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Flow Boiling on Micropin Fins
Entrenched Inside a
Microchannel—Flow Patterns
and Bubble Departure Diameter
and Bubble Frequency
Flow boiling of HFE 7000 in five parallel microchannels of 222 �m hydraulic diameter,
each containing a single row of 24 in-line 100 �m pin fins, was investigated. High speed
photography revealed the dominant flow patterns, namely, the bubbly flow, the multiple
flow, and the wavy-annular flow. The interaction of the bubble with the pin fins during
nucleate boiling from G�350 kg /m2 s to G�827 kg /m2 s and wall heat fluxes from
10 W /cm2 to 110 W /cm2 is detailed. �DOI: 10.1115/1.2994718�

Keywords: flow boiling, microchannel, micro-pin fin, bubble departure frequency, bubble
departure diameter, surface tension
Introduction
Flow boiling in microchannels has been extensively studied

uring the past several years because of its importance in a variety
f applications, such as electronic cooling �1–13�, microrockets
14�, inkjet printers �15�, and microchemical reactors �16�. As a
irect extension of this research endeavor, new flow configura-
ions such as micropin fins entrenched inside microchannels have
lso been studied for heat transfer enhancement �17–25�. Funda-
ental understanding of the boiling process in these microsystems

s important to improve the design and to enhance their thermal-
ydraulic performance.

Cross flow boiling in conventional scale has been extensively
tudied, and a significant scientific body of knowledge about the
hysical processes governing heat transfer in these systems exists
26–37�. The general consensus is that the heat transfer mecha-
isms are closely linked to flow morphologies and the resulting
ydrodynamics. Numerous correlations and models for heat trans-
er coefficient have been developed by coupling the hydrody-
amic and thermal characteristics. Hwang and Yao �32� studied
ow pattern interaction with tubes for three different configura-

ions, namely, single tube, single heated tube in an unheated in-
ine tube bundle, and heated in-line tube bundle. For each of these
onditions, the onset of nucleate boiling �ONB� occurred at the
ylinders rear wake, and the cylinder spacings affected the bubble
nteractions at high qualities. Using high speed photography,
ornwell �29� observed turbulent bubbly flow and attributed the
bserved heat transfer enhancement to the sliding bubbles. Fand et
l. �38� stated that the maximum nucleation site density occurs at
he frontal stagnation point and at the rear wake side for flow
cross a single cylinder.

The flow characteristics around a tube/cylinder in a tube bundle
s strongly dependent on geometrical parameters such as tube con-
guration �in-line or staggered�, longitudinal and transverse
itches, and physical parameter such as the Reynolds number
39�. In microscale, the studies pertaining to bubble dynamics
ave been restricted to plain microchannels �40� and channels
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with re-entrant cavities �41�. The growth and the dynamics of the
bubbles have been observed to deviate considerably from those
observed in conventional scale. The small length scale of the
channel restricted the expansion of the bubble in the transverse
direction and subjected it to high shear stress along the longitudi-
nal direction, eventually causing it to depart at diameters compa-
rable to the channel hydraulic diameter.

In the current study, flow boiling across a single row of in-line
micropin fins entrenched in a microchannel is being investigated.
The microdevice consists of five 200 �m wide and 243 �m deep
microchannels, each equipped with an inlet orifice, consisting of
24 columns of 100 �m diameter circular pin fins, with pitch-to-
diameter ratio of 4. With the aid of high speed photography, the
dominant flow patterns in such flow configurations were revealed.
Furthermore, the interaction of bubbles with these micropin fins
was also investigated and pertinent bubble dynamics parameters
such as bubble departure diameter and frequency were also mea-
sured.

2 Device Overview
A computer aided design �CAD� schematic of the microdevice,

consisting of five 200 �m wide and 243 �m deep microchannels
entrenched in a 1800 �m wide channel, is shown in Fig. 1. Each
microchannel encompassed 24 rows of in-line 100 �m diameter
micropin fins with a pitch-to-diameter ratio of 4. A micro-orifice,
400 �m long and 20 �m wide, was fabricated upstream of each
microchannel. A heater was deposited on the back side of the
channel-pin fin section excluding the orifice to provide the requi-
site heat flux. A Pyrex cover sealed the device from the top and
allowed flow visualization. For additional details on the process-
ing steps and experimental setup, the reader is referred to Ref.
�18�.

3 Data Reduction
The voltage, current, and pressure measurements were used to

obtain the average single-phase and two-phase temperatures and
mass qualities. This section gives the data reduction procedure
used to obtain these parameters.

The voltage and current values were used to calculate the input

power and heater resistance. The wall heat flux was calculated as
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qw� =
P − Qloss

Ap
�1�

he average heater temperature was obtained from the calibration
urve. Assuming 1D steady state conduction through the silicon
lock, the average surface temperature of the device was obtained
y

T̄sur = T̄heater −
�P − Qloss�ts

ksAp
�2�

he local quality was calculated from the known mass flow rate as
hown below:

x =
�P − Qloss��Lx/Lo� − ṁcp�Tsat − T�i

ṁhfg

�3�

he fluid temperature was measured in the inlet using a type K
hermocouple. The local flow temperature was deduced indirectly
rom energy balances �Tmx=Tmi+ ��P−Qloss / ṁCp��Lx /L���. Com-
arison of the experimental data with the existing models was
one through the mean absolute error �MAE�:

MAE =
1

M �
i=1

M
��exp − �pred�

�exp
� 100 �4�

here � is the measured physical quantity and the subscripts
exp” and “pred” refer to the experimental and predicted values,
espectively. The uncertainty associated with the measured values
as obtained from the manufacturers’ specification sheets while

he uncertainties associated with the derived quantities such as

Fig. 1 Device overview sh
ass flux, surface temperature, and wall heat flux were obtained
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by using the propagation of uncertainty analysis and were 3.4%,
0.5°C, and 3.8%, respectively.

4 Results and Discussion

4.1 Flow Patterns. The flow patterns observed in the current
study were classified as bubbly flow, multiple flows, and wavy-
annular flow, as schematically shown in Fig. 2. Bubbly flow com-
prised of vapor bubbles, nucleating from the sidewalls and the
micropin fins, dispersed in the liquid. As the bubbles moved
downstream, they expanded and formed vapor slugs, which were
sheared by the pin fins resulting in regions of vapor slugs and
bubbles, termed multiple flow. Eventually, wavy-annular flow was
established downstream, which was characterized by the presence
of a thin wavy liquid film flowing along the sidewalls and the pin
fins with a vapor core �Fig. 3�. The thin liquid film on the pin fins
accelerated along its frontal side and separated from the surface
forming a trailing liquid drop attached to the rear side where in-
tense mixing was observed. As the thin liquid film on the frontal
section evaporated, causing local dry-out, a vapor cavity devel-
oped, which moved axially in the upstream direction and col-
lapsed intermittently due to the drag forces exerted by the incom-
ing fluid. With increasing heat flux, the vapor cavity stabilized,

ing the device dimensions
Fig. 2 Schematic of flow patterns
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nd the thin film completely evaporated while a liquid drop trailed
n the rear side �q�=39 W /cm2 for G=350 kg /m2 s; q�
76 W /cm2 for G=565 kg /m2 s; q�=98 W /cm2 for G
827 kg /m2 s�. Similar flow patterns have also been observed by
ognata et al. �20� for a square micropin fin. Occasionally, the

rontal region of the pin fins was wetted by a thin liquid micro-
ayer, which evaporated rapidly resulting in a nonuniform thermal
oading on the pin fin. As the heat flux was further increased, the
railing liquid drop shrunk, ultimately leading to a complete local
ry-out. For the lowest mass velocity �G=350 kg /m2 s�, the
ingle-phase liquid flow directly transitioned to multiple flow
ithout first forming bubbly flow region. The absence of isolated
ubbly flow at low mass fluxes is, to some respect, in contradic-
ion to the trend discussed by Revellin and Thome �42�. This
nomaly might be a result of the significant different flow con-
gurations of the current study and the study of Revellin and
home �42�. Due to the low mass velocity, the flow exhibited
light flow reversal in which a vapor bubble �cavity� initiated at
he frontal stagnation point and continued to grow conically up-
tream, temporarily increasing the local void fraction, as shown in
ig. 4. This was accompanied by an increase in the local liquid
elocity, which deformed the cavity and sheared it across the pin
ns causing it to break and move downstream �0� t�4.4 ms�.
o such flow reversal was observed at higher mass velocities.

4.2 Heat Flux Versus Temperature. Figure 5 shows the av-

rage T̄sur−qw� curves for different mass fluxes. The heat flux as a
unction of the average temperature was characterized by three
egions of different slopes. The first region corresponds to single-

ig. 3 Wavy-annular flow showing the trailing liquid of the pin
ns and vapor cavity on the upstream side of pin fin

Fig. 4 Sequence of images showing the formati

sequent breakage „G=350 kg/m2s, qw� =33.2 W/cm
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phase flow where the temperature was linearly dependent on the
heat flux. The onset of boiling was accompanied by a significant
drop in the surface temperature, which was observed for all mass
fluxes and was attributed to boiling hysteresis. Such temperature
hysteresis at the onset of boiling was caused by the good wetta-
bility of the fluid and the surface topography. The low surface
tension of HFE 7000 ��=13.8 mN /m at T=22 deg� and the sur-
face roughness of the silicon surface ��0.3 �m� render majority
of the cavities inactive even at high superheated temperatures.
Ultimately, boiling was triggered and vapor bursted through the
channel activating many nucleation sites and significantly reduc-
ing the surface temperature. Following the onset of boiling, the
temperature continued to increase. At a certain heat flux, the tem-
perature increased rapidly signifying the approaching critical heat
flux �CHF� conditions. The hysteresis phenomenon clearly ap-
peared when the heat flux was gradually decreased, as shown by
curve b in Fig. 5.

4.3 Bubble Nucleation and Dynamics. At the onset of boil-
ing, the bubbles nucleated on the microchannel sidewalls and on
the pin fin surface. Flow visualization revealed that the bubbles
first nucleated at the rear wake side of the first pin fin in the
two-phase region, as shown in Fig. 6. The thick thermal boundary
layer and the resulting high local fluid temperature initially trig-
gered the bubble growth in this region. Figure 7 shows the distri-
bution of the active cavities along the circumference of the pin fin
for different mass velocities. The majority of the nucleation sites
were distributed asymmetrically on the rear side at 90 deg��
�180 deg. It has been observed that for flow across tandem cyl-
inders, the flow transitions from steady symmetrical flow at low
Reynolds number to an oscillatory asymmetrical flow at a critical
Reynolds number; for p /d=4, the transition corresponds to a criti-
cal Reynolds number of Rec=68 �43�. It is very likely that such
oscillations existed in the current study �75�Red�180� distort-
ing the symmetry of the nucleation sites �Fig. 7�. The nucleation
of the bubbles on the rear side modified the hydrodynamics of the
flow field, which resulted in bubbles nucleating along different
locations on the downstream pin fin. Generally, bubbles from pin
fins downstream the first row of the two-phase region tended to

of vapor cavity at the stagnation point and sub-
2

on

, and z=4 mm…
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ucleate from the frontal stagnation point ��=0 deg�. The dynam-
cs of the bubble departing from different sites along the circum-
erence of the pin fins also differed from each other. At �
180 deg, the bubbles grew asymmetrically due to the intensive

ecirculation of the flow and at some point the bubble ultimately
ecked close to the surface of the pin fin and eventually detached.
t �=0 deg, the bubbles detached and slid along the surface
hile growing and ultimately lifted from the rear side of the pin
n �Fig. 8�. Additionally, the bubbles departing from the upstream

Fig. 5 Heat flux as a function of average su

ig. 6 Images showing the bubble nucleation on the rear side
f the upstream pin fins and along the circumference on the
ownstream pin fins for G=565 kg/m2 s under different heat

uxes
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pin fins were often swept into the wake of the downstream pin fin
causing them to circulate in the recirculation zone, expand, and
coalesce with other bubbles, and in the process agitate the liquid
in the recirculation zone.

4.4 Bubble Departure Frequency and Departure
Diameter. Qualitatively, the flow patterns and bubble ebullition
process were similar for all channels; the quantitative results were
elucidated for channel 3 �middle channel�. Figure 9�a� shows the
bubble departure diameter for �=0 deg as a function of wall heat
flux for different mass velocities. The bubble departure diameter
decreased with increasing heat flux and mass velocity. At high
mass velocity, the increased drag force sheared the bubbles from
their nucleation sites at small diameters. The departure diameter
decreased with increasing heat flux at low mass velocities, but at
high mass velocities, the growth of the bubble was suppressed by
the impingement of the flow at the stagnation point. The bubbles
departing from �=180 deg had much larger diameter than those
departing from �=0 deg. However, the decreasing diameter
trends were similar �Fig. 9�b��. The bubble departure frequency
was elucidated by counting the number of bubbles departing from
a nucleation site over 800 frames �fps of 12,000�. Figure 10 shows
the bubble departure frequency from the two most active nucle-
ation sites on the pin fins, at �=0 deg and �=180 deg, at various
mass velocities as a function of wall heat flux. The bubbles nucle-
ated at the location of ONB for �=180 deg and at the immediate
downstream pin fin for �=0 deg. The frequency and bubble de-
parture diameter were measured in the isolated bubble region be-

ce temperature for various mass velocities
tween z=1 mm and z=3 mm from the inlet of the channel where
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he bubble coalescence was negligible. For �=0 deg, the bubble
requency increased linearly with the wall heat flux, although re-
ions of two distinct slopes were observed, which was a function
f the mass velocity. At low and intermediate mass velocities, the
ubble frequency increased sharply with the wall heat flux, and at
igh mass velocities, the bubble frequency increased with a lower
lope. During the bubble growth, interfacial tension acting along
he contact line tended to hold the bubble in place against the
nertial drag force exerted by the surrounding liquid. The bubble
eparted from the site when the net effect of the inertial drag
xceeded the interfacial tension. At low mass velocities, due to the
ower drag force exerted by the liquid on the bubble, the bubble

Fig. 7 Circumferential nucleation site distribution along

ig. 8 Sequence of images showing the bubbles nucleating at
=0 deg and sliding along the circumference of pin fins „qw�

2 2
52.6 W/cm and G=827 kg/m s…
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attained a large diameter before departing, resulting in a long
bubble ebullition cycle and hence low frequencies. At high mass
velocities, the bubbles were subjected to higher inertial drag caus-
ing them to depart at a higher rate. Such mass flux dependency on
frequency has also been observed by Lee et al. �40� for flow in a
rectangular 41 �m hydraulic diameter microchannel. Vigorous
boiling occurred at higher heat flux, which resulted in rapid
bubble growth and thus higher frequencies. Additionally with in-
creasing heat flux, the surface tension decreased �due to tempera-
ture increase�, causing a reduction in the holding surface tension
force and a reduction in the departure diameter, which in turn
enhanced the bubble departure frequencies. Therefore, the bubble
frequency at �=0 deg has been correlated as a function of wall
heat flux by the following relations with a MAE of 18%:

f = 386.6qch� − 4612.6 �Red � 120� �Hz� �5�
and

f = 124.9qch� − 1363.8 �Red � 120� �Hz� �6�

The much larger departure diameter at �=180 deg compared with
�=0 deg has important implications on the bubble frequency. As
can be seen in Fig. 10�b� for �=180 deg, the bubble departure
frequency was much smaller compared with the frequency at the
frontal stagnation point. The large bubble departure diameter,
caused by the low liquid velocity in the recirculation zone where
the drag forces exerted on the bubble, was much weaker than for
�=0 deg, increased the ebullition period. The frequency in-

e first pin fin to experience boiling various mass fluxes
th
creased with mass velocity and showed a peak with respect to heat
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ux, which was clearly evident for G=827 kg /m2 s and G
565 kg /m2 s. With increasing heat flux, the boiling front propa-
ated upstream and the bubbles nucleating on the rear side were
ontinuously subjected to condensation on the periphery due to an
ncrease in the local subcooled temperature. Because of the con-
ensation on the bubble periphery and the low velocity in the
ecirculation zone, the bubble, after nucleating and growing to the
eparture diameter, tended to be stationary before departing. This
n turn extended the bubble ebullition cycle and decreased the
ubble departure frequencies. Figure 11�a� shows the variation of
he bubble departure frequency as a function of the local subcool-
ng for bubbles departing from the rear side. Such variation with
espect to local subcooling was not observed for bubbles nucleat-
ng from the frontal stagnation point of the downstream pin fins
�=0 deg�, as shown in Fig. 11�b�. Because the bubbles were

Fig. 9 Bubble departure diameter
Fig. 10 Bubble departure frequency f

41002-6 / Vol. 132, APRIL 2010

ded 19 May 2010 to 128.113.217.15. Redistribution subject to ASM
very small at �=0 deg when they departed �Dd�10 �m�, their
periphery was not subjected to significant condensation. There-
fore, higher subcooled temperatures did not seem to slow down
the bubble departure diameter. The bubble departure frequencies
on the pin fins, especially at �=0 deg, are higher than those ob-
served in other microscale studies �40,41� �f �6000 Hz at high
heat flux�. For example, Kuo et al. �41� reported a maximum
frequency of 600 Hz and Lee et al. �40� reported a maximum a
frequency of 60 Hz for boiling in microchannel using water. The
higher frequency observed in the current study is a result of the
much lower surface tension of the working fluid. Since the surface
tension forces are the main force resisting the bubble departure,
bubbles in HFE 7000—fluid with very low surface tension—
readily departed from the nucleation site. Furthermore, the lower

r „a… �=0 deg and „b… �=180 deg
fo
or „a… �=0 deg and „b… �=180 deg
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atent heat of vaporization of HFE 7100 compared with water
acilitated rapid growth of the bubble �44� hastening the bubble
bullition cycle.

Traditionally, the bubble frequency has been correlated through
he bubble departure diameter according to fnDd=const �45–47�,
here n ranges from 1/2 to 2. Figure 12 compares the frequency

nd bubble departure diameter for �=0 deg with conventional
cale �45,48� and microchannel �41� correlations. None of the cor-
elations agreed well with the experimental results over the entire
ange. Conventional scale correlations provided a better agree-
ent with the experimental results at high heat fluxes �high fre-

uencies�, while at low heat fluxes, which was characterized by
ow bubble departure frequency, agreement with microchannel
orrelation improved. The above mentioned result indicates that
here exists a partwise variation of the product fDd in microchan-
els; when the bubble departure diameter is comparable to the
hannel hydraulic diameter, the frequency has a different func-
ional dependency on the departure diameter than for conditions
orresponding to bubbles much smaller than the channel. Kuo et
l. �41� investigated bubble dynamics in water for a 222 �m hy-
raulic diameter rectangular microchannel with re-entrant cavi-
ies. The higher surface tension of water resulted in much larger

Fig. 11 The variation of departure frequency as a func

ig. 12 Comparison of frequency and departure diameter data

ith different correlations
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bubble than for the current study ranging from 100 �m to
222 �m. The large bubble departure diameter-to-channel hydrau-
lic diameter ratio modified the hydrodynamics of the flow consid-
erably, decreasing the product �fDd� compared with conventional
scale systems. In the current study, for low mass velocities and
heat fluxes, characterized by large bubble departure diameters,
microchannel results for water worked well �41�. Increasing the
mass velocity, resulted in bubbles considerably smaller than the
channel hydraulic diameter. The channel “loses” its identity as a
microscale channel and practically transitioned to hydrodynamics
resembling conventional scale �or miniscale� characteristics.
Therefore, under these conditions, the agreement with conven-
tional scale models are fairly good. While the traditional form of
the correlation fDd=const has been successfully used in micro-
scale �41�, for the current flow configuration, correlation of this
form cannot be used because the product �fDd� was observed to
increase with heat flux, as shown in Fig. 13�a�. Therefore, using
least squares method, the following correlation for the product of
the bubble frequency and the bubble departure diameter has been
developed:

fnDd = 0.000397 �7�

where n is an empirically derived constant, which was calculated
to be 0.435. 85% of the predicted data is within 	25% of the
experimental data with a MAE of 14% �No. of data points=29�.
Unlike for �=0 deg, for �=180 deg, the product of the bubble
departure frequency and departure diameter did not show any spe-
cific trend with respect to heat flux and mass flux, but decreased
with increasing local subcooling �or the Jakob number� as shown
in Fig. 13�b�. With increased subcooling, the bubble growth was
impeded by continuous condensation at the periphery, resulting in
lower bubble departure frequencies and departure diameters.

5 Conclusions
Flow visualization revealed the existence of bubbly flow, mul-

tiple flows, and wavy-annular flow.
At the onset of boiling, the bubbles nucleated on the rear side of

the pin fins and with the propagation of the boiling front, bubbles
started nucleating at other locations. Nucleation sites were mostly
observed at �=0 deg and �=180 deg.

The bubble departure frequency rapidly increased with wall
heat flux for �=0 deg, but this trend gradually diminished at high
heat fluxes, which has been attributed to the suppression of boil-
ing. For �=180 deg, the bubble departure frequency first in-

n of local subcool for „a… �=180 deg and „b… �=0 deg
tio
creased and then decreased with heat flux.
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The bubble departure diameter showed a decreasing trend with
all heat flux for both nucleation sites.
The product of the bubble departure frequency and bubble de-

arture diameter follows the traditional form of the correlation
sed in conventional scale systems for small bubble departure
iameters and tended to follow the previous studies at the micro-
cale when the bubble was large compared with the channel hy-
raulic diameter. The product was observed to increase with wall
eat flux.
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omenclature
A � dimensionless constant in Eq. �8�

Ap � planform area, m2

b � dimensionless constant in Eq. �8�
Bo � boiling number, qch� /Ghfg

c � dimensionless constant in Eq. �8�
cp � Specific heat, kJ kg−1 K−1

d � pin fin diameter, m
Dd � bubble departure diameter, m

f � frequency, Hz
G � mass flux, kg m−2 s−1

H � height, m
hfg � latent heat of vaporization, kJ kg−1

I � current, A
Ja � Jakob number, 
lcp�Tsat−Tmx� /
vhfg

ks � thermal conductivity of silicon block,
W m−1 K−1

L � length, m
Lo � overall channel length, m2

Lx � local channel length, m2

ṁ � mass flow rate, kg s−1

p � pitch, m
P � power, W

qch� � heat flux based on channel surface area,
−2

Fig. 13 Variation of fDd product with „a… heat fl
W cm
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Qloss � heat loss, W
qw� � heat flux based on planform area, W cm−2

Red � Reynolds number, Gd /�
Ti � inlet fluid temperature, °C

Tmx � local mean liquid temperature, °C
Tsat � saturation temperature, °C

T̄sur � average surface temperature, °C
t � time, ms

ts � thickness of silicon block, m
x � quality
z � axial distance along the channel, m

Subscripts
l � liquid

sat � saturation
sur � surface

v � vapor
w � wall
x � local

Greek Symbols
� � measured quantity
� � viscosity, Pa s
� � radial angle

 � density, kg m−3

� � surface tension, N m−1

References
�1� Garimella, S., and Singhal, V., 2004, “Single-Phase Flow and Heat Transport

and Pumping Considerations in Microchannel Heat Sinks,” Heat Transfer
Eng., 25�1�, pp. 15–25.

�2� Muwanga, R., Hassan, I., and MacDonald, R., 2007, “Characteristics of Flow
Boiling Oscillations in Silicon Microchannel Heat Sinks,” ASME J. Heat
Transfer, 129, pp. 1341–1352.

�3� Saidi, M. H., and Khiabani, R. H., 2007, “Forced Convective Heat Transfer in
Parallel Flow Multilayer Microchannels,” ASME J. Heat Transfer, 129, pp.
1230–1236.

�4� Coursey, J. S., Kim, J., and Kiger, K. T., 2007, “Spray Cooling of High Aspect
Ratio Open Microchannels,” ASME J. Heat Transfer, 129, pp. 1052–1060.
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