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Abstract-An analytical study of the condensation of a vapor in the presence of noncondensable gases 
is presented. The bulk mixture is considered quiescent, and the only flow is that induced by the con- 
densate flowing down the wall and the accompanying free convection effects. A full predictive, constant 
physical property, boundary-layer condensation model is used to describe the system. 

In a ternary system fractionation is shown to occur between the two noncondensables as the interface 
is approached. The fractionation is dependent on the difference between the linearized Schmidt numbers. 

The gas-vapor boundary layer is shown to be supersaturated in the condensation from a saturated 
mixture with a Lewis number greater than one. Supersaturation can also be obtained in systems with 
Lewis numbers less than one but only at larger driving forces as measured by the difference between 

bulk and wall temperatures. 
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NOMENCLATURE 

defined by equation (25); 

defined, 
V 

by equation (21); 
specific heat at constant pressure; 
binary diffusion coefficient for species i-j; 
eigenvalue of multicomponent diffusion 

coefficient matrix; 
multicomponent diffusion coefficients; 
dimensionless stream function, equation (16); 

acceleration due to gravity; 
mass diffusion flux of component i relative 

to the mass velocity; 
thermal conductivity; 
molecular weight (average molecular weight 
without subscript); 
number of components; 

local Grashof number 
x39(1 -PcnlPi) ; 

VZ 

Lewis number (Ns,/N,,); 
Prandtl number (C&k); 
Schmidt number (p/pDij); 
Schmidt number for linear combination 

i (P/PD~; 
pressure; 
local heat flux; 
defined in equation (9); 
temperature (absolute); 
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Foundation. 

longitudinal velocity; 
interfacial longitudinal velocity; 

normal velocity; 

local mass flux; 

mass fraction of component i; 
mole fraction of component i; 
ratio of mole fraction of component i to the 

total mole fraction of noncondensable. 

Greek symbols 

k 
4 thermal diffusivity, - ; 

PC, 
A variable defined by equation (23); 

Y> dimensionless temperature, equation (19); 

6, condensate film thickness; 

11, similarity variable, equation (20) ; 
4 latent heat of vaporization; 

L4 absolute viscosity; 

V, kinematic viscosity, p/p; 

Pa density; 

4i3 mass fraction difference, equations (17) 

and (18); 

44 stream function. 

ubscripts 

122, noncondensable components; 

3, condensable component; 

4 reference state conditions ; 
9, noncondensable gas; 

r, interface, y = 6; 

L liquid ; 
sat, saturated; 

W wall, y = 0; 

a, bulk. 

Superscripts 
* equilibrium quantity. 
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1. INTRODUCTION 

Mass transfer in multicomponent gaseous mixtures 
Multicomponent systems are of great practical 

interest. Most industrial processes and separation 
schemes involve multicomponent mixtures. In many 
cases the multicomponent nature of the process is 
neglected; the system is treated as a pseudo-binary 
mixture. The limitations of this approach have been 

pointed out by Toor [23]. 
Here we apply the analytical methods for treating 

multicomponent systems to the condensation of a con- 

densable component from its mixture with two non- 
condensables. The binary problem has been thoroughly 
analysed [9. 12, 181 and recent experiments confirm 

the theoretical approach [I]. The multicomponent 
problem has been applied to the consideration of fission 
product removal from contaminated vapors [ 1 I] and 

also to condensation from mixed vapors [22]. In the 
former reference the contaminant was considered to’be 
in trace quantities and justifiable simplification re- 

sulted. The work reported upon here is similar to that 
of Taitel and Tamir [22], but the computational pro- 
cedure and particular results discussed are different. 

The formulation of equations to calculate multi- 
component mass-transfer rates must involve the intro- 

duction of a diffusion law into continuity equations. 

Stefan and Maxwell [7, 191 derived the expression 
from simple kinetic theory and intuitive observations 
for ideal gases at constant pressure and temperature. 
The more rigorous kinetic theory models of Hirsch- 

felder, Curtiss and Bird [4] under conditions of 
constant pressure and temperature reduce to their 
relationship. 

In 1945, Onsager [lo] suggested a generalization of 
Fick’s law to multicomponent systems for liquids. He 

stated that the diffusion flux of a component is linearly 
related to the concentration gradients of all the com- 
ponents, or mathematically 

Ji= - ~ DtVCj i = I.. . n. 
j=l 

In this expression, the D$ are multicomponent diffusion 
coefficients which are functions of the binary diffusion 
coefficients and component concentrations. Ji is the 
molar flux relative to the molar-average velocity and 
is related to Ni by 

Hirschfelder, Curtiss and Bird [4] have shown the two 
diffusion laws are equivalent. Reference [15] gives 
further discussion of these two laws and details on 
inversion between the laws in mass units for use in 
boundary-layer theory. 

Toor [24] and Stewart and Prober [21] proposed a 
linearization of Onsager’s form of the diffusion law. 
With this technique the basic nature of multicom- 
ponent diffusion is maintained. The multicomponent 
diffusion coefficients are evaluated at a reference state 

and their concentration dependences neglected. Since 

the Onsager form can be written in matrix notation as 

(J) = - C[D] (Vr) 

in which(J) and (Vjl) are column vectors with elements 

Ji, J2, , J,- 1 and Vjsr, V_r2. . Vy,_ 1, respectively. 
[D] is a (n- 1) by (n- 1) matrix with elements of the 
multicomponent diffusion coefficients computed at the 
reference state. 

The mathematical technique to uncouple these ex- 
pressions is to find the modal matrices [P] and [PI-’ 
which will diagonalize the diffusion coefficient matrix 

[Dl. 

Then operating on the Onsager form with [PI-’ gives 

-D, 7 

(J)= -’ i Dz (V,I 

where the over bars indicate linear combinations of the 

variables. Frequently the result gives uncoupled ex- 
pressions which are the same as the binary expressions 
but involves linear expressions of the flux and of the 
concentration of a component rather than the flux and 
concentration per se [21,24]. In this work the momen- 
tum equation and the mass conservation equations are 
coupled and an uncoupling of these does not result 
from the use of the method. Rather a simplification of 
the numerical results and their interpretation are 

effected. Taitel and Tamir [22] did not make use of this 
linearization technique; they directly employed the 
equations for diffusion in multi-component gases [2]. 

2. ANALYTICAL MODEL 

Objectives 
We had two primary objectives in the development 

of the analytical model for this research. 
(1) Extension of the fully predictive boundary-layer 

condensation model to include multicomponent gas- 
vapor systems and thereby determine the effects of 
various third components on a given binary conden- 
sation system. 

(2) Application of this condensation system as a 
possible approach to water mist formation experiments 
by predicting the extent of supersaturation in the vapor 
phase boundary layer. 

The reference state, constant property approach is 
very attractive [ 15,221. The effort (machine time) re- 
quired to solve a variable properties problem is much 
more than the constant property analysis. Further, for 
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many systems the accuracy of physical properties and 
of the variation in physical properties with temperature, 
pressure and composition are not well established, and 
it would appear to be hardly justified to even attempt 
their consideration. 

mathematical model 
The process studied in this report involves the steady- 

state condensation of a single component from a mix- 
ture of two or three components. Taitel and Tamir [22] 
studied the influence of multicomponents upon the 
condensation rate; they included two and three con- 

where D, are the multicomponent diffusion coefficients. 
For a three-component vapor system, the boundary 

layer equations for the conservation of individual 
species are : 

where subscripts 1 and 2 refer to the noncondensables 
and 3 to the condensable component as given in Fig. 1. 
Analytical expressions for the multicomponent dif- 
fusion coefficients are : 

DIS = 

densible components in three component systems. Con- 
densation occurs upon a vertical, isothermal surface 
upon which the condensate is in stable laminar flow. 
The bulk vapor is uniform in concentration and tem- 
perature and has no vertical component of velocity. 
This two-dime~ional con~guration is shown in Fig. 1. 

Making the same ~sumptions for describing the 
liquid condensate layer as Sparrow and Lin [18], viz., 
that it is well described by the Nusselt model, the 
pertinent equation for heat transfer at position x is: 

condensate film thickness : 

vertical velocity of the interface: 

condensate flux at X: 

U’ = q/A. (4) 

In equations (l)-(4), the liquid physical properties are 
evaluated at an appropriate reference temperature [9]. 

The vapor phase diffusion expressions are based on 
the Onsager [lo] extension of Fick’s Law. As used 
here the diffusion law states that the diffusion flux, ji, 
is linearly related to the concemration gradients, V i, 
of the components, that is 

n-r 
jg = -p C DijVulj, i=l,...,n-I (5) 

Expressions for Dz I and Dzz are derived from the above 
equations by replacing the subscript 1 by 2 in all sub- 
scripted members except Or2 which is unchanged. 
The a subscript indicates evaluation of the physical 
property at reference state a. (For example, a may refer 
to average conditions of tem~rature, pressure and 
con~ntration.) 

The remaining conservation equations for the gas 
phase boundary layer are continuity : 

_t!+!t= 0 

ax ay 

VOpOr - gas boundary layer 

Velocity profile 
(with free convection) 

wall 

I ,2 - Nonconden~bie gases 

3 - Condensable vapor 

FIG. 1. Physical model of fiimwise condensation in the . 
presence ol’ noncondensables. 
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momentum : 

.~+u~=~(l-~)+“i~$ (11) 

energy : 

(12) 

We have used the energy equation-it has significance 
in the interpretation of some of our results. In earlier 
reported work [l&22] the energy equation was not of 
importance and was neglected. 

As is common in free convection problems, all 
physical properties in the above boundary-layer equa- 
tions are considered constant except for the density in 
the buoyancy term of the momentum equation. The 
boundary-layer assumption of neglecting longitudinal 
diffusion of mass, energy and momentum is completely 
accepted in these equations. The boundary conditions 
associated with the above equations (6,7, 10-12) are: 

at y = (;o: u = 0, T = r,, wi = u’,_, w2 = wZac (13) 

at x = 0: u = 0, T= T,, w1 = wlnr w2 = wZn (14) 

at y= 6: u = ug, w = pu $ -pv (mass conservation) 

T = T*(u’li, W2i), j, = WWli, j, = WW2i (15) 

(interface impermeable to noncondensables). 

Equations (6,7, 10-15) are reduced to total differential 
equations with unique boundary conditions by the 
following definitions of dimensionless variables and the 
similarity variable, q. 

(a) Dimensionless stream function: 

f(q) = $4~(‘)i’~j (16) 

(b) Mass fractions: 

41(q) = Wl -Wlr 

&(rl) = W2-W2a 

(c) Temperature: 

(17) 

(18) 

T, - T 
Y(V) = 7 (19) 

Q 

(d) Similarity variable: 

‘I4 

where 

N 
Bx3f1 -Pm/Pi) 

G,, = 
V2 

(20) 

Substitution of these variables into the boundary- 
layer equations gives 

~“‘+3fl”-2(f’)2+/I = 0 (22) 

where 

B = (1 -Pm~P)l(l -PcciPi). (23) 

Applying the ideal gas law and rearranging in terms 
of the present variables, b becomes 

r / n-I \ n-1 1 
p= i’ I( I - 1 Ajdj + 1 AjC$j i 

j=l 1 I j=l _// 

The subscript, i, in the denominator indicates evalu- 
ations are made at the interfacial conditions and the 
A j are defined 

I 1 

j = 1,2 (25) 

6;’ + 3Ns,,fl, = 0 (26) 

6:: + 3N,,,j& = 0 (27) 

y” + 3N,,& = 0 (28) 

where only the concentration dependence of the buoy- 
ancy term has been included. Overlines (-) in equations 
(26) and (27) indicate linear combinations of variables 
$i and #2 based upon the method of Toor [24] and 
Stewart and Prober [21] for multicomponent systems. 
The Ns,, are the Schmidt numbers of the linearized 
components. 

Transformaion of the boundary conditions in equa- 
tions (13-15) to the new variables give: 

Mass conservation of the interface, 

Vanishing longitudinal velocity in the bulk, 

f'-0 as q--+cc. (31) 

Interface impermeable to noncondensable gases, 

4'1WCd&(O)+w1ml = -3f@Ws,, (32) 
&(wrtm + W2,rl = - 3f(O)Ns,, (33) 

Equilibrium at the interface, 

Y(0) = Y*(&(O), $2(O)). (34) 

Prescribed bulk conditions, 

y-0 as q+ce (35) 

~~5-0 as q-‘co (36) 

cJ+O as q-x. (37) 

The overlines in boundary conditions (32) and (33) 
represent linear combinations as before in equations 
(26) and (27). 
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Numerical solution 
The solution of equations (22)-(28) with boundary 

conditions (29)-(37) have been obtained numerically. 
The following general procedure was employed: one 
chooses the system to be studied and the bulk condi- 
tions of temperature, pressure and concentrations. 
Another parameter must also be fixed to completely 
define the problem. 

A convenient method involves specifying the tem- 
perature drop across the liquid layer. Fixing this 
quantity is essentially the same as fixing the heat flux; 
determination of the wall temperature occurred afier 
the solution of the equations was obtained. Once the 
values of the above parameters were decided upon, the 
solution involved estimating the interfacial conditions 
(+i(O)‘s) which 11 a ows computation of the physical 
properties of the liquid phase and the gas phase at 
appropriate reference states. f”(0) and I’(0) were then 

estimated and the equations integrated by the Runge- 
Kutta method to determine if the infinity conditions 

were satisfied. Improved values of the interfacial con- 
ditions were obtained using the Zeh-Gill [26] tech- 
nique until a desired degree of convergence was ob- 

tained at this reference state. Complete equations for 
the technique are in [lS]. The reference states for the 
liquid and the gas phases were improved using a 

Newton-Raphson scheme and the above procedure 
repeated until the overall desired degree of convergence 
was obtained. This procedure determines the velocity, 
temperature and concentration profiles, wall tempera- 
ture and heat transfer rate. These profiles were then 

used to determine supersaturation profiles in the 
boundary layer. 

An alternative method of solution involves the 
choosing of the wall temperature, in place of the 
temperature drop across the liquid phase, to determine 

the problem. In this case, the temperature drop, which 
appears in equations (29) and (30), was treated as an 
unknown “physical property” and determined at the 
same time as the reference state physical properties 
since it was fixed when interfacial concentrations were 
guessed. Once this quantity was obtained, the pro- 

cedure was the same as that in the above case of 
constant temperature drop except that the new tem- 
perature drop was computed when improved interfacial 
concentrations were obtained from the Newton- 
Raphson scheme. This technique offered many advan- 
tages since comparison of various parameters and 
results could be made at the same wall temperature; 
however, numerical instability, apparently inherent in 

this approach, makes it difficult to use on new systems 
for which good preliminary estimates are not known. 

Limitutions imposed on the model 
An assumption which is implicit in both the 

boundary-layer formulation of the problem and in the 
use of a similarity transformation is that everywhere 
in the region of the condensate surface the net body 
forces must be directed downward. This requirement 
limits the model to binary systems in which the con- 
densable component is lighter than the noncondensable 

[ 121. In a multicomponent system the requirement can 
be met even if one or more of the noncondensables 

are lighter than the condensable component. The re- 
quirement is that an increase in density be realized as 

the interface is approached. 
A further restriction upon the laminar flow assump- 

tion is that the Grashof number be sufficiently low so 
that the flow is in fact laminar. If this free convection 
boundary layer is considered to be analogous to that 

of a heated or cooled stationary vertical surface, then 
the dependence of flow characteristics on the Grashof 
number in the free convection system can be extended 
to the condensing system; that is, the system is in 
laminar flow for 

Ncr, < 2 x 109. 

For the condensation process we might anticipate much 
larger values of the Grashof number before the flow 
regimes change. The condensation process acts upon 

the boundary layer in a manner similar to suction in 
flow over a porous wall, for which it has a stabilizing 
influence [14]. Thus, the criterion for laminar flow 

might be extended significantly for the condensation 
process. 

A further limitation is imposed on the model since 
condensation is only accounted for at the interface. The 
investigation of supersaturation in the boundary layer 

is of interest in this research. It is well known that 
supersaturation may exist without the generation of an 
aerosol so long as the presence of condensation nuclei 

are avoided. Homogeneous nucleation will occur only 
at very high levels of supersaturation ratio, about 3.3 

for water at 300°K 151. 
Three types of comparisons of variable property 

solution with reference state solutions have been made. 

A comparison of overall transport results is purely 
superficial, but a necessary requirement. Shapes of the 

local profiles most accurately reflect the importance of 
variable properties. Changes in the physical properties 
and parameters across the boundary layer indicate the 
importance of variable properties. Each type of com- 
parison has been carried out and discussed in [15]. 

These comparisons involved the variable property 
solutions of Mincowyz [9] for the air-water system. 

The film reference state [24] was used throughout 
these comparisons. That is,,the physical properties are 
computed at the average boundary-layer composition 
and temperature. The condition may not actually exist 
in the boundary layer. Bulk and interfacial reference 
states gave very poor results. It was noted that despite 
the variations in physical property parameters across 
the boundary layer overall transport results are accept- 
able especially when wgca > 0.1 per cent, say. This is 
consistent with the observations of Rose [ 121 who com- 
pared his approximate solutions with the numerical 
solutions of Mincowycz. 

Results for binary systems 
Three binary systems were studied with the main 

emphasis on differences in molecular weight. The con- 
densable was water and the noncondensables, nitrogen, 
Freon 12, and neon. 
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Overall heat-transfer reductions from the Nusselt 
model for binary systems have been discussed pre- 
viously [19 181. We summarize our results briefly in 
what follows. Freon, on a weight percent basis, does 
not reduce the heat transfer as much as nitrogen does. 
On a mole or volume percent basis the opposite is true. 
Two effects are seen here. The weight percent of the 
noncondensable affects the velocity profile by changing 
the buoyancy forces. The mole or volume percent 
represents the number of molecules for the noncon- 
densable. Since Freon has a higher molecular weight, 
121, than nitrogen, 28, small amounts contribute more 
to the sweeping effect of the free convection boundary 
layer. The Schmidt number for the Freon-water system 
is about 1‘5, whereas it is about 0.55 for the nitrogen-- 
water system. The higher Schmidt number of the 
Freon-water system means that more molecules will 
accumulate at the interface because of the higher resist- 
ance to diffusion. Thus, even with the increased sweep- 
ing ability of the Freon, the increased number of 
molecules represented by the mole percent will force a 
greater buildup at the interface and, consequently, a 
greater reduction in heat transfer. 

The neon--water system has a high Schmidt number, 
about 1.1, but the molecular weight of neon is only 20. 
The natural convection effects are less than exist with 
nitrogen, and the diffusionai resistance is greater. A 
comparison of these systems shows that on both a 
weight and mole basis the heat transferred is reduced 
more significantly by neon than by nitrogen. 

Multicomponent systems 
Three multicomponent systems were studied-nitro- 

gen-neon-water, nitrogen-Freon lZwater, and nitro- 
gen-methane-water. The nitrogen-methane-water is 

0 35 

5% Freon-IZ-ivoter 
2 5% Nitrogen-2 5% Fre 

2 5 % Nitrogen-2 5 % 
Methane-water 
2 5 % Nitrogen-25 % 

0 20 
5 % Neon-water 

L 
5 
: 015 

0 
\ 
D 

0 IO 

0 20 40 60 80 I00 

T mxl+-Jwoll~ “F 

FIG. 2. Effect of various noncondensables on filmwise con- 
densation of water vapor. 

the only system in which a noncondensable has a 
molecular weight less than that of the condensable. 
The reduction in heat transfer because of the presence 
of noncondensables is shown in Fig. 2. The nitrogen- 
water system with neon and Freon as third components 
fall distinctly between the binary cases. Nitrogen-’ 
methane and water actually show a greater reduction 
in heat transfer than shown by the same weight percent 
mixture of nitrogen-neon and water. The methane has 
a lower molecular weight than neon and the system 
exhibits decreased convective effects. Even though this 
low Schmidt number methane system offers less resist- 
ance due to molecular diffusion, the heat transfer is 
decreased. 

The nitrogen-methan~water system offers the op- 
portunity for study of the conditions in which the 
boundary layer assumptions become invalid. No solu- 
tion exists for the methane-water system. The buoyancy 
forces are opposed to the liquid flow. However, mix- 
tures of methane with nitrogen give solulions of the 

2Y---- / I --T---------1 

7 j :. ‘4 
IA 

FIG. 3. Dimensionless velocity profile in the nitrogen- 
methane-water system at 5 per cent noncondensable. 

boundary-layer equation. Figure 3 shows the velocity 
profiles in one such case. The total amount of non- 
condensable is held constant at 5 wt%, and the amount 
of methane in the mixture is increased. The free con- 
vection velocity profile disappears for concentrations 
of methane greater than about 4 per cent of the total 
5 per cent noncondensables. The Grashof number goes 
to zero and changes sign in this frame of reference. 

Fractionation qf noncondensables in multicomponent 
systems 

In a ternary system in which the diffusive properties 
of one noncondensable are different from the other, the 
relative concentration of one component over the other 
will occur in the region of the interface, i.e. a fraction- 
ation of the noncondensables occurs as the interface is 
approached. The one-dimensional sweep diffusion pro- 
cess example of Cichelli et af. [3] is a solution of the film 
model using Maxwell-Stefan diffusion expressions. The 
notions of boundary layer skimming, as recently de- 
scribed by Lee and Lightfoot [6] and Shaw et al. [16], 
are conceivably applicable here. In the multicomponent 
concept used here, a difference in the linearized Schmidt 
numbers indicates the degree of separation. The 
nitrogen-Freon-water system has widely different 
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FIG. 4. Effect of temperature difference on the separation FIG. 6. Effect of tem~rature difference on the separation 
factor in nitrogen-Freon-water (high concentration of factor in neon-nitrogen-water system (high concentration 

Freon). of neon). 

T rrrrO+ =212 OF 

N scm=053 NSElm=1.56 

Component I W, m: 00375 
2 

$ m= 00247 
2 

- Component 2 w,,,,,=o 0125 ~,,,m=0~0113- 

Curve No 7-,,,,- 7-,,,,(“F) c ( cme3’4 ) 

I I I I I 
I 2 3 4 5 

7J = (y-8v*"4 

FIG. 5. Effect of temperature difference on the sep- 
aration factor in nitrogen-Freon-water (high con- 

~entration of nitrogen). 

linearized Schmidt numbers. The result is a buildup of 
Freon at the interface. When the concentration of Freon 
in the mixture is high, the increase in relative con- 
centration shown by the separation factor in Fig. 4 is 
1.5 and almost independent of the driving force. Figure 
5 shows the effect when the Freon is diluted. Here 
the separation factor is as high as 2.75 for the same 
driving force and more strongly dependent on the con- 
densation rate. Similarly a separation occurs in the 
ternary system of nitrogen-neo~water. Figures 6 and 7 
summar~e these results. The linearized Schmidt num- 
bers in the nitrogen-methane-water system are about 
the same and no appreciable separation occurs, For 
other noncondensable systems in which a separation is 
desired, a condensable component which gives different 
linearized Schmidt numbers should be sought. The 
separation can be tested experimentally. 

Figures 8 and 9 summarize qualitatively the effect of 
driving force and bulk concentration on the separation 
factor. These are not profiles as in the previous figures 

16 I / I 1 

4 

2 
Componeof 2 iv”,,, ,;00125 Y”,,,,:oo113 I 

0 

FIG. 7. Effect of temperature difference on the separation 
factor in neon-nitrogen-water system (high concentration 

of nitrogen). 

)r m Xlt = constant 

W ICC = constant 
W 2m = constant 

FIG. 8. Effect of temperature driving force on 
separation factor. 
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System wth Ns, m/Nsc m>l , 2 

I 

r m Ia+ : constant 
T cc SOI Jw,,, = constant 

FIG. 9. Effect of weight fraction of noncondens- 
able on separation factor. 

but separation factors at the interface and the minimum 
separation factor in the boundary layer. The separation 
factor at the interface is the maximum in the boundary 
layer. For a given system in which the ratio of linearized 
Schmidt numbers is significantly greater than one, the 
component with the.larger Schmidt number will con- 
centrate at the interface and be depleted in some region 
in the boundary layer. The effect of the temperature 
driving force on the maximum and minimum sep- 
aration factor (Fig. 8) is to continually increase the 

maximum and decrease the minimum asymptotically 
to zero. Figure 9 shows the effect of increasing the 
weight ratio of the high Schmidt number component 
while total weight fraction of noncondensable is held 
constant. Both the interface and minimum separation 

factors approach one as the weight ratio is increased. 
Thus, low concentrations of the high Schmidt number 
component can be highly concentrated at the interface. 

Supersuturation in the vapor-gas boundary layer 

Of interest in this study is the degree of super- 
saturation in the boundary layer and parameters which 
affect it. The three binary systems have been studied 
with this objective. The relative saturation was com- 
puted throughout the boundary layer. Supersaturation 

occurs in the boundary layer of the nitrogen-water 
system as shown in Fig. 10. The Lewis number in this 
system is approximately 0.55. The thermal boundary 
layer is smaller than the diffusion layer. Supersaturation 
occurs on increasing the temperature difference. Even 
at the large temperature difference only a small section 
of the boundary layer near the interface becomes super- 
saturated. The remainder of the boundary layer remains 
undersaturated. The model may not be accurate at this 
large temperature difference. Thus, the boundary layer 
may be fully undersaturated for all NLe < 1. At higher 
concentrations of nitrogen, higher levels of super- 
saturation occur for the same temperature difference. 
At lOwt0/, nitrogen and the same physical conditions 

0 950 I I I I 
2 1 4 

q d”~8l;xl” 

FIG. 10. Relative saturation in nitrogen-water system-effect 
of wall temperature. 

I 2 3 4 
n cc v-S!;x”4 

FIG. 11. Relative saturation in Freon-water system 

/ 60 I I 

FIG. 12. Relative saturation in Freon-water system-effect of 
wall temperature. 

as curve number 3 in Fig. 10, the maximum super- 
saturation is 1.11 l-an increase from 1465 shown in 
the figure for 2 wt% nitrogen. 

The Lewis number for the Freon-water system is 
about 1.5. In this case the thermal boundary layer is 
larger than the diffusion boundary layer. At the same 
wall temperature as the nitrogen-water system dis- 
cussed above, the Freon-water system boundary layer 
is supersaturated throughout. Increasing the concen- 
tration of Freon at the same wall temperature increases 
the degree and extent of supersaturation as shown in 
Fig. 11. Decreasing the wall temperature sharply in- 
creases the level of supersaturation. As seen in Fig. 12 
a supersaturation of 1.5 is reached when the wall tem- 
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Supersaturated 
boundary 
l0yer 

*c 
FIG. 13. Saturation condition in the vapor-gas boundary 

layer. 

perature is 160°F. Much higher levels are obtained at 
higher concentrations of Freon. Critical supersatu- 

ration levels could be reached [13]. The accuracy of 
the model is in doubt at these large temperature differ- 

ences, however, since the constant property assumption 
is open to serious question. 

The neon-water system has a Lewis number close 

to one, about 1.1. As anticipated the boundary layer 
becomes supersaturated. In general, a vapor-gas 
system with a Lewis number less than one will have 
some temperature difference for which the boundary 
will become supersaturated for a particular concen- 
tration of the noncondensable. Figure 13 shows this 
result pictorially. For Lewis numbers greater than one 
and saturated bulk conditions the line is coincident 
with the abscissa. Superheat in the bulk will raise the 
curve. The formation of fog negates these profiles and 
new equations similar to Toor’s [25] must be solved to 
determine the effect on the condensation heat transfer. 

The effect of a third component on supersaturation 
is particularly important when the two noncondens- 
able-vapor Lewis numbers can be shifted to be greater 

FIG. 14. Relative saturation in nitrogen-Freon-water 
system. 

than unity and less than unity. This is the situation for 

nitrogen-Freon 12-water system. Figure 14 was con- 

structed for conditions of constant driving force be- 

tween the saturated bulk condition and the wall tem- 

perature. The boundary layer goes from complete 
undersaturation for the nitrogen-water system to com- 
plete supersaturation in the Freon-water system with 
consistent degrees of supersaturation for different inter- 
mediate mixtures. Similar curves can be generated for 

the neon-nitrogen-water, but lower levels of super- 
saturation are achieved. In the nitrogen-methane- 
water system the Lewis numbers are about 0.55 so 
that it takes relatively very large temperature driving 

forces to generate supersaturation. 

Experimental considerations 
An experimental test of the validity of the model 

described previously is very much dependent on the 
order of magnitude of the thickness of the gas phase 

boundary layer and the length of the condensing 
surface for which the assumptions in the model are 

valid. The thermal boundary layer for the nitrogen- 
water system is of the order of 1 in, 6 in from the top 
of the condensing surface. For significant concen- 
trations of the noncondensables, the liquid Reynolds 

number at 10 in from the top is less than 100. 
The assumption of a laminar gas phase boundary 

layer must also be considered. The Grashof number in- 
dicates stability in the free convection boundary layer. 
Even at large temperature differences and 100°F of 
superheat, the boundary layer should be stable in a 

nitrogen-water system at 3, 6 and loin [15]. For the 
Freon-water system the result is marginal at only 12°F 
temperature difference and at loin. In the nitrogen- 
methane-water system the Grashof number is much 
lower than critical and decreases rapidly with increas- 

ing concentration of methane. 
These considerations have been confirmed by the 

successful apparatus of Al-Diwany and Rose [ 11. 

3. CONCLUSIONS FROM ANALYTICAL MODEL 

1. The film reference state, constant property ap- 

proach satisfactorily approximates the variable prop- 
erty solutions by Minkowycz [9] for the temperature, 
pressure and concentration ranges that he studied [ 151. 

2. The free convection sweeping effect of a high 

molecular weight noncondensable substantially in- 
creases the heat-transfer rate even for high Schmidt 
number systems, for given weight fraction. 

3. The Lewis number of the vapor-gas mixture 

determines the supersaturation in the boundary layer. 
For saturated bulk conditions mixtures with a Lewis 
number less than one in the boundary layer will be 
initially undersaturated as the wall temperature is 
decreased. A Lewis number greater than one will always 
give a supersaturated boundary layer from a saturated 
mixture. 

4. In a ternary system in which the linearized 
Schmidt numbers of each noncondensable relative to 
the condensable differs, the component with the larger 
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Schmidt number wil1 concentrate at the interface on the transport of matter from vapor and noncon- 
relative to its buIk concentration. densahlc pas mixtures. .“ri~ici. Sci. ~~1~~7~~ 35. 383 I 19691. 

5. The system, nitrogen-methane-water, can be used 12. 
to study the limitation on buoyancy forces of the 
boundary layer approach used here. 13. 

6. A physical system can be constructed which will 
meet the limitations imposed by the model yet be of 14. 
sufficient size to permit testing of the model. 1E 

J. W. Rose. Condensation of a vap& in the presence 
of a noncondensing gas. Ini. 1. Htjnt .Hrls\ Triinfi,r 12. 
733 (1969). 
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CONDENSATION EN FILM D’UN MELANGE TERNAIRE DE VAPEURS 
SUR LINE SURFACE VERTICALE 

R&urn&-On pr&sente une &de analytique de la condensation d’une vapeur en prbence de gaz 
incondensables. Le melange est supposk globalement au repos, et le seul ecoulement est celui provenant 
du ruissellement du condensat le long de la paroi et des effets de convection naturelle qui i’accompagnent. 
On a utilist, pour decrire le systkme un modtle entikrement prhisionnel. et B propri&% physiques 
constantes. 

Dans un systtme ternaire, on montre que le fractionnement s’effectue entre les deux incondensables 
lorsqu’on approche I’interface. Le fractionnement depend de la diffkrence entre les nombres de Schmidt 
IintarisCs. 

On montre que la couche limite gaz-vapeur est sursaturCe du fait de la condensation d’un mClange 
saturt ayant un nombre de Lewis supCrieur g un. La sursaturation peut Cgalement &re obtenue dans 
des systtmes ayant des nombres de Lewis infkrieurs B l’unitb, mais seulement pour des valeurs plus 

Clev&s de la diffbrence entre la tempkrature moyenne et la tempCrature de paroi. 

FILMKONDENSATION EINES TERNiiREN DAMPFGEMISCHES AN EINER 
SENKRECHTEN OBERFLliCHE 

Zusammenfassung-Es wird eine analytische Untersuchung der Dampfkonzentration in Gegenwart von 
nichtkondensierbaren Gasen dargelegt. Das Gemisch wird als ruhend betrachtet. Striimungen werden 
nur verursacht durch das an der Wand abfliessende Kondensat und begleitende freie Konvektionseffekte. 
Zur Beschreibung des Modells wird ein Grenzschichtkondensationsmodell mit konstanten Stoffwerten 
beniitzt. 

Es wird gezeigt, dass in einem tern&en System eine Fraktionierung auftritt zwischen den beiden 
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nichtkondensierbaren Gasen bei AnnLherung an die Zwischenschicht. Die Fraktionierung hHngt ab von 
den Unterschieden zwischen den linearisierten Schmidt-Zahlen. 

Die Gas-Dampf-Gre~s~hicht erweist sich ais iibersi;ttigt bei der Kondensation aus einem gesgttigten 
Gemisch und LewissZahlen griisser als 1. tibersgttigung kann such in Systemen erhalten werden, mit 
kleineren Lewis-Zahlen bei gr6sseren treibenden Krlften, die als Differenz zwischen Gemisch- und 

Wandtemperatur gemessen werden. 
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RJIEHOYHAR KOHAEHCALUU IIAPOB I43 TPEXKOMnOHEHTHOR CMECM 
HA BE~~KA~bHO~ ~OBEPXHOCT~ 

AroloTauH~---npoBeAetx0 aHaJuiTwiecKoe 5fccneAoaaHue KoHAeHcauaH napa npa Hanwwi He- 
KOHAeHC~pylCNIlHXCR ra3OB.OCHOBHaR MaCCa XHAKOCTU HenOABEIW(Ha.Te'feHtle npOHCXOAMTTOJIbK0 
3acveT 06TeKaHw CT~HKH KoHAerfcaToM u COupOBO~Aa~~~XCa ~@&KTOB ~~060~1~08 KOHB~KU~~. 
CKCTeMaOlIKCbiBaeTCrtpaC~eTHOiiMOAeJIbIo KO~AeHCau~~An~nOrpaH~~HOrOCnO~C nOCTOaHHbIHM 
I@i3HYeCK%iMHCBO~CTBaMH. 

nOKa3aH0, YTO B T,,eXKOMnOHeHTHOti CHCTeMe npOllCXOAllT [PpaKUHOHHPOBaHHe MelKAy AByMR 
HeKOHAeHC~py~~~M~Ca ra3aME IT0 Mepe npu6ne%zeHuR K i-IOBepXHOCTH pa3Aena. @paKUHOHMpO- 
BaHlle3aBaCaTOTPa3HOCTKMe~XynuHeapu30~HHbIM~~uCnaMJr~MeATa. 

TaKxe noKa3aH0, YTO B cnygae KoHAeHcaumi UorpaHuwb~ii cnofi ras-nap nepeHacbuuaeTcR 
HaCbI~eHHOfi CMeCbIO npIi &?>I. ne!JeHaCbILUeHHe TaKme AOCTHraeTCR B CMCTeMaX rIpPi Le< 1 
TOnbKO npli 6OJIbIlIFiXABH~yLUHXCSiCWIaX,H3Mep5IeMbIXTeMnepaTypHOir pa3HOCTblO MeKAy OCHOB- 

HO~MaC~O~CMeCH HCTeHKOii. 


