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radial coordinate, m
time, s
T
temperature, K
u
axial velocity, m/ s
v
radial velocity or velocity in y direction, m/ s
V
velocity vector, ui + vj, m/ s
x
axial coordinate, m
y
vertical coordinate for parallel plate, m
Greek Symbols
6
liquid film thickness, m
e:
volume fraction
µ
dynamic viscosity, kg/ms
p
density, kg/m3
u
surface tension, N /m
uo
normal value of surface tension, N/m
\1
gradient operator, i !, + j ; 11
Subscripts
in
inlet
l
liquid
sat
saturation
v
vapor
w
wall
r

ABSTRACT
Capillary blocking in forced convective condensation in a
horizontal miniature tube and between parallel plates are investigated numerically. The Volume of Fluid (VOF) method with
continuum surface te11Sion model and change of phase is employed to solve the two phase flow. The effects of vapor inlet
velocity, saturation temperature, surface tension, and diameter
on the condensation length, film thickness and heat transfer coefficient are investigated. The film thickness and the condensation
length decrease as hydraulic diameter or the distance between
parallel plates decreases. When the total mass flow rate ~
creases, the condensation length decreases significantly.
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specific heat, J / kgK
body force, N
gravitiona.l acceleration, m 2 / s
sensible enthalpy, J /kg
total enthalpy, J /kg
heat transfer coefficient, W/m2 K
latent heat, Jfkg
unit vector in x, r {or y) directions
thermal conductivity, W/mK
length of the tube, m
condensation length, m
2
mass flux at the interface, kg/m s
mass source, kg/m3 s
total mass flow rate, kg/s
pressure, Pa
radius of the tube or one half of the distance
between parallel plates, m

INTRODUCTION

lt is necessary to develop new cooling strategies for electronic cooling because electronics are becoming more compact and rejection heat flux is increasing. There is a demand
for more compact heat transfer devices that are capable of
removing large amounts of heat over a small temperature
drop. Miniature and micro heat pipes have been and are being used in electronic cooling (Faghri, 1995; 1999). In these
l
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application, the heat generated in the chip is transported
away and rejected from the system through condensation.
So, in order to optimize the electronic cooling system performance, it is necessary to gain a fundamental understanding
of condensation in miniature tubes (Begg et al. , 1999).
Flow regimes for two-phase flow in both horizontal and
vertical tubes have been studied intensively in the past.
However, most flow regime studies on two-phase flow were
performed in large diameter tubes (>10 mm i.d.). The distinctive feature of two-phase flow in miniature tubes is that
the surface tension may play a significant role in flow pattern transitions. Therefore, the flow regime maps established for conventional sized tube (Mandhane et al., 1974;
Taite! and Dukler, 1976) may not apply to two phase flow
in miniature tubed because of the role surface tension has
on hydrodynamics. So far, the data regarding basic flow
patterns for two phase flow with or without heat transfer in
miniature circular tubes is still very limited. Barnea et al.
(1983) presented flow pattern transitions for gas-liquid flow
in small diameter tubes (4 to 12mm). They concluded that
the effect of surface tension is important for stratified-slug
transition in horizontal flow. It should be pointed out these
works only dealt with transition of flow patterns without
the effect of heat transfer and phase changes.
Condensation in a conventional sized circular tubes
have been studied by many scientists. A generally accepted
description of forced convection two phase flow patterns in
conventional size horizontal tube is presented in Collier and
Thome {1994). Depending on orientation of the tube and
the mass flow rate, both shear stress on the liquid -vapor
interface and the gravitional forces can play important roles
on removal of condensate from the tube. Begg et al. (1999)
reviewed the existing works regarding flow patterns related
to condensation and suggested that capillary blocking can
occur in miniature tubes. When capillary blocking occurs,
the liquid blocks the tube cross section at some distance
from the condenser entrance due to capillary force. Both
flow visualization and an analytical solution of condensation in miniature tubes were presented. The analytical solution focused on the annular film condensation only and
the model could not predict the shape of the meniscus resulted in from complete condensation.
Numerical simulation for two phase devices, such as
heat pipe, has advanced significantly during the past decade
(Faghri, 1995; 1996). In a conventional heat pipe, evaporation and condensation take place at the interface between
the vapor core and the wick, in which case the location
of liquid-vapor interface is known a priori and the boundary condition at the interface can be easily specified. For
condensation in a miniature tube, both the location of the
liquid-vapor interface at the film condensation section and
the length of the condensation is unknown a priori because

Figure 1.

Physical model of condensation in a miniature channel

they are parts of the solution. The numerical method applied in heat pipe simulation is not applicable to predict
the capilJary blocking in miniature tubes. Volume of Fluid
method (VOF; Hirt and Nichols, 1979; Nichols et al. , 1980)
appeared to be a good candidate because it can be used to
determine the location of the interface. The VOF method
has been used to simulate a wide range of problems which
include vaporization in laser drilling process (Ganesh et al.
, 1997a; b), solidification in continuous casting (Thkata et
al. , 1999a), and bubble growth in boiling( Takata et al. ,
1998; 1999b).
The objective of the present effort is to simulate 2D forced convective condensation in horizontal miniature
channels using the VOF method. The interphase mass
transfer due to condensation will be considered as a source
term in the energy equation. The effect of vapor inlet velocity, wall temperature, saturation temperature, surface
tension, and hydraulic diameter on condensation in both
miniature tubes and between parallel plates will also be investigated.

PHYSICAL MODEL

The physical model and geometric configuration of the
condensation problem in a miniature channel is shown in
Fig. l. The miniature channel can be either a miniature
circular tube with a radius of R or two parallel plates 2R
apart. The saturated vapor enters the channel with a length
of L. Condensation takes place on the wall of the channel
because the wall temperature, Tw, is below the saturation
temperature of the working fluid, T6 a.t· The condensate fluid
flows toward the positive x direction due to effect of shear
force and surface tension. The problem of interest is condensation in the inner surface of the miniature channel with
concurrent vapor flow. It should be noted that the average
vapor velocity is not constant along the x direction since
condensation occurring on the wall reduces the amount of
vapor flow in the core of the tube. The following assumptions are needed in order to solve the condensation problem:
l. Flow both in vapor and liquid phase is laminar and
incompressible, and therefore the density for each phase
2
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is constant.
2. The working fluid along the liquid-vapor interface is
saturated.
3. The vapor is saturated and therefore there is no temperature gradient in vapor.
4. Since the channel is horizontal and surface tension is
dominant, gravitional force is negligible and the liquid
film thickness is uniform along the circumferential direction. However, for the cases of Nusselt condensation
and tbermosyphon, which are vertical, the effect of the
gravity is considered.

(4)

(5)

where, e11 is volume fraction of vapor and its value is zero
in liquid phase and unity in the vapor phase. For a control
volume that includes a liquid -vapor interface, the value of
e 11 is between zero and one.
The volume fraction of vapor, e 11, satisfies the continuity
equation of the vapor phase

When condensation in a conventional sized tube is investigated, the governing equations are often given in Cartesian coordinates since the thickness of the film is significantly smaller than the diameter of the tube (Seban and
Faghri, 1985; Harley and Faghri, 1994; Narain et al. ,
1997). For condensation in miniature tubes, however the
thickness of the liquid film is at the same order of magnitude as the diameter of the tube. The governing equations
and the corresponding boundary conditions for condensation in rruniature circular tubes must be given in cylindrical
coordinates. Since forced convection condensation between
parallel plates will also be investigated, the governing equations will be written in a generalized from which will be applicable to condensation in both circular tube and between
parallel plates.

De +evV·V=-m"'
Dt
Pv

(6)

__
v

where m 111 represent represents the mass production rate of
condensation.
F,quation (6) can be rewritten as

De
m 111
=-- - e \J·V=S
Dt
Pv
v
Ev

(7)

_v

Governing equations

In order to simplify the solving procedure, one set of
governing equations is written for both the liquid and vapor
regions. The continuity and momentum equations are

Dp
-+pV·V=O
Dt

Similarly, the volume fraction of liquid, et, satisfies the
following equation

(1)

(8)
Substitute eq. (4) into eq. (1) and considering eq. (6),
the continuity equation is simplified

D (pV)
I
&t
= -Vp + v . T;; + F

(2)

v .v

where
I
T ·.

,, =

µ

(&ui
.
-ax, + -&u;)
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(_!_ - ..!..) .,;,_, ,
P'IJ

(9)

Pt

Substitute eq. (9) into eq. (7), and obtain the VOF
equation

(3)

F is the body force resulting from surface tension at the
interface, which will be described later. The properties of
the liquid-vapor mixture are calculated using

111
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v
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The thermal conductivity and specific heat can be defined using a similar method by which density is defined

where

(19}

(11)

It can be seen that an additional term appears on the
right hand side of eq. (18). This term accounts for the effect
of condensation in the energy equation.
Substituting eq. (15) into eq. (19) leads to

The specific heat is defined using the weight fraction of
liquid and vapor

(12)
(20)
The total enthalpy is defined as weighted average of the
enthalpy of vapor and liquid phase

For incompressible flow, the density of vapor is a constant, eq. (20) is simplified

(13)
(21)
Equation (13) can be rearranged as

{14}

Compare eq. (6) and eq. (21)i the mass production
rate due to condensation, m 111 , is related to the source term
in the energy equation, SaH, using

where h and ll.H represent contributions of sensible enthalpy and latent heat on the total enthalpy, i.e.

(22)

H = h+ll.H

Boundary conditions

(15)

The inlet condition for both the circular tube and paraHel plates can be written as

(16)

1L

={

6,
. 0R <- r6 << Rr <- R,

Uin v
Uin,t

x=O
x=O

(23)

The energy equation written in terms of enthalpy and
temperature is
v::: 0,

D(pH)
Dt

= div(k\7T)

x

=0

(24)

x=O

(25)

(17)
T=TMt•

Substituting eq. (16) into eq. {17), one can obtain

The boundary conditions at the wall are
D(ph)

.

--rft =div (k\7T) + 86.H

(18)

u = v = 0,
4

r = R (tube) or y = R (parallel plates) (26)
Copyright
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T

= Tw,

r

= R (tube) or y =

R (parallel plates)

where Taat is saturation temperature.
The energy balance at the liquid vapor interface also
needs to be satisfied. Since liquid and vapor regions are
treated as one domain, the energy balance at the liquid
vapor interface is satisfied when the converged solution for
the entire domain is obtained.

(27)

The boundary condition at exit of the computational
domain can be written in a generalized form: 8<f>/8x = 0 at
x = L, where <f> can be u, v, or T. The boundary conditions
along the line of symmetry can be expres.5ed as 8<f>/ 8r = 0
at r = 0 for circular tube, or &</>/8y = 0 at y = 0 for para11el
plates.

A NUMERICAL TECHNIQUE
SOURCE TERMS

TO

DETERMINE

THE

At the liquid -vapor interface, the temperature is equal
to the saturation temperature as stated in eq. (30). The
enthalpy corresponding to the above interface temperature

Consideration of liquid-vapor interface

is

The conservation of normal and tangential momentum
for the control volumes at the solid-liquid interface is automatically satisfied because the governing equations were
written for the entire computational domain, including liquid and vapor. The pressure jump conditions at the liquid
vapor interface due to surface tension need to be taken into
account. The effect of surface tension on pressure is modeled using continues surface model. The model interprets
surface tension as a continuous, 3-D effect across the interface, rather than a boundary condition on the interface
(Brackbill et al. , 1992). Forces due to the pressure jump
at the interface can be expressed as volume force using the
divergence theorem

h = ep(Tsat - Tref)

(31}

where Tre/ is the reference temperature defined as the temperature at which the enthalpy is zero.
In order to set the temperature and enthalpy at the
interface to the above values, the following source term is
introduced into the enthalpy equation
86.H

= A+Bh

(32)

°

with A = 10 1 Cp(Tsat -Tref) and B = 10 10 for the cells with
e between 0 and 1. By doing this, the numerical solution
will yield eq. (30) and (32). This is a numerical technique
to set the value of temperature and enthalpy values at the
interface.
After the temperature at the interface is set to Taat by
the above technique, eq. (18) is used to determine the Sc.a

(28)

where curvature of the interface, K, is given by (Brackbill
et al., 1992}

K

= _!_
[(~ ·
lnl In!

v) lnl -

(V' · n)]

(29)

Sc,. 8 = D(ph) - div(kV'T)
Dt

The normal direction of the liquid- vapor interface toward vapor phase is n. It can be seen that the body force,
F, will be zero everywhere except for the control volume
that includes the interface. The body force , F, obtained
by eq. (28} is substituted into the momentum equation (2)
to solve for the velocities in the liquid and vapor phases.
Liquid and vapor temperature are continuous at the
interface. Therefore, the temperature at the liquid -vapor
interface is expressed as

T=Taat

(33)

The mass source m 111 for VOF equation and continuity
equation is then determined eq. (22).

NUMERICAL SOLUTION PROCEDURE

Here, only steady state solution of the condensation
problem is investigated. It is impossible to solve the steady
state problem directly, because the donor-acceptor model
used in the VOF method works only for unsteady state
problem. A false transient method (Basu and Srinivasan,
1988} is employed. With this methodology, the false transient terms are included in the governing equations and

(30)

5
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steady state is obtained when the condensation length does
not vary with the false time. In order to accelerate convergence, the initial VOF distribution in the channel for a specific case can be set as the converged VOF distribution for
a similar case. Numerical experiments on the effect of initial VOF distribution on the final results are performed for
several cases. It is found that the final results are the same
for different initial VOF distributions which means that the
final results are not influenced by initial conditions. The
overall numerical solution procedure for a particular time
step is outlined below:

000010

- - Present

....... Nusselt

0 0000!
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..,g
0 00004

000002

000000

0000

111

1. Assume a value for the mass production rate, m and
compute the source term for the VOF equation {10)
and the continuity equation (9).
2. Solve the VOF eq. (10).
3. Solve the continuity equation and momentum equations.
4. Solve for the temperature distribution from eq. (18).
For the control volumes including the interface, the
temperature is set to the saturation temperature and
eq. (22) is used to determine the mass production rate,

0.005

0010

001$

0.020

0.025

x(m)

Figure 2.

Comparison of liquid film thickness for Nusselt Condensation

effect of gravity is included in the model since it is dominant for the vertical plate. The comparison of liquid film
thickness obtained by present model to the Nusselt analysis
is presented in Fig. 2. It can be seen that the interface
obtained by the present method is not very smooth, which
is due to the limitation of the donor-acceptor mothod used
to solve the VOF equation (Takata et al., 1999). However,
the overall agreement between the present result and the
NUBSelt analysis is still very good.
Forced film condensation on a horizontal flat plate (Fig.
3a; Shekriladze and Gomelauri, 1966) is then solved. The
working fluid is R-113, and the velocity and saturation temperature of vapor at infinity is assumed to be 0.3m/s and
320.57 K. The temperature at the surface of the plate is chosen to be 310.56 K. Fig. 3(b) shows the comparison of the
film thicknesses obtained by the present numerical solution
and the approximate solution by Shekriladze and Gomelauri
(1966). The agreement between the present results and that
of Shekriladze and Gomelauri (1966) is fairly good up to 1
cm from leading edge. The discrepancy between the present
results and the that of Shekriladze and Gomelauri (1966)
for larger x can be explained using the shear stress model
used in Shekrilad2e and Gomelauri (1966). The shear stress
at the liquid vapor interface i.s calculated using

m"I .

5. Compute the source term for the VOF equation (10)
and the continuity equation (9).
6. Go back to step 2 until the relative residuals for the
pressure correction equation, momentum equations,
and enthalpy equation are within the limit.
Aft.er the solution for the current time step is obtained,
the computation for the next time step is performed. The
above numerical procedure is implemented in a commercial
package (Fluent Inc., 1998). Although the VOF method has
been employed in Fluent to simulate multiphase flow with
a free surface, the interphase mass transfer model was not
available, so that the evaporation and condensation phenomena cannot be simulated directly using Fluent. ln order to simulate condensation in miniature channels using
Fluent, the interface mass transfer is modeled using a customized user defined code. This code is compiled and linked
with the remaining Fluent objects code to create a new customized executable file.

(34)

RESULTS AND DISSCUSION

where j is maBS flow rate of vapor at the liquid-vapor surface
due to condensation, and U, is velocity at the liquid vapor
interface. The shear stress caused by the gradient of the
horizontal velocity was neglected, and the shear stress on
the liquid-vapor interface was assumed to be dependent on
the momentum change due to suction at the interface. This

Verification

In order to verify the numerical method and code, Nusselt condensation of steam vapor on a vertical flat plate
is solved. The vapor is assumed to be at the saturation
temperature (363K) and the wall temperature is 340K. The
6
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radius and the length of the circular tube are R = 1.21 mm
and L = 4.0 cm, respectively. The working fluid is methanol
with a saturation temperature of 336K and a wall temperature of 310.SK. The numerical results are compared with
the analytical results of Seban and Faghri (1984), and the
present results are shown in Table 1. The agreement between the present results and Seban and Faghri (1984) is
very good. Also evident from Table 1 is that the effect of
surface tension is not significant for this case, because the
pro~ is mainly dominated by gravity.
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(a) Physical model

Table l Comparison of present results with the results of
Seban and Faghri (1984)
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Condensation in a miniature circular tube
The condensation in horizontal miniature tubes as
shown in Fig. 1 is then investigated. The radius and
the length of the tube is R= 1.5 mm, L=2cm, respectively.
The working fluid is water with a saturation temperature
of 363K or 323K. The inlet temperature is always equal
to the saturation temperature. The difference between the
wall temperature and saturation temperature is 23K for all
cases. The thermal properties of the working fluid can be
found in Faghri (1995) and will not be repeated here. After
the grid size and the time step test, the problem is solved
using a non-uniform grid of 42(x) x 32{r). The grid near
the wall is very fine in order to simulate fluid flow in the
liquid layer. The grid at small x is very fine in order to
simulate the closed condensation phenomena. After several
numerical tests, the false time step used in the computation
is llt = io- 6 s.
Fig. 4 shows the volume fraction of water at different
vapor inlet velocities. The dark area in the figure is vapor and the gray area is liquid. The light area that exists
between the liquid and vapor region is the liquid-vapor interface. The total mass flow rate of liquid and vapor for
both cases are '1il.t = 10- 5 kg/ s, and the liquid film thickness
at the entrance of the tube is 0.08 mm (Begg et al., 1999).
The capillary blocking phenomenon occurred for both cases.
For the case with vapor inlet velocity of 1.244 m/s, the condensation length measured at the center of the tube is 4.7
mm. When the vapor inlet velocity is reduced by half, the
condensation length is reduced to 3.1 mm.
Fig. 5 shows the VOF for water when the saturation
temperature is reduced to 323K. The mass flow rate of vapor in Fig 5 (a) and (b) is the same as the mass flow rate
of vapor in Fig. 4 (a) and (b). Since the density of vapor

0.00005

o.ooo

495

0010

x(m)
(b) Comparison with Shelcriladu and Gomelauri (1966}

Figure 3 . Forced convective film c.ondensation

becomes more accurate when the film thickness is very small
and the condensate rate is very high. As the film thickness
increases, the rate of condensation decreases, and consequently the momentum transferred by the suction mass at
the interface decreases. Eventually the momentum tra~
ferred by the suction mass is no longer significant, and the
shear stress on the liquid-vapor interface depends on the
momentum changes due to the velocity gradient and the
suction due to condensation. Therefore Shekriladze and
Gomelauri's (1966) approximate solution overestimates the
film thickne.c;s for larger x.
Another verification of the numerical method was performed by simulating the condensation in a condenser section of a thermosyphon (Seban and Faghri, 1984). The
geometric configuration of the problem is similar to Fig. 1,
except the tube is closed at x = 0 and the effect of gravity
must be taken into account. The tube is vertical, and the
gravity acts in the positive x direction. Vapor flows toward
the negative x direction, but the liquid flows toward the
positive x direction due to the effect of gravity. For the complete problem description see Seban and Faghri (1984). The
7
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(a) U;n,•·=l.244m/s

0

"•••(mis)

(b) Urn.v = 0.622m/s

Figure 6.

10
Figure 4.

5

Effect of vapor inlet velocity on the condensa tion length ('lli.1

kg/s, T""'

= 323 K, T...

:lOOK)

Contour of vapor VOF at different vapor inlet velocities (ni.i

I0 - 1.:9/.~. 7~"' - ~6.1/(
0

T.,. = :J40I<)

(a) u..,,v- 6.llOm/s

(b)

U 111

,v= 3.055m/s

!=igure 5. Contour of vapor VOF at different vapor inlet velocities (tile Ill ··~:!J/s. 7~ .., :l1:H,·. 'J;,. ::IOOJ<)

al :tt~ K is

significantly lower Lhall that at :3(i:3K, the vnpor
i11ii:t. v1•h1c:it,i<!f' ill Fig. :=, arc· siguificnntly higher than thosr
rur Fi11. .. J. /\.s sl1ow 11 ill Fig. 5 , the liquid film is not s mooth
d11t: to t 111: slu:.Lr forn· ill<i11ced by the high vapor velocity.
Tiu: c1J111k11sat,ic111 lell!!,1 h~ for f wo cases nre 4.Ci mm and 2.7
111111 n~sp1•c:l.iv1!ly. (~1Jt11pan·d with I.be c:omlcw;atiou li;11gLh
i11 Fi)l,.. I, 1.Jw c:o11cll'11sal io11 IC'11J{t.h ii; 110!, st.rongly affect c•c\

by the saturatiou temperature. For same mass flow rate of
vapor, the condensation lengths at, different saturation temperature are very close. T he effect, of vapor inlet velocit.y
on the condensation length for a sat.uration temperatum of
323K is shown in Fig. G. The total mass flow rate remains
at nit= l 0- 5 ky I 8 ror cl ifferent vapor inlet velocities. The
condensation length increases sharply when the vapor inlet
velocity is small. The condensat ion length however becomes
a linear function of vapor inlet velocity after the vapor inlet.
velocity is greater than 2.5 m/s. The velocity vecLors corresponding to the cu.5e in Fig. 4(a) and Fig. 5(a) are showu
in Fig. 7(a) and (b) . As mentioned before, t.he mass flow
rates for Fig. 7(a) and (b) are the same although the vapor
inlet velocities arc different. Since condensation occurmd
on the wall, the vapor velocity vectors near the wall poi111,
to the wall. The mean vapor velocity decreases with :z; cine
to condensation.
Fig. 8(a) s hows t he variation of liquid fil m thickuess for
the cases in Fig. 4{a) a nd (b) . IL can be seen that t.he behavior of liquid film t hickness is different. for different. vapor
inlet velocities. When the vapor inlet velocity is low, the
fllm thickness is almost constant before it increases sharply
to block the tube. When t he vapor inlet velocity is higher,
the film thicknes.5 along most of the effoctivc conde n1>at.in11
li•ngth is constant. . There is how<·ver a film thick11ess decrease before the sharp increase, which agrees with Begg r~I.
al. ( 1999). The heat trnnsfer coefficient bu::;ed on the difference between saturation t,emperatnre aud wall temperature
corresponding to Fig. 8(a) is sl11>wn iu Fig. 8(b}. It C..'lU he
S<'Cll I hat t.he 11eat transfer coeflicient. aloug Lhc cundeusn1ion length is very high but decren..<:>ffi sliarply wheu capillary
hlucking occnrs. For t.he case" of high vapor iulct; vclnc:if,y.
Uopyrighl. © 2000 by J\SJ'v!E
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=

Figure 7. Velocity vectors at different saturation temperature for miniature
tube

surface tensions but same mass flow rates are also plotted
in Fig.lO(a) for comparison. It can be seen that the condensation length decreases with increasing the surface tension,
which is in agreement with (Begg et al. 1999). Increasing the surface tension thins the liquid film thickness, and
therefore condensation rate within the condensation length
increases. Consequently, the condensation length required
to condense the same amount of vapor decreases. The reason that film thickness thins with increasing surface tension
is that the condensation phenomenon always tends to minimize the surface energy at the interface. With increasing
the surface tension this energy increases. In order to reduce
this energy the radii of curvature has to be increased and
that means liquid film thickness has to be decreased. Fig.
IO{b) shows the heat transfer coefficient along the tube for
varying surface tension. The maximum heat transfer coefficient value within the condensation length is obtained from

the heat transfer coefficient before capillary blocking is very
high because the liquid film is thinner at this location.
The variations of liquid film thickness corresponding to
the cases in Fig. 5(a) and {b) are shown in Fig. 9(a).
The liquid film thickness decreases first and then increases.
Before capillary blocking occurs in the tube, there is a decrease in liquid film thickness. This wavy shape of liquid
film shown is due to the shear force caused by high vapor velocity. The heat transfer coefficients corresponding to Fig.
9(a) are shown in Fig. 9{b). It can be seen that the heat
transfer coefficients in the condensation length also show
wavy shapes due to variation in liquid film thickness.
The effect of surface tension on the liquid film thickness
and condensation length for the vapor inlet velocity of 1.244
m/s is shown in Fig. lO(a). In addition to the result for surface tension at its normal value, uo, two curves with changed
9
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transfer coefficient within the condensation length is significantly higher for smaller diameter tubes, because the liquid
film is thinner.
The effect of total mass flow rate on condensation in
circular miniature tubes is also investigated and the results
are shown in Fig. 12. In addition to the reference case
(riit= io-5 kg/ s), the results for the reduced total mass flow
rate are shown in Fig. 12. It can be seen from Fig. 12(a)
that the film thickness is significantly increased and the condensation length is significantly decreased with decreasing
total mass flow rate. Consequently, the heat transfer coefficient is significantly decreased when the total mass flow
rate is reduced by one order of magnitude.

the case with the highest surface tension. In this case average heat transfer coefficient is greater than the others. This
is consistent with the expectation that higher total average heat transfer coefficient leads to a shorter condensation
length.
The effect of the radius of the miniature tube on film
thickness and the heat transfer coefficient is shown in Fig.
11. The inlet velocities of both liquid and vapor for three
cases presented in Fig. 11 are the same, and therefore the
total mass fl.ow rate for smaller diameter tube is lower. As
can be seen from Fig. 11 (a), the liquid film thickness decreases with decreasing tube diameter, because the surface
tension plays a more important role. The condensation
length also decreases with decreasing tube diameter, because the total mass flow rate decreases with decreasing
tube diameter. Fig. ll(b) shows the effect of tube diameter on the heat transfer coefficient. It is seen that the heat

Condensation between parallel plates
Condensation phenomena in miniature channels formed
by two parallel plates are also investigated. The distance be-

10
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large. For higher vapor inlet velocities, the film is thin and
tends to be wavy due to the higher shear stresses. These
variations of liquid film thickness was not observed for the
circular tube because the surface tension due to the curvature of the tube radius can suppress the wave in the tube.
The beat transfer coefficients for the cases corresponding
to Fig. ll{a) are shown in Fig. ll{b). The beat transfer
coefficients are highest before the blocking point, where the
rate of condensation is highest.
The effect of surface tension on film thickness and the
condensation length is shown in Fig. 12{a). The vapor
inlet velocity for all three cases is 0.2m/ s. As can be seen
from Fig. 12{a), the condensation length decreases with
the increasing surface tension. When the surface tension
increases, the liquid film thickness becomes thinner at the
locations closest to the blocking point. The heat transfer
coefficients along the plates for different values of surface

tween plates and the length of the channel are: 2R = 3mm
and L = 2cm, re.spectively. The effect of gravity is neglected and therefore this is a axisymmetric problem about
y = 0. Only half of the domain (0 < y < R) therefore is solved. A non-uniform grid of 42(x) x 32(y) with
a time step of At = 10- 6 is used to solve this problem.
Fig. ll(a) shows the variation of liquid film thickness along
the horizontal parallel plates for different vapor inlet velocities. The total mass flow rate of liquid and vapor for
both cases is riit= 8.3 x 10- 4 kg/ (ms). It is seen that the
condensate film thins close to the blocking point for both
high (Uin,v = 0.62 m/s) and low (Uin,v = 0.2m/s) vapor
inlet velocities. The variation of the liquid film thickness is
different for two different velocities. For lower vapor inlet
velocity, film thickness decreases in positive x direction up
to the blocking point due to the shear stress and surface tension at the blocking point where the curvature of interface is
11
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CONCLUSIONS
Numerical simulation for condensation in horizontal
miniature circular tubes and between parallel plates with
capillary blocking is performed using VOF method. The
effect of various physical and geometric parameters on liquid film thickness, condensation length, and heat transfer
coefficients for both circular tube and parallel plates are investigated. The results show that the condensation length
increases sharply with increasing vapor inlet velocity when
the vapor velocity is small. When the inlet vapor velocity is
higher, the condensation length is a linear function of inlet
vapor velocity. The condensation lengths for different saturation temperatures are very close for same mass flow rate
of vapor. The liquid film thickness is smooth for lower vapor
velocities. The wavy shape of the liquid film was observed
for the cases with high vapor velocity. When the surface

tension are shown in Fig. 12(b). It is observed that the
total average heat transfer coefficient for all cases is the
same, because the vapor inlet velocities are the same.
Fig. 15 shows the effect of the distance between parallel plates on condensation. The inlet velocities of liquid
and vapor for different distances are the same, which means
that the total mass fl.ow rate for smaller distances between
parallel plates is lower. It can be seen from Fig. 15(a) that
the liquid film thickness is slightly decreased when the distance between parallel plates is decreased, which is different
from the behavior in circular tubes because surface tension
is Jess important for condensation between parallel plates.
The condensation length is decreased with decreMing distance between parallel plates, because the total mass flow
rate is lower for smaller distances between parallel plates.
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tension increases, t he liquid film thickness up to the blocking point decreases and t he condensation length decreases
for both the tube and parallel plates. The liquid film thickness and the condensation length decrease with decreasing
channel sizes. When the total mass flow rate decreases, the
liquid film thickness increases and the condensation length
decreases.
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