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Abstract

The paper gives a progress report on a theoretical study of film condensation in microchannels. The model takes account of surface tension,
vapor shear stress and gravity. The effect of channel shape is investigated for condensation of R134a in channels with cross sections: square,
triangle, inverted triangle, rectangle with longer side vertical, rectangle with longer side horizontal and circle. The case considered here is where
the channel wall temperature is uniform and the vapor is saturated at inlet. For a given mass flux, the local condensate film profile around the cross
section is calculated together with the mean heat-transfer coefficient at different distances along the channel. Results are presented here for one

vapor mass flux, one vapor temperature and one wall temperature.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Microchannels are increasingly used to improve heat-
transfer performance and to enable compact geometries. For
condensation, owing to surface tension effects, methods used to
treat larger channels are not suitable when the channel dimen-
sion is around 1 mm or less. Recent experimental and modelling
work on condensation in small channels has been reviewed by
Cavallini et al. [1,2] and Bandhauer et al. [3]. In many of the
earlier heat-transfer measurements the vapor-side, heat-transfer
coefficients are based on overall measurements using “Wilson
plots” or coolant-side correlations and consequently have large
uncertainty. Notable exceptions, in which the wall temperature
was measured directly, are the works of Koyama et al. [4,5] and
Cavallini et al. [6,7]. Available empirical and semi-empirical
models underpredict these data except at the lowest vapor mass
fluxes.

An important mechanism of heat transfer enhancement dur-
ing condensation in non-circular microchannels is the surface
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tension generated transverse pressure gradient in the conden-
sate film. This leads to condensate flow towards the corners and
thins the film along the sides of the channel giving rise to high
heat-transfer and condensation rates. The transverse pressure
gradient arises from variation of condensate surface curvature
along the side of the channel.

The present work relates to condensation in horizontal
square, rectangular, triangular and circular microchannels and
concentrates here on channel shape. Preliminary results have
been reported earlier (Wang et al. [8], Wang and Rose [9-13]).
The overall objective of the research program is to establish
methods for determination of the optimum channel shape, di-
mensions and size for given duty.

2. Theoretical model

The model includes surface tension and surface curvature
effects along with a Nusselt approach for the condensate film,
that is, laminar flow neglecting of inertia and convection terms.
A detailed description of the theory and calculation method is
given by Wang and Rose [12]. Fig. 1 shows the co-ordinate sys-
tems used for the sides (Cartesian: 0 < x < x, xp < x < x¢c and
xq4 < x < xy for square/rectangular section; x; < x < xp and
Xc < x < xpy for triangular section) and for the corners (polar:
Xa < x < xp and x. < x < xq for square/rectangular section,
0 < x < x3 and xp < x < x¢ for triangular section, 0 < x < xpy
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Nomenclature
b side length of triangular and square channels Xm x coordinate at centre of bottom surface, see Fig. 1
d diameter of circular section channel X,Y  fixed coordinates defined in Fig. 1
f friction factor modified to account for “suction” Z coordinate down stream, see Fig. 1
fv frictiop fa.ctor of \;apor gow without surface Greek symbols
transpiration, 7y /5 py Uy .
for fer f- see Egs. (5)~(7) Oy local heat-transfer coefﬁc:len't .
g specific force of gravity o, average heat-trapsfer coefficient over perimeter of
h height of rectangle channel at loca“m{ < -
hg specific enthalpy of evaporation 8 condensate film thickness, d.ef.ined in Fig. 1
P A condensate thermal conductivity
Y vapor pressure lit
¢ heatflux (o vaporquility
Te radius of curvature of the condensate surface in the v lnematlc viscosity
. . 0 density
channel cross-section, see Fig. 1 .
. . . o surface tension
r radial polar co-ordinate, see Fig. 1 s
. .. .o T vapor shear stress at vapor-liquid interface
ri distance from origins O, O3 to vapour—liquid . o
. . Ty vapor shear stress at surface without transpiration
interface, see Fig. 1 . .
. . ¢ angle, polar co-ordinate, see Fig. 1
I'w radius of curvature of channel surface in the b, bo, be. ba_angles corresponding (o Xy, Xp, X, X
channel cross-section, see Fig. 1 @ Pb> Cs,eedFig % P & 10 ta, b, X, Xd
; temper'ature P see Eq. (10)
s saturation temperature
v angle between the normal of channel surface
Ty tube wall temperature . .
and Y coordinate, see Fig. 1
T* reference temperature, see Eq. (14)
u condensate velocity along channel surface Subscripts
in x-direction or ¢ direction, see Fig. 1 i interface
U, local bulk vapor velocity I condensate
v condensate velocity along channel surface S saturation
in z-direction, see Fig. 1 \% vapor
w width of rectangle w wall
X,y coordinates along and normal to channel surface, X local
see Fig. 1 Z average at the location, z-direction
Xa, Xp, Xc, Xg X coordinates at the foot of the perpendicular 10 ¢ direction
from origins O and O3, see Fig. 1 T T component
. . . 1 Al (T% - w)
for circular section). Conservation of mass, momentum and en- 3)
ergy for the condensate film lead to the following equations for 1 + rwln[rw /(, hfgr wln[rw/(rw — 8)]
the local condensate film thickness §:
where
(o1 =pv)g 9 (o5 o 350 (1
B TR TG ZR i Ll O z @ og?
v vy 9x x \re 1 +20r/3¢)" —1i(37ri/9¢7) @
1@ 1 a <53 dPV> re {r2 + (8ri/89)2)3/2
2u; 0z 3y 0z dz 2 3
1 (T — Ty) f(6)——r2+r8—5—+ o= (r —)M
=T s (3 U 2 T+ )
1 fg N
where r2(ry —8) 2= (%) In ( Fw ) 5)
1 92/0x> o 8 1H+G? A=
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Fig. 1. Physical model and coordinates.

used when considering the neighborhood of corners and for the
circular section channel. (Note that the parameter ¢ in Eq. (1)
and results from the interface “temperature jump” which is neg-
ligible in this present case, see Wang and Rose [12].)

The four boundary conditions in the section of the channel
are provided by the condition that odd derivates (1st and 3rd)
with respect to x or ¢ are zero at points of symmetry (top of up-
right triangular section or middle of upper and lower horizontal
sides) and for the case of saturation conditions at the inlet (con-
sidered here) the necessary further boundary condition is that
the film thickness is zero everywhere at the inlet, z = 0.

The effect of condensation (suction) is taken into account by
using the approach suggested by Mickley et al. [14] for flow
over a flat plate with suction and described in Kays et al. [15].
This method was also used to treat condensation in tube by Cav-
allini et al. [16]. The interfacial surface shear stress is

1 2
T = Efpv U, 8)
where
f=th ©
—— i’”U (10)

m is the condensation flux, fy is the single-phase friction factor
obtained by the Churchill equation [17]. Here we take U, as
the local vapor velocity which is calculated from the inlet mass
flow minus the condensation rate up to the position in question.

At a given location z along the channel, the local heat-
transfer coefficient o, is defined as

1 Al
ay=q/(Ts — Ty) EYIWE, (1T)
for the sides and
O5)(29/(TS_TW)
1 A
- : (12)

LA —
1+ P T ey T ln[rw/(]rw—é)] rwIn[ry /(ry — 8)]

for the corners.

The average heat-transfer coefficient o, for the section at a
given distance z along the channel is found by integrating the
heat transfer around the channel section location to obtain the
mean heat flux at z, then

a; =q;/(Ts — Ty)

T; and Ty, are here uniform along the channel.

13)

3. Results and discussion

Results are presented below for condensation of R134a in
square (side 1 mm), triangular (side 1 mm), rectangular (sides
1 mm x 1.5 mm, both orientation) and circular (diameter 1 mm)
channels. Calculated condensate profiles in various channels
are shown in Figs. 2-7. In all cases the mass flux (mass veloc-
ity) of the refrigerant was 500 kgm™?s, the vapor temperature
was 50 °C and the surface temperature was 44 °C taken here to
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Fig. 3. Condensate film profiles along channel surface at different distances for triangular cross-section (vertex up) channel (b = 1.0 mm).

be constant along the channel. The physical properties of the re-
frigerants were obtained from NIST REFPROP Version 6 [18].
Condensate properties were taken to be uniform at reference
temperature

T = lT + gT
S3 3
and o and h¢g were obtained at T.
For the square channel (Fig. 2) very thin condensate film
regions are seen near the corners towards the channel entrance.

It is also seen that the thin film persists and covers an increasing

(14)

portion of the upper surface for distances z along the channel
exceeding 400 mm. For the triangle with vertex up (Fig. 3) there
is no clear effect of gravity and no thin film for z > 300 mm.
When the vertex of the triangular channel is down (Fig. 4) the
lower part begins to fill (stratified flow) at around z = 250 mm
but a thin film region persists on the upper horizontal surface.
For the rectangular channel with long side horizontal (Fig. 5)
the film in the centre of the upper surface remains relatively
thick. When the long side is vertical (Fig. 6) for z > 500 mm
there is no thin film on the upper surface and only small thin
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Fig. 4. Condensate film profiles along channel surface at different distances for triangular cross-section (vertex down) channel (b = 1.0 mm).
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Fig. 8. Variation of average heat-transfer coefficient along the channels.

film regions on the lower halves of the vertical sides. For the
circular channel (Fig. 7) there is no thin film region except at the
furthest distance along the channel due to the stronger change in
condensate surface curvature where the relatively thin film on
the upper surface blends with the accumulation of condensation
in the lower part of the channel.

Fig. 8 shows the variation along the channel of the mean
(around the channel perimeter) heat-transfer coefficients for the
same conditions. For the case considered, where the saturated
vapor at inlet encounters the channel wall at a lower temper-
ature, the heat-transfer coefficient falls rapidly over the first
40 mm or so from infinity at inlet to the levels shown. The re-
sults in this range are omitted on Fig. 8 but shown in earlier
papers (Wang et al. [8], Wang and Rose [9-13]).

For the triangular channels the heat-transfer coefficient falls
abruptly from a steady value of a little over 6 kWm~2K~! at
a distance of approximately 200 mm along the channel as the
channel becomes “flooded”. For the vertex down case the fall
in coefficient is less owing to the persistence of thin film on
the upper horizontal surface (see Fig. 4). For the square chan-
nel the heat-transfer coefficient near the inlet is a little higher
and falls off less steeply owing to the larger channel perimeter
and even increases slightly at further distances owing to per-
sistence of thin film on the upper surface of the channel (see
Fig. 2). For the rectangular section channels the fall off in coef-
ficient is more continuous and gradual. The value near the inlet
is around 5.5 kW m~2 K~! when the longer side is vertical and
around 5 kW m~2 K~! when the longer side is horizontal. For
the circular section channel, for which surface tension has neg-
ligible effect, the coefficient falls from around 4 kW m=2 K~!
to a little less than 3 kW m~2 K~!. The non-circular channels
all perform better than the circular channel near the inlet. This
leads to increased condensate loading further along the chan-
nels where the coefficients fall, in all cases, below those of
the circular channel. The relative importance of surface ten-
sion, gravity and vapor shear stress are discussed by Wang and
Rose [11-13].

4. Concluding remarks

Full details of the model are given in (Wang and Rose [12]).
The results and trends presented here and discussed above relate

to only one fluid, to specific geometries and one mass flux con-
dition. Before exploring a wider range of parameters the model
will be improved. In particular, provision will be made for su-
perheated vapor at inlet; modifications will be made to take
account of variation of wall temperature. Comparisons will be
made with experimental data.
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