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A visualization experiment is conducted to investigate the condensation of steam in a series of triangular
silicon microchannels. The results indicate that droplet, annular, injection and slug-bubbly flow are the
dominant flow patterns in these triangular silicon microchannels. With increased mass flow rate, or an
increase in the hydraulic diameter under the same Reynolds number, the location at which the injection
occurred is observed to move towards the channel outlet. The frequency of the injection increases, i.e. the
flow of condensation instability is higher with increased inlet vapor Reynolds number, condensate Weber

fg?r" 'gg;‘iz:ﬁon number and the prolongation of the injection location, or with a decrease in the hydraulic diameter of the
Microchannel channel. In addition, the wall temperature of the channel decreases along the condensation stream. The

total pressure drop, the average condensation heat transfer coefficient and the average Nusselt number
are observed to be larger with increased inlet vapor Reynolds number. Moreover, it is found that the con-
densation heat transfer is enhanced by a reduction in the channel scale.
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1. Introduction

Flow condensation in microchannels plays key role in micro
heat pipes, chip laboratories, micro fuel cells and micro thermal
systems [1]. With the addition of advanced micro electro mechan-
ical system (MEMS) technology, it is relatively easy to fabricate
microchannels whose diameters are less than 1 mm [2,3]. Recent
experimental results indicate that the physical mechanisms of con-
densation in microchannels are quite different from that occurring
in macro scale channels, since in most cases, surface tension and
sheer stress between vapor and liquid layer are the dominate
forces in the microchannels, as opposed to the more regular body
forces, typically found in more common macro channels [1]. In
addition, as recent microfluidic studies have demonstrated, the
cross-sectional shape deeply influences the gas-liquid two-phase
flow in microchannels [4].

Recognizing the significant potential of condensation heat
transfer in microchannels, while somewhat limited, there are sev-
eral studies on the flow condensation characteristics in microchan-
nels. As early as the 1950s, Georgia [5] recognized that surface
tension on a curved surface could induce a pressure gradient many
times larger than that induced by gravity. Several theoretical or
numerical investigations on condensation in microchannels have
been presented [6-13]. Chen et al. developed a one-dimensional
steady-state model of annular condensation in triangular [11]
and rectangular [12] microchannels at constant heat flux condi-
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tions. The effect of surface tension is emphasized in the model
along with the abnegation of the gravitational body force. How-
ever, the influence of the condensate distribution on the channel
wall was neglected in the one dimensional model, which could
lead to a distortion of the actual values and operational parame-
ters. Recently, in order to give a more reliable theoretical descrip-
tion for micro condensation, Chen and coworkers [13] completed a
three-dimensional simulation, which considered the condensate
film distribution in rectangular microchannels with constant heat
flux.

In addition to these original theoretical investigations, several
experimental investigations involving condensation in mini/micro-
channels have been conducted. Garimella and coworker [14,15]
presented an overview of the visualization study on condensation
of refrigerants in minichannels. Experiments for condensation in
round, square and rectangular tubes with hydraulic diameters in
the range of 1-5 mm were reported and two phase flow regimes
and patterns in minichannels were presented. An et al. [16,17] ob-
served the flow patterns in round microchannels. Only plug flow,
annular flow and bubbly flow were observed in round channel hav-
ing the diameter of 0.468 mm, and it was found that the transition
of the flow pattern will be deeply influenced by the mass flow rate.
Médéric et al. [18] performed a visualization study of condensation
flow patterns in tubes with diameters of 0.56, 1.1 and 10 mm. This
observation provided sufficient evidence that the capillary force is
the dominant force of flow condensation in channels whose diam-
eters are less than 1 mm. Chen and Cheng [19] performed a visual-
ization study of condensation in parallel silicon microchannels
with hydraulic diameter of 75 um, an intermittent flow of vapor
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Nomenclature

Ai A cross-sectional area and heat transfer area of a single
channel, respectively

Bo two-phase flow Bond number

Co condensation number

Cp specific heat of the cooling water

D hydraulic diameter of channel

o injection frequency

f frequency of exposure

G volume flow rate of the cooling water

g acceleration due to gravity

hy, hy enthalpy of the condensation flow at the inlet and outlet
of the channel, respectively

L channel length

M injection period number

me total mass flow rate

N number of photograph

Nu average Nusselt number of flow condensation

n channel number

q total heat flow rate

q heat flow rate removed from a single channel

Re, inlet vapor Reynolds number

Tin, Toue inlet and outlet temperature of cooling water, respec-
tively

tp average temperature after injection flow

tr average temperature before injection flow

[ average temperature of condensation flow

tim tour  inlet and outlet temperature of condensation flow,
respectively

tw, tw wall temperature and average wall temperature of
channel

We, condensate Weber number

XpXp/L  location and dimensionless location of injection flow,
respectively

Greeks

o average heat transfer coefficient of flow condensation

Y latent heat

Ap total pressure drop of the condensation

W, Ly dynamic viscosity of the condensate and the vapor,
respectively

Uy kinematic viscosity of vapor

g thermal conductivity

0, pi, pv density of cooling water, condensate and vapor, respec-
tively

o surface tension coefficient

and condensate was observed. Subsequently, an experiment on
condensation of steam in trapezoidal parallel microchannels hav-
ing a hydraulic diameter of 82.8 pm was performed by Wu and
Cheng [20]. Droplet flow, annular flow and injection flow were ob-
served. Chen et al. [21] conducted a visualization investigation of
condensation in triangular silicon microchannels with diameters
less than 250 pm. The results indicated that the channel scale, heat
flux, and mass flow rate all have significant influence on the con-
densation flow patterns, and droplet flow, annular flow and injec-
tion flow etc. were all observed. Of particular interest here was the
new observation of injection flow at a constant frequency, which
received increasing attention in the past several years. However,
the measurement of heat transfer coefficient was not included in
Chen’s above work [19,21]. After that, Wu and coworkers [22] fur-
ther studied the flow condensation in three sets of trapezoidal sil-
icon microchannels, having hydraulic diameters of 53.0, 77.5 and
128.5 um, respectively. Based on the experimental results, a corre-
lation for the location of injection flow in function of the Reynolds
number, condensation number and hydraulic diameter was pro-
posed. More recently, Quan et al. [23] studied the injection flow
of condensation in trapezoidal silicon microchannels at the basis
of Wu et al. [20,22]. They found that the increase of steam mass
flow rate, decrease of cooling rate or microchannel diameter tend
to enhance the instability of the condensation film on the wall,
resulting in the occurrence of injection flow further toward the
outlet with an increase in occurrence frequency. Zhang et al.
[24,25] also investigated the bubble emission and the multichan-
nel effect of condensation in rectangular microchannels.

The measurement of the heat transfer coefficient is another
important and difficult work in studying micro flow condensation.
Garimella and Bandhauer [15] developed a technique for the mea-
surement of condensation heat transfer coefficients in microchan-
nels. And the measured heat transfer coefficient for the
condensation of refrigerant R134a in a square microchannel with
hydraulic diameter of 0.76 mm was found in the range of 2110-
10,640 W m~2 K. Cavallini et al. [26] measured the heat transfer
coefficient for condensation of R134a and R410a inside multi-port
minichannels having a hydraulic diameter of 1.4 mm. The heat

transfer coefficient was found as high as 16,000 Wm 2K, and
it was proved that the condensation heat transfer will be enhanced
with decreasing hydraulic diameter. An et al. [17] also measured
the heat transfer coefficient in the round microchannels having
the hydraulic diameters of 289-997 um. They found the average
Nusselt number increases with the increase of inlet vapor Reynolds
number, and decreases with decreasing tube diameter, while the
circumferential average heat transfer coefficient increases obvi-
ously with decreasing tube diameter.

As mentioned above, a few investigations of condensation in
microchannels have been conducted in recent years. But the
majority of the available experimental work are focused on milli-
meter or sub-millimeter scale channels, even though Wu et al.
[20,22] have done efforts on the understanding of the micro con-
densation, but their studies are based on the trapezoidal channel.
However, as the most commonly applied in micro heat pipe, flow
condensation in triangular microchannels is still insufficient in cur-
rent study. Despite Chen et al. [21] have contributed a flow map of
condensation in triangular microchannels, heat transfer in triangu-
lar microchannels has not been measured in the past work. To ad-
dress this issue and provide a more detailed experimental data,
which to push the understanding of the condensation in triangular
microchannels, a systemic experimental study on flow condensa-
tion in triangular silicon microchannels is performed in this paper.
The flow patterns in triangular silicon microchannels with hydrau-
lic diameters of 250 and 100 um are recorded. In addition, the po-
sition and frequency of injection flow, wall temperature of channel,
total pressure drop, average condensation heat transfer coefficient
and average Nusselt number under different conditions are also
measured in the paper.

2. Description of the experiment
2.1. Experimental setup
As shown in Fig. 1, parallel isosceles triangular microchannels

with sidewalls inclined at 54.7°, whose hydraulic diameters D are
250 and 100 pum, are etched in the (100) silicon wafer by wet
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Fig. 1. Schematic of triangular silicon microchannel chip.
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Fig. 2. Schematic of experimental setup.

TMAH solution and a Pyrex glass is anodic bonded on the top of the
wafer. The number of channels in each silicon chip n is 10, and the
length of each channel L is 56.7 mm.

Fig. 2 indicates the schematic of the experiment setup. Satu-
rated steam, which is generated by the boiler, flows successively
through the valve, filter and then arrives at the microchannel sec-
tion in which the vapor condensates and releases heat to the cool-
ing water in the copper cooler. Both the silicon chip and the copper
cooler are 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
cooper cooler in order to reduce the thermal contact resistance.
The whole experimental section is covered by the thermal insula-
tion materials to limit heat loss, except the place for
photographing.

In the experiment, the temperature at the inlet and outlet of the
condensation flow and cooling water, as well as the wall tempera-
ture of the silicon channel are measured by type T thermocouples
(accuracy: 0.1 °C). The pressure of inlet vapor is measured by
high-temperature pressure sensor (accuracy: +1.5 kPa). The vol-
ume flow rate of cooling water is measured by glass rotor flow me-
ter (accuracy: #0.4 L/h). Temperature and pressure data are
collected by Agilent 34970A data acquisition. The condensation
flow pattern is recorded by a microscope having a 2X 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 x, is measured by vernier caliper (accuracy:
+0.02 mm). The different experimental conditions are applied by
regulating the inlet saturated vapor pressure, and controlling the
temperature and flow rate of the cooling water.

2.2. Data analysis
The frequency of the injection flow is calculated from the image

number for one injection period recorded by the video recording
system. For example, if the frequency of exposure is fand M injec-

tion periods are recorded by N photographs, the injection fre-
quency f, can be calculated as

fp :ﬂ\/l

The total heat flow rate can be calculated as

o 1)
q= CppG(Taut - Tin)

(2)
where Ty, Tin, G, ¢, and p are outlet temperature, inlet temperature,
volume flow rate, specific heat and density of the cooling water,
respectively.

Since the ten channels etched in the wafer are parallel and iden-
tical, it is reasonable to assume that the same heat flow rate is re-
leased from each single triangular channel to the cooling water.
Therefore, the heat flow rate removed from the sidewalls of a sin-
gle triangular channel is

q= 3)

n
The average heat transfer coefficient is

= 7q/

A(tf - fW)

(4)

where A is heat transfer area in a single channel, and t,, is the aver-
age wall temperature of channel, which is the algebraic average of
the measured temperatures on the wall surface. ¢ is the average
temperature of condensation flow, which is computed by

-t (L —Xp) LA tour | Xp Lin — Lour
b= L T2 1 2 ®)

where fris the average temperature of the vapor before the injection
flow, which can be regarded as the inlet saturated steam tempera-
ture, ti;, t, is the average temperature after injection, which is
approximately equal to the average of the saturated steam temper-
ature t;, and the outlet condensation flow temperature to;.

The total condensation mass flow rate can be calculated as

1 (6)

Me=h —h,

where h; and h; are the enthalpy of the condensation flow at the in-
let and outlet of the channel.

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

m.D
Re, = m (7
_ D (me )
wer =1 (i) @

where A, is the cross-sectional area of channel, p, and p; are the
density of the saturated vapor and condensate, respectively, o and
vy are the surface tension coefficient and saturated vapor viscosity,
respectively.
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The Bond number, Bo, condensation number, Co, and average
Nusselt number of flow condensation, Nu, in triangular microchan-
nel are

2
Bo :g(pl _ pv)D (9)
g
@:% (10)
Nu:% (11)

where g, y and /s are acceleration due to gravity, latent heat and
thermal conductivity, respectively.

Based on the data error analysis, the uncertainties of various
parameters in this paper are listed in Table 1.

3. Experimental results and discussion
3.1. Flow patterns

Differing from the larger or macro condensation, which is dom-
inated by gravity and buoyancy, the condensation flow pattern in
microchannels is dominated by surface tension and shear stress
on vapor-liquid interface. As shown in Fig. 3, the flow patterns
are droplet flow, annular flow, injection flow and slug-bubbly flow
along the triangular microchannel. Compared with the experimen-
tal results reported by Wu and Cheng [20] and An et al. [16], the
condensation flow patterns occurring in the triangular silicon
microchannels is similar to the flow patterns in trapezoidal micro-
channels, but different from the flow patterns in circular
microchannels.

Since the silicon surface is a hydrophobic surface, droplet con-
densation takes place near the inlet of the triangular microchan-
nels (see Fig. 3(b)). As the accumulation of the condensate, the
channel side wall will entirely be covered by the condensate, and
the flow pattern will be converted to annular flow (see Fig. 3(c))
at the downstream of the droplet flow.

Table 1
Uncertainties of parameters.

Parameters Uncertainties (%) Parameters Uncertainties (%)
Xp[L 1.41 Re, 8.02
fo 3.15 We, 113
q 7.98 Bo 1.01
me 7.99 Co 0.32
o 8.09 Nu 8.10
Droplet flow Annular flow

At the end of the annular flow pattern, a periodic injection flow
pattern is observed (see Fig. 3(d)). Injection flow is the alternation
between annular flow and slug-bubbly flow. Fig. 4 lists two periods
of injection flow, including the injection growth and break. As
shown in Fig. 4, two bubbles are emitted within about 0.232 s in
D =250 pum triangular microchannel having the inlet vapor Rey-
nolds number, Re,, of 392.1 and the heat flow rate, g, of 42.52 W.
And it is found the frequency of injection is quite steady. Although
the injection flow pattern is also found in condensation in trapezoi-
dal microchannels, the injection period in triangular channel mea-
sured in this paper is a little longer than that measured in
trapezoidal microchannels by Quan et al. [23].

=0.224s

=0.232s

Fig. 4. Injection flow in triangular microchannel (D =250 um, Bo=0.01067,
q=42.52 W, Re, =392.1, We, = 0.002135, xp/L = 0.5291, f= 125FPS, f, = 8.417 Hz).

Injection flow Slug-bubbly flow

— X XX

Flow direction

(d)

Fig. 3. Flow patterns in triangular microchannel: (a) Schematic diagram; (b) Droplet flow; (c) Annular flow; (d) Injection flow and (e) Slug-bubbly flow.

(e)
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After the injection flow, the vapor in emitted bubbles will be
further cooled in the slug-bubbly flow region (see Fig. 3(e)). Finally,
the bubbles are gradually condensed, shrank and submerged in the
condensate.

In addition, the mechanisms of flow condensation in micro-
channels should also be different from the adiabatic liquid-gas
two-phase flow [27-33]. The comparison between the condensa-
tion flow and adiabatic liquid-gas two-phase flow in microchan-
nels is conducted. Fig. 5 illustrates the adiabatic liquid-gas two-
phase flow patterns in the triangular microchannel by Zhao and
Bi [33]. As shown in the figure, capillary bubble flow, slug flow,
churn flow and annular flow were observed, respectively, under
different experimental conditions. More specifically, under a cer-
tain operating condition, the flow pattern is not altered along the
adiabatic two-phase flow. However, different flow patterns exist
simultaneously along the condensation stream. The injection flow,
which can be regarded as the characteristic flow pattern for con-
densation in microchannels, has not been observed in the adiabatic
liquid-gas two-phase flow.

3.2. Effects of experimental condition to injection flow

Although injection flow is an unstable flow pattern, the location
and the frequency of the injection flow is not altered under a cer-
tain operating condition.

Fig. 6 shows the variation of dimensionless injection location,
Xp/L, versus the inlet vapor Reynolds number, Re,. The injection
flow occurring in the channel and the similar condensation num-
bers Co in different microchannel chips are ensured by the cooling
water with different inlet temperature T;, but the same volume

olIX

9 .
0 :
1AL 1

(a) b  ( (d)

c)

Fig. 5. Adiabatic two-phase flow patterns in triangular microchannel of D = 866 pm
[33]: (a) Capillary bubble flow (ug.=0.2 m/s, Uwger=0.1m/s); (b) Slug flow
(Ugas = 0.4 M/S, Upqeer = 0.1 m/s); (c) Churn flow (uges = 5.5 /S, Upqeer = 0.1 m/s) and
(d) Annular flow (uges = 85 m/s, Uyarer = 0.1 M/s).

1.0
A A D=250 um
08r a D=100um _
A
< 06 ]
£ 041 A .
024 _

300 600 900 1200 1500 1800
Re,

Fig. 6. Dimensionless injection location versus the inlet vapor Reynolds number
(D=250 um: Bo=0.01073, Co=1.07, T;=58.6°C, G=10.0L/h, f=125FPS;
D =100 pm: Bo=0.001719, Co=1.09, T;,=42.1°C, G=10.0L/h, f=125FPS or
250FPS).

flow rate G. As shown in Fig. 6, x,/L increases with the increase
of Re,, which indicates the injection flow location moves towards
the outlet when the mass flow rate increases. It is also indicated
by the figure that the location of injection flow is also influenced
by the hydraulic diameter, and x,/L increases with the increase of
hydraulic diameter D at the same Re,,.

The surface tension is another important factor for the location
of injection flow. As shown in Fig. 7, x,/L also increases with the in-
crease of We;, which indicates the ratio of inertia force and surface
tension in the condensate. Based on the experimental data, the cor-
relation of x,/L, Re,, We; and D/L is presented as

Xp/L =5.939 x 10°Re)® We*?(D/L)*'* (12)

The locations of injection flow predicted by Eq. (12) are compared
with the experimental data in Fig. 8 and Table 2. The correlation
coefficient and the maximum deviation of Eq. (12) from the exper-
imental data are 0.9851 and 11.8%, respectively.

Figs. 9 and 10 present the injection frequency f, versus Re, and
We,. The frequency f, will increase with the increase of Re, or We, in
the same channel. Fig. 11 illustrates the relationship between the
injection frequency f, and the dimensionless injection location
Xp/L. The frequency is lower when the injection occurs in the upper
stream of the channel. At the same time, the hydraulic diameter D
has a significantly effect on the flow condensation instability in the
microchannels. The vapor-liquid interface is more unstable in the
smaller channel, in which f, is much higher. Based on the experi-
mental data, the correlation of f,, Re,, We; and D/L in triangular
microchannels is presented as

fp — 0_188Re(7)).992 We?.436(D/L)—0.132 (13)

The correlation coefficient and the maximum deviation of Eq. (13)
from the experimental data are 0.9540 and 25.9%, respectively.
Fig. 12 and Table 2 show the comparison between the predicted
injection frequency values from Eq. (13) and the experimental data.

1.0
A D=100 pym
0.8} F
A n
L o6 *
] A
RK A .
0.4} -
02* .
D=250 um
0 L L L
0 0.004 0.0080 0.06 0.12
We, We,

Fig. 7. Dimensionless injection location versus condensate Weber number. (The
same condition with Fig. 6.)

o If---% 11.8% Error Band , &
'?3 0.8 Experimental Data 7~~~
= V.or . , -
A D=250um /A
B 06 ® D=100um - 28
Q //
B 04}
A %
S 02f o
=
0 n

0 02 04 06 08 1
x,/L Experimental Data

Fig. 8. Comparison between the predicted and experimental values of dimension-
less 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.)
Re, We, Xp/L f» (Hz) Nu
Experimental Fitting Relative error ~ Experimental Fitting Relative error ~ Experimental Fitting Relative error
data value (%) data value (%) data value (%)
D =250 pm triangular microchannel
6279 7.215x10> 0.8977 1.004 11.8 33.88 26.90 —20.6 1.727 1.961 13.6
499.7 3.993 x 10> 0.7284 0.7304 0.275 16.69 16.73 0.252 1.624 1.642 1.10
4401 2935x10°> 0.6543 0.6052 —-7.50 11.13 12.78 14.9 1.722 1.751 1.71
3921 2135x10° 05291 0.5097 —3.67 8.417 9.849 17.0 1.679 1.551 —7.62
3260 1.423 x10> 0.4074 0.3948 —3.09 5.741 6.928 20.7 1.374 1.419 3.22
232.8 6.624x 103 02381 0.2482 4.24 4.280 3.563 -16.8 1.334 1.210 -9.30
D =100 pm triangular microchannel
1708 0.1119 0.6825 0.6506 —4.68 = - - 2.142 1.972 —7.94
1395 7.354 x 1072 0.4797 0.4981 3.82 146.8 183.7 25.1 2.043 1.799 —-12.0
1055 4174 x 1072 0.3598 0.3458 —3.90 86.47 108.9 259 1.491 1.588 6.51
8248 1.624x 1072 0.2540 0.2429 —4.35 65.92 65.64 —0.425 1.270 1.407 10.8
6914 2284x1072 0.1764 0.1939 9.92 57.54 47.52 -17.4 1.246 1.302 4.53
" Too high frequency to be recorded.
40 I -
D=250 um u 3 180F----% 259% ,
A s Error Band 7
> 150t ’,
30} 120 z , -
9] L s -7
500 £120 -
L B L -
3 A g ™ g o
N Q[\']‘ 60 , ~ ™ -~ Experimental Data
10 4 - T 30l g A D=250um
A A 10 D=100 um ;& 0 m D=100 um
300 400 600 800 12001600 0 30 60 90 120 150 180

Re, Re,

Fig. 9. Injection frequency versus the inlet vapor Reynolds number. (The same
condition with Fig. 6.)

4
0 D=250 um D=100um m
301 120t
N
T 20
R A 80t "
101 AA .
at -
0 , 40t .
0  0.004 0.008 0 0.04 0.08
We, We,

Fig. 10. Injection frequency versus the condensate Weber number. (The same
condition with Fig. 6.)

120+ "
5 90r " 4 D=250um
260 m™ s D=100um
30t A
A
0 A A AL
02 04 06 08 1.0
x,/L

Fig. 11. Injection frequency versus the injection location. (The same condition with
Fig. 6.)

f» /Hz Experimental Data

Fig. 12. Comparison between the predicted and experimental values of injection
frequency. (The same condition with Fig. 6.)

3.3. Characteristics of condensation flow and heat transfer

Fig. 13 shows the wall temperature distribution of condensation
in triangular microchannel with a diameter of 250 pum. It is found
that the wall temperature decreases along the flow direction, and
the average wall temperature will increase with the increase of
inlet vapor Reynolds number, Re,.

Fig. 14 presents the total pressure drop of the condensation Ap
versus the inlet vapor Reynolds number Re,. As illustrated in the
figure, Ap increases with the increase of Re, nearly linearly, which
is similar to the experimental results conducted by An et al. [16] in
the circular microchannels.

Figs. 15 and 16 are the plots of the average condensation heat
transfer coefficient « and the average Nusselt number Nu versus
the inlet vapor Reynolds number Re,, respectively. As shown in

1(1)2 _ ; . L Re,=627.9,x,/L=0.8977
ol ® Re,=499.7,x,/L=0.7284
S| . Re,=440.1,x,/L=0.6543
| * Re,=386.0,x,/L=0.5291
ol y ;| *Re,=326.0,x,/L=0.4074
Y | vRe,=232.8,x,/L=0.2381

50

0 02 04 06 08 1.0
x/L

Fig. 13. Wall temperature distribution (D =250 um, the same condition with
Fig. 6).
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200 300 400 500 600 700
Re,

Fig. 14. The total pressure drop of the condensation versus the inlet vapor Reynolds
number. (D =250 pum, the same condition with Fig. 6.)

16000
A D=250 um - u

7, 12000 s D=100 pm

N'E u

= 8000} ="

3

4000fa a4 4
300 600 900 1200 1500 1800

Re,

Fig. 15. Average condensation heat transfer coefficient versus inlet vapor Reynolds
number. (The same condition with Fig. 6.)

24
A D=250 um
5ol  ®D=100um  u "
=
= AAA
L6 4
n
A A
1.2 =t

300 600 900 1200 1500 1800
Re,

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

the figures, for the larger Re,, the injection location is postponed,
and the droplet and annular flow regime are extended, while the
slug-bubbly flow regime, whose heat transfer coefficient is much
less than that in the droplet and annular flow regime, is truncated.
Therefore, « and Nu are larger at larger Re, in the same channel.
And the condensation heat transfer coefficient in 100 pm micro-
channel is much higher than what in 250 pm microchannel, which
indicates that the flow condensation heat transfer is enhanced sig-
nificantly by the reduction of the channel diameter. However, it
must be addressed, in despite of the increase of condensation heat
transfer coefficient, Nu decreases with the decrease of channel
hydraulic diameter. Based on the experimental data, the correla-
tion of Nu, Re, and D/L in triangular silicon microchannels can be
expressed as

Nu = 1.329Re%*°(D/L)*>% (14)

The correlation coefficient and the maximum deviation of Eq. (14)
from the experimental data are 0.8731 and 13.6%, respectively.
Fig. 17 and Table 2 show the comparison of Nu between the pre-
dicted results and the experimental data.

24

o 22L "t 13.6% e
% Error Band -
S 2f A paa
B 18} o =’
o 7 -
3 1.6 ,’n A _ 7 Experimental
S 14F Pl L Data
Z 12k A A  D=250 um

| e ) B D=100 um

1 12141618 2 2224

Nu Experimental Data

Fig. 17. Comparison between the predicted and experimental values of Nusselt
number. (The same condition with Fig. 6.)

4. Conclusions

A visualization experiment is conducted to investigate the flow
condensation in the silicon triangular microchannels with hydrau-
lic diameters of 250 and 100 pm. The flow patterns and the heat
transfer characteristics are all acquired. Based on the experimental
data, the formulas of injection location, injection frequency and
condensation Nusselt number in triangular silicon microchannels
are presented. The conclusions can be summarized as

(1) Dominated by the surface tension and shear stress on vapor-
liquid interface, rather than the traditional body force such
as gravity and buoyancy in the normal scale channels, the
droplet flow, annular flow, injection flow and slug-bubbly
flow are observed in flow condensation along the flow direc-
tion in triangular microchannel.

(2) Injection flow is a transition flow pattern from the annular
flow to the slug-bubbly flow. Although the injection flow is
an unstable flow pattern, the location and the frequency of
injection keep stable under a certain condition.

(3) Theinjection flow will be postponed with the increase of mass
flow rate in the same microchannel. In addition, at the same
inlet vapor Reynolds number, injection location is observed
to move towards the channel outlet with increasing hydraulic
diameter of the channel. The injection frequency increases
with the increase of inlet vapor Reynolds number and conden-
sate Weber number, as well as the prolongation of injection
location. The injection frequency in smaller channels is much
lager than that in the larger channel, i.e. the vapor-liquid
interface is more unstable in a smaller channel.

(4) The wall temperature of the channel decreases along the con-
densation stream. And the total pressure drop of the conden-
sation increases with the increase of inlet vapor Reynolds
number.

(5) Both the average condensation heat transfer coefficient and
the average condensation Nusselt number increase with the
increase of inlet vapor Reynolds number. The reduction of
diameter has a significant role in the enhancement of con-
densation heat transfer. However, under the same inlet
vapor Reynolds number, the average condensation Nusselt
number will be reduced as the diameter decreases.
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