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e-mail: quw@purdue.edu The design and reliable operation of a two-phase micro-channel heat sink require a
fundamental understanding of the complex transport phenomena associated with convec-
Issam Mudawar tive boiling in small, parallel coolant passages. This understanding is the primary goal of
Professor, this paper. This goal is realized by exploring the following aspects of boiling in micro-
Fellow ASME channels: hydrodynamic instability, two-phase flow patterns, pressure drop, and convec-
g-mail: mudawar@ecn.purdue.edu tive boiling heat transfer. High-speed photographic methods were used to determine
dominant flow patterns and explore as well as characterize hydrodynamic instabilities.
Purdue University International Electronic Two types of dynamic instability were identified, a severe pressure drop oscillation and a
Cooling Alliance (PUIECA), mild parallel channel instability, and a simple method is recommended to completely
Boiling and Two-Phase Flow Laboratory, suppress the former. Predictions qf three popular two-phase pressure drop models and
School of Mechanical Enginesring, correlations were (_:ompared_ to micro-channel water _data, and_ only a _separated flow
Purdue University, (Lockhart-Martinelli) correlation based on the assumption of laminar flow in both phases
West Lafayette, IN 47907 gave acceptable predictions. Several popular heat transfer correlations were also exam-

ined and deemed unsuitable for micro-channel heat sinks because all these correlations
are based on turbulent flow assumptions, and do not capture the unique features of
micro-channel flow such as abrupt transition to slug flow, hydrodynamic instability, and
high droplet entrainment in the annular regime. These findings point to the need for
further study of boiling behavior and new predictive tools specifically tailored to micro-
channel heat sinkd.DOI: 10.1115/1.1756145

Introduction channel heat sink by providing higher convective heat transfer
Gcl%efficients, better axial temperature uniformity, and reduced

coolant flow rate requirements. Unfortunately, unlike their single-

significant improvements in the performance of micrp-electronl%ase counterparts, the number of investigations into the fluid
devices during the past three decades. Accompanying these w and heat transfer characteristics of two-phase micro-channel

provements, however, has been a steady increase in heat ge e, anc ne DR -
tion at the component, module, and system levels, which is 24t sinks is quite limited. Table 1 summarizes the present level of

yﬁderstanding of various aspects of single-phase and two-phase

manding more efficient electronic cooling technologies to ensure h . .
. R : ) - : icro-channel heat sinks. Several representative studies on the
device reliability. Various innovative cooling schemes have been .
Y 9 ter are summarized below.

developed to meet this demand, which were recently reviewed Boiling incipience in micro-channels was examined by

t'\gﬁg:\r/v?gr[ %%eMAg;?-SZ?Z?:tligne %tfshliréms ptl(ear\;grr?wea?lréeac%rcl)rl?r?gcsoﬁ< ennedy et al[11] and Qu and Mudawaf12]. Kennedy et al.

: . . : 11] studied incipient boiling of water flow in isolated micro-tubes
tems. These heat sinks combine several attractive attributes, Wr?fh diameters of 1.17 and 1.45 mm. Significant deviation was
cluding the capability to dissipate very large heat fluxes fro : : - =19

small areas, extremely compact dimensions, and small coolrp.?nd between gxperlmenta_l res‘."‘s for the smaller tube and pre-
; . ictions of classical correlations intended for macro systems. Qu
Inventory requirements. and Mudawaf12] developed a mechanistic model to predict the

Typically fabricated from a high thermal conductivity substratelhcipiem boiling heat flux in a heat sink containing 231

a micro-channel heat sink utilizes a series of small, parallel chan- 13 um? micro-channels. Good aqreement found bet N
nels as coolant passages. A liquid coolant, such as water of 434 Icro-channels. 50od agreement was found betwee

fluorochemical, is pumped through these passages, extracting Qgtmodel predictions and exp_erlmental results for water over a
from the device to which the heat sink is attached. The heat can ad range of flow rates and inlet temperatures. .
removed by simply increasing the temperature of the coolant owers and Mudawalr13-19 provided a_comprehenswe the_r-
through single-phase sensible heat exchange. Two-phase heaf'}al-design methodology for two-phase micro-channel heat sinks
moval occurs when the coolant undergoes partial conversion §8'Pl0¥ing refrigerant coolants. A pressure drop model was con-
vapor. Two-phase heat sinks capitalize in part on the sensible hggticted which incorporated the homogenous equilibrium model
exchange, but their effectiveness is derived mostly from latelft describe the two-phase region. The model predictions were in
heat exchange. good agreement with experimental results for R-113 in both mini-
Single-phase micro-channel heat sinks have been studied qGf@nnel(2.54 mm and micro-channel510 um) heat sinks. Their
extensively during the last two decad@s-10]. Not only did pre- study also sgrved to alert thermal design engineers to the unique
vious studies demonstrate the effectiveness of this coolifgj@lenges in predicting the performance of such heat sinks
scheme, but they also provided fairly accurate modeling tools §&USed by compressibility, flashing, and even choking. These ef-
describe both the pressure drop and heat transfer characteristic$6{S are the result of large axial property variations brought about
the heat sink. by the relatively large micro-channel pressure drop.

Phase change can greatly enhance the performance of a micrd2ubble activities and flow patterns in micro-channels were ex-
amined by Zhang et al.16] and Jiang et al[17]. Zhang et al.
Contributed by the Electronic and Photonic Packaging Division for publication iLIlG] studied boiling of water in isolated rectangular micro-
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Table 1 Current state of understanding of transport phenomena in micro-channel liquid heat

sinks
Isolated Parallel
Fluid State Topic Micro-channel Micro-channels
Single-Phase Laminar: Adequate Adequate
Liquid Pressure drop
Laminar: Adequate Adequate
Heat transfer
Transition Limited Limited
Turbulent: Adequate Adequate
Pressure drop
Turbulent: Adequate Adequate
Heat transfer
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

bubbles were observed inside the micro-channels, but higher heamely, two-phase hydrodynamic instabilities, dominant two-
fluxes were associated with mostly annular two-phase flow. Jiapbase flow patterns, pressure drop, and convective boiling heat
et al.[17] conducted flow visualization studies on water boiling inransfer coefficient. The suitability of popular macro-channel two-
equilateral triangular micro-channel heat sinks with nomingdhase models and correlations to depicting micro-channel flow is
widths of 50 um and 100um. At low heat fluxes, individual ascertained by comparing pressure drop and heat transfer coeffi-
bubbles were observed growing and departing inside the micient predictions to experimental data.

channels. Increasing the heat flux triggered an abrupt transition in

flow pattern to unstable slug flow, which was followed at highdexperimental Apparatus and Testing Procedure

heat fluxes by stable annule}r flow. Jiang et &F] never encoun-  rigyre 1 shows a schematic diagram of the test facility. The
tered the bubbly flow regime commonly observed in macroy joop in this facility delivered deionized water at the desired
channels. o ) . flow rate and inlet temperature to a test module containing the
Heat transfer characteristics of convective bailing in Micromicro-channel heat sink. The flow loop consisted of a liquid res-
channels were studied by Peng and Wgtg] and Ravigururajan engir, a variable-speed gear pump, a filter, two parallel rotame-
[19]. Peng and Wanf8] investigated subcooled boiling of wateriers "4 constant temperature bath, the test module, and a water-
through 600< 700 m* micro-channels. Their results revealedcooled heat exchanger. Several throttling valves were incorporated
that, once initiated, nucleate boiling quickly becomes fully develn the flow loop to control the system pressure, and a pressure
oped. Ravigururajafl9] studied convective boiling of R-124 in gauge was connected immediately downstream from the pump to
heat sinks containing parallel and diamond-oriented 2#onitor the pump’s exit pressure. An immersion heater situated in
X 1000’ micro-channels. The heat transfer coefficient dehe reservoir was used to both preheat and deaerate the water. The
creased with increases in wall superheat and/or exit vapor qualggnstant temperature bath brought the water to the desired test
Bowers and Mudawd13,14 experimentally investigated criti- module inlet temperature, while the water-cooled heat exchanger
cal heat flux'CHF) in mini-channel(2.54 mm) and micro-channel condensed any vapor exiting the test module.
(510 um) heat sinks and found that CHF values in excess of A shown in Fig. 2, the test module was composed of an oxygen-
200 W/cnf were possible with both heat sinks using R-113 aee-copper micro-channel heat sink, a G-7 fiberglass plastic hous-
coolant and miniscule flow rates. Mudawar and Bow@® and ing, a transparent polycarbonate plagtiexan cover plate, and
Hall and Mudawaf 21] investigated ultra-high CHF for water in twelve cartridge heaters. The micro-channel heat sink had a plan-
small tubes with inner diameters ranging from 0.406 to 2.54 mrform (top) area of 1.0 cmwidth) by 4.48 cm(length. Twenty-
and derived a correlation for a broad range of pressures, intgfe equidistant rectangular micro-slots, 28t wide and 712um
temperatures, tube lengths, and flow rates. Their work culminatedep, were machined along the top surface by a precision sawing
in the highest reported CHF value for water in a uniformly heatedchnique. The surfaces of the slots were examined with the aid of
tube, 27,600 W/crh a Nikon inverted metallurgical microscope, and the average sur-
While those and other investigations have provided valuablace roughness was estimated to be on the order @il Three
insight into the characterization and performance assessmenttofi slots were cut from the bottom surface up through most of the
two-phase micro-channel heat sinks, the fundamental understahdat sink’s height to reduce heat spread within the heat sink and
ing of these devices remains quite limited. Virtually every aspeptovide a more uniform heat flux distribution. The central portion
of two-phase fluid flow and heat transfer in a micro-channel seemfthe housing was machined out where the micro-channel heat
to exhibit significant departure from macro-channel depictionsink was inserted. The housing contained plenums both upstream
There are also vast differences in boiling behavior in micrand downstream. Each plenum had a deep portion leading to a
channels between water and fluorochemicals. Clearly, there istallow portion to ensure even distribution of flow between chan-
shortage of reliable experimental databases and comprehensiets. The cover plate was bolted atop to form closed micro-
modeling tools that can tackle the diversity of coolants, geonshannels. Twelve holes were drilled into the bottom of the copper
etries, and operating conditions of micro-channel heat sinks. heat sink to accommodate the cartridge heaters which provided
In the present study, new experiments were conducted withthee heat to the micro-channels. The cartridge heaters were pow-
micro-channel heat sink using water as coolant, complementiaged by a single 0-11WAC variac.
earlier studies by the authors and co-workers. The experimentalfwo Type-K thermocouples were inserted into inlet and outlet
apparatus was configured for pressure drop and heat transfer np@aums in the housing to measure the inlet and exit temperatures,
surements while providing visual access to the micro-chanm@spectively. Four additional Type-K thermocouples were inserted
flow. Based on the experimental results, several issues importarib the heat sink to measure the axial temperature distribution,
to the implementation of micro-channel heat sinks are discussead are indicated in Fig. 2 as1 totc4 along the flow direction.
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Fig. 1 Schematic diagram of low loop

Two absolute pressure transducers were connected to pressure
taps in the deep portions of the housing plenums to measure the
inlet and exit pressures. The thermocouple and pressure transducer
Cover Plate signals were recorded by an HP data acquisition/control system
(Polycarbonate Plastic)  which was interfaced to a PC.
After the test module was assembled, multiple layers of ceramic
fiber were wrapped around the micro-channel heat sink for ther-
Outlet mal insulation. A high-speed video camera was positioned above
Plenum the transparent cover plate to monitor and record bubble behavior
Outlet inside the channels.
The wattmeter used to measure the electrical power input to the
cartridge heaters had an accuracy of 0.5%. Prior to performing
7 = flow boiling experiments, a series of single-phase heat transfer
Pressure Port s 7 tests were conducted within the same flow rate range. Comparison
between electronic power input and water enthalpy increase dur-
ing the single-phase tests proved the total heat loss was less than
4%. All heat flux calculations in this study were therefore based
on the electrical power input to the cartridge heaters. The rotame-
ters were calibrated at the desired water temperature using the
standard weighting method, and their flow rate measurement ac-
curacy was better than 4%. The pressure transducers were cali-
brated against a known standard. The estimated uncertainty asso-
ciated with the pressure measurements was less than 3.5%. Error
Micro-Channel Heat Sink  associated with measurements of the calibrated thermocouples
(Oxygen-Free Copper) 35 smaller than-0.3°C.

The operating conditions of the present study are given in Table
2. Prior to performing a given test, the water in the reservoir was
deaerated by vigorous boiling for about one hour to remove any
dissolved gases which may cause early bubble formation within
channels. The flow loop components were then adjusted to yield
the desired operating conditions. In particular, the pump exit pres-
sure, Py oy, Was elevated to 2.0 bar by throttling the control
valve situated upstream of the test module. This helped dampen
two-phase flow oscillations as will be discussed in a later section.
The test commenced with single-phase liquid flow by setting the

Outlet
Pressure Port

Outlet
Thermocouple

Housing
Inlet (G-7 Fiberglass Plastic)
Thermocouple

Cartridge Heaters

Fig. 2 Test module construction

Table 2 Operating conditions for present study

Inlet temperature, Mass velocity, Outlet pressure, Pump exit pressure,
Coolant Tin (°C) G (kg/n? s) Pyt (ban Pp.out (bad
Deionized water 30.0 134.9-400.1 1.17 2.0
60.0 134.9-401.9 1.17 2.0
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Fig. 3 Top views of micro-channels illustrating (a) pressure drop oscillation,  (b) parallel chan-
nel instability

heater power below the incipient boiling condition. The powelHydrodynamic Instabilities

was then increased in small increments. At each new power level . .
the heat sink was allowed to reach steady state, which was conPaSt research has revealed that various types of hydrodynamic

firmed when the mean pressures and temperatures became #&Hability exist in two-phase systems, and their physical origin
stant. After steady-state conditions prevailed, the inlet and outharies significantlff22—24. In general, two-phase instabilities are
pressuresP;, and P, inlet and outlet temperature$;, and categorized as static or dynamic, depending on whether or not
Tout» @and heat sink temperaturél., to T,c4, respectively, were steady-state conservation laws can be applied to explain the insta-
all recorded at 0.5 s intervals for 5 min. These measured parapility. The two-phase static instabilities, such as flow excursion

eters were then time-averaged according to (Ledinegg instability and flow pattern transition instability, are
1 (- governed by steady-state conservation laws. On the other hand,
¢=_f Ginsdt, (1) the dynamic instabilities, such as acoustic oscillations, density
TJo wave oscillations, pressure drop oscillations, and parallel channel

instability, involve transient inertia and dynamic feedback effects
which cannot be described by steady-state conservation laws.

In the present two-phase micro-channel heat sink tests, two
distinct types of dynamic instability were observed. The first type
was encountered when the upstream control valve was fully open.

1 As the heater power was gradually increased to the incipient boil-
¢= MZ Dinst, 2 ing heat flux, nucleation sites started to appear within the micro-
channels. A further increase in the heater power triggered an
whereM is the number of data points recorded during a measur@brupt transition to intermittent two-phase flow. The boiling

where ¢ represents the measured parameter, nafely T, sub-
scriptinstindicates instantaneous value, anid the measurement
period. Since the recording interval was const@nb 9, Eq. (1)
was simplified as

ment period. ' . _ boundary(interface between the single-phase liquid region and
The test was terminated when the thermodynamic equilibriufyo-phase mixture regigrof all the channels oscillated back and
quality, forth in unison between channel inlet and outlet. A schematic of

h—h the flow oscillation within three neighboring channels for a short
f, (3) time interval(about 1 to 5 kis illustrated in Fig. 8a). For some
htg cases, this oscillation was so severe that the vapor could enter the
reached about 0.2 at the channel exit. inlet plenum. During the oscillation, the inlet and exit pressures as

Prior to conducting the final experiments, duplicate tests weY¢e!l s the heat sink temperatures exhibited large amplitude fluc-
performed for certain operating conditions. A consistent expefdations. The float in the rotameter also fluctuated appreciably,
mental procedure was adopted throughout the tests. The measiigifating the pump could not deliver a constant flow rate under
pressure drop and temperatures were virtually identical, validatitffgese conditions. This instability may be classified as pressure
the repeatability of experimental results. drop oscillation, which is commonly triggered by flow excursion

Xe=
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and sustained by interactions between the vapor generation i
the upstream compressible volume including the liquid reservc
and pump[23,24].

This pressure drop oscillation is very undesirable when oper:
ing a two-phase micro-channel heat sink, since it not only intr
duces large amplitude pressure and temperature fluctuations,
also reduces CHF. In fact, pre-mature CHF occurred at a mu

1.5
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T,

Q"4

=30°C
= 400.1 kg/m’s
= 87.9 W/iem®

Instability type:

Pressure Drop Oscillation]

-]

in

lower heat flux when the flow was undergoing pressure drop =
cillation than when steady. Fortunately, the present experimelg
proved the pressure drop oscillation can be suppressed by th\'n__'

tling the control valve situated immediately upstream of the te
module, which helped increase the system’s stiffness. The
stream control valve was throttled until the pump exit pressur
Pyouts reached 2.0 bar. Instead of the severe flow oscillatic
between the heat sink inlet and outlet, the boiling boundary w.
observed to fluctuate between micro-channels as illustrated in F
3(b). The spatial amplitude of fluctuation around the mean axi
position of the boiling boundary was reduced significantly in a
micro-channels as indicated by the corresponding boiling boun
aries in Figs. &) and 3b). The flow rate, pressures, and tempera
tures, were all fairly stable even at much higher heat input th:
with the pressure oscillation corresponding to a fully-open uj
stream control valve. Following Yudigaroglu's classificat{@4],
this second type of “mild” hydrodynamic instability may be char-
acterized agarallel channel instability which was sustained by
feedback effects between channels intrinsic to the heat sink.
Figures 4a) and 4b) show temporal records of inlet and outlet
pressures recorded when the micro-channel heat sink is under

1.1

out

1.0

50

700
t[s]

200°
(@)

150

16

=30°C

T

15 F

=400.1 kg/m’s
q".«=240.0 W/icm

Instability type:
Parallel Channel

ing the pressure drop oscillation and the parallel channel instak P,
ity, respectively. The operating conditions for the two situation
are the same except for power input and the throttling of tr__
upstream valve. Heat input to the heat sink is represented by g
effective heat fluxgys, defined as the total electrical power inpu1£. ?
divided by the heat sink top planform area. For the parallel cha@ | 5 ‘ -
nel instability, the upstream valve was throttled gradually until th
pump exit pressureR ., reached 2.0 bar, which is about 0.5
bar higher than for the case of pressure drop oscillation cort
sponding to a fully-open valve. A much lower heat flux was ar
plied in the pressure drop oscillation case to preclude pre-matt
CHF. Eventhough the effective heat flux is about three time
lower for the pressure drop oscillation case than for the parall 1.1
channel instability, the pressure fluctuations for the former are f

more severe. Furthermore, the pressure fluctuations occurred .. ..

fairly constant frequency for the former, while they were more, ) )
ﬁg. 4 Temporal records of inlet and outlet pressures during

14 L i ‘ .

0 50 100

t[s]

random during the parallel channel instability. Similar conclusiorls o . 2
can be drawn about channel wall temperature from the tempo g] pressure drop oscillation and  (b) parallel channel instability
records of heat sink thermocouples, Fig&)5and §b), for the
pressure oscillation and parallel channel instability, respectively. o o )

All the results reported in the following sections were obtainefjvo-phase flow within an individual channel would oscillate be-
with a throttled upstream control valve. While the severe pressu¥éeen two distinct flow patterns even under constant operating

drop oscillation was prevented, the reported results were all sugnditions. ) ]
ject to the mild parallel channel instability. Flow patterns are also strongly influenced by the applied heat

flux. Flow pattern transitions within an individual channel ob-
served in the present study with increasing heat flux could be
Two-Phase Flow Patterns summarized as follows. At boiling incipience, illustrated sche-
Recent studies by the authors have revealed a unique featurenattically in Fig. &a), the flow consisted predominantly of single-
water boiling in micro-channels which is not commonly encourphase liquid, except near the micro-channel exit, where a small
tered with micro-channel boiling of fluorochemicdks.g., R-113 number of nucleation sites appeared simultaneously in a few of
and FC-72 or boiling of water and other liquids in macro-the micro-channels. After nucleation, bubbles grew to their de-
channels. The relatively large surface tension and contact angle¢afhment size before being removed by the liquid flow. This pro-
water result in vapor bubbles whose departure diameter is ofte@ss was repeated with the nucleation, growth and departure of
comparable to the channel characteristic dimeni}. There- newer bubbles.
fore, the micro-channel wall will have a far more immediate and When the heat flux was increased only slightly above the in-
profound effect on bubble growth and coalescence in a microipient boiling heat flux, boiling was visible within an increasing
channel than in a large channel. One direct consequence of thisnber of channels, and the boiling boundary moved further up-
phenomenon is that it is very difficult to sustainbabbly flow stream. As illustrated in Fig.(B), a large number of nucleation
regime in a micro-channel. Instead, transition to tekig flow sites were activated simultaneously within each channel. Those
regimeoccurs shortly after incipient boiling. For a multi-channekites were typically located at the channel bottom wall near the
heat sink, flow patterns are also complicated by the parallel chaorner. The bubbles grew until they coalesced with adjacent
nel instability discussed in the previous section. For example, thabbles to form single oblong bubbles characteristic of the slug
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140 T T shallow plenum, micro-channels, outlet shallow plenum, and out-

Instability type: let deep plenum. Water was supplied in subcooled staditg (

Pressure Drop Oscillation <Ts,y for all test conditions as indicated in Table 2. Based on the
] magnitude of thermodynamic equilibrium qualik, the micro-

channels are divided into two regions: a single-phase region, from

T, =30°C
G =400.1 kg/m’s

180 D" =87.9 Wicm?

120 the subcooled inletx,<0) to the location where,=0, and a
two-phase region, from the location of zero quality to the heat
o 110 sink exit (Xe=Xg oyt as illustrated in Fig. 7. The single-phase
L region is further divided into developing and fully-developed
l_'.‘? 100 single-phase sub-regions. By neglecting pressure drop in the ple-
nums, the total pressure drop can be expressed as
90 AP:APC1+AP02+APSde+APspyf+APtp+APez+APel.( )
4
80 b . The individual component in Ed4) are evaluated as follows.
AP, and AP, are the contraction pressure losses from the
70 \ ' L deep plenum to the shallow plenum, and from the shallow plenum
0 50 100 150 200 to the micro-channels, respectively. They are express¢dss
t[s] (a) 1 , Ker
APclzz_l}f(upZ,in_upl,in)+Z_Ufupz,in’ (5)
and
1 K
150 ' ' ' ' AF)(:2=5(ui2n_u|232,in)-"_2_;:2ui2nv (6)
T,=30°C Instability type: f f
¢ =400.1 kg/ng, Parallel Channel where subscriptpl andp2 denote the deep plenum and shallow
q'x=240.0 W/em plenum, respectively, and.; andK,, are the loss coefficients for
145 T 1 the corresponding abrupt contractions.
ted Similarly, AP, and AP, are the expansion pressure recover-
— ies from the micro-channels to the shallow plenum, and from the
O shallow plenum to the deep plenum, respectively, which are ex-
T q40 F T : d
3 3 pressed as
|_
K
I A A A A A A AV S A A A AR ANA AR A A A - -2 2 e 2
T‘°2 APe 2(l)f'~')<e,outl)f9) (UDZ’OUt uout)+ 2(Uf+xe,outvfg) out?
135 My A A A A A AR A @)
Ter and
130 L - 1 Apelz—(ugl,out* usz,out)
0 50 100 150 200 2(v1+ Xe,0utV1g)
tis b
I ® + Luﬁzoun 8
Fig. 5 Temporal records of heat sink temperatures during (a) 2(Uf+xev°“tvf9) Y
pressure drop oscillation and  (b) parallel channel instability whereK,, andK, are the recovery coefficients associated with

the corresponding abrupt expansion. Value&gf, K.,, K¢ and
Keo for the present heat sink geometry are evaluated in accor-
flow regime. The coalescent bubbles were quickly swept by tf@nce with referencf25]. .
liquid to the downstream plenum, following which the entire pro- APspq and AP, are the pressure drops across the single-
cess was repeated. phase developing sub-region and fully developed sub-region,
With a further increase in heat flux, the flow pattern was simila¥hich can be expressed, respectively, as
to that depicted in Fig. ®), except that the boiling boundary 2
2 fappG Lsp,dvf

began to propagate closer to the channel inlet. More vapor APgpq=—0——P (9)
bubbles were generated at the channel walls, which then coalesced ' dy,
to form two or three long slug bubbles along the channel. Thig,q
pattern is depicted in Fig.(6).
At higher heat fluxes, the discrete bubbles were no longer ob- 2 fGZLSp,fv,
served. Instead, as illustrated in Figdp the flow pattern oscil- APsp,f:d—h- (10)

lated between slug flow, with relatively short slug bubbles, and
annular flow in the upstream region of the channel, while maiff=or the range of flow rate tested in the present study, the upstream
taining annular flow in the downstream region. A large number gingle-phase flow remained in the laminar regime £R&300).
liquid droplets were present in the downstream annular flow. Methods to evaluate the pressure drops for developing and fully-
developed single-phase sub-regions of a rectangular channel have
been well documented by Shah and Lond@6]. Therefore, de-
Pressure Drop tails of the development lengthg, 4, apparent friction factor for
Pressure drop was determined by subtracting the measured - developing sub-regiori,,,,, and friction factor for the fully-
let pressure from the measured inlet pressure. A pressure ddgveloped regionf, have been left out of the present paper.
model of the heat sink must account for five distinct regions be- The pressure drop across the two-phase region consists of two
tween the inlet and outlet pressure taps: inlet deep plenum, inbetmponents: frictional and accelerational.
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Fig. 6 Dominant two-phase flow patterns at (&) incipient boiling heat flux, (b) slightly above

incipient boiling heat flux, (c) low heat flux, and (d) high heat flux

APy=AP, ¢+ AP 4. (11) drop, APspyf,_ e\_/aluation since the Reynolds numbers based on
. ) - each of the liquid and vapor flow rates was less than 2000 for the
The frictional pressure drofPs, is the result of wall frictional ogerating conditions of the present study.

forces exerted upon the flow, and the accelerational pressure dr ?igures 8a) and 8b) show both measured and predicted pres-
APy 4 is the result of axial acceleration of the two-phase mixturg, " grop as a function of heat flux for the same mass velocity and
due to the conversion of liquid to vapor. A large number of mode{g injet temperatures of 30 and 60°C, respectively. The pressure
are available in the literature to evaluai®s,; and APspa for 4o is fairly constant at small heat flux values, where the flow

convective boiling in large channels, which include generaliz nsists entirely of single-phase liquid. Once boiling is initiated,

models without reference to a specific flow pattern, and correlg- ; : ; s :
. . ' e pressure drop begins to rise appreciably with increasing heat
tions developed for a particular flow pattern. In the present stu P P beg pp y 9

three widely used generalized models, namely, the homogeneﬂ})‘{g These figures show the homogeneous equilibrium model and
equilibrium modeHEM) [27], Martinelli-Nelson(M-N) correla- tinelli-Nelson correlation overpredict the pressure drop by

tion [28], and Lockhart-Martinell(L-M) correlation[29,30), are large margins. Far better predictions are achieved with the

emploved to evaluate the two-phase pressure drop. Al relev Lotckhart-MartineIIi correlation at both inlet temperatures. The su-
ploy p P X p- rior predictive capability of the Lockhart-Martinelli correlation
equations of these three models are given in Table 3. When

plying the Lockhart-Martinelli correlation, the laminar liquid— further demo_nstra_lted In Fig. 9, which contains all the pressure
laminar vapor combination was adopted’ for frictional pressurdeIrOp data obtained in the present study. .

It should be noted that both the Martinelli-Nelson correlation
and Lockhart-Martinelli correlation share the same development
rationale. However, the Martinelli-Nelson correlation is based on
the assumption of a turbulent liquid—turbulent vapor flow combi-
nation, since this combination is more prevalent in macro-
channels, while the Lockhart-Martinelli correlation can account
for different combinations of liquid-vapor flow(turbulent-
turbulent, turbulent-laminar, laminar-turbulent, and laminar-
laminap. Figures 8a) and 8b) reveal correlations based on tur-
bulent liquid or turbulent vapor flow may not be appropriate for
micro-channels, where low coolant flow rate and small channel
size produce predominantly laminar flow for both phases.

Another interesting result of the present pressure model and
correlation assessment is the failure of the homogeneous equilib-
rium model at predicting the present water micro-channel data,
when the same model yielded accurate predictions of Bowers and
Mudawar’s pressure drop data for R-113 boiling in a heat sink
containing 510um circular micro-channelgl3—-15. This appar-
ent discrepancy can be explained by fundamental differences in

L boiling behavior between water and R-113. The latter refrigerant
Xe=0 features low surface tension and small contact angle, which result
in bubble departure diameters one or two orders of magnitude
smaller than those for water. These differences greatly influence

2

Subcooled
water

——

ARARARARAR

|
Lsp,f

Lsp

Lsp,d

Lip

Xe=Xe,in Xe=Xe,out

Fig. 7 Schematic of flow regions in a micro-channel
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Table 3 Pressure drop models and correlations employed in describing the two-phase region

2 f,GPLigus Xeout [ Uf
APo =g 1 5 |y,
Homogeneous f n_ 0.003 f
equilibrium model L
(HEM) [15,27 AP a= G0 Xe0ut
2 fGAL vy
AP'tp,fzd—h r1(Xe,outv P)

r1(Xeout: P): from2 Fig. 4 in referenc¢28]
APlp a=G UfrZ(Xe,outr P)

Martinelli-Nelson F2(Xeout» P): from Fig. 6 in referenc§28]

(M-N) correlation

[28]
L [ fGH(1-x s ,
APy = d
o Xe,out Jj dh ¢f e
.  24(1-1.3558+1.9473%~1.70]3°+0.9563 ~ 0.2543°)
! G(1-xe)dp
Mt
pi=1+ .
=l st
Lockhart-Martinelli Xop X5y
(L-M) correlation C=5 ,
[2913q N 7(&)05( 1_Xe) 0.5 ﬁ) 0.5
VU :“g Xe \Ug
AP G2 Xg.out(vg) " (1_Xe.out)2 1}
— G2y | eout| 29| = Teout?
P2 ! Aoyt \ Ut 1_a0ut
1
ag=1-

20 1
It —t ——
xvv,out qu.out

both the dominant two-phase flow patterns and the transitions be- qleH
. effl 'w2
tween flow patterns, and therefore must have a strong bearing on Tw.ici= Ttei— . (12)

the two-phase pressure drop. Recently, Mukherjee and Mudawar ks
[31] experimentally demonstrated the same differences in boilingial variations of the mean flow temperatufg, ;; can be ex-
behavior between water and FC-72 in narrow and micro-channglained by referring to Fig. 7. If the thermocouple is located
FC-72 is a fluorochemical coolant with thermophysical propertiggithin the single-phase regionzi<Lsp), Tmici Can be deter-
similar to those of refrigerants. Their experiments showed thgined by a simple sensible energy balance.

small surface tension and contact angle of FC-72 produce very

small bubbles that could easily pass through small channels, while PCp,tUinAc( T tci — Tin) = GegWeel Ztci - (13)
much larger bubbles in water obstructed liquid replenishment

. . Btherwise, if the thermocouple is located within the two-phase
identical channels.

region Lsp<2zci<L), Tn; iS Set equal to the saturation tem-
perature.

Heat Transfer Coefficient T iei=Teat. (14)

et;-rhgf r;ﬁzt rgi?;fi;;ﬁﬁgl'cﬁgts’ Zzglrﬁgg% c;\{efghﬁeagﬁa?t?odc;t?g% neglecting heat loss from the insulating plastic cover plate, the
' R lowing energy balance can be written for the unit cell

where the thermocouple measurements were magde, Zio,
Zic3, andz,,. Calculation of the average heat transfer was based AreWeen=havel Tw.tei— Trmtci) (Wen+ 27Hcp) . (15)
on the fin analysis method, where the solid walls separatin i ' ’ ) )
micro-channels are modeled as thin fins. Application of thishe left hand side of Eq15) represents the heat input to the unit
method to evaluate the heat transfer coefficient in single-pha@ll and the right hand side the heat removal by convective heat
micro-channel heat sinks was discussed in detail by Qu aH@nsfer from the channel walls. The thin fin approximation is
Mudawar[32]. This method adopts specific approximations suchPplied to the channel side walls by introducing the fin efficiency
as one-dimensional heat transfer along the fins, constant convéc-
tive heat transfer coefficient, and uniform fluid temperature, to tanh(mH,)
model the conjugate heat transfer in the heat sink’s cross-section S e
at any given axial locatiom. mHck

A two-dimensional micro-channel heat sink unit cell_containing\,nerem is the fin parameter,
a single micro-channel and surrounding solid is examined at eac
thermocouple location as shown in Fig. 10. Dimensions of the unit Nave
cell are given in Table 4. In Fig. 10, (i=1,2,3,4) denotes the m=\iw a7)
thermocouple temperature measured experimentally by thermo- sTw
coupletci. Assuming one-dimensional heat diffusion between th@nceT,, ;.; and T, ;¢; are determined from Eq$l12) to (14), the
thermocouple and the channel bottom wall, the temperature of th&lue of the average heat transfer coefficiegt, can be readily
channel bottom wallT,, ¢j, can be expressed as calculated from Eq(15).

, (16)
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based on Lockhart-Martinelli correlation
0.6 T T T T
a Exp. data ) ) -
—_ HEM ‘,' Five widely used two-phase heat transfer coefficient correla-
0.5 Heeoocacanee M-N correlation ] tions, Chen 33,34, Shah[35,36], Kandlikar[37], Liu-Winterton
——————-— I;-M correlation o [38], and Steiner-Tabore[39], were examined in predicting the
1&,:60 C ) saturated convective boiling heat transfer coefficient,at, the
0.4 1 =401.9 kg/m’s 1  thermocouple location closest to the channel exit. Figurda)12
- and 12b) compare the experimental results to the predictions of
a o3 b h the five correlations for inlet temperatures of 30 and 60°C, re-
o
<
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Fig. 8 Comparison of pressure drop data and predictions at
G=400 kg/m?s for (a) T;,=30°C and (b) T;,=60°C
Y
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Figures 11a) and 11b) show the measured average heat tranH..y | Hen
fer coefficienth,,. as a function of thermodynamic equilibrium / *~
quality x at each thermocouple location for the same mass velc \Tm,tci
ity and inlet temperatures of 30 and 60°C, respectively. Thre A / .
regions featuring drastically different heat transfer characteristi Tw,tci
can be readily identified. To the left end of each plot, the. H
values are small and fairly constant, indicative of single-pha: w2 ) ink
liquid flow. This is followed by a region of sharp rise in the hea Copper Heat S
transfer coefficient until the thermodynamic equilibrium quality
Xe, reaches zero. This is characteristic of the subcooled boilii \ Y
region where the heat transfer is greatly enhanced. The third ! T T T\T\T\“\
gion to the right side ok,=0 corresponds to saturated boiling. Tci
Figures 11a) and 11b) show the average heat transfer coefficier q"eff

is much larger in the two-phase region than in the single-phase

region, which is further proof of the superior cooling performance g 10 Schematic of micro-channel heat sink unit cell
of two-phase micro-channel heat sinks over their single-phase

counterparts. In the saturated boiling regio*0), h,,. begins Table 4 Dimensions of micro-channel heat sink unit cell
decreasing, which is consistent with the observations of RaVig\"/"\'/
rurajan[19]. The higher heat transfer negg=0 may be caused Ww (4m) Wep (um)  Hyg (m)  Hep (um)  Hyp (um)
by entrance or hydrodynamic instability effects, and is the subjects 231 12,700 713 2462
of further investigation.
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Fig. 11 Average heat transfer coefficient versus thermody-
namic equilibrium quality at ~ G=400 kg/m?®s for (a) T;,=30°C  Fig. 12 Comparison of saturated convective boiling heat
and (b) T;,=60°C transfer coefficient data and predictions at G=400 kg/m?s for

(@) T;,=30°C and (b) T,,=60°C

spectively. Shown is a noticeable departure of all predictions from

the measured variation of heat transfer coefficient with thermody-

namic equilibrium quality. Conclusions
The deviation between the predictions of all five correlations

and the present experimental results can be attributed to sevqaé:l;ll-

factors. First, all the aforementioned correlations were based Qt'&dy were to identify the fundamental differences between two-

turbulent heat transfer coefficient correlations, such as the Ditt jase flow in a micro-channel heat sink and macro-channels, and

Boelter equation, which are not valid for micro-channel flows. Iy, 55qesq the suitability of popular macro-channel models and cor-

fact, the Reynolds number ggbased on inlet liquid flow rate and yo|a1iong at predicting two-phase pressure drop and saturated con-

properties for the present study range from 60 to 300, for whicfy.iye poiling heat transfer in micro-channel heat sinks. Key con-
the applicability of turbulent heat transfer correlations is highly) ,sions from the study are as follows:

guestionable. This is the same reason the Martinelli-Nelson corre-
lation yielded poor predictions of two-phase pressure drop. 1. Two types of two-phase dynamic instability were identified,
Other unique features of boiling in micro-channel heat sinkpressure drop oscillation and parallel channel instability. Pressure
such as the abrupt transition to slug flow, hydrodynamic instabitrop oscillation was associated with fairly periodic, large-
ity, and large number of liquid droplets entrained in the annulamplitude fluctuations in inlet and outlet pressure as well as heat
flow, may have contributed greatly to the deviation between dasank temperature. This type of instability was completely sup-
and predictions. Future studies should explore these issues muressed by throttling a control valve situated upstream of the heat
thoroughly in pursuit of a better fundamental understanding sfnk. Parallel channel instability produced only mild fluctuations
boiling in micro-channel heat sinks. Such efforts are necessanythe pressure and temperature.
steps towards developing more reliable predictive tools for micro- 2. Following the onset of boiling, bubbles quickly coalesced
channel heat sink design. into oblong bubbles typical of slug flow. High fluxes produced

his paper explored several aspects of fluid flow and heat trans-
in two-phase micro-channel heat sinks. Two key goals of the
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length of single-phase developing sub-region
length of single-phase fully-developed sub-
region

= length of two-phase region

fin parameter

number of data points recorded during a mea-
surement period

pressure

inlet pressure

outlet pressure

pump exit pressure

total pressure drop

contraction pressure loss

expansion pressure loss

= pressure drop in single-phase developing sub-

region

pressure drop in single-phase fully-developed
sub-region

pressure drop in two-phase region
accelerational two-phase pressure drop
frictional two-phase pressure drop

heat flux based on heat sink top planform area
coefficients in Martinelli-Nelson correlation
Reynolds number of micro-channel based on
inlet liquid flow rate and properties

time

temperature

micro-channel inlet temperature

mean flow temperature at thermocouple loca-
tion

= micro-channel outlet temperature

mostly annular flow. Parallel channel instability caused the flow in Lspd
an individual channel to oscillate between different flow patterns Lsp
even at constant operating conditions.

3. Pressure drop across the heat sink was fairly constant with Lip
increasing heat flux for single-phase liquid flow, but increased m
appreciably when boiling commenced inside the micro-channels. M
A pressure drop model was constructed, which accounts for
single-phase and two-phase regions, as well as inlet contraction P
pressure loss and exit expansion recovery. Three popular tech- Pin
niqgues where examined in modeling the two-phase region, the Pout
homogeneous equilibrium model, the Martinelli-Nelson correla- Pp.out
tion, and the Lockhart-Martinelli correlation. The latter yielded AP
the best agreement with the experimental data. AP AP,

4. While the homogeneous equilibrium has yielded accuratap_ Ap,,
pressure drop predictions in past studies of micro-channel heat AP, 4
sinks employing fluorochemical liquids, this model gave poor pre- P
dictions of the present water data. This apparent discrepancy AP,
seems to be caused by the relatively large bubble departure in P
water engulfing the entire cross-section and causing abrupt transi- AP, =
tion to the slug flow regime. In fluorochemical coolants, low sur- AP, Z
face tension and small contact angle produce much smaller Ptp’f
bubbles, a fairly well-developed bubbly flow regime, and a i
smoother transition into the slug flow regime. ; qre“

5. Three regions with drastically different heat transfer charac- 1I§ 2
teristics were identified: single-phase, subcooled boiling, and satu- Gh
rated boiling. The heat transfer is significantly enhanced in the ¢
two-phase region. Several popular correlations were examined =
and deemed unsuitable at predicting the heat transfer coefficient in T
the saturated boiling region. The deviation between the predic- T in
tions and experimental data is attributed to the turbulent flow as- m,tci
sumption employed in all these correlations, and to unique fea- T
tures of two-phase micro-channel heat sinks such as abrupt out
transition to slug flow, hydrodynamic instability, and large number Tsar
of liquid droplets entrained in the annular flow. These results point tei
to the need for further study of boiling behavior in micro-channel w,tei
heat sinks, and for new predictive tools specifically tailored to
micro-channel flow. Uin

Uout
v
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V\X(/:h
Nomenclature X":
A, = cross-sectional area of micro-channel Xe,out

C = empirical constant in Martinelli paramet,,
cp = specific heat at constant pressure Xoo

d,, = hydraulic diameter of micro-channel
f = friction factor for fully-developed single-phase z
liquid flow Zici
fapp = apparent friction factor for developing single-

phase liquid flow

Greek Symbols

saturation temperature

thermocouple reading €1 to 4

channel bottom wall temperature at thermo-
couple location

inlet velocity

outlet velocity

specific volume

specific volume difference between saturated
vapor and saturated liquid

width of heat sink top planform area

width of unit cell

width of micro-channel

half-width of wall separating micro-channels
thermodynamic equilibrium quality
thermodynamic equilibrium quality at channel
outlet

Martinelli parameter for laminar liquid—
laminar vapor flow

axial coordinate

axial location of thermocouple €1 to 4

f; = friction factor based on local liquid flow rate a = void fraction
fi, = two-phase friction factor B = aspect ratio
G = mass velocity ¢ = measured parameter
h,,e = average convection heat transfer coefficient ¢? = two-phase frictional multiplier based on local liquid
h; = enthalpy of saturated liquid flow rate
hiy = latent heat of vaporization 7 = fin efficiency
Hcen = height of unit cell u = viscosity
H., = height of micro-channel p = density
w1 = thickness of plastic cover plate 7 = measurement period
H,, = distance from thermocouple to micro-channel Subscripts
bottom wall P
k = thermal conductivity ave = average
K¢1,K¢e = contraction loss coefficient exp = experimentalmeasurefl
Ke1,Kex = expansion recovery coefficient f = liquid
L = length of micro-channel g = vapor
Lsp = length of single-phase region in = inlet
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out : OUtIe.t [18] Peng, X. F., and Wang, B. X., 1993, “Forced Convection and Flow Boiling
pred = predicted Heat Transfer for Liquid Flowing through Microchannels,” Int. J. Heat Mass
pl = deep plenum Transfer,36, pp. 3421-3427.
p2 = shallow plenum [19] Ravigururajan, T. S., 1998, “Impact of Channel Geometry on Two-Phase Flow
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sp = single-phase ers,” ASME J. Heat Transfe 20, pp. 485—491.
- th | [20] Mudawar, 1., and Bowers, M. B., 1999, “Ultra-High Critical Heat FI(@HF)
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