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Computational study was conducted to investigate the thermal performance of water-based salt hydrate S44 nanoparticles as the phase
change material (PCM) in a microchannel heat sink. Constant heat dissipation was applied on the top wall of the heat sink. Forced
internal convection of the PCM slurry ﬂow was performed through a homogeneous approach. Three thermal performance parameters,
including eﬀectiveness ratio, performance index, and Merit number, were used to quantify the cooling performance of S44 for various
concentrations of the PCM nanoparticles. The thermal performance of the salt hydrate S44 slurry was also compared with a similar study
conducted for lauric acid nanoparticle slurry found in the literature. Speciﬁc operating conditions were identiﬁed. The salt hydrate S44
would provide better thermal performance than lauric acid, and vice versa. Finally, Nusselt number correlations have been developed for
the microchannel PCM heat sink for Reynolds numbers in the range 12.23 to 47.14 and Prandtl numbers in the range 3.74 to 5.30. A
design guideline for manufacturing PCM particles and microchannel heat sinks is provided. With this guideline, the heat absorption
ability of the heat sink is maximized, and the pumping power and the losses related to the addition of the particles are minimized.

1. Introduction
The miniaturization of electronic devices coupled with advances in microscale manufacturing technology has
prompted studies on increased thermal management and
cooling performance in microchannels. Several studies have
aimed at solving diﬀerent problems involving microchannel
heat sinks. An emerging problem involving conventional
microchannel heat sinks underscores their inability to meet
the ever-increasing cooling requirement of modern microelectronic devices, which can easily reach 105 W/cm3 [1].
Electronic devices must remain cool to reduce the logic gate
switching time and improve the processing speeds. In an
attempt to meet this challenge, phase change material (PCM)
particles may be introduced in the ﬂuid ﬂow of microchannel
heat sinks to increase their cooling capacity. PCM particles act
as the thermal storage device by undergoing a solid-to-liquid

phase transformation when exposed to heat ﬂux, thereby
absorbing a large amount of heat. When thermal energy is
required, PCM may be solidiﬁed, thereby releasing a large
amount of energy. The key factor aﬀecting heat transfer when
a slurry containing PCM particles is introduced inside the
microchannel is PCM’s latent heat of fusion. The particles
keep absorbing a large amount of heat from the electronic
device until they are fully melted. Therefore, introducing
PCM slurry inside a microchannel heat sink reduces the
temperature diﬀerence along the microchannel length and
increases the overall heat transfer coeﬃcient.
Research on thermal management using PCM has
evolved over the past two decades, as shown by the following
studies: Goel et al. [2], Roy and Sengupta [3], Alvarado et al.
[4], Hao and Tao [5], Kuravi et al. [6], Sabbah et al. [7],
Kuravi et al. [8], Kondle et al. [9], Xing et al. [1], Alquaity
et al. [10–12], Stritih [13], Wang et al. [14], Saha and Dutta
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[15], and Shatikian et al. [16]. The following studies have
been conducted on the PCM micro- and nanoparticle applications in heat exchangers: Goel et al. [2], Roy and
Sengupta [3], Alvarado et al. [4], and Hao and Tao [5]. Goel
et al. [2] studied microencapsulated particles of n-eicosane
in a fully developed slurry ﬂow with laminar ﬂow regime in a
circular channel that possesses a circular cross section under
constant heat ﬂux and temperature at the boundaries. By
using slurry instead of pure ﬂuid, a decrease of 50% was
observed in the wall temperature. Roy and Sengupta’s experiments used four diﬀerent combinations, which were
formed using two microencapsulated PCMs and two wall
thicknesses [3]. They studied stability of the PCM heat sinks
in thermal and structural terms and concluded that usage of
microencapsulated particles in heat sinks is suitable for
practical purposes. Alvarado et al. [4] experimentally studied
turbulent ﬂow in a copper channel with circular cross
section under constant heat ﬂux. The author concluded that
concentration signiﬁcantly contributed to the thermal
storage of the microencapsulated PCM particles. Hao and
Tao [5] computationally investigated the hydrodynamic
characteristics along with the heat transfer of PCM slurry
with micro- and nanosized PCM particles. Inclusion of PCM
particles resulted in increase of heat transfer in the wall
region. The application of PCM to microchannels is motivated by the advancement in microelectronic devices,
thereby increasing thermal dissipation requirements of these
devices, as indicated in the following studies: Kuravi et al.
[6], Sabbah et al. [7], Kuravi et al. [8], Kondle et al. [9], Xing
et al. [1], and Alquaity et al. [10–12]. The experimental and
computational analyses performed by Kuravi et al. [6] investigated water-based PCM slurry ﬂow containing noctadecane microencapsulated particles through manifold
microchannels. Thermal performance decreased in comparison with single ﬂuid ﬂow. However, the performance
improved compared with single ﬂuid ﬂow when the hydraulic diameter of the channels decreased, and PCM with
higher thermal conductivity was used. Sabbah et al. [7]
conducted a 3D computational study of the microchannel
PCM heat sink with microencapsulated PCM particles. The
thermophysical properties of the slurry were assumed to be
temperature dependent, and the thermal resistance of the
microchannel walls was considered. The authors concluded
that the heat sinks containing PCM slurry resulted in lower
and more uniform temperatures across an electronic
component when compared with heat sinks containing pure
water. Kuravi et al. [8] computationally obtained the velocity
and temperature proﬁles due to nanoencapsulated PCM in a
3D homogenous model of the microchannel with ﬁn eﬀect
and longitudinal conduction along the microchannel.
Kondle et al. [9] analyzed hydrodynamically developed
laminar water-based n-eicosane slurry ﬂow in diﬀerent
circular and rectangular microchannels using homogeneous
models for the PCM slurry and a latent heat model to determine the eﬀects of the phase change of the PCM on the
heat transfer of the microchannel heat sink. Xing et al. [1]
investigated the thermal performance of phase change slurry
in microchannels with circular cross section. Governing
equations were solved for the liquid and solid phases, and the

Journal of Chemistry
interactions among the PCM particles were considered.
Maximum heat transfer across the microchannel PCM heat
sink was found for ranges of heat ﬂux and Reynolds
numbers. Alquaity et al. [12] studied two computational
models, namely, homogeneous and discrete phase models
[17], to identify which one is more suitable for studying
PCM slurry ﬂow in microchannels. The discrete phase model
incorrectly predicted the pressure drop when the concentration of PCM was increased; hence, the homogeneous
model was used for further studies. Alquaity et al. [11]
deﬁned the Merit number to account for the irreversibility
eﬀects caused by heat transfer and ﬂuid friction. Detailed
parametric study was conducted in which the bottom plate
heat ﬂux, inlet mass ﬂow rate, and PCM concentration were
varied to evaluate the thermal performance of the PCM.
Homogenous model was used to model the slurry ﬂow,
whereas the thermophysical properties of the bulk ﬂuid were
assumed to be constant. The authors concluded that an
optimal ratio of heat ﬂux to mass ﬂow rate exists, for which
the thermal performance of the heat sink is maximized.
Many studies have determined Nusselt number correlations
for PCM heat sinks, as follows: Stritih [13], Wang et al. [14],
Saha and Dutta [15], and Shatikian et al. [16]. Stritih [13]
studied the solidiﬁcation and melting behaviors of ﬁnned
paraﬃn-based PCM thermal storage unit and compared it
with a similar unit without ﬁns. The author obtained timevarying temperature distribution and developed Nusselt
number correlations as a function of the Rayleigh number
for both solidiﬁcation and melting cases. Wang et al. [14]
developed two empirical Nusselt number correlations for
4 mm diameter circular tubes by considering the laminar
and turbulent ﬂow of slurries containing 0% to 27.6%
bromohexadecane by mass. The correlations predicted the
Nusselt number with more than 90% accuracy. Saha and
Dutta [15] computationally studied the cooling performance
of thermal conductivity enhancers of plate-ﬁn type in PCM
heat sinks. The authors conducted in-depth parametric
studies by varying the aspect ratio and heat ﬂux associated
with the ﬂow channel to obtain thermal performance and
Nusselt number correlations for the PCM heat sink. A single
Nusselt number correlation was insuﬃcient to account for
all aspect ratios. Hence, the authors developed Nusselt
number correlations for the PCM heat sink for diﬀerent
aspect ratios. Shatikian et al. [16] computationally studied
the PCM behavior in a heat sink with vertical ﬁns on its
horizontal base. The PCM was stored between the ﬁns, and a
constant heat ﬂux was applied at the horizontal base. Detailed parametric study was conducted. The thickness and
height of the ﬁns, thickness of the PCM layer, and heat ﬂux
varied. The transient behavior of the phase change was
observed. The authors correlated the corresponding melt
fractions and Nusselt numbers with Fourier, Stefan, and
Rayleigh numbers. The current study aimed at analyzing the
thermal performance of the microchannel PCM heat sink
with salt hydrate S44 as the PCM [18]. The salt hydrate S44 is
manufactured by PCM Products Ltd. in the form of standardized balls, tubes, and slabs stacked in underground or
rooftop tanks for macroscale applications, such as refrigeration and free cooling, cryogenics, solar heating, heat
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recovery, and industrial heating systems. The present study
was aimed at acting as a feasibility study for production of
S44 at the nanoscale for application in microchannel heat
sinks by analyzing its performance through the computational method before its actual manufacturing.
For thermal performance analysis of the S44 slurries, the
heat ﬂux in the range of 8000 W/m2 to 20,000 W/m2 was
applied. This range of heat ﬂux values corresponds to the
thermal dissipation characteristics of the fourth to the seventh
generation of Intel Core i3, i5, and i7 processors [19]. Each
processor constitutes a 37.5 mm × 37.5 mm chip and dissipates 8.75 W to 32.50 W of thermal power for each independent CPU embedded inside the chip, thereby resulting
in heat ﬂux values ranging from 6222 W/m2 to 23,111 W/m2.
The aim of the study was achieved by ﬁrst analyzing the
thermal performance of the salt hydrate S44 slurry in a
microchannel PCM heat sink under diﬀerent values of mass
ﬂow rate, heat ﬂux, and concentration of the PCM. Then, we
compared the thermal performance of the salt hydrate S44
with a similar study from the literature conducted for lauric
acid nanoparticle slurry [11]. Finally, we developed Nusselt
number correlations for the microchannel PCM heat sink to
predict the thermal performance of the slurry using the
Reynolds and Prandtl numbers of the ﬂuid.

®

™

2. Methodology
Microchannel heat sinks are generally placed at the bottom
of the printed circuit boards containing various electrical
components on its surface. These electrical elements dissipate heat that must be removed from the circuit board. For
this purpose, small-scale heat sinks are attached at the
bottom to extract the heat with a circulating ﬂuid.
Figure 1(a) shows the schematic of a 3D model of a heat sink
with a microchannel at the bottom. The electrical elements
act as a source of constant heat ﬂux. The 35 mm long
microchannel possesses 2 mm × 50 µm cross section. Given
that the aspect ratio (B/H) of the cross section is 40, the
microchannel PCM heat sink can be considered as having a
2D geometry for the purpose of the investigation [9].
Figure 1(b) shows the schematic of the 2D computational
domain used in the present study. Water-based salt hydrate
S44 nanoparticle PCM slurry enters the microchannel
through an inlet at a speciﬁed temperature and mass ﬂow
rate. Exchange of thermal energy occurs between the slurry
and the top wall of the microchannel before the slurry exits
the microchannel through the outlet at a higher temperature.

properties of the homogeneous bulk ﬂuid of S44 [18]. The
literature suggests that the pressure drop can undergo signiﬁcant deviation when the thermophysical properties remain
constant with respect to temperature [11]. The pressure drop
is an essential parameter that signiﬁcantly contributes to the
heat sink performance and helps determine the pumping
requirement for the circulation of the cooling medium.
Therefore, despite the expected longer computational time,
the properties of the bulk ﬂuid were assumed to be temperature dependent. The mathematical model of the PCM
slurry ﬂow inside the microchannel was a multiphysics model
of ﬂuid ﬂow and heat transfer with phase change.

2.1.1. Fluid Flow Model. The conventional theory for continuum mechanics is applicable to the ﬂuid ﬂow inside
microchannels with cross sections as small as 100 µm in
width and 1.7 µm in height [20]. Therefore, Navier–Stokes
equations can be used to model the ﬂow inside the
microchannel under consideration. The assumptions for the
ﬂuid ﬂow model are as follows:
(i) The distribution of the particles is homogeneous
throughout the microchannel [8]
(ii) The ﬂow inside the microchannel is laminar and
incompressible and at steady state [8]
(iii) The ﬂuid is considered Newtonian below the 0.10
volumetric ratio concentration [8]
The governing equations for the ﬂow of the PCM slurry
are the following continuity and momentum equations [21]:
zu zu
+
� 0,
zx zy
ρ b u

zu
zu
zp
z 2 u z2 u
+ v  � − + μb  2 + 2 ,
zx
zy
zx
zx zy

ρ b u

zv
zv
zp
z2 v z 2 v
+ v  � − + μb  2 + 2 ,
zx
zy
zy
zx zy

where u and v are the ﬂuid velocities along the x and y
directions, respectively, ρb represents the eﬀective density of
the bulk ﬂuid, μb is the eﬀective dynamic viscosity of the bulk
ﬂuid, and p is the pressure.
Eﬀective density ρb of the PCM slurry is computed as the
weighted average of the densities of the PCM nanoparticles
and the carrier ﬂuid [7], as follows:
ρb � Cρp +(1 − C)ρf ,

2.1. Mathematical Modelling and Thermophysical Properties of
the Bulk Fluid. The salt hydrate S44 is a PCM produced at the
macroscale by PCM Products, Ltd., in the PlusICE range [18].
The present research was a step toward the determination of
the performance of salt hydrate S44 at the microscale by
computationally developing the Nusselt number correlations
when it is used as PCM to improve the cooling performance
of microchannel heat sinks. The salt hydrate S44 slurry inside
the microchannel was modeled as bulk ﬂuid using the homogeneous approach. Table 1 presents the thermophysical

(1)

(2)

where ρp and ρf are the densities of the PCM particle and the
carrier ﬂuid, respectively, and C is the PCM volumetric ratio
concentration in the slurry.
Eﬀective viscosity μb of the PCM slurry is computed
using Vand’s correlation [22], which was experimentally
validated by Fang et al. in [23], as follows:
−2.5

μb � 1 − C − 1.16C2 

μf ,

where μf is the dynamic viscosity of the carrier ﬂuid.

(3)
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Figure 1: (a) 3D sketch of microchannel PCM heat sink and (b) 2D computational model.
Table 1: Thermophysical properties of the salt hydrate S44 [18].
3

PCM state
Solid
Liquid

Density (kg/m )
1584
—

Speciﬁc heat (kJ/kg·K)
1.61
1.61

2.1.2. Heat Transfer Model. Heat was transferred from the
top wall where PCM changed its phase. The top wall had
constant heat ﬂux to the PCM slurry ﬂowing through the
microchannel. The physics of heat transfer with phase
change was modeled using the energy equation of the
convective heat transfer, assuming that the particles and the
carrier ﬂuid have the same velocity and temperature.
Moreover, the thermophysical properties of the PCM slurry
depend on the temperature. The 2D energy equation for the
convection heat transfer [21] with negligible mechanical
energy dissipation eﬀects is as follows:
ρb cb u

zT
zT
z2 T z2 T
+ v  � kb  2 + 2 ,
zx
zy
zx zy

(4)

where T represents the temperature distribution in the
microchannel and u and v are the velocity components
along the x and y axes, respectively. ρb and cb are the density
and speciﬁc heat of the bulk ﬂuid, respectively. kb is the
eﬀective thermal conductivity of the PCM slurry and a
combination of the thermal conductivity of the particles kp
and carrier ﬂuid kf . kb can be computed using Maxwell’s
relation [24], as follows:
kb � kf

2 + kp /kf  + 2Ckp /kf  − 1
2 + kp /kf  − Ckp /kf  − 1

,

(5)

where C is the PCM volumetric ratio concentration in the
slurry.
2.1.3. Phase Change Model. Heat was transferred from the
top surface of the microchannel to the carrier ﬂuid containing

Latent heat (kJ/kg)
100
—

Thermal conductivity (W/m·K)
0.43
0.43

nanoparticles. These particles instantaneously melted to form
a PCM slurry when the melting temperature is reached.
During the phase change process, heat was stored in the PCM.
The heat storage capacity of the PCM slurry can be determined by conducting an energy balance of the phase
change process [7]. The energy balance model required the
assumption of a piecewise function of speciﬁc heat correlation
broken at the solidus and liquidus temperatures, which may
be located with a diﬀerence of 0.5 K in either direction of the
PCM melting temperature. The bulk ﬂuid speciﬁc heat cb can
be modeled in various ways, depending on the particle
temperature relative to the temperatures of the solidus and
liquidus regions of the slurry. If the particle temperature was
less than the solidus temperature, cb was computed as follows:
Cρp cS,p +(1 − C)ρf cf
(6)
.
cb �
ρb
In case the temperature of the particles was greater than
the solidus temperature but less than the liquidus temperature, cb was modelled as a function of the speciﬁc heats of
the solidus (cS,p ) and liquidus phases (cL,p ) and latent heat of
fusion Lfusion , as follows:
cb �

CcS,p + cL,p 
2

+

CLfusion
(1 − C)ρf cf
+
.
Tliquidus − Tsolidus
ρb

(7)

When the temperature of particle exceeded that of the
liquidus phase, the correlation of the speciﬁc heat was as
follows:
Cρp cL,p +(1 − C)ρf cf
(8)
cb �
.
ρb
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3. Implementation of the Numerical Method

3.1. Mesh Properties and Mesh Independence Study. A
staggered 2D grid consisting of rectangular and triangular
elements was used in the study. A ﬁne mesh was kept near
the top and bottom regions to accurately capture the ﬂow
property gradients normal to the ﬂow direction. Mesh independence study was conducted by computing local
Nusselt numbers along the length of the microchannel for
the grid resolutions of 8 × 5600, 10 × 7000, and 12 × 8400 as
shown in Figure 2. The maximum diﬀerence between the
Nusselt numbers for diﬀerent grid resolutions was 0.086.
Therefore, the grid resolution of 10 × 7000 was used in
further simulations.
3.2. Model Validation. The computational model was
compared with that of the experimental study of Goel et al.
[2]. A model with a circular channel that is 3.14 mm in
diameter was considered to possess a wall temperature
proﬁle. The same experimental conditions, such as Reynolds
number of 200, Stefan number of 2, and PCM volumetric
ratio concentration of 0.10, were used for the comparison.
Comparison between experimental and computational
values of the wall temperature along the microchannel has
been shown in Figure 3. Evidently, both studies are in
agreement with a 1.23% maximum percentage diﬀerence
between the two temperatures.

4. Results and Discussion
The developed numerical model was simulated using ANSYS
Fluent (V. 16.1) [17]. Results were postprocessed to obtain
the performance parameters and development of the Nusselt
number correlations.
4.1. Thermal Performance Evaluation of Salt Hydrate S44.
Heat ﬂux and mass ﬂow rate were varied to investigate the
performance of the microchannel heat sink. Given that both
parameters are critical to the heat transfer, the combined
eﬀects on the three performance parameters—eﬀectiveness
ratio, performance index, and Merit number—were obtained in the form of heat ﬂux to mass ﬂow rate ratio.

Local nusselt number

6.0

5.5

5.0

4.5

4.0

0.00

0.01
0.02
0.03
Distance along the microchannel axis (m)

0.04

Grid resolution
8 × 5600
10 × 7000
12 × 8400

Figure 2: Local Nusselt number variations along the microchannel
axis for diﬀerent mesh resolutions.

322

320
Wall temperature (k)

The mathematical model developed in the previous section
was translated into a computational model for implementation. Discretization of the governing equations was
conducted using the ﬁnite volume approach in ANSYS
Fluent (V 16.1) [17]. All variables in the numerical solution
were computed at each node, except for the velocities
computed midway between the nodes. The pressure-based
segregated algorithm, known as SIMPLE, was used to
achieve pressure-velocity coupling in the governing equations [25]. Residuals were carefully monitored with convergence criteria of 10−9 for the continuity and momentum
equations and 10−12 for the energy equation. Additionally,
convergence was ensured by monitoring the temperature at
the outlet throughout the simulations.

6.5

318

316

314

312
0.00

0.05
0.10
0.15
0.20
0.25
Distance along microchannel length (m)

0.30

Experimental data
Current model

Figure 3: Validation of the computational model against experimental data [2].

4.1.1. Eﬀectiveness Ratio. Eﬀectiveness ratio is a measure of
the heat transfer enhancement caused by the addition of the
PCM nanoparticles to the carrier ﬂuid [1]. It can be quantiﬁed
as the ratio of the rate of heat transfer of bulk ﬂuid and the rate
of heat transfer of the carrier ﬂuid. It is given as follows:
Q
εeff � b ,
(9)
Qf
where Qb and Qf are the heat transfer rates of the bulk ﬂuid
and the carrier ﬂuid, respectively. They are calculated as
follows:
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where q″ is the top wall heat ﬂux in W/m2, A is the area of
the top wall in m2, m_ is the mass ﬂow rate in kg/s, cf is the
speciﬁc heat of the carrier ﬂuid in J/kg·K, and ΔT is the
temperature rise along the microchannel length in Kelvin.
Figure 4 shows the eﬀect of heat ﬂux per unit mass ﬂow rate
of the bulk ﬂuid for various concentrations of the salt hydrate
S44 on the eﬀectiveness ratio. When the particles started
melting in the microchannel, the eﬀectiveness ratio reached the
maximum value because of the highest ratio of sensible heat to
latent heat of the bulk ﬂuid. For this peak value of the eﬀectiveness ratio, the largest length was that along which the
particles melt inside the microchannel. Given that the sensible
heat region near the inlet of the microchannel cannot be
avoided, the maximum value of the eﬀectiveness ratio corresponded to the circumstance when the sensible heat region at
the inlet was minimized, and the remaining distance inside the
microchannel was covered by the latent heat region. This
conﬁguration ensured minimal temperature increase between
the inlet and the outlet regions of the microchannel. Hence, for
a given concentration of the PCM, an optimal ratio of the heat
ﬂux to mass ﬂow rate existed in a region where the largest
amount of heat transfer occurred for minimum temperature
increase along the heat sink. Consequently, a value below this
optimal value indicated that the particles were not completely
melted inside the microchannel. Moreover, this optimal value
minimized the sensible region near the inlet, and the particles
melted just before the outlet. However, a heat ﬂux per unit mass
ﬂow rate above the optimal value showed that the particles
melted earlier on the inside of the microchannel. A region of
sensible heat was left at the end of the microchannel, thereby
indicating a nonoptimised design of the microchannel under
the given operating conditions. Furthermore, the plot of effectiveness ratio for bulk ﬂuid containing lauric acid as the
PCM nanoparticle was presented in Figure 5 for a performance
comparison between lauric acid and S44. It is suggested that the
slurry with lauric is able to absorb slightly more heat dissipated
from the electronic components in comparison with S44.
4.1.2. Performance Index. Performance index is deﬁned as
the ratio of the heat transfer rate per unit pumping power of
the bulk ﬂuid to the heat transfer rate per unit pumping
power of the carrier ﬂuid [1]. The performance index helps
the manufacturer in deciding the amount of pumping power
and is given as follows:
Q /P 
performance index � b b ,
(11)
Qf /Pf 
where Pb and Pf are the pumping powers of the bulk and the
carrier ﬂuid, respectively, and can be computed as follows:
Pb � Δpb ub A,
(12)
Pf � Δpf uf A,
where Δpb and Δpf are the pressure drops in case of the bulk
and the carrier ﬂuid, respectively, in atm; A is the top wall
area in m2; and ub and uf are the velocities of the bulk and

2.4
Effectiveness ratio, ε

_ f ΔT,
Qf � mc

2.8

(10)

1.9

1.5

1.0

5.0E8
1.0E9
1.5E9
Heat flux/mass flow rate (ws/kgm2)

2.0E9

C = 0.07
C = 0.10

C = 0.03
C = 0.05

Figure 4: Eﬀect of heat ﬂux per unit mass ﬂow rate on the effectiveness ratio at various concentrations of S44 PCM slurry.
2.8

Effectiveness ratio, ε

Qb � q″ × A,

2.4

1.9

1.5

1.0

5.0E8
1.0E9
1.5E9
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2.0E9

C = 0.07
C = 0.10

C = 0.03
C = 0.05

Figure 5: Eﬀect of heat ﬂux per unit mass ﬂow rate on the eﬀectiveness ratio for various concentrations of lauric acid slurry [11].

the carrier ﬂuid, respectively, in m/s. The pressure drop of
the carrier ﬂuid can be computed using the Reynolds
number Ref calculated based on the hydraulic diameter Dh
of the microchannel, as follows:
Δpf �

32Lρf u2f
,
Ref Dh

ρuD
Ref � f f h ,
μf

(13)

where ρf is the density of the carrier ﬂuid in kg/m3, L is the
microchannel length in meters, and μf is the dynamic viscosity of the carrier ﬂuid in Pa·s.
Figure 6 shows the eﬀect of the heat ﬂux per unit mass ﬂow
rate on the performance index for various concentrations of

7

1.5

1.5

1.3

1.3
Performance index

Performance index
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Figure 6: Eﬀect of heat ﬂux per unit mass ﬂow rate on the performance index for various concentrations of S44 PCM slurry.

Figure 7: Eﬀect of heat ﬂux per unit mass ﬂow rate on the performance index for various concentrations of lauric acid slurry [11].

S44. The performance index exhibited a similar pattern when
the heat ﬂux to mass ﬂow rate ratio is increased. However, the
ﬂuid with smaller particle concentration performs better than
those with higher concentration for higher heat ﬂux per unit
mass ﬂow rate values. This anomaly in the trend indicated the
eﬀect of pressure drop caused by the larger concentrations of
S44 in the carrier ﬂuid, and a new expression for the performance index was considered, as follows:
ε
P
performance index � eff × f .
(14)
Δpb ub A

4.1.3. Merit Number. Merit number is the measure of the
irreversibility of the heat transfer and frictional losses because of the addition of PCM nanoparticles. It is deﬁned as
the ratio of the gain in heat transfer due to the process of
addition of PCM particles to the sum of heat transferred at
the top wall of the microchannel and the irreversibility [11].
Such irreversibility can be the reason for using the volu″
metric entropy generation rate Sgen
(in W/m3·K), as follows:

This expression shows the direct relationship between
performance index and eﬀectiveness ratio. However, the
performance index was inversely related to the pressure drop
along the microchannel. The increase in pressure drop with
increase in the heat ﬂux to mass ﬂow rate ratio may be attributed to the decrease in the temperature gradient along the
length of the microchannel with increasing PCM concentration. Vand’s correlation, as given in equation (3), shows that
the viscosity decreases with rise in temperature. Therefore, at a
higher value of heat ﬂux per unit mass ﬂow rate, a lower rate of
increase in the eﬀectiveness ratio with respect to the increase in
PCM concentration resulted in higher temperature increase
rate, thereby decreasing viscosity at a high rate and resulting in
a higher increase of pressure drop rate. At higher values of heat
ﬂux per unit mass ﬂow rate, the rate of increase in the effectiveness ratio with respect to the PCM concentration was
lower than the rate of increase of the pressure drop. Therefore,
as predicted by equation (14), the performance index was
lower for higher PCM concentrations at higher values of heat
ﬂux per unit mass ﬂow rate. Figure 7 provides the performance
index plot of the bulk ﬂuid containing lauric acid as PCM. The
comparison clearly showed that the heat transfer rate per ﬂuid
pumping power of S44 is higher than that of the lauric acid
slurry ﬂow for the considered operating conditions. Hence,
S44 provided more practical option as a PCM slurry selection
for the objectives of this study.

′′′

Sgen �

2

2

2

kb ⎡⎣ zT
zT
μ zu
  +   ⎤⎦ + b   ,
T2 zx
T zy
zy

(15)

where kb is the thermal conductivity of the bulk ﬂuid in
W/m·K and μb is the dynamic viscosity bulk ﬂuid in Pa·s.
Hence, the Merit number is given as follows:
Qgain
M�
,
(16)
Qb + I_
where Qgain is the gain rate of heat absorption into the slurry
due to addition of the particles (W) and I_ is the rate of
irreversibility (W). It can be computed as follows:
Qgain � Qb − Qf � Qf εeff − 1,
′′′
I_ � Sgen,avg × volume × Tref ,

(17)

where the reference temperature Tref is maintained at 298 K.
Figure 8 shows the eﬀect of heat ﬂux per unit mass ﬂow
rate on the Merit number for various concentrations of S44
in the bulk ﬂuid. Merit number also shows a similar trend
with increasing heat ﬂux per unit mass ﬂow rate as in the
previous cases of eﬀectiveness ratio and performance index.
However, the increase in concentration reduced the irreversibility, demonstrating the improvement in heat transfer.
The increasing heat ﬂux per unit mass ﬂow rate hinted at the
increase in irreversibility. In an adverse situation, this trend
of continuous decrease in the Merit number may lead to
zero. Therefore, a reasonable heat ﬂux per unit mass ﬂow
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Figure 8: Eﬀect of heat ﬂux per unit mass ﬂow rate on the Merit
number for various concentrations of S44 slurry.
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Figure 9: Eﬀect of heat ﬂux per unit mass ﬂow rate on the Merit
number for various concentrations of lauric acid slurry [11].

rate combination must be adopted to minimize irreversibility, especially with increasing PCM concentration. A
comparison between the Merit number of lauric acid and
S44 under the same conditions suggests that the lauric acid
slurry oﬀers marginally less losses than the S44 slurry at the
same concentration (Figure 9).

1.770

1.760

4.2. Development of Nusselt Number Correlations. Any
problem of convection is essentially a problem of computing
the heat transfer coeﬃcient [21]. Nusselt number NuL is the
nondimensionalized form of the heat transfer coeﬃcient and
may be correlated with Reynolds number Re and the Prandtl
number Pr of the convective ﬂuid ﬂow by equations of the
form NuL � f(Re, Pr). In order to obtain the Nusselt
number correlations for the microchannel PCM heat sink,
the data from the study were correlated in terms of averaged
Nusselt, Reynolds, and Prandtl numbers.
To develop the Nusselt number correlations for the PCM
heat sink, sets of Prandtl number, Reynolds number, and
Nusselt number for the convective ﬂow inside the microchannel were obtained, corresponding to each individual
operating condition. The Prandtl numbers ranged from 3.74
to 5.30, whereas the wall temperatures ranged between 316.5
and 332.4 K for the PCM concentrations under study. Each
data point on the plot represents a unique set of operating
conditions for the heat sink. The average Nusselt number
was plotted against the average Reynolds number on the loglog scale as shown in Figure 10. The form of the plot obtained
hints at the need for Prandtl number normalization.
Therefore, the NuL data set was normalized by the Prandtl
number to the power 0.8 in order to obtain a linear assortment of the data points (Figure 11). The power law
dependence was strictly suggested by this plot.
By inspection, each separate line in the plot shown in
Figure 11 represents each of the four values of mass ﬂow
rates considered in this study. The four power laws thus

ln(NuL)

1.750

1.740

1.730

1.720
2.4

2.8

3.2
ln(Re)

3.6

4.0

4.4

Figure 10: Average Nusselt number plotted against average
Reynolds number of the slurry ﬂow on the log-log scale.

obtained are the Nusselt number correlations listed in Table 2 along with the corresponding convective heat transfer
coeﬃcients for the microchannel PCM heat sink under
study. In Table 2, NuL represents the average Nusselt
number, h represents the convective heat transfer coeﬃcient
in W/m2-K, Re represents the Reynolds number, and Pr
represents the Prandtl number. The developed convective
heat transfer coeﬃcient equations for the microchannel
PCM heat sink prediction accuracies were 2.71%, 3.17%,
2.52%, and 3.20% for each range of the Reynolds number.

5. Conclusion
The thermal performance of the water-based salt hydrate S44
slurry ﬂow through a microchannel heat sink was analyzed.
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Figure 11: Average Nusselt number normalized by the Prandtl number to the power 0.8.
Table 2: Correlations for average Nusselt number and convective heat transfer coeﬃcient for the microchannel PCM heat sink.
NuL � A ReB PrC

Range of the Reynolds number
12.23 < Re < 16.94
24.13 < Re < 32.00
36.12 < Re < 47.14
48.11 < Re < 62.29

NuL
NuL
NuL
NuL

� 0.213 Re0.783 Pr0.800
� 0.133 Re0.761 Pr0.800
� 0.116 Re0.713 Pr0.800
� 0.114 Re0.668 Pr0.800

h � D ReE PrF (W/m2·K)
h � 1380 Re0.783 Pr0.800
h � 856 Re0.761 Pr0.800
h � 745 Re0.713 Pr0.800
h � 731 Re0.668 Pr0.800

Pr: Prandtl number, such that 3.74 < Pr < 5; q″ : the top plate heat ﬂux, such that 8000 W/m2 < q″ < 20,000 W/m2; Tw : wall temperature, such that 316.5 K < Tw
< 332.4 K.

Three performance parameters, namely, eﬀectiveness ratio,
performance index, and Merit number, were utilized to
quantify the cooling performance of S44 for various concentrations of the PCM nanoparticles. A combined eﬀect of
heat ﬂux and mass ﬂow rate was examined in the form of
heat ﬂux per unit mass ﬂow rate. Moreover, Nusselt number
correlations were developed as a function of Reynolds and
Prandtl numbers under a range of operating conditions.
The eﬀectiveness ratio attained its peak value when the
phase change region inside the microchannel was maximized. This conﬁguration corresponded to the minimum
temperature rise, thereby not only allowing maximum heat
transfer to occur from the electronic component to the heat
sink but also reducing the unnecessary thermal expansions
that can damage the electronic component. Performance
index helped the manufacturer determine the pumping
power requirement based on the increase of pressure drop
with increasing PCM concentration that was required for the
electronic component for which the heat sink is to be
designed. Given the heat ﬂux of the electronic component, a
mass ﬂow rate for the slurry was set, thereby minimizing the
power required to pump the slurry through the microchannel. A comparative analysis of the salt hydrate S44 with
lauric acid showed that the latter slurry absorbed more heat
ﬂux than the former under the investigated operating
conditions; however, this occurred at the cost of higher
pumping power requirement. The losses due to the addition
of the PCM particles were only marginally less in lauric acid
than in S44 at the same concentration.

Nomenclature
Microchannel cross-sectional area (m2)
Volumetric ratio concentration of PCM
nanoparticles
cp :
Isobaric speciﬁc heat (J·kg−1·K−1)
cp,L :
Isobaric speciﬁc heat of the PCM particles in the
solid state (J·kg−1·K−1)
cp,S :
Isobaric speciﬁc heat of the PCM particles in the
liquid state (J·kg−1·K−1)
Nux :
Average Nusselt number over the interval (0, x)
Dh :
Hydraulic diameter (m)
I:_
Irreversibility rate (W)
h:
Convective heat transfer coeﬃcient (W·m−2·K−1)
k:
Thermal conductivity (W·m−1·K−1)
L:
Microchannel length (m)
Lfusion : Latent heat of fusion (J·kg−1)
_
m:
Mass ﬂow rate of PCM slurry (kg·s−1)
P:
Pumping power (W)
p:
Pressure (Pa)
Q:
Rate of heat transfer (W)
q″ :
Heat ﬂux (W·m−2)
S″ :
Volumetric entropy generation rate (W·m−3·K−1)
T:
Temperature (K)
Tin :
Inlet temperature (K)
Tout :
Outlet temperature (K)
Tw :
Wall temperature (K)
Tliquius : Liquidus temperature (K)
Tsolidus : Solidus temperature (K)
A:
C:

10
u: Velocity along the x axis (m·s−1)
v: Velocity along the y axis (m·s−1)
ρ: Density (kg·m−3)
μ: Dynamic viscosity (Pa·s).
Subscripts
b: Bulk ﬂuid
f: Carrier ﬂuid
p: Particle.
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