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Abstract: Microencapsulation phase change material slurry (MEPCMS) becomes a potential working fluid for
cooling high energy density miniaturized components, thanks to the latent heat absorption of particles in the heat
transfer process. In this work, the Discrete Phase Model (DPM) based on the Euler-Lagrangian method is used to
numerically investigate the convective heat transfer characteristics of MEPCMS flowing through a rectangular
minichannel with constant heat flux. The results show that particles of MEPCMS are mainly subjected to drag
force during the flow. Even so, they can migrate from the high-temperature region to the low-temperature region
driven by the thermophoretic force, affecting the particle distribution and phase change process. Moreover, the
Nu, of the MEPCMS fluctuates due to particle phase change with varying specific heat capacities. Specifically,
the value increases first, then decreases, and eventually increases again until it approaches the fully developed
value of the pure base fluid as the particles gradually melt. Furthermore, the heat transfer performance of the
MEPCMS is influenced by the combination of fluid inlet temperature (73,), fluid inlet velocity (v), and mass
concentration (c¢,,) of MEPCM particles. The result shows that the maximum reduction of the maximum bottom
wall temperature difference (A7) is 23.98% at T;,=293.15 K, v=0.15 m's’, cn=10%.

Keywords: Microencapsulated Phase Change Material Slurry (MPCMS); Discrete Phase Model (DPM);
particle-fluid interaction force; minichannel heat sink; thermophoresis

1. Introduction

In recent years, the performance improvement of
communication devices also brings the problem of heat
flux increase to electronic components [1-5] with the
miniaturization and integration of electronic chips [6].
Ozmat et al. [7] revealed that the reliability of electronic
devices is closely related to temperature. For instance,
the reliability decreases by 5% when the temperature
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rises by 1°C within the range of 70°C to 80°C.
Statistically, the failure rate of electronic devices induced
by high temperatures is 55% [8]. Therefore, effective
heat dissipation is essential to keep electronic devices
operating safely and stably. Up to now, the
mini/microchannel heat sinks [9] are a potential way to
cool electronic devices effectively, owing to the
advantages of high compactness and large heat transfer
specific surface area.
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Nomenclature

Cm particle mass concentrations

¢ specific heat capacity/J-kg "K'
Dy, hydraulic diameter of the channel/mm
d diameter/mm

H channel height/mm

h heat transfer coefficient/W-m *-K "'
hst melting latent heat/kJ kg™

k thermal conductivity/W-m "K'

L channel length/mm

Nu Nusselt number

Pr Prandtl number

q heat flux/W-cm >

Re Reynolds number

T temperature/K

T, lower melting temperature/K

T, upper melting temperature/K
T; inlet temperature/K

v inlet velocity/m-s '

y core-shell weight ratio
Greek letters

U dynamic viscosity/Pa-s

P density/kg-m™

Subscripts

c core

f base fluid

p particle

] shell

w wall

X local section of flow direction

However, the conventional coolant (water) becomes
unserviceable to satisfy the increasing cooling
requirements of electronic devices. Researchers have
proved that adding nanoparticles [10, 11] or
microencapsulated phase change material (MEPCM)
particles [12—-14] in cooling water is an effective way to
enhance the cooling performance of mini/microchannel
heat sinks [15]. Moreover, the MEPCM/water composite
coolant is called microencapsulated phase change
material slurry (MEPCMS) [16], which can utilize the
latent heat absorption capacity of the phase change
material during melting. Since then, many studies have
been performed on the flow and heat transfer
characteristics of MEPCMS from experimental to
simulation perspectives. Ho et al. [17] experimentally
investigated the convective heat transfer characteristics
of MEPCMS in a minichannel heat sink, proving that the
cooling performance increased by 51% once MEPCMS
replaced the water. Similarly, other experimental results
[18-20] indicated that the cooling performance was
improved by 52%—170% owing to the difference in flow
rate, concentration, materials, etc. However, experimental
studies are difficult to reveal the flow heat transfer
mechanism, which can be accurately performed by
numerical simulation to improve the heat transfer
performance further. In the simulation, Zhang et al. [21]
performed a 2D numerical analysis of a circular duct with
MEPCMS as a coolant. Taking the micro-convection
caused by the interaction between the particles and
carrier fluid into account, the effective thermal
conductivity of the slurry improves. Nevertheless, most
of the simulations [22—-25] are based on the homogeneous
model, which assumes the suspension as a homogeneous
fluid with particles uniformly distributed in the base fluid,
as well as sets the overall thermophysical parameters

during the simulation where different correlations are
used by researchers, making it difficult to assess the true
performance value of MEPCMS and facilitate its further
research.

It is worth mentioning that MEPCMS, as a two-phase
fluid, becomes complex in terms of flow and thermal
performance compared to conventional single-phase fluid.
An interaction exists between the particles and the base
fluid, and the particle motion is determined by its force
equilibrium. Besides their inertial forces, the particles are
subjected to the drag force, lift force, pressure gradient
force, virtual mass force, Brownian force, thermophoretic
force, etc., exerted by the base fluid (water). The
importance of these forces alters in different situations, as
in the studies by Buongiorno et al. and Savithiri et al. [26]
who found that thermophoretic and Brownian forces can
replace inertial force to balance the drag force when the
particle size approaches the nanoscale. Therefore, a
numerical model that can consider the forces between the
two phases is essential. The Discrete Phase Model (DPM)
based on the Euler-Lagrangian method treats the base
fluid and the particles as continuous and discrete phases,
respectively. The model considers the two-phase
interaction forces and the particle-wall interaction. It is
suitable for simulating two-phase flow and heat transfer
phenomena with small volume fractions of discrete
phases.

Based on the DPM, Rashidi et al. [27], Shi et al. [28],
and Sheikhalipour et al. [29] examined the flow and heat
transfer characteristics of nanofluids inside a pipe with an
embedded perturbed flow structure and a rectangular
microchannel and a trapezoidal microchannel,
respectively. Their results showed that the particles were
not uniformly distributed. Alquaity et al. [30] and Wu et
al. [31] simulated the thermal performance of phase
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change particles in different channels and found that
DPM can better predict the heat transfer process when
comparing the results with the commonly used
homogeneous model. However, the above research has
not considered the forces comprehensively, and some of
them use the equations of thermophoretic coefficient
derived for solid-gas mixtures [32] to calculate the
thermophoretic force, which may affect the accuracy of
particle motion in solid-liquid suspensions and the heat
transfer characteristics of the fluid to some extent.

Therefore, it is significant to choose a more realistic
two-phase simulation method to simulate the cooling
performance of MEPCMS in mini/microchannel. In this
work, the convective heat transfer characteristics of
MEPCMS in a rectangular minichannel are simulated
using DPM. Moreover, to clarify the relationship
between particle motion phenomena and the forces on it,
the thermophoretic coefficient proposed by Mcnab et al.
[33] for solid-liquid mixtures is adopted to correct the
thermophoretic force. Furthermore, the effects of particle
mass concentration, inlet flow velocity, and inlet
temperature on temperature distribution inside the channel,
fluid cooling capacity, Nusselt number, and particle phase
change behavior are also investigated.

2. Numerical Detail

2.1 Geometry model and boundary conditions

To facilitate the convective heat transfer analysis of
MEPCMS, the object targeted in the research is a
rectangular channel whose width is much larger than its
height. Since the influence of flow and heat transfer in
the width direction is ignored, a two-dimensional
geometric model can be used as shown in Fig. 1, where
the channel has a length L of 1000 mm, a height A of 1
mm, and a characteristic length D, of 2 mm, which
belongs to the category of minichannel [9].

Pressure

v ; = :
by —> ) " H= —>
T S y =1 m i Outlet

TTT Tower T T T 1

The schematic representation of the geometric
computation model

Fig. 1

Boundary conditions are also presented in Fig. 1. The
particles following the base fluid are uniformly injected
from the inlet with the same velocity v and temperature
T:n as the base fluid, and zero pressure was specified at
the minichannel outlet. Moreover, the top of the channel
is an adiabatic wall, and the bottom wall is subjected to a
constant heat flux ¢ of 1 W-cm™. For two-phase flow
based on the Euler-Lagrangian method, it is required to
consider the particle-wall interaction, also known as the
boundary conditions of the particles at the channel
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boundary, since this interaction may affect the particle
concentration distribution. Typically, the particle
rebounds off the wall with a change in momentum. The
degree of change is determined by the coefficient of
restitution, which is the ratio of the velocity after the
particle-wall collision to the velocity before the
particle-wall collision; meanwhile, it is considered that
the particle trajectory tracking stops once the particle
reaches the exit. Therefore, the escape boundary
condition is used at the entrance and exit of the channel,
and the reflect boundary condition with the coefficient of
restitution as 1.0 is considered at the channel wall.
During the flow of the suspension, MEPCM particles
absorb the heat from the bottom, undergo a gradual phase
change, and finally outflow from the outlet.

2.2. Thermophysical properties of MEPCMS

In the research, the working fluid is the MEPCMS
consisting of MEPCM particles and base fluid (water).
Moreover, the shell and core material of the particles is
Polymethylmethacrylate (PMMA) and n-Octadecane,
respectively. The temperature-dependent relations are
used for the thermophysical properties of water (Egs.
(6)~(9)), which are available in heat transfer books and
literature [34]. In addition, many researchers [35-37]
have evaluated the property parameters of particles from
the following equations:

y=—=¢ €]
mS
1+y)p.p
sz—( )pep, )
Ps VP
3
d
[_Pj 14 P 3)
dC pSmC
d, —d
L1 dy—d, @
kod, kd,  kdd.

where y, p, d, and k are core-shell weight ratio, density,
diameter, and thermal conductivity, respectively. The
subscripts ¢, s, and p represent the core material, shell
material, and particle, respectively. It should be noted
that the density of the core material is its average density
at the solid and liquid states. The diameter of the particle
is 5 pm, and the mean mass concentration of the core
material (PCM) in an individual MEPCM particle is
80.9%. Since the particles undergo melting, the latent
heat of MEPCM particles is reflected by the specific heat
capacity, which is regarded as a function of temperature
using the effective heat capacity model [36]. For instance,
Rao et al. [38] used the same core and shell material to
prepare MEPCM particles, and the result of DSC thermal
analysis revealed that the specific heat capacity of the
obtained particles showed a sinusoidal variation with
temperature [37]:
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Table 1 Thermophysical properties of the base fluid and MEPCM
Materials plkg-m™ c/Ikg K KHW-m-K! u/Pas hy/k) kg™
Water (base fluid) pr Cpt ke e
N-Octadecane (core)
solid/liquid state 850/780 2000 0.18 / 241
PMMA (shell) 1180 1440 0.184 / /
MEPCM 1094 0.1644 /
The lower melting temperature, upper melting equation of particle motion is integrated into the

temperature, and melting temperature range of the
particles are 71=297.15 K, 7,=302.15 K, and 7,,=5 K,
respectively. Thermophysical properties of the base fluid
and MEPCM are listed in Table 1.

pp =765.33+1.8142T; —0.0035T} (6)
c,; =28070-281.77; +1.25T7 —2.48x107 T}
+8.57x107°T¢
ke =—0.5752+6.3977x107°T; —8.151x107°T%  (8)
1 =0.0967 —8.207x 107" T; +2.344x107° 17
—2.244x107°T7

(7

)

2.3 Model assumptions and governing equations

According to the range of relevant parameters in this
study, the following assumptions are made for the
convenience of calculation: (1) the suspension can be
regarded as a Newtonian fluid due to a low mass
concentration (¢;,<15%) [39]; (2) the flow and heat
transfer process is in steady state and incompressible; (3)
the thermal radiation and natural convection heat transfer
between the wall and the environment are ignored; (4)
the suspension in the minichannel is laminar flow due to
the low Reynolds number; (5) the gravity and buoyancy
are ignored due to similar density between particle and
base fluid; (6) the small size particle (d,=5 um) can be
regarded as a homogeneous spherical mass point with
internal homogeneous temperature due to low Biot
number of the particle [28]; (7) the supercooling
phenomenon is ignored due to only considering the
melting process of the particle.

To analyze the thermal behavior of the considered
suspension, the Discrete Phase Model (DPM) based on
the Euler-Lagrangian method is simulated numerically,
and the base fluid and particles are treated as the
continuous phase and discrete phase, respectively. The
gonverning equations for the continuous phase are solved
in the Euler coordinate system, and the differential

Lagrangian coordinate system to solve the particle
trajectories. The interaction source terms are added to the
governing equations to realize the interphase coupling.
The conservation of mass, momentum, and energy for the
steady incompressible flow of continuous phase is
represented as follows [30]:

Vou; =0 (10)
V-(peugug) = —Vp+ u:Vu; + F (11)
V-lu (pE+p)|=V-(kVT;)+S  (12)

where uy, pr, us, p, ki, and Tt are the velocity, density,
dynamic viscosity, pressure, thermal conductivity, and
temperature of the base fluid, respectively; E is the
energy stored by the fluid and can be represented by
E=hsf—p/pf+uf2/2, where hg is the apparent enthalpy of
the fluid; the source terms F and S in the above equations
represent the momentum and energy exchange between
the continuous and discrete phases, respectively.

In the Lagrangian coordinate system, the motion
equation of a single particle is represented by its force
balance as follows [40]:

du

P
m =F, +F
p dr D other

(13)

=Fy+Fp+ Fg+ Fp + Fy, (14)
where my, uy,, t, Fp, and Fyme are the particle mass,
particle velocity, integration time, drag force, and other
forces acting on the total mass of the particle,
respectively. In this work, other forces include virtual
mass force Fy, pressure gradient force Fp, Brownian
force Fy, thermophoretic force Fr, and Saffman’s lift
force Fs.. These interaction forces are induced by
various mechanisms [41-46] and can be calculated as
presented in the Appendix.

Furthermore, the energy equation of a single particle is
represented by its energy balance as follows [47]:

dT;
mpcp,pd_tpz hd, (Tf _Tp)

F,

other

(15)
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where c,,, T, A4, and & are specific heat capacity,
temperature, the surface area of the particle, and
fluid-particle heat transfer coefficient at the particle
surface, respectively. And /4 is estimated using the Ranz
and Marshall correlation [48]:

hd
Nu==T=20+ 0.6Re!> Pr/? (16)
f
Py =202t (17)
ke
d |u,—u
Re, = m (18)
He

where Pry and Re, are base fluid Prandtl number and
particle Reynolds number, respectively. Finally, the
momentum transfer and heat transfer in the above
continuous phase governing equations are respectively
computed by examining the change in momentum and
thermal energy of a particle as it passes through each
control volume [34]:

184 1 Foper | .
F=Y fcc( _uf)+;1t—':mpm (19)

S=ne,, (T, T (20)

p“p.p \/ p,in—cell — p,out—cell)

where My s Tpincells and T oucen are mass flow rate,

temperature at the cell entry and temperature at the cell
exit of particle, respectively. Considering the PCM melts
inside the capsules, there is no mass exchange, so the
particle flow rate in each cell will be conserved.
Moreover, the interaction effect between continuous and
discrete phases is considered through the momentum and
energy exchanges mentioned above.

2.4 Numerical method and validation

In this work, the commercial CFD software FLUENT
2020 R2, based on the finite volume method, is used to
convert the governing partial differential equations into
algebraic equations. The SIMPLE algorithm solves
pressure-velocity coupling, and the convection and
pressure terms are discretized by Second order upwind
scheme and Standard interpolation scheme, respectively.
Furthermore, the Lagrangian particle motion equation is
discretized by a modified Euler method.

Moreover, the solving steps of the two-phase flow
based on the DPM with two-way coupling method are
different from those of the single-phase flow method or
the one-way coupling method: firstly, the continuous
phase flow field is calculated until partial or complete
convergence; then the discrete phase is introduced and
the trajectories of each discrete phase injection are
calculated; next, the continuous and discrete phases are
coupled by source terms in the momentum equation and
energy equation, and the continuous phase flow is
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recalculated; then the discrete phase trajectories are
calculated again in the modified continuous phase flow
field; finally, the continuous and discrete phase are
calculated alternately until the two phases reach the
convergence criteria, i.e., in this work the monitored
amount of temperature is unchanged with each additional
calculation, and the residuals of the continuity,
momentum and energy equations are required to be less
than 107, 10® and 10°%, respectively. For thermophysical
properties of the base fluid and MEPCM mentioned
above, codes are developed to describe these using the
User Defined Function (UDF) of Fluent.

It should be stated that in DPM, it is not possible to
track all physical particles due to the high requirement of
computation; instead, representative particles or parcels
should be tracked. Any parcel is representative of a
specified number of actual particles with the same
physical property, where a particle is representative of the
entire particles on that parcel, and the motion equation
and heat exchange equation are solved only for this
particle and extended to others. After solving the
equations for the particle, a Gaussian distribution
function is used to interpolate the neighboring parcel’s
impacts on the centroid parcel as follows [49]:

gparcel = Z Nparticle ngpartlcle (21)
3/2 _
A |xparcel xparticle
G,= (Ej exp| —4 2 (22)

where Nparicles Go» Oparticles aNd Oparcer are the number of
particles in the parcel, Gaussian weight function, particle
variable in the node, and the accumulation of the particle
variable on the node for all parcels, respectively. The
variables AX, Xparcel, Xparticle» and A in the Gaussian weight
function are characteristic length scale of the cell, parcel
located in the neighborhood, particle location, and a
constant of default value 1.0 used to control the width of
the Gaussian distribution in this work, respectively.
Based on the above equations, the Node-Based
Averaging method is provided which distributes the
effects of a DPM parcel even into neighboring cells and
allows a reduction of grid dependency of DPM
simulations.

To certify the sensitivity of the numerical results to the
mesh density, a grid independence test was performed at
T:n=293.15 K, Re=~392.21, and ¢,=10% of MEPCMS.
The commercial preprocessor software ICEM CFD 2020
R2 generates a structured rectangular computational
mesh across the computational domain. Six grids with
increasing fineness, which are 18 348 nodes, 22 011
nodes, 27 511 nodes, 36 685 nodes, 55 011 nodes, and
110 011 nodes, are considered. By comparing the average
Nusselt number of various grids, as shown in Table 2, it
has been observed that the results do not vary too much
for these grids. Specifically, the result of 16 670 grid
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numbers almost coincides with that of the 100 000 grid
numbers with a relative error of 0.54%, although the
difference in the number of the grid between them is
about 5 times. Therefore, the grid with a total grid
number of 16 670 is selected for the numerical solution
with an acceptable compromise between the calculation
cost and result accuracy.

Table 2  Grid sensitivity analysis using MEPCMS at
T;,=293.15 K, Re=~392.21, and ¢,=10%
Nodes Grids Average Nu d}i)fefre(;?;czg/"e@
18 348 16 670 6.3202 0.54
22011 20 000 6.3289 0.40
27511 25 000 6.3352 0.30
36 685 33340 6.3397 0.23
55011 50 000 6.3472 0.11
110011 100 000 6.3544 /

18 F O  Inlet temperature=283.75 K ]
Reynolds number=1283
Wall heat flux=2.4958 W-cm 2

O  exp: ca=10%
—— sim: ¢,=10%

0 300 600 900 1200

Flow length/mm

Inlet temperature=297.15 K
Mass flow rate=0.05 kg-min!
Wall heat flux=1.923 W-cm?

)
o
=~

T

[

L

Wall temperature/K
w2
N

320 + B
® cexp:en=5% —O— sim: cn=5%
exp: cn=10% sim: ¢,=10%
318 L L
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Flow length/mm

Fig. 2 Comparison of experimental result and simulation data
of (a) Zeng et al. [S0] and (b) Rao et al. [38] for
MEPCMS

Since most experiments mainly focus on macro
parameters, it is difficult to find experiments focusing on
micro parameters, and the micro level will affect the
macro level, so this paper adopts macro parameters to
validate the numerical model. And to ensure the

reasonability of the numerical method, the model was
validated by heat transfer experiments with MEPCMS in
different shaped channels since the convective heat
transfer mechanism of MECPMS is similar. Zeng et al.
[50] studied a circular tube of 1.46-m length and 4-mm
inner diameter with a low Reynolds number (laminar
flow), the particle diameter of 8.2 pum, and a constant
heat flux of 2.4958 W-cm 2 Rao et al. [38] studied a heat
sink containing three parallel rectangular minichannels,
each of which has 150-mm length, 2-mm width, and
4.2-mm height, with low Reynolds number (laminar flow)
and particle diameter of 4.97 um. Fig. 2(a) shows that the
prediction of the local Nusslet number of MEPCMS by
DPM simulation is in reasonable agreement with the
experimental data [50], and the average relative error is
less than 13%. Further, under the operating conditions of
the mass flow rate of 0.05 kg'min"' and wall heat flow
density of 1.923 W-cm? the trend of the wall
temperature profiles for both mass concentrations in the
simulation is in good agreement with the experimental
data [38] with a maximum relative error of 2.9% (as
shown in Fig. 2(b)). Hence, the numerical results
obtained from DPM in this work are reliable.

3. Results and Discussion

In this section, to fully consider the phase change
behavior of the MEPCM particles and keep the
Newtonian fluid characteristic of MEPCMS, the
simulation results for three factors containing three
different levels are discussed, that is, the effects of fluid
inlet temperature 7;, (283.15 K, 288.15 K, and 293.15 K),
fluid inlet velocity v (0.10 m's', 0.15 m's’', and
0.20 m's "), and the mass concentration of the MEPCM
particles ¢, (5%, 8%, and 10%). Furthermore, the heat
transfer performance in terms of temperature field and
local Nusselt number Nu, along the axial direction (x)
based on heat transfer coefficient (%) is presented, as
well as compared with that of water (c,,=0%) under the
same operating conditions.

" Tp.|v,A.
Tb:lezl lpl|vl l| (23)

l-:]pi|viAi

q

h = 24
T (24)

h.D, qD
Nu, =—= h — h 25)

kf (Tw_Tb)kf

The expressions for the related parameters are
described above [30], where T, and T are the local
bottom wall temperature and local fluid mass-weighted
average temperature, respectively. In addition, the effects
of the various forces mentioned above and the particle
trajectories obtained by DPM on the convective heat
transfer characteristics of MEPCMS are also discussed.
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3.1. Force analysis of particles in suspension

Understanding the dynamics behaviors of particles in
suspension is helpful in accurately describing the heat
transfer process of MEPCMS flow. Although various

forces act on the particles, only some play dominant roles.

Hence, the influence of different forces (i.e., Fp, Fy, Fp,
Fg, Fr, and Fg;) on heat transfer can be researched under
the characteristics of the DPM approach.

The simulations are carried out at 7;,=288.15 K,
v=0.10 m's™', ¢,=10% for MEPCMS and the results are
presented in Fig. 3. All the curves have a high similarity
of trend, among which the curve only with drag force is
close to the curve with all forces, indicating that the drag
force plays a dominant role in MEPCMS flow presented
in this work. As investigated by Marshall et al. [44],
particle motion is mainly controlled by the force balance
between the particle inertial force and the drag force
given by the fluid in most particulate flows ignoring
collision or external electric, magnetic or gravitational
fields. It is worth noting that all curves with a
thermophoretic force largely coincide with the trend of
the curve with all forces, while only the curve without
thermophoretic force largely coincides with the trend of
the curve only with the drag force, thus the
thermophoretic force has a significant influence on the
heat transfer process, especially in the latter part of x.
The error of neglecting thermophoretic force is 0.593%,
which is much larger than the error (less than 0.05%) of
neglecting any other forces (except for drag force). The
specific influence mechanism of thermophoretic force on
the heat transfer process will be analyzed in combination
with the following influencing factors.

3.2 Convective heat transfer characteristics of
MEPCMS

To investigate the effects of inlet temperature, inlet
velocity and particle mass concentration on the

@ 6900 ' ' ; ]
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8400 2 v=0.20m-s' N =
a=10% |\
Jy-2
801 Py R‘
T il | N i
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convective heat transfer characteristics of MEPCMS,
different combinations of these three parameters were
investigated in a comparative method.

Fig. 4 shows the temperature contours of the fluid in
the rectangular minichannel under different operating
conditions. It can be seen that the overall temperature
distribution is wavy along the flowing direction, which
stems from the low flow velocity of the fluid near the
wall due to the flow boundary layer effect on the one
hand, and from the heat originating only from the bottom
wall on the other hand. Although the friction in the shear
layer contributes to the temperature increase along the
length of the channel, the temperature rising inside the
channel is mainly the result of external heating. As
expected, the heated bottom wall has the highest
temperature, and the top adiabatic wall has the lowest
temperature at any location along the length of the
channel. It is also seen that using MEPCMS as a coolant
compared to water results in a more uniform fluid
temperature distribution. It indicates that more energy is
transferred through the suspension with a low value of
coolant temperature increase. It is attributed to the latent
heat of melting associated with the phase change of PCM
in the particles.

Moreover, increasing the mass concentration of
MEPCM particles contributes to a decrease in temperature
along the length of the channel, but with different
degrees of reduction at different operating conditions.
Comparing Fig. 4(a) and 4(b), one can see that the level
of the temperature difference between the inlet and outlet
temperatures is close for different inlet temperatures. By
contrast, the level of temperature difference decreases
significantly with increasing inlet velocity when
comparing Fig. 4(a) and 4(c). This is because when the
heat applied to the whole channel is a constant value,
increasing the inlet velocity means increasing the flow
rate so that more heat is absorbed per unit of time.

(b) 1900 ' '
—— without Fy
e —— without Fp
C)/ il —— without Fy
N !
1800 ] \ w14thout Fr A
7 \ D\ —— without Fyg;,
W \
= 17007 [w=288.15K \@ N J
=0.20ms ! \
cn=10% ~
el &
1600 4 —O0— with Fp+Fy+Fpt+Fg+F+Fg, \\:
—0=—only with Fy
400 500 600 700
x/mm

Fig. 3 Local convective heat transfer coefficient in the minichannel for different forces from (a) overall view and (b) partial

enlarged view
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Fig. 5 Temperature of T, and T}, along minichannel length direction at different operating conditions

While changing only the inlet temperature just affects a slope variation of both temperature curves using the
small change in the base fluid density so that the fluid MEPCMS is primarily related to the phase change
flow rate is approximately the same. behavior in the presence of the particles. That is, when
Fig. 5 shows the local bottom wall temperature 7, and the particle temperature is within the melting range, a
the local base fluid mass-weighted average temperature rapid increase of the equivalent specific heat capacity of
T, in the rectangular minichannel under different the particles due to the latent heat of melting leads to a
operating conditions. It seems clearly that when using slowing temperature increase.
pure base fluid as coolant, T, increases with a gradually It is interesting to note that the melting situation in the
decreasing to stable slope in the inlet region, and Ty calculation region when using the MEPCMS as coolant
increases with a stable slope throughout the channel. The can be divided into three conditions according to the
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slope of the curve. As shown in Fig. 5(a), when
suspension with different concentrations flows at
T,,=283.15 K, v=0.20 m-s ', both T,, and T} are slightly
lower at the outlet for MEPCMS than those for water.
However, the slopes of the curves are close using both
suspension and pure water. It indicates that only a small
fraction of particles undergo partial melting under these
operating conditions. As shown in Fig. 5(b), the
temperature difference brought by using MEPCMS can
be clearly seen when increasing the inlet temperature to
293.15 K. Since this inlet temperature is close to the
particle phase change onset temperature 77 of 297.15 K,
only a shorter distance is needed to attain the particle
temperature to 7; at the given constant heat flux, which
in turn allows most of the particles to undergo large
portions of melting. Therefore, both the T, and T, curves
of the suspension occupy a lower slope at large channel
distances, which allows the suspension to transport more
heat. Comparing Fig. 5(b) and Fig. 5(c), when decreasing
the inlet velocity to 0.10 m-s, it can be found that the
temperature profile of the suspension can be divided into
three distinct parts. The fluid outlet temperature increases
as the inlet velocity decreases and it reaches a value
greater than the particle phase change termination
temperature 7, of 302.15 K. All the particles can
complete the phase change process. Then both Ty, and T
curves increase with a large fixed slope. It can also be
concluded that within the range considered in this work,
the larger the particle mass concentration, the better the
cooling effect brought by the suspension, with more heat
absorbed by more particles.

Fig. 6 shows the local Nusselt number in the
rectangular minichannel for different operating
conditions, which is also related to the particle phase
change process. As mentioned above, the slope of T, for
pure base fluid decreases until it is close to constant as
the fixed slope of T7,. Hence its local Nusselt number
decreases in the thermal entrance section until it reaches
a fully developed almost constant value. Moreover, the
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2 /\
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thermal boundary layer thickness decreases as the inlet
velocity increases, the greater the distance required for
the Nusselt number to reach the thermally fully
developed section. As for MEPCMS, the Nusselt number
exists fluctuating phenomenon due to the phase change
of the particles suspended in the base fluid. Moreover,
the fluctuating range is larger for larger particle mass
concentrations, including the position of the curve
transitions and the magnitude of the curve peak. Under
the conditions considered in this work, there are roughly
two complete fluctuation profiles of the Nusselt number
for water in suspension during the phase change process
compared to the pure base fluid: (1) One in which the
Nusselt number initially increases and then decreases,
and increases again until it reaches almost stability (Fig.
6(a)). (2) The other in which the Nusselt number
advances with an approximately fixed value near the inlet,
then decreases and increases after reaching a minimum
value, and finally reaches a stable value slightly lower
than the fully developed value of water (Fig. 6(b)). The
second situation of Nu, is more complex due to the
inclusion of the entrance effect, so in this work, the first
situation of Nu, will be explained in connection with the
particle trajectories obtained using the DPM.

The operation conditions in Fig. 6(a) are selected and
images of the variety of particles’ specific heat capacity
along the particle trajectories are generated to analyze the
Nu, profile of MEPCMS. The results are shown in Fig. 7
and it indicates that the heat transfer process in the phase
change region can be divided by four points. The local
bottom wall temperature Ty, is greater than the local base
fluid mass-weighted average temperature 7, at any axial
location as shown in Fig. 5. Moreover, the local Nusselt
number Nu, is a function of the temperature difference
between T, and T, as indicated by Eq. (25). In the
entrance, Nu, initially decreases as the flow is becoming
thermally fully developed as that of the pure base fluid.
As the flow develops, the particles near the heated
bottom wall begin to melt, which can be seen from the
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Fig. 6 Local Nusselt number along minichannel length direction at different operating conditions
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beginning of the increase in particle-specific heat
capacity at point @, hence T, increases slowly. By
contrast, T}, increases linearly due to the low value, and
as it increases more particles undergo a phase change and
the degree of phase change improves, which leads to a
decrease in the temperature difference between T, and Ty,
so that Nu, increases until it reaches a maximum at point
b. At point b the phase change of the particles from the
bottom will complete, while the temperature of most
particles inside minichannel enters the melting range.
Hence T, increases more slowly than Ty, and the
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Fig. 7 Local Nusselt number connecting with particle specific
heat capacity along the trajectory
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temperature difference becomes larger so that Nu,
decreases until it reaches a minimum value that is smaller
than the fully developed Nu, value of pure base fluid at
point ¢. After point ¢ most particles complete the phase
change, and the increase rate of Ti, becomes faster and
larger than that of T, so Nu, resumes to increase. It is
noteworthy that the particles specific heat capacity of the
top trajectory returns to its initial value before the phase
change at point d, and Nu, continues to rise. Since only
the particles injection from the center of the 10 cells at
the inlet of the channel is considered in this work, and the
heat only from the bottom causes the highest and lowest
base fluid temperature at the same axial position at the
bottom and top, respectively. Hence there are still some
particles near the top wall, and the rate of heat transfer to
the upper right becomes slower, which eventually leads
to the phase change process of the particles near point d*
fully completed, and the value of Nu, is close to that of
water.

Besides, it can be seen that the particles move upward
during the flow especially at the bottom, due to the
thermophoretic force acting on the particles in the flow
field in the direction opposite to the temperature gradient,
then causing the particles to migrate form the high-
temperature region at the bottom to the low-temperature
region at the top. On the one hand, it indicates that the
particles suspended in a base fluid are not uniformly
distributed as assumed by the homogeneous model. On
the other hand, it explains the significant effect of
thermophoretic force considered on the local heat transfer
coefficient in Fig. 3. For instance, the melting particles
deviate from the bottom making T, increase faster and
then causing a larger temperature difference and a
decrease in /,. Furthermore, it can be observed from Figs.
7(a)—(c) that the length of phase change gradually
increases from bottom to top and the starting and ending
positions of melting lag as the particle mass
concentration increases due to the increase in the number
of particles represented by each particle trajectory.

3.3. Comprehensive analysis of cooling performance

As discussed above, the value of Nu, fluctuates above
and below the fully developed value of Nu, for the pure
base fluid. Therefore, the local Nusselt number Nu, is
compared to all considered operation conditions as
shown in Fig. 8.

From Figs. 8(a)—(c), Figs. 8(d)—(f), and Figs. 8(g)—(),
it can be seen that as the inlet flow velocity increases and
the mass flow rate increases, the starting position of
particle melting is backward accordingly. It can be
deduced that the region of particle melting is also
expanded. Increasing the inlet temperature towards the
particle phase change onset temperature 77 of 297.15 K
leads to a corresponding forward location of the starting
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Fig. 8 Local Nusselt number along minichannel length in this work

point of particle melting. Especially, the particle starts the
phase change in the entrance section at 73,=293.15 K, and
the length required to complete the phase change is
reduced due to the higher heat transfer rate in the
entrance section obtained from Figs. 8(a)-(d)-(g), Figs.
8(b)-(e)-(h), and Figs. 8(c)-()-(1). Moreover, the increase
in particle mass concentration means that the number of
particles inside the channel increases. Hence a longer
channel distance is required to facilitate the phase change
of the particles and more heat is absorbed by the particles
in the form of latent heat over a longer phase change
range with a larger peak of Nu,.

Moreover, the average Nusselt number Nu and the
maximum bottom wall temperature difference AT, (i.e.,
the maximum temperature rise in the channel) are
calculated as shown in Fig. 9. It can be seen that at the

same Ty, the Nu of the pure base fluid increases linearly

in equal proportion with v, while the linearly-increasing

Nu of the suspension with v is not proportional due to
the heat absorption by melting of the particles. Generally,

the Nu of all considered conditions is close to each other,

but at v=0.10 m's ' and T;,=288.15 K, the Nu of the pure
base fluid can be slightly greater than that of the

suspension. Only at high inlet velocity, the Nu of the
suspension is greater than that of the pure base fluid and
the value increases with increasing particle mass
concentration. However, the AT, of the suspension is
smaller than that of the pure base fluid under all
conditions and the value increases with increasing v and
¢m. That means the reduction in the bottom wall
temperature during the phase change process is mainly
attributed to the variable specific heat capacity of the
particles rather than to the change of the heat transfer
coefficient between the fluid and tube wall. And the
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MEPCMS shows a maximum reduction of the AT, by
23.98% at T;,=293.15 K, v=0.15 m's”', ¢,=10% and a
maximum improvement of the Nu by 3.62% at
T:,»=293.15 K, v=0.20 m~s’l, cm=10% compared to the
pure base fluid. The fluid absorbs heat in the minichannel
mainly in the form of the sensible heat capacity of water
for the pure base fluid. As for the better cooling effect of
the suspension, it can be achieved by the proper matching
of the initial working conditions to make the particles
fully melt during the flow, so as to make maximum use
of the large latent heat capacity of the particles.

Numerical Investigation on Heat Transfer Characteristics of Microencapsulated Phase Change Material
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4. Conclusions
In this work, the convective heat transfer
characteristics of MEPCMS flowing through a

rectangular minichannel with constant heat flux are
investigated numerically by using the Discrete Phase
Model (DPM) based on the Euler-Lagrangian method,
where the forces on the particles in the flow field are
taken into account. The conclusions of the numerical
simulation with the conditions considered in this work
are summarized as follows.

(1) Although the particles of MEPCMS are mainly
subjected to drag force during the flow, they can migrate
from the high-temperature region to the low-temperature
region driven by the thermophoretic force and then
affects the particle distribution and phase change process.

(2) The slopes of the temperature curves Ty, and T
both decrease once the particles begin to melt; with the
increase of T, v and ¢y, the heat transfer performance of
the MEPCMS is improved in different degrees.

(3) The Nu, of the MEPCMS fluctuates due to
particles phase change with varying specific heat
capacity; the value increases and then decreases and then
increases again until it approaches the fully developed
value of the pure base fluid as the particles gradually
melt.

(4) The improved heat transfer performance of the
MEPCMS compared to the pure base fluid is mainly
attributed to the particle phase change behavior, and it
shows that the maximum reduction of the AT, is 23.98%
at T;,7293.15 K, v=0.15 m's"' and ¢,=10%.
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