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Abstract

Laminar _lm condensation from mixtures of a vapor and a lighter noncondensable gas ~owing downward along
inclined isothermal plates is investigated numerically using the full boundary!layer equations for the liquid _lm and the
mixture[ The adverse net body force due to high concentration of the lighter gas near the liquidÐmixture interface gives
rise to the possibility of boundary!layer separation[ A numerical solution was developed based on a _nite!control!
volume method and it was marched along the plate up to the separation location[ Results were obtained for three vaporÐ
gas mixtures covering a wide range of liquid Prandtl numbers\ high gas concentration and high liquid subcooling[
Comparisons with previous models "which included various simplifying assumptions# showed that agreement is possible
only for conditions of low gas concentration and liquid subcooling[ Results of the separation distance exhibited
interesting trends\ which are discussed and explained[ It is also demonstrated that lighter gases can have a more inhibiting
e}ect on heat transfer than heavier gases[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

CP speci_c heat ðJ = kg−0 = K−0Ł
D di}usion coe.cient ðm1 = s−0Ł
e0\ e1 relative errors\ equation "11#
` gravitational acceleration ðm = s−1Ł
hfg latent heat of vaporization ðJ = kg−0Ł
Ja Jakob number "�CpDT:hfg#
k thermal conductivity ðW = m−0 = K−0Ł
m¾ mass ~ow rate per unit depth ðkg = m−0 = s−0Ł
m¾ ý mass ~ux ðkg = m−1 = s−0Ł
Nux local Nusselt number\ equation "13b#
P pressure ðN = m−1Ł
Pr Prandtl number "�mCp:k#
q local wall heat ~ux ðW = m−1Ł
R gas constant ðJ = kg−0 = K−0Ł
Rex local Reynolds number\ equation "13c#
Red _lm Reynolds number\ equation "07#
T temperature ðKŁ
DT overall temperature di}erence "�T�−Twall# ðKŁ

� Corresponding author

u velocity in the x direction ðm = s−0Ł
v velocity in the y direction ðm = s−0Ł
W gas mass fraction
x coordinate along the plate ðmŁ
x� dimensionless coordinate along the plate\ equation
"12#
y coordinate normal to the plate ðmŁ[

Greek symbols
G _lm ~ow rate per unit depth ðkg = m−0 = s−0Ł
d _lm thickness ðmŁ
dT\ du\ dW thermal\ hydrodynamic\ and concentration
boundary layer thicknesses ðmŁ
h transformed coordinate normal to the plate\ equation
"10#
u angle of plate inclination ðradiansŁ
m viscosity ðN = s = m−1Ł
n kinematic viscosity ðm1 = s−0Ł
r density ðkg = m−2Ł
s condensation coe.cient\ equation "04#
t shear stress ðN = m−1Ł
f general variable\ equation "11#
x transformed coordinate along the plate\ equation
"10#[
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Subscripts
g gas
i liquidÐmixture interface
L liquid
Nu value based on Nusselt|s theory
o pure vapor "W� � 9#
r reference
sat saturation
sep separation
v vapor
wall at the wall
� at the free stream[

0[ Introduction

Condensation of vapors in the presence of non!
condensable gases is an important topic due to its rel!
evance to many industrial applications[ Numerous inves!
tigations were carried out on this topic for the case of
mixtures of a vapor and a heavier gas using di}erent
methods of solution and various simplifying assump!
tions[ These investigations have demonstrated that the
presence of a gas in the vapor stream can dramatically
reduce the rate of heat transfer compared to the pure!
vapor value[

By contrast\ the case of mixtures of a vapor and a
lighter gas received much less attention in the literature[
The available results are limited ð0Ð3Ł[ Also\ simplifying
assumptions were used in these analyses that can limit
their utility to certain ~ow conditions[

As a mixture of a vapor and a lighter gas ~ows down!
ward along a vertical or inclined plate with condensation\
a high gas concentration develops at the _lmÐmixture
interface causing the mixture density at the interface to
be lower than the free!stream density[ The di}erence
between the buoyancy force and the gravity force at the
interface gives rise to a net body force acting in the
direction opposite to the ~ow direction[ Since the inter!
facial gas concentration increases in the ~ow direction\
this adverse net body force also increases in the ~ow
direction\ which may cause boundary!layer separation in
the mixture[ Solution of the boundary!layer equations in
the liquid _lm and the mixture are valid only up to the
separation point\ and therefore it is important to be able
to predict the separation location with good accuracy[
The adverse net body force would also result in further
reduction in heat transfer compared with the case of
heavier gases where the net body force acts in the ~ow
direction[

Denny and Jusionis ð0Ł investigated the case of laminar
_lm condensation from ~owing vaporÐgas mixtures
along vertical isothermal plates[ They solved the gov!
erning conservation equations in the mixture layer using
a numerical technique[ The model was simpli_ed by
neglecting the inertia forces and the convection terms in

the momentum and energy equations of the liquid _lm\
respectively[ Further\ they neglected conduction in the
mixture layer\ approximated the interfacial shear by
ti � m¾ ýi "u�−ui#\ limited their analysis to cases of
Pr:Ja Ł 0\ i[e[\ small values of DT\ and assumed uniform
physical properties[ All their results correspond to
W� ¾ 9[90 and DT ¾ 11>C[ One of the mixtures con!
sidered in this analysis was Freon 01Ðair and these results
will be compared later with the present model[ Boundary!
layer separation was not discussed in ð0Ł[ Later\ Turner
et al[ ð1Ł applied a similar model "e[g[\ no inertia or
convection in the _lm\ no sensible heat transfer in the
mixture\ no heat transfer due to di}usion in the mixture
boundary layer# to the condensation of ~owing liquid
metals with noncondensable gases on a vertical iso!
thermal plate[ The boundary!layer equations were solved
numerically using a coarse mesh with an estimated
numerical uncertainty of 4Ð09)[ For one of the mixtures
"mercuryÐair#\ the results included the heat transfer rate
and the separation length[ These results will be referred
to in a later section[ A similarity solution was developed
by Rutunaprakarn and Chen ð2Ł for laminar _lm con!
densation of a quiescent vapor and a lighter gas with
very small concentrations "W� ¾ 4×09−3# and uniform
physical properties[ This similarity solution is possible
only for very small W� and thus\ may not be valid for
most practical applications[ Siddique et al[ ð3Ł reported
a theoretical analysis for laminar _lm condensation of
steamÐhydrogen mixtures ~owing over an isothermal
horizontal plate[ They extended a similarity solution
developed earlier by Sparrow et al[ ð4Ł to include the
sensible heat in the mixture using approximate closed!
form correlations developed by Rose ð5Ł[ Among the
other simplifying assumptions adopted by Siddique et al[
are the elimination of inertia and convection in the liquid
_lm\ heat transfer due to mass di}usion in the mixture
boundary layer and the interfacial thermal resistance[
Uniform properties were assumed in order to facilitate
the similarity solution\

The object of the present analysis is to apply the com!
plete boundary!layer equations for the solution of steady\
laminar _lm condensation "with a smooth interface# from
~owing mixtures of a vapor and a lighter noncondensable
gas on inclined isothermal plates[ The emphasis would
be placed on generating results for the separation length
and the rate of heat transfer at high values W � and DT\
where previous analyses may not be applicable[ Variation
of properties in the streamwise and spanwise directions
will be taken into consideration[

1[ Governing equations and numerical method

The physical model is shown schematically in Fig[ 0[
A mixture of a vapor and a non!condensable lighter gas
"velocity � u�\ temperature �T�\ and gas concen!
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Fig[ 0[ Geometry and ~ow parameters[

tration �W�# ~ows parallel to an inclined isothermal
plate of temperature Twall[ A layer of condensate liquid
_lm forms with a variable thickness d along the plate[ As
well\ three boundary layers "hydrodynamic du\ thermal
dT\ and a concentration dW# form in the mixture with
relative thicknesses dependent on Prandtl and Schmidt
numbers[ The ~ow is assumed to be laminar and steady
in both the liquid and the vaporÐgas mixture[

The isothermal plate is assumed to be very wide in the
direction normal to the page and thus\ the ~ow can be
treated as two!dimensional[ The total pressure\ consisting
of the partial pressures of the vapor and the gas\ is
assumed to be uniform throughout the ~ow domain[
Ideal gas behavior was assumed for both the vapor and
the gas[ The xÐy Cartesian coordinate system is shown
in Fig[ 0[

1[0[ Governin` equations

Conservation of mass\ momentum\ and energy within
the liquid _lm results in the following equations\ re!
spectively\
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Assuming that the vapor and the noncondensable gas are
in thermal "same temperatures# and mechanical "same
velocities# equilibrium\ the governing equations of con!

tinuity\ momentum\ energy\ and gas conservation for the
vaporÐgas mixture are]
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In solving equations "0#Ð"6#\ the thermophysical property
variation was taken into consideration by evaluating the
properties at the local conditions[ The properties varied
as functions of temperature and mixture composition\ as
described in Section 1[2[ The boundary conditions for
equations "0#Ð"6# are as follows]

, At the plate surface "y � 9#

uL � vL � 9 and TL � Twall "7#

, At the free stream "y:�#

u � u�\ T � T�\ and W�W� "8#

, At the liquidÐmixture interface "y � d#

uL � u\ "09#
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where the mass ~ux at the liquidÐmixture interface is
given by

m¾ ýi �
d
dx 0g

d

9

rLuL dy1 [ "05#

Equations "09#Ð"02# impose continuity of velocity\ shear
stress\ mass ~ux\ and heat ~ux at the liquidÐmixture
interface\ respectively[ Equation "03# insures that the
liquid _lm is impermeable to the gas[ A temperature jump
may exist due to the interfacial resistance and equation
"04# determines the magnitude of this jump "Mills ð6Ł#\
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which was found to be signi_cant only at low pressures[
Equation "04# is based on the idea that the interfacial
mass ~ux m¾ ýi is proportional to the di}erence between the
partial pressure of the mixture at the interface and the
saturation pressure corresponding to the liquid!surface
temperature[ The condensation coe.cient s was taken to
be unity\ following the work of Turner et al[ ð1Ł[

Governing equations "0#Ð"6# together with boundary
conditions "7#Ð"04# provide a su.cient system for the
calculation of the velocity\ temperature\ and gas con!
centration _elds\ as well as other important parameters
such as the liquid _lm thickness\ interfacial mass ~ux\
and wall heat ~ux[ The necessary input parameters are
u�\ T�\ W�\ Twall\ and the thermodynamic and transport
properties of the vaporÐgas mixture and the liquid _lm[
Solutions were progressed along the plate up to the
location where boundary!layer separation occurred\
beyond which equations "0#Ð"6# are not valid[ Boundary!
layer separation in the mixture was assumed to occur at
the location where the following conditions are satis_ed]

1u
1y by�d

� 9 and ui ³ u�[ "06#

Progressing the solution beyond condition "06# will pro!
duce a negative mixture velocity relative to the interface
in the region close to the interface while the mixture
velocity relative to the interface is positive in the rest of
the region[

The condition of laminar ~ow in the liquid _lm was
also imposed by requiring the _lm Reynolds number Red

to remain below 29 up to the separation location[ Film
Reynolds number was calculated from the standard
de_nition

Red �
3G
mL

\ "07#

where G is the _lm ~ow rate per unit width\ given by

G � Ðd
9 rLuL dy[ "08#

Values of mL and rL in equations "07# and "08#\ respec!
tively\ were calculated at a reference temperature Tr\
given by

Tr � Twall¦9[20"T�−Twall#[ "19#

The constant 9[20 in equation "19# was considered to be
the value from the literature ð7Ł that is most consistent
with the present analysis[

1[1[ Solution procedure

The numerical _nite!control!volume approach of Pat!
ankar ð8Ł was used in generating the solution[ A mixture
boundary!layer thickness dmixture was selected larger than
that of any of the other boundary layers du\ dT\ or dW[
Selection of dmixture required a trial and error procedure
since du\ dT\ and dW were not known a priori[ Care was
exercised by selecting dmixture not much larger than the

thickest of the other three layers in order to avoid
unnecessary computations[

Since d and dmixture vary along x\ it was not possible to
_t an orthogonal mesh over the ~ow domain in the xÐy
coordinate system[ Therefore\ the coordinate trans!
formation

x � x and y � dh "10#

was introduced and equations "0#Ð"6# were re!written in
the xÐh coordinate system[ An orthogonal mesh was _t!
ted over the ~ow domain in the xÐh coordinate system
and the transformed governing equations were dis!
cretized using the _nite!control!volume method ð8Ł[
Because the equation set is parabolic\ a marching tech!
nique was employed in the x!direction\ thus generating
results at successive axial stations until boundary!layer
separation was encountered[

At the leading edge of the plate the _lm thickness was
set to zero and the free!stream conditions were imposed
for the mixture[ At the _rst axial station following the
leading edge\ the initial guesses used in the _lm were
based on the classical Nusselt solution and the initial _eld
values in the mixture were set equal to the free!stream
values[ Iterations based on the discretized equations were
performed at the _rst axial station until convergence was
achieved[ The same iterative solution procedure was used
at all subsequent axial stations except that the initial
guess for the _elds was taken as the converged solution
from the previous station[ Because of the coordinate
transformation\ it was more convenient to work with
mass ~ow rates crossing the control!volume faces in the
h!direction\ m¾ L and m¾ \ rather than the velocity com!
ponents vL and v[ The solution procedure was to _rst
calculate the liquid _lm thickness d by solving the dis!
cretized form of equations "02#\ "04#\ and "05# sim!
ultaneously[ Next\ m¾ L and m¾ were calculated from the
discretized form of continuity equations "0# and "3# and
then uL and u were calculated from the discretized form
of momentum equations "1# and "4#[ Values of m¾ L and m¾
were then updated using the new values of uL and u[ Next\
energy equations "2# and "5#\ and the gas conservation
equation "6# were solved for the TL\ T\ and W _elds\
respectively[ Zero!thickness control volumes were placed
at the wall\ the interface\ and the outer edge of the mixture
layer in order to apply the boundary conditions in dis!
cretized form[ At the end of each iteration\ all _eld values
were compared against their respective value from the
previous iteration and two relative errors were calculated^

e0 � b
fnew−fold

fnew b\ "11a#

and

e1 � b
fnew−fold

fmax−fmin b[ "11b#

The value of e0 was calculated for d and values of e0 and
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e1 were calculated for uL\ u\ TL\ T\ and W at all mesh
points in the h!direction[ Convergence was declared when
either the maximum value of e0 or the maximum value of
e1 was lower than 0×09−6 for all _eld variables[

Considerable numerical experimentation was con!
ducted in order to insure that the results are mesh inde!
pendent ð09Ł[ The typical mesh used in this study contains
299Ð399 equally!spaced subdivisions in the x!direction\
39 equally!spaced subdivisions in the liquid _lm and 39Ð
79 expanding subdivisions in the mixture layer[ The sour!
ces of error in the numerical method have been minimized
through the tests to obtain grid!independent results and
through the use of tight convergence criteria and double
precision variables in the computer code[ The numerical
di}usion introduced by upwind approximations is
expected to have a negligible e}ect on the _ne!grid results[
Based on the numerical results obtained with di}erent
mesh con_gurations\ it can be stated that the numerical
uncertainty in the present results is within 29[0)[

1[2[ Fluid properties

Computations were performed for three vaporÐgas
mixtures "steamÐhydrogen\ Freon 01Ðair\ and mercuryÐ
air#[ In all the calculations described in this section\ the
liquid\ vapor\ and gas properties were functions only of
temperature[ Values of mL\ CPL

\ kL\ CPv
\ and kv for steam

were found using linear interpolations from the tabulated
data in Incropera and DeWitt ð00Ł[ The values of mv\
CPV

\ and kv for Freon 01 were calculated from least
squares _ts of the data in ð01Ł\ while mL\ CPL

\ and kL were
calculated from expressions given in ð02Ł[ The values of
Tsat\ Psat\ rL\ and hf` for Freon 01 were correlated by the
least squares method using tabulated values found in
Avallone and Baumeister ð03Ł[ Functions provided by
Irvine and Liley ð04Ł were used to calculate Tsat\ Psat\ rL\
and hfg for steam as well as mg\ Cpg

\ and kg for air[ Air
properties for temperatures below 149 K were obtained
from Kays and Crawford ð05Ł using linear interpolation[
All properties for mercury were correlated by the least
squares method using tabulated data found in Kakac et
al[ ð06Ł[ The densities of gas and vapor were obtained
using the ideal gas equation of state[ The mixture trans!
port properties m\ k\ and D were evaluated as functions
of temperature\ total pressure\ and mixture composition
following the procedure suggested by Reid et al[ ð07Ł[
Standard additive procedures were used to calculate r

and Cp[ Details of the methods used to obtain all the
correlations mentioned in this section can be found in
ð09Ł[

1[3[ Comparisons with previous studies

Comparisons were made between the results obtained
from the present model and those reported earlier by
Siddique et al[ ð3Ł for steamÐhydrogen mixtures\ Denny

and Jusionis ð0Ł for Freon 01Ðair mixtures\ and Turner
et al[ ð1Ł for mercuryÐair mixtures[ The comparison with
Siddique et al[ is shown in Fig[ 1 in terms of q:q9 for
forced!convection condensation on a horizontal ~at plate
at T� � 014 >C\ 2¾ DT ¾ 69 K\ and 9[994 ¾ W� ¾ 9[0\
where q9 is the wall heat ~ux at W� � 9[ It is important
to note that for the case of forced!convection conden!
sation\ the value of q:q9 becomes independent of x[ Figure
1 shows that the results from the present model agree
very well with those of Siddique et al[ at low values of
DT "up to about 19 K#[ The deviation between the two
models increases as W� and:or DT increase[ One possible
reason for this trend is the assumption of constant
properties and a constant value of Schmidt number in
the analysis of Siddique et al[ This assumption may be
valid at low values of DT and W�\ e[g[\ Schmidt number
changes from 9[063 at the interface to 9[057 at the free
stream for the data point corresponding to DT � 09 K
and W� � 9[994 in Fig[ 1[ On the other hand\ at DT � 69
K and W� � 9[0\ Schmidt number changes from 9[667
at the interface to 9[187 at the free stream[

The comparison between the present analysis and that
of Denny and Jusionis ð0Ł for laminar _lm condensation
of Freon 01Ðair on a vertical plate produced very good
agreement with a maximum deviation of about 2) in the
value of q:qNu along the plate ð09Ł[ However\ the results
reported by Denny and Jusionis and used in this com!
parison correspond to small liquid subcooling "DT ³ 19
K# and small gas concentration "W� ³ 9[90#[

The third comparison is shown in Fig[ 2 involving
results from Turner et al[ ð1Ł and the present analysis for
mercury!air mixtures condensing on a vertical isothermal
plate at T� � 555[6 K\ u� � 9[294 m s−0\ DT � 4[5 and
05[6 K\ and W� � 9[90 and 9[92[ Both sets of results are
presented in terms of q:qNu along x up to the separation
location[ Figure 2 shows that the deviation between the
two analyses can be signi_cant in terms of the values of
q:qNu and xsep[ The present results exhibit the expected
behavior of small DT!e}ect on q:qNu[ While this trend is
not followed by the results of Turner et al[ in Fig[ 2\ most

Fig[ 1[ Comparison with Siddique et al[ ð3Ł for steamÐhydrogen
at T� � 014>C[
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Fig[ 2[ Comparison with Turner et al[ ð1Ł for mercuryÐair at
T� � 555[6 K and u� � 9[294 m s−0[

of their other results " for other vaporÐgas mixtures# were
consistent with this trend[ The deviation seen in Fig[ 2
may be attributed to the combined e}ects of the sim!
plifying assumptions adopted by Turner et al[ in for!
mulating their mathematical model and the coarse mesh
"with high numerical uncertainty# used in their numerical
solution\ as discussed earlier in the Introduction[

2[ Results and discussion

The three vaporÐgas combinations considered in this
study "steamÐhydrogen\ Freon 01Ðair\ and mercuryÐair#
correspond to vaporÐgas molecular weight ratios of 8\
3[06\ and 5[83\ respectively[ These three ~uids were selec!
ted because they encompass a wide range of Prandtl
numbers "9[997³ PrL ³ 2[4#[ For each vaporÐgas com!
bination\ three values of T� were used in order to cover
a range of system pressure and for each T�\ four values
of DT were used in the calculations[ A wide range of W�

"9Ð9[5 for steamÐhydrogen and Freon 01Ðair\ and 9Ð9[3
for mercuryÐair# was used for each combination of T�

and DT[ The comparisons shown in Section 1[3 suggest
that the present approach is particularly valuable for
cases of high DT and W� and therefore\ the computation
range was extended to these cases[

The results presented here include samples of velocity\
temperature and concentration pro_les\ _lm thickness\
separation distance\ Nusselt number and _lm Reynolds
number[ A dimensionless approach was adopted in pre!
senting these results[ Following the transformations
developed by Lucas ð08Ł\ the nondimensional coordinate
along the plate can be de_ned by\

x� �
x` cos u

u1
�

[ "12#

A consequence of this transformation is that quantities
such as d�\ Nux:Re0:1

x \ and Red:Re0:1
x are dependent on

x� only for a given mixture[ The validity of this trans!

formation was con_rmed numerically by generating
results at the same x� but di}erent combinations of x\ `\
u\ and u� and observing that the results would collapse
ð09Ł[ Values of d�\ Nux\ and Rex were calculated from the
following de_nitions]

d� � d $
` cos u

u�nL %
0:1

\ "13a#

Nux �
qx

kL"T�−Twall#
\ "13b#

and

Rex �
u�x
nL

\ "13c#

where

q � −0kL

1TL

1y 1 by�9

[ "13d#

The properties required in equations "13aÐd# were evalu!
ated at the reference temperature\ Tr\ given in equation
"19#\ for the particular axial location of interest[

2[0[ Detailed pro_les

Figure 3 shows a representative sample of the velocity\
concentration and temperature pro_les for steamÐhydro!
gen condensing on a vertical plate[ These results cor!
respond to T� � 099>C\ DT � 04>C\ u� � 9[94 m s−0

and W� � 9[90[ It can be seen that the interfacial velocity
and the thickness of the hydrodynamic boundary layer
increase along x and that the interfacial slope of the
velocity pro_le decreases down to zero at x � xsep[ The
interfacial gas concentration increases in the ~ow direc!
tion and at each axial location\ the concentration
decreases nearly exponentially from the interfacial value
to the free!stream value[ As well\ the thickness of the
concentration boundary layer increases in the x direction[
The sample temperature pro_les demonstrate that the
interfacial temperature decreases "consistent with the
increasing Wi# while the thermal!boundary!layer thick!
ness increases along x[ All these trends were qualitatively
the same for all mixtures and for all ~ow conditions[

2[1[ Dimensionless _lm thickness

Results for the dimensionless _lm thickness of the three
mixtures are shown in Fig[ 4 for low values of DT and in
Fig[ 5 for high values of DT[ In both _gures\ the results
are given for wide ranges of W�\ as indicated earlier[ In
examining these results\ it is important to note that the
solution approaches the forced!convection limit as x�
approaches zero and the free!convection limit is
approached as x� approaches in_nity[ In all results\ the
_lm thickness is seen to increase as we move from the
forced!convection limit to the free!convection limit[ The



V[ Srzic et al[:Int[ J[ Heat Mass Transfer 31 "0888# 574Ð584 580

Fig[ 3[ Velocity\ concentration and temperature pro_les for
steamÐhydrogen condensing on a vertical plate at T� � 099>C\
DT � 04>C\ u� � 9[94 m s−0 and W� � 9[90[

Fig[ 4[ Dimensionless _lm thickness for low values of DT[

Fig[ 5[ Dimensionless _lm thickness for high values of DT[

in~uence of W� is monotonic with d� decreasing with an
increase in W�[ The decrease in d� with W� is more
signi_cant near the free!convective limit while at the
forced!convective limit\ this in~uence decreases to a
negligible amount in some cases[

The e}ect of DT can be assessed by comparing the
results in Figs 4 and 5[ As expected\ d� increases as DT
increases while holding all other parameters unchanged[
For all nonzero values of W�\ the results are presented
up to x� � x�sep[

2[2[ Separation distance

A major objective of this work is to investigate the
separation phenomenon and its dependence on various
parameters[ Extensive results are presented in Figs 6Ð8
for the three mixtures under consideration with some
interesting trends[ For steamÐhydrogen and Freon 01Ð
air at any given combination of T� and DT\ the value of
x�sep decreases with W� up to a certain value "W� between
9[1 and 9[2# beyond which x�sep increases with W�[ Within
the tested range\ the value of T� "which impacts on
system pressure# appears to have a small e}ect on x�sep\
while the e}ect of DT is much more signi_cant[ For mer!
curyÐair\ the behavior of x�sep vs W� is more intriguing
than the other two mixtures with x�sep _rst increasing with
W�\ then decreasing and then increasing[

An attempt was made to explain the above trends in
x�sep\ at least in a qualitative manner[ By combining equa!
tions "3# and "4#\ the conservation of momentum at the
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Fig[ 6[ Separation distance for steamÐhydrogen[

Fig[ 7[ Separation distance for Freon 01Ðair[

Fig[ 8[ Separation distance for mercuryÐair[

liquidÐmixture interface can be written in the following
form]

mi 0
11u

1y11i

� riui 0
1u
1x1i

¦rivi 0
1u
1y1i

¦`"r�−ri# cos u[

"14#

Three forces can be identi_ed in the right!hand side of
equation "14# corresponding to inertia of the interface\
suction at the interface\ and net body force\ respectively[
Each one of these forces varies in value along the plate
and it is the combined e}ect of these three forces that
determines the separation location[ The net body force
and the force due to inertia of the interface are adverse
forces that promote separation\ while the force due to
interfacial suction acts to retard separation[ The fact that
the separation location is determined by the combined
e}ect of these three axially varying forces makes this
problem obviously much more complex than a simple
boundary!layer problem for a ~uid ~owing over a station!
ary solid plate where the inertia and suction forces would
not exist[

The terms in equation "14# were evaluated at the sep!
aration location "where "1u:1y#i � 9# for some arbitrarily
selected ~ow conditions and the results are shown in Fig[
09[ These results demonstrate the variation of x�sep\
`"r�−ri# and mi"11u:1y1#i with W� for condensation on
a vertical plate[ The value of riui"1u:1x#i can be inferred
from these results as the di}erence between mi"11u:1y1#i
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Fig[ 09[ Variation of the forces in equation "14# with W� at the
separation location for a vertical plate[

and `"r�−ri#[ The behavior of the term rivi"1u:1y#i

upstream of the separation point and its variation with x
and W� were also investigated ð09Ł[

Figure 09 shows that\ for steamÐhydrogen and Freon
01Ðair\ the net body force is dominant at the separation
location and therefore\ the behavior of x�sep vs W� is
determined mainly by the trend in the net body force[
For both mixtures\ an increase in the net body force
results in a decrease in x�sep and vice versa[ The magnitude
of the force due to interfacial suction was found to
decrease rapidly along the plate and also to decrease
monotonically with W�[ This force does not appear to
have a strong role in shaping the trend of x�sep against
W�[

For mercuryÐair\ the situation is di}erent[ At low W�\
the force due to inertia of the interface is dominant and
since this adverse force starts out decreasing with W�\
the value of x�sep starts out increasing with W� up to a
certain value of W� "about 2×09−2 in Fig[ 09#[ Over the
region 2×09−2 ³ W� ³ 9[1\ the net body force and the
interfacial inertia force remain nearly constant with W�[
The reason for the net body force to remain constant
over this region is that Wi is at or near its maximum value
throughout this region and therefore "r�−ri# does not
change much until W� increases beyond 9[1[ In order to
explore the reason for the decrease in x�sep over this region\
the history of the term rivi"1u:1y#i upstream of the sep!
aration point was examined and it was found that its

absolute value at any x decreases signi_cantly with W�\
which explains the decrease in x�sep[ Beyond W� � 9[1\
both the net body and interfacial inertia forces begin
decreasing and consequently x�sep begins increasing with
W�[

2[3[ Heat transfer

Results of Nux:Re0:1
x for the three mixtures are pre!

sented in Fig[ 00 for low values of DT and in Fig[ 01 for
high values of DT\ covering a wide range of W� in both
_gures[ The devastating e}ect of W� on Nux is clearly
evident in these _gures\ particularly at high values such
as W� � 9[3Ð9[5\ where the reduction in Nux can be
orders of magnitude[

At any value of W�\ the ratio Nux:Re0:1
x is seen in Figs

00 and 01 to approach a limiting value corresponding
to forced!convection condensation at low values of x�[
Starting from this limiting value\ Nux:Re0:1

x typically
increases with x� "particularly at low W�# due to the
e}ect of gravity on the liquid _lm\ which makes it thinner
and faster[ With further increase in x�\ the adverse e}ect
of the net body force in the mixture layer starts to slow
down the rate of increase of Nux with an actual reduction
in the value of Nux:Re0:1

x typically occurring near the
separation point[ Considering the results in Figs 00 and
01 comparatively\ the e}ect of DT on Nux:Re0:1

x appears
to be small within the tested ranges\ particularly when
compared with the strong e}ect of W�[

Fig[ 00[ Heat!transfer results for low values of DT[
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Fig[ 01[ Heat!transfer results for high values of DT[

A comparison between the heat transfer rate for steamÐ
hydrogen and steamÐair mixtures is shown in Fig[ 02 at
the same T� "019>C#\ the same DT "19 K# and the same
W� "9[0 and 9[5#[ From these results\ it is clear that
lighter gases inhibit heat transfer even more than heavier
gases[ Also\ Nux:Re0:1

x appears to increase continuously
with x� for steamÐair due to the aiding e}ect of the net
body force in the liquid _lm and mixture[ On the other
hand\ for steamÐhydrogen\ the adverse e}ect of the net
body force in the mixture is evident with increasing x�
and it ends up decreasing Nux near the separation point[

2[4[ Film Reynolds number

All present results apply only to laminar _lm con!
densation[ A well!accepted condition for the existence of
laminar _lm ~ow with a smooth interface is Red ³ 29 ð6Ł[

Fig[ 02[ A comparison between steamÐhydrogen and steamÐair[

Fig[ 03[ Film Reynolds number for low values of DT[

Results are presented in Figs 03 and 04 in terms of
Red:Re0:1

x vs x�\ from which the location x at which
transformation from smooth laminar ~ow occurs can be
determined for given values of u�\ W�\ T�\ DT\ and u[

Fig[ 04[ Film Reynolds number for high values of DT[
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These results illustrate that\ for any vaporÐgas mixture\
the laminar region expands signi_cantly as W� increases
due to the associated reduction in heat transfer[ As well\
comparing the results in Figs 03 and 04\ it is clear that
Red increases with DT and consequently the length of the
laminar region decreases with DT as expected[

3[ Concluding remarks

A numerical\ _nite!control!volume approach has been
utilized for solving the full set of two!phase boundary!
layer equations for mixed!convection laminar _lm con!
densation on isothermal inclined plates in the presence
of a lighter noncondensable gas[ The model accounts for
inertia and convection in the liquid _lm and mixture
layer\ as well as interfacial shear and thermal resistance[
Therefore\ there is no restriction on the applicability of
the model in terms of ~uid properties "high or low liquid
Prandtl numbers# or the type of noncondensable gas[
Also\ the solution technique is extendible to di}erent free!
stream conditions "constant or varying u� and W�# and
di}erent wall conditions "constant or varying wall tem!
perature#[

Solutions were obtained for three vaporÐgas mixtures
encompassing the range 9[997³ PrL ³ 2[4 and vaporÐ
gas molecular weight ratios of 3[06Ð8[ Comparison with
previously published results based on simpli_ed models
showed that good agreement is possible only for low
values of DT and W�[ Results from the present model
are presented in dimensionless form "up to the point of
separation# for di}erent values of T� "system pressure#
and wide ranges of W� and DT[ Extensive results are
presented for the separation distance x�sep at various con!
ditions[ Interesting trends were noted in the variation of
x�sep with W�^ these trends were discussed and explained[
The heat!transfer values experience signi_cant reduction
due to the presence of the gas[ It is shown that the
reduction in heat transfer is more pronounced for lighter
gases than for heavier gases[
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