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Abstract

In this paper we report on a theoretical analysis of film condensation heat transfer in a vertical micro tube with a thin

metal wire welded on its inner surface. Both the radial and the axial distributions of condensate liquid along the tube

wall and over the meniscus zone, formed by the wire in contact with the tube inner surface, are determined based on the

minimum energy principle over the liquid–vapor two-phase flow system. The influences of the contact angle between the

condensate liquid and the channel wall as well as the wire diameter on the condensate distributions and the heat transfer

characteristics are examined. It is found that an increase in the wire diameter results in significant enhancement of heat

transfer in the channel. It is also demonstrated that the wettability between the wire and the condensate has a little

influence on the overall heat transfer coefficients, although it affects the condensate liquid distribution. Compared to a

round tube with the same inside diameter, significant enhancement of condensation heat transfer is found for the

present configured microchannel.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

The study of condensation heat transfer in micro-

channels is important for the design and optimization of

heat pipes and capillary pumped loops (CPL), which

have been demonstrated to be the most promising de-

vices as the efficient and integrated packaging–cooling

schemes for ultra-fast electronic devices and other mi-

crosystems. It has recently been demonstrated that the

heat transfer rates can be rather high when condensation

takes place in micro/mini channels with non-circular

cross sections [1–4]. One of the major reasons for the

high heat transfer rates for condensation in non-circular

channels is that thinning the liquid film thickness due to

the meniscus effect, induced by the sharp corners of the
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non-circular channel, leads to the reduction in the

thermal resistance [2]. The subject of this paper is also

concerned with condensation heat transfer in non-

circular channels.

The majority of early studies of condensation heat

transfer inside non-circular microchannels have been

confined to the studies of micro heat pipes. Khrustalev

and Faghri [3] developed a detailed mathematical model

to examine the heat and mass transfer processes in a

micro heat pipe. The liquid flow in the triangular-shaped

corners with a polygonal cross section was considered by

accounting for the variation of the curvature of the free

liquid surface and the interfacial shear stresses due to a

liquid–vapor frictional interaction. Sartre et al. [5] pre-

sented a three-dimensional steady-state model for pre-

dicting heat transfer in a micro heat pipe array. By

solving the meniscus region equations, the two-dimen-

sional wall heat conduction problem and the longitudi-

nal capillary two-phase flow, they showed that the

draining effect through the meniscus region played an
ed.
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Nomenclature

A cross-section area, m2

cf friction coefficient

D diameter, m

E energy per unit length, W/m

g gravity acceleration, m2/s

h heat transfer coefficient, W/m2 K

hlv latent heat, J/kg

_mm mass flow rate, kg/s

Nu Nusselt number

P periphery length, m

p pressure, pa

u axial velocity, m/s

v circumferential velocity, m/s

R radius, m

Re Reynolds number

r radial coordinate

rm radius of meniscus, m

T temperature, K

x vapor quality

z axial coordinate

Greek symbols

a contact angle

d thickness, m

H azimuthal angle

h polar angle

k conductivity, W/mK

l dynamic viscosity, N/sm2

q density, kg/m3

r surface tension, N/m

s shear stress, N/m2

Subscripts

0 initial

h hydraulic

i inside of tube

k kinetic energy

l condensate liquid

lv vapor–liquid interface

m meniscus zone or mass

o outside of metal wire

u fluid flow

s surface energy

T total

v vapor

w tube wall

d liquid film surface
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important role for phase change. For vapor and liquid

flow in a micro heat pipe with triangular channels,

Sobhan et al. [6] derived the governing equations taking

into account the variation in the flow cross-sectional

areas of the vapor and liquid phases and incorporating

the phase change during the process. Peterson and his

co-workers conducted a number of studies on heat

transfer characteristics of micro heat pipes. Swanson

and Peterson [7] proposed a thermodynamic model of

the vapor–liquid interface in micro heat pipes, including

the changes in local interfacial curvature and Marangoni

effects. Relationships were developed for the interfacial

mass flux in an extended meniscus, as well as the heat

transfer rate in the intrinsic meniscus. Ha and Peterson

[8] proposed a re-evaluated semi-empirical analytical

model for predicting the maximum heat transport ca-

pacity in micro heat pipes considering the meniscus

corner effect. And Peterson and Ma [9,10] also devel-

oped the mathematical models for predicting the heat

transport capability and temperature gradients that

contributed to the overall axial temperature drop as a

function of heat transfer in a micro heat pipe.

The existence of the meniscus corner zone also plays

an important role on the condensate film distribution,

which has an obvious impact on the condensation heat

transfer characteristics. Zhang and Faghri [4] investi-

gated condensation in a capillary grooved channel.
Condensation on the fin top and at the meniscus region

was modeled by introducing additional source terms in

the continuity, and energy equations. Yang [11] pro-

vided a critical review of existing prediction models to

correlate condensation heat transfer coefficients, in-

cluding gravity-force dominated models, vapor-shear

dominated models and the effects of the surface-tension

force. And they themselves also developed an analytical

model to account for the effects of vapor and surface

tension forces, simultaneously [12]. Webb and Zhang

[13] discussed the ability of the existing accepted corre-

lations to predict single-phase and two-phase heat

transfer and friction in channels having small hydraulic

diameters, where capillary force should be taken into

consideration. Wang et al. [14] documented local con-

vection heat transfer and flow regime measurements for

HFG-134a condensing inside a horizontal rectangular

multi-port aluminum condenser tube of 1.46 mm hy-

draulic diameter. Their experiments suggested that liq-

uid drawn into the meniscus corners of the tube altered

the phase distribution in the annular flow regime and

stabilized the annular flow regime at lower vapor ve-

locities. Tabatabai and Faghri [15] developed a flow map

to predict the effects of surface tension on two-phase

flow patterns in horizontal miniature and micro tubes to

show how each regime transition boundary is affected by

the capillary force.
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Micro/mini channels with triangular, rectangular,

and H-shaped cross sections can be formed by alumi-

num extrusion and brazing processes, which are usually

complicated and expensive. In this work, we introduce a

new non-circular microchannel, formed by a circular

micro tube with a thin metal wire welded on its inner

surface. The formation of this type of non-circular mi-

crochannels is rather simple and inexpensive. The pur-

pose of this work is to investigate analytically the film

condensation heat transfer characteristics in such mi-

crochannels. The meniscus draining effect, which is a

result of the wire being in contact with the tube inner

surface, is examined based on the minimum energy

principle over the liquid–vapor two-phase flow. The in-

fluences of the contact angle between the condensate

liquid and channel wall as well as the wire diameter on

the condensate distributions and the heat transfer

characteristics are also discussed. We will demonstrate

that the heat transfer rates can be rather high when the

film condensation takes place in such a simple non-cir-

cular channel.
Fig. 1. Schematic of the physical problem. (I) Thin liquid film

inside tube wall; (II) meniscus zone; (III) vapor flow zone.
2. Mathematical model

Consider the film condensation for the vapor flowing

downward in a vertical flow passage formed by welding

a thin metal wire with radius, Ro, on the inner wall of a
round micro tube with inside radius, Ri. Half of the
symmetric cross section of the flow passage is illustrated

in Fig. 1. The saturated vapor with a velocity, uv0, and
temperature, Ts, condenses along the tube inner wall and
over the meniscus zone, formed by the wire in contact

with the tube inner wall, as the outer tube wall is cooled

isothermally at a temperature, Tw (Tw < Ts). We assume
that the welded wire is in thermal equilibrium with the

vapor and thus, no condensation takes place on the

surface of the wire. As indicated in Fig. 1, the two-phase

flow field over the cross-section of the flow passage can

be divided into three zones: the thin liquid film zone

along the tube inner wall, the meniscus zone formed by

the wire in contact with the tube wall, and, the vapor

core zone occupying the remainder of the cross section.

As shown in Fig. 1, the two-phase flow over the tube

cross section is characterized by three polar coordinates

with their origins designated by O1, O2, and O3, re-
spectively. The liquid–vapor interface within the thin

liquid film zone is characterized by a radius of Ri � dl;i
(with dl;i denoting the local liquid film thickness) with its
origin at O1 and an angle of Hi;m starting from point A
and ending at point B where the thin liquid film zone and
the meniscus zone merges. Within the meniscus zone the

liquid–vapor interface is characterized by a radius of rm
with its origin at O3 and an angle of Hm starting from

point B and ending at point M where the liquid wets the

surface of the wire with a contact angle, a. Note that it is
assumed that the thin liquid film at point B is tangential
to the arc of the liquid–vapor interface within the me-

niscus zone. It is apparent that once the parameters of rm
and dl;i are determined, the liquid–vapor interface over a
given cross section will be fixed. The determination of rm
and dl;i will be elaborated in a separate section. Some
other geometric parameters in terms of rm and dl;i are
described below.

The angle, Hi;m, characterizing the width of the thin

film zone, is given by

Hi;m ¼ p � cos�1 O1O3
2 þ O1O2

2 � O2O3
2

2O1O3 � O1O2

 !
; ð1Þ

where

O1O2 ¼ Ri � Ro; O1O3 ¼ Ri � rm � dl;i ð2Þ

and

O2O3 ¼ ½r2m þ R2o � 2rmRo cosðp � aÞ�0:5: ð3Þ

The angle, Ho;m, characterizing the location of point M
at the surface of the wire, can be expressed as

Ho;m ¼ cos�1 O2O3
2 þ O1O2

2 � O1O3
2

2O2O3 � O1O2

 !

þ cos�1 O2O3
2 þ R2i � r2m

2O2O3 � Ro

 !
; ð4Þ
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while the angle, Hm, characterizing the width of the

meniscus zone, is given by

Hm ¼ p � cos�1 O2O3
2 þ O1O3

2 � O1O2
2

2O2O3 � O1O3

 !

� cos�1 O2O3
2 þ r2m � R2i

2O2O3 � rm

 !
: ð5Þ

Finally, the cross-section area occupied by the me-

niscus zone can be determined from

Alm ¼ R2i
2
ðp � Hi:mÞ � AO1O2O3 � AO2O3M � r2m

2
Hm

� R2o
2
ðp � Ho;mÞ; ð6Þ

where AO1O2O3 and AO2O3M denote the triangular areas

of DO1O2O3 and DO2O3M , respectively, and can be de-
termined from the sidewall lengths given by Eqs. (2)

and (3). We now analyze the condensation behavior in

the thin liquid film zone and in the meniscus zone as

follows.

2.1. Condensation in the thin liquid film zone

Consider the condensation behavior within the thin

liquid film zone, designated by the polar coordinate

ðri; hiÞ with Ri � dl;i6 ri6Ri and 06 hi6 hi;m. On one
hand, within this zone, the condensate liquid film moves

downward in the z-direction due to the gravity and the
liquid–vapor interfacial shear stress. On the other hand,

part of the condensate produced is also drained into the

meniscus zone due to the capillary pressure difference

caused by the change in the liquid–vapor interface

curvature. We assume that the liquid motion is an

incompressible, two-dimensional laminar flow with the

constant fluid properties. For small Reynolds number

flows in a microchannel considered in this work, we can

write the conservation equations of mass and momen-

tum in the thin film zone as follows:

1

ri

ovl;i
ohi

þ oul;i
oz

¼ 0; ð7Þ

ll
o2vl;i
or2i

� 1
ri

opl;i
ohi

¼ 0; ð8Þ

where vl;i denotes the condensate film velocity in the

azimuth coordinate, hi; ul;i is the velocity in the axial
direction, z, and pl;i is the liquid pressure in the thin
liquid film zone. The corresponding boundary condi-

tions are given by

vl;i ¼ 0; at ri ¼ Ri; ð9aÞ

ovl;i
ori

¼ 0; at ri ¼ Ri � dl;i: ð9bÞ
In the axial direction, z, the motion of the condensate
liquid is governed by

1

ri

o

ori
rill

oul;i
ori

� �
þ qlg �

opl;i
oz

¼ 0; ð10Þ

with the boundary conditions given by:

ul;i ¼ 0; at ri ¼ Ri; ð11aÞ

�ll
oul;i
ori

¼ sd;i; at ri ¼ Ri � dl;i; ð11bÞ

where sd;i designates the interfacial shear stress at the

vapor–liquid interface.

The pressure gradient of condensate,
opl;i
ohi
, in Eq. (8) is

related to the vapor pressure gradient by the Young–

Laplace equation, i.e.:

opl;i
ohi

¼ o

ohi
pv

�
� rlv
Ri � dl;i

�
; ð12Þ

where rlv is surface tension at the liquid–vapor interface.
Assuming that the vapor pressure, pv, is constant over
the vapor core zone (zone III), we can rewrite Eq. (12) as

opl;i
ohi

¼ � rlv
ðRi � dl;iÞ2

odl;i
ohi

: ð13Þ

Inserting Eq. (13) into Eq. (8) and performing inte-

gration subject to the boundary conditions Eqs. (9) give

vl;i ¼
1

ll

opl;i
ohi

ri ln
ri

Ri � dl;i

�
� Ri ln

Ri
Ri � dl;i

� ri þ Ri

�
:

ð14Þ

Similarly, in the axial direction, the pressure gradient

of condensate,
opl;i
oz , is also related to the vapor pressure

gradient, opv
oz , by the Young–Laplace equation, i.e.:

opl;i
oz

¼ o

oz
pv

�
� rlv
Ri � dl;i

�
: ð15Þ

For the case when the inertial effect is negligibly

small, the pressure gradient of the vapor flow along the

axial direction is balanced by the gravitational force and

the shear stress between the vapor and liquid, i.e.:

dpv
dz

¼ qvg �
sd;iPw
Av

; ð16Þ

where Pw is the perimeter of the vapor core zone at an
axial position z, and Av is the cross-section area of the
vapor core zone. Combining Eqs. (15) and (16) yields

opl;i
oz

¼ qvg �
sd;iPw
Av

þ rlv
ðRi � dl;iÞ2

dðRi � dl;iÞ
dz

: ð17Þ

Note that the shear stress at the liquid–vapor inter-

face, sd;i, is in part due to the momentum transfer caused

by the condensation,
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sd;im ¼ 1

ðRi � dl;iÞ
o2 _mml;i
ozohi

ðuv � ul;idÞ ð18aÞ

and in part due to the velocity difference at the liquid–

vapor interface,

sd;iu ¼
cf
2

qvðuv � ul;idÞ2; ð18bÞ

where the two-phase flow friction coefficient, cf , is given
by [16]:

cf=2 ¼ ðcf=2Þ	ð1þ 850F Þ; ð19Þ

with

ðcf=2Þ	 ¼
0:085

Re0:25v

; F ¼ clR

q0:5R Re0:9v
and

c ¼ ½ð1:414Re0:5l Þ2:5 þ ð0:132Re0:9l Þ2:5�0:4:

The velocity along the axial direction in the con-

densate film, ul;i, can then be obtained by integrating Eq.
(10) subject to the boundary conditions of Eqs. (11),

thus providing

ul;i ¼
1

4ll

opl;i
oz

�
� qlg

�
ðr2i � R2i Þ �

1

ll
sd;iðRi

�
� dl;iÞ

þ 1

2ll

opl;i
oz

�
� qlg

�
ðRi � dl;iÞ2

�
ln

ri
Ri

: ð20Þ

Assuming that the latent heat caused by condensa-

tion is balanced by heat conduction through the liquid

film, we have:

d _mml;i ¼
kl
hlv

þ Ts � Tw
ln Ri

Ri�dl;i

dz � dhi: ð21Þ

Note that the increment of the condensate mass rate,

d _mml;i, is balanced by the variation of the downward flow
rate of the condensate in the z-direction, d _mml;ui, and the
flow rate of the condensate along the circumference to-

ward the meniscus zone, d _mml;vi, i.e.:

d _mml;i ¼ d _mml;vi þ d _mml;ui; ð22Þ

where

d _mml;vi ¼
o

riohi
ql

Z Ri

Ri�dl;i

vl;idri � dz
 !

ri dhi ð23aÞ

and

d _mml;ui ¼
o

oz
ql

Z Ri

Ri�dl;i

ul;idri � ridhi

 !
dz: ð23bÞ

Substituting Eq. (14) into Eq. (23a) for vl;i and Eq.
(20) into Eq. (23b) for ul;i, we obtain:
d _mml;vi ¼
o

riohi
ql

1

ll

opl;i
ohi

1

2
r2i ln

ri
Ri � dl;i

��(

� Ri ln
Ri

Ri � dl;i
� ri þ Riri

� 3
4
r2i

��				
Ri

Ri�dl;i

)
dz � ridhi ð24aÞ

and

d _mml;ui ¼
o

oz
ql

1

16ll
C0r4i

�(
þ C1

ll

1

2
r2i ln ri

�
� 1
4
r2i

�

þ 1
2
C2r2i

�				
Ri

Ri�dl;i

)
dhi dz; ð24bÞ

where

C0 ¼
opl;i
oz

� qlg;

C1 ¼ �sd;iðRi � dl;iÞ �
1

2
C0ðRi � dl;iÞ2;

C2 ¼ � 1

4ll
C0R2i �

C1
ll
lnRi:

Substituting, respectively, Eq. (13) into Eq. (24a), Eq.

(17) into Eq. (24b), as well as Eqs. (21) and (24) into Eq.

(22), we obtain a partial differential equation for the local

film thickness distribution, dl;iðhiÞ, in terms of the axial
distance, z, and the azimuth coordinate, hI as follows:

kl
hlv

þ Ts � Tw

ln
Ri

Ri � dl;i

dz � dhi

¼ o

riohi
ql

�1
ll

rlv
ðRi � dl;iÞ2

odl;i
ohi

 !"8<
:


 1

2
r2i ln

ri
Ri � dl;i

�
� Ri ln

Ri
Ri � dl;i

� ri

þ Riri �
3

4
r2i

�#					
Ri

Ri�dl;i

9=
;dz � ridh þ o

oz
ql

1

16ll
C0r4i

�(

þ C1
ll

1

2
r2i ln ri

�
� 1
4
r2i

�
þ 1
2
C2r2i

�				
Ri

Ri�dl;i

)
dhi; ð25aÞ

where

C0 ¼ ðqv � qlÞg �
sd;iPw
Av

þ rlv
ðRi � dl;iÞ2

þ dðRi � dl;iÞ
dz

;

C1 ¼ �sd;iðRi � dl;iÞ �
1

2
C0ðRi � dl;iÞ2 and

C2 ¼ � 1

4ll
C0R2i �

C1
ll
lnRi:

Eq. (25a) can be solved subject to the following

boundary conditions:

hi ¼ 0 :
odl;i
ohi

¼ 0; ð25bÞ
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hi ¼ Hi;m : � odl;i
ohi

¼ orm
ohm

: ð25cÞ

Note that Eq. (25b) reflects the fact that the liquid

film is symmetric with respective to point A (see Fig. 1),
while Eq. (25c) is due to the assumption that the thin

liquid film at point B is tangential to the arc of the liq-
uid–vapor interface within the meniscus zone.

2.2. Condensation in the meniscus zone

The liquid motion within the meniscus zone is treated

as a one-dimension flow [2,10]. The conservation equa-

tion of momentum can be expressed as

ql
Al;m

d

dz
ð�uu2l;mAl;mÞ ¼ � dpl;m

dz
þ qlg þ

sd;mPl;m
Al;m

� sw;mPw;m
Al;m

;

ð26Þ

where �uul;m is the mean condensate velocity in the me-
niscus zone, Pl;m and Pw;m are the wetted perimeters

along the tube wall and liquid–vapor interface within the

meniscus zone, respectively. Note that Pl;m and Pw;m can
be expressed as functions of rm and dl;i at point B.
The variation of the condensate mass flow rate in the

meniscus zone is balanced by the condensing mass flow

rate, d _mml;cm, and the condensate liquid flowing toward
the meniscus zone induced by the capillary force, d _mml;vm,
i.e.:

qldð�uul;mAl;mÞ ¼ d _mml;vm þ d _mml;cm; ð27Þ

where

d _mml;vm ¼
Z Ri

Ri�dl;i

qlvl;i dri

					
hi¼Hi;m

ð28Þ

and d _mml;cm can be determined from the energy balance as
follows:

hlvd _mml;cm ¼ hl;mPw;mðTs � TwÞdz; ð29Þ

with the local condensation heat transfer coefficient, hl;m,
given by [18]:

hl;m ¼

dpv=dz
dpl;m=dz

� �0:5 kl
Dh

� �
8qlul;mDh

ll

� �0:5
5þ 5½lnð5Prl þ 1Þ�Pr�1l

: ð30Þ

To formulate the film condensation heat transfer

inside the flow passage formed by welding a thin metal

wire on the inner wall of a round micro tube, we have

presented major equations in the preceding sections. To

close the problem, one more parameter, i.e., the menis-

cus interface radius, rm, is needed to determine the cross-
section area of the meniscus zone, Alm, and the other
geometric parameters, which are discussed in the fol-

lowing section.
2.3. Determination of the liquid–vapor interface within the

meniscus zone

The minimum energy principle over the two-phase

flow system considered is employed to determine the

liquid–vapor interface radius, rm, within the meniscus
zone. In the case of flow condensation in a mini channel,

in addition to gravity and shear stress, the capillary force

due to the surface tension also plays an important role at

the liquid–vapor interface. The distribution of liquid

condensate inside the flow passage depends on the re-

sultant of these three forces exerted on the two-phase

flow system. Of these, gravity and shear stress lead to the

kinetic energy, Ek, while the capillary force causes the
surface energy, Es, of the system. For a steady phase
equilibrium system, the most possible condensate liquid

distribution along the periphery of the channel should

satisfy the minimum energy principle. Thus, the meniscus

interface radius, rm, can be obtained as follows.
For a unit length of the tube, the kinetic energy, Ek,

consists of three components, i.e.:

Ek ¼ Ek;i þ Ek;m þ Ek;v; ð31Þ

where

Ek;i ¼
Z Hi;m

0

Z Ri

Ri�dl;i

1

2
qlu

2
l;iri dri dhi

þ
Z Ri

Ri�dl;i

Z Hi;m

0

1

2
qlv

2
l;iri dri dh; ð32Þ

is the kinetic energy in the thin liquid film zone,

Ek;m ¼ 1
2
qlAl;m�uu

2
l;m; ð33Þ

is the kinetic energy in the meniscus liquid zone, and

Ek;v ¼
1

2
qvAvu

2
v; ð34Þ

is the kinetic energy in the vapor core flow zone.

Assuming that the liquid–vapor interface is smooth,

we can express the surface energy of the two-phase flow

system as

Es ¼ rlv½ðRi � dl;iÞHi;m þ rmHm� þ rlwðpRi þ RoHo;mÞ
þ rvwðpRo � RoHo;mÞ: ð35aÞ

Applying the Young�s equation [17] to Eq. (35a), we
have

Es ¼ rlv½ðRi � dl;iÞHi;m þ rmHm� � cos arlvRoHo;m

þ rlwðpRiÞ þ rvwðpRoÞ: ð35bÞ

It should be recognized that the last two terms in Eq.

(35b) are independent of the area of the meniscus zone

or rm and thus, they go to nil when they are differenti-
ated with respect to rm.
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The total energy over the system can be then ob-

tained from

ET ¼ Ek;i þ Ek;m þ Ek;v þ Es: ð36Þ

Based on the minimum energy principle, the interface

radius of the meniscus zone, rm, should satisfy the fol-
lowing condition, corresponding to the most possible

distribution of the condensate liquid

dET
drm

¼ 0; ð37Þ

rm can now be obtained from Eq. (37).

2.4. Determination of vapor quality and heat transfer

rates

The vapor quality, x, at the axial position, z, is de-
fined as

x ¼ _mmv
_mmv0

; ð38Þ

where _mmv0 ¼ 1
2
qvATuv0 and _mmv ¼ _mmv0 � _mml ¼ _mmv0 � ð _mml;iþ

_mml;cmÞ, with _mml;i and _mml;cm determined by integrating Eqs.
(21) and (29) with z. The local heat transfer coefficient in
the thin condensate liquid film zone is defined as

hl;i ¼
kl

ln
Ri

Ri � dl;i

: ð39Þ

The average Nusselt number, Nu, over the entire
cross-section at the axial position, z, is determined from

Nu ¼

RHi;m
0

hl;iðRi � dl;iÞdhi þ hl;mHmrm
h i�

PwDh

kl
: ð40Þ

3. Numerical scheme

We now outline the numerical calculation procedures

as follows:

(1) Discretize the governing equations, Eqs. (7), (8), (10),

(21) and (26), as well as the associated boundary con-

ditions using the backward finite difference scheme in

the thin liquid film zone and the meniscus zone;

(2) At every axial step, Dz, giving initial values for both
the interface radius of the condensate liquid in the

meniscus corner zone, rm, and also, the azimuthal
angle characterizing the width of the thin film zone,

Hi;m, solve Eq. (25a) subject to the boundary condi-

tions to determine the circumferential profile of the

condensate liquid in the thin film zone by apply-

ing Eqs. (13), (17) and (18) to obtain sd and the

pressure gradients,
opl;i
ohi
and

opl;i
oz ;
(3) Calculate the new value ofHi;m based on the value of

dl;i at hi ¼ Hi;m obtained in the preceding step, and

then determine the other geometric parameters from

Eqs. (1)–(6);

(4) Check whether the first-guessed Hi;m equals to the

new value obtained in step (3). If not, modify the ini-

tial value of Hi;m and repeat the steps (2) and (3);

(5) Solve Eqs. (31)–(36) to obtain the system energy;

(6) Check again whether the first-guessed interface ra-

dius of meniscus zone, rm, satisfies the minimum en-
ergy principle by Eq. (37). If not, modify the initial

value of rm and repeat steps (2)–(5).
(7) Calculate the vapor quality and the Nusselt number

at the current axial step, Dz, by Eqs. (38) and (40),
and then begin the solution of the next axial step.

The numerical calculation procedure is terminated

as the vapor quality, x, becomes less than 0.05.
4. Results and discussion

The typical results are presented for condensation

heat transfer in a vertical mini round tube with a thin

metal wire welded on its inner surface. Unless otherwise

noted, all the results presented in the following are for

condensation of the water vapor in a tube with an inside

diameter of 0.5 mm and a wire with the diameter of 0.1

mm under the conditions of the same inlet vapor Rey-

nolds number, Rev0ð¼ qvuv0Dh=lvÞ ¼ 1800, and the same
subcooling, Ts � Tw ¼ 5 K. The effects of the metal wire
size and its surface wettabilities are also examined.

The variations in the total energy over the two-phase

flow system within the cross-section area of the meniscus

zone for different vapor qualities are presented in Fig. 2,

where ET0 represents the total energy of the pure vapor

flow at the inlet. Fig. 2a–d, each corresponding to a fixed

vapor quality, show that with an increase in the cross-

sectional area of the meniscus zone, the total energy of

the system decreases, reaches a minimum value, and then

increases afterwards. This behavior clearly indicates that

there always exists a definite cross-sectional area of the

meniscus zone, Alm, at which the two-phase flow system
reaches its minimum energy. And any deviation from this

equilibrium point causes an increase in the total energy.

This equilibrium point then corresponds to the most

possible distribution of the liquid over the two-phase

system during the vapor condensation. Accordingly, the

liquid–vapor interface radius, rm, of the meniscus zone
can be determined based on the equilibrium cross-sec-

tional area of the meniscus zone.

The variations in the azimuthal angles,Hi;m andHo;m,

characterizing the width of the thin film zone and that of

the meniscus zone, respectively, along the axial distance

are illustrated in Fig. 3. It can be seen that both Hi;m and

Ho;m decrease with the axial distance, implying that the

meniscus zone becomes progressively larger, and that
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the thin liquid film zone becomes narrower towards the

exit of the flow passage. Fig. 3 also indicates that when

the contact angle between the fluid and the wire is in-
creased, the decrease of Hi;m and Ho;m becomes slower.

This behavior reflects the fact that as the wettability of

the wire is reduced, the meniscus effect draining the

liquid towards the meniscus zone becomes less pro-

nounced.

Fig. 4 presents the condensate thickness distribution

within the thin liquid film zone along the tube periphery

(i.e.: 0 < hi < Hi;m) for selected vapor qualities. The

liquid film profiles show that the condensate becomes

thicker with an increase in the azimuth, hi, for all the
selected vapor qualities. As the vapor condenses pro-

gressively along the downstream, the film thickness in

the thin film zone also increases, and is accompanied by

a decrease in the vapor quality. It is also seen from Fig. 4

that as it approaches to the meniscus zone (hi ! Hi;m),

the variation in the film thickness becomes much shar-

per, indicating that the meniscus draining effect becomes

more pounced near the meniscus zone.

Fig. 5 presents the variations in the cross-sectional

area of the meniscus zone along the axial distance for

different contact angles between the metal wire and the

condensate liquid. It can be seen that the cross-sectional

area of the meniscus zone increases for all the contact
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angles with the axial distance, implying that more con-

densate liquid is drawn into the meniscus zone towards

the exit of the flow passage. It is also evident from Fig. 5

that the meniscus zone becomes smaller with an increase

in the contact angle due to the fact that the draining

effect of the meniscus becomes weaker as the wettability

of the wire is weakened.

The variations in the average Nusselt numbers, de-

fined in Eq. (40), along the axial distance for different

contact angles between the wire and the condensate are

shown in Fig. 6. The Nusselt number is seen to decrease

with the axial distance because the liquid film becomes

progressively thicker towards the exit of the flow passage

to increase the thermal resistance. It is also interesting to

note that a wire with a higher wettability (corresponding
to a smaller contact angle) leads to a higher heat transfer

rate in the entrance region of the flow passage. However,

further downstream towards the exit of the flow passage,

the heat transfer rate for a wire with a higher wettability

becomes smaller than that for a wire with a lower wet-

tability. This behavior can be explained as follows: As

shown in Eq. (40), the Nusselt numbers presented in Fig.

6 were obtained by averaging the heat transfer rates in

the thin liquid film zone and the meniscus zone, the

overall heat transfer rates in the entrance region of the

flow passage are dominated by the thin liquid film zone,

while in the exit region of the flow passage the meniscus

zone will play a more important role for heat transfer.

The wire with a higher wettability leads to a thinner

liquid film in the entrance region and thus to higher heat

transfer rates. However, in the downstream towards the

exit, the wire with a higher wettability will lead to an

increase of the area of the meniscus zone (see Fig. 5).

The condensate flow in the meniscus zone is found to be

quite similar to the accumulated condensate flow at the

lower part of the tube for the stratified flow in a hori-

zontal tube [2], where the heat transfer coefficients are

relatively low. Thus, the wire with a higher wettability

results in lower heat transfer rates in the downstream of

the flow passage.

The effects of the metal wire diameter on the cross-

sectional area of the meniscus zone and the condensate

thickness in the thin liquid film zone are compared for

the same inlet vapor Reynolds number, Rev0 in Figs. 7
and 8. It is seen from Fig. 7 that the cross-section area of

the meniscus zone increases when the diameter of the

metal wire increases, meaning that more condensate

liquids can be drained into the meniscus zone for a wire

with a large diameter. Therefore, we can conclude that

the draining effect formed in the meniscus zone becomes

more significant for the condensate liquid distribution as
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the metal wire size is increased. Because of the increased

draining effect for larger wires, it is seen from Fig. 8 that

the condensate film thickness in the thin film zone be-

comes thinner as the wire size is increased.

Fig. 9 presents the effect of the wire size on the av-

erage Nusselt number, Nu, along the axial distance at the
same inlet vapor Reynolds number, Rev0. It is clear from
Fig. 9 that the tube without welding a metal wire welded

on its inner surface (i.e., the bare tube) exhibits the

smallest Nusselt numbers at the maximum vapor quality

region, whereas the tube with the largest wire has the

highest Nusselt numbers. The heat transfer enhancement

is attributed to the fact that the liquid film becomes

thinner when a larger wire is adapted, which is shown in

Fig. 8. On the other hand, it is also observed that the

heat transfer enhancement induced by the larger wire

becomes progressively insignificant toward the exit of
the flow passage. This is due to the fact that when the

vapor quality along the axial distance is reduced, the

thin liquid film zone becomes smaller, whereas the me-

niscus zone becomes larger, which weakens the heat

transfer enhancement because of the low surface heat

transfer coefficients on the meniscus zone.
5. Concluding remarks

In this work we have introduced a new non-circular

microchannel, formed by a circular micro tube with a

thin metal wire welded on its inner surface. The for-

mation of this non-circular microchannel is simple and

inexpensive. We have investigated theoretically the film

condensation heat transfer in this type of non-circular

microchannels, taking into consideration the meniscus

draining effect, formed by the wire in contact with the

tube inner wall. Both the radial and axial distributions

of condensate liquid along the tube wall and over the

meniscus zone are determined by solving the simplified

conservation equations of mass and momentum for the

liquid and vapor phases, combined with the minimum

energy principle for a two-phase flow system in order to

determine the meniscus zone configuration. We have

examined the influences of the contact angle between the

condensate liquid and channel wall, together with the

influences of the wire size on the condensate distribution

and the heat transfer characteristics. It is found that an

increase in the wire diameter welded on the channel in-

ner surface has a significant effect on the fluid flow and

heat transfer within the channel. It is also demonstrated

that the wettability between the wire and the condensate

has a minor influence on the overall heat transfer rates.

Compared to a round tube with the same inside dia-

meter, significant enhancement in condensation heat

transfer is found for the present configured channel.
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