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Abstract

Experiments were conducted to investigate flow boiling in 200 pm x 253 pm parallel microchannels with structured reentrant cavities.
Flow morphologies, boiling inceptions, heat transfer coefficients, and critical heat fluxes were obtained and studied for mass velocities
ranging from G = 83 kg/m? s to G = 303 kg/m? s and heat fluxes up to 643 W/cm?. Comparisons of the performance of the enhanced and
plain-wall microchannels were performed. The microchannels with reentrant cavities were shown to promote nucleation of bubbles and
to support significantly better reproducibility and uniformity of bubble generation. The structured surface was also shown to significantly

reduce the boiling inception and to enhance the critical heat flux.

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

Boiling enhancement technique has been a topic of great
interest over the last 50 years [1-8], and is a rich field of
current study. Of particular engineering success are special
heat transfer surfaces encompassing reentrant cavities that
promote bubble ebullitions [9-13]. Key engineering system
performance parameters that are being enhanced typically
include onset of nucleate boiling (ONB), two-phase heat
transfer coefficient, and critical heat flux (CHF). Stable
structured reentrant cavities were shown to be effective in
reducing ONB by an order of magnitude, increasing up
to twofold the heat transfer coefficient, and increasing the
CHF [11,12]. However, the heat transfer enhancement
capabilities strongly depend on the thermal and hydrody-
namic conditions as well as the type of structured surface.
While some surfaces are more effective in reducing the
ONB and increasing the heat transfer coefficient at low
mass qualities, others are more effective in increasing the
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CHF. The enhanced performance is evidently linked to
the heat transfer mechanism promoted by these special
structured cavities. Several discrete boiling modes from
these surfaces have been proposed [14-16], namely, the
flooded mode, the suction-evaporation mode, and the
dried-up mode. In reality, more than one mode might be
triggered in a given structured surface depending on the
thermo-hydraulic conditions. The conditions linked to the
dominant mode and heat transfer mechanism are generally
not well understood [16].

Inspired by the rapid development of boiling in micro-
domains [17-21], research endeavors aimed at exploiting
recent advances in microfabrication technologies to form
structured surfaces that enhance heat transfer for flow/
pool boiling are currently underway [22-30]. Honda
et al. [22-25] used heat sink with 10-50 pm micro-pin-fins
to enhance pool boiling heat transfer, and obtained a
reduction in ONB of about 40% and an increase in CHF
of up to 2.3 times. Kosar et al. [27,28], Kuo et al. [29],
and Pate et al. [30] studied the thermal performance and
flow boiling patterns in interconnected reentrant cavities
microchannel heat sink. Their results suggest that proper
modification of surface topography can provide superior
means to manipulate the boiling process. Much is still
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Nomenclature

Ay platform area (heating surface area above the
heater) (m?)

A total channel cross section area (m?)

Ay total channel surface area (m?)

D, size of active nucleation site (m)

En enhancement parameter (11)

G mass velocity (kg/m?s)

htg latent heat of vaporization (J/kg)

hsp single-phase heat transfer coefficient (W/m? °C)

hip two-phase heat transfer coefficient (W/m? °C)

1 electrical current (A)

ky thermal conductivity of the liquid (water) (W/
m °C)

ks thermal conductivity of the substrate (silicon)
(W/m °C)

L distance from the inlet of the microchannel (m)

L channel length (m)

P pressure (kPa)

P electrical power (W)

q" heat flux (W/cm?)

9%, channel wall heat flux (6) (W/cm?)

9l effective heat flux (5) (W/cm?)

QIOSS heat loss (W)

R electrical resistance ()

t thickness of the silicon substrate (m)

T temperature (°C)

Tave average surface temperature (°C)

T; fluid temperature (°C)

Theater average heater temperature (°C)
T, local surface temperature (°C)
Tihermistor thermistor temperature (°C)
Ty channel wall temperature (°C)
AT,,  wall superheat (°C)

ATgy, subcooled temperature (°C)

14 electrical voltage (V)

X local mass quality

Greek symbols

Ot thermal boundary layer thickness (m)
¢ contact angle (°)

o density (m?¥/s)

o surface tension (N/m)
Subscripts

avg average

ch channel

eff effective

f fluid

1 liquid

max  maximum

min minimum

sat saturation

sp single-phase

sub subcooled

tp two-phase

v vapor

unknown about flow boiling in enhanced surface micro-
channels. The onset of nucleate boiling, the local heat
transfer coefficient, flow morphologies, and the critical
heat flux conditions are poorly understood at diminishing
length scales, especially in channels with enhanced struc-
tures. Furthermore, the relation between flow boiling pat-
terns and the heat transfer mechanism still remain unclear
because of lack of local temperature (and two-phase heat
transfer coefficient) measurements. The current investiga-
tion presents a detailed examination of flow boiling
through enhanced 223 pm hydraulic diameter microchan-
nels with reentrant type cavities. The study involves an
in-depth evaluation of the fundamental processes compris-
ing the boiling mechanism under a range of thermal and
hydrodynamic conditions. Flow boiling patterns, onset of
nucleate boiling, heat transfer coefficients, and critical heat
fluxes are presented and discussed. Comparisons between
enhanced-surface channel and plain-wall channel are also
made. The microchannel device overview is presented in
Section 2. The experiment procedures and descriptions of
the design, fabrication and experimental setup are pro-
vided in Section 3. Section 4 is devoted to the discussion
of the experimental results and Section 5 presents the con-
clusions of this investigation.

2. Device overview

A computer aided design (CAD) model of the micro-
channel device consisting of five parallel 10,000 um long,
200 um wide, and 253 um deep microchannels, spaced
200 pm apart, is shown in Fig. 1. Scanning electron micro-
scope (SEM) images of the microchannels are also shown
in Fig. 2. Each sidewall encompasses an array of 100 reen-
trant cavities spaced 100 pm apart. An acute angle con-
nects the 7.5 um mouth to the 25 um inside diameter
reentrant body (Fig. 2c). In order to minimize ambient heat
losses, an air gap is formed on the two ends of the side
walls (Fig. 1), and an inlet and exit plenum are etched on
the thin silicon substrate (~150 um). A 20 um wide and
400 pm long orifice is installed at the entrance of each
channel inlet to suppress flow instabilities. At the top of
the device, a Pyrex cover seals the device from the top
and allows flow visualization. Fig. 3a depicts a CAD model
of the backside of the device. Three thermistors 10 um wide
and 300 um long (Fig. 3b) are located 3400 um, 6700 pm,
and 10,000 um downstream the channel inlet together with
electrical connecting vias. On top of the thermistors layer, a
1 um silicon oxide layer is deposited for electrical insula-
tion. A heater is then formed on top of the oxide layer to
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Fig. 1. (a) CAD model of the microchannel device and (b) geometry of the orifice configuration (all units in pm).

deliver the heating power and also serves as a thermistor to
measure the average temperature of the entire microchan-
nel area.

3. Device fabrication, experimental apparatus, and
procedures

3.1. Microchannel fabrication method

The MEMS device was micromachined on a polished
double-sided n-type (100) single crystal silicon wafer
employing techniques adapted from integrated circuit
(IC) manufacturing. A 1 pm thick high-quality oxide film
was deposited on both sides of the silicon wafer to shield
the bare wafer surface during processing and to serve as an
electrical insulator. A layer of 150 A thick titanium was
deposited by a cyropumped CVC 601 sputter deposition
system and patterned on the backside of the wafer to form
the thermistors. Vias of 0.2 um aluminum containing 1%
silicon and 4% copper was subsequently formed in order
to create electrical connections to the thermistors. Follow-
ing, a 1 um thick plasma enhanced chemical vapor deposi-
tion (PECVD) oxide was deposited to insulate the

thermistors and the vias from the lower layer. The heater
was then formed on top of the oxide layer by CVC sput-
tering deposition. A 70 A thick layer of titanium was ini-
tially deposited to enhance adhesion characteristics and
was followed by sputtering a 1 pum thick layer of Al-
1%8Si-4%Cu. Subsequent photolithography and concomi-
tant wet bench processing created the heater on the
backside of the wafer. Another 1 um thick PECVD oxide
was deposited to protect the back side features during fur-
ther processing.

Next, the microchannels were formed on the top side of
the wafer. The wafer was taken through a photolithogra-
phy step and a reactive ion etching (RIE) oxide removal
process to mask certain areas on the wafer, which were
not to be etched during the deep reactive ion etching
(DRIE) process. The wafer was consequently etched in a
DRIE process, and silicon was removed from places not
protected by the photoresist/oxide mask. The DRIE pro-
cess formed deep vertical trenches on the silicon wafer with
a characteristic scalloped sidewall possessing a peak-to-
peak roughness of ~0.3 pm. A profilometer and SEM were
employed to measure and record various dimensions of the
device.
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Fig. 2. Reentrant cavities (a,b) SEM images and (c) geometry configuration of reentrant cavities.

The wafer was flipped, and the backside was then pro-
cessed to create an inlet, outlet, side air gap, and pressure
port taps for the transducers. A photolithography step fol-
lowed by a buffered oxide etch (BOE) (6:1) oxide removal
process was carried out to create a pattern mask. The wafer
was then etched-through in a DRIE process to create the
fluidic ports. Thereafter, electrical contacts/pads were
opened on the backside of the wafer by performing another
round of photolithography and RIE processing. Finally,
the processed wafer was stripped of any remaining resist
or oxide layers and anodically bonded to a 1 mm thick pol-
ished Pyrex (glass) wafer to form a sealed device. After suc-
cessful completion of the bonding process, the processed
stack was die-sawed to separate the devices from the parent
wafer. In order to make comparison between the micro-
channel with and without the reentrant cavities, devices
with plain-wall microchannels were also fabricated on the
same parent wafer. As a result, they have similar character-
istics as the enhanced-surface device.

The MEMS devices were packaged by sandwiching it
between two plates (schematically shown in Fig. 4a). The
fluidic seals were forged using miniature “o-rings,” while

the external electrical connections to the thermistors and
the heater were achieved from beneath through spring-
loaded pins, which connected the thermistors and the hea-
ter to electrical pads residing away from the main micro-
channel body.

3.2. Experimental test rig

The setup, shown in Fig. 4b, consists of three primary
subsystems: the flow loop section, instrumentation, and a
data acquisition system. The test section houses the MEMS
microchannel devices and its fluidic and thermal packaging
module. The microchannel device is mounted on the fluidic
packaging module through o-rings to ensure a complete
leak-free system. The fluidic packaging delivers the work-
ing fluid and access to the pressure transducers. The heater,
which is fabricated on the device backside, is wired
(through electric pads) to the power supply. The thermis-
tors are also connected to a National Instruments SCXI-
1000 series data acquisition system.

The main flow loop includes the microchannel device, a
pulseless gear pump, a reservoir, which consists of a
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Fig. 3. CAD models of (a) the heater and the thermistors on the back side of the micro-device and (b) a single thermistor.

deaerator unit and a heating element to control the inlet
temperature, a flow meter, and a dissolved oxygen meter.
The test section heater is connected to a power supply with
an adjustable DC current to provide power to the device.
The thermistors output signals are recorded by the data
acquisition system. Simultaneously, the inlet pressure and
test section pressure drop are collected, and the boiling
process in the microchannels is recorded by a Phantom
V4.2 high-speed camera (maximum frame rate of
90,000 frames/s, and 2 ps exposure time) mounted over a
Leica DMLM microscope. Calibration of the heater and
the thermistors is performed prior to the experiment by
placing the device in an oven and establishing the resis-
tance—temperature curve for each individual sensor.

3.3. Experimental procedures and data reduction

The deionized water was first degassed until the oxygen
concentration level dropped below 3 ppm. Then, the water
flow rate was fixed at the desired value, and experiments
were conducted after steady hydraulic conditions were
reached with an exit atmospheric pressure and ambient
room temperature (~22 °C). The electrical resistances of
the thermistors were also measured at room temperature.
During the experiment, voltage was applied in 0.5 V incre-

ments to the test section heater, and the resistance data for
the heater and the thermistors were recorded once steady
thermal-hydraulic state was reached, at which water flow
rate, heat input, and resistance data remained constant.
The procedure was repeated for different flow rates.

To estimate heat losses, electrical power was applied to
the test section after evacuating the water from the test
loop. Once the temperature of the test section became
steady, the temperature difference between the ambient
and test section was recorded with the corresponding
power. The plot of power versus temperature difference
was used to calculate the heat loss (Qloss) associated with
each experimental data point.

Data obtained from the voltage, current, and pressure
measurements were used to calculate the average single-
and two-phase temperatures, the heat transfer coeflicients,
and the CHF conditions. The electrical input power, P, and
heater resistance, R, respectively, were determined by the
measured voltage, V, and current, I, with

P=VxI (1)
and
R=V/I (2)
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Fig. 4. (a) Device package and (b) experiment setup.

The electrical resistance-temperature calibration curve of
the heater and the thermistors were used for determining
the average heater temperature, Tpeaer, and the thermistor
temperature for each local position, Tiermistor- 1 N€ average
surface temperature, T,y,, and the local surface tempera-
ture, T, at the base of the microchannels was then calcu-
lated as

_ P — Qioss )1
Tavg = Theater — % (3)
P— ‘ 0ss t
Ts = T thermistor — % (4)

where 7, kg, and A, are the substrate thickness, thermal
conductivity of silicon, and the platform area, respectively.

The effective heat flux, g7;, and the channel wall heat
flux, ¢7,, can be defined as

pP— Q]oss
"
Ger = — — (5
ff Ap
pP— Qloss
"
—_ Zloss 6
9ch At ( )

where A, is the total channel surface area. The local mass
quality at a distance L from the inlet can be obtained by

(P - QIOSS) (L/LO) - GASCp(Tsat - Tin)

= Gy, @

where Ly, G, and A4, are the total channel length, mass
velocity, and the total channel cross section area, respec-
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tively. With the local surface temperature, T, the local
two-phase heat transfer coefficient, 4,, can be obtained

4
htp_Ts_Tsal (8)

3.4. Uncertainty analysis

The uncertainties of the measured values are obtained
from the manufacturers’ specification sheets, while the
uncertainties of the derived parameters are calculated using
the method developed by Kline and McClintock [31].
Uncertainty in the mass flux (G), heat flux (¢”), tempera-
ture (7)), mass quality (x), and two-phase convective heat

Single-Phase Liquid Flow
‘ Bubbly Flow

transfer coeflicient (h,) are estimated to be +1%, £1%,
+1%, +3%, and +9%, respectively.

4. Results and discussion
4.1. Flow morphology

Four prime flow patterns were visualized (depending on
the thermal-hydraulic conditions) in the reentrant cavity
microchannels prior to the critical heat flux conditions: sin-
gle-phase, bubbly, slug, and annular flow patterns, as
shown in Fig. 5. The extent of the bubbly flow pattern
was shown to be dependent on the mass velocity and heat
flux. Although at low mass velocity (G =83 kg/m?s)

Dryout
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Fig. 5. A schematic representation of the flow patterns.
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Fig. 6. Flow morphologies: (a) bubbly flow for G =83kg/m?s and qle = 30.6 W/cmz; (b) bubbly and slug flow for G=83kg/m>s and
qly =532 W/em?; (c) annular flow for G=83kg/m*s and qle =771 W/cm?; (d) bubbly flow for G =303 kg/m?s and qly = 132.6 W/em’; (e)

ef

annular/wavy flow for G = 303 kg/m? s and ¢, = 241.6 W/cm’; and (f) annular flow for G = 303 kg/m? s and ¢, = 585.5 W/cm”.
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bubbly flow was detected (Fig. 6a), it did not tend to persist
over a significant region of the channel, and at sufficient
high heat flux, a direct transition from single-phase to slug
flow was observed (Fig. 6b). The slug flow was character-
ized by a large vapor core that occupied the entire micro-
channel cross section and oscillated rapidly over several
hydraulic diameters. Downstream a more stable annular
flow was developed (Fig. 6¢), which was characterized by
a vapor core engulfed by a continuous liquid sublayer
attached to the microchannel walls. For higher mass veloc-
ities (G = 303 kg/m? s), reduction in the bubble departure
diameter followed by increasing bubble generation fre-
quency was observed (Fig. 6d), which supported bubbly
flow over extended channel length. As the bubbles grew
and emerged, they formed slugs stretching over several
hydraulic diameters. Following the slug flow, an annular—
wavy flow was occasionally detected in which the liquid

CHF CHF
180 + CHF (X.:1E|54) (Xe-:l]ﬁ)
CHF (x.=0.53) ask XL
e (x,=05) |
. “‘“‘ X :
140 e s

Tavg (C)

+G=83 kg/mts
» G =160 kg/m?s
4 G =231 kg/m?s
% G = 303 kg/m?*s

0
0 100 200 300 400 500 600 700
9" err (Wicm?)
b 200
180 | AA“A )X
A x>
160 astas Sl
r A
. A“‘ ><><><’<><>2<
140 l"-:A*“ Kxxx){x
‘“% ..-"A“-‘:XX )2<><><
- 120} o & 7500
J i
o100t ¥ e
L] ax
4 8 .xx
B0F L
+" 3
wfesf
oo
10 [ +G=83 kg/mks
f = G =160 kg/m*s
20 b 4 G =231 kg/m?s
x G =303 kg/m?s
l] 1 1 1 n n 1
0 100 200 300 400 500 600 700

q" orr (Wicm2)

Fig. 7. Temperature as a function of effective heat flux: (a) Ta—ql; and
(b) Ta—q.

sublayer thickness was unsteady, as shown in Fig. 6e, this
was followed by a more stable annular flow. As the mass
quality increased, the liquid layer diminished (Fig. 6f) until
dry spots at the exit region were detected indicating the
arrival of the critical heat flux conditions.

4.2. Boiling curve

Fig. 7 shows T,y, and T as functions of the effective
heat flux (q;) for four different mass velocities. As
expected, at low heat fluxes, single-phase liquid flow pre-
vails, which is depicted by the linear temperature increase
with increasing surface heat flux. When the heat flux is fur-
ther increased, a significant shift in the 7-¢7, slope is
apparent marking the onset of nucleate boiling. Flow visu-
alization reveals small bubbles emerging from the reentrant
cavities near the channel exit. A small surface superheat is
required for boiling to be established upstream from the
exit region, as can clearly be seen in Fig. 7b. As expected,

q 160000
+G5=83 kg/m?s
140000 F = G=160 kgim?-s
. X 4 G =231 kg/m?'s
120000} . »x G =303 kg/mt-s
E 100000}
& eoooof L
><>:< % x
60000 KX e
ot N AV KRk, KX Mot e
* % -l Foe Au“
40000F 0 Y et a0
* ., = "m
LaAd
20000
0 50 100 150 200 250 300 350 400
q"ch (W.fc mZ)
p 160000
+ (G =83 kgmis
140000 = G =160 kg/m*s
X m 4 G =231 ky/mZs
. 120000F % G =303 kg/mt's
[ &) X []
o, A X
o~
E 100000f B
x
EN . XX
& Boooo} X o
s A5
."A‘A; ‘k* xx>< %
60000 a Ty F 00000
¢ . Low, XXXXXXXXXXXXXXXXX
. PN Suay
40000 * M :q"‘ia‘n:‘:‘.aata
. * * . " -
20000
D "
-0.10 0.00 0.10 0.20 0.30 0.40

Xz

Fig. 8. Two-phase heat transfer coefficient as a function of (a) channel
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the transition in the temperature slope from single-phase to
flow boiling is much more abrupt in the 7>—¢Z; plot than in
the T,—q.; plot. As the heat flux was further increased
above a certain value, the average surface temperature
abruptly surged with a meager rise of heat flux, indicating
the emergence of critical heat flux condition. The CHF was
verified by flow visualizations of dry spots at the channel
exit region. Once CHF condition was detected, the power
was turned off to prevent damage.
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4.3. Two-phase heat transfer coefficient

The local two-phase heat transfer coefficient, fyy, is
shown in Fig. 8 as functions of the channel wall heat flux,
q%,> and mass quality, x. Negative mass quality at the begin-
ning of the boiling process indicates subcooled boiling.
Except for a sharp increase at low qualities, the local two-
phase heat transfer coefficient for all mass velocities drops
and asymptotically reaches a constant value after x ~ 0.05
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until the CHF. It can also be seen from Fig. 8b that /, for
all mass velocities except for G = 303 kg/m? s shows nearly
no dependence on the mass velocity. Starting at x ~ 0.05,
hypa for G =303 kg/m? s is significantly higher than for all
other mass velocities. Superimposing the two-phase heat
transfer coefficient obtained by thermistor 1, /,;, and
thermistor 2, /iy, (Fig. 9) shows good agreement. It should
be noted that for a fixed mass quality, the data for /4, and
hypo in Fig. 9 correspond to considerably different heat flux,
which are also illustrated as g7}, (1) and ¢, (2) on the figure.
Thus, it can be inferred that the heat transfer coefficient is
not a strong function of the heat flux, at least at low qualities.
The independence of the mass velocity and quality for
G < 231 kg/m? s suggests that convective boiling might not
be the dominant heat transfer mechanism at low to moderate
mass velocities. For high mass velocity convective boiling
heat transfer mechanism cannot be ruled out. However, as
discussed earlier, flow visualization clearly reveals (Fig. 6d)
myriad bubbles growing and departing from numerous reen-
trant cavities at high mass velocities, implying that convec-
tive boiling is not the only mechanism controlling the heat
transfer process. Some complications in identifying the dom-
inant heat transfer mechanism arise from the weak depen-
dency of the two-phase heat transfer coefficient on the heat
flux, as implied by Fig. 9. In conventional scale systems with
boiling-enhanced surface, nucleate boiling heat transfer is
linked with significant dependency of the heat transfer coef-
ficient on the heat flux [9—13]. Thus, the results suggest that
the heat transfer process in the current system may be more
convoluted than similar systems at conventional scale.

4.4. Comparison with plain-wall microchannel

To evaluate the heat transfer enhancement performance
of the reentrant cavity microchannel, ONB, local heat
transfer coefficient, and CHF were also obtained for a
plain-wall microchannel at similar thermal-hydraulic con-
ditions. Comparisons of the heat flux at ONB at different
mass velocities in the enhanced and plain microchannels
are given in Fig. 10. As can clearly be seen, the onset of
nucleate boiling commences at significantly lower heat
fluxes for the boiling-enhanced surface microchannel com-
pared to the plain-wall channel. The effective heat flux for
the ONB condition is ~70% higher in the plain-wall chan-
nel than in the enhanced-surface channel for all mass veloc-
ities. These results clearly show that the reentrant cavities
are very effective in triggering boiling at much lower super-
heated surface temperature than plain channels. Hsu’s
model [32] provides the size of active nucleation site, D,
and is given by the following equation:

5Cy AT,
2C, ATy + AT

1+ \/1 _ SCIJTsat(pl)<ATW + ATsub)

{Dc4maxa Dc,min} =

X
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Fig. 10. Comparison of effective heat flux at ONB for the channel with
reentrant cavities and the plain-wall channel.

where Ci=1+cos¢p, Cr=sin¢g, AT, =Ty — Tsa,
ATy = T — T, 0, O, and ¢ are surface tension, thermal
boundary layer thickness, and contact angle, respectively.
Assuming linear temperature profile in the liquid boundary
layer, as is commonly postulated in similar large scale sys-
tems [33], the thermal boundary layer thickness J; can be
simply expressed as

_k

(10)

sp

For Nu = 5.5 (thermal and hydraulic fully developed flow),
0~ 40 um. For contact angle ¢ = 57°, nucleation sites
with mouth diameter 12 um > D. > 4 pm are most effec-
tive in reducing the surface superheat required for the onset
of nucleate boiling in the current microchannel, as shown
in Fig. 11. Clearly surface roughness of 0.3 pm (typical of

100

10k Range of active cavity sizes b

Cavity mouth diameter (um)

1 1 L 1 1 1 L
0 2 4 4] 8 10 12 14 16 18 20

Wall Superheat ("C)

Fig. 11. Range of active cavity size as a function of wall superheat for the
current microchannel based on Hsu’s criteria.
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Fig. 12. Comparisons of the two-phase heat transfer coefficient for the microchannel with reentrant cavities and the plain channel for (a) G = 83 kg/m’s,

(b) G=160 kg/m’s, (¢) G =231 kg/m’s, and (d) G = 303 kg/m?s.

plain-wall microchannel) will result in much higher surface
temperature, as indeed evident from Fig. 10.

Fig. 12 compares the local two-phase heat transfer coef-
ficient, /), as a function of quality, x,, and channel wall
heat flux, g%, for the enhanced-surface and the plain-wall
channels. Similar to the enhanced-surface, for all mass
velocities, /y,, in the plain-wall channel does not seem to
have significant dependence on the quality or mass veloc-
ity. Furthermore, it can be seen that A, is greater in the
enhanced-surface channel than in the plain-wall channel
for G =303 kg/m”s, but smaller for G =83 kg/m”s and
G = 160 kg/m”s. To provide a quantitative measurement
of the deviation of the two-phase heat transfer coefficient

between the enhanced-surface and the plain-wall channel,
a new parameter, En, is introduced and defined as
following:

E hy 1n enhanced-surface channel
n—

hy, in plain-wall channel (1)
En as a function of quality for different mass velocities is
shown in Fig. 13. The significant enhancement of the
two-phase heat transfer coefficient at high mass velocity
(~30%) can be linked to the considerable increase in the
nucleation site density and bubble departure frequency
with increasing mass velocities. For low mass velocity,
the deviation of the flow patterns (which is linked to the
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Fig. 13. En as a function of quality for four different mass velocities.

heat transfer mechanism) between the enhanced-surface
and plain-wall channel is less apparent than for high mass
velocity. The moderately lower heat transfer coefficient of
the enhanced-surface channel at low mass velocities is per-
haps a result of somewhat lower fin efficiency of the en-
hanced channel wall.

Another important aspect of flow boiling in parallel
channels is the flow and heat transfer uniformity between
channels. For microchannels with reentrant cavities, devia-
tion in the boiling length between the channels is small with
continuous upstream supply of bubbles. On the other
hand, significant non-uniformity in the boiling length for
the plain channel is observed. It can be concluded that
the reentrant cavities channels are also very effective in
maintaining consistent and repeatable flow boiling condi-
tions. The increased uniformity is a result of the availability
of effective nucleation sites that can be easily activated at
low superheat temperature. On the other hand, the high
superheat required to activate nucleation sites in the plain
channel (with average mouth diameter ~0.3 um) tends to
form a more random and non-uniform nucleation process.
The limited nucleation activity promotes flow oscillations,
which in term can trigger premature critical heat flux con-
ditions, as discussed in the next section.

4.5. Critical heat flux

Fig. 14 compares the critical heat flux at different mass
velocities in the enhanced-surface and plain-wall micro-
channels (the exit quality is also indicated). The CHF of
the enhanced surface is much larger than for the plain-wall
channel, with an increase of 11%, 55%, 52%, and 45% for
G =83kg/m’s, G=160kg/m*s, G=231kg/m>s, and
G =303 kg/m’ s, respectively. The increase in the CHF
value for the reentrant cavities microchannel may be linked
to the increased uniformity and reproducibility of the boil-
ing process in the enhanced channel. The establishment of
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Fig. 14. Comparison of the critical heat flux for the channel with reentrant
cavities and the plain-wall channel. The corresponding exit qualities are
also indicated.

a more orderly boiling process with more uniform and
smaller bubbles tends to suppress flow oscillations and
instabilities. In systems with significant deficit of nucleation
sites (e.g., plain-wall microchannels), the boiling process
commences at high liquid superheats. Under such condi-
tions the liquid-vapor phase-change process tends to be
exceedingly rapid, instigating hydrodynamic oscillations.
It has been argued by various researchers [34-37] that flow
oscillations are closely connected to premature CHF condi-
tions. Although inlet restrictors, similar to the ones used in
the current study, had been shown to be very effective in
suppressing parallel channel and upstream compressible
flow instabilities [37], some compressible volume within
the microchannel exists. It has been shown that the
upstream compressibility required for unstable behavior
is small, and small volumes of cold water can produce a
large reduction in the CHF, especially for small diameter
tubes [38].

5. Conclusion

Experiments were conducted to investigate flow boiling
heat transfer in microchannels with reentrant cavities.
Flow morphologies, boiling inceptions, heat transfer coef-
ficients, and the critical heat fluxes have been obtained
and studied. Comparisons of the performance of the
enhanced and plain-wall microchannels were also per-
formed. The main conclusions drawn from this study are
presented below:

(1) Intensified nucleation activity was observed in the
microchannels with reentrant cavities with signifi-
cantly better uniformity of nucleation site distri-
bution.

(2) Flow patterns in microchannels with reentrant cavi-
ties are similar to those in conventional scale channel.
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Bubbly flow was minimal to non-existent for low
mass velocity. For high mass velocity, vigorous bub-
ble nucleation activity together with an extended bub-
bly region was observed.

(3) For low mass velocities (G < 231 kg/m?s), nucleate
boiling was shown to be dominated for flow boiling
in enhanced microchannel. For higher mass velocity,
the heat transfer mechanism was shown to be more
convoluted.

(4) Significant reductions in the wall superheat required
to initiate boiling were measured with the enhanced-
surface microchannel compared to the plain-wall
microchannel. The result is consistent with the theo-
retical prediction of the effective nucleation size.

(5) The bubble nucleation process in the structured sur-
face microchannel is much more consistent and
reproducible than in the plain channel. Combined
with the increased nucleation activity, this enhanced
consistency and reproducibility suppressed flow oscil-
lations and assisted in the enhancement of the critical
heat flux in the reentrant cavity microchannel.
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