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a b s t r a c t

The problem of laminar film condensation of vapor in the presence of high concentration non-condens-
able gas such as humid air flowing in a vertical pipe under laminar forced convection conditions is for-
mulated theoretically. The vapor condensing at dew point temperature releases both sensible and
latent heats and diffuses on to the surface of the pipe through a non-condensable gas film. Thus it is trea-
ted as combined heat and mass transfer problem governed by mass, momentum and energy balance
equations for the vapor–gas mixture and diffusion equation for the vapor species. The flow of the falling
condensate film is governed by the momentum and energy balance equations. The temperature at the
gas-to-liquid interface, at which the condensation takes place, is estimated with the help of the heat bal-
ance and mass balance equations at the interface. The local and average values of the condensation Nus-
selt number, condensate Reynolds number, gas–liquid interface temperature and pressure drop are
estimated from the numerical results for different values of the system parameters at inlet, such as rel-
ative humidity, temperature of vapor–gas mixture, gas phase Reynolds number and total pressure. The
gas phase convection Nusselt and Sherwood numbers are also computed from numerical results. The pre-
dictions of the present study are compared with the experimental data available in literature, and the
agreement is found to be reasonably good. An implicit pressure correction method developed by the
authors is used in solving the momentum balance equation for the gas phase.

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

Condensation of water vapor from the vapor–gas mixture with
a high-percentage of non-condensable gas is of great importance in
a number of engineering applications such as air cleaning and con-
ditioning systems, humidity control systems, atmospheric con-
densers, refrigeration engineering, heat exchangers with narrow
channels, condensation of waste vapors in heat power installa-
tions, etc. The vapor–gas mixture flows down in a vertical pipe.
The temperature of pipe wall is less than the dew point tempera-
ture of the mixture. Vapor condenses on the inner wall of the pipe
and flows down as a film. The vapor diffuses through the convec-
tion boundary layer and condenses on the pipe wall. Hence the to-
tal heat flux received at the wall is the sum of sensible and latent
heats due to convection and condensation respectively. Thus the
heat and mass transfer processes are interrelated during the con-
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densation of vapor presenting a complex phenomenon, which
needs a combined solution of continuity, momentum and energy
balances, and the diffusion equation. If the wall of the pipe is below
the freezing temperature of the condensate, then the condensate
on the wall solidifies. In the present analysis the wall of the pipe
is maintained above the freezing temperature of the liquid, thus
precluding the possibility for freezing of condensate.

The annular filmwise condensation of pure vapor inside a verti-
cal tube was studied extensively [1–7]. Carpenter and Colburn [1]
were the first to treat analytically the convective condensation of
vapor inside tubes, when the vapor in turbulent flow in the tube.
They studied the effect of vapor shear on the flow of the conden-
sate film. Shekriladze and Mestvirishvili [2] tackled theoretically
the problem of film condensation of moving vapor in a descending
flow inside a vertical tube by using von Karman integral relation to
determine the inter-phase friction and pressure gradient. Lucas
and Moser [3] studied the laminar film condensation of pure va-
pors in tubes. They concluded that the effect of the heat transfer
to the surroundings and the orientation of the tube can be quite
considerable. Dobran and Thorsen [4] conducted an analytical
study for laminar filmwise condensation of a saturated vapor in
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Nomenclature

Ar0 Archimedes number ðgD3=m2
g;0Þ

Cp specific heat at constant pressure (J kg�1 K�1)
Cþp;g normalized gas specific heat at constant pressure (Cp,g/

Cp,g,0)
D diameter of the pipe (m)
d moisture content (gm water vapor per kg dry air)
de equivalent diameter (m)
Dva mass diffusion coefficient of water vapor in air (m2 s�1)
Dþva normalized mass diffusion coefficient (Dva/Dva,0)
F factor, see Eq. (22)
g gravitational acceleration (m s�2)
hl local condensation heat transfer coefficient (W m�2 �1)
hg local convection heat transfer coefficient (W m�2 K�1)
hD local diffusion mass transfer coefficient (m2 s�1)
k thermal conductivity (W m�1 K�1)
k+ gas-to-liquid thermal conductivity ratio (kg/kl)
kþg normalized gas thermal conductivity (kg/kg,0)
L length of the pipe (m)
L+ Normalized length of pipe (L/DReg,0)
_m condensate mass flux (kg m�1 s�1)

n number of moles (kg mol)
Nul condensation Nusselt number (hl D/kl)
Nug convection Nusselt number (hg D/kg)
P total pressure (bar)
Pr Prandtl number (lCp/k)
p partial pressure (bar)
Reg,0 gas phase Reynolds number at inlet (qg,0u0D/lg,0)
Rel condensate Reynolds number ð4 _ml=llÞ
RH relative humidity ðpv=p�vÞ (%)
R inner radius of the pipe (D/2) (m)
r radial coordinate
r+ non-dimensional radial coordinate (r/D)
q heat flux (W m�2)
S sub-cooling parameter (Cp,l(T0 � Tw)/k0)
Sc Schmidt number (lg/qgDva)
Sh Sherwood number (hDD/Dva)
T temperature of gas–vapor mixture (K)
T+ normalized temperature (T � Tw)/(T0 � Tw)
u component of air velocity in z-direction (m s�1)
u+ normalized u-velocity (u/u0)
V total volume of gas–vapor mixture (m3)
v component of air velocity in radial direction (m s�1)

v+ normalized v-velocity (v Reg/u0)
y coordinate (see Fig. 1)
Yv mole fraction of vapor (pv/P)
Ya mole fraction of air (1 � Yv)
z down stream distance (m)
z+ normalized distance in z-direction (z/DReg)

Greek symbols
b temperature ratio parameter ((T0 � Tw)/Tw)
dl thickness of the condensate film (m)
dþl normalized condensate film thickness (d/D)
DP pressure drop of vapor–air mixture (k Pa)
k latent heat of condensation (J kg�1)
k+ normalized latent heat of condensation (k/k0)
l dynamic viscosity (kg m�1 s�1)
l+ gas-to-liquid viscosity ratio (lg/ll)
lþg normalized gas viscosity (lg/lg,0)
m kinematic viscosity (l/q) (m2 s�1)
q density (kg m�3)
qþg normalized gas density (qg/ qg,0)
qþv normalized vapor density (qv/qv,0)
qþg;v density ratio parameter (qg/qv,0)
s shear stress (N m�2)

Subscripts
0 inlet
a air species
av average
d dew point
e exit i.e., at z = L
g gas phase, i.e., air–water vapor mixture
g, i gas at gas-to-liquid interface at r = (R � dl) (or)

rþ ¼ ð0:5� dþl Þ
i gas-to-liquid interface i.e., at r = (R � dl) (or)

rþ ¼ ð0:5� dþl Þ
l liquid (condensate)
l, i liquid at gas-to-liquid interface at r = (R � dl) (or)

rþ ¼ ð0:5� dþl Þ
tot total
v water vapor
w wall
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forced flow in a vertical tube. They found that the process of
condensation is governed by ratio of vapor Froude number to Rey-
nolds number, vapor to liquid viscosity ratio, liquid Prandtl num-
ber and subcooling number. Seban and Hodgson [5] investigated
the problem of laminar film condensation for the case of upward
vapor flow in the inside of a vertical tube for different inlet condi-
tions, tube sizes and pressures. Blangetti et al. [6] measured local
heat transfer coefficients for pure vapor condensation during
downward flow of vapor inside a vertical tube for moderate and
high liquid Prandtl numbers. Kim and No [7] performed an exper-
imental study to investigate the high pressure steam condensation
heat transfer in a vertical condenser tube. They measured the film
condensation heat transfer coefficients and two-phase pressure
drops.

Studies on the in-tube condensation of vapor in the presence of
a non-condensable gas can be divided into two categories, as those
involving low and high concentrations of the non-condensable gas,
respectively. Traces of non-condensable gases may enter into the
condenser either as gases dissolved in the boiler feed water or
due to leakage in the condenser. The effect of the presence of these
gases on the process of condensation of vapor inside vertical tubes
and channels was studied in literature [8–23]. It is found that the
existence of low percentage of non-condensable gas in vapors
greatly reduces the heat transfer and the condensation rates. Bori-
shansky et al. [8] conducted experiments for condensation inside
tubes, with and without non-condensable gases. They developed
an expression relating the reduction in the overall pure steam heat
transfer coefficient to the inlet mole fraction of the non-condens-
able nitrogen. Wang and Tu [9] developed a theoretical model to
include the effect of small amounts of non-condensable gas on
laminar film-wise condensation of a vapor-gas mixture in turbu-
lent flow through a vertical tube based on the analogy between
condensation and convective transport with boundary suction.
They found that the reductions in heat transfer due to the non-con-
densable gas are found to be more significant at low pressures and
at low Reynolds numbers of the mixtures. Kageyama et al. [10]
developed a diffusion boundary layer model for condensation of
steam in a vertical tube in the presence of a non-condensable gas
using the concept of effective condensation thermal conductivity.
Peterson et al. [11] extended the diffusion boundary layer model



6092 V. Dharma Rao et al. / International Journal of Heat and Mass Transfer 51 (2008) 6090–6101
of Kageyama et al. [10] for the cases of condensation of vapor in
turbulent flow in a vertical tube and that over a vertical surface.
The vapor contains a non-condensable gas in low concentration.
Siddique et al. [12] conducted an experimental investigation to
determine the local condensation heat transfer coefficients of
steam–air and steam–helium mixtures flowing downward inside
a vertical tube. Siddique et al. [13] also developed an analytical
model to determine local condensation heat transfer coefficients
for the vapor–gas mixture flowing down inside a vertical tube
using the analogy between heat and mass transfer. They included
the effects of developing flow, condensate film roughness, and
property variation in the gas phase in their model. The model
developed by Siddique et al. [13] is extended by Hasanein et al.
[14] to the in-tube steam condensation under forced convection
conditions in the presence of more than one non-condensable
gas such as air/helium mixtures. According to them the thermal
resistance offered by the condensate film can be significant, when
the Reynolds number of the gas mixture is high (>6000) and the
mass fraction of the non-condensable gases in the mixture is low
(<0.2). Munoz-Cobo et al. [15] developed a model to predict the
condensate film thickness and local heat transfer coefficient for
laminar film-wise condensation of vapor in turbulent flow in a ver-
tical tube in the presence of a non-condensable gas. They found
that at high Reynolds numbers the heat transfer coefficients
strongly depend on the interfacial shear stresses. Studies on the
condensation of vapor in the presence of non-condensable gas in
vertical tube are also available in literature [16–23]. Dehbi and
Guentay [16] included the effect of interfacial shear stress on con-
densation, and they used heat and mass transfer analogy to obtain
condensation rates. They investigated the effect of the system
parameters such as the inlet gas fraction, the mixture inlet flow
rate and the total pressure on the performance of the condenser.
Khun et al. [17] measured experimentally the local heat fluxes
for the condensation of pure steam, steam–air mixtures and
steam–helium mixtures. They also developed correlations for local
heat transfer coefficient using degradation factor method, diffusion
layer theory, and mass transfer conductance model. Herranz et al.
[18] developed a theoretical model based on heat and mass trans-
fer analogy and by considering the effect of the presence of a non-
condensable gas by diffusion in a boundary layer. The model also
included the effects of suction, flow development, film waviness,
and droplet entrainment. No and Park [19] developed a theoretical
non-iterative condensation model using heat and mass transfer
analogy considering the effects of high mass transfer rates, en-
trance and interfacial waviness on condensation. Maheshwari
et al. [20] incorporated the effects of film waviness, suction, devel-
oping flow and property variation of the gas phase for the case of
turbulent flow of vapor–gas mixture inside a vertical tube. Oh
and Revankar [21] found from the experiments that the condensa-
tion heat transfer coefficient decreases with the presence of a non-
condensable gas. They also developed a theoretical model for the
annular filmwise condensation with non-condensable gas using
heat and mass transfer analogy. Siow et al. [22] obtained numerical
results for the case of laminar film condensation from steam–air
mixtures in a vertical parallel plate channel using a fully-coupled
implicit numerical approach. They estimated local and average
condensation Nusselt numbers, condensate film thickness and
pressure gradient from numerical results for steam–air mixtures
over wide ranges of four independent system parameters, such
as non-condensable gas concentration, gas phase Reynolds num-
ber, pressure gradient, and the difference between the inlet and
wall temperatures. Groff et al. [23] developed a complete two-
phase model for film condensation from turbulent downward flow
of vapor–gas mixtures in a vertical tube using finite volume meth-
od. The model solves the complete parabolic governing equations
in both gas and liquid phases including the effect of turbulence
in each phase, without using additional correlation equations for
interfacial heat and mass transfer. However all of the above studies
are concerned with the presence of non-condensable gas in low
concentrations only.

The problem in the present investigation relates to the case of
vapor condensation containing high percentage of non-condens-
able gas, such as air. Lebedev et al. [24] performed an experimental
study of combined heat and mass transfer in vapor condensation
from humid air. They observed an increase in condensation heat
transfer with an increase in the relative humidity and velocity of
the air. Smol’skii et al. [25] and Novikov and Shcherbakov [26] con-
ducted experiments to find heat and mass transfer during conden-
sation of water vapor from humid air in narrow channels. Smol’skii
et al. [27] performed experiments and found that, the pressure
drop during condensation of vapor from humid air is much higher
than that in a one-phase stream. Desrayaud and Lauriat [28] pre-
sented analytical results for heat and mass transfer during conden-
sation of vapor from humid air in a vertical parallel plate channel
under natural convection conditions and established correlations
for latent and sensible Nusselt numbers using Reynolds analogy.
Pele et al. [29] studied the effect of the flow rate of saturated humid
air on laminar film-wise condensation of vapor flowing inside a
cooled vertical pipe under turbulent forced convection conditions.
They found that the local condensation heat transfer coefficient de-
creases along the length of the pipe. Terekhov et al. [30] tackled the
problem of condensation of humid air by solving integral boundary
layer equations for energy and diffusion and using analogy be-
tween heat and mass transfer processes. Terekhov and Patrikeev
[31] obtained experimental and numerical results for condensation
of vapor from humid air in a channel at elevated pressures in forced
convection. They studied the effect of temperature and concentra-
tion boundary conditions on the heat and mass transfer coefficients
for different inlet conditions. Volchkov et al. [32] obtained numer-
ical solution of the system of differential energy, diffusion, and
boundary layer flow equations for the laminar and turbulent flows
of humid air with surface steam condensation. Terekhov and Patri-
keev [31] and Volchkov et al. [32] ignored the thermal resistance
offered by the condensate film formed on the duct wall in view
of very low condensation rates. Dharma Rao et al. [33] tackled the-
oretically the problem of condensation of water vapor from humid
air in turbulent flow in a vertical duct. They obtained local and
average values of the condensation Nusselt number, condensate
Reynolds number, gas–liquid interface temperature and pressure
drop from the numerical results for different values of the system
parameters at inlet, such as relative humidity, temperature of air,
gas phase Reynolds number and total pressure.

The problem of condensation of vapor in the presence of high con-
centration non-condensable gas in laminar flow through a vertical
pipe is tackled theoretically. The condensate film on the wall of the
pipe is assumed to be a thin film in laminar flow. The condensation
rates are obtained by a conjugate analysis of the problem of forced
convection of the vapor–gas mixture in the pipe with the Nusselt’s
analysis of condensation for the condensate film. The equations of
continuity, momentum, energy and diffusion for the vapor–gas mix-
ture are solved along with momentum and energy balance equations
for the condensate film and the mass and heat balances involving
condensation at the free surface of the condensate film.
2. Physical model and formulation

Steady, laminar, filmwise condensation of vapor from a mixture
of a vapor and a non-condensable gas in high concentration flow-
ing in a vertical tube with down flow is considered. The inner
diameter of the tube is D and length of the tube is L. The flow of
the vapor–gas mixture is laminar. The physical model under



Fig. 1. Physical model and configuration.
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consideration is illustrated schematically in Fig. 1. The flow is two-
dimensional and symmetrical about the center line of the pipe. The
u and v are the velocity components in z-direction (flow direction)
and radial direction respectively. The water vapor–gas mixture en-
ters at inlet of the pipe with a Reynolds number Reg,0, temperature
T0, total pressure P0 and relative humidity RH,0. The tube surface is
maintained at a constant temperature, Tw, and Tw < T0. The partial
pressure of water vapor at inlet pv,0 can be obtained as
pv;0 ¼ ðRH;0Þ p�v;0

� �
, where p�v;o is the saturation vapor pressure of

water at temperature T0. p�v;0 is to be obtained from the vapor pres-
sure data of water. The vapor pressure data are correlated in the
form of an expression as shown below for the purpose of ready
computation. The correlation equation given below is obtained
with the help of the saturation vapor pressure data of water pre-
pared by Schmidt and Grigull [34].

p�v ¼ exp 18:79� 0:0075T � 5965:6
T

� �
ð1Þ

T and p�v are temperature in Kelvin and saturation vapor pressure in
bar respectively. Eq. (1) predicts the saturation vapor pressures
with a maximum deviation of ±0.4%with the data of [34] over the
temperature range from 5 �C to 40 �C, which is the operating range
of temperature in our numerical results.

The density of water vapor, qv and density of air qa, respectively
are given by

qv ¼
pv

RvT
; qa ¼

P � pvð Þ
RaT

ð2Þ

The density of the vapor–air mixture, qg is given by

qg ¼ qv þ qa ð3Þ
where Rv = 462 � 10�5 bar m3/kg water–K and Ra = 287 �
10�5 bar m3/kg air–K. At the inlet, i.e., at z = 0, the total pressure
and temperature of the vapor–air mixture, P0 and T0, and the partial
pressure of water vapor, pv,0 are prescribed. The partial pressure of
air species at inlet is equal to (P0 � pv,0). The densities of the vapor
and air are calculated using Eq. (2). The density of the vapor–air mix-
ture at inlet, qg,0 is calculated using Eq. (3). Since air does not con-
dense at the system conditions, its density qa remains constant.

Water vapor condenses if the vapor–air mixture is cooled below
its dew point temperature, Td. The dew point temperature, Td, at any
distance from inlet, z, in the pipe corresponds to the partial pressure
of the water vapor corresponding to the temperature and total pres-
sure at the position, z. The dew point temperature can be calculated
from the vapor pressure data of water vapor and these data are cor-
related in the form of an expression as shown below.

Td ¼ 66:622ð�Bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 � 44:772

p
Þ ð4Þ

where B = 18.79 � loge(pv), and Td and pv are dew point temperature
in Kelvin and vapor pressure in bar, respectively. The vapor con-
densing at the dew point temperature diffuses towards the tube
wall through the air film. As the mixture starts flowing down the
tube, the vapor condenses from the vapor–air mixture to form a
condensate layer of thickness dl on the tube surface. The flow of
the condensate is caused by gravity and also by the shear force act-
ing on the film surface by the flowing gas. Since the rate of conden-
sation is expected to be low, the condensate film is assumed to be
thin. The temperature on the free surface of the condensate is Ti

which is less than dew point temperature, Td. Ti is an unknown tem-
perature, which has to be evaluated by a trial-and-error procedure.
In formulating the problem of condensation of vapor from the flow-
ing air–vapor mixture, it is assumed that the gas-to-liquid interface
is smooth and the vapor–air mixture is treated as an ideal gas mix-
ture. The total pressure, P, is assumed to be constant across the tube
i.e., oP/or = 0, however, P varies in the z-direction due to friction loss,
momentum change and hydrostatic pressure loss. All the properties
in the governing equations of gas phase and liquid phase are consid-
ered to be functions of temperature and pressure. The governing
equations for the gas phase and the condensate film are given
below.

2.1. Gas phase

The mass, momentum and energy balance equations for the gas
phase and the diffusion equation for the vapor species in cylindri-
cal coordinate system are written as follows. The density of the gas
phase, qg is assumed to be a function of z alone.
Mass balance

ou
oz
þ 1

r
o

or
vrð Þ þ u

qg

oqg

oz
¼ 0 ð5Þ

Momentum balance

u
ou
oz
þ v

ou
or
¼ � 1

qg

dp
dz
þ mg

o2u
or2 þ

1
r

ou
or

 !
þ g ð6Þ

Energy balance

u
oT
oz
þ v

oT
or
¼ mg

Prg

� �
o2T
or2 þ

1
r

oT
or

 !
ð7Þ

Diffusion

u
oqv

oz
þ v

oqv

or
� qv

v
r
þ u

qg

oqg

oz

 !
¼ mg

Scg

� �
o2qv

or2 þ
1
r

oqv

or

 !
ð8Þ
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2.2. Liquid phase

As the thickness of the condensate film is by far less compared
to the radius of the pipe, a simplifying assumption is made by
neglecting the effect of the radius of curvature in the evaluation
of the thickness of the condensate film. Thus the momentum and
energy balance equations for the liquid film are simplified to the
form as shown below.
Momentum balance

o2u
oy2 þ

gðql � qvÞ
ll

¼ 0 ð9Þ

where y is the distance measured from the wall of the pipe, and
y = (R � r). The inertial force term in the above equation is neglected
due to low rate of condensation.Energy balance

o2T
oy2 ¼ 0 ð10Þ

The advection terms are neglected in the above equation following
Nusselt.

2.3. Boundary conditions

The governing equations for the gas phase (0 6 r 6 (R � dl)) and
condensate film ((R � dl) 6 r 6 R) i.e., Eqs. (5)–(10) are coupled and
solved using the following boundary conditions.

For z = 0, i.e., at the inlet of pipe

u ¼ u0; v ¼ 0; T ¼ T0; qg ¼ qg;0; q v ¼ qv;0 for 0 6 r 6 R ð11Þ

For z > 0 : At the center line i:e:; r ¼ 0 :
ou
or
¼ 0; v ¼ 0;

oT
or
¼ 0;

oqv

or
¼ 0 ð12Þ

At the wall i:e:; r ¼ R : u ¼ 0; v ¼ 0; T ¼ Tw ¼ constant ð13Þ
At gas-to-liquid interface i:e:; at r ¼ R� dl; u ¼ ui and T ¼ T i

ð14Þ

where dl is the thickness of the condensate film, R is the inner radius
of pipe and the subscript ‘i’ refers to the gas-to-liquid interface.

2.4. Gas-to-liquid interface balances

The balances at the gas-to-liquid interface are described as fol-
lows:
Velocity
ui ¼ ul;i ¼ ug;i ð15Þ
Temperature

T i ¼ T l;i ¼ Tg;i ð16Þ

Shear stress
The shear balance between the flowing gas stream and the con-

densate film at the interface is given by
sl;i ¼ sg;i ð17Þ
where sl;i ¼ �ll

ou
or

��
l;i and sg;i ¼ �lg

ou
or

��
g;i

Mass balance
The mass balance at the interface i.e., at r=(R-dl) is given by the

following equation:

d _ml

dz
¼ Dva

1� ðCv;i=CiÞ
�oqv

or

����
i

� �
ð18Þ

where

Cv;i

Ci
¼

qv;iRvT i

18P
:

Heat balance
Heat transfer from the vapor–gas mixture to the liquid film at
the interface comprises two components namely the sensible heat
by convection and the latent heat released by the condensing va-
por. Then the heat flux at gas-to-liquid interface can be written
as follows:

ql;i ¼ qg;i þ ki
d _ml

dz
ð19Þ

where ql,i = total heat flux received by the condensate film; qg,i =
heat flux transferred by convection from the gas; ki = latent heat
of condensation of vapor at temperature, Ti.

The latent heat at any temperature is computed from the fol-
lowing equation:

kðJ kg�1Þ ¼ 2:7554� 106 � 3:464T2 ð20Þ
Eq. (20) is deduced from Clausius-Clapeyron equation given by
Wark and Richards [35] with the aid of the expression for p�v given
by Eq. (1).

2.5. Condensate film thickness, dl

The following velocity profile in the condensate film is obtained
by integrating Eq. (9) using the boundary conditions given by Eqs.
(13) and (14)
u
ui
¼ y

dl
1þ F 1� y

dl

� �� 	
ð21Þ

where the factor F is given by the following equation:

F ¼ g ql � qvð Þd2
l

2llui
ð22Þ

The condensation rate per unit perimeter of the pipe, _ml can be ob-
tained from the following equation:

_ml ¼ ql

Z R

R�dlð Þ
udr ð23Þ

The integral in the above equation is evaluated using the velocity
profile, i.e., Eq. (21), and the following equation is obtained for con-
densate mass flow rate per unit perimeter of the film

_ml ¼
qluidl

2
1þ F

3

� �
ð24Þ

From the Eqs. (17) and (21) the velocity at the gas-to-liquid inter-
face i.e., at r = (R � dl) is given by the following expression:

ui ¼
dl

llð1� FÞ lg
ou
or

����
g;i

ð25Þ

The values of the derivative ou/orj gat r = (R � dl), appearing in Eq.
(25), is to be obtained from the numerical results for the gas phase
i.e., for the vapor-gas mixture flowing in a tube. From the Eqs. (24)
and (25), an equation for condensate film thickness, dl is obtained as
shown below.

dl ¼
2ml _ml

lg

1
ou=orð Þjg;i

1� Fð Þ
1þ F=3ð Þ

" #1=2

ð26Þ
2.6. Gas-to-liquid interface temperature, Ti

Integration of Eq. (10) using the boundary conditions given in
Eqs. (13) and (14) yields the following temperature profile for
the condensate liquid film

T � Tw

T i � Tw
¼ y

dl
ð27Þ

Making use of the above temperature profile, the heat flux ql,i is gi-
ven by
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ql;i ¼ kl
T i � Tw

dl
ð28Þ

Thus from Eqs. (19) and (28), the temperature at gas-to-liquid inter-
face, Ti, is given by the following equation:

T i ¼ Tw þ dl �
kg

kl

oT
or

����
g;i
þ ki

kl

d _ml

dz

" #
ð29Þ

Eq. (29) is in implicit form to estimate Ti, since the terms
dl; ðd _ml=dzÞ, o T/orjg,i on the RHS are also function of Ti.

2.7. Heat and mass transfer coefficients

The local condensation heat transfer coefficient, hl, which in-
cludes both convection and condensation heat transfer rates, is de-
fined as given below

�kl
oT
or

����
l;i
¼ hlðTav � TwÞ ð30Þ

where Tav is the local bulk temperature of the gas–vapor mixture in
the pipe. The bulk temperature, Tav is determined as an integrated
average of the local fluid temperature in radial direction at a spec-
ified z. The local convection heat transfer coefficient for the gas
phase, hg, is defined by the following equation:

�kg
oT
or

����
g;i
¼ hgðTav � TwÞ ð31Þ

The local diffusion mass transfer coefficient (hD) is defined by the
following equation:

�Dva
oqv

or

����
i
¼ hDqv;av ð32Þ

where qv,av is the local mean density of the vapor across the pipe in
the gas phase.

2.8. Normalized equations for gas and liquid phases

The constitutive equations are put in the normalized form mak-
ing use of the following dimensionless variables and parameters

uþ ¼ u=u0; vþ ¼ vReg=u0; Tþ ¼ ðT � TwÞ=ðT0 � TwÞ; qþg ¼ qg=qg;0;

qþv ¼ qv=qv;0; zþ ¼ z=DReg

rþ ¼ r=D; dþl ¼ dl=D; qþg;v ¼ qg=qv;0; kþ ¼ kg=kl; lþ ¼ lg=ll

mþ ¼ mg=ml; kþi ¼ ki=k0

Reg ¼ u0D=mg; Scg ¼ mg=Dva; Rel ¼ 4 _ml=ll; Pþ ¼ ðP� P0Þ=qg;0u2
0;

Ar ¼ gD3=m2
g ð33Þ
2.8.1. Normalized gas phase equations
The equations of mass, momentum, energy and species for gas

phase i.e., Eqs. (5)–(8) are written in normalized form as follows:
Continuity equation

ouþ

ozþ
þ 1

rþ
oðvþrþÞ

orþ
þ uþ

qþg

oqþg
ozþ
¼ 0 ð34Þ

Momentum equation

uþ
ouþ

ozþ
þ vþ

ouþ

orþ
¼ � 1

qþg

oPþ

ozþ
þ o2uþ

orþ2 þ
1
rþ

ouþ

orþ

 !
þ Ar

Reg
ð35Þ

Energy equation

uþ
oTþ

ozþ
þ vþ

oTþ

orþ
¼ 1

Prg

o2Tþ

orþ2 þ
1
rþ

oTþ

orþ

 !
ð36Þ
Diffusion equation

uþ
oqþv
ozþ
þ vþ

oqþv
orþ
� qþv

vþ

rþ
þ uþ

qþg

oqþg
ozþ

 !
¼ 1

Scg

o2qþv
orþ2 þ

1
rþ

oqþv
orþ

 !
ð37Þ

where

Reg ¼ Reg;0
qþg
lþg
; Prg ¼ Prg;0

lþg Cþpg

kþg
Scg ¼ Scg;0

lþg
qþg Dþva

and

Ar ¼ Ar0
mg;0

mg

� �2

ð38Þ
2.8.2. Normalized boundary conditions
The boundary conditions in normalized form are as follows:
At the inlet i.e. at z+ = 0

uþ ¼ 1; Tþ ¼ 1; qþg ¼ 1; qþv ¼ 1 for 0 6 rþ 6 0:5 ð39Þ

For z+ > 0

ouþ

orþ
¼ 0;

oTþ

orþ
¼ 0; vþ ¼ 0;

oqþv
orþ
¼ 0 at rþ ¼ 0 ð40Þ

uþ ¼ 0; Tþ ¼ 0; qþv ¼ 0 at yþ ¼ 0:5 ð41Þ
uþ ¼ uþi ; Tþ ¼ Tþi ; qþv ¼ qþv;i at rþ ¼ ð0:5� dþl Þ ð42Þ
2.8.3. Normalized equations for the gas-to-liquid interface
The normalized form of mass balance equation at the interface

i.e., Eq. (18) is written as follows:

dRel

dzþ
¼ 4lþ

Scg

Reg

qþg;v

ð�oqþv =orþÞ
��
i

1� ðCv;i=CiÞ
ð43Þ

where

Cv;i

Ci
¼

pv;0

T0

� �
bTþi þ 1

P

� �
qþv;i ð44Þ

The dimensionless condensate film thickness ðdþl Þ, which is ob-
tained from Eq. (26), is given by the following equation:

dþl ¼
Rel

2mþlþReg

1
ouþ=orþjg;i

ð1� FÞ
ð1þ F=3Þ

 !1=2

ð45Þ

It is assumed that the value of F is by far less than unity. So the dþl
can be computed from the following equation:

dþl ¼
Rel

2mþlþReg

1
ouþ=orþjg;i

 !1=2

ð46Þ

The maximum value of F is found to be 0.049 from numerical results
for the system parameters considered in the present analysis. Thus,
the assumption made is justified. From the Eq. (29), the normalized
temperature at gas-to-liquid interface, Tþi is given by the following
equation:

Tþi ¼ dþl �kþ
oTþ

orþ

����
g;i
þ Pr1

4S
kþi
Reg

dRe1

dzþ

" #
ð47Þ
2.9. Nusselt and Sherwood numbers

The local condensation Nusselt number, Nul,z, is computed from
the equation given below

Nul;z ¼
Tþi

dþl Tþav

¼ 1
Tþav

�kþ
oTþ

orþ

����
g;i
þ Prl

4S
kþi
Reg

dRel

dzþ

" #
ð48Þ

The local convection Nusselt number (Nug,z) and Sherwood number
(Shg,z) are computed from the following equations:
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Nug;z ¼ �
1

Tþav

oTþ

orþ

����
g;i

ð49Þ

Shg;z ¼ �
1

qþv;av

oqþv
orþ

����
i

ð50Þ

The average condensate Nusselt number (Nul,av) and Nusselt num-
ber (Nug,av) and Sherwood number (Shg,av) of gas phase are com-
puted from their respective local values at each z+. The average
values are obtained as integrated average of local values using
Simpson’s rule.

Nul;av ¼
1
L

Z L

0
Nul;zdz ð51Þ

Nug;av ¼
1
L

Z L

0
Nug;zdz ð52Þ

Shg;av ¼
1
L

Z L

0
Shg;zdz ð53Þ
2.10. Pressure drop

The total pressure of air–water vapor mixture, P, at any z can be
obtained from the following equation:

P ¼ nT RuTav

V
ð54Þ

where nT = nv + na, is the total number of moles of air–water vapor
mixture and Ru is the universal gas constant. The pressure gradient
at any z is given by the following equation:

dP
dz
¼ Rvqv þ Raqað ÞdTav

dz
þ RvTav

dqv

dz
ð55Þ

For z > 0, the vapor density qv decreases with z. The density of vapor
qv at the temperature Tav is calculated using Eq. (2). Eq. (55) is writ-
ten as follows:

1
Rvqv;0ðT0 � TwÞ

dP
dzþ
¼ qþv þ

Raqa

Rvqv;0

� �
dTþav

dzþ
þ 1

b
þ Tþav

� �
dqþv;av

dzþ
ð56Þ

Total pressure drop over the length, L, is calculated as follows:

DP ¼ P0 � Pz¼L: ð57Þ
2.11. Thermo-physical properties

The properties of water vapor are taken at dew point tempera-
ture, and the properties of condensate are evaluated at the mean of
dew point and wall temperatures. The viscosity, thermal conduc-
tivity and specific heat of the vapor–air mixture as functions of
those of the vapor and air are calculated making use of the follow-
ing equations given by Fullarton and Schlunder [36].

lgðN s m�2Þ ¼

ffiffiffiffiffiffi
18
p

lvYv þ
ffiffiffiffiffiffi
29
p

laYa

� �
ffiffiffiffiffiffi
18
p

Yv þ
ffiffiffiffiffiffi
29
p

Ya

� � ð58Þ

kgðW m�1 K�1Þ ¼ YvKv

Yv þ YaAð Þ þ
YaKa

Ya þ YvAð Þ ð59Þ

where

A ¼ 1
3:6

0:8876 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Kv=Ka

p� �h i2

Cp;gðJ kg�1K�1Þ ¼ YvCp;v þ YaCp;a ð60Þ

The diffusion coefficient of water vapor in air, Dva, is calculated
using the following equation given by Marrero and Mason [37].

Dvaðm2 s�1Þ ¼
1:87� 10�10 � T2:072
� �

P
ð61Þ
3. Method of solution

The momentum balance equation contains the local pressure
gradient, which is unknown. A method is devised to calculate the
local pressure gradient at each increment of Dz. An equation for
oPþ=ozþ

 �

is derived by integrating the normalized momentum
balance equation partially with respect to r+ between the limits 0
to ð0:5� dþl Þ. The derivative ouþ=ozþð Þ appearing in the normalized
momentum balance equation is eliminated making use of the nor-
malized continuity equation. The resulting equation for oPþ=ozþ


 �
is given below.

1
2qþg

oPþ

ozþ
¼
Z 0:5

0

uþ

rþ
oðvþrþÞ

orþ
drþ þ 1

qþg

oqþg
ozþ

Z 0:5

0
uþ2drþ

�
Z 0:5

0
vþ

ouþ

orþ
drþ þ

Z 0:5

0

1
rþ

ouþ

orþ
drþ � ouþ

orþ

����
rþ¼0:5

þ Ar0

2Reg;0

ð62Þ

Certain simplifying assumptions are made in Eq. (62) by assuming
that ð0:5� dþl Þ ¼ 0:5 and Ar/Reg = Ar0/Reg,0, and these assumptions
are found to be permissible from the numerical results. The numer-
ical procedure for the solution of the constitutive equations is as
follows.

The normalized mass, momentum and energy balance equa-
tions and the diffusion equation, i.e., Eqs. (34)–(37) for the gas
phase are solved numerically by the implicit finite difference
method over the range of interest, viz., 0 6 rþ 6 ð0:5� dþl Þ,
0 6 z+

6 L+. The first derivative of normalized velocity, u+ in z+-
direction is written in backward difference form (upwind differ-
encing), and that in r+-direction is written in forward difference
form. The higher order derivatives are written in central difference
form. The number of grids in r+-direction is chosen as 200. Oosthu-
izen and Naylor [38] solved the problem of forced flow in a pipe
using an explicit numerical method. They took the value of Dz+

based on the criterion that Dzþ 6 Drþ2L=DReg;0

 �

. Since we solved
the problem by using an implicit method, we could choose a larger
value of Dz+ than that in an explicit method. However we used the
same value of Dz+as in explicit method, which is given by the
inequality given above. The system of equations in finite difference
form is cast into a tri-diagonal matrix equation, which is solved by
the Thomas algorithm given by Sastry [39]. The values of u+, T+ and
qþv are obtained by the following procedure:

(i) The values of P0, T0, RH,0 and Reg,0 at the inlet, i.e., at z = 0 are
specified. The system parameters are Reg, Prg, Prl, S, Scg.

(ii) The solution is started at the inlet, i.e., at z+ = 0. An initial
guess value is calculated from the following equation for
the pressure gradient (dP+/dz+) over a distance of Dz+.
1
qþg

oPþ

ozþ
¼ �ouþ

orþ

����
rþ¼0:5

ð63Þ

The tri-diagonal matrix obtained from the finite difference
analogue of the momentum balance equation i.e., Eq. (35) is
solved using Thomas algorithm to get the velocities (u+) at
various values of r+ at the end of the increment, i.e., at
z+ = Dz+. dþl is computed from Eq. (46) using a procedure
which is described later. The assumed value of (dP+/dz+) is
improved making use of the derived equation, i.e., Eq. (62).
(iii) The momentum balance equation is solved again for the
same step of Dz+ using the improved value of (dP+/dz+) to
get improved values of u+ profile at z+ = Dz+. This procedure
is repeated until a converged value of (dP+/dz+) is obtained
over the distance of Dz+.

(iv) The normalized equations of energy balance and diffusion,
i.e., Eqs. (36) and (37) are also numerically solved to obtain
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T+ and qþv over an increment of Dz+ by implicit finite differ-
ence method with the aid of Thomas algorithm.

(v) The values of v+ at all the grid points for 0 6 rþ 6 ð0:5� dþl Þ
are calculated using the normalized equation of continuity,
i.e., Eq. (34).

(vi) The converged values of u+ at the end of the first increment
become the inputs for the solution of the momentum bal-
ance equation for the next increment in Dz+. The converged
value of (dP+/dz+) becomes the initial guess value for the sec-
ond step of Dz+. Thus the numerical solution is continued to
compute u+, T+, qþv and v+ at each increment of Dz+ until z+

becomes equal to L+.

The density gradient dqg/dz, at increment Dz+ is computed as
follows. At the inlet of the pipe i.e., at z = 0; T = T0 and qv = qv,0. At
each increment in the downstream distance, the average vapor
density of the gas phase, qv,av, is calculated. Making use of the value
of qv,av, the density of the vapor–air mixture, qg is calculated from
Eq. (3). The density gradient, dqg/dz, is computed from the values
of qg over an increment Dz+. The pressure of the vapor–air mixture
at any z is calculated as shown below.

pv ¼ RvqvTav; pa ¼ RaqaTav; P ¼ pv þ pa: ð64Þ

The normalized interface-temperature Tþi is calculated by a trail-
and-error procedure from Eq. (47) with the aid of Eqs. (43) and
(46). A trail value for Tþi is assumed, which is used to compute var-
ious terms present on RHS of Eq. (47). An approximate value for Rel

is also calculated by integration of Eq. (43) for a step size (Dz+). Thus
the resulting value of RHS of Eq. (47) gives an improved value of Tþi .
The same is used again to compute RHS of Eq. (47). Thus the process
of successive approximates is repeated until the evaluated RHS
coincides with the assumed Tþi within an accuracy of 0.01 percent.
The increment in Rel over step size Dz+ is obtained from Eq. (43).
Thus proceeding with successive step sizes (Dz+) the value of Rel

at each z+ (measured from inlet z = 0) is known, at any z+, the Nul,z,
Nug,z and Shg,z are calculated from Eqs. (48)–(50) respectively. The
local pressure is computed making use of Eq. (56). The average val-
ues for condensation and convection Nusselt numbers, temperature
at the gas-to-liquid interface and Sherwood number are evaluated
as integrated averages over the length of the pipe and DPtot, the to-
tal pressure drop over the length of the pipe is computed making
use of Eq. (57). The exit pressure is also obtained during the numer-
ical solution of the momentum balance equation, viz., Eq. (35).
Fig. 2. Effect of T0, Reg,0, P0 and RH,0 on local Nusselt numbers.
4. Results and discussion

The implicit pressure correction method developed by the
authors and given by Eq. (62) is tested for its correctness before
using it to solve the current problem. A forced convection heating
problem of laminar flow of air in a pipe with constant wall temper-
ature is considered for this purpose. The momentum and energy
balance equations are solved by using the implicit pressure correc-
tion method. The numerical results for pressure drop and heat
transfer coefficient are compared with those calculated from
expressions available in literature.

Numerical results are obtained for local values of condensation
Nusselt number, Nul,z, condensate Reynolds number, Rel,z, and the
gas-to-liquid interface temperature, Ti, as functions of normalized
downstream distance, z/L, for different values of system parame-
ters. The system parameters considered in the present study are
the RH,0, the relative humidity of the air at the inlet of the pipe,
Reg,0, the gas phase Reynolds number at the pipe inlet, T0, temper-
ature of the air at pipe inlet, and P0, the total pressure of the air in
the pipe at inlet. The average condensation Nusselt number, Nul,av,
the condensate Reynolds number at the pipe exit (i.e., at z = L), Rel,e,
average gas-to-liquid interface temperature, Ti,av, and total pres-
sure drop, DPtot, are also computed from numerical results for dif-
ferent values of system parameters. The chosen common
parameters are the constant wall temperature, Tw = 5 �C, length
of the pipe, L = 1 m, and the diameter of the pipe, D = 0.025 m.

4.1. Effect of system parameters on Nul,z and Rel,z

Fig. 2 shows the effects of the system parameters RH,0, Reg,0, T0

and P0 on the local condensation Nusselt numbers, Nul,z. The heat
transfer from humid air during condensation depends on two
interdependent effects, viz., sensible heat transfer through the
gas film due to the temperature difference between air stream
and wall, and the latent heat transfer due to the water vapor mass
fraction difference. At prescribed values of P0, T0 and Reg,0, with de-
crease in RH,0 the water vapor content of the mixture at inlet de-
creases. The latent heat transfer and consequently the total heat
transfer to the condensate film decreases with decrease in RH,0.
Therefore, the local condensation Nusselt numbers decrease with
a decrease in RH,0. The same trend can be observed from the curves
1 and 2 of Fig. 2. The curves 2 and 3 of Fig. 2 show the variation of
local condensation Nusselt number, Nul,z with inlet temperature of
air, T0. At a given system pressure, P0, relative humidity, RH,0, and
mixture Reynolds number, Reg,0, the latent heat transfer to the li-
quid film increases with an increase in T0 due to increase in the sat-
uration vapor pressure and a resulting increase in the vapor
density. The heat transfer by convection also increases due to an
increase in the temperature difference between the gas–vapor
mixture core and wall with an increase in T0. Hence Nul,z increases
with the increase in T0 due to increase in total heat transfer to the
condensate film. The curves 2 and 4 of Fig. 2 show the effect of Reg,0

on Nul,z when the other system parameters remain the same. At a
constant value RH,0 an increase in the gas phase Reynolds number
at inlet (Reg,0) results in an increase in the flow rate of the vapor.
Hence the local condensation Nusselt numbers increases with an
increase in Reg,0. The curves 2, 5 and 6 of Fig. 2 show the effect
of P0, the pressure of humid air at the inlet on the Nul,z. As P0, de-
creases the density and saturation temperature of the vapor–gas
mixture decrease facilitating easier condensation of the vapor for
a prescribed set of system parameters, namely RH,0, T0, and Reg,0.
Thus the curves 2, 5 and 6 indicate an increase in Nul,z with a
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decrease in P0. The gas phase Nusselt number (hgD/kl), which rep-
resents the convection part of the total heat transfer, is shown plot-
ted by the dashed line in Fig. 2 for two different values of Reg,0. The
curves 7 (Reg,0 = 2000) and 8 (Reg,0 = 1000) of Fig. 2 show that the
gas phase Nusselt number (hgD/kl) increases with an increase in
Reg,0. However the effects of RH,0, T0 and P0 on gas phase Nusselt
number (Nug,z) are not significant.

Fig. 3 shows the effects of the system parameters RH,0, Reg,0, T0

and P0 on the local condensate Reynolds number, Rel,z as a function
of the downstream distance, (z/L). As explained previously an in-
crease in RH,0 (curves 1 and 2), T0 (curves 2 and 3), and Reg,0 (curves
2 and 4) the local condensate Reynolds number, Rel,z, increases due
to increase in vapor density of the mixture towards the condensa-
tion surface. The Rel,z increases with a decrease in total pressure at
inlet, P0 (curves 2, 5 and 6) due to decrease in saturation tempera-
ture and the resulting decrease in density of mixture.
Fig. 4. Effect of T0, P0, Reg,0 and RH,0 on gas-to-liquid interface temperature.
4.2. Effect of RH,0, Reg,0, T0 and P0 on local gas-to-liquid interface
temperature (Ti)

The effects of the system parameters RH,0, Reg,0, T0 and P0 on the
local gas–liquid interface temperature, Ti are shown plotted Fig. 4.
The curves 1 and 2 of Fig. 4 show increase in Ti with an increase in
RH,0. The latent heat transferred to the condensate film increases
with an increase in RH,0 for a given Reg,0, T0 and P0, due to increase
in water content of air with an increase in RH,0. At fixed values of
RH,0, Reg,0, and P0 the gas–liquid interface temperature, Ti, increases
with T0, which can be attributed to the increase in latent and con-
vection heat transfers to the condensate film due to an increase in
dew point temperature of the mixture and difference between
mixture core and wall temperatures respectively. The same can
be observed from curves 2 and 3 of Fig. 4. The curves 2, 5 and 6
of the same figure show the variation of Tiwith P0 at fixed RH,0,
Reg,0, T0. The heat transfer to the condensate film increases due
to a decrease in saturation temperature of mixture with decrease
in P0, and hence the Ti increases with a decrease in P0. The variation
in magnitude of Ti with Reg,0is not significant, since the variation of
magnitude of Reg,0 in laminar flow is not high. The curves 2 and 4 of
Fig. 4 indicate a marginal change in Ti with an increase in Reg,0.
Fig. 3. Variation of Rel,z with T0, Reg,0, P0 and RH,0.
4.3. Effect of Reg,0 and T0 on local vapor–gas mixture temperature (Tz)

The effect of Reg,0 on local vapor–gas mixture temperature, Tz,
for two different inlet temperatures of air, viz., T0 = 25 �C and
T0 = 40 �C is shown plotted in Fig. 5 as a function of normalized
downstream distance, z/L. The temperature of the gas–vapor mix-
ture decreases along the length of the pipe due to latent and con-
vection heat transfer from the vapor–gas mixture to the cold wall.
The latent heat is released due to condensation of vapor and the
heat released by convection is due to temperature difference be-
tween the vapor–gas mixture and cold wall. A decrease in Tz is ob-
served with a decrease in Reg,0 for prescribed value T0, which may
be attributed to the increase in the residential time of vapor–gas
mixture in the pipe.
Fig. 5. Variation of local gas–vapor mixture temperature (Tz) with T0 and Reg,0.
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4.4. Effect of RH,0 and T0 on Nul,av, Rel,e, Ti,av and DPtot

Fig. 6 shows the variation of average condensation Nusselt
number, Nul,av and the condensate Reynolds number at the pipe
exit (i.e., at z = L), Rel,e with RH,0, ranging from 50 to 100% for two
different values of T0 (T0 = 25 �C and T0 = 40�C) for constant values
of Reg,0 = 2000 and P0 = 1 bar. The Nul,av lies between 0.574 to 0.902
for T0 = 25 �C (curve 1) and lies between 0.69 and 1.138 for
T0 = 40 �C (curve 2). The Nul,av increases due to increase in latent
heat transfer with an increase RH,0, and an increase in latent as well
as sensible heat transfer with increase in T0. The Rel,e varies from
0.188 to 0.3764 for T0 = 25 �C (curve 3) and lies between 0.5896
and 1.1825 for T0 = 40 �C (curve 4). As discussed earlier, the Rel,e in-
creases with an increase in RH,0 and T0 due to increase in the rate of
condensation of water vapor towards the wall.

The effects of relative humidity (RH,0) and air temperature (T0)
at the inlet on the variation of Ti,av, the average gas-to-liquid inter-
face temperature and DPtot, total pressure drop are shown in Fig. 7.
The common parameters chosen are Reg,0 = 2000 and P0 = 1 bar.
Numerical results are obtained for the same range of RH,0 and same
values of T0 i.e.,T0 = 25 �C and T0 = 40 �C. The Ti,av lies between
5.023 �C and 5.052 �C (curve 1) at T0 = 25 �C and lies between
5.066 �C and 5.155 �C (curve2) at T0 = 40 �C. The Ti,av increases very
marginally with an increase in RH,0 and T0, due to the increase in
total heat transfer to the condensate film. The two-phase pressure
drop is also an important phenomenon in in-tube condensation.
The curves 3 and 4 of Fig. 7 indicate that DPtot varies from
3.883 kPa to 4.638 kPa for T0 = 25 �C and varies from 6.944 kPa to
8.659 kPa for T0 = 40 �C, respectively. The partial pressure of water
vapor in the water vapor–air mixture increases with an increase in
the value of RH,0, and with increase in the gas inlet temperature (T0)
the saturation vapor pressure increases. Hence the DPtot increases
with an increase in RH,0 and T0. It is also observed that the frictional
component of the pressure drop DPfr, is considerably a low fraction
of the total pressure drop, DPtot and remains almost constant at dif-
ferent values of RH,0, but varies slightly when T0 is changed.

4.5. Effect of Reg,0 on Nul,av, Rel,e, Nug,av and Shg,av

Fig. 8 shows the variation of Nul,av, Rel,e and average gas phase
Nusselt (Nug,av � k+) and Sherwood numbers (Shg,av � k+) with
Fig. 6. Effect of relative humidity at pipe inlet on Nul,av and Rel,e.

Fig. 8. Effect of Reg,0 on Nul,av, Rel,e, Nug,av and Shg,av.
Reg,0, ranging from 500 to 2000. The common parameters chosen
are P0 = 1 bar, RH,0 = 80%, Tw = 5 �C and T0 = 40 �C. The Nul,av lies be-
tween 0.6545 and 0.9577 (curve 1) and Rel,e varies from 0.3493 to
0.945 (curve 2). As expected, the Nul,av, Rel,e increases with an in-
crease in Reg,0 due to increase in the flow rate of vapor. The average
gas phase Nusselt and Sherwood numbers are also calculated for
different values of Reg,0and are shown in the same figure as curves
3 and 4, respectively. The Nusselt and Sherwood numbers are close
enough to one other, since the Prandtl and Schmidt numbers are
nearly the same for air.

4.6. Effect of Reg,0 and T0 on Ti,av and DPtot

The effect of Reg,0 on Ti,av and DPtot is shown in Fig. 9 for pre-
scribed values of P0 = 1 bar and RH,0 = 80%. The Ti,av increases from
5.027 �C to 5.04 �C for T0= 25 �C (see curve 1) and varies from
5.084 �C to 5.116 �C for T0 = 40 �C (see curve 2) as Reg,0 increases
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from 500 to 2000 due to an increase in heat transfer to the conden-
sate film. The curves 3 and 4 of Fig. 9 show that the DPtot decreases
with an increase in Reg,0. The lesser pressure drop at a higher Reg,0

is due to the smaller change in the mass flow rate of the gas–vapor
mixture from inlet to exit at a higher value of Reg,0. However, the
frictional component of pressure drop, DPfr, increases as Reg,0 in-
creases from 500 to 2000.

4.7. Effect of P0 on Nul,av, Rel,e and Ti,av

Fig. 10 shows the variation of Nul,av, the average condensation
Nusselt number, Rel,e, the condensate Reynolds number at the pipe
exit, and Ti,av, the average gas-to-liquid interface temperature with
P0, ranging from 0.5 to 2.5 bar. The chosen common parameters are
T0 = 25 �C, Reg,0 = 1500, RH,0 = 70%. The Nul,av decreases from 1.1938
to 0.4378, Rel,e changes from 0.54765 to 0.1081 and Ti,av decreases
Fig. 10. Effect of total pressure at pipe inlet on Nul,av, Rel,e and Ti,av.
from 5.068 to 5.025 as the total pressure at inlet increases from 0.5
to 2.5 bar due to the high rate of condensation at lower system
pressures.

4.8. Comparison with experimental data

To the best of our knowledge, there are no experimental results
available in literature for the geometry of the pipe, viz., for the case
of condensation of vapor from a mixture of vapor and high-concen-
tration non-condensable gas in laminar flow through a vertical
tube. So the present theoretical work is compared with the exper-
imental data of Lebedev et al. [24], who conducted experiments in
a vertical duct to study the heat and mass transfer in the conden-
sation of vapor from humid air in a pre-turbulent flow. The exper-
Fig. 12. Comparison of Nug,av of present work with Lebedev et al. [24].
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imental set up of Lebedev et al. [24] consists of a rectangular duct
0.02 m wide, 0.15 m high and 0.6 m long. They obtained experi-
mental data for condensation heat transfer coefficients at two dif-
ferent velocities at inlet, viz., u0 = 1.4 m/s (Reg,0 = 1480) and
u0 = 0.7 m/s (Reg,0 = 740), which are shown in Fig. 11. Numerical re-
sults are obtained for the same conditions of gas Reynolds number
(Reg,0), gas inlet temperature (T0) and total pressure of gas–vapor
mixture at inlet (P0)as those of Lebedev et al. [24]. The other data
used are as follows, RH,0 = 100%, P0 = 1.01325 bar, L = 0.6 m and
de = 0.02 m, where de is the equivalent diameter for the case of
duct. The condensation heat transfer coefficients computed at the
middle of test section are shown in Fig. 11, which show satisfactory
agreement with the experimental data of Lebedev et al. [24]. Lebe-
dev et al. [24] also developed a correlation for average gas phase
Nusselt number from the experimental results. It can be observed
from curves 1 and 2 of Fig. 12 that the average gas phase Nusselt
numbers, Nug,av, computed from the present theory (curve 1) are
close enough to the experimental data (curve 2) of Lebedev et al.
[24] for chosen common parameters of T0 = 60 �C and Reg,0 ranging
from 1000 to 2000. The other data used are as follows, RH,0 = 100%,
P0 = 1.01325 bar, Tw = 5 �C, L = 0.6 m and de = 0.0175 m.

5. Conclusions

1. A theoretical model is developed for the case of in-tube laminar
film condensation of water vapor in the presence of high con-
centration non-condensable gas, when the gas–vapor mixture
flows inside a vertical tube under laminar forced flow
conditions.

2. The salient system parameters controlling the process are found
to be T0, Reg,0, RH,0 and P0. Numerical results are obtained for
wide range of the system parameters.

3. From the numerical results the local and average Nusselt num-
bers, condensate Reynolds number, gas–liquid interface tem-
perature and pressure drop are estimated. The variation of
local gas–vapor mixture temperature along the length of the
pipe is also estimated.

4. The condensation heat transfer coefficients and the rate of con-
densation decreases considerably in the presence of non-con-
densable gas in high percentage.

5. The numerical results of the present theoretical study agree sat-
isfactorily with the experimental data available in literature.

6. An example of water vapor–air mixture is considered in view of
its wide practical utility. However this theoretical model can be
applied to any vapor–gas combination with suitable substitu-
tion of property values.
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