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This study concerns pressure drop in a two-phase heat sink containing an array of staggered square
micro-pin-fins having a 200 � 200 lm2 pin cross-section by a 670 lm pin height. Three inlet tempera-
tures of 30, 60 and 90 �C, and six maximum mass velocities for each inlet temperature, ranging from
183 to 420 kg/m2 s, were tested. Frictional pressure drop in the boiling region is deemed the dominant
pressure drop component. The Lockhart–Martinelli correlation for laminar liquid–laminar vapor combi-
nation in conjunction with a previous single-phase friction factor correlation can adequately predict the
data. Micro-pin-fins offer better flow stability than parallel micro-channels.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Two-phase micro-pin-fin heat sinks have recently emerged as a
promising alternative to two-phase micro-channel heat sinks for
thermal management of future generation high-power-density
electronic devices [1–3]. Both types of heat sinks utilize micro-size
internal structures to enhance heat transfer and capitalize on
highly efficient latent heat exchange through liquid flow boiling.
They therefore share most common technical merits of two-phase
miniature heat sinks, such as very high heat transfer coefficient,
small overall heat sink mass and size, small liquid coolant storage
and flow rate requirements, and uniform temperature distribution
in the stream-wise direction. On the other hand, the two kinds of
heat sinks differ from each other in the internal structure configu-
ration. Micro-pin-fin heat sinks incorporate arrays of micro-size
pin-fins with diameter ranging from tens to hundreds of microm-
eters, whereas micro-channel heat sinks use a series of straight
plate fins to form multiple parallel micro-channels. Utilization of
micro-pin-fin arrays adds an additional advantage of better flow
stability to micro-pin-fin heat sinks over their micro-channel coun-
terparts. In fact, appreciable fluctuations in flow pressure and heat
sink temperature often occur in two-phase micro-channel heat
sinks due to a type of flow instability previously identified as par-
allel channel instability [4–6]. The type of flow instability is caused
by the feedback interaction between parallel micro-channels
through the common inlet and outlet manifolds, and is intrinsic
to micro-channel configuration itself. The interconnecting nature
ll rights reserved.

: +1 808 956 2373.
of flow passages in micro-pin-fin arrays promotes a more uniform
pressure field and thus creates a more even two-phase flow distri-
bution, which is expected to yield a more stable flow.

Like their micro-channel counterparts, excessive pressure drop
is always a concern for two-phase micro-pin-fin heat sinks due
to micro-scale flow passage size and vapor generation. The large
pressure drop can lead to considerable pumping power consump-
tion and high operating cost. An accurate pressure drop prediction
is therefore of paramount importance to practical implementation
of this novel type of heat sink.

As liquid coolant is often supplied to a two-phase miniature
heat sink in subcooled state, flow remains liquid single-phase in
an upstream region before undergoing liquid-valor phase change
in the downstream boiling region where vapor quality rises pro-
gressively in the flow direction. Prediction of total heat sink pres-
sure drop therefore requires the knowledge of pressure drops in
both single-phase and two-phase (boiling) regions. Several studies
have been recently conducted on single-phase pressure drop in
micro-pin-fin arrays, which led to revelation of certain unique
parametric trends and development of new friction factor correla-
tions [7–14]. Studies on two-phase pressure drop, on the other
hand, are rather lacking [15]. Krishnamurthy and Peles studied
pressure drop of adiabatic nitrogen-water two-phase flow in an ar-
ray of staggered circular micro-pin-fins having diameter d of
100 lm, height to diameter ratio Hfin=d of 1, longitudinal pitch to
diameter ratio SL=d of 1.5, and transverse pitch to diameter ratio
ST=d of 1.5 [15]. They found that previous two-phase pressure drop
correlations developed for conventional size channels, micro-chan-
nels, and conventional size tube bundles could not predict their
data. The results showed that mass velocity had a significant effect
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Nomenclature

Ac cross-sectional area of a micro-pin-fin
Amax maximum transverse flow area of micro-pin-fin array
Amin minimum transverse flow area of micro-pin-fin array
Ap1;Ap2 cross-sectional area of plenums
At platform area of heat sink top surface
cp;f specific heat of liquid water
C factor in the Lockhart–Martinelli type of correlations
d diameter of circular pin-fin
de equivalent diameter of a square micro-pin-fin
dhch equivalent hydraulic diameter of flow passages in

micro-pin-fin array
fsp single-phase friction factor
fsp;f single-phase friction factor based on actual liquid flow

rate
ftp Two-phase friction factor
G mass velocity
Gmax maximum mass velocity
Gmin minimum mass velocity
Hfin height of a pin-fin
Hp2 height of shallow plenum
i a stream-wise segment containing one row of micro-

pin-fins
Kc1;Kc2 contraction loss coefficient
Ke1;Ke2 expansion recovery coefficient
L length of heat sink top platform area
Lfin length of a micro-pin-fin
_m total mass flow rate

M number of data points can be predicted by a model or
correlation

MAE mean absolute error
NL total number of micro-pin-fin rows
Nsub number of micro-pin-fin rows in upstream subcooled

region
Pfin cross-section perimeter of a micro-pin-fin
Pi average pressure in the segment i
Pin measured heat sink inlet pressure
Pout heat sink outlet pressure
Psat;0 pressure at zsat;0

PW total electrical power input
DP measured pressure drop across heat sink
DPc total contraction pressure loss
DPc1;DPc2 contraction pressure loss
DPe total expansion pressure recovery
DPe1;DPe2 expansion pressure recovery
DPsat pressure drop in saturated boiling region
DPsat;f frictional pressure drop in saturated boiling region
DPsat;a accelerational pressure drop in saturated boiling re-

gion
DPsub pressure drop in subcooled region

q00eff heat flux based on heat sink top platform area
Qloss heat loss
SL longitudinal pitch
ST transverse pitch
Resp single-phase Reynolds number
Resp;f single-phase Reynolds number based on actual liquid

flow rate
Retp Two-phase Reynolds number
tci thermocouple ði ¼ 1—3Þ
Tin inlet temperature
Tout outlet temperature
Tsat;0 saturation temperature at zsat;0

v specific volume
v fg specific volume difference between saturated vapor

and saturated liquid
W width of heat sink top platform area
Wfin width of a micro-pin-fin
Wp2 width of shallow plenum
xe thermodynamic equilibrium quality
xe;out thermodynamic equilibrium quality at heat sink outlet
X Martinelli parameter
X� Martinelli parameter in the Dowlati et al. correlation

(SF5)
zsat;0 stream-wise location where thermodynamic equilib-

rium quality is zero

Greek symbols
a void fraction
ah homogeneous void fraction
/f two-phase friction multiplier
l viscosity

Subscripts
ave average
exp experimental (measured)
f liquid
g vapor
i stream-wise segment
ibd0 upstream boundary of segment i
ibdi downstream boundary of segment i
in inlet
out outlet
pred predicted
p1 deep plenum
p2 shallow plenum
tp two-phase mixture
w micro-pin-fin base
sat downstream saturated boiling region
sub upstream subcooled region
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on the two-phase friction multiplier. A new Lockhart–Martinelli
type of correlation was proposed, where the C factor was linearly
proportional to liquid Reynolds number.

Other relevant studies include those on two-phase pressure
drop in conventional size tube bundles several millimeters or lar-
ger in diameter [16–21]. Unfortunately, nearly all of these studies
adopted aligned configuration while staggered arrangement was
favored with micro-pin-fin heat sinks in order to achieve better
heat transfer performance [1–3]. The only exception is the work
by Dowlati et al. [19], in which pressure drop of adiabatic air-
water two-phase flow in two arrays of staggered tube bundles
was studied. The tube bundles had diameter d of 19.05 mm and
12.7 mm, longitudinal pitch to diameter ratio SL=d of 1.3 and
1.75, and transverse pitch to diameter ratio ST=d of 1.3 and
1.75, respectively [19]. They found that a Lockhart–Martinelli
type of correlation with a constant C factor value of 20 could ade-
quately predict their data.

This study aims to further advance our knowledge of the subject
matter by investigating pressure drop in a water-cooled two-phase
micro-pin-fin heat sink. The heat sink contains an array of
staggered square micro-pin-fins with a cross-section of 200 �
200 lm2 and a height of 670 lm. Heat transfer aspect of the heat
sink has been reported separately [3]. The objectives of the present
study are: (1) to provide new data for pressure drop across a two-
phase micro-pin-fin heat sink, (2) to assess the accuracy of existing
two-phase pressure drop models and correlations at predicting the
present data, (3) to identify the dominant pressure drop compo-
nent, and (4) to discuss the characteristics of flow instability.



Fig. 2. Top view of micro-pin-fin array and schematic of stream-wise segment.
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2. Experimental apparatus and procedure

A test module was designed and fabricated for the present
experimental study. Fig. 1 shows the construction of the test mod-
ule that consisted of a 110 copper micro-pin-fin heat sink, a G-7
fiberglass plastic housing, a polycarbonate plastic (Lexan) cover
plate, and nine cartridge heaters. The heat sink had a planform
(top) area of 3.38 cm (length) by 1.0 cm (width). An array of stag-
gered micro-pin-fins with a 200 � 200 lm2 cross-section ðWfin�
LfinÞ by a 670 lm height ðHfinÞ were milled out of the top surface
using a micro-end mill. Square shape was adopted for the pin-fins
due to the ease of fabrication. The total number of micro-pin-fin
rows in the flow direction was 85. There were nominal 24 pin-fins
in every odd row and 23 pin-fins in every even row. A top view of
the micro-pin-fin array together with key dimensions is shown in
Fig. 2. Uncertainty in micro-pin-fin cross-sectional dimension
Wfin � Lfin was estimate to be 5 lm, and uncertainty in pin-fin
height Hfin was 10 lm. Below the heat sink top surface, three
type-K thermocouples, indicated in Fig. 1 as tc1 to tc3 from up-
stream to downstream, were inserted along the center plane to
measure the stream-wise temperature distribution inside the heat
sink. Nine holes were drilled into the bottom surface of the heat
sink to accommodate the cartridge heaters that provided heating
power during the tests. The cartridge heaters were connected in
parallel and powered by a 0–110 VAC variac. The total power input
Pw was measured using a 0.5% accuracy wattmeter.

Deionized water was employed as the testing liquid. A closed
passage for flow across the micro-pin-fin array was formed by
inserting the heat sink into the housing and then bolting the cover
plate atop. Leak-proof seal was created by applying RTV silicone
rubber along the interface between the heat sink and the housing
as well as into a shallow groove in the housing around the heat
sink top surface. The transparent cover plate facilitated direct vi-
Fig. 1. Test module construction.
sual access to the two-phase flow in the micro-pin-fin array. After
the test module was assembled, multiple layers of ceramic fiber
were wrapped around the heat sink to reduce heat loss to
ambience.

The housing contained a deep plenum and a shallow plenum
both upstream and downstream of the heat sink as shown in
Fig. 1. Two thermocouples were located in the deep plenums to
measure the inlet and outlet temperatures Tin and Tout . Errors asso-
ciated with the thermocouple measurements were smaller than
±0.3 �C. An absolute pressure transducer was connected to the inlet
deep plenum via a pressure tap to measure the heat sink inlet pres-
sure Pin. A differential pressure transducer was connected to the in-
let and outlet deep plenums to measure the pressure drop across
the heat sink DP. The uncertainty in both Pin and DP measurements
was estimated to be less than 0.25% of the readings.

A flow loop was employed to condition and supply the water to
the assembled test module. Fig. 3 shows a schematic of the flow
loop. A reservoir stored water and also served as a pressure refer-
ence point for the flow loop. In the present study, one atmospheric
pressure was maintained inside the reservoir by opening it to
ambience. An immersion heater was installed in the reservoir to
deaerate water through vigorous boiling. The water was pumped
into the flow loop using a gear pump. A compact heat exchanger
was used to lower the water temperature to about 19 �C before it
entered the pump. After leaving the pump, the water flowed
through a filter to prevent solid particles from clogging micro-size
flow passages across the micro-pin-fin array. The water then
passed through one of two rotameters for mass flow rate _m mea-
surement. The accuracy of _m measurement was better than 4% of
the readings. Afterwards, the water passed through a second heat
exchanger that was connected to a constant temperature bath,
Fig. 3. Schematic of flow loop.



Table 1
Operating conditions.

Inlet temperature,
Tin (�C)

Mass flow rate,
_m (g/s)

Maximum mass velocity,
Gmax (kg/m2 s)

Outlet pressure,
Pout (bar)

30 0.611–1.408 183–420 1.03–1.08
60 0.611–1.398 183–417 1.03–1.08
90 0.611–1.398 183–417 1.03–1.08

Fig. 4. Measured DP for T = 30 �C as a function of (a) q00 and (b) xe;out .
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where the water was brought to a desired Tin. The water then en-
tered the test module. The water exiting the test module flowed
through a third heat exchanger to condense vapor before it re-
turned to the reservoir. Two control valves were included in the
flow loop for flow control: one located upstream of the test module
and the other downstream.

Prior to conducting a test, the water in the reservoir was deaer-
ated for about an hour to force any dissolved gases to escape to
ambience. The flow loop components were then adjusted to yield
the desired operating conditions. After the flow became stable,
Pw was set to a low level where the water flow in the micro-pin-
fin array remained single-phase liquid. Pw was then increased in
small increments while the desired operating conditions were
maintained. At each new Pw level, the heat sink was allowed to
reach steady state. Once at steady state, readings from the pressure
transducers and thermocouples were recorded at 0.5-s intervals for
3 min using a PC based data acquisition system. Readings from the
rotameter and wattmeter were recorded manually. Each test was
terminated when the reading from the downstream thermocouple
tc3 inside the heat sink reached about 130 �C to avoid overheating
the test module.

Table 1 summarizes the operating conditions in the present
study. Gmax in Table 1 indicates the maximum water mass velocity
in the micro-pin-fin array and is defined based on the minimum
transverse flow area,

Gmax ¼
_m

Amin
; ð1Þ

where

Amin ¼WHfin 1�Wfin

ST

� �
: ð2Þ

Pout in Table 1 represents the heat sink outlet pressure and is eval-
uated from the measured inlet pressure Pin and pressure drop DP.

Pout ¼ Pin � DP: ð3Þ

Prior to conducting flow boiling tests, a series of water single-
phase heat transfer tests were conducted at the same mass flow
rates. Results from these single-phase tests were reported in a sep-
arate paper [22]. During single-phase tests, heat losses from the
test module were evaluated by deducting the measured enthalpy
increase of the water flow from the total electrical power input
measured by the wattmeter.

Q loss ¼ PW � _mcp;f ðTout � TinÞ: ð4Þ

For Tin ¼ 30�C, Qloss ranged from 3% to 15% of PW [22]. Higher heat
losses occurred at lower water mass flow rates. For a given water
mass flow rate, it has been observed that Qloss was not sensitive
to the electrical power input.

In the present study, the level of input heat flux that was re-
moved from the heat sink is represented by an effective heat flux
q00eff , defined based on the top planform area of the heat sink,
At ¼ 1:0� 3:38 cm2.

q00eff ¼
PW � Q loss;ave

At
; ð5Þ
where Qloss;ave represents the average heat loss from the test module
at given Tin and _m, and is obtained from the previous single-phase
heat transfer tests [22].

As the focus of the present study is on pressure drop in the two-
phase heat sink, only DP data corresponding to a positive outlet
thermodynamic equilibrium quality ðxe;out > 0Þ are reported in this
paper to ensure that the saturated flow boiling condition was
established inside the heat sink. The corresponding q00eff ranged
from 23.7 to 248.5 W/cm2.

3. Results and discussion

3.1. Overall pressure drop

Figs. 4–6 present all measured DP for Tin = 30, 60 and 90 �C,
respectively. A total of 400 data points were collected in the pres-
ent study. Part (a) of each figure plots DP versus q00eff , and part (b)
versus xe;out . For given Gmax and Tin, DP increases drastically with
increasing q00eff and xe;out . The rapid increase in DP demonstrates
the strong impact of vapor production in the micro-pin-fin array
on the total heat sink pressure drop. The results indicate that at
moderate to high heat fluxes, which are of special interest to
two-phase micro-pin-fin applications, the pressure drop in the
in eff



Fig. 5. Measured DP for Tin = 60 �C as a function of (a) q00eff and (b) xe;out . Fig. 6. Measured DP for Tin = 90 �C as a function of (a) q00eff and (b) xe;out .
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boiling region could be an order of magnitude higher than that in
the single-phase region, and the total pressure drop is overwhelm-
ingly dominated by the former. For fixed xe;out and Tin, DP increases
with increasing Gmax due to stronger wall friction and body drag
effects. The effect of Tin on DP can be revealed through a close
examination of Figs. 4(b), 5(b) and 6(b). For fixed xe;out and Gmax,
DP increases with increasing Tin, which can be explained by a
diminishing effect of the single-phase region as inlet subcooling
decreases.

3.2. Determination of pressure drop components

In the present study, the differential pressure transducer was
connected to the inlet and outlet deep plenums of the housing.
The measured DP is therefore the sum of pressure drops across
the inlet deep and shallow plenums, micro-pin-fin array, outlet
shallow and deep plenums, as well as pressure losses and recover-
ies associated with the consecutive sections. As the water was sup-
plied to the heat sink in a subcooled state for all the operating
conditions as shown in Table 1, the micro-pin-fin array can be di-
vided into two regions along the stream-wise direction based on
the water xe value: an upstream subcooled region ðxe < 0Þ and a
downstream saturated boiling region ðxe P 0Þ. The following equa-
tion is employed for DP prediction, which accounts for all major
pressure drop components:

DP ¼ DPc1 þ DPc2 þ DPsub þ DPsat þ DPe2 þ DPe1: ð6Þ

Fig. 7 shows a schematic of the flow regions as well as the corre-
sponding pressure drop components.

DPc1 and DPc2 in Eq. (6) represent the inlet contraction pressure
losses from the deep plenum to the shallow plenum and from the
shallow plenum to the micro-pin-fin array, respectively. As ther-
mal conductivity of the G-7 fiberglass plastic housing (�0.29 W/
m K) is about three orders of magnitude lower than that of the
110 copper micro-pin-fin heat sink (�380 W/m K), adiabatic flow
is assumed in the inlet deep and shallow plenums. DPc1 and DPc2

are calculated from [14,23]

DPc1 ¼
v f ;in

2
G2

p2;in � G2
p1;in

� �
þ Kc1v f ;in

2
G2

p2;in; ð7Þ

and

DPc2 ¼
v f ;in

2
G2

max � G2
p2;in

� �
þ Kc2v f ;in

2
G2

max; ð8Þ

where subscripts p1 and p2 denote the deep plenum and shallow
plenum, respectively. Kc1 and Kc2 represent the loss coefficients



Fig. 7. Schematic of flow regions and pressure drop components.
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for the corresponding abrupt contractions and are evaluated from
[23]

Kc1 ¼ 0:6740þ 1:2501
Hp2

Wp2

� �
þ 0:3417

Hp2

Wp2

� �2

� 0:8358
Hp2

Wp2

� �3

;

ð9Þ

and

Kc2¼0:6740þ1:2501
ST�Wfin

Hfin

� �
þ0:3417

ST�Wfin

Hfin

� �2

�0:8358
ST�Wfin

Hfin

� �3

:

ð10Þ

DPe2 and DPe1 in Eq. (6) represent the outlet expansion pressure
recoveries from the micro-pin-fin array to the shallow plenum and
from the shallow plenum to the deep plenum, respectively. Assum-
ing adiabatic two-phase flow in the outlet shallow and deep ple-
nums, DPe2 and DPe1 are calculated from [4,14,23]

DPe2 ¼
v f ;out þ xe;outv fg;out

2
G2

p2;out � G2
max

� �
þ Ke2ðv f ;out þ xe;outv fg;outÞ

2
G2

max; ð11Þ

and

DPe1 ¼
v f ;out þ xe;outv fg;out

2
G2

p1;out � G2
p2;out

� �
þ Ke1ðv f ;out þ xe;outv fg;outÞ

2
G2

p2;out; ð12Þ

where Ke2 and Ke1 represent the recovery coefficients associated
with the corresponding abrupt expansion and are evaluated from
[23]

Ke2 ¼ 1� Amin

Ap2

� �2

; ð13Þ

and

Ke1 ¼ 1� Ap2

Ap1

� �2

: ð14Þ

DPsub in Eq. (6) represents the pressure drop across the up-
stream subcooled region ðxe < 0Þ. In addition to liquid single-
phase flow, subcooled boiling might also be present in this region.
In the present study, it is assumed that the water maintains a sin-
gle-phase liquid state in the entire subcooled region, and any ex-
tra contribution made by the subcooled boiling to DPsub is
negligible. The assumption is based on the observation that there
was no appreciable increase in the measured DP prior to the ini-
tiation of saturated boiling in the micro-pin-fin array ðxe;out ¼ 0Þ.
In a previous study by the present authors [14], the following
friction factor correlation was developed based on the adiabatic
water single-phase pressure drop data in the present micro-pin-
fin array:
fsp ¼ 20:09Re�0:547
sp ; ð15Þ

where Resp denotes single-phase Reynolds number and is defined as

Resp ¼
Gmaxde

lf
: ð16Þ

de in Eq. (16) represents an equivalent diameter of the square
micro-pin-fins,

de ¼
4Ac

Pfin
; ð17Þ

where Ac is the cross-sectional area of a single micro-pin-fin,

Ac ¼WfinLfin; ð18Þ

and Pfin is the cross-section perimeter of a single micro-pin-fin,

Pfin ¼ 2ðWfin þ LfinÞ: ð19Þ

Eq. (15) is employed in this study to calculate DPsub. In order to
better resolve the water property variation in the flow direction,
a stream-wise segment based technique is adopted:

DPsub ¼
XNsub

i¼1

DPsub;i ¼
XNsub

i¼1

fsp;i
lf ;i

lw;i

 !0:58
v f ;iG

2
max

2

2
4

3
5; ð20Þ

where i indicates a segment in the stream-wise direction that con-
tains a row of micro-pin-fins as well as the surrounding portion of
the top and bottom endwalls as shown in Fig. 2, and Nsub is the num-
ber of micro-pin-fin rows in the subcooled region. All water proper-
ties in Eq. (20) except lw;i are evaluated based on the average water
bulk temperature in the segment i. lw;i is evaluated based on the
average micro-pin-fin base temperature in the segment i. For brev-
ity, details on how to evaluate these properties are omitted from
this paper and can be found in reference [14].

DPsat in Eq. (6) represents the pressure drop across the down-
stream saturated boiling region ðxe P 0Þ. DPsat is composed of
two components: frictional and accelerational

DPsat ¼ DPsat;f þ DPsat;a: ð21Þ

The frictional component DPsat;f is the result of the wall friction and
body drag forces exerted upon the flow by the micro-pin-fin array,
and the accelerational component DPsat;a is the result of stream-wise
acceleration of the two-phase flow due to phase change. Homoge-
neous equilibrium model and separated flow model based correla-
tions are two common tools for two-phase pressure drop
predictions. In the present study, 10 previous models and correla-
tions that were developed under the framework of homogeneous
equilibrium model and separated flow model are selected and ap-
plied in conjunction with Eq. (15) to evaluate DPsat;f and DPsat;a. The
feasibility of using these models and correlations to predict DPsat

across the micro-pin-fin array is assessed by substituting the results
into Eq. (6) and then comparing the predicted DP with the measured
DP. Details of the assessment are presented in the next section.

The knowledge of the stream-wise location zsat;0 where xe

reached zero is needed to defined the two flow regions as shown
in Fig. 7. In the present study, zsat;0 is evaluated from

zsat;0 ¼
_mcp;f ðTsat;0 � TinÞ

q00eff W
; ð22Þ

where Tsat;0 is the saturation temperature at zsat;0 corresponding to
local pressure Psat;0. Psat;0 is evaluated by deducting DPc1;DPc2, and
DPsub from Pin,

Psat;0 ¼ Pin � ðDPc1 þ DPc2 þ DPsubÞ: ð23Þ

The two flow regions can therefore be specified by using Eqs. (22),
(23), (7), (8), and (20).
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3.3. Assessment of previous two-phase pressure drop models and
correlations

3.3.1. Homogeneous equilibrium model
Homogeneous equilibrium model treats two-phase mixture as a

pseudo-single-phase fluid with average properties that are
weighted relative to the vapor and liquid content [24]. Applying
homogeneous equilibrium model and adopting the aforemen-
tioned segment based technique lead to the following two equa-
tions for DPsat;f and DPsat;a:

DPsat;f ¼
XNL

i¼Nsubþ1

DPsat;f ;i ¼
XNL

i¼Nsubþ1

ftp;i
v f ;iG

2
max

2
1þ xe;i

v fg;i

v f ;i

� �" #
; ð24Þ

and

DPsat;a ¼
XNL

i¼Nsubþ1

DPsat;a;i

¼
XNL

i¼Nsubþ1

G2
min ðv f ;ibd1 þ xe;ibd1v fg;ibd1Þ � ðv f ;ibd0 þ xe;ibd0v fg;ibd0Þ
� �

;

ð25Þ

where NL is the total number of micro-pin-fin rows in the stream-
wise direction ðNL ¼ 85Þ, and the subscripts ibd0 and ibd1 indicate
the upstream and downstream boundary of the segment i, respec-
tively, as shown in Fig. 2. Gmin in Eq. (25) represents the water mass
velocity at the boundaries of the segment i and is evaluated from

Gmin ¼
_m

Amax
; ð26Þ

where

Amax ¼WHfin: ð27Þ

ftp in Eq. (24) represents two-phase friction factor. Following
Eq. (15), ftp is expressed as

ftp ¼ 20:09Re�0:547
tp ; ð28Þ

where Retp denotes two-phase Reynolds number,

Retp ¼
Gmaxde

ltp
: ð29Þ

ltp in Eq. (29) represents two-phase viscosity. In the present study,
four popular two-phase viscosity models are selected to evaluate
ltp and summarized in Table 2 as models HE1 to HE4.

Calculations of DPsat;f and DPsat;a using Eqs. (24) and (25) com-
mence at zsat;0 with local pressure Psat;0 and proceed progressively
downstream. All the material properties in the segment i are deter-
mined based on the local pressures that are evaluated from

Pibd1 ¼ Pibd0 � ðDPsat;f ;i þ DPsat;a;iÞ; ð30Þ
Table 2
Two-phase viscosity models.

Model Reference Mixture
viscosity

MAE
(number of
data points)

HE1 McAdams et al.
[25]

ltp ¼ xe
lg
þ 1�xe

lf

� ��1
193.0% (94)

HE2 Cicchitti et al. [26] ltp ¼ xelg þ ð1� xeÞlf 204.3% (69)

HE3 Dukler et al. [27] ltp ¼ ahlg þ ð1� ahÞlf ,
ah ¼

xevg

xevgþð1�xeÞv f

25.3% (400)

HE4 Beattie and
Whalley [28]

ltp ¼ ahlg þ ð1� ahÞð1þ 2:5ahÞlf 61.6% (386)
and

Pi ¼
Pibd0 þ Pibd1

2
: ð31Þ

Under certain operating conditions, some ltp models yield a far
more rapid decrease in local pressure along the stream-wise direc-
tion such that Pi becomes lower than zero within the saturated
boiling region. The models are therefore unable to predict
DPsat;f and DPsat;a for these operating conditions. As a result, only a
portion of the total 400 DP data points can have their predicted
counterparts when these models are used.

Comparisons between the DP data and the predicted values
using the four ltp models are shown in Fig. 8(a)–(d), respectively.
The mean absolute error (MAE) for each model, defined as

MAE ¼ 1
M

X jDPexp � DPpredj
DPexp

� 100%; ð32Þ

where M is number of data points that can be predicted by the model,
is also presented in the figures. Among the four ltp models, the best
agreement is achieved with the Dukler et al. model (HE3) [27], which
is able to predict all 400 data points with an overall MAE value of
25.3%. The Beattie and Whalley model (HE4) [28] is able to predict
386 data points with an overall MAE value of 61.6%. The McAdams
et al. model (HE1) [25] and the Cicchitti et al. model (HE2) [26] are
able to predict only a small portion of the data points. They overpre-
dict the data by a large margin. The two models that show better
agreement with the data (HE3 and HE4) use homogeneous void frac-
tion ah to weight lf and lg , while xe is employed as the weighting
factor forltp in the models that overpredict the data by a large margin
(HE1 and HE2). The observed trend can be attributed to the fact that
HE1 and HE2 yield substantially higher ltp values than HE3 and HE4
for the conditions tested in this study.

3.3.2. Separated flow model based correlations
The separated flow model based Lockhart–Martinelli type of

correlations have been previously used to predict two-phase pres-
sure drop in conventional size [19,29,30] as well as micro-size
geometries [4,15,31]. Applying the Lockhart–Martinelli type of
correlations to evaluate DPsat;f and DPsat;a leads to the following
two equations:

DPsat;f ¼
XNL

i¼Nsubþ1

DPsat;f ;i ¼
XNL

i¼Nsubþ1

fsp;f ;i
v f ;iG

2
maxð1� xe;iÞ2

2
/2

f ;i

" #
; ð33Þ

and

DPsat;a¼
XNL

i¼Nsubþ1

DPsat;a;i¼
XNL

i¼Nsubþ1

G2
min

x2
e;ibd1

vg;ibd1

aibd1
þð1�xe;ibd1Þ2v f ;ibd1

1�aibd1

� 	

�
x2

e;ibd0
vg;ibd0

aibd0
þð1�xe;ibd0Þ2v f ;ibd0

1�aibd0

� 	
8>>><
>>>:

9>>>=
>>>;
;

ð34Þ

where a represents void fraction. fsp;f in Eq. (33) denotes single-
phase friction factor based on actual liquid flow rate. Following
Eq. (15), fsp;f is evaluated from

fsp;f ¼ 20:09Re�0:547
sp;f ; ð35Þ

where Resp;f represents single-phase Reynolds number based on ac-
tual liquid flow rate,

Resp;f ¼
Gmaxð1� xeÞde

lf
: ð36Þ

/f in Eq. (33) represents two-phase friction multiplier,

/2
f ¼ 1þ C

X
þ 1

X2 ; ð37Þ



Fig. 8. Comparison of pressure drop data with homogeneous equilibrium model predictions based on two-phase viscosity models by (a) McAdams et al. [25], (b) Cicchitti
et al. [26], (c) Dukler et al. [27], and (d) Beattie and Whalley [28].
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where X indicates the Martinelli parameter, and C represents an
empirical parameter called C factor.

Six previous Lockhart–Martinelli type of correlations are se-
lected, which differ from each other only in the specific relations
used for C, X, and a. These correlations are summarized in Table 3
as correlations SF1 to SF6. The Lockhart–Martinelli correlations
for laminar liquid–laminar vapor combination (SF1) and laminar
liquid–turbulent vapor combination (SF2) were developed for
two-phase flow in conventional size channels [29,30]. The Qu
and Mudawar correlation (SF3) [4] and the Lee and Garimella cor-
relation (SF4) [31] are recent correlations developed based on the
pressure drop data of water flow boiling in micro-channels. The
Dowlati et al. correlation (SF5) [19] and the Krishnamurthy and
Peles correlation (SF6) [15] were developed for pressure drop of
adiabatic gas-water two-phase flow in conventional size tube bun-
dles and micro-pin-fin arrays, respectively.

Fig. 9(a)–(d) compares the DP data with the predictions using
the four channel flow correlations, SF1 to SF4, respectively.
Among the four correlations, the Lockhart–Martinelli correlation
for laminar liquid–laminar vapor combination (SF1) provides
the best agreement with the data, which is able to predict all
400 data points with a MAE value of 11.3%. The two micro-chan-
nel correlations (SF3 and SF4) show reasonable agreement by pre-
dicting all 400 data points and capturing the overall data trend
with fairly low scatter. The MAE for SF3 and SF4 takes a higher
value of 36.9% and 17.2%, respectively. The Lockhart–Martinelli
correlation for laminar liquid–turbulent vapor combination
(SF2) can predict 361 data points with an even higher MAE value
of 95.3%.

Comparisons between the measured DP and the predicted val-
ues using the two cross flow correlations, SF5 and SF6, are shown
in Fig. 10(a) and (b), respectively. The Dowlati et al. correlation
(SF5) shows large deviation from the data. A possible reason for
the discrepancy is that flow was mostly turbulent in conventional
tube bundles, while small flow passage size and low flow rate in
the micro-pin-fin array yielded dominantly laminar flow. The mi-
cro-pin-fin correlation developed by Krishnamurthy and Peles
(SF6) is able to predict all 400 data points. Despite the moderate
MAE value of 29.9%, correlation SF6 seems unable to capture the
overall data trend.



Table 3
Lockhart–Martinelli type of correlations.

Correlation Reference C factor and the Martinelli parameter Void fraction MAE (number of
data points)

SF1 Lockhart and Martinelli (laminar liquid–
laminar vapor) [29,30]

C = 5, X ¼ lf

lg

� �0:274
1�xe

xe

� �0:727 v f

vg

� �0:5
a ¼ 1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ20
Xþ

1
X2

p 11.3% (400)

SF2 Lockhart and Martinelli (laminar liquid–
turbulent vapor) [29,30]

C = 12, X ¼ lf

lg

� �0:274
1�xe

xe

� �0:727 v f

vg

� �0:5
a ¼ 1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ20
Xþ

1
X2

p 95.3% (361)

SF3 Qu and Mudawar [4] C ¼ 21½1� expð�319dhchÞ�ð0:00418Gmax þ 0:0613Þ,
dhch ¼

4ðST�WfinÞHfin

2½ðST�WfinÞþHfin �, X ¼ lf

lg

� �0:274
1�xe

xe

� �0:727 v f

vg

� �0:5
a ¼ 1

1þ 1�xe
xeð Þ vf

vg

� �2=3
36.9% (400)

SF4 Lee and Garimella [31] C ¼ 2566G0:5466
max d0:8819

hch ½1� expð�319dhchÞ�,

X ¼ lf

lg

� �0:274
1�xe

xe

� �0:727 v f

vg

� �0:5

a ¼ 1

1þ 1�xe
xeð Þ vf

vg

� �2=3
17.2% (400)

SF5 Dowlati et al. [19] C = 20, X� ¼ lf

lg

� �0:1
1�xe

xe

� �0:9 v f

vg

� �0:5
a ¼ 1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ20
Xþ

1
X2

p 162.8% (152)

SF6 Krishnamurthy and Peles [15] C ¼ 0:0358Resp;f , X ¼ lf
lg

� �0:274
1�xe

xe

� �0:727 v f
vg

� �0:5
a ¼ 1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ20
Xþ

1
X2

p 29.9% (400)

Fig. 9. Comparison of pressure drop data with predictions of Lockhart–Martinelli type of correlations for channel flow by (a) Lockhart–Martinelli (laminar liquid–laminar
vapor) [29,30], (b) Lockhart–Martinelli (laminar liquid–turbulent vapor) [29,30], (c) Qu and Mudawar [4], and (d) Lee and Garimella [31].
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Fig. 10. Comparison of pressure drop data with predictions of Lockhart–Martinelli
type of correlations for cross-flow by (a) Dowlati et al. [19], and (b) Krishnamurthy
and Peles [15].

Fig. 11. Contribution of individual pressure drop component to overall heat sink
pressure drop for Tin ¼ 60 �C and Gmax ¼ 260 kg=m2 s.
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In summary, the Lockhart–Martinelli correlation for laminar
liquid–laminar vapor combination (SF1) in conjunction with Eq.
(15) yields the lowest MAE value among the 10 previous two-phase
pressure drop models and correlations. The two micro-channel
correlations (SF3 and SF4) are able to predict the overall data trend,
but yield higher MAE values. The micro-pin-fin correlation (SF6)
and homogeneous equilibrium model incorporating the Dukler
et al. two-phase viscosity model (HM3) yield moderate MAE values,
but are unable to predict the overall data trend.

3.4. Dominant pressure drop component

From Eq. (6), the predicted DP is composed of six pressure drop
components. The pressure drop in the saturated boiling region
DPsat can be further divided into DPsat;f and DPsat;a. To reveal the
contribution of each component to the total DP, the predicted
DPsat;f , DPsat;a, DPcð¼ DPc1 þ DPc2Þ, DPsub, and DPeð¼ DPe2 þ DPe1Þ
are plotted versus q00eff in Fig. 11 for Tin ¼ 60 �C and Gmax ¼
260 kg=m2 s with DPsat;f and DPsat;a evaluated using correlation
SF1. Also included in Fig. 11 are the measured and predicted DP,
which show a fairly good agreement. While confirming the previ-
ously observation that DPsat is the dominant component at moder-
ate to high heat fluxes, Fig. 11 further reveals that between
DPsat;f and DPsat;a that comprise DPsat , DPsat;a is minuscule except
at low heat fluxes. The results indicate that accurate prediction
of total pressure drop across a water-cooled two-phase micro-
pin-fin heat sink operating at moderate to high heat fluxes is
dependent upon the capability of accurately predicting frictional
pressure drop in the boiling region.

3.5. Flow instability characteristics

Flow instability in two-phase micro-channel heat sinks have
been addressed in previous studies [4–6]. Two types of flow insta-
bility were identified. The first type, characterized by severe flow
oscillations across the heat sinks, was categorized as pressure drop
oscillation. This type of instability was caused by the interaction
between the flow boiling in the heat sink and the upstream com-
pressible volume in the flow loop, and could be eliminated by
throttling an upstream control valve. The second type, featured
mild flow fluctuations between micro-channels, was classified as
parallel channel instability. This type of instability was a result of
the feedback interaction between parallel micro-channels through
the common inlet and outlet manifolds and was intrinsic to the
configuration itself.

All the present tests were conducted with the control valve up-
stream of the test module fully open. The severe flow oscillations
that occurred in the two-phase micro-channel heat sinks when
the upstream control valve was fully open were never encoun-
tered. Instead, two-phase flow fluctuated in the micro-pin-fin array
in a fairly mild manner. In the present study, the fluctuation behav-
ior of the inlet pressure Pin is employed to indicate the severity of
the flow instability.

Reference [4] plotted a temporal record of Pin in a two-phase
micro-channel heat sink undergoing the parallel channel instabil-
ity. The figure is reproduced in Fig. 12(a) for comparison purpose.
The temporal variation of Pin in the present two-phase micro-pin-
fin heat sink under a comparable operating condition is plotted in
Fig. 12(b). A comparison of the two figures indicates an effective
suppression of Pin fluctuation by using the micro-pin-fin array.



Fig. 12. Temporal records of inlet pressure in (a) the previous two-phase micro-
channel heat sink [4] and (b) the present two-phase micro-pin-fin heat sink.
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Despite the fact that geometries of the two heat sinks are not iden-
tical, i.e., the micro-channel heat sink tested in reference [4] had a
planform (top) area of 4.48 cm (length) by 1.0 cm (width) and con-
tained twenty-one 231 lm wide and 712 lm deep rectangular
channels, the drastic reduction in the amplitude of Pin fluctuation
as shown in Fig. 12(a) and (b) nevertheless substantiate the previ-
ous claim that micro-pin-fin arrays are able to provide better flow
stability than multiple parallel micro-channels.

4. Conclusions

In this study, experiments were conducted to measure pressure
drop in a water-cooled two-phase miniature heat sink containing
an array of staggered square micro-pin-fins. The experimental
study was complemented by assessment of previous two-phase
pressure drop models and correlations, identification of the domi-
nant pressure drop component, and discussion of flow instability
characteristics. Key findings from the study are as follows:

(1) Vapor production in the micro-pin-fin array has a strong
impact on the total heat sink pressure drop. Pressure drop
increases drastically once saturated flow boiling commences
inside the micro-pin-fin array.
(2) Ten previous two-phase pressure drop models and correla-
tions were examined in predicting pressure drop in the boil-
ing region. The Lockhart–Martinelli correlation for laminar
liquid–laminar vapor combination in conjunction with a
previous micro-pin-fin single-phase friction factor correla-
tion provides the best agreement with the data. The correla-
tion together with a suitable single-phase friction factor
predictive tool is therefore recommended for design of
two-phase micro-pin-fin heat sinks.

(3) Frictional pressure drop in the boiling region constitutes the
dominant pressure drop component at moderate to high
heat fluxes.

(4) Two-phase micro-pin-fin heat sinks are able to provide bet-
ter flow stability than their micro-channel counterparts. This
is because the interconnecting nature of flow passages in
micro-pin-fin arrays promotes a more stable two-phase
flow.
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