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This study explores the latent thermal energy storage potential of an organic phase change material with porous
copper foam and its applicability in electronic cooling under varying heat load conditions. The organic phase
change material, n-eicosane, is known for its inherently low thermal conductivity of 0.15 W/mK, rendering it
vulnerable during power spikes despite its abundant latent heat energy for phase transition from solid to liquid.
Porous copper foams are often integrated into n-eicosane to enhance the composite’s thermal conductivity.
However, the volume fraction of the phase change material in the porous foam that optimally improves the
thermal performance can be dependent on the boundary condition, the cut-off temperature, and the thickness. A
finite difference numerical model was developed and utilized to ascertain the energy consumption for the
composite of n-eicosane with two kinds of porous copper foam with varying porosity under different heat rates,
cut-off temperatures, and thickness. In addition, the results are compared with a metallic phase change material
(gallium), a material chosen with a similar melting point but significantly high thermal conductivity and
volumetric latent heat. For validation of the numerical model and to experimentally verify the effect of boundary
condition (heat rate), experimental investigation was performed for n-eicosane and high porosity copper foam
composite at varying heat rates to observe its melting and solidification behaviors during continuous operation
until a cut-off temperature of 70 °C is reached. Experiments reveal that heat rate influences the amount of latent
energy storage capability until a cutoff temperature is reached. For broad comparison, the numerical model was
used to obtain the accessed energy and power density and generate thermal Ragone plots to compare and
characterize pure gallium and n-eicosane - porous foam composite with varying volume fractions, cutoff tem-
perature, and thickness under volumetric and gravimetric constraints. Overall, the proposed framework in the
form of thermal Ragone plots effectively delineates the optimal points for various combinations of heat rate, cut-
off point, and aspect ratio, affirming its utility for comprehensive design guidelines for PCM-based composites for
electronic cooling applications

1. Introduction

Thermal energy storage (TES) using the phase change materials’
latent energy has shown benefits in peak shaving and load shifting in
buildings, storing heat generated while operating lithium-ion batteries,
and mitigating the temperature rise in electronic devices [1-5]. A phase
change material (PCM) changes phase from solid to liquid by utilizing its
latent heat of fusion and maintaining a temperature near the melting
point or phase transition temperature. In electronic devices, the tem-
perature rise beyond a maximum allowable limit or cut-off point can be
mitigated by utilizing PCM’s latent thermal energy storage. However,
the PCM must be resolidified to take another melting process in the next
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cycle or power surge. The maximum allowable temperature limit varies
with the applications, though mainly in electronic cooling; the threshold
temperature for safe operation of the devices is 70 - 80 °C [6].
Moreover, an additional threshold on the temperature at the outside
surface of the device can also be critical for portable or handheld de-
vices. The user’s thermal comfort dictates the threshold on the outer
surface and is typically considered to be ~ 45 °C [7]. Categories of PCMs
in thermal energy storage for electronic cooling applications include
alkanes, salt hydrates, metallic, and low melting point eutectic alloys [1,
4,8,9]. Organic PCMs, like alkanes, have high latent heat and are
available in various phase transition temperatures. Hence, they can be a
good candidate when choosing the PCM. The major disadvantage,
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however, is the low thermal conductivity of the organic PCMs, which
makes it challenging to consume the latent energy available while
operating below a maximum cut-off temperature for device safety. The
low thermal conductivity, therefore, leads to low power density (the rate
at which the available energy is accessed) for the high energy density
(available energy) in the PCM [10]. Thermal conductivity-enhancing
filler materials are often used along with the organic PCMs to enhance
thermal conduction and increase the power density. The most
commonly used techniques are the addition of fins, foams, and honey-
comb structures of high thermal conductivity materials like aluminum
or copper [11-14].

In recent years, metal foams have been extensively used as thermal
conductivity fillers because of their low mass density and high area
density for heat transfer [2,4,15-17]. The area density can be further
enhanced by increasing the pore density of the foam used [18,19]. Yang
et al. [4] used porous metal foam with Field’s metal (a low melting point
eutectic alloy) for thermal buffering of pulsed heat loads. The experi-
ments were coupled with an FEM model to determine the cooling ca-
pacity figure of merit, effective thermal conductivity, energy density,
and buffering time constant. The copper foam and Field’s metal com-
posite cooling capacity figure of merit was around 1.6 and 9 times the
theoretical values of the aluminum-paraffin composite and pure paraffin
wazx, respectively. The authors also developed the design guidelines for
thermal buffer devices for thermal management during pulsed heating
conditions. Adding the high porosity open-celled copper foam can
enhance the effective thermal conductivity of the composite with PCM
by almost thirteen times compared to the pure PCM with just an addition
of around 3 % volume/volume of copper foam [9]. The addition of
graphene coating to the metal foam has also shown improvement in the
heat conduction to the PCM. In work by Hussain et al. [20], the thermal
management of a lithium-ion battery was demonstrated with the
graphene-coated Nickel foam. They reported an effective thermal con-
ductivity enhancement of around 23 times with the graphene-coated
Nickel foam compared to pure paraffin. Fan et al. [21] also conducted
experiment tests on a thermal energy storage system using a liquid metal
Pb-Sn-In-Bi alloy and organic Octadecanol as PCM with roughly the
same melting temperature. In their analysis, the liquid metal PCM per-
formed better than the organic PCM due to high thermal conductivity in
the liquid metal for comparable volumetric latent heat. However, the
study was conducted only for a fixed volume of both the PCMs, whereas,
for the applications involving the TES system to be mobile, fixed mass as
a constraint can also be critical. Rehman and Ali [22] investigated the
thermal performance of paraffin wax integrated with copper foam with
95 % and 97 % porosity at three power levels. They reported that 95 %
porosity foam always performed the best by lowering the maximum
temperature at the heated side [22-25].

Researchers perform many numerical investigations to model the
composite of PCM and porous foam composite. Meng et al. [17]
numerically investigated the melting time and transient temperature
response while varying the porosity and pore density of the copper foam
impregnated with paraffin. They found that by increasing the porosity
from 88 % to 98 %, melting time increased, whereas, at a fixed porosity
of 94 %, melting time reduced with the increasing pore density. Also, the
temperature response rate was higher for 88 % porosity foam; however,
the numerical simulations were done for a constant temperature
boundary condition. In the context of electronic cooling, the importance
lies in the energy storage until a cut-off temperature is reached; there-
fore, the thermal responsiveness of the PCM-based composite is more
critical with heat flux boundary conditions. Sundaram and Li [19] used a
finite element model to study the effect of pore size and porosity of
aluminum foam with paraffin wax as PCM. They found that the con-
vection in the molten PCM did not significantly affect the transient
temperature when the results were compared with experiments due to
the low velocity of the molten PCM. They also observed the effect of
porosity at low and high heat generation rates. The effect of porosity was
indistinguishable at low heat generation, whereas the thermal
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performance was better for high porosity at high heat generation rate.
This effect is counter-intuitive as a higher heat generation rate would
demand more metal volume to enhance the thermal conductivity and
responsiveness. Also, the heat rate at which adding more metal would
improve thermal performance is unknown. Therefore, the thermal per-
formance needs to be quantified at several heat rates. Two techniques
are commonly used to model the phase change in the PCM integrated
with the foam: the thermal equilibrium model and the thermal
non-equilibrium model. In the thermal equilibrium, a single energy
equation is solved for the composite’s effective medium with effective
thermophysical properties, assuming zero temperature jump at the
contact of foam ligaments and PCM. In the case of the thermal
non-equilibrium model, energy equations are solved separately for the
individual zones of porous foam and PCM [23,24]. The thermal
non-equilibrium model with the buoyancy-driven fluid flow of PCM has
been reported as more accurate in capturing physics [15,23]. However,
the simplified thermal equilibrium model has the merit of reducing the
computation time and cost.

In literature, the time to reach a set point or cut-off temperature or
the temperature at the end of the heating time is often considered as a
performance metric to quantify the thermal performance of the PCM or
PCM-based composites [22,25-27]. These performance metrics can be
correlated to the actual latent energy accessed in the PCM; however, the
latent energy accessed in the PCM can be different at varying rates of
heat supply, cut-off temperature, and geometry (aspect ratio/thickness).
Many data points are needed with these variables to obtain the trend for
various materials and volume fractions of foam. This development can
be expensive with experimentation or high-fidelity numerical simula-
tions; therefore, a simplified numerical model can be a helpful tool for
comparing different cases.

In recent years, a cooling capacity figure of merit (FoM) has been
proposed to design a PCM-based heat sink. However, FoM mainly de-
rives from the heat sink’s effective thermal conductivity and latent heat
[5,28-30]. The FoM, therefore, can give an estimate on the balance of
the thermal conduction and the heat storage capacity but cannot be
beneficial if the operating conditions, geometry, and cut-off conditions
are changed as the FoM is a combination of the material properties. As
the boundary condition, for instance, the rate at which the heat is sup-
plied to the heat sink is varied, the responsiveness of a PCM-based heat
sink can be changed. In another work, a new figure of merit is proposed
that modifies the conventional FoM by including a performance factor
for the dependence of the geometry on the thermal performance [31].
However, the literature data does not present a detailed analysis of the
effect of thermal boundary, cut-off temperature, and aspect ratio.
Therefore, there is a need to obtain a framework to understand the
behavior of PCM heat sink under varying conditions of thermal load,
cut-off temperature, and geometry (aspect ratio) to determine the ideal
configuration that is best suited for the given operating conditions.

As discussed in the literature review above, the dependence of the
optimum PCM volume% on the simultaneous effect of boundary con-
dition, cut-off temperature, and aspect ratio is not present in the liter-
ature regarding balancing the power density and the energy density for
comparison between different cases. Even though material properties
like volumetric latent heat and mass density can help estimate the
amount of energy available in the PCM or PCM-filler composite based on
mass and volume constraints, during the transient operation involving a
temperature limit as a constraint, it becomes essential to understand the
amount of latent energy accessed by the PCM at varying rates of heat
supply, cut-off temperature, and geometry (aspect ratio/thickness). This
research gap is the motivation behind the current work where an
experimentally validated numerical model aids in generating power
density vs. energy density, often referred to as the thermal Ragone chart,
to determine the optimum balance of the power density and energy
density of the composite for a given heat rate, aspect ratio, and cut-off
temperature. Ragone plot was initially developed to characterize and
compare the battery electrochemical energy storage [32]. The energy



A. Singh et al.

delivered tends to reduce in batteries at high power levels. The PCM
thermal energy storage is analogous to this behavior through a reduction
in the energy stored in the PCM as the power is increased due to a limit in
the thermal conductivity. Researchers have previously used this analogy
to design and characterize thermal energy storage systems and
PCM-based heat exchangers [10,33,34]. However, to the author’s best
knowledge, understanding the small-scale transient thermal energy
storage in electronic cooling applications using Ragone framework is not
in the literature.

In the present study, a thermal Ragone chart was explicitly used to
design and compare the PCM-based heat sinks for transient thermal
management of electronic devices. In the thermal buffering of the
electronic components, the thermal performance can be highly depen-
dent on the thermal boundary conditions, cut-off temperature, and ge-
ometry. For instance, the heat rate supplied to the thermal buffer may
dictate the need for the enhancement of the thermal conductivity of the
composite. The cut-off temperature or the maximum allowable tem-
perature of the electronic device for its safe operation may also change
the selection of the type of composite that can efficiently consume the
amount of energy storage available in the PCM. The composite mate-
rial’s aspect ratio determines the resistance to attain maximum capaci-
tance at a specific power level and cut-off temperature. Therefore, the
performance metrics that are based on the intrinsic thermal properties of
the composite, mainly the effective thermal conductivity and the
adequate energy storage capacity, fail to consider the effect of the heat
rate, cut-off temperature, and geometric aspect ratio to quantify the
thermal performance under varying conditions of these parameters.

Furthermore, thermal Ragone plots were used in comparing various
scenarios, such as (a) kind of phase change material (n-eicosane and
gallium), (b) morphology of the porous foam (sintered particles and high
porosity foams), (c) varying porosities of the foams. The two PCMs
selected were based on the big difference in their thermal conductivity
and volumetric latent heat but at a similar melting temperature so that
they can be fairly compared for an application that demands a specified
range of melting temperatures. The two kinds of porous foams were
selected to consider a varying range in the porosity or PCM volume%.
PCM volume in the 20 % to 80 % range is considered for the sintered
particle porous foam. In contrast, the 88 % to 98 % range of PCM volume
for the high porosity foams is evaluated based on their
manufacturability.

2. Experimental setup and procedure

The experimental setup used in this study, as shown in Fig. 1(a),

(a)

DC power supply
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consists of a test module, a D.C. power supply (Keysight E3634A), a data
acquisition system (Lab Jack T7), and a computer. The test module in-
cludes a polyimide heater (Omega, KHLVA-101/10) of 25 mm x 25 mm
area attached to one side of a 2.5 mm thick copper base plate of the same
area surrounded with Teflon for insulation. The copper foam and PCM
are then placed in the vacant volume, as shown in Fig. 1(b) schematic.
The test module is placed in a vacuum oven, heated for 30 mins at 45 °C
for melting, and then cooled for 2-3 hrs for solidification to impregnate
the PCM into the foam. After the impregnation, samples were analyzed
using an optical microscope to ensure no large air pockets were present
in the composite. The copper foam used in the experiment is 110 PPI
(pores per inch) high porosity foam with a porosity of ~ 97 % (MSE
Supplies), and the organic PCM used is n-eicosane (Sigma Aldrich). The
three-dimensional and scanning electron microscopy (SEM) images of
the foam used are shown in Fig. 2(a) and Fig. 2(b), respectively. The
height of the composite is 8 mm, and the mass of n-eicosane used was
approximately 3.75 g. To record the temperatures during experiment
tests, two calibrated T-type thermocouples (Omega, TT-T-36) with un-
certainty of + 0.5 °C were attached to the bottom and top sides of the
PCM-foam composite using a thermal conducting epoxy. The constant
voltage supply from the D.C. power supply unit controlled the desired
power input to the heater. The transient experiments were performed at
a constant heat rate, and the transient temperature response at the
sample’s bottom (heated side) and top (convection-cooled side) was
recorded. The heater is turned off when the temperature reaches the cut-
off temperature of 70 °C at the heating side. The PCM-foam composite is
then allowed to cool by natural convection from the top side. Additional
detail on the experiments and repeatability test can be found in sup-
plementary document (Section S3).

2.1. Experimental results during heating and cooling

The time taken to reach the cut-off temperature (tcutoff) is recorded
for heat rate in the range of 2 W to 10 W with an increment of 1 W. The
solidification time and the time to reach the cut-off temperature are also
recorded. The heating is turned on until the temperature at the bottom
side reaches the set cut-off temperature of 70 °C (stated as a cut-off point
in further discussions). Fig. 3(a) and Fig. 3(b) depict the temperature
during melting and solidification, respectively, of the PCM at selected
five heat rate values. The melting behavior differs at different heat rates,
as seen from the transient temperature curves during heating and so-
lidification. It can be observed from Fig. 3(a), which depicts the heating
phase, that when the cut-off temperature of 70 °C is reached on the
heated side, only 2 W case has top side temperature above the PCM

(b)
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Fig. 1. (a) Experimental test setup used in the present study (b) schematic of the test module with dimensions.



A. Singh et al.

International Journal of Heat and Mass Transfer 227 (2024) 125518

Fig. 2. (a) C.T. scan and (b) SEM image of the porous foam used in the present experiment.
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Fig. 3. (a) Heating (melting) phase, (b) Cooling (solidification) phase.

liquidus temperature. This indicates that complete PCM melting hap-
pens only in the case of 2 W heat input, with the temperature at the top
side reducing at the cut-off as the heat rate increases. Also, this can be
confirmed by the time taken during solidification at different heat rates
in the cooling phase, as shown in Fig. 3(b), considering the time taken
during solidification to indicate the amount of PCM melt during the
heating phase. The time taken during the solidification continuously
drops as the heat rate increases from 2 W to 10 W. The present 110 PPI
foam and n-eicosane composite experiments were also used to validate
the numerical model in Section 3.1. Though the temperature at the top
and bottom side can provide information about whether the complete
melting has happened, the exact amount of the PCM utilized until the
cut-off point can only be determined if the temperature or enthalpy
profile throughout the domain is known, which would require a large
number of measurements experimentally. Therefore, a numerical model
is needed to determine the enthalpy profile in the PCM at the cut-off
point.

3. Numerical model and thermal Ragone plot

The numerical model was developed based on the heat conduction
with the solid-liquid phase change in the PCM using the effective me-
dium properties of the porous foam and PCM composite. The boundary
conditions in the numerical model are constant heat flux at the bottom
and a convection heat transfer coefficient of 10 W/m? K at the top. The
top surface heat transfer coefficient is estimated using the correlation for
natural convection over an isothermal horizontal flat plate [35]. The

present numerical model ignores the fluid flow of the molten PCM and
only solves the heat transport due to conduction and phase change. The
effective heat capacity of the composite is obtained by volume averaging
the heat capacity of the foam and the PCM. The effective thermal con-
ductivity is obtained from the Boomsma and Poulikakos model [36]. The
numerical model solves the energy equation for the transient heat con-
duction in the effective medium with the phase change term for the PCM
melting and solidification. The numerical solution was obtained using a
finite difference method with a central differencing scheme for spatial
discretization and a semi-implicit Crank-Nicolson scheme for time
marching [37]. The numerical model code was developed using MAT-
LAB R2022a [38].
Governing energy equation:

or FT T op
= b — ) — L= 1
Pceﬁ ot keﬁ (axg + 0y2) [ ot €8]
where,
1, T>T,+e¢
p=1% fstne @
T— (Tm B 8)
— T,—e<T<T,+e¢
2¢
PC)yp = @ (PC) e + (1 = 9)-(pC),,, 3

Here, kefr and pCep are the effective thermal conductivity and effective
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heat capacity of the composite, respectively.  represents the phase
transformation fraction of the PCM, T, is the melting temperature of the
PCM, ¢ is the PCM volume fraction in the composite, L is the latent heat
of PCM, and ¢ is a small number to define the temperature range of the
phase change and taken as 0.5 in this study.

3.1. Validation of the numerical model

Fig. 4(a) shows the comparison between experiment and model
values of the top temperature when the cut-off temperature of 70 °C at
the bottom side is reached for all the heat rate values in the range of 2 W
to 10 W. Additionally, the transient temperature at the top and bottom
locations for heat rate of 5 W is compared with the experiment results to
validate the model as shown in Fig. 4(b). The mean absolute error in the
transient temperature between the experiment and numerical model at
the bottom and top location was 5.51 % and 7.14 %, respectively. The
mean absolute error in the top temperature at the cut-off point obtained
in the experiment and numerical model in Fig. 4(a) was 1.73%. The
present experimental results are also compared with a high-fidelity
model developed on a commercially available solver (ANSYS Fluent
2022 R2 [39]) that considers the fluid flow and natural convection in the
PCM and based on thermal non-equilibrium for the heat transfer at the
foam and PCM interface. The governing equations and the model inputs
for the high-fidelity model can obtained in the Supplementary document
(Section S2). The high-fidelity model more accurately captures the
transient temperature response when compared with the experimental
observation with the mean absolute error at the bottom and top location
of around 2.5 % and 2.8 %, respectively. The accuracy in the transient
temperature obtained in the high-fidelity model is almost 2-3 times
higher than the present model. Nonetheless, the error in the perfor-
mance metric i.e., time to reach the cutoff temperature is similar in both
the models as shown in Fig. 4(b) where the time to reach the cutoff
temperature in the present and high-fidelity model is 7.7 % lower and
11.5 % higher than the experimental value, respectively. Additionally,
despite the merit of the high-fidelity model in capturing the transient
temperature response, the computation time is around 500 times higher
than the present simplified model, making it computationally very
expensive especially when a large quantity of simulations is required for
comprehensive analysis.

The thermophysical properties of the PCMs used in the present study
were considered as phase-dependent and temperature-independent and
are shown below for the solid and liquid phase in Table 1. The ther-
mophysical properties of copper used in the calculation of the effective
medium properties were considered at 27 °C and were assumed as
temperature independent.
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3.2. Energy and power density calculation

The validated numerical model was then used to evaluate the change
in enthalpy averaged over the thickness of the composite effective me-
dium until the cut-off point is reached to find the amount of energy
stored in the n-eicosane and 97 % copper foam composite and hence
further used in calculating the volume and mass-based energy densities.
Firstly, the temperature profile is obtained along the thickness direction,
and based on the temperature, the enthalpy profile is obtained based on
the predefined enthalpy change as a function of temperature shown in
Fig. 5(b). Then, the enthalpy profile is averaged over the thickness and is
denoted by Ah . Fig. 5(a) shows the average enthalpy change obtained
from the model (blue curve), representing that enthalpy change aver-
aged over the computational domain at the cut-off point.

The averaged change in the enthalpy starts to become lower than the
liquidus enthalpy change (complete melting) at the heat rate value of
around 5 W (shown as a green square), indicating incomplete melting of
the PCM at the cut-off point. The liquid fraction contour at different heat
rates is added in Fig. 5(a), with 1 (red) and O (blue) representing the
liquid and solid PCM, respectively. The enthalpy profile is obtained from
the temperature as expressed in the following equation:

PCyT() + p,Lop, T(y) > T, +
PCyT(y), T() < T, — &

T(y) = (T, — “)
pceffT(y) + /)pL[/’ (%) )

T,— e<T(y)<T,+ ¢

hv cutoff (y) =

1

1
hv cutoff = 7 /ht cutoff (y)dy (5)

0

Here, h, cutoff is defined as the average volumetric enthalpy over the
domain when the cut-off point is reached. The value is calculated after
finding the temperature profile at the cut-off point. Then, based on the
temperature, the enthalpy profile is obtained and averaged along the
thickness of the PCM or PCM composite, as shown in the following
equation. Please note that h represents the specific enthalpy with unit J/
g, whereas h, is the volumetric enthalpy with unit J/m3. Volumetric
enthalpy is used for further calculations.

Moreover, hy ¢ is the enthalpy at the initial condition of temperature
Tp.
hyo= pCyTy (6)
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Fig. 4. (a) Comparison of experimental and model predicted top temperature at the cut-off, (b) Transient temperature comparison between the numerical model

and experiment.
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Table 1
Thermophysical properties of the materials used in the numerical model [11,40].
Material Density (g/cm®) Thermal conductivity (W/m K) Specific heat (J/g K) Latent heat of fusion (J/g) Melting Point ( °C)
n-Eicosane 0.82 (solid) 0.212 (solid) 1.9 (solid) 237.4 37
0.78 (liquid) 0.160 (liquid) 2.2 (liquid)
Gallium 5.910 (solid) 40.6 (solid) 0.37 (solid) 80.1 29.8
5.907 (liquid) 29.4 (liquid) 0.37 (liquid)
Copper 8.91 398 0.385 - -
—4— Ahgottom -moder  —®— DPmoger === Dhsoligus 400 (b)
—¥— Ahrop - model === Dhjiquidus
(a)
4 Tlfquld
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Fig. 5. (a) Enthalpy change obtained from the numerical model along with the PCM liquid fraction at different heat rates, (b) Enthalpy change as a function of
temperature.

E, = (R ouoy — o) { % } o 3.3. Thermal ragone plot

The thermal Ragone plot depicting the power density and energy
density for the present n-eicosane-97 % porosity foam composite and
qgA W pure n-eicosane is shown in Fig. 6(a) for a fixed total volume of 25 x 25
v { ] ©) x 8 mm°®. The energy and power density values are calculated as
described in equations 7 - 10. It is worth noting that the energy density is
essentially the amount of the latent and sensible thermal energy stored

Power density (volume based):

P, =

m3

Specific energy (mass-based energy density):

(s cuosr — o) 7 in the PCM or PCM-foam composite until the cut-off point is reached.

E, = #V [g} ©)] The vertical dashed lines represent the maximum energy storage ca-
pacity for the corresponding case. It is clear from the thermal Ragone

Specific power (mass-based power density): plot that the pure n-eicosane has a lower power density than the com-
gA W posite of n-eicosane and 97 % porosity foam due to the lower thermal

P, = i {E] 10) conductivity in the pure n-eicosane case. Even though the maximum

energy storage capacity is high in the case of pure n-eicosane because of
the higher amount of PCM for the same total volume, the actual energy
density stored is lower. Adding copper foam removes 3 % of the PCM
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Fig. 6. (a) Thermal Ragone plot showing the power density vs. energy density and (b) Transient temperature at the bottom and top locations at a heat rate of 5 W for
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A. Singh et al.

volume, reducing the maximum energy storage capacity. Nevertheless,
more net energy density is achieved due to the enhancement in the
effective thermal conductivity of the composite.

It should be noted that the higher energy density at a given power
level dictates the time to reach the cut-off temperature, as depicted in
Fig. 6(b). The n-eicosane-97 % porosity copper foam composite has a
higher energy density than pure n-eicosane at all power density values.
However, the balance between the power density and the energy density
can be more competitive when a different material or porosity of the
foam is used. An intersection in two different curves can dictate the
choice of the material/porosity/type of porous foam to be used that
maximizes the energy density at a given heat rate and maximizes the
time to reach the cut-off temperature.

Also, as the power density is increased, energy density tends to
reduce, and beyond a certain point (knee point), there is a drastic
reduction in the energy density. The knee point represents the point at
which the complete melting of PCM is not achieved at the cut-off tem-
perature as the power density increases. Fig. 6(a) indicates the knee
point as a blue circle for the n-eicosane-97 % porosity copper foam
composite. In the forthcoming discussions, it is crucial to emphasize that
the available energy density remains constant across various cases under
consideration. Our study does not aim to augment the available energy
density of the PCM composite, a critical constraint that enhances its
relevance to electronic cooling applications. However, the pivotal
distinction lies in identifying the optimal design that maximizes the
accessed energy density within this fixed available energy density for
various operating conditions, distinguishing our study from existing
literature.

4. Results and discussions
4.1. Effect of pcm and porous media

The power and energy density obtained from the numerical model
are used to generate a thermal Ragone plot for comparative analysis. The
PCMs used in this analysis are n-eicosane (T;, = 37 °C) and gallium (T, =
29.6 °C), selected to consider a significant variation in their thermal
conductivity and latent heat with similar melting points. The porous
media used in the analysis are open-celled, high-porosity copper foams
and sintered copper particle foam. The present study lists six cases with
properties in Table 2. The effective thermal conductivity of the high
porosity copper foams and sintered foams are obtained using the model
by Boomsma and Poulikakos [36] and Alexander [41], respectively. The
detailed calculation of the effective thermal conductivity can be found in
Supplementary document (Section S1). The effective volumetric latent
heat storage capacity (Lgy) in Table 2 is the product of the volumetric
latent heat of the PCM and the porosity of the foam (PCM volume%).

Table 2
The cases considered for comparison in the thermal Ragone plot.
Case  Label Remarks @ kefr Legr
. ©) (W/m (62
PCM Porous media K em?)
1 n-E 100 % n- N/A 1 0.15 190
(Pure n- eicosane
eicosane)
2 n-E97 % n- High porosity 0.97 1.74 184.3
(Present) eicosane foam
3 n-E 88 % n- High porosity 0.88 4.31 167.2
eicosane foam
4 n-E80 % n- Sintered 0.80 4.25 152
eicosane particles
5 n-E55% n- Sintered 0.55 25 104.5
eicosane particles
6 Ga 100 % Gallium N/A 1 40.6 486.4
(Pure
gallium)
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4.1.1. Fixed volume constraint

For the cases mentioned in Table 2, thermal Ragone plots are ob-
tained based on fixed volume and fixed mass of the PCM/PCM-porous
media composite as the constraints. The total volume is set as 25 x 25
x 8 mm? in the fixed volume constraint. The plot shown in Fig. 7(a)
depicts the thermal Ragone plot for a fixed volume of all the cases at the
cut-off temperature of 70 °C. The vertical dashed lines represent the
maximum accessible energy density in the corresponding cases and
include the total latent and sensible energy available until the cut-off
temperature. The ideal case will be to reach the maximum available
energy density and higher power density simultaneously with fixed total
volume as a constraint. However, in the cases of high PCM volume%
based on n-eicosane such as n-E (100 %), n-E (97 %), and n-E (88 %), due
to their relatively low effective thermal conductivity, there is a knee
point at lower values of heat rate and the energy density starts to reduce
drastically as the power density (heat rate) is increased beyond the knee
point. In the case of gallium and n-E (55 %), the high effective thermal
conductivity values help keep the knee point at a higher power density.
Therefore, at a low power density value of 2 W, most of the energy
storage capacity is utilized in all cases except the 100 % eicosane case.
As the power density increases, energy density deviates from the
maximum value, as depicted in Fig. 7(b), showing the actual energy
density accessed and the maximum energy density available (unfilled
bars with dashed border). The knee point rises to higher power density
as the effective thermal conductivity increases.

For example, at the power density corresponding to the heat rate of 5
W, the energy density in the n-E (97 %) case deviates from the maximum
energy density. Whereas, for the n-E (88 %) case, the knee point is
approximately at the power density corresponding to a 10 W heat rate.
Hence, for heat rates up to 5 W, both the n-E (97 %) and n-E (88 %) cases
have nearly the same energy density; however, for heat rates higher than
5 W, the n-E (88 %) case has higher energy density at a given power
density. Fig. 8 depicts the temperature vs. time during the melting of the
PCM at the cut-off point for different heat rate values selected based on
the points of intersection between different curves in the thermal
Ragone plot. Fig. 8(b) indicates one of such intersection points between
red and green curves for clarification. It can be seen that gallium takes
the most extended amount of time to reach the cut-off temperature
irrespective of the heat rate values because of their almost vertical
behavior in the energy density. For the cases with n-eicosane as the PCM
(cases 1 to 5 in Table 2) there are some power density values at which
intersections are happening.

This is demonstrated in the temperature vs time plots at 5 W, 10 W,
and 20 W, where the reader should ignore gallium for clarity in
comparing the cases based on n-eicosane as PCM. As shown in Fig. 8(a),
(b), and (c), the n-E (88 %) case takes the longest time to reach the cut-
off temperature among the cases with n-eicosane as PCM. However, for a
heat rate of more than 12.5 W, n-E (55 %) has the highest energy density
and hence takes the longest time to reach the cut-off temperature, as
shown in Fig. 8(d), showing the transient temperature plot at a heat rate
of 20 W. Therefore, the temperature-time plots are consistent with the
variation in the thermal Ragone plot. The time obtained to reach the cut-
off temperature for all the cases is shown in Fig. 8(e), with the red
shaded portion zoomed and displayed on the right side for clarity to look
at the intersection points. The thermal Ragone plot obtained signifies
power and energy density behavior based on a fixed volume available
for the composite or pure PCM. This information can enable the designer
to compare different cases to obtain the case with the maximum energy
density at a known power density or vice versa.

As this thermal Ragone plot is based on the fixed volume as the
constraint, it is expected that the material or the composite medium with
the highest value of the volumetric energy density available should be
the ideal case. However, as the maximum temperature limit is selected
as a constraint (cut-off point), the amount of energy stored (accessed
energy density) in the material or composite becomes a more significant
parameter than the available energy density.
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Fig. 7. (a) Power density vs. energy density for fixed volume (25 x 25 x 8 mm®) constraint, (b) Energy density consumed and the energy density available at
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to reach the cut-off temperature of 70 °C with the plot on the right showing the

shaded zone for clarity (Note: Solid and dashed lines in (a) — (d) represent the temperature at the bottom and top locations, respectively).

Moreover, as seen in Fig. 7, the energy density can be highly
dependent on the rate at which the heat is supplied to the PCM. In the
fixed volume constraint, it is clear that the gallium has the highest
volumetric energy density in addition to the high thermal conductivity

value. However, the major demerit is the high mass density of gallium,
which makes it six times heavier than the n-E (97 %) case for the same
volume. This is a significant concern, especially for portable and hand-
held electronic devices where the mass occupied by the cooling module
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needs to be lower with/without the limit on the volume occupied.
Therefore, fixed mass is also considered a constraint and discussed in the
next section.

4.1.2. Fixed mass constraint

In the fixed volume constraint, the case with the most significant
volumetric energy density at a given power density will always take the
longest to reach a cut-off temperature of 70 °C, as discussed in the
previous section. However, it is also important to note that higher mass
density is a demerit in most portable electronic devices by causing more
weight to the cooling module. Therefore, a comparison based on the
fixed mass of the composite is needed. This section considers a fixed
mass of 5 g for all the cases mentioned in Table 2. The power density and
energy density are represented here as specific power and specific en-
ergy, respectively, to avoid confusion. The thermal Ragone plot in Fig. 9
(a) depicts the five cases’ specific power vs. specific energy. For specific
power, less than 1.6 W/g, i.e., a heat rate of around 8 W, n-E (97 %)
consumes the highest specific energy until the cut-off temperature is
reached.

Additionally, Fig. 9(b) shows the energy density accessed until the
cut-off point and the maximum energy density available for the fixed
mass constraint. However, at a specific power higher than 1.6 W/g, the
n-E (88 %) case has a higher specific energy. Therefore, in the transient
temperature plot, n-E (97 %) case took the longest time to reach the cut-
off point at the heat rate values of 2 W and 5 W, as shown in Fig. 10(a)
and (b). In Fig. 10(c), as the heat rate increases to 10 W, the n-E (88 %)
performs better as the energy density and time to reach the cut-off
temperature is higher than the n-E (97 %) case. Fig. 10(d) shows the
cut-off time vs. heat rate for the cases considered.

Overall, the significant point in the thermal Ragone plot based on the
mass constraint depicts the change in the optimal case (intersection of
blue and red curves) when the heat rate was higher than 8 W, as shown
in Fig. 9(a).

4.2. Effect of foam porosity or PCM volume%

The two kinds of porous media considered in the previous section
were used in this section with the detailed variation in the volume% of
the PCM. The high porosity open-celled porous foams and sintered
copper powder are considered for PCM volume% in the 88 % to 98 %
and 20 % to 80 %, respectively. The porous media are simulated in the
specified range of the PCM volume% for fixed volume and fixed mass
constraint.

As mentioned in the previous sections, a fixed total volume of 25 x
25 x 8 mm? is considered for the PCM-foam composite in the specified
volume constraint. Fig. 11(a) depicts the power density versus the
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energy density for the high porosity foams at different PCM volume%. At
the low heat rate values, accessed energy density is almost the same for
all the PCM volume% values; however, as the heat rate increases, a
higher energy density is observed for the high thermal conducting
composites. This indicates that as the power density increases, adding
the metal foam volume to enhance the thermal conductivity is more
prominent in improving the accessed energy density for the fixed total
volume. Fig. 11(b) shows a similar trend for the sintered particle foams.
As the power density increases, knee points are observed for each PCM
volume%. The deviation from the available energy density increases the
porous metal volume% to access more energy density. From the charts
shown in Fig. 11, the locus of the maximum energy density can be used
to determine the best volume% of PCM required to achieve the
maximum cut-off time at a given heat rate value.

For the fixed mass constraint of 5 g, the specific power vs specific
energy ranges plots depicted in Fig. 12(a) (for high porosity foams) and
Fig. 12(b) (for sintered foams) show the behavior at different heat rates.

The knee points indicate that a particular PCM volume% is no more
useful if there is a drop in its specific energy as the other value of PCM
volume% may achieve higher specific energy even though the total
available energy storage is lower in the latter case. The specific power
and specific energy curves for the sintered foams shown in Fig. 12(b) are
almost vertical for most of the PCM volume% values; this is due to the
fixed mass taken as the constraint, which makes the composite very thin
in the heat flow direction and therefore leads to the high value of the
thermal conductance. Thus, the knee points will exist at a very high
value of the specific power.

In this section, the PCM volume% of individual copper foams varied
in the range typically manufactured in real applications. The locus of the
points can be obtained based on the maximum energy density or specific
energy points in the thermal Ragone curve for further utilization in
determining the best case. Such charts can help find the optimal value of
PCM volume% or porosity of the foam that maximizes the energy density
at a desired power energy or vice versa.

4.3. Effect of cut-off temperature

The effect of different cut-off temperatures on the energy density and
power density is shown in Fig. 13(a) for cases 1 to 5 mentioned in
Table 2 for a fixed volume of 25 x 25 x 8 mm?>. All the curves shift to the
left side due to reduced total energy storage with the knee points shifting
down. The decrease in the energy density is more in the cases of n-E (100
%) and n-E (97 %) due to the compromised PCM latent heat storage as
the cut-off temperature is reduced. However, in the case of n-E (55 %)
with high effective thermal conductivity, dependence on energy storage
as latent heat is significantly higher than sensible energy storage.

I n-E (100 %) I n-E (88 %) I n-E (55 %)
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(b)
5 1014
=
£
:
>
o
2 10°4
[}
9
O
[}
Q
0
10—1_

2W

5W 10W
Heat rate (W)

20W

Fig. 9. Specific power vs specific energy for fixed mass (5 g) constraint.
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Therefore, the n-E (55 %) case is relatively less sensitive to the cut-off
temperature, though at high power density, there is some reduction in
the energy density. At heat rates of 2 W (low heat rate) and 20 W (high
heat rate), the energy density is obtained in Fig. 13(a) at the cut-off
temperatures of 45 °C (low cut-off) and 70 °C (high cut-off) to depict
the effect of the cut-off temperature at different levels of power density
as shown in the bar charts in Fig. 13(b). At a high heat rate, n-E (55 %)
with sintered particle foam has the highest energy density, irrespective
of the cut-off temperature. In contrast, at a low heat rate, n-E (88 %) and
n-E (97 %) have the highest energy density at 45 °C and 70 °C cut-off
temperatures, respectively.

4.4. Effect of composite thickness (aspect ratio)

To understand the effect of the geometric aspect ratio of the PCM or
PCM composite on the energy density, cases 1 to 5 in Table 2 were used

10

to obtain the power density and energy density for thickness values of 8
mm, 15 mm, and 25 mm for fixed footprint area of 25 x 25 mm?, Fig. 14
(a), (b), and (c) depicts the thermal Ragone plot for different values of
the composite thickness. It can be observed that the energy vs. power
density trends are similar in all the thicknesses; however, the knee point,
as well as the curve itself, shifts to lower power density as the thickness
is increased. As the thickness increases, the thermal conductance re-
duces, and the energy density decreases for a fixed power density value.
The amount of the energy density stored and the maximum energy
density available in the composite is shown in Fig. 14(d). It is evident
from Fig. 14(d) that the energy accessed by the composite is changed
negligibly in the n-E (55 %) sintered foam as the thickness is increased.

In both bar plots shown in Fig. 14(b) and Fig. 14(d), it is evident that
the overall available energy density remains consistent across all cases.
However, the optimal scenarios manifest the highest accessed energy
density, underscoring the framework’s ability to uphold a constant
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constraint of maximum available energy density while facilitating
enhanced accessed energy density in optimal cases.

5. Conclusions

In conclusion, this research has effectively combined detailed
experimental examinations and numerical simulations to investigate the
transient thermal management of electronics using phase change ma-
terials (PCM). The comprehensive study demonstrated the development
of a framework based on thermal Ragone plots derived from a bench-
mark numerical model (validated for 97 % porosity copper foam with a
high pore density of 110 PPI impregnated with n-eicosane.) to unveil
valuable insights into the design of PCM-based composites under vary-
ing boundary conditions and aspect ratios. These findings hold signifi-
cant promise for advancing thermal management strategies in electronic
devices, offering a robust foundation for optimizing PCM-based systems
for enhanced performance and efficiency. The thermal Ragone frame-
work is introduced as an effective tool for comprehending the principles
governing the design of PCM-based composites, offering valuable in-
sights for efficient and optimized thermal management solutions.

The key conclusions from the research study are as follows:

11

e The heat input rate, the cut-off temperature, and the aspect ratio
(thickness) influence the selection of the porosity of the copper foam.
Under fixed volume constraint, when the cut-off temperature is
closer to the melting temperature of the PCM, low PCM volume%
(high thermal conductivity) is favorable with n-E 55 % showing 2.9
times higher energy density than n-E (88 %) case, highlighting the
importance of enhanced thermal transport within PCM-based com-
posites. However, when the cut-off temperature is farther away than
the melting temperature, at high power density, the difference in
energy density becomes relatively less distinct between low and high
PCM volume% where energy density is 1.32 times higher in n-E (55
%) than n-E (88 %), whereas at low power density, energy density is
indistinguishable. This indicates a diminishing difference in perfor-
mance (maximum energy density) across the various PCM volume
percentages investigated at high cut-off temperatures.

The increase in thickness necessitates additional filler metal volume
to minimize thermal resistance and maximize thermal capacitance,
as evidenced by the Ragone framework. In contrast, decreased
thickness yields similar accessed energy densities across different
PCM composite designs.

Furthermore, under fixed mass constraint, a low PCM volume of 88
% in the high-porosity foam performed better under high power
density, whereas a 97 % PCM volume performed better under low
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Fig. 14. Effect of composite thickness/aspect ratio for thickness (a) 8 mm, (b) 15 mm, (c) 25 mm, (d) energy density accessed vs energy density available at 10 W

heat rate and 70 °C cut-off temperature.

power. However, it is also observed from the thermal Ragone plot
(under fixed mass constraint) that the inherently low gravimetric
latent heat of gallium impedes the accessibility of specific energy,
whereas the high thermal conductivity and volumetric latent heat
aids in higher energy density in the power density range considered
in the study.

The proposed framework employing thermal Ragone plots developed
for a wide range of porosity of high-porosity (88 % to 98 %) and
sintered particle foam (20 % to 80 %) demonstrates the behavior of
the power and energy density. It can help designers find the PCM
volume% that maximizes the energy density at a given power density
or vice versa.

Overall, the thermal Ragone plots can help determine the optimal
foam porosity/PCM volume% for various combinations of heat rate, cut-
off point, and aspect ratio.
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