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Abstract

Flow boiling of R-123 in a hydrofoil-based micro pin fin heat sink was investigated. Average two-phase heat transfer coefficients were
obtained over effective heat fluxes ranging from 19 to 312 W/cm2 and mass fluxes from 976 to 2349 kg/m2 s. The paper presents a flow
map, which divides the data into three flow pattern regions: bubbly, wavy intermittent and spray-annular flows. Heat transfer coefficient
trends and flow morphologies were used to infer boiling heat transfer mechanisms. Existing conventional scale correlations for circular
tubes resulted in large scatter and were not able to predict the heat transfer coefficients accurately.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Research concerning heat transfer in microsystems has
been growing rapidly in the last decade. As part of this
endeavor, single-phase flows [1–10] and boiling flows [11–
28] have been topics of great interest. Initial studies were
dedicated to reveal the thermal and hydrodynamic charac-
teristics of microchannel flows, but recently emerging
reports extend this effort to other configurations like pin
fins [29–35]. The pin fin shapes employed in these studies
were primarily adopted from conventional scale heat sinks
like circular [36,37], square [38], diamond [39], and rectan-
gular [40].

Single-phase flow over pin fin heat sinks has been exten-
sively investigated over the years [41–44] and is still a topic
of active research [45–57]. Since boiling is often a desired
heat transfer mode, it has also been visited in the context
of fins. Pin fins are commonly used to enhance pool boiling
heat transfer, and various studies have been performed in
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conventional scale to provide knowledge concerning the
boiling phenomenon [58–73]. Honda and co-workers in
several recent publications [74–76] utilized successfully
micro pin fins to augment the critical heat flux (CHF) con-
ditions in electronic components.

In conventional scale, cross-flow boiling over circular
tube bundles has been meticulously studied; collected data
and correlations pertaining to large scale systems are avail-
able in numerous archival publications [77–100]. Onset of
nucleate boiling [78,79], heat transfer coefficients [80–89],
critical heat flux conditions [90–94], pressure drop [95–
98], and flow morphologies [99,100] have been obtained
and correlated, mainly for circular tube bundles. For exam-
ple, Jensen and Hsu [81] conducted a parametric study of
boiling heat transfer in a horizontal tube bundle and
reported an increase in local heat transfer coefficient with
increasing heat flux, pressure and mass velocity, but found
the effect of quality to be minor. Gupta et al. [84] and
Gupta [89] studied the effects of heat flux, mass velocity,
and tube geometry on local boiling heat transfer of water
in small horizontal tube bundles at low velocities. How-
ever, the data presented by them were limited to low mass
velocities (<9 kg/m2 s). Chen-type heat transfer coefficient
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Nomenclature

a1, a2, a3 parameters in correlation 8
Ab base area (surface area without pin fins), m2

Ac,fin fin cross-sectional area, m2

Afin total fin surface area, m2

Amin minimum cross-sectional area, m2

Ap planform area (surface area of silicon block), m2

At total heat transfer area (Ab + gfAfin), m2

b1, b2, b3, b4 constants in correlation 9
Bo Boiling number based on q00w, Bo ¼ q00w=ðGhFGÞ
Boch Boiling number based on the average mass velo-

city, Boch ¼ q00w=ðGavhFGÞ
cp specific heat at constant pressure, kJ kg�1 �C�1

Cor correction factor in correlation 6
d chord thickness, m
dh channel hydraulic diameter, m
E enhancement factor
ff friction factor
F two-phase Reynolds number factor
g gravitational constant, m s�2

G mass velocity based on the minimum cross-sec-
tional area, kg m�2 s�1

Gav mass velocity based on the entire cross-sectional
area, kg m�2 s�1

hFG latent heat of vaporization, J kg�1

�hsp average single-phase heat transfer coefficient at
a definite flow rate, W m�2 �C�1

�htp average two-phase heat transfer coefficient at a
definite flow rate, W m�2 �C�1

H channel height, fin height, m
hav average heat transfer coefficient at a definite

heat flux, W m�2 �C�1

jG superficial gas velocity, Gx/qG, m s�1

jL superficial liquid velocity, G(1 � x)/qL, m s�1

kfin thermal conductivity of the fin (silicon), W m�1

�C�1

kfluid thermal conductivity of the fluid, W m�1 �C�1

ks thermal conductivity of the silicon block,
W m�1 �C�1

L channel length, m
m constant
M number of data points at a fixed mass velocity
_m mass flow rate, kg s�1

mf fin parameter in Eq. (2)
Mt total number of data points
MAE mean absolute error
Ncolumn number of pin fins in a single column
Nrow number of pin fins in a single row
Nt total number of pin fins
Nu Nusselt number
Nuch Nusselt number based on the channel hydraulic

diameter
Nu average Nusselt number at a definite Reynolds

number

Nuav average Nusselt number at a definite heat flux
P electrical power, W
pe exit pressure, kPa
Pfin pin fin perimeter, m
Pr Prandtl number
q00 effective heat flux, W cm�2

q00w heat flux based on the heat transfer surface area
of the device, W cm�2

_Qloss heat loss, W
R electrical resistance, X
Re Reynolds number based on the chord thickness,

Re = Gd/l
Rech Reynolds number based on the channel hydrau-

lic diameter, Rech = Gavdh/l
S suppression factor
SL longitudinal pitch, m
ST transverse pitch, m
t thickness of the silicon block, m
T temperature, �C
T average surface temperature, �C
Te exit temperature, �C
T heater average heater surface temperature �C
Ti inlet temperature, �C
U quantity under consideration
W channel width, m
x mass quality
xe exit mass quality
Xo bubble growth parameter, m
Xvt Martinelli parameter
We Weber number, We = G2d/(rq)
Wech Weber number based on the channel hydraulic

diameter, Wech ¼ G2
avdh=ðrqÞ

Greek symbols
b aspect ratio
gf fin efficiency
/2

L two-phase friction multiplier
l viscosity, kg m�1 s�1

q density, kg m�3

r surface tension, N m�1

Subscripts
amb ambient
av average
ch channel
CHF critical heat flux
e exit
f fluid
fin fin
G gas
i inlet
j index in Eqs. (3) and (4)
L liquid
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LO liquid only
mic microconvection
nb nucleate boiling
s surface
sat saturation

se surface at the end of the single-phase length
si surface at the inlet
tp two-phase
v vapor
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models were successfully employed in these studies to cor-
relate the experimental data. Dowlati et al. [86] reported
agreement between boiling heat transfer coefficients of R-
113 and existing pool boiling correlations, and attributed
the conformity to the dominance of nucleate boiling heat
transfer mechanism.

In boiling heat transfer studies, heat transfer coefficients
have been shown to be closely related to the flow patterns.
Grant and Chisholm [99] reviewed studies about flow pat-
terns and pressure drop of air–water two-phase flow on the
shell-side of segmentally baffled shell- and tube-heat
exchangers. They reported spray, bubbly, intermittent,
stratified-spray, and stratified flow patterns. A flow map
was then constructed based on the superficial velocities of
each phase. Noghrehkar et al. [100] extended the work of
Grant and Chisholm [99]. They studied flow patterns in
two-phase flow across a tube bundle under adiabatic condi-
tions and identified bubbly, intermittent and annular flows,
and also developed a flow map with the use of liquid and
gas superficial velocities.

Flow patterns also have a vital role in determining the
CHF mechanism. Leroux and Jensen [93] investigated
upward vertical cross-flow of R-113 in horizontal tube bun-
dles. They studied the effects of mass flux, quality, pressure,
and bundle geometry on CHF conditions and found three
distinct curve trends, which were linked to flow patterns
and distinct CHF mechanisms. Bubbly flow was present
at low qualities and mass velocities, and the CHF condi-
tions were triggered by departure from nucleate boiling
(DNB), while at high qualities and mass velocities, in which
spray-annular flow was dominant, the CHF was a result of
dryout.

The existing scientific data about flow boiling over tube
bundles in conventional scale gathered over the years pro-
vide an excellent knowledge base, which can be exploited
while studying the phenomena at diminishing length scale.
However, before this can be done, there are several key
issues that need to be addressed. Extending the limited scal-
ing laws of boiling to microscale is not fully understood even
for the more rudimentary channel flow geometry. Extensive
research effort to unveil these scaling laws for microchannels
is still underway. Although literature concerning boiling
cross-flow over pin fins is available, these flow configura-
tions are less explored compared to channel flow. Further-
more, microfabrication technology enables the formation
of pin fin geometries with enhanced thermal-hydraulic
performance, which are often uneconomical to form by
standard macro scale technology. The available data for
unconventional geometries is therefore very limited.
This article reports an experimental study of R-123 flow
boiling over a hydrofoil-based micro pin fin heat sink
and aims at evaluating boiling heat transfer coefficients,
flow patterns, and heat transfer mechanisms. Additionally,
results have been compared with existing correlations
developed for circular conventional scale pin fins. Finally,
modified heat transfer coefficient correlations, a flow
map, and boiling map are proposed based on the experi-
mental data obtained in the current experiments.
2. Device overview and microfabrication process flow

2.1. Device overview

A computer aided design (CAD) schematic of the device
consisting of a 1800 lm wide and 1 cm long microchannel
of depth 243 lm is shown in Fig. 1. The microchannel con-
tains 20 arrays of 12 and 13 (in tandem) staggered NACA
66-021 hydrofoil pin fins with a wetted perimeter of
1030 lm and chord thickness of 100 lm. In order to mini-
mize ambient heat losses an air gap is formed on the two
ends of the side walls, and an inlet and exit plenum,
4 mm long each, are etched on the thin silicon substrate
(�150 lm). A heater, which serves as a thermistor for tem-
perature measurements, is deposited on the backside under
the pin fin arrays to deliver the heating power. A Pyrex
cover seals the device from the top and allows flow visual-
ization. Pressure taps are placed at the inlet and exit of the
device to enable pressure measurements.
2.2. Microfabrication process flow

A double side polished, n-type h100i single crystal sili-
con wafer is processed on both sides to create a MEMS
device, which consists of a microchannel enclosing an
array of fins. In the fabrication process first, the top side
and bottom side masks are designed and fabricated. A
1 lm thick oxide is deposited on both sides of the silicon
wafer to protect the bare wafer surface. The heater and
the vias are formed on the backside of the wafer by

cryopumped CVC 601 sputter deposition system. A 70 Å
thick layer of titanium is initially deposited to enhance
adhesion characteristics and is followed by sputtering a
1 lm thick layer of aluminum containing 1% silicon and
4% copper. Subsequent photolithography and concomi-
tant wet bench processing create the heater on the backside
of the wafer. Next, the microchannel with micro pin fins is
formed on the top side of the wafer. For this, the wafer is



Fig. 1. (a) CAD model of the micro pin fin heat sink. (b) Zoom in to the micro pin fins.
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taken through a photolithography step and a reactive ion
etching (RIE) oxide removal process to mask certain
areas on the wafer, which are not to be etched during
the deep reactive ion etching (DRIE) process. The wafer
is consequently etched in a DRIE process, and silicon is
removed from places not protected by the photoresist/
oxide mask. The DRIE process forms deep vertical
trenches on the silicon wafer with a characteristic scalloped
sidewall possessing a peak-to-peak roughness of �0.3 lm.
A profilometer and an SEM are employed to measure
and record various dimensions of the device. The wafer
is flipped and the backside is then processed, so that an
inlet, exit, side air gap, and pressure port taps for the
transducers are formed. A photolithography followed by
a buffered oxide etch (BOE) (6:1) oxide removal process
is carried out to create a pattern mask. The wafer is then
etched-through in a DRIE process to create the fluidic
ports. Thereafter, electrical contacts/pads are opened on
the backside of the wafer by performing another round
of photolithography and RIE processing. Finally, the
processed wafer is stripped of any remaining resist or oxide
layers and anodically bonded to a 1 mm thick polished
Pyrex (glass) wafer to form a sealed device. After success-
ful completion of the bonding process, the processed
stack is die-sawed to separate the devices from the parent
wafer.
3. Experimental setup and procedure

3.1. Experimental setup

The experimental setup used in present study is shown in
Fig. 2. The micro pin fin device was packaged in between
two plates. The fluidic seals were forged using miniature
‘‘o-rings” while external electrical connections to the heater
were provided from beneath through spring-loaded pins,
which connected the heater to electrical pads residing away
from the main micro pin fin device body. Resistance of the
heater and pressure drop were recorded for different flow
rates in the loop. The electrical power was supplied to
the device with an INSTEK programmable power supply,
and electrical current and voltage were measured using a
HP3457A digital multimeter. A 180 Series Micropump
annular gear pump capable of generating flowrates from
0.3 to 145 ml/min was used to propel the liquid from a res-
ervoir through the MEMS device at various flow rates, and
the inlet temperature was measured by an Omegaette
HH308 type K thermometer. Inlet and exit pressures were
measured via pressure transducers. Flow rate measure-
ments were made using Omega FL-111 flow meter. Pres-
sure and flow rates were acquired together with the
voltage and current for data reduction. The flow was visu-
alized with a Leica DMLM microscope, and flow images



Fig. 2. Experimental setup with flow, data, and control signal directions.
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were taken via a Vision Research Phantom V-4 series high-
speed camera capable of capturing frames with a rate up to
90,000 frames per second, a maximum resolution of
512 � 512 pixels, and a minimum exposure time of 2 ls.
Flow visualization was performed to scrutinize the boiling
flow patterns along the entire micro pin fin device and to
measure the single-phase length Lsp, which is the distance
from the inlet to the location of first appearance of boiling.

3.2. Experimental procedure

R-123 was utilized as the working fluid in the experi-
ments under exit pressures of 486–539 kPa. Before starting
the experiment, the device was calibrated in a well insulated
and temperature controlled oven to obtain the heater elec-
trical resistance-temperature linear calibration curve
(Fig. 3). This calibration curve was used to obtain the aver-
age surface temperature of the device during the data
reduction process. A standard deviation of 0.15 �C was
obtained between the individual data points and the cali-
bration curve.

In order to estimate heat losses, electrical power was
applied to the test section after evacuating the working
fluid from the test loop. Once the temperature of the test
section reached steady-state conditions, the temperature
difference between the ambient and test section was
recorded at the corresponding power. The temperature
difference versus power curve was plotted and used to
compare the heat loss associated with each experimental
data point to the fin analysis. The measured heat losses
were subtracted from the total heats supplied to the heat
sink under forced flow conditions, and the corresponding
values were used in subsequent analysis of the data
reduction.

The experiments were performed under steady state con-
ditions, and the inlet temperature was held constant at
ambient temperature for all data points. Firstly a steady
flow was acquired by setting the flow meter at a desired
value. The exit pressure was kept at a constant value for
all the experiments. An increase in the inlet pressure was
recorded as the heat flux increased during flow boiling,
and average pressure difference between the inlet and exit
pressures was used to evaluate the saturation temperature.
However, since the increase in the average pressure was less
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compared to the inlet pressure, the saturation temperature
was not affected much by the change in the inlet pressure.
Prior to acquiring experimental data the electrical resis-
tance of the heater was measured at room temperature.
The flow meter reading was adjusted to the desired flow
rate, and the pressure difference between the inlet and exit
pressure ports was recorded through a LabView� interface
to a spreadsheet file. To obtain heat transfer data, voltage
was applied in 0.5 V increments across the heater, and
the current/voltage data were recorded while keeping the
flow rate constant. At impending CHF condition a slight
increase in the applied power causes an abrupt surge of
the wall temperature. The power was switched off when this
condition was reached. The same procedure was repeated
for all the flow rates.
4. Data reduction

4.1. Single-phase heat transfer

Data obtained from the voltage, current and pressure
measurements were used to calculate the average single-
and two-phase temperatures, Nusselt numbers, and single-
and two-phase heat transfer coefficients. The electrical input
power and heater resistance were determined using the mea-
sured voltage and current values, respectively. Thereafter,
the heater electrical resistance-temperature calibration
curve was used for determining the average heater temper-
ature. The surface temperature at the base of the micro-
channels was then calculated as

T ¼ T heater �
ðP � _QlossÞt

ksAp

ð1Þ

The heat transfer coefficient was obtained using
Newton’s law of cooling jointly with the 1-D steady-state
adiabatic tip fin equation as follows:

ðP � _QlossÞ¼ havðgf N tP finH þwL�N tAc;finÞ T � T iþT e

2

� �� �

ð2Þ
where gf ¼ tanhðmf HÞ
mf H , T e ¼ T i þ P� _Qloss

_mcp
, and mf ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
havP fin

kfinAc;fin

q
.

The transcendental equation (2) was solved iteratively to
obtain hav.

An average value of the heat transfer coefficient and
Nusselt number for a fixed Reynolds number was then cal-
culated as shown below

�h ¼ 1

M

XM

j¼1

ðhÞav;j ð3Þ

Nu ¼ 1

M

XM

j¼1

ðhavÞav;j

d
kfluid

ð4Þ
4.2. Boiling heat transfer

Under boiling conditions, the microchannels are divided
into two length regions: single-phase (Lsp), and two-phase
(Ltp), which are obtained by flow visualization. The sin-
gle-phase length Lsp was defined as the distance between
the inlet of microchannels and the location of first active
nucleation sites detected on the micro pin fin surface, while
the two-phase length Ltp is the difference between the
microchannel length and the single-phase length. Using
1-D fin analysis with the assumption of adiabatic tip �htp

can be expressed as follows:

ðP � _QlossÞ ¼ �htpðgf N tP finH þ wL� N tAc;finÞ½T tp � T sat� ð5Þ

The surface temperatures at the inlet and the first appear-
ance of flow boiling are given as

T si;sp ¼ T i þ
q00w
�hsp

ð6Þ

T se;sp ¼ T sat þ
q00w
�hsp

ð7Þ

The average surface temperature in the single-phase region
is the mean surface temperature

T sp ¼
T si;sp þ T se;sp

2
ð8Þ

With T sp known, T tp is obtained from a weighted average
of the single and two-phase regions surface temperatures

T tp ¼
T L� T spLsp

Ltp

ð9Þ

Finally, the exit quality can be calculated with the
known mass flow rate and net power supplied to the device
as

xe ¼
ðP � _QlossÞ � _mcpðT sat � T iÞ

_mhFG

ð10Þ

In the current study, the mass velocity was fixed for a given
exit pressure.

Mean absolute error (MAE) is used to compare the
experimental results with various correlations according
to the following expression:

MAE ¼ 1

M t

XM t

i¼1

jU exp � U theoreticalj
U exp

100% ð11Þ

The uncertainties of the measured values are obtained
from the manufacturer’s specification sheets, while the
uncertainties of the derived parameters are calculated using
the method developed by Kline and McClintock [101].
Uncertainties in the flow rate, average surface temperature,
single-phase and two-phase convective heat transfer coeffi-
cients are estimated to be 1%, 0.5 �C, 5% and 6.8%,
respectively.



0

2000

4000

6000

8000

10000

12000

14000

16000

18000

0 20 40 60 80 100

q'' (W/cm2 )

h s
p 

(W
/m

2 K
)

G=976 kg/m2s

G=1574 kg/m2s

G=2349 kg/m2s

Fig. 5. Single-phase heat transfer coefficients.

1024 A. Kos�ar, Y. Peles / International Journal of Heat and Mass Transfer 50 (2007) 1018–1034
5. Results and discussion

The average surface temperature as a function of the
heat flux at three different mass velocities is depicted in
Fig. 4. During single-phase flow the curves are linear,
which is typical of single-phase heat transfer at constant
heat flux. However, the slopes decrease with mass velocity
since the flow temperature diminishes with increasing flow
rate. Once boiling is triggered at the exit, a partial boiling
region is established. With an increase in heat flux, the boil-
ing region expands to upstream until it encompasses the
entire flow domain, and the two-phase flow is said to be
fully developed. The three different regions (single-phase,
partial and fully developed boiling flow) are characterized
by different heat flux-surface temperature slopes. The tran-
sition from the onset of nucleate boiling to fully developed
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Fig. 4. Average surface temperature as a function of heat flux.
boiling flow occurs over a limited range of heat flux. Dur-
ing the two-phase flow, the surface temperature continues
to increase with heat flux. As the heat flux is further
increased, an abrupt surge in the surface temperature
occurs with a slight rise of heat flux, indicating the emer-
gence of CHF conditions.

The average single-phase heat transfer coefficients vary
from 4800 W/m2 K for G = 972 kg/m2 s to 15,400 W/
m2 K at G = 2349 kg/m2 s as shown in Fig. 5. It can be
observed that the average heat transfer coefficient is
strongly dependent on the mass velocity (Fig. 5) and
changes little with heat flux. This is characteristic of flow
across pin fins in conventional scale systems, as evidenced
by the frequent use of the functional dependency of the
Nusselt number on the Reynolds number (Nu / Rem,
where 0 < m < 1 [30–57]). Concurring with conventional
scale methods, the average Nusselt number is represented
as a function of the Reynolds number with the following
best curve fit correlation, which provides the following
expression with an MAE of 5%:

Nu ¼ 0:24Re0:75 � 8:88 ð12Þ

It should be noted that the above equation is not
intended to provide a generic prediction correlation, but
merely a mechanistic means to aid the evaluation of the
two-phase heat transfer coefficient presented in subsequent
sections.

It is interesting to note that fin efficiencies are estimated
to be between 94% and 98% for single-phase flow condi-
tions, whereas it is between 80% and 93% for boiling flow
conditions. Due to the high fin efficiency values, fins signif-
icantly increase the heat transfer area and contribute to
heat transfer enhancement.
5.1. Boiling heat transfer

Fig. 6 shows the two-phase heat transfer coefficient as a
function of heat flux. The heat transfer coefficient increases
with heat flux, reaches a maximum and then monotonically
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declines. Once the CHF condition is reached, the heat
transfer coefficient rapidly drops. The increase in the two-
phase heat transfer coefficient with heat flux has been
reported in numerous tube bundle studies [78,79,84,86–
90]. However, the decreasing trend after a certain maxi-
mum has not been frequently reported before.

Conventional scale flow boiling correlations for flow
over tube bundles generally fall into two categories, the
Chen-type correlations [102,103] used by [81,84,87,89]

htp ¼ Shnb þ Fhsp ð13Þ

and the asymptotic correlations used by [88]
htp ¼ hn
nb þ hn

sp

� �1=n
ð14Þ

In the Chen-type correlations the contributions of nucleate
boiling and convective boiling are additive, where S and F

factors are the suppression factor and two-phase convec-
tion multiplier, respectively. The single-phase heat transfer
coefficient is found using existing correlations like Zukaus-
kas [36], while the nucleate boiling heat transfer coefficient
is typically obtained through a power law relation [22,86,
104–108]

hnb ¼ Aq00
b

w ð15Þ
Since hnb increases with heat flux, htp is expected to be
strongly dependent on heat flux, when the heat transfer
mechanism is predominantly nucleate boiling. The experi-
mental data in cross-flow generally follow this trend
[78,80,81,84,86,89].

The dependence of htp on mass quality has not been
emphasized in previous studies [78,80,81,84,89], perhaps
because the working conditions were mostly restricted to
a limited range of low mass qualities (x < 0.36). The
increasing trend of the current experimental data is in
agreement with the literature at low qualities (x < 0.2,
x < 0.3, x < 0.4 for G = 976, 1574, and 2349 kg/m2 s,
respectively) and generally concur with nucleate boiling
dominant flow (Fig. 7). The continuous decline with heat
flux at higher qualities has been also reported for boiling
in microchannels for water [12,14,19,21,22] as well as
refrigerant [24]. Several of these studies suggest that this
characteristic trend is closely linked with convective boiling
mechanism [14,21,24], while others suggest that this char-
acteristic trend is unique to boiling flow in the micro
domain [12,19]. All of this was argued in the context of
microchannel boiling flow. The spray-annular flow pattern
observed at high quality supports convective boiling mech-
anism (also see Section 5.3).

For completeness, a comparison detailing deviations
and similarities in boiling heat transfer trends among plain
microchannels, enhanced surface microchannels, the cur-
rent configuration, and conventional scale tube bundles is
included in Table 1.



Table 1
Major trends in boiling heat transfer with important parameters in microchannels, conventional tube bundles, microchannels with enhanced surfaces, and the current study

Configuration G q00 xe Flow pattern

Microchannels htp is weakly dependent on G (slight
increase) for nucleate boiling, but strongly
dependent (increasing trend) for convective
boiling

Strong dependence for nucleate boiling
(htpaq00const:), weak dependence on q00 for
convective boiling

htp is weakly dependent (increasing trend) on xe

for nucleate boiling and has a moderate
dependence (decreasing trend) for convective
boiling

Nucleate boiling: bubbly
and confined bubble
Convective boiling:
annular

Conventional tube
bundles (circular
shape)

htp moderately increases with G htp strongly increases with q00 htp is weakly dependent on xe (increasing trend) Bubbly (low qualities),
intermittent, annular
(high qualities)

Microchannels
with enhanced
surfaces

At low G, nucleate boiling is dominant, and
heat transfer coefficient is weakly dependent
on G

htp strongly increases withq00for nucleate
boiling

htp increases with xe for nucleate boiling Nucleate boiling: bubbly
and confined bubble

At high G, convective boiling is dominant,
and heat transfer coefficient strongly
increases with G

htp is weakly dependent on q00 for convective
boiling

htp monotonically decreases with xe for
convective boiling

Convective boiling:
annular

Current study htp is moderately dependent on G htp is strongly dependent on q00 (increasing
trend) at low heat fluxes and has a weaker
dependency and a decreasing trend at high heat
fluxes

htp is strongly dependent on xe (increasing trend)
at low exit qualities and has a weaker dependency
and a decreasing trend at high exit qualities

Low heat fluxes and exit
qualities (bubbly flow
pattern)
Moderate heat fluxes and
exit qualities (Wavy
intermittent flow pattern)
High heat fluxes and exit
qualities (Spray-annular
flow)
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Table 2
Two-phase heat transfer coefficient correlations

Correlation
number

Reference Shape and geometry of pin fins, working
fluid

Working fluid Correlation

1 Hwang and
Yao [78]

Circular, horizontal, staggered,
SL/d = ST/d = 1.5, G = 132–242 kg/m2 s,
0 < x < 0.05

R-113 htp ¼ 0:2086q000:75
w

2 Hsu [80] Circular, horizontal, in-line
SL/d = ST/d = 1.3, G = 50–675 kg/m2 s,
0 < x < 0.36

R-113 htp = Fhsp + Shnb

hsp = experimental average single-phase heat transfer coefficient

hnb ¼ 0:5261q000:5353
w ; S ¼ kL

FhspX o

� �
1� exp � FhspX o

kL

� �� �

F ¼ ð/2
LÞ

m
2�n; m ¼ 0:694; n ¼ 0:674

X o ¼ 0:041
r

gðqL � qvÞ

� �0:5

3 Gupta et al.
[84]

Circular, horizontal, in-line
SL/d = 1.5, G = 0–10 kg/m2 s

Water htp = Ehsp + hmic

hsp = experimental average single-phase heat transfer coefficient

hmic ¼ 13:035 S T tp � T sat

	 
	 
2:881
; S ¼ kL

EhspX o

� �
1� exp � FhspX o

kL

� �� �

X o ¼ 0:041
r

gðqL � qvÞ

� �0:5

; E ¼ 851:38Bo0:707 SL

d

� ��0:245

N0:577
row

4 Dowlati et al.
[86]

Circular, horizontal, in-line
SL/d = ST/d = 1.3, G = 50–970 kg/m2 s,
0 < x < 0.3

R-113 htp ¼ 0:41q000:58
w

5 Gupta [89] Circular, horizontal, in-line
SL/d = 1.5, G = 0–10 kg/m2 s

Water htp = Ehsp + hmic

hsp = experimental average single-phase heat transfer coefficient

hmic ¼ 13:035 S T tp � T sat

	 
	 
2:881
; S ¼ kL

EhspX o

� �
1� exp � FhspX o

kL

� �� �

X o ¼ 0:041
r

g qL � qvð Þ

� �0:5

; E ¼ 134:24Bo0:469 SL

d

� ��0:311 N0:946
row

1:946

N0:304
column

1:304

6 Lee and
Mudawar [24]

Rectangular, microchannels,
231 lm � 713 lm, L = 0.0243 m,
Gav = 127–624 kg/m2 s, 0.05 < x < 0.55

Water,
R-134a

htp ¼ 436:48Bo0:522
ch We0:351

ch X 0:665
vt hsp;ch

Boch ¼
q00w

GavhFG
; Wech ¼

G2
avdh

rqF

; X vt ¼
ff Re0:25

G

0:079

� �0:5
1� x

x

� �0:5 qG

qL

� �0:5

for developing flow

Nuch ¼ 0:775 24 1� 1:355bþ 1:947b2 � 1:701b3 þ 0:953b4 � 0:254b5
	 
� �1=3

L= dhRePrð Þ½ ��1=3

for fully developed flow

Nuch ¼ 8:235 1� 2:042bþ 3:085b2 � 2:477b3 þ 1:058b4 � 0:186b5
	 


ff ¼
24

Rech
1� 1:355bþ 1:947b2 � 1:701b3 þ 0:953b4 � 0:254b5
	 


hsp;ch ¼ Cor
NuchkF

dh
; Cor ¼ 1� 1:883bþ 3:767b2 � 5:814b3 þ 5:361b4 � 2:0b5

1� 2:042bþ 3:085b2 � 2:477b3 þ 1:058b4 � 0:186b5

7 Kos�ar et al.
[21]

Rectangular, microchannels,
264 lm � 200 lm, L = 0.01 m,
Gav = 41–302 kg/m2 s, 0 < xe < 0.9

Water Nucleate boiling: htp = 1.068(q00)0.64

Convective boiling: htp ¼ 4:068� 104ðReLOÞ0:12ð1� xeÞ0:8
1� xe

xe

� �0:02
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5.2. Comparison with existing correlations and development

of boiling correlations

The two-phase heat transfer coefficients obtained in the
current study are compared with five published correla-
tions, two new (developed through the results of this study)
empirical correlations and a correlation developed for plain
microchannels (Table 2). As seen from Fig. 8, the predic-
tions of the existing correlations developed for conven-
tional tube bundles are not in good agreement with the
experimental results. The correlations of Hwang and Yao
[78] and Dowlati et al. [86] underpredict all the experimen-
tal data, while Hsu [80], Gupta et al. [84] and Gupta [89]
correlations overpredict most of experimental data. The
predictions are better for lower qualities (x < 0.4) and dete-
riorate at higher qualities. It is commonly accepted that no
generally applicable correlation is available which is capa-
ble of predicting heat transfer coefficient over a large range
of forced convection thermal-hydraulic conditions and
bundle configurations [80,81]. Therefore, the large devia-
tion between available correlations and the current results
is not completely surprising. Furthermore, several impor-
tant differences between the current configuration and the
available correlations exist: (a) most large scale correlations
are developed for circular tubes in cross-flow boiling, (b)
the pin fins in the current heat sink have relatively small
H/D ratio (H/D = 2.43) unlike the long tubes (H/D > 8)
in conventional tube bundles, and (c) the range of mass
qualities in the literature is not as broad as in the current
study. All these differences result in a significant deviation
between the predictions of existing correlations and the
current experimental data.

Lee and Mudawar correlation [24] and the correlation
developed by Kos�ar et al. [21] are included in Table 2 in
order to evaluate whether correlations developed for
microscale are capable of predicting experimental data
obtained from a different configuration but in a similar
length scale. The Reynolds, Nusselt and Boiling numbers
were reevaluated according to the dimensions of the chan-
nel (based on the hydraulic diameter, dh = 328 lm). Two
methods to be implemented in Lee and Mudawar correla-
tion [24] were used to calculate the single-phase heat trans-
fer coefficient; one assumed the flow to be fully developed
and the other to be developing flow. The Martinelli param-
eter corresponding to laminar fluid flow and turbulent gas
flow was selected. Because the Martinelli parameter
approaches to infinity as x ? 0, the average quality (xe/2)
was used in obtaining Xvt. The results for low exit qualities
(xe/2 < 0.05) were excluded in the comparison, since a dif-
ferent expression was recommended by Lee and Mudawar
[24] for qualities below 0.05. With developing flow assump-
tion, the correlation did not predict the experimental data
well (MAE = 113%) as shown in Fig. 8f. However, when
fully developed flow is assumed, a significant improvement
in the prediction was observed as seen in Fig. 8g. Although
the correlation trend does not concur with the experimental
trend, overall it resulted in an acceptable prediction with
MAE of 29.8%. The correlation of Kos�ar et al. [21] under-
predicts the experimental data, which corresponds to nucle-
ate boiling, while it provides a fair prediction to the data
designated as convective boiling dominant with MAE of
37.6% (Fig. 8h). However, similar to the Lee and Mudawar
correlation [24] it did not follow the trend of the experi-
mental data. These findings may suggest that size scale
effects are considerably more important than configuration
effects at least when scaling from conventional scale to
microscale.

The scatter and inability of existing large scale correla-
tions to predict the heat transfer coefficient suggest that
existing correlations are inadequate in predicting boiling
heat transfer for the current micro pin fin heat sink. In
an attempt to correlate the experimental data two different
correlations were examined:

�htp ¼ a1q00
a2

w þ a3
�ha4

sp

where

a1 ¼ 3:42�107

G1:16h1:16
FG

; a2 ¼ 1:01;

a3 ¼ 0:12; a4 ¼ 0:7

MAE ¼ 26:1% ðcorrelation 8Þ

ð16Þ

�htp ¼ b1Reb2
Loð1� xeÞb3ð1�xe

xe
Þb4

b1 ¼ 819; b2 ¼ 0:6;

b3 ¼ 0:22; b4 ¼ 0:01

MAE ¼ 14% ðcorrelation 9Þ

ð17Þ

The constants a1, a2, a3, a4, b1, b2, b3 and b4 in the above
equations were obtained through the least squares method.
The first correlation is a Chen-type correlation and has a
similar form to the one used by Gupta et al. [84]. The sec-
ond correlation was adapted from correlations developed
for microchannels (e.g., [18] (convective boiling part),
[21]) and assumes convective boiling heat transfer mecha-
nism. The single-phase heat transfer coefficient was calcu-
lated from Eq. (12), and the Reynolds number was
evaluated assuming the liquid to flow alone in the pin fin
bundle at saturation conditions. Since correlation 8 results
in monotonically increasing heat transfer coefficients with
heat flux and correlation 9 provides declining values with
quality, correlation 8 was used to predict heat transfer coef-
ficient at low mass qualities (for qualities corresponding to
increasing heat transfer coefficients with quality), while
correlation 9 was employed for prediction at high mass
qualities (when the heat transfer coefficient decreases with
quality). Furthermore, correlation 8 strongly depends on
the Boiling number, which is a key parameter during nucle-
ate boiling, according to conventional scale knowledge; the
second correlation depends on the mass quality, which af-
fects the heat transfer coefficient for convective boiling.

Based on the characteristic trend of the heat transfer
coefficient and similar to Kos�ar et al. [21] a map segregat-
ing the boiling mechanisms was developed (Fig. 9) as a
function of the Boiling and Reynolds numbers. The region
corresponding to the increasing heat transfer coefficient
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was considered to be dominated by nucleate boiling, while
the region characterized by decreasing values was assumed
to be convective boiling dominant. As seen from Fig. 9, the
Boiling number is the dominant parameter in dictating the
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heat transfer mechanism, while the Reynolds number is less
important as evident by the steep transition curve segregat-
ing nucleate and convective boiling. It should be noted that
other dimensionless parameters, such as the Weber or Cap-
illary numbers, might be of significant importance, and
Fig. 10. Flow patterns: (a) bubbly flow, (b) wav
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Fig. 9. Boiling map constructed based on the trend in experimental two-
phase heat transfer coefficients.
should provide additional insight to the boiling mecha-
nisms. However, experiments have been performed with
R-123, and currently, insufficient data are available to pro-
pose reliable transition boundaries accounting for such
potential dimensionless parameters.

5.3. Flow patterns

Similar to flow boiling in conventional scale tube bun-
dles, bubbly, wavy intermittent, and spray-annular flow
patterns were identified depending on the heat flux and
mass velocity (Fig. 10). At low Boiling numbers, bubbly
flow in which small bubbles are surrounded by a liquid
phase is observed (Fig. 10a). For intermediate Boiling num-
bers, a thick liquid layer surrounds the micro pin fins and
has a wavy interface with the vapor phase which contains
liquid spray (Fig. 10b). At higher Boiling numbers, the pri-
mary flow pattern is spray-annular, which is distinguished
by dark thin liquid layers surrounding the surface of the
micro pin fins and large volumes of vapor phase with liquid
spray (Fig. 10c), and is also present at CHF condition.
y intermittent flow, (c) spray annular flow.
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Fig. 11a displays a flow map including the boundaries
between each flow pattern based on the Reynolds and
Boiling numbers. Comparing Figs. 9 and 11a, it can be seen
that the bubbly and wavy intermittent flow regimes are clo-
sely related to nucleate boiling heat transfer, while the spray
annular flow morphologies correlate well with convective
boiling. This is not surprising, and the linkage between flow
patterns and heat transfer mechanisms is well documented
in numerous archival publications [12,14,18, 19,21,22,106].

In many archival reports flow maps are often expressed
in terms of hydrodynamic variables like superficial phase
velocity. Accordingly, the flow map is also presented using
the superficial velocities in Fig. 11b. Low vapor superficial
velocities and high liquid superficial velocities correspond
to bubbly flow, while high vapor superficial velocities are
associated with spray-annular flow. The difference in the
current flow map from the existing general flow map devel-
oped by Noghrehkar et al. [100] is that the spray-annular
flow pattern is evident in a larger portion of the flow
map in the current study. In their flow map, however, the
spray-annular flow pattern was confined to low liquid
superficial velocities (jL < 0.2 m/s). This can be linked to
high mass velocities in the current studies (G > 900 kg/
m2 s). Noghrehkar et al. [100] operated at mass velocities
up to 750 kg/m2 s, whereas the lowest mass velocity in
the current study is 976 kg/m2 s. As seen from Fig. 11b,
the liquid superficial velocity shifts to a lower value for
spray-annular flow with diminishing mass velocity. Thus,
for low mass velocities, liquid superficial velocities under
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Fig. 11. (a) Flow map demonstrating the flow patterns and their
transition points and curves along with the transition curve in boiling
map (Fig. 8). (b) Flow map based on superficial velocities.
spray-annular flow are more consistent with the flow map
of Noghrehkar et al. [100].

5.4. Critical heat flux

As shown in Fig. 12a and b, the dependency of CHF on
the mass velocity and heat flux is considerable, and is in
accordance with conventional scale correlations trends
[92–94,109–114]. That is, CHF increases with G and
decreases with xe. The existence of annular flow together
with high mass quality prior to CHF condition implies that
dryout mechanism triggers CHF condition. The high qual-
ities at CHF conditions also support this claim when refer-
ring to the map of Leroux and Jensen [93]. A high mass
velocity-type CHF correlation recommended for annular
flow proposed by Katto and Haramura [110], which was
used to correlate experimental CHF data in mini-/micro-
channels [21,112–114], was employed to fit the CHF data

q00CHF ¼ 0:0011GhFGWe�0:04 ð18Þ

The correlation provides excellent prediction of the data
with MAE of 2.6%. This suggests that a microchannel type
correlation can successfully predict CHF in micro pin fin
heat sinks.

6. Conclusions

In this study, flow boiling heat transfer experiments
have been conducted in a hydrofoil based micro pin fin
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heat sink. Governing heat transfer mechanisms have been
identified for different operating conditions. A heat transfer
mechanism map, as well as a flow map containing the
experimental data, has been developed. The main conclu-
sions drawn from this study are:

� The heat transfer coefficient increases with heat flux,
attains a maximum and then monotonically declines
until the CHF condition is reached.
� The increasing trend of the experimental data at low

qualities is associated with nucleate boiling dominant
heat transfer mechanism, whereas the continuous
decline with heat flux at higher qualities is linked with
convective boiling dominant heat transfer mechanism.
� Existing large scale correlations provided large scatter

and inability to predict the heat transfer coefficients,
but microchannel correlations provide a more reason-
able agreement with the current experimental data.
More research should be conducted to develop better
prediction tools.
� Based on the characteristic trend of the heat transfer

coefficient, a map segregating the boiling mechanisms
was developed. The Boiling number is found to be the
dominant parameter in detecting the boiling mechanism.
� Bubbly, wavy intermittent, and spray-annular flow

patterns were identified depending on the heat flux and
mass velocity, and a flow map was constructed to
specify the transition boundaries between each flow
pattern.
� CHF increases with mass velocity and decreases with

mass quality, which is in agreement with available liter-
ature, and the dryout mechanism triggers the CHF
condition.
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