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A Numerical Analysis of the Forced Convection
Condensation of Saturated Vapor Flowing Axially

Outside a Horizontal Tube
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Physical and mathematical models are developed to describe the forced convection condensation heat
transfer of saturated vapor flowing axially outside a horizontal tube. The numerical solution of the
models indicates the effects of vapor velocity on the liquid film thickness. The result verifies the en-
hancement of condensation heat transfer caused by such flow.
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INTRODUCTION

Laminar film condensation of saturated vapor on
a vertical surface has been studied widely. In 1916,
Nusselt!!] first developed a very simple and effective
correlation to describe natural convection condensa-
tion of pure saturated vapor on a vertical wall. Then
he derived a theoretical solution for natural convec-
tion condensation of saturated vapor on a horizontal
tube surface. In 1959, Sparrow!? applied boundary
layer theory to the problem. Since then, advances
in the treatment of the boundary layer have allowed
the solution of the condensation problem with increas-
ing accuracy® 9. However, most work is concerned
with natural or forced convection condensation of va-
por across horizontal tubes. Little reasearch has been
done on condensation due to forced convection axial
flow outside of a horizontal tube. Recently, the en-
hancement of condensation heat transfer due to coiled
wires on a tube was studied by Wang et al.l11:12 Ip
these papers, the surface tension of the condensate
caused by the coiled wire was considered to be an
axial force. The surface tension exists only between
the wires. No study has been reported concerning
forced convection condensation heat transfer with ax-
ial shearing stress on the condensation film. This kind

of condensation phenomenon exist in heat exchang-
ers, especially in rod-baffle condensers. This paper
gives a theoretical study and numerical computation
of the condensation phenomemon. The results show
that this pattern of vapor flow with shearing stress
enhances the heat transfer of condensation.

PHYSICAL AND MATHEMATICAL MOD-
ELS

1. Assumptions

(1} Thermophysical properties of liquid film and va-
por film are constant;

(2) There are no noncondensable gases;

(3) The flows in the liquid and vapor films are lam-
inar and the liquid film is very thin;

(4) The axial speed of the vapor flow is far greater
than that of the liquid film; the circumferential speed
of the vapor flow is neglected;

(5) The inertia terms in the motion equations and
the convection terms in the condensate film energy
equation are neglected;

From these assumptions, the liquid flow is taken as
two-dimensional in the (¢, z) plane and the vapor flow
is taken as two-dimensional in the (y,z) plane. As a
result, the original three-dimensional problem is sim-
plified to a combination of two-dimensional problems.
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Nomenclature
C, specific heat [J/kg- K]
D diameter of tube [m)]

Fr Froude number [-]
g gravitational acceleration [m/s?]
Ja Jakob number [-]
Nu Nusselt number [-]
Pr Prandtl number [-]
q heat flux [W/m?]
temperature [K]
T latent heat of vaporization [J/kg]
u,w liquid velocity in ¢o— and z— directions

respectively [m/s]

W,V vapor velocity in z— and y— directions
respectively [m/s]
z,y,z rectangular coordinates [m]

Greek Symbols

6  thickness of condensate film [m]

A thickness of vapor boundary layer [m]

A thermal conductivity [W/m- K]

¢ dynamic viscosity [kg/m - s}

v kinematic viscosity [m?/s]

p  density kg/m?]

¢  angle in cylindrical coordinate [-]
Subscripts

f  infinite

i interface of liquid and vapor

l liquid phase

s  saturated

v vapor phase

w wall

-  dimensionless

2. Governing Equations
The physical model and coordinate system used

Fig.1 Physical model and coordinates

for the forced convection condensation heat transfer
of saturated vapor flowing axially outside a horizon-
tal tube is shown in Fig.1. The following mathemat-
ical model can be derived according to the above-
mentioned physical model.

The motion equations of the model are:
for the liquid film,

82 .
Higz TP sin(p) =0 (1)
w
Hla—y2 =0 (2)
t

52 =0 (3)

for the vapor boundary layer,

W oW oW
- - =y — 4
WV = (4)
W oV
DA T A 5
5z Ty 0 (%)

The energy conservation equation at the liquid va-
por interface is:

2 8 8 a( _ Mi(ts —tw)
Dy (/0 “dy) to (/o “’"y) R

with the boundary conditions: ©
y=0 u=w=0 t=t, (7

while for y = § or £ = 0 (liquid-vapor interface)
w; =W; t=tg (8)
"‘Z_: = #u%? (9)
—pVi=% (20)

T
where { =y -4

y=6+Aoré=A W =W; %:0 (11)

Directly integrating Equation (1) twice and using
the boundary conditions in Equations (7) and (8)
gives:

: v
u=ﬂ£ﬂ£(@_20 (12)

T 2
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Directly integrating Equation (2) twice and using the
boundary conditions in Equations (7) and (8) gives:
wiy

Directly integrating Equation {3) twice and using the
boundary conditions in Equations (7) and (8) gives:

t=(ts — t,,,)% + ty (14)

Considering heat conduction in the liquid film:

o ﬂ - (tS — tw)
qi = Al (ay)yzo = Al I3 (15)

Substituting Equations (12) and (13) into Equation
(6) gives:

2p9 (s 83
3D (6 cosgo+sm<pa‘p

190 Jauy
= (W) = == 16
*352 U9 = B (16)
Equation (16) is put into dimensionless form using the
following dimensionless numbers:

Fr= %‘f;— (16a)
7, CP:(ti —tw) (165)
Pr= :—i (16¢)
H= 1-% (16d)
z= uszz (16¢)
= Wi ” (16£)
W= (169)
Then Equation (16) becomes:
Fr (34 cos p % sin tp%s—;—)
+"z 8(?6) =15H (17)

Integrating Equation (4) for £ from 0 to A gives:

[ e [ v [

*w
Wl (19)

A Numerical Analysis of the Forced Convection Condensation 33

since

ow v _
3z = 9
and
BWV) a8V oW oW W
v o wl vl
ae "otV 5 * ot

oW 9(WV) ow
= W
T, 3% " 8z
Substituting Equation (19) into Equation (18) gives:

A qWwW) 2 awv)
/0 5 d§ + /D 3¢ 3

A 2
-/ v I W (20)
G

Integrating Equation (20) gives:

(19)

A
% (/ (WW)d€) + WeVy — WiV,
0

3W)
vp | —— (21)
( aé £=0
Integrating Equation (5) for £ from 0 to A gives:
A W A
e [
0o 02 0

therefore (using Equation (21)),

A aw

=Vt ) e

(22)
Substituting Equation (21), then gives

o [A

(| ovw —wwde)

9z Jo

oW
“’"( B )Ezo (23)
From Equation (10)

[ ’\L ts_tw)
o Ault-t)

+(Wy - W)V, =

T TPy ’ s
so that:’ Mt — 1)
‘/i - I\LS — by (24)
(p,,61‘)

Substituting Equation (24) into Equation (23) gives:

A
53-2- ( /0 (WW — WW,)dg)

Jo ppv\ _ (W
Wy - W’(Pnp.,é)“ ""(8& )g:o z)
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Assuming a parabolic velocity profile in the vapor
boundary layer:
W =a+bf+ct? (26)
and using the conditions:
f =0 W = w;

§=A W=Wf

the velocity distibution within the vapor boundary
layer is given by:

W = w; + (W) = w;) [z% - (%)2] @27)

Substituting Equations (13) and (27) into Equation
(9) gives:
A _ 2(Wf - w,-) Moy
6 wi

Subtituting Equations (27) and (28) into Equation
(25) then gives:

L (-l (87
~ (i + Wy —wi) 25 - ( ) }d&}

Japivy m
Wy — w;) 222 _ o P
+(W; W)Prlpv6 wi s (29)

(28)

Integrating Equation (29) gives:

s W — wi)*(3w; + 2Wy)
8z [ w; ]

151;:2

JaVl .m] -0

W -
[( F P’I‘[ Wi Pl

where
R2 = Hor
Ho Py
Substituting Equations (16a)-(16g) into Equation (30)
gives the dimensionless equation

(1 - w;)2(3w; +2) db°

o =
22 d 1(1 — %)% (3w; + 2)
2 = ]
2
+ 2 (0 ~w) - w) = 0 (31)
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NUMERICAL SOLUTION FOR TWO LIM-
ITING CASES

1. No Surface Shear on the Liquid Film
For natural convection condensation of saturated
vapor on a tube:

Wr=0 and w;=0

so that Equation (16) becomes:

3
2Plg (63 COS(p+Sln(paa6 ) — Jaul

P’I‘16 (32)

3D w
Equation (32) describes natural convection condensa-
tion of saturated vapor on a horizontal tube. This is

Nusselt’s equation!!!, which must be solved numeri-
cally.

2. No Gravitational Force in the Liquid Film
The phenomenon, similar to forced convection con-
densation of vapor flowing on a horizontal plate, is
defined by:
g=20

Therefore, Equation (16) becomes:

5 4(w:6)
dz

=2H (33)

while equation (30} becomes:

(1 - )2 (3w; + 2)8
E[ w; ]
P m -m=0 e

Assuming the following functions for w; and 5> which
satisfy Equations (33) and (34),

w; = A, (35)

5 =Bz (36)

and substituting Equations (35) and (36) into Equa-
tion (33) gives:

ABy=4H or By = (‘f ) (37)

Substituting Equations (35) and (36) into Equation
(34) and using Equation (37) gives:

4(1 — A)2(2 + 34,)
R2

3
12‘? +15A%(1- A4,) = (38)
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From Equation (36):

5= (%) z (39)

Substituting Equations (16e) and (16f) into Equation
(39) gives:
Nu, VA4, (40)
VRe, 2VH

In Equation (40), Nu, = a,z/A\; and Re, =
Wsz/vi. Equation (40) is the relationship between the
local Nusselt number and local Reynolds number for
forced convection condensation on a horizonal plate.
In Equation (40), A, is obtained from Equation (38).

3. Including the Effect of Both Forces on the
Liquid Film

When both surface shear and gravitational forces
act on the liquid film, no terms in Equations (17) and
(31) can be neglected. When ¢ = 0, Equation (17)
becomes:

4 35d
Fré + Zfz(wiz) =15H (41)

Equations (31) and {41) form a set of first order dif-
ferential equations that can be used to obtained the
characteristic solution at ¢ = 0. The variations of §
and w; as functions of Z at ¢ = 0 was determined by
numerically solving Equation (31) and Equation (41).
Since it is assumed that the speed of the liquid film
flowing circumferentially does not force the vapor to
move in the circumferential direction, then the axial
flow of the vapor forces the liquid film to move only ax-
ially. Therefore, the derived speed at the liquid-vapor
interface is a function of only the axial coordinate.
Therefore, the derived speed at the liquid-vapor inter-
face is not only applicable to the location, ¢ = 0, but
also applies at any angle . If the variations of § and
W; as functions of Z at ¢ = 0, and the relationship
between w; and Z are substituted into Equation (17),
then the variation of § for all Z and ¢ can be found
using the Runge-Kutta-Gill method.

NUMERICAL RESULTS AND ANALYSIS

1. Relationship between Liguid Film Thick-
ness, 8, with ¢ and z

Fig.2 and Fig.3 show the variation of the liquid film
thickness &, with ¢ and z. Fig.4 shows the liquid film
thickness variation as a function of the Fr number.
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When the Fr number increases, the thickness decreases
indicating that a large vapor flow velocity pro-
duces a strong
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Fig.2 Axial liquid film thickness variation
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Fig.4 Liquid film thickness variation with Fr number
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shearing stress at the liquid-vapor interface which, as a
result, makes the liquid film thin. The figures indicate
clearly that the thickness of the liquid film increases
with the increase of either ¢ or z. To show the en-
hancement of heat transfer with the flow pattern, a
comparison between the thickness of the film on the
top of a tube with free convection condensation and
with forced convection condensation is shown in Fig.5.
It is clear that when the Fr number is large, the lig-
uid film is very thin near the entrance due to the high
vapor velocity. Further down the tube (larger z), the
vapor velocity-decreases rapidly due to condensation
and the liquid film thichness increases until it reaches
a value typical of free convection. Therefore, there is
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Fig.5 A comparision of liquid film thickness for
forced and natural convection condensation

Z=0.05 m
R=55.423
H=0.04261

ooon Wes 2m/s
asan W= 4m/s
s+t W= 6m/s
*RRR W= Bm/s
0000 W=

500 +rrrrrrrrrreerereeer
0 50 100

"'iéé'ﬁ" 200

Fig.7 Circumferential variation of the local
heat transfer coefficient
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significant enhancement of the condensation heat
transfer in the enchance region, especially at larger
Fr numbers.

2. The Variation of the Local Heat Transfer
Coeflicient o .with ¢ and z

Taking R11 as an example, the variation of the lo-
cal heat transfer coefficient, «, as a function of ¢,z is
shown in Fig.6 and Fig.7. As Fig.6 and Fig.7 show,
the local convective heat transfer coefficient decreases
with increasing z and . The mean heat transfer coef-
ficient in the circumferential direction decreases with
increasing z and with decreasing Fr number, as shown
in Fig.8.
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Fig.6 Axial variation of the local heat
transfer coefficient
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Fig.8 Mean circumferential heat transfer coef-
ficient variation in the axial direction
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