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Transport Phenomena in
Two-Phase Micro-Channel Heat
Sinks
The design and reliable operation of a two-phase micro-channel heat sink requ
fundamental understanding of the complex transport phenomena associated with co
tive boiling in small, parallel coolant passages. This understanding is the primary go
this paper. This goal is realized by exploring the following aspects of boiling in mi
channels: hydrodynamic instability, two-phase flow patterns, pressure drop, and co
tive boiling heat transfer. High-speed photographic methods were used to deter
dominant flow patterns and explore as well as characterize hydrodynamic instabil
Two types of dynamic instability were identified, a severe pressure drop oscillation a
mild parallel channel instability, and a simple method is recommended to compl
suppress the former. Predictions of three popular two-phase pressure drop model
correlations were compared to micro-channel water data, and only a separated
(Lockhart-Martinelli) correlation based on the assumption of laminar flow in both pha
gave acceptable predictions. Several popular heat transfer correlations were also e
ined and deemed unsuitable for micro-channel heat sinks because all these correl
are based on turbulent flow assumptions, and do not capture the unique featur
micro-channel flow such as abrupt transition to slug flow, hydrodynamic instability,
high droplet entrainment in the annular regime. These findings point to the need
further study of boiling behavior and new predictive tools specifically tailored to mic
channel heat sinks.@DOI: 10.1115/1.1756145#
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Introduction
The endless pursuit of denser circuit architecture has resulte

significant improvements in the performance of micro-electro
devices during the past three decades. Accompanying these
provements, however, has been a steady increase in heat ge
tion at the component, module, and system levels, which is
manding more efficient electronic cooling technologies to ens
device reliability. Various innovative cooling schemes have be
developed to meet this demand, which were recently reviewed
Mudawar @1#. Micro-channel heat sinks have been a prime co
tender for the next generation of high performance cooling s
tems. These heat sinks combine several attractive attributes
cluding the capability to dissipate very large heat fluxes fr
small areas, extremely compact dimensions, and small coo
inventory requirements.

Typically fabricated from a high thermal conductivity substra
a micro-channel heat sink utilizes a series of small, parallel ch
nels as coolant passages. A liquid coolant, such as water
fluorochemical, is pumped through these passages, extracting
from the device to which the heat sink is attached. The heat ca
removed by simply increasing the temperature of the coo
through single-phase sensible heat exchange. Two-phase he
moval occurs when the coolant undergoes partial conversio
vapor. Two-phase heat sinks capitalize in part on the sensible
exchange, but their effectiveness is derived mostly from lat
heat exchange.

Single-phase micro-channel heat sinks have been studied
extensively during the last two decades@2–10#. Not only did pre-
vious studies demonstrate the effectiveness of this coo
scheme, but they also provided fairly accurate modeling tool
describe both the pressure drop and heat transfer characterist
the heat sink.

Phase change can greatly enhance the performance of a m
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channel heat sink by providing higher convective heat trans
coefficients, better axial temperature uniformity, and reduc
coolant flow rate requirements. Unfortunately, unlike their sing
phase counterparts, the number of investigations into the fl
flow and heat transfer characteristics of two-phase micro-cha
heat sinks is quite limited. Table 1 summarizes the present leve
understanding of various aspects of single-phase and two-p
micro-channel heat sinks. Several representative studies on
latter are summarized below.

Boiling incipience in micro-channels was examined
Kennedy et al.@11# and Qu and Mudawar@12#. Kennedy et al.
@11# studied incipient boiling of water flow in isolated micro-tube
with diameters of 1.17 and 1.45 mm. Significant deviation w
found between experimental results for the smaller tube and
dictions of classical correlations intended for macro systems.
and Mudawar@12# developed a mechanistic model to predict t
incipient boiling heat flux in a heat sink containing 23
3713mm2 micro-channels. Good agreement was found betw
the model predictions and experimental results for water ove
broad range of flow rates and inlet temperatures.

Bowers and Mudawar@13–15# provided a comprehensive the
mal design methodology for two-phase micro-channel heat s
employing refrigerant coolants. A pressure drop model was c
structed which incorporated the homogenous equilibrium mo
to describe the two-phase region. The model predictions wer
good agreement with experimental results for R-113 in both m
channel~2.54 mm! and micro-channel~510mm! heat sinks. Their
study also served to alert thermal design engineers to the un
challenges in predicting the performance of such heat si
caused by compressibility, flashing, and even choking. These
fects are the result of large axial property variations brought ab
by the relatively large micro-channel pressure drop.

Bubble activities and flow patterns in micro-channels were
amined by Zhang et al.@16# and Jiang et al.@17#. Zhang et al.
@16# studied boiling of water in isolated rectangular micr
channels with hydraulic diameters ranging from 25 to 60mm, and
aspect ratios from 1.0 to 3.5. Nucleation and growth of sm

in
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Table 1 Current state of understanding of transport phenomena in micro-channel liquid heat
sinks

Fluid State Topic
Isolated

Micro-channel
Parallel

Micro-channels

Single-Phase
Liquid

Laminar:
Pressure drop

Adequate Adequate

Laminar:
Heat transfer

Adequate Adequate

Transition Limited Limited
Turbulent:

Pressure drop
Adequate Adequate

Turbulent:
Heat transfer

Adequate Adequate

Two-phase Incipient boiling Limited Limited
Flow patterns Limited Limited

Hydrodynamic instabilities Very limited Very limited
Pressure drop Limited Very limited
Heat transfer Limited Very limited

Critical heat flux Limited Very limited
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bubbles were observed inside the micro-channels, but higher
fluxes were associated with mostly annular two-phase flow. Ji
et al.@17# conducted flow visualization studies on water boiling
equilateral triangular micro-channel heat sinks with nomi
widths of 50 mm and 100mm. At low heat fluxes, individual
bubbles were observed growing and departing inside the mi
channels. Increasing the heat flux triggered an abrupt transitio
flow pattern to unstable slug flow, which was followed at high
heat fluxes by stable annular flow. Jiang et al.@17# never encoun-
tered the bubbly flow regime commonly observed in mac
channels.

Heat transfer characteristics of convective boiling in mic
channels were studied by Peng and Wang@18# and Ravigururajan
@19#. Peng and Wang@18# investigated subcooled boiling of wate
through 6003700mm2 micro-channels. Their results reveale
that, once initiated, nucleate boiling quickly becomes fully dev
oped. Ravigururajan@19# studied convective boiling of R-124 in
heat sinks containing parallel and diamond-oriented 2
31000mm2 micro-channels. The heat transfer coefficient d
creased with increases in wall superheat and/or exit vapor qua

Bowers and Mudawar@13,14# experimentally investigated criti
cal heat flux~CHF! in mini-channel~2.54 mm! and micro-channel
~510 mm! heat sinks and found that CHF values in excess
200 W/cm2 were possible with both heat sinks using R-113
coolant and miniscule flow rates. Mudawar and Bowers@20# and
Hall and Mudawar@21# investigated ultra-high CHF for water in
small tubes with inner diameters ranging from 0.406 to 2.54 m
and derived a correlation for a broad range of pressures,
temperatures, tube lengths, and flow rates. Their work culmina
in the highest reported CHF value for water in a uniformly hea
tube, 27,600 W/cm2.

While those and other investigations have provided valua
insight into the characterization and performance assessme
two-phase micro-channel heat sinks, the fundamental underst
ing of these devices remains quite limited. Virtually every asp
of two-phase fluid flow and heat transfer in a micro-channel se
to exhibit significant departure from macro-channel depictio
There are also vast differences in boiling behavior in mic
channels between water and fluorochemicals. Clearly, there
shortage of reliable experimental databases and comprehe
modeling tools that can tackle the diversity of coolants, geo
etries, and operating conditions of micro-channel heat sinks.

In the present study, new experiments were conducted wi
micro-channel heat sink using water as coolant, complemen
earlier studies by the authors and co-workers. The experime
apparatus was configured for pressure drop and heat transfer
surements while providing visual access to the micro-chan
flow. Based on the experimental results, several issues impo
to the implementation of micro-channel heat sinks are discus
, JUNE 2004
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namely, two-phase hydrodynamic instabilities, dominant tw
phase flow patterns, pressure drop, and convective boiling
transfer coefficient. The suitability of popular macro-channel tw
phase models and correlations to depicting micro-channel flow
ascertained by comparing pressure drop and heat transfer co
cient predictions to experimental data.

Experimental Apparatus and Testing Procedure
Figure 1 shows a schematic diagram of the test facility. T

flow loop in this facility delivered deionized water at the desir
flow rate and inlet temperature to a test module containing
micro-channel heat sink. The flow loop consisted of a liquid r
ervoir, a variable-speed gear pump, a filter, two parallel rotam
ters, a constant temperature bath, the test module, and a w
cooled heat exchanger. Several throttling valves were incorpor
in the flow loop to control the system pressure, and a press
gauge was connected immediately downstream from the pum
monitor the pump’s exit pressure. An immersion heater situate
the reservoir was used to both preheat and deaerate the wate
constant temperature bath brought the water to the desired
module inlet temperature, while the water-cooled heat exchan
condensed any vapor exiting the test module.

A shown in Fig. 2, the test module was composed of an oxyg
free-copper micro-channel heat sink, a G-7 fiberglass plastic h
ing, a transparent polycarbonate plastic~Lexan! cover plate, and
twelve cartridge heaters. The micro-channel heat sink had a p
form ~top! area of 1.0 cm~width! by 4.48 cm~length!. Twenty-
one equidistant rectangular micro-slots, 231mm wide and 712mm
deep, were machined along the top surface by a precision sa
technique. The surfaces of the slots were examined with the a
a Nikon inverted metallurgical microscope, and the average
face roughness was estimated to be on the order of 1mm. Three
thin slots were cut from the bottom surface up through most of
heat sink’s height to reduce heat spread within the heat sink
provide a more uniform heat flux distribution. The central porti
of the housing was machined out where the micro-channel h
sink was inserted. The housing contained plenums both upstr
and downstream. Each plenum had a deep portion leading
shallow portion to ensure even distribution of flow between ch
nels. The cover plate was bolted atop to form closed mic
channels. Twelve holes were drilled into the bottom of the cop
heat sink to accommodate the cartridge heaters which prov
the heat to the micro-channels. The cartridge heaters were p
ered by a single 0-110VAC variac.

Two Type-K thermocouples were inserted into inlet and ou
plenums in the housing to measure the inlet and exit temperatu
respectively. Four additional Type-K thermocouples were inser
into the heat sink to measure the axial temperature distribut
and are indicated in Fig. 2 astc1 to tc4 along the flow direction.
Transactions of the ASME
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Fig. 1 Schematic diagram of low loop
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Fig. 2 Test module construction
ronic Packaging
Two absolute pressure transducers were connected to pre
taps in the deep portions of the housing plenums to measure
inlet and exit pressures. The thermocouple and pressure transd
signals were recorded by an HP data acquisition/control sys
which was interfaced to a PC.

After the test module was assembled, multiple layers of cera
fiber were wrapped around the micro-channel heat sink for th
mal insulation. A high-speed video camera was positioned ab
the transparent cover plate to monitor and record bubble beha
inside the channels.

The wattmeter used to measure the electrical power input to
cartridge heaters had an accuracy of 0.5%. Prior to perform
flow boiling experiments, a series of single-phase heat tran
tests were conducted within the same flow rate range. Compar
between electronic power input and water enthalpy increase
ing the single-phase tests proved the total heat loss was less
4%. All heat flux calculations in this study were therefore bas
on the electrical power input to the cartridge heaters. The rota
ters were calibrated at the desired water temperature using
standard weighting method, and their flow rate measurement
curacy was better than 4%. The pressure transducers were
brated against a known standard. The estimated uncertainty a
ciated with the pressure measurements was less than 3.5%.
associated with measurements of the calibrated thermocou
was smaller than60.3°C.

The operating conditions of the present study are given in Ta
2. Prior to performing a given test, the water in the reservoir w
deaerated by vigorous boiling for about one hour to remove
dissolved gases which may cause early bubble formation wi
channels. The flow loop components were then adjusted to y
the desired operating conditions. In particular, the pump exit p
sure, Pp,out , was elevated to 2.0 bar by throttling the contr
valve situated upstream of the test module. This helped dam
two-phase flow oscillations as will be discussed in a later sect
The test commenced with single-phase liquid flow by setting
Table 2 Operating conditions for present study

Coolant
Inlet temperature,

Tin (°C)
Mass velocity,
G (kg/m2 s)

Outlet pressure,
Pout ~bar!

Pump exit pressure,
Pp,out ~bar!

Deionized water 30.0 134.9–400.1 1.17 2.0
60.0 134.9–401.9 1.17 2.0
JUNE 2004, Vol. 126 Õ 215
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Fig. 3 Top views of micro-channels illustrating „a… pressure drop oscillation, „b… parallel chan-
nel instability
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heater power below the incipient boiling condition. The pow
was then increased in small increments. At each new power le
the heat sink was allowed to reach steady state, which was
firmed when the mean pressures and temperatures became
stant. After steady-state conditions prevailed, the inlet and ou
pressures,Pin and Pout , inlet and outlet temperatures,Tin and
Tout , and heat sink temperatures,Ttc1 to Ttc4 , respectively, were
all recorded at 0.5 s intervals for 5 min. These measured par
eters were then time-averaged according to

f5
1

t E0

t

f instdt, (1)

wheref represents the measured parameter, namelyP or T, sub-
script inst indicates instantaneous value, andt is the measuremen
period. Since the recording interval was constant~0.5 s!, Eq. ~1!
was simplified as

f5
1

M ( f inst , (2)

whereM is the number of data points recorded during a meas
ment period.

The test was terminated when the thermodynamic equilibr
quality,

xe5
h2hf

hf g
, (3)

reached about 0.2 at the channel exit.
Prior to conducting the final experiments, duplicate tests w

performed for certain operating conditions. A consistent exp
mental procedure was adopted throughout the tests. The mea
pressure drop and temperatures were virtually identical, valida
the repeatability of experimental results.
, JUNE 2004
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Hydrodynamic Instabilities

Past research has revealed that various types of hydrodyn
instability exist in two-phase systems, and their physical ori
varies significantly@22–24#. In general, two-phase instabilities ar
categorized as static or dynamic, depending on whether or
steady-state conservation laws can be applied to explain the in
bility. The two-phase static instabilities, such as flow excurs
~Ledinegg instability! and flow pattern transition instability, ar
governed by steady-state conservation laws. On the other h
the dynamic instabilities, such as acoustic oscillations, den
wave oscillations, pressure drop oscillations, and parallel cha
instability, involve transient inertia and dynamic feedback effe
which cannot be described by steady-state conservation laws

In the present two-phase micro-channel heat sink tests,
distinct types of dynamic instability were observed. The first ty
was encountered when the upstream control valve was fully op
As the heater power was gradually increased to the incipient b
ing heat flux, nucleation sites started to appear within the mic
channels. A further increase in the heater power triggered
abrupt transition to intermittent two-phase flow. The boilin
boundary~interface between the single-phase liquid region a
two-phase mixture region! of all the channels oscillated back an
forth in unison between channel inlet and outlet. A schematic
the flow oscillation within three neighboring channels for a sh
time interval~about 1 to 5 s! is illustrated in Fig. 3~a!. For some
cases, this oscillation was so severe that the vapor could ente
inlet plenum. During the oscillation, the inlet and exit pressures
well as the heat sink temperatures exhibited large amplitude fl
tuations. The float in the rotameter also fluctuated apprecia
indicating the pump could not deliver a constant flow rate un
these conditions. This instability may be classified as press
drop oscillation, which is commonly triggered by flow excursio
Transactions of the ASME
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and sustained by interactions between the vapor generation
the upstream compressible volume including the liquid reser
and pump@23,24#.

This pressure drop oscillation is very undesirable when ope
ing a two-phase micro-channel heat sink, since it not only int
duces large amplitude pressure and temperature fluctuations
also reduces CHF. In fact, pre-mature CHF occurred at a m
lower heat flux when the flow was undergoing pressure drop
cillation than when steady. Fortunately, the present experim
proved the pressure drop oscillation can be suppressed by t
tling the control valve situated immediately upstream of the t
module, which helped increase the system’s stiffness. The
stream control valve was throttled until the pump exit pressu
Pp,out , reached 2.0 bar. Instead of the severe flow oscillat
between the heat sink inlet and outlet, the boiling boundary w
observed to fluctuate between micro-channels as illustrated in
3~b!. The spatial amplitude of fluctuation around the mean ax
position of the boiling boundary was reduced significantly in
micro-channels as indicated by the corresponding boiling bou
aries in Figs. 3~a! and 3~b!. The flow rate, pressures, and tempe
tures, were all fairly stable even at much higher heat input t
with the pressure oscillation corresponding to a fully-open
stream control valve. Following Yudigaroglu’s classification@24#,
this second type of ‘‘mild’’ hydrodynamic instability may be cha
acterized asparallel channel instability, which was sustained by
feedback effects between channels intrinsic to the heat sink.

Figures 4~a! and 4~b! show temporal records of inlet and outl
pressures recorded when the micro-channel heat sink is unde
ing the pressure drop oscillation and the parallel channel insta
ity, respectively. The operating conditions for the two situatio
are the same except for power input and the throttling of
upstream valve. Heat input to the heat sink is represented b
effective heat flux,qeff9 , defined as the total electrical power inp
divided by the heat sink top planform area. For the parallel ch
nel instability, the upstream valve was throttled gradually until
pump exit pressure,Pp,out , reached 2.0 bar, which is about 0
bar higher than for the case of pressure drop oscillation co
sponding to a fully-open valve. A much lower heat flux was a
plied in the pressure drop oscillation case to preclude pre-ma
CHF. Eventhough the effective heat flux is about three tim
lower for the pressure drop oscillation case than for the para
channel instability, the pressure fluctuations for the former are
more severe. Furthermore, the pressure fluctuations occurred
fairly constant frequency for the former, while they were mo
random during the parallel channel instability. Similar conclusio
can be drawn about channel wall temperature from the temp
records of heat sink thermocouples, Figs. 5~a! and 5~b!, for the
pressure oscillation and parallel channel instability, respective

All the results reported in the following sections were obtain
with a throttled upstream control valve. While the severe press
drop oscillation was prevented, the reported results were all s
ject to the mild parallel channel instability.

Two-Phase Flow Patterns
Recent studies by the authors have revealed a unique featu

water boiling in micro-channels which is not commonly encou
tered with micro-channel boiling of fluorochemicals~e.g., R-113
and FC-72! or boiling of water and other liquids in macro
channels. The relatively large surface tension and contact ang
water result in vapor bubbles whose departure diameter is o
comparable to the channel characteristic dimension@12#. There-
fore, the micro-channel wall will have a far more immediate a
profound effect on bubble growth and coalescence in a mic
channel than in a large channel. One direct consequence of
phenomenon is that it is very difficult to sustain abubbly flow
regime in a micro-channel. Instead, transition to theslug flow
regimeoccurs shortly after incipient boiling. For a multi-chann
heat sink, flow patterns are also complicated by the parallel ch
nel instability discussed in the previous section. For example,
Journal of Electronic Packaging
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two-phase flow within an individual channel would oscillate b
tween two distinct flow patterns even under constant opera
conditions.

Flow patterns are also strongly influenced by the applied h
flux. Flow pattern transitions within an individual channel ob
served in the present study with increasing heat flux could
summarized as follows. At boiling incipience, illustrated sch
matically in Fig. 6~a!, the flow consisted predominantly of single
phase liquid, except near the micro-channel exit, where a sm
number of nucleation sites appeared simultaneously in a few
the micro-channels. After nucleation, bubbles grew to their d
tachment size before being removed by the liquid flow. This p
cess was repeated with the nucleation, growth and departur
newer bubbles.

When the heat flux was increased only slightly above the
cipient boiling heat flux, boiling was visible within an increasin
number of channels, and the boiling boundary moved further
stream. As illustrated in Fig. 6~b!, a large number of nucleation
sites were activated simultaneously within each channel. Th
sites were typically located at the channel bottom wall near
corner. The bubbles grew until they coalesced with adjac
bubbles to form single oblong bubbles characteristic of the s

Fig. 4 Temporal records of inlet and outlet pressures during
„a… pressure drop oscillation and „b… parallel channel instability
JUNE 2004, Vol. 126 Õ 217
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flow regime. The coalescent bubbles were quickly swept by
liquid to the downstream plenum, following which the entire pr
cess was repeated.

With a further increase in heat flux, the flow pattern was simi
to that depicted in Fig. 6~b!, except that the boiling boundary
began to propagate closer to the channel inlet. More va
bubbles were generated at the channel walls, which then coale
to form two or three long slug bubbles along the channel. T
pattern is depicted in Fig. 6~c!.

At higher heat fluxes, the discrete bubbles were no longer
served. Instead, as illustrated in Fig. 6~d!, the flow pattern oscil-
lated between slug flow, with relatively short slug bubbles, a
annular flow in the upstream region of the channel, while ma
taining annular flow in the downstream region. A large number
liquid droplets were present in the downstream annular flow.

Pressure Drop
Pressure drop was determined by subtracting the measured

let pressure from the measured inlet pressure. A pressure
model of the heat sink must account for five distinct regions
tween the inlet and outlet pressure taps: inlet deep plenum, i

Fig. 5 Temporal records of heat sink temperatures during „a…
pressure drop oscillation and „b… parallel channel instability
218 Õ Vol. 126, JUNE 2004
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shallow plenum, micro-channels, outlet shallow plenum, and o
let deep plenum. Water was supplied in subcooled stateTin
,Tsat) for all test conditions as indicated in Table 2. Based on
magnitude of thermodynamic equilibrium quality,xe , the micro-
channels are divided into two regions: a single-phase region, f
the subcooled inlet (xe,0) to the location wherexe50, and a
two-phase region, from the location of zero quality to the h
sink exit (xe5xe,out), as illustrated in Fig. 7. The single-phas
region is further divided into developing and fully-develope
single-phase sub-regions. By neglecting pressure drop in the
nums, the total pressure drop can be expressed as

DP5DPc11DPc21DPsp,d1DPsp, f1DPtp1DPe21DPe1 .
(4)

The individual component in Eq.~4! are evaluated as follows.
DPc1 and DPc2 are the contraction pressure losses from

deep plenum to the shallow plenum, and from the shallow plen
to the micro-channels, respectively. They are expressed as@25#

DPc15
1

2v f
~up2,in

2 2up1,in
2 !1

Kc1

2v f
up2,in

2 , (5)

and

DPc25
1

2v f
~uin

2 2up2,in
2 !1

Kc2

2v f
uin

2 , (6)

where subscriptsp1 andp2 denote the deep plenum and shallo
plenum, respectively, andKc1 andKc2 are the loss coefficients fo
the corresponding abrupt contractions.

Similarly, DPe2 andDPe1 are the expansion pressure recove
ies from the micro-channels to the shallow plenum, and from
shallow plenum to the deep plenum, respectively, which are
pressed as

DPe25
1

2~v f1xe,outv f g!
~up2,out

2 2uout
2 !1

Ke2

2~v f1xe,outv f g!
uout

2 ,

(7)

and

DPe15
1

2~v f1xe,outv f g!
~up1,out

2 2up2,out
2 !

1
Ke1

2~v f1xe,outv f g!
up2,out

2 , (8)

whereKe1 and Ke2 are the recovery coefficients associated w
the corresponding abrupt expansion. Values ofKc1 , Kc2 , Ke1 and
Ke2 for the present heat sink geometry are evaluated in ac
dance with reference@25#.

DPsp,d and DPsp, f are the pressure drops across the sing
phase developing sub-region and fully developed sub-reg
which can be expressed, respectively, as

DPsp,d5
2 f appG

2Lsp,dv f

dh
(9)

and

DPsp, f5
2 f G2Lsp, fv f

dh
. (10)

For the range of flow rate tested in the present study, the upstr
single-phase flow remained in the laminar regime (Redh,2300).
Methods to evaluate the pressure drops for developing and fu
developed single-phase sub-regions of a rectangular channel
been well documented by Shah and London@26#. Therefore, de-
tails of the development length,Lsp,d , apparent friction factor for
the developing sub-region,f app , and friction factor for the fully-
developed region,f , have been left out of the present paper.

The pressure drop across the two-phase region consists of
components: frictional and accelerational.
Transactions of the ASME
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Fig. 6 Dominant two-phase flow patterns at „a… incipient boiling heat flux, „b… slightly above
incipient boiling heat flux, „c… low heat flux, and „d… high heat flux
e

e

u

on
the

s-
and
sure
ow
d,

heat
and
by
the
u-
n
ure

on
ent
on
bi-
ro-
nt

ar-
r-
or
nel

and
ilib-

ata,
and
ink

s in
ant
sult
ude
nce
DPtp5DPtp, f1DPtp,a . (11)

The frictional pressure dropDPsp, f is the result of wall frictional
forces exerted upon the flow, and the accelerational pressure
DPsp,a is the result of axial acceleration of the two-phase mixtu
due to the conversion of liquid to vapor. A large number of mod
are available in the literature to evaluateDPsp, f and DPsp,a for
convective boiling in large channels, which include generaliz
models without reference to a specific flow pattern, and corre
tions developed for a particular flow pattern. In the present stu
three widely used generalized models, namely, the homogen
equilibrium model~HEM! @27#, Martinelli-Nelson~M-N! correla-
tion @28#, and Lockhart-Martinelli~L-M ! correlation@29,30#, are
employed to evaluate the two-phase pressure drop. All relev
equations of these three models are given in Table 3. When
plying the Lockhart-Martinelli correlation, the laminar liquid–
laminar vapor combination was adopted for frictional press

Fig. 7 Schematic of flow regions in a micro-channel
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drop, DPsp, f , evaluation since the Reynolds numbers based
each of the liquid and vapor flow rates was less than 2000 for
operating conditions of the present study.

Figures 8~a! and 8~b! show both measured and predicted pre
sure drop as a function of heat flux for the same mass velocity
two inlet temperatures of 30 and 60°C, respectively. The pres
drop is fairly constant at small heat flux values, where the fl
consists entirely of single-phase liquid. Once boiling is initiate
the pressure drop begins to rise appreciably with increasing
flux. These figures show the homogeneous equilibrium model
Martinelli-Nelson correlation overpredict the pressure drop
large margins. Far better predictions are achieved with
Lockhart-Martinelli correlation at both inlet temperatures. The s
perior predictive capability of the Lockhart-Martinelli correlatio
is further demonstrated in Fig. 9, which contains all the press
drop data obtained in the present study.

It should be noted that both the Martinelli-Nelson correlati
and Lockhart-Martinelli correlation share the same developm
rationale. However, the Martinelli-Nelson correlation is based
the assumption of a turbulent liquid–turbulent vapor flow com
nation, since this combination is more prevalent in mac
channels, while the Lockhart-Martinelli correlation can accou
for different combinations of liquid-vapor flow~turbulent-
turbulent, turbulent-laminar, laminar-turbulent, and lamin
laminar!. Figures 8~a! and 8~b! reveal correlations based on tu
bulent liquid or turbulent vapor flow may not be appropriate f
micro-channels, where low coolant flow rate and small chan
size produce predominantly laminar flow for both phases.

Another interesting result of the present pressure model
correlation assessment is the failure of the homogeneous equ
rium model at predicting the present water micro-channel d
when the same model yielded accurate predictions of Bowers
Mudawar’s pressure drop data for R-113 boiling in a heat s
containing 510mm circular micro-channels@13–15#. This appar-
ent discrepancy can be explained by fundamental difference
boiling behavior between water and R-113. The latter refriger
features low surface tension and small contact angle, which re
in bubble departure diameters one or two orders of magnit
smaller than those for water. These differences greatly influe
JUNE 2004, Vol. 126 Õ 219
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Table 3 Pressure drop models and correlations employed in describing the two-phase region

Homogeneous
equilibrium model

~HEM! @15,27#

DPtp,f5
2 ftpG

2Ltpvf

dh
F11

xe,out

2 Svfg

vf
DG

f tp50.003
DPtp,a5G2v fxe,out

Martinelli-Nelson
~M-N! correlation

@28#

DPtp,f5
2 fG2Ltpvf

dh
r1~xe,out , P!

r 1(xe,out , P): from Fig. 4 in reference@28#
DPtp,a5G2v f r 2(xe,out , P)

r 2(xe,out , P): from Fig. 6 in reference@28#

Lockhart-Martinelli
~L-M ! correlation

@29,30#

DPtp,f5
Ltp

xe,out
E

0

xe,out2 f fG
2~12xe!

2vf

dh
ff

2dxe

f f5
24~121.355b11.947b221.701b310.956b420.254b5!

G~12xe!dh

m f

f f
2511

C

Xvv
1

1

Xvv
2

C55

Xvv5Smf

mg
D0.5S 12xe

xe
D 0.5S v f

vg
D 0.5

DPtp,a5G2v fFxe,out
2

aout
S vg

v f
D1

~12xe,out!
2

12aout
21G

aout512
1

A11
20
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1
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both the dominant two-phase flow patterns and the transitions
tween flow patterns, and therefore must have a strong bearin
the two-phase pressure drop. Recently, Mukherjee and Muda
@31# experimentally demonstrated the same differences in boi
behavior between water and FC-72 in narrow and micro-chann
FC-72 is a fluorochemical coolant with thermophysical proper
similar to those of refrigerants. Their experiments showed
small surface tension and contact angle of FC-72 produce
small bubbles that could easily pass through small channels, w
much larger bubbles in water obstructed liquid replenishmen
identical channels.

Heat Transfer Coefficient
The heat transfer coefficient, averaged over the heated pe

eter of the micro-channel, was evaluated at four axial locati
where the thermocouple measurements were made,ztc1, ztc2,
ztc3, andztc4. Calculation of the average heat transfer was ba
on the fin analysis method, where the solid walls separa
micro-channels are modeled as thin fins. Application of t
method to evaluate the heat transfer coefficient in single-ph
micro-channel heat sinks was discussed in detail by Qu
Mudawar@32#. This method adopts specific approximations su
as one-dimensional heat transfer along the fins, constant con
tive heat transfer coefficient, and uniform fluid temperature,
model the conjugate heat transfer in the heat sink’s cross-se
at any given axial locationz.

A two-dimensional micro-channel heat sink unit cell containi
a single micro-channel and surrounding solid is examined at e
thermocouple location as shown in Fig. 10. Dimensions of the
cell are given in Table 4. In Fig. 10,Ttci ( i 51,2,3,4) denotes the
thermocouple temperature measured experimentally by ther
coupletci. Assuming one-dimensional heat diffusion between
thermocouple and the channel bottom wall, the temperature o
channel bottom wall,Tw,tci , can be expressed as
, JUNE 2004
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Tw,tci5Ttci2
qeff9 Hw2

ks
. (12)

Axial variations of the mean flow temperatureTm,tci can be ex-
plained by referring to Fig. 7. If the thermocouple is locat
within the single-phase region (ztci<Lsp), Tm,tci can be deter-
mined by a simple sensible energy balance.

r fcP, fuinAc~Tm,tci2Tin!5qeff9 Wcellztci . (13)

Otherwise, if the thermocouple is located within the two-pha
region (Lsp<ztci<L), Tm,tci is set equal to the saturation tem
perature.

Tm,tci5Tsat . (14)

By neglecting heat loss from the insulating plastic cover plate,
following energy balance can be written for the unit cell

qeff9 Wcell5have~Tw,tci2Tm,tci!~Wch12hHch!. (15)

The left hand side of Eq.~15! represents the heat input to the un
cell and the right hand side the heat removal by convective h
transfer from the channel walls. The thin fin approximation
applied to the channel side walls by introducing the fin efficien
h,

h5
tanh~mHch!

mHch
, (16)

wherem is the fin parameter,

m5A have

ksWw
. (17)

OnceTw,tci andTm,tci are determined from Eqs.~12! to ~14!, the
value of the average heat transfer coefficienthave can be readily
calculated from Eq.~15!.
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n

l

t
l

j

la-

of
re-
Figures 11~a! and 11~b! show the measured average heat tra
fer coefficienthave as a function of thermodynamic equilibrium
quality xe at each thermocouple location for the same mass ve
ity and inlet temperatures of 30 and 60°C, respectively. Th
regions featuring drastically different heat transfer characteris
can be readily identified. To the left end of each plot, thehave
values are small and fairly constant, indicative of single-pha
liquid flow. This is followed by a region of sharp rise in the he
transfer coefficient until the thermodynamic equilibrium quali
xe , reaches zero. This is characteristic of the subcooled boi
region where the heat transfer is greatly enhanced. The third
gion to the right side ofxe50 corresponds to saturated boiling
Figures 11~a! and 11~b! show the average heat transfer coefficie
is much larger in the two-phase region than in the single-ph
region, which is further proof of the superior cooling performan
of two-phase micro-channel heat sinks over their single-ph
counterparts. In the saturated boiling region (xe.0), have begins
decreasing, which is consistent with the observations of Ravi
rurajan@19#. The higher heat transfer nearxe50 may be caused
by entrance or hydrodynamic instability effects, and is the sub
of further investigation.

Fig. 8 Comparison of pressure drop data and predictions at
GÄ400 kg Õm2s for „a… TinÄ30°C and „b… TinÄ60°C
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Five widely used two-phase heat transfer coefficient corre
tions, Chen@33,34#, Shah@35,36#, Kandlikar @37#, Liu-Winterton
@38#, and Steiner-Taborek@39#, were examined in predicting the
saturated convective boiling heat transfer coefficient atztc4 , the
thermocouple location closest to the channel exit. Figures 12~a!
and 12~b! compare the experimental results to the predictions
the five correlations for inlet temperatures of 30 and 60°C,

Fig. 9 Comparison of pressure drop data and predictions
based on Lockhart-Martinelli correlation

Fig. 10 Schematic of micro-channel heat sink unit cell

Table 4 Dimensions of micro-channel heat sink unit cell

Ww ~mm! Wch ~mm! Hw1 ~mm! Hch ~mm! Hw2 ~mm!

118 231 12,700 713 2462
JUNE 2004, Vol. 126 Õ 221
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spectively. Shown is a noticeable departure of all predictions fr
the measured variation of heat transfer coefficient with thermo
namic equilibrium quality.

The deviation between the predictions of all five correlatio
and the present experimental results can be attributed to se
factors. First, all the aforementioned correlations were based
turbulent heat transfer coefficient correlations, such as the Dit
Boelter equation, which are not valid for micro-channel flows.
fact, the Reynolds number Redh based on inlet liquid flow rate and
properties for the present study range from 60 to 300, for wh
the applicability of turbulent heat transfer correlations is high
questionable. This is the same reason the Martinelli-Nelson co
lation yielded poor predictions of two-phase pressure drop.

Other unique features of boiling in micro-channel heat sin
such as the abrupt transition to slug flow, hydrodynamic insta
ity, and large number of liquid droplets entrained in the annu
flow, may have contributed greatly to the deviation between d
and predictions. Future studies should explore these issues m
thoroughly in pursuit of a better fundamental understanding
boiling in micro-channel heat sinks. Such efforts are necess
steps towards developing more reliable predictive tools for mic
channel heat sink design.

Fig. 11 Average heat transfer coefficient versus thermody-
namic equilibrium quality at GÄ400 kg Õm2s for „a… TinÄ30°C
and „b… TinÄ60°C
222 Õ Vol. 126, JUNE 2004
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Conclusions
This paper explored several aspects of fluid flow and heat tra

fer in two-phase micro-channel heat sinks. Two key goals of
study were to identify the fundamental differences between tw
phase flow in a micro-channel heat sink and macro-channels,
to assess the suitability of popular macro-channel models and
relations at predicting two-phase pressure drop and saturated
vective boiling heat transfer in micro-channel heat sinks. Key co
clusions from the study are as follows:

1. Two types of two-phase dynamic instability were identifie
pressure drop oscillation and parallel channel instability. Press
drop oscillation was associated with fairly periodic, larg
amplitude fluctuations in inlet and outlet pressure as well as h
sink temperature. This type of instability was completely su
pressed by throttling a control valve situated upstream of the h
sink. Parallel channel instability produced only mild fluctuatio
in the pressure and temperature.

2. Following the onset of boiling, bubbles quickly coalesc
into oblong bubbles typical of slug flow. High fluxes produce

Fig. 12 Comparison of saturated convective boiling heat
transfer coefficient data and predictions at GÄ400 kg Õm2s for
„a… TinÄ30°C and „b… TinÄ60°C
Transactions of the ASME
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mostly annular flow. Parallel channel instability caused the flow
an individual channel to oscillate between different flow patte
even at constant operating conditions.

3. Pressure drop across the heat sink was fairly constant
increasing heat flux for single-phase liquid flow, but increas
appreciably when boiling commenced inside the micro-chann
A pressure drop model was constructed, which accounts
single-phase and two-phase regions, as well as inlet contrac
pressure loss and exit expansion recovery. Three popular t
niques where examined in modeling the two-phase region,
homogeneous equilibrium model, the Martinelli-Nelson corre
tion, and the Lockhart-Martinelli correlation. The latter yielde
the best agreement with the experimental data.

4. While the homogeneous equilibrium has yielded accur
pressure drop predictions in past studies of micro-channel
sinks employing fluorochemical liquids, this model gave poor p
dictions of the present water data. This apparent discrepa
seems to be caused by the relatively large bubble departur
water engulfing the entire cross-section and causing abrupt tra
tion to the slug flow regime. In fluorochemical coolants, low s
face tension and small contact angle produce much sm
bubbles, a fairly well-developed bubbly flow regime, and
smoother transition into the slug flow regime.

5. Three regions with drastically different heat transfer char
teristics were identified: single-phase, subcooled boiling, and s
rated boiling. The heat transfer is significantly enhanced in
two-phase region. Several popular correlations were exam
and deemed unsuitable at predicting the heat transfer coefficie
the saturated boiling region. The deviation between the pre
tions and experimental data is attributed to the turbulent flow
sumption employed in all these correlations, and to unique
tures of two-phase micro-channel heat sinks such as ab
transition to slug flow, hydrodynamic instability, and large numb
of liquid droplets entrained in the annular flow. These results po
to the need for further study of boiling behavior in micro-chann
heat sinks, and for new predictive tools specifically tailored
micro-channel flow.
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Nomenclature

Ac 5 cross-sectional area of micro-channel
C 5 empirical constant in Martinelli parameterXvv
cP 5 specific heat at constant pressure
dh 5 hydraulic diameter of micro-channel

f 5 friction factor for fully-developed single-phase
liquid flow

f app 5 apparent friction factor for developing single-
phase liquid flow

f f 5 friction factor based on local liquid flow rate
f tp 5 two-phase friction factor
G 5 mass velocity

have 5 average convection heat transfer coefficient
hf 5 enthalpy of saturated liquid

hf g 5 latent heat of vaporization
Hcell 5 height of unit cell
Hch 5 height of micro-channel
Hw1 5 thickness of plastic cover plate
Hw2 5 distance from thermocouple to micro-channel

bottom wall
k 5 thermal conductivity

Kc1 ,Kc2 5 contraction loss coefficient
Ke1 ,Ke2 5 expansion recovery coefficient

L 5 length of micro-channel
Lsp 5 length of single-phase region
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Lsp,d 5 length of single-phase developing sub-region
Lsp, f 5 length of single-phase fully-developed sub-

region
Ltp 5 length of two-phase region
m 5 fin parameter
M 5 number of data points recorded during a mea

surement period
P 5 pressure

Pin 5 inlet pressure
Pout 5 outlet pressure

Pp,out 5 pump exit pressure
DP 5 total pressure drop

DPc1 ,DPc2 5 contraction pressure loss
DPe1 ,DPe2 5 expansion pressure loss

DPsp,d 5 pressure drop in single-phase developing sub
region

DPsp, f 5 pressure drop in single-phase fully-developed
sub-region

DPtp 5 pressure drop in two-phase region
DPtp,a 5 accelerational two-phase pressure drop
DPtp, f 5 frictional two-phase pressure drop

qeff9 5 heat flux based on heat sink top planform are
r 1 , r 2 5 coefficients in Martinelli-Nelson correlation

Redh 5 Reynolds number of micro-channel based on
inlet liquid flow rate and properties

t 5 time
T 5 temperature

Tin 5 micro-channel inlet temperature
Tm,tci 5 mean flow temperature at thermocouple loca-

tion
Tout 5 micro-channel outlet temperature
Tsat 5 saturation temperature
Ttci 5 thermocouple reading (i 51 to 4!

Tw,tci 5 channel bottom wall temperature at thermo-
couple location

uin 5 inlet velocity
uout 5 outlet velocity

v 5 specific volume
v f g 5 specific volume difference between saturated

vapor and saturated liquid
W 5 width of heat sink top planform area

Wcell 5 width of unit cell
Wch 5 width of micro-channel
Ww 5 half-width of wall separating micro-channels
xe 5 thermodynamic equilibrium quality

xe,out 5 thermodynamic equilibrium quality at channel
outlet

Xvv 5 Martinelli parameter for laminar liquid–
laminar vapor flow

z 5 axial coordinate
ztci 5 axial location of thermocouple (i 51 to 4!

Greek Symbols

a 5 void fraction
b 5 aspect ratio
f 5 measured parameter

f f
2 5 two-phase frictional multiplier based on local liquid

flow rate
h 5 fin efficiency
m 5 viscosity
r 5 density
t 5 measurement period

Subscripts

ave 5 average
exp 5 experimental~measured!

f 5 liquid
g 5 vapor
in 5 inlet
JUNE 2004, Vol. 126 Õ 223
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inst 5 instantaneous
out 5 outlet

pred 5 predicted
p1 5 deep plenum
p2 5 shallow plenum

s 5 solid ~oxygen-free copper!
sp 5 single-phase
tc 5 thermocouple
tp 5 two-phase.
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