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ABSTRACT

The heat transfer performance of the condensate layer
formed by a downward-flowing, dry saturated vapor flowing
over an isothermal horizontal tube with wall suction effectsis
examined. Under the effects of wall suction, the gravity force,
the potentia flow pressure gradient, and the interfacial shear
stress, the local/mean Nusselt numbers of the condensate film
are obtained as a function of the Jakob number Ja, the Prandtl
number Pr, the Rayleigh number Ra, the two-phase mean
Reynolds number Re,, the dimensionless pressure gradient
parameter P, and the suction parameter Sw. The results show
that the mean Nusselt number increases with increasing Re,
and Sw. Furthermore, the dimensionless pressure gradient
parameter has a negligible effect on the Nusselt number for
Re, < 2 x 10° but has a negative effect on the Nusselt number
for Re, > 2 x 10°.

. INTRODUCTION

The problem of forced convection film condensation oc-
curs in a variety of industrial applications and has attracted
many researchers’ interests. The condensate layer flows over
the contact surface under the effects of gravity, the interfacial
vapor shear stress, and the pressure gradient, and may lead to
an accumulation of liquid in certain regions depending on the
profile of the surface. In 1916, Nusselt [15] introduced the
concept of local balance of viscous forces and the weight of
the condensate film and showed that the heat transfer in con-
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densation depends on local film thickness. Theresults showed
that the heat transfer in a condensate layer is directly related
to the local film thickness. Since that time, many other re-
searchers have al so examined the laminar film condensation of
quiescent vapors. For example, Rohsenow [16], Sparrow and
Gregg [18], Chen [3], Koh [12], Koh et al. [13], Denny and
Mills [4], and Merte [14] improved the accuracy of Nusselt's
original laminar film condensation solutions by removing the
overly-restrictive assumptions, such as the interfacial shear
stress, the convective and inertial effects were negligible, and
the temperature within the condensate layer varied linearly
with the film thickness.

Condensation on horizontal tubes has many thermal engi-
neering applications, ranging from heat exchange systems to
chemical engineering processes, air-conditioning equipment,
and so on. The problem of laminar condensation on a hori-
zontal tube was first analyzed by Sparrow and Gregg [18] in
1959. Gaddis[6] used a series expansion method to solve the
coupled boundary layer equations for laminar film condensa-
tion on a horizontal cylinder. Neglecting the inertial and con-
vective effects in the condensate film, Honda and Fujii [8]
formulated the problem of forced flow condensation on a
horizontal cylinder as a conjugate heat transfer problem. Yang
and Chen [21] investigated the role of surface tension and
dlipticity in laminar film condensation on a horizonta ellip-
tical tube. The results showed that the mean heat transfer
coefficient obtained using an elliptical tube with its major axis
orientated in the vertical direction was greater than that ob-
tained from asimple circular tube.

When a vapor travels over a horizontal tube at high ve-
locity, the heat transfer problem becomes a forced convec-
tion film condensation problem, and the analysis must take
account of the interfacial vapor shear force. Shekriladze and
Gomelauri [17] showed that the surface shear stress depends
on the momentum transferred to the condensate film by the
suction mass. Fujii et al. [5] derived two-phase boundary
layer equations for laminar film condensation on a horizontal
cylinder. Hsu and Yang [9] proposed a combined forced and
natural convection film condensation model to examine the
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effects of the pressure gradient and the wall temperature on
the condensate layer produced by a vapor stream flowing in
a downward direction over the surface of a horizontal tube. It
was shown that the mean Nusselt number decreased with an
increasing wall temperature variation in the forced convec-
tion region, but was insensitive to the wall temperature in the
natural convection region. More recently, Hu and Chen [10]
analyzed the problem of turbulent film condensation on an
inclined elliptical tube, and showed that for lower vapor ve-
locities, a higher eccentricity increases the heat transfer over
the upper half of the tube, but reduces the heat transfer over
the lower half of the tube. In addition, it was shown that the
heat transfer performance of the condensate film improved
with an increasing vapor velocity.

Many previous studies[1, 2, 19, 21] have reported that the
condensate heat transfer performance can be improved by
applying awall suction effect. For the problem of condensa-
tion on the out surface of a horizonta tube, an inner suction
tube is needed to carry out the liquid condensate which sucks
from the outer surface of the tube. Accordingly, the present
study examines the forced convection heat transfer perform-
ance of a condensate layer flowing in the downward direction
over the external surface of a horizontal tube with suction
force effects acting at the tube surface. The analyses take
account of the effects of both the potential flow pressure gra-
dient and the interfacial shear stress. In generd, it is shown
that the hydrodynamic characteristics of the condensate film
are significantly dependent on both the wall suction effect and
theinterfacial shear stress effect.

II. THE TRANSCEIVER STRUCTURE

Consider a horizontal, clean, permeable tube with aradius
R and a constant temperature T,, immersed in a downward
flowing pure vapor. Assume that the vapor is at its satura-
tion temperature Te and has a uniform velocity U... If T, is
lower than T, athin condensate layer is formed on the sur-
face of the tube and runs downward over the tube in the pe-
ripheral direction under the combined effects of the gravity
force, the pressure gradient and the interfacial shear stress.
Under steady-state conditions, the thickness of the liquid film,
d, has a minimum value at the top of the tube and increases
gradually asthe liquid flows in the downward direction.

The physical model and coordinate system considered in
the present study are shown in Fig. 1, in which the curvilinear
coordinates (x, y) are aligned along the surface of the tube
and the surface normal, respectively. In analyzing the heat
transfer characteristics of the condensate film, the same set
of assumptions as those used by Rohsenow [16] are applied,
namely (1) the condensate film flow is steady and laminar, and
thus the effects of inertia and convection are negligible and
can beignored (i.e. a creeping film flow is assumed); (2) the
wall temperature, vapor temperature and properties of the dry
vapor and condensate, respectively, are constant, and (3) the
condensate film has negligible kinetic energy. Consequently,
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Fig. 1. Physical model and coordinate system.

the continuity, momentum and energy conservation equations
for theliquid film are as given as follows:
Continuity equation

ou ov
+ =

—+—=0. 1
oxX oy @)

Momentum equation in x-direction

o°u : dp
0=#W+(P—Pv)93m9—@- 2
Energy equation
0T
O=a— 3
aayz (3)

The boundary conditions are given by:

(DAty=0, u=0, T=T, 4)
@Aty=s M_% To7, 5)
y U

Assuming that the condensate film thickness is negligible
compared to the tube radius, the pressure gradient term in Eq.
(2) can be derived by applying the Bernoulli equation. In other
words, Eq. (2) can be rewritten as

o°u

. du
a—yz=—(/J—pv)@1Smﬁ—pvue ; (6)

RdO



T.-B. Chang and F.-J. Wang: Condensation of Flowing Vapor on Tube with Wall Suction

According to potential flow theory, for a uniform vapor
flow traveling at a velocity U.. over a circular cylinder, the
tangential vapor velocity at the edge of the boundary layer is
given by

u,=U_2siné. (7)
The pressure gradient can then be obtained as
du, 4plUZsin26
U —==—""1= . 8
Pl 10 D ©)

The boundary condition for the interfacial shear stress (Eq.
(5)) can be simplified using the Shekriladze and Gomelauri
[17] model as

7y =m'u,=2m’'U_sinég, 9

where n” isthe condensate mass flux. Neglecting the sensible
heat of subcooling, the energy equation for steady laminar
flow iswritten as

o _ AT

m”hfg = ka_y =

(10)
where AT =T, -T,,.

Substituting Egs. (9) and (10) into Eg. (5), the interfacia
shear stressis obtained as

du _ 2kATU_sing

— ay=o.
oy hy 10

(11)

Integrating the momentum equation given in Eq. (6) with
Eqg. (8), and applying the boundary conditions givenin Egs. (4)
and (11), the velocity distribution equation can be derived as

. 4pUZ2sin20
HKATU_sing y (P=P,)gsing+—=mm 1
u= = BN D SYy-=v* |-
hy 1 1) u 2

According to Nusselt's classical analysis [15], an energy
balance exists on each element of the liquid film with height
dand width dx, i.e.

%{ j;pu(hfg +Cp(T - T)) dy} dx

+p(hyg +CpAT )y, dx = k%dx . (13)

Substituting Eq. (12) into Eq. (13), introducing dimension-
less parameters Ja, Pr, Ra, Re,, Re,, P, Sw, and the dimen-
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sionless liquid film thickness parameter, 5~ = J/R, then ap-
plying the relation dx = Rd@ yields the following expres-
sion for the condensate film thickness:

54 35*ERevsjn9+5*3(sjne+2Re3Psinza)
de Ra

+35*SN:3£,
Ra

(14)
where R is the tube radius, Ja is the Jakob number, Pr is the
Prandtl number, Ra is the Rayleigh number, Re, is the two-
phase mean Reynolds number, Re, is the suction Reynolds
number, P is the dimensionless pressure gradient parameter,
and Sw is the suction parameter. Ja, Pr, Ra, Re,, Re,, P and
Sw are defined as follows:

-p,)gPrR?
hy + - CpAT k H
8
RQ,=pU°°R- RqN=pVWR, p_Pu Pr ,
u u p Ra
5 Pr
Sv=|1+—-Ja|Re,—. 15
(14200 Re (15
The corresponding boundary condition is given as
Q:O a 6=0. (16)
de

The first term inside the differentiation bracketsin Eq. (14)
results from the interfacial shear stress, while the term in-
volving P describes the effect of the pressure gradient pro-
duced by the potential flow. Meanwhile, the term involving
Sw represents the effect of the wall suction. Note that when
these three terms are omitted, Eq. (14) reduces to the pure
natural convection film condensation problem (i.e. Nusselt
type condensation problem).

For computational convenience, Eq. (14) can be rewritten
as

3R Re,d LA ing+ o cosd
Ra déo

+ 35*3£(si né+2Re’P sin2¢9)
de
+ 6" (cos6 + 4Rl P c0s20) + 395 = 3‘3—; .1

The numerical solution procedure commences by substi-
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tuting the boundary condition givenin Eqg. (16), i.e. % =
6=0

0, into Eq. (17). The following polynomia equation with

respect to the dimensionless condensate film thickness at 6= 0,

&, , can then be obtained:

Ja

Ja . .
Re 6. +39w5, =3— .
Q/ 0 0 Ra.

(1+4ReZP) 5" + 3o (18)

Obviously, the dimensionless liquid film thickness cannot
have a negative value, and thus in solving Eq. (18), the film
thicknessis constrained by 6" > 0. Note that the exact value of
&, can be derived using the bisection method [11(a)]. Sub-
stituting the derived value of g, into Eq. (17), the variation of

& in the @ direction can be calculated using the forward dif-
ference shooting method [11(b)]. In accordance with Nus-
selt’s theory [15], the dimensionless local heat transfer coef-
ficient (i.e. thelocal Nusselt number) can be calculated as

Nu, =—2—, 19
b= (19)
where
k
hg_g.

Substituting hy into Eq. (19), the local Nusselt number can
be rewritten as

2
Nu, =— 20
Meanwhile, the mean Nusselt number is given by
—_ 1 T
Nu=—j Nu,dé . (21)
/4 0

I11. RESULTS AND DISCUSSIONS

In simulating practical engineering problems, the physical
parameters used in EQ. (17) (i.e. R, Ja, Pr, Ra, Re,, P, and Sw)
must be assigned reasonable values. The present analyses
assume the working liquid to be water-vapor and use the di-
mensional and dimensionless parameter values presented in
Table 1 (reproduced from [7]).

Figs. 2(a) and 2(b) show the distributions of the dimen-
sionless film thickness and local Nusselt number along the
surface of the tube as a function of the two-phase Reynold
number Re, given constant wall suction parameters of Sv =0
and 10™°, respectively. (Note that the remaining parameters
are assigned the characteristic values shown in Table 1, i.e.

Table 1. Physical parametersused in present analyses.

Symbol Typica vaue
R 0.1lm
Ja 0.02
Pr 1.76
Ra 2x 10"
Re, 3.4x 10
P 55x 10
Sw 10™°
4x10°
24%x10° = Ja=0.02,Ra=2x10",P=55%10", Sw=0.
3
220 % 107 - L 3.5x10
2.0 %107 — L 3% 10°
1.80 x 107
L 2.5x%10°
1.6 x 107 —

x 3 s
© 140 % 107 m2e 2
1.2 % 10° — L 1.5%10°
1.0 x 107 - \

= 1x10
8.0 x 10 —
4 - 5.0 % 10°
6.0 x 10"
4.0x10* 0.5 T 1.5 T 2.5 T 0x10°
0 1 ’ 2 3
0
(a)
4x10°
24%10°— e
3
220 % 10° 4 - 3.5x10
2.0 x 107 — L 3x10°
1.80 x 107
L 2.5x10°
1.6 x10° —
® 3 5
140 107 m 22
1.2 x10° o L 1.5x10°
1.0 x10° - \
— 1x10°
8.0 x 107
3 L 5.0x10%
6.0 x 107 4
4.0x10° . | . | . | 0x10°
0 0.5 . 1.5 ) 2.5 3

(b)

Fig. 2. (a) Variation of 6" and Nu with @ as function of two-phase mean
Reynolds number Re, for constant suction parameter Sw = 0. (b)
Variation of ¢ and Nu with @ as function of two-phase mean
Reynolds number Re, for constant suction parameter Sw = 10",

Ja=0.02, Ra=2x 10" and P = 5.5 x 10™). As shown, the
dimensionless film thickness has a minimum value at the
top of the tube and increases with increasing 6. Thisisto be
expected since the current analyses consider the case of
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3.0 x 107 —= 3% 10°

275 %107 -

55 % 10° - 25x%10°

2.25x 107 .
S 2x10°

2.0 x 107 —

* =
N . g
1.75 x 107 4 F1.5x10°

- —P=5x10"
1.5 % 10° -
125 % 10° - \ [ 110
1.0 x 107 —
- 5.0x107
7.50 x 10" 4—
" Ja=0.02,Ra=2x 10", Re,= 3.4 x 10°, Sw=0. )
5.0 x 10 T I T | T | 0% 10
0.5 1.5 25
14
(a)
3.0x 107 - 4x10°
Ja=0.02,Ra=2x 10", Re,=3.4 x 10°, Sw=10"
5
275 % 10° 4= L 350 10°
2.5 %107 —
= 3x10°
225 %107
- 3
2.0 x 10° 2.5x% 10
. <
& R ) 5
1.75 x 107 = 2x10°
1.5 %107 —
o 1.5x%10
125 % 107
1.0 x 10° — e
7.50 x 10 5.0 x 10
5.0 x 10" ———~ | . | . = 0x10°
0.5 1.5 2.5
0 1 2 3
14
(b)

Fig. 3. (a) Variation of " and Nu with @ as function of dimensionless
pressure gradient parameter P for constant suction parameter
Sw=0. (b) Variation of 6" and Nu with @ as function of dimen-
sionless pressure gradient parameter P for constant suction pa-
rameter Sw= 10",

falling film condensation, and thus the effects of gravity
minimize the film thickness on the upper surface of the hori-
zontal tube, but cause the film thickness to increase toward
aninfinite value at the lower surface of the tube. Moreover, it
can be seen that the dimensionless liquid film thickness de-
creases, while the local Nusselt number increases, with an
increasing value of Re,. The physical reason for thisisthat a
higher value of Re, implies a stronger interfacial shear force,
with the result that enhance the liquid condensate falls along
the tube circumference. Asaresult, the thickness of theliquid
film is reduced and a steeper temperature gradient is formed.
Finally, comparing Figs. 2(a) and 2(b), it can be seen that the
Nusselt number increases with an increasing wall suction
parameter Sw due to the corresponding reduction in the con-
densate layer thickness.

4.0 x 10°

(P=55x10"
— — —:P=10"

3.8x10° A
3.6 % 10°
34x10°
32x10°
= 3.0x10°
2.8x10°
2.6 % 10°
2.4 x10°

22 % 10°

Ja=0.02, Ra=2x10"
2.0x10° T I T I T I T I T

50x10°  1.5x10°  25%x10° 3.5x10° 4.5x10°
0.0x10° 1.0x10° 20x10° 3.0x10° 4.0x10° 5.0x10°
Re,

Fig. 4. Variation of m with Re, asfunction of P and Sw.

Figs. 3(a) and 3(b) show the effects of the dimensionless
pressure gradient parameter, P, on the variation of the dimen-
sionless film thickness and local Nusselt number along the
surface of the tube for wall suction parameters of Swv = 0 and
10°, respectively. (Note that Ja = 0.02, Ra = 2 x 10" and
Re, = 3.4 x 10*in both cases). Itisseen that for both values of
Sw, the thickness of the liquid film on the upper surface of the
tube decreases with increasing P. In other words, the liquid
film thickness at the upper surface of the tube decreases when
the effects of the potential flow pressure gradient are taken
into account. Conversely, on the lower surface of the tube, the
liquid film thickness increases with a higher P. In other words,
the liquid film thickness at the lower surface of the tube in-
creases when the effects of the potential flow pressure gradient
aretakeninto account. Thesefindings are reasonable sincethe
potential flow pressure gradient has a positive value on the
upper surface of the tube, but has a negative value on the lower
surface of the tube. From Eq. (14), it can be seen that for a
positive value of the pressure gradient (i.e. P sin 26> 0), the
liquid film is pushed down over the side surfaces of the tube,
and thus areduction in the film thickness occurs. Conversely,
for anegative value of the pressure gradient (i.e. P sin 26< 0),
the liquid film is pushed in the upward direction, causing an
accumulation of the condensate and a corresponding increase
in the thickness of the condensate layer.

__Fig. 4illustrates the variation of the mean Nusselt number,
Nu , with the two-phase Reynolds number, Re, as a function
of the dimensionless pressure gradient parameter, P, and the
wall suction parameter, Sv. It can be seen that the mean
Nusselt number increases with increasing Re, and increasing
Sw. In addition, it is observed that for lower values of the
two-phase Reynolds number (i.e. Re, < 2 x 10°), the dimen-
sionless pressure gradient parameter, P, has a negligible effect
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on the mean Nusselt number. However, Nu decreases with
increasing P at higher values of Re, (i.e. Re, = 2 10°%. The
greater effect of P on Nu at higher values of Re, isto be ex-
pected since a higher value of Re, corresponds to a reduced
liquid film thickness on the upper surface of the tube, and
hence a corresponding increase in the positive effects of the
dimensionless pressure gradient parameter P.

IV.CONCLUSION

This study has investigated the forced convection heat
transfer performance of a condensate layer flowing in the
downward direction over a horizontal tube with wall suction
effects. The results have shown that the gravity effect causes
the condensate layer thickness to have a minimum value on
the upper surface of the tube but to increase toward an infinite
value on the lower surface of thetube. In addition, it has been
shown that the interfacial shear stress causes a reduction in
the thickness of the liquid film, and therefore increases the
heat transfer performance. Moreover, the potential flow pres-
sure gradient enhances the heat transfer coefficient on the
upper surface of the tube, but reduces the heat transfer coeffi-
cient on the lower surface of the tube. Finaly, the results
have shown that the effects of the potential pressure gradient
on the mean Nusselt number must be taken into account when
the two-phase Reynolds number has a value greater than
Re, =2 x 10°

NOMENCLATURE

Cp specific heat at constant pressure

D diameter of circular tube

g acceleration of gravity

h heat transfer coefficient

hig heat of vaporization

Ja Jakob number defined in Eq. (15)

k thermal conductivity

K permeability of porous medium

n’ condensate mass flux

Nu Nusselt number defined in Eq. (19)

p static pressure of condensate

P dimensionless pressure gradient parameter de-
fined in Eq. (15)

Pr Prandtl number defined in Eq. (15)

R radius of circular tube

Ra Rayleigh number defined in Eq. (15)

Re, two-phase mean Reynolds number defined in Eq.
(15

Re, suction Reynolds number defined in Eq. (15)

Sw suction parameter defined in Eq. (15)

T temperature

AT saturation temperature minus wall temperature

u velocity component in x-direction

Ue tangential vapor velocity at edge of boundary

layer defined in Eq. (7)

U.. vapor velocity of free stream

% velocity component in y-direction

Greek symbols

J condensate film thickness

U liquid viscosity

P liquid density

Py vapor density

o thermal diffusivity

o angle measured from top of tube

Ts interfacial shear stress

Superscripts

o average quantity

* dimensionless variable

Subscripts

sat saturation property

w quantity at wall
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