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In the present experimental study, Nano-Encapsulated Phase Change Material (NEPCM) nanoparticles
with particle sizes in the range of 250-350 nm are synthesized. The core of nanoparticles is made of
eicosane and can undergo liquid-solid phase change by absorbing/releasing latent heat. The eicosane core
of the NEPCM particles is enclosed in a formaldehyde shell, and the particles are suspended in the water
as the base fluid. The synthesized NEPCM-water suspension is employed as the working-fluid for heat re-
moval from a microchannel heatsink. The heatsink is made of red-copper, and it consists of eight rectan-
gular microchannels with an aspect ratio of 1.5 and a hydraulic diameter of 1.2 mm. Under the heatsink, a
heating plate is embedded, which produces a uniform heat flux. The working-fluid, NEPCM-water, enters
the microchannel and absorbs the heat from the microchannel walls in the form of sensible and latent
heat. The impact of the nanoparticle’s concentration, the heating-power, and the flow rate is investigated
on the channel wall temperature, Nusselt number, convection ratio, performance index, and coefficient
of performance. The results show that the presence of NECPM-particles improves heat transfer and the
index of performance up to 70% and 45%, respectively. The observed enhancement of heat transfer is
particularly notable at low Reynolds numbers. However, at the high Reynolds numbers, the presence of
NECPM particles may reduce the convection ratio and performance index, which is mainly due to the in-
crease of the viscosity and reduction of the sensible heat of the working-fluid in the presence of NEPCM
nanoparticles.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

removal capability. Using the liquid as the coolant in miniature
heat exchangers not only improves the heat removal capacity of

In recent years, the demand for smaller and lighter electronic
components, such as tablet computers, smartphones, has been
increased intensively. The miniaturization of electronic compo-
nents has notably increased the density of heat generation in the
constructive tiny chips and electronic circuits. As a result, the con-
ventional passive air cooling systems are not capable of adequate
heat removal of such tiny components with a high density of sur-
face heat flux. Hence, active liquid cooling systems are demanded.
In this regard, the miniature heat exchangers have received close
attention. The millimeter- and micrometer-scale flow channel
heatsinks are of important interest due to their very high heat
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the heat exchanger but also reduces the required pumping power
for the circulation of a working liquid in micron-level flow chan-
nels. The most direct way to improve the efficiency of small heat
exchangers is to use a working liquid with higher heat capacity.
The highest magnitude of heat capacity is related to the phase
change phenome. So that, in recent years, the suspensions and
slurries of Micro-Encapsulated Phase Change Materials (MEPCMs)
are introduced. The MEPCM particles are made of a Phase Change
Material (PCM) core and a shell, in which the shell acts as a
container for liquid/solid PCM core. The PCM core of the particle
can phase change by absorbing/releasing heat in the form of latent
heat. Hence, a working-fluid containing MEPCM particles can
benefit from the latent heat capacity of the phase change core and
absorb a notable amount of energy in the form of the latent heat.
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Nomenclature

Latin symbols

A the cross-sectional area of single-channel (m?)
Ar channel aspect ratio defined as Hch/Wch
cop coefficient of performance
Cp specific heat capacity at constant pressure (J/(kg.K))
df uncertainty
DH channel hydraulic diameter (mm)
f friction factor
FOM performance index
Hc the distance between the bottom of the runner and
the thermocouple (m)
h the average convective heat transfer coefficient
(W/(m2 K))
I current (A)
k the thermal conductivity (W/(m . K))
Lch the wet perimeter of the channel, channel length (m)
N the microchannels
Nu average Nusselt number
P pump power (W)
p pressure (Pa)
Pe Péclet number
q heat removal
q" heat flux (W/m2)
Q volume flow rate (m3/s)
Re Reynolds number
Sbh the subcooling parameter
Ste* the ratio of the heating-power to the latent heat of
the phase change
T temperature (°C)
™ fusion temperature of phase change material ( °C)
um average velocity (m/s)
Vv voltage (V)
w channel width

x1, x2, xn measurements

Greek symbols

B the angle of channel walls (deg)

A difference

AH the latent heat value of the phase change material
ATref  the relative temperature defined asqh/pbepQ (°C)
AX measurement error

£ the convection ratio

0 non-dimensional temperature

nw dynamic viscosity (N.s/m2)

P density (kg/m3)

wnepcm the volume fraction of nanoparticles (%)

wpcm  mass fraction of nanoparticles (%)

subscripts

bf base fluid

ch channel

eff calculation using average inlet and outlet hydraulic di-
ameter

in channel inlet

m average

mtd calculation based on the average inlet and outlet tem-
peratures

nepcm  nanocapsules phase change material

out channel outlet

tc thermocouple

w the bottom wall of the channel

The phase change thermal energy storage aspect of phase change

materials improved with nanoparticle additives is also another
important area, which has been discussed in recent publications
for cooling applications [1], solar systems [2,3], and electronic
cooling [4].

The microchannel-heatsinks were first proposed by Tuckerman
and Pease [5] about 40 years ago. The microchannel-heatsinks
show an outstanding heat removal capability. For many years,
the working-fluid in microchannels was water, and the geomet-
ric appearance of the channels was a rectangular cross-section.
By the increase of demand for higher heat removal rate, vari-
ous methods such as convective boiling [6], using nanofluids [7-
10], multipass microchannels [11,12], nanoemulsion [13-16], and a
slurry of encapsulated phase change materials [17-19] are intro-
duced. Rao et al. [20] experimentally addressed the heat transfer
performance of water-based MEPCM suspensions in a rectangular
copper-minichannel with a hydraulic diameter of 2.71 mm. The ex-
periments were performed for the mass concentration of MEPCM
particles up to 20% and various mass flow rates. The authors re-
ported that the cooling performance of using MEPCM suspensions
depends on the mass flow rate. They found that using a low con-
centration of MEPCMs particles, i.e., 5%, always improves the heat
transfer performance and reduces the wall temperature. However,
high concentrations are only effective when the mass flow rates
are low. The high concentration MEPCM suspensions lose their
thermal advantage at higher mass flow rates. Chow et al. [21] in-
troduced a mathematical model and investigated the impact of us-
ing MEPCMs slurries to improve the heat transfer rate in the high
heat flux devices, such as Insulated-Gate Bipolar Transistor (IGBT)
and Monolithic Microwave Integrated Circuits (MMICs), which are
essential in Navy-ships.

Wu et al. [22] dispersed NEPCM particles in poly-c-olefin (PAO)
liquid to absorb the thermal energy of the fluid during solid-liquid
phase changes. They synthesized two types of slurries, which
were bare indium and silica encapsulated indium NEPCMs. The
NEPCM suspension could be of practical interest solely for high-
temperature applications due to the high fusion temperature of
indium particles (150 ~ 180 °C). The heat transfer performance
of NEPCM-PAO suspension was examined in a microchannel heat
exchanger. The outcomes showed that using 30% of bare indium
NEPCM particles resulted in a convective heat transfer coefficient
of 47,000 W/m? K, which was two-fold of pure PAO.

In another study, Ho et al. [23] utilized a suspension of MEPCMs
to improve the heat transfer of a microchannel heatsink. The
heatsink was made of copper, which was consisted of 10 minichan-
nels with a rectangular cross-section of 1.5 mm x 1 mm and a
length of 50 mm. The flow Reynolds numbers were investigated
in the range of 133-1515 with MEPCM mass concentrations of 0
to 10 wt%, while the bottom of the heatsink was subject to a uni-
form heat flux. When the Reynolds number was small, the pres-
ence of MEPCMs was significant and reduced the wall temperature.
Moreover, the working-fluid containing MEPCM particles showed a
better performance index (cost of performance) compared to the
pure coolant. The optimum cooling performance was reported for
2% MEPCM concentration.

Hasan et al. [24] theoretically explored the influence of using
MEPCM suspension as a coolant in microchannel heatsinks. These
authors investigated the influence of using various core and wall
materials as well as different base fluids on the heat transfer en-
hancement. They addressed the effect of RT44 and n-octadecane
as the core-PCMs, and PAO and poly-methylmethacrylate (PMMA)
as the shells on heat transfer behavior of the suspension. The base
fluids were pure water, oil, or ethylene glycol. The heatsink was
subject to a uniform heat flux at the bottom, and the concentra-
tion of MEPCM particles was investigated up to 20%. It was found
that using MEPCM suspensions could improve the heat transfer by
20.91% for RT44+PMMA in oil, 16.91% for RT44+PMMA in ethylene
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glycol, and 12.91% for RT44+PMMA in pure water when the con-
centration of MEPCMs was 2%.

In another recent work, Ho et al. [25] explored the effect of us-
ing MEPCM-suspensions in heatsinks. They reported that increas-
ing MEPCM particle concentration up to 10% improves the heat
transfer in the heatsink notably. Recently, by the development of
nanotechnology, the Nano-Encapsulated Phase Change Materials
(NEPCMs) can be produced [26-28]. Dispersing NEPCM particles in
a liquid has the advantage of more-stable suspension, a higher sur-
face of heat transfer between the liquid and nanoparticle, and bet-
ter thermophysical properties of the suspension. Using nano-size
PCM particles greatly reduces the possibility of clogging in the mi-
crochannels, increases the heat transfer area of the particles, and
the improves the thermophysical properties of the working-fluid.

Zhang et al. [29] theoretically investigated the influence of us-
ing NEPCM slurries on the cooling performance of a confined jet
array. The working-fluid was PAO, and the NEPCM particles were
made of paraffin+polystyrene. The authors reported that micro-
convection effect due to the rotation and movement of the mi-
croparticles plays an essential role in heat transfer enhancement
for MEPCMs, while micro-convection has a minimal impact in
nano-scale for NEPCM due to the tiny size of particles. They re-
ported that there exists an optimal volumetric concentration for
the best performance of NEPCM particles. Dispersing NEPCM parti-
cles first improves thermal performance until it reaches an optimal
value. Seyf et al. [30] numerically explored the effect of the pres-
ence of NEPCM particles on the thermal performance of NEPCM
slurries in microtube heat sinks. These authors also used octade-
cane for NEPCM and PAO for the working-fluid. The outcomes re-
vealed that using NEPCM notably improved the heat transfer rate,
but it also increased the pressure drop. The authors investigated
the entropy generation and realized that the presence of NEPCMs
reduced the total entropy generation.

In a theoretical study, Petrovic et al. [31] explored the effect
of using NEPCM materials and nanofluids as water base working-
fluids to enhance the heat transfer in microchannels. Two types
of nanoparticles, one made of Cu and the other one made of -
Octadecane core (NEPCM), were adopted with various volume frac-
tions up to 5%. They found that using Cu-water nanofluid can
provide a better heat transfer rate in the microchannel compared
to NECPM nanoparticles. The natural [32-34] and laminar mixed

[35] convection heat transfer of NEPCMs suspensions were also in-
vestigated in recent theatrical works. The results showed that the
presence of NEPCMs particles improved the natural or mixed con-
vection heat transfer. The enhancement was a function of fusion
temperature and there was an optimum fusion temperature for
maximum heat transfer enhancement.

The literature review shows that the subject of using suspen-
sion or slurries of MEPCMs has received a considerable amount
of attention for the thermal enhancement of heatsinks in recent
years. However, the synthesize of NEPCMs particles has been de-
veloped very recently, and thus, there are only very few published
works on the thermal benefit of NEPCM-suspensions. Most of the
previous works were theoretical works [29-31], and the experi-
mental works were limited to PAO base fluids [22] with indium
PCM particles. The indium particles were only applicable for high-
temperature ranges above 150 °C. Such a temperature range is
not practical for the cooling of electronic components. Hence, the
present study aims to experimentally address the thermal perfor-
mance of NEPCMs in microchannels for electronic cooling applica-
tions of micro heatsinks.

2. Experimental method
2.1. Experimental setup

The present experiment aims to study the impact of using
NEPCMs on the thermal performance of water in a micro heatsink.
Hence, a suspension of NEPCM is synthesized with various mass
fractions and used as a working-fluid, which circulates in a closed-
loop system as the cooling medium. The working-fluid absorbs a
significant amount of heat by passing through a micro heatsink
and then cools down in a heat exchanger.

The experimental setup consists of a micro heatsink test-
module, measurement system, heat exchangers, a centrifugal
pump, and the working-fluid. A schematic view of the experimen-
tal setup is depicted in Fig. 1. The centrifugal pump is used to drive
the working-fluid and circulate it in the experimental loop. When
the working-fluid leaves the pump, its temperature is controlled by
a heat exchanger, which is placed in a constant temperature tank.
Then, the working-fluid reaches the inlet of the test module and
passes through the microchannels of the heatsink.

Test Section

H

Tout
RTD

Tin
RTD

]
0 O
A — DC Power Supply
[R—— C &Datalogge
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(Cooling)
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l
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Fig. 1. The schematic view of the experimental setup.

Heat Exchanger (Heating)

O Volumetric
Flowmeter
A
EE’ O Mass Flow
Differential Pressure Rate Meter



4 CJ. Ho, Y.-C. Liu and M. Ghalambaz et al./ International Journal of Heat and Mass Transfer 155 (2020) 119858

rib

Fig. 2. .The schematic figure of the channels.

In the test module, the fluid absorbs the heat from the heatsink
until it reaches the outlet. After the outlet, there is a series of
heat exchangers, which are placed in constant bath cool-tanks.
These heat exchangers ensure that all of the phase-change mate-
rial of NEPCM-suspension are entirely solidify. To ensure all of the
NEPCMs are well solidify, the temperatures of these cooling bathes
are well below the fusion temperature of NEPCMs. Hence, as men-
tioned, a heating heat exchanger was placed before the inlet of the
test module to raise the working-fluid’s temperature to the exper-
iment temperature.

A mass flow meter and a volume flow meter are placed after
the heating heat exchanger and before the inlet of the test mod-
ule to measure the flow rate. Finally, to control the experimental
conditions, the entire experimental loop is covered with cotton as
the thermal insulation to reduce its environmental heat loss. The
pressure-drop through the heatsink test-module is measured by
using a differential pressure sensor, placed at the inlet and outlet
of the test-module. The inlet and outlet temperatures of the test-
module are measured by using thermocouples.

The micro heatsink is made of oxygen-free copper (the thermal
conductivity coefficient is 401 W/m.K), and it consists of 8 rect-
angular cross-section parallel microchannels. Here, 8 is the angle
of the microchannel walls, which is zero in the present study. The
wall thickness of the channels is 0.25 mm. The cutting electric dis-
charge machine (Wire EDM) initially carved the channels in the
heatsink with a width of 0.8 mm and a height of 1.3 mm. Then, a
CNC milling machine is used to precisely cut the channels with a
width of 1.0 mm and a height of 1.5 mm and with a tolerance of
0.1 mm. The hydraulic diameter of each channel is 1.2 mm, with
an aspect ratio of 1.5. The schematic figure of the channels is de-
picted in Fig. 2. Here B° denotes the angle of the channel’s walls,
which is zero in the current research as the channel-walls are par-
allel. The geometrical details of the heatsink are summarized in
Table 1. Here, N denotes the number of channels, and A; indicates
the channel’s aspect ratio (height/width).

As mentioned before, Ho et al. [10] investigated the heat trans-
fer of Alumina nanofluids in microchannel heatsinks. They reported
that using copper as a holder of the heatsink increases the heat
loss as it is highly thermal-conductive. Hence, the copper cannot
be used as a fixture to hold the heatsink in place. One of the good
options to fix the heatsink was acrylic, which was used in some of
the literature studies, but the heat-resistant temperature of acrylic
is as low as 80 °C. When the input power of this experiment is

Table 1
The geometrical details of the heatsink and channels.

Property Wen Hen Whip Dy Len He Ar N

value(mm) 10 15 15 12 5 5 15 8

30 W, the temperature can be reached to 90 ©C. Therefore, the
acrylic is not suitable for the present experiment. Hence, Teflon
was adopted as the fixture to hold the heatsink. The heat-resistant
temperature of Teflon is up to 150 C, which is adequate for the
present experiment. A layer of acrylic is utilized as extra insulation.
The acrylic is selected for the top led of the channel. The selection
of the acrylic for the top cover is possible since the heat trans-
fer between the working-fluid and the channel walls reduces the
temperature of top channel walls much below 80 oC. Using acrylic
as top cover facilities the direct observation of NEPCM flow in the
channel and also provides good insulation to prevent heat loss.

In the present study, two heating plates are used at the bot-
tom of the heatsink. The heating plates are divided into the main
heating plate and the compensation heating plate. The main heat-
ing plate provides the heat flux at the bottom of the heatsink to
simulate the uniform heat flux thermal boundary condition. The
second heating plate, which is attached to the back of the main
heating plate, compensates for the heat losses. The purpose is to
reduce the conduction heat loss caused by the temperature dif-
ference and increase the insulation effect. In such a way, it can
be ensured that the flow channel completely absorbs the produced
heat flux of the main heating plate. The dimensions of the heating
plates are 20 mm x 50 mm, with a thickness of 6 mm.

In this study, two T-type thermocouples are placed at two ends
of the mini-channels to measure the temperatures at these regions.
In addition, the bottom of a channel of the heatsink is processed
by a CNC milling machine along the flow direction to facilitate the
placement of thermocouples. A total of 7 thermocouples are con-
fined at a distance of 5 mm under the base surface along the cen-
terline of the mini-channel heat sink. The thermocouples are used
to measure the temperature distribution of the channel. By using
the measured temperatures and invoking the one-dimensional heat
conduction approach, the temperature of the bottom wall of the
channel can be estimated along the flow direction. The geometric
configuration of the thermocouples is illustrated in Fig. 3. More-
over, a thermocouple is placed at the inlet, and another one is
placed at the outlet to measure the inlet and outlet temperatures
of the working-fluid. Hence, the net amount of the absorbed heat
by the working-fluid can be calculated by using the inlet and out-
let temperatures of the working-fluid.

It should be noted that the conduction heat transfer is the
main mechanism of heat transfer between the main heating plate
and the heatsink. Hence, some thermal paste is added between
the heatsink and the main heating plate, and the heating plate is
tightly and uniformly attached to the heatsink by a uniform pres-
sure of an external clamp. Ten extra stainless steel screws are used
to lock the Teflon clamp to the microchannel tightly.

Moreover, waterproof tape and high-temperature gasket adhe-
sive are used at the joints to ensure that the entire flow channel
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Fig. 3. The thermocouple configuration at the bottom of the heatsink, (a) the location of thermocouples along the length of the channels, (b) the location of the thermocou-

ples below a channel.
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Fig. 4. The schematic diagram of the test module.

will not cause fluid leakage under high pressure and high temper-
atures. The overall configuration of the test module is depicted in
Fig. 4. A DC power supply is employed to drive the heating plates.

2.2. Working-fluid preparation

The working-fluids in the present experiment are the pure fluid
and the water NEPCM-suspension. The NEPCM particles are syn-
thesized as a part of the working-fluid preparation. The interfacial
condensation polymerization method used in the preparation of
NEPCM particles following the study of Cheng [36]. The eicosane
and formaldehyde are adopted as the core and the shell mate-
rials, respectively. The ultrasound method is adopted to prepare
the emulsion. The ratio of the shell material is adjusted follow-
ing Cheng [36] to reduce the particle size further to reach the
nanoscale. The preparation of the NEPCM-suspension follows three
steps of emulsion preparation, shell prepolymer preparation, and
capsule coating process. The details of the preparation process can
be found in Cheng [36].

The NEPCM suspensions are synthesized using a dried powder
of nanocapsules. The NEPCM-suspensions are prepared by mixing
a measured value of the dry powder of the capsules in water and
stirring with a magnetic stirrer for 30 min. Following [37], the ratio
of the core material to the shell material is 1:1. The experimental

e

AccV Spot Magn  Det WD
10.0 KV 2.0 20000x SE

SEM1020416

10.1 0

Fig. 5. The Scanning Electron Microscopy (SEM) image of NEPCM powder.

study of MEPCMs shows that employing a high proportion of the
shell material improves the rigidity of the microcapsules [37]. Al-
though the shell material of this experiment is different from that
of Su et al. [37], the same trend is still valid. It is found through
measurements that if the amplitude of the ultrasonic is too large
and the time is too long, the shell of the nanocapsules may be
damaged. In such a case, the PCM may leak out, and the prepared
suspension becomes a phase-change emulsion suspension. There-
fore, by try and error and after several attempts, the ultrasonic
time is controlled to 30 min for the best performance and avoiding
the shell damage of NEPCM particles. Using this process, various
concentrations of NEPCM-suspensions are obtained.

The size of NEPCM particles is measured using Scanning Elec-
tron Microscopy (SEM) images. Here, the nanocapsules are non-
metallic powders, so they need to be fixed on the coin with carbon
tape, and then the surface shall be plated with gold or platinum to
increase its conductivity. In the process of sample preparation, the
amount and thickness of the dry powder, the amount and thick-
ness of the powder sample have a significant effect on the observa-
tion. Besides, if there is any residual moisture, it will considerably
affect the observations. The time and uniformity of the gold plating
mainly affect the conductivity of the samples and, consequently,
the resolution of the measurement. The SEM image of a sample of
NEPCMs is depicted in Fig. 5. As shown in Fig. 5, after applying
the carbon tape and fixing the dry powder, it feels that there is
an obvious stacked. In this case, the size of the capsules is about
500 nm, which is estimated to be larger than the actual capsule
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Table 2

The thermal properties of NEPCM-suspensions.

Onepem (%) @pem (%) p (kg/m3) ¢, (J/kgK)  k (W/mK)  u x 103 (N.s/m?)
0 0.0 994 4180 0.602 0.8

1 0.63 996 4140 0.6 0.97

2 1.8 999 4080 0.59 1.16

5 3.8 1020 3960 0.57 1.25

sizes due to the effect of stacking. Hence, the TEM (Transmission
Electron Microscopy) and DLS (Dynamic Light Scattering) measure-
ments are also performed. The results show that the NEPCM parti-
cles are almost within a uniform size of 250-350 nm.

In addition to the particle size, the thermophysical properties of
the working-fluid, including the specific heat, density, thermal con-
ductivity, and dynamic viscosity, are essential properties that are
used in the post-processing analyses of the present study. The ther-
mophysical properties of the NEPCM-suspension are measured and
reported in Table 2. The viscosity was measured by using Brook-
field DV-II + Pro-Programmable Viscometer, which is a cone and
disk type viscometer. The thermal conductivity was measured us-
ing Decagon KD2 Pro. This instrument uses the principle of the
transient hot-wire method to measure the thermal conductivity of
the sample. For the density measurement, a digital liquid density
meter (KEM DA-505) and a suspension type densitometer are used.

The results of Table 2 show that there is no significant
difference between the thermophysical properties of NEPCM-
suspensions compared with the physical properties of water, due
to the small concentration of the nano-capsules in the suspension.
Since the density of nanocapsules is higher than that of pure wa-
ter, the higher the concentration of the nano-capsules, the higher
the density of the suspension. The presence of NEPCM particles
reduces and increases the thermal conductivity and dynamic vis-
cosity of the NEPCM-suspension, respectively. However, the varia-
tion of the thermal conductivity of the suspension is minimal, and
hence, the thermal conductivity of the suspension can be consid-
ered constant.

2.3. Experimental preparation and experimental process

To ensure that each experiment is performed under the same
conditions, the following steps are performed before commenc-
ing the experiment. First, the working-fluid is drained from all the
pipes in the experimental loop, and then the pure water is intro-
duced into the loop and later discharged. After that, the pure wa-
ter introduced in the test loop and the heaters are turned on until
the temperature of the inlet section reaches to the experiment’s
temperature. For the case of experimenting with pure water, the
experiment can be followed after this step. However, in the case
of NEPCM working-fluid, the pure water drained, and the NECPM
suspension introduced into the cycle. This procedure ensures there
is no blockage or leakage during the experiment.

After completing the experimental preparations, the following
procedure was followed during the experiments. The gas in the
pipelines exhausted, and the pipelines are completely filled with
the working-fluid. Then, the differential pressure gage was reset to
zero. The flow rate and the temperature of the heat exchangers are
set, and the pump is turned on. Then, the inlet temperature of the
test module is monitored to reach the experiment’s temperature.
The heating plates in the test-module are turned on and adjusted
to the experimental power setting. The temperature and pressure
changes with the data acquisition device are monitored. After the
temperature and the pressure reached a steady-state (about 15—
20 min), the experimental data are recorded. After each experi-
ment, the experimental loop is cleaned by using pure hot water.

3. Analysis of experimental data
3.1. The utilized relations

In the present study, the Reynolds number is introduced based
on the hydraulic diameter of the channel as:

_ ,oumDH
"

where uy, is the average velocity up, = Q/NAg,. Here, Dy is the hy-
draulic diameter, defined as Dy = 4 x Ag/Le, in which Ay, and Ly,
are the cross-sectional area of the channel and the wet perimeter
of the channel, respectively. Qis the volumetric flow rate, N is the
number of the microchannels in the micro heatsink, and there are
eight microchannels in the current heatsink. The Reynolds number
in the present study is in the range of 112~940.

The temperature at the bottom wall of the microchannel is es-
timated by using the one-dimensional heat conduction equation
from the position where the thermocouple is confined in the bot-
tom of the microchannel. The bottom wall temperature of the mi-
crochannel is computed as:

q//eff H.
kch

Re (M

Tw = th_ (2)

where qé’f fis the heat flux at the bottom of the heatsink the mi-
crochannel. The heat flux, q;’ff, is estimated as the heating plate
heat flux divided by the surface area of the heatsink. Here, H, is
the distance between the thermocouple and the bottom of the mi-
crochannel. The non-dimensional temperature (6,,) can be intro-
duced as

ew = (TW - Tin)/ATref (3)

where AT,y is the relative temperature and is defined as follows.

an . (4)
PprCpQ

Pump power, which is required to send the working-fluid into
the heatsink, is evaluated as

P=ApQ (5)

which is the product of the measured pressure difference across
the heatsink (Ap) and the volume flow rate. The friction factor is
the ratio of viscous force to hydrodynamic pressure and is defined
as follow:
_ 1Dy Aig (6)
2Ly pum

ATref =

where Ly, is the length of the microchannel, and Apis the mea-
sured pressure difference across the heatsink. The Nusselt number
is introduced using the wall temperature for the inlet and outlet
temperature as:

Num[d = (7)

where the average value of the convection heat transfer coefficient
(hmeq) and is calculated ashpeg = q”¢ff/(Tw — (Tin + Tour)/2). Here,
Tour is the outlet temperature. In the heatsink, the microchannels
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Table 3

The uncertainties of the present experimental study.
Item Symbol  Range Error
Input
Voltage (Volt) Vv 16~26.2 + 0.05 Volt
Current (Ampere) 1 0.65~1.15 + 0.005 Ampere
Length of microchannel (mm) Ley 50 mm + 0.2 mm
Hydraulic diameter(mm) Dy 1.2 mm 4+ 0.1 mm
Mass fraction (%) Wpem 0.63~3.8 + 0.0001%
Measured
Volume flow rate (m3/s) Q 8.33E-07~0.000007 + 0.1~1.1 (%)
Pressure drop (Pa) AT 200~6900 + 10 Pa
Temperature (K) Tee 38.5~86.3 + 03 K
A difference between inlet and outlet temperatures AT 0.35~8.3 + 03K
Result
Avg. heat transfer coefficient (W/(m?K)) Aea 782~ 4529 + 6.2~15(%)
Pumping power P 0.80041E-05~0.0047  + 1.2~15.8(%)
Avg. Nusselt number Npea 2.45~9.02 + 6.8~15.9 (%)
Convection ratio . 0.7~-1.71 + 8.2~25.6(%)
cop cop 2224~589,094 + 5.5~22.5(%)
FOM FOM 0.61~1.47 + 5.6~23.8(%)

remove the heat from the main heating plate by conduction mech-
anism, and hence, the actual heat taken away is divided by the to-

tal number of microchannels. The convection ratio (& d) is evalu-
mt
ated as:
Emtd ne
_ _ ,nepcm
Shm[d - (8)

hinea bf
The convection ratio represents the ratio of the convective heat
transfer coefficient of the working-fluid after the addition of the
capsule (Ryq pepem) to that of the base fluid (Ryyq ). The convec-
tion ratio higher than the unit shows the improved heat transfer
by using NEPCM particles. The Coefficient of Performance (COP) is
counted as the ratio of the actual heat removal (geq) to the con-
sumed pumping power (P) as:
cop = %! (9)
The performance index (FOM, Figure of Merit) is computed as:

gﬁmm
FOMpyq = —— ™ —
(Pnepcm/be) ’

where FOM;;q is defined as the ratio of the convection ratio (& d)
mt

to the pump power ratio performance (Pnepcm/Pys).- The other cool-
ing parameters are introduced follows:

_T AT,
Sbin = M,Ste* = CpAHf,Pe = pCpL;{mDH
where Sb;, is the subcooling parameter, which is defined as the dif-
ference between the inlet temperature (T;;,) and the melting tem-
perature of the phase change material (T);) divided by the relative
temperature (AT,). The subcooling parameter represents the di-
mensionless value denoting the subcooling degree of the working-
fluid before entering the test-module. The Stephan number (Ste*)
is the ratio between the heating-power and the latent heat value
of the phase change. In this work, the larger the Stephen number,
the higher the heating-power. Here, AH is the latent heat value
of the phase change material. The phase change material used in
this study is eicosane, and the latent heat value is 247.3 ]/g. The
Peclet number (Pe) is defined as the ratio of momentum diffusion
to temperature diffusion and is the product of Reynolds number
and Prandtl number.

(10)

(11)

3.2. Experimental uncertainties

In the current experimental work, the measurement devices
and sensors are calibrated before the experiments. Here, the error

sources are mainly system errors (bias errors) and random errors
(random errors or precision errors). Data processing is performed
by taking into account the measurement errors using the following
relation:

2 2 2
df(xl,x2,--~»xn):\/<AX1§7{> F @y b (g
(12)

where df is the uncertainty of a property to be computed and Ax
denotes the error of measurement.

Table 3 shows the error after processing the experimental mea-
surement data. Here, the temperature, voltage, current, pressure
drop, volume flow rate, and mass flow rate are the physical pa-
rameters, while the length of the flow channel, the width of the
flow channel, and the hydraulic diameter are the geometric pa-
rameters. The error between voltage and current is one-half of the
minimum scale. The volume flow rate part is considered as the er-
ror of the volume flow rate because the manual of the flowmeter
only provides the error of the average flow rate. Data processed pa-
rameters, including inlet and outlet temperature, average wall tem-
perature, convection ratio, Nusselt number, pump power, Reynolds
number, and friction factor, are presented with relative errors.

From the analysis of the error, it can be found that the tempera-
ture difference between the inlet and outlet temperature is too low
when the heating-power is low, or the flow rate is too high. Since
the actual amount of the heat transfer is estimated by the temper-
ature difference between the inlet and outlet, this error increases
by the increase of the flow rate, and consequently, the error of the
wall temperature computations will grow.

Considering the differential pressure, its resolution is only up
to + 10 Pa, so the differential pressure error is larger at low flow
rates. The geometric errors are about 0.2 ~ 0.3 mm, which are due
to the error of the machine factory and the error of human opera-
tion.

4. Results and discussion

The impact of using NEPCM suspension on the microchannel
wall temperature, outlet temperature, and the pressure difference
is investigated experimentally for various heating-power and flow
rates. The results are reported for various mass fractions of PCMs,
0% (pure water), 0.63%, 1.8%, and 3.8%.
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Fig. 6. Comparison of the friction factor f of the present study with the literature
results.

4.1. Validation

The results of the present experiment are compared with the
available literature works for the case of pure water. The friction
factor of the present study is compared with the formula reported
by Kandlikar et al. [38] and plotted in Fig. 6. As seen, there is
a good agreement between the results of the present experiment
and literature data. Fig. 6 shows that the measured friction factor
is slightly larger than the theoretical value. This is since the flow is
not fully developed at the early inlet sections of the channel. More-
over, Cheng [36] experimentally found that there could be a large
deviation between the theoretical and measured friction factor at
high Reynolds numbers, e.g., Re,s = 403 ~ 940. For low Reynolds
numbers, the deviation will be smaller, but the measurement error
due to the accuracy of the flow and pressure sensors is high.

In the term of average Nusselt number (Nu,,,), the results are
compared with the experiments of Lee et al. [39] for a hydraulic
diameter of Dy = 0.9 mm. Rao et al. [20] investigated the effect of
heat transfer in a channel with Dy = 2.7 mm for various working-
fluids. Besides, Cheng [36] also discussed the heat transfer benefits
of different working-fluids in a channel with Dy = 1.2 mm. The
results of the present study are reported for Dy = 1.2 and various
values of Rey for the case of pure water. As seen in Fig. 7, the trend
of the results is in agreement with the literature-works and shows
that the Nusselt number grows by the increase of Reynolds num-
ber. However, there is a gap between the Nusselt numbers of dif-
ferent studies, and this gap is more evident at low Reynolds num-
bers. In the case of small Reynolds numbers, the errors are higher
due to the error of flow meter and pressure sensors. Moreover, the
reason for the difference in Nusselt numbers could be due to the
difference in the aspect ratios of the studies, heating-powers, and
the total channels of the heatsinks. As mentioned in Lee et al. [39],
the aspect ratio does affect the magnitude of the Nusselt number,
and it raises by the growth of the aspect ratio. In the research of
Cheng [36], the aspect ratio was 1.5, while the aspect ratios of
the microchannels in the studies of Lee et al. [39] and Rao et al.
[20] were 5.44 and 2.1, respectively. Hence, as can be seen in Fig. 7,
the Nusselt number for the study of Lee et al. [39] is the highest,
and the study of Rao et al. [20] is after that. The Nusselt numbers

20

15

10
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W Present Work (D,=1.2mm)

O Cheng (2009)(D,,=1.2mm)

& Lee et al.(2005)(D,=0.9mm)

ORa et 007D, 5 71
1000 2000 3000

Rebf

Fig. 7. A comparison of the average Nusselt number (Nu,) with the literature-
works of Cheng [36], Lee et al. [39], and Rao et al. [20].
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Fig. 8. Relation between friction factor and Reynolds number for various volume
fractions of NEPCM particles.

of the present study and those of Cheng [36] are the lowest as they
own the lowest aspect ratio of 1.5.

Fig. 8 shows the effect of various volume fractions of NEPCM
nanoparticles on the friction factor. As seen, the raise of the
NEPCM volume fraction boost the friction factor. Attention to row
data denotes that the increase of volume fraction of NEPCM parti-
cles raises the pressure drop across the microchannel, which is due
to the increase in the viscosity of the suspension by the presence
of NEPCM particles. The presence of 3.8% of NEPCM particles raises
the viscosity of the suspension by 72%.

Figs. 9 and 10 depict the effect of using NEPCM-suspension on
the non-dimensional wall temperature for various volume fractions
of NEPCM particles. Figs. 9 and 10 are plotted for the main heating
plate powers of 20 W and 30 W, respectively. The results show that
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Fig. 10. Dimensionless wall temperature distribution for various volume fractions of NEPCM particles when the heating-power is 30 W. The comparison of the results with
the pure water (wpem = 0.0%) when (a) wpen = 0.63%, (b) wpen = 1.8%, and () wpem = 3.8%.

the presence of NEPCM particles reduces the channel wall temper-
ature regardless of the amount of heat flux when the Reynolds
number is small. The raise of NEPCM volume fraction from 063%
to 1.8% drops the overall wall temperature along the microchan-
nel, which indicates the enhancement of the heat transfer. Inter-
estingly, increasing the volume fractions of NEPCMs from 1.8% to
3.8% shows a minimal variation of wall temperature along the mi-
crochannel. Fig. 9 reveals that raising the Reynolds number to 403
drops the overall wall temperature, but the increase of Reynolds
number reduces the significance of the presence of NEPCM par-
ticles regardless of the amount of NEPCM volume fraction. In the
case of Reyr = 403 and more obviously in the case of 940, the pres-
ence of NEPCM particles can raise the wall temperature at certain
locations of the microchannel after the mid-length of the chan-
nel toward the outlet. The same trend of results can be observed
for the higher heating-power of 30 W in Fig. 10. This figure also
shows that the presence of NEPCM particles at the middle range
of Reynolds number, e.g., Re,; = 403, can be beneficial when the
heat flux is high. In the cases of Reys = 403 and 0.63% of NEPCM
particles, the wall temperature is almost similar to the pure wa-
ter when the heating-power is 20. However, at the same Reynolds
number and by increasing the heating-power to 30 W, the pres-
ence of NEPCM particles results in a drop of wall temperature.

From the trend of the results of Figs. 9 and 10, it can be con-
cluded that the time scale of the fluid which passes through the
channel is important. When the Reynolds number is small, the
working-fluid moves slowly in the channel, and the NEPCM par-
ticles have enough time to absorb the heat and contribute to the
heat transfer by their latent heat. However, when the Reynolds
number increases, the working-fluid quickly leaves the microchan-
nel. Therefore, at high Reynolds numbers, the heat transfer is dom-
inated by sensible heat capacity. As seen in Table 2, the presence of
NEPCM particles reduces the sensible heat capacity of the working-
fluid, i.e., p x cp. Therefore, the presence of NEPCM particles could
increase the local wall temperature when the Reynolds number is
high.

Fig. 11 exhibits the average Nusselt number as a function of the
Reynolds number (Reyy) for various volume fractions of NEPCM par-
ticles in terms of wpem/(Ste*x(1+Sb;,*)). Fig. 11(a), (b), and (c) cor-
respond to the heating-powers of 10 W, 20 W, and 30 W, respec-
tively. Here, the average Nusselt number can be considered as the
characteristic parameter of the overall heat transfer. The increase
of the Nusselt number indicates the improvement of heat transfer
in the microchannel and, consequently, in the heatsink. Fig. 11(a)
shows that the increase of the volume fraction of NEPCM parti-
cles elevates the average Nusselt number regardless of the amount
of provided heating-power when the Reynolds number is small
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(Reps = 112~201). This trend of the results is in full agreement with
the reduction of wall temperature by the presence of NEPCM par-
ticles at low Reynolds numbers, which was observed in Figs. 9 and
10.

The trend of the results shows that there is a turning point
Reynolds number, in which the effect of the presence of NEPCM
particles reversed. The turning point Reynolds number is a func-
tion of the heating-power, and it about Rep; = 403 and Reys = 672,
for the heating-powers of 20 W and 30 W, respectively. This turn-
ing point can be considered as a critical Reynolds number for
the advantage or disadvantage of using NEPCMs. Here, the raise
of the heating-power increases the critical Reynolds number. The
same trend of behavior was also observed for the local profiles
of non-dimensional wall temperature in Figs. 9 and 10. As men-
tioned, the time scale of latent heat transfer and the staying-time
of the working-fluid in the microchannel are the influential param-
eters. For small time scales, the sensible heat capacity is the domi-
nant heat transfer mechanism, while the contribution of the latent
heat transfer is considerable for a larger time scale. The increase
of the heating-power boosts the temperature difference between
the working-fluid and the microchannel wall, and it intensifies the
contribution of the latent heat mechanism. Hence, the variation of
the heating-power shifts the critical Reynolds number.

Fig. 12 displays the convection ratio, & .., for various val-
ues of Reynolds number at three heating-powers of 10 W%,

20 W, and 30 W. As seen, the highest value of & . occurs
at Reynolds number of 201 and a heat capacity ratio of 0.1080
(wpem[[Ste* x(14Sb;,*)]=0.1080), which corresponds to the heating-
power of 20 W. In Fig. 12, the maximum convection ratio shows
a 70% improvement of heat transfer. Generally, the convection ra-
tio (&,,.4) is higher for low Reynolds flows and high values of the
heat capacity ratio.

The results of this experiment show that a better convection ra-
tio can be achieved if the staying-time of working-fluid in the mi-
crochannel (time scale of heat transfer) extends, and the heating-
power increases. The extension of the staying-time improves the
heat transfer by the contribution of the latent heat, while the
rise of the heating-power increases the conduction heat transfer
mechanism, which indirectly boosts the contribution of latent heat
transfer. It should be noted that the convection ratio is bellow unit
for high Reynolds numbers, which confirms the reduction of heat
transfer in the microchannel by using NEPCMs.

Fig. 13 illustrates the performance index (FOM) as a function
of Reynolds number for various values of the heat capacity ra-
tio at different heating-powers. The FOM shows the ratio of the
convection ratio to the amount of the consumed pumping power.
Indeed, FOM compares the improved heat transfer coefficient to
the increased pumping power to judge if the improvement of heat
transfer is cost-efficient. The trend of the behavior of the FOM
can be similar to the convection ratio, which was investigated in
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Fig. 12, while the consumed pumping power depends on the vis-
cosity variation and may change the overall trend of the perfor-
mance index (FOM). Fig. 13 depicts that the highest value of FOM,
which is 1.45, corresponds to the case of maximum convection ra-
tio (&7,,.4) at Repr = 201. Thus, heat transfer was the dominant ef-
fect on the cost-efficiency of heat transfer (FOM).

Figs. 14(a) and 14(b) show the map of convection ratio, and
performance index, respectively. The maps are plotted for various
heat capacity ratios (wpem/[Ste*x(1 + Sbi;*)]) and Reynolds num-
bers. As seen, a convection ratio of 40% can be achieved by us-
ing NECPM at the Reynolds number of 112 and the heat capacity
ratio of 0.108. Considering the heat transfer of micron-size cap-
sules, Sabbah et al. [40]. theoretically investigated the flow and
heat transfer of a slurry of MECPM in a microchannel heatsink and
found that the maximum convection ratio can reach about 43% for
the case of a minimum Reynolds number of 100 and the heat ca-
pacity ratio of 0.11. Fig. 14(a) indicates that the highest value of
the convection ratio, which is 70%, appears at the Reynolds num-

ber 201 and the heat capacity ratio of 0.1080 by using nanocap-
sules. Fig. 14(b) shows that the performance index is high at low
Reynolds numbers, where the convection ratio is significant. The
performance index is lower than the unit at high Reynolds num-
bers, indicating the inefficiency of using NEPCMs at high flow rates.
The reduction of performance index is due to the drop in the con-
vection ratio and the growth of the required pumping power at
high flow rates, which is due to the growth of the working-fluid
viscosity by the presence of NEPCM particles.

Fig. 15 shows the COP as a function of Reynolds number for the
pure water and various values of the volume fraction of NEPCM
particles. This figure shows that COP has an inverse relation to the
volume fraction of NEPCM particles. Indeed, COP compares the ac-
tual heat transfer to the required pumping power. Since the heat
losses are quite small due to the well-insulation of the test mod-
ule, the changes of the COP are related to the pumping powers.
The increase of the volume fraction of NECPM particles raises the
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Fig. 15. Relation between COP and Reynolds number for various volume fractions
of NEPCM particles.

required pumping power by boosting the viscosity of the working-
fluid. Thus, the increase of wpcm results in a significant drop in COP.

5. Conclusion

In this study, the heat transfer performance of dispersing
NEPCM particles in water was addressed in a microchannel of a
heatsink. The NEPCM were synthesized using of eicosane as core
and formaldehyde as the shell. The size of the achieved phase
change nanoparticles was in the range of 250-350 nm. The im-
pact of using various concentrations of NEPCM particles is exam-
ined on the microchannel wall temperature, Nusselt number, con-
vection ratio, performance index (FOM), and COP. The main out-
comes of the present experimental study can be summarized as
follows:

1 Using NEPCM-water suspension reduces the wall temperature
considerably when the Reynolds number is low. Hence, to fully
utilize the latent heat value of the phase change material, it is
necessary to reduce the flow rate, increase the concentration,
and extend the time of passing NEPCM particles in the chan-
nel. When the Reynolds number is low, the presence of NECPM
particles unconditionally enhances the heat transfer for all of
the experiment parameters. However, when the Reynolds num-
ber is high, the deterioration of the heat transfer rate can be
observed by the presence of NEPCM particles.

2 The increase of the heating-power improves the heat trans-
fer rate and convection ratio of using NECPM-suspensions. A
higher concentration of NEPCM particles is of interest to higher
heating-powers.

3 The convection ratio is the best at low flow rates, and the in-
crease in the flow rate reduces the advantages of using NEPCMs
and the convection ratio. However, the maximum value of the
convection ratio occurs at Rep; = 201 instead of Rep = 100,
which indicates the strong influence of thermophysical proper-
ties on the thermal behavior of NEPCM-suspension.

4 The performance index (FOM,,) is best at low flow rates. This
is because the heat transfer rate is high, and the pump power is
not too large at small Reynolds numbers. The maximum value
of the performance index (FOMp) occurred at Rey = 201,

which corresponds to the highest heat transfer enhancement
(convection ratio). At this low flow rate, the increase of the
pumping power is small, and hence, it does not change the
trend of the behavior of the performance index. However, at
high flow rates, i.e., high Reynolds numbers, the performance
index drops notably as the convection ratio drops, and the
pumping power raises due to the increase of viscosity.

The results of the present study show that the NEPCMs are
practical for low Reynolds numbers; however, the measurement
range limit of the utilized differential pressure-sensor does not
allow testing Reynolds numbers below 100 in the current mi-
crochannel. Using a more sensitive pressure sensor, covering a
lower range of flow rates and pressure drops, is required to explore
lower flow rates, which can be subject to future studies.

Moreover, by attention to the trend of thermal behavior of the
NEPCM-suspension, it was concluded that the suspension does not
stay enough in the channel to reach its latent heat capacity po-
tential fully. Hence, one way of extending the staying-time of the
suspension in the microchannel was reducing the flow rate. An-
other way is changing the geometrical design of the microchannel
heatsink to extend the staying-time of the suspension inside the
heatsink, which can be subject to future investigations.
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