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Abstract

The paper is an investigation of turbulent film condensation on a half oval body. The high tangential velocity of the
vapor flow at the boundary layer is determined from potential flow theory. The Colburn analogy is used to define the
local liquid—vapor interfacial shear which occurs when the high velocity vapor flows across the body surface. The paper
then presents a discussion of the results obtained for the local dimensionless film thickness and heat transfer charac-
teristics. Furthermore, the present paper discusses the influence of Froude number, sub-cooling temperature and system

pressure on mean Nusselt number.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Film condensation plays an important role in heat
exchanger design, chemical engineering applications,
electronic element cooling, and in the design of power
plant cycles. Consequently, significant effort has been
directed towards research into related fields. Many
studies have been made on the laminar film condensa-
tion of a quiescent vapor on surface of various shapes
since the pioneering work of Nusselt [1]. In 1966, She-
kriladze et al. [2] analyzed film condensation on hori-
zontal tubes under low velocity vapor flow conditions.
Since then, much literature relating to researches into
laminar film condensation on horizontal tubes has been
published, e.g. Refs. [3-5]. Yang and Hsu [6] analyzed
the problem of combined free- and forced-convection on
a horizontal elliptical tube, and paid particular attention
to the effects of vapor shear and pressure gradient.

Studies of the heat transfer process often consider the
case of a spherical body. Typical studies include those
conducted by Yang [7] and Karimi [8], which both
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considered the case of an isothermal wall with natural
convection condensation. The case of forced-convection
film condensation on a sphere using constant properties
analysis has also been investigated, e.g. by Hu and Ja-
cobi [9]. Furthermore, in 1992, Jacobi [10] analyzed the
filmwise condensation from a flowing vapor onto iso-
thermal, axisymmetric bodies with the model of Dhir
and Lienhard [11].

From the above, it will be clear that there has been
significant discussion of laminar film condensation
within published literature. However, it is also worth-
while developing an understanding of turbulent flow
condensation. At first, in the research of Michael et al.
[12] in 1989, the authors pointed out that condensate
films may be partially turbulent at high vapor velocities.
According to the statement, Sarma et al. [13] carried out
theoretical research into turbulent film condensation on
a horizontal tube, and found that his results were in
good agreement with experimental data relating to the
condensation of steam flowing under a turbulent regime.
However, there has been relatively little recent investi-
gation of the issues relating to turbulent film conden-
sation on a half oval body e.g. the relationships between
the various heat transfer characteristics of the conden-
sation film. Therefore, the aim of this present study is to
investigate turbulent film condensation on a half oval
body employing the model of Sarma et al. We hope that
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Nomenclature

a radial of nose

C, specific heat of condensate at constant
pressure

f average friction coefficient

Fr Froude number, 2 /ga

Grashof number, ga®/v?
acceleration due to gravity

u* shear velocity

ut dimensionless velocity

X streamwise boundary-layer coordinate
y transverse boundary-layer coordinate
y+ dimensionless distance

Greek symbols

Gr

fz' local heat transfer coefficient 5+ cc.)nden.s ate film tthk.n ess

h, latent heat of condensate 0 filmenm.onless film thickness

k ) thermal conductivity ¢ 1r}terfac1.al shear .parameter

Nu Nusselt number v kmematlc viscosity

o density

P system pressure parameter

Pr Prandtl number ! '?hear stress

Re Reynolds number o0 in the f_’ree .st.ream

Re* shear Reynolds & eddy diffusivity

Re* wall shear Reynolds parameter Subscripts

S sub-cooling parameter, C,(Ts — Tyy)/hsPr sat saturation

T temperature v vapor

T* dimensionless temperature 1 liquid

u velocity component in x-direction w oval wall

Ue the tangential vapor velocity at the edge of 1) vapor-liquid interface

the boundary layer
the present study can be applied to design a reflux
condenser for a centrifuge boiling. t‘li‘ U
| y

2. Analysis

This paper considers a half oval body, whose uniform
wall surface temperature is represented by 7;,, immersed
in a downward and pure vapor flow at its saturation
temperature, T, moving at a uniform velocity, .
Steady-state condensation occurs on the wall of the
body, and a continuous film of the liquid runs down- Condensat T
ward over its surface. The physical model and the co- film s
ordinate system adopted in this study are shown in
Fig. 1.

If turbulent flow occurs near the wall of the body A A28
surface, then it may be assumed that the thickness of the Body sfrface
liquid film is much smaller than the radial of nose. It is
possible to make the assumption that it is sufficiently
close to the wall that the inertial force may be neglected.
Since the condensate film is turbulent at the high vapor
velocity, the surface tension effect may be neglected. Fig. 1. Physical model and coordinate system.
Furthermore, it is assumed that the condensate film is )
under a turbulent region in all regions other than at the T =T — g0(p — p,)sin0 =0 (1)
upper stagnation point. Vapor boundary layer separa- where the wall shear stress
tion of vapor around the condensation film is neglected.
These assumptions allow the force balance equation tw=p(v+e )% (2)

. . . w m

to be expressed in the following equation: dy
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Thus, the force balance for an element of the con-
densate film (refer to Fig. 1) is governed by the wall
stress, the body force and the liquid—vapor interface
shear stress. The limitation of the Eq. (1) is condensation
occurs only under the condition of lower condensation
rate, i.e. sub-cooling parameter is a low value.

Owing to all the heat conducted across the film is a
result of the condensation of the vapors at the interface;
the energy balance equation of the condensate film can
be expressed as

o d 2 0 K, dT

o Q Tudy=2090 3
sec? dx Jo seeaney heg dy,_ 3)

With reference to Fig. 1 the differential arc length
may be written as

0/ 1.0
dx:aseci 1+§s1n§d9 (4)

Assuming that the flow is sufficiently close to the
wall. The influence of turbulent conduction across the
condensate layer is more significant that the influence of
convection. Therefore, the energy equation can be ex-
pressed as [14]:

d EH dr

— [ 1+—=Pr)—| =

dy {( + v > dy} 0 )
The boundary conditions are described as

(1) aty=0;, T=T, ©)
(2) aty = 5; T = T

In the high vapor velocity, the semi-empirical equa-
tion that describes heat transfer in the flow parallel to a
moderately curved surface may also be used to describe
the heat transfer in the flow on an oval body. Jakob [15]
proposed that this situation might be described by the
following expression:

Nu = 0.034Re*> pr/3 (7)

The limitation of Eq. (7) is that it excludes from using
liquid metals.

According to Colburn analogy the heat transfer
factor can be represented as follows:

L _ spn (8)
2
where
Nu
—
5 RePr

The average friction coefficient may then be written as

S
; J5" fo2ma® sinOsec® 4 /1 + 1 sin2d0
T . B
J&" 2ma? sin Osec? § /1 + 1 sin4d0

©)

Combining Egs. (7)—(9) yields an expression for the
local friction coefficient, i.e.

fo=CRe,**sin0 (10)

where the value of constant C is 0.079, Re, = 2u.a/vy.
The local shear stress is defined by the relationship:

5 = it fo (11)

In the description of potential flow theory about
Rankine half body of revolution, the tangential velocity
is given by

uﬁ:u;(1—2cos(9cos2§+cos“g) (12)

Combining Eqgs. (10)-(12) allows the local shear stress to
be expressed as

0 0\ .
15 = Cp,u’, Re, 2 (1 — 2cos 0 cos? 3+ cos* E) sin 0
(13)

Incorporating the interfacial vapor shear stress, s,
given by Eq. (13) into the elemental force balance en-
ables Eq. (1) to be rewritten in the following form:

0 0\ .
7y = Cp,u’ Re;*? (1 — 2cos 0 cos? 7 + cos* 5) sin 0

+&8(p — py)sin b (14)

The following dimensionless variables and equations are
now defined:

12
_p . T
friction velocity u" = (ﬂ)

p
dimensionless velocity u' = %
u
. . T-T,
dimensionless temperature 77 = ——
Tsal - TW
dimensionless distance y" = R
V]
. . . . ou’
dimensionless thickness " =
Vi
Re* (15)
wall shear Reynolds parameter Re* = e
Gr/3
shear Reynolds Re™ = au
Ul
2
Froude number Fr=-—=
ga
3 _
modified Grashof number Gr = g% AL by
Y 1
. C,(Tsr — T,
sub-cooling parameter § = Gl = 1)

hegPr

The eddy diffusivity for momentum ey is assumed to
be equal to that for energy ey. Substitution of these
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variables into the energy equation (Eq. (5)) yields the
following dimensionless energy equation:

d &m dr+
dyi{<l+‘—ylpr)a} =0 (16)

The dimensionless boundary conditions of Eq. (16) are
as follows:

(1) aty"=0; T*=0

17
(2) atyt=6% TT=1 (17)

Substitution of Eq. (15) into Egs. (3) and (14) gives

d o0,
_¢ Yt dvt
sec%d()/o seeyu v
0 . dT*

0 1
=SGr'Psec /14~ sin_Re" —— 1
S Gr secy 1+ sinsRe I (18)

—02
Re™> — Re*CZ‘O'Z& (ﬂ) Gl 4/6 309
P\ W
, 0 40N . L.
X [ 1 —2cosfcos z—i-cos 5 sinf + 6" sin0
(19)

where €270 (%)70'2Gr1'4/ 6 is defined as the interfacial

shear parameter ¢.
Further, the velocity profile of Eq. (18) can be ob-
tained from the following expression [14]:

(1+87m)§yli:1 (20)

The boundary condition of Eq. (20) is
ut=0 atyt =0 (21)

The eddy diffusivity distribution relevant to the present
study, was presented by Kato et al. [16], and is given by
the following equation:

87'“ — 0.4y"[1 — exp(—0.0017y"2)] (22)

Substituting the Egs. (20)—(22) into Eq. (16) yields the
following equation:

1

o dy+
art /0 1+ 0.4y [1 — exp(—0.0017y*)|Pr
dy* ey 1+ 0.4y*[1 — exp(—0.0017y+>)]Pr

(23)

Substitution of Eq. (20) into Eq. (18) gives the following
expression:

d o 0,+ v+
Re* — & [, secdutdy

1/3 2 0 1 qipn 047
S Gr!/3 sec 21/1+251n2d},+),+:0

(24)

Rewriting Eq. (19), gives the local dimensionless thick-
ness as

Re” — Re* pFr"® (1 — 2cos O cos? § + cos* §) sin 0

sin 6

ot =
(25)

Considering the condensation heat transfer, inter-
preting the results of the model is straightforward if the
following heat transfer coefficient is adopted:

or

Ki— =hTl—-T, 26
Ty, =T (26)

In a dimensionless form, Eq. (26) can be written as
follow:
dr+

Nu=Re" — (27)
dy+y+:0

Obviously, the local Nusselt number can also be ex-
pressed as follows:

Ni G 1/12 dT+
= Re —— (28)
Re, Fr dyt oo
where Re; = ua/v, and Nu = ha/k.

Thus, one can obtain the mean Nusselt number from
Eq. (28) as follows:

Nuw 1 [¥ Nu sin0 1.0
o 7 2L BT 1+ sinado 29
R " 2x Jy, RecosfV T2%M3 (29)

The equations developed above will now be applied
in the following section of this paper, which relates to a
numerical method.

3. Numerical method

The dimensionless governing equations (23)—(25) can
be used to estimate the values of 6" and Re*. The esti-
mation process can be described as follows:

(1) Boundary conditions corresponding to the system
conditions are input; i.e. at i = 0, the dimensionless
film thickness &' is zero. At the next node, i.e.
i =i+ 1, the value of 0 is given by 0;,; = 0; + A0,
where A0 = (n/300).

(2) In Eq. (23), the dimensionless film thickness is as-
sumed to be 6?:1 at the first node, i.e. i = 1. The tem-
perature gradient (d7*/dy"),._, can be calculated
and then substituted into Eq. (24).

(3) The shear Reynolds parameter at the first node
(Re;_,) can be calculated.

(4) Substitution of the shear Reynolds parameter, Re*,
into Eq. (25) allows a new value of the dimensionless
film thickness to be determined, i.e. (5fj ' If compar-
ison of (5;21 and 5;7; " reveals no similarity between
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z .
the two values, a new, corrected value of (3;1 will be
assumed, and computation continues until the con-
vergence criterion is attained, i.e.

+Z\ 1 +Z
51‘ — 6[

| <1 107

(5) This process is repeated at the next node position,
ie. 0,1 = 0; + AO. Because numeric shows an infi-
nite value when 6 = =, all nodes are within the range
0<bh<Im

(6) The local Nusselt number and the mean Nusselt
number are then calculated.

0

(7) Set angular parameter 07 = 526"

4. Results and discussion

Fig. 2 presents the variation of the dimensionless film
thickness of the condensate along the surface of the half
body for different values of the sub-cooling parameter,
S. At the upper stagnation point (9" = 0), the value of
the dimensionless film thickness, d", is zero. Observation
of Fig. 2 shows that the dimensionless film thickness
increases continuously as the value of 0" increases, i.c.
from its minimum value at the upper stagnation point to
a maximum value at the trailing edge (ie. 07 =1).
Furthermore, it can be seen that an increase in both
Froude number and sub-cooling parameter leads to an
increase in the local condensate film thickness.

Fig. 3 plots data derived from Eq. (27) to present the
variation of the local Nusselt number of the condensate
along the body surface for three sub-cooling parameter

100
—————— Fr=5x10°
Fr=1x10
80 Gr=3x10"
 =0.005
pr=>5 ’
60 |- L
+ , ‘ J
2] , .
52003 . e
40 L7 L7
©/5=0027
201 e )T
’,’,*',—" 5=001
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
0+

Fig. 2. Variation of dimensionless local film thickness with
angle parameter, 0" = 0/(32).

1.6

NuRe *°

0.0 0.2 0.4 0.6 0.8 1.0
e+

Fig. 3. Variation of local Nusselt number with angle para-
meter.

values. It is seen that the value of the shear Reynolds
(Re*) parameter gradually increases from its minimum
value at the upper stagnation point for increasing an-
gular positions, and that it reaches a peak value about at
0" =1/2. After this point, the value of the shear Rey-
nolds parameter then gradually decreases, and reaches a
lower value at the trailing edge. Fig. 3 also shows quite
clearly that the local Nusselt numbers decrease as the
value of the sub-cooling parameter increases.

Fig. 4 presents the relationship between the mean
Nusselt number of the half body and the sub-cooling
parameter for different Froude numbers. For any given
Froude number, it can be seen that the mean Nusselt
number increases as the value of the sub-cooling pa-
rameter, S, decreases. However, for any given value of S,
the mean Nusselt number is dependent upon the Froude
number and it is seen to increase as the Froude number
increases.

Fig. 5 shows the influence of the shear parameter on
the mean Nusselt value for three different Fr values. The
system pressure parameter is given by p = p,Pr/pJa,
thus, when p,/p, is higher, (P-S) is also higher (where
S = Ja/Pr). Observation of the figure shows that for a
fixed value of S, the system pressure increases as the
value of ¢ increases. As a result, the increase in system
pressure leads to an increase in the mean Nusselt num-
ber.

Fig. 6 shows the influence of the system pressure on
the mean Nusselt number for three different values
of the sub-cooling parameter, S, within the values of
0.005, 0.01 and 0.02. It can be seen that the mean
Nusselt number decreases as the value of S increases.
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0.8

Fr=50000
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©
T o6l Fr=10000
)
Z .
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o 0 1 1 1 1 1 1 1
0.002 0.004 0.006 0.008 0.010
S

Fig. 4. Effect of sub-cooling parameter on mean Nusselt
number.
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0.4 L 1 " 1 . 1 ,
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0

Fig. 5. Effect of interfacial parameter on mean Nusselt number
for different Fr.

Additionally, it is noted that an increase in system pres-
sure results in an increase in the mean Nusselt number.

Fig. 7 shows the effect of the F-value on the mean
Nusselt number. In the case of low vapor velocity (i.e.
F > 10), the results of the present study are tend to
blend with the free film condensation mode. However,
when the value of F decreases and tends toward zero,
the results for the mean Nusselt number resemble the
case of forced film condensation. The figure also indi-
cates that as the value of F decreases, the mean Nusselt

25
2.0
0 1.5 1--5=0.005
‘o 2--5=0.01
QCE 3--=0.02
2 Gr=3x10"!
1.0 Pr=5
Fr =10000
0.5
00 1 1 1 1 1 1 1 1
0.02 0.04 0.06 0.08 0.10

Fig. 6. Variation of mean Nusselt number with ¢ for different
sub-cooling.

10.0
oF
st
7t
s
5t
s
3tk
Gr=3x10"
P Pr=5
§=0.0025
o
<
Q
IE 148_
3 +
z 8
s b
5t
aF
st
Pys
ol o aennl sl il el

01
0.001 0.010 0.100 1.000 10.000 100.000 1000.000
F

Fig. 7. Dependence of mean Nusselt number on F value,
F =2/(FrS).

number will transfer from a free- to a forced-conden-
sation mode earlier when the system pressure is higher.
It is also noted that an increase in system pressure brings
about an increase in the mean Nusselt number. Such a
phenomenon is particularly apparent in forced film
condensation conditions. The difference in the relation-
ship between the Nusselt number and ¢ in high and low
vapor velocity regions is not unexpected “because of the
onset of turbulence in the condensate film” in the high
vapor velocity region [17].
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5. Conclusions

The following conclusions may be drawn from the
results of this study:

(1) The limitations on the expression are: that radial of
nose greatly exceeds the film thickness, that the
condensate film occurs only under the condition of
lower condensation rate, and that liquid metals are
excluded.

(2) Alarger sub-cooling parameter will increase the con-
densate film thickness; however, the increase of sub-
cooling parameter will decrease the heat transfer
coefficient.

(3) Both increase Froude and system pressure will in-
crease the average heat transfer.

(4) In the case of low vapor velocity (i.e. F > 10), the re-
sults of the present study are tend to blend with the
free film condensation mode. When the value of F de-
creases, the mean Nusselt number will transfer from a
free- to a forced-condensation mode earlier when the
system pressure is higher. Furthermore, in the case of
high vapor velocity, the mean Nusselt number is
much more dependent upon the system pressure,
“because of the onset of turbulence in the condensate
film” [17] in the high vapor velocity region.
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