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Abstract-Analysis of laminar film condensation of binary vapor mixtures undergoing forced flow down 
a vertical flat plate is presented. The conservation equations representing the coupled two-phase flow 
problem are markedly nonsimilar and were solved numerically using a forward marching technique. 
The behavior of the liquid film was treated by means of a locally valid Nusselt-type analysis which provided 
interior boundary conditions for the vapor-side problem. Locally variable properties in the liquid phase 
were obtained from mixture data. the effects of temperature variations across the falling film being 
evaluated at appropriate reference temperatures. Vapor mixture properties were calculated from kinetic 
theory. 

Heat transfer results in the form q/qN,,. where qNu is the classical Nusselt solution for one of the pure 
species, are reported for the binary mixtures methanol-H,O. propanol-H,O. acetone-H,O. and 
acetone-ccl,. For non-azeotropic binary mixtures. it is found that q/qNu passes through minimum values 
as the bulk concentration of the more volatile component increases. The approach to the minimum is 
similar in behavior to the noncondensable gas problem. the magnitude of q/qN&, being inversely pro- 
portional to the relative volatility of the binary pair. A second feature of binary film condensation is the 
first order dependence of the results for q/qNu on the composition of the liquid film via variable liquid 
properties. The effects of forced convection are similar to those observed for the noncondensable gas 

problem. 

NOMENCLATURE 

physical property group = kfp,Ah’, ; 
mass transfer driving force; 
heat capacity ; 
binary diffusion coefficient ; 
standard gravitational acceleration ; 
mass-transfer conductance ; 
enthalpy ; 
mass diffusion flux ; 
thermal conductivity ; 
mass fraction ; 

Pr. 

4. 
qNw 

Re,, 
SC. 
7: 
ll. v, 
x. y. 

Prandtl number = pC,/k ; 
heat flux ; 
Nusselt heat flux = [kf(T, - T,)’ 

plclv4x~~,l*; 
Reynolds number = u,x/v, ; 
Schmidt number = v/gIZ, 
absolute temperature; 
velocity components ; 
boundary-layer coordinates. 

condensation rate per unit area = Greek symbols 
P’j Isi 

I: 
relative volatility = p,(T,)/p,(T,); 

partial pressure ; condensate film thickness ; 
total pressure; E. constant defined in equation (25); 
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suction parameter = -rizRe_$‘2:p_u,; 
latent heat of vaporization ; 

Resources Center and by the Department of the Interior. 
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absolute viscosity ; 

numerical computations was provided in part by the Campus 
y 
’ kinematic viscosity; 
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Subscripts 
e. at the vapor boundary-layer edge ; 

;: 
at the vapor-liquid interface; 
in the liquid phase; 

min. minimum 
s. at the s-surface (see Fig. 1); 
u. at the u-surface (see Fig. 1); 
21. in the vapor phase; 
W. at the wall; 
X. at position x ; 
-1. as99 -+ -1; 
1. of the more volatile species; 
2. of the less volatile species. 

Superscripts 
* independent of x. 

INTRODUCTION 

IN A RECENT paper, Sparrow and Marscball 
[l] formulated a predictive theory for binary. 
gravity-flow film condensation on a vertical 
plate in the absence of forced convection. The 
analytical method was applied to condensation 
of saturated mixtures of methanol and water 
vapor at 1 atmosphere. Heat-transfer results in 
the form q/qO, where q. is the Nusselt heat flux 
based on ambient conditions. exhibit a marked 
dependence on bulk composition and overall 
temperature difference. Strong minima in q/q,, 
are found. at a bulk composition WI,,~ e 0.41. 
whose magnitudes vary directly with overall 
temperature difference. At high condensation 
rates, a simplified computational procedure is 
developed which does not require solutions of 
the vapor-side boundary-layer equations. 

Since the physical properties of liquid mixtures 
vary strongly with composition. it is of interest 
to examine further the problem of binary film 
condensation for other systems. In addition. as 
demonstrated in [l], the character of the results 
is intimately related to the nature of the vapor- 
equilibrium curve for a given binary pair. Thus, 
a fully predictive theory requires a broader 
spectrum of results in order that the combined 
effects of variable properties in the liquid phase 
and the diverse characteristics of vapor-liquid 

equilibria fcr various systems may be delineated. 
Furthermore. the usual industrial situation in- 
volves forced flow of the vapor phase. As demon- 
strated in [2] and [3]. the effects of forced flow 
on the mass transfer conductance for 
condensation of pure vapors in the presence of 
a noncondensable gas has a marked influence on 
heat-transfer rates. Similar effects would be 
anticipated for binary film condensation. since 
the more volatile species would tend to behave 
like a noncondensable gas. 

The objectives of the present paper are to 
investigate the effects of forced flow and variable 
physical properties on film condensation of 
methanol-H,O, propanol-H,O, acetone-H,0 
and acetone-Ccl,. These systems were chosen 
because their thermo-physical properties en- 
compass a variety of features which are en- 
countered in practice. For example, aqueous 
mixtures of methanol and propanol exhibit 
strong maxima in liquid mixture viscosity. The 
propanol-water system additionally exhibits a 
minimum boiling azeotrope; while. saturated 
mixtures of acetone-Ccl, are essentially iso- 
thermal over a broad range of composition. 
The acetone-water system exhibits a sharp 

rn1.U 1.5 
m ml, e 

FIG. 1. Schematic of physical situation. 



BINARY FILM CONDENSATION 2145 

I 1 I 1 I 1 I / I - ANALYSIS 

- T PrOPaflOl h,) -H20 (r$ - Gotierning equations and boundary conditions 
For the vapor phase. the equations governing 

conservation of mass. momentum. species. and 
energy are. respectively, 

--m I,= *O 6 

--m -0 9 
I.. 

affl, aT .y- 
ay ay 

(4) 

FIG. 2. Vapor-side equilibrium data with example 01 
accumulation ol’ more volatile species (ml) at the s-surface 

(acetone-H,O; x = 0.5 ft, U, = 10 k/s, T, - T, = 20°F). 

decline in equilibrium temperature as m,,, + 1 
(see Fig. 2). 

The physical situation involved is illustrated 
in Fig. 1. The vertical condenser surface is at a 
uniform temperature T,. The coordinates along 
and normal to the surface are x and y, respect- 
ively, and the corresponding velocity com- 
ponents are u and V. At some distance from the 
surface, the [saturated] vapor mixture has 
composition m l,e and pressure P,, and is flowing 
at a uniform velocity u,. The temperature T, is 
the dew point temperature for given P, and 
m,,,. The condensate film has thickness 6, which 
varies with x. At the vapor-liquid interface. 
the temperature T and hence. the mass fraction 
m,,, (or. equivalently, m,,,) are unknown and 
must be determined in the course of the analysis. 
Here. the s- and u-surfaces denote locations 6+ 
and 6-. respectively. With forced flow. Y& and 
m,,, are of course functions of x. 

where the second order effects of thermal 
diffusion. viscous dissipation, compressible heat- 
ing and diffusion-therm0 have been neglected 
in equations (3) and (4). 

For the liquid phase, the composition at the 
u-surface (see Fig. 1) is expected for the non- 
similar problem under consideration here. to 
vary with x. Thus, an assumption of uniform 
composition throughout is not valid. However. 
when the full boundary-layer equations were 
employed to account for transport of 
momentum, mass species, and thermal energy 
in the liquid film. it was found [4] that the 
classical Nusselt assumptions. wherein con- 
vection of energy and momentum in all but low 
Prandtl number fluids may safely be neglected 
[S]. can be extended in the present situation to 
include convection of mass species as well. 
(See Results and Discussion.) Thus. the defining 
equations in the liquid film are taken as 

0 = PI $ + sh - P”,,) (5) 

022 
dy2 16) 
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(7) 

where. from equation (7). it is seen that the 
liquid-side composition is uniform across the 
liquid film since the wall is impermeable. The 
variable liquid properties are therefore evaluated 
locally at composition m,,,(x) and. following 
[ 51, reference temperature 

T, = T, + +[7Jx) - T,] . (8) 

Equations (lH7) are subject to the boundary 
conditions 

f4 + a,. ml -+ ml,,. T+ T, (94 

as y--+m; 

u = 0. dmildy = 0, T = T, (9b) 

at y = 0; and 

UI, = UI, = Ui (10) 

T(, = TI, = 7; (11) 

au au 
%J, I I = /Lo & s = *i (12) 

tim,(, = minII, + .jl,).(S = rivn,l, - p,O12!$ 
\ 

(13) 

Mhl” + 4Ju = tihl, + 4JlS (14) 

at the interface. Equation (13) may be written in 
the form 

where. clearly. ti, = ti,. Equation (14) may be 
written as 

kl$F = -ti(m,,.l, + m,,,i,) + k, g 
ay S 

(16) 
” 

provided the heats of solution are negligibly 
small. It is shown in [4] that the heats of 
solution for methanol and water contribute. 
at most, 3 per cent to the total heat load at the 
wall. Since the heats of solution for other binary 
pairs are comparably small, this effect was 
neglected throughout. In addition. it is oresumed 
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that the interface is in thermodynamic equi- 
librium. Thus, for a given total pressure. 

‘r; = TJm,,,. P,) and ml,, = m,,,(m,.,. P,). 

(17) 

Following Patankar and Spalding 161. equa- 
tions (lH4) were solved by means of finite 
difference methods, iteration being required at 
each marching step to achieve compatibility 
with the liquid side problem. A detailed descrip- 
tion of the overall numerical procedure is given 
in [4]. For the cases reported here. 100 node 
points were used across the vapor boundary 
layer and, as shown in [4]. the maximum error in 
the heat transfer results is a few per cent. 

7hermophysical properties 
Experimental data for the mixture properties 

pl. k,. pl and 1 were extracted from sources 
listed in [4] and lit with appropriate algebraic 
expressions. Vapor-liquid equilibrium data was 
taken from Landolt and Bornstein [7] and 
local interpolation used to relate m,,,, m,,,, and 
Ti. For the vapor-side transport coefficients, 
mixture rules as set forth by Mason and Mon- 
chik [S] were used to calculate, lirst gi2 and, 
then, K and k,, assuming a Lennard-Jones inter- 
action potential. Collision parameters were taken 
from Svehla [9]. Ideal gas behavior was assumed 
in the vapor, and the pure species values of p, k 
and C, were obtained from sources listed in 
[4]. A complete bibliography of data sources 
and calculational procedures appears in 141. 

RESULTS AND DISCUSSION 

The effects of forced flow (u,), overall tempera- 
ture drop (T, - T,), and free stream composition 

(ml .) on binary film condensation of methanol 
(m,j-water (mJ, propanol (m&-water (m2). ace- 
tone (m,twater (m2), and acetone (m,)Ccl, 
(m2) have been investigated at the total pressures 
P, = 760, 760, 200 and 300 Torr. respectively. 
(The values of P, were dictated by available 
vapor-liquid equilibrium data.) Vapor-side 
equilibrium data, in the form T(“C) vs. mass 
fraction of the more volatile component (ml ,.h 
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are displayed in Fig. 2. Note that propanol- 
water exhibits a strong minimum boiling azeo- 
trope (T= 87.76% m,,, E PI,,, = O-718). 
acetone-CC& is essentially isothermal over the 
range 0.5 < m l,v < 1-O (T= 31=25”C), and 
acetone-water exhibits sharply declining 
temperatures for 0.88 d m,,, < 1.0. 

Typical heat transfer results are displayed 
in Figs. 4-10 where the local heat flux q. with 
the exception of the results in Fig. 10. has been 
normalized with respect to the classical Nusselt 
heat flux for film condensation of pure water 
vapor (the less volatile component). assuming 
the vapor to be saturated at ambient temperature 
T,: 

4 Nu = [kf(T, - Tw)3 gpJ/4v,x]+. (18) 

Over the range of conditions considered, 
lo-’ . Re, (x = 0.5 ft and u, = 100 ft/s) typically 
equaled about 3.3, 2.3, I.4 and 10. respectively 
for the systems cited above. Thus, the assumption 
of a laminar vapor boundary layer. with the 
possible exception of the 100 ft/s acetone-ccl, 
results, is sound. For the liquid tihn 4T/pr, where 
I- is the mass flow rate per unit width of film at 
x = 05 ft. ranged from 66120, 43-120, 3-20 
and 40-130, respectively. Again, the assumption 
of laminar flow is probably sound [ 10, 1 l] ; 
although, at the higher film Reynolds numbers 
rippling most likely occurs [12]. Nonetheless, 
the results are not without value since they serve 
as base solutions for empirical correlations and 
future theoretical analyses of the effects of waves 
and turbulence. 

The accuracy and credibility of the solution 
method are demonstrated in Figs. 3 and 4. 
The assumption of locally uniform composition 
in the liquid phase is supported by the results in 
Fig. 3 where solutions of the full boundary 
layer equations in both phases are compared 
with solutions obtained using equations (5k(7) 
for the film. (The non-monotonic character of 
T, - T, and m, near x = 0 is due to some 
degree of arbitrariness in assigning initial con- 
ditions [2].) Although the resistance to mass 
transfer is not inappreciable (compare solid 

x. ft 

FIti. 3. Comparisons of results obtained using boundary 
layer forms of the liquid-side conservation equations (---) 
with those using equations (Z+-(7) (- - -). Methanol (m,~ 
water (WI,); P, = 760 Torr, m,,, = 0.5, U, = 10 ft/s, 7, - 
7, = 20”F, SC, e 800. Fifty node points across vapor 

boundary layer, 21 nodes across liquid film. 

curves for m,,, and m 1, ,). the results for q/qNU 
suggest that equations (5)-(7) are adequate for 
predicting heat transfer. This is a consequence in 
part of the near isothermal character of the 
interface-over the range of conditions treated 
here. ‘&(x) varied approximately 0.5”F on the 
average (O-05 d x < 05 ft). with a maximum 
change of about 3°F. 

061 
0 

0 
0 

r” 

$ O 
0 

0 

I I I I I I I I I 
0 01 0.2 03 0.4 05 

x, fl 

Ri;. 4. Condensation of methanol-water mixtures at a,, -+ 0 
(P, = 760 Torr); __ this study, - - - [ 11. 
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In Fig. 4. results for methanol-water. with 
u, -+O are compared with similarity solutions 
extracted from [I]. (Results were not obtained 
at u, = 0 due to prohibitive computational 
cost.) Excepting a small region near x = 0. 
where nonsimilar effects are evident. the agree- 
ment is uniformly excellent. Even at 1 ftjs. the 
results quickly merge with the simiiarity solution. 
The latter result is not surprising since, as dis- 
cussed in [l], the influence of streamwise con- 
vection on the convective flow field, for u, + 0, 
is relatively weak at the high interfacial mass 
transfer rates which obtain with T, - 7’,‘, so large. 

With increasing u, the effects of forced 
convection are more pronounced (Fig. 5). Not 

07? 
06 

t \ 

c \ -I 

I I I I I I I I I 
0 01 02 o-3 04 05 

x , ft 
FIG. 5. El’fects of u, on condensation of methanol-water 
mixtures: P, = 760 Torr, 7’, = 1973”F, m,,, = 0409, r, - 

T, = 20°F. 

only does the level of ~/4~~ rise but also the 
physical situation becGmes increasingly more 
nonsimilar. As discussed in [2] and [3]. these 
effects are a direct consequence (i) of vapor drag. 
and (ii) enhancement of the mass-transfer 
conductance. For boundary layer flows under- 
going strong suction, vapor drag is approxi- 
mately equal to the asymptotic value tiu, and. 

since tia x-“(n > 0), the effects of u,, on the 
liquid film thickness and. hence. 4 are self- 
evident. 

From equation (15), there may be defined 

@ = (m,,, - ma,S)/(ma,S - m,,,) (20) 

is the mas transfer driving force and 

8 = @Iz+M2,e - mJ/ayl, (21) 

is the mass-transfer conductance. Paralleling 
arguments in [3], 9 may be expected tc assume 
the form 

$? = c.g-I.F(vl) 

where C is a constant. 

16 
A X=O.lft 

V 0.2 ft 

i 4 0 0.5ft 

0 02 0.4 06 0.8 

mmethonal. d 

FIG. 6. Effects Of m,., and u, on condensation of methanol- 
water mixtures; P, = 760Torr. T, - 7Q = 20°F. 
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p-1 = ~~,~u~ScQ~Re;+/[2(1 + a)(1 + Sc;‘)]+ 

(23) 

is the similarity solution of Acrivos [13]. which 
applies in the limit B -+ - 1. and F(q) is a 
monotonic increasing function of the suction 
parameter [ 141 

YI = qN&keG. (24 

For given x. T, - T,, and rnZ,_g a u$ and one 
might expect an approximate 3-fold increase in 
q = -MI fnr each lo-fold increase in u,. 
provided W remained constant. However. at 
x = 0.3 ft, 99 actually increased from -0.66 to 

< - ;=IO°F 

2O’=F 
--- 40’ F 

0-o 
mmefhanol , B 

FIG. 7. Effects of m,,, and T, - T, on condensation of 
methanol-water mixtures; P, = 760 Torr. u, = 10 tiis. 

-0.57 as u, increased from 10 to 100 ft/s. Thus 
@~~IOO/~~~Io k 2.5. which compares favorably 
with the actual 2.2-fold increase exhibited in 
Fig. 5. 

The effects of m,,, on film condensation of 
mixed vapors are displayed in Figs. 6-10. The pre- 
dominant features of the results are (i) an initial 

rapid decline in q/qNu as m,,, increases. and 
(ii) minima in q/qNu for the non-azeotropic 
binary pairs. These trends are, to first order, 
related to physical property variations in the 

0 02 0.4 0.6 08 IO 

mocetrJne. e 

FG. 8. Effects of tn,,, and u, on condensation of acetone- 
water mixtures; P, = 200 Torr. T. - T, = 20°F. 

liquid phase as well as to the nature of the vapor- 
liquid equilibrium curve. For given x and ?; - 
Tw heat transfer across the liquid film is charac- 
terized by the physical property group A - 
k~p,li~~ (see equation (18)). The ratio (A/A,)*. 
where A, is the larger of the values of A at the 
pure species end points, is presented in Fig. 11 
for typical film temperatures. For the aqueous 
mixtures, kr. pl and I decrease with increasing 
organic concentration (m,,,) whereas pI exhibits 
strong maxima. Thus, (A/A,,)*. where A, = 
A ml,.=O~ initial decreases very rapidly as 
ml,u increases. However. for acetone-ccl,. the 
much larger density of Ccl, partially compen- 
sates for strong reduction in kTA/p, with 
increasing mo-r4,+ and (A/A,)* increases 
modestly with increasing m,,, = macetone_ 

Returning to Fig. 2. it is seen that as [more 
volatile] species 1 accumulates at the s-surface 
(Fig. 1) due to convective inflow. 7Jm,,,. P,) 
drops below T, (see, for example, the saturated 
vapor curve for acetone (m,)-H,O(m,)). This 
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06 

o-4 

02 

0 02 0.4 0.6 08 I.0 

mprO$JanOl , B 

FIG. 9. Effects of IPI,,~ and u, on condensation of propanol~ 
water mixtures: P, = 760 Torr, T, - T, = 20°F. 

effect is not unlike that for the noncondensable 
gas problem [2. 3. 151 wherein accumulation of 
a noncondensing species at a pure condensate 
film surface leads to marked reductions in 
q/qNu. The severity of this “noncondensable gas 
effect” increases, of course. with relative vol- 
atility CI = psa,, ,/p,,,, 2. However. unlike the 
noncondensable gas problem. condensation of 
mixed vapors is further complicated by the 
strong dependence of the aforementioned physi- 
cal property ratio (A/A,)+ on ml,,(m,,,. P,). 

Bearing the above in mind. interpretation of 
the effects of WI,., on q/qNu is straightforward. 
Thus, the initial behavior of q/qNu,H20 for 
aqueous mixtures of methanol and acetone is 
similar (Figs. 6-8) since the nearly 3-fold more 
rapid decline in (q - 7”) with increasing m,,, 
for the former is balanced by a larger value of 

16 

06 

0 02 0.4 06 0 6 I-O 

mocero"e, e 

FIG. IO. El’l’ects oi’ ml, e and u, on condensation ol’ acetone- 
CCI, mixtures; P, = 300 Torr, T, - T, = 20°F. 

c( (8.9 versus 4.3) and a more rapid reduction in 
(A/A,)* for the latter. For propanol-water 
(Fig. 9). rapid reductions in (A/&)* with in- 
creasmg WI,., are ameliorated by a small value 
of o! (- 1); while, for acetone-Ccl, (Fig. lo), 

0 2 +ip -acetone, 45OC- 

_H,O-propanol, 9O“C 

I I I I I I I I I 
0 0.2 0.4 O-6 08 IO 

m 
I.” 

FIG. 11. Effects of liquid film composition on A = k:pJlv,. 
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strong reduction in q - T, with increasing 
m,,, are sharply compensated for by a modest 
value of o! (- 2) and increasing values of (A/A,,)*. 

The minima in q/qNu are dictated by equili- 
brium considerations; as m,,, -+ 1, the extent 
to which the more volatile species can accumu- 
late at the interface is constrained (m,,, < 1) 
and (T, - T,)/( 7” - T,) + 1. For acetone-Ccl,. 
the minimum occurs at reduced m,,, because 
T is essentially uniform for m,,; 2 05 (see 
Fig. 2). Also, q/qNu,.__ increases thereafter 
and surpasses its initial value because (A/&)* 
increases with ‘increasing m,,, (Fig. 11). For 
acetone-water, q/qNu undergoes a second sharp 
reduction as m,,, -+ 0.7. From Fig. 2. it is seen 
that. for O-6 < m 1 e < 0.9, T, - q G T, - T, = 
20°F (ll*l’C). At m l,e = 0.6, for example. 
7; - T, A 0.65”F when T, - T, = 20°F. U, = 
10 ft/s, and x = 05 ft. As might be expected. the 
numerical technique described earlier experi- 
enced stability problems as T + TW Thus. an 
“approximate” method was devised whereby 
the vapor-side problem is effectively decoupled 
from the liquid side problem by setting 

T, - T = constant = (T, - T,) - E . (25) 

a “best value” of E being established iteratively 
by calculating 

T(x) - T, = -tiX?(~ *)/kl . (26) 

where 

(27) 

and imposing the constraint 

XL. 
[ (Tf - ITi’) dx 2 0 (x0 - 1O-4 ft). (28) 
*0 

For (T - T,)/(T, - T,) < O-05, this approach 
results in only modest reductions in accuracy. 
For larger values, the approach is still satisfactory 
for engineering calculations. For example. Fig. 
12 presents comparisons of results obtained in 

this way with the “exact” solution. Despite the 
fact x - T, as computed from equation (26) 
varies by a few degrees, the maximum error in 
q/qNu is still less than 10 per cent. Although 
Tt could be assigned as a monotonic decreasing 
function of x, this proved to be unnecessary in 
the present situation. 

The absence of a minimum in q/qNu for 
propanol-water (Fig. 9) is due to the presence of 
an azeotrope at m,,, = 0.718. For m,,, > 0718. 
water is the more volatile component and m,,, 

I ’ I’ I ’ 1 ” ‘I 

6 

x , ft 

FIG. i2. Comparisons of decoupled solution technique with 
full numerical solution; acetone-water, m 

T, z 2077, u, zx 10 ft/s. I” = “14’ ’ - 

< m, ,~ From Fig. 2, it is seen that T - T, 
therefore approaches T, - T, as m,,, -+ 1 less 
rapidly than is the case for the non-azeotropic 
pairs. Since (A/A,,)* continues to decline as 
ml,, -+ 1, q/qNu decreases monotonically over 
the full range 0 < ml,, < 1. 

Of added interest is the effect of forced flow 
on the location of q/qNulmin. For methanol- 
water (Fig. 6) it is seen that m,,, at q/qNulmin 
shifts from m,,, s 043 to ml,e f 065 as u, 
increases from 1 to 100 ft/s. This effect is due to 
enhancement of the mass transfer conductance 
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(gee u)), which serves to ameliorate the effects 
of net accumulation of (more volatile) methanol 
at the s-surface. Thus, the deleterious effects of 
reductions in both ‘J - T, and (A/&)* on 
q/qNU are less severe as u, increases. Not un- 
expectedly, the effects of increasing U, on the 
rate of shift in WI,,, (&ulmin) are most pro- 
nounced at u, -+ 0. For acetone-Ccl, (Fig. 10). 
the relative reductions in m,,, - rnl,p with 
increasing u, also lead to increased values of z - 
T,; such increases are opposed by decreased 
values of (A/A,)* (Fig. 11) and the net effect is a 
negligible shift in m, ,e(&Nulmin ). For acetone- 
water (Fig. 8). the minima in q/qNU are so 
sharply defined by equilibrium considerations 
that negligible shift occurs. 

Typical results for the effects of T, - T, on 
q/qNu are presented in Fig. 7. It is seen that m,,, 
(q/qNulmin) a~ well as q/qN”l,i, tend to increase 
with increasing T, - T,. Recalling equations (22) 
and (24) these trends are explained by the 
effects of increased suction on the mass-transfer 
conductance. 
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EFFETS D’UN ECOULEMENT FORCE ET DES PROPRIETES VARIABLES SUR LA 
CONDENSATION D’UN FILM BINAIRE 

R&urn&On prtsente I’analyse de la condensation en film laminaire de mClanges de vapeurs binaires qui 
s’tcoulent en mouvement for&. vers le bas le long d’une plaque plane verticale. Les bquations de con- 
servation reprksentant le probleme d’tcoulement biphasique sont nettement non allines et sont rtsolues 
numtriquement g I’aide d’une technique ittrative. Le. comportement du film liquide est trait& au moyen 
d’une analyse du type Nusselt localement valable qui satisfait les conditions limites internes pour le 
problbme du c&C vapeur. Des proprittb localement variables dans la phase liquide sont obtenues g 
partir de r&sultats sur le mklange, les effets des variations de temp&ature B travers le film tombant ttant 
tvaluts g des temp&ratures de rtfkrence approprites. Les proprittb du melange de vapeurs sont calcultes 
B partir de la thtorie cinttique. 

Les rtsultats de transfert thermique don& par le rapport 4/qN. od qNu dtsigne la solution classique de 
Nusselt pour une des esp&ces pures, sont rapport&es aux mClanges binaires mtthanol-H,O, propanol-H,O. 
a&one-H,0 et a&tone-CC&. Pour des mtlanges binaires non azkotropiques on trouve que q/qNu passe 
par un minimum quand la concentration moyenne du composant le plus volatil augmente. L’approche 
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du minimum est semblable dans la solution du probleme avec un gaz non condensable, la grandeur du 
rappo* 41% mini ttant inversement proportionnelle a la volatilite relative de la paire binaire. Une seconde 
particularite de la condensation en film binaire est la nette dependance de q/qNu vis a vis de la composition 
du film liquide a travers ses proprittb variables. Les effets de convection for& sont semblables a ceux 

observes dans le probltme du gaz non condensable. 

DER EINFLUSS ERZWUNGENER STRdMUNG UND VERANDERLICHER 
STOFFWERTE AUF BINARE FILMKONDENSATION 

Znsammenfassung-Es werden Betrachtungten angestellt iiber die laminare Filmkondensation von 
bin&en Dampfgemischen bei abwlrtsgerichteter Zwangsstromung an einer senkrechten ebenen Platte. 
Die Erhaltungssltze ftir dieses gekoppelte Zweiphasenproblem sind im wesentlichen unihnlich und 
wurden direkt numerisch gel&t. 

Das Verhalten des fltissigen Films wurde mit Hilfe einer ijrtlich giiltigen, Nusselt-artigen Betrachtung 
behandelt, die die inneren Randbedingungen fur die Dampfseite bereitstellte, Die ortlich verlnderlichen 
Stoffwerte der lltissigen Phase wurden aus Werten der Mischung berechnet. Der Einlluss der verlnderlichen 
Temperatur quer zum fallenden Film wurde bei geeigneten Bezugstemperaturen beriicksichtigt. Die 
Stoffwerte der Gasmischung wurden aus der kinetischen Theorie berechnet. 

Die Ergebnisse des Warmetibergangs in der Form ~14~~ wobei qNu die klassische Nusseltlosung fur eine 
der beiden reinen Stohe ist, werden ftir die binlren Gemische Methanol-H,O, Propanol-H,O. Azeton- 
HzO, und Azeton-CCI, aufgezeigt. Bei nicht azeotropischen bin&en Gemischen zeigt sich, dass q/qN. ein 
Minimum durchlauft, wenn die Freistromkonzentration des fliichtigeren Gases zunimmt. Die Anniherung 
an das Minimum ist im Charakter Lhnlich dem Problem bei nichtkondensierbaren Gasen, wobei die 
Grosse von q/qNMmin umgekehrt proportional der relativen Fltichtigkeit des binlren Stoffpaares ist. Eine 
zweite Eigenheit der Filmkondensation binlrer Gemische ist die lineare Abhangigkeit der Werte q/q,,.” 
von der Zusammensetzung des fltissigen Films auf Grund der veriinderlichen Fltissigkeitsstoffwerte. Die 
Einfhisse derZ wangskonvektion sind Hhnlich den beobachteten bei dem Problem der nicht kondensier- 

baren Gase. 

BJIIDIHBE BbIHY?XjJEHHOI?O IIOTOKA M IIEPEMEHHbIX 
TEIIJIO~B3H=IECKBX CBOHCTB HA IIJIEHOHHYIG KOHJJEHCAHMIO 

hIIOTa~&iSl-npOBOJ(nTCR aHaJIH3 JIaMHHapHOti IIJIeHO~HOfi KOH~eHCa~HIl 6rinapnbrx 
napOBbIX CMeCefi HaBepTkiKaJrbHOfi IIJIOCKOfi IIJIaCTRHe npH BbIHyH(AeHHOM Te'leHkiH.YpaBHe- 

HWI COXpaHeHWI, OnHCbIBWO~Ke COnpFfECeHHyIO 3aHaYy J(ByX@3HOrO TeqeHIIR, HeaBTOMO- 

AeJIbHbI I9 peIIIaIOTCR YllCJIeHHbIM MeTOAOM. HOBeHeHMe HtCrAKOti IIJIeHKEl aHaJIH3kipyeTCFl C 

nO3MIWfi TeOpliH HyCCenbTa,B pe3yJIbTaTe qer0 BbIBOAFlTCR rpaHWHbIe yCJIOBHR 3aRaYcl AJIR 

napOBOfk~a3bL~O~aHHbIM ~JIHCM~CHO~~~~~JIRJIHC~JIOK~JI~I~~I~~H~~~HEIHCBO~~CTB HUf~KOti 

$aabI, npriqeM nnafrrrne n3MenenuB Tenneparypbr no ceqenuro nafiaromel nnenun oqerrana- 
JIOCb OTHOCMTeJIbHO COOTBeTCTByIOll(ei npMBf?AeHHOfi TeMnepaTypbI. CBOikTBa IIapOBbIX 

CMeCeti paCCWTbIBaJIRCb n0 KIlHeTM'leCKOfi TeOpHll ra30B. 

AaHHbIe n0 TenJIOO6MeHy B BEIAe 3aBHCMMOCTR q/qNu, we qNu -peaynbTaT Knaccw4ecKoro 

PellIeHllH HyCCeJIbTa AJIH OAHOKOMnOHeHTHOti CpeAbI, npeACTaBJIeHbI RJIH 6IIHapHbIX CMeCe$i 

Hz0 CMeTaHOJIOM,npOnaHOJIOM,a~eTOHOM,aTaKHceAJIH CMeCEi aUeTOH- CC~,.YCT~HOBJI~HO, 

YTO AJI~I HeaseoTponHbIx 6HHapHbIX CMeCei8 q/qNu BO3paCTaeT C yBeJIWIeHHeM 06%eMHOti 

KOHUeHTpaqklI4 6onee JIeTyqerO KOMnOHeHTa. TeHAeHuHR K MMHRMyMy TaKaR me, KaK B 

3aRaqe 0 HeKOHAeHCPIpyIOLt(eMCfi ra3e, npWIe# BeJIHWiHa q/qNumin 06paTHO nponopnno- 
HaJIbHa OTHOCHTeJIbHOLi JIeTyWCTH 6HHapHOti napbI. BTO~EJM OTJIIlWiTeJTbHbIM CBOBCTBOM 

6llHapHOfi nJIeHO~H0i-i KOHAeHCal(ilki RBJI#leTCR 3,aBUCMMOCTb BeJIWiHHbI q/qNU OT COCTaBa 

H(IIAKOfi nJIeHKLI BCJIeACTBHe nepeMeHHOCTR CBOttCTB WiAKOCiM. BnarlHkie BbIHylKAeHHOfi 

KOHBeKlJllRCKa3bIBaeTCRTaKme,KaK B CJIy'iae HeKOHAeHCHpyIOQerOCR ra3a. 


