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Abstract

The present theoretical study investigates turbulent film condensation on an inclined elliptical tube. Adopting the assumption of an
isothermal wall surface, the energy equation, forced balance equations and thermal balance equations are derived to describe the phe-
nomena of the condensate film. Results are obtained for the heat transfer coefficient over a wide range of vapor velocities, i.e. low con-
densation parameter to high condensation parameter. The optimal inclination angle of the tube in different length-radius ratios and
eccentricity can be obtained in the present results. This study also discusses the influence of the degree of eccentricity of the elliptical
tube on the heat transfer coefficient. Finally, a comparison is provided between the results of the present study and those reported in

a previous theoretical study. It is found that a good agreement exists between the two sets of results.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Nusselt, who is regarded by many as the pioneering
investigator of film condensation, conducted an investiga-
tion into laminar film condensation on surfaces of various
forms in 1916. Since that time, various other researchers
have also studied laminar film condensation of quiescent
vapors. For example, Sparrow and Gregg [1] considered
the problem of vapor condensation on horizontal cylin-
ders. Meanwhile, Dhir and Lienhard [2] proposed a general
integral method, based largely on Nusselt’s work, to pre-
dict the heat transfer coefficient for the non-circular
cross-section condensation problem. Their study focused
particularly on the effects of non-uniform gravity.
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Shekriladze and Gomelauri [3] investigated the prob-
lem of laminar film condensation of flowing vapor and
analyzed film condensation on horizontal tubes under
low velocity vapor flow conditions. The results indicated
that the shearing stress on the friction surface depends on
the momentum transferred by the suction mass. A review
of the literature shows that various researchers have
studied forced convection in laminar film condensation
on horizontal tubes. For example, Fujii et al. [4] studied
the two-phase boundary layer equations of laminar film
condensation on a horizontal cylinder. It was shown that
the mean heat transfer coefficient for downward vapor flow
could be expressed as Nu = x(1 +%%)Re™, where x =

x4FrS
0.9(1 +s( 55). Furthermore, the numerical predic-

i
tions of the heat transfer coefficients generated using this
expression were shown to be in good agreement with the
experimental results. In a later study, Rose [5] considered
the effect of the pressure gradient on forced convection
laminar film condensation on a horizontal tube. Two
significant findings were reported, namely (a) the pressure
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Nomenclature

C, specific heat of condensate at constant pressure
(J/kg K)

d, equivalent circular diameter of elliptical tube
(Eq. (23))

f friction coefficient

f average friction coefficient

F condensation parameter, 2/(SFr)

Fr Froude number, #2 /g(d./2)

Gr Grashof number, gi(df{z)} B

1
acceleration due to gravity (m/s?)

g

heg latent heat (J/kg)

k thermal conductivity (W/m K)

L tube length (m)

L* dimensionless tube length, 2L/(d. tan ¢)

Nur local Nusselt number

Nu local peripherally average Nusselt number
Nu,,  mean Nusselt number for whole tube surface
n constant (0.805)

g interfacial shear parameter, ’/’)—‘1 Gt )Gl 4/

Pr Prandtl number

R equivalent circular radius of elliptical tube, d./2
R’ shear radius, deu’/(2v)

R; wall shear parameter, R/ Gr{l/ ;2

Re Reynolds number ’

S sub-cooling parameter, C,(Ts — T,)/(hePr)

St Stanton number, Nu/(RePr)

T temperature (K)

T" dimensionless temperature, (T — T,)/(Ts — Ty)
Uso vapor velocity of free stream (m/s)

u condensate velocity (m/s)

u shear velocity in x-direction, \/tyy/p

u; shear velocity in z-direction, \/ty./p

ub dimensionless velocity, u,/u}

X peripheral coordinate (m)

y coordinate measured distance normal to surface
(m)

y* dimensionless distance, yu /v

Z axial coordinate (m)

Al dimensional axial coordinate, 2z/(d. tan @)

Greek symbols

0 condensate film thickness (m)

5t dimensionless film thickness, du;/v|

@ tube inclination angle with the horizontal

v kinematic viscosity (m?%/s)

p density (kg/m?)

T shear stress (N/m?)

Tsy interfacial vapor shear in x-direction

Ts- interfacial vapor shear in z-direction

Twx wall shear in x-direction

Twz wall shear in z-direction

0 angle measured from top of tube

10) angle between the tangent to tube surface and
the normal to direction of gravity

&m eddy diffusivity for momentum

&h eddy diffusivity for energy

Subscripts

1 liquid

e edge of vapor boundary layer

s saturation

v vapor

w tube wall

x x-direction

z z-direction

0 vapor-liquid interface

gradient gives rise to an increase in the heat transfer coef-
ficient over the forward part of the tube, particularly at
higher valges of ."X’Tf,ﬁ",. and (b) the pressure gradient pro-
motes an instability in the condensation film at certain

locations over the rear half of the tube when 85 ‘\fgc <1

Sarma et al. [6] investigated turbulent film condensation
on a horizontal tube with isothermal wall conditions under
an external flow of pure vapor. The interfacial shear was
solved by means of the Colburn analogy. The numerical re-
sults were found to be in good agreement with the experi-
mental data.

The studies presented above involved condensation on
tubes with circular cross-sections. However, it is reasonable
to assume that an elliptical tube whose major axis is aligned
with the direction of gravity should also provide some of the
advantages described above. For the case of free-convection

film condensation on a horizontal tube, Cheng and Tao [7]

found that the heat transfer coefficient performance of a
horizontal elliptical tube is superior to that of a circular
tube with the same condensation surface area. Meanwhile,
for free and forced convection film condensation on a hor-
izontal elliptic tube, Yang and Hsu [8] determined that for
values of eccentricity in the range e = 0.8-8.95, the mean
heat transfer was enhanced by approximately 16% at high
values of F (low vapor flow velocity) and by 11% at low val-
ues of F compared to the case of a circular tube with an
equal condensation surface area. Memory et al. [9] applied
a Nusselt type analysis to the condition of free convection
and revealed that an elliptical tube yielded an improvement
of almost 11% in the heat transfer coefficient compared
to a circular tube. For the case of forced convection,
the interfacial shear was estimated in two ways: firstly, by
using an asymptotic value of the shear stress under condi-
tions of an infinite condensation rate, and secondly by
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simultaneously solving the two-phase vapor boundary layer
equations. For forced convection with the same approach
velocity as for a circular tube, the elliptical tube provided
a 2% decrease in the mean heat transfer coefficient results.
Asbik et al. [10] predicted the onset of boundary layer tran-
sition in film condensation on a horizontal elliptical tube.
Both the inertia and the convection terms were retained in
the analysis. The work of Asbik et al. can be extended such
that the beginning and the end of boundary layer transition
can be determined.

Several researchers have focused on the problem of con-
densation on inclined tubes. For example, Hasson and
Jakob [11] investigated the laminar film condensation of
pure saturated vapor on inclined cylinders. Meanwhile,
Mosaad [12] investigated combined free and forced convec-
tion laminar film condensation on an inclined circular tube
with an isothermal surface, and demonstrated the effect of
vapor velocity and gravity forces on the local Nusselt
numbers. For the case of a tube of infinite length, it was

shown that Nu/(Recos )"’ :% In a later

study, Mosaad [13] considered the case of mixed-convec-
tion laminar film condensation on an inclined elliptical
tube. The results indicated that the heat transfer perfor-
mance of the inclined elliptical tube was superior to that
of an inclined circular tube of equivalent diameter, and that
the degree of enhancement increased with the degree of
eccentricity.

Laminar film condensation has been widely discussed in
the published literature. However, it is also worthwhile
developing an understanding of turbulent flow condensa-
tion. According to Michael et al. [14], condensate films
may be partially turbulent at high vapor velocities. Sarma
et al. [6] assumed that condensate film flow takes place
under a turbulent regime in regions located away from
the upper stagnation point. Their study performed theoret-
ical research into turbulent film condensation on a horizon-
tal tube, and estimated the interfacial shear at the interface
by applying the Colburn analogy. It was found that the
numerical results were in good agreement with the experi-
mental data. However, other than the research of Sarma
et al. there has been relatively little recent investigation of
the issues relating to turbulent film condensation on in-
clined elliptical tubes. Therefore, the aim of this study is
to investigate turbulent film condensation on an isothermal
inclined elliptical tube in terms of the local condensate film
thickness and the heat transfer characteristics. The results
developed in the current study are compare with those gen-
erated by previous theoretical results for turbulent film
condensation.

2. Description of physical model

Consider an inclined elliptical tube immersed in a down-
ward flowing pure vapor. The saturation temperature of
the vapor is given by Ty, the vapor is considered to move
at a uniform velocity, u,, and the wall has a uniform tem-
perature of T,,. Condensation occurs on the wall of the

tube, and a continuous film of liquid runs downward over
the tube in both the axial and peripheral directions. The
physical model and the coordinate system adopted in
the present study are shown in Fig. 1. The governing equa-
tions for the turbulent condensate film are described as
follows:

Energy equation:

£[0+20)4)-

Thermal energy balance equation:

d /5 d /0 ky dT
— u,dy + — u,dy = —— 2
@ ), Pedvtg | pwedy s 07, (2)
Force balance equation in axial direction:
du, .
PO +em) gl =1 +80(p — py)sing (3)
Y ly=0
Force balance equation in peripheral direction:
du, .
PV +ém)——| = To+8&5(py— py)sincos g (4)
dy |,
where the wall shear stress
du
Tw = p(v+ém)— (5)
dy =0

The boundary conditions are given by:

(1) aty=0;
(2) aty=3¢;

T=T,

6
T, (6)
These governing equations are subject to the following
assumptions:

(1) The turbulent region is far larger than the lami-
nar region and hence the laminar region can be
neglected.

(2) The turbulent conduction term across the condensate
layer is more significant than the convective term and
hence the convective term can be neglected.

(3) The viscosity component and the sinking effect are
more significant than the inertia force.

(4) Vapor boundary layer separation can be neglected.

Because of 6 < (d./2), using the correlation equation of
a vertical plate to analogize the heat transfer on axial direc-
tion of tube is quite reasonable [15]:

Nu, = C,Re™*Pr'/3 (7)

In the turbulent region, the semi-empirical equations de-
scribe heat transfer in the flow around to the tube reported
that [16]:

Nup = CyRe}* Pr'/? (8)
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Fig. 1. Physical model and coordinate system.

According to the Colburn analogy, the heat transfer fac-
tor can be represented as:

L _ spr (9)
2

Combining Egs. (7)—(9) gives:
f. =2C\Re!! (10)
f() = Cane']’;l sin 0 (11)

where the value of C; is 0.034, C, is 0.0266, and » is 0.805.
Meanwhile:

7(5 \
’ ’@x /
<z Condensate
element
UsZ uoodc Nu
Re, = . Rep = , St=
¢ Vy o Vy RePr

The local shear stress is defined by the following
relationship:

According to potential flow theory, the vapor velocity at
the edge of the boundary is given by:

(1 —€?))cos ¢sin ¢ (13)
Ue; = Uy, SIN @ (14)

Uer = Uso (1 +
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Combining Egs. (10)—(14), it can be shown that the
interfacial vapor shear in the z- and x-directions is given,
respectively, by:

n—1
15. = Cipyusin*Re"™" = Cp i sin’ pRely <2ZR> (15)

T5e = b (1 + /(1 — €2))’Canp,Re"'sin’  cos’op (16)

Introducing Egs. (15) and (16) into the forced bal-
ance equations (Egs. (3) and (4)) yields the following
equations:

Ty = 27"Cipsin” pRe" ™ + g8 (p,
T = 22, (1 +

+ go(p

Cpsing  (17)
(1 —e))*Comp, Rels 'cos’ g sin’p
— p,)sin ¢ cos @ (18)

The following dimensionless variables and equations are
defined:

u
u, = V wa/plv M; =V Twz/pla u;L = _Xv

u;
+_ U +_T-Tv NN
uz_u;" “r,-1, 7 v
e R _dag o dac (19)
i3 N T )
Gr Tde)2 v Vi
3
5+ 751’{;( Fr = uic Gl”*g(de/z) P1— Py
- ) - ) - 2
v g(d./2) Vi P

The energy equation yields the following dimensionless
energy equation:

d &m drt
— (1+2p ) | = 2
dy* K - Vi ) d)ﬁ} 0 20)

The dimensionless boundary conditions of Eq. (20)
are:

(1) aty*=0; T"=0
(2) aty" =07 Tt=1
According to Yang and Hsu [8], the differential arc
length can be expressed by the following equation:
d

(1)

= 20(0)de 22)
where
d. = 27f<1 e )/nu _ sin’g) P dg (23)

I(¢) = n(1 — esin’¢h) 3/2// — e*sin’ ) 3/2d<j) (24)
where d. is an equivalent diameter based on equal
outside surface area, which is comparison with circular
tubes.

Furthermore, the thermal energy balance equation (Eq.
(2)) and the force balance equations (Egs. (17) and (18))
can be rewritten in dimensionless form as follows:

d /‘V/—V COS(pd*d*
I($)de Jo Jo 1+=
d o drt
< / / Smﬁ" dy* dyt = SGrPRE— (25)
o Jo 1+ dyt .,
n—1
tan’gR" = c, P (—) Grs
Pr \Vv
x Fr'tsin’p(tan oZ")"" + 5 sin (26)
1 1= 2\2 n—1 .
R" _ U4+ vI—el) R;{z"nczﬁ (ﬂ) Gr%}
4 P \Vv
x Fr'icos?psin’ g + 5 cos @ sin ¢ (27)
Cp(Ts— Tw)

where the sub-cooling parameter is given by S = P

The interfacial is expressed by

p= ;’))_: (‘,_l )"71Gr1‘4/6'

Vv

shear parameter

The integration terms of Eq. (25) can be attained by
modifying the expression of turbulent film condensation [6]:

cospdy* (28)

k:+
Il
N
=
—_

+a
1

N Y
u. =

The boundary condition is:
t=0 aty"=0 (30)

— sin pdy"* (29)

The eddy diffusivity distribution presented by Kato et al.
[17] is expressed by:

87'“ = 0.4y"[1 — exp(—0.0017y*2)] (31)

Considering the condensation heat transfer, the heat trans-
fer coefficient is given by:
oT

Ki—

oy 7h(Ts - TW) (32)

y=0

Obviously, the local Nusselt number can be expressed as:

Nug  GrV'*  dT*

— il 33
R€11/2 Fr1/4 »’Cdy+ o ( )
where

hR Usode
Nu =— Re] =

k'’ 2y
The local periphery mean Nusselt number is derived
from:
Nu__ 1" Nug
Rell/z - Rel?

do (34)

The overall mean Nusselt number for the entire surface
of the tube can be written as:

Nu 1 Lr o Nupy
m ——d¢dz" 35
Re)” L*n/o , ke (39)
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3. Numerical method

The dimensionless governing Egs. (20), (25), (26) and
(27), subject to the relevant boundary conditions given in
Egs. (21) and (30), can be used to estimate 6", Rer, R;
and Nu for the film condensation by means of the following
procedure:

(1) Boundary conditions corresponding to the system
conditions are input, i.e. at =0, j =0, the dimen-
sionless film thickness, 6", is zero. At the next node
in the ¢ direction, i.e. i = i + 1, the value of ¢ is given
by ¢ir1 = ¢; + A¢p, where A = (n/360). Similarly at
the next node in the Z " direction, i.e. j=j+ I, the
value of z" is given by zj, =z +Az*, and Azt =
(L"/100).

(2) Computation continues until the convergence crite-
rion is attained, i.e.

+k+l +k
5 -

Yl<1x107°

A
51'-,]

(3) This process is repeated at the next node position,
and then subsequently at all nodes within the range,
ie. 0<¢p<m0<z" <L

(4) The local Nusselt number (Eq. (33)), Peripherally
average local Nusselt number along the tube (Eq.
(34)) and the overall mean Nusselt number (Eq.
(35)) are then calculated.

4. Results and discussion

Fig. 2 presents the variation of the condensate dimen-
sionless film thickness on an inclined elliptical tube with

e=02

§=0.02
Gr=3x10"
Fr =5x10*

finite length. The domain factors include the forced-con-
vection turbulent film condensation under a high vapor
velocity, the interfacial shear force, the wall shear force,
and the body force. The figure clearly demonstrates that
the dimensionless film thickness increases as the dimension-
less axial coordinate Z ™ increases. Specifically, the film
thickness increases continuously from a minimum value
at the upper stagnation point (¢ =0) as the value of ¢
increases. It can be seen that the film thickness reaches its
maximum value in the downstream region of the tube at
the lower stagnation point (¢ = ).

Fig. 3 presents the variation of the local Nusselt number
of the condensate around the overall circumference of the
tube, as calculated by Eq. (33). Regarding the variation
of the heat transfer around the ellipse periphery, i.e. in
the x-directional variation, it can be seen that the value
of the shear Reynolds (R*) number gradually increases
with increasing angular position from its minimum value
at the upper stagnation point to its maximum value at ¢ =
/2. Subsequently, the value of the shear Reynolds number
decreases gradually as the angular position is further
increased, and reaches its minimum value at the lower stag-
nation point. These results are in full accordance with those
predicted by potential flow theory, which states that the
maximum value of the shear Reynolds number will occur
at ¢ =m/2. It is also noted that good agreement exists
between the present results for the local Nusselt number
and the theoretical results. Regarding the variation of the
heat transfer in the Z direction, it is observed that the
dimensionless temperature gradient decreases as the con-
densate film flows towards the downstream region of the
tube. Table 1 summarizes the angular positions of the maxi-
mum local heat transfer and the value of the heat transfer
value at various points along the length of the inclined
tube.

Fig. 2. Local film thickness on entire elliptical tube surface.
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e=0.5

S =0.01
Gr=3x10"
Fr =5x10*

gf(
3
2
002
Fig. 3. Local Nusselt number on entire elliptical tube surface.

Table 1
Maximum value of local heat transfer coefficient

z"

0.1 0.5 1 1.5 2.0 2.5 3.0 3.5 4.0
Angle of maximum heat transfer (¢) 177.8° 177.8° 182.1° 180° 180° 180° 180° 180° 180°
Heat transfer (Nu/Re ") 1.382 1.344 1.32 1.306 1.296 1.288 1.281 1.274 1.27

For three different sub-cooling parameter values, Fig. 4
plots the variation of the peripherally averaged local Nusselt
number (Nu(Recos ¢) %) along the inclined elliptical tube
(Z™), as calculated by Eq. (34). It is seen that for a constant
value of Z™, the peripherally averaged Nusselt number
increases as the sub-cooling parameter value decreases.
Besides, for a constant sub-cooling parameter value, the
Nusselt number decreases as Z ' increases from the up-
stream region of the tube towards the downstream region.
Because of the influence of S on averaged Nusselt number
is non-linear, the variation rate of averaged Nusselt number

0.5

e=0.5
- Gr=3x10"
Fr=5x10*

Nu(ReCos ¢)>°

02 1 I 1 I 1
0.0 1.0 2.0 3.0
Z+

Fig. 4. Peripherally average local Nusselt number along the tube.

is larger when S are 0.002-0.004, and the influence on periph-
erally averaged local Nusselt number becomes less when S
are 0.004-0.006. For a large distance from the upper tube
end, the condensate film becomes fully developed, i.¢., inde-
pendent of Z. Hence, at Z = 3 where the peripherally aver-
aged local Nusselt number for S=0.004 and 0.006 are
almost the same.

Fig. 5 presents the relationship between the peripherally
averaged local heat transfer coefficient of the inclined tube
and the dimensionless axial coordinate parameter, Z *, for

14
Pr=5 Forced convection
§=001  —==== F =002 film condensation
13 Gr=3x10"
: \ p=02 - F-10 Free convection
Q= L2 film condensation
1.2
v
e
S
[]
o]
18] 11
[0]
o
=]
Z 10
0.9
0.8 + + +
0.0 1.0 2.0 3.0
Z+

Fig. 5. Variation of peripherally average local Nusselt number along the
tube.
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eccentricity values of e = 0.0, 0.5 and 0.7. The figure pre-
sents the results for both the forced and the free-convection
film condensation cases. Considering the turbulent film
condensation under a lower vapor velocity (F=10), a
higher eccentricity increases the heat transfer prior to the
halfway point along the tube length, but decreases the heat
transfer thereafter. Meanwhile, for turbulent film conden-
sation under a high vapor velocity (F = 0.02), the velocity
and the shear force are the dominating factors, and there-
fore increasing the eccentricity decreases the vapor velocity
around the tube, with the result that the heat transfer coef-
ficient is reduced.

Fig. 6 shows the variation in the overall mean Nusselt
number with the elliptical tube inclination angle for seven
different values of eccentricity. Under a high vapor veloc-
ity, reducing the eccentricity tends to increase the overall
mean Nusselt number. Furthermore, the figure shows that
the Nusselt number has its maximum value when the incli-
nation angle of the maximum heat transfer (¢.x) occurs,
and that the Nusselt number subsequently reduces as the
inclination angle increases. The results of Fig. 6 permit
the optimal inclination angle to be identified for elliptical
tubes with different degrees of eccentricity.

Fig. 7 shows the variation of the mean Nusselt number
with the elliptical tube inclination angle for various values
of dimensionless tube length, L™. It is observed that for a
constant inclination angle, the mean Nusselt number de-
creases with increasing L*. Hence, the results reveal that
the optimum angle of inclination is a function of the
dimensionless tube length.

Fig. 8 shows the variation of the mean Nusselt number
with the vapor velocity for the particular case of an inclined
elliptical tube with a zero inclination angle, i.e. ¢ = 0. The
figure compares the present results with the theoretical data
and experimental results presented in an earlier study
[6,18]. It can be seen that there is a broad similarity be-

1.6
e P () N, Re ™*
0.0 0.06 1.367
0.3 0.06 1.337
e
; 0.07 1.181
A 0.07 1.106
1ok X X 0.07 0.988
0
<
(0]
o 0.8F Pr=>5
c O
=] §=10.002
=z
Gr=3x10"
Fr=5x10"
p=05
0.4 7= 5
0.0 L 1 L 1 L 1 L 1 L
0 0.1 0.2 0.3 0.4 0.5

¢ (m)

Fig. 6. Variation of overall mean Nusselt number on inclination angle—
effect of eccentricity.

1.0
0.9 L+=1
0.8
0.7F
0 L
o
‘v 0.6
o
3E I S =0.002
2 osf =0
L Gr=3x10"
0.4} Fr=1000
L p=05
0.3F e=0.2
0.2}
0.1 \ 1 \ 1 \ 1 \ 1 \
0.0 0.1 0.2 0.3 0.4 0.5
¢ (M)

Fig. 7. Variation of overall mean Nusselt number on inclination angle—
effect of L.

3 N
0 2r
<
[0)
T +;+ tal.6] *
c armaet al. ry
> 1'08 [- Present A
=z st =00 7
7 $=0.025 \»\36’
6 0=0 v
5 R emi wulZ 4 sl 2ol Lol IR
0.001 0.01 0.1 1 10 100 1E+3

Fig. 8. Comparison of present results with theoretical and experimental
data.

tween the two sets of results at both low and high vapor
velocities. It is noted that in the high velocity regime
(F<0.1), the Nusselt number increases as the F value de-
creases. Significantly, the rate of increase of the coefficient
with velocity is greater than that indicated by laminar the-
ory. According to Lee et al. [19], this discrepancy may be
due to the onset of turbulence in the condensate film in
the high vapor velocity region. In the low velocity regime
(1 < F<1000), the mean Nusselt number is seen to increase
as the F value increases. Fig. 8 confirms that there is a
broad agreement between the two sets of data in both the
low and the high vapor velocity regimes.

5. Concluding remarks

The following conclusions can be drawn from the results
of the present theoretical study:

(1) For turbulent film condensation under lower vapor
velocities, a higher eccentricity will increase the heat
transfer over the upper half of the tube length, but
will decrease the heat transfer over the lower half of
the tube. Meanwhile, for turbulent film condensa-
tion under high vapor velocities, the velocity and
shear force are the dominating factors. Therefore,



648 H.-P. Hu, C.-K. Chen | International Journal of Heat and Mass Transfer 49 (2006) 640-648

an increased eccentricity will reduce the heat transfer.
Hence, when designing a heat exchanger, under the
force convection turbulent condensation, we suggest
applying a circular tube; however, under the free con-
vection turbulent condensation, for increasing heat
transfer coefficient, an elliptical tube is a better
choice.

(2) The mean Nusselt number decreases as the dimension-
less tube length, L™, increases. The optimum angle of
inclination of the elliptical tube varies both with the
tube length and with the degree of eccentricity.

(3) For the case of a zero inclination angle, i.e. ¢ = 0, the
overall mean Nusselt number increases as the F value
increases in the low velocity flow regime (1 <F<
1000), but decreases with increasing F value in the
high velocity regime (F < 0.1).
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