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Effect of Tube Geometry
and Curvature on Film
Condensation in the Presence
of a Noncondensable Gas
Based on the double boundary layer theory, a generalized mathematical model was
developed to study the distributions of gas film, liquid film, and heat transfer coefficient
along the tube surface with different geometries and curvatures for film condensation in
the presence of a noncondensable gas. The results show that: (i) for tubes with the same
geometry, gas film thickness, and liquid film thickness near the top of the tube decrease
with the increasing of curvature and the heat transfer rate increases with it. (ii) For tubes
with different geometries, one need to take into account all factors to compare their over-
all heat transfer rate including gas film thickness, liquid film thickness and the separating
area. Besides, the mechanism of the drainage and separation of gas film and liquid film
was analyzed in detail. One can make a conclusion that for free convection, gas film
never separate since parameter A is always positive, whereas liquid film can separate if
parameter B becomes negative. The separating angle of liquid film decreases with the
increasing of curvature. [DOI: 10.1115/1.4028345]

Keywords: condensation heat transfer, gas film thickness, liquid film thickness, tube
geometry, noncondensable gases

1 Introduction

The phenomena of film condensation in the presence of a non-
condensable gas widely exist in the industrial heat transfer equip-
ments. Any improvement in the performance of such equipments
can bring considerable economic benefit. The vapor–gas conden-
sation process involves thermal resistances due to the nonconden-
sable gases and the condensate liquid film. Gas phase heat
resistance is the dominant factor that reduces the efficiency of
overall condensation heat transfer. The tube geometry not only
impacts flow field but also affects various parameters associated
with gas and liquid films. The optimum tube geometry is therefore
beneficial to reduce involved thermal resistances and improve the
performance of heat exchange equipments. Many researchers
have studied the influence of tube geometry on condensation heat
transfer. A brief discussion on some significant contributions fol-
lows. Yang and Hsu [1] theoretically compared the condensation
heat transfer characteristics outside a circular tube with that on an
elliptical tube. It was found that the elliptical tube has better per-
formance of condensation heat transfer than the circular one.
Memory et al. [2] studied free and forced convection laminar film
condensation on the horizontal elliptical tube in a pure saturated
vapor. For free convection, an elliptical tube with the major axis
vertical shows an improvement of near 11% in the mean heat
transfer coefficient compared to a circular tube in equivalent sur-
face area. For force convection, under similar conditions and with
the same pressure drop, the heat transfer performance increases up
to 16%. Chang and Yeh [3] investigated the condensation heat
transfer on a horizontal elliptical tube in stationary saturated vapor
with wall suction. It was found that the tube curvature has a

significant influence on the mean Nusselt number. Li [4] experi-
mentally studied the heat transfer characteristics of flue gas conden-
sation over the droplet-shaped tube bundle. Droplet-shaped tube
bundle shows an improvement of near 7% in the heat transfer effi-
ciency compared to circular tube bundle in equivalent surface area.
What’s more, as demonstrated by Som and Chakraborty [5] and
Mukhopadhyay et al. [6], it was investigated about the condensa-
tion heat transfer performance of vapor–gas mixture outside a tube
with three different geometries for free convection. An enhance-
ment in the overall heat transfer rate for both elliptic and spiral
surfaces has been observed compared to an equivalent circular tube
surface. This is attributed to the combined effect of gravity and
pressure gradient driven by surface tension in the direction of the
condensate flow. However, all of them did not calculate gas film
thickness and explain at length how tube geometry and its curvature
affect the drainage and separation of gas and liquid films. Based on
the double boundary layer theory, a generalized mathematical treat-
ment is therefore established to investigate the distributions of gas
film, liquid film, and heat transfer coefficient along a horizontal
tube surface with different geometries and curvatures for film con-
densation in the presence of a noncondensable gas.

2 Geometric Conditions

Three kinds of tube geometry are chosen to be studied, including
the circular tube, the elliptical tube and the equiangular spiral tube.
For an elliptical tube, its major axis is aligned with the direction of
gravity. For an equiangular spiral tube, the portion bounded by
tan�1 m� h�p/2þ b is regarded as the half of the tube surface,
and chord AB is the axis of symmetry of the equiangular spiral
tube, as shown in Fig. 1. An elliptical tube with e¼ 0 becomes the
circular one and an equiangular spiral tube with m¼ 0 also does.

As demonstrated by Mukhopadhyay et al. [6], the relational
expression of b and m for an equiangular spiral tube is
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cos b ¼ exp m tan�1 mð Þ sin tan�1 mð Þ
exp m p=2þ bð Þ½ � (1)

For an elliptical tube, x and u are related as demonstrated by
Chang and Yeh [3], namely

dx ¼ b1 1� e2ð Þ
1� e2 sin2 /
� �3=2

du (2)

And for an equiangular spiral tube, x and h are related as dem-
onstrated by Mukhopadhyay et al. [6], namely

dx ¼ b1 expðmhÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ m2

p
dh (3)

3 Physical Model

The process of vapor–gas film condensation heat transfer is
very complex. For simplifying the situation, some basic assump-
tions are set as: (1) total pressure in gas film is constant; (2) bulk
temperature and bulk mass concentration of the noncondensable
gas are kept unchanged along the tube surface; (3) condensation
only occurs at the gas–liquid interface; (4) all the physical process
are steady in gas and liquid films; (5) flow in gas and liquid films
is laminar; (6) thickness of gas film and liquid film are far smaller
than the tube diameter; (7) pressure gradient along the gas–liquid
interface is only driven by surface tension of the condensate; (8)
inertia force is ignored in the momentum conservation equation of
liquid film; (9) convective term is also ignored in the energy con-
servation equation of liquid film; (10) interface thermal resistance
is negligible, and interface temperature is equivalent to the satura-
tion temperature corresponding with the partial pressure of vapor
there; (11) the temperature on the tube surface is constant in the
circumference of the tube; (12) vapor of mixture is in a saturated
state; (13) the noncondensable gas, the vapor, and the vapor–gas
mixture are all treated as ideal gases; and (14) the condensate sur-
face is impermeable to the noncondensable gas.

Taking the circular one as an example, its physical model and
coordinate system are shown in Fig. 2. A film due to the conden-
sate forms along the tube surface if condensation occurs and keeps
steady. Besides, there is a film due to the noncondensable gas
between the condensate film and the bulk. What’s more, there are
a boundary layer of heat transfer and a boundary layer of

momentum in gas film, as shown in Fig. 2. du is approximately
equal to Sc1/3dm and dt does Le1/3dm as demonstrated by Yang
and Tao [7]. In the direction perpendicular to the tube surface, the
position in liquid film is expressed by yl (0< yl< dl) and that in
gas film does by y (0< y< dm), in order to simplifying the
calculation.

4 Mathematical Model

4.1 Governing Equations and Boundary Conditions.
According to the Prandtl boundary layer theory and the assump-
tions above, the momentum conservation equation in liquid film
can be simplified as

ll

@2ul

@y2
l

þ ql � qð Þg sin u� dp

dx
¼ 0 (4)

where the first term represents viscosity force, the second term the
difference between gravity of the condensate and buoyancy force
in the tangential direction of the tube surface, and the third term
pressure gradient caused by surface tension.

Fig. 1 Condensing surfaces with different geometries. (a) A horizontal ellipse and (b) an equi-
angular spiral curve.

Fig. 2 Physical model and coordinate system of the circular
one
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According to the Prandtl boundary layer theory and the assump-
tions above, the momentum conservation equation in gas film can
be simplified as

�
@u

@y
¼ t

@2u

@y2
þ g sin u 1� T Mnc � Mnc �Mvð Þwnc½ �

Tb Mnc � Mnc �Mvð Þwnc;b

� �
( )

(5)

where the term on the left side of represents inertial force, the first
term on the right side viscosity force, and the second term the dif-
ference between gravity of vapor–gas mixture and buoyancy force
in the tangential direction of the tube surface.

According to the Prandtl boundary layer theory and the assump-
tions above, the energy conservation equation in gas film can be
simplified as

v
@T

@y
¼ a

@2T

@y2
þ D

cpnc � cpv

cp

@

@y
T
@wnc

@y

� �
(6)

where the second term on the right side is negligible for free
convection.

According to the Prandtl boundary layer theory and the assump-
tions above, the noncondensable gas diffusion equation in gas film
can be simplified as

�
@wnc

@y
¼ D

@2wnc

@y2
(7)

The boundary conditions for this situation are as follows:
At the tube surface (yl¼ 0)

ul ¼ 0; Tl ¼ Tw (8)

At the edge of boundary layer of mixture momentum (y¼ du)

u ¼ 0 (9)

At the edge of boundary layer of mixture heat transfer (y¼ dt)

T ¼ Tb (10)

At the edge of boundary layer of noncondensable gas diffusion
or gas film(y¼ dm)

wnc ¼ wnc;b (11)

At the gas–liquid interface (yl¼ dl or y¼ 0)

u ¼ ul; ll

@ul

@yl

¼ l
@u

@y
¼ 0 (12)

T ¼ Ti (13)

wnc ¼ wnc;i (14)

mc ¼ ql

d

dx

ðdl

0

uldyl (15)

kl

Ti � Tw

dl

¼ h0fgmc þ qs (16)

4.2 Analytic Expressions of Some Quantities. According to
Eq. (14), the velocity along y direction in gas film can be
expressed as demonstrated by Lee and Kim [8], namely

v ¼ D

wnc

� @wnc

@y
(17)

By combining Eqs. ((7), (11), (14), and (17)), one can solve the
equation of noncondensable gas diffusion as

wnc ¼ wnc;i exp
y

dm

ln
wnc;b

wnc;i

� �	 

(18)

By inserting Eq. (18) into Eq. (17), the velocity along y direc-
tion in gas film can be given as

� ¼ D

dm

ln
wnc;b

wnc;i
(19)

Since vapor mass flux is driven by diffusion and convection,
the condensate mass flux can be obtained as demonstrated by
Rosa et al. [9], namely

mc ¼
qD

dm

ln
wnc;i

wnc;b
(20)

By combining Eqs. ((6), (10), (13), and (19)), one can solve the
equation of heat transfer in gas film as follows:

T ¼ Tb � Tið Þ
exp

y

Ledm

ln
wnc;b

wnc;i

� �
� 1

exp Le�2=3 ln
wnc;b

wnc;i

	 

� 1

þ Ti (21)

The heat flux due to convection in gas film can be deduced using
Eq. (21) as

qs ¼ k Tb � Tið Þ 1

Ledm

1

exp Le�2=3 ln
wnc;b

wnc;i

� �
� 1

ln
wnc;b

wnc;i
(22)

By combining Eqs. ((5), (9), (12), and (19)), one can solve the
momentum equation in gas film as follows:

u ¼ A

�
y� Sc1=3dm �

t
v

e
v
ty � e

v
tSc1=3dm

� �h i
(23)

where A ¼ g sin u� qb=q½ � sin uð Þ.
Parameter A in Eq. (23) represents the influence of gravity of

mixture and pressure gradient driven by buoyancy on the drainage
of gas film. The first term in parameter A denotes the effect of
tube geometry and curvature on the component of gravity in the
tangential direction of the tube surface, and the second term in
parameter A is the ratio of pressure gradient due to buoyancy to
gravity of mixture, reflecting the influence of tube geometry, and
curvature on pressure gradient.

By combining Eqs. ((4), (8), and (12)), one can solve the
momentum equation in liquid film as

ul ¼
B

ll

yldl �
1

2
y2

l

� �
(24)

where B ¼ ql � qð Þg sin u� dp=dxð Þ= ql � qð Þgð Þ½ �.
Parameter B in Eq. (24) represents the influence of gravity of

the condensate and pressure gradient driven by surface tension on
the drainage of liquid film. The first term in parameter B denotes
the effect of tube geometry and curvature on the component of
gravity in the tangential direction of the tube surface, and the sec-
ond term in parameter B is the ratio of pressure gradient due to
surface tension to gravity of the condensate, reflecting the influ-
ence of tube geometry and curvature on pressure gradient.

Considering that total heat flux is equivalent to heat conduction
flux in liquid film, local heat transfer coefficient can be given as

h ¼ kl

dl

� Ti � Tw

Tb � Tw

(25)
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4.3 Relationships of Gas Film Thickness and Liquid Film
Thickness. Gas film thickness and liquid film thickness can be
obtained only if interface temperature is solved. There are three
unknown variables, including gas film thickness, liquid film thick-
ness and interface temperature. So it is required three irrelevant
equations to get interface temperature.

Insert Eq. (24) into Eq. (15) and combine Eqs. (15) and (20),
and the first relational expression can be derived as

1

3tl

dB

dx
d3

l þ 3Bd2
l

ddl

dx

� �
¼ qD

dm

ln
wnc;i

wnc;b
(26)

Substitute Eqs. (23) and (24) into the first term in Eq. (12), and
the second relational expression can be obtained as:

A

v
�Sc1=3dm �

t
v

1� e
v
tSc1=3dm

� �h i
¼ B

2ll

d2
l (27)

Bring Eqs. ((20) and (22)) into Eq. (16), and the third relational
expression can be written as

kl

Ti�Tw

dl

¼
ln

wnc;i

wnc;b

dm

� qDh0fgþ k Tb�Tið Þ � 1

Le
� 1

1� exp Le�2=3 ln
wnc;b

wnc;i

� �
2
664

3
775

(28)

For an elliptical tube, the pressure gradient due to surface ten-
sion can be derived as demonstrated by Chang and Yeh [3],
namely

Table 1 Calculation parameters

Parameters Values

Total pressure, pb (Pa) 101,325
Air mass fraction, wnc,b (%) 0.1–50
Tube surface temperature, Tw (K) 353
Eccentricity, e 0–0.9
Parametric constant, m 0–2
Equivalent diameter, De (m) 0.0254

Fig. 3 Calculation scheme flowchart
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dp

dx
¼ � r

b2
1

3e2

2

1� e2 sin2 u
1� e2

� �2

sin 2u (29)

For an equiangular spiral tube, the pressure gradient due to sur-
face tension can be expressed as Mukhopadhyay et al. [6], namely

dp

dx
¼ � rm exp �2mhð Þ

b2
1 1þ m2ð Þ (30)

4.4 Liquid Film Separation. If velocity gradient in the y
direction is negative, there is stagnation or backflow. Hence, liq-
uid film separates in the condition of @ul/@yl|yl¼ 0� 0 as demon-
strated by Hsu and Yang [10]. For an elliptical tube, liquid film
separation occurs if angle u meets the expression which is as
follows:

Fig. 4 The distributions of gas film, liquid film, and heat trans-
fer coefficient along the tube surface with different e for an
elliptical tube. (a) Gas film thickness, (b) liquid film thickness,
and (c) heat transfer coefficient.

Fig. 5 The distributions of gas film, liquid film, and heat trans-
fer coefficient along the tube surface with different m for an
equiangular spiral tube. (a) Gas film thickness, (b) liquid film
thickness, and (c) heat transfer coefficient.

Journal of Thermal Science and Engineering Applications MARCH 2015, Vol. 7 / 011001-5

Downloaded From: https://thermalscienceapplication.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



ql � qð Þg sin uþ r
b2

1

3e2

2

1� e2 sin2 u
1� e2

� �2

sin 2u � 0 (31)

By the same token, for an equiangular spiral tube, liquid film
separation also occurs if angle h meets the expression which is as
follows:

ql � qð Þg sin hþ tan�1 m
� �

þ rmexp �2mhð Þ
b2

1 1þ m2ð Þ � 0 (32)

5 Calculation

5.1 Calculation Parameters. Choose calculation parameters
for water vapor–air mixture as shown in Table 1.

5.2 Solving Process. The nonlinear equation about Ti can be
obtained by combining Eqs. ((27) and (28)), and Ti can be solved
by using the iteration method with the convergence accuracy of
|Ti� Ti0|/Ti� 10�10. The differential term in Eq. (26) is discre-
tized by using the finite difference method with the step size of
0.005 rad. Liquid film thickness can be solved through Eq. (26) by
using the iteration method with the convergence accuracy of
|dl� dl0|/dl� 10�13. Gas film thickness can be obtained by
substituting liquid film thickness and interface temperature into
Eq. (28). If u meets Eq. (31) or h meets Eq. (32), it manifests that
liquid film separates then calculation should be stopped. Solving
process programmed by Cþþ language, is as shown in Fig. 3. In
the data processing, the position in the x direction is expressed by
dimensionless variable x/L.

6 Results and Discussion

6.1 Elliptical Tube. Gas film thickness and liquid film thick-
ness increase along the tube surface and their gradient also does,
approaching to infinite near the bottom of the tube or the separat-
ing point. Gas film thickness and liquid film thickness decrease
with the increasing of e near the top of the tube, but they inversely
do after x/L exceeds certain value, as shown in Figs. 4(a) and 4(b).
Moreover, liquid film separates at u¼ 151.6 deg for e¼ 0.9, as
shown in Fig. 4(b). Heat transfer coefficient decreases along the
tube surface and its gradient inversely does. Heat transfer coeffi-
cient increases with the increasing of e near the top of the tube,
yet it inversely does after x/L exceeds certain value, as shown in
Fig. 4(c). Condensation heat transfer can be greatly enhanced with
liquid film separating. The overall heat transfer rate increases with
the increasing of the curvature.

6.2 Equiangular Spiral Tube. Gas film thickness and liquid
film thickness increase along the tube surface, and for tubes of
m> 0, their gradient first decreases along the tube surface and
afterwards increases along it. Gas film thickness and liquid film

Fig. 6 The distributions of gas film, liquid film, and heat trans-
fer coefficient along the tube surface for an equiangular spiral
tube and an elliptical tube. (a) Gas film thickness, (b) liquid film
thickness, and (c) heat transfer coefficient.

Fig. 7 The average heat transfer coefficients for different tube
geometries and curvatures with bulk concentration of noncon-
densable gas in the condition of liquid film nonseparating
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thickness decrease with the increasing of m near the top of the
tube, but inversely does after x/L exceeds certain value, as shown
in Figs. 5(a) and 5(b), Liquid film does not separate for tubes of
m¼ 0 and m¼ 0.1, whereas it separates for tubes m¼ 0.5 and
m¼ 1.0 and their separating angles are 153.3 deg and 134.8 deg,
respectively, as shown in Fig. 5(b). Heat transfer coefficient
decreases along the tube surface and its gradient also does. Heat
transfer coefficient increases with the increasing of m near the top
of the tube, but it inversely does after x/L exceeds certain value,
as shown in Fig. 5(c). The separating angle decreases with the
increasing of m if liquid film separates. The smaller is the separat-
ing angle of liquid film, the greater is the enhanced area of con-
densation heat transfer. The overall heat transfer rate increases
with the increasing of the curvature.

6.3 Comparison of Elliptical Tube and Equiangular Spiral
Tube. In equivalent surface area, gas film and liquid film formed
outside both the elliptical tube and the equiangular spiral tube are
thinner than those on the circular tube near the top of the tube and
heat transfer coefficient there are greater than those on the circular
one, as shown in Figs. 6(a)–6(c). For the equiangular spiral tube
with m¼ 1.0 or m¼ 2.0, gas film and liquid film are thinner than
those on the elliptical tube with e¼ 0.9 near the top of the tube.
Yet they become thicker than those on the elliptical tube with

e¼ 0.9 if x/L exceeds certain value, as shown in Figs. 6(a) and
6(b). And the heat transfer rate of the equiangular spiral tube with
m¼ 1.0 or m¼ 2.0 is greater than that on the elliptical tube with
e¼ 0.9 near the top of the tube, whereas it becomes less than that
on the elliptical tube with e¼ 0.9 if x/L exceeds certain value, as
shown in Fig. 6(c). The separating area of liquid film of the equi-
angular spiral tube with m¼ 1.0 or m¼ 2.0 is greater than that of
the elliptical tube with e¼ 0.9, as shown in Fig. 6(b). Therefore,
whose heat transfer performance is better for the elliptical tube
and the equiangular spiral tube needs to comprehensively consider
all factors such as gas film thickness, liquid film thickness, the
separating area, and so on. For the equiangular spiral tube with
m¼ 1.0 or m¼ 2.0, its overall heat transfer rate is greater than that
of the elliptical tube with e¼ 0.9.

For tubes without liquid film separating in equivalent surface
area, the decreasing sequence of the overall heat transfer rate is
m¼ 0.3> e¼ 0.8>m¼ 0.1> e¼ 0.6> circular (e¼ 0 or m¼ 0),
as shown in Fig. 7.

7 Mechanism of the Drainage and Separation of Gas

Film and Liquid Film

For tubes with the same geometry in equivalent surface area,
sinu, and pressure gradient due to surface tension increase with
the curvature increased, so the discharge capacity of gas film and

Fig. 8 The distributions of the parameters related to the discharge and separation along the tube surface (a) for an elliptical
tube and (b) for an equiangular spiral tube
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liquid film increases with the curvature increased, as shown in
Fig. 8. This explains the reason why for tubes with the same
geometry, gas film thickness, and liquid film thickness decrease
with the increasing of the curvature.

Since parameter A is always positive for free convection, gas
film cannot separate. For an elliptical tube, there is sin2u on the
second term in parameter B, so pressure gradient becomes nega-
tive if u is greater than 90 deg, which obstacles to the discharge of
liquid film, yet accelerates the separation. Only if e is great
enough can parameter B be negative, leading to the separation of
liquid film, as shown in Fig. 8(a). For an equiangular spiral tube,
sinu becomes negative after h exceeds certain value. If m is great
enough, parameter B can also become negative, resulting in the
separation of liquid film, as shown in Fig. 8(b). These explain the
reason why liquid film separates and for tubes with the same
geometry, the separating area increases with the curvature
increased if liquid separates.

8 Model Validation

The average heat transfer coefficient for the circular tube from
present model are compared with the numerical data from Tang
et al. [11], and the deviation is within 625%, as shown in Fig. 9.
There are two reasons that may explain the discrepancies in heat
transfer data. On one hand, values of physical parameters are dif-
ferent. On the other hand, numerical calculation in itself has a cer-
tain discrepancy.

9 Conclusions

(1) A generalized mathematical model of gas film thickness,
liquid film thickness and heat transfer coefficient, and its
program have been developed for laminar film condensa-
tion in the presence of a noncondensable gas on a horizon-
tal tube with different geometries, including the circular
tube, the elliptical tube, and the equiangular spiral tube.

(2) For tubes with the same geometry, gas film thickness, and
liquid film thickness near the top of the tube decrease with
the increasing of the curvature, and the overall heat transfer
rate increases with the curvature increased. The overall
heat transfer rate of both an elliptical tube and an equiangu-
lar spiral tube are greater than that of a circular one.

(3) For tubes with different geometries, one need to take into
account all factors to compare their overall heat transfer

rate like gas film thickness, liquid film thickness and the
separating area. The decreasing sequence of the overall
heat transfer rate is as m¼ 2.0>m¼ 1.0> e¼ 0.9>
m¼ 0.3> e¼ 0.8>m¼ 0.1> e¼ 0.6> circular.

(4) This study analyzes the mechanism of the influence of tube
geometry and curvature on the drainage and separation of
gas film and liquid film. For free convection, gas film never
separate because parameter A is always positive, whereas
liquid film can separate if parameter B becomes negative.

Nomenclature

a ¼ thermal diffusion coefficient (m2 s�1)
b1 ¼ half length of major axis for ellipse (m)
b2 ¼ half length of minor axis for ellipse (m)
cp ¼ specific heat at constant pressure (J kg�1 K�1)
D ¼ mass diffusion coefficient (m2 s�1)

De ¼ equivalent diameter (m)
e ¼ eccentricity of ellipse (¼ (b1

2� b2
2)0.5/b1)

g ¼ acceleration of gravity (N kg�1)
h ¼ local heat transfer coefficient (W K�1 m�2)

hfg ¼ latent heat (J kg�1)
h0fg ¼ latent heat modified considering subcooling (J kg�1)

(¼hfgþ 3/8cpl(Ti� Tw)
k ¼ thermal conductivity (W m�1 K�1)
L ¼ half of the tube perimeter (m)

Le ¼ Lewis number (¼ a/D)
m ¼ parametric constant of polar curve
M ¼ molar mass (kg kmol�1)
mc ¼ condensate mass flux (kg m�2 s�1)

p ¼ pressure (Pa)
qs ¼ heat flux (W m�2)
Sc ¼ Schmidt number (¼ v/D)
T ¼ temperature (K)
u ¼ velocity component in x-direction (m s�1)
v ¼ velocity component in y-direction (m s�1)
w ¼ mass fraction
x ¼ tangential direction along the tube surface (m)
y ¼ normal direction at any point to the tube surface (m)

Greek Symbols

b ¼ angle between chord OB and horizontal direction (rad)
d ¼ boundary layer thickness (m)
h ¼ angle measured from top of tube (rad)
l ¼ dynamic viscosity (kg m�1 s�1)
t ¼ kinematic viscosity (m2 s�1)
q ¼ mass density (kg m�3)
r ¼ surface tension coefficient (N m�1)
u ¼ angle between tangent to tube surface and horizontal

direction (rad)

Subscripts

av ¼ average
b ¼ bulk
i ¼ gas–liquid interface
l ¼ liquid film

m ¼ gas film or boundary layer of noncondensable gas diffusion
nc ¼ noncondensable gas

t ¼ boundary layer of mixture heat transfer
u ¼ boundary layer of mixture momentum
v ¼ vapor
w ¼ tube surface
0 ¼ the value at the previous iteration
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