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a b s t r a c t

An analysis method based on two-phase boundary layer analysis has been developed to study the effects
of superimposed forced convection on natural convection steam–gas flow condensing along a vertical
plate. The mechanism by which superimposed forced convection enhances heat transfer is evaluated:
the bulk flow blows away non-condensable gases accumulating near the interface, resulting in an ele-
vated condensation driving force. Further, this bulk flow blowing capability may be characterized by a
conventional mass transfer driving potential. Results of the new model are shown to be consistent with
experimental data. Finally, a simple criterion was developed to identify transition to mixed convection
from natural convection steam–gas flow.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Condensation from steam–gas mixtures along a vertical plate
has important applications in nuclear engineering design and
safety analysis. In the new generation of light water reactors, the
reactor containment integrity under postulated accident condi-
tions is ensured by condensation of steam–gas mixtures along ver-
tical surfaces inside the containment building and vaporization of
water outside the containment (Fig. 1). This heat removal process
relies only on naturally occurring processes and hence achieves a
high safety level for the containment. Due to its importance, an
abundance of theoretical and experimental work has been carried
out to investigate condensation from steam–gas flow along a ver-
tical plate. The analytical work is summarized below.

Theoretical analysis using boundary layer approximations
began with Sparrow’s pioneering work [1], in which the gas-phase
flow was regarded as natural convection and the two-phase
boundary layer equations were solved with the similarity method.
Minkowycz investigated a number of important effects in natural
convection condensation of steam–gas flow [2]. However, it will
be shown in this paper that treating an actual flow in the experi-
mental work as natural convection can produce a large error. In
the current work, the gas-phase flow is considered as a mixed con-
vection flow, in which the basic natural convection component is
caused by the gravitational force and the density difference result-
ing from variations of gas composition and temperature across the
boundary layer, while the superimposed forced convection compo-
ll rights reserved.

: +1 979 845 6443.
nent is caused by the induced bulk velocity (Fig. 1). Although a
given mixed convection flow may be dominated by the natural
or forced convection component, the current work focuses on the
former case and investigates the condition under which transition
to mixed convection can be considered to take place from natural
convection steam–gas flow condensing along a vertical plate.

An important problem associated with mixed convection is the
identification of convection regimes and conditions under which a
mixed convection process is distinct from a natural or forced con-
vection process, since solving this problem aids in the selection of a
convection-regime dependent heat transfer correlation in engi-
neering calculations employing the heat and mass transfer analogy
approach. For single-phase heat transfer, this problem has already
been solved [3,4].

For condensation of steam in the presence of a non-condensable
gas, the conventional method for convection regime identification
solves two-phase multi-component conservation equations with
finite difference approximations and determines how the varia-
tions of the many input variables can lead to a change of convec-
tion regime. Denny [5,6] studied the effects of the bulk velocity
using finite difference approximations and found that the bulk
velocity enhances condensation heat transfer of the basic natural
convection process. However, the mechanism of heat transfer
enhancement by the bulk velocity was not investigated and the
convection regime was not discussed. In Debbissi’s [7] work, the
effects of the bulk velocity on water evaporation into humid air
from a vertical wetted plate was investigated. Debbissi found that
increasing the bulk velocity reduces the thickness of the mass
boundary layer. While the current work considers the condensa-
tion process, the governing equations are the same as those in
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Nomenclature

Bm mass transfer driving potential in Eq. (30);
cp specific heat
D diffusivity
f dimensionless stream function in Eq. (7);
g gravity constant
Gr* gx3/m2

Gr b+(Wi �W1)Gr*, Grashof number
h condensation heat transfer coefficient in Eq. (15)
hfg latent heat
L plate length
M molecular weight
_m local condensation mass flux in Eq. (13)

P pressure
Pr Prandtl number
q condensation heat flux
Re u1x/m, Reynolds number
Sc Schmidt number
T temperature
T average temperature
u longitudinal velocity
t transverse velocity
vfg differential specific volume
W gas mass fraction
x longitudinal coordinate
xv steam volumetric fraction
y transverse coordinate

Greek symbols
b volumetric coefficient of thermal expansion
b* volumetric coefficient of expansion with concentration

in Eq. (5)
b+ volumetric coefficient in Eq. (28)
d liquid film thickness
g similarity variable in Eq. (6)
l absolute viscosity
m kinematic viscosity
n mixed convection parameter in Eq. (6)
q density
/ differential gas mass fraction in Eq. (8)
W stream function in Eq. (7).

Subscripts
g gas
i two-phase interface
L liquid-phase
m mixture
t total
v steam
w wall
d two-phase interface
1 gas bulk
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Debbissi’s work, except that the role of steam and air are inter-
changed. The presence of a bulk velocity assisting natural convec-
tion condensation will be shown to similarly reduce the thickness
of the mass boundary layer. Lucas [8] tried to obtain a method for
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Fig. 1. Mixed convection of steam–air flow undergoing condensation inside
containment.
convection regime identification, but realized that no solution
could be found, possibly due to a large number of independent
variables used in the finite difference method and thus too much
complexity involved in the analysis. Srzic [9] employed the same
mixed convection parameter as used by Lucas [8] to transform
the conservation equations. The variation of detailed heat transfer
results with a mixed convection parameter, temperature difference
and gas concentration were presented, however, the only conclu-
sion about transition to mixed convection that could be drawn
was that the mixed convection effect depends on a number of vari-
ables. Recent studies [10,11] on condensation with a non-condens-
able gas employing boundary layer analysis concentrated on
different flow configurations, the effects of turbulence, liquid-
phase inertia and energy convection, and also on solving the full
boundary layer equations. None of these recent studies discussed
the problem of convection regime identification.

In the current work, the mixed convection effects are repre-
sented by a dimensionless parameter which is a function of the rel-
ative magnitude of forced convection indicated by the Reynolds
number to natural convection indicated by the Grashof number,
Re2/Gr. Upon introducing this dimensionless parameter, the mul-
ti-component two-phase conservation equations can reduce to
simpler forms and the analysis becomes manageable.

The present investigation was undertaken to fulfill two comple-
mentary objectives. The first is to study heat transfer effects of
superimposed forced convection on the basic natural convection
process of steam–gas flow undergoing condensation along a verti-
cal plate and to compare analytical heat transfer results with a vari-
ety of experimental data. The second is to investigate conditions
under which transition to mixed convection takes place for such a
natural convection steam–gas flow. The gas-phase conservation
equations will be coupled herein to the liquid-phase equations
through interfacial relations and solved using the local similarity
method [12] to reduce the conservation equations into ordinary dif-
ferential equations. The local similarity as well as local non-similar-
ity [13] approximations are conventionally used for mixed
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convection heat transfer analysis of single-phase flow [4] and later
applied to analysis of condensation with a non-condensable gas
[14], and mixed convection condensation of pure steam [15]. The
local similarity method is preferred in the current study not only
due to its simplicity in numerical solutions, but also due to dimen-
sion reduction of the multi-variable problem by introducing dimen-
sionless groups in the transformation of conservation equations.

While the current work studies mixed convection from the per-
spective that mixed convection is viewed as a basic natural convec-
tion process superimposed with varying amount of forced
convection, mixed convection can also be viewed as a basic forced
convection process superimposed with varying amount of natural
convection. Forced convection condensation in the presence of a
non-condensable on a horizontal plate was first studied by Spar-
row [16] and recently by Volchkov [17]. The classic work [16] ne-
glected the liquid film inertia and energy convection to solve the
two-phase boundary equations with the similarity method. The re-
cent work [17] neglected the liquid film thermal resistance and
then solved the gas-phase boundary equations using the finite dif-
ference method to investigate the validity of the Reynolds analogy
under varying conditions with a variety of gas concentrations. In
both studies, the effects of superimposed natural convection on
forced convection condensation could not be investigated, since
the axial pressure gradient induced by the density difference
resulting from the non-uniform temperature and concentration
distribution [18] was omitted in the longitudinal momentum
equation.
2. Analysis

Fig. 1 shows the coordinate system used to set up the boundary
layer equations. The longitudinal coordinate (x) is measured verti-
cally downward along the plate, and the transverse coordinate (y)
is normal to the plate and measured rightward. The free stream
with a temperature (T1) and gas mass fraction (W1), is condensed
along the two-phase interface with an unknown temperature (Ti)
and gas mass fraction (Wi). The cooling surface of the wall has a
constant temperature (Tw). The liquid film thickness, d(x), varies
with the longitudinal length. If the bulk gas is stagnant, it is treated
in Sparrow’s work [1] as pure natural convection condensation.
However, in most cases a longitudinal bulk velocity (u1) is induced
and the behavior of the otherwise natural convection boundary
layer will change due to superimposed forced convection. One of
the tasks in the current work is to investigate the conditions under
which the induced bulk velocity would significantly influence the
basic natural convection process.

As a common practice in convection regime identification for
single-phase flow [3,4], turbulence is not considered in the cur-
rent analysis either. In the current studies of transition from nat-
ural to mixed convection, both the natural and the forced
convection components are of moderate magnitude: for the gas
mixture flow along a flat plate, the maximum values of Re andffiffiffiffiffiffi

Gr
p

considered in the current work are on the order of 5 � 104.
Furthermore, Shekriladze [19] pointed out that suction induced
by the transverse condensation velocity stabilizes the laminar
boundary layer and delays transition to turbulence. Therefore,
two laminar boundary layers are considered: the condensate
layer adjacent to the vertical flat plate surface and the steam–
gas layer between the condensate layer and the bulk flow. The
key unknown variable governing condensation heat transfer is
the interfacial temperature, which is determined by the interac-
tion between the liquid film and the steam–gas mixture. The cur-
rent analysis is only valid for the induced bulk flow co-current to
the basic buoyancy flow, namely, the induced bulk velocity assist-
ing heat transfer for the basic buoyancy flow.
2.1. Gas-phase boundary layer

Species conservation for the gas component:

ou
ox
þ ot

oy
¼ 0 ð1Þ

Species conservation for the gas component:

u
oW
ox
þ t

oW
oy
¼ D

o2W
oy2 ð2Þ

Momentum conservation:

u
ou
ox
þ t

ou
oy
¼ q� q1

q
g þ m

o2u
oy2 ð3Þ

where the original term, �q�1op/ox + g, on the right hand side is re-
placed by the buoyancy force term, g(q � q1)/q. Using the Bous-
sinesq approximation, density variations are considered only to
the extent that they contribute to the buoyancy force, while varia-
tions in other fluid properties are not considered. The concentration
contribution to the buoyancy force can be written from the ideal gas
law as [1]

q� q1
q

¼ 1�Mm1

Mm
¼ b�ðW �W1Þ ð4Þ

Upon applying the definition of the mixture molecular weight, the
volumetric coefficient of expansion with concentration can be ex-
pressed as

b� ¼ Mg �Mv

Mg � ðMg �MvÞW1
ð5Þ

It is noted that in Sparrow’s work [1] the contribution of thermal
expansion to the buoyancy force was neglected, which is only valid
when thermal expansion is negligible in comparison with volumet-
ric expansion caused by composition variations. To compare with
Sparrow’s work the simplified buoyancy force in Eq. (4) is adopted
until in a later section where the contribution of thermal expansion
to the buoyancy force will be considered. The energy equation is not
considered since sensible heat transfer is negligible compared to
condensation heat transfer of saturated vapor.

As a starting point, a new coordinate system is defined in the
current work as

n ¼ 1

1þ Re2

Gr�

� �1=4 ; g ¼ y� dðxÞ
x1=4n

gb�

4m2

� �1=4

ð6Þ

where Re = u1x/m and Gr* = gx3/m2. This coordinate system is intro-
duced analogous to that used in analysis of mixed convection for
single-phase heat transfer [20] and pure steam condensation [15].
Nevertheless, the new system is unique since it is used to treat
physical processes different from the previous ones. The dimension-
less group, n, ranging from 0.0 to 1.0, is the mixed convection
parameter in the current analysis and represents the varying degree
of bulk velocity (forced convection) effects on the basic natural con-
vection process. If the bulk flow is stagnant (n = 1), the process is
pure natural convection. With gradual increase of the bulk velocity,
the forced convection component represented by the Reynolds
number becomes more significant relative to the natural convection
component represented by the Grashof number and the value of n
decreases toward zero. The dimensionless distance from the two-
phase interface (g) is expressed in a way to be consistent with the
stream function to obtain a local similarity transformation. The sim-
ilarity variable (g) which is a combination of the x and y variables
will be used later to express the velocity or concentration profile
as a function of a single variable.
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Next, a stream function

Wðx; yÞ ¼ 4mx3=4

n
gb�

4m2

� �1=4

f ðn;gÞ ð7Þ

and a gas mass fraction variable

/ ¼W �W1 ð8Þ

are introduced herein with regard to the new coordinate system to
transform the momentum and species conservation equations from
the (x,y) system to the (n,g) system. To solve the transformed equa-
tions, the local similarity method [12,13,20] is preferred in the cur-
rent study not only due to its simplicity in numerical solutions, but
also due to reduced complexity of the multi-variable problem by
introducing dimensionless groups in the transformation of conser-
vation equations.

In the local similarity method [12,13,20], terms in the trans-
formed equations involving derivatives with respect to the mixed
convection parameter (in the current work, n) are truncated; at
any longitudinal position, the local mixed convection parameter is
regarded as an assignable parameter. Consequently, the thus-trans-
formed boundary layer equations will be treated as a system of or-
dinary differential equations at each local position of interest. If the
first order derivatives with respect to the mixed convection param-
eter are retained but higher order derivatives are truncated, the
method is termed the local non-similarity method [13]. Certainly fi-
nite difference approximations can also be used, but this method in-
volves a large number of independent variables and may be
inappropriate in previous studies [8] trying to identify convection
regimes. The approximations of the local similarity or non-similar-
ity method were found to have sufficient accuracy compared to the
finite difference numerical method [20]. In accordance with the lo-
cal similarity method, transformation of the conservation equations
was carried out [21], and the major results are reported below.

Longitudinal velocity:

u ¼ 2
n2 ðgxb�Þ1=2f 0 ð9Þ

Transverse velocity:

t ¼ � gb�

4m2

� �1=4 m
x1=4n

ð2þ nÞf þ 4xf 0
og
ox

� �
ð10Þ

Momentum conservation equation:

f 000 � 2nf 02 þ ð2þ nÞff 00 þ n4/ ¼ 0 ð11Þ

Species conservation equation:

1
Sc

/00 þ ð2þ nÞf /0 ¼ 0 ð12Þ

where the primes denote differentiation with respect to the similar-
ity variable (g).

Sparrow’s analysis [1] on natural convection condensation is
noted to be a specific case of the current one. For natural convec-
tion flow, it follows that Re2/Gr* = 0 (n = 1) and hence the trans-
formed equations, (11) and (12), reduce to those derived by
Sparrow [1]. If Re2/Gr* > 0 (0 < n < 1), the bulk velocity effects come
into play herein as a superimposed forced convection process.
Therefore, investigation of a varying degree of the bulk velocity
effects on the basic natural convection process will be carried out
in the current work by solving Eqs. (11) and (12) with a varying
mixed convection parameter (n).

2.2. Liquid-phase boundary layer

Sparrow [1] simplified the liquid-phase conservation equations
by neglecting inertia and energy convection and solved the system
subject to the boundary conditions that u = t = 0, T = Tw at the wall
(y = 0), and T = Ti, ou/oy = 0 at the interface (y = d). Some of the solu-
tions are replicated below since they will be used later in the gas-
phase closure equations.

Local condensation mass flux:

_m ¼ q
hfg
¼ lL

x
cpLðT i � TwÞ

hfgPrL

� �3=4 gx3

4m2
L

� �1=4

ð13Þ

Interface longitudinal velocity:

ud ¼
cpLðT i � TwÞ

hfgPrL

� �1=2

ðgxÞ1=2 ð14Þ

The average condensation heat transfer coefficient for the whole
plate and defined from the gas bulk to the wall can be derived from
Eq. (13) as

h ¼ 0:943
hfglL

T1 � Tw

cpLðT i � TwÞ
hfgPrL

� �3=4 g
Lm2

L

� �1=4

ð15Þ

Condensation heat transfer is fully determined when the interfacial
temperature (Ti) is obtained from solution of the gas-phase
equations.

2.3. Gas-phase closure equations

Five closure conditions are required to solve the gas-phase
equations, Eqs. (11) and (12). The first two conditions are specified
by the velocity and gas mass fraction in the bulk. At infinity
(y =1), the longitudinal velocity is specified with the bulk velocity
(u = u1). Upon substituting y =1 and u = u1 into Eq. (9), and using
the n definition in Eq. (6) it is derived herein that

f 0ð1Þ ¼ ð1� nÞ2

2b�1=2 ð16Þ

At infinity (y =1), the gas mass fraction is specified by the bulk gas
mass fraction (W = W1). Upon substituting y =1 and W = W1 into
Eq. (8), it follows that

/ð1Þ ¼ 0 ð17Þ

The next two closure equations can be derived from the two-phase
interfacial relations: conservation of mass and continuity of
velocity.

The mass flux crossing the interface evaluated from the gas-
phase is

_m ¼ q ud
dd
dx
� td

� �
ð18Þ

where the gas longitudinal velocity at the interface is evaluated
using Eq. (9),

ud ¼
2
n2 ðgxb�Þ1=2f 0ð0Þ ð19Þ

and the gas transverse velocity at the interface is evaluated from Eq.
(10),

td ¼ �
gb�

4m2

� �1=4 m
x1=4n

ð2þ nÞf ð0Þ þ 4xf 0ð0Þog
ox

				
y¼d

" #
ð20Þ

Upon using og/oxjy=d = �(x1/4n)�1 [gb*/(4m2)]1/4dd/dx, which is de-
rived from the definition of the similarity variable (g) in Eq. (6),
and substituting Eqs. (19) and (20) into Eq. (18), the mass flux eval-
uated from the gas-phase is found to be

_m ¼ qmð2þ nÞ
x1=4n

gb�

4m2

� �1=4

f ð0Þ ð21Þ
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Fig. 2. Temperature and concentration contributions to buoyancy force.
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From the interfacial relation for mass conservation, the third closure
equation is derived herein using Eqs. (13) and (21) as

f ð0Þ ¼ n

ð2þ nÞb�1=4

cpLðT i � TwÞ
hfgPrL

� �3=4 qLlL

ql

� �1=2

ð22Þ

Next, upon using the interfacial relation of continuity of velocity,
the fourth closure equation is derived herein using Eqs. (14) and
(19) as

f 0ð0Þ ¼ n2

2b�1=2

cpLðT i � TwÞ
hfgPrL

� �1=2

ð23Þ

The fifth closure equation is obtained from the assumption of an
interface impermeable to the gas component. Since the interfacial
gas mass flux is zero, the convective mass flux component is bal-
anced by the diffusive mass flux component

qg ud
dd
dx
� td

� �
¼ �qD

oW
oy

				
y¼d

ð24Þ

Upon using Eqs. (19), (20), and (24), the fifth closure equation
becomes

/0ð0Þ ¼ �ð/ð0Þ þW1ÞScð2þ nÞf ð0Þ ð25Þ

It is noted that for pure natural convection flow (n = 1), the five
closure equations derived in the current work reduce to those
derived by Sparrow [1]. If 0 < n < 1, the mixed convection effects
come into play in the closure conditions for the gas-phase
equations.

2.4. Solution method

The ultimate goal of solving the gas-phase equations in Eqs. (11)
and (12), subject to associated closure equations in Eqs. (16), (17),
(22), (23), and (25) is to obtain the interfacial temperature (Ti),
which can be assumed equal to the local steam saturation temper-
ature corresponding to the steam partial pressure therein. The
steam partial pressure at the interface can be inferred from the
gas mass fraction at the interface (Wi), which is readily available
when /(0) is resolved (Wi = /(0) + W1) as part of the solution.
However, the right hand side of the two closure equations in Eqs.
(22) and (23) contain the unknown interfacial temperature, there-
fore an iterative method was devised.

First, the mixed convection parameter (n) is assigned a value be-
tween 0.0 and 1.0, depending on the magnitude of superimposed
forced convection of interest. Next, the initial value of the interfa-
cial temperature is assigned as the mean of the wall and the gas
bulk temperatures. Finally, the gas-phase equations subject to
the closure equations are solved with the approximate interfacial
temperature and the procedure is repeated until the interfacial
temperature converges. The condensation heat transfer coefficient
is readily available by substituting the converged interfacial tem-
perature into Eq. (15).

2.5. Contribution of thermal expansion to buoyancy force

To achieve a similarity method, Sparrow [1] neglected the con-
tribution of thermal expansion to the buoyancy force. Gebhart [22]
estimated that under ambient conditions, the contribution from a
temperature difference of 10.0 �C to the buoyancy force is about
one-third of that from the concentration difference. The tempera-
ture contribution would be higher as the temperature difference
becomes larger and thus also important to generating the buoy-
ancy force. Therefore, an approximate method to account for the
temperature contribution to the buoyancy force is derived herein
without violating the similarity assumption.
Upon retaining the linear terms of differential temperature and
concentration, and neglecting terms with higher orders, the buoy-
ancy force can be approximated as [22]

q� q1
q

¼ b�ðW �W1Þ þ bðT1 � TÞ ð26Þ

Treating fluid temperature as an explicit independent variable is
incompatible with the current similarity method, wherein the fluid
temperature has been decoupled from the conservation equations
by omitting sensible heat transfer. Nevertheless, the second term
on the right hand side of Eq. (26) representing the temperature con-
tribution to the buoyancy force is a function of the first term repre-
senting the concentration contribution. In Appendix A, by using the
Clausius–Clapeyron equation, the explicit dependence of the buoy-
ancy force on fluid temperature difference was rewritten in terms of
gas mass fraction difference. The ratio of the temperature contribu-
tion to the concentration contribution can be derived herein upon
comparing Eqs. (26) and (A4) as

bðT1 � TÞ
b�ðW �W1Þ

� Mm1

Mg �Mv

Ptmfg

hfg
ð27Þ

Fig. 2 shows that the term on the right hand side of Eq. (27) without
the explicit dependence on fluid temperature is a reasonable
approximation to the term on the left hand side. The curves in
Fig. 2 were plotted for a typical steam–air mixture with a total pres-
sure of 2.0 bar, a bulk air mass fraction of 0.5, and the difference of
air mass fraction (W �W1) through the boundary layer varying
from near 0.0 to 0.45 (corresponding to the temperature difference
varying from 0.0 to 50.0 �C). Gebhart’s [22] estimate of a ratio of
contribution equal to 1/3 from 10.0 �C temperature difference is
in agreement with these results. The temperature contribution to
the buoyancy force can be more than 50% of the concentration con-
tribution for larger temperature differences and should be taken
into account.

To account for the contribution from thermal expansion, the
buoyancy force can be represented by combining Eqs. (26) and
(27) as

q� q1
q

¼ 1þ Mm1

Mg �Mv

Ptmfg

hfg

� �
b�ðW �W1Þ ¼ bþðW �W1Þ ð28Þ

which can be substituted into the momentum equation without
violating the similarity assumption.
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3. Results

3.1. Heat transfer enhancement due to bulk velocity

Figs. 3 and 4 show the typical velocity and gas mass fraction
profiles, respectively, along the dimensionless distance from the
two-phase interface (g), (Sc = 0.5, W1 = 0.05, cpL (Ti � Tw)/
(hfgPrL) = 0.002, and [qLlL/(ql)]1/2 = 150). The gas component is
represented by air in producing Figs. 3 and 4. The profiles are influ-
enced by a varying amount of superimposed forced convection on
the basic natural convection process, indicated by the Re2/Gr*

parameter, and hence the n parameter according to Eq. (6). The
profile of the dimensionless velocity was obtained from the solu-
tion of f

0
and Eq. (9):

u

ð4gxb�Þ1=2 ¼
f 0

n2 ð29Þ

and the profile for the air mass fraction came from the solution of /.
As the bulk velocity indicated by the Re2/Gr* parameter in-

creases, the velocities at the boundary layer also increase (Fig. 3)
and superimposed forced convection tends to sweep away some
gas previously accumulated at the interface (Fig. 4) and to increase
the interfacial temperature so that condensation driving force is
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also increased. Hence, the mechanism for superimposed forced
convection to enhance condensation heat transfer of the basic nat-
ural convection process was found analytically. This mechanism
suggests that the mixed convection effects not only depend on
the relative magnitude of forced to natural convection, but also
on the bulk flow capability to blow away non-condensable gas
accumulated at the interface. The criterion for transition from nat-
ural to mixed convection will be developed in a later subsection
based on this finding.

Recently, Debbissi [7] studied the effects of the bulk velocity on
water evaporation into humid air and found that the bulk velocity
reduced the mass boundary layer thickness, which results in in-
creased evaporation due to the bulk velocity. For the condensation
mass boundary layer, the thickness is also reduced when the bulk
velocity enhances condensation mass transfer as shown in Fig. 5.
While in Debbissi’s work the mass concentration profiles were pre-
sented in two-dimensional form, the profiles in the current work
are presented in one-dimensional form due to the similarity solu-
tion. For both the evaporation and condensation processes, the
superimposed bulk velocity increases the gradient of the mass con-
centration at the two-phase interface, resulting in enhancement of
mass transfer.

3.2. Comparison with experiments and theory

Experiments with condensation from steam–air mixtures along
a vertical plate were performed by Anderson [23]. In the experi-
ments the rectangular test vessel was scaled down by a factor of
12 from the prototypical containment, with a vertical aluminum
condensing plate installed at the top of one vertical wall in the test
vessel and insulated polycarbonate plates installed on each of
other three vertical walls where little condensation took place.
The steam was supplied by a system producing a uniform distribu-
tion of steam inflow across the bottom of the test vessel at low
velocities. The flow pattern induced by condensation on only one
of the four vertical walls and the resulting buoyancy force [23]
was similar to the one schematically depicted in Fig. 1. The test
facility was first flushed with air and then steam was allowed to
enter the test section with a steam flow rate adjusted to obtain
the desired temperature and pressure in the test section. The tem-
perature and flow rate of the coolant on the other side of the con-
densing plate were also adjusted as the test section approached a
steady state. During the steady state two independent methods
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for the heat transfer coefficient measurement were used, one using
thermocouples to measure the local heat flux, the other using the
coolant energy balance to determine the area-averaged heat trans-
fer coefficient. The agreement between these two methods was
within the error band of the individual measurement [23], there-
fore no attempt is tried to differentiate the data resulting from
two independent measurement methods when comparing to the
theoretical predictions.

Condensation heat transfer coefficients from the gas bulk to the
wall, averaged for the entire vertical plate with a length of 0.91 m,
were measured in the experiments. These experimental heat trans-
fer coefficients are used to validate the analytic values predicted
with Eq. (15). Two test series performed at atmospheric pressure
were compared to the current analysis. The steam–gas bulk tem-
perature ranged from about 335 to 363 K, and the temperature dif-
ference between the gas bulk and wall ranged from about 10 to
60 K. It is estimated that the Grashof number in these two tests
is of moderate magnitude, on the order of 109, or in the laminar
to transition range where turbulent effects are insignificant. The
first test series were performed under constant wall temperatures,
while the gas bulk temperatures were varied to obtain both a vary-
ing bulk gas concentration and a varying temperature difference
between the wall and gas bulk. The second test series were per-
formed under constant gas bulk temperatures and varying wall
temperatures.

In Figs. 6 and 7, analytic results assuming Sc = 0.55 for vapor–air
mixtures were compared to the first and second test series, respec-
tively, wherein (a) the solid lines represent analytic results calcu-
lated from the current mixed convection condensation model
(0 < n < 1) with the buoyancy force approximated by Eq. (28)
accounting for both concentration and temperature contributions;
(b) the dashed lines represent those calculated from the current
natural convection model (n = 1) with the buoyancy force also
approximated by Eq. (28); (c) the dotted lines represent those cal-
culated using Sparrow’s theory [1] for natural convection with the
buoyancy force approximated by Eq. (4) only accounting for the
concentration contribution; and (d) the error bars indicate 15% of
experimental error.

Several important points are raised in Figs. 6 and 7. First, both
experiments and theoretical analysis show that heat transfer coef-
ficient increases with the temperature difference between the gas
bulk and wall for the first test series, while the inverse is true for
the second test series. In the first test series (Fig. 6) with a constant
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wall temperature, a decrease of the bulk gas concentration due to
an increase of the bulk temperature results in increase of both the
heat flux and temperature difference, however, the heat flux in-
creases with a higher rate than the temperature difference. There-
fore, the heat transfer coefficient increases with increasing
temperature difference. Even though the heat flux increases with
the temperature difference in the second test series (Fig. 7), the
temperature difference increases at a higher rate. Therefore, heat
transfer coefficients decrease with increasing temperature
difference.

Second, accounting for both temperature and concentration
contributions to the buoyancy force in the current work leads to
a higher prediction (in dashed curves) of condensation heat trans-
fer coefficients than that (in dotted curves) predicted by Sparrow’s
theory [1], in which contribution from thermal expansion to the
buoyancy force was neglected. However, analytic results based
on natural convection from both the current analysis and Spar-
row’s theory [1] underpredicted all experimental data, which im-
plies effects of superimposed forced convection caused by the
bulk velocity were significant in the experiments.

Third, effects of superimposed forced convection in the first test
series were less significant than those in the second test series. This
point can be verified by comparing experimental condensation
heat transfer coefficients in two test series for test conditions with
roughly the same wall temperature (30 �C) and bulk temperature
(90 �C) in Figs. 6 and 7: superimposed forced convection induced
a lower heat transfer coefficient in the first test series (about
250 W/m2 K) than that in the second series (about 350 W/m2 K)
even though they had almost the same bulk air mass fraction
and buoyancy force. Since the bulk velocity was not measured in
the experiments, the magnitude of superimposed forced convec-
tion was unknown. Therefore, a strict comparison with experi-
ments is not possible. Nonetheless, parametric studies were
carried out to demonstrate the significance of mixed convection
in the experiments. The current analysis assumed
Re=

ffiffiffiffiffiffiffiffi
Gr�
p

¼ 1:4 ðn ¼ 0:4568Þ in the mixed convection model to
compare with data in the first test series, while
Re=

ffiffiffiffiffiffiffiffi
Gr�
p

¼ 2:0 ðn ¼ 0:4142Þ was assumed to compare with data
in the second test series which has more significant mixed convec-
tion effects as stated before. The solid lines in Figs. 6 and 7 repre-
sent these assumptions about the magnitude of superimposed
forced convection, which demonstrate that the current model pre-
dicts the mixed convection effects consistent with experiments.
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For Anderson’s experimental conditions [23], a comparison of
theoretical predictions for the various convective components is
also shown in Figs. 6 and 7. Sparrow’s model [1] evaluates the nat-
ural convection component, Groff et al. [24] and Stephan [25] pre-
dict the forced convection component and the new model
presented here provides the mixed convection contribution.

Numerical solutions of the boundary layer equations in other
theoretical studies are usually not in the form which can directly
be used for comparison. Fortunately, Groff [24] and Stephan [25]
have developed analytical solutions that correlate the numerical
results of Srzic [9] and Sparrow [16], respectively. Groff [24] used
an algebraic correlation for the local Nusselt number fitted from
numerical results in Srzic [9]. The local Nusselt number in the alge-
braic correlation depends on the local Reynolds number, the gas
bulk temperature and air concentration, as well as the temperature
difference between the gas bulk and wall. These dependent vari-
ables are presented or implied in Figs. 6 and 7, including the local
Reynolds number (Re=

ffiffiffiffiffiffiffiffi
Gr�
p

¼ 1:4 in Fig. 6 and Re=
ffiffiffiffiffiffiffiffi
Gr�
p

¼ 2:0 in
Fig. 7). Therefore, the heat transfer coefficient averaged over the
whole plate can be easily calculated with Groff’s algebraic correla-
tion. On the other hand, Stephan [25] developed empirical correla-
tions based on numerical solutions of the conservation equations
in Sparrow’s [16] work. The correlations can be applied to deter-
mine the interfacial temperature between the liquid- and vapor-
phase and hence the condensation heat transfer coefficient using
an iterative algorithm. The inputs for the algorithm are the local
Reynolds number, the wall temperature, and the gas bulk temper-
ature and air concentration.

The dash-dotted and plus-dotted curves in Figs. 6 and 7 repre-
sent the theoretical predictions from Groff’s [24] and Stephan’s
[25] correlations, respectively. Assuming identical boundary condi-
tions, while Stephan’s correlation predicts lower heat transfer coef-
ficients than Groff’s, both correlations predict lower heat transfer
coefficients than the current mixed convection model, because
both correlations only account for the forced convection
component.

Overall, the mixed convection model developed in the current
work predicts well various test data in Anderson’s [23] experi-
ments. Other theoretical models accounting for only one convec-
tive component underpredict experimental data. The comparison
among the mixed convection, natural convection and forced con-
vection modeling, as well as the experimental data justifies the
mixed convection modeling approach under conditions specific
to Anderson’s [23] test facility and also to prototypical pressurized
water reactor containment.

3.3. Transition to mixed convection regime

One important issue concerning mixed convection studies is to
distinguish mixed convection from either natural or forced convec-
tion. The mixed convection effects on condensation heat transfer in
the current work can be indicated by the increase of the heat trans-
fer coefficient, (hn � h0)/h0, where hn and h0 denote the condensa-
tion heat transfer coefficient for mixed and natural convection
flow, respectively. The flow conditions are identical for evaluation
of hn and h0 except for a varying amount of superimposed velocity
associated with hn. Fig. 8 illustrates the mixed convection effects
against the relative magnitude of forced convection to natural con-
vection, Re2/Gr = Re2/[b+(Wi �W1)Gr*], for a variety of bulk air
mass fractions (W1) and temperature differences between the
gas bulk and wall (T1 � Tw). The cases for Fig. 8 assume a total
pressure of 2.0 bar and Sc = 0.55. Further numerical results which
are not shown herein for the total pressure between 1.0 and
3.0 bar, and the Schmidt number between 0.5 and 0.6, demonstrate
that, while the total pressure or the Schmidt number in these
ranges may influence hn or h0 appreciably, their influence on the
ratio of hn to h0 is negligible. Therefore, the cases in Fig. 8 represent
a wide range of flow conditions.

Fig. 8 illustrates that, unlike single-phase flow where the mixed
convection effects on heat transfer only vary with the relative mag-
nitude of forced convection to natural convection, the mixed con-
vection effects for condensation from steam–gas flow also vary
with bulk gas mass fractions and temperature differences between
the bulk and wall. Sparrow [3] suggested that a 5% increase of heat
transfer coefficient could be used to indicate the presence of non-
negligible mixed convection effects. Also from Fig. 8, correspond-
ing to a 5% increase of the heat transfer coefficient, Re2/Gr is not
a unique value any more as in the analysis of single-phase heat
transfer [3]. The value of Re2/Gr spans a wide range of almost
two orders of magnitude and can be as low as 0.006 and as high
as 0.2, depending on bulk gas mass fractions and temperature dif-
ferences. Therefore, characterization of the mixed convection ef-
fects by reading Fig. 8 still depends on several input variables.
The next paragraphs discuss a way to simplify the characterization
of the mixed convection effects based on the physical mechanism
found in the current work.

Fig. 8 demonstrates that superimposed forced convection in-
duces higher increases of the heat transfer coefficient for greater
temperature differences and lower bulk gas mass fractions, while
other parameters are unchanged. This observation can be ex-
plained by the previously discussed mechanism of heat transfer
enhancement by superimposed forced convection in Section 3.1
(the bulk flow blows away some non-condensable gas previously
accumulated near the interface to enhance condensation heat
transfer), and a concept introduced herein about the bulk flow
blowing capability. As inferred from Fig. 8, when the gas mass frac-
tion difference between the interface and bulk (or temperature dif-
ference) is large and the bulk gas mass fraction is low, the bulk flow
with a fixed relative magnitude of forced to natural convection
(Re2/Gr) tends to be more capable of blowing gas away from the
interface and results in higher heat transfer enhancement. There-
fore, it is postulated that the bulk flow blowing capability can be
characterized by:

Bm ¼
W i �W1

W1
ð30Þ

which is exactly the same as the definition of the conventional mass
transfer driving potential [26].

Obviously, both the bulk flow blowing capability indicated by
Bm and the forced convection magnitude indicated by Re contribute
to the mixed convection effects over the basic natural convection
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process indicated by Gr. Therefore, the results in Fig. 8 are recast in
Fig. 9, where the rate of increase of heat transfer coefficient is plot-
ted against a new parameter: BmRe2/Gr.

When results in Fig. 8 are scaled by Bm along the horizontal
coordinate, the curves in Fig. 8 cluster together and the six curves
become difficult to differentiate. Therefore, to avoid ambiguity, the
curves in Fig. 9 are divided into three groups according to the
respective gas bulk mass fraction. While there is a unique horizon-
tal axis in Fig. 9, the vertical axis is offset by 0.0, 0.1, and 0.2 for the
curves with the gas bulk mass fraction of 0.05, 0.25, and 0.50,
respectively.

If 5% for the increase of heat transfer coefficient can be used to
indicate non-negligible mixed convection effects on the basic nat-
ural convection process [3], the criterion for transition from natural
to mixed convection for steam–gas flow condensing along a verti-
cal plate can be derived by interpreting results in Fig. 9. This is of
practical importance to the heat and mass transfer analogy ap-
proach in engineering calculations, where a convection-regime
dependent correlation must be decided [27]. In contrast to Fig. 8,
Fig. 9 shows that corresponding to a 5% increase of the heat trans-
fer coefficient, the value of the horizontal coordinate (BmRe2/Gr) is
almost invariant with the bulk gas mass fraction and the tempera-
ture difference, and hence a quite simple criterion can be derived
to indicate transition from natural to mixed convection:

BmRe2=Gr > 0:15 ð31Þ
4. Conclusions

A new method has been developed to analyze condensation of
steam–gas mixed convection flow along a vertical plate. The local
similarity method is used to reduce the dimensions of the multi-
variable problem. The new mixed convection model accounts for
both concentration and temperature contributions to the buoyancy
force, and uses a mixed convection parameter to represent varying
degrees of forced convection superimposed on the natural steam–
gas flow. The new method was shown to predict results consistent
with experiments. The mechanism for superimposed forced con-
vection assisting heat transfer of the basic natural convection pro-
cess was demonstrated: some gas previously accumulated near the
two-phase interface is blown away by the superimposed bulk
velocity, resulting in an elevated condensation driving force. This
mechanism suggests that the bulk flow blowing capability plays
a role in quantification of the mixed convection effects. Conse-
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quently, the bulk flow blowing capability, which can be character-
ized by the mass transfer driving potential (Bm), and the relative
magnitude of forced to natural convection (Re2/Gr) are used to
facilitate identification of convection regimes. A simple criterion
was developed to indicate transition to mixed convection regime
from a natural convection steam–gas flow condensing along a ver-
tical plate: BmRe2/Gr > 0.15. The criterion found in the current work
has practical applications in the heat and mass transfer analogy ap-
proach for engineering calculations, where a convection-regime
dependent correlation must be decided.

Appendix A. Contribution of thermal expansion to buoyancy
force

Upon using the Clausius–Clapeyron equation, ðT1 � TÞ=
ðPv1 � PvÞ ¼ Tmfg=hfg , and the definition of the steam volumetric
fraction, xv = Pv/Pt, Eq. (26) can be rewritten as

q� q1
q

¼ b�ðW �W1Þ þ
bTPtmfg

hfg
ðxv1 � xvÞ ðA1Þ

Upon using the relation between the steam volumetric fraction and
the gas mass fraction (W), xv = (1 �W)Mm/Mv, the definition of the
mixture molecular weight, Mm = MgMv/[(1 �W)Mg + WMv], the def-
inition of b* in Eq. (5), and bT � 1, Eq. (A1) can be converted to

q� q1
q

¼ b�ðW �W1Þ þ
Mm

Mg �Mv

Ptmfg

hfg
b�ðW �W1Þ ðA2Þ

Upon using Eq. (4) and substituting the series expansion of Mm in
terms of b*(W �W1), Eq. (A2) can be expanded to

q� q1
q

¼ b�ðW �W1Þ þ
1

Mg �Mv

Ptmfg

hfg
b�ðW �W1ÞMm1

½1þ b�ðW �W1Þ þ � � �� ðA3Þ

Again, retaining the linear terms about (W �W1) and neglecting
terms with higher orders [22], the buoyancy force with contribution
from both temperature and concentration effects can be approxi-
mated as

q� q1
q

� b�ðW �W1Þ þ
Mm1

Mg �Mv

Ptmfg

hfg
b�ðW �W1Þ ðA4Þ
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