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INTRODUCTION

ABSTRACT

Heat sinks play a vital part in the heat dissipation in electronic devices and energy systems.
Heat generation in the present-time electronic equipment is very high because of the high
power density and the miniaturization of the components. An efficient and high-capacity
thermal management system is needed for the efficient performance of the latest electron-
ic equipment. Micro-channel heat sinks (MCHS) are an effective solution for the cooling of
electronic devices in view of large heat dissipation and compactness. The performance im-
provement in the MCHS is the prime focus of most of the researchers. In the present work,
the improvement of heat transfer in MCHS with the introduction of phase change material
(PCM) was investigated numerically with the help of ANSYS-FLUENT. The finding of the
computational model applied for the present numerical work was compared with existing
literature and noticed a good agreement with both experimental and simulation studies. The
performance of three different PCM-based hybrid MCHS models was studied and compared
with the model of MCHS without PCM using the parameters, thermal resistance, temperature
uniformity, liquid fraction, and Nusselt number. A good augmentation in the performance of
PCM-based MCHS with a maximum 7.3% decrement in thermal resistance and 15.26% in-
crease in temperature uniformity was observed. 3-dimensional variation of the liquid fraction
with Reynolds number and heat flux is also presented.

Cite this article as: Ramesh KN, Sharma TK. Thermal analysis of PCM-based hybrid mi-
cro-channel heat sinks: A numerical study. ] Ther Eng 2023;9(4):1015-1025.

temperatures[3]. Therefore an efficient thermal manage-
ment system is needed to avoid failures due to overheat-

The miniaturization and multi-functionality of modern
electronic equipment lead to overheating of electronic com-
ponents, which dramatically increases their operating tem-
perature. High working temperatures reduce the electronic
components’ efficiency and life [1,2]. Over 55% of failures
in electronic components are because of high working
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ing of electronic components. Researchers are developing
innovative solutions for heating issues in electronics. The
micro-channel heat sink (MCHS) is an efficient heat dis-
sipating device for electronics and it was first introduced
by DB Tukermann [4] in 1981. Their work increased the
research focus on micro-channel based heat sinks for
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electronic cooling applications [5]. Researchers imple-
mented different methods like modifying the geometry,
using different working fluids and implementing differ-
ent flow configurations etc., to enhance the thermal per-
formance of the Micro-channel heat sink (MCHS) [6,7].
Numerous research works on the influence of geometry
[8-10] and channel shape [11,12] on MCHS performance
have been noticed in the literature [13]. Amirah M. Sahar
et al. [14] examined the influence of aspect ratio (AR) and
hydraulic diameter on heat transfer in a rectangular MCHS.
They noticed a little decrease of friction factor with increas-
ing the AR up to 2 then starts increasing with increasing the
AR. The increase of Nusselt number with hydraulic diame-
ter was also observed for thermally and hydro-dynamically
developed flow.

Yan Ji et al. [15] examined the flow of compressible
gas in an MC with Mach number at the inlet was ranged
from 0.0055 to 0.202. They found the noticeable influence
of surface roughness on the gas flow at a smaller Knudsen
number (Kn). The increase in Poiseuille’s number was
noticed with rising the roughness height and decreasing
the space among the roughness elements. Soheil S et al. [16]
conducted a numerical study on MCHS with channels in
transverse direction. They reported that the Nu and pres-
sure loss increases with reducing the height of the chan-
nel and increasing the transverse channels count. Guilian
Wang et al. [17] examined the enhancement of heat transfer
in MCHS with vertical ribs, spanwise ribs and bidirectional
ribs. It was observed that for bidirectional ribbed MCHS,
the Nu is 1.2-1.42 and 1.4-2 times to the span-wise ribbed
and vertical ribbed MCHS respectively. The authors also
mentioned both Vertical and span-wise ribs can disturb
the thermal boundary layer and generate the recirculation
of the flow. Yanjun Zhang et al. [18] conducted simulation
analysis on MCHS with a slot-jet module to scrutinize the
influence of the channel shape on its thermal performance.
In this study, the lowest module temperature was found in
the Trapezoid channel. They also reported that the rectan-
gular channel is not helpful for jet impingement to develop
the vortices.

A numerical investigation done by Navin Raja
Kuppusamy et al. [19,20] on MCHS with Nano-fluid based
triangular shaped and trapezoidal shaped grooves achieved
an improvement in its performance. They also noticed the
superior performance of MCHS with trapezoidal grooves
compared to rectangular. Z Yari Ghale et al. [21] conducted
a simulation study on Ribbed MCHS with the nano-fluid
flow and revealed that the 2-phase model is exact compared
to 1-phase model. The mean discrepancy of the 2-phase
mixture model and 1-phase model from experimental find-
ings are 11.39% and 32.6% respectively. Eyuphan Manay et
al. [22] conducted an experimental analysis on the effect
of volume fraction of TiO,-water nano-fluid and channel
height on both friction and thermal entropy generation in
MCHS. The authors witnessed an increase in the friction
and thermal entropy from 3.3% to 21.6% and 1.8 to 32.4%

respectively with increasing the volume fraction in the
studied range. They also reported that the thermal entropy
increases and frictional entropy decrease with increasing
the channel height.

In the Eulerian-Lagrangian 2-phase model study con-
ducted on a wavy micro-channel, ] Rostami et al. [23]
investigated the conjugate heat transfer with Al,O5-water
nano-fluid. ] Rostami et al. observed an increase in pres-
sure loss and heat transfer rate in wavy channelled heat sink
than straight channelled due to the recirculation zones and
secondary flows. Muhammed Saeed et al. [24] performed
the numerical analysis on the hydrothermal behaviour of
an MCHS using supercritical Carbon dioxide (sCO,) as a
working fluid. It was found that, with using the supercriti-
cal carbon dioxide the performance of MCHS is augmented
by 2.2 times compared to the water. Pressure drop was also
noticed to be reduced by up to 7 times compared to water.

From the literature mentioned above it is noted that the
attention of most researchers is to enhance the heat transfer
in MCHSs by augmenting the effective heat transfer area
and improving the working fluid characteristics. Along
with these methods Phase changing materials (PCM) are
also used in MCHS. Phase change materials (PCM) got a
huge focus of researchers working on thermal management
applications since their advantage of high latent heat capac-
ity [25-27]. Researchers modelled heat sinks with Phase
changing materials (PCM) and showed the improvement
in the heat transfer performance. Xunjia Deng et al. [28]
explored the heat transfer characteristics of micro-encap-
sulated PCM (MEPCM) slurry flow in MCHS by intro-
ducing the fin and the porous media. Over estimation of
heat sink performance was noticed in case of the method
using fin due to the consideration of dimension less tem-
perature as a constant in the perpendicular direction to the
flow. Up to 25% decrement in thermal resistance of MCHS
was observed in thermal analysis done by C.J. Ho et al.[29]
on divergent micro-channel. For this work water-based
MEPCM suspensions was used as a working fluid. W Yan
et al.[30] investigated the MCHS with PCM filled in the
ceiling and water-Al,O; Nano-fluid was used as working
fluid. They found the 10.88% decrement in heat sink ther-
mal resistance at Nano particle concentration of 10% and
Re 500.

From the literature, it was realized that the focus of most
of the research works of MCHSs is on the enhancement
of their thermal performance by modifying the channel
structure, adding the extended surfaces, changing the flow
pattern and using better working fluid etc. The maximum
heat removed by these heat sinks is constant at a particular
flow rate. To manage fluctuations in the heat generated by
an electronic device, heat sinks have to run with full capac-
ity and that need more electric power. PCM-based passive
heat sinks can manage this issue to some extent but they are
effective during the phase changing process only. The novel
PCM-based hybrid MCHS model developed in this work
has the advantages of both energy storage and convective
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heat transfer, and has the ability to manage the variable heat
generation. In the literature, there is no prominent work on
PCM-based hybrid MCHS was noticed. There is high scope
for advancement of Hybrid MCHS for electronic cooling.

In the present numerical study three navel designs of
hybrid MCHS are developed by incorporating the PCM.
The Numerical modelling was done using ANSYS-FLUENT
and results were validated with existing numerical and the
experimental results. The performance of these hybrid
MCHS models is compared with model without PCM. A
significant improvement in the thermal performance is
noticed in hybrid MCHS.

PHYSICAL MODEL

The 3-Dimensional view of computational domain used
for present simulation analysis is shown in Figure 1. The
heat transferred to the heat sink by the heat source was dis-
sipated by the working fluid flowing in the micro-channels.
The PCM was filled in the provision provided below the
channels. This heat sink was mainly designed to withstand
the fluctuations in the heat generated by the source and it is
well suitable for electronic cooling because of the transient
nature of heat generated by the electronic components.

—_—

Heatflux wall

Figure 1. The schematic image of the MCHS.

We, Wp and W are the width and H¢, Hp and H are
the height of the micro-channel, PCM layer, and heat sink
respectively and L is the MCHS length. W, is the web thick-
ness between micro-channels and t, and t, are MCHS upper

and lower rib thickness. These dimensions are provided in
Table 1.

Table 1. Considered dimensions of heat sinks

Heat sink dimensions

w 5mm H, 0.2 mm
W 0.3 mm L 10 mm
W, 4.5 mm W, 0.2 mm
H 1 mm t, 0.2 mm
H¢ 0.3 mm t 0.1 mm

Copper and water are considered as the MCHS mate-
rial and working fluid for the present simulation analysis.
Paraffin is the phase change material (PCM) introduced in
the heat sink. The bottom surface of the MCHS is assumed
to be taking the heat directly from the heat source and the
all other surfaces are considered as insulated. In the present
work, three MCHS models (model 2 to model 4) are inves-
tigated and the outcomes of these models are compared
with the MCHS model (Model 1) without PCM. The stud-
ied models are,

Model 1 (M1): MCHS without PCM

Model 2 (M2): MCHS with PCM in single channel at
the bottom

Model 3 (M3): MCHS with PCM in single channel at
the top

Model 4 (M4): MCHS with PCM in divided channels
at the bottom

Figure 2 depicts the micro-channel heat sinks (MCHS)
models without PCM and with PCM at different positions,
which are scrutinized in the present work. Filled channels
in the heat sink models indicates the PCM (Figure 2).

| Model 1

EEEEEEEEEN

W

L

Model 2

L

Model 3

Model 4

Figure 2. Front view images of all heat sink models.

MATHEMATICAL MODEL

Governing Equations

The equations which governs the Micro-channel flow
are continuity, momentum equations, and energy equation.
Those are, [31]

Continuity equation:

du v ow

=4+=+==0
dx  0dy 0z 1)
Momentum equations:
ou ou ou) _ _dp %u | 9*u | d%u
p(”&"’"@""”&)_ ax+'“(ax2 y? azz) (2)
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Energy equation:
oT aT T 1 ,0%T  9%T  9°T
u—+v—+w—=-(—S+—=+—
ax ay 9z a ~0x%2  0y?  0z2 (5)
Boundary conditions

In this simulation analysis, it was considered that the
heat source (electronic devices) is connected directly to the
MCHS bottom surface and all other surfaces are assumed as
insulated. The boundary conditions implemented for this
work are
o No slip condition at the walls of the channels,

o A uniform and constant heat flux condition at the
MCHS bottom wall.

o Allwalls of the heat sink except bottom wall are assumed
as insulated, so the adiabatic condition applied for those
walls.

o The coupled wall boundary condition is applied at solid
and liquid interfaces in the heat sink.

Inlet conditions implemented to the working fluid
(water) are represented as

u=v=0,w=v,and T;=T,,. (6)

The inlet temperature of working fluid T;, is fixed as
300K and pressure outlet is fixed outlet boundary condi-
tion. The material of MCHS substrate and working fluid are
considered as Copper and Water respectively.

Assumptions
For solving the present numerical problem the follow-

ing assumptions are considered,

o Thermo-physical properties of substrate material, PCM
and working fluid are constant and not effected by
temperature.

o The flow of working fluid is steady, incompressible and
laminar.

« Influence of gravitational force and all other forces are
neglected.

o Micro-channel walls are assumed as straight and
smooth.

Thermo Physical Properties of PCM

Thermo physical properties of phase change materi-
al(PCM) used in the present investigation are listed in Table
2 [32,33].

The performance of the MCHS is analysed by using
thermal resistance as the key parameter. Thermal resistance

Table 2. PCM Thermo-physical properties

S.No Property Value
1 Density (kg/m?) 870 @300 K
780 @340 K

2 Viscosity ( Kg/m-sec) 0.0057933

3 Thermal conductivity 0.24 @300K
(W/ m-K) 0.22 @340K

4 Specific heat Cy, (j/kg-K) 2900

5 Melting heat (j/Kg) 190000

6 Liquidus temperature (K) 331.8

7 Solidus temperature (K) 331

of heat sink models with PCM is measured and compared
with heat sink without PCM. The average thermal resis-
tance(Ry) of the MCHS can be calculated as, [34]

_Tp=Tin

Ry = K/'W

q Ap (7)

Where, Tp = Base mean temperature (K).

q = Applied heat flux at MCHS base.

Ay = Base area of the MCHS.

The difference of maximum temperature to minimum
temperature of the bottom wall of the MCHS is another
parameter used to estimate the temperature uniformity of
heat sinks and compare the heat sinks performance. The
liquid fraction indicates the fraction of PCM converted to
liquid phase from solid phase.

NUMERICAL MODEL

Numerical Method

The present investigation was conducted using the
numerical software ANSYS-FLUENT. For velocity-pressure
coupling, the SIMPLE algorithm was implemented. Second
order upwind scheme was applied for the discretization of
equations of energy and momentum. A convergence crite-
ria of 1 x 10 was applied for the momentum and continu-
ity equations and 1 x 10 was applied for energy equation.
The method of the present study represented as a flow chart
in the Figure 3.

Grid Independent Study

Grid independent test for a numerical problem was
performed to find the solution, which is insensitive to
the grid size. The average temperature of bottom wall of
MCHS was measured with increasing the elements count.
The change in mean temperature value after the mesh size
of 5133838 elements (point 7) was negligible (Figure 4), so
the solution at this mesh size is considered as grid inde-
pendent solution.
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Figure 3. Numerical method followed in the present study.
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Figure 4. Average temperature variation at MCHS bottom
wall with mesh size.

Validation of the model

The validation of present simulation model was done
by comparing the results with existing experimental and
numerical results of DB Tuckerman [4] and Wong KC and

Muezzin FNA[35] respectively. Good agreement of out-
comes of the present model with literature was noticed with
the maximum deviation of 2.35% and 3.81% with numeri-
cal & experimental results respectively. Results of validation
work are presented in the Table 3.

RESULTS AND DISCUSSION

The findings of this numerical investigation are reported
in this section. The outcomes were considered in the range
of Reynolds number (Re) from 100 to 2000 and working
fluid inlet temperature of 300K. Thermal resistance of all
heat sink models was calculated and compared to anal-
yse their performance. The variation of resistance in the
range of heat flux from 10 to 160 W/cm? is presented in the
Figure 5. The thermal resistance curves are straight lines in
the Figure 5 because of the resistance is independent of the
applied heat flux. From the figure 5, it is also observed that
heat sink model 4 and model 3 have lower thermal resistance
and model 2 has higher thermal resistance compared to the
model 1 (MCHS without PCM). Lower thermal resistance
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Table 3. Comparison of present numerical model with existing numerical & experimental models

Channel Heat flux Flow rate Thermal resistance (R,) Deviation
Width x height  (W/cm?) (cm®/s) (K/W) (%)
s (i) Exp. Num. Present With With
results [4] results [35] work Exp. results  Num. results

56 x 320 181 4.7 0.110 0.108 0.1058 3.81 2.03
55x 287 277 6.5 0.113 0.113 0.1103 2.35 2.35
50 x 302 790 8.6 0.090 0.093 0.0911 1.22 2.04
in heat sink model 3 and model 4 is observed because of the 12
enhancement of heat transfer rate during phase changing N
process of PCM. 7.3% reduction in the thermal resistance e @ra
of model 3 is noticed at the Re 200. 8 os e M3 @Re200

The reverse effect was noticed in case of heat sink model “é’ e M4 @R200
2, because of the position of the PCM. When the PCM 3 ° V2 @ReA00
introduced in between heat source wall and fluid flowing ;“ oaql __xi zizzz
channels (model 2), PCM acts as resistance for heat flow o
because of its lower thermal conductivity compared to the
heat sink material. From this observation, it is clear that L 5 """" mls ...... 2025 ...... ;-0 M
PCM improved the thermal performance of heat sink when Time (Sec)

it is placed above the working fluid flowing micro-chan-
nels. So, the position of PCM plays the key role in improv-
ing the performance of heat sink.

2
-
S 1,6 4
S
o 14 -
g
£ 12 -
s
A
w14
B | e e s e an am e e e am o o - -
E 0,8 4
< . M |
E 06 )
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0 T T T
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Heat flux (W/cm?)

Figure 5. Thermal resistance (R) variation with applied
heat flux.

Figure 6 shows the transient variation of liquid fraction.
In Figure 6, liquid fraction of heat sink model 2, model 3
and model 4 is compared at two Reynolds numbers (Re)
200 and 400 for the time period of 30 seconds. For every
model the liquid fraction values reaches maximum value
(steady state) with in the 10 seconds only, because the quan-
tity of PCM inserted in the MCHS is very less. Liquid frac-
tion value decreased for all model when the Re increased

Figure 6. Transient variation of Liquid fraction of heat sink
models.

from 200 to 400 because the amount of heat dissipated by
the working fluid (water) is increased with Re, so the less
amount of heat available for the PCM. Liquid fraction for
the model 2 is higher in both cases because the PCM in
the heat sink model 2 is nearer to the heat source and PCM
absorbs the maximum heat by obstructing the heat dissipa-
tion to the working fluid.

Temperature is a direct parameter to scrutinize the
heat sink characteristics. Figure 7 represents the varia-
tion of heat sink’s bottom surface temperature along the
length. It was pretended that the electronic component
(heat source) is directly connected to the bottom surface
of the MCHS, so the temperature of electronic component
is same as the MCHS bottom surface temperature. Among
the all models of MCHS, model 2 has higher tempera-
tures even compared to MCHS without PCM because of
high thermal resistance and heat sink model 3 has lower
temperatures. It is also observed that the bottom surface
temperature of MCHS rises along the length because of
increase of working fluid temperature along the length
when it is flowing inside the heat sink. From the above
analysis, it is clear that model 3 shows the good perfor-
mance with lowest heat sink temperatures among the four
heat sink models.

An electronic component shows efficient performance
at lower and uniform operating temperature conditions.
This can be achieved by efficient thermal management
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Figure 7. Variation of heat sink’s bottom surface tempera-
ture along the length.

system with lower and uniform heat sink temperatures. The
difference of maximum to minimum temperature of the
heat sink represents its uniformity and Lower value of tem-
perature difference indicates the more uniformity. Figure 8
represents the temperature uniformity of the four MCHS
models. Among the four heat sink models, model 1(MCHS
without PCM) has more temperature uniformity at lower
Re (<400) and model 3 has more temperature uniformity at
higher Re. The reason for the mentioned effect is, at lower
Re PCM in the heat sink (model 2,3 and 4 ) is completely
melted (liquid fraction 1) so at this phase PCM absorbed
the sensible heat (much lower than latent heat).So heat sink
without PCM has more temperature uniformity at lower
Re.

At higher Re, PCM absorbed the more heat (latent
heat) because PCM is in mixed phase, so more tem-
perature uniformity witnessed in heat sinks with PCM.
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Figure 8. Variation of maximum to minimum temperature
difference with Re.

Reynolds number

Figure 9. Variation temperature difference and Liquid
Fraction with Reynolds number.

In case of heat sink model 3, 15.26% lower temperature
difference was obtained at Re 2000 compared to the heat
sink without PCM. This effect is clearly represented
in the Figure 9, where the variation of liquid fraction
(dotted lines) and temperature difference with Re is
depicted. Figure 9 revealed that among the all MCHS
models model 1 has the lowest temperature difference,
when the liquid fraction value in the heat sink model 2,
model 3 and model 4 is near 1 (PCM in liquid phase). So
it can be concluded that PCM based heat sinks shows the
improved performance during the phase changing pro-
cess of PCM.

Figure 10 represents the 3-dimensional variation of lig-
uid fraction with Re and heat flux for the heat sink model
3. From Figure 10, it is observed that the liquid fraction
of heat sink was decreases with increasing the Re because
of increase in heat taken away by the working fluid and it
is obvious that the liquid fraction increases with the heat
flux. As this graph (Figure 10) includes the combined effect
of the heat flux and Re, it gives the information about the
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Figure 10. Variation of Liquid Fraction with Re and Heat
flux for heat sink model 3.
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required inlet conditions of the working fluid according
to application. Figure 11 depicts the variation of Nu of the
micro-channel flow with Re for the four heat sink models.
From Figure 11, it is observed that the model 1 (MCHS
without PCM) has the higher Nu among the four models
because in model 1 the heat dissipation was done only by the
working fluid but in remaining models PCM also absorbs
the some of the heat. Even though the heat dissipated by the
heat sink model 1 is less compared to the remaining three
models, the heat dissipated by only working fluid is higher

[y
S

=M1

[y
N

—r—M2

S
g

M4

00

Nusselt Number (Nu)

1000 1500
Reynolds Number (Re)

2000 2500

Figure 11. Variation of Nu with Re for four heat sink mod-
els.
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in model 1 compared other models, this resulting the high
Nu in model 1.

The temperature contours of MCHS cross-sections at
various positions along the length for four models are pre-
sented in the Figure 12. These contours were extracted for
four models at the Re of 200 and 100 W/cm? heat flux. It is
clear from figure 8 that, the temperature is raised towards
outlet from inlet and dropped towards the top of the MCHS.
Highest values heat sink temperature values are noticed for
model 2 because of high thermal resistance compared to
other models.

Professional and social inferences

Thermal management is the primary consideration in
the modern high capacity and compact electronic devices
and processors. According to the Moore’s law, the transistors
count in an integrated circuit (IC) is doubles for every two
years. The modern requirement of high speed processors,
ICs, fastest data transfer, high speed internet and compact-
ness demands the efficient thermal management systems
with large heat dissipating capacity. There is a thumb rule
in literature that for 10°C increase in temperature, the life
of the electronic components is reduced by half. The per-
formance, reliability, speed and life of electronic devices are
significantly improved by incorporating the suitable ther-
mal management systems. The heat sink models proposed
in this study are compact and very effective in heat dissipa-
tion. These heat sinks are appropriate for thermal manage-
ment in the modern electronics and are expected to satisty
the demand for large heat dissipation.

Figure 12 (M1 to M4). Temperature Contours for four models at Re 200 and heat flux of 100W/cm?.



J Ther Eng, Vol. 9, No. 4, pp. 1015-1025, July, 2023

1023

CONCLUSION

The present numerical investigation was conducted on
MCHSs to augment their thermal performance by inserting
the Phase change material (PCM). The computation model
implemented for this analysis was compared with the exist-
ing literature and good agreement was found. Major con-
clusions drawn from this analysis are,

o The thermal performance of MCHS can be improved
by introducing the PCM. A 7.3% decrement in thermal
resistance was witnessed in the heat sink when the PCM
was placed in a single channel at the bottom side (model
3) at a Reynolds number of 200.

o It was also observed that model 3 has 15.26% more tem-
perature uniformity at Re 2000 compared to the MCHS
without PCM.

« Among the four heat sink models compared, model 3
shows superior Performance with lower and uniform
heat sink temperatures.

o It is also concluded that the PCM-based MCHSs show
the better performance during the phase changing pro-
cess of the PCM.

o Pressure drop was observed to be high in MCHS and the
fabrication of these hybrid MCHSs is very expensive.

FUTURE SCOPE

In the present study, basic models of PCM based hybrid
MCHS are developed and which are one of the better solu-
tions for thermal management issues in electronic devices.
There is more scope for improvement of efficiency and per-
formance of these hybrid MCHS by optimizing the geom-
etry of heat sink, using the suitable PCM and using the
porous media to improve the heat transfer from PCM to
substrate. The same method can be also implemented for
mini channelled heat sinks used for other thermal manage-
ment applications like battery cooling LED cooling etc.

NOMENCLATURE

Ay Base area of the MCHS (m?)
H Heat sink height (m)

He Micro-channel height (m)
Hp PCM layer height (m)

L Heat sink length (m)

p Pressure (Pa)

q Applied heat flux (W/m?)

Ry Thermal resistance (K W)

t MCHS top rib thickness (m
t, MCHS bottom rib thickness (m)
Ty Base average temperature (K)
Te Fluid temperature (K)

T Fluid Inlet temperature (K)
Vi Fluid inlet velocity (m/s)

% MCHS Width (m)

W, Micro-channel Width (m)
W, PCM layer width(m)

W, Rib thickness between the channels (m)
X, Y, Z Cartesian coordinates (m)
Abbreviations

MC Micro-channel

MCHS Micro-channel heat sink
MEPCM  Micro-encapsulated PCM
PCM Phase change material

Nu Nusselt number

Re Reynolds number

Greek symbols

i Dynamic viscosity (Pa-s)
p Density (Kg/m?)

o Thermal diffusivity (m?/s)
Subscripts

b Micro-channel Base

C Micro-channel

f Working Fluid

in Inlet

T Total
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