish the transport level was obtained by vectorial com- 
bination on the Reynolds and Grashof numbers for the particu- 
lar experimental system ( 41 ) : 

Because of the extreme changes in density of the gas in the 
film, due to both reaction-induced composition changes and 
the temperature gradient, the Grashof number was calculated 
to account for both temperature and composition gradients in 
the system. The Reynolds number included the blockage term 
of Perkins and Leppert (43) to account for the reduction in 
effective area of the orifice caused by the presence of the 
filaments. 

Handbook viscosities of hydrogen, argon, helium, carbon 
monoxide, and carbon dioxide ( 4 4 )  were used in the calcula- 
tions, and the viscosities of the carbonyls, tungsten hexafluoride, 
and hydrogen fluoride were calculated by the method of Hirsch- 
felder et al. (45) with the use of force constants estimated by 
the procedures recommended by Reid and Sherwood (46). At 
the temperatures of direct interest to this study, measurement 
of physical properties of the volatile metal com ounds is im- 
possible because of decomposition. Viscosities o f t h e  gas mix- 
ture were estimated from those of the pure components by the 
method of Bromley and Wilke ( 4 7 ) .  The binary diffusion co- 
efficients were calculated from the force constants derived from 
the viscosity data as outlined by Hirschfelder et al. ( 4 5 ) .  For 
example, a typical mixture in the film containing 71 He, 10 
Fe(C0)5, and 19% CO at 155°C. and 1 atm. was calculated 
to have a mixture viscosity of 0.022 centipoise, and diffusion 
coefficients of 0.13, 1.3, and 0.55 sq. cm./sec. for the Fe(C0)s- 
CO, CO-He, and Fe( CO )5-He component pairs. 

Conversion levels in experiments under mass transfer control 
varied from about 3 to 20%. Pressure levels were varied from 
0.5 to 500 torr, mass flow rates from 3 to 250 g./( hr.) (sq.cm. ) 
(based on total orifice area), Reynolds numbers from 2 to 
220, and Grashof numbers from 1 to 1,600.' Btrlk stream com- 
positions were always based on an arithmetic average of inlet 
and outlet compositions. In  the carbonyl systems, residual 
kinetic resistances and, hence interfacial compositions, were 
calculated from the previously established kinetic rate expres- 
sions, that is, specific solutions of Equation ( 18). The correc- 
tion for kinetic resistances was negligible for most iron deposi- 
tion experiments, but was 10 to 50% for the nickel carbonyl 
experiments. In the WFe system, the concentration of WF6 
at the deposition surface was assumed to be negligibly small. 
Film properties were calculated from the arithmetic average 
composition and temperature of the bulk stream and the 
interface. 

Due to the deposition of metal, there was always a net radial 
mass flow of material toward the interface of up to about 6 %  
of the total mass flow through the reactor. However, the volu- 
metric radial flow was always away from the deposition surface 
due to the stoichiometry of the reactions studied. Under some 
conditions, this radial flow was as large as the total volumetric 
flow to the reactor. No attempt was made to measure simul- 
taneous heat transfer during a mass transfer experiment, al- 
though the heat transfer characteristics of the system in the 
absence of mass transfer were reported previously ( 4 0 ) .  

OTabular material has been deposited as document 9323 with the 
American Documentation Institute, Photoduplication Service, Library 
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RESULTS 

Binary Tronport Data 
Binary transport data were obtained for both the nickel 

and iron deposition systems. These data include experi- 
ments in which the carbonyl vapor was fed into the reac- 
tor either ure or diluted with carbon monoxide. Fi 

dence of the modified Sherwood number divided by the 
Schmidt number to the one-third power as a function of 
the combined Reynolds and Grashof numbers of the sys- 
tem. The partial pressures of the deposition ases at the 
interfaces were calculated from the measure%; deposition 
rate and the kinetic equations reviously established. Only 

marily diffusion controlled are included. The solid Ene 
represents the reviously derived heat transfer function 

theoretical curve is about 14%. 
In Figure 3 the data are correlated without the mo- 

lecular weight correction of the Sherwood number. It is 
obvious that the nickel data do not correlate well with 
an equation derived from the iron data or vice versa. Like- 
wise, neither the iron nor nickel data could be correlated 
by the Chilton-Colburn analogy with the modified Mc- 
Adams heat transfer function used. This is strong evi- 
dence in confirmation of the fact that the ratio of molecu- 
lar weight in the bulk stream to the molecular weight in 
the diffusion film should be included when the Sherwood 
number is used to correlate data based on the Chilton- 
Colburn analo y. The ability to correlate these binary 
results also injicates that nucleation resistance to metal 
deposition was not an important factor under the condi- 
tions studied. 

is a corre P ation of all these data in terms of the r 2  epen- 

those experiments in which t i e deposition rate was ri- 

for cross-flow. T Y l  e standard deviation of the data from the 

Ternory Transport Data 
Ternary transport data were obtained in the Fe(C0) 6- 

CO system with Ar, He, or COz as nondiffusing diluents; 
in the Ni(C0)4-CO system with Ar or He diluents; and 
in the H r W F r H F  system. With the theory presented 
previously as background and the binary transport systems 
fully analyzed, the major problem associated with the 
ternary data was to estimate the diffusivity to be used 
in the Schmidt number. All other diffusivities in the dif- 
fusional relationships are binary diffusivities and are fixed 
by solution of the appropriate set of Stefan-Maxwell equa- 
tions. The ossible correlations were limited to those 

those which degenerated into a simple binary diffusivity 
as the amount of the third and higher numbered compo- 
nents approached zero. Of the many average dfisivities 
tested, the most appropriate method of averaging was 
based on the following definition: 

which coul 2 be used in more complex systems and to 

When this definition is used, the standard deviation of 
the data is l6%, only a trace higher than the 14% devia- 
tion of the binary data. Figure 4 presents the ternary 
transport data with the use of th is  correlation. 

Quarternary Transport Data 
Two four-component systems were tested to determine 

if the equations developed for the binary and ternary sys- 
tems also apply to more complex systems. The data are 
presented in Figure 5. The agreement between the 
dicted and experimental deposition rates, as indicate by 
the line and the data points, is good. The two systems 
were Fe( CO) TCO-He-Ar and WFrHF-HrAr. The 

r- 

20 

10 

5 

2 

I 
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r/ ':e 'Gr 
Fig. 2. Binary transport correlation wtth Mb/& correction. 

2oz 225 C 0 

10 20 50 100 200 5 

G5-K 
Fig. 3. Binary transport correlation without the M b / h i f  correction. 

1 Diluent 

z 
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Fig. 4. Depasition rates in ternary transport systems. 
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Fe(COb-CO-Ar-'He: 0 

WF6 -Hr- HF- Ar : 0 

5 10 20 so 100 200 

I/-> 
Fig. 5. Deposition rates in quarternary trans- 

port systems. 

standard deviation of these data is 15%, essentially the 
same as the binary and ternary data. 
General Correlation 

As stated previously, if the Chilton-Colburn analogy is 
valid for multicomponent cliff using systems, the function 

which related N;,/Nsc to a combined Re nolds and 

the function which relates N N J N P ?  to a combined Reyn- 
olds and Grashof number by heat transfer. All the experi- 
mental data in the diffusion-controlled region for the 
pyrolysis of Fe (CO) 5, including the pure feed cases and 
the additions of He, Ar, GO, COZ, or He lus Ar; for the 

additions of CO, Ar, or He; and for Hz reduction of WFs, 
both with and without Ar additions are shown in Figure 6. 
The standard deviation of the experimental data around 
the heat transfer curve is about IS%, which is just a few 
percentage points higher than the estimated error involved 
in obtaining the experimental data. In addition, there 
does not appear to be any consistent deviation which could 
be corrected by using a different method for averaging 
diffusivity. It therefore appears that prediction of local 
mass transfer rates in multicomponent gas systems under 
forced or forced and natural convective conditions can 
now be made with a relatively high degree of confidence. 

By use of the improved calculational procedures for 
diffusion rates developed in the present study, the perti- 
nent data of Kesler (39) in the binary Ti14-I system were 

113 

Grashof number for mass transfer must be t fl e same as 
113 

pyrolysis of Ni(CO)a, both as an undilute $ feed and with 

20 I I I I I I 

F e o a o  
Ni O D -  

50 100 200 

/ N i e  I- NGr 

Fig. 6. Correlation of all mass transfer-limited data with modified 
McAdams' heat transfer function. 

now found to be about 60% of the predicted rates assum- 
ing complete conversion of iodide at the interface. Since 
in his iodide system there were undoubtedly some ther- 
mod namic limitations and possibl some kinetic restraints 

full diffusion control would be expected to be significantly 
higher than the experimental rates. The previous inconsis- 
tency in the fact that the experimental data for the T&-1 
system were higher than the predicted data therefore has 
now been resolved by the improved correlation procedures. 

The difference between the present method of correla- 
tion and all others proposed to date for multicamponent 
systems is in the use of the complete set of Stefan-Max- 
well equations to describe the fluxes and concentration 
gradients of all components. Although in many cases this 
necessitates the use of computing machinery, it obviates 
many severe objections which arise with the approximate 
methods. No singularities are present in the solution; 
imaginary values for a negative Schmidt number raised 
to a fractional exponent are avoided; the effective film 
thickness or boundary-layer resistance to diffusion is the 
same for each component in the mixture; the effective 
film thickness is relatively independent of the magnitude 
and presumably the direction of the individual fluxes; and 
there is no uncertainty in including a correction factor, 
such as film pressure, to a transfer coefficient. 

on t i e reaction, the predicted va r ue under conditions of 

CONCLUSIONS 

1. A method of using the Chilton-Colburn analogy to 
obtain an effective film thickness over which the Stefan- 
Maxwell equations can be integrated in flow processes 
was established for a number of multicomponent gaseous 
systems in a differential system. 

2. The use of a relatively unrecognized correction for 
molecular weight differences between the film and bulk 
stream was found important when the Chilton-Colburn 
analogy was used in establishing diffusion rates in many 
practical systems. 

3. A method of establishing an average multicomponent 
diffusivity to be used in computing the Schmidt number 
was found to correlate satisfactorily the ternary and 
quaternary data. 
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NOTATION 

c, 
Djk 

Df = film diffusivity, sq.cm./hr. 
d = filament diameter, cm. 
E,  = adsorption energy, cal./g.-mole 
E ,  = activation energy, cal./g.-mole 
G = mass flow rate, g./ (sqxm.) (hr.) 

= acceleration due to gravity, cm./hr.2 f = heat transfer coefficient, cal./(sq.cm.) (OK.) 
J j  = molar flux of component, g.-mole/(sq.cm.)(hr.) 
fd = mass transfer factor 
j h  = heat transfer factor 
k = thermal conductivity, cal./(cm.) (hr.) (OK.) 
Keq = reaction e uilibrium constant, torr2-l 

= specific heat at constant pressure, cal./(g.) (OK.) 

= diffusivity of mixture of jth and kth components, 
sq.cm./hr. 

kg = mass trans 9 er coefficient, g.-mole/(sq.cm.) (hr.) 
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kj  = adsorption coefficient for I* component, torr-l 
k,  = rate coefficient, g./(sq.cm.) (hr.) 
Mj = moleculw weight for ith component, g./g.-mole 
m = order of surface reaction 
N o  = combined flow parameter VN2R, + NGr 
NGr = Grashof number, d 3 g ( ~ f / ~ f ) 2 ( p b  - d / p b  
N N u  = Nusselt number, dh/kf 
N p r  = PrandtI number, c#f/kf 
N R e  = Reynolds number, dG/Ff 
Nsc = Schmidt number, tq/pfDf 
N s h  = Sherwood number, k,dRT/DfP or d/Z 

= modified Sherwood number, k,dRTMb/DfPMf or 
dMb/ZMf 

rn = reactionorder 
n = number of sites in surface reaction 
P = total pressure, torr 
Pji = partial pressure a t  interface 
R = as constant, cal./ (g.-mole) ( O K . )  

rW = 5eposition rate, g./ (sq.cm. ) (hr.) 
T = temperature, O K .  

wj = weight fraction of ith component 
x = moles of gaseous T d u c t  per mole of reactant 
yj = mole fraction of it component 
Z = film thickness, cm. 
p = gas viscosity, g./(cm.) (hr.) 
p = gas density, g./cc. 
E = multiplication operator 
f = summation operator 

Subscripts 
a = value for carbonyl 
b 
c 
f = value in film 
i = value at interface 
j 
k 
7 

= value in bulk stream 
= value for inert component 

= value for jth component 
= value for kth component 
= value for carbon monoxide 
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APPENDIX A 

Any system of linear, simultaneous, first-order differential 
equations, such as the Stefan-Maxwell equations, can be solved 
numerically by computing machinery if all the parameters 
at one boundary are known and the parameters at the other 
boundary are required. A FORTRAN solution of this problem by 
the Runge-Kutta-Gill method (48) was therefore developed for 
the general multicomponent case. The values of the geometric 
parameters, the physical properties of the gases, the stoichi- 
ometry of the reaction, constants used in computing diffusivities, 
and the values of the independent variables in the deposition 
reaction are read into the computer at the beginning of the 
problem and immediately printed out for future reference and 
for proofreading. The various parameters and intermediate 
terms which are not dependent upon composition are calcu- 
lated before the iterative steps. An initial estimate of the 
interfacial composition for the first iteration is then assumed 
to be the composition of the outlet gas based on 100% con- 
version. Each time a set of positive interfacial compositions 
is determined by solution of the Stefan-Maxwell equations, the 
estimate of interfacial composition is reset to the newest value. 
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The deposition conversion is estimated as bhe average of 
the lowest and highest possible conversions which, on the first 
time through the program, are 0 and 100%. For each iteration, 
the program determines if the previous conversion estimate is 
too high or too low by solving both the kinetic and diffusion 
equations, resets either the highest or lowest possible con- 
version to the new estimated value, and then reaverages. The 
conversion is soon found with a high degree of accuracy. For 
each conversion estimate, the bulk stream, interfacial and 
film compositions, and the physical properties of the bulk 
stream and film are recomputed. 

From these values and the flow rate, the thickness of the 
diffusion barrier is calculated. The interfacial compositions are 
then determined from the Stefan-Maxwell equations. Since 
initially the film composition was estimated, an iterative pro- 
cedure was used where the results of the previous iteration 
were used as the estimated interfacial composition for the 
next iteration. When two successive iterations agree, this set 
of interfacial compositions is used to calculate the deposition 
rate from the kinetic equations for the particular system. If 

this kinetic rate agrees with the rate calculated from the es- 
timated deposition conversion, the program is completed and 
the interfacial compositions, conversions, etc., are printed out. 
If there is poor agreement, the deposition conversion is esti- 
mated again to give better agreement, and the iterative pro- 
cedures repeated. 

If the kinetic expression is unknown and the deposition rate 
is known to be diffusion controlled, such as with the tungsten- 
hexduoride-hydrogen system, the test for high or low deposi- 
tion rate can be a sign test on interfacial compositions. For 
all positive values of film composition, the deposition conver- 
sion is obviously too low, while a negative value for the con- 
centration of any component indicates the conversion is too 
high. In estimating rates in systems where no experimental 
kinetic data are available, thermodynamic equilibria have also 
been employed to test if efficiency was either too high or too 
low. 
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An Experimental Study of Nonequimolal 

Diffusion in Ternary G a s  Mixtures 
R. W. GETZINGER and C. R. WlLKE 

University of California, Berkeley, California 

This work is  an experimental test of the Stefan-Maxwell equations as applied to cocurrent, 
steady state gaseous diffusion of two species through a stagnant third component. The Stefan 
capillary tube method was used to measure the diffusion rates. The use of constant evaporating 
binary liquid mixtures made possible boundary conditions that were invariant with time. Total 
molar losses were compared with the predictions of the theory to demonstrate the validity of 
the equations under conditions of a significant convective flux. 

This paper describes experimental measurements of dif- 
fusion rates in three ternary gas systems in which two 
gases are simultaneously diffusing through a third species. 
The results are used to check the validity of the Stefan- 
Maxwell equations under these conditions. 

The Stefan-Maxwell equations describe in differential 
form diffusion in isothermal, isobaric ideal gas mixtures 
(1 to 4 ) .  Whereas the number of cases for which these 
equations have been solved is limited to a few restrictive 
situations in ternary systems ( 5  to l o ) ,  even fewer actual 
experimental tests of the validity of the solutions are avail- 
able (6, 9 to 11). Thus although the recent extensive 
work of Duncan and Toor with ternary equimolal coun- 
tercurrent diffusion (11) does offer very convincing proof 
of the applicability of the Stefan-Maxwell equations in 
real gas systems, we wish to present further evidence of 
this fact from a stud of cocurrent diffusion of two gases 
through a stagnant t&rd species. 

Cocurrent diffusion of one or more gaseous species 
through an additional stagnant gas can be easily studied 
by application of the Stefan capillary tube method of 
measuring diffusion coefficients (12). In the present work 
this technique was utilized to study diffusion in both 
binary and ternary systems a t  35.0"C. involving the or- 

R W. Getzin er is with Los Alamos Scientific Laboratory, Los 
Alamos, New Mexfco. 

anic compounds methyl alcohol, ethyl alcohol, chloro- 
form, carbon tetrachloride, and benzene, and an invariant 
stagnant gas, air, Since both the theoretical and experi- 
mental aspects of the capillary tube method have been 
discussed in detail for binary systems by Lee and Wilke 
(12),  only the unique features of the present work will 
be described here. 

EXPERIMENTAL CONSIDERATIONS 

A schematic diagram of the apparatus used here appears 
in Figure 1 and a drawing of the diffusion unit itself is 
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Fig. 1. Schematic diagram of the apparatus. 
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