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A visualization study is conducted to investigate condensation flow in wide rectangular silicon micro-
channels with the hydraulic diameter of 90.6 um and width/depth ratio of 9.668. Droplet-annular
compound flow, injection flow, and vapor slug-bubbly flow are observed along the channel, which differ
from that in other cross-sectional shape microchannels. In the droplet-annular compound flow region, the
vertical walls (short side) of the channel are completely covered by the condensate, while droplet
condensation still exists on the horizontal wall (long side) of the channel. The location of the injection flow
will be postponed with the increasing inlet vapor Reynolds number. The injection frequency will increase
with the increasing inlet vapor Reynolds number and condensate Weber number. More specifically, the
frequency in the wide rectangular microchannels is lower than that in triangular microchannels having
the same hydraulic diameter. It is confirmed that the cross-sectional shape of the microchannel plays
a significant role on the instability of condensation flow. In addition, the correlation of Nusselt number is

also presented.

© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

With the development of MEMS thermal devices, such as micro
heat pipes, chip laboratories, micro fuel cells and micro thermal
control systems, flow condensation in microchannels is turning out
to be of considerable importance [1]. Recent experimental results
indicate that the physical mechanisms of condensation in micro-
channels are quite different from those that occur in conventional
scale channels. As opposed to the more regular body forces, such as
gravity and buoyancy, typically found in common macrochannels,
surface tension and shear stress are the dominating forces in
microchannels [1-3]. In addition, the cross-sectional shape will
deeply influence the flow and heat transfer behavior of condensa-
tion in microchannels [4]. However, the understanding of influence
mechanisms for channel shape is still insufficient.

The transition of condensation flow patterns is an important
subject of the research in microchannels. Garimella et al. [5—8]
presented an overview of the visualization study on condensation
of refrigerants in minichannels. Their study discussed two-phase
flow patterns, heat transfer coefficients and pressure drop of
condensation in round, square and rectangular minichannels with
hydraulic diameters within the range of 0.5—5 mm. Médéric et al.
[3] performed a visualization study of condensation flow patterns in
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tubes with diameters of 0.56, 1.1 and 10 mm. This observation
provided sufficient evidence that the capillary force was dominant
in channels with diameters less than 1 mm. Chen et al. [9,10]
conducted an investigation of condensation in triangular silicon
microchannels with hydraulic diameters less than 250 pm. The
results indicated that the channel scale, heat flux, and mass flux all
have significant influence on the condensation flow patterns; the
droplet flow, annular flow, and injection flow etc. were all observed.
Of particular interest here was the new observation of injection flow
at a constant frequency, which has received increasing attention
in the past several years. Wu et al. [11,12] and Quan et al. [13,14]
studied the flow condensation in trapezoidal silicon microchannels;
the influence of the condition parameters on the injection flow and
the condensation pressure drop in trapezoidal channels were
reported. In addition, Zhang et al. [15,16] also investigated the
bubble emission and the multichannel effect of condensation in
rectangular microchannels. Recently, the flow pattern and heat
transfer characteristics of condensation in triangular microchannels
were detailed in a study by Chen et al. [17]. The correlations of
injection location and frequency with the inlet vapor Reynolds
number, condensate Weber number, and hydraulic diameter were
acquired based on the experimental data. More specifically, it
was found that the condensation heat transfer was enhanced
by a reduction in the channel scale. In addition to these experi-
mental investigations, there have been several recent theoretical
and numerical studies on condensation in microchannels [18—24].
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Nomenclature

A heat transfer area of a single channel, m?

Ac cross-sectional area of a single channel, m?
Ce coefficient of contraction

Cim Martinelli—Chisholm constant

Co condensation number

p specific heat of cooling water, ] kg~! K~

D hydraulic diameter of channel, m

f exposure frequency of camera, FPS

fo injection frequency, Hz

G volume flow rate of cooling water, m> s~!

hy enthalpy of condensation flow at inlet, ] kg~!
hy enthalpy of condensation flow at outlet, ] kg~!
L channel length, m

M injection periodic number

me mass flow rate of condensation, kg s~!

N number of photograph

Nu average Nusselt number of flow condensation
n channel number

Ap pressure drop, Pa

q heat flow rate, W

Re, inlet vapor Reynolds number

T inlet temperature of cooling water, K

Tout outlet temperature of cooling water, K

tr average temperature of condensation flow, K

tw temperature of channel wall, K

tw average temperature of channel wall, K

We, condensate Weber number

X Martinelli parameter

X shooting position, m

Xp injection location, m

Greek symbols

o average heat transfer coefficient of flow condensation,
W m2K!

Qy void fraction

6 area ratio of the test section to the header

X vapor quality

4)12 two-phase friction multiplier

v latent heat, ] kg !

vy kinematic viscosity of vapor, m? s~!

Af thermal conductivity, W m~! K~!

p density of cooling water, kg m~3

ol density of condensate, kg m—3

Py density of vapor, kg m—3

T surface tension coefficient, N m~!

YH homogeneous flow multiplier

Vs separated flow multiplier

However, the understanding of the mechanisms for flow
condensation in rectangular microchannels is still insufficient. Due
to easy fabrication, rectangular microchannels have been widely
used in micro thermal devices, typically using Deep Reactive lon
Etching (DRIE) methods on silicon [25,26]. In addition to being
used more often than other shapes, visualization of the flow field
in rectangular channels, particularly the wide rectangular micro-
channels, can be more clearly understood than that in other shapes
of microchannels. Therefore, this paper reports an experimental
study of flow condensation in wide rectangular silicon micro-
channels with hydraulic diameter of 90.6 um, width/depth ratio of
9.668. It is found that the transition of condensation flow patterns
in wide rectangular microchannels is different from that occurring
in the triangular or trapezoidal microchannels [9—13,17] and rect-
angular narrows with very large width/depth ratio [15,16]. In
addition, both the injection parameters and the heat transfer
characteristics of condensation in such rectangular microchannels
are presented.

2. Experimental description
2.1. Experimental setup

Ten parallel rectangular microchannels with a width of
483.4 um and a depth of 50 um are etched in the silicon wafer using
Deep Reactive lon Etching (DRIE) methods and a Pyrex glass is
anodic bonded on the top of the wafer. Fig. 1 is the schematic of
the microchannel chip. The hydraulic diameter, D, and width/depth
ratio of the channel are 90.6 um and 9.668, respectively. The
effective heat transfer length, L, in each channel is 56.7 mm.

The condensation experiment system shown in Fig. 2 consists of
a condensate section, a cooling water cycle system, a data acquisi-
tion and a set of high-speed camera device. Saturated steam, which
is generated by the boiler, flows successively through the valve, the
filter, and then arrives at the wide rectangular silicon microchannels

in which the vapor condenses and releases heat to the cooling water
in the copper cooler. The silicon chip and the copper cooler are both
fixed on an adiabatic workbench and compacted with each other.
High-temperature thermally conductive grease is painted on the
contact surfaces between the silicon chip and the copper cooler in
order to reduce the thermal contact resistance. With the exception
of the area for photographing, the whole experimental section is
covered by the thermal insulation materials to limit heat loss.

The temperature at the inlet and outlet of condensation flow and
cooling water, as well as temperature of the silicon channel wall, are
measured by T type thermocouples (accuracy: 0.1 °C). The inlet and
outlet pressure is measured by digital pressure sensor (accuracy:
+1.5 kPa). The volume flow rate of the cooling water is measured by
a glass rotor flow meter (accuracy: +0.4 L/h). Temperature and
pressure data is collected by Agilent 34970A data acquisition. The
condensation flow pattern is recorded by a microscope having a 2 x
objective lens and the maximum zoom ratio of 6.4, and a FASTCAM-
NET-MAX3 high-speed video camera at the frequency of 125FPS or
250FPS. The injection location, xp, is measured by a vernier caliper
(accuracy: +0.02 mm). By regulating the pressure of inlet saturated
vapor and the temperature and flow rate of cooling water, different
experimental conditions can be acquired.
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Fig. 1. Schematic of the wide rectangular silicon microchannel chip.
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Fig. 2. Schematic of the experimental setup.

2.2. Data reduction

The frequency of the injection flow is acquired from the video
recording system. If the exposure frequency of the camera is f, and
M injection periodics are recorded by N photographs, the injection
frequency f, can be calculated as

_M
K= (M
The average heat transfer coefficient is
o= % (2)
nA (tf - tw)

where q is the total heat flow rate of a chip, A is heat transfer area in
a single channel, t,, is the average temperature of the channel wall,
which is the algebraic average of the measured temperatures on the
wall surface, t; is the average temperature of the condensation flow,
and n is the channel number of the chip, which is 10.

The total heat flow rate is calculated as

q = cppG(Tout — Tin) (3)

where Toy, Tin, G, ¢p and p are outlet temperature, inlet temperature,
volume flow rate, specific heat and density of the cooling water,
respectively. The mass flux of the condensation, mc, is calculated as

_ q
Me = —hl —h, (4)

where hy and h; are the enthalpy of condensation flow at the inlet
and outlet of channel. The inlet saturated vapor enthalpy can be
determined by the inlet temperature and pressure, and only the
complete condensation flow is considered in this work.

The inlet vapor Reynolds number Rey, and the condensate Weber
number We) are derived by

_ mcD
Rey = nypyAc (%)
2
_ mD( mc
we = 4 (nPlAc) (8)

where A is the cross-sectional area of a single channel, p, and p; are
the density of the saturated vapor and condensate, respectively, ¢

and v, are the surface tension coefficient and saturated vapor
viscosity, respectively.

The condensation number Co and the average flow condensa-
tion Nusselt number Nu in the microchannel are

hy —hy
Co—"—"T 7
¥ (7)
Nu = 4P ®)
A

where vy and Ar are latent heat and condensate thermal conduc-
tivity, respectively.

Considering the whole experimental section is covered by the
thermal insulation materials to limit heat loss, except the area for
photographing, the heat loss can be assumed to be negligible. Based
on the data error analysis, the uncertainties of various parameters
in this paper are listed in Table 1.

3. Experimental results

Due to the domination of surface tension and the shear stress,
the stratified wavy flow that is a result of gravity in conventional
scale channels does not appear in microchannels. This study
observed the droplet-annular compound flow, the injection flow,
and the vapor slug-bubbly flow, which differed from those in
trapezoidal, triangular microchannels [9—13,17] and rectangular
narrow channels with very large width/depth ratios [15,16].

3.1. Droplet-annular compound flow

As reported in the literature [9—13,17], droplet condensation
takes place near the inlet of the triangular and trapezoidal micro-
channels. With increasing amount of coagulated droplets on the
wall, droplet flow gradually changes to annular flow at the down
stream in triangular and trapezoidal microchannels. However, the

Table 1
Uncertainties of parameters.

Parameters Uncertainties (%) Parameters Uncertainties (%)
Xp/L 141 Rey 6.90
o 3.15 We, 9.74
q 6.87 Co 0.32
o 6.92 Nu 6.93




J. Wu et al. / International Journal of Thermal Sciences 49 (2010) 922—930 925

Film |

Silicon

Fig. 3. Droplet-annular compound flow. (a) Experimental photo; (b) Cross-section schematic (Re, = 980.3, ¢ = 83.1 W, x/L = 0.743).

flow pattern in wide rectangular microchannels is a bit different
from that observed in triangular and trapezoidal microchannels.
Since the vertical sidewalls are much shorter than the horizontal
sidewall and only 50 pm in depth, they will be entirely covered by
condensate, in a short distance after the inlet, as shown in Fig. 3. But
it is difficult for the condensate to entirely cover the wide horizontal
wall to form a conventional annular flow; the droplet flow still exists
at the wide horizontal wall, because a hydrophobic fluoropolymer
coating is formed on the channel surface during the DRIE etching
[27,28]. Thus, a special droplet-annular compound flow is observed
in wide rectangular silicon microchannels. At the end of this flow
pattern, a periodic alternative injection flow pattern is observed.

3.2. Injection flow

Injection flow is a kind of unstable periodic flow pattern caused
by the capillary instability. Since the length of the two-phase
zone here is larger than the smallest unstable Rayleigh instability
wavelength, both the shear stress and the surface tension have
instability influence on the condensation film [29]. Vapor slugs are
released periodically at the injection flow region, and this flow
pattern is also found in triangular and trapezoidal microchannels
[9—13,17] having different vapor slug (or bubble) breakup modes.

Figs. 4 and 5 show the injection flow of condensation in wide
rectangular silicon microchannels. Differing from the vapor slug (or
bubble) breakup mode in triangular microchannels [17] or in rect-
angular narrows with very large width/depth ratio [15,16], there are
two modes of vapor slug injection flow in rectangular microchannels.
The different injection modes indicate the great influence of the
cross-sectional shape on the flow condensation in microchannels.

Fig. 4 lists one mode of injection flow including the vapor slug
growth and break in wide rectangular microchannels with the inlet
vapor Reynolds number, Re,, of 665.2 and heat flow rate, g, of
58.0 W. This mode is similar to the injection mode in triangular
microchannels [17] and one of the injection modes in rectangular
narrows [15,16]. The only vapor ligament between the vapor slug
and vapor column is very short and periodically variant with the
time. As shown in Fig. 4, one vapor slug is emitted within 0.088 s,
and the injection frequency, fp, of this case is about 11.71 Hz. Fig. 5
shows another vapor slug breakup mode with the inlet vapor

Reynolds number of 308.9 and heat flow rate of 27.1 W. Differing
from that presented in Fig. 4, a long vapor ligament, which is
observed neither in the triangular microchannels [17] nor in rect-
angular narrows [15,16], exists between the vapor slug and vapor
column in this mode. In this case, one vapor slug is emitted within
0.232 s and the injection frequency is about 4.231 Hz.

Similar to the flow condensation in the microchannels with
other cross-sectional shapes, injection flow is also the characteristic
flow pattern in wide rectangular silicon microchannels. Before the
injection flow, the channel space is mainly occupied by vapor,
the condensate covers the vertical sidewall of the channel and the
droplet flow still occurs at the horizontal sidewall, which is in favor
of enhancing the condensation heat transfer. However, after the
injection, the condensate will occupy the majority of the channel
space and the local heat transfer coefficient will be much lower.
Recognizing the significance of the injection flow to the conden-
sation heat transfer, it is important to obtain the characteristic
parameters of injection flow, such as the location and frequency.

Although injection flow is an unstable flow pattern, the location
and the frequency of the injection flow do not alter when the
experiment conditions are not changed in the experiments.

In this paper, the injection location is defined as the breakup point
of the vapor slug and the vapor column. Fig. 6 shows the variation of
dimensionless injection location, xp/L, versus the inlet vapor Reynolds
number, Rey, in the wide rectangular microchannels. And the exper-
imental results are compared with those in triangular silicon micro-
channels with sidewalls inclined at 54.7° under the same conditions
(with the same hydraulic diameter D and condensate number Co)[17]
to show the influence of the channel cross-sectional shape. As
shown in Fig. 6, the dimensionless injection location increases with
the increasing inlet vapor Reynolds number, which is similar to the
experimental results in triangular microchannels. At the same inlet
vapor Reynolds number, the dimensionless injection location in wide
rectangular microchannels is much larger than that in triangular
microchannels.

Based on the experimental data, a correlation of dimensionless
injection location and inlet vapor Reynolds number in the wide
rectangular microchannel is presented as

xp/L = 1.253 x 10~4Re]-324 (9)

0Os

0.016s

0.072s

Short vapor ligament

0.088s

Fig. 4. Injection flow in wide rectangular microchannels (condition 1). (Re, = 665.2, ¢ = 58.0 W, x,/L = 0.7469, f, = 11.71 Hz.)
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0.096s

0.192s

0.232s

Fig. 5. Injection flow in wide rectangular microchannels (condition 2). (Rey = 308.9, q = 27.1 W, x,/L = 0.2310, f, = 4.231 Hz.)

The locations of injection flow predicted by Eq. (9) are compared
with the experimental data in Fig. 7 and Table 2. The correlation
coefficient and the maximum deviation of Eq. (9) from the exper-
imental data are 0.9851 and 8.98%, respectively.

Figs. 8 and 9 show the relationship of the injection frequency, fp,
versus inlet vapor Reynolds number, Rey, and condensate Weber
number Wej, respectively, compared to those in triangular micro-
channels [17]. The injection frequency in wide rectangular micro-
channels increases with the increase of the inlet vapor Reynolds
number and the condensate Weber number.

Based on the experimental data, the correlation of injection
frequency and inlet vapor Reynolds number in the wide rectangular
microchannel is presented as

fp = 9.591 x 10~°Re] 834 (10)

The locations of injection flow predicted by Eq. (10) are
compared with the experimental data in Fig. 10 and Table 2. The
correlation coefficient and the maximum deviation of Eq. (10) from
the experimental data are 0.9623 and 25.9%, respectively.

Compared with that in triangular microchannels, the injection
frequency in rectangular microchannels is much smaller. This
experimental result indicates the significant effect of cross-
sectional shape on the condensation instability in microchannels.
Since the condensate film is turning to be more unstable with
the decreasing vapor core diameter in microchannels [29], the
influence of the cross-sectional shape on the vapor core hydraulic
diameter maybe a chief reason for the influence of the channel
cross-sectional shape on the instability. Fig. 11 shows the variation
of the vapor hydraulic diameter versus the void fraction, ay, in the
wide rectangular and triangular microchannels having the same
channel hydraulic diameter of 90.6 um. As shown in the figure, the
vapor hydraulic diameter in rectangular microchannel is larger

1 |
B Rectangular
0.8 "
’ |
0.6
|
S|
Rh 041 . 15]
Triangular
0.21 "
0

300 450 600 750 900
Re,

Fig. 6. Injection location versus inlet vapor Reynolds number. (D = 90.6 um,
Co = 1.065.)

than that in the triangular microchannel, when the void fraction is
smaller than 0.6. It means that the condensate film at the small void
fraction sections in triangular microchannels is more unstable than
that in the rectangular microchannels.

In addition, the injection flow can and only can be formed when
the liquid bridge are constructed. In other words, the injection only
occurs at the small void fraction sections. Therefore, the injection
flow is more frequently generated in triangular microchannels.

3.3. Vapor slug-bubbly flow

The vapor in emitted vapor slug and the condensate will be
further cooled after the injection flow. The two-phase condensation
flow pattern after the injection flow is called the vapor slug-bubbly
flow, which is another important flow pattern of condensation.
Considering the bubble size, the vapor slug-bubbly flow can be
divided into two flow patterns: the vapor slug flow (see Fig. 12) and
the bubbly flow (see Fig. 13). The bubble size of the vapor slug flow is
larger than that of the bubbly flow, and the vapor slug takes a long
column shape in the wide rectangular microchannel with a hemi-
sphere at head, under the control of the surface tension. The vapor
slug flow can be generated by either the injection (see Fig. 12) or the
vapor slug (or bubble) combination. Although the vapor slug flow
pattern is also observed in the condensation process of the triangular
and trapezoidal silicon microchannels [9—13,17], there is no report of
this flow pattern [15,16] in the rectangular narrows with very large
width/depth ratio. The existence of the vapor slug flow is one of the
distinctions between the wide rectangular microchannels and the
rectangular narrows. As the vapor in the slug condenses, the vapor
slug flow will turn into the bubbly flow at the down stream.

As shown in Fig. 13, the remaining vapor is contracted to form
around shape under the control of surface tension in the bubbly flow
region. The majority of the channel space is occupied by the

I — — - +8.98% Error Band P
7
M Experimental Data P a e
E 08 F o
< 7
> , ,'
B 06 s z - g
2 -
E .
g 04F -
2
N A~
2 [~
=02t 7
z
z
() 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

x,/L Experimental Data

Fig. 7. Comparison between the predicted and experimental values of dimensionless
injection location. (The same condition with Fig. 6.)
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Table 2
Experimental data points and fitting values (the same condition with Fig. 6).
Rey Xp/L fo (Hz) Nu
Experimental Fitting Relative Experimental Fitting Relative Experimental Fitting Relative
data value error (%) data value error (%) data value error (%)
904.2 0.9824 1.027 4.52 32.51 25.30 —22.2 1.299 1.324 1.92
818.6 0.8377 0.9002 7.45 21.21 21.08 -0.578 1.296 1.231 —5.00
665.2 0.7496 0.6839 —8.76 11.71 14.40 230 0.9846 1.057 7.40
510.4 0.5291 0.4816 —8.98 7.040 8.864 259 0.9157 0.8708 —4.90
308.9 0.2310 0.2477 7.21 4.231 3.529 -16.6 0.5959 0.6026 1.12

condensate. Only a little part of vapor still exists in the bubbles, and
these bubbles flow very quickly along the channel. The collision and
combination of bubbles may occur in the microchannel and generate
a larger bubble. Fig. 13 recorded a combination process of two
bubbles within 0.08 s. The spherical bubbles without combination
will gradually condense, shrink, and submerge in the condensate.
More specifically, bubbles can be observed at the outlet of the
channel in many cases, where the condensate has been sub-cooled.
And the outlet condensate temperature is lower than the saturation
temperature, which means the condensation has been completed.

3.4. Flow and heat transfer characters

In addition to the visualization study on the condensation flow
pattern, this paper also investigates the flow and heat transfer
characteristics in wide rectangular microchannels. Figs. 14 and 15

120
B Rectangular
90F —— Triangular“SJ
N
T 60t
S
30F
|
- 1 . 1 1 1
300 450 600 750 900

Re

v

Fig. 8. Injection frequency versus inlet vapor Reynolds number. (The same condition
with Fig. 6.)

120
B Rectangular

90+ TriamgularI I

30F

0 0.01 0.02 0.03 0.04

Fig. 9. Injection frequency versus condensate Weber number. (The same condition
with Fig. 6.)

illustrate the variations of wall temperature, ty, and the total pressure
drop of the condensation, Ap, versus the inlet vapor Reynolds
number, Re,, respectively. As shown in the figures, the wall temper-
ature decreases along the flow direction, and the average wall
temperature and the total pressure drop will increase with the
increasing inlet vapor Reynolds number.

As shown in Fig. 15, the total pressure drop is also predicted by
using the conventional correlations developed for condensation
inside conventional tubes. It is calculated as [7,8]

L

dpfriction dpdeceleration

Appredicted = / ( dx dx dx + APcontraction
0

(11)

- Apexpansion

40

v
- - - - %x259% 7
0k Error Band P ’
[0} Ve -
= s Phe
c! , u
- / -
] 7 e
Q -
S 16t 7 -
2 m o
A~ 4 -
L -~
~ gl ~ -
P - B Experimental Data
0 1 1 1 1
0 8 16 24 32 40

f, Experimental Data

Fig. 10. Comparison between the predicted and experimental values of injection
frequency. (The same condition with Fig. 6.)

120
80
g
=
=
N
&
40
/ ———— Rectangular
/
— — — — Triangular
0 0.2 0.4 0.6 0.8 1
a,

Fig. 11. Hydraulic diameter of vapor core versus the void fraction in rectangular and
triangular microchannels. (D = 90.6 pm.)
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Fig. 12. Vapor slug flow generated by injection. (Re, = 818.6, g = 72.6 W, x,/L = 0.8377.)

P

0.056s

0.064s

0.08s

Fig. 13. Bubble combination. (Re, = 677.3, ¢ = 57.8 W, x/L = 0.919.)

where dpgiction/dx is the frictional pressure drop per unit length of
the two-phase flow, which can be calculated by the Lock-
hart—Martinelli correlation [30]

dPfriction a2 (1 _X)Z Mc 2
dx = ¢lfl 2,01D I‘T‘\c (]2)

where f is the friction factor of the condensate, x is the vapor
quality, and the two-phase friction multiplier ¢|2 is given by [14]

2 _q,Gm 1
¢171+X+X2 (13)
where X is the Martinelli parameter and Cyy is the Marti-
nelli—Chisholm constant.

dPgeceleration/dX is the deceleration pressure drop per unit
length, which is given by

dl ¥  (a-»°
Gza {p]av +—Pv(1 — av)] ’ (14)

dPdeceleration _

dx o

And Apcontraction aNd APexpansion are the contraction pressure at
channel inlet and the expansion pressure at the channel outlet,
respectively. They are calculated as [7]

1 2 (1 2 me\?
Apcontraction = 2_/)1 1-6"+ C_c -1 YH Tl_Ac (15)
[ ]
100 F ; n -
. = Re,=904.2, x,/L=0.9842
sor * | o Re,=818.6,x,/L=0.8377
o eor Re,=665.2, x,/L=0.7496
< 40t . # Re,=510.4, x,/L=0.5291
ol * .| * Re=3089,x5,/102310
0 02 04 06 038 1
x/L

Fig. 14. Distribution of wall temperature. (The same condition with Fig. 6.)

B ﬁ(l—ﬁ)tﬁs(ﬁy (16)

Apexpa\nsion = P nAc

where ( is the area ratio of the test section to the header, Yy and ys
are the homogeneous flow multiplier and the separated flow
multiplier, respectively, and C. is a coefficient of contraction.

Since the dominate force and the flow type of condensation in
microchannels is different from that in conventional tubes, the
predicted value by the conventional correlation is much larger than
the experimental data. This comparison confirms again that the
conventional pressure drop correlations for macrochannels cannot
predict the two-phase pressure drop in microchannels [8,14].

Figs. 16 and 17 are the plots of the average condensation heat
transfer coefficient h and the average Nusselt number Nu versus the
inlet vapor Reynolds number Re, in the wide rectangular micro-
channels, respectively. For a larger inlet vapor Reynolds number,
the injection location is postponed, and the droplet-annular
compound flow regime is extended, while the vapor slug-bubbly
flow regime, whose heat transfer coefficient is much smaller than
that before the injection flow, is shortened. Therefore, the average
condensation heat transfer coefficient and the average Nusselt
number for a whole channel are becoming larger with increasing
inlet vapor Reynolds number.

250
B Experimental Data
N Predicted by Conventional
200 Correlation
§ 150
5 |
100 [ |
|
501 |
|
0 200 400 600 800 1000

Re,

Fig. 15. Condensation pressure drop versus inlet Reynolds number. (The same condi-
tion with Fig. 6.)
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Based on the experimental data, the correlation of the average
Nusselt number and the inlet vapor Reynolds number in wide
rectangular microchannel is expressed as

Nu = 9.011 x 10-3Re0 7331 (17)

The locations of the injection flow predicted by Eq. (17) are
compared with the experimental data in Fig. 18 and Table 2. The

12000
E N

L 9000

g m

gg [

S 6000

=
3000 : : :
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Re,

Fig. 16. Average heat transfer coefficient versus inlet vapor Reynolds number. (The
same condition with Fig. 6.)

0.8

0.6 |

1 1 1
200 400 600 800 1000
Re,
Fig. 17. Average Nusselt number versus inlet vapor Reynolds number. (The same
condition with Fig. 6.)
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Fig. 18. Comparison between the predicted and experimental values of Nusselt
number. (The same condition with Fig. 6.)

correlation coefficient and the maximum deviation of Eq. (17) from
the experimental data are 0.9822 and 7.40%, respectively.

4. Conclusions

A visualization investigation on the flow condensation has been
carried out in wide rectangular silicon microchannels with the
width/depth ratio of 9.668 and hydraulic diameter of 90.6 pm.
Based on the experimental data, the formulas of injection location,
injection frequency, and the condensation Nusselt number in this
wide rectangular microchannel are presented.

The main results are:

(1) Differing from the flow patterns in trapezoidal, triangular
microchannels and rectangular narrows with very large width/
depth ratio, the droplet-annular compound flow, injection
flow, and the vapor slug-bubbly flow are observed in the wide
rectangular microchannels.

(2) Droplet-annular compound flow is the dominant flow pattern
at the up steam of the condensation flow. With this pattern, the
short sidewalls are completely covered by the condensate due
to the surface tension; however, the droplet flow still exists on
the long sidewall of the channel.

(3) Injection flow is the characteristic flow pattern in rectangular
microchannels. Two modes of vapor slug breakup, with a short or
long vapor ligament, occur in the current microchannel. The
location and the frequency of the injection flow keep stable under
certain experimental conditions. With the increased inlet
vapor Reynolds number, the injection location will move towards
the outlet. Also, the injection frequency will increase with the
increasing inlet vapor Reynolds number and condensate Weber
number. The comparison between the rectangular microchannel
and the triangular microchannel verifies the influence of the
cross-sectional shape on the flow condensation in microchannels.

(4) The vapor slug-bubbly flow occurs after the injection flow.
The vapor slug-bubbly flow can be divided into vapor slug flow
and the bubbly flow. Along the condensation stream, the vapor
slug will be contracted to form a round shape dominated by the
surface tension. The collision and combination of bubbles may
occur, and the spherical bubble without this combination will
gradually condense, shrink and submerge in the condensate.
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