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Abstract

The present work focusses on the comparative study of cooling performance of nano encapsulated phase change material (nanoPCM)
based heat transfer fluid (PCM nanofluid) and deionized water in a minichannel heat sink (MCHS) with a hydraulic diameter of
2.6 mm. Polystyrene encapsulated n-Docosane was synthesised by mini emulsion polymerisation. The melting point and latent heat
of nanoPCM was found to be 42.6 °C and 180.6 J/g respectively. PCM nanofluid with concentrations ranging from 0.6 to 1.5 vol.%
was prepared by dispersing nanoPCM in deionized water. High zeta potential values indicated excellent suspension stability of PCM
nanofluid. Viscosity of PCM nanofluid increased slightly, whereas thermal conductivity and density were comparable to deionized
water. Experiments were conducted at different flow rates (75450 mL/min) in the laminar flow regime under uniform heat flux of
2.6 W/em?. Even though, PCM nanofluid at 0.7 vol.% showed an enhancement in heat transferup to 44% at 225 mL/min, as
compared to water, pumping power increased up to 17%. However, the Figure of Merit values greater than unity shows the
insignificance of increase in pumping power over heat transfer enhancement obtained for PCM nanofluid. The improved cooling

performance at low flow rates makes PCM nanofluid a propitious coolant over conventional fluids for electronics cooling.
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Nomenclature

h Average heat transfer coefficient (W/m2K)
Nu  Average Nusselt number

0 Heat energy (W)

A Area (m2)

T Temperature (K)

k Thermal conductivity (W/m K)
qmx  Heat flux (W/m2)

¢ Specific heat (kJ/kg K)

m Mass flow rate (kg/s)

P Power (W)

\% Voltage (V)
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1 Current (A)

Oss Heat loss (W)

p Pressure (Pa)

D, Hydraulic diameter (m)

u Flow velocity (m/s)

z Vertical distance (m)

L Characteristic length (m)
n Number of channels (m)
P, Pumping power (W)

R Thermal resistance (K/W)

Greek symbols
p  Density (kg/m3)
1 Dynamic viscosity (Pa.s)

Dimensionless groups
Nu  Nusselt number
Re Reynolds number
Pr Prandtl number

Subscripts

f Fluid
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in Inlet

out Outlet

w Wall

cond Conduction
conv  Convection

nf Nanofluid
bf base fluid

ch Channel
w Width
h Height

abs  Absorbed

Acronyms

PCM Phase change material

PCMNF  Phase change material based nanofluid
DI Deionized

TEM Transmission electron microscope
PSA Particle size analyser

FT-IR Fourier transform infrared

DSC Differential scanning calorimetry
FOM Figure of merit

MCHS  Minichannel heat sink

1 Introduction

Electronics thermal management using solid-liquid phase change
materials (PCMs) has gained significant practical interest in the
past decade. High latent heat of fusion, reduced space require-
ments owing to high energy density per unit volume, and wide
range of phase change temperature makes PCM a suitable can-
didate for electronics cooling. However, PCM based passive
cooling techniques are found to be inadequate for many applica-
tions like cooling of high heat flux power electronics including
IGBTs, military and medical equipment, desktop microproces-
sors, lasers etc. In such cases, liquid based cooling is an effective
method for controlling the temperature of electronic devices. In
liquid cooling systems, a liquid coolant is circulated through
micro/minichannel heat sinks using mechanical pumps for the
heat dissipation. Kandilkar and Grande [1] classified the channels
based on their hydraulic diameter (Dy,) into conventional chan-
nels (Dy, >3mm), minichannels (200 pwm < D}, <3 mm), micro
channels (10 pm <Dy, <200 um). Even though micro channel
heat sinks offer high heat transfer coefficient the pressure drop is
quite high [2, 3]. Liquid coolant based minichannel heat sink
(MCHS) experience less pressure drop as compared to micro
channel heat sinks [4, 5]. However, the main issue with
minichannel based liquid cooling systems is the lower heat trans-
fer capability of the coolants.

Many works on the use of nanomaterials for enhancement of
heat transfer capability of coolants in MCHSs has been reported.
Thermal conductivity enhanced nanofluids are synthesized by
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dispersing metal, metal oxide or carbon based nanoparticles in
base fluids. However, the poor stability of nanofluid causes settle-
ment of nanoparticles, leading to clogging of channels and re-
duced heat transfer [6, 7]. The increased viscosity of these
nanofluids leads to larger pressure drop and pumping power [8, 9].

Charunyakorn et.al [10], Goel et.al [11], Yamagishi et.al
[12], and Han et.al. [13] theoretically demonstrated that effec-
tive heat capacity of the fluid can be increased by dispersing
PCM in base fluid. Accordingly, the effective heat capacity of
PCM based heat transfer fluid is given by, Coy = C,, + %,
where C,, is the heat capacity of base fluid, & and Hpc,, are the
volume fraction and latent heat of dispersed PCM respectively,
and AT is the difference between fluid temperature and melting
temperature of dispersed PCM. Recently, heat capacity en-
hanced fluids were synthesised by dispersing micro or
nanoencapsulated PCMs in water [14-16]. The encapsulated
PCMs consists of a core-shell structure in which PCM is
wrapped in a polymer shell. The encapsulated PCMs are usu-
ally spherical in shape. The PCM encapsulation permits solid-
ification of PCM without leakage while maintaining the sus-
pension stability and heat transfer efficiency of PCM. The ther-
mal performance of encapsulated PCM based fluids is governed
by size and geometry of encapsulation as well as the shell
material and its thickness [17-20]. The encapsulated PCMs
are divided into two main categories according to the size of
particle. The encapsulated PCM with particle size ranging from
1 to 1000 nm is referred to as nanoencapsulated PCM
(nanoPCM), whereas the size of microencapsulated PCM
(microPCM) is from 1 to 1000 pum [21].

Rao et.al [22] experimentally investigated the water-based
microPCM suspension of PMMA encapsulated n-octadecane
with different mass concentrations ranging from 0 to 20%, in a
rectangular MCHS of 2.71 mm hydraulic diameter. Dammel
et.al [23] used PMMA encapsulated n-eicosane microPCM
suspension in 9 parallel copper minichannels, each 50 mm
long with a cross-sectional area of 2 mmx4.2 mm. The aver-
age wall temperature was found to be decreased considerably
with microPCM suspension as compared to water for all heat
fluxes in the range 0.4794 W/cm® to 1.9176 W/cm?. Ho et.al
[24] compared the thermal performance of microPCM suspen-
sion in MCHS having a hydraulic diameter of 1.2 mm with
that of water. The maximum heat transfer effectiveness for
microPCM suspension was 52% for Re=133. Ho et.al [25]
compared the cooling performance of water based suspen-
sions of alumina and microencapsulated n-eicosane in a
MCHS (dimensions 1 mm X 1.5 mm x 50 mm). Alumina
nanofluid showed better heat transfer performance as com-
pared to alumina and microPCM hybrid suspension. To con-
clude, for microPCM suspensions, there exist a certain param-
eter combination at which the latent heat effect dominates,
resulting in heat transfer enhancement. Also, the residence
time of micro PCM particles in the channel should be long
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enough for the phase change to occur. The cooling perfor-
mance increased at low flow rates and deteriorated at higher
concentration of microPCM. The heat transfer effectiveness
was found to be improved with reduction in sensible to latent
heat ratio of microPCM suspension [21]. Due to high particle
concentration and larger size of microPCM particles, the mi-
cro encapsulated PCM suspensions have poor suspension sta-
bility resulting in the separation under the influence of gravity.
In addition, high fluid viscosity results in crushing of large
particles during pumping, especially at high volume fractions
and hence microPCM suspensions are not reliable for repeated
thermal cycles. In addition, the viscosity, pressure drop and
pumping power increases drastically with concentration of
microencapsulated PCM [26-28].

The nanoPCM based fluids is a propitious solution to over-
come the above disadvantages. The traditional synthesis
methods of microPCM are not suitable for nanoPCM due to
the smaller size of particles [17]. Miniemulsion polymerisa-
tion is the most common method for the synthesis of
nanoPCM and is capable of encapsulating alkane PCM with
polystyrene or PMMA shell, possessing high stability [29].
Miniemulsion polymerisation was used by Fuensanta et.al
[30] and Zhang et.al [31] for the synthesis of nanoPCM with
average particle size less than 200 nm. Fang et.al. [32, 33]
synthesised polystyrene encapsulated n-tetradecane and n-
octadecane of particle size 132 nm and 124 nm respectively,
using miniemulsion polymerisation. Miniemulsion polymeri-
sation was employed to synthesize PMMA encapsulated n-
dodecanol by Chen et.al [34]. Fang et.al. [35] synthesised
polystyrene encapsulated n-dotriacontane by miniemulsion
polymerisation. The encapsulation of the PCM results in slight
alteration of their properties. After encapsulation, the latent
heat dropped from 285 J/g for bulk PCM to 174.8 J/g for
nanoPCM and melting point decreased from 71.1 °C to
70.9 °C. Felix De Castro et.al [36] obtained polyurethane
encapsulated n-Docosane by miniemulsion polymerisation.
The difference in crystallinity of polyurethane shell and
PCM core due to spatial confinement and encapsulation re-
sulted in reduction of phase transition temperature and enthal-
py for encapsulated docosane. As compared to microPCM,
nanoPCM has got many advantages like smaller size and
hence larger specific surface area. NanoPCMs are also struc-
turally more stable and the fracture rate is less as compared to
microPCMs. In addition, due to close contact of nanoPCM
and heat transfer fluid, the resistance to heat transfer is less
in nanoPCM suspensions [37].

Few authors have investigated the application of nanoPCM
based fluids for thermal management of electronics. Wu et al.
[38] reported that with 28 vol.% of nanoPCM slurry, the heat
transfer performance of jet impingement and spray cooling
enhanced by 50% and 70% respectively. Wu et al. [39] inves-
tigated pressure drop and heat transfer characteristics of silica
encapsulated Indium nanoPCM slurry (9 and 30 wt.%) in

micro channel heat exchanger. The heat transfer enhancement
is mainly due to improved heat capacity of nanoPCM and the
increase in pressure drop with nanoPCM slurry is less com-
pared to bare PCM slurry. Seyf et al. [40] reported that
nanoPCM slurry in micro channel heat sink lowers the entro-
py generation and wall temperature, even though the increase
in mass concentration of slurry increase the pressure drop. Ho
et.al [41] investigated urea-formaldehyde encapsulated n-
eicosane based nanoPCM emulsion in tapered MCHS. The
heat transfer was reported to be enhanced up to 10% corre-
sponding to a heat flux of 3.21 W/cm? for 2 wt.% of
nanoPCM emulsion, but the viscosity of nanoPCM emulsion
was found to be very high which increased the pumping pow-
er significantly. Mathew and Sajith [42] investigated the
cooling performance of polystyrene encapsulated n-
octadecane based nanofluid in a 8 mm square channel and
reported heat transfer enhancement up to 37% at 200 mL/
min. Kuravi et.al [43] studied 100 nm sized nanoPCM in
microchannel heat sink and reported large pressure drop with
increase in mass concentration of slurry. Rajabifar [44] report-
ed that nanoPCM based coolants can boost the cooling per-
formance in micro channels. It was also reported that the wall
temperature and pumping power was found to be minimum
for an optimum concentration of 0.2 vol.%.

Most of the authors concluded that in the case of micro
channel heat sinks, the fluid viscosity and pumping power
considerably increases especially at higher concentrations of
nanoPCM. Accordingly, the minichannel heat sinks are more
appropriate for the use of nanoPCM based fluids. In addition,
the potential for heat transfer enhancement and thermal energy
storage capacity of nanoPCM based fluid can be achieved
only if the temperature of base fluid is in the phase transition
range of PCM. Hence it has become imperative to use
nanoPCM based fluids in minichannel heat sinks at an opti-
mum flow rate and concentration, ensuring that the nanoPCM
particles are in the melting range and the phase change occurs
during its circulation with in the minichannel itself.

In the previous work by the authors [42], the effect of mass
flow rate and heat flux on heat transfer and pressure drop
characteristics of polystyrene encapsulated n-octadecane
based PCM nanofluid was studied in a single square conven-
tional channel test section of 8 mm hydraulic diameter. Even
though few works were reported on the use of nanoPCM in
micro channels, the cooling performance of a stable concen-
tration of polystyrene encapsulated n-docosane based heat
transfer fluid in minichannel heat sink has not been investigat-
ed. The present work focusses on the application of polysty-
rene encapsulated n-docosane based PCM nanofluid in a
minichannel heat sink (MCHS) with 13 channels (hydraulic
diameter 2.6 mm), in the context of electronics cooling.
Polystyrene encapsulated n-Docosane (nanoPCM) was syn-
thesised by miniemulsion polymerisation and dispersed in
DI water to obtain the PCM nanofluid (PCMNF). The cooling
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performance of PCM nanofluid was investigated for different
flow rates. The important thermo-physical properties were
determined and stability studies of PCMNF was conducted.
The effect of Reynolds number and flow rate of PCMNF on
the heat transfer coefficient, Nusselt number, heat transfer
effectiveness, average wall temperature, thermal resistance,
and figure of merit (FOM) were studied in this work.

2 Materials and methods
2.1 NanoPCM synthesis

The phase change material used in the present work was n-
Docosane (Cy;Hye, Sigma Aldrich) and the monomer used
was Styrene (Sigma Aldrich). AIBN solution (x - o
Azoisobutyronitrile, Sigma Aldrich) was the initiator to gen-
erate free radical for polymerisation reaction. Triton™ X-100
(Sigma Aldrich) and Oleylamine (Sigma Aldrich) were the
water-soluble surfactant and oil-phase stabilizer respectively.

The synthesis of polystyrene encapsulated n-Docosane
(nanoPCM) was done using miniemulsion polymerisation

technique. The detailed synthesis procedure and preparation
of PCMNF is given in the previous work [42]. The mecha-
nism of the miniemulsion polymerisation reaction is shown in
Fig. 1.

2.2 Characterisation

2.2.1 Differential scanning calorimetry and FT-IR
spectroscopy

The phase change characteristics of bulk PCM and nanoPCM
were determined using DSC (DSCQ20, TA instruments). To
ensure accuracy and repeatability of measurements, two sam-
ples of nanoPCM synthesized separately were tested. In the
DSC test, the samples were heated and cooled between 0 °C
and 90 °C at a rate of 5 °C/min. In order to obtain the heat
capacity, three different runs were conducted in DSC.
Initially, the samples were cooled down from room tempera-
ture to 0 °C and maintained at 0 °C for 5 min. The sample was
then heated to 90 °C at a ramp rate of 5 °C/min and maintained
at 90 °C for 5 min. The cycle was completed by cooling the
sample from 90 to 0 °C at the same rate. The nanoPCM was

Polystyrene shell
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@] A 4¥ 773 oilphase af, [N r)
iore\ oo led —==
* ":A K Aqueous emulsion "\\ / 1 \
@) @) K o o Py ™~
. > - > -
: : [7%) %>
Oil/water emulsion
Polymerisation reaction @ 75 °C ]
Final core shell structure I f

N

&

Aqueous emulsion

&

)

A Styrene (monomer)

T Triton X-100 (surfactant)

\ AIBN (Free radical initiator)

Fig. 1 Mechanism of miniemulsion polymerisation process
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analysed for the formation of polystyrene shell using Fourier
Transform Infrared spectroscopy (ThermoFisher Scientific).
From the IR spectrum the chemical structure and bond forma-
tion in bulk and nanoPCM were analysed.

2.2.2 Particle size and suspension stability

The average size of nanoPCM and suspension stability of the
nanofluid based on the Zeta potential (ZP) were determined
using Particle Size Analyser (Nano-ZS, Malvern™). Different
concentrations of PCMNF, 0.6 to 1.5 vol.%, was used for the
stability study. For the estimation of particle size, two different
samples of PCMNF was prepared and each sample was tested
thrice in the Particle size analyser.

2.2.3 Thermal and mechanical stability

The thermo-cycling tests and thermo gravimetric analysis
(TGA) measurements were done to confirm thermal stability
of nanoPCM. For thermo-cycling tests, certain quantity of
nanoPCM was heated and cooled above and below its melting
point for 200 cycles repeatedly. The phase change characteris-
tics of this PCM was then analysed in DSC after 50 cycles and
200 cycles. The TGA of bulk and nanoPCM was performed in
a thermal analysis system (Q50, TA instruments). The samples
were heated in nitrogen atmosphere from 26 °C to 650 °C in a
platinum pan at a rate of 10 °C/min and the loss in weights were
estimated. The TEM (JEOL 2100) images of nanoPCM in

10

PCMNF, before and after pumping experiments in MCHS were
taken to study the shell rupture and mechanical stability.

2.2.4 Thermo-physical properties

Experiments were conducted to estimate the thermo-physical
properties of PCMNF. Various concentrations of nanofluid in
the range 0.5 to 1.5 vol.% were tested. To ensure repeatability
of measurements, three samples of each concentration were
synthesised and two trials were performed for each sample
concentration.

The density was estimated at ambient conditions for four
different concentrations (0.5, 0.7, 1 and 1.5 vol.%) of PCMNF
and DI water using Pycnometer (Kyoto Electronics KEM™ -
DA-130 N). KD2 Pro thermal analyzer was used to measure
the thermal conductivity of PCMNF (0.5, 0.7 and 1.5 vol.%)
and DI water. The viscosity was measured for different con-
centrations of PCMNF (0.5, 0.7, 1 and 1.5 vol.%) and DI
water in the temperature range 30 to 80 °C using Rheometer
(MCR 102, Anton Paar).

2.3 Experimental setup

The schematic of the experimental setup is shown in Fig. 2.
The experimental setup consists of the minichannel heat sink
integrated with a heater and flow circuit with control. The
schematic representation of minichannel array and layout of
the minichannel is shown in Fig. 3(a) and (b) respectively. The

Fig. 2 Schematic of experimental set up

1. Mini channel heat sink

2. Heater plate

3. Auto transformer

4. Data logger

5. Computer

6. Constant temperature bath
7. Pump

8. Flow control valve

9. Flowmeter

10. Differential pressure transmitter

11. Flow control valve
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Fig. 3 a Schematic of
minichannel array b Layout of the
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dimensions of the minichannel are given in Table 1. MCHS
consists of 13 straight channels having uniform cross sectional
area and hydraulic diameter of 2.64 mm and was made from
aluminium by CNC milling. The minichannels are connected
by inlet and outlet plenums to establish uniform flow through
channels. The entire minichannels and the plenums were cov-
ered by transparent acrylic sheet aiding flow visualization and
also for thermal insulation. A plate heater (106 mm X 61 mm x

Table 1  Dimensions of the minichannel heat sink

Parameter Symbol Dimension (mm)
Minichannel length L.y 106.4
Minichannel width L. cn 2.2

Minichannel height Ly cn 2.6

Minichannel fin spacing a 2.6

Minichannel array width w 61.4

Minichannel plenum length b, 322

Minichannel plenum width Wy 80.4

No. of channels n 13

@ Springer

3 mm) was thermally pasted beneath the MCHS to simulate
the generation of heat flux from microprocessors. The plate
heater was fabricated by winding nichrome wire coils over a
thin sheet of mica. The input power to the plate heater was
adjusted by an auto-transformer. The side and bottom walls of
the MCHS and heater assembly was thermally insulated using
glass wool and wood to minimize the heat losses.

The test fluid is filled in a small reservoir and placed in
constant temperature bath. The test fluid was circulated
through the MCHS using a submersible pump and the heat
absorbed by the fluid in the minichannels was rejected in the
temperature bath, thus maintaining a constant inlet tempera-
ture for the test fluid.

The flow rate was measured using a flow meter and was
controlled by a needle valve attached to it. To measure tem-
perature at various locations in the MCHS, T-type thermocou-
ples were calibrated and connected to data acquisition system
(Agilent, 34972A, LXI). The thermocouple locations are
shown in Fig.3(a). Eight equally spaced T-type thermocouples
placed centrally along the channel width and 1.5 mm below
the minichannel wall surface, were used for measuring the
local base temperature along heat sink length. The fluid inlet
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and outlet temperatures were measured by four T-type ther-
mocouples placed at the inlet and outlet plenums. The pres-
sure drop incurred during the flow was measured by a pressure
transmitter (Yokogawa, Japan) fitted between the inlet and
outlet sections of the MCHS.

3 Theory

The hydraulic diameter of the MCHS [24] is,

Lw.cth.ch

Dy =—F——77— 1
g Z(LwAch + LhAch) ( )
The mass flow rate of fluid through MCHS,
m=Q )0s (2)

where, Q_f is the volume flow rate of fluid.
The heat flux due to conduction through the MCHS is
given by,
P
Acond

(3)

('Iﬂux -

The power dissipated by plate heater is,
P = Vicos (4)

cosd is the power factor (=0.9).
The heat gained by the working fluid is given as,

Qabs = mcp (T()ut.f_Tin.f) (5)

The percentage heat loss [3] is estimated as,
P_
Qloss = <}Q,”) x 100 (6)

The mean difference between the power supplied and the
energy absorbed by the moving fluid, was found to be less
than 10%, which indicates that heat loss that occurs from the
test module to the surroundings is negligible.

The average heat transfer coefficient [3],

E _ Qabs (7)

Aconv<TW.avg_Tmean)

The convection heat transfer area [24] is,
Aconv == n(th.ch + Lw.ch)Lch (8)
The bulk mean temperature of fluid is,

Tin< Tou. g
Tmean = % (9)

The averaged wall temperature of MCHS [3] is given as,

1 S('Iﬂux
Twav =35 g— Twi_ - 10
s = g2 (T ) (10)

where, T, ;is the base temperature shown by individual ther-
mocouple, s is the distance between MCHS bottom surface
and position of thermocouples (1 mm), k4, is the aluminium
thermal conductivity (205 W/mK), gy is the flux due to heat
conduction.

The average Nusselt number [24] is estimated from the
following equation,

—  hDy
Nu=-—" (11)
ky

The flow Reynolds number [25] is estimated as,

iD
Re = """ (12)
pnAc

where, A, = %th, is the channel cross sectional area of a
single minichannel and 7 is the number of channels in the
MCHS.

The skin friction coefficient [5] is defined as,

_ Dty
2Lchpfu2

(13)
The pressure drop can be measured from the differential

pressure transmitter connected across the MCHS,

Ap = Pin Pout (14)

The bulk fluid velocity [24] is calculated as,

O
_= 15
u=a (15)
The pumping power [24] is given as,
mA
P, =" (16)
Pr

The average and maximum thermal resistance of MCHS
[25] is given by,

Ty.ay _Tin,f
Ryyg = —-28 "1 (17)
¢ Qabs
TW maxiTin.
Ry = —2ne ~inJ. (18)
Qabs

where, T, . 1 the maximum wall temperature of MCHS.
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The percentage heat transfer enhancement [5] is given as,

Nunf — Nubf

% 100 (%) (19)
Nubf

Heat transfer enhancement =

Figure of merit combines both the effects of heat transfer
improvement and pumping power penalty [25]. It is defined as,

(11”,/%.)

FOM = ————
(P’"‘”//P,,,_,,/) 1/3

(20)

4 Uncertainty analysis

The estimation of primary data using instruments and calcu-
lation of physical parameters brings errors and hence it is
necessary to quantify these errors. The instruments were cal-
ibrated to obtain the uncertainties in primary measurements.
The thermocouples were calibrated using standard procedure
and the uncertainty in temperature measurements were obtain-
ed. The uncertainty in the derived quantities were obtained by
Taylors theorem [45]. The maximum uncertainty associated
with the input parameters and measured parameters is shown
in Table 2. The maximum absolute uncertainty for heat

Table 2 Uncertainty analysis

transfer coefficient and pumping power measurement were
found to be within +4%. The maximum uncertainties in mea-
surement of output parameters in the experiments were esti-
mated to be less than £7% which indicates the reliability of the
measured data.

5 Result and discussion

5.1 Differential scanning calorimetry and FT-IR
spectroscopy

The phase change characteristics and the heat capacity varia-
tion of bulk PCM and nanoPCM are shown in Fig.4(a) and (b)
respectively. The peak areas on the DSC curve represents the
melting/ solidification enthalpies, and the apex temperatures
of the respective peaks were taken as the melting/
solidification temperatures. From the DSC curves, the peak
temperature and latent heat during melting of bulk PCM (n-
Docosane) were found to be 44.75 °C and 237 J/g respective-
ly. Similarly, the peak solidification temperature and enthalpy
were estimated as 40.37 °C and 229 J/g respectively. The
melting point and latent heat of fusion for nanoPCM was
obtained as 42.6 °C and 180.7 J/g respectively. The peak
solidification temperature and enthalpy of nanoPCM were

Parameter (units) Symbol Range uncertainty
Input parameters
Voltage (V) Vv 100-200 +0.01
Current (A) 1 0.5-1.2 +0.01
Hydraulic diameter of channel (mm) D,, 0-2.7 +0.0001
Length (mm) Loy 0-50 +0.0001
Measured parameters
Mean fluid temperature (°C) T mean 36.6-56.5 +0.25
Avg. wall temperature (°C) Tvant. ave 41.8-70.0 +0.25
Pressure drop (mm of H,O) Ap 52.9-176.5 +0.065
Flow rate (mL/min) voly 50-500 +2%
Output parameters
Power (W) P 50-180 +2.5%
Heat absorbed by fluid (W) Oubs 149.5-152.4 +3.5%
Avg. heat transfer coefficient (W/m?K) h 1097.6-2485.3 +3.7%
Avg. Nusselt number Nu 4.39-10.79 +4.0%
Pumping power (W) Prumping 6.61x107 —1.32x107 +3.2%
Reynolds number Re 50-350 +2.6%
Friction factor f 0.297-3.68 +2.0%
Avg. thermal resistance (K/W) Rin. avg 0.054-0.182 +4.8%
Enhancement factor EF 0.254-0.444 +6.5%
Figure of merit FOM 1.14-1.29 +6.2%
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37.93 °C and 175 J/g respectively. The melting point was
found to be dropped by 2 °C and latent heat was found to be
decreased by 23% for nanoPCM, in comparison to bulk PCM.
The mechanism of decrease in latent heat, shift in melting
peak and increase in specific heat of nanoPCM is explained
in previous work by authors [42].

The FTIR spectrum of n-Docosane and polystyrene encap-
sulated n-Docosane is shown in Fig.5. From the FTIR spec-
trum of n-Docosane, the characteristics peaks at 2954 cm !,
2913 ¢cm !, 2872 cm ! and 2848 cm 1 represents the C-H
bond stretching vibration in —CH, and —CH; groups. The
characteristic peak corresponding to 1471 cm ', 1454 cm ™!
and 1370 cm ™' confirms the asymmetric bending of -CH, and
—CHj; groups. The peak at 717 cm™' represents the rocking
vibration of -CH, groups. In case of nanoPCM, the peak at
1576 cm ™" is the aromatic C=C stretching vibration absorp-
tion which confirms the existence of benzene rings in
nanoPCM. The peak at 2934 cm™ ' represents the existence
of methylenes and the peak at 3318 cm™' shows the stretching
vibration absorption of O-H indicating the existence of hy-
droxyl groups.
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Fig. 5 FT-IR spectra of bulk PCM and nanoPCM
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5.2 Particle size and suspension stability

The average hydrodynamic diameter of the particles dispersed
in the PCMNF was measured by means of Dynamic light
scattering system. Based on the different trials, the result cor-
responding to minimum poly dispersion index value is shown
in Fig.6(a), indicating average hydrodynamic diameter of
195 nm.

The zeta potential values of various concentrations of
PCMNF is depicted in the Fig.6(b). The zeta potential gives
the magnitude of electrostatic repulsion between similarly
charged particles in the colloidal suspension. The highest zeta
potential of 62 mV was obtained at 0.7 vol.%, and decreased
thereafter. With increase in concentration, the surfactants on
the nanoPCM surface interacts, leaving the nanoPCM and
forms separate micelles and reduces the zeta potential. In fact,
if zeta potential values lies between £30 mV and +50 mV,
there is chance of flocculation of the dispersion and when zeta
potential values are more than 60 mV, the dispersion will
resist aggregation of particles [46]. Hence, 0.7 vol.% of
PCMNF demonstrating highest suspension stability was used
for experimentation in the present work.

5.3 Thermal and mechanical stability

The TGA curve of bulk and nanoPCM is shown in Fig.7(a).
No significant change in decomposition temperature was vis-
ible for nanoPCM as compared to bulk PCM up to a temper-
ature of 230 °C. Hence, it can be inferred that encapsulation of
PCM will not affect the thermal stability of PCM in this tem-
perature range. Nevertheless, it may be noted that beyond
230 °C, the weight loss of nanoPCM was reduced compared
to bulk PCM, until 375 °C. This clearly indicates that in the
case of nanoPCM, the polystyrene shell protects the volatile
decomposition of PCM at higher temperature thus improving
the thermal stability of PCM. The DSC curves of nanoPCM
after 50 and 200 thermal cycles are shown in Fig.7(b). The
thermo-cycling tests shows that there is no significant change
in the latent heat and melting temperature of nanoPCM even
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after 200 thermal cycles and hence it is very much suitable for
continuous operation. The TEM images of nanoPCM in
nanofluid prior to pumping and after pumping experiments
in the MCHS are shown in Fig.8(a) and (b) respectively. It
is observed that even after repeated flow through pumps and
channels, the shells are not broken, ensuring high mechanical
stability for nanoPCM.

5.4 Thermo-physical properties of PCMNF
5.4.1 Density

The density of DI water and PCMNF at various concentra-
tions is shown in Fig.9(a). It is found that there is negligible
change in density of DI water with addition of nanoPCM. The
density of n-Docosane and for the present work is 0.794 g/cc
and 1.05 g/cc respectively [36]. Therefore, as per effective
medium theory, PCMNF density decreases with concentration
increase. Even so, at stable concentration of 0.7 vol.%, the
effective density of PCMNF is comparable with DI water.

5.4.2 Thermal conductivity

The thermal conductivity of PCMNF and DI water is given in
Fig.9(b). Negligible changes in thermal conductivity of DI

Fig. 7 a TGA of bulk and

300
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w
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water was observed after nanoPCM addition, due to the low
thermal conductivity of PCM (0.23 W/mK) and the shell
(0.21 W/mK). Even though the Brownian motion of
nanoPCM is present in PCMNF, the low thermal conductivity
of polystyrene shell resist the thermal diffusivity and heat
flow, hence insignificant change in thermal conductivity was
observed for PCMNEF. A slight decrease in thermal conduc-
tivity of PCMNF was found with increase in the particle con-
centration, due to agglomeration of the particles.

5.4.3 Viscosity

The variation of viscosity of PCMNF with respect to
temperature and concentration is given in Fig.9(c). The
absolute viscosity of PCMNF increased at higher con-
centrations. In the temperature range 30 to 80 °C, the
viscosity for PCMNF (0.7% v/v concentration) was
found to be enhanced up to 14.5% relative to DI water.
With increase in concentration, there is a strengthening
of shear force between the nanoPCM particles, hinder-
ing the movement of fluid layers on each other resulting
viscosity increase of nanofluid. Figure 9(c) illustrates
that the increase in temperature reduces the fluid viscos-
ity. This decrease in viscosity is mainly due to weaken-
ing of intermolecular attraction between the fluid and
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Fig. 8 TEM image of nanoPCM
in PCMNF a before experiment b (a)
after experiments in MCHS
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nanoparticles with rise in temperature. The encapsula- 5.5 Heat transfer performance

tion of PCM with in polystyrene shell prevents its con-

tact with the fluid and hence no significant effect in  This section discusses the heat transfer performance, pressure
viscosity was observed during the melting of PCM in  drop and pumping power characteristics of DI water and
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at volume flow rates, from 75 mL/min to 450 mL/min for a
constant heat flux of 2.6 W/ecm®.In accordance with stability
studies, all experiments were conducted for nanoPCM con-
centration of 0.7 vol.% in DI water.

5.5.1 Experimental validation

The hydrodynamic entrance length, L, and the thermal
entrance length, L,, for fluid flow through MCHS [47]
is given by,

L, = 0.05 Re Dy, (21)
Ly = 0.1RePrD;, (22)

The length of MCHS was found to be more than L;, and L,
Therefore, the flow through MCHS was divided into three
regions: the thermally and hydrodynamically developing flow
region, hydrodynamically developed but thermally develop-
ing flow region and the fully developed flow region.

For thermally and hydrodynamically developing flow, the
Nusselt number correlation proposed by Stephan and Preuf3er
[48] is given by,

0.086 (Rerbu) 13

Nu = 4.364 +
1+ 0.1Pp(Ren) "

(23)

For hydrodynamically developed and thermally develop-
ing flow, the Shah correlation [48] is given by,

RePrD;\ *
Nu:1.953< or ”)

(24)

For fully developed flow, the Nu correlation is given by
[47],

Nu = 3.608 (25)

The comparison of averaged theoretical Nu based on the
above correlations with Nu of DI water based on experiments
at different Re is shown in Fig.10. Using least square method
in regression analysis, a linear fit was obtained and the good-
ness of fit was estimated. There was less than 10% deviation
between the theoretical and experimental Vu, thus validating
the experimental set up.

5.5.2 Fanning friction factor

Figure 11 shows the variation of Fanning friction factor with
mass flow rate of the coolants. The Fanning friction factor is
calculated based on Eq. (13). It can be seen that the friction
factor decreases with increase in mass flow rate of the cool-
ants, which may be due to the reduction in viscosity at in-
creased flow rates. As skin friction coefficient is proportional
to inverse of square of velocity, increasing flow rate causes a
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Fig. 10 Comparison of theoretical and experimentally determined Nu

decrease in skin friction coefficient. Fanning friction factor of
PCMNEF is seen to be slightly higher than DI water at all flow
rates owing to the rise in the dynamic viscosity of PCMNF
over DI water.

5.5.3 Base temperature and thermal resistance

The average wall temperature obtained with PCMNF is
shown in Fig. 12. The data was fitted by a third order polyno-
mial and the goodness of fit was determined. The wall tem-
perature decreased with increase in mass flow rate for both the
fluids, owing to an increase in heat transfer, resulting from
increased turbulence. Also, for the same flow rate, the average
wall temperature obtained with PCMNF is less than DI water.
The drop in wall temperature for PCMNF increased with mass
flow rate initially, followed by a decrease at higher flow rates.
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Fig. 11 Comparison of Fanning friction factor with mass flow rates
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Fig. 12 Comparison of average wall temperature with mass flow rates

The average wall temperature with PCMNF lowered by up to
4.3 °C than DI water, corresponding to a mass flow rate of
3.7 % 1073kg/s (225 mL/min). Figure 12 shows that the wall
temperature drop obtained with PCMNF at flow rates of 1.2 x

10 %kg/s (75 mL/min) and 2.4 x 10 kg/s (150 mL/min) is
slightly less than that obtained at 3.7 x 10 kg/s. At low flow
rates, the residence time of nanoPCM in the MCHS is high.
Hence PCM will melt in a shorter distance from the inlet of
MCHS, consequently the latent heat absorption by the PCM
mainly occurs in that shorter distance and sensible heat ab-
sorption dominates in the remaining length of MCHS, thus
reducing the heat transfer. As the flow rate increases,
nanoPCM will get enough time to undergo phase change, over
the entire channel length, there by absorbing the heat from the
base fluid in the form of latent heat resulting in the decrease in
wall temperature. With increase in flow rate, the heat transfer
increases also due to increase in turbulence resulting in the
drop in wall temperature, even though it is not that much
significant. However, at higher mass flow rates, as the resi-
dence time of PCM is less, phase change phenomenon will not
be completed within the channel length in MCHS, thus ad-
versely affecting the heat transfer due to latent heat absorption.
The wall temperature drop was found to be reduced for
PCMNF at elevated mass flow rates. Hence it is clear that
for obtaining the full benefit of the PCM based fluid, the mass
flow rate has to be optimized based on the resident time of
nanoPCM in the MCHS depending upon the length of the
flow.

The variation of average and maximum wall temperature
thermal resistances with mass flow rate for PCMNF and DI
water is depicted in Fig. 13. The highest value of average
thermal and maximum thermal resistance was observed for
DI water; whereas the lowest values were obtained for
PCMNF. Since the maximum and average thermal resistances
for PCMNF is lower than DI water, the addition of nanoPCM
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Fig. 13 Comparison of maximum and average wall thermal resistances
with mass flow rates

in DI water will improve the convective heat transfer in
MCHS. The results show that the wall temperature thermal
resistances of both fluids varies inversely with flow rate.
MCHS may be divided into three regions according to the
temperature of PCMNF. Near the entrance, the PCM is in
solid phase with relatively low heat capacity. The heat transfer
in this region is mainly due to the temperature difference be-
tween MCHS wall and PCMNF, and least influenced by the
heat capacity of the coolant. The region where the PCM melts
inside the shells and the effective heat capacity of the coolant
in this region is the sum of latent heat and sensible heat. The
heat transfer mechanism within this region is due to the effec-
tive heat capacity of PCMNF. Towards the end of channel, as
the PCM is melts completely, only sensible heat is absorbed in
this region, thereby lowering the heat capacity of the coolant
leading to minimum heat transfer. The wall temperature and
thermal resistance with PCMNF will be minimum along the
region where both sensible and latent heat transfer are present
and higher along the region with sensible heat transfer alone.
From Figs. 12 and 13, at low flow rates in the range 1.2 x
107 to 2 x 10 kg/s, the heat transfer occurs mostly in the first
region where there is only sensible heat absorption and hence
the reduction in wall temperature and thermal resistance for
PCMNF over DI water is less. At flow rates between 2 x
1073kg/s and 7 X 1073kg/s, the heat transfer occurs in the re-
gion where there is both sensible and latent heat absorption,
thus providing larger drop in wall temperature and thermal
resistance for PCMNF relative to DI water. Above the mass
flow rate of 7.5 x 10 kg/s, the heat transfer takes place mainly
due to sensible heat, as the flow rate is high and PCMNF
temperature is low enough to melt the PCM, hence there is
no significant difference in wall temperature and thermal re-
sistance for PCMNF over DI water. The non-uniformity in
wall temperature and thermal resistance along the channel
for PCMNF depends on the flow rates and residence time of
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encapsulated PCM in MCHS. Melting temperature range of
PCM is the critical factor affecting the temperature uniformity
and thermal resistance with PCMNF with flow rates.

5.5.4 Heat transfer performance

To study the heat transfer performance of PCMNF and DI
water in MCHS, the heat transfer coefficients obtained with
both fluids were compared with respect to mass flow rate, as
shown in Fig. 14. The heat transfer coefficient increased with
mass flow rate for both fluids. Higher heat transfer coefficient
than DI water was obtained for PCMNF at all flow rates. The
heat absorption capacity of DI water is increased by adding
nanoPCM. As the nanoPCM melts, it absorbs latent heat of
fusion from the DI water and therefore, at a specific flow rate,
the PCMNF absorbs more heat from the source relative to DI
water. The increased heat absorption by PCMNF reduces the
wall temperature in the minichannel consequently increasing
the heat transfer coefficient for PCMNF over DI water. It
should be noted that the heat transfer enhancement with
PCMNF occurs, given that operating temperature is within
the melting range of nanoPCM. The nanoPCM can absorb
latent heat as long as the fluid temperature is above the melting
point of PCM. Figure 14 shows that as the flow rate is in-
creased the improvement in heat transfer coefficient for
PCMNF over DI water decreases. The increase in mass flow
rate reduces the residence time for melting of PCM thereby
reducing the benefit obtained by the latent heat absorption in
the case of PCMNF, resulting in lower heat transfer enhance-
ment. At initial mass flow rates in the range 1.2 x 10> to 2 x

10kg/s, the particle residence time is more and PCM melts
completely at a short distance from channel entrance. In addi-
tion, at these very low flow rates, the thermal boundary layer
thickness is more resulting in low heat transfer coefficient.
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Fig. 14 Comparison of average heat transfer coefficients with mass flow
rate
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Increasing the flow rates further, reduces the thermal bound-
ary layer thickness and contributes to improvement in the heat
transfer coefficient for PCMNF. Figure 15 shows the variation
of the average Nu with Re for both PCMNF and DI water at a
heat flux of 2.6 W/ecm?. The heat transfer and Nu increases
with Re for both fluids. In the case of DI water, the heat
transfer is mainly due to sensible heat gain. For PCM
nanoflluid, the Nu variation with Re can be divided into two
regions. In region 1 (55 < Re < 140), there is steep increase in
Nu with Re, whereas in region 2 (140 < Re <260), the in-
crease in Nu with Re is gradual. In the region 1, the enhance-
ment in NVu is predominantly due to the latent heat absorption
resulting from the melting of nanoPCM. For lower Re in the
region 1, the enhancement of Nu for PCMNF with respect to
DI water is found to be less than that corresponding to Re
towards the end of region 1. At very low Re, the flow rate is
such that the fluid temperature rise near the MCHS inlet shoot
up and surpasses the melting range of nanoPCM well before
the MCHS exit. Hence the latent heat absorption by the
nanoPCM occurs only in a shorter length of the MCHS
resulting in a decrease in Nu. Towards the end of region 1,
the Re is such that the latent heat absorption is maximum as
complete melting of PCM occurs entirely in the MCHS. In
region 2, the heat transfer enhancement due to increased flow
rate dominates the enhancement due to latent heat absorption.
This is because at higher flow rates the nanoPCM may not get
enough time to melt completely within the MCHS length and
the latent heat effect diminishes. Therefore at higher Re, the
heat transfer improvement for PCMNF is mainly due to the
effect of turbulence.

Hence, it may be concluded that there is an optimum value
of Re at which the improvement in heat transfer with PCMNF
is maximum. The heat transfer effectiveness with PCMNF can
be enhanced by properly adjusting the flow rate.
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Fig. 15 Nusselt number variation with Reynolds number for PCMNF
and DI water
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5.5.5 Comparison of results

In this section, the present experimental findings are compared
with the previous experimental data. Table 3 summarises the
comparison of data for various types of PCM and its phase
change properties, encapsulation, and the test section. A com-
parison of average Nusselt number in the present and previous
works with different PCM enhanced fluids in MCHSs [22, 40,
41, 49] is shown in Fig. 16. It is clear that the average Nusselt
numbers in this work are closer to that reported by Seyf et al.
[40]. However, experiments in MCHS with micro encapsulat-
ed PCM based fluids [22, 41, 49] showed comparable en-
hancements in average Nusselt number only at higher
Reynolds number. Thus, use of nano encapsulated PCM
based fluids in mini channels can considerably reduce the
pumping power in addition to improved heat transfer enhance-
ment, when compared to micro encapsulated PCM based
fluids. Also, the present experiments show higher average
Nusselt number at low Reynolds numbers over DI water in
micro channel heat sink, as reported by Lee et al. [48].
Therefore, the use of nano encapsulated PCMs improves the
cooling performance in minichannel as compared to
microchannels. Consequently, the use of nanoencapsulated
PCM based fluid in minichannel heat sink can significantly
reduce the additional pressure drop and manufacturing costs
associated with microchannel heat sink, in addition to im-
proved heat transfer.

5.5.6 Heat transfer enhancement

The percentage heat transfer enhancement shown in Fig.
17 gives the Nu enhancement with flow rates for the
PCMNF. The improvement in heat transfer with PCM
nanofluid over DI water is estimated based on Eq. (19).
The heat transfer enhancement was found to be 29.6 and

35%, corresponding to flow rates of 75 and 150 mL/min,
respectively. At low flow rates, latent heat absorption oc-
curs mainly in the entrance section of the channel due to
faster melting of PCM and only sensible heat gain occurs
over the subsequent channel length, as mentioned earlier.
Maximum heat transfer enhancement of 44.4% was obtain-
ed for a flow rate of 225 mL/min and the minimum heat
transfer enhancement of 25.4% at 450 mL/min. The en-
hancement in heat transfer has been obtained due to the
absorption of latent heat by the PCM during the phase
change phenomena, thereby enhancing the heat capacity
of the base fluid.

5.5.7 Pressure drop and pumping power

The addition of nanoPCM increases the viscosity of DI wa-
ter causing pressure drop increase and pumping power rise.
Figure 18 illustrates the increase in pressure drop of PCMNF
and DI water against mass flow rate. With increase in mass
flow rate the pressure drop was found to increase for both
the fluids. Moreover, the PCMNF exhibited a marginal pres-
sure drop rise than DI water, mainly at higher mass flow
rates. This increase in pressure drop is due to the higher
viscosity of PCMNF as well as the increase in the skin
friction factor for PCMNF over DI water. Even though the
viscosity increase was negligible at temperatures beyond
70 °C, 10 to 14.5% higher viscosity than DI water was
observed for PCMNF in the temperature range 30 to
60 °C. This viscosity increase retards the liquid at the
MCHS surface, increasing the stagnant liquid layer thickness
at the wall surface and hence increases the pressure drop in
the case of PCMNF. Fanning friction factor of PCMNF was
slightly higher than DI water at all flow rates owing to the
rise in the dynamic viscosity of PCMNF over DI water.
However, the enhancement in skin friction factor for

Table 3  Experimental details of present work and similar work in literature
PCM Base fluid Type/size of encapsulation Melting point & latent heat Conc. Heat transfer test section Reference
n-eicosane DI water Micro 38.6 °C @ 136.2 J/g 10 wt.%  Divergent MCHS [41]
5-15 pm (Dp=1.2 mm)
n-octadecane DI water Micro 27°C @ 147.2 J/g 20 wt.%  Parallel [22]
497 um MCHS
(Dp=2.71 mm)
n-eicosane AlL,O3 nanofluid  Micro 36.3 °C 10 wt.%  Parallel [49]
4-10 pm (latent heat not given) MCHS
(Dp=1.2 mm)
- DI water - - - Rectangular microchannels [48]
(Dp=534 um)
n-octadecane PAO Nano 28 °C 0.3 vol.% Microtube [40]
(size not given) (latent heat not given) (Dp=900 pm)
n-docosane DI water Nano 28 °C @ 180.7 J/g 0.7 vol.% Parallel Present work
MCHS
(Dp=2.6 mm)
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Fig. 16 Comparison of Nusselt number values between present work and
previous works

PCMNF was more predominant at flow rates in the range
2.5x 10 %kg/s to 7.5 x 10 >kg/s, which increase the pressure
drop for PCMNF corresponding to these flow rates. Due to
the enhancement in friction factor for PCMNF, the pressure
drop increase would be more for PCMNF than DI water.

The pumping power depends on the mass flow rate and
pressure drop in the MCHS. Figure 19 shows the variation
of pumping power with mass flow rate for DI water and
PCMNF. The pumping power increases with mass flow rate
and the trend is almost similar for PCMNF and DI water. The
pumping power is directly proportional to pressure drop and
since pressure drop increases with flow rate, the pumping
power also increases with increase in flow rate. In comparison
with DI water, the pumping power enhanced up to 23.8% for
PCMNF, at the maximum flow rate in the MCHS.

w w B
o (3] o
1 1

Heat transfer enhancement (%)
- - N N
|° (4] .O (3]

(3]

o
1

75 150 225 300 375 450
Flow rate (mL/min)

Fig. 17 Heat transfer enhancement for PCMNF over DI water with flow
rates
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Fig. 18 Pressure drop variation with mass flow rate
5.5.8 Figure of merit

Generally, the nanofluid based heat transfer enhancement
techniques in thermal systems is accompanied with the
pumping power penalty. Accordingly, the effects of both heat
transfer enhancement and penalty in pumping power has to be
taken into account while evaluating the effectiveness of the
PCMNF over DI water. FOM is based on the enhancement in
average heat transfer coefficient with PCMNF over DI water
against the penalty in pumping power incurred. The FOM is
given by Eq. (20). If the FOM > 1, then the use of PCMNF is
more effective compared to DI water. The variation in FOM
with flow rate is given in Fig. 20. The FOM estimated for all
flow rates are found to be greater than unity, which shows that
PCMNF performs better than DI water. The FOM increases
with flow rate, reaches a maximum and then decreases. A
maximum FOM of 1.29 is obtained for PCMNF correspond-
ing to a flow rate of 225 mL/min.
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Fig. 19 Pumping power variation with mass flow rate
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6 Conclusion

The convective heat transfer performance of PCM based
nanofluid in MCHS was studied in comparison to that of DI
water. Nanoencapsulation provides excellent suspension sta-
bility and thermal stability for nanoPCM and also prevent
agglomeration and leakage of PCM in the molten stage. Due
to smaller particle sizes, low volume concentrations of
nanoPCM is required to improve the heat capacity of base
fluid. nanoPCM was synthesized by mini emulsion polymer-
ization and dispersed in deionized water to obtain PCM
nanofluid (PCMNF). While liquid cooling using minichannel
heat sink is an efficient cooling method for electronics, the
PCMNF provides higher average heat transfer coefficient over
deionized water due to improved heat capacity owing to latent
heat absorption for PCM melting. The PCMNF with 0.7%
volume fraction was found to improve the heat transfer coef-
ficient by up to 44.4% in parallel minichannel heat sink of
2.6 mm hydraulic diameter. Mass flow rate plays a crucial role
in the cooling performance of PCMNF. The wall temperature
and thermal resistance reduction is more distinctive when the
residence time of nanoPCM in channel is more and hence the
heat transfer coefficient is maximum at low flow rates. With
increase in mass flow rates, the PCMNF becomes less effec-
tive and wall temperature, thermal resistance and skin friction
coefficient are closer to those of deionized water, due to small
residence time of PCM in the channel. For better cooling
performance, the PCMNF should be operated at low mass
flow rates. PCMNF is a highly stable heat transfer fluid in
minichannel heat sinks and can be operated at very low flow
rates with less pressure drop, pumping power and energy con-
sumption, thus making it an ideal coolant over micro encap-
sulated PCM emulsions for electronics thermal management.
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