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Abstract

A simultaneous visualization and measurement study have been carried out to investigate flow boiling instabilities of water in micro-
channels at various heat fluxes and mass fluxes. Two separate flow boiling experiments were conducted in eight parallel silicon micro-
channels (with flow interaction from neighboring channels at headers) and in a single microchannel (without flow interaction),
respectively. These microchannels, at a length of 30 mm, had an identical trapezoidal cross-section with a hydraulic diameter of
186 um. At a given heat flux and inlet water temperature, it was found that stable and unstable flow boiling regimes existed, depending
on the mass flux. A flow boiling map, in terms of heat flux vs mass flux, showing stable flow boiling regime and unstable flow boiling
regime is presented for parallel microchannels as well as for a single microchannel, respectively, at an inlet water temperature of 35 °C. In
the stable flow boiling regime, isolated bubbles were generated and were pushed away by the incoming subcooled liquid. Two unstable
flow boiling regimes, with long-period oscillation (more than 1 s) and short-period oscillation (less than 0.1 s) in temperature and pres-
sure, were identified. The former was due to the expansion of vapor bubble from downstream while the latter was owing to the flow
pattern transition from annular to mist flow. A comparison of results of flow boiling in parallel microchannels and in a single micro-

channel shows that flow interaction effects from neighboring channels at the headers are significant.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that two-phase flow instabilities in a
macrochannel can be divided into dynamic and static cate-
gories depending on the mechanism [1,2]. The dynamic
instability generally reflects the feed back control process
of a number of parameters such as pressure, mass flux,
and temperature. It is commonly recognized that three
types of oscillations exist in a macrochannel: pressure drop
oscillation, density wave oscillation and thermal oscillation
[3,4]. These unsteady behaviors can introduce a boiling cri-
sis that causes mechanical damages [5]. As pointed out by
Boure et al. [1], pressure wave oscillations had been
observed in subcooled boiling, bulk boiling, and film boil-
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ing under subcritical or supercritical conditions [6]. Several
investigators have reported pressure oscillations of rela-
tively high frequency in the range of 10-100 Hz (0.01-
0.1 s), when operating under highly subcooled conditions.

Recently, a great deal of attention has been given to the
study of dynamic flow boiling instability in microchannels
[8-17]. In particular, Hetsroni et al. [8,9] found small pres-
sure fluctuations in their investigation of flow boiling of
water in 21 silicon triangular microchannels having a diam-
eter of 129 um, and observed periodic annular flow and the
periodic dry steam flow in these microchannels. Brutin
et al. [10] investigated heat and mass transfer and analyzed
two-phase flow instabilities in vertical rectangular micro-
channels with a hydraulic diameter of 889 um. It was found
that steady and unsteady thermo-hydraulic behaviors
depended on the amount of heat flux and mass flux. Qu
and Mudawar [11] performed a flow boiling experiment
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Nomenclature

A cross-sectional area of microchannel
Ay, area of heating area

hg latent heat of evaporation

G mass flux

M total mass

N total number of microchannels
q heat flux

I electric current of heater

V electric voltage of heater

P pressure

t time
T Temperature

Greek symbol

(] heat transfer ratio
Subscripts

in inlet

out outlet

w wall

of water in a two-phase microchannels heat sink made of
21 copper parallel microchannels with a cross-section area
of 231 x 713 pm?. They identified two types of two-phase
hydrodynamic instabilities in the microchannels: severe
pressure drop oscillation and mild parallel channel instabil-
ity. Wu and Cheng [12,13] carried out a simultaneous visu-
alization and measurement investigation on flow boiling of
water in parallel silicon microchannels of trapezoidal cross-
section having hydraulic diameters of 82.8 um, 158.8 um,
and 185.6 um, respectively. They found for the first time
that there existed two oscillatory flow boiling modes with
large amplitudes of temperature and pressure fluctuations
in microchannels: liquid/two-phase alternating flow
(LTAF) and liquid/two-phase/vapor alternating flow
(LTVAF). They also found that the oscillations of mass
flux and pressure drop were out of phase in these two boil-
ing modes. Subsequently, Xu et al. [14] conducted experi-
ments to study dynamic flow instability of methanol in a
compact heat sink consisting of 26 rectangular microchan-
nels with 300 um width and 800 pum depth. Their study
showed that once the mass flux became smaller than that
of onset of flow instability, three types of oscillations
occurred: large amplitude/long-period oscillation, small
amplitude/short-period oscillation, and thermal oscillation.
Steinke and Kandlikar [15] performed an experimental
investigation for flow boiling using water in six parallel
horizontal microchannels with a hydraulic diameter of
207 um. The flow visualization demonstrated that the flow
reversal condition in parallel flow channels was due to bub-
ble nucleation followed by its rapid growth. In addition,
the dry-out condition was observed. Most recently, Hets-
roni et al. [16] observed the explosive boiling phenomena
with periodic wetting and dry-out in triangular silicon
microchannels, and found that the trigger mechanism of
such a phenomenon was the venting of elongated bubble
due to very rapid expansion.

In this paper, we have performed further simultaneous
visualization and measurement study to investigate
dynamic instabilities in flow boiling of water in parallel
microchannels as well as in a single microchannel, having
a hydraulic diameter of 186 um that were used in our pre-
vious studies [12,13]. It was found that after incipient boil-

ing, both stable and unstable flow boiling occurred in the
parallel microchannels and a single microchannel depend-
ing on the heat-to-mass flux ratio, ¢/G. Unstable flow
boiling with long-period oscillation (more than 1s) and
short-period oscillation (less than 0.1 s) existed due to dif-
ferent flow patterns. These instabilities due to the transition
of flow patterns are called dynamic instabilities according
to Boure et al. [1]. Periods and amplitudes of temperatures,
pressures, and mass flux fluctuations in these dynamic
instabilities were measured. With the aid of a microscope
and a high-speed video recording system, flow boiling pat-
terns at various heat flux and mass flux conditions were
observed. In addition, a map, in terms of heat flux versus
mass flux, showing stable and unstable flow boiling regimes
in parallel microchannels as well as in a single microchan-
nel is presented separately for an inlet water temperature of
35°C.

2. Description of the experiment
2.1. Experimental setup

Fig. 1 shows the experimental setup, which consisted of
a high-pressure tank, three valve regulators, a degassing
unit, a constant temperature bath, a filter, a test section,
and a collecting container. The deionized and degassed
water in the pressure tank, being pushed by the compressed
nitrogen gas, flowed successively through a ball valve, a
degassing unit which removed the dissolved nitrogen gas,
a constant temperature bath with the function of insuring
a certain inlet water temperature, a needle valve to regulate
the mass flux, a filter, to the test section heated by a film
heater, and finally was collected in a container with a small
hole vented to the atmosphere. The container was placed
on a precision electronic balance, and the average mass flux
of water was determined by calculating the mass increment
per unit time.

2.2. Test section and measurement system

Fig. 2a shows the geometry and dimensions of the eight
parallel microchannels having the same trapezoidal cross-
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sectional area on a silicon substrate. The top width, bottom
width, and depth of these trapezoidal microchannels were
427 um, 208 um, and 146 pm, respectively. These micro-
channels, having a hydraulic diameter of 186 um and a
length of 30 mm, were the same as in our previous work
[12,13]. The distance between two neighboring microchan-
nels was 281 pm. Fig. 2b shows a schematic representation
of flow interaction from neighboring channels at the head-
ers, where the unsynchronical expansion of vapor bubbles
in neighboring parallel microchannels led to flow interac-
tion at the headers. The geometry and dimensions of a sin-
gle microchannel were exactly the same as parallel
microchannels except the number of channel. The micro-
channels, etched in a (100) silicon wafer, were sealed from
the top by a thin pyrex glass plate which allowed visualiza-
tion of the boiling phenomena occurring inside the micro-
channels. A microscope and a high-speed video recording
system, located above the microchannels, were used for
the visualization study.

The test section was discussed in details in our previous
work [12,13] and therefore, will not be repeated here. As
shown in Fig. 3, Twi, Tw2, Tw3, Twa, and Tys were the wall
temperatures, T}, and T, were temperatures of the fluid in
the inlet plenum and outlet plenum. These temperatures

were measured by seven type-T thermocouples, having a
diameter of 0.1 mm with a response time of 0.1 s. Two pres-
sure transducers with a response time of 0.001 s were used
to measure water pressure (P;, and P,,) at the inlet and
outlet of the microchannels.

The heat flux, ¢, was computed from ¢ = ®VI/A4,,, where
V and I are the input voltage and current to the film heater,
A,, the area of heated wall, and @ the ratio of the heat
absorbed by the working fluid to the total power input to
the film heater. A set of single-phase heat transfer experi-
ments were performed before the boiling heat transfer tests
started. The range of the heat transfer ratio, @, ranging
from 0.82 to 0.94 was determined. Thus, the mean heat
transfer ratio of 0.88 was used to compute the effective
heating power. The method was similar to that used by
Xu et al. [7] and Hetsroni et al. [8], which was also used
in our previous work [12,13]. The average mass flux of
water was given by G=AM/(At- N - A.), where AM is
the total mass increment in the container measured by
the electronic balance during an appropriate time interval
At; N is the total number of microchannels and A, is the
cross-sectional area of the microchannel. Thus, the mass
flux reported in this paper, is an average mass flux during
At and is therefore not an instantaneous value.
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3. Results and discussion
3.1. Flow boiling patterns in parallel microchannels

Experiments for parallel microchannels were carried out
at constant heat flux conditions of ¢=226.9 kW/m?
305.7 kW/m?, 362.4 kW/m?, 417.8 kW/m?, and 497.8 kW/
m?, respectively, with inlet water temperature at 35 °C. It
was found that the boiling flow pattern depends greatly
on the heat-to-mass flux ratio, ¢/G, which is related to
the Boiling number, Bo, by

Bo = q/thg,

where /i, is the latent heat of evaporation.

We now define the ““stable flow boiling” mode as under
a constant heat flux condition, when the mass flux is con-
stant while temperature and pressure fluctuations are neg-
ligibly small or zero. On the other hand, the ““unstable flow
boiling” mode is defined as under constant heat flux condi-
tion, the mass flux keeps on decreasing with time and with
appreciable temporal variations of pressure or wall
temperatures.

Fig. 4 presents a map showing stable and unstable flow
boiling regimes, which is characterized by the two parame-
ters of heat flux ¢ and mass flux G. It is shown that stable
flow boiling with no periodic oscillation existed for
q/G <0.96 kJ/kg, unstable flow boiling regime with long-
period oscillation (more than 1s) ranged from ¢/G=
0.96 kJ/kg to q/G = 2.14 kJ/kg, and unstable flow boiling
regime with short-period oscillation (less than 0.1 s) existed
for ¢/G> 2.14 kJ/kg in the parallel microchannels for an
inlet water temperature of 35 °C.

3.1.1. Stable flow boiling regime with no periodic oscillation
(q/G <0.96 kJlkg)

Fig. 5 shows the four stable boiling flows at ¢ = 35.4 kW/
m? for different values of G near the outlet location. At
G =553kg/m?s (ie., q/G=0.64 klJ/kg), isolated bubble
grew in the microchannels and then it was flushed down-
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Fig. 4. Stable and unstable flow boiling regimes in parallel microchannels.

stream by the bulk flow as shown in Fig. 5a. At a small
mass flux at G=51.3kg/m’s (ie, ¢/G=0.69kJ/kg),
isolated bubble grew and elongated before it was flushed
downstream by the bulk flow as shown in Fig. 5b. At a
mass flux equal to G= 48.5kg/m’s (i.e., ¢/G=0.73kJ/
kg), bubbles began to coalesce and form a large bubble
before it was flushed downstream by the incoming flow as
shown in Fig. 5c. Finally, at a smaller mass flux equal
to G=432kg/m’s (i.e., ¢/G=0.82kJ/kg), the bubble
began to expand in both upstream and downstream
directions as is shown in Fig. 5d. The outlet water temper-
ature for this stable flow boiling mode was about 95 °C
(which was several degrees lower than the saturated temper-
ature corresponding to the exit pressure of the microchan-
nels) while the wall temperatures were at superheated
conditions.

3.1.2. Unstable flow boiling regime with long-period
oscillation (0.96 kJlkg < q/G <2.14 kJlkg)

As mentioned earlier, the mass flux in the unstable flow
boiling regime keeps on decreasing under constant heat
flux condition. Temporal variations of wall temperatures
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at ¢ = 305.7 kW/m? with inlet water temperature at 35 °C
as G decreasing from 308.3 to 142.3 kg/m? s for the period
from t=200s to t=12216s are shown in Fig. 6. Just
before oscillation started (at ¢ =216 s) with a correspond-
ing mass flux at 311.2 kg/m?s, all temperature measure-
ments remained constant with time, which are presented
as straight lines shown in Fig. 6a, which corresponded to
the stable flow boiling condition. However, about 35s
later, temperature oscillations began to occur as the corre-
sponding mass flux decreased to 308.3 kg/m” s as shown in
Fig. 6b. A comparison of Fig. 6¢c (at G= 299.6 kg/m?*s

and at 1760 s <t <1776s) and Fig. 6d (at G=161.0 kg/
m?s and at 11120s <7< 11136 s) shows that cyclic varia-
tions of wall temperature periods, oscillation amplitudes,
and the average values of temperature increased with the
time. The variations of the wall temperature became smal-
ler at t = 11963 s. Finally, there were only small variations
of temperature beginning at t = 12200 s as shown in Fig. 6f
(where the corresponding mass flux decreased to 142.3 kg/
m?” s) which corresponded to the unstable flow boiling with
short-period oscillation condition. Thus, the long- period
of oscillatory flow boiling lasted about 11843 s (from
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starting oscillation at r=357s to end oscillation at 1=
12200 s).

Figs. 7a—d are the photos for flow patterns during one
period at ¢ =305.7 kW/m?s and at a specific mass flux
G =304.7 kg/m” s (with ¢/G = 1.0 kJ/kg) which is in the
unstable flow boiling regime shown in Fig. 6b. The photos
were taken from the top through the transparent cover
with a microscope lens of 50 magnifications at an upstream
location (between Ty, and T,,) at a frame rate of
6320 frame/s. The bulk flow direction was from bottom
to top. It can be seen from Fig. 7a that small bubbles (with
a diameter less than 100 um) were initially formed on the
surface of microchannels (having a bottom width of
208 um). The bubbles were subsequently flushed out of
the channels at a speed of 0.60 m/s. At a later time, as
shown in Fig. 7b, another bubble at the same location
was allowed to grow larger and after it encountered other
heated walls or the top pyrex glass cover, it began to
expand rapidly in both upstream and downstream direc-
tions at a speed of 0.32m/s and 0.90 m/s, respectively.
The reversed flow of vapor increased wall temperatures
as well as inlet pressure. The bubble expansion caused tran-
sition from bubbly flow to annular/mist flow as shown in
Fig. 7c, which had been identified as the main source of
instability in the unstable flow boiling regime with long-
period oscillation. During the annular flow with a thin
annular film along the channel wall, the transient heat con-
duction and interface evaporation enhanced heat transfer
in the channels and reduced the local wall surface temper-
ature. The gradual depletion of the liquid film due to evap-
oration caused occurrence of mist flow downstream,

leading to the intermittent drying (mist flow) and rewetting
(annular flow) in the channel wall. Fig. 7d shows the tran-
sition from annular/mist flow to bubbly flow. The vapor in
the microchannels was observed to be quickly condensed
by the incoming flushing liquid, resulting in the decrease
in wall temperatures and inlet pressure. Small bubbles fol-
lowed several long bubbles, and the bubbly flow shown in
Fig. 7a occurred again. Generally, alternating flow patterns
in the unstable flow boiling regime with long-period oscil-
lation can be described as follows: it began with bubbly
flow that subsequently changed to annular/mist flow due
to rapid bubble expansion. A new cycle started when the
subcooled liquid entered from the inlet and bubbly flow
began to occur again.

The cyclic oscillations of temperature of T, and T, as
well as inlet/outlet pressure during a cycle for the above
case of ¢=3057kW/m> at G=304.7kg/m’s (¢/G=
1.0 kJ/kg) are presented in Fig. 8. The oscillation periods
of temperature were in agreement with those by the visual-
ization study. This illustrated that the oscillations of
temperature were caused by alternating flow patterns.
The corresponding flow regions at different times were also
indicated in Fig. 8. Note that oscillations of temperature of
Tw1 and Ty, (see Fig. 8a) and inlet pressure (see Fig. 8b)
were nearly in phase. This confirmed that the occurrence
of alternating flow pattern, bubbly flow and annular/mist
flow, caused pressure drop fluctuations, which was also
reported by Hetsroni et al. [16].

Time-average oscillation amplitudes and average values
of all measurements in parallel microchannels in the unsta-
ble flow boiling regime with long-period oscillation at
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g =305.7kW/m? as G decreasing from 311.2 to 142.3 kg/
m? s (during £ = 2005 s to = 12260 s) are listed in Table
1. The time-average values of these quantities and their
oscillation amplitudes were obtained based on a 60 s data
acquisition sample. It can be concluded from Table 1 that:
(1) the outlet water temperature was almost at the satura-
tion temperature of 100 °C while the average inlet water
temperature increased with time, varying from the lowest
33.4 °C to the highest 48.4 °C, and then decreased to a con-
stant value of 38.6 °C. Other time-average measurements
including temporal variation of five wall temperatures, as
well as inlet pressure increased with time and approached
constant values with the former approaching superheated
condition; (ii) the highest time-average wall temperature
appeared near the middle location (7;3) instead of the out-
let location (7y;s), which agrees with our previous work
[12,13]. However, the highest time-average oscillation

amplitude of wall temperatures existed near the inlet loca-
tion (Ty); and (iii) it is interesting to note that although
the mass flux decreased with time and oscillation periods
of temperature increased with time as the heat flux
remained constant, oscillation period of temperature was
dependent only on the heat-to-mass flux ratio, ¢/G, but
independent of the heat flux as shown in Fig. 9. In fact,
the oscillation period increased from about 2.5 s to approx-
imately 9.5 s as the value of ¢/G increased from 0.83 to
2.1kJ/kg.

3.1.3. Unstable flow boiling regime with short-period
oscillation (q/G > 2.14 kJlkg)

Unstable flow boiling regime existed also for the case of
g/G>2.14kJ/kg, where short-period/small-amplitude
pressure oscillation existed although temperature oscilla-
tions were small. For the case of ¢ =305.7 kW/m” and
G = 65.2kg/m?s (¢/G = 4.69 kJ/kg), Fig. 10a shows that
variations of inlet/outlet water temperatures and outlet
pressure were almost constant while the oscillation fre-
quency of inlet pressure was at 22 Hz. It is of interest to
note that periodic noises could be heard during this mode
of flow boiling. For this type of unstable boiling flow, the
backward expansion of the vapor bubble had entered deep
into the inlet plenum, causing strong mixing with incoming
subcooled water. Because of the relatively cold water in the
inlet plenum, strong condensation took place at the vapor—
liquid interface that caused sharp shrinking of the vapor
plug, resulting in the occurrence of inlet pressure oscillation
and noise. The highest pressure during one cycle was con-
sidered to be generated at the collapse of the vapor plug
and to be a kind of cavitations [18,19]. The frequency of
pressure fluctuations corresponded to the number of noise
generated per second.

Fig. 10b shows the variations of temperature and pres-
sure at ¢ = 305.7 kW/m?, the same as in Fig. 10a but at a
lower mass flux of 38.6 kg/m?*s (¢/G = 7.92 kJ/kg). A com-
parison of the values of temperature and pressure between
Figs. 10a and b reveal that (i) the inlet temperature
increased with the decrease in mass flux. Because of the
vapor bubble expanded in upstream and penetrated into
the inlet plenum, causing the water temperature in the ple-
num 7;,, higher than that of the incoming subcooled water;
(ii) although oscillation amplitudes of inlet pressure
increased as the mass flux decreased from 65.2 to
38.6 kg/m?s, the inlet pressure oscillation frequency
remained at 22 Hz. Therefore, the frequency of pressure
fluctuations was independent of the mass flux. (iii) The inlet
and outlet temperatures of water as well as wall tempera-
tures were not oscillatory but nearly constant, which are
presented as straight lines. The reason can be explained
as follows: the type-T thermocouples used for wall temper-
atures and inlet/outlet water temperatures had a response
time of 0.1s, which was much longer than the pressure
oscillation period of 0.045s. Thus, it was impossible to
measure the temperature oscillation at such a high fre-
quency by these thermocouples.
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Table 1
Various quantities in parallel microchannels at ¢ = 305.7 kW/m? as G decreasing with time from 311.2 to 142.3 kg/m> s
Time T; Tout Tt Two T3 Twa Tws P Pout Mass flux  Period
From(s)  To (s) °C) (C) () (O (O  (C)  (°C)  (bar) (bar) (kg/m’s) ()
200 260 Average value 334 100.8 87.2 107.4 126.5 124.8 113.5 1.076  0.955 311.2 0
Oscillation amplitude 0.1 0.5 1.4 1.4 1.6 1.3 0.7 0.015 0.021
1390 1450 Average value 335 98.7 103.2 120.9 136 129.5 112.6 1.09 0.93 302.3 3.32
Oscillation amplitude 0.9 2.7 23.1 16.7 10.7 8.2 5.2 0.083 0.04
2580 2640  Average value 334 982 1069 121.8 1362 1292 1151 1.096 0.926  290.7 3.54
Oscillation amplitude 1.3 2.6 27 17.8 11.9 10.4 7.5 0.104 0.044
3770 3830 Average value 33.7 98.7 106.9 122.8 136.1 129.7 114.4 1.095 0928 271.6 3.79
Oscillation amplitude 1.4 5.1 34 229 15.8 13.2 84 0.114 0.036
4960 5020 Average value 364 97.6 1123 1237 1369 1302 1172 1103 0921 2547 4.01
Oscillation amplitude 14.2 6.2 339 24.2 16.9 17.3 12,6 0.13 0.03
6150 6210 Average value 39.9 99.5 113.8 125.5 137.4 131.5 118.9 1.114 0938  240.7 4.33
Oscillation amplitude 21 39 35.1 22 16.2 16.5 13.8 0.134  0.05
7340 7400 Average value 413 97.7 113.9 125.5 138.1 131.7 118.3 1.111 0.922  209.38 4.6
Oscillation amplitude  23.4 5.6 36.9 23.7 17.7 19.8 184  0.159  0.036
8530 8590  Average value 423 985 1151 1257 1373 1315 119 1119 0926  203.8 4.76
Oscillation amplitude  25.1 2.8 33.6 22.1 17.7 20.6 21.1 0.137  0.024
9720 9780 Average value 43.8 99.3 116.6 127.5 140.2 133.8 120.6 1.128  0.936 191.0 5.57
Oscillation amplitude  30.9 6 34.7 243 17.4 18.8 17 0.151  0.047
10910 10970 Average value 484 975 1189 1274 1395 1337 121.1 1129 0916 1753 6.59
Oscillation amplitude ~ 33.5 2.9 36.6 25.9 17.8 224 249  0.157  0.025
12200 12260 Average value 38.6 99.5 120.5 131.3 142.4 134.8 119.1 1.139  0.935 142.3 0
Oscillation amplitude 1.7 0.1 4.7 2.2 1.9 1.9 2.1  0.028 0.018
10+ short-period oscillation. As shown from these figures, the
o T,=35C | oscillation frequency of inlet pressure for both cases was
1 | ® 9=226.9kWm M about 32 Hz. By comparing the frequency at different heat
. A y paring q y
s | X qiggg.z mjmz MM fluxes shown in Figs. 10 and 11, the frequency of inlet pres-
1 I g; 4178 kW/22 . ‘A;": . sure oscillation in this type of unstable flow boiling regime
7 o q=493.0 KW’ . m‘x' increased with the increase in heat flux, but was indepen-
= - ";ﬁ.f" v dent of the mass flux.
g W oA Figs. 12a and b are the photos for flow pattern in two
e 59 . 'A "Qlﬁ-.' neighboring microchannels during one cycle taken at a
Joe b f_?"- frame rate of 5000 frame/s at ¢=305.7kW/m* and
1.0 }‘ G =652 kg/m?s (¢/G = 4.69 kJ/kg) corresponding to the
3 ‘g’ - case shown in Fig. 10a. Fig. 12a shows that mist/super-
5 ' heated flow was followed by the annular flow in Fig. 12b.
0.8 10 12 14 16 18 20 22 About half of period, 0.0227 s, was occupied by one of

q/G (kJ/kg)

Fig. 9. Oscillation periods of temperature vs. heat-to-mass flux ratio at
different heat flux in parallel microchannels in the unstable flow boiling
regime with long-period oscillation.

Figs. 11a and b show the variations of temperature and
pressure at a higher heat flux at 740.7 kW/m? at two mass
fluxes of 162.2 (¢/G=4.57kJ/kg) and 136.6 kg/m*s
(¢/G = 5.42 kJ/kg) in the unstable flow boiling regime with

these two alternating flow patterns, which are also indi-
cated in Fig. 10a. It is interesting to note that the transition
between mist/superheated and annular flow in all parallel
microchannels occurred synchronously.

3.2. Flow boiling patterns in a single microchannel

Experiments were also performed for flow boiling in a sin-
gle microchannel heated at constant heat fluxes of ¢ = 84.5
kW/m?, 157.0 kW/m?, 222.3kW/m” and 297.8 kW/m?,
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Fig. 10. Measurements of inlet/outlet water and wall temperatures and inlet/outlet pressure in parallel microchannels in the unstable flow boiling regime

with short-period oscillation at ¢ = 305.7 kW/m?, T}, = 35 °C.

where the last two heat fluxes were approximately the same
as those in parallel microchannels (as discussed in Section
3.1) for comparison purpose. Fig. 13 presents the flow
pattern map in terms of heat flux versus mass flux showing
the stable and unstable flow boiling regimes in a single
microchannel. It is shown that stable flow boiling regime
with no periodic oscillation and unstable flow boiling
regime with short-period oscillation (less than 0.1 s)
occurred for ¢/G < 0.09 kJ/kg and ¢/G > 0.32 kJ/kg, respec-
tively, and unstable flow boiling regime with long-period
oscillation (more than 10 s) existed for 0.09 kJ/kg < ¢/G <
0.32 kJ/kg. A comparison of Figs. 4 and 13 shows that the
unstable flow boiling regime with long-period oscillation in
a single microchannel is smaller than that in parallel
microchannels. This implies that flow interaction from
neighboring channels promotes instability in the micro-
channel. Since the stable boiling flow in a single microchan-
nel is similar to those in parallel microchannels, we will
discuss only the cases of unstable flow boiling with long-
period and short-period oscillations in the following
paragraphs.

3.2.1. Unstable flow boiling regime with long-period
oscillation (0.09 kJlkg < q/G <0.32 kJlkg)

Reversed flow of vapor had been found in flow boiling
phenomenon in parallel minichannels and microchannels

[11,15,17]. The presence of the parallel channels was con-
ducive to the occurrence of reversed flow, which allowed
a path of lower flow resistance. The flow and pressure in
the other channels compensated the high-pressure due to
vapor generation to dissipate through the other channels.
A reversed flow and local dry-out condition were also
observed previously in flow boiling in a single microchan-
nel [10].

Fig. 14 shows the changing flow boiling patterns in a
single microchannel at ¢ = 84.5 kW/m? and G = 453.9 kg/
m’s (¢/G = 0.186 kJ/kg) which was in the unstable flow
boiling regime with long-period oscillation. The photos
were taken at 6640 frame/s, which gave the progression
of reversed flow. Figs. 14a and b show that a bubble nucle-
ated in the channel initially at ¢t = 0. Figs. 14c and d show
that the bottom side of the liquid—vapor interface moved
toward the channel entrance from ¢ =2.56 ms to 3.31 ms,
counter to the flow direction which was from bottom to
top. The life time of the vapor core expansion, from
Fig. 14c and d, was about 0.75 ms, which agrees with those
obtained by Hetsroni et al. [16], who concluded that at the
specified conditions of the experiment, the life time of the
elongated bubble did not exceed 0.001 s. Fig. 14e shows
that the channel wall began at dry-out condition at ¢ =
19.4 ms because of the rapid evaporation of the liquid film
in the microchannel. The life time of the local dry-out con-
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Fig. 12. Photos of the unstable flow boiling patterns with short-period
oscillation in one cycle from (a) to (b) in parallel microchannels at
¢=305.7kW/m? G=652kg/m’s, and T, = 35 °C. Photos were taken
at 5000 frame/s.

dition was about 18.98 ms, which was much longer than
that of the vapor core expansion of 0.75 ms. As shown in

Unstable Flow Boiling

35Owith Short-period Oscillation Unstable Flow Boiling
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Fig. 13. Stable and unstable flow boiling regimes in a single microchannel.

Fig. 14f and h, the bottom side of the liquid—vapor inter-
face moved toward the channel exit from ¢=22.7 ms to
23.9 ms during the annular flow.

The flow pattern transition instability in a single micro-
channel was similar to that in parallel microchannels as dis-
cussed in the preceding paragraphs. The trigger mechanism
of such instability was venting vapor core due to very rapid
expansion. Fig. 15 shows temporal temperature oscillations
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at ¢ = 297.8 kW/m? with inlet water temperature at 35 °C.
A comparison of Figs. 6 and 15 reveal that due to the lack
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of flow interaction from other channels, the corresponding
mass fluxes and oscillation periods of temperature in single
microchannel were larger than those in parallel microchan-
nels. For example, the mass flux in a single microchannel
for ¢ =297.8 kW/m? varied from 3523.2kg/m’s at the
beginning of the cycle to 950.0 kg/m” s at the end of the
cycle as compared that from 308.3 to 142.3 kg/m®s for
¢ =305.7kW/m? in parallel microchannels. When the
unstable flow boiling with long-period of oscillation chan-
ged to short-period oscillation as the mass flux decreased to
950.0 kg/m? s in the single microchannel and 142.3 kg/m? s
in the parallel microchannels, the inlet temperature in a sin-
gle microchannel was about 45.9 °C, which was larger than
that in parallel microchannels, 38.6 °C. The range of the
wall temperatures in a single microchannel was from
145 °C (Tys) to 182 °C (Ty,) as shown in Fig. 6f while that
in parallel microchannels was from 119 °C (Ts) to 145 °C
(Tw3) as shown in Fig. 15d.

Fig. 16 shows that oscillation periods of temperature
increased from 10 to 80s in the unstable flow boiling
regime when the heat-to-mass flux ratio, ¢/G, increased
from 0.09 to 0.32 kJ/kg at different heat fluxes in a single
microchannel. It can be seen that oscillation periods of
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Fig. 17. Measurements of inlet/outlet water and wall temperatures and inlet/outlet pressure in a single microchannel in the unstable flow boiling regime
with short-period oscillation at ¢ = 307.6 kW/m?, T}, = 35 °C.
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temperature depended only on the heat-to-mass flux ratio,
but independent of the heat flux, which was the same as
that in parallel channels. However, by comparing Fig. 9
with Fig. 16, the oscillation periods of temperature in single
channel (varying from 10 to 80 s) were much longer than
those in parallel channels (varying from 2.5 to 9.8 s). Also,
the relationship of oscillation periods of temperature versus
the heat-to-mass flux ratio in a single microchannel was
parabolic while that in parallel microchannels was linear.

3.2.2. Unstable flow boiling regime with short-period
oscillation (q/G > 0.32 kJikg)

Fig. 17 shows the oscillations of temperature and pres-
sure in this type of unstable flow boiling regime for
g =307.6kW/m> at two constant mass fluxes of G =
711.82 (¢/G = 0.43 kJ/kg), and 551.8 kg/m’s (¢/G = 0.56
kJ/kg), respectively. The oscillation frequency of inlet pres-
sure for both cases was about 90 Hz, which was larger than
that in parallel microchannels at 22 Hz. The inlet and out-
let pressures were out of phase in this case while there was
no distinct oscillation of outlet pressure in parallel micro-
channels (see Figs. 10b and 11b). The oscillation of outlet
pressure was probably caused by higher mass fluxes
(711.8 and 551.8 kg/m? s) than those in parallel microchan-
nels (65.2 and 38.6 kg/m? s).

Fig. 18 shows the oscillations of temperature and pres-
sure at a higher heat flux, ¢ = 495.4 kW/m? at two constant
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mass fluxes of G = 895.2 (¢/G = 0.55 kJ/kg), and 679.5 kg/
m’ s (¢/G = 0.73 kJ/kg) in the unstable flow boiling regime
with short-period oscillation. The oscillation frequency of
inlet pressure for both cases was about 156 Hz. A compar-
ison of Figs. 17 and 18 reveals that the oscillation ampli-
tudes and frequency of inlet pressure increased with the
increase in heat flux, but the frequency was independent
of the mass flux, which was similar with those in parallel
microchannels.

4. Concluding remarks

In this paper, simultaneous visualization and measure-
ments of temperature, pressure and mass flux variations
have been carried out to investigate flow boiling instabili-
ties of water in parallel microchannels and a single micro-
channel, both having a hydraulic diameter of 186 um with
inlet water temperature at 35 °C. Flow pattern transition
instabilities in both parallel microchannels and a single
microchannel were observed. The alternating flow patterns
were observed by a high-speed video recording system, and
the oscillations of temperature as well as inlet/outlet pres-
sure were recorded. The following conclusions can be
drawn:

1. There are three flow boiling modes in parallel micro-
channels and in a single microchannel, depending on
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Fig. 18. Measurements of inlet/outlet water and wall temperatures and inlet/outlet pressure in a single microchannel in the unstable flow boiling regime

with short-period oscillation at ¢ = 495.4 kW/m?, T}, = 35 °C.
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the heat-to-mass flux ratio, ¢/G. These are: (i) stable
boiling flow regime with no periodic oscillation; (ii)
unstable flow boiling regime with long-period oscillation
(more than 1s) and (iii) unstable flow boiling regime
with short-period oscillation (less than 0.1 s).

2. Stable flow boiling existed for ¢/G <0.09 kJ/kg and
¢/G <0.96 kJ/kg in single microchannel and in parallel
microchannels, respectively. In this stable flow boiling
mode, isolated bubbles grew, elongated and then were
flushed downstream by the bulk flow.

3. Unstable flow boiling with long-period oscillation mode
existed for 0.96 kJ/kg < ¢/G <2.14kJ/kg in parallel
microchannels, and for 0.09 kJ/kg < ¢/G <0.32 kJ/kg
in a single microchannel. This instability is owing to
the periodic bubble expansion in both upstream and
downstream directions, causing the increase in wall tem-
perature and inlet pressure. This type of instability is
unique in microchannels owing to the confined space
of the microchannels. Although the mass flux decreases
and oscillation period of temperature varies with time in
the unstable flow boiling regime, oscillation period of
temperature is dependent on the heat-to-mass flux ratio,
¢/ G, but independent of the heat flux. The oscillation
periods of temperature in a single channel (varying from
10 to 80 s) are much longer than those in parallel chan-
nels (varying from 2.5 to 9.8 s) with the same hydraulic
diameter and at the same heat flux condition.

4. Unstable flows boiling with short-period oscillation
existed when the vapor bubble expands periodically
upstream into the plenum and in direct contact with
the incoming subcooled liquid. The oscillation magni-
tude of inlet pressure fluctuations increases with the
increase in heat flux in both parallel channels and a sin-
gle channel. The inlet pressure oscillation is higher in a
single channel than that in parallel channels. Periodic
noises could be heard and the frequency (i.e., the num-
ber of the noise per second) was found in agreement
with that of inlet pressure fluctuations and from the
visualization study. These noises have never been
reported in the literature on flow boiling in
microchannels.
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