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a b s t r a c t

A numerical model is presented for studying turbulent film condensation in the presence of non-
condensable gases over a horizontal tube. Inertia, pressure gradient are included in this analysis, and the
influence of turbulence in the proposed two-phase model is considered. The numerical results
demonstrate that a very small bulk concentration of non-condensable gas reduces the heat transfer
coefficient and film thickness considerably. The local heat flux and film thickness increase as tube surface
temperature decreases at any bulk concentration of non-condensable gas. Moreover, inlet velocity
increases as film thickness decreases and heat flux increases, a numerical result in agreement with that
obtained by Nusselt. Numerical results indicate that average dimensionless heat transfer coefficients are
in good agreement with theoretical and experimental data.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

The original Nusselt model [1] for film-wise condensation of
a quiescent vapor along an isothermal horizontal cylinder equates
gravity and viscous forces and assumes a linear temperature profile
across the condensate layer. For pure vapor, several studies of
laminar film condensation over horizontal tubes have followed
Nusselt’s basic theory. At a high vapor velocity, the effect of vapor
drag thins the condensate film and consequently increases surface
heat transfer. Michael et al. [2] determined that under high velocity
vapor flow, the condensate film is likely under turbulent regimes.

Yang and Lin [3] analyzed the effect of turbulence in a conden-
sate film and phase-change balance equation on a horizontal
cylinder. Sarma et al. [4] applied Kato’s model of eddy diffusivity in
a condensate film and assumed that the friction coefficient at the
liquid–vapor interface is identical to that in air-flow. However, both
Yang [3] and Sarma [4] utilized the Colburn analogy and the sinu-
soidal distribution of the vapor friction factor to determine the local
vapor shear force. They did not solve the two-phase system of the
film condensation. Homescu and Panday [5] employed finite
difference analysis and implicit algorithm to solve coupled
boundary layer equations for turbulent flow condensation on
a cylinder. The inertia and convection terms are retained in the
analysis. However, this study assumed that the maximum vapor
40; fax: þ886 6 2342081.
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boundary layer is 6 times the thickness of liquid film. Due to the
thickness of the vapor boundary is much larger than that of the
liquid film, this assumption may causes large vapor shear velocity
and increases the heat transfer coefficient. Asbik et al. [6] solved the
problem of film condensation of pure fluids outside a bundle of
smooth tubes. An implicit finite difference method is used. The
shear stress at the liquid–vapor interface is used as the coupling
condition between the two phases. The vapor phase velocity is
obtained from potential flow. Their numerical results were
compared to those obtained by Michael et al. [2], demonstrating
that the discrepancies between the findings was <20%. For exper-
imental condensation on a horizontal cylinder, a limited amount of
experimental data exists for steam. At low-to-moderate vapor
velocities, data are in good agreement with theoretical data. At high
velocities, theory, which incorporates the assumption of uniform
wall temperature, significantly overestimates the average heat
transfer coefficient.

In numerous industrial applications, such as in the design of
a condenser for refrigeration and air conditioning, condensable vapor
contains non-condensable gases. Non-condensable gases are known
to markedly reduce the condensation heat transfer rate. The reason
for this reduction is that the condensation process effectively moves
the gas to the surface where it accumulates as a gas-rich layer. The
effects of non-condensable gas on steam condensation have been
extensively investigated. Sparrow and Eckert [7] demonstrated that
the presence of a few percent of non-condensable gas in the vapor
bulk markedly reduces the surface heat transfer. Minkowycz and
Sparrow [8] determined that, depending on concentration, 0.5% of air
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Nomenclature

cp specific heat [J kg�1 K�1]
D diameter of horizontal tube [m]
Dij mass diffusion between species i gas and species j gas

in the mixture [m2 s�1]
Dm mass diffusion of mixture [m2 s�1]
g acceleration due to gravity [m s�2]
H parameter for coordinate transformation [m]
hx convective heat transfer coefficient [W m�2 K�1]

ð¼ q00x=DTÞ
hfg latent heat due to condensation [J kg�1]
i single gas species i in the mixture
j single gas species j in the mixture
k thermal conductivity [W m�1 K�1]
Lm Prandtl mixing length
_m00INT mass flux at interface between mixture and liquid film

[kg m�2 s�1]
Nu Nusselt number [(hD)/kL]
N parameter for coordinate transformation
P pressure [N m�2]
PIN static pressure [N m�2]
q00x local heat flux [W m�2] ð¼ �kLðvTL=vyÞy¼0Þ
R universal gas constant [J kg�1 K�1]
r radius of horizontal tube [m]
T temperature [K]
TIN mixture temperature in free stream [K]
TW wall temperature [K]
T* dimensionless temperature (¼(T� 253)/373� 253))
UIN mixture velocity in free stream [m s�1]
U* dimensionless tangential velocity (¼u/UIN)
ue tangential velocity at mixture boundary layer [m s�1]
u velocity in tangential term [m s�1]

uw friction velocity ð¼
ffiffiffiffiffiffiffi
s=r

p
Þ [m s�1]

v velocity in normal to condensing surface [m s�1]
W mass fraction of water vapor
WIN mass fraction of water vapor in free stream
X molar fraction
x tangential direction along the tube surface [m]
Y mass fraction
y normal direction at any point to the tube surface [m]
yþ dimensionless coordinate (¼ryuw/m)

Greek symbols
d boundary layer thickness [m]
r density [kg m�3]
m dynamic viscosity [N s m�2]
q angle measured from the vertical [�]
u transformed transverse coordinate for liquid film
h transformed transverse coordinate for mixture flow
x transformed longitudinal coordinate
s shear stress ð¼ vu=vyjy¼0;y¼INT Þ [N m�2]

Subscripts
m mixture phase
L liquid phase
sat saturated condition
INT Interface
i single gas species i in the mixture
j single gas species j in the mixture
W wall
x local value
g non-condensable gas phase
v water vapor phase
IN inlet (bulk) condition or free stream condition
t turbulent condition
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Fig. 1. Coordinate system and related physical quantities.
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in steam reduces heat transfer by 50%. Slegers and Seban [9] exper-
imentally indicated the ratio of binary mixture condensation heat
transfer to Nusselt’s prediction is about 20% above that obtained
theoretically by Minkowycz and Sparrow [8]. Sparrow and Marshall
[10] enhanced the theoretical study by considering the influence of
temperature difference on the effects of non-condensable gases on
heat transfer coefficients. The condensation of steam–air mixtures
onto a tube in an experimental horizontal heat exchanger was
analyzed by Rashtchian and Webb [11]. These studies simplified
numerical model by locally replacing vapor saturation temperature
in Nusselt’s equation with mixture interface temperature, as solved
from momentum, energy and species conservation equations.
However, turbulent film condensation in the presence of non-
condensable gases has received little attention in literature.

This study investigates the influence of turbulence on film
condensation in the presence of non-condensable gases over
a horizontal isothermal tube. The governing equations of
momentum, energy and species in liquid and mixture phases are
solved numerically using an implicit finite difference method. The
properties of working fluid are based on the steam–air two-phase
flow system.

2. Mathematical modeling

2.1. Physical model

Fig. 1 shows the physical situation. The curvilinear coordinates
(x, y) are aligned along the circular tube wall surface and its normal;
the corresponding velocity components are u and v. Notably, q is the
angle measured from the upper stagnation point. At a far distance
from the surface, a mixture of a saturated vapor and non-
condensable gas flow onto a horizontal tube cooled to, and main-
tained at, a uniform temperature TW. The mixture enters with
a uniform velocity UIN, uniform temperature TIN, uniform pressure
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PIN, and uniform water vapor concentration WIN. As the mixture
flows along the tube surface, vapor is removed from the mixture,
producing a condensate layer of thickness d on the tube.

To solve the physical situation, we made the following assump-
tions: (1) wall temperature is constant; (2) all physical properties are
constant; (3) surface tension effect is negligible; (4) condensate film
thickness is much less than the tube radius; (5) heat change down-
ward of liquid film separation point is negligible; (6) mixture flow
outside the mixture boundary layer is a potential flow; and, (7) the
upward mixture is saturated and at a constant pressure.

A brief justification of these assumptions is given here. Uniform
wall temperature and constant physical properties are utilized in
most theoretical and experimental studies. This study employs this
assumption to simplify calculations; however, the calculation
procedure can be applied for variable physical properties and wall
temperature, i.e., density, conductivity and viscosity.

Considerable progress has been made in the theoretical devel-
opment of condensation with inclusion of the surface tension effect.
According to Krupiczka [12], the surface tension effect caused by
curvature of a condensate film in a simple Nusselt-type analysis on
a circular cylinder can be ignored. Yang and Chen [13] also investi-
gated the effect of surface tension on an elliptical tube caused by
surface curvature and concluded that surface tension had a negli-
gible effect for e(ellipticity)< 0.8 on the heat transfer coefficient.
Yang and Hsu [14], who examined forced convection film conden-
sation on a horizontal elliptical tube, found that the surface tension
effect on the dimensionless heat transfer coefficient, Nu=Re0:5

L , is
roughly negligible under forced convection. Thus, based on these
studies, this work ignores the surface tension on the liquid film.

For the potential flow assumption, since condensing thickness is
of the order of a few hundredths of a millimeter, the mixture
outside the boundary layer is a potential flow, and the pressure
gradient in the mixture and liquid film is defined by potential
function. Mixture boundary layers are larger than liquid film
thickness around the tube (Fig. 2).

2.1.1. Governing equations
Based on the above mentioned assumptions, the governing

equations are written in the curvilinear coordinate system as follows:
For the mixture phase:

v

vx
ðrmumÞ þ

v

vy
ðrmvmÞ ¼ 0 (1)
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Fig. 2. Multiple thicknesses of condensate film and mixture boundary layers.
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For the liquid film phase:

v

vx
ðrLuLÞ þ

v

vy
ðrLvLÞ ¼ 0 (5)

v
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ðrLuLuLÞþ

v

vy
ðrLvLuLÞ¼�
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�
ðmþmtÞL

vuL
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�
þgsinq (6)

v
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�
rLuLcp;LTL

�
þ v

vy

�
rLvLcp;LTL

�
¼ v

vy

�
ðkþ ktÞL

vTL

vy

�
(7)

Eqs. (1)–(4) govern the conservation of mass, momentum, energy
and concentration for the mixture, while Eqs. (5)–(7) are corre-
sponding conservation equations for the liquid film. Notably, the
second order effects of thermal diffusion, viscous dissipation,
compressible heating, and diffusion-thermo have been neglected in
Eqs. (3) and (4). To ensure the thermal and mechanical equilibrium
in the mixture, the vapor and gas are assumed to have the same
values of u, v and T at any location within the mixture.

The tangential velocity at the edge of mixture boundary layer
and pressure gradient are obtained from potential flow as follows,

ue ¼ 2UIN sin q (8)

vp
vx
¼ �uerm

vue

vx
(9)

2.1.2. Boundary and compatibility conditions
At the tube wall (y¼ 0)

uL ¼ vL ¼ 0 and TL ¼ TW (10)

At the edge of the mixture boundary (y¼ dm)

um ¼ ue; Tm ¼ TIN and W ¼ WIN (11)

At the liquid–mixture interface (y¼ dL)

um ¼ uL (12)

mL
vuL

vy
¼ mm

vum

vy
(13)

_m00INT ¼
rmD
ð1�WÞ

vW
vy

����
INT

(14)

kL
vTL

vy
¼ km

vTm

vy
þ _m00INT hfg (15)

_m00INT ¼
v

vx

�Z d

0
rLuLdy

	
(16)
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Additionally, the equation of state (EOS) of an ideal gas mixture
(P¼ rRT) taken from the thermodynamic tables and the thermal
constraint that – the interface condition is a saturation state of the
condensing vapor – yield,

TINT ¼ TðWINT ; PÞ (17)

where the interface is assumed to depart negligibly from thermody-
namic equilibrium, consistent with results presented elsewhere [15].
Moreover, based on the ratio of the molecular weight of air (28.96 kg/
kmol) and water vapor (18.016 kg/kmol), one finally obtains

W ¼ PV

1:61P � 0:61PV
(18)

where P is the mixture pressure of the air–water–vapor mixture
and PV is the partial pressure of the water vapor. If there is an
interface in the boundary layer between the liquid water and the
air–water–vapor mixture, and if thermodynamic equilibrium is
assumed to exist at the interface, then PV is the saturated vapor
pressure of water at the interface temperature Tm,i¼ TL,i.

The liquid film thickness is determined using a phase-change
balance equation on the fact that heat transferred to tube surface
equals that heat released at the liquid–mixture interface by the
condensation process minus that conducted away by the liquid film.
This balance subject to the boundary layer approximation gives

kL
vTL

vy

����
y¼0
¼ v

vx

� Z d

0
rLuL

�
hfg þ cp;L

�
TL;INT � TL

�	
dy
�

þ km
vTm

vy

����
y¼d

ð19Þ

The local Nusselt number, Nux, is defined as follows,

Nux ¼
hxD
kL
¼ q00xD

kLDT
¼ � D

DT
vTL

vy

����
y¼0

(20)

Notably, the condensate film flow may happen to separation when
the following condition exists:


vuL

vy

�
y¼0
� 0 (21)

2.2. Turbulent model

The turbulence model based on mixing length turbulence
models are applied to the liquid and mixture phases. The mixing
length theory was based on Prandtl theory and successfully applied
to single-phase flow. Despite its simplicity, the theory provides
a remarkably adequate basis for numerous engineering applica-
tions. Thus, turbulent viscosity is expressed as

mt ¼ rL2
m

����vu
vy

���� (22)

Furthermore, Kato et al. [16] developed the following expression for
describing turbulence viscosity in both free and forced convection
flows:

mt

m
¼ 0:4yþ

h
1� exp

�
� 0:0017

�
yþ
	2	i

(23)

Thus, the turbulence model in this study is acquired using Kato’s
mixing length model for both mixture and liquid phases. Generally,
the mixing length model is valid for using in the liquid phase or
single phase under the boundary layer equation. However, no
reliable mixing length models exist in literature for a two-phase
model. Since shear velocity of a mixture is larger than that of
a condensate liquid, we assume that um¼ 0 at y¼ dL in the mixing
length model. Thus, simulation of the turbulence effect in the
mixture phase is also used by the single-phase model assumption.
2.3. Mixture properties

The models for calculating the condensation process are based
on the mixture properties. Therefore, the models used here have
been taken from Reid et al. [17] and Martin et al. [18] The properties
of the mixture density, the mixture viscosity, the mixture
conductivity, the diffusion coefficient and the specific heat of the
mixture are calculated using the following relations:

rm ¼
Xm
i¼1

Yiri (24)

mm ¼
Xn

i¼1

XimiPn
j¼1 Xj4ij

(25)

km ¼
Xn

i¼1

XikiPn
j¼1 Xjjij

(26)

Dm ¼
1� YiPm

j¼1;si

�
YjDij

� (27)

cp;m ¼
Xm
i¼1

Yicp;i (28)

The terms of Wilke (4ij) and Mason–Saxena (jij) are calculated by
the expressions:

4ij ¼
1ffiffiffi
8
p
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!0:5" 
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!0:25

þ
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!0:5#2

(29)

jij ¼ 4ij

"
1þ

2:41ðMj �MiÞðMi � 0:142MjÞ�
Mi þMj

�2

#2

(30)

The physical properties of the simulation are summarized in
Table 1.
2.4. Coordinate transformation

To solve the governing equations for Eqs. (1)–(6), this study
introduces new coordinates u in the liquid phase and h in the
mixture phase as follows,

u ¼ y
d
; x ¼ x ¼ rq and h ¼ yþ H þ ðN � 2Þd

H þ ðN � 1Þd (31)

where H and N are initial mixture boundary thickness and multi-
pliable factor corresponded to film thickness, respectively. Thus, the
region of integration is transformed into a rectangle with h¼ 1 at
the interface, h¼ 2 at the flow edge of mixture boundary, u¼ 0 at
the tube surface, and u¼ 1 at the interface. To ensure that the edge
of the mixture boundary layer does not exceed the x� h plane, H and
N are set to appropriate values. Fig. 3 presents the grid system
applied to model the two-phase flow domain. The detailed proce-
dure of coordinate transformation can be found in Chen and Lin [19].



Table 1
Physical properties of the simulation.

Symbols Values

Dij 0.26�4 m2 s�1

D 0.014 m
UIN 1 m s�1 or 10 m s�1

TIN 373 K
TW 371.8 K w 353 K
rL 958.4 kg m�3

mg 2.18� 10�5 N s m�2

mv 1.2� 10�5 N s m�2

mL 2.8� 10�4 N s m�2

kg 3.2� 10�2 W m�1 K�1

kv 2.48� 10�2 W m�1 K�1

kL 6.8� 10�1 W m�1 K�1

cp,g 1.011� 103 J kg�1 K�1

cp,v 2.029� 103 J kg�1 K�1

cp,L 4.211� 103 J kg�1 K�1

hfg 2.438� 103 J kg�1

N 1
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2.5. Solution procedure

During simulations, coupled equations in Eqs. (1)–(7) are solved
with their corresponding boundary conditions using the finite-
volume method and a uniform staggered grid. Initial parameters of
mixture-layer thickness (H and N) are selected such that they are
larger than that of boundary layers dm, dT and dW within the
mixture. Selecting H and N was via a trial-and-error procedure as
dm, dT and dW are unknown. Concern for selecting H¼ 0.5D and
N¼ 1 is implied in this study since the H is larger than the thickest
of the dm, dT and dW at the upper stagnation of the tube, but not
excessive for avoiding unnecessary grid resolution. Additionally,
N¼ 1 causes the mass conservation of Eq. (1) of the mixture flow
that can be maintained in the computational domain; this avoids
the computational domain of mixture flow shrinkage due to
increases in film thickness. Fig. 2 presents the three boundary
thicknesses and liquid film thicknesses used to guarantee that the
mixture boundary layer thickness does not exceed the dimensions
of the numerical domain.

The standard power law scheme [20] are utilized for the cell face
in the x� h and x�u system. Furthermore, the couple terms are
approximated using Newton–Raphson linearization. The numerical
solution was based on the marching procedure. The linearized
Fig. 3. Computational grid system.
equations of coefficient matrices were created using a line
successive under relaxation solver, which is equivalent to a line
Gauss–Seidel solver with successive under relaxation (SUR).

Within a particular x station, all independent variables were
compared against their corresponding values from the previous
iteration.����f� fold

f

���� � 1� 10�7 (32)

where f is the value of the general primitive variable at a particular
grid point at the current iteration, and fold is the value of the
general primitive variable at the previous iteration level.

Because the film thickness at the upper stagnation point is
unknown, the previous studies [5,14] which ignore inertial force in
momentum utilized the theoretical analysis for determining the
film thickness. However, in the proposed work of the steam–air
condensation, the theoretical study of the film thickness at the
upper stagnation point is deficient. Thus, we assume that the film
thickness and both the tangential velocities of the liquid film and
the mixture at the upper stagnation point are zero. Then, the first
grid in the x direction is assumed to extremely tiny size
(z¼ 1�10�6), we calculate the film thickness of the second node in
x direction near the upper stagnation point. If the second node is
close enough to the upper stagnation point, we assume the film
thickness of the second node is the initial film thickness. Finally, we
obtained satisfactory result using the implicit method, as seen in
Fig. 8. The implicit method have an inherent advantage over the
explicit algorithms that they have no restrictions on the marching
step from the point of view of numerical stability.

3. Results and discussion

In applying the models (Fig. 1), a series of numerical simula-
tions was performed to investigate 2D, steady state, turbulent
film condensation on a horizontal tube in the presence of non-
condensable gases. Two simulation results for steam–air are
presented and discussed. The first simulation assessed the film
thickness and heat transfer rates and their corresponding critical
angles. The final simulation analyzed the average heat transfer
coefficient, NuAVG=Re0:5

L , for the effects of temperature difference
and vapor concentration, and compares theoretical and experi-
mental results.

Table 2 shows the influence of the grid size on steam conden-
sation. The condensate film thickness, which is of the order of few
hundredths of a millimeter, (Fig. 2) and truncation error increases
for a number of grid points in the liquid film beyond a specific limit.
The best numerical results are obtained for 201 nodes on the
cylinder periphery, 121 nodes in the h direction of the mixture flow
and 61 nodes in the u direction of the liquid film. The discrepancy
between numerical result and previous results can be explained by
Table 2
The effects of grid size on numerical result of Nu=Re0:5

L .

Water vapor, UIN¼ 10 m/s, TIN¼ 373 K, TW¼ 363 K, F¼ 0.128, G¼ 2.05
Nu=Re0:5

L ¼ 1:022 by Fujii [27] in laminar model for dimensionless analysis
Nu=Re0:5

L ¼ 1:432 by Panday [5] in turbulence model for dimensionless analysis
Nu=Re0:5

L ¼ 0:65� 1:95 at G¼ 0.1� 6.5 by Mandelzweig [30] for experimental
analysis

Node numbers
of x and u

u¼ 101, h¼ 202 u¼ 61, h¼ 122 u¼ 41, h¼ 82 u¼ 31, h¼ 62

x¼ 201 1.941223 1.940155 1.9262 1.905805
x¼ 101 1.973212 1.961144 1.945051 1.93178
x¼ 71 1.993054 1.980437 1.962756 1.950597
x¼ 51 1.990478 2.020406 2.00029 1.979967
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the fact that the previous studies employed the dimensionless
laminar analysis [27] and used the fixed ratio (¼6) [5] of the
thickness of the mixture flow to that of the liquid film. Furthermore,
in the experimental results of Fig. 10, each one of vapors shows its
values of NuAVG=Re0:5

L for F¼ 10�3�103. Thus, we reveal that the
dimensionless analysis cannot simulate all kinds of the vapors in
film condensation because the film condensation depends upon the
fluid properties and system pressure.
/
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Fig. 5. Dependence of local film thickness on angle for TW¼ 353 K and TW¼ 363 K.
3.1. Influence of inlet conditions on local film thickness and local
heat flux

This section considers the effects of inlet velocity UIN, wall
temperature TW and inlet concentration WIN on local film thickness
and the local heat flux. The condensate film thickness gradually
increases along the condensate path until separation occurs (Fig. 4).
The velocity increase was rapid at the interface shear between the
mixture and liquid film. Hence, the increased value of shear velocity
reduces film thickness. Moreover, for a low vapor concentration,
i.e., for a large value of non-condensable gas, the WIN effect causes
the condensate film thickness to thin. In mass transfer analysis,
mass flux can be enhanced in three different ways, namely, by
increasing mixture flow velocity, concentration gradient, or the
binary diffusion coefficient. Hence, the reason for the marked
decrease to film thickness at small vapor concentrations is that the
increased vapor concentration provides additional water vapor in
the mixture flow under constant system pressure.

The influence of wall temperature on film thickness was
investigated at UIN¼ 10 m/s; the simulate results are shown for
different WIN (Fig. 5). For constant system pressure and inlet satu-
ration temperature, decreasing TW increases DT. For any inlet vapor
concentration, a significant increase in the slope of d and a minor
decrease in the separate location occur as TW decreases. As indi-
cated by Eqs. (20) and (21), a decrease in TW results in decreased
ability of the gas to absorb moisture and causes the vapor to release
increased amounts of condensate film, as determined by Siow et al.
[21,22]. These trends indicate that increased heat transfer is asso-
ciated with decreased TW.

Figs. 6 and 7 show the variations in local heat flux along the tube
surface for different mass fractions of vapor, tube wall temperature
and inlet mixture velocity. Since convection heat transfer number,
h, is equal to heat flux, q00, multiplied by the temperature difference.
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Fig. 4. Dependence of local film thickness on angle for UIN¼ 1 m/s and UIN¼ 10 m/s.
The local Nusselt number, Nux, has a trend that differs from that of
local heat flux, q00. Thus, the local heat transfer coefficient is defined
as a heat flux type for estimating heat transfer performance.

Local heat flux increases as UIN increases (Fig. 6). However, local
heat flux decreases as WIN decreases because condensable vapor
has to diffuse and convect through a vapor–gas mixture to the
interface. Thus, inlet velocity of mixture flow has a significant
impact on the local heat flux for steam–air film condensation.

Fig. 7 shows the effects of TW on local heat flux from
WIN¼ 1.0� 0.8. These simulate results indicate that local heat flux
increases as TW decreases at any WIN, as determined by Briggs and
Sabaratnam [23]. Generally, a small TW results in increased suction,
and film thickness and local heat flux should increase. The reason
for this phenomena is that low TW increases the amount of vapor to
be absorbed on the cool tube. The condensate film is then created,
and heat flux increases. As the film moves along the tube, the
thickness is increased gradually, and the local heat flux is decreased
gradually. According to Nusselt [1] and Lin [24], film thickness is
inversed to local heat flux for pure condensation, with the
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exception of the effects of temperature difference and vapor
concentration. Typically, maximum local heat flux occurs at the
upper stagnation point of the tube. The condensate film then grows
up from the diffusion and phase change as the wall temperature is
below the mixture saturation point. Thus, the condensate film will
cool until it reaches wall temperature and induce a reduction in
local heat flux. Moreover, the liquid film causes the heat transfer
coefficient to decline due to separation from the tube.
3.2. Comparisons with theoretical and experimental results

To assess the accuracy of the proposed simulation method,
numerical results are compared with those obtained by other
studies theoretically or experimentally. Measured values of the film
thickness profile and local heat flux are unavailable; hence, only
average dimensionless heat transfer coefficients are compared.

Fig. 8 compares the variation of Nux with the curvilinear coor-
dinate on the circular tube. Notably, dimensionless parameter (Ra/
Ja)0.25 is 230 in both cases. Since a quiescent and saturated vapor is
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Fig. 8. Comparison of numerical result with free convection film condensation data.
utilized, the proposed model becomes free convection film
condensation and approaches the value of 200 at the upper stag-
nation point. This value is roughly in agreement with the theoret-
ical values of Nux¼ 200 with a surface tension effect [25,26]. The
difference in the two simulate results can be explained by the fact
that the proposed model does not consider surface tension in free
condensation simulation.

For comparison of performance of the average dimensionless
heat transfer coefficient, the following analytic relation obtained by
Nusselt is utilized. Notably, the Nusselt-type equation [1] illustrates
a linear distribution under the log scale in quiescent to moderate
mixture velocities.

NuAVG=Re0:5
L ¼ f ðF;GÞ (33)

where

F ¼
gDmLhfgh

kLU2
INðTIN � TWÞ

i (34)

G ¼ kLðTIN � TW Þ½rL=ðrmmmmLÞ�0:5=hfg (35)

Typically, F and G represent the vapor velocity and system
temperature difference in experimental setting.

The effects of vapor boundary layer separation are relatively
unimportant when calculating the average dimensionless heat
transfer coefficient as most heat transfer occurs on the forward part
of the tube before the separation point. A solution obtained by Fujii
et al. [27] employed an integral treatment of the vapor boundary
layer with an assumed velocity profile that avoided the separation
problem, and led to the computational result

NuAVG=Re0:5
L ¼ Z

�
1þ 0:276F=Z4

	1=4
(36)

where

Z ¼ 0:9ð1þ 1=GÞ1=3 (37)

The proposed numerical results for steam are compared with
Eq. (36) and other analytical works (Fig. 9). For an F greater than
F
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Fig. 9. Comparisons of numerical results with theoretical data.
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about 1, the agreement of simulate result with previous theory is
generally satisfactory at G¼ 8.21. However, at G¼ 4.106, the data in
this study differ from data obtained by previous studies. This
discrepancy can be explained by the turbulence model used in the
proposed model. Notably, the data with low values of G generally
had high values of NuAVG=Re0:5

L as indicated by theory. At low values
of F (increased vapor velocities) obtained with steam, the compu-
tational results obtained by this study are higher than those
obtained by Eq. (36) and Nusselt’s study for G¼ 4.106; that is Fuji
et al. [27] and other works [1,28], except for that by Homescu and
Panday [5], generated their solutions using laminar film model.
Furthermore, the curve obtained by Homescu and Panday [5] is
higher than that in this study, and significantly larger than that in
other studies as F< 0.1, The reason is that Homescu and Panday [5]
utilized a constant ratio (¼6) for mixture boundary layer thickness
that is 6 times liquid film thickness. The ratio increases shear force
of mixture and decrease liquid film thickness due to the increasing
rate of the mixture thickness is larger than that of the film thick-
ness. This assumption overestimate the solution when compared
with experimental data for F< 0.1.

Fig. 10 compares computational results with early experimental
data for steam. At a moderate-to-low velocity (increased values of
F), all data (Fujii et al. [29], Mandelzweig [30], Nobbs [31], Lee [32]
and Michael et al. [33]) are in fairly good agreement, particularly for
G¼ 10.26. At high velocities, the values NuAVG=Re0:5

L generally lie
near the center of the overall spread.

Fig. 11 presents the effect of vapor concentration on the average
dimensionless heat transfer coefficient. The dimensionless average
heat transfer coefficient increased by 53% and 71%, as WIN increased
from 0.8 to 1.0 for TW¼ 363 K and 353 K, respectively. The increased
wall temperature (small temperature difference) represents the
linear relationship from WIN¼ 0.8� 1.0; however, the low wall
temperature (large temperature difference) result in an increase
from WIN¼ 0.99 to WIN¼ 1.0, and an almost flat trend from
WIN¼ 0.8 to WIN¼ 0.99. These computational results are confirmed
by Minkowycz and Sparrow [8]. Even small amounts of non-
condensable gas infiltrating vapor flow may cause a significant
discrepancy compared with pure steam condensation. Notably,
a low TW (high G) encourages the mixture to release additional
Fig. 10. Comparisons of numerical results with experimental data.
liquid film onto the tube, and the dimensionless heat transfer
coefficients decrease due to the unique combination of NuAVG=Re0:5

L .
4. Conclusion remarks

This study investigated the 2D steady state for turbulent film
condensation in the presence of non-condensable gas on a hori-
zontal tube. The effects of UIN, TW and WIN on condensation results
were presented and discussed separately. In the presence of non-
condensable gas, local heat flux decreases markedly. As reduced
vapor concentration resulted in increased heat resistance of air over
the condensate film, a small WIN indicated a decreasing condensate
rate along the path. Thus, non-condensable gas thins the liquid film
and reduces heat transfer coefficient.

Moreover, at moderate velocities, the pure vapor data for steam
were generally in agreement with theoretical and experimental
data obtained by other studies that incorporated the assumption of
a uniform wall temperature. At the high velocities, average Nusselt
numbers were distributed over the center spread of experimental
data. These discrepancies may be due to the non-uniform wall
temperature and fluid properties that changed in terms of
temperature.

Finally, because waviness was neglected in the condensate film
layer, the proposed model should be applied cautiously when
tangential velocity approaches values where interfacial waves exist.
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