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ABSTRACT

To minimize flow b oiling i nstabilities in two-phase h eat
sinks, t wo differentt ypes of m icroporous coatings w ere
developed and applied on mini- and s mall-channel he at sinks
and tested using degassed R245fa refrigerant. The first coating
was epoxy-based and was sprayed on heat sink channels while
the second coating was formed by sintering copper particles on
heats ink ¢ hannels. M ini-channel he ats inksha do verall
dimensions 25. 4 mm x25. 4 mm x6. 4 mm andt welve
rectangular c hannels with a hydraulic diameter 1.7 mm and a
channel as pect ratio o f2.7. Small-channel he at s inks had the
same o verall d imensions, b ut o nly t hree r ectangular ch annels
with hydraulic diameter 4.1 mm and channel aspect ratio 0.6.
The microporous coatings w ere f ound to m inimize parallel
channel instabilities for mini-channel heat sinks and to reduce
the amplitude of heat sink base temperature oscillations from 6
°C to slightly more than 1 °C. No increase in pressure drop or
pumping power due to the microporous coating was measured.
The mini-channel heat sinks with porous coating had in average
1.5-times h igher h eat t ransfer co efficient t han uncoated h eat
sinks. Also, the small-channel heat sinks with the "best" porous
coating had in average 2.5-times higher heat transfer coefficient
and the critical heat flux was 1.5 to 2-times higher compared
with the uncoated heat sinks.

INTRODUCTION

Flow boiling in micro-, mini-, and small-channel heat sinks
offers s everal ad vantages o ver flow b oiling i n | arge-channel
heat sinks in terms of reduced heat sink thermal resistance (i.e.
reduced device temperature) and increased heat sink base heat
flux. However, flow b oiling i nstabilities and t he r esulting
oscillations in pressure and heat sink base temperature limit the
CHF c ondition ( below th e p redicted v alue). Such o scillations
can potentially cause structural failure not to mention that the
device being cooled experiences large temperature s wings that
can adversely affect performance.
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There e xists everalt ypes or m odes of flow boi ling
instabilities that are relevant to two-phase heat sinks. Parallel
channel instabilities a re cl oselyr elatedt o excursive or
Ledinegg instabilities [ 1] a nd may o ccur when t he p ressure
drop-flow curve becomes smaller than the loop supply pressure
drop-flow rate curve. Compressible volume instabilities [2] also
cano ccurins ystemst hat haveas ignificant c ompressible
volume upstream of the heated section. Bergles and Kandlikar
[3] report that in micro-channel heat sinks, a s mall volume of
subcooled liquid is sufficient to cause the compressible volume
instability and lead to premature CHF. Rapid bubble growth [4,
5,6 ,and 7 ] i nstability a 1so o ccurs i n ¢ hannels with small
hydraulic d iameter. The i nitially s pherical b ubble which is
confined in the spanwise direction (due to the presence of the
channel walls) ca no nly grow streamwise ( downstream and
upstream) which ¢ an c ause flow reversal. Asa result o f this
type of instability and the fact that not all the parallel channels
nucleate bubbles at the same time, some channels are populated
primarily with v apor while o thers with liq uid, r esulting in
significant variation in the heat sink base temperature. Critical
heat flux (CHF) instability is also well d ocumented in Zuber
[8]. S pecifically r elated to flow b oiling in micro- and m ini-
channels, t he CHF r efersto the o utcome o ft he ev ents that
cause as udden, ap preciable d ecreasei nt he h eatt ransfer
coefficient o ri ncrease i n the h eats ink b ase t emperature.
Conditions t hat c ommonly a ffect t he C HF i nstability in clude
small mass flux, low inlet subcooling, and/or channels with a
large length-to-diameter ratio. As discussed in Collier and
Thome [9], the flow pattern at high heat fluxes near the channel
outlet is mostly annular with the vapor phase occupying most
of the channel core while the liquid flows as a thin film along
the c hannel wall. Dryout o f the liquid film near the o utlet is
widely regarded as the trigger mechanism for CHF.

Many a uthorsh ave visualized d ifferentt ypeso f
instabilities in multiple p arallel micro- and m ini-channel h eat
sinks. K andlikar [ 10] v isualized s evere flow o scillations

1 Copyright © 2011 by ASME



including flow r eversal u sing water in an el ectrically heated
evaporator ¢ onsistingof six Im mx 1 mm! arge pa rallel
channels. I n some of the channels of the evaporator, the
pressure drop across the channels was found to increase with
vapor generation resulting in the decrease of the mass flow rate.
As a result, the mass flow rate through other channels increased
and le d to in stabilities. H etsroni e ta 1. [ 4, 5] te sted s everal
parallel tr iangular micro-channels with h ydraulic d iameters
from 0.1 to 0. 16 mm and number of channels from 17t 0 26
using water. They observed that once bubble nucleation begins,
the bubble grows rapidly and occupies the entire channel. The
rapid bubble growth pushes the liquid-vapor interface on both
caps of the vapor slug at the upstream and the downstream ends
and leads to a reversed flow. After the bubble reaches the inlet
or the outlet plenum, the channel gets rewetted and refilled with
liquid. Not all the channels are rewetted and refilled with liquid
atth e s ame t ime r esulting in la rge temperature d ifferences
across the heat sink. Qu and Mudawar [11, 12] have visualized
compressible v olume in stabilitiesa nd p arallel ¢ hannel
instabilities for 2 1 parallel micro-channels with channel width
215 um and c hannel de pth 821 pum. The co mpressible flow
instability ca used s evere p ressure d rop o scillations acr oss the
heat sink. The parallel channel instabilities were intensified at a
high heat flux and resulted in back flow of the vapor into the
upstream p lenum. Chang and Pan [ 6] tested a micro-channel
heat sink with fifteen 99.4 pm wide and 76.3 pm deep parallel
channels us ing D I water a s working fluid. They o bserved
forward an dr everse s lug oran nular f lowt hatap peared
alternatively in every channel. Severe pressure oscillations
were n otices a s well a sth e v apor f low in to th e upstream
plenum. L ee and Yao [ 13] conducted tests with DI water and
48 parallel micro-channels that were 0.235 mm wide and 0.71
mm deep. They have visualized long period cyclic fluctuations
in heat sink temperature as well as the water inlet temperature.
The oscillations in heat sink surface temperature of 15 °C were
measured.

Parallel channel instabilities present in two-phase heat
sinks may ber educed o r e liminated b y one the following
means: (1) introducing a relatively 1 arge pressure drop at the
inlet o feac ho f the ¢ hannels; ( 2) d ecreasing t he s uperheat
required for the onset of nucleate boiling inside the channels; or
(3) physically separating the vapor p hase from t he t wo-phase
mixture in the ¢ hannels. Kandlikar [10] and B ergles an d
Kandlikar [3] predicted th at b y i ncluding a n i nlet r estrictor
before each channel, t he p arallel ch annel i nstabilities can be
avoided. Kosar et al. [7], Agostini etal. [14], and Wang et al.
[15] tested micro-channel heat sinks with integrated inlet slits
and showed that the instabilities were suppressed. The penalty
was an increased total pressure drop. In addition, the inlet slits
(or re strictors) are very difficult t o manufacture dueto very
small si zes. Furthermore, one r estrictor de sign may n ot be
effective across a wide range of operating conditions. Kosar et
al. [16] and Kuo and Peles [17] used reentrant cavities on the
micro-channel inner walls to decrease the nucleation superheat
and consequently the instabilities. These reentrant cavities were
formed on to t he micro-channel w alls using m icromachining

techniques. The cavities on microchannel walls were found to
successfully d elay the p arallel ¢ hannel instabilities a nd to
increase the CHF. Although, the benefits o f the c avities were
demonstrated, the micromachining method is too expensive for
high volume micro-channel heat sinks. David et al. [18] used a
hydrophobic membrane t o1 ocally v entt he v apor f rom a
microchannel. This concept is limited to high surface te nsion
fluids a nd b ecomes i neffective for many e lectronics co oling
fluids that typically have low surface tension (e.g. refrigerants,
dielectric f luids). Compressible v olume i nstability ¢ an be
suppressed by including an upstream throttling valve [ 11 and
12]. R apid bu bble g rowth i nstability ¢ an be minimized b y
increasing the channel size and decreasing the bubble departure
diameter.

The o bjective o f't his p aper i st o m inimize t he p arallel
channel instabilities and the rapid bubble growth instability by
developing heat s inks with microporous c oating o n ¢ hannel
walls. The microporous coating can reduce the incipient boiling
superheat to start nucleating vapor bubbles, decrease the bubble
departure d iameter, an d increase t he channel heat transfer
coefficient, t hus a llowing t he u se o f heat sinks with la rger
hydraulic diameters.

NOMENCLATURE

Weh channel width (mm)
den channel depth (mm)
Nen number of channels

TEST ARTICLES

A heat s ink model was de veloped t o compute the h eat
transfer co efficient and the pressure drop across the heat sink
channels for a given heat flux, coolant flow rate and heat sink
geometry. The two-phase heat transfer coefficient was predicted
using g eneralized Chen’s correlation [19]a nd the
Homogeneous E quilibrium Model was used t o c ompute t he
two-phase pressure drops across the channels.

The m odel was used to determine a working fluid with
most favorable th ermophysical p roperties. [t was also critical
that t he s elected working fluid h ad ap ositive p ressure at
ambient temperatures as low as 15°C to ensure that no gases
entered t he t est | oop. R 245fa r efrigerant was s elected as t he
working fluid.

The heat sink overall dimensions were 25.4 mm x 25.4 mm
x 6.4 mm. The channel width for the first three heat sinks tested
was 1.2 mm in part because previous w ork [20] successfully
demonstrated that a microporous coating could be applied to 1
mm wide pin fins, which is approximately the same dimension
ast he ¢ hannel s ize selected. The model wasalsousedto
evaluate different heat sinks with different channel depths and
number o fch annels. The d ependence o f the heat s ink b ase
temperature on the channel depth and the number o f c hannels
for R245fa refrigerant are shown in Figure 1.
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Figure 1: Heat sink base temperature versus channel depth
for various heat sink designs

As t he ch annel d epth i ncreases, t he t otal cr oss-sectional
area available for flow and the heat sink surface area increase;
however, t he heat sink surface ef ficiency an d t he a verage
channel heat transfer coefficient decrease. For a low number of
channels (e.g. 5 channels), very d eep channels are needed to
provide s ufficient f in s urface ar ea. F oral arge n umber o
channels (e.g. 15 channels), no improvement in performance is
achieved by increasing the channel depth as shown in Figure 1,
where the heat sink base temperature increases with increasing
channel depth for the 12 and 15 channel cases. F or reference,
the fin thickness for 15 channels is only 0.3 mm resulting in
high heat conduction resistance along the fins.

After reviewing various c ombinations of t he num ber o f
channels and the channel depth, it was decided to design a heat
sink with twelve 3.2 mm deep channels and 0.6 mm wide fins.
The h eat s ink b ase t hickness was d ecidedtobe 3.2 mm to
ensure g ood h eat s ink b ase f'latness an d s ufficient s tructural
integrity o ft he he at s ink. Two2 mm't hick fins were a Iso
designed o n each s ide o ft he h eats ink ( peripheral fins) t o
further increase the structural integrity of the heat sink and to
prevent heat sink deformation during clamping of the sightglass
ontop of the fins. In addition, a few m ore heat s inks were
developed that had only three channels with channel width 5.8
mm and the same channel depth of 3.2 mm for further testing of
the microporous ¢ oatings. Heats ink d imensionsa ndt he
microporous ¢ oatings types a pplied on the h eats inks ar e
summarized in Table 1.

Youetal [21] examinedthe effects o fp article size on
boiling pe rformance of microporous e nhanced s urfaces using
five d ifferent s izes o f d iamond p articles a nd F C-72 w orking
fluid. The results of their findings were that the incipient wall
superheat t o s tart nucleating v apor b ubbles on m icroporous
coatings with the particle size from 20 to 50 pm was 6-times
lower than that for the plain surface. Based on these results, it
was predicted that the optimal microporous coating for R245fa
refrigerant and mini-channel heat s inks would have a particle

diameter around 25 pm and be approximately 75-100 um thick.
Hsu’s criteria predicted the most o ptimal c avity mouth radius
for R245fain therange from5t o 15 um. T his cavity size
corresponds to particle diameters from 10 to 40 pm.

Table 1: Heat sink parameters and microporous coating
types

Heat Wen den N¢, | Microporous Coating
Sink (mm) | (mm)

Test

Sample

1 1.2 3.2 12 | none

2 1.2 3.2 12 | ABM coating

3 1.2 3.2 12 | Sintered coating 1
4 5.8 3.2 3 | none

5 5.8 3.2 3 Sintered coating 1
6 5.8 3.2 3 Sintered coating 2
7 5.8 3.2 3 Sintered coating 3
8 5.8 3.2 3 | ABM coating

The ke yr equirements fort hec oating were u niform
thickness, go od a dhesion, a nd go od c overage. Two d ifferent
approaches of po rous c oating fabrication a nd de position
methods were investigated. The first ap proach used an ABM
(A=Aluminum p articles, B=Brushable cer amicep oxy,
M=Methyl et hyl ketone)c oating [ 22] whilet he second
approach formed a microporous c oating b y sintering ¢ opper
particles on channel walls.

The ABM coating consists of particles, binder and carrier. The
particles provide the structure material to create the required re-
entrant cavities. The binder or glue binds the particles together
and to a heating surface. Since the particles are solid and the
binder is usually very viscous, a volatile carrier liquid is used to
allow for adequate mixing of the particles and binder, and for
application o f't he p articles and b inder t ot he s urface. T he
carrier ev aporates af ter ap plying t he co atingt ot he h eated
surface. The coating was d eposited to the surface o fthe heat
sinks b y a s pray c oating method. The | ayer t hickness was
controlled within ~10 um. For better uniformity of the coating
thickness, t he ¢ oating mixture was a pplied by s praying w ith
compressed ai . F orag ivenav erage p article s ize o f the
aluminum powder, the final coating thickness was regulated by
the time and number of passes with the spray gun over the area
to be coated. After applying the coating to a test sample, the
sample was s ectioned, metallurgically mounted, and p olished.
The sample was inspected using an optical microscope and an
SEM. After inspecting the quality o fthe co ating, t he co ating
bonding s trength was also tested by i mmersing t he he at sink
coated with ABM co ating i n an u ltrasonic b ath. I n the p ast,
various d urabilityt ests werep erformedt hati ncluded
immersion of the coated sample for 4 days in an ultrasonic bath
at 4 kHz frequency or use of the coated sample in a continuous
boiling test at 15 W/cm2 for 110 hrs. In these tests, no particle
loss or c oating de tachment was obs erved i n S EM i maging.
Therefore, the ABM microporous coating is securely attached
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to the surface and can be expected to be stable through multi-
year s ervice. A p hotograph o fthe ABM co ating ap plied to a
mini-channel heat sink is shown in Figure 2.

(@)

(b)

Figure 2: ABM microporous coating on a copper heat sink
fin; (a) 200-times magnification, (b) 1540-times
magnification

The thickness of the co ating was approximately 45 pm. T he
average pore size of the coating ranges approximately from 2 to
10 pm.

The Sintered Coating was pr oduced by bon ding ¢ opper
metal p articles to a h eats ink wall by solid s tate s intering.
Sintering forms a strong metallurgical bond among the particles
with very good adhesion to the base substrate. Three different
variations o f this c oating were te sted. S intered co ating 1 had
approximately 5to 15 pum large pores and was 35 pum thick;
Sintered coating 2 h ad approximately 10 to 30 pum large pores
and was 70 pm thick, and Sintered coating 3 had approximately
10 to 30 pm large pores and was 500 um thick. A photograph
of Sintered coating 1 on the heat sink fin is shown in Figure 3.

(@)

(b)

Figure 3: Sintered coating 1 on a copper heat sink fin; (a)
200-times magnification, (b) 1000-times magnification

The av erage co ating t hickness was around 35 pm. As
shown, the average pore size ranges approximately from 5 to 15
pum and provides a high density of nucleation sites for bubble
nucleation.

TEST BED AND TEST SECTION

A two-phase pumped 1oop test bed for testing heat sinks
with and without the porous coating was designed and built. A
layout of the test loop is shown in Figure 4.

The testbed is c omposed of atestsection, a co ndenser
witha ¢ oolingb ath,a DC pump (Fluid-O-Tech
MG213XPB17), a single phase flow filter or filter 1 (440 um)
and a f lowmeter 1 ( McMillan 1 04-8E, £ 0.05 LPM), a tw o-
phase f low filtero r filter 2 (15 um) and a flowmeter 2
(McMillan 1 04-5E, + 0.005 LPM) in p arallel to th e s ingle
phase flow meter and the filter, a pre-heater with a PID
controlled power supply, and a two-phase reservoir to regulate
the I oop p ressure ( by ad justingt het emperature o ft he
reservoir). A ¢ harging port was pl aced be fore t he pum p and
used t o ev acuate a nd ch arge t he I oop. The 1 oop was also
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instrumented with several T-type thermocouple probes (Omega
TJC48-CPSS-062G-2) that were i nserted i nto t he r efrigerant
lines. All the loop components were well insulated using silicon
foam insulation.

Filter 1 Pump Charging
Flowmeter 1 Port
Flowmeter 2
Filter 2
Pre-heater
. ) Test
eservoir section Condenser

Figure 4: A layout of the test bed for testing heat sinks

Several factors were considered d uring t he d esign o ft he
test section. The test section had to ensure a simple installation
of the heat sink and to provide temperature measurements o f
the heats inkb aseas wellas t emperature an d p ressure
measurements o f the refrigerant atthe inletand outlet ofthe
heat s ink. Furthermore, the test section had to provide visual
access t o the boiling process inside the he ats ink. Ac ross-
section view of the test section with a heat sink is provided in
Figure 5. The test s ection housing was fabricated from high
temperature resistant PolyEther-Ether-Ketone (PEEK) plastics.
The heat sink was inserted into the PEEK housing. A silicon o-
ring was inserted into a groove formed in the PEEK to seal the
heat sink from the ambient. Borosilicate glass was placed atop
the heat sink and c ompressed against the PEEK housing with
an aluminum flange to provide visual access to the heat sink
channels. A second o-ring was used to seal the gap between the
borosilicate glass and the PEEK housing. A copper block with
two 500 W car tridge h eaters was used t o s imulate the heat
source.

To obtain an accurate measurement of the amount of heat
that was conducted into the heat sink, three holes were drilled
into the pedestal ofthe heater with a depth of 7.87 mm and a
distance fromeach o ther3 .18+0.05m m. Three T-type
thermocouples werei nsertedi ntot heh olesan dt he
measurements of the three temperatures were used to calculate
the heat flux. Aspring-loaded bolt with a swivel pad was used
to uniformly press the heater against the heat sink. Shin-Etsu G-
751 t hermal i nterface material was ap plied o n t he i nterface
between the heat sink and the heater block to minimize thermal
interface r esistance. Four thermocouples with a solid ¢ eramic
insulation were made and inserted through the heater block and
pressed ag ainst t he heat s ink base. The t hermocouples were
located 7.6 mm fromtheedgeofthe heatsinkand 0.5 mm

underneath the channels. It is believed that the thermocouples
were close enough to the heat sink channels so that variations in
refrigerant flow could b e r egistered. A thermocouple (Omega
TJC48-CPSS-062G-2) a nd an ab solute p ressure t ransducer
(Omega PX481AD-100-G5V, £0.1 PSI) were placed at the inlet
to the heat sink and another thermocouple and absolute pressure
transducer were placed at the outlet of the heat sink. In
addition, a d ifferential p ressure t ransducer ( Omega P X2300-
25DI, £ 0.06 PSI) was connected betweent heinletandthe
outlet o ft he h eat s ink. The h eater b lock was well i nsulated
using amorphous silica blanket with thermal conductivity 0.02
W/mK.

Flange
Inlet Sight glass
PEEK Heatsink Outlet
housing
Heater
O-rings

Thermocouples

Figure 5: Test section with the heat sink (cross-section view)

All the heat sinks were fabricated from C1100 copper by
CNC milling. S ixo f theh eats inks wereco ated w ith
microporous coating and two remained uncoated as indicated in
Table 1. A photograph of two of the heatsinksisshownin
Figure 6.

Before proceeding witht hete st,th ete st loop w as
evacuated t 0 < 0.13Pa (10 torr) and charged withd egassed
R245fa refrigerant. The level of dissolved gas in the refrigerant
was <5 ppb. N o additional de gassing of t he r efrigerant w as
required. During the operation, the heat from the heater block
vaporized a p ortion of the refrigerant. A two-phase refrigerant
was ¢ ondensed a nd s ubcooled i n't he ¢ ondenser. S ubcooled
liquid e ntered t he pum p and was pum ped t hrough t he filter,
flowmeter an d t hen p re-heater. T he pre-heater r educed t he
amount of subcooling to <3 °C subcooling. Slightly subcooled
liquid entered the te st s ection w hich contains the h eat s ink.
Temperatures, p ressures, a nd f low r ates were r ecorded at a
sampling rate of 1 Hz.
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Figure 6: Heat sink 2 (left) and heat sink 6 (right)

RESULTS AND DISCUSSION

Before proceeding with two-phase heat sink tests, a series
of single p hase heat s ink tests were co mpleted t o v erify the
operation of the test bed. The heat applied to the heat sink was
calculated from measured current and voltage (the accuracy of
the measurement is estimated to be +3%). The heat load
calculated from voltage and current was in average 5% higher
than the heat load calculated from the heat conduction through
the h eater p edestal. The d ifference wasd uet oh eatl osses
through t he i nsulation. The amount o fhe at absorbed by the
refrigerant an d the a mount o f h eat removed at the condenser
were calculated to be less than 3% different from the amount of
heat applied to the heat sink. These results confirmed that the
test loop was well insulated and that the accuracy of the heat
load cal culated from the conduction through the pedestal was
better than 3%. After verifying the conservation of energy with
the s ingle p hase f low, t wo-phase te sts a t various ¢ onditions
were then performed.

After s tartingt het wo-phaset ests withhe ats ink 1 ,
significant ¢ ompressible v olume i nstabilities were o bserved
[11, 12, and 13]. To eliminate this type of instability, the valve
atth ei nletto th ete sts ection wass lightly ¢ losed. This
additional flow r esistance at the inlet to the te st s ection w as
sufficient to s uppresst he compressible v olume in stability
without measureable increase in the pumping power.

After eliminating the instabilities caused by the two-phase
reservoir u pstream o ft he t est s ection, t ests were p erformed
with different heat sinks. The heat sinks were tested at various
heat fluxes and a constant flow rate. An example of the
refrigerant te mperatures a t d ifferent heat fluxesis g iven in
Figure 7.

—Inlet Plenum Qutlet Plenum ——Condenser Qutlet
——Two-Phase Reservoir —— Condenser Coolant Inlet Preheater Inlet
- - Heat Flux
Heat sink 3
Flow rate: 0.3 LPM
100 - Inlet subcooling:2.9°C | [ 300
1 Pressure: 363 kPa
~ 0 - 250 o
g g R ‘/Heat Flux E
E 70 | 1 ‘ - 200 =
"é Two-Phase : : . =
g 60 - Reservoir ! ) He'atSkaut\et - 150 2
E o £z l H s '
g ——— - - 100 T
e i : Heat Sink Inlet ' v
%]
S ! Condenser Qutlet'_ _ _ _ _ _ _ L 2
_______ / 50 o
30 - e
20 T T T 0

0:00:00 0:14:24 0:28:48 0:43:12 0:57:36 1:12:00

Experiment Time
Figure 7: Loop temperatures for heat sink 3

As s hown, t he r efrigerant t emperatures at t he i nletan d
outlet of the test section remained steady during the test. This
was achieved by controlling the temperature of the two-phase
reservoir. Ast he h eatl oad increased an d more v apor was
produced, t he ex cess 1 iquid was d isplaced into t he r eservoir.
The condenser outlet temperature also increased as the heat flux
increased. The reason for this can be understood as follows: as
more heat was ap pliedt ot he h eats ink, more v apor w as
generated and a | arger p ortion o f't he co ndenser surface was
then used t o co ndense t he vapor;t hus, t he co ndenser area
availablet os ubcoolt hel iquid wasr educed. Thei nlet
temperature was subcooled in average for 2.9 °C. The average
refrigerant temperature at the outlet of the heat sink was 51.6
°C and the average refrigerant pressure at the outlet of the heat
sink was measured to be 362.7 kPa. The saturation temperature
for R245fa at 362.7 kPais exactly 51.6 °C (NIST REFPROP
8.0). The av erage co ndenser o utlet temperature w as 26.8 °C
meaning t hat t he co ndenser s ubcooled t he r efrigerant an
average o f 24.8 °C. T he pre-heater r educed t he a mount o
subcooling to 2.9 °C. Subcooling the refrigerant less than 2-3
°C is very difficult to achieve since the pre-heater setting with
subcooling le ssth an2 ° C easilyr esultsi nb oilingo fth e
refrigerant within the pre-heater.

Heat sink 1 was tested at a flowrate of 0.3 LPM and at base
heat fluxes that ranged from 0t 0 214 W/cm® (and back to 0
W/cm?). The base heat flux was defined as the heat flux into the
heat sink base while the wall heat flux was defined as the heat
flux into the r efrigerant ( from t he heated wall). For d iscrete
base heat fluxes within this range, the refrigerant pressures at
the inlet and the outlet were recorded at a s ampling rate 1 Hz
and are presented in Figure 8.
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Figure 8: Inlet and outlet pressures for heat sink 1 (1Hz
sampling rate)

The o scillations in pressure are clearly p resent; h owever,
they significantly affect the heat sink base temperature only at
heat f luxes a bove ~ 150 W/cm® ass howni n Figure 9.
Thermocouples TC1 to TC4 were located underneath the heat
sink 7.6 mm fromt hee dge o fthe heat sinkand 0.5 mm
underneath the c hannels. (In Figure 9, the thermocouple TC4
readings overlap the rest of the thermocouple readings at 214
W/em?.)

Figure 9: Heat sink base temperatures for heat sink 1 (1Hz
sampling rate)

The m aximum a mplitude o f o scillations in the h eat s ink
base temperature was 5.8 °C. The oscillations in heat sink base
temperature represent the oscillations in the temperature of the
device b eing co oled. Temperature o scillationso f6 °C are
relatively high a nd are not desirable f or ¢ ooling e lectronics
components.

After testing heat sink 1, heat sinks 2 and 3, with different
types of microporous c oatings were also tested. H eat sinks 2
and 3 were tested at exactly the same test conditions as heat

sink 1. For heat sink 3, the results for the refrigerant pressures
atthe inlet and the outlet are presented in Figure 10 and the
heat sink base temperatures in Figure 11.
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Figure 10: Inlet and outlet pressures for heat sink 3 (1Hz
sampling rate)
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Figure 11: Heat sink base temperatures for heat sink 3 (1Hz
sampling rate)

For heat sink 3, the amplitude of the pressure oscillations is
smaller than that for heat sink 1 and the maximum amplitude of
the oscillations in the heat sink base temperature is only 1.4 °C
(compared with 5.8°C for the uncoated sample). Similar results
were obtained for heat sink 2. Heat sinks with porous coating
on the channel walls therefore result in more stable o peration
and h aves maller t emperature o scillations.  Coolinga n
electronic device w ith am aximumh eats ink temperature
oscillation of ~1 °C is much more desirable. For completeness,
some discrepancies were noted in the temperatures measured at
different | ocations o nt he h eat s ink. The t est was t herefore
repeated s everal times and it was found t hat t he d ifferences
were due to the thermocouple contact resistances. Therefore, it
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isb elieved t hatt he act val d ifferencei nh eats ink base
temperature is e ven smaller than it a ppears in Figure 11. For
reference, the model predicts that the temperature o f the heat
sink base varies only 1 °C at 225 W/cm®.

Heat t ransfer p erformances ofh eat sinks 1 to3 were
compared in terms of heat sink thermal resistance and pressure
drop t hrough t he he at s ink. Four s teady s tate heat s ink base
temperatures were av eraged o ver a p eriod o f6 0 seconds and
subtracted f romt hea verager efrigerant inletan do utlet
temperature and divided by the base heat flux, both also
averaged o ver a p eriod 0 £ 6 0 s econds. The s teady s tate was
assumed when the temperature did not change for more than 1
°C in 10 minutes. The comparison is presented in Figure 12.

Figure 12: Heat sink thermal resistance versus base heat
flux for heat sinks 1 to 3

For all h eat sinks, t he t hermal r esistance decreases w ith
increasing he at flux up to ~100 W/cm®. To b etter understand
this be havior, t he model was us ed t o pr edict t he h eat s ink
performance. For example, the average heat transfer coefficient
along t he ¢ hannel a t 50 W/cm® was ¢ omputed t o be 4188
W/m’K while th e h eat tr ansfer ¢ oefficienta t2 00 W/cm®
increased to 8264 W/m’K. One of the simplest explanations for
this increase is that as the vapor void increases and the vapor
slugs move downstream the channel, a thin liquid film forms on
the wall. Asthe heat flux increases, the vapor void increases
and the liquid film thickness decreases. Since the heat transfer
coefficient i s i nversely pr oportional t o t he t hickness of t he
liquid film, it increases as the film thickness decreases.

Figure 12 also includes the heat sink thermal r esistances
for two of the heat sinks tested in the single phase flow regime.
The thermal resistance for heat sink 2 at a base heat flux of 50
W/em® and s ingle phase flow was 0. 425 ° C-cm?/W. For the
same heat sink tested at the same heat flux, the thermal
resistance was reduced to 0.104 °C-cm*/W as the flow regime
changed fromas ingle p hase flow toa t wo-phase fl ow. For
example, at a base heat flux of 50 W/cmz, if the heat sink base
temperature is to be maintained at 50 °C, a single phase loop

will require a coolantat29 °C while a two-phase 1oop could
use a coolant with a temperature of 45°C. In addition, the flow
rate f or t he t wo-phase f low wa s 5-times lo wer than forthe
single phase flow, which translates into a significant reduction
in the pumping power, which directly depends on the flowrate.

A comparison of the thermal resistances of the three heat
sinks clearly shows that the heat sinks with the porous coating
result inal ower t hermal r esistance at al 1 heat fluxes. T he
largest difference occurs at the lower heat fluxes. Ammerman
and You [23] observed that boiling surfaces with microporous
coating have a hi gher n umber o f nuc leation sites a nd hi gher
bubble d eparture frequency. They have observed using FC-72
and a microporous coating that as initial vaporization occurred
within t he microporous ¢ oating, t he e mbryonic b ubble gr ew
rapidly and va por generated from o ne individual 1iquid-vapor
interface was divided into many tiny bubbles (<0.2 mm). The
resulting e ffect a t lo w heat fluxes is high b ubble d eparture
frequency a nds mallb ubbled eparture d iameter. F or an
uncoated s urface, they o bserved bubble d eparture diameter o f
0.7m ma nda Isot hein cipients uperheatto in itiate the
vaporization was h igher. S imilarly, we ¢ ould e xpect t hat th e
heat sinks 2 a nd 3 with por ous c oating will s tart nu cleating
bubbles a t lo wer s uperheat r esulting in s ignificantly lo wer
thermal r esistance at 1 ow heat fluxes. Also since t he b ubble
departure diameter that nucleates on a microporous coating is
smaller, t he b ubbles ar e 1 ess | ikely t o b e r adially r estricted
inside the heat sink channels resulting in more stable operation
with less oscillation in pressure.

A p ressure d rop t hrough t he he at s inks a t d ifferent heat
fluxes was also measured and it ranged from 1.4 to 2.1 kPa. No
measureable difference in pressure drops for the different heat
sinks w as m easured. This was e xpected since addition of the
coating d oes not significantly change the flow cross-sectional
area. F or reference, the ch annel h ydraulic d iameter was 1732
pum while the thickness of the coating was 35 to 45 pm.

Several additional tests were performed using heat sink 3.
The heat sink was tested at three different working pressures:
273 kPa, 363 kPa, and 486 kPa, respectively. At each of these
pressures, the h eat fluxes were varied from zero to the C HF.
The results showed no measurable difference in the CHF and
the h eat s ink t hermal r esistance. Also n o d ifferences were
observed int he a mplitude o fh eats ink b ase t emperature
oscillations at different pressures.

The heat sink was also tested at three different flow rates
from 0. 15t00.45 LPM. It was found that by increasing the
flowr ate byaf actoro ft hree, t he t hermal r esistance w as
reduced by an average of 11%. By increasing the flow rate from
0.15 LPMto 0 .45 LPM, the C HF also increased from 178
W/em® t0267 W/em®. Theam plitudeo ft emperature
oscillations was1 .4°Cat flowratesupto 0.3L PM and
decreasedto 0.9 °C at flowrates higherthan(0.3 LPM.By
increasing t he f low r ate from 0. 15 L PMto 0.45 LPM,t he
pressure drop through the heat sink also increased by 0.7 kPa.

The effect of the refrigerant subcooling prior to entry into
the heat sink was also considered. Increasing the subcooling
increased the heat sink t hermal r esistance. For example, at a
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base heat flux of 115 W/cmz, the thermal resistance was 0.141
°C-cm’/W at an inlet subcooling of 12 °C while t he t hermal
resistance was r educedt 0 0 .093 °C-cm’W fora n inlet
subcooling of 3 °C.Itis ex pected t hat by h aving s aturated
liquidattheinletto the heatsink with no s ubcooling, t he
thermal r esistance will b e further reduced. By increasing the
amount of s ubcooling from 3 to 12 °C,t he he at s ink wall
temperature did not however decrease. Thisisb ecauset he
single phase heat transfer coefficient is several times lower than
the t wo-phase heat transfer c oefficient. In terms o fthe C HF,
increasing t he subcooling from3 °Cto 12 °C resulted in an
increase in CHF from 246 W/cm® to 274 W/cm?. The amplitude
of the heat sink b ase temperature o scillations at subcooling 8
°C and 12 °C was 1.1 °C while it was slightly increased to 1.4
°C as the inlet subcooling decreased to 3 °C.

Heat sinks 4 to 8 were tested at two different flow rates,
0.3 LPM and 0.6 LPM, and at different heat fluxes. Heat sinks
4 to 8 reached CHF at lower base heat flux than heat sinks 1 to
3. At 0.3 LPM (the same flow rate used to test heat sinks 1 to
3), heat sinks 4, 5, and 6 reached the CHF at a wall heat flux of
~23 W/cm® while heat sinks 7 and 8 reached the CHF at wall
heat flux ~40 W/cm?. For reference, heat sinks 1 to 3 reached
CHF at wall heat flux of~23 W/cm’. Since heat sinks 1 to 3
had a total wetted area that was 2.5-times higher than heat sinks
4 to 6,they were ab le t o h andle 2 .5-times h igher b ase heat
fluxes (by only considering uncoated heat sinks and neglecting
the increase of the wetted area due to the porous coating). For
heat sinks 4 to 8, the oscillations in pressure were similar to
oscillations in p ressure for h eat sink 3 s hownin Figure 10,
while the oscillations in temperature were reduced to £0.25 °C.
This was ex pected s ince t he ch annel hydraulic d iameter w as
larger t han forheatsinks 1t o 3 and t he bu bbles w ere n ot
radially restricted by the channel walls.

The summary of the test results at 0.3 LPM for heat sinks 4
to8 ar ep resentedi n Figure 13. Thet hermal r esistance
decreases with increasing heat flux for all o fthe heat sinks,
similar to the results obtained with heat sinks 1 to 3 reported
above. There is however an even more significant improvement
in terms of the reduction in the heat sink thermal resistance (or
increasing heat s ink h eat t ransfer co efficient) f or h eat sinks
with the porous coating. Regarding the thermal resistance, the
lowest thermal resistance was measured for heat sink 7 and the
second lowest thermal resistance was measured for heat sinks 6
and 8. Heat sink 5 had the highest thermal resistance which was
still lower than that associated with the uncoated heat sink (heat
sink 4). The highest heat flux was achieved with heat sink 8 and
the second highest with heat sink 7. Interestingly, heat sink 7
didnotachieveashighofa heatfluxas heatsink 8. With
respectt ot hep ressure d rops,t here w asn o measurable
difference b etween t he h eat s inks a s pr eviously noted. The
trend in heat sink thermal resistance vs. heat flux at 0.6 LPM
was similar to the results obtained at 0.3 LPM; however, both
heat sinks 7 and 8 reached the same CHF at base heat flux of
~175 W/em? (or wall heat flux ~ 45 W/cm?). Similar to results
at 0.3 LPM there was significant reduction in thermal resistance
for h eat s inks with microporous c oating. Also t here was n o

measurable d ifference in pressure drops for heat sinks 4 to 8
tested at 0.6 LPM.

Figure 13: Heat sink thermal resistance versus base heat
flux for heat sinks 4 to 8

One very important f inding c anb e s een b y c omparing
performance of heat sink 1 in Figure 12 to heat sink 7 in Figure
13. Heat sink 1 has four times smaller channels that are more
expensive to manufacture and are more prone to clogging than
heat s ink 7 . F urthermore, h eats ink 7 h as1 ower t hermal
resistance at b ase h eat f luxes ~ 100 W/cm® and s ignificantly
lower oscillations in heat sink base temperatures than heat sink
1. Adding microporous coating o n heats ink ¢ hannels w as
therefore p rovent or educet emperature o scillationsb y
minimizing parallel channel instabilities and also enabled using
heat sinks with larger channels that are less susceptible to rapid
bubble growth instability.

CONCLUSIONS
Three m ini-channel he at s inks with twelve r ectangular
channels, a hydraulic diameter of 1.7 mm, and a channel aspect
ratio of 2. 7, a nd f ive s mall-channel heat s inks with three
rectangular ¢ hannels, a hydraulic d iameter of 4.1 mm, and a
channel aspect ratio of 0.6 were fabricated. All heat sinks had
overall di mensions 25. 4 mm x2 54 mm x 6.4 mm. T wo
different metal powder coatings were developed and deposited
on six of the heat sinks as listed in Table 1. At wo-phase test
bed loop was de signed and built. The heat sinks were t ested
with d egassed R 245fa refrigerant at various he at fluxes, flow
rates, system pressures, and various degrees of refrigerant
subcooling. The following can be concluded from this research:
e Parallel channel i nstabilities were significantly le ss
pronounced with heat sinks with t he p orous ¢ oating.
Adding microporous coating on mini-channel heat
sinks suppressed th e i nstabilities a nd r educed th e
amplitude o fte mperature o scillations from 6 ° C to
slightly more than 1 °C.
e Adding a microporous c oating on t he ¢ hannel walls
did not increase the pumping power or pressure drop
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through the heat sink for any of the tested heat sinks.

e  Mini-channel heat sinks with porous coating (heat sink
2and3 )resulted inav erage 1 .5-times hi gher he at
transfer co efficient t han that o ft he uncoated mini-
channel heat sink (heat sink 1).

e  Small-channel he at s inks with p orous ¢ oating (heat
sinks 5 to 8) had in average 2.5~2.7-times higher heat
transfer coefficient and 1.5~2-times higher critical heat
flux than the uncoated heat sink (heat sink 4).

e Heat sinks with large channels and optimized porous
coating (heatsink 7 and 8 ) can remove heat at t he
same or |l ower heat s ink t hermal resistance and ar e
significantly more s table ( improvedt emperature
uniformity of £0.5°C) than the heat sinks with almost
four times smaller channels without the porous coating
(heat sink 1).
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