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Abstract-An analytical study of the effects of noncondensable gas and forced flow on laminar film con- 
densation is presented. Due to the markedly nonsimilar character of the coupled two phase flow problem, 
the governing conservation equations in the vapor phase were solved numerically by means of a forward 
marching technique. Interfacial boundary conditions at each step were extracted from a locally valid 
Nusselt-type analysis of the falling film. Locally variable properties in the liquid were evaluated by means 
of the reference temperature concept, while those in the vapor were calculated according to kinetic theory. 

Heat-transfer results, in the form q/q,, vs. x, arc reported for six vapors-water, ammonia, Freon-12. 
ethanol, butanol, and carbon tetrachloride-condensing on a vertical surface at 80°F. Results were obtained 
for vapor velocities of 1.0 and l@O ft/s, saturation temperatures of 90, 100 and 120”F, and mass fraction 
air of OQOI and 0.01. Guided by the numerical data, a semi-empirical calculation method is developed 

which provides a satisfactory basis for engineering calculations. 

NOMENCLATURE 

mass-transfer driving force; 
heat capacity; 
binary diffusion coefficient ; 
standard acceleration of gravity; 
mass-transfer conductance; 
thermal conductivity; 
mass fraction; 
condensation rate per unit area = 

@)l,. i; 

molecular weight; 
partial pressure; 
total pressure; 
Prandtl number = pC,/k; 
wall heat flux ; 
Nusselt heat flux = 

[k3(T, - Tw)3pgA/4xv]*; 
specific gas constant = R/M; 
universal gas constant; 
Reynolds number = u,x/v,; 
Schmidt number = v/9r2; 
absolute temperature; 

* This work was supported in part by the State of Cali- 
fornia through the University of California Statewide 
Water Resources Center on Grant No. 444259520539. 
Computer time for the numerical computations was pro- 
vided by the Campus Computing Network of the University 
of California, Los Angeles. 

4 v, velocity components: 

X, mole fraction ; 

x, !: boundary-layer coordinates. 

Greek symbols 
4 parameter for defining the reference 

temperature; 

6, condensate film thickness; 

97 suction parameter = - tiRe$/p,. ewe; 

A, latent heat of vaporization; 

I4 absolute viscosity; 

V, kinematic viscosity; 

P> density; 

2, shear stress. 

Subscripts 

e, at the vapor boundary-layer edge; 
4 at the interface; 

1, in the liquid phase; 
r, at the reference state; 
0, in the vapor phase; 
‘V, at the wall; 

X, at position x; 
1, of the condensing species; 
2, of air. 

INTRODUCTION 

IN A RECENT paper [I], the authors investigated 

315 



316 V. E. DENNY and V. J. JUSIONIS 

laminar film condensation for steam-air mix- 
tures undergoing forced flow down a vertical 
surface. Numerical solutions of the resulting 
nonsimilar problem were reported for vapor 
velocities and mass fractions air in the ranges 
O*l-10.0 ft/s and 090141, respectively. The 
vapor mixture was saturated, the saturation 
pressure being for the most part one atmosphere. 
The nonsimilar character of the results was 
particularly evident near the leading edge of 
the vertical surface, where the ratio of the actual 
heat flux, q, to the classical Nusselt result 
based on overall temperature drop, qNu, de- 
creased very rapidly with increasing distance x 
down the surface. Under conditions of reduced 
vapor velocity and/or elevated mass fraction 
air, q/qNU approached asymptotically the similar 
solutions of Minkowycz and Sparrow [2], 
wherein the free stream is stationary. However, 
at vapor velocities approaching 10 ft/s, forced 
flow had a sustained and marked effect on 

4/%0 the nonsimilar results remaining much 
higher than the corresponding similar solutions 
in the interval 0 < x < O-5 ft. 

Since most industrial applications are charac- 
terized by forced convection in the vapor phase, 
additional study of the forced flow situation 
is warranted. Furthermore, with the exception 
of the constant property analysis of Sparrow 
and Lin [3], again in the absence of forced 
flow, little analytical attention has been directed 
towards vapor mixtures other than water 
vapor-air. The objectives of this paper are 
two-fold. First, the effects of forced flow are 
investigated for steam-air mixtures in the low 
pressure regime and for mixtures of selected 
organic vapors and air at normal condenser 
temperatures. Numerical solutions of the govern- 
ing conservation equations are obtained using 
the methods discussed in [l]. Second, a semi- 
empirical predictive theory is developed which 
provides a more convenient basis for engineer- 
ing calculations. 

A schematic diagram of the physical situation 
involved is shown in Fig. 1. The vertical conden- 
ser surface is at a uniform temperature T,,,. The 

-Y Vapor 
flow 

x 
“e 

ui It ’ z 

G 5 m2,e 

m,,, 

: 8 

FIG. 1. Schematic of physical situation. 

coordinates along and normal to the surface are 
.K and JJ, respectively, and the corresponding 
velocity components are u and v. At some 
distance from the surface the vapor mixture has 
velocity u, temperature T,, and noncondens- 
able gas concentration m,, e’ The system pressure 
P, is determined from T, and rn2_ assuming 
the free stream is saturated. The condensate 
film has thickness S, which varies with x. At 
the vapor-liquid interface, the temperature ?;: 
and, hence, the mass fraction m,,, are unknown 
and must be determined in the course of the 
analysis. With forced flow, q and m,., are of 
course functions of x. 

ANALYSIS 

Governing equations and boundary conditions 
For the vapor phase, the equations governing 

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

P”U2 + P”U% = &(P”%$) (3) 

p”ug+p.L.T=” k!E + 
aY ( 1 ay C,.. ay 

+ P”912 
y4Cp.l - c,.d~~. (4) 

P. u < . 
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Since low velocity flow is being considered, x d 

viscous dissipation and compressibility effects 
are omitted in equation (4). In addition, thermal s 

k 5 dxl,=a = 
s 

pu[l, + Cp(ri - T)] dyl, 

diffusion and diffusion-therm0 (Dufour effect) ’ 0 

are ignored in view of results obtained by X 

Minkowycz [4]. 
For the liquid phase, the physical properties s 

k$d&. (15) 

p, p, and k were evaluated at the reference 0 

temperature T,(x) = T, + a(T - T,), with 
values of a being taken from [5]. Invoking the Following Patankar and Spalding [7], equa- 

Nusselt assumptions yields tions (l)-(4) were solved by means of finite 

O=r$+&-p..,) 

difference methods, iteration being required 
(5) at each marching step to achieve compatibility 

with the liquid side problem. A detailed des- 

o=$. 
cription of the overall numerical procedure is 

(6) given in [ 11. As introduction to the next section, 

Equations (l)-(6) are subject to the boundary 
it is noted that an approximate solution of the 
problem could be effected provided q(x) were 

conditions 
u + u,, ml + ml,,, T -+ T, 

asy-+co; 

(7) 
known; for, in such an event the liquid side 
problem, apart from the second order effects 
of vapor drag and vapor-side heat conduction, 

(8) is decoupled from the vapor-side problem. u=O, T=T, 
aty = 0;and 

UI/,i = UJ”,i = Ui 

T\:,i = T\,.i = T 

k$ = -fi;+kz 

at y = d(x). 
I,i aY v.i 

(9) An approximate calculation method 
Although T(x) is a priori unknown, T(O) N c 

(lo) as shown in [l]. Furthermore, Ti(x) decreases 

(1’) 
monotonically with increasing x (which be- 
havior is in apposition to that for the similar 
problem, for which T is constant). Thus, the 
liquid side problem may be viewed as a non- 

(12) isothermal “wall” problem, 7;(x) assuming the 
role of T, in the analysis presented in [5]. As 
in [S], equations (5), (6), (S), (lo), (1 l), (13) and 

(13) (15) are solved subject to the approximation [8] 

In addition, there is required an equation of ri = r+?(u, - Ui) 

state and a thermodynamic constraint at the 
interface. Assuming ideal gas behavior prevails and neglecting vapor-side heat conduction. 
at the low pressures under consideration and If it further is assumed that PrJ/C, ,(T - T,) % 

that the interface is at equilibrium [4,6], there 1 and physical property variations in the x- 
obtains direction are negligible there obtains directly 

P, = p”RT, T = T(m,.i, P,). (14) from [5] 

Closure of the overall problem is effected by 
means of an energy balance on the liquid 
lilm, which serves to extract the film thickness S: 

(16) 
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where 

9* = 9(1 - P”..lPI) 

r = l/[(Pr,)(iJC,, AT) + @354] k k, AT/p$ 

f, k 2ATfiT - 1 

where, after Spalding [9], the mass-transfer 
conductance 9 is just 

fi k (A?/AT)/(2 - A?/AT)2 while the driving force a is defined as 

and 

AT = T(x) - T,, C?T = i ATdx/x. 
0 

However, for AT < fT/2, fi < 0 and equa- 
tion (16) becomes singular. Fortunately, for 
AT decreasing with increasing x the effects of 
variable AT are modest (see Table 3, [S]) and, 
to excellent approximation, equation (16) may 
be written 

L??J = (m,., - ml.iY(ml,i - l) 

= m2, dm2. i - 1. (20) 

Since m,., = m,.i(T, P,), equations (17)-(20) 
constitute essentially two equations in q and 
T, providing a working expression for the 
conductance 8 can be established. A promising 
approach in the latter context is to adjust an 
appropriate similarity result, say that of Acrivos 

POI~ 
9 = pv. .u,Sc; ‘Re ,“/[2(1 + L@)(l + SC,‘)]+ 

(21) k: AT u, + (u,2 + 16g*xk,AT/& * 
4(x) = F(8) 8v,x 1 

(17) 

where F(8) represents a best fit to the noniso- 
thermal wall results of [S] : 

F(B) = 1 + 0.0460 + O*069t12, 

19 = (T, - T)/( T, - T,). 

Alternatively, equation (17) may be written 
in terms of equation (12) as 

q(x) + - tii, = -+%I, (18) 

so as to accommodate nonsimilar effects. Further 
elaboration on this point is deferred to the 
discussion. 

Thermophysical properties 
The properties p,, cP, I, k,, u: and I, were 

extracted from sources listed in [5] and evalua- 
ted by means of least-squares analysis at either 
T, or, in the case of 2, at 17;:. For the steam-air 
mixtures, procedures recommended by Min- 
kowycz [4] were followed. Briefly, mixture rules 

Table 1. Thermophysical property data and references*t 

Species 0 (A) Elk (“K) CP P,l”.i 

Air 3.689 [ 141 84.0 [14] 
Ammonia 3.15 [ll] 358.0 [ 1 l] [:;I - 
Freon-12 5.11 [IS] 288.0 [15] t;:j 

Carbon tetrachloride 5.973 [16] 315.0 [16] [f;; t-211 
Ethyl alcohol 4.455 [ 161 391.0 [16] WI PI 
n-Butyl alcohol 6.00 [17] 263.0 [17] Cl41 [231 
Water - [I31 [I31 

* For steam-air, (r,2 = 3.724 8, and Ed Jk = 50°K [4] : otherwise, 

v,z = (~1 + 0,)/2, &12/k = [kllk)(@)lf. 

t Q(‘.s” from Table I-M, [14]. 
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as set forth by Mason and Monchik [ 1 l] were 
used to calculate, first, 5@iz and then ,u” and k,, 
assuming a Lennard-Jones interaction potential. 
Pure species values for p and k were taken from 
[12]. C,, of air was taken from [12] while that 
for steam was taken from [13]. For the organic 
vapor-air mixtures, the procedures differed 
slightly in that pure species values of ,U and k 
were calculated according to kinetic theory 
[14]. Pertinent sources of information for the 
gas phase property calculations and for vapor 
pressure data are listed in Table 1. 

RESULTS AND DISCUSSION 

Accuracy of the numerical data 
The principal sources of error in the numerical 

data are truncation errors in the finite difference 
analogues of the cross-stream derivatives. Al- 
though these errors could in principle be 

basis of numerical experiments using fewer 
node-points, it is estimated that the results are 
in error by at most a few per cent, the largest 
errors occurring under conditions for which 

P v,e is very small. (For difficult cases, a typical 
run required about 300 seconds of machine 
time on an IBM 360/91 computer and cost 
about $150.) Additional comments on the 
accuracy of the numerical method appear in [ 11. 

Correlation of the mass transfer conductance 
In applying equations (17) and (18), an 

expression for 9 is required. For condensation 
processes in the presence of noncondensable 
gas, the mass transfer driving force $J tends 
towards - 1. Thus, an appropriate starting 
point for predicting 9 is the similarity result 
of Acrivos, equation (21), which after isolating 
Re;* on the right hand side yields a straight 

FIG. 2. Correlation of mass transfer conductance. 

rendered negligibly small by using a sufficiently line with slope -$ on a log-log plot as shown in 
large number of node-points across the boundary Fig. 2. Actual values of the ordinate, 
layer, the cost for doing so is prohibitive. For 
this study, 100 points were used and, on the g [2(I + a) (1 + SC,- ‘)]%“,,&-SC, I, 
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Table 2. Case history data@ Fig. 2. 

320 

Case Fluid 

1 ccl, 
2 C,H,OH 
3 ccl, 
4 C,H,OH 
5 C,H,OH 
6 C,H,OH 
7 ccl, 
8 C,H,OH 
9 C,H,OH 

10 C,H,OH 
11 Hz0 
12 H,O 
13 NH, 
14 CCI, 
15 NH, 
16 CLH,OH 
17 C,H,OH 
18 C2H,0H 
19 CCI, 
20 CCl,F, 
21 ccl, 
22 CC12FZ 
23 ccl, 
24 ccl, 
25 NH, 
26 NH, 
27 CCl,F, 
28 ccl, 
29 C,H,OH 
30 CCI,F, 

r, (“F) 
._~ 

100 
120 
120 
90 

100 
120 
120 
120 
120 
90 

100 
150* 
120 
120 
120 
90 
90 

120 
100 
120 
90 

120 
100 
90 
90 
90 

100 
90 
90 
90 

u, (Ws) 

1 
1 
I 
1 
1 
1 
1 
1 

10 
1 

10 
10 

1 
10 

1 
1 

10 
10 
10 

1 
1 
1 

10 
10 

1 
1 
1 

10 
10 

1 

* T, = 130°F. 

m2.r 

0.01 
0.01 
0,001 
0.001 
0.01 
0.001 
0.01 
0.01 
0.01 
@Ol 
0.01 
0.01 
0~001 
0.01 
0.01 
0.0 1 
0.01 
0.01 
0.01 
0.00 1 
0.01 
0.01 
0.001 
0.001 
0,001 
0.01 
0.01 
0.01 
0.01 
0.01 

__- 

as extracted from numerical solutions of the 
cases listed in Table 2, appear as open circles 
in the figure. For the markedly nonsimilar 
problem under investigation here, the agree- 
ment, as might be expected, is poor. Although 
some improvement would obtain on adjusting 
the slope and intercept of the solid curve, the 
scatter would still be excessive. Furthermore, 
little progress acrues on altering the functional 
dependence of g on @I and SC, or on incor- 
porating the effects of variable physical proper- 
ties. After considerable study, it was concluded 
that additional parameters are required. Two 
possibilities are listed in Table 2-the suction 
parameter [8] 

P,. e (Wft3) SC, ’ 

0.1010 
0.0075 
0~1000 
0.0028 
0+)039 
0.0292 
0.1504 
0.0295 
0.0075 
0.0028 
0.0029 
0.0108 
0,789 
0.1504 
0.797 
0.0131 
0.0028 
0.0295 
0.1010 
3.32 
0.08 15 
3.35 
0~1000 
0~1000 
0.520 
0.524 
2.67 
0.0815 
0.0131 
2.37 

4.46 
3.25 
4.71 
3.39 
3.27 
2.55 
4.42 
2.51 
3.25 
3.29 
1.78 
1.85 
1.54 
4.42 
1.54 
2.53 
3.29 
2.5 I 
446 
3.67 
4.48 
3.52 
4.74 
4.75 
1.56 
1.55 
3.54 
4.48 
2.53 
3.55 

Y (ft) 9 

0.529 9.40 0.0860 
0,122 15.83 0.0180 
0 253 10.76 0.0045 
0.227 10.97 0.0066 
0.269 15.74 0.0324 
0.233 8.04 0.00 17 
0.233 10.61 0.0428 
0.216 7.31 0.0169 
0.278 6.24 0.0180 
0.220 10.60 0.0620 
0,238 6.85 0.0170 
0.254 4.29 0.0191 
0.222 3.12 0.0017 
0.259 3.42 0.0428 
0.269 3.13 0.0165 
0.260 4.26 0.0509 
0.238 3.46 0.06 18 
0,262 2.55 0.0 169 
0.255 3.39 0.0956 
0.239 2.47 0.0067 
0,256 5.17 0.1637 
0.224 2.39 0.0623 
0.112 2.01 0.0086 
0.266 1.66 0.0197 
0.225 1.42 0.0042 
0.250 1.43 0.04 18 
0.217 1.58 0.1187 
0.251 1.62 0.1637 
0.220 1.32 0.0509 
0,234 1.02 0.2140 

where I&” = -qN J;i, and an overall “resis- 
tance”, m.Jm2, w, where m2.w is the mass 
fraction air which would obtain at the interface 
provided Y& = 7;,,. As may be seen upon 
comparing cases in Table 1 with the results 
in Fig. 2, the deviations between actual values 
of the ordinate and the Re;* curve increase, 
somewhat irregularly, directly with q and in- 
versely with m2, Jrn2, w. Therefore, equation (21) 
was modified to give 

p=0.8p,...u,S~,‘Re;;F(9)/[1 +a)(1 +Sc~‘)]f 

(22) 

where 

F(q) = 1 + 
0*0785(M,/M,)~/ 

1 + 100m2.,h. w’ 
(23) 
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the molecular weight ratio A&,/M, being re- 
quired to obtain some degree of universality 
in the expression for 8. Although the results 
using equation (22) still scatter to some extent 
(solid circles in Fig. 2), they nonetheless are 
encouraging. It remains to demonstrate that the 
proposed expression is generally applicable. 

Heat-transfer results 
Heat-transfer results, in the form q/qN,, vs. x, 

are presented in Figs. 3-10. (The solid curves 
represent the full numerical solutions while 

1.24 

I.16 

0.96 

where q < 2 [S], is the asymptotic expression 
seen to be inadequate, the predictions for NH, 
and CC&F, falling below the numerical solu- 
tions as x -+ 0 due to additional drag (over and 
above that predicted by the asymptotic results), 
with its x- * dependence for a zero-pressure 
gradient flow, which has been neglected in 
equation ( 16). 

In Fig. 4, the effects of noncondensable gas 
begin to appear. The major trends in the figure, 
which are evident throughout are most easily 
explained in terms of equation (21), referring 

0 0.1 0.2 0.3 0.4 0.5 06 

x,ft 

FIG. 3. Condensation heat transfer: u, = 10 ft/s T, = lOO”F, 
T, = 80”F, ntZ.a = 0.001. 

the dashed curves represent equations (17) and to Table 2 for appropriate physical property 
(18) using equation (22) to predict 8.) For the information. For a given $9 one would expect, 
conditions in Fig. 3, the effects of noncondens- since &P~.SC; ‘)* and qcc th= @?, that the 
able gas are seen to be negligible (AT 2: T, - T,) curves for the individual species would rank as 
and the results serve to validate the use of the follows: CCl,F,, NH,, Ccl,, C,H,OH, 
asymptotic expression for vapor drag, tiu, - Ui), C4H90H and II,O. Thus, CCl,F, and Ccl, 
in deriving equation (16). Only near x = 0, appear to be anomalous. However, for a given 



322 V. E. DENNY and V. J. JUSIONIS 

0.96 

0.76 o 
0 0.1 0.2 053 0.4 05 0.6 

x .ft 

FIG. 4. Condensation heat transfer: u, = 1 ftjs. q = 90°F. 
I-, = 80°F. m,, e = O-001. 

that is, for a given m2,i, it is readily seen that 
AT = T - T, is reduced as the molecular 
weight M, of the condensing species increases 
since 

pe - Pl.i(T) 
_Y2.i = 

pe 

m2.i 
= 

nlZ. i + C”21M,) f1 - nt2. i) 

approaches 1 as M, becomes large. (It is this 

“penalty” which has been incorporated in 

equation (23) to reduce the effectiveness of q 

in augmenting the Acrivos result for 8.) 
The effects of U, and T, - T, are displayed 

in Figs. 5-10 with M~.~ = O-01. Since ~uu$, 
interpretation of the effects of increasing u, 
are straightforward (compare Figs. 5-7 with 
8-10). However, the influence of increasing 
T, - T, (increasing T, since T, is fixed) is more 
subtle. As T, increases, pose increases and, hence, 
so does 9. But, ti also increases, resulting in an 
enhanced convective inflow of gas which must 

09 

08 

07 

06 

0.5 

0.4 

0.3 
0 0.1 0.2 0.3 0.4 05 0% 

x,ft 

FIG. 5. Condensation heat transfer: u, = 1 ft/s. 7; = 90°F. 
T, = 8O0F, m2,= = 0.01. 

I.0 

09 

o-7 

0.6 

0.5 

0.4 

0.3 
0 0.1 0.2 o-3 o-4 O-3 0,6 

x,ft 

FIG. 6. Condensation heat transfer: u, = 1 ft/s, T, = ICWF, 
T, = 80°F. nl,,. = O-01. 
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o-8 

1 
i 

0,6 I 
0 0.1 0.2 0.3 0.4 05 a6 

x,ft 

FIG. 7. Condensation heat transfer: fl, = 1 ft/s, T, = 12O”F, FIG. 9. Condensation heat transfer: u, = 10 R/s, T, = loo”F, 
r, = 80”F, m,,, = 0.01. T, = 0 80 F, mZ,p = 0.01. 

o-8 

O-6 I 
0 0.t 0.2 @3 0.4 0.5 06 

x,ft 

I.2 

I.1 
Q 

4, 
I -0 

0.9 

0.8 - 

o-7 + ’ ’ ’ ’ ’ ’ ’ ) ’ ’ 4 
0 0.1 0‘2 o-3 0.4 05 o-6 

x,ft 

FIG. 8. Condensation heat transfer: 21, = 10 ft./s, T, = 90”F, FIG. 10. Condensation heat transfer: u, = loft/s, T, = lZo”F, 

T, = 80”F, m2,e = 0.01. T, = 80”F, m*,e = 0.01. 
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be balanced by a diffusive outflow. Depending 
on the particular situation, then, q, that is, 

4/4IvU may either increase or decrease with 
increasing T,. 

Considering the complexity of the nonsimilar 
problem under consideration, the efficacy of 
equations (17), (18) and (22) in predicting the 
numerical results is rather remarkable. Only 
in the case of Ccl, at reduced vapor velocity 
and modest suction (Figs. 5 and 6) does the 
method begin to break down (the discrepancies 
for H,O in Figs. 5 and 6 are less serious than 
they appear because, as discussed earlier, the 
numerical data is a few per cent high). However, 

this is due to neglect of the adverse effects of 
buoyancy on the convective situation, as illus- 
trated in Fig. 11. At U, = 1 ft/s and T, = 90°F 

I.0 I’ 

0 0.2 0.4 0.6 0.6 I.0 

u/q? 

FIG. 11. Effects of buoyancy on velocity profiles: u, = 1 ft/s, 
T, = 80 0 F. m2_ = 0.01, x e 0.4 ft. 

studied, the effects of buoyancy are less pro- 
nounced (curves B and D). Apparently, the 
effects of buoyancy on the velocity field involve 
a complex interaction between Gr,/Rez and, 

perhaps, suction parameter n. Although attempts 
to incorporate the effects of mixed free and 
forced convection met with some success, the 
limited data available does not warrant their 
inclusion here. 

Further support for the proposed method is 
displayed in Fig. 12, where some results at 

I.0 

Case Fluid T,(‘F) Tw(oF)ue(ft/s) m2 

A H,O 150 I30 I 0.01 
B H,O 212 192 IO 0.1 

C H,O 212 172 IO 0.1 

D H,O 212 207 I 0.1 

E Ccl, 90 80 I 0.1 
I 

\ 1 
I I I I 

0.9 

0.6 

L 
4 N” 

0.4 

1 

J 

0 0.1 0.2 0.3 0.4 0.5 
x,ft 

FIG. 12. Condensation heat transfer (numerical solutions 
for curves A-D from [ 11). 

(curve A), accumulation of [lighter] air at the 

in case C than in case A. For other fluids 

interface is having a marked and deleterious 
effect on the [weak] forced convection situation. 
However, at T, = 120°F the velocity profile 
(curve C) is characteristic of boundary layer 
flow undergoing strong suction, despite the 
fact that the ratio of Grashoff number over 
Reynolds number squared, Gr,/Re$ is greater 

much higher gas concentrations appear. [With 
the exception of curve A, none of the results in 

.-~~~, ~~~ v 

the figure was used to develop equation (22).] 
Not unexpectedly, the discrepancies between 
prediction and the presumably exact numerical 
solutions are larger, particularly near q/qNu = 0; 
however, they are not catastrophic and the 
proposed method is seen to provide a satis- 
factorv basis for ennineering calculations. 
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Table 3. Verification of equation (17) 

Fluid T, (“F) 

ccl, 90 

C4H90H 90 

CCI,F, 90 

H@ 212 

Hz0 212 

HzO 212 

Tv (“F) u, m/s) m2. e x m 

80 1 0.01 0.1 

0.4 

80 1 0.01 0.1 

0.4 

80 1 0.01 0.1 

0.4 

192 10 0.1 0.1 

0.4 

172 10 0.1 0.1 

0.4 

207 1 0.1 0.1 

0.4 

TV) 
_ 

84.70 

83.28 

84.25 

83.17 

87.78 

87.08 

20044 

19844 

187.47 

18344 

207.78 

207.59 

4l4.N” 

0.545 

0.403 

0.503 

0.398 

0.824 

0.760 

0.525 

0.411 

0.488 

0.371 

0,235 

0.190 

4/4.v.* 

0.546 

0.409 

0,502 

0,397 

@822 

0.760 

0.523 

0.411 

0.495 

0376 

0.229 

0.183 

* See Eq. (17). 

Since T(x) is known for the full numerical 
solutions, values of q/qNU as calculated from 
equation (17) can be compared with “exact” 
values. Typical results of such calculations are 
given in Table 3, where it may be seen that the 
predicted values lie within the accuracy claimed 
for the numerical solutions themselves. Thus, 
the major source of error in applying equations 
(17), (18) and (22) is the prediction of the mass 
transfer conductance. 
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INFLUENCE D’UN GAZ NON CONDENSABLE ET D-UN EC~ULEMENT FORCE SUR 
UNE CONDENSATION EN FILM LAMINAIRE 

Resume-On presente une etude analytique de l’influence d’un gaz non condensable et d’un ecoulement 
force sur une condensation en film laminaire. Du fait du caractere non similaire notable du probleme de 
l’ecoulement biphasique couple, les equations principales de conservation dans la phase vapeur sont 
resolues numtriquement par des moyens relevant dune technique avancee. Les conditions limites inter- 
faciales ont Cte a chaque &ape extraites d’une analyse du film tombant du type Nusselt localement valable. 
Dansleliquidelespropriettslocalesvariablesontt’tCevaluCes~I’aideduconcept de temperaturedertference. 

tandis que celles dans la vapeur ont ttt calculees selon la theorie cinetique. 
On a present& les resultats du transfert thermique sous la forme q/qNu en fonction de x pour six vapeurs 

d’eau, d’ammoniaque. de Freon 12, d’tthanol. de butanol, et de tttrachlorure de carbone recondensant 
sur une surface verticale a la temperature de 25,5”C. On a obtenu des resultats pour des vitesses pour la 
vapeur de 0,30 et 3 m/s pour des temperatures de saturation de 32.2, 37.7 et 48,8”C, et pour des concentra- 
tions massiques d’air &gales a 0,OO let 0,Ol. Guide par les resultats numeriques, on dtveloppe une mtthode 

de calcul semi-empirique qui donne une base satisfaisante pour les calculs “d’engineering”. 

EINFLUSS VON INERTGAS UND ZWANGSSTROMUNG AUF DIE LAMINARE 
FILMKONDENSATION 

Zusammenfassung-In einer analytischen Studie wird der Einfluss eincs nichtkondensierbaren Gases und 
der Zwangsstromung auf die laminare Filmkondensation untersucht. Wegen des ausgeprlgten nicht- 
lhnlichen Charakters des gekoppelten Zwei-Phasen-Stromungsproblems wurden die bestimmenden 
Erhaltungsgleichungen in der Dampfphase numerisch gelost mit Hilfe eines fortschreitenden Verfahrens. 
Die Randbedingungen an der Trennfliiche wurden bei jedem Schritt aus einer ortlich giihigen Nusselt- 
betrachtung des fallenden Films gewonnen. Die orthch unterschiedlichen Stoffwerte in der Fhissigkeit 
wurden mit Hilfe der Methode der Bezugstemperatur ermittelt. Die Stoffwerte des Dampfes wurden 
berechnet in Ubereinstimmung mit der kinetischen Theorie. Die Ergebnisse des Warmeiibergangs bei 
Kondensation an einer scnkrechten Oberflache von 27°C in der Form q/qN, in Abhlngigkeit von x wet-den 

fiir sechs Dampfarten dargestellt: Wasser, Ammoniak. Frigen 12, Ethanol, Butanol und Tetrachlorkohlen- 
stoff. Die Ergebnisse wurden erzielt fiir Dampfgeschwindigkeiten von 30.5 und 305 cm/s, Sattigungstem- 
peraturen von 32, 38 und 49°C und Luftanteilen bezogen auf die Masse von 0,001 und 0,Ol. An Hand der 
numerischen Daten wird eine halbempirische Berechnungsmethode entwickelt, die eine zufriedenstellende 

Grundlage fiir ingenieurmassige Berechnungen darstellt. 

BJIWIHBE TEYEHklFI HECXkIMAEMOrO rA3A B BbIHYXAEHHOrO 
TE=IEHIIFI HA JIAMklHA PHYIO IIJIEHOZIHYIO KOHflEHCAIJItK) 

AmioTeqHsr-IIpencTasneHo aHanwrt4YecKoe accne~oBaHHe BJIHfi~afl KoHaeHcI4pyeMoro raaa 

H Bbmym~emoro TegemiR Ha namnnapRym nnenosnym Korrfiencaqnro. Hnaroaaps Hexa- 
PaKTepHOti 3aAa=ie CABOeHHOrO AByX(la3HOrO TeqeHIIR, OCHOBHble ypaBHeHHR COXpaHeHllR B 

IIapOBOfi +a3e peIUaJIHCb WICJIeHHO C I'IOMO~bIO MeTOga nOArOHKH. rpaHH'4HbIe yCJIOBEiR Ha 

IIOBepXHOCTElpa3~eJIa +a3 Ha KaH(AOM 3Tane BbIgHTaJIHCbti3jIOKaJIbHbIX3H34eHE121KPElTePElR 

HyCCeJIbTa ,I(JIfI naJ(aIoWei IIJIeHKII. aOKaJIbH0 Il3MeHHeMbIe CBOiCTBa B PKII~KOCTII paCCWi- 

TbIBaJIHCb n0 llCXOAHOtl TeMnepaType, B TO BpeMH KBK CBOiCTB3 B nape paCCWiTbIBaJIUCb 

COrJIaCHO KMHeTWieCKOti TeOpHH. 

IIpexcTaBneHu pe3ynbTaTbI no nepeHocy Tenna ana mecTn BI~AOB napa-Bon=, ahmtiaKa, 

$peoHa -12, 3TaHona, 6yTaHOna H TeTpaxnopnaa ymepona, KoH~eHmpymmHxcfi Ha Bep- 

THKaJlbHOi IlOBepXHOCTH npll 80’F. Pe3yJIbTaTbI nOJlyVeHbl AJIR CKOpOCTeti napa B 1,o II 

lo,0 @yT/CeK, IIpM TeMnepaTypaX HaCbI~eHHH 90, 100 PI 120’ II MaCCOBOm KOHqeHTpaqAH 

Bosnyxa 0,001 A 0,Ol. 
HpH nOMOIIJH YElCJIeHHbIX AaHHbIX pa3pa60TaH nOJIy3MIIHpWIeCKEiti MeTOn paNeTa, 

npe~CTaBJE4IO~ti y~OBJIeTBOpHTeJIbHyI0 OCHOBy AJIU IlHxteHepHbIX paC'4eTOB. 


