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Abstract

A simultaneous visualization and measurement study has been carried out to investigate effects of inlet/outlet configurations on flow
boiling instabilities in parallel microchannels, having a length of 30 mm and a hydraulic diameter of 186 um. Three types of inlet/outlet
configurations were investigated. Fluid flow entering to and exiting from the microchannels with the Type-A connection was restricted
because the inlet and outlet conduits were perpendicular to the microchannels. The fluid flow had no restriction in entering to and exist-
ing from the microchannels with the Type-B connection. In the Type-C connection, fluid flow was restricted in entering each microchan-
nel but was not restricted in exiting from the microchannels. It is found that amplitudes of temperature and pressure oscillations in the
Type-B connection are much smaller than those in the Type-A connection under the same heat flux and mass flux conditions. On the
other hand, nearly steady flow boiling exists in the parallel microchannels with the Type-C connection under the experimental conditions.
Therefore, this configuration is recommended for high-heat-flux microchannel applications. As predicted, the stability threshold is deter-
mined by the minimum in the pressure-drop-versus-flow-rate curve. The pressure drop and heat transfer coefficient versus vapor quality
for flow boiling in microchannels with the Type-C connection are presented. It is found that experimental data of pressure drop are
higher and heat transfer coefficients are lower for boiling flow at high vapor quality in microchannels than those predicted from corre-
lation equations for boiling flow in macrochannels, due to local dryout.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction transfer characteristics and may introduce boiling crisis

(critical heat flux) that causes mechanical damage [3].

Boiling instabilities in a single macrochannel have been
a topic of extensive study since the mid 1960s. Boure et al.
[1] identified the causes and mechanisms of flow boiling
instability modes, and suggested that two-phase flow insta-
bilities in a single macrochannel could be divided into
dynamic and static categories. The former includes the
pressure drop oscillation that is caused by upstream com-
pressible volume instability while the latter includes flow
excursive instability. As discussed by Daleas and Bergles
[2], any upstream compressibility can affect the local heat
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In recent years, two-phase flow instabilities in micro-
channels have attracted considerable attention [4-23]. Bru-
tin et al. [6] investigated two-phase instabilities in a
microchannel with a hydraulic diameter of 889 pm, and a
flow map in terms heat flux versus mass flux was presented
for steady and unsteady two-phase flows. Hetsroni et al.
[7,8] found small pressure fluctuations in flow boiling of
water in 21 silicon triangular microchannels having a diam-
eter of 129 um, and observed periodic annular flow and dry
steam flow in these microchannels. Wu and Cheng [9,10]
carried out a simultaneous visualization and measure-
ment investigation on flow boiling of water in parallel
silicon microchannels of trapezoidal cross-section having
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Nomenclature

A, cross-sectional flow area of each microchannel
(m?)

Ay, area of microchannel bottom wall and side walls
of each channel (m?)

G mass flux (kgm2s")

he exit fluid enthalpy (J kg™ ')

hin inlet fluid enthalpy (J kg™

he saturated liquid enthalpy (J kg™")

hg latent heat of evaporation (J kg™ ')

hocat  local heat transfer coefficient at exit
(Wm 2K

1 electric current of heater (A)

k thermal conductivity of silicon substrate
(Wm'K™)

L total heating length (m)

N total number of microchannels

q heat flux (W m~?)

V electric voltage of heater (V)

AP pressure drop (bar)

t time (s)

T temperature (°C)

ty distance from the heat sink base to the bottom
of the microchannel (m)

Xe thermodynamic vapor quality (-)

Greek symbol

@ heat transfer ratio
Subscripts

b bottom of microchannel substrate
c contraction

e expansion

in inlet

exp experimental

out outlet

pred  predicted

re restriction

sp single phase

tp two phase

w wall

hydraulic diameters of 82.8 um, 158.8 um, and 185.6 um.
They found that there existed two oscillatory flow boiling
modes with large amplitudes of temperature and pressure
fluctuations in microchannels: liquid/two-phase alternating
flow and liquid/two-phase/vapor alternating flow. Subse-
quently, Hetsroni et al. [11] observed the explosive boiling
phenomena with periodic wetting and dryout in flow boil-
ing in triangular silicon parallel microchannels. Xu et al.
[12] conducted experiments to study transient flow boiling
pattern of acetone in 10 triangular microchannels with a
hydraulic diameter of 155.4 pm, and found that the heat
transfer coefficient depended on the boiling number. Most
recently, Wang et al. [13] performed further experimental
studies on flow boiling in parallel microchannels and in a
single microchannel, and found there were three flow boil-
ing modes, depending on the heat-to-mass-flux ratio, ¢/G
and the inlet water temperature. A comparison of temper-
ature fluctuations in flow boiling in parallel microchannels
and in a single microchannel shows that flow interaction
effects from neighboring channels at the headers of the par-
allel microchannels are significant. Two boiling flow pat-
tern maps in terms of heat flux versus mass flux, showing
the three flow boiling modes at a specific inlet water tem-
perature, were presented for parallel microchannels and a
single microchannel. The large amplitude fluctuations of
pressure and temperature in unstable flow boiling modes
can be attributed to the backward expansion of vapor bub-
bles in these microchannels owing to the confined space
[11,13].

Qu and Mudawar [14] performed a flow boiling experi-
ment of water in a heat sink made of 21 copper parallel
microchannels  with a  cross-section area  of

231 x 713 um?®. They installed a throttle valve in the inlet
line before the header, and found that the severe pressure
drop oscillation due to compressible volume instability
was virtually eliminated, but small fluctuations, termed
“parallel channel interactions”, remained. Kandlikar
et al. [15] used inlet area restriction (96%) to each channel
and artificial nucleation sites to suppress the instabilities
during flow boiling in a set of six 1054 x 197 pm? parallel
channels. They found that this configuration completely
eliminated the instabilities. Bergles and Kandlikar [17] ear-
lier suggested that inlet orifices be fabricated at each micro-
channel to suppress both the excursive instability and the
compressible volume instability. Kosar et al. [19] investi-
gated geometrical effects of inlet orifices in each microchan-
nel to suppress boiling flow instabilities, and used a
pressure drop multiplier to correlate the extent of flow
oscillation suppression.

In this paper, we have performed further simultaneous
visualization and measurement study to investigate the
effects of inlet/outlet configurations on dynamic instabili-
ties in flow boiling of water in microchannels, having a
hydraulic diameter of 186 pm that were used in our previ-
ous work [9,10,13]. Flow boiling instabilities in parallel
microchannels with three types of connections were com-
pared. In the Type-A connection, inlet and outlet conduits
were perpendicular to the parallel microchannels in the test
section. In the Type-B connection, fluid could flow into and
exit from the parallel microchannels without any restric-
tion, and in the Type-C connection, fluid entered each of
the microchannels through an inlet restriction. Measure-
ments of wall temperatures, inlet/outlet water tempera-
tures, and inlet/outlet pressures, were recorded. In
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addition, with the aid of a microscope and a high-speed
video recording system, typical flow boiling patterns in
microchannels with Type-B and Type-C connections were
observed. Pressure drop and heat transfer coefficient versus
exit vapor quality in flow boiling in microchannels with the
Type-C connection are presented.

2. Description of the experiment
2.1. Experimental setup

Fig. 1 shows the test facility and flow circuit used in the
present experiment. The deionized and degassed water in
the high-pressure tank, being pushed by the compressed
nitrogen gas, flowed successively through a ball valve, a
degassing unit (to remove the dissolved gas), a constant
temperature bath (to ensure a certain inlet water tempera-
ture), a 0.5 um-filter, a needle valve (to regulate the mass
flux) and finally the heated microchannel block. The steam
discharged from the microchannels was collected in a con-
tainer, which had 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 cal-
culating the mass increment per unit time. It is relevant to
point out that the needle valve was placed behind the filter
in the present experiment, which differed from those of our
previous experiments [9,10,13] in which the needle valve
was placed ahead of the filter.

2.2. Test section

The eight parallel microchannels, having the same
length and identical trapezoidal cross-sectional area and
etched in a (100) silicon substrate, are shown in Fig. 2.
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Fig. 2. Arrangement of parallel microchannels on silicon wafer.

The top width, bottom width, and depth of these trapezoi-
dal microchannels were 427 pym, 208 um, and 146 um,
respectively. These microchannels, having a hydraulic
diameter of 186 um and a length of 30 mm, were the same
as those used in our previous work [9,10,13]. The distance
between two neighboring microchannels was 281 um. The
microchannels were sealed from the top by a thin Pyrex
glass plate, which allowed visualization of boiling
phenomena.

2.3. Inletloutlet configurations

Fig. 3 is a schematic representation of three types of
inlet/outlet connections with the parallel microchannels in
the test section. Fig. 3(a) shows the Type-A connection in
which water was supplied by one inlet conduit perpendicu-
lar to the microchannels and discharged through one outlet
conduit perpendicular to the microchannels. This type of
connection was used in our previous work [9,10,13], where
fluid flow in both inlet and outlet plenums were restricted.
It should be noted that the experimental setup used by Wu
and Cheng [9,10] were similar to that of Wang et al. [13]
except that the former used a soft rubber tube to connect
the filter and the inlet of microchannels while the latter
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Fig. 1. Experimental test loop.
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Fig. 3. Parallel microchannels with three different inlet/outlet connections.

used a stiff plastic tube to connect the filter and the inlet of
microchannels. The larger compressible upstream volume
in Wu and Cheng’s experiments [9,10] caused larger ampli-
tude (from 100 °C to 340 °C) and longer period (about
53s) of temperature oscillations than that obtained by
Wang et al. [13]. Fig. 3(b) shows the Type-B connection
where the fluid was free to flow into and out of the micro-
channels, which was the configuration used by most of
other investigators [7,8,11,12,14,20].

Fig. 3(c)(i) shows the Type-C connection where fluid
flow entered each microchannel through a restrictive inlet
while fluid flow could freely discharge from the outlet. This
type of connection was suggested by Bergles [16] and Ber-
gles and Kandlikar [17], which was used by Kandlikar et al.
[15] and Kosar et al. [19] in their experiments on flow boil-
ing in microchannels. Fig. 3(c)(ii) shows the cross-section
of each inlet restriction in the Type-C connection, which
was an isosceles triangle with a base of 162 um whose
two angles were 54.7°. The inlet restriction had a length

of 3 mm, and its cross-sectional area was about 20% of that
of the microchannels.

2.4. Measurement system

The test section, used in our previous work [9,10,13],
was also used in this experiment. Therefore, the test section
will only be briefly described here. As shown in Fig. 4, Ty,
Tv2, T3, Tps, and Ty5 were the temperatures at the bottom
of microchannel substrate (about 379 pm below the bottom
wall of the microchannels), and T3, and T, were the fluid
temperatures in the inlet and outlet of the microchannels.
These temperatures were measured by seven type-T ther-
mocouples, having a bead diameter of 0.1 mm with a
response time of 0.1 s. Two pressure transducers with a
response time of 0.001 s were used to measure water pres-
sures (P, and P,y) at inlet and outlet of the microchan-
nels. All temperature and pressure signals were collected
by a NI high-speed data acquisition system, and LabView
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Fig. 4. Cross-sectional view of test section.
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software was used to monitor the signals. A microscope
was placed above the microchannels with a camera adapter
to connect the microscope to a high-speed camera. The
high-speed camera, with a maximum frame rate of
5145 fps at full resolution of 512 pixels x 512 pixels, was
used to visualize flow boiling patterns in the microchannels.

2.5. Data reduction

The heat flux, ¢, is computed from ¢ = ®VI/A,,, where V
and [ 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 series of single-phase heat transfer exper-
iments were performed prior to the boiling heat transfer
tests. The range of the heat transfer ratio, @, was deter-
mined and the mean heat transfer ratio of 0.89 was used
to compute the effective heating power in the flow boiling
experiment. The method was similar to those used by Hets-
roni et al [7,8] and Xu et al. [12,22], which was also used in
our previous work [9,10,13].

The average mass flux of water is given by G =AM/
(At-N-A.), where AM is the total mass increment in the
container measured by an electronic balance during an
appropriate time interval A¢ (approximately 1 min); N is
the total number of microchannels and A, is the cross-sec-
tional area of the microchannel. Thus, the mass flux
reported in this paper was an average mass flux during
At, and was not an instantaneous value.

The thermodynamic vapor quality at the exit, x., was
computed according to

xe:(he_hf)/hfg (1)

where /¢ is the saturated liquid enthalpy, /g, is the latent
heat of evaporation (both were evaluated at the exit pres-
sure), and /. is the fluid enthalpy at the exit, which can
be calculated from

qNAw

he:hin P
TG N4,

(2)
where A;, is the inlet fluid enthalpy, N is the total number of
microchannels, A4, is the area of microchannel bottom wall
and side walls of each channel, and A, is the cross-sectional
area of each microchannel. Substituting Eq. (2) into Eq. (1)
gives the exit vapor quality:

. he — by hin + (Aw/Ac)q/G — he
¢ heg hgg
i —hy  AyBo
Iy A,

3)

where Bo = ¢/ Ghy, is the boiling number. The above equa-
tion shows that the value of x. can be negative, zero, or po-
sitive depending whether the exit enthalpy /. is less than,
equal to, or greater than the saturated liquid enthalpy /4.
Eq. (3) also shows that the exit vapor quality x. depends
linearly with respect to ¢/G (or Bo) and also depends on

the inlet water temperature and the geometry of the
microchannel.

The local heat transfer coefficient at the exit, /jocq, 18
computed from hyoear = ¢/(Tw — Tour). The wall tempera-
ture T, is obtained by correcting the temperature mea-
sured at the bottom of the microchannel substrate, Ti,
using Ty, = Ty, — (¢ t,)/k, in which #, is the distance from
the heat sink base to the bottom of the microchannel,
and k the thermal conductivity of silicon substrate.

3. Results and discussion

3.1. Flow boiling characteristics in microchannels with the
Type-A connection

Flow boiling experiments in microchannels with the
Type-A connection were carried out in the experimental
setup shown in Fig. 1 under the same heat flux and mass
flux conditions as those in Wang et al. [13]. Although the
sequence of filter and valve in the present experimental
setup was different from those used by Wang et al. [13], it
was found that there were not much differences in temper-
ature fluctuations measurements. This is probably owing to
the fact that the 0.5 pum-filter and the needle valve acted as
two valves in series that caused a large pressure drop but its
sequence does not make any difference.

3.2. Flow boiling characteristics in microchannels with the
Type-B connection

Experiments with the Type-B connection were carried
out over a range of heat fluxes from ¢ = 184.2 kW/m? to
485.5 kW/m” with inlet water temperature at 35°C. As
mentioned previously, the fluid could enter and exit freely
in the microchannels with the Type-B connection. Similar
to our previous work with the Type-A connection [13], it
was found that stable and unstable flow boiling regimes
also existed in microchannels with the Type-B connection,
depending on the heat to mass flux ratio, ¢/G (or Bo) and
the inlet water temperature.

Fig. 5(a) and (b) are diabatic flow pattern maps, in terms
of heat flux ¢ versus mass flux G and heat flux ¢ versus exit
vapor quality x. at an inlet water temperature of 35 °C (i.e.,
Tin = 35 °C), respectively. The inclined straight lines for ¢/
G = 1.01 kJ/kg and for ¢/G = 1.37 kJ/kg at the inlet water
temperature of 35 °C in Fig. 5(a) become vertical straight
lines at x, = 0.044 and x.=0.103 in Fig. 5(b) because x,
depends on both the value of ¢/G and inlet water tempera-
ture according to Eq. (3). These maps show that there are
three different flow regimes with the Type-B connection: (i)
steady flow boiling existed for ¢/G <1.01kJ/kg and
Tin =35 °C (i.e., x. <0.044), (ii) bubbly/annular alternat-
ing flow boiling existed for 1.01 kJ/kg < ¢/G < 1.37 kJ/kg
and T;, =35°C (i.e., 0.044 < x.<0.103), and (iii)) annu-
lar/mist alternating flow boiling existed for ¢/G > 1.37 kJ/
kg and T;, =35°C (i.e., x.>0.103). The unsteady flow
boiling regime was due to the reversed flow of vapor



2272 G. Wang et al. | International Journal of Heat and Mass Transfer 51 (2008) 2267-2281

6004
Annular/Mist Alternating Bubbly/Annular Alternating
550 Flow Boiling Regime Flow Boiling Regime
(9/G >1.37kJ/kg) (1.01kJ/kg< g/G <1.37kJ/kg)
500 P
< 450
€ A—A-A
=
< 400
< A
X 350 teady Bubbly/Slug Flow Boiling Regime
LT:_, (9/G <1.01kJ/kg)
- 300_ sEE-E-B L) @A ——A-AA— M A A
3
T 250 wemn glo—0-6/4a ansas a4 & 4 A
2004
mmpbe—o0 4 A asa A-A-M A A-A
150 — T

— . .
100 150 200 250 300 350 400 450 500 550 600
Mass Flux (kg/m?s)

Heat Flux (kW/m?)

Bubbly/Annular Alternating

Flow Boiling Regime
Steady Bubbly/Slug 7,9 (9B Anutariist Alterating

550 Fiow Boiling Regime Flow Boiing Regime
(x<0.044)  x=0044  x=0103  (>0.102)
500- .
450
400
.-m-m. A—A—A -A
350
300 -. A—A— A 4
250 —nn A—A-A—A A
200
-— A-A—AAMA
150 T T T 1

T
-0.050 .00 0.05 0.10 0.15 0.20 0.25

(a) Heat flux versus mass flux at Ty, = 35 °C  (b) Heat flux versus vapor quality at Ty, = 35 °C

Fig. 5. Different flow boiling pattern in parallel microchannels (D;, = 186 pm) with the Type-B connection.

bubbles. Note that the steady bubbly/slug-flow regime in
the Type-B connection with ¢/G <1.01 kJ/kg and T, =
35°C (x.<0.044) in the present data is larger than that
in the Type-A connection with ¢/G <0.96 kJ/kg and
Tin =35°C (x<0.036) in our previous work [13]. This
suggests that instability in parallel microchannels with the
Type-B connection (where flow could exit freely from the
microchannels) was partially reduced as compared with
those with the Type-A connection where the flow could
not exit freely because of the vertical outlet conduit.

3.2.1. Steady bubblylslug flow boiling regime (x, < 0.044)
Fig. 6(a) is a series of photos for the steady bubbly flow
pattern with the Type-B connection at ¢ = 485.5 kW/m?
and G=787.3kg/m’s (ie., ¢/G=0.617kJ/kg) and T}, =
35°C (x, = —0.02) for (i) near the entrance (T), (il) near
the middle section (Ty3), and (iil) near the outlet section
(Tws). The photos were taken from the top of the micro-
channels through a transparent cover with a microscope
lens of 50 magnifications at a frame rate of 22300 fps.
The bulk flow direction was from left to right. It can be
seen from Fig. 6(a) that isolated bubbles grew near the
entrance (i) and detached to move downstream. As the
bubbles were flushed away, isolated bubbles formed a large

bubble downstream due to bubbles coalescence and finally
touched the heated walls or the top Pyrex glass cover as
shown in (ii). Vapor plugs were formed near the outlet sec-
tion (iii) as a result of the merging bubbles upstream. The
steady bubbly/slug flow boiling patterns in the microchan-
nels are sketched in Fig. 6(b).

Temporal variations of temperatures (including Tj,,
Tou and Ty 1—Tys) and inlet/outlet pressures in the micro-
channels for the bubbly/slug flow in Fig. 6 are presented in
Fig. 7(a) and (b), respectively. It is shown that all temper-
ature and pressure measurements remained constant with
time. The axial wall temperature (7y,—7ys) increased along
the flow direction from the entrance (7y1) to the outlet
(Tws). The outlet water temperature was about 89.8 °C
while wall temperatures were at superheated conditions
ranging from 104.9 °C to 121.6 °C.

3.2.2. Bubblylannular alternating flow boiling regime
(0.044 < x,<0.103)

For comparison purposes, flow boiling experiments in
microchannels with the Type-B connection during the
bubbly/annular alternating flow boiling regime were per-
formed at a constant heat flux of g =485.5 kW/m? and
mass flux of G=364.9kg/m>s (ie., q/G=1.33kl/kg)

(1) Near entrance

(i1) Near middle section

(1i1) Near outlet section

(a) Photos of bubbly flow pattern

(b) Sketch of the flow pattern in a microchannel

Fig. 6. Photos and sketch of flow patterns in steady bubbly/slug flow boiling regime in parallel microchannels (D}, = 186 pm) with the Type-B connection

at ¢ = 485.5kW/m?, G =787.3 kg/m’s and T}, = 35 °C (i.e., x = —0.02).



G. Wang et al. | International Journal of Heat and Mass Transfer 51 (2008) 2267-2281 2273

~
=3
~

140

—=—Tin

—e—Tw1
120 Tw2
—w—Tw3
—o— Tw4
100 —<—Tw5

— T S —>— Tout

80

Temperature (°C)

60

40

—=— Pin
(b) 120
1.18 M

Pressure (bar)

10 20 30 40 50 60 70
Time (s)

Fig. 7. Measurements of inlet/outlet water and wall temperatures and
inlet/outlet pressures in parallel microchannels (D}, = 186 um) with the
Type-B connection at ¢=485.52kW/m? G =787.32kg/m*s and
Tin=35°C (i.e., x. = —0.02).

and Ty, =35°C (or x, = 0.096), where the heat flux and
mass flux were approximately the same as those in the
Type-A connection at ¢ =497.8 kW/m?, G =368.9 kg/
m’s and T, = 35 °C (or x, = 0.099) in our previous work
[13]. Fig. 8 presents a series of photos for one cycle of the
bubbly/annular alternating flow patterns in the parallel
microchannels with the Type-B connection under the
aforementioned conditions. These photos were taken at a
frame rate of 21400 fps, and the bulk flow direction was
from left to right. It can be seen from Fig. §(a) that isolated
bubbles were formed near the entrance surface of micro-
channels while confined bubbles were observed near the
outlet section. At a later time, another bubble near the mid-
dle section (ii) in Fig. 8(b) grew to a larger size. After it had
touched the heated walls, it began to expand rapidly in
both upstream (i) and downstream (ii) directions, as shown
in Fig. 8(c). This shows that reversed flow of vapor bubble
also existed in microchannels with the Type-B connection
where the flow can exit freely from the microchannels.
An annular flow pattern was observed near the outlet sec-
tion (iii) as shown in Fig. 8(c). When the inlet pressure was
increased sufficiently to overcome the vapor bubble
advancing upstream, incoming subcooled liquid rushed
into the microchannels and the bubbly flow as shown in
Fig. 8(a) occurred again, thus beginning a new cycle. While

the reverse flow occurred in a channel, flow rates through
adjacent channels were increased.

Fig. 9(a) shows measurements of inlet/outlet water tem-
peratures, wall temperatures and inlet/outlet pressures in
the microchannels with the Type-B connection for the same
conditions shown in Fig. 8, whereas Fig. 9(b) shows the
same measurements under similar conditions with the
Type-A connection. A comparison of Fig. 9(a) and (b)
shows that temperature and pressure oscillations in micro-
channels with the Type-B connection (Fig. 9a) were consid-
erably less than those for the Type-A connection (Fig. 9b).
It can be concluded that microchannels with the Type-B
connection are more stable than those with the Type-A con-
nection because the exit is more restrictive in the latter case.

3.2.3. AnnularImist alternating flow boiling regime
(x.>0.103)

Fig. 10 presents the photos for annular/mist alternating
flow patterns with the Type-B connection for one cycle at
g =485.5kW/m?, G=91.4kg/m’s and Ty, = 35°C (xc =
0.745), which were taken at a frame rate of 21400 frame/
s. Near the entrance (i), a vapor bubble was formed and
elongated (a)-(b), expanded both upstream causing an
annular flow pattern (c), and disappeared in (d). Near the
middle section (ii), the mist flow (a) changed to the churn
flow (b)—(c), which was characterized by an intense mixing
of the liquid and the vapor phase and then changed to mist
flow (d). The alternating flow pattern between churn flow
and mist flow near the middle section did not result in a
sharp increase in the wall temperature due to the periodic
wetting and rewetting process. Near the outlet section
(iii), water droplets accumulated to rivulets on the bottom
side of the top Pyrex glass as shown in (b)—(d). However,
the local dryout on the wall near the outlet section did
not lead to a sharp temperature increase because of high
heat conduction in the silicon base until dryout occurred
everywhere in the channels.

Pressure and temperature measurements for ¢g=
485.5kW/m> and G=914kg/m’s at Ty, =35°C (or
X, = 0.745) with the Type-B connection (i.e., the case cor-
responding to Fig. 10) were also recorded. Fig. 11(a) shows
inlet pressure fluctuations with a period of 0.03 s, which
were measured by a pressure transducer with a response
time of 0.001 s. For comparison purposes, pressure oscilla-
tions in parallel microchannels with the Type-A connection
under similar condition are presented in Fig. 11(b). A com-
parison of Fig. 11(a) and (b) reveals that the oscillation
amplitude for the Type-B was smaller than that for Type-
A although the oscillation periods are almost the same.
In addition, while periodic noises could be heard due to
the violent collapse of the vapor plug in the inlet plenum
with the Type-A connection, no periodic noises with the
Type-B connection were heard probably because the back-
ward expansion of the vapor bubble did not enter deep
enough into the inlet plenum and no strong condensation
took place at the vapor-liquid interface. Also, because of
the relatively long response time of the type-T thermocou-
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( i) Near entrance

(ii) Near middle section
(a) Bubbly flow

(1ii) Near outlet section

- -
( i) Near entrance (il ) Near middle section (iii) Near outlet section
(b)Transition between bubbly flow to annular flow pattern
—=>

(ii ) Near middle section
(c) Annular flow pattern

( i) Near entrance (ii ) Near middle section
(d) Transition between annular flow to bubbly flow pattern

( i) Near entrance (iii) Near outlet section

(iii) Near outlet section

Fig. 8. Photos of flow patterns in one period from (a) to (d) in bubbly/annular flow boiling regime in parallel microchannels (D, = 186 pm) with the
Type-B connection at ¢ = 485.52 kW/m?%, G = 364.90 kg/m> s and T}, = 35 °C (i.e., xo = 0.096).
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Fig. 9. Measurements of inlet/outlet water and wall temperatures and inlet/outlet pressures in parallel microchannels (D, = 186 pm) in bubby/annular

alternating flow boiling regimes: (a) Type-B connection with ¢ = 485.52 kW/m?, G = 364.90 kg/m’>s and T}, = 35 °C (x.=0.096) and (b) Type-A
connections with ¢ = 497.80 kW/m?, G = 368.94 kg/m” s and T}, = 35 °C (x. = 0.099).
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Fig. 10. Photos of flow patterns in one period from (a) to (d) in annular/mist flow boiling regime in parallel microchannels (Dy, = 186 wm) with the Type-B
connection at ¢ = 485.52 kW/m?, G = 91.43 kg/m’ s (¢/G = 5.31 kl/kg) and T, = 35 °C (or x. = 0.745).
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Fig. 11. Measurements of inlet/outlet pressures in parallel microchannels (Dy, = 186 um) in annular/mist alternating flow boiling regime: (a) Type-B
connection with ¢ = 485.52 kW/m?, G =91.43 kg/m*s and T}, = 35 °C (x. = 0.745) and (b) Type-A connection with ¢ = 484.70 kW/m? G = 89.53 kg/
m?s and T}, = 35 °C (x. = 0.762).

ples (about 0.1 s), it was impossible to measure temperature
oscillations.

It is interesting to note that the elongated bubbles in
steady bubbly/slug flow were caused by bubbles coales-
cence at high mass fluxes (low x.) as shown in Fig. 6, while
the elongated bubbles in bubbly/annular and annular/mist
alternating flow boiling were caused by rapid bubble
expansion at low mass fluxes (high x.) as shown in Figs.
8 and 10. The rapid expansion of the bubble upstream
was the main source of oscillations noted in Fig. 5.

3.3. Flow boiling characteristics in microchannels with the
Type-C connection

As mentioned earlier, Bergles et al. [16] and Bergles and
Kandlikar [17] emphasized the necessity of installing inlet

orifices in order to suppress both upstream compressible
volume instability and excursive instability. Inlet orifices
should also suppress the “parallel channel interactions”
observed with both Type-A and Type-B connections. In
the following, the investigation on flow boiling characteris-
tics in parallel microchannels with the Type-C connection

will be discussed, where such inlet restrictions had been
fabricated.

3.3.1. Flow boiling patterns

Because the inlet restriction on each of the microchan-
nels could prevent vapor babbles from expanding
upstream, no reversed flow of vapor was observed in
microchannels with the Type-C connection. Since all tem-

peratures and pressures were constant with time, these data
are not presented here.
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( i) isolated bubbles

(iii) elongated bubbles
(a) Photos of steady flow boiling pattern in parallel microchannels with the Type-C connection

(iv) annular flow

(b) Sketch of steady flow boiling pattern in microchannels with the Type-C connection

Fig. 12. Photos and sketch of steady flow boiling patterns in parallel microchannels (D, = 186 um) with the Type-C connection at ¢ = 364.68 kW/m?,

G = 124.03 kg/m?s and T}, = 35 °C (x. = 0.359).

Fig. 12(a) presents the photos showing the steady flow
boiling patterns in four different locations in the micro-
channels with the Type-C connection at g = 364.7 kW/
m?, G=124kg/m’s and T}, = 35°C (i.e., xo=0.359). It
can be seen that isolated bubbles detached near the
entrance (i) and moved downstream. As a result of bubble
coalescence shown in (ii), vapor plugs were formed in (iii).
Near the outlet (iv) the boiling pattern was annular flow
with some water droplets formed on the bottom surface
of the top Pyrex cover. The corresponding steady flow boil-
ing patterns in the microchannels are sketched in
Fig. 12(b), where the flow pattern near the entrance was
similar to the steady bubbly/slug flow shown in Fig. 6(b).
It appears from Fig. 12(b) that Taylor bubbles are the char-
acteristic boiling flow pattern in microchannels.

Fig. 13 shows that thin film nucleation, such as that dis-
cussed by Balasubramanian and Kandlikar [21], indeed
occurred occasionally in the thin liquid film at certain loca-
tions in the corner of a microchannel near the outlet. It can
be seen that these bubbles had a flattened shape with a
small contact angle as compared with a single bubble

(¢) t=0.093 ms

(b) t=0.140 ms

Fig. 13. Photos of nucleation in the thin film of annular flow near outlet
section in parallel microchannels (D, = 186 ym) at g = 364.68 kW/m>,
G =124.03 kg/m®s and T}, = 35 °C (x, = 0.359).

nucleation in a subcooled liquid flow (see Fig. 6(a)(i)). In
addition, the nucleation lifetime in the thin liquid film
was rather short (about 0.14 ms) compared to that of a
nucleated bubble in a subcooled liquid (about 10-30 ms).
Thus, the heat transfer mechanism in both the vapor plug
and annular flow was a combination of liquid film vapori-
zation and nucleate boiling.

Fig. 14 presents photos for flow boiling patterns at
g =364.7kW/m? and at three higher (compared with
Fig. 12) mass fluxes near the outlet section of the micro-
channels. Since no reversed flow of vapor bubbles was
observed in parallel microchannels with the Type-C con-
nection, temperature and pressure were constant with time
(i.e., a steady flow). Fig. 14(a) shows that flow boiling
exhibited nucleate boiling characteristics with small iso-
lated bubbles at a negative local vapor quality
(xe = —0.034). Fig. 14(b) shows that when the local vapor
quality was nearly equal to zero (x. = 0.005), the bubbles
filled the entire cross-section and then were flushed out of
the channels. This resulted in the maximum value of heat
transfer coefficient, as discussed below. Fig. 14(c) shows
that at an exit vapor quality of x.=0.26, local dryout
was observed instantaneously from ¢ = 24.6-65.9 ms, and
the lifetime of the dryout increased with the increasing
vapor quality. It can be speculated that the liquid film in
the Taylor bubbles ruptures easily, causing dryout in
microchannels.

3.3.2. Pressure drop characteristics in microchannels
Although steady flow boiling with no reversed flow of
vapor bubble can be achieved by fabrication of inlet restric-
tion (i.e., with the Type-C connection), this increase in flow
stability came at the expense of higher pressure drop as can
be seen by comparing the pressure drop in Fig. 15(a) and
(b) for the Type-B and Type-C connections, respectively.
For example, consider the pressure drop at the onset of
flow instability (OFI), which was at the minimum point
of the pressure-drop-versus-mass-flux curve. At this point,
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(i) t=1.2ms

(iii) t=2.8 ms

(iv) t=3.8 ms
(a) x. = -0.034

(iv)t=6.5 ms
(b) x. = 0.005
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(iv) t =65.93 ms
(€)X =0.26

Fig. 14. Photos of steady flow boiling patterns near outlet section of parallel microchannels (Dy, = 186 um) with the Type-C connection at ¢ = 364.68 kW/
m? and T}, = 35°C: (a) G =682.11 kg/m?s (i.e., Xe = —0.034), Moca = 14.834 kW/m> K; (b) G =471.32kg/m’s (i.e., Xe = 0.005), Mo = 29.428 KW/

m? K, (¢c) G=156.04 kg/m’s (i.e., Xo = 0.26), Mocas = 12.12 kW/m* K.
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Fig. 15. Measurements of inlet pressure versus mass flux in parallel microchannels (D, = 186 um) with (a) Type-B and (b) Type-C connections.

the pressure drop in microchannels with the Type-C con-
nection for ¢ = 364.7 kW/m? (see Fig. 15b) was 0.1723 bar,
which is higher than 0.1231 bar for ¢ = 375 kW/m? (see
Fig. 15a) with the Type-B connection. The difference, of
course, was the pressure drop due to the inlet restriction.
Furthermore, it is possible to operate below the minimum
without incurring the excursive instability for the Type-B
connection. However, the oscillations do occur, and at
higher heat flux would become violent enough to cause
burnout [17,18]. Pressure drop data for flow boiling in
microchannels with the Type-B and Type-A connections
were obtained by Xu et al. [22] and by Wu et al. [23] previ-
ously. The difference between a macrochannel and a micro-
channel is that it is possible to operate in the negative
sloping portion of the pressure-drop-versus-flow-rate curve
with microchannels because the considerable fluctuations
are not catastrophic, although it is not possible to go very
far up the negative sloping portion of the pressure drop
without encountering large scale dryout.

The pressure drop data in Fig. 15(a) and (b) are replot-
ted in Fig. 16(a) and (b) in terms of pressure drop versus
exit vapor quality. Fig. 16(a) shows that the OFI occurred
at x, = —0.003 (corresponding to ¢/G = 0.722 kJ/kg and
inlet water temperature of 35 °C) in the Type-B connection
and Fig. 16(b) shows that OFI occurred at x. = 0.046 (cor-
responding to ¢/G = 1.022 kJ/kg and inlet water tempera-
ture of 35 °C) in the Type-C connection. This shows that
inlet restriction had a significant effect on the values of
local vapor quality at the OFI.

The total pressure drop between the inlet plenum and
outlet plenum of the microchannels can be expressed as [14]

AP:APC+APrc+APsp+AP[p+APC (4)

where AP, is the inlet contraction pressure loss; AP, is the
pressure drop in the inlet restriction; AP, is the outlet
expansion pressure loss; APy, is the pressure drop in the
single-phase flow region, and AP, is the two-phase
pressure drop in the microchannel. Computations of all
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Fig. 16. Measurements of inlet pressure versus local vapor quality in parallel microchannels (Dy, = 186 um) with the Type-B and Type-C connections at

different heat fluxes.

components of AP in Eq. (4) except AP, were fairly
straightforward, which had been discussed by Qu and
Mudawar [14]. In the following paragraph, APy, obtained
from the present experiment will be compared with Mishi-
ma and Hibiki’s correlation [24] and Qu and Mudawar’s
correlation [14], which is a modification of Mishima and
Hibiki’s correlation by incorporating a mass flux term in
the Martinelli-Chisholm constant C.

Fig. 17 is a comparison of four sets of pressure drop
data for various heat fluxes (taken from Fig. 16b) with
Mishima and Hibiki’s correlation [24] for two-phase pres-
sure drop. It can be seen that the correlation predicted
the general trend of pressure drop, but underpredicted
the present pressure drop data, especially at high vapor
quality (x.> 0.1). The reason that correlations for macro-
channel fail to predict the pressure drop in microchannel
may be attributed to different flow behavior in microchan-
nels. The coalesced bubbles (in Fig. 12(a)(ii)) were con-
fined, elongated (in Fig. 12(a)(iii)) and finally formed
annular flow (in Fig. 12(a)(iv)) downstream. While in a
macrochannel, many bubbles grew and flowed along the
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Fig. 17. Comparison of pressure drop data with Mishima and Hibiki
correlation for flow boiling in mini/micochannel (D, =186 um) at
different heat fluxes.

channel without restriction. Also, local dryout occurred
at high vapor quality that caused vapor blocking the chan-
nels. Thus, the greater pressure drop in microchannels
resulted from additional friction related to the elongated
bubbles [25] as well as local dryout.

Fig. 18 is a plot of APpcq/APey, and the mean absolute
error (MAE) versus exit vapor quality for the four sets of
experimental data. The mean absolute error is defined as

o 1 |APexp - APpred| 0

MAE = > AP x 100%

where M is the number of data points. From this figure, it
is shown that Mishima and Hibiki’s correlation [24] under-
predicted the pressure drop data with a MAE of 22.7%.
Compared with the present pressure drop data, Qu and
Mudawar’s correlation [14] with the MAE of 20.2% is
slightly better than Mishima and Hibiki correlation [24],
which is not presented here.

3.3.3. Boiling heat transfer coefficient in microchannels
Fig. 19 shows the dependence of the flow boiling heat
transfer coefficient on the local vapor quality near the
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Fig. 18. Pressure drop ratio versus vapor quality in parallel microchannels
(Dy, = 186 um) at different heat fluxes.
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Fig. 19. Boiling heat transfer coefficient versus local vapor quality near
outlet section in parallel microchannels (D, = 186 pm) with the Type-C
connection at different heat fluxes.

outlet section (7y,s) in microchannels at the exit pressure
with the Type-C connection. The range of the measured
heat transfer coefficient, /., at the exit from this experi-
ment varied from 9 to 35 kW/m? K, which was similar to
the values of 10-30 kW/m? K measured by Hetsroni et al.
[11] and the values of 10-25 kW/m? K measured by Chen
and Garimella [20]. However, our measurements were
smaller than the values of 20-45 kW/m> K measured by
Qu and Mudawar [26].

It is shown from Fig. 19 that the heat transfer coefficient
increased with the increase of vapor quality in the sub-
cooled boiling region (x, < 0) due to a transition from par-
tial to fully developed nucleate boiling. The trend of
decreasing heat transfer coefficient with increasing vapor
quality in the saturated boiling region of x., > 0 was similar
to those measured by Hetsroni et al. [11], as well as by Qu
and Mudawar [26]. However, this trend was contradictory
to those by Chen and Garimella [20], who found that the
heat transfer coefficient increased with local vapor quality
in the region of x. > 0 and then decreased at higher vapor
quality. Moreover, it is shown from Fig. 19 that the heat
transfer coefficient increased with the increase of heat flux
at low vapor quality (x. <0.2). But at higher vapor quali-
ties, the heat transfer coefficient was independent of heat
flux, which was caused by dryout.

Kandlikar’s correlation equation [27] for flow boiling
heat transfer in large diameter tubes (with an inner diame-
ter large than 3 mm) has been used in previous studies
[26,28,29] to correlate microchannel and minichannel heat
transfer data with moderate agreement. Fig. 20 is a com-
parison of the Kandlikar correlation with the present
experimental data for x.>0 (taken from Fig. 19). It is
shown that although the correlation predicted the general
trend of the present boiling heat transfer coefficient data,
it overpredicted the data in high heat flux and high vapor
quality regimes. This can be attributed to the occurrence
of local dryout (Fig. 14(c)(iii)) under high heat flux and
high vapor quality conditions. Fig. 21 is a plot of
Mocat Kandikar/ Plocalexp and the mean average error (MAE)
of heat transfer coefficient versus local vapor quality, where
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Fig. 20. Comparison of boiling heat transfer coefficient data with
Kandlikar correlation for flow boiling in macrochannels (D, = 186 pum)
at different heat fluxes.
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Fig. 21. Heat transfer coefficient ratio versus vapor quality in parallel
microchannels (Dy, = 186 um) at different heat fluxes.
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It is shown that Kandlikar’s correlation [27] for flow boil-
ing in macrochannels overpredicted the present data for
flow boiling in microchannels with a MAE of 37.3%.

4. Concluding remarks

In this paper, flow boiling instability in parallel micro-
channels with three types of inlet/outlet connections
(shown as Type-A, Type-B and Type-C connections in
Fig. 3) have been investigated experimentally. The follow-
ing conclusions can be drawn from the present work:

1. For flow boiling in microchannels without inlet restric-
tions (i.e., Type-A and Type-B connections), tempera-
ture and pressure oscillations occur when a bubble
grows to touch the confining wall and expands upstream.

2. For flow boiling in microchannels with the Type-A and
Type-B connections where reversed flow of vapor
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occurred, the exit vapor quality can be used to classify
the steady and unsteady flow boiling regimes.

3. The configuration between the inlet and outlet plenums
with the microchannels greatly affected the amplitude of
flow-boiling instabilities. This is the reason why different
investigators found different amplitudes of temperature
and pressure oscillations under similar mass flux and
heat flux conditions. In microchannels with the Type-
A connection where the outlet conduit was perpendicu-
lar to the microchannels, the amplitudes of pressure and
temperature fluctuations and the strength of the
reversed vapor flow were the highest among the three
types of connections because the outlet configuration
is most restrictive.

4. For microchannels with the Type-C connection where
flow entering to the microchannels is restricted, steady
flow boiling with no oscillations of temperature and
pressure can be achieved. In these microchannels, no
reversed flow of vapor bubbles was observed under the
experimental conditions. This configuration is recom-
mended for high-heat-flux microchannel applications
to avoid large temperature fluctuations and early burn-
out. Future work should be directed toward assessing
the amount of inlet throttling (pressure drop penalty)
required for stabilization.

5. In vapor plugs and annular flow, nucleation in the thin
liquid film was occasionally observed at certain loca-
tions in the corner of a microchannel. The nucleation
life-time in the thin liquid film was rather short (about
0.14 ms) compared to bubble nucleation in a subcooled
liquid (about 10-30 ms). Thus, the heat transfer mecha-
nism in the vapor plug and annular flow was the combi-
nation of liquid film vaporization and nucleate boiling.

6. Although Qu and Mudawar’s correlation is slightly bet-
ter than Mishima and Hibiki’s correlation in predicting
pressure drop in microchannels obtained from the pres-
ent experiment, both correlations underpredict the pres-
sure data at high vapor quality, probably due to
different flow behavior in microchannels.

7. Heat transfer coefficients have been obtained for flow
boiling microchannels with the Type-C connection. It
is found that the heat transfer coefficient at the exit
increases with the increase of the exit vapor quality in
the subcooled boiling region (x. < 0) due to a transition
from partial to fully developed nucleate boiling. On the
other hand, the heat transfer coefficient at the exit
decreases with the increase of the exit vapor quality in
the saturated boiling region (x. > 0) due to the presence
of local dryout.

8. The heat transfer coefficient data in low heat flux or low
vapor quality in saturated flow boiling in microchannel
agrees well with the correlation developed by Kandlikar
[27] for flow boiling in macrochannels. However, boiling
heat transfer coefficient data at high heat flux and high
vapor quality are lower than those predicted by Kandli-
kar correlation, probably due to the occurrence of local
dryout.
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