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ABSTRACT

The effect of channel aspect ratio on flow boiling characteristics (flow patterns, heat transfer and pres-
sure drop) of HFE-7100 in copper multi-microchannel heat sinks was investigated experimentally. Three
heat sinks with base area 500 mm?, channel hydraulic diameter 0.46 mm and channel aspect ratio (ratio
of channel width to channel height) of 0.5, 1.0 and 2.0 were tested. The average surface roughness of
the channel bottom surface was nearly the same in the three heat sinks and the measured values were
0.271, 0.286 and 0.304 um. The local heat transfer rates were determined simultaneously with flow vi-
sualisation at mass flux ranging from 50 to 250 kg/m?s, wall heat flux from 9.6 to 191.6 kW/m?, system
pressure of 1 bar and low inlet sub-cooling of 5 K. The results showed that, when the channel aspect
ratio increased, the heat transfer coefficient increased, while the flow boiling pressure drop decreased.
However, the heat transfer rate calculated using the heat sink base area was higher in the heat sink with

Flow patterns
Boiling instability
Heat transfer
Pressure drop

the smallest channel aspect ratio, indicating an enhancement due to the largest surface area.

© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Flow boiling in microchannel evaporators has the capability of
dissipating huge quantities of heat from a small area with nearly
uniform surface temperature and low pumping power for a given
thermal load. Thus, it is a very promising technique for cooling
electronics equipment and other high heat flux devices. A signif-
icant number of past papers is available in the literature describ-
ing work aimed at understanding fundamental issues that relate
to flow boiling in small to micro passages, including the prevail-
ing flow patterns, the heat transfer mechanisms, the effect of fluid
properties and channel dimensions and geometry. The present pa-
per focuses on studying the effect of channel aspect ratio (ratio
of channel width to channel height) on flow boiling characteristics
in rectangular microchannels. Thus, the effect of this parameter on
flow boiling characteristics is reviewed and discussed in the fol-
lowing paragraphs. For a more general review on flow boiling in
small to micro tubes and passages the interested reader is referred
to references [1-3].
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Singh et al. [4] studied flow boiling of water in horizontal sin-
gle rectangular silicon microchannels having a fixed hydraulic di-
ameter of 0.142 mm, aspect ratio values of 1.23-3.75 and average
roughness less than 0.1 pm. They conducted their experiments at
45 K inlet sub-cooling, low input power of 3 W and 3.5 W and
mass flow rate of 0.15-0.2 mL/min. They assessed the effect of as-
pect ratio based on the input power and mass flow rate, rather
than heat and mass fluxes, to allow comparison at the same exit
vapour quality. Their results indicated that, for a fixed input power
and mass flow rate, the two-phase pressure drop decreased to
a minimum value with increasing channel aspect ratio then in-
creased with further increase of aspect ratio. The minimum pres-
sure drop value was found to occur at channel aspect ratio of 1.56.
It is worth mentioning that the tests conducted by Singh et al.
[4] were nearly at boiling incipience, i.e. very low vapour quality
values. This might not be enough to get a conclusion on the ef-
fect of aspect ratio on two phase pressure drop. Additionally, with
keeping the input power and mass flow rate fixed, the heat and
mass fluxes are not the same in these test sections.

Harirchian and Garimella [5] conducted an experimental inves-
tigation of flow boiling heat transfer of FC-77 in horizontal sili-
con multi-microchannels at 5 K inlet sub-cooling and mass flux
range 250-1600 kg/m?2s. Seven heat sinks with the same chan-
nel depth, i.e. 0.4 mm, and different channel widths ranging from
0.1 to 5.85 mm (aspect ratio range 0.25-14.6) were manufactured
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Nomenclature

A Area, [m?]

b Distance between thermocouple and channel bot-
tom, [m]

C Dimensionless correction factor, [-]

cp Specific heat at constant pressure, [J/kgK]

Dy, Hydraulic diameter, [m]

f Fanning friction factor, [-]

G Mass flux, [kg/m?s]

H Height, [m]

h Heat transfer coefficient, [W/m?2K]

h Average heat transfer coefficient, [W/m2K]

i Specific enthalpy, [J/kg]

g Latent heat of vaporization, [J/kg]

X Thermal conductivity, [W/mK]

Kgg The loss coefficient of the 90° turns, [-]

Ky Dimensionless incremental pressure drop number,
[-]

L Length, [m]

L* Dimensionless length, [-]

m Fin parameter, [-]

m Mass flow rate, [kg/s]

N Number of channels, [-]

Nu Average Nusselt number, [-]

P Pressure, [Pa]

q’ Heat flux, [W/m?]

Ra Average surface roughness, [pum]

Re Reynolds number, [-]

v Specific volume, [m3/kg]

w Width, [m]

X Vapour quality, [-]

Z Axial distance, [m]

Greek Symbols

o Area ratio, [-] o = Ap; /Ay [in Eq. (17)]
B Aspect ratio, [-] B = W,/Hgp
AP Pressure drop, [Pa]

ATy Log mean temperature difference, [K]

n Fin efficiency, [-]
0 Density, [kg/m3]
o Surface tension, [N/m]
n Fin efficiency, [-]
Subscript

app Apparent

b Base

cu Copper

ch Channel

exp Experimental

f Fluid

FD Fully developed
fin Channel fin

g Gas or vapour
ht Heat transfer

i Inlet

ip Inlet plenium

l Liquid

Max Maximum

meas Measurment
min Minimum

0 Outlet

op Outlet plenium
p Plenium

sc Sudden contraction
se Sudden expansion
sub Subcooled

th Thermocouple

tp Two-phase

w Wall

wi Internal wall surface
z Axial local

and tested. The channel hydraulic diameter was not constant for
these heat sinks, i.e. ranged from 0.16 to 0.75 mm, and the av-
erage surface roughness of the channel bottom wall ranged from
0.1 to 1.4 pm. It is worth mentioning that their tests were con-
ducted with inlet restriction to supress flow instabilities, i.e. a
throttling valve was installed ahead of the test sections. It was
found that, at a given wall heat flux, the two-phase pressure
drop increased with decreasing channel width (aspect ratio). Ad-
ditionally, when the heat transfer coefficient was plotted versus
the wall heat flux, the effect of channel width (aspect ratio) was
insignificant. On the contrary, when the heat transfer coefficient
was plotted versus the base heat flux, a clear effect of the chan-
nel width (aspect ratio) was detected and the heat transfer co-
efficient increased with increasing channel width (aspect ratio).
Harirchian and Garimella [6] presented results of flow visualiza-
tion using the same test sections and fluid as in [5] but in the
mass flux range of 225-1420 kg/m2s. They mentioned that bub-
bly, slug, churn, wispy-annular, and annular flow were captured.
The results demonstrated that the flow patterns in the channels
with 0.1 mm width was different compared to the flow patterns
observed in the channels with larger widths. The differences in-
clude the following: (i) Bubbly flow was not observed; instead
slug flow appeared immediately after boiling incipience; (ii) In the
slug and annular flows, the liquid film is seen to break up at the
locations of the nucleating bubbles resulting in a discontinuous
liquid film. This resulted in a flow pattern that was altering be-
tween annular flow with a smooth liquid film and annular flow
with a discontinuous liquid film and (iii) There was no droplet
entrainment to the vapour core in the annular flow. It is worth
mentioning that bubble nucleation in slug, churn, wispy annular
and annular flows was observed. Additionally, slug flow was not
observed in the channel of width 5.85 mm due to the high as-
pect ratio and the alternating churn/wispy-annular flow were dis-
tributed side by side along the channel width, i.e. they didn't fol-
low each other along the channel length. Finally, it was concluded
that when the channel width increased, bubbly flow replaced slug
flow, and the churn/wispy-annular flow replaced the churn/annular
flow. Harirchian and Garimella [7] used the same experimental fa-
cility and fluid as in [5-6] and examined twelve test sections to
study the effect of channel width, depth, aspect ratio, hydraulic
diameter and cross sectional area. The channel depth was varied
from 0.1 to 0.4 mm, the aspect ratio was varied from 0.27 to
15.55 for cross-sectional area of 0.009-2.201 mm?, while the hy-
draulic diameter ranged from 0.096 to 0.707 mm. The bottom wall
of the microchannels had an average roughness ranging from 0.1
to 1.4 pm, similar to the work described in [5]. It was concluded
that, for channels with cross sectional area < 0.037 mm? (D, <
0.159 mm), bubbly flow did not exist, while slug and annular flow
regimes were dominant. For channels with cross sectional area be-
tween 0.037 and 0.089 mm? (D, between 0.159 and 0.291 mm),
bubbly, slug and annular flows existed. For channels with cross
sectional area > 0.144 mm?2 (D, > 0.379 mm), bubbly flow ap-
peared at boiling incipience followed by alternating churn/wispy-
annular flows, i.e. no slug flow. The heat transfer results indi-
cated that for channels with cross sectional area > 0.089 mm?,
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the heat transfer coefficient was independent of the microchannel
size, which was attributed to the dominance of nucleate boiling in
these channels. On the contrary, for channels with cross sectional
area below this value, the heat transfer coefficient exhibited higher
values compared to the larger channels, especially at low to inter-
mediate heat fluxes. Additionally, the pressure drop was found to
increase with decreasing channel cross-sectional area for a given
mass and heat flux. For channels with a fixed cross sectional area
but different aspect ratio, the pressure drop was the same.

Holcomb et al. [8] from the same group as [5-7], studied flow
boiling heat transfer of de-ionized water in three horizontal rect-
angular silicon multi-microchannels heat sinks. These three heat
sinks had channel width of 0.25 mm (D, = 0.299 mm), 1 mm
(Dp = 0.531 mm) and 2.2 mm (D = 0.64 mm) and fixed chan-
nel height of 0.4 mm. The heat transfer results of water exhibited
nearly similar behaviour and conclusion to FC-77 where the effect
of mass flux and channel width was insignificant in the two-phase
region. Also, the pressure drop increased with decreasing channel
width. It is difficult to draw clear conclusions on the aspect ratio
effect from the work described in [5-8] as both the aspect ratio
and the hydraulic diameter were varied. In addition, the experi-
ments were not conducted with test section of the same or similar
surface roughness.

Choi et al. [9-10] investigated experimentally the effect of chan-
nel aspect ratio on adiabatic two-phase flow of water and nitrogen
gas in a horizontal rectangular glass microchannel. Four channels
with different aspect ratio of 1.09, 1.5, 2.1 and 5.9 were tested.
The hydraulic diameter was 0.49, 0.49, 0.322 and 0.143 mm. The
range of liquid and gas superficial velocity was 0.06-1 m/s and
0.06-71 m/s respectively. They reported four flow regimes with
the increase of gas superficial velocity, namely: bubbly, slug bub-
ble, elongated bubble and liquid ring flows. They mentioned that
the channel aspect ratio had a significant effect on the flow pat-
tern characteristics. For example, when the channel aspect ratio
increased (shallow channels), the liquid film around the elongated
bubble gets thinner especially at the bottom and top walls of the
channels and the liquid portion collected at the channel corners
decreased. The pressure drop results indicated that flow patterns
have a significant effect on the trend of pressure drop versus gas
superficial velocity. The pressure drop increased linearly with in-
creasing gas superficial velocity in bubbly, slug and elongated bub-
ble flows. In the transition regime from elongated bubble to lig-
uid ring flow, the pressure drop decreased linearly with increasing
gas superficial velocity. When liquid ring flow was established, the
pressure drop increased again linearly with increasing superficial
gas velocity.

Soupremanien et al. [11] studied the effect of channel aspect ra-
tio on the flow boiling heat transfer of Forane-365HX in a horizon-
tal single rectangular minichannel. The bottom surface of the chan-
nel was made of brass with average roughness value of 2.5 pm,
while the side walls were formed in stainless steel foil. They tested
two test sections, width 2.3 mm and 5.6 mm and depth 1 mm
and 0.8 mm giving a hydraulic diameter of 1.4 mm and aspect ra-
tio of 2.3 and 7. In their study, the heat flux ranged from 2.3 to
160 kW/m? and the mass flux range was 200-400 kg/m?2s. The
heat transfer results demonstrated that for the two investigated as-
pect ratios, the mass flux effect was insignificant. They stated that
the two-phase pressure drop was lower in the channel with the
larger aspect ratio due to the higher channel cross-sectional area.
Additionally, the heat transfer coefficient in the channel with large
aspect ratio was higher at low heat flux conditions, while it was
lower at high heat fluxes due to dryout.

Fu et al. [12] studied the effect of channel aspect ratio on the
flow boiling heat transfer of HFE-7100 in horizontal copper multi-
microchannels with diverging cross section. They examined six test
sections with a hydraulic diameter of 1.12 mm and average aspect
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ratio ranging from 0.16 to 1.2 at mass flux range of 39-180 kg/m?s.
They reported that channels with diverging cross section exhib-
ited higher heat transfer rate and critical heat flux than chan-
nels with uniform cross section, especially at the lowest mass flux
(G = 39 kg/m?s). Additionally, they reported significant effect of
aspect ratio on the boiling curve with channels of aspect ratio
0.99 showing the best performance due to the large liquid film
thickness at the channel corners. However, inspecting the boiling
curve in their paper, the effect of aspect ratio did not show a clear
trend. Finally, they reported that a maximum base heat flux value
of 1140 kW/m?2 was reached during their experiments.

Markal et al. [13] carried out an experimental investigation of
flow boiling heat transfer of de-ionized water in horizontal rect-
angular multi-microchannels. Six heat sinks made of silicon with
29 microchannels were manufactured with channel aspect ratios
of 0.37, 0.82, 1.22, 2.71, 3.54 and 5 and fixed hydraulic diame-
ter of 0.1 mm. The experimental operating conditions were set at
50 °C inlet temperature, wall heat flux of 71-131 kW/m? and mass
flux ranging from 151 to 324 kg/m?2s. Their boiling curve results
demonstrated that boiling started at high wall superheat values,
i.e. 30 K, in the channels with small aspect ratio of 0.37, 0.82 and
1.22. On the contrary, for the large channels with aspect ratio of
2.71, 3.54 and 5, boiling started at lower wall superheat, i.e. around
6 K. In other words, channels of nearly square cross section and
deep channels perform worse than the shallow channels. They at-
tributed this heat transfer behaviour to the periodic nature of the
flow patterns that was observed in all channels. They reported that
the flow patterns were fluctuating between rewetting, evaporation
and slug-annular/annular flow and partial dryout. In the channels
with high aspect ratios, the period of dryout was shorter com-
pared to channels with smaller aspect ratio. They mentioned that,
there was no regular relationship between the total pressure drop
and the channel aspect ratio due to the complex flow boiling phe-
nomenon.

Ozdemir et al. [14] performed an experimental study of flow
boiling heat transfer of water in a copper horizontal single mi-
crochannel at G = 200-800 kg/m?s. They tested three test sections
having the same hydraulic diameter (D, = 0.56 mm) and aspect
ratio of 0.5, 2.56 and 4.94. These channels had average surface
roughness of 0.496, 0.139 and 0.102 um. They reported four flow
patterns namely; bubbly, slug, churn and annular flow that can oc-
cur periodically. The effect of aspect ratio on the flow patterns was
found to be small except for bubbly flow. The bubbles were small
in size and dispersed in the channel with larger aspect ratio and
the bubbles became more elongated when the channel aspect ra-
tio decreased due to the confinement effect. The heat transfer re-
sults indicated that, at heat flux up to 480-500 kW/m?2, the heat
transfer coefficient increased with decreasing channel aspect ra-
tio, while the effect of aspect ratio was insignificant at higher heat
fluxes.

It can be concluded from the above experimental studies that
the effect of channel aspect ratio on the flow patterns, two-phase
pressure drop and heat transfer coefficient is still unclear and more
investigation is required. In some studies, the effect of aspect ra-
tio was investigated while the hydraulic diameter and average sur-
face roughness were not fixed. Additionally, some researchers stud-
ied the effect of aspect ratio at operating conditions near boiling
incipience, i.e. at very low vapour qualities and heat fluxes. Ac-
cordingly, it is difficult to get a general conclusion about the ef-
fect of channel aspect ratio. Therefore, the present study examined
the effect of channel aspect ratio on flow patterns, pressure drop
and heat transfer characteristics while keeping the average surface
roughness and hydraulic diameter fixed. Three heat sinks made of
oxygen-free copper with hydraulic diameter of 0.46 mm and dif-
ferent channel aspect ratios of 0.5, 1 and 2 were examined. The
average surface roughness of all channels was measured and was
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Table 1

Thermophysical properties of HFE-7100 at 1 bar obtained from EES software.
ig kgl  pi [kgim®]  pg [kg/m®] K [W/mK] G, [J/kgK] o [N/m]
111,661 1373 9.575 0.06206 1157 0.0136

High-speed Camera ? =]
e .
Croscope smm=a

Computer

Test Section

X

DAQ ©

E 4 Pre-heater
Chiller
System ¢

.9

_‘2’__
Micro-Gear ry " r

P N
p Coriolis Flow Meter

Fig. 1. Schematic diagram of the experimental facility [28].

approximately 0.3 pm. All the experiments were carried out using
fluid HFE-7100 at system pressure near 1 bar, low inlet sub-cooling
of 5 K, mass flux ranging from 50 to 250 kg/m?s and wall heat
flux from 9.6 to 191.6 kW/m2. The thermophysical properties of the
tested fluid at atmospheric pressure are presented in Table 1.

2. Experimental system
2.1. Flow loop

The experimental facility, as shown in Fig. 1 and 2, was a closed
flow loop that consisted of liquid reservoir (9 L volume), sub-cooler
(heat exchanger), micro-gear pump with digital driver, two Coriolis
flow meters (for low and high mass flow rates), pre-heater, data
logger, test section (evaporator) and condenser. The reservoir in-
cluded an immersion heater and the condenser cooling coil was
mounted on the topside of this reservoir. The immersion heater

Liquid
Reservoir

Micro-gear
Pump

Coriolis Flow
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and the condenser were also used to adjust the system pressure
and to degas the liquid before the experiments by vigorous boiling.
The sub-cooler was installed before the pump to avoid fluid cavita-
tion. The micro-gear pump supplied flow rate up to 2304 mL/min.
This flow rate was measured using the two Coriolis flow meters
with accuracy of +0.1%. A stainless steel pre-heater with heating
power of 1500 W was installed before the test section to control
the fluid inlet temperature, i.e. the fluid inlet sub-cooling. The sup-
plied power to the reservoir, pre-heater and the test section was
controlled by three Variac transformers. The input power to the
test section was measured using a power metre (Hameg HM8115-
2) with accuracy of +0.4%. A chiller system with 2.9 KW cooling
capacity was connected to the rig to reject the heat from the reser-
voir and the sub-cooler. All the measuring sensors, such as ther-
mocouples, inlet/outlet pressure transducers, differential pressure
transducer and flow meters were connected to the National Instru-
ments Data Acquisition System-DAQ with a frequency of 1 kHz. A
Phantom high-speed camera with 1000 fps at 512 x 512 pixel cou-
pled with a Huvitz HSZ-645TR microscope and LED lighting system
were used to capture the two-phase flow patterns.

2.2. Test section

The test section consisted of the bottom plate, the housing, the
cover plate and the heat sink block as illustrated in Fig. 3(a). A
Polytetrafluoroethylene block was used to fabricate both the hous-
ing and the bottom plate to ensure a good insulation. Twelve holes,
with a diameter of 0.6 mm, were drilled into this housing to pass
the thermocouple wires. In order to capture the flow patterns dur-
ing the experiments, a transparent polycarbonate cover plate was
manufactured. Both the inlet and outlet plena, with semi-circular
shape, were formed in the top cover. The heat sink block was
made of oxygen-free copper with 26 mm width, 94.5 mm height
and 51 mm length as shown in Fig. 3(b). Four cartridge heaters
of 700 W total heating power were vertically inserted into the
heat sink block from the bottom side. Four tapping holes were
drilled into the cover plate, see Fig. 3(c) in order to insert the
measuring sensors, i.e. inlet/outlet fluid thermocouples, inlet/outlet
pressure transducers and one differential pressure transducer. This
plate was placed on the topside of the housing, and an O-ring
was inserted between this plate and the heat sink to prevent any
fluid leakage. Twelve K-type thermocouples were inserted into the

High-speed Camera with

a Microscope

P Test Section

Fig. 2. Photograph of the experimental facility.



A.H. Al-Zaidi, M.M. Mahmoud and T.G. Karayiannis

Heat Sink Block

Cartridge Heaters

e = +—— Bottom Plate

(a)

heat sink block, see Fig. 3(c), to assess the temperature distribution
along the channels, in the transverse and vertical direction. Three
of these thermocouples were located in the axial direction parallel
to the flow at the opposite side of the block. These thermocouples
help to measure the base heat flux and to help confirm that there
was no heat flow in the horizontal and transverse directions, i.e.
1D heat conduction in the vertical direction.

2.3. Microchannels heat sink

In this study, three heat sinks with different channel aspect ra-
tios were fabricated using a high-precision milling machine (Kern
HSPC-2216). Rectangular multi-microchannels were milled on the
top surface of the heat sink block. These horizontal microchan-
nels have the same channel hydraulic diameter of 0.46 mm and
same channel length of 25 mm, but different aspect ratios, i.e. 0.5,
1 and 2. The number of channels was 40, 36 and 25 respectively.
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Fig. 3. Test section details (a) Exploded drawing and (b) Heat sink block, dimensions in mm [28] (c) Overall assembly.

The base area of the heat sink was calculated from the width and
length which were 20 and 25 mm, respectively. This base area of
500 mm? was chosen based on the chipset die size. It is known
that the value of die size differs from chipset to another accord-
ing to the chipset performance. For example, the die size of In-
tel Sandy Bridge 4C processor is 216 mm? and is 503 mm? for
Intel Xeon E7440 (source: www.intel.com). In the present study,
both the microchannels and the inlet and outlet plena with semi-
circular shape were designed as one part. This was adopted to (i)
design microchannels heat sink that is acceptable for commercial
applications, i.e. this ensures an integrated assembly and a flat sur-
face bottom, which can easily be attached to any chipset, and (ii)
prevent any leakage that could happen during the experiments by
inserting O-ring around the heat sink. The bottom thickness of the
inlet and outlet plena was very thin, i.e. just 2 mm, to ensure min-
imum heat transfer in these parts. This minimum size of 2 mm
was necessary for strength, i.e. avoid possible break at this point.
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Table 2

Geometric dimensions of the test sections.
Test section ~ Hg, [mm] W, [mm]  Wj, [mm]  N[-] Dy [mm] B[] W, xL,[mm] R;[um]
1 0.7 0.35 0.15 40 0.46 0.5 20 x 25 0.271
2 0.46 0.46 0.1 36 0.46 1 20 x 25 0.286
3 0.35 0.7 0.1 25 0.46 2 20 x 25 0.304

It is worth mentioning that the machining conditions, i.e. cutting
feed rate and rotation speed, affect the channel surface microstruc-
tures and thus the surface roughness. Accordingly, the machining
conditions were kept the same during the fabrication of all heat
sinks. The spindle of the machine was set at a cutting feed rate
and rotation speed of 550 mm/min and 20,000 rpm, respectively.
Therefore, the average surface roughness of all microchannels was
approximately the same value. A surface profiler instrument, Zygo
NewView 5000, was used to measure the channel bottom rough-
ness at different locations then the average value was taken. It was
found that the average surface roughness of the three heat sinks
was 0.271, 0.286 and 0.304 pm. Fig. 4 shows the surface charac-
teristics, for the test section with aspect ratio of 0.5, over a sam-
ple test area of 0.132 x 0.176 mm. This figure depicts the intensity
map, the surface profile and the surface map (2D and 3D). It can
be seen that the surface average roughness is 0.27 pum, while the
minimum valley depth and the maximum peak height are 1.57 and
1.86 um, respectively. It also shows the maximum peak to valley
height, which is 3.43 um over this area. The dimensions and av-
erage roughness for each test section are presented in Table. 2. All
the channel dimensions were measured using an optical coordinate
measuring machine (TESA-VISIO 200GL) with accuracy of +2 pm.

3. Data reduction

During the single-phase experiments, the experimental Fanning
friction factor fexp and the average Nusselt number Nu were calcu-
lated as follow:

AF‘chDh
—__—-ah 1
fexp 2Lchlezh (1)
Nu = hDy (2)

ki

where APq, Dy, Ly, Vi, Ge, 1 and k; are the channel pressure drop,
the channel hydraulic diameter, the channel length, the liquid spe-
cific volume, the channel mass flux, the average heat transfer coef-
ficient and the liquid thermal conductivity, respectively. The chan-
nel pressure drop was calculated from the total measured pres-
sure drop APpmeqs and the pressure drop components as shown in
Eq. (3).

APch = APneas — (APip + AP + AP + APop)

3)
The pressure drop components APy, APsc, APs, and APy are
the pressure drop in the inlet plenum due to the change in flow
direction by 90°, the sudden contraction pressure drop at the chan-
nel inlet, the sudden expansion pressure drop at the channel outlet
and the pressure drop in the outlet plenum due to the change in
flow direction by 90°, respectively. These components can be cal-

culated using a procedure described by Remsburg [15] as follows:

1
APip = Kgg iGﬁv, (4)
1o
APOp = Kgo EGPUI (5)
1
APe = 5Gu[1-0o? +05(1 - a)] (6)

1 1
AP, = jcghv,[ﬁ e —a)z]

(7)
where Kgy and o are the loss coefficient of the 90° turns and
the area ratio (o = 2:;’; ), respectively. The uniform wall temper-
ature method (UWT) was adopted here to calculate the average
heat transfer coefficient and thus the average Nusselt number.
Eq. (8) was used to calculate the heat transfer coefficient.

q"pWhLep
Ap ATy

h= (8)

where g, Wy, Ay and ATy are the base heat flux, the base width,
the total heat transfer area and the log mean temperature differ-
ence, respectively. The log mean temperature difference can be cal-
culated as follows:

Tjo — Ty
Twi—Tyi
ln(”‘wi*Tfa)
The vertical wall temperature gradient ‘;—JT/ was used to estimate
the base heat flux q;; as follows:

AT = 9)

" dT
q, = kCLl -

dy (10)

y=0

where k¢, is the copper thermal conductivity. Eq. (11) was used to
calculate the total heat transfer area Ap, by assuming uniform heat
flux in the axial and transverse direction and three-sides heated
(adiabatic cover plate).

Ape = (2Hep + W) LepN (11)

where Hy, Wy, and N are the channel height, width and the num-
ber of channels, respectively. During the two-phase experiments,
the heat transfer coefficient and the vapour quality were calculated
locally, i.e. at three locations along the channel, see Eq. (12) and
(13).

qNb(Wch + Wfin)
(Twi(z) - Tf(z))(Wch + Zanh)
_ g —lig
g

hg = (12)

Xz (13)

where Wﬁnv TWf(Z)‘ Tﬂl)' n, i(z), il(Z) and ilg(z) are the fin Wldth, the
local internal surface temperature, the local fluid temperature, the
fin efficiency, the local specific enthalpy, the local liquid specific
enthalpy and the local latent heat of vaporization, respectively. The
fin efficiency n can be calculated using Eq. (14) and (15).

_ tanh (mHy,)
= (14)
zh(z)
m= — 15
kcquin ( )

Eq. (16) was used to calculate the local internal surface temper-
ature.
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Fig. 4. Surface characteristics of the channel bottom for aspect ratio 0.5 using Zygo NewView 5000.

/" b
Tuic) = T = T2 (16)
cu

where Tpy,) is the local thermocouple temperature, while b is
the vertical distance between the thermocouple and the channel
bottom. The local fluid temperature Ty,) can be calculated using

Eq. (17).
q"Wyz

Trey =Tri+ “ep,

(17)

The local fluid temperature Ty,) was used during liquid single-
phase region. This temperature was replaced by the local satura-
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tion temperature during two-phase flow region. The local satura-
tion temperature was found from the corresponding local pressure
Pgqy(z) by assuming a linear pressure drop along the channel, see
Eq. (18).

Z— Lsub

Psa[(z) = Psa[(z,sub) - ( )APfP (18)

Lch - Lsub
where Py, suby 2 Lsup, Len and APy are the local saturation pres-
sure at the subcooled region, the axial distance, the subcooled
length, the channel length and the two-phase pressure drop, re-
spectively. The local saturation pressure at the subcooled region
and the subcooled length (length of single-phase region) were cal-
culated as follows:

2fG2 Ly
Psat(z.sub) = Pl - ﬁ (19)
mel (Tsat(z,sub) - Tfi)
sub = q//bWb (20)

where P; and f are the inlet pressure and the Fanning friction fac-
tor, respectively. The Fanning friction factor was calculated using
Egs. (21-23) for developing laminar flow as proposed by Shah and
London [16].

344  frpRe+ % —3.44/V1+

200 = 21
Jorr = e Re(1+C(L) %) =
L* = Ly,,/ReDy, (22)

froRe = 24(1 —1.3558 + 1.9468% — 1.70128° + 0.95648%
-0.25378%) (23)

where L*, B, C and K, are the dimensionless length, the chan-
nel aspect ratio, the dimensionless correction factor and the di-
mensionless incremental pressure drop number, respectively. Both
C and K., were found from Shah and London [16]. An iteration pro-
cess was conducted between Eq. (19) and (20) to find the local sat-
uration temperature at the end of the subcooled region Tyq;, sup)
corresponding to the local saturation pressure at the subcooled re-
gion Py, sup), and then determine the subcooled length L. The
two-phase pressure drop APy, in Eq. (18) was calculated by sub-
tracting the channel pressure drop from the single-phase pressure
drop. The local specific enthalpy iy, in Eq. (13) was calculated as
follows:
. . q//bWbZ
l(z) =1+ T (24)
The average heat transfer coefficient along the channel is given
in Eq. (25).

- 1 La
h=— [ h(z)dz (25)
Len o

Table 3 presents the experimental uncertainties for all vari-
ables. The uncertainty values of the measured variables, i.e. ther-
mocouples and inlet/outlet pressure transducers, were calculated
from the calibration procedure. The uncertainties of the differen-
tial pressure transducer and Coriolis flow meters were found from
the manufacturer specification datasheets. The uncertainties of all
derived variables were calculated using the procedure proposed by
Coleman and Steele [17].

4. Experimental procedure

In this study, single and two-phase experiments were con-
ducted at different operating conditions. Before starting any exper-
iment, flashing and degassing processes were carried out to en-
sure that there is no trapped gas in the test section and the test
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Table 3
Experimental uncertainties.

Parameter Uncertainty
Temperature T-type +0.024K
Temperature K-type +0.038-0.12K
Inlet pressure transducer +0.46kPa
Outlet pressure transducer +0.37kPa
Differential pressure +0.08%
Coriolis mass flow rate +0.1%
Fanning friction factor +1.46-2.99%
Average Nusselt number +1.4 - 11.9%
Local vapour quality +0.35-15.3%
Local heat transfer coefficient  +0.72-13.48%
Mass flux +0.32-0.64%
Heat flux +0.12-6.88%
Table 4
Experimental operating conditions.

System pressure [bar] 1

Saturation temperature [ °C]  59.63

Inlet sub-cooling [K] 5

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

Base heat flux [kW/m?] Up to 531.2

Exit vapour quality [-] Up to 0.99

loop. The micro-gear pump run at high mass flow rate to push
any trapped gases to the liquid reservoir. Since the fluid HFE-7100
contains 53% of air by volume under ambient condition [18], a de-
gassing process was carried out, see Al-Zaidi et al. [19] for more
details about this process. It is worth mentioning that the rig was
charged with pure HFE-7100 (the fluid was not exposed to the at-
mosphere before charging) under vacuum, i.e. minimal traces of
dissolved gases. Single-phase experiments were performed at adi-
abatic and diabatic conditions to valid the experimental rig using
the single-phase Fanning friction factor and the average Nusselt
number. Flow boiling experiments were conducted at five mass
fluxes and exit vapour quality up to 0.99 as presented in Table 4.
Steady state conditions were assumed when the variation in the
measuring signals of temperature, pressure and mass flow rate
was less than 5%. Data were then collected for two minutes at a
frequency of 1 kHz via LabView software and saved. The average
value was then used in all calculations adopted in the data reduc-
tion. The EES software was used to obtain all the thermophysical
properties of the tested fluid and to develop the calculations pro-
gram. Flow visualization was recorded for each run at the heat sink
centre and at three different locations; near the channel inlet, near
the middle and near the channel outlet.

5. Results and discussions
5.1. Single-phase validation

The experimental system and measuring instruments were vali-
dated using single-phase experiments. Fig. 5 shows the experimen-
tal Fanning friction factor plotted versus Reynolds number for the
channels with aspect ratio of 0.5 and compared with the corre-
lation by Shah and London [16] for horizontal non-circular chan-
nels. This figure depicts that the experimental results were in a
good agreement with Shah and London correlation for develop-
ing flow. Fig. 6 presents the experimentally determined average
Nusselt number versus Reynolds number compared with three ex-
isting correlations such as Shah and London [16] for developing
flow, Peng and Peterson [20] and Mirmanto [21]. It shows that the
Nusselt number increased with Reynolds number, and there was a
reasonable agreement with the correlations by Peng and Peterson
[20] and Mirmanto [21] giving a mean absolute difference of 11%
and 14%, respectively.
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Fig. 6. Average Nusselt number versus Reynolds number for aspect ratio of 0.5.

5.2. Flow boiling patterns

The experimental flow patterns were observed at different lo-
cations along the centre of the heat sink. The size of each photo-
graph taken by the present camera was 4 x 4 mm. Four flow pat-
terns were observed in the three examined test sections, namely:
bubbly, slug, churn and annular flow. Fig. 7 illustrates the features
of these flow patterns for mass flux 100 kg/m?s and channel as-
pect ratio of 0.5. Fig. 7(a) shows that bubbly flow with bubble size
smaller than the channel width was observed near the channel in-
let at wall heat flux of 68.67 kW/m2. Bubbly flow was observed
near the channel inlet for the entire heat flux range studied. Some
of these bubbles were observed to nucleate at the channel corners,
while some of them became confined. Slug flow was observed near
the channel middle at wall heat flux of 22.68 kW/m?2 and higher as
a long cylindrical vapour bubble followed by bubbles as illustrated
in Fig. 7(b). Churn flow was captured near the channel middle at
wall heat flux of 45.6 kW/m? and higher which was characterized
by non-uniform vapour-liquid interphase and shape, as depicted in
Fig. 7(c). Annular flow occurred at the channel outlet, when wall
heat flux was 45.6 kW/m? and higher as a vapour core surrounded
by liquid film, see Fig. 7(d). In addition to the previous regimes,
Fig. 8 depicts an interesting feature, which was observed at high
heat fluxes, i.e. the presence of bubble nucleation in the liquid film
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(a) Bubbly flow
(near the channel inlet)
Gy 68.67 kW/m?
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(b) Slug flow
(near the channel middle)
Quy: 22.68 kW/m?

(c¢) Churn flow
(near the channel middle)
Qo 45.6 kW/m®

Liquid Film

(d) Annular flow
(at the channel outlet)
Qo 45.6 kW/m?

Fig. 7. Experimental flow patterns at mass flux of 100 kg/m?s for the channel as-
pect ratio of 0.5.

of annular flow at the channel corners, see also Karayiannis and
Mahmoud [1]. This photograph was taken near the channel mid-
dle at wall heat flux of 51 kW/m? and mass flux of 200 kg/m?2s
for the smaller channel aspect ratio. This was visualised for all
test sections and could be due to the high wall superheat activat-
ing more nucleation sites at high heat fluxes. Magnini and Matar
[22] conducted a numerical study to investigate the effect of chan-
nel aspect ratio (8 = 1-8) on flow boiling characteristics of a single
bubble under uniform heat flux boundary condition. They seeded a
small bubble at the centre of the channel cross section and allowed
for evaporation at the liquid-vapour interface without considering
any nucleation. Their results indicated that the degree of super-
heat was much higher at the channel corners for all examined as-
pect ratios. Additionally, in the square channel, the liquid film was
too thin at all walls except at the channel corners. In rectangular
channels, when the aspect ratio increased (shallow channel), the
liquid film was too thin at the top and bottom walls and too thick
at the side walls, e.g. it was about 80% of the perimeter for § > 4.
The high wall superheat and thick liquid film (either at the corners
or side walls) could promote nucleation in the liquid film, which
agrees with the current study, see Fig. 8.
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Fig. 8. Nucleation site in the liquid film of annular flow at wall heat flux of 51 kW/m? and mass flux of 200 kg/m?s for aspect ratio of 0.5 (near the channel middle).
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(c) Aspect ratio: 2
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Fig. 9. Bubbly flow at wall heat flux near 45 kW/m? and mass flux of 100 kg/m?2s
for different channel aspect ratios (near the channel inlet).

Although bubbly, slug, churn and annular flow were visualized
for all channel aspect ratios, slight differences in their features
were found. Fig. 9 shows the features of bubbly flow observed
near the channel inlet at wall heat flux near 45 kW/m?, mass flux
of 100 kg/m?s and different aspect ratios. Fig. 9(a) demonstrates
that, for the channel with aspect ratio of 0.5, the size of the bub-
bles was smaller than the channel width. However, larger confined
bubbles were also present. For the channel with aspect ratio of
1, the bubble size was still smaller than the channel width, see
Fig. 9(b), and the bubbles size was smaller than that observed in
the channels with aspect ratio of 0.5. Some of the bubbles be-

10

came larger due to bubble coalesence and their size approached
the channel width. For the channel of larger aspect ratio, i.e. as-
pect ratio of 2, the bubble size was much smaller than the chan-
nel width and smaller than those seen in the other apsect ratios,
see Fig. 9(c). These differences in the bubble size are likely due
to the strong effect of confinement induced by the channel walls
when the channel width decreases and possible heat transfer from
all three heated walls. It can be concluded from Fig. 9 that the
bubble size increases as the channel aspect ratio decreases (reduc-
tion in the channel width). Another reason for the difference in
bubble size observed in the three test sections could be the effect
of flow reversal. In the present study, flow reversal and pressure
drop fluctuation were found to increase with decreasing channel
aspect ratio for the mass flux ranged studied. With flow reversal,
the mass flux may vary amongst the channels which has a signifi-
cant effect on bubble size. Moreover, the bubble size may become
large during the stagnation period due to more evaporation rate
from surrounding and coalescence rate, see Section 5.3.

Fig. 10 depicts the effect of aspect ratio on the features of
slug flow observed near the channel middle at wall heat flux near
23 kW/m? and mass flux of 50 kg/m?2s. Vapour slugs, which filled
the channel cross-sectional area were seen in all test sections.
These slugs were followed by small and large bubbles, as shown
in this figure. The figure illustrates that the size of these bubbles
and the slug ends differed from channel aspect ratio to another.
When the channel aspect ratio decreased, the slug ends had more
round shape due to the fact that these slugs were squeezed by the
channel sidewalls. Moreover, the bubbles that followed the slugs
became larger (more confined) with decreasing channel aspect ra-
tio due to the confinement effect.

Fig. 11 illustrates the effect of aspect ratio on the features of
annular flow at wall heat flux near 79 kW/m? and mass flux of
250 kg/m?Zs. This photograph was taken at the channel outlet. It
can be seen that, there was no clear effect of aspect ratio on an-
nular flow. It is worth mentioning that it was difficult to measure
the distrubtion and thickness of the liquid film in this regime, even
with the high-speed, high-resolution camera used in this study.

It can be concluded from the above discussion that the three
investigated aspect ratios do not show significant effects on the
observed flow patterns. The effect of aspect ratio could be limited
to the slug flow, see above. The effect of aspect ratio could affect
the distribution and thickness of the liquid film, which however
could not be captured in the present study using the high speed
camera, which views from the top side.
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Fig. 10. Slug flow at wall heat flux near 23 kW/m? and mass flux of 50 kg/m?s for
different channel aspect ratios (near the channel middle).
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Fig. 11. Annular flow at wall heat flux near 79 kW/m? and mass flux of 250 kg/m?s
for different channel aspect ratios (at the channel outlet).

5.3. Flow reversal and instability

Flow reversal and fluctuations in pressure, mass flux and tem-
perature are very common in multi-microchannels configurations.
Flow reversal is a periodic back flow due to a sudden increase
in the flow resistance inside the microchannels. Kandlikar [23] at-
tributed flow reversal to the occurrence of bubble nucleation near
the channel inlet and the low flow resistance to back flow. In other
words, the high evaporation rate leads to an increase in the evapo-

1
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ration momentum force, which when exceeds the shear and inertia
forces results in flow reversal as mentioned by Kandlikar [24]. High
pressure and mass flux fluctuations are other indicators of flow in-
stability. Flow reversal was reported in some experimental studies,
see Chen and Garimella [25], Yang et al. [26] and Fayyadh et al.
[27]. In the present study, flow reversal occurred after boiling in-
cipience for all examined heat and mass fluxes. This could be due
to the bubble generation near the channel inlet and slug forma-
tion as captured by the camera, see Al-Zaidi et al. [28] for further
discussion.

Fig. 12 depicts a sequence of pictures of flow reversal for chan-
nel aspect ratio of 2 at wall heat flux of 114.8 kW/m2 and mass
flux of 250 kg/m?2s. These pictures were taken at a location be-
tween the channel inlet and middle to detect the cycle of flow re-
versal. The flow reversal cycle was found to be forward, stagnation
and backward motion. Moreover, the experimental flow patterns
were fluctuating between bubbly, confined bubbles and slug flow.
At an arbitrary starting time of 0 ms, small bubbles moved to-
wards the channel outlet. These bubbles had size smaller than the
channel width. After 21 ms, the captured bubbles stayed at their
locations for about 1 ms. During this stagnation period, the bub-
bles size became larger due to heat transfer from the surrounding
and coalescence with others. After that, back motion was visual-
ized with continuous increase in bubble size until the bubbles be-
came confined at 27 ms. After 37 ms, all the channels were filled
with vapour slugs that moved towards the channel inlet. This pe-
riod (backward motion) took about 21 ms. At time of 43 ms, the
cycle of flow reversal was finished and small new bubbles occurred
inside the channels that moved to the downstream direction.

Flow reversal is very common in multi-microchannels, regard-
less of channel geometry and operating conditions (heat and mass
flux). Therefore it would be difficult to infer the effect of aspect ra-
tio using the sequence of flow patterns discussed above in Fig. 12.
In other words, this figure is presented to explain the mechanism
and phenomenon of flow reversal but cannot be used to under-
stand the effect of aspect ratio. The high speed camera and the
pressure sensors should be synchronized in order to have a link
between the pressure signals and flow patterns. In the present
study, pressure and temperature measurements were conducted si-
multaneously but not synchronized. Accordingly, the pressure drop
signal is used to quantify the effect of aspect ratio on flow instabil-
ity, as depicted in Fig. 13 for G = 150 kg/m?s at low and high wall
heat fluxes. The figure shows that the pressure drop fluctuation in-
creased when the channel aspect ratio decreased. For example, the
amplitude of fluctuation increased from 0.16 to 1.15 kPa when the
channel aspect ratio decreased from 2 to 0.5 at wall heat flux near
53 kW/m2. This effect was also found at high wall heat flux, i.e.
70 kW/m?, as shown in Fig. 13(b). As mentioned above, because
the pressure drop measurements and the flow visualisation were
not synchronised, it was difficult to link directly the higher ampli-
tude of the pressure fluctuation in the channel of 8 = 0.5 to flow
instabilities and flow reversal. Thus, based on the pressure drop
signal, it can clearly be stated that the instabilities are higher in
the small aspect ratio channels.

It can be concluded from the above discussion that pressure
drop fluctuation increases as the aspect ratio decreases. However,
it must be emphasised that the heat transfer results in this study
were not significantly affected by this mild flow reversal. This can
be confirmed by checking the measured signal of inlet/outlet pres-
sure, inlet/outlet fluid temperature and wall temperatures along
the channel for all heat sinks. The maximum percentage of fluc-
tuation was found to be 2.37% for the inlet pressure, 1.11% for the
outlet pressure, 0.85% for the inlet fluid temperature, 0.04% for the
outlet fluid temperature and between 0.05% to 0.46% for the wall
temperature, see Fig. 14, which shows the inlet pressure fluctua-
tion for three heat sinks. Al-Zaidi et al. [28] also presented the
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Fig. 12. Sequence of pictures of flow reversal for aspect ratio of 2 at wall heat flux of 114.8 kW/m? and mass flux of 250 kg/m?s (between the channel inlet and middle).
Yellow arrow indicates forward motion and red backward motion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 14. Inlet pressure fluctuations at wall heat flux of 102 kW/m? and mass flux of
250 kg/m?s for three heat sinks.

fluctuation in the measured signals for the aspect ratio of 2. Ad-
ditionally, Fig. 13a indicates that at low heat fluxes the fluctua-
tions in pressure drop was about 20% for the heat sink with the
largest aspect ratio and increased to about 80% for the heat sink
with smallest aspect ratio. The high fluctuations at low heat fluxes
may be due to the dominance of elongated slug flow along a sig-
nificant length of the channel that can expand in both directions
as discussed above. These fluctuations decreased with the increase

13

of heat flux (when bubbly/slug flow becomes limited to a short
length near the entry region and annular flow dominates along the
channel length). For example, Fig. 13b indicates that the pressure
drop fluctuations decreased to about 40% when the heat flux in-
creased to 70 kW/m?2.

5.4. Heat transfer characteristics

The effect of heat flux, mass flux and vapour quality on the lo-
cal and average heat transfer coefficient was discussed in detail in
Al-Zaidi et al. [28]. The heat transfer coefficient was found to in-
crease with increasing wall heat flux. This was attributed to the
high bubble generation and, to a lesser extent to the contribu-
tion of nucleation in the liquid film, as well as liquid film evap-
oration. In contrast, there was no clear mass flux effect in the ex-
amined range of 50-250 kg/m2s. Moreover, the local heat trans-
fer coefficient reached higher value at very low vapour quality and
then decreased with increasing local vapour quality, see Fig. 15.
It is worth mentioning that due to the short length of the chan-
nels, only three thermocouples were used for the local temperature
measurements. Thus, the data in Fig. 15 were for three axial loca-
tions, i.e. z/L of 0.1, 0.5 and 0.9. This reduction in local heat transfer
rates after the nucleate boiling region could be due to the devel-
opment of slug, churn and later annular flow where heat transfer
rates could be lower, see Lee et al. [29]. It is worth mentioning that
the above results were found for all test sections. The reduction in
two-phase heat transfer coefficient with vapour qualities was also
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Fig. 15. Effect of channel aspect ratio on the local heat transfer coefficient

reported in the literature, see Qu and Mudawar [30], Steinke and
Kandlikar [31], Diaz and Schmidt [32], Lee and Mudawar [33] and
Korniliou and Karayiannis [34]. Qu and Mudawar [30] conducted
an experimental flow boiling study using de-ionized water in hor-
izontal rectangular microchannels with channel height and width
of 0.713 and 0.231 mm, respectively. In another study by Lee and
Mudawar [33], flow boiling of R134a in horizontal square chan-
nels having 1 x 1 mm dimension was investigated. This reduc-
tion was attributed by [33] to the droplet entrainment and deposi-
tion during annular flow leading to thicker film thickness. Steinke
and Kandlikar [31] also conducted flow boiling experiments using
water in horizontal parallel microchannels having 0.2 mm channel
height and 0.214 mm channel width. They reported that very high
heat transfer coefficient was reached at low vapour qualities due
to the onset of nucleate boiling. After that, a reduction in the heat
transfer coefficient with increasing quality was found. This was at-
tributed by the authors to the rapid bubble growth resulting in
flow reversal. Diaz and Schmidt [32] performed flow boiling of n-
hexane in a horizontal rectangular channel with height and width
of 0.3 mm and 12.7 mm, respectively. Their results showed that
the heat transfer coefficient became high around vapour quality of
zero, and then decreased rapidly with increasing quality. Korniliou
and Karayiannis [34] also reported that the two-phase heat trans-
fer coefficient decreased with local quality, using de-ionized water
in a horizontal microchannel with 1 mm height and width 1 mm.

Fig. 15 illustrates the effect of channel aspect ratio on the local
heat transfer coefficient at mass flux of 250 kg/m2s and different
wall heat fluxes. This figure demonstrates that, in the subcooled re-
gion, the local heat transfer coefficient increased with aspect ratio.
This could be due to the lower wall temperature as a result of the
wider channel width. In the saturation region, there was a notice-
able increase in the local heat transfer coefficient when the chan-
nel aspect ratio increased. This aspect ratio effect became clear at
high wall heat flux as shown in Fig. 15(b). The channel aspect ratio
may affect the bubble nucleation site density and the liquid film
thickness as shown schematically in Fig 16. At low vapour quali-
ties when the flow pattern is bubbly flow, the enhancement in the
heat transfer coefficient with the increase in aspect ratio could be
due to the activation of more nucleation sites at the channel cor-
ners and on the channel bottom surface due to the large channel
width, see Fig 16(a). When the channel width decreases, bubble
nucleation may only be limited to the channel corners. In other
words, the number of nucleation sites is larger in the channel with
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a larger bottom surface area. It is known that more nucleation
sites result in higher heat transfer coefficient due to the evapo-
ration process in the liquid micro-layer underneath these nucleat-
ing bubbles. At moderate and high vapour qualities, when the flow
pattern is slug or annular flow, the difference in the heat trans-
fer coefficient with different aspect ratios could be due to the be-
haviour and distribution of the liquid film around the channel cir-
cumference as explained schematically in Fig 16(b) and discussed
by Magnini and Matar [22]. In the shallow channel, i.e. large aspect
ratio, the slug or annular flow is confined and squeezed between
the channel bottom surface and the top adiabatic surface leaving
a thin liquid film. Since the channels are heated from the bottom
surface (partial heated channel), the evaporation rate is expected
to be very high at the liquid film interface in contact with the
bottom surface. Also, the thicker film and high superheat at the
side walls in shallow channels as reported by Magnini and Mater
[22] could help bubble nucleation in the liquid film. In contrast,
in the deep channel, i.e. small aspect ratio, these flow patterns are
confined and squeezed by the channel sidewalls rather than the
channel bottom surface. Therefore, the liquid film thickness may
become thicker on the channel bottom surface. This leads to in-
crease the thermal resistance and decrease the evaporation rate
leading to lower heat transfer coefficient.

Fig. 17 presents the average heat transfer coefficient at three
channel aspect ratios and mass flux of 250 kg/m?s. This figure il-
lustrates that the average heat transfer coefficient increased with
increasing wall heat flux. It also shows that when the channel as-
pect ratio increased from 0.5 to 2, the average heat transfer coef-
ficient increased by 14.3% for the heat flux range studied. The in-
crease in the two-phase heat transfer coefficient with channel as-
pect ratio was also reported by other researchers, such as Soupre-
manien et al. [11] (at low heat fluxes), Markal et al. [13] (up to
aspect ratio of 3.54) and Drummond et al. [35].

Fig. 18 depicts the effect of channel aspect ratio on the boiling
curve at mass flux of 250 kg/m?2s. Both wall and base heat fluxes
were plotted here to discuss the effect of aspect ratio. Generally,
the wall superheat (wall-to-saturation temperature difference) in-
creased with increasing wall or base heat flux for all test sections.
Fig. 18(a) shows that, for a fixed wall superheat, the wall heat flux
increased by 22.3% (average difference) when the channel aspect
ratio increased from 0.5 to 2. In other words, when the wall heat
flux is the required parameter, a noticeable influence of aspect ra-
tio on the boiling curve was found. From a design point of view,
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the dissipated heat from any chipset should be considered when
a thermal management system is proposed for electronics cooling.
Accordingly, the boiling curve was plotted using the base heat flux
versus wall superheat as shown in Fig. 18(b). It is obvious that
when the channel aspect ratio decreased, the base heat flux was
found to increase and also the slope of the boiling curve increased.

15

J

B=2

16. Schematic diagram of the aspect ratio effect on the: (a) Nucleation site density (b) Liquid film thickness around the channel circumference.

(b)

This opposite trend of aspect ratio with base heat flux compared
to wall heat flux could be attributed to the effect of surface area
ratio. The surface area ratio can be defined as a ratio between the
total heat transfer area and the base area as presented in Eq. (26).

o _ (2Ho+ WaN

W (26)

The total heat transfer area, (and hence the area ratio) differs
from heat sink to another since the channel dimensions and the
number of channels are not the same. Therefore, the area ratio in-
creases with decreasing channel aspect ratio leading to an increase
in the base heat flux as shown in Eq. (27).

qy =qu*a (27)

In other words, the maximum heat that can be dissipated from
the chipset increases with decreasing aspect ratio due to the large
surface enhancement. This can outweigh the benefits from the
boiling heat transfer enhancement at larger channel aspect ratio.
Fig. 18(b) depicts that maximum base heat flux reached up to
531.2, 414.8 and 335.3 kW/m2, when the aspect ratio was 0.5, 1
and 2, respectively, which corresponds to the cooling load of 265.6,
207.4 and 167.6 W, respectively for a base area of 20 mm x 25 mm.

5.5. Pressure drop characteristics

Pressure drop is considered an important parameter that de-
fines the pump performance and energy use. This component may
be affected by the channel aspect ratio. Therefore, the influence
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of aspect ratio on the flow boiling pressure drop at mass flux of
250 kg/m?s is presented in Fig. 19. This figure shows that, for
all channel aspect ratios, the flow boiling pressure drop increased
with wall heat flux. This could be due to the high bubble gener-
ation and thus high flow resistance leading to an increase in the
flow boiling pressure drop. The increase in flow boiling pressure
drop with heat flux (or exit quality) was also reported by Qu and
Mudawar [36], Harirchian and Garimella [5], Huang et al. [37] and
Markal et al. [38]. This figure also illustrates that, for a given wall
heat flux, the flow boiling pressure drop increased with deceasing
channel aspect ratio. The effect of aspect ratio became noticeable
at moderate and high heat fluxes, i.e. more than 60 kW/m?2, when
a higher bubble generation occurred and annular flow dominated.
The flow boiling pressure drop was found to increase by 48.6% (av-
erage difference) when the aspect ratio decreased from the larger
to smaller value. The maximum flow boiling pressure drop reached
in these experiments was 3.98, 5.5 and 5.6 kPa, when the aspect
ratio was 2, 1 and 0.5, respectively. Using the corresponding mass
flow rates, the increase in the energy consumed by the pump (vol-
ume flow rate x measured pressure drop) is 9.7 mW, which is
small compared to the total pressure drop in a thermal manage-
ment system. It is worth mentioning that other researchers also

16

International Journal of Heat and Mass Transfer 164 (2021) 120587

—0—pB=0.5

Flow boiling pressure drop [kPa]
w

1 4
—o—B=1
y ——B=2
0 T T T
0 50 100 150 200

Wall heat flux [kW/m?]

Fig. 19. Effect of channel aspect ratio on the flow boiling pressure drop at mass
flux of 250 kg/m?s.

found that the flow boiling pressure drop varied inversely pro-
portional to the channel aspect ratio or increased as the channel
height increased (at a fixed width) or channel width decreased (at
a fixed height), see Harirchian and Garimella [5], Holcomb et al.
[8], Soupremanien et al. [11], Drummond et al. [35] and Ozdemir
[39]. This effect of channel aspect ratio on the pressure drop could
be attributed to: (1) The difference in the exit vapour quality due
to the different heat transfer areas. For a fixed wall heat flux, the
channel aspect ratio of 0.5 has the largest heat transfer area com-
pared to the aspect ratio of 2. This results in higher heat transfer
rate and thus higher exit vapour quality, i.e. higher void fraction.
(2) The difference in the distribution of the liquid film. During an-
nular flow, for the deeper channels (smaller aspect ratio) the lig-
uid film at the channel bottom surface is expected to be thicker
due to stratification effects, see Fig. 16(b). In contrast, for the shal-
low channels, i.e. larger aspect ratio, most of the liquid may collect
at the channel corners leaving a very thin liquid film at the chan-
nel bottom surface and sidewalls. Therefore, the wall shear stress
(between liquid film and channel surface) at the channel bottom
in addition to the channel sidewalls is expected to be larger com-
pared to the shallow channels. This may result in larger frictional
pressure drop component in the deeper channels.

6. Conclusions

Flow boiling experiments of HFE-7100 in horizontal multi-
microchannel heat sinks were carried out. Three different channel
aspect ratios, i.e. 0.5, 1.0 and 2.0, at hydraulic diameter of 0.46 mm
were tested. The experiments were set at mass flux ranging from
50 to 250 kg/m?2s, wall heat flux range from 9.6 to 191.6 kW/m?,
system pressure of 1 bar (measured at the test section inlet) and
inlet sub-cooling near 5 K. The main conclusions can be sum-
marised as follows:

1. The observed flow patterns were bubbly, slug, churn and annu-
lar flow. Small nucleating bubbles in the liquid film of annular
flow were also visualized.

2. Flow reversal occurred in all experiments. The cycle of flow re-
versal was found to be forward motion, stagnation period and
backward motion, while the captured flow regimes were fluctu-
ating between bubbly, confined bubble and slug flow. This flow
reversal resulted in fluctuations in pressure drop, which were
higher in the channels with small aspect ratio, especially at low
heat fluxes. However, this mild flow reversal and fluctuations
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in pressure drop did not affect the heat transfer results signifi-
cantly.

3. The bubble size was found to increase with decreasing aspect
ratio. This could be due to the confinement effect and heat
transfer from the side walls. Slug ends became more round
with deceasing aspect ratio, while there was no a clear effect
on annular flow.

4. The heat transfer results demonstrated that the heat transfer
coefficient reached higher values at very low vapour qualities
then decreased with further quality increases. Moreover, it was
found to increase with wall heat flux, while there was insignif-
icant effect of mass flux.

5. A small enhancement in the heat transfer coefficient was found
with increasing channel aspect ratio. Compared to the aspect
ratio of 0.5, the average heat transfer coefficient increased by
14.3% for an aspect ratio of 2.

6. The flow boiling pressure drop results showed that the pressure
drop increased with increasing wall heat flux while it decreased
with increasing aspect ratio.

7. The maximum heat that can be dissipated from the chipset
(base heat flux) increased with decreasing channel aspect ra-
tio. This is due to the large surface area enhancement, which
outweighs the increase in the heat transfer coefficient.

8. The present study demonstrated that, the channel aspect ra-
tio has a significant effect on both base heat flux and pres-
sure drop. Accordingly, this parameter should be considered in
any proposed small to micro-scale thermal management sys-
tem. However, more experimental work is required to confirm
this by testing different aspect ratio ranges, operating condi-
tions and working fluids.

9. The maximum base heat flux reached in this study was
530 kW/m?, i.e. cooling load of 265 W, using the smaller chan-
nel aspect ratio. The working surface temperature can be con-
trolled to be less than 80°C, allowing such systems to be used
in cooling of electronics.
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