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The heat transfer performance of water-based microencapsulated phase change material slurry (particle size

5 �m) flow inside manifold microchannels of hydraulic diameter 170 �m was experimentally and numerically

investigated. Slurry performance was poorer compared with pure fluid due to the large size of particles used and

lower thermal conductivity of slurry compared with water. A parametric study was performed with

nanoencapsulated phase change material slurry flow (particle size of 100 nm) in microchannels of hydraulic

diameters 170 and 47 �m. Two different base fluids were considered and the heat transfer enhancement of slurry

with various particle mass concentrations compared with its base fluid was presented. For developing flows, the

performance of phase change material slurry depends on various parameters such as base-fluid thermal

conductivity, channel dimensions, amount of phase change material melted, and particle mass concentration. In the

case of manifold microchannel heat sinks, where the microchannel flowpath is much shorter compared with

traditional microchannels, using higher-thermal-conductivity phase change material, narrower channels, smaller

particles, and optimumparameters will aid in obtaining better thermal performance of phase changematerial slurry

compared with pure fluid.

Nomenclature

Ab = area of base, m2

Bip = Biot number of particle
c = volume concentration of microencapsulated phase

change material particles in slurry
cm = mass concentration of microencapsulated phase

change material particles in slurry
cp;b = specific heat of bulk fluid, J=kg � K
cp;f = specific heat of fluid, J=kg � K
cp;p = specific heat of microencapsulated phase change

material particle, J=kg � K
cp;pcm = specific heat of phase change material J=kg � K
dp = particle diameter, m
e = magnitude of shear rate, 1=s
f = enhancement factor
H = height of the channel, m
Hm = height of manifold in simulation domain, m
h = heat transfer coefficient, W=m2 � K
hr = heat transfer coefficient ratio, hslurry=hbase fluid
hsf = latent heat of fusion, J=kg
k = thermal conductivity,W=m � K
kb = thermal conductivity of bulk fluid, W=m � K
keff = effective thermal conductivity of bulk fluid, W=m � K
kf = thermal conductivity of fluid, W=m � K
kp = thermal conductivity of microencapsulated phase

change material particle, W=m � K
kpcm = thermal conductivity of phase change material,

W=m � K
L = length of the channel, m

Lm = half of manifold length in simulation domain, m
Pe = Peclet number
PF = �Pbase fluid=�Pslurry, when hslurry � hbase fluid
p = pressure, psi
pin = pressure at the inlet, psi
pout = pressure at the outlet, psi
Q = heat supplied, W
q = heat flux,W=cm2

qw = constant wall heat flux, W=cm2

Rp = radius of microencapsulated phase change
material particle, m

rp = solid liquid interface radius, m
T = temperature, K
Tin = temperature at heat-sink inlet and at microchannel

inlet, K
Tm = melting temperature, K
Tmr = melting range, T1 � T2, K
Tout = temperature at heat-sink outlet and at microchannel

outlet, K
Tw = wall temperature, K
Tw;max = maximum wall temperature, K
T1 = lower melting temperature, K
T2 = higher melting temperature, K
tbase = base of microchannel, m
tch = half of microchannel width, m
tres = residence time of microencapsulated phase change

material particle inside the channel, s
tw = half of microchannel wall thickness, m
u = velocity vector
u = velocity in x direction, m=s
VHS = volumetric flow rate at the heat-sink inlet, m3=s
v = velocity vector
v = velocity in y direction, m=s
w = velocity in z direction, m=s
x, y, z = spatial coordinates
x = space vector
�f = thermal diffusivity of fluid, m2=s
�p = thermal diffusivity of microencapsulated phase

change material particle, m2=s
� = shear rate, 1=s
�P = pressure drop, psi
�Pr = pressure drop ratio, �Pslurry=�Pbase fluid

�Tbulk = bulk temperature rise, Tout � Tin, K
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� = dynamic viscosity, Pa � s
�b = dynamic viscosity of bulk fluid, Pa � s
�f = dynamic viscosity of fluid, Pa � s
�p = dynamic viscosity of microencapsulated phase change

material particle, Pa � s
� = density, kg=m3

�b = density of bulk fluid, kg=m3

�f = density of fluid, kg=m3

�p = density of microencapsulated phase change material
particle, kg=m3

I. Introduction

T HEuse of encapsulated phase change slurry as heat transferfluid
is gaining more interest due to the capability of high convective

heat transfer and thermal storage performance of slurry. As shown by
several researchers, both experimentally and numerically [1–13],
microencapsulated phase change material (MEPCM) slurries can
enhance the heat transfer coefficient and considerably reduce the
massflow rate, wall temperature, and pumping power comparedwith
single-phase fluids. Colvin and Mulligan [1,2] reported that with
increase of specific heat of fluid by using phase change material
(PCM) slurry, for the same temperature rise, the flow rate can be
reduced to one-tenth (or by 90%) and the pumping power can be
reduced to one-hundredth (or by 99%) for a given heat flux. Similar
reductions in pumping power have also been reported by Goel et al.
[6]. Theoretical analysis by Kasza and Chen [4] showed that heat
transfer enhancement of threefold or higher can be achieved for
certain heat transfer geometries by using PCM slurry compared with
single-phase fluid.

It should be noted that these conclusions by several investigators
were drawn for phase change slurry flows in conventional long
channels inwhich the flows are fully developed.When the flow is not
fully developed, thermal conductivity of the fluid also plays an
important role in defining the performance of slurry [14,15]. This
was observed in both laminar and turbulent flow through ducts. Rao
et al. [14] performed comparative flow and heat transfer experiments
in rectangular minichannels with water as the base fluid and n-
octadecane as the phase change material. It was found that the
performance of slurry is less effective at high mass flow rates and
high mass concentrations. It was concluded that the low thermal
conductivity of slurry comparedwithwater and low residence time of
particles with increase in mass flow rates were the reasons for the
poor performance of slurry.

Few researchers have studied the PCM slurry flow in micro-
channels numerically [12,13,16,17].Hao andTao [12] andXing et al.
[13] have simulated the heat transfer performance in microtubes.
They concluded that a low Reynolds number condition must be
maintained in order to take full advantage of heat transfer enhance-
ment in microchannel flow. Kuravi et al. [16] have studied the
performance of nanoencapsulated phase change material (NEPCM)
slurry flow in manifold microchannels with a base fluid that has
thermal conductivity equal to that of PCM. They found that slurry
performs better compared with pure single-phase fluid even in
thermally developing flows. Sabbah et al. [17] studied the perform-
ance of water-based slurry in rectangular channels and concluded
that heat transfer enhancement depends on the channel inlet and
outlet temperatures and melting range of PCM.

In the current study, performance of encapsulated phase change
material slurry in manifold microchannels is investigated and com-
pared with that of single-phase fluid. Experiments performed until
now with MEPCM slurries were in conventional channels or in
minichannels, with the smallest channel hydraulic diameter being
2.71 mm. In the current study, experiments were performed in
microchannels with a 170 �m hydraulic diameter as a first attempt to
evaluate the performance of encapsulated phase change material
slurry flow in microchannels. A numerical model presented in [16]
was used to conduct the parametric study and focused on the effect of
relative thermal conductivity between the base fluid and PCM,
geometric features, and mass concentration in evaluating the slurry
performance.

The MMC heat sink (Fig. 1 shows the geometry and flow domain
inside a single microchannel) features many inlet and outlet channels
alternating at a periodic distance (�1 mm) along the length of the
MMC. The flow enters the microchannels from the manifold inlet
channel, splits, andflows through themicrochannels, then exits to the
manifold outlet channel. This pattern is repeated along the length of
the MMC. Because of the short length of the channel, the pressure
drop in the case of MMC heat sinks is lower compared with
traditional microchannels.

II. Experimental Investigation

Baseline experimentswere performed in custom-fabricatedmicro-
channel heat sinks. These heat sinks were fabricated at Micro-
coolingConcepts, Inc., with an average footprint of 1 � 2 cm and are
similar to the conventional manifold microchannel heat sinks. For
illustration purposes, Fig. 2 shows the possible fluid path and Fig. 3
shows the photograph of the fabricated part. There are approximately
441 microchannels inside the heat sink and each channel is approxi-
mately is 101 �mwide, 533 �m high, and 1 mm long.

As shown in Fig. 4, theMEPCM particle consists of phase change
material enclosed in a thin polymer shell. MEPCM slurry made at
BASFwas used and consisted of particles of diameter of 5 �mmixed
in water. The core material is n-octadecane and the shell material is
polymethylmetacrylate (PMMA). The physical properties of the
suspension and the suspension components used for experiment and
numerical simulation are shown in Table 1.

The density of the bulk fluid is calculated as

�b � c�p � �1 � c��f (1)

The particle density is calculated based on the densities of the
PCM and shell material and their volume fractions, where the PCM
average volume fraction in the particle is around 90%.

The effective specific heat of slurry is calculated as [10]

cp;b � cmcp;p � �1 � cm�cp;f (2)

Fig. 1 MMC heat-sink flowpath and flow domain.

Fig. 2 Possible fluid path in the fabricated microchannels.
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The bulk thermal conductivity of the slurry suspension can be
estimated by using the Maxwell correlation [7]:

kb � kf �
2� kp

kf
� 2c

�
kp
kf
� 1

�

2� kp
kf
� c

�
kp
kf
� 1

� (3)

The slurry viscosity is usually calculated using Vand’s correlation
[18,19]:

�b
�f
� �1 � c � 1:16c2��2:5 (4)

In [14], similar particles were used and it was mentioned that the
measured viscosity values deviates from Vand’s correlation [18,19],
which is usually used for calculating bulk viscosity. This equation is
derived for spherical particles. In reality, as the particles are not
spherical in nature, viscosity value predicted by this correlation may
not be accurate. Hence, themeasured/experimental value provided in
[14]was used instead of Eq. (4) for calculating the bulk viscosity. The
latent melting enthalpy of PCM was measured using differential
scanning calorimetry (DSC) andwas found to be 120 kJ=kg between
23 and 29	C.

A. Experimental Setup

Figure 5 illustrates the schematic of the flow loop for the
experiments. It consists of a microchannel heat exchanger, a pump, a
valve, a flowmeter, twomixing sections at both the inlet and outlet of
the heat exchanger, and a plate heat exchanger. Theworkingfluidwas
pumped from the fluid reservoir using a diaphragm pump. The valve
was used for flow rate adjustment in the loop. The flow rate was
measured using two Coriolis flow meters with a scale of 20 gal/h
(21:03 � 10�6 m3=s) and 40 gal/h (42:06 � 10�6 m3=s) (one is for
smallflow rate andone is for largeflow rate). The twomixing sections
were used tomix fluid thoroughly so that the thermocouples measure
the bulk temperature at the inlet and outlet of the heat exchanger. The
plate heat exchanger was used to cool down working fluid after it
leaves the test section. The temperaturewas set to below resolidifying
temperature of thePCMmaterial. The heater in the reservoirwas used
to adjust the fluid temperature at the inlet of the microchannel heat
exchanger. Two thin-film resistors soldered at the bottom of the
microchannel heat exchanger were used as heating source in the
experiments. Power to the resistors was supplied by an adjustable dc
power supply to vary the amount of heat generated by the heater. Two
thermocouples were attached to the back of the thin-film resistors to
measure the heater temperature. Power to the heaterwas calculated by
measuring the voltage across the heater and the current that passes
through the heater. The resistors were thermally insulated in the
experiments. Sincemost of the heat that is generated by the heaterwill
be absorbed by themicrochannel heat exchanger, it was assumed that
themeasured temperature at the heater is equal to thewall temperature
of the heat exchanger. The temperature at the outlet of the plate
exchanger was monitored so that working fluid is cooled below the
resolidifying temperature during the tests on slurry.

B. Experimental Results

Experimentswere performedwith purewater and slurrywithmass
concentration 0.1 (to avoid clogging). Figure 6 shows the pressure
drop obtained across the heat sink at different inlet flow rates. The
pressure drop of slurry is higher compared with water for all the flow
rates, due to the increase in viscosity of the fluid. Tables 2 and 3 show
the experiment conditions and heat transfer results obtained with
water and slurry. Figure 7 shows the heat transfer coefficient of water
and slurry at different flow rates. The heat transfer performance was
evaluated by comparing the heat transfer coefficient defined as

Fig. 3 Cross section of the fabricated heat sink.

Fig. 4 Particle melting process.

Table 1 Properties of the suspension components used for experiments [14]

Density, kg=m3 Specific heat, J=kg � K Thermal conductivity,
W=m � K

Viscosity, kg=m � s Latent heat kJ=kg

Water 997 4180 0.604 1 � 10�3 ——

MEPCM particle 867 1900 0.164 —— 120
Slurry (10%) 982 3950 0.541 2:3 � 10�3 ——

Fig. 5 Schematic of the experimental setup.
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h� Q

Ab�Tw � Tin�
(5)

where Tw is thewall temperature at the heater. It can be seen that heat
transfer coefficient of slurry is lower than heat transfer coefficient of
water (base fluid). The error in power calculation from the voltage
and current measurement can be ignored in the experiments. The
error in flow rate measurements was estimated to be less than 5%.
The error in temperature measurement is within 0.2	C. Thermal
balance between supplied power to the heater and amount absorbed
by working fluid in the water experiments was less than 6.3%. The
error in heat transfer coefficient calculated based on themeasurement
was estimated to be less than 8%.

C. Analysis of Experimental Results

The performance of slurry is poorer compared with pure water at
all the flow rates. The possible reasons for this behavior of slurry
could be due to the following.

1. Low Thermal Conductivity of Slurry Compared with Water

The presence of PCM particles increases the heat capacity of the
fluid (during melting), but also decreases the effective thermal
conductivity and sensible heat capacity. In the case of fully developed
flows, high specific heat fluid always performed better, as shown by
many researchers. This is because the heat has already reached the
center of the channel and the effect of high specific capacity of the
fluid dominates the effect of lowering of thermal conductivity, due to
the presence of PCM. When the flow is not thermally fully

developed, the heat transfer performance of slurry depends on how
effectively the heat is transferred to the fluid. Low thermal conduc-
tivity results in less heat transfer to the fluid.

2. Little or No Melting of PCM Particles Inside the Channel

Since the length of the channel is short for the MMC channel, it is
important that the PCMparticle completelymeltswithin its residence
time. Charunyakorn et al. [7] applied the method proposed by Tao
[20] to calculate solid–liquid or melt interface rp (Fig. 4) in a sphere
for calculating the source term in their model. Assuming the particle
has to melt 99% by the time it exits the channel, the required
temperature difference between the surrounding fluid Tf and the
melting temperature Tm of the PCM was calculated in Eq. (6) using
the same analogy:

Tfm � Tf � Tm �
�
1

2

�
1 �

�
rp
Rp

�
2
�

� 1

3

�
1 �

�
rp
Rp

�
3
��

1

Bip
� 1

��
:
hsf :R

2
p

tres:�p:cp;p
(6)

where the Biot number of the particle is given by

Bip �
keff
kpcm
� 2�1 � c�
2–3c

1
3 � c

(7)

Figure 8 shows the required temperature difference between the
fluid and the particle melting temperature for a 5-�m-diam particle at
different velocities. A velocity of 0:25 m=s corresponds to VHS�
5:26 � 10�6 m3=s, the lowest flow rate used in the experiments.
Since the flow is not fully developed thermally, it is highly possible
that a large portion of the fluid remained at the inlet temperature and
this required temperature difference could not be achieved for all the
particles inside the channel. Thus, within the short duration, it is

Fig. 6 Experimental results: pressure drop.

Table 2 Heat transfer results (with water)

VHS (�10�6, m3=s) Q,W Tin,
	C Tout,

	C Tw,
	C

10.51 360 33.8 42.0 70.3
12.62 360 35.2 42.3 70.3
15.77 360 34.2 40.0 67.2
17.87 360 34.4 39.4 66.3
21.03 361 33.1 37.1 63.3
25.24 360 37.0 40.2 65.7
28.39 360 35.6 38.5 63.8
31.54 361 33.2 35.9 60.6

Table 3 Heat transfer results (with slurry)

VHS (�10�6, m3=s) Q,W Tin,
	C Tout,

	C Tw,
	C

5.26 184 22.1 32.8 53.9
8.41 184 24.6 31.5 51.4
10.51 360 23.6 32.6 67.5
13.14 360 24.9 32.0 64.7
15.77 360 25.2 30.7 61.6
18.40 360 24.9 29.4 59.5
21.03 361 24.8 28.6 58.2

Fig. 7 Heat transfer coefficient of water and slurry.

Fig. 8 Required temperature difference between particle surface and

PCM melting temperature.
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possible that most of the MEPCM particles have not melted or that
only the particles near the wall might have partly melted.

III. Numerical Investigation

The schematic of the flow domain used is shown in Fig. 9. The
walls represent microchannel walls and the fluid enters into the
channel from the inlet and leaves from the exit. The inlet and outlet
are separated by the dividers ormanifolds (as shown in Fig. 1) and are
not part of the simulation domain. Only half of the channel was
considered for simulation because of symmetry. Configuration I of
Table 4 is used for numerical simulation. The particle diameter used
is 5 �m. From previous discussion, it is justifiable to assume that no
PCMhasmelted in the experiments. Hence, the simulations were run
assuming the bulk properties of slurry, as shown in Table 1. Copper is
used as the wall material.

A. Numerical Model

1. Assumptions

1) Flow is steady and laminar.
2) The fluid can be considered as Newtonian for the particle

concentration of 0.1 used in experiments [8].
3). The particle distribution is homogeneous so that the bulk

properties are assumed constant [21].
4). The particles are assumed to follow the fluid without any

lag, i.e., the difference in the particle and fluid velocities is negli-
gible [16].

2. Governing Equations

The mass and momentum equations for the fluid inside the
simulation domain can be written as

@u

@x
� @v
@y
� @w
@z
� 0 (8)

�

�
u
@u

@x
� v @u

@y
�w@u

@z

�
�� @p

@x
� �@

2u

@x2
� �@

2u

@y2
� �@

2u

@z2
(9)

�

�
u
@v

@x
� v @v

@y
�w@v

@z

�
�� @p

@y
� �@

2v

@x2
� �@

2v

@y2
� �@

2v

@z2
(10)

�

�
u
@w

@x
� v@w

@y
�w@w

@z

�
��@p

@z
��@

2w

@x2
��@

2w

@y2
��@

2w

@z2
(11)

The energy equation for the slurry is

�cp

�
u
@T

@x
� v @T

@y
� w@T

@z

�
� @

@x

�
k
@T

@x

�
� @

@y

�
k
@T

@y

�

� @

@z

�
k
@T

@z

�
(12)

The energy equation for the microchannel wall/fin is

@2Tw
@x2
� @

2Tw
@y2
� @

2Tw
@z2
� 0 (13)

3. Boundary Conditions

The boundary conditions for the flow inside the channels are as
follows: no slip at the microchannel and manifold walls,

u� 0 (14)

atmospheric pressure at the microchannel outlet,

p� p0 (15)

and constant velocity at the inlet,

u� �0; 0; jwj� (16)

The boundary conditions for the heat transfer equations are as
follows: constant heat flux at the base of the microchannel fin,

q � n� qw (17)

adiabatic condition at all other outer walls,

q � n� 0 (18)

constant inlet temperature at the manifold inlet,

T � Tin (19)

convective heat flux boundary condition at the outlet/exit,

q � n� ��cpuT� � n (20)

continuity of temperature and heat flux at the wall and liquid
interface,

Tw � T (21)

� kw
@Tw
@n
��kf

@Tf
@n

(22)

4. Bulk Properties of Slurry

The bulk thermal conductivity of the slurry suspension can be
defined as Eq. (3). The effective thermal conductivity of slurries in
flow is enhanced due to the particle motions and particle–fluid
interactions. It can be evaluated as follows [10]:Fig. 9 Schematic of flow domain (not to scale).

Table 4 Geometric configurations used for numerical

simulation (units in microns)

Configuration H 2
tch L Hm Lm 2
tw tbase

I 533 101 1000 50 250 352.52 250
II 375 25 1000 100 250 75 250
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keff�f � kb

8>><
>>:

f� 1�BcPemp
B� 0; m� 1:5; Pep < 0:67
B� 1:8; m� 0:18; 0:67�Pep � 250

B� 3:0; m� 1
11
; Pep > 250

(23)

where the particle Peclet number is defined as

Pep �
ed2p
�f

(24)

Since the velocity is not fully developed in the current analysis, the
shear rate is a function of all the spatial coordinates and corre-
sponding velocities. The magnitude of the shear rate e can be
calculated using the following equation:

e�
�
1

2

X
i

X
j

�ij�ji

�
1=2

(25)

where � is the shear rate. All other properties are used from Table 1.

B. Comparison of Experimental and Numerical Results

For comparing the numerical and experimental results, the particle
size used is 5 �m and properties in Table 1 are used. Commercial
finite element method software COMSOL® [22] was used for
solving the flow and temperature fields. Configuration I of Table 4
and properties provided in Table 1 were used. The flow rate at the
microchannel inlet was calculated based on the number of channels
and total flow rate at the inlet of the heat sink. The wall thickness of
the microchannel was used such that the base heat flux and the total
heat supplied was the same as in experiments. In other words, twice
the base area in the simulation domain multiplied by the number of
channels is equal to the base area of the heat sink, which is 2 cm2.
Three different unstructured grid meshes consisting of elements
82,912, 143,580, and 295,667 were created using the default mesh
option in COMSOL for checking the grid independency of results.
The difference in results was not more than 0.15	C. Hence, the mesh
consisting of 82,912 elements was used for all the runs in 101-�m-
width channels. The pressure drop and bulk temperature rise
obtained in both cases are presented in Table 5. The pressure drop and
bulk temperature rise are defined as in Eq. (26), and the bulk mean
temperature of the fluid at the exit is calculated as in Eq. (27):

�P� pin � pout �T � Tin � Tout (26)

Tout �
R
Tcp;b�n:u� dsR
cp;b�n:u� ds

(27)

where ds is the surface area at the outlet for Eq. (27).
Pressure drop predicted numerically ranges from 8.3 to 13.0% of

total pressure drop obtained in experiments. This suggests that the
pressure drop inside manifolds is higher compared with that of
pressure drop inside the microchannels, which could be due to poor
manifold design. Similar results were obtained in [23], in which the
pressure drop in microchannels was 10% and the remaining 90%
pressure drop in manifolds was attributed to the frictional losses,
abrupt changes to the flow cross sections and the hard-edged flow
directions. Proper design of the heat sink can result inmore than 90%
of pressure drop inside microchannels and less than 10% in mani-
folds, with the maximum theoretical microchannel pressure drop

being 93% of total pressure drop [24]. Figure 10 shows the heat
transfer coefficient obtained with numerical simulation and com-
parison with experimental results. The predicted maximum wall
temperature using the numerical model does not account for the
thermal resistance between the heater surface and the channel wall.
Hence, the heat transfer coefficient obtained numerically is higher
compared with experimental results.

IV. Parametric Study

A parametric study was first done with two different base fluids in
channels of 101 �m width, and a particle size of 100 nm was
assumed. Smaller particles melt instantaneously, help in avoiding
clogging, and can pass easily through narrow channels. NPCM also
provide more heat transfer area to PCM because of higher surface-
area-to-volume ratio compared with micron-sized PCM. Slurry was
modeled as a bulk fluid with varying specific heat during the melting
range. Properties of n-octadecane were used from [8], and the bulk
properties are evaluated using Eqs. (1–4). Viscosity values based on
Eq. (4) were used, as there are no available experimental values. The
enhancement in thermal conductivity due to the presence of EPCM
particles is neglected, since this value was found to be negligible for
100 nm particles [16]. A melting range of 10 K with peak melting
point at 28	C (typical to n-octadecane) was used. For the grid
independency check, meshes consisting of 68,285, 103,238, and
178,102 elements were used. The maximum difference in the results
with these meshes was 0.12	C, and mesh consisting of 68,285
elements was used for all simulations.

A. Numerical Model for Parametric Study

1. Assumptions

A few more assumptions are used in the numerical model in order
to account for the particle melting:

1) Flow is steady and laminar.
2) Particle concentrations used for the current study range from 0

to 0.3, and hence the fluid can be considered Newtonian [8].
3) The particle distribution is homogeneous so that the bulk

properties are assumed constant except heat capacity, which is a
function of temperature.

4) Themelting insideMEPCMparticles takes place over a range of
temperatures between T1 and T2.

5) The particles are assumed to follow the fluid without any
lag, i.e., the difference in the particle and fluid velocities is negli-
gible [16].

6) There is no temperature gradient inside the particle or the
particle melts instantaneously and there is no delay in absorption of
heat inside the particle [16].

7) The effect of particle depletion layer is negligible [25,26].
8) As the shell that encapsulates the PCM is very thin in the case of

100 nm particle, its effect is neglected for the present simulation.

Table 5 Numerical results obtained

Fluid VHS (�10�6, m3=s) Q,W Tin,
	C �Tbulk,

	C �P, Pa

Water 5.26 184 22.1 8.5 690
Water 10.51 360 33.8 8.2 2000
Water 15.77 360 34.2 5.8 4275
Slurry 5.26 184 22.1 8.9 1241
Slurry 10.51 360 23.6 8.7 3103
Slurry 15.77 361 25.2 6.1 5585

Fig. 10 Comparison of numerical and experimental results.
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9) The shape of the encapsulated particles is spherical.
10) Brownian motion can be neglected for the high velocities

used [27].

2. Effective Specific Heat

The sine profile shown inFig. 11 has been used for the specific heat
of theNEPCMparticle and is described byEq. (28). The specific heat
of solid and liquid phases of PCM is assumed equal in the equation.
This is justifiable, as there is notmuch variation in the property value:

cp;p � cp;pcm �
�
�

2
�
�
hsf
Tmr

� cp;pcm
�
� sin�

�
�T � T1�
Tmr

��
(28)

The maximum value of the specific heat during phase change is
attained when the temperature of the slurry is in the melting range.
The effective specific heat of the slurry can be calculated as shown in
Eq. (2) [10].

The specific heat value of the particle is equal to cp;pcm when the
temperature of the particle is outside the melting range and is given
by Eq. (28)when the particle temperature is within themelting range.

B. Thermal Performance of Water and Polyalphaolefin-Based

NEPCM Slurry in 101-�m-Wide Channels

The effect of base-fluid thermal conductivity was analyzed by
using two different fluids: water and polyalphaolefin (PAO). PAO is a
fluid used for avionics cooling and has thermal conductivity less than
n-octadecane (Table 6). For comparison, a heat-sink inlet flow rate of
10:25 � 10�6 m3=s and a heatflux of 180 W=cm2were used for both
water- and PAO-based fluids. The inlet temperature used is 25	C,
which is within the melting range. Configuration I (channel width
101 �m) of Table 4 was used. Figure 12 shows the bulk temperature
rise predicted for bothwater and PAO. It can be observed that the bulk
temperature rise decreases with increase in the particle mass
concentration. Figure 13 shows the heat transfer coefficient ratio (hr)
of both water and PAO as the base fluid and is defined as

hr � hslurry=hbase fluid (29)

In Fig. 13, hwater � 61; 832 W=cm2 � K and hPAO � 18; 286
W=cm2 � K. The heat transfer coefficient decreases with increase in
particle mass concentrations when water is used as the base fluid,
except with mass concentration equal to 0.05. A slight increase in
heat transfer coefficient at mass concentration of 0.05 indicates that
the degradation in thermal conductivity is not significant, and hence
the increase in the specific heat compared with base fluid helps the
slurry performance. When PAO is used as the base fluid, the heat
transfer coefficient increased with an increase in concentration. This

shows that for developing PCM slurry flows, thermal conductivity
plays a very important role in determining the slurry performance.

C. Thermal Performance of Water and PAO-Based NEPCM Slurry

in 25-�m-Wide Channels

Figure 14 shows the temperature profile of water-based slurry in
101-�m-wide channels. From the figure, it can be observed thatmost
of the fluid did not absorb heat, as the thermal boundary layer is not
fully developed. To aid the thermal boundary in developing faster,
numerical investigation was continued by using the simulation
domain as configuration II (channel width 25 �m). The total number
of channels inside the heat sink was 2000. An inlet flow rate of
10:51 � 10�6 m3=s and heatflux of 180 W=cm2 was used. Figure 15
shows the temperature profile of water-based slurry in 25-�m-wide
channels. It can be observed that the temperature profile is more
developed.

Figures 16 and 17 show the bulk temperature rise and heat transfer
coefficient ratio predicted with water as the base fluid at different
fluid inlet temperatures. The heat transfer coefficient of slurry is 1.5
times that of water at high mass concentration, enabling a maximum

Fig. 11 Specific heat of encapsulated PCM as a function of

temperature.

Table 6 Thermophysical properties used for parametric study

Density, kg=m3 Specific heat, J=kg � K Thermal conductivity,
W=m � K

Viscosity, kg=m � s Latent heat J=kg

PAO 783 2242 0.143 4:45 � 10�3 ——

n-octadecane 815 2000 0.18 —— 244 � 103

Water 997 4180 0.604 1 � 10�3 ——

Copper 8700 385 400 —— ——

Fig. 12 Bulk temperature rise for water and PAO.

Fig. 13 Heat transfer coefficient ratio for water and PAO.
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wall temperature decrease of 4 K. Figure 18 shows the bulk
temperature rise obtained with PAO, as the base fluid and the heat
transfer coefficient of PAO slurry (Fig. 19) is twice that of pure PAO
at high concentration. The maximumwall temperature for 30% PAO
slurry is 15 K lower than the maximum wall temperature of pure

PAO. Decreasing the channel width to 25 �m allows a higher
number offinswithin the heat sink. Comparedwithwider channels, a
greater amount offluid absorbs heat within each channel and the flow
is closer to thermally fully developed, as the thermal entrance length
is short in the case of narrow channels. Hence, using smaller-width
channels enablingmore heat transfer to thefluid helps to obtain better
heat transfer coefficient for slurries, compared with pure base fluid.
The amount of PCM that participates in heat absorption by the time
the fluid exits the channel depends on the inlet temperature. For
water, if the inlet temperature is around 25.5	C, the heat transfer
coefficient is the highest, where as for PAO, it is 23	C.

Fig. 14 Temperature profile of water-based slurry in 101-�m-wide

channels (unit in Kelvin).

Fig. 15 Temperature profile of water-based slurry in 25-�m-wide

channels (unit in Kelvin).

Fig. 16 Bulk temperature rise in the case of 25-�m-wide channels (base

fluid–water).

Fig. 17 Heat transfer coefficient ratio for water (hwater � 150; 695
W=cm2 �K).

Fig. 18 Bulk temperature rise (base fluid–PAO).

Fig. 19 Heat transfer coefficient ratio (base fluid–PAO, hPAO�
61; 930 W=cm2 �K.
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D. Overall Performance of Water and PAO-Based Slurry
in 25-�m-Wide Channels

To investigate the effect of high concentration on pressure drop,
simulations were run using pure water and pure PAO to calculate
performance factor PF, as defined in Eq. (30):

PF ��Pbase fluid=�Pslurry (30)

This parameter signifies increase or decrease in the pressure drop
when a pure fluid is used in order to achieve the heat transfer
coefficient as slurry. For example, from Fig. 19, the heat transfer
coefficient of water-based slurry at 5% concentration is
171; 672 W=cm2 � K when the heat-sink inlet flow rate is 10:51 �
10�6 m3=s and heat flux is 180 W=cm2. To achieve the same heat
transfer coefficient with water, a higher heat-sink inlet flow rate was
used and the resultant pressure drop inside the channel was 1.14
times of the pressure dropwhen 5% slurrywas used. Figure 20 shows
the PF with both water and PAO when the channel width is 25 �m
and heat flux is 180 W=cm2. The heat-sink inlet flow rate used for
purewater and PAO is higher than 10:51 � 10�6 m3=sGPH,whereas
for slurry it is 10:51 � 10�6 m3=s for all the concentrations.

For high mass concentrations, the pressure drop in the case of
slurry is higher compared with pure water for the same heat transfer
coefficient. It can be concluded that particle mass concentration of
0.1 has the highest PF for both water- and PAO-based slurries. For
Eq. (30), it is assumed that themicrochannel pressure drop dominates
the total pressure drop. These results are assumed true for the
parameters considered and might change with flow rate, channel
dimensions, heat flux, fluid inlet temperature, etc.

V. Conclusions

Thermal performance of EPCM slurry in manifold microchannel
heat sinks was studied both experimentally and numerically. The
following conclusions can be drawn from the study.

1) Experiments were performed in microchannels of hydraulic
diameter 170 �mwith water-based slurry and purewater. Flow rates
of water and slurry with mass concentration of 0.1 were varied
between 5:26 � 10�6 m3=s and 31:54 � 10�6 m3=s. Slurry perform-
ance was poor compared with pure water for all the flow rates used.
This was attributed to the little melting of particles due to their large
size (5 �m) and lower thermal conductivity of slurry compared with
water.

2) Parametric study was done assuming NEPCM slurry. It was
found that thermal conductivity of slurry plays a very important role
in the cooling performance of slurry in microchannels, especially in
manifold channels that provideflow lengths that are comparablewith
the developing length of the flow. Results show that the heat transfer
coefficient of water-based slurry is lower compared with pure water
when the channel hydraulic diameter is 170 �m. For the same
configuration, when the basefluid is changed to pure PAO (which has
the thermal conductivity equal to that of the PCM), heat transfer

coefficient of slurrywas higher comparedwith pure PAOand the heat
transfer coefficient increased with increase mass concentrations.
Thus, in order to achieve better performance of slurry in developing
flows, the presence of PCM particles should enhance the thermal
conductivity of the base fluid.

3) Slurry performance also depends on the geometric config-
uration of the microchannel. Numerical investigation showed that in
microchannels of hydraulic diameter of 47 �m, water-based slurry
also showed high heat transfer coefficient compared with pure water
at all mass concentrations. This is possibly because theflow develops
faster in smaller channels.

4) When the same heat transfer coefficient is desired with both
slurry and water, results showed that higher mass concentrations are
not favorable because of a large pressure drop across the micro-
channel. Particle mass concentration of 0.1 showed the highest value
of performance factor for the parameters considered.

5) Performance of PCM slurries in the case of thermally devel-
oping flows depends onmany factors. Using a PCM that can enhance
the thermal conductivity of slurry, smallerMEPCMparticles that can
melt instantaneously, narrow channels that can help the flow develop
faster, and right inlet temperature can help to achieve maximum
benefit of slurry.
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