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The substrate material and active side characteristics can affect the bubble ebullition cycle and conse-
quently the heat transfer rate and pressure drop in microchannel evaporators. This paper presents an ex-
perimental study on flow boiling patterns, heat transfer rates and pressure drop in multi-microchannels
evaporators made of copper and aluminium. HFE-7100 was used as the test fluid at atmospheric pres-
sure, 5 K inlet sub-cooling, mass flux of 50-250 kg/m?s and wall heat flux up to 174 kW/m?. All heat
sinks were made with channel width 0.46 mm, channel height 0.46 mm, giving a 0.46 mm channel hy-
draulic diameter. The heat sink base area was 25 mm in length and 20 mm in width. The experimental
results showed that similar flow patterns were visualised for copper and aluminium namely bubbly, slug,
churn and annular flow. The heat transfer coefficient in the aluminium heat sink was 12% (average value)
higher than that found in the copper heat sink. The measured pressure drop in the aluminium heat
sink was 28% (average value) higher compared to the copper heat sink. However, the additional pumping
power required to move the fluid through the heat exchanger is small for this factor to be significant. The
SEM images of the surface revealed that the number of cavities (possible nucleation sites) was higher in
the aluminium surface with clear-cutting marks compared to the copper surface. This may explain the
different pressure drop and heat transfer behaviour. The results of the present study indicate that alu-
minium heat sinks can offer comparable thermal performance to that of copper heat sinks and can also
be recommended for cooling high heat flux systems.
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1. Introduction in the thermal management of electronic equipment such as heat

pipes, thermoelectric modules, vapour chambers, single-phase lig-

The thermal management of electronic equipment that generate
a large amount of heat and have a small surface area is still very
challenging. Examples of these equipment include electronic com-
ponents in computers, Laser Diode Bars, Metal Oxide Semiconduc-
tor Field-effect Transistors, Insulated-Gate Bipolar Transistor Mod-
ules (IGBT), Microprocessors and Microwave Power Modules. The
heat flux that needs to be dissipated from small areas in these
equipment can be very high. For example, Karayiannis and Mah-
moud [1] reported that the chip local heat flux can reach up to
50 MW/m? in IGBT modules. These high heat fluxes motivated re-
searchers in academia and industry to propose and test innova-
tive cooling techniques to meet the high heat fluxes encountered
in these applications. Currently, several techniques can be adopted
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uid cooling loops, vapour compression refrigeration cycles, spray
and liquid jet impingement and immersion cooling. For example,
water single-phase flow is currently used in cooling the Summit
computer data centre, which consists of 4608 nodes (power AC922
server) and each node has two IBM POWER9 CPUs and six NVIDIA
Tesla V100 GPUs [2]. These cooling techniques have some restric-
tions and are not able to meet the current and future thermal de-
mand (high/ultra-high heat fluxes) in the aforementioned applica-
tions. Two-phase flow boiling in microchannel heat sinks can be
used in electronics cooling instead of single-phase liquid loops due
to the possible higher heat transfer coefficients, possible uniform
substrate temperature and lower fluid charge. However, the design
of multi-microchannel evaporators still requires full understanding
of the effect of many parameters that affect flow boiling in con-
fined spaces. Accordingly, further research is required to elucidate
the effect of mass and heat flux, channel geometry and material on
flow boiling regimes, pressure drop and heat transfer rates in these
micro-evaporators that can lead to adoption of this technology by
industry.

0017-9310/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Nomenclature

A area, (m?)

b thickness of the heat sink base, (m)
C dimensionless correction factor, (-)

Cp specific heat at constant pressure, (J/kg K)

Dy, hydraulic diameter, (m)

f Fanning friction factor, (-)

G mass flux, (kg/m?s)

H height, (m)

h heat transfer coefficient, (W/m?2 K)

h average heat transfer coefficient, (W/m? K)

i specific enthalpy, (J/kg)

iig latent heat of vaporization, (J/kg)

k thermal conductivity, (W/m K)

K dimensionless incremental pressure drop number, (-
)

L length, (m)

L* dimensionless length, (-)

m fin parameter, (-)

m mass flow rate, (kg/s)

N number of channels, (-)

NSD nucleation site density, (n/m?)

Nu average Nusselt number, (-)

P pressure, (Pa)

Pr Prandtl number, (-)

Q heat rate or power, (W)

q’ heat flux, (W/m?)

R thermal resistance, (K/W)

Ra average surface roughness, (pum)

Re Reynolds number, (-)

T temperature, (K)

v specific volume, (m3/kg)

w width, (m)

X vapour quality, (-)

y distance between thermocouple and channel bot-
tom, (m)

V4 axial distance, (m)

Greek Symbols

o area ratio, void fraction, (-)
B aspect ratio, (-), B = Wy /He,
y surface-liquid interaction parameter, (-)
AP pressure drop, (Pa)

AT temperature difference, (K)
n fin efficiency, (-)

0 dimensionless surface roughness parameter, (-)
0 density, (kg/m3)

o surface tension, (N/m)
Subscript

acc acceleration

app apparent

b base

c cooling

cd conductive

ch channel

cv convetive

exp experimental

f fluid

FD fully developed

fin channel fin

fr frictional

g gas or vapour

ht heat transfer

i inlet

l liquid

Ig Liquid to vapour
m metal

max maximum

meas measurment

min minimum

o outlet

p pump

sat saturation

sc sudden contraction
se sudden expansion
sp single-phase

sub subcooled

sup superheat

th thermocouple

tot total

tp two-phase

w wall

wi internal wall surface
z axial local

The choice of appropriate heat sink material is considered an
essential step in the thermal design of micro-evaporators, with
copper, being on the list of choices. This is because copper has
high thermal conductivity, easy malleability, machinability and is
recyclable. However, copper heat sinks have some drawbacks such
as cost, weight and corrosion. Indeed, the answer to this question
will be more complicated when a small-scale thermal management
system is considered. It is known that heat sinks with different
surface materials will have different thermal conductivity, surface
texture and wettability. These parameters may affect flow boiling
characteristics especially in micro-scale configurations, which have
yet to be fully understood. This can be seen in the large discrep-
ancy among many empirical correlations and models that were
proposed in the literature for the prediction of two-phase flow
patterns, pressure drop and heat transfer coefficient at this scale.
The effect of surface material, surface roughness and wettability
are discussed in the following sub-sections.

1.1. Effect of material

To the best of the authors’ knowledge, only a small number of
researchers studied the effect of channel material on flow boiling
in small to micro passages. Bang and Choo [3] examined flow boil-
ing of R-22 in copper, aluminium and brass tubes with inner di-
ameter of 1.67 mm at a fixed mass flux of 600 kg/m? s and vapour
quality up to 0.9. They mentioned that the effect of surface ma-
terial on the heat transfer coefficient was small. Pike-Wilson and
Karayiannis [4] tested R-245fa in copper, brass and stainless steel
vertical tubes with diameter 1.1 mm. Their results showed that the
effect of material was not significant when the local vapour qual-
ity was less than 0.35. However, at qualities above 0.35, brass and
stainless-steel tubes had higher heat transfer coefficient than the
copper tube. They concluded that the material itself did not have
a significant influence on the heat transfer coefficient and differ-
ent surface roughness and characteristics of the three tested tubes
could account for this difference. They also reported that, for the
tested fluid, annular flow was the dominant flow pattern in all
tubes. In addition, the two-phase pressure drop in the brass tube
was the highest, while the stainless steel tube provided the low-
est pressured drop. Vandervort et al. [5] examined the effect of
material on the critical heat flux for water flow boiling in metal-
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lic tubes with inner diameter 0.3-2.7 mm, made of stainless steel
(with different grades), nickel, brass and Inconel 600. They found
that the effect of surface material on the CHF was insignificant. In
some of the work above, varying the material may result in dif-
ferent surface roughness and thus it may be difficult to separate
the effect of the two factors, i.e. roughness and material. The in-
significant effect of material reported above by researchers may be
due to the fact that the tested tubes are thin-wall tubes, i.e. no big
difference in the material heat capacity or thermal inertia. In mi-
crochannel heat sinks, the channels are usually machined/cut on a
thick metal plate. Thus, the material heat capacity might have an
effect in multi-microchannel evaporators.

1.2. Effect of surface roughness

Jones and Garimella [6] tested the effect of roughness on flow
boiling of deionized water in copper microchannel heat sinks with
0.5 x 0.5 mm cross section. They used two manufacturing meth-
ods to vary the surface roughness namely, saw-cutting and elec-
trical discharge machining. The obtained average surface rough-
ness was found to be 1.4, 3.9 and 6.7 pm. It was found that, at
heat fluxes less than 700 kW/m?, the effect of surface roughness
on the heat transfer coefficient was small. In contrast, at higher
heat fluxes, the surfaces with 3.9 and 6.7 pm roughness exhib-
ited higher heat transfer coefficient than the surface with 1.4 pm
roughness. Moreover, the pressure drop was high in the roughest
surface (Ra = 6.7 ym) and low in the smoothest one (Ra = 1.4 pm).
Alam et al. [7] studied flow boiling of deionized water in silicon
micro-gap heat sink. They modified the surface to obtain average
roughness of 0.6, 1.0 and 1.6 pm. It was found that the heat trans-
fer coefficient and nucleation site density increased with increasing
surface roughness, while the effect of roughness on pressure drop
was insignificant. Jafari et al. [8] investigated flow boiling of R134a
in rectangular microchannels having channel height and width of
0.7 and 0.25 mm, respectively. They tested three copper heat sinks
having different surface roughness of 0.21, 0.96 and 2.38 um. Their
results showed that the heat transfer coefficient and the pressure
drop increased with increasing surface roughness.

Different surface finish could result in different surface mi-
crostructures (surface characteristics), which include deposits,
flakes, debris, cracks and scratches as reported in the literature.
The geometry of surface cavities (possible nucleation sites) is an
important parameter and should be considered in discussing the
effect of surface characteristics rather than simply the average
surface roughness. This is because different surface profiles may
show similar surface average roughness, see [9]. The different sur-
face microstructure may define the size and number of nucleation
sites, which could affect the flow boiling characteristics. Karayian-
nis et al. [10] examined flow boiling of R134a in vertical stainless
steel tubes with 1.1 mm inner diameter and reported different heat
transfer results due to difference in surface microstructure. They
tested seamless cold drawn and welded tubes. The SEM images in-
dicated that the surface of the welded tube is extremely smooth
compared to the cold drawn tube. The welded tube showed that
the local heat transfer coefficient varied significantly along the
tube, without a clear and as expected increasing trend with heat
flux. In contrast, the cold drawn tube showed an increase in the
heat transfer coefficient with heat flux with a small variation along
this tube. They attributed this to the existence of a higher number
of nucleation sites on the cold drawn tube.

1.3. Effect of wettability
Different fluid-surface combinations can result in different con-

tact angles, i.e. wettability, with fluid-surfaces identified as tend-
ing to be hydrophobic (contact angles greater than 90°) and hy-
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drophilic (contact angles less than 90°). Vontas et al. [11] carried
out a numerical study using ethanol in a stainless steel channel
having 0.2 mm hydraulic diameter. Different ranges of dynamic
contact angle were tested (from 19 to 120° for the advancing and
8-15¢ for the receding contact angle). They reported that slug flow
occurred at all conditions while churn flow was only formed at low
mass flux and high heat flux. Their results showed that, the hy-
drophilic surfaces exhibited slightly higher heat transfer rate com-
pared to the hydrophobic surfaces. This was attributed to the dom-
inance of liquid film evaporation in the hydrophilic surfaces while
evaporation was only restricted to the three-phase contact line in
the hydrophobic surfaces. Ahmadi and Okawa [12] carried out an
experimental investigation on sub-cooled boiling of deionized wa-
ter in a vertical copper channel with dimensions of 10 x 20 mm
at a fixed mass flux of 400 kg/m? s and pressure 100-400 kPa. The
surface wettability was modified by different degrees of surface ox-
idation and the static contact angle was 18, 57, 94 and 97°. It was
found that at the onset of nucleate boiling, the bubbles stayed at-
tached to the surface on the hydrophobic surfaces with fluctua-
tions in size. In contrast, the bubbles were found to depart their
nucleation sites on the hydrophilic surfaces, i.e. lift-off and slide
along the surface. Additionally, at the onset of nucleate boiling, the
nucleation site density was found to decrease with increasing sur-
face wettability, i.e. larger number of bubbles on the hydrophobic
surfaces. Choi et al. [13] conducted an experimental investigation
of water flow boiling in glass rectangular microchannels with 0.5
mm hydraulic diameter and contact angle of 25 and 105°. It was
reported that the hydrophobic surfaces achieved higher heat trans-
fer coefficients compared to the hydrophilic surfaces. The authors
attributed this to the higher number of active nucleation sites and
the liquid film motion. They also found that the hydrophobic sur-
faces provided higher pressure drop [14]. Tan et al. [14] carried out
a numerical study using a silicon micro-tube with 0.6 mm inner
diameter and water with contact angle of 40 and 120° plus a wet-
tability gradient along the tube from 120-40°. They demonstrated
that the effect of surface wettability on the heat transfer coefficient
can vary according to the flow patterns and mass flux range. Bub-
bly, confined bubble and slug flow were identified at wall heat flux
of 150 kW/m? and mass flux of 140, 280 and 560 kg/m?2s. Trieu
et al. [15] conducted an experimental study using water in a rect-
angular channel. The channel height, width and length were 0.5, 5
and 180 mm, respectively. Four different static contact angles were
tested namely 26, 49, 63 and 104°. They found that the two-phase
pressure drop increased with increasing contact angle, i.e. with av-
erage difference of 170% between the 104° and the wetting surface
with a contact angle of 26°. They noted that the higher surface
tension force of the high contact angle surface could maintain the
bubbles on the channel surface leading to higher frictional pressure
drop.

As disused above, the effect of surface material on the flow
boiling characteristics in mini and microchannels was not widely
studied and conclusively or clearly understood. Channel surfaces
made of high thermal conductivity material do not always show
better thermal performance. Different surface microstructure — not
always identified using the average surface roughness parameter
alone - could play a significant effect on flow boiling characteris-
tics. The number and size of active surface cavities per unit area is
increasing in importance as the passage size decreases. The fluid-
surface combination resulting in different contact angles can also
be an important parameter. The present study aims to investigate
the thermal performance of two heat sinks made of two different
metals, i.e. copper and aluminium, in flow boiling of HFE-7100 in
multi-microchannels with channel hydraulic diameter of 0.46 mm.
The thermophysical properties of this eco-friendly and dielectric
refrigerant obtained from EES software at atmospheric pressure are
presented in Table 1. All experiments were carried out at 1 bar sys-
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Table 1
Thermophysical properties of HFE-7100 at 1 bar obtained from EES software.
U/kgl pilkg/m®]  pelkg/m®]  k[W/mK]  cpll/kgK]  o[N/m]
111661 1373 9.575 0.06206 1157 0.0136
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Fig. 1. Experimental facility [16].

tem pressure, 5 K inlet sub-cooling, 50-250 kg/m?s mass flux and
wall heat flux up to 174 kW/mZ2.

2. Experimental system
2.1. Experimental rig

The experimental study was conducted using the rig depicted
in Fig. 1 and described in detail in [16,17]. The rig consisted of a
9-litter liquid reservoir, tube-in-tube sub-cooler, micro-gear pump,
two Coriolis flow meters, pre-heater with 1500 W, DAQ-system
(National Instruments) with a frequency of 1 kHz, cooling coil con-
denser and the test section. A chiller system with cooling capacity
of 2.9 kW was also connected to the rig to reject the heat from
the reservoir and the sub-cooler. The cooling coil and the immer-
sion heater were placed inside the reservoir to control the system
pressure during the experiments and to help conduct the degassing
process. Moreover, the pre-heater was used to control the fluid in-
let sub-cooling at the test section. A digital driver was connected
to the micro-gear pump to adjust the flow rate. This pump can
supply flow rate up to 2,304 ml/min. Two Coriolis flow meters (for
low and high mass flow rates) with accuracy of +0.1% were used to
measure the flow rate. Three Variac transformers were connected
to the reservoir, the pre-heater and the test section in order to ad-
just the supplied power. A power meter, model Hameg HM8115-2
with accuracy of +0.4%, was connected to the test section to mea-
sure the input power. A set of measuring sensors, such as thermo-
couples and pressure transducers, were mounted at different loca-
tions in the rig. These sensors in addition to the flow meters were
connected to the DAQ-system and then to the computer. LabView
software was installed and used to record all the measuring sig-
nals during the experiments. In this study, two-phase flow patterns
were captured using a Phantom high-speed camera (1000 fps at
512 x 512 pixel) coupled with an LED lighting system and Huvitz
HSZ-645TR microscope.

2.2. Cooper and aluminum test sections
The test section consisted of four main parts, namely the bot-

tom plate, the housing, the cover plate and the heat sink block, see
Fig. 2 and [16]. The housing and the bottom plate were made of a
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Polytetrafluoroethylene block to minimize the heat loss. The cover
plate was manufactured using a transparent polycarbonate sheet
to allow flow visualisation. This plate also included both the inlet
and outlet plena, with a semi-circular shape. It also included four
tapping holes to insert the inlet/outlet fluid thermocouples, in-
let/outlet pressure transducers and the differential pressure trans-
ducer ports, see Fig. 2(b). The cover plate was placed on the top-
side of the housing. An O-ring was inserted between the cover
plate and the heat sink block to prevent fluid leakage. The heat
sink block was designed and manufactured with width, length and
height of 26, 51 and 94.5 mm, respectively, as shown in Fig. 3(a).
This block included multi-microchannels on the topside and four
vertical holes at the bottom side. These holes were used to in-
sert four cartridge heaters having total heating power of 700 W.
Twelve K-type thermocouples were inserted into this block. These
thermocouples were used to assess the temperature distribution
along the microchannels, in the vertical and transverse direction.
All heat transfer calculations were computed along the channels at
three locations, i.e. three thermocouples were inserted underneath
and along the channels. Furthermore, five of the vertical thermo-
couples were used in the measurement of the base heat flux and
to help confirm that there was 1D heat conduction in the vertical
direction.

A high-precision milling machine, model Kern HSPC-2216, was
used to fabricate the two heat sinks of copper and aluminium with
similar channel dimensions. The microchannels and the inlet and
outlet plena with semi-circular shape were milled on the top sur-
face of the heat sink block as shown in Fig. 3(b). Thirty six hor-
izontal square multi-microchannels were fabricated with a chan-
nel height and width of 0.46 mm and a separating fin width of
0.1 mm. An optical coordinate measuring machine, model TESA-
VISIO 200GL, with an accuracy of +2 pum was used to measure all
the channel dimensions. These microchannels had a total base area
of 20 mm width times 25 mm length. The average surface rough-
ness of the channel bottom was measured using Zygo NewView
5000. This value (the average value at three different locations)
was found to be 0.286 and 0.192 pm for copper and aluminium
channels, respectively.

Oxygen-free copper block having a thermal conductivity of 390
W/mK at 25°C was chosen. It is worth mentioning that there are
many aluminium grades that can be used in industrial applications.
However, the grades 6060, 6061 and 6063 are most commonly
used in heat exchangers and heat sinks [18]. Accordingly, 6063 alu-
minium alloy with 204 W/mK thermal conductivity at 25°C was
chosen in the present study. It was decided to examine the thermal
performance of aluminium heat sink instead of other metals due to
the following reasons: (i) Light weight; the weight of the present
microchannel heat sink, without the heating block, is 22.4 and 6.8
g for copper and aluminium, respectively, i.e. a reduction of about
70% which may be a required criterion for some applications in
electronics cooling. (ii) Low cost; the metal price/kilogram of alu-
minium is roughly £2.25, while this increases to £7.02 for copper
(see: www.dailymetalprice.com). (iii) Low aging factor; microchan-
nel heat sinks made of copper are expected to show deterioration
in flow boiling heat transfer during long-running operations due to
oxidation [19]. However, aluminium can create a protection layer,
i.e. alumina, on the surface.

Different surface materials may result in different surface mi-
crostructures that may affect the thermal performance of any
heat sink. Therefore, a Scanning Electron Microscope, model LEO
1455VP, was used to conduct a SEM analysis for both channel bot-
tom surfaces. Fig. 4 depicts the SEM images taken at a magnifica-
tion of 2000X. It can be seen that although the same machining
conditions were used during the manufacturing process, the alu-
minium surface was different compared to that of copper. The alu-
minium surface had different and more cutting marks than those
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Fig. 2. Test section: (a) Exploded drawing [16] (b) Photograph of the test section.

on the copper surface. Different marks may lead to different sur-
face peaks and valleys. Moreover, more debris and a higher num-
ber of cavities were found on the aluminium surface compared to
copper. Fig. 4(b) shows that the cavity mouth size of aluminium
looks larger than those of copper. Different material properties
may lead to these differences in the surface microstructure. This
may play a significant role in flow boiling characteristics especially
in micro-scale geometries.

3. Data reduction
3.1. Single-phase flow

The local single-phase heat transfer coefficient was calculated
as follows:

h @ = q//w _ q//b(Wch + Wfin)
sp(z) = =
(Twi(z) - Tf(z)) (Twi(z) - Tf(z)) (Wch + 277Hch)

(1)

where gy, q;, Hon Wone Wrin, Twizy» Tr(r) and n are the wall heat
flux, base heat flux, the channel height, the channel width, the
fin width, the local inner surface temperature, the local fluid tem-
perature and the fin efficiency, respectively. The wall heat flux
is based on the total active heat transfer surface area (A , see
equation 8 below) and the base heat flux on the length of the
channels times the total microchannel width (25 mm x 20 mm).
The base heat flux was estimated from the measured vertical wall

temperature gradient as given by Eq. (2) below

" dT

qb = —kmE (2)

y=0
where k;, is the metal thermal conductivity. The fin efficiency in
Eq. (1) was calculated using Eq. (3) and (4) below.
__ tanh (mH,)
- mHCh

V kafin

h(, is the heat transfer coefficient (single or two-phase, as the
case might be). The local surface inner temperature was calculated
using Eq. (5), while the local fluid temperature was found using
Eq. (6).

3)

(4)

1
Twi(z) = Tth(z) - qkby (5)
m
q"yWpz
Tf(z) = Tfi + mel (6)

Tihp and y are the local thermocouple temperature and the
vertical distance between the topmost thermocouple and the chan-
nel bottom, respectively. The average Nusselt number Nu was cal-
culated using Eq. (7).

l Lch hSp(Z)Dh dz

N_u=
Ly o Kk

(7)
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where Dy, and k; are the channel hydraulic diameter and the liquid
thermal conductivity, respectively. The total heat transfer area Ay,
was calculated using Eq. (8) for a three-side heated channel, i.e.
adiabatic cover plate.

Ape = 2Hgp +Wep) LN (8)

Ly and N are the channel length and the number of chan-
nels, respectively. The channel mass flux was obtained by assuming
equal flow distribution among the channels as follows:

m
Gch HcthhN (9)

The experimental single-phase Fanning friction factor was cal-
culated using Eq. (10) while the channel pressure drop was calcu-
lated from Eq. (11),

APchDh
10
fewp 2L G, (10)
APy = APreas — (AP + AP) (11)

where APpeqs, APy, and AP are the total measured pressure drop,
the sudden contraction pressure drop at the channel inlet, and the
sudden expansion pressure drop at the channel outlet, respectively.
The total pressure drop was measured directly from the differen-
tial pressure transducer, while other components were calculated
as follows, see Remsburg [20]:

1

APe = 5Ghu[1-0? +0.5(1 — )] (12)
1, 1 2

AP, = icch”’[*az “1+(-0) ] (13)
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where « is the area ratio, o = 57

3.2. Two-phase flow

The local two-phase heat transfer coefficient was calculated
from Eq. (14):

q"s(Wep +Wrin)
Twi(z) - Tsat(z)) (Wch + anch)

The local saturation temperature Ty, () was found from the cor-
responding local pressure, see Eq. (15), by assuming a linear pres-
sure drop along the channels.

Z— Lsub )
L swb ) Ap,
Lch - Lsub R

where Py (; suby» Z Lsyp and AP;p are the local saturation pressure at
the end of the single-phase region, the axial distance, the single-
phase length and the two-phase pressure drop, respectively. The
two-phase pressure drop AP was calculated by subtracting the
single-phase pressure drop from the channel pressure drop as fol-
lows:

Aptp = APch - APsp (16)

The channel pressure drop AP.in the two-phase flow was cal-
culated using Eq. (11), as mentioned above, but after replacing
Eq. (13) for the sudden enlargement at the channel outlet in single-
phase flow with Eq. (17) below for two-phase flow, from Collier
and Thome [21]

htp(z) = ( (14)

Psut(z) = Psat(z,sub) - ( (15)

v
AP = G (1 — a)v,[l + #xo] (17)
1
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Fig. 4. Topography images of the channel bottom from SEM at a magnification of
2000X and scan area of 0.105 x 0.14 mm: (a) Copper (b) Aluminium. Red circles:
debris. Yellow squares: cavities.

where v, is the difference in specific volume between vapour and
liquid and x, is the vapour quality at the channel exit. The local
saturation pressure at the end of the single-phase region was cal-
culated using Eq. (18), while the single-phase length was obtained
from Eq. (19).

2 farpG2 Laup
Psat(z,sub) = Pl - % (18)
ThCl T, sub — Ty
= D ( sat(z,sub) fl) (19)

q"sWp

The apparent Fanning friction factor fgpp for developing laminar
flow was calculated from Eq. (20) proposed by Shah and London
[22] as follows:

3.44

frpRe + % —3.44/V1*

_ n 20
Japo RevL* Re(1+C(L*) -2) (20)
L* = Lg,/ReDy, (21)
froRe = 24(1 —1.3558 + 1.94682 — 1.70128°

+0.95644* — 0.2537p°) (22)
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Fig. 5. Schematic diagrame of thermal resistance network for a single channel and
half fin [not to scale].

where K., C, 8 and L* are the dimensionless incremental pressure
drop number, the dimensionless correction factor, the channel as-
pect ratio and the dimensionless length, respectively. The dimen-
sionless incremental pressure drop number and the dimensionless
correction factor were obtained from Shah and London [22]. It can
be seen from Eq. (18) that an iteration process should be con-
ducted between Eq. (18) and (19) to find the local saturation pres-
sure at the end of the single-phase region and the single-phase
length. The local vapour quality was calculated using Eq. (23) be-
low.

X = ‘@ ~he (23)
lg(2)

where i), ij; and i, are the local specific enthalpy, the local

liquid specific enthalpy and the local latent heat of vaporization,

respectively. The local specific enthalpy was calculated from an en-

ergy balance as follows:

4
apWo2 (24)
m

i =i+
The average two-phase heat transfer coefficient along the chan-
nels was calculated using Eq. (25) below.

Lch
S/ h(z)dZ (25)

htp =
Lep — Loy Loy

In order to compare the thermal performance of the tested
heat sinks, the total thermal resistance was calculated using the
schematic depicted in Fig. 5 for a single microchannel and half fin
on both sides. It was assumed that the fluid saturation temper-
ature is uniform along the channel cross section. It can be seen
that six thermal resistances are included in the schematic namely;
three conduction resistances (R;, R, and R3) across the channel
base and the fins and three convection resistances (R4, Rs and Rg)
between the fluid and the bottom and side walls. The definition of
each thermal resistance is given below as:

b
" e (Wep + W) LnN

(26)

Hch

Ro R = o W/ DL

(27)
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Ry = ; (28)
ththhN
1
Rs5,Rg = ———— (29)
° hH Ly N
Thus, the total thermal resistance can be calculated as:
1 1 1 17!
Riot =R — 30
tot l+|:R4+R2+R5+R3+RG] (30)
b
R[ot =
ki (Weh + Wiin ) LenN
-1
- 2
+ nththhN + Hy, 1 (31)

ki (0.5Wpin )LyN " hHeLoN

It is worth mentioning that, the thermal conductivity of each
heat sink material was estimated at the fluid saturation tempera-
ture, e.g. 394.6 W/mK for copper and 200.8 W/mK for aluminium.
Additionally, the fin efficiency was taken as 0.95 (based on the ex-
perimental data, the fin efficiency was equal or greater than 0.95).
Eq. (32) below is a simplified form that can be used to calculate
the total thermal resistance if the conduction resistance in the fins
is ignored.

Riot = Reg + Ry (32)
b
Fet = kWi )
1
Rey (34)

~ h(2nHe +We)NLgy

h is the average heat transfer coefficient (including single and
two-phase components) as defined in Eq. (35). The thickness b of
the heat sink base is 2 mm.

_ Ly
R L T hepydz (35)
Lch 0

In the present study, the calculation based on all resistances
(Eqg. (31)) and the simplified form (Eq. (32)) were compared against
each other. The cooling load Q. was calculated using Eq. (36).

Q = q,Ap (36)

The energy consumption by the pump was calculated from
Eq. (37).
Q= MAPpeas (37)

Pr

The acceleration and frictional pressure drop components were
calculated in the current study to assess the contribution of each
component to the total two-phase pressure drop. The accelera-
tion pressure drop component was calculated using Eq. (38) and
Eq. (39) for the void fraction proposed by [23].

2 2
_c| X %) A =X)"
APy =G 1/I|:aO (Ul + T—a, 1 (38)
1—x (o \°F -1
_ —X (U
=1+ %o <Vg) (39)

The frictional pressure drop component was calculated as fol-
lows:

AP = APp — APycc (40)
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Table 2
Experimental uncertainties.

Parameter Uncertainty
Temperature T-type +0.02K
Temperature K-type +0.04-0.1K
Inlet pressure transducer +0.5kPa
Outlet pressure transducer +0.4kPa
Differential pressure +0.08%
Coriolis mass flow rate +0.1%
Fanning friction factor +1.6-2.2%
Average Nusselt number +1.3-4%
Local vapour quality +0.3-15%
Local heat transfer coefficient ~ +0. 2-11%
Mass flux +0.3-0.6%
Heat flux +0.12-3.2%
Table 3
Experimental operating conditions.

System pressure [bar] 1

Saturation temperature [°C]  59.63

Inlet sub-cooling [K] 5

Mass flux [kg/m?2s] 50-250

Wall heat flux [kW/m?] 9.5 to 174

Exit vapour quality [-] 0 to 0.99

In the present study, the uncertainty of the measured variables
were calculated from the calibration procedure, while the uncer-
tainties of all derived variables were calculated using a procedure
proposed by Coleman and Steele [24]. All the experimental uncer-
tainties are presented in Table 2.

4. Experimental procedure and single-phase validation

Single-phase flushing and degassing processes were conducted
at different operating conditions during this study. These steps
were carried out before starting any two-phase flow experiment to
remove any trapped gases in the system and help ensure appropri-
ate validation of the experimental rig. More details are given in Al-
Zaidi et al. [17,25]. In the two-phase flow experiments, HFE-7100
was tested at a system pressure of 1 bar, inlet sub-cooling of 5 K
and five mass fluxes, namely: 50, 100, 150, 200 and 250 kg/m?s.
The supplied heat at the test section was increased gradually until
the exit vapour quality reached near one. The experimental oper-
ating conditions are presented in Table 3. All the measured data
were collected for two minutes using LabView software when the
system became steady. Steady state condition was assumed when
the variation in the measuring signals (temperature, mass flow rate
and pressure) were very small, i.e. less than 5% in the fluctuation
of the measuring signals. The average values of these data were
then taken and used in the EES software to calculate all the neces-
sary parameters reported in the above data reduction section. The
software was also adopted to find all the thermophysical properties
of the examined fluid. Flow visualization was captured for each run
at three locations along the heat sink (near the entry, middle and
near the exit). All the recorded videos were then converted to im-
age sequences using the Phantom camera control software in order
to identify and study the features of flow patterns.

Single-phase experiments were carried out before conducting
two-phase flow experiments in order to check the validation of
the experimental system. The experimental Fanning friction fac-
tor versus Reynolds number was calculated and shown in Fig. 6.
This figure is presented for the aluminium heat sink using adia-
batic experiments. The experimental results were compared with
the correlation by Shah and London [22] for developing flow. A
good agreement was found between the experimental results and
the correlation with a mean absolute error of 8%. Single-phase heat
transfer experiments were also conducted to calculate the aver-
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Fig. 6. Experimental Fanning friction factor versus Reynolds number for aluminium
heat sink.
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Fig. 7. Average Nusselt number versus Reynolds number for the aluminium heat
sink.

age Nusselt number. This was plotted versus Reynolds number and
compared with the correlations of Stephan and Preuber [26], Peng
and Peterson [27] and Mirmanto [28], as shown in Fig. 7. It can be
seen that there was a reasonable agreement with the correlation
by Mirmanto [28] giving a mean absolute error less than 25%. This
good agreement could be due to the fact that this correlation was
proposed for a rectangular channel having an adiabatic cover plate
and was heated from the bottom by cartridge heaters block (partly
heated channel), i.e. similar to the current study. It is worth men-
tioning that this good agreement was also found when the cop-
per heat sink was tested, see also [17]. There is disagreement be-
tween the experimental data and refs. [26,27]. The work described
in [26] is for circular channels, hence a possible reason for this dis-
agreement. The work in [27] was based on rectangular channels,
i.e. an empirical equation based on specific data. The disagreement
between the current experimental data and [27] could be due to
the following reasons: (1) longer channels in [27] compared to
shorter channels in the current study (developing versus developed
flow), (2) In [27], the channels were made of stainless steel, i.e.
low thermal conductivity, (3) the channels tested in [27] have very
thick fins (2 - 4.5 mm compared to 0.1 mm in the present study)
and (4) direct electric heating to a thin plate was used in [27] com-
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Fig. 8. Repeatability of the two-phase flow experiments at mass flux of 150 kg/m?s
for the aluminium heat sink.

pared to heating a copper block by cartridge heaters in the present
study. This combined with the low thermal conductivity of stain-
less steel can affect the thermal boundary conditions, i.e. constant
heat flux in [27] versus constant temperature boundary condition
in the present study due to the high thermal conductivity of cop-
per and aluminium. The repeatability of the two-phase flow re-
sults was also assessed as shown in Fig. 8. One experiment was
repeated after twenty days using the same operating conditions. It
can be seen that there were only minor deviations in the reliabil-
ity of these two data sets with a mean absolute error of 4.65 %.
The abovementioned discussion demonstrates that the experimen-
tal system is valid and can be used to provide accurate results for
the two-phase flow experiments.

5. Results and discussion
5.1. Flow patterns and flow reversal

The Phantom high-speed camera was used to capture the two-
phase flow patterns at three locations along the centre of the heat
sink, see Fig. 9-11. Generally, bubbly, slug, churn and annular flow
were observed for the copper and aluminium heat sinks for the ex-
amined operating conditions with increasing heat flux. These flow
patterns were also seen with decreasing heat flux. Fig. 9 was taken
near the channel inlet at wall heat flux near 70 kW/m?2 and mass
flux of 100 kg/m?2s. It can be seen that small bubbles, smaller
than the channel width, were observed in both copper and alu-
minium heat sinks. Some of these bubbles originated at the chan-
nel corners. Confined bubbles were also captured in this figure,
when the bubble size reached the channel width. The size and
the distribution of these bubbles were similar for both microchan-
nels, with some large bubbles present in both heat sinks. The cap-
tured images of the slug flow are shown in Fig. 10 at wall heat
flux near 40 kW/m2, mass flux of 150 kg/m?s and near the chan-
nel middle. Vapour slugs with round ends filled these microchan-
nels, with some bubbles in the trail of the vapour slugs. These fea-
tures were found in both heat sinks and no clear difference can be
seen. Fig. 11 depicts the annular flow at wall heat flux near 127
kW/m? and mass flux of 200 kg/m?2s at the channel outlet. The
microchannels were filled by a continuous vapour core surrounded
by a liquid film, the latter seen as a black layer at the channel
side walls. No significant differences were observed between the
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Fig. 9. Bubbly flow at wall heat flux near 70 kW/m? and mass flux of 100 kg/m?2s
(near the channel inlet).
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Fig. 10. Slug flow at wall heat flux near 40 kW/m? and mass flux of 150 kg/m?s
(near the channel middle).

two heat sinks examined. Note that, since the liquid film thickness
around the channel circumference was very thin, it was difficult to
measure it experimentally with the high-speed camera used in the
present study. A conclusion reached here is that the flow patterns
were not affected in any noitceable significant manner by the ma-
terial of the heat sink, in this case copper and aluminium.

Flow reversal was observed in this study using both surfaces.
During flow reversal, the flow patterns were fluctuating between
bubbly, confined bubble and slug flow. In the present study, fur-

10
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Fig. 11. Annular flow at wall heat flux near 127 kW/m? and mass flux of 200
kg/m?2s (at the channel outlet).

ther image analysis was conducted to show the effect of this phe-
nomenon on the bubble dynamics and liquid film features. Fig. 12
shows the bubble dynamics during flow reversal in copper heat
sink at wall heat flux of 30.6 kW/m? and mass flux of 50 kg/m?s.
These sequencing pictures were captured near the channel inlet
during 43 ms. The bubble diameter, the bubble departure diam-
eter, the bubble growth time, the waiting time and the bubble
generation frequency are discussed in this section. The Phantom
camera control software was used to measure the bubble diameter
by taking multiple measurements of a single bubble and calculat-
ing the average value. The bubble diameter is first measured after
the bubble nucleates, while still at the nucleation site. The bubble
departure diameter is measured when this bubble leaves this site.
The bubble growth time is the time taken for the nucleated bubble
to depart. The waiting time is the time between subsequent bub-
bles at the same nucleation site. The bubble generation frequency
is calculated from the bubble growth time and the waiting time.
At a designated time of 0 ms, a nucleating bubble was captured
at the channel corner having a diameter of 118.7 nm (Bubble 1).
This bubble departed the nucleation site at 3 ms, with a bubble
departure diameter of 168 um. As seen in this figure, this bubble
slides on the wall side and moves towards the channel outlet with
other bubbles. At 5 ms, a new bubble was seen at this site, hav-
ing a diameter of 117.1 pym (Bubble 2). This bubble also departs the
nucleation site and slides downstream at 8 ms with a departure di-
ameter of 171.4 um. The bubble growth time and the waiting time
were 3 ms and 2 ms, respectively. It can be seen from these pic-
tures that, when the flow moves towards the channel outlet, the
average bubble departure diameter is 170 pm with a generation
frequency of 200 Hz, i.e. 200 bubbles per second. This cycle was
found to occur repeatedly from 8 to 14 ms. At 14 ms, a new bubble
(Bubble 3) nucleated on the same site with the camera capturing
this at a diameter of 114.8 pm. At 25 ms, this bubble was on the
site and the bubble diameter increased to 165.9 pm. At this time
flow reversal started to occur inside the channels. At 36 ms, the
diameter of this bubble was 228.2 um, with the bubble still on the
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Fig. 12. Bubble dynamics during flow reversal in copper heat sink at wall heat flux of 30.6 kW/m? and mass flux of 50 kg/m?s (near the channel inlet).

nucleation site. After 4 ms, the bubble was 267.6 pm in diameter
and started to depart the site, but towards the channel inlet. At 43
ms, this captured bubble (Bubble 3) left the site towards the chan-
nel inlet with a diameter of 301.1 pm. As seen in the photograph
a new bubble nucleated at this site (Bubble 4). The bubble gener-
ation frequency for these events was 26 Hz. It can be concluded
that the bubble departure diameter increases due to longer time
at the nucleation site during the flow reversal period and as con-
sequence the bubble generation frequency decreases. The fact that
the bubble size is larger in the period of flow reversal compared to
the forward flow indicates a higher heat transfer component due
to bubble generation to departure and local flow agitation, which
in turn may abate the effects of flow reversal. In other words, flow
reversal may have a small effect on the average two-phase heat
transfer coefficient.

The features of liquid film in annular flow during flow rever-
sal are shown in Fig. 13. The sequence of pictures in this figure

n

was taken at wall heat flux of 117.8 kW/m? and mass flux of 200
kg/m2s near the channel middle using the copper heat sink. Since
the flow was annular, i.e. vapour core surrounding by liquid film,
the flow direction during flow reversal was difficult to identify in
these images. However, some distinctive flow features were cap-
tured by the camera. It can be seen from this figure that, at a des-
ignated time of 0 ms, the liquid film thickness was uniform and
thin around the vapour core and along the channels. At 6 ms, fresh
fluid was pushed into these channels, possibly due to the forward
and backward motion caused by flow reversal. At 19 ms, the distri-
bution of the liquid film was found not to be uniform, i.e. a wavy
and thicker film. At 35 ms, the flow became more stable and the
distribution of the liquid film was thinner and more uniform com-
pared to that shown at 19 ms. Flow reversal could affect the dis-
tribution and the thickness of the liquid film, with a more intense
reversal in the flow leading to non-uniform and thicker liquid film
at the channel side walls.
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Fig. 13. Liquid film features during flow reversal in copper heat sink at wall heat flux of 117.8 kW/m? and mass flux of 200 kg/m?s (at the channel middle).

The measured pressure drop fluctuation in both heat sinks is
presented in Fig. 14 to clarify the flow reversal. This figure de-
picts the measured pressure drop fluctuation at a mass flux of 250
kg/m2s and low and high wall heat fluxes. It can be seen that, for a
given heat and mass flux, the aluminium heat sink provided higher
measured pressure drop compared to copper. This is discussed fur-
ther in Section 5.3. Lower pressure drop fluctuations were also
seen in the aluminium heat sink. At low heat flux, 55 kW/m2, the
fluctuation amplitude of the measured pressure drop was found
to be 0.16 (8% of the mean value) and 0.44 kPa (9% of the mean
value) for aluminium and copper, respectively. This fluctuation in-
creased to 0.56 kPa (8.5% of the mean value) and 2.37 kPa (47.4% of
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the mean value) for aluminium and copper surfaces, respectively,
when the wall heat flux increased to 143 kW/m?2. The work by the
present authors showed that flow reversal is, at least in part, due
to the confined bubble expansion in both directions, i.e. when the
slug flow starts to establish [16]. This higher pressure drop fluc-
tuation in the copper heat sink could be due to the high bubble
expansion rate (bubble interface velocity) compared to aluminium.
Different surface topographies could be the reason for the differ-
ent pressure drop fluctuation. As discussed in Section 2.2, the cop-
per surface had fewer surface cavities compared to aluminium that
may lead to lower number of nucleation sites resulting in higher
wall temperature. High wall temperature could result in higher
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Fig. 14. Measured pressure drop fluctuation at mass flux of 250 kg/m?s and two different wall heat fluxes.

evaporation rate and thus larger bubble expansion rate in both di-
rections, when bubbles became confined by the channel sidewalls.
This can lead to a higher possibility of reversal. Another reason for
the increased bubble expansion and consequently pressure fluctu-
ations in copper channels could be the large thermal diffusivity of
copper compared to aluminium (1.5 times larger), i.e. heat can be
conducted at a faster rate to the bubbles.

5.2. Two-phase heat transfer coefficient

The two-phase heat transfer coefficient and vapour quality
were calculated locally at three locations along the channels, see
Eq. (14) and (23), respectively, in Section 3. These parameters were
then plotted for both heat sinks at low and high wall heat fluxes
as shown in Fig. 15. This figure indicates that, at boiling incipience,
the local two-phase heat transfer coefficient reached a maximum
value then decreased with further increase in the local vapour
quality. This decrease could be due to the flow patterns changes,
i.e. from bubbly to slug, churn and later annular flow. The heat
transfer rate may be higher in the nucleate boiling region and
lower during the other flow patterns, see [29,30]. Steinke and Kan-
dlikar [31] also mentioned that a high heat transfer coefficient was
found at low quality due to the onset of nucleate boiling. After
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that, the heat transfer coefficient decreased with quality due to
the rapid bubble growth leading to slug and annular flow and then
flow reversal and dry-out.

Fig. 15(a) shows that, at low wall heat flux of 31 kW/m?, there
was an insignificant difference in the local heat transfer coefficient
for both heat sinks. This changed when the heat flux was increased
(higher wall superheat) as shown in Fig. 15(b). This is probably
due to the fact that as the temperature difference increases, cav-
ities with a wider range of radii become active, see [32] and these
are more plentiful on the aluminium surface. These larger numbers
of active nucleation sites explains the higher heat transfer rates in
the aluminium heat sink. The above discussion is also relevant to
Fig. 16, which depicts the average two-phase heat transfer coef-
ficient, given by equation 25, at a mass flux of 250 kg/m?s us-
ing both heat sinks. As seen in the figure, the heat transfer co-
efficient increased with wall heat flux for both heat sinks indicat-
ing the increased contribution of nucleate boiling. The figure also
indicates that there was an insignificant difference between these
sinks at wall heat flux less than 80 kW/m?. Beyond that, the larger
number of possible active nucleation sites affects the heat trans-
fer rates with aluminium giving higher rates as discussed above.
At the highest value of heat flux at this mass flux, the average
two-phase heat transfer coefficient in aluminium was 20% higher
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compared to copper. Over this range of heat fluxes, the aluminium
heat sink provided a 12% higher average two-phase heat transfer
coefficient compared to copper.

Different materials may have significantly different thermal
conductivity and surface roughness/microstructure and wettability
with certain fluids. The thermal conductivity of copper is approx-
imately twice that of aluminium. The present results showed that
there is a noticeable enhancement, but by 12% on average, when
using the aluminium heat sink and hence this conductivity differ-
ence cannot account for the different heat transfer coefficient. The
surface roughness measurements indicated that copper has higher
average surface roughness compared to aluminium. Rougher sur-
face channels are expected to show higher heat transfer coefficient,
which is contrary to the present experimental results. HFE-7100
has very low surface tension (0.0136 N/m at 1 bar) and is consid-
ered a super-hydrophilic refrigerant. The contact angle of this re-
frigerant is nearly zero on all surface types as reported by [33]. It
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is worth mentioning that the static contact angle of HFE-7100 was
measured on the copper and aluminium surfaces in this study us-
ing the sessile drop standard method and the droplet spread com-
pletely on both surfaces. Accordingly, wettability is not expected
to be the reason for the different heat transfer rates seen in the
copper and aluminium heat sinks. Therefore, this leads to the con-
clusion that the different heat transfer coefficient results could be
due to the different surface microstructures (cavity number, shape
and size), which affects the active nucleation site density and sub-
sequent the establishment of flow patterns and their proportional
length along the flow direction and probably the liquid film thick-
ness. It was not possible to measure the nucleation site density
in our experiments, especially with increasing heat flux. Therefore,
the correlation of Benjamin and Balakrishnan [34] for pool boiling
was adopted here, see Eq. (41), in order to calculate the number of
active nucleation sites on both surfaces.

NSD = 218.8Pr,63 (;)60'4(AT5L,,,)3 (41)
0.5
kwpwcpw
= | 2wt 42
Y ( kipicp ) 42)
2
6 =145 4.5<R§P> + 0.4(?) (43)

This pool boiling empirical correlation was proposed and ver-
ified by [34] using different fluids and materials, such as stain-
less steel, nickel, aluminium and copper. It covered several param-
eters, namely the wall superheat, the thermophysical properties of
fluid and heating surface, the heating surface roughness and the
fluid surface tension. The thermophysical propoerties of fluid were
found at the inlet pressure, while the wall temperature was used
to find the solid properties. Fig. 17 presents the nucleation site
density versus wall superheat for both surfaces at a mass flux of
250 kg/m?s. This figure was plotted for a wall superheat at an ax-
ial distance (z/L) of 0.1, where bubbly flow occurrs. As seen in the
figure, the active nucleastion sites increased with increasing wall
superheat for both materials, with the aluminium surface having
a higher possible nucleation site density than copper for a given
wall superheat. Figure 17 demonstrates also that for a fixed super-
heat of 12 K, as an example, the NSD in aluminium is about 50%
larger than that in copper. Thus, it was expected that the enhance-
ment in heat transfer coefficient in the aluminium heat sink should
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Fig. 18. Boiling curve at mass flux of 250 kg/m?s and z/L of 0.5.

be about 50% or larger. However, the obtained average enhancem-
net in the present study was 12%. The reason could be due to the
fact that Eq. (41) was proposed for pool boiling while in flow boil-
ing, due to the flow velocity, the thermal boundary layer thickness
is much smaller and thus some of the nucleation sites can be su-
pressed.

The boiling curve of HFE-7100 at mass flux G = 250 kg/m? s is
presented in Fig. 18. The wall heat flux is plotted against the wall
superheat. This figure illustrates that the boiling incipience (Onset
of Nucleate Boiling-ONB) occurred at wall heat flux near 20 kW /m?
and can be seen at this heat flux without temperature overshoot.
This ONB was obtained from the flow visualization results. The ab-
sence of temperature overshoot could be due to the rough channel
surfaces, i.e. Ra = 0.286 and 0.192 pm for copper and aluminium
channels, respectively, which allows nucleate boiling to commence
without a significant temperature overshoot, see [32]. After the
ONB, the wall heat flux increased smoothly with the wall super-
heat. The experiments were run until an exit vapour quality of one
was reached at 174 kW/m? at a mass flux of 250 kg/m?s. It can be
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Fig. 19. Two-phase pressure drop at mass flux of 200 kg/m?s.

seen from this figure that there was no difference between the two
heat sinks up to a degree of superheat of 10 K, which corresponds
to a wall heat flux of 80 kW/m2. However, as mentioned above,
at wall heat fluxes more than this value, the aluminium heat sink
provided higher wall heat flux by approximately 29 % at the high-
est heat flux and, as mentioned above, with average difference of
12 % compared to copper for the range of heat flux studied.

5.3. Two-phase pressure drop

The two-phase pressure drop versus exit vapour quality at a
mass flux of 200 kg/m?s, obtained using Eq. (16), is presented in
Fig. 19. The two-phase pressure drop increased with exit quality
(heat flux) for both heat sinks due to the increasing bubble gen-
eration and flow resistance. This figure also shows that the alu-
minium heat sink had higher flow boiling pressure drop than that
of copper, when the exit vapour quality was more than 0.2, i.e. wall
heat flux of 55 kW/m?. At the highest examined mass flux of 250
kg/m2s, the maximum flow boiling pressure drop of 5.5 and 7.8
kPa was found with the copper and aluminium heat sinks, respec-
tively. At this mass flux, the flow boiling pressure drop increased
by 28 % (average difference) with the aluminium heat sink.

Both acceleration and frictional pressure drop components are
presented in Fig. 20 at a mass flux of 200 kg/m?2s in order to clarify
this difference in the pressure drop results. The acceleration com-
ponent was calculated using the void fraction given in [23], see Eq.
(38-39) in Section 3. The frictional component was found by sub-
tracting the acceleration component from the two-phase pressure
drop, see Eq. (40). Fig. 20(a) indicates that there was no difference
in the acceleration pressure drop component. For given heat and
mass flux values, the exit vapour quality was nearly the same for
both heat sinks. As a result, the void fraction and thus the acceler-
ation pressure drop component showed an insignificant difference.
In contrast, the trend of the frictional pressure drop component
was completely different as shown in Fig. 20(b). It depicts that the
aluminium heat sink had a higher frictional pressure drop compo-
nent than copper. This became significant at vapour qualities more
than 0.2 (wall heat flux of 55 kW/m?2). Pike-Wilson [35] studied
flow boiling of R245fa in vertical metallic tubes having 1.1 mm
inner diameter and made of copper, brass and stainless steel and
demonstrated that both number and shape of surface peaks (sur-
face microstructures) could restrict the flow and affect the fric-
tional pressure drop. Similarly, the frictional pressure drop in the
present study, is higher in the aluminium heat sink due to the dif-
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ferent surface microstructures. In order to assess the effect of fric-
tional pressure drop, the single-phase total pressure drop (APneqs)
versus Reynolds number is presented in Fig. 21. As seen in the fig-
ure, the measured pressure drop increased with Reynolds number
due to an increase in the mass flow rate. It is higher in the alu-
minium heat sink, explaining also the higher frictional pressure
drop during two-phase flow and the higher total pressure drop in
this heat sink.

5.4. Thermal performance of different heat sink metals

The thermo-fluid performance of the two heat sinks is de-
picted Fig. 22 and 23. The pumping power was calculated using
Eq. (37) based on the total measured pressure drop across the heat
sink including the single-phase region, the two-phase region, and
the inlet and outlet plena. Fig. 22 depicts the cooling load varia-
tion with increasing pumping power in both heat sinks. The figure
shows that, for a given pumping power, both metals provided sim-
ilar cooling loads (g times 20 mm x 25 mm) at cooling load less
than 90 W, which corresponds to a wall heat flux of 72.5 kW/m?Z.
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Fig. 22. Cooling load versus pumping power at mass flux of 250 kg/m?s.

However, at cooling load higher than 90 W, the copper heat sink
achieved higher cooling loads for a given pumping power required
than those in the aluminium heat sink. This is due to the higher
two-phase pressure drop in the aluminium heat sink at the same
cooling load (heat flux), as discussed in Section 5.3. The maximum
cooling load achieved in our study was 217 W (base heat flux of
434 kW/m?2). And at this load the pumping power required by the
aluminium heat sink was 37% higher than that required by the
copper heat sink. It is worth noting however that the maximum
power consumption by the pump to circulate the flow in the heat
sink (including losses in the two plena) was 11 mW at the maxi-
mum cooling load of 217 W using aluminium heat sink, which is
still small power consumption.

Fig. 23 depicts the total thermal resistance versus the cooling
load using both metals at mass flux of 250 kg/m?s calculated us-
ing Eq. (31) and the simplified form in Eq. (32). This mass flux was
chosen since it provided higher cooling load. Fig. 23(a) demon-
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strates that the total thermal resistance decreased with increas-
ing cooling load. This is due to the increasing heat transfer coef-
ficient in the channels as the heat flux (cooling load) increases,
see Fig. 16. At low cooling load values (less than 90 W) the to-
tal thermal resistance of aluminium heat sink was 7-13 % higher
than that of copper. This is due to the higher conductive resis-
tance by this metal (0.019 K/W) compared to copper (0.01 K/W).
For cooling loads above 90 W, the difference in total thermal resis-
tance for the two heat sinks is insignificant. It is worth noting that
ignoring the conduction resistance in the fins (Eq. (32)) resulted
in slightly lower resistances compared to using all resistances in
Eq. (31). For aluminium and copper, the resistance was lower by
9.6-13.5% and 7.3-9.1%, respectively. Moreover, there was no signif-
icant difference in the convective thermal resistance for both met-
als as shown in Fig. 23(b) especially for cooling loads below 90 W
while copper exhibited about 16 % larger convective resistance for
loads above 90 W. This is due to the fact that the heat transfer
results were not significantly different at wall heat flux less than
72.5 kW/m?, i.e. cooling load of 90 W, as discussed in Section 5.2.
Although the aluminium surface had higher conductive thermal re-
sistance, it also provided lower convective thermal resistance at
these cooling loads as seen in Fig. 23(b). It is worth mentioning
that the maximum wall temperature for the two metals was 80°C.
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The temperature above is within the allowable operational temper-
ature for electronic chips thus making both aluminium and copper
suitable choices for such applications. Further, one must note that
the thermal performance of any heat sink could change during a
long-running period. This issue may become more noticeable when
using flow boiling in micro-scale configurations with refrigerants
having high concentration of air. For example, at standard pres-
sure and temperature, a unit of refrigerant HFE-7100 liquid con-
tains 0.53 units of air by volume, i.e. 366 ppm concentration [36].
This value is much higher than other fluids. For example, the con-
centration of air in water is just 8.5 ppm at the same conditions,
see [36]. High concentration of air may cause surface aging lead-
ing to a reduction in the heat transfer performance as discussed by
[19]. This may affect the heat transfer rates and should be consid-
ered further to clarify the extend of this change.

6. Conclusions

This study presented the thermal performance of microchannel
heat sinks using two different metals and HFE-7100 as the test
fluid. Two heat sinks made of copper and aluminium with chan-
nel hydraulic diameter of 0.46 mm were tested experimentally. The
flow boiling performance was assessed at 1 bar system pressure, 5
K inlet sub-cooling, 50-250 kg/m%s mass flux and wall heat flux
up to 174 kW/m2. The main conclusions from this study are given
below.

Bubbly, slug, churn and annular flow were visualised for both
heat sinks when the heat flux was changed gradually. Different
metals did not show a significant difference in the captured flow
patterns.

The copper microchannel heat sink exhibited higher levels of
flow reversal than the aluminium one. This was indicated by the
measured pressure drop fluctuation, being higher in the copper
evaporator. The visualization of flow reversal showed that the bub-
ble departure diameter increased, while the bubble generation fre-
quency decreased. Moreover, the liquid film became non-uniform
and thicker during this phenomenon.

The heat transfer results indicated that the local two-phase heat
transfer coefficient was high at very low local vapour quality and
then decreased with increasing qualities. The heat transfer coeffi-
cient increased with increasing wall heat flux. Both local and av-
erage two-phase heat transfer coefficients were higher for the alu-
minium heat sink compared to the copper one. This was found at
moderate and high wall heat fluxes, while insignificant effect was
found at low ranges. This trend, as the heat flux increased, was due
to the possible activation of the higher number of cavities found on
the aluminium surface.

The two-phase pressure drop increased with exit vapour quality
(heat flux). The aluminium heat sink had a higher pressure drop
than copper. This became obvious with increasing vapour quality
and was the result of a higher frictional component in the alu-
minium heat sink due to the different surface characteristics of the
two metallic surfaces.

The thermal performance of these heat sinks indicated that, for
a given cooling load, aluminium heat sink had higher pumping
power. However, this pumping power was very small (11 mW) so
this is not a factor in determining what metal to use in the mi-
crochannels heat sinks. This metal also showed that the total ther-
mal resistance was higher compared to copper. However, this value
decreased with further increase in the cooling load and became
close to the copper resistance.

The present study indicates that multi-microchannel heat sinks
made of aluminium could be a suitable choice for use as mi-
crochannel evaporators for cooling high heat flux devices. In com-
parison with the copper evaporator, the aluminium microchannels
are characterised by light weight, low cost, high corrosion resis-
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tance and lower flow instability. And since their overall fluid flow
and heat transfer performance is comparable to the copper heat
sinks it can also be considered as one of the choices for microchan-
nel heat exchangers in flow boiling applications.

The base heat flux achieved in the present experiments was up
to 434 kW/m?, corresponding to the cooling load of 217 W for a
high heat flux device of 500 mm?, and maximum wall temperature
of 80°C. Higher base loads are possible for higher mass flow rates
and higher operating pressures.
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