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Three-Component Composite Phase Change
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Transient/Pulsed Heat Loads
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Abstract— Harnessing phase change materials (PCMs) for
thermal management of power electronic devices shows potential
to improve their reliability while decreasing the size, weight,
power, and cost (SWaP-C) of the system due to the PCM’s high
latent heat during solid-to-liquid transition. However, despite
its high latent heat of fusion, PCMs are limited by their low
thermal conductivity and a narrow operational temperature
range near their melting point. We here numerically investigate
the thermal buffering capability of three distinct compositions of
a novel three-component composite PCM consisting of organic
microencapsulated paraffin and metallic fields metal with similar
melting temperatures and copper cylindrical micropillars. These
composites are evaluated under different single pulsewidth heat-
ing and cooling conditions and are benchmarked against a pure
copper block. The results indicate that the composites generally
surpass pure copper in minimizing peak device junction tem-
peratures when the PCM undergoes phase change under single
pulse loading, with the best-performing composite consistently
achieving a lower junction temperature than the copper block.
The best-performing composite can achieve up to 44% reduction
in junction temperature swing compared to the copper reference
when under a pulse train loading. These findings highlight the
potential of the three-component composite system as an effective
thermal buffer for electronics subjected to transient heat loads.

Index Terms— Phase change materials (PCMs), thermal energy
storage, transient thermal management.

I. INTRODUCTION

HE increasing power densification in electronics due to
ongoing device miniaturization and greater electrification
demands poses significant challenges for thermal regulation.
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Conventional methods for thermal control primarily focus on
maintaining steady-state operation, where the thermal solution
is designed to operate under peak loading conditions [1], [2],
[31, [4].

A multitude of electronics functions under dynamic loading
conditions. For instance, power electronics, such as inverters
and converters generate pulsating heat loads due to the alter-
nating current and operational switching [5], [6]. In these types
of transient scenarios, the temperature fluctuation within the
device stands as a crucial determinant affecting the device’s
reliability and longevity [5], [7], [8]. Consequently, optimizing
the cooling strategy holds paramount importance in effective
thermal management to reduce thermal resistance between the
device and coolant and cap the maximum device junction
temperature at the peak load [9]. However, this reduction in
thermal resistance results in a tradeoff between the system’s
ability to store heat—known as its thermal capacitance—and
the ability to effectively absorb/dissipate heat from the device
to the heat sink (or cooling efficiency) [9].

Phase change materials (PCMs) offer a promising solution
for efficiently cooling devices that experience thermal fluctua-
tions due to their high energy storage capability during phase
transition [9], [10]. They can be utilized as a thermal buffer
to absorb large heat loads (~200 MJ/m? for paraffin) during
transient/pulsed loading while maintaining device temperature
within the PCM melting temperature [11]. Organic PCMs,
such as paraffin, are highly pervasive in these applications
due to their high latent heat of fusion. However, their ability
to manage device thermal conditions is restricted by their
comparatively lower thermal conductivities (paraffin has a
thermal conductivity almost 2000x less than copper) [11].
This drawback prevents organic PCM from effectively propa-
gating the heat into the material. This problem has prompted
exploration into various strategies to improve the material’s
thermal conductivity.

One approach involves creating a composite system by
integrating high thermal conductivity materials such as
metallic filaments, foams, and fins with a PCM to act as a
heat spreader [12], [13], [14]. Extensive research has also
been conducted to explore topology optimization of high
thermal conductivity materials in PCM-integrated heat sinks
with the aim of establishing an ideal conduction pathway that
effectively improves and strategically directs the dispersion
of heat within the PCM, thereby maximizing its thermal
capacity [15], [16], [17]. A technique that has been used to
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Fig. 1.

Physical representation of three-component-composite system. (a) Example heat loss and junction temperature profile of the device under single

pulsewidth ,,, (black plots) and pulse train (red plots) heat loads. ¢, is the length of time the power is in the “ON” state. The duty cycle is f,, over the
total time it takes to complete a period. (b) Full-scale physical model of the composite system. (c) Composite unit cell model representing the computational
domain and applied boundary conditions on the top and bottom surfaces. Remaining lateral walls have periodic boundary condition. (d) Unit cell model of

copper reference block.

optimize the arrangement of components to strike a balance
between thermal capacitance and cooling efficiency of the
PCM-integrated heatsink is the utilization of the cooling
capacity figure of merit.

The cooling capacity figure of merit, derived from the
Neumann—Stefan problem of the two-phase solid-liquid
boundary of a PCM, has been utilized in literature as an
optimization tool and design reference. This metric considers
the influence of thermal conductivity and energy density of
a PCM material or composite on its cooling performance
and is defined as = (keir- Eefr)/?, where ke and Eog
are the effective thermal conductivity and effective energy
density, respectively, of a material/composite [11]. Although
not fully comprehensive for assessing PCM performance,
especially under transient/pulsed heat loads, it provides useful
design guidelines and estimates for composite compositions to
achieve the optimal performance.

An alternative method for enhancing thermal conductivity
without significantly sacrificing heat storage capacity involves
utilizing a metallic PCM instead of an organic PCM. They
exhibit greater thermal conductivity compared to paraffin wax
while retaining sufficient latent heat [18], [19]. Researchers
have investigated low-melting point metallic PCMs such as
the eutectic alloy fields metal (a melting temperature of
~333 K and a thermal conductivity of ~19 W/m?-K), which
comprises 32.5% Bi, 51% indium, and 16.5% tin, and gallium
(melting temperature of 302 K and thermal conductivity of
30.2 W/m? - K) to improve heat dissipation in high heat flux
applications [18], [20].

While present literature has focused on the development
of a two-component composite containing a high thermal
conductivity material and a PCM, this study examines the

performance of a three-component composite PCM sys-
tem consisting of a high thermal conductivity material and
two-phase changing materials: microencapsulated organic
paraffin and metallic fields metal. Microencapsulation of the
paraffin ensures that it remains confined within its encapsu-
lating shell, preventing any contamination or mixing with the
fields metal while also facilitating increased contact surface
area to improve heat transfer within the microspheres. The
addition of the fields metal improves kg of the PCM. Com-
bining two PCMs with comparable melting points offers a
time-scale matching advantage when operating under tran-
sient/pulsed heat loads by enabling the metal-based PCM,
which possesses higher thermal conductivity, to rapidly absorb
the initial high energy pulse, followed by gradual heat storage
in the organic PCM, especially during low heat load con-
ditions. The combination of fields metal and paraffin also
provides an advantage in cases where the size, weight, cost,
and power (SWaP-C) of the thermal management solution are
limiting factors, without compromising performance, as it can
reduce the cooling demands on the connected heat sink.

This research numerically investigates the thermal per-
formance of three distinct composites comprising varying
volume fractions of microencapsulated paraffin and fields
metal. The composite makeup is as follows: 1) 37.5%
paraffin/12.5% fields metal/50% copper; 2) 25% paraf-
fin/25% fields metal/50% copper; and 3) 12.5% paraffin/37.5%
fields metal/50% copper. For the remainder of this study,
each composition will be referred to as: 1) composite
37.5P/12.5FM/50Cu; 2) composite 25P/25FM/50Cu; and 3)
composite 12.5P/37.5FM/50Cu, with the numbers denoting
the volume fractions of paraffin, fields metal, and copper
for a particular composition. The composite performance is
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first evaluated under various single pulsewidths ¢,,, where
pulsewidth is defined as the length of time for which the heat
load is applied or active during a heat pulse to gauge the
thermal response of the PCM. Their performance is contrasted
with a copper reference block, which serves as a thermal mass
in this research.

Following this investigation, an analysis involving pulse
trains at 25% duty cycle with varying device heat rejection
rates is carried out on the composite that exhibits the best
performance in the single pulse train study. Duty cycle [shown
in Fig. 1(a)] refers to the ratio of time during which a heat
source is active or in the “ON” state, to the total time in
a single periodic cycle. A 25% duty cycle was selected to
replicate the ON state resembling brief intervals of high heat
dissipation, followed by a slightly longer idle “OFF” period,
a scenario often encountered by electronics such as CPUs
and RF amplifiers during transient loading [21]. The term
“best-performing composite” is used to describe the composite
that consistently maintains the device’s maximum junction
temperature to a value lower than the copper reference when
exposed to varying single pulsewidth and heat sink condi-
tions. This comprehensive study offers an evaluation of the
performance and suitability of the three-component composite
across a range of heating/cooling conditions and its potential
operational boundaries.

II. METHODS
A. Physical Model and Boundary Conditions

Fig. 1 depicts the physical model of the three-component
composite system. The composite PCM is a blend of fields
metal and paraffin integrated with cylindrical copper micropil-
lar structure and is encased in a copper enclosure. The PCMs
are treated as an effective material to reduce computational
time and complexity [9], [12]. A comprehensive methodology
for modeling the composite’s effective properties can be found
in Section II-B.

The dimensions of the composite PCM are 7 x 6 x 1 mm?
with the heat source interfacing the 7 x 6 mm? sur-
face, as illustrated in Fig. 1(b). A 0.4-mm-thick copper
casing surrounds the composite serving to contain and pro-
tect it, ensuring durability. From a fabrication standpoint,
recent advances and commercialization of relatively mature
electrochemical additive manufacturing techniques, such as
electrochemical deposition and wet etching, allow throughput
fabrication of the copper heat sink design mentioned [22],
[23], [24]. This heat sink can then be impregnated with the
microencapsulated paraffin and fields metal blend using a
vacuum, and a copper sheet can be bonded to the top of the
enclosure to seal it [9]. All fabrication processes mentioned
are common and mature.

To expedite computations and study the phase change
characteristics of the PCM, a computational domain using
a unit cell model is established. This model includes the
three-component composite and the upper and lower sections
of the enclosure [see Fig. 1(c)].

In the unit cell, a square wave heat flux boundary condition
is imposed on the enclosure’s bottom end to simulate pulsed
loading experienced by a device such as a CPU. The applied
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TABLE I

SINGLE PULSEWIDTH SIMULATION PARAMETERS EXAMINED FOR STUDY
1. THE TABLE LISTS THE COMPOSITIONS STUDIED AND VARIOUS
HEAT SOURCE/HEAT SINK BOUNDARY CONDITIONS IMPOSED FOR
EACH COMPOSITION. ALL CASES ARE GIVEN THE SAME
POWER LOAD OF 0.9 W DURING THE ON STATE OF THE
PULSEWIDTH. THE FREE STREAM TEMPERATURE T, =
300 K FOR ALL HEAT SINK CONVECTIVE HEAT
TRANSFER BOUNDARY CONDITIONS

Device Power Loss
Qjunc During ON State
of Single Pulse Width

Heat Sink Boundary

Pulse Width Condition

1 (5€0)

Compositions
(volume fraction %)

2]
(W / 7x6 mm?) (W/m?-K)
37.5 P/12.5 FM/50 Cu 0.9 10, 12, 20, 50 20, 280, 800
25 P/50 FM/50 Cu 0.9 10, 12,20, 50 20, 280, 800
12.5 P/37.5 FM/50 Cu 0.9 10, 12,20, 50 20, 280, 800
100 Cu 0.9 10, 12,20, 50 20, 280, 800
TABLE II

PULSE TRAIN SIMULATION PARAMETERS INVESTIGATED IN STUDY 2.
ONLY THE BEST-PERFORMING COMPOSITE WAS EXAMINED FOR
THIS STUDY, WITH THE “BEST PERFORMING” BEING DEFINED
AS THE COMPOSITE THAT WAS ABLE TO CONSISTENTLY
MAINTAIN THE DEVICE JUNCTION TEMPERATURE BELOW
THE COPPER REFERENCE WHEN EXPOSED TO VARYING
PULSEWIDTHS AND HEAT SINK CONDITIONS FROM

STUDY 1
Device Power Loss .
Composition Qjunc During ON State  Pulse Width Heat le:ll:(dl;;)::dary

(volume fraction %) of pulse train t,, (sec) (W/m?K)

(W /7x6 mm?)

0.3,0.6,0.9,1.2 3,5,10 20, 280, 800
12.5P/37.5FM/50Cu 09,14,1.8,22 3,5,10 20, 280, 800

1.6,2.6,3.4,43 3,510 20, 280, 800

heat flux is equivalent to the total power distributed across
the 7 x 6 mm? surface (see Tables I and II). Conversely,
a convective heat transfer boundary condition is applied to
the top surface to mimic a heat sink. The sidewalls are given
a periodic boundary condition. Supercooling is not addressed
as it is not within the scope of this article. A unit cell made
entirely of copper is also created in this study to compare its
performance with the three component composites, as shown
in Fig. 1(d).

This article encompasses two investigations: 1) the analysis
of the composites’ behavior under various single pulse input
conditions given the same device power heat loss of 0.9 W and
2) the assessment of the best-performing composite’s response
to varied pulsed train scenarios given a 25% duty cycle. Table I
provides a comprehensive summary of the scenarios/boundary
conditions considered in study 1.

For the pulse train loading investigation, the device power is
adjusted within the range of 0.3—4.3 W. The boundary condi-
tions at the heat sink remain consistent with those outlined in
the single pulse loading scenario described in Table I. Table II
provides the parameters examined for study 2.

B. Composite PCM Effective Properties

The compositions examined in this study are delineated
as follows: 1) composite 37.5P/12.5FM/50Cu; 2) composite
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25P/25FM/50Cu; and 3) composite 12.5P/37.5FM/50Cu, with
the numbers denoting the volume fractions of paraffin, fields
metal, and copper for a particular composition. The decision
to use a 50% PCM to 50% copper volume fraction was made
to achieve the best composite cooling capacity figure-of-merit
for all composites [11], [12].

The effective properties of the composites were computed
using effective medium approximations, known for providing
reliable estimates of composite properties [11]. Following an
approach such as Ravikumar et al. [21] determination of
thermal conductivity of their composite, it was determined that
the effective thermal conductivity ke of the microencapsulated
spheres and fields metal aligned with the Hashin—Shtrikman
model [20]. The effective specific heat capacity (Cpesr) and
effective latent heat of fusion (L.g) are calculated through
mass-weighted linear summations of the two constituents.
Similarly, the effective energy density (Ees) is computed
through a volume-weighted linear summation of the two
constituents [11].

Copper is physically represented within the computational
domain, so determination of the effective properties of the
entire three-component composite is not necessarily required
for this study. However, for the initial performance assess-
ment of all components and composites, effective properties
were computed, and a cooling capacity figure of merit was
established for all materials, as listed in Table III. This
metric considers the influence of thermal conductivity and
energy density of a PCM material or composite on its cooling
performance and is defined as n = (kg - Ee)'/2, where ke
and E. are the effective thermal conductivity and effective
energy density, respectively, of a material/composite.

The outcomes of the figure of merit calculations in Table III
indicate that all composites are expected to surpass the copper
reference in their ability to store and transfer heat to a con-
nected heat sink, with composite 12.5P/37.5FM/50Cu being
predicated as the best-performing composite.

C. Numerical Model

Numerical simulations were conducted using ANSYS Flu-
ent 23.0, a computational fluid dynamics (CFD) software
that employs the enthalpy-porosity approach to model phase
change in a PCM during solidification and melting. For all
solid materials, their thermophysical properties are assumed
to be constant with variations in temperature. The density
of the PCM is considered constant except when accounting
for the buoyancy force term in the momentum equation in
the y-direction where gravity is applied in the simulations,
in accordance with the Boussinesq approximation for natural
convection flows. The governing equations for continuity and
momentum are as follows:

V.V=0 (1)
Voo .
¥+VVV= /p(—VP—I—uV V)+F+S (2)

where \7, t, p, P, u, F, and S are the fluid velocity, time, fluid
density, pressure, fluid dynamic viscosity, body force term,
and source term, respectively. The heat transfer in the PCM is
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governed by the Fourier equation
d(pH)

+V(pVH) =V - (kVT)+ S 3)

where H, T, and k are the enthalpy, temperature, and thermal
conductivity, respectively. The enthalpy term is calculated as
the sum of the sensible heat & and latent heat AH

H=h+AH. “4)

The sensible heat term 4 is defined as

T
h:href+/ C,dT (5)
Tret
where ., Trer, and Cp are the reference enthalpy, reference
temperature, and specific heat at constant pressure of the PCM,
respectively.
The latent heat term AH is given as

AH = BL 6)

where f is the liquid fraction and L is the latent heat of the
PCM. A solidus/liquidus temperature (Tsoligus/Tiiquidus) Where
the complete solidification/melting of the PCM occurs is
also defined. ANSYS Fluent captures the melting behavior
according to the following:

B=0, if T < Tsolidus (7.a)

=1 if T > TLiquidus (7.b)
T — Tsolia .

B = $7 if <Tsoliqus < T < TLiquidous (7.0

Tliquidus — Isolidus

when B = 0/1, it signifies that the finite volume within the
domain is entirely solid or liquid. Values falling between
0 and 1 are designated to represent the mushy zone, which
is a combination of both solid and liquid phases as the PCM
undergoes a phase transition.

D. Numerical Validation and Verification

The numerical approach 1is validated using the
enthalpy-porosity method on a gallium PCM experiment
done by Gau and Viskanta [20] and Kumar and Krishna [25],
which was used in multiple studies to validate their numerical
method [26], [27], [28]. The simulation modeling of the
gallium experiment was used solely to validate the phase
change modeling used in ANSYS Fluent.

To ensure that the results are mesh and time indepen-
dent, grid sensitivity and time-step independence for both the
three-component composite unit cell and the copper unit cell
was conducted. The tests for the composite focused on junction
temperature response and average volume PCM liquid fraction
when under the influence of a square wave heat flux boundary
condition with a magnitude of 0.9 W and a pulsewidth of 10 s
during the verification phase. The junction temperature refers
to the peak temperature reached by the top surface of the heat
source, which interfaces directly with the lower surface of the
three-component composite heat sink.

Three different mesh configurations were explored with
element counts of 10705, 16 964, and 24 437 for the composite
unit cell model. The mesh with 16964 elements was selected
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TABLE III

MATERIAL PROPERTIES OF BOTH INDIVIDUAL COMPONENTS AND COMPOSITES. EFFECTIVE PROPERTIES OF COMPOSITES ARE CALCULATED USING THE
EFFECTIVE MEDIUM APPROXIMATION APPROACH. THE COOLING CAPACITY FIGURE-OF-MERIT HAS BEEN COMPUTED FOR ALL COMPOSITIONS.
THIS ASSESSMENT PROVIDES AN INITIAL PREDICTION OF EACH MATERIAL’S CAPABILITY TO STORE HEAT (THERMAL CAPACITANCE)

AND EFFICIENTLY TRANSFER HEAT THROUGH THE MATERIAL TO THE CONNECTED HEAT SINK (COOLING EFFICIENCY)

Component Petr Ko Cpesr Lo E Tsoidous Thiquidous Effective Cooling Capacity References
i 3 3

(% Volume Fraction) (kg/m?) (W/m-k) (J/kg-K) (J/kg) (MJ/m?) (K) n= /keff Eey,

J m? (K-s)1?)
Single Component
Paraffin (P) 786 0.2 2,160 235,000 184.7 329 331 6x 10° [10]
Fields Metal (FM) 7,880 19 287 27,115 213.7 333.71 333.71 6.4x 10* [12][19]
Copper (Cu) 8,978 387.6 381 34 - - 3.6 x103 [11][12]
PCM Composites
75% P /25% FM 1,014 3.6 1,785 188,496 191.2 330.2 3317 2.6x 104 -
50% P/ 50% FM 1,429 7.7 1,357 138,613 198.1 331.3 33235 3.9x10* -
25 %P/ 75% FM 2,420 12.8 863 84,966 205.6 332.5 333.028 5.1x10* -
3-Component
Composite
37.5%P/12.5% FM/ 1,823 157.6 1,299 3,688 6.7 - - 3.26x 10* -
50% Cu
25% P /25%FM/50% 2,466 160.6 1,003 2,727 6.7 - - 3.29x 104 -
Cu
12.5%P/37.5% FM / 3,812 164.2 680 1,765 6.7 - - 3.32x 104 -

50% Cu

as it produced results with less than a 3% error in both junction
temperature and liquid fraction readings compared to mesh
with 24 437 elements. A time-step size of 0.5 was selected as
it yielded results with less than a 5% difference.

Only junction temperature is considered for the grid and
time sensitivity analysis of the copper unit cell since melting is
not considered. Mesh counts of 1120, 2350, and 6400 elements
were considered, with the mesh with 1120 elements being
chosen as it resulted in less than 2% difference in the junction
temperature. A step size of 0.5 was selected as it also resulted
in an error of less than 2%.

ITI. RESULTS AND DISCUSSION
A. Single Pulsewidth Performance

In the single pulsewidth investigation, the three-component
composite PCMs undergo varying pulsewidths ,,, where the
ON and OFF states have equal durations. Their performances
are compared to a solid copper reference block under identical
power loading conditions.

Table IV presents a detailed summary of the maximum
junction temperature (Zju,c) observed for the composites and
copper reference across diverse f,,, and heat sink conditions
investigated. In addition, it includes the average liquid fraction
of the composites when they reach maximum 7jy,., and
is noted in the table by the percentage value adjacent to
the Tju,c value. The cells highlighted in blue showcase the
best-performing material for a specific convective heat transfer
boundary condition and pulsewidth scenario. Cells with bolded
red values indicate a composite outperforming the copper
reference in the single pulsewidth investigation.

When considering a natural convection heat sink boundary
condition (h = 20 W/m?.K) and a brief pulsewidth tpw =
10 s), composite 37.5P/12.5FM/50Cu achieves the lowest junc-
tion temperature during the ON state due to its lower melting
temperature (see Table III). Melting occurs for all compos-
ites at 1, = 10 s. However, composite 37.5P/12.5FM/50Cu
exhibits a larger average liquid volume fraction compared
to the other composites due to the earlier initiation of
melting.

As the pulsewidth slightly extends to #,, = 12 s and
substantial melting occurs in all composite PCMs, each of the
three composites exhibits a lower maximum 7jy,c comparison
to the copper reference. The maximum temperature difference
between Tjyne of the composite PCM and the copper reference
is as much as 8 K, which indicates that the thermal capacitance
of the composite PCMs is effectively keeping the device
Tiunc Wwithin its melting temperature. This phenomenon is
illustrated in Fig. 2(a), (d), and (g) by the flat lining of
Tiune of all composites at normalized temperature 7* = 1 for
tpw = 12 s. The normalized temperature is defined as 7" =
(Tiune = Tret)/(Tmett — Trer), where Trer and Trpe; are the reference
temperature (T = 301.15 K) and melting temperature of the
PCM, respectively.

Fig. 2 depicts the normalized time ¢* and normalized
junction temperature 7* for all conditions examined in the
study. Here, * = t/t,,1, Where ¢ is the instantaneous time and
fioral 18 the total ON and OFF time in a single pulsewidth z,,,.
The horizontal trend observed in the graphs at T* = 1 signifies
that the composite is undergoing phase change with the PCM
utilizing its latent heat capacity to sustain Tj, within the
melting temperature range.
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Fig. 2. Normalized time (¢*) versus normalized temperature (7*) graphs for the varied single pulsewidths under the different heat sink boundary

conditions for each three-component composite and copper reference. Solid and dashed lines for each ¢,, condition represent the copper reference and

the composite PCM, respectively, for a specified heat sink cooling boundary condition. 7*

1 (represented by horizontal line in each plot) indicates the

melting temperature of each composite. The figure captures composite versus copper reference thermal performance at different pulse widths given 7 = 20
W/m2-K for (a) composite 37.5P/12.5FM/50Cu, (b) composite 25P/25FM/50Cu, and (c) composite 12.5P/37.5FM/50Cu, h = 280 W/m2-K for (d) composite
37.5P/12.5FM/50Cu, (e) composite 25P/25FM/50Cu, and (f) composite 12.5P/37.5FM/50Cu, and i = 800 W/m?-K for (g) composite 37.5P/12.5FM/50Cu,

(h) composite 25P/25FM/50Cu, and (i) composite 12.5P/37.5FM/50Cu.

In instances of extended pulsewidths (t,,, > 20 s), where
all composite PCMs have undergone complete melting during
the ON state, composite 37.5P/12.5FM/50Cu maintains the
lowest junction temperature in comparison to other composites
and the copper reference. This can be attributed to the larger
effective thermal energy storage (Ef) of this composite com-
pared to all materials, along with a slightly higher effective
thermal conductivity (kesr) compared to the other composites
(see Table III). These properties enable it to more efficiently
propagate and store heat within the composite.

When the ON state duration is prolonged to 7,, = 50 s,
the PCMs are completely exhausted by the time ¢ 14 s.
Consequently, during a substantial portion of the ON state, the
composites primarily depend on sensible heating to absorb
and dissipate heat from the device. As phase change takes
place, there is a growing temperature difference between the
composites and their copper reference. This is attributed to
the latent heat of the composites, which helps to sustain the

composites’ junction temperature within its melting tempera-
ture, while copper junction temperature continues to increase
as it solely undergoes sensible heating. When the composites
experience only sensible heating after complete extinguish-
ment, the difference in temperature rise between composite
junction temperature and copper junction temperature begins
to diminish. The composites demonstrate a slightly quicker
temperature rise in comparison to the copper reference due
to their slightly elevated thermal resistance, as depicted in
Fig. 2(a)—(c) for t,, = 50 s.

Under an air-cooling convective heat transfer coefficient
boundary condition (4 = 280 W/m?-K), the copper reference
demonstrates superior performance for f,, = 10 s. This is
observed as none of the composites have not yet melted and
are solely undergoing sensible heating while in solid state,
as shown by the continuous temperature increase in Fig. 2(d)-
(f). The composites also possess a lower thermal conductivity
compared to the copper reference, resulting in a higher thermal
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TABLE IV

COMPOSITE PERFORMANCE FOR A SINGLE PULSEWIDTH tp, = 10,
12, 20, AND 50 S GIVEN A POwgR Loss OF 0.9 W, WITH
A HEAT SINK SUBJECTED TO NATURAL CONVECTION (h =
20 W/m? - K), AND FORCED CONVECTION WITH AIR
(h = 280 W/m? - K) AND LIQuUID (A = 800 W/m?

- K). MAXIMUM Tjupe AND AVERAGE LIQUID VOL-

UME FRACTION DURING THE ON STATE IS LISTED
FOR EACH CONDITION. CELLS HIGHLIGHTED
IN BLUE DENOTE THE BEST-PERFORMING
MATERIAL IN EACH tj, AND CONVEC-

TIVE HEAT TRANSFER BOUNDARY
CONDITION. BOLDED RED NUM-

BERS FOR THE COMPOSITES
INDICATE WHETHER THEY
SURPASS THE PERFOR-

MANCE OF THE COPPER
FOR EACH SCENARIO

Convective Heat
Transfer C
Boundary Pulse Width 100% Cu
Condition

ite 75P25F | Ci ite SOPSOF | C ite 25P75F

Temperature (K),
Liquid Volume
Fraction (%)

Temperature (K),
Liquid Volume
Fraction (%)

Temperature (K),
Liquid Volume
Fraction (%)

(W/m2-K) (sec) Temperature (K)

10 3325 330.6 (36%) 331.57 (2%) 333.75 (0.6%)

20 12 3392 331.2 (75%) 332 (60%) 333.75 (44.7%)

20 365.7 357.5 (100%) 354 (100%) 352.67 (100%)

50 459 464.2 (100%) 455.4 (100%) 450.3 (100%)

10 326.6 329.6 (0%) 328.4 (0%) 327.5 (0%)

280 12 3309 330.7 (2%) 331.49 (0.8%) 331.8 (0%)

20 3447 335.16 (100%) 332.9% (100%) 333.85 (90%)

50 368.3 367.7 (100%) 366.4 (100%) 365.78 (100%)

10 318.7 320 (0%) 319.5 (0%) 319.2 (0%)

800 12 320.6 321.7 (0%) 321.35 (0%) 321 (0%)

20 3246 325.3 (0%) 325.1(0%) 324.8 (0%)

50 326.7 326.9 (0%) 326.9 (0%) 326.9 (0%)

resistance. This characteristic makes it more challenging for
the composites to efficiently transfer heat to the heat sink when
compared to the copper reference. At t,,, = 12 s, composite
37.5P/12.5FM/50Cu achieves the lowest Ty by the end of the
ON state because of its lower melting temperature. However,
composite 12.5P/37.5FM/50Cu achieves the lowest junction
temperature for longer pulsewidths longer than 12 s, with a
temperature difference of as much as 10 K exhibited. The per-
formance of the composites at t,,, = 20 and 50 s also closely
resembles the outcomes obtained with 7 = 20 W/m? for those
respective pulsewidths, where all composites outperform the
copper reference.

When employing forced convection with liquid cooling
(h = 800 W/m?.K), the copper block consistently achieves
the junction temperature across all pulsewidths. During the
simulation, none of the PCMs reach their melting temperature
(shown in Table II), implying that the composite PCMs rely
solely on sensible heating for heat transfer, making the primary
benefit of latent heat of fusion insignificant. In this scenario,
the energy density of the composite becomes a disadvantage as
it amplifies the thermal resistance of the composite. If the heat
dissipation rate of the heat source is higher and the composites
reach their melting temperature, they could outperform the
copper reference block.

In general, the results from the single pulsewidth study align
well in the cooling capacity figure of merit of each component
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studied in this article (listed in Table III), particularly in the
case where all melting has been engaged for all composites.
The prediction that composite 12.5P/37.5FM/50Cu would be
the best performing due to its high figure of merit also
aligned with the results. However, the figure of merit does
not provide a wholistic view of PCM performance given
various conditions such as melting temperature of the PCM,
the transition of when the PCM undergoes sensible to latent
heating, or the response of the PCM under pulsed loading
conditions. Other factors, such as thermal stability range
(the range of temperatures over which the PCM remains
stable without undergoing undesirable decomposition or phase
change) or thermal cycling stability (how well the PCM can
maintain its thermal properties and performance over repeated
heating/cooling cycles), need to be considered.

B. Pulse Train Performance

In this subsequent study, pulse trains featuring different
input powers at 25% duty cycle and heat sink boundary
conditions are given to composite 12.5P/37.5FM/50Cu, which
was identified as the top-performing composite in the ini-
tial investigation outlined in Section III-A. Its performance
is contrasted with the copper reference block. The simula-
tions were conducted until steady-state behavior is reached,
where the junction temperature swing, or the difference in
the maximum/minimum junction temperature exhibited during
an ON/OFF cycle, showed minimal variation (<0.5%). The
performance was assessed using the temperature performance
buffering factor, y, defined by Shamberger [11] as the rela-
tive junction temperature swing between the composite PCM
and copper reference. The temperature performance buffering
factor y = (ATj_pCM — ATj,Cu)/ATj,Cua where ATi,PCM and
AT;j c, are the junction temperature swing difference for the
composite and the copper reference, respectively.

Some insights can be obtained with this equation. If y <
0, the composite demonstrates superior performance compared
to copper, while y > 0 indicates that the copper outperforms
the composite. The performance of the two materials becomes
more similar as y approaches 0. The larger the magnitude of
y, the greater the performance of one material compared to
the other. Table V presents the outcomes for all considered
conditions. Notably, the composite never attains a sustained
phase change characterized by a stable state at its melting
temperature for an entire pulse train. This means that in all
cases where the composite undergoes melting, it will at some
point rely on the specific heat of the liquid and/or solid PCM
in combination with the copper structure. Example junction
temperature versus time plots are shown for various scenarios
in Fig. 3. These scenarios include the composite remaining
solidified during the ON/OFF cycle at steady state due to
insufficient heat input (absence of phase change), existing in a
state involving both latent heating and sensible heating during
the ON/OFF phases (persistent (semi)regeneration), or are fully
extinguished.

The findings presented in Table V conclude that, in most
of the examined cases, composite 12.5P/37.5FM/50Cu serves
as a more effective thermal buffer compared to the copper
reference. The most notable enhancements are observed when
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TABLE V

TEMPERATURE PERFORMANCE BUFFERING FACTOR y OF COMPOSITE 12.5P/37.5F/50Cu COMPARED TO COPPER REFERENCE IN RESPONSE TO PULSE
TRAIN POWER LOSS

Power Loss (W) 0.3 0.6 0.9 12
3 sec ON /9 sec OFF -1.75% -7.87% -9.7% 3.80% [[] No phase change
5 sec ON/ 15 sec OFF -41.800% 0% -8% 3.80%
B =20Wm'-K 10 sec ON /30 sec OFF 3.60% 3.70% 3.73% 3.80% [[] Negative semi-regeneration
Power Loss (W) 0.9 1.4 1.8 2.2
3 sec ON /9 sec OFF -11.60% -27.30%% -23% 2.80% 5 ;
Ssec ON/ 15 sec OFF 410% 40.50% 4% 5.10% [ Positive semi-regeneration
It = 280 Wim'-K 10 sec ON /30 sec OFF -4% -42 80% -27.40% -23.60% ) )
Power Loss (w’) 1.6 1.6 3.4 4.3 D Persistent regeneratlon
3 sec ON /9 sec OFF -2.90% 41.20% -31.30% -36%
5 sec ON/ 15 sec OFF 3.70% -19.80% -27% 21% [[] Complete Extinguishment
I = 800 W/m'-K 10 sec ON / 30 sec OFF 0.67% -15.60% -10.30% -8.20%
(@) (b) (© (d) (©
Qjune = 1.6 W, 3 ON/9 OFF Qjunc =3.4 W, 3 ON/9 OFF Qjure =1.8 W, 5 ON/15 OFF Qe =4.3 W, 50N/150FF Qe = 0.3 W, 3 ON/9 OFF
h =800 W/m-K h =800 W/m?-K h =280 Wm?-K h= 800 W/m?-K h =800 W/m2-K
380
Composite 12.5P/37.5F/50Cu
"~ Copper
~ 360
¥
5
£ 340
:
3 320
300
0 10 20 30 40 50 60 0 10 20 30 40 50 o0 0 40 80 120 160 0 20 40 60 80 0 400 800 1200 1600

time (sec)

Fig. 3. Temperature versus time graphs of cases from Table V where the composite exhibited (a) no phase change where the PCM undergoes sensible heating
in its solid state, (b) negative semi-regeneration where the PCM is below its melting temperature for a long period and is predominantly in sensible heating in
the solid state in a cycle, (c) positive semi-regeneration where PCM is in sensible heating in the liquid state longer than the solid state in a cycle, (d) persistent
regeneration where the PCM undergoes full melting/solidification and uses its latent heat with each successive cycle, and (e) complete extinguishment where
the PCM is completely melted and undergoes sensible heating in the liquid state. Plateauing of the temperature plots indicate that the composite is undergoing
phase change, which induces a temperature lag in the plot until the composite is either in complete solid or liquid state.

the composite undergoes regeneration when it reaches steady
state. Notably, the longer it engages in latent heating/cooling
during the ON/OFF cycle, the more pronounced the enhance-
ment in performance becomes due to its capacity to induce a
temperature lag. The most outstanding performance is attained
when the power loss is set at 1.8 W with & = 280 W/m?.K
heat sink boundary condition and ON/OFF duration of 5/15 s
[Fig. 3(c)]. In this instance, the composite yields a significant
449% decrease in junction temperature swing compared to
the copper reference. During the ON period, the composite
undergoes phase change, causing a delayed temperature rise
as it absorbs latent heat during phase transition, succeeded by
sensible heating and complete melting. During the OFF period,
the composite undergoes cooling until it approaches full solid-
ification or regeneration. This behavior is defined as positive
semi-regeneration in this study. There is no sensible heating
occurring during the OFF or cooling stage. This sequence
results in a temperature peak exclusively during the ON stage
for the composite. Conversely, due to copper’s higher thermal
diffusivity, it demonstrates comparatively faster temperature
changes in contrast to the composite. This accounts for its
more pronounced increase/decrease in temperature during the
ON/OFF cycle. A similar case, negative semi-regeneration, also
yields promising results. In this case, the PCM partially melts
and fully resolidifies with each cycle.

Significant enhancements in cooling performance are also
observed when the composite undergoes persistent regenera-

(a) (®) (©)
Q... =43 W,3 ONS OFF 0. =43W,5ON/15OFF h= 0,... =43 W, 10 ON/30 OFF
£ =800 Wim*-K 800 W/m™-K =800 Wim-K

—— Composite 12.5P/37.5F/50Cu
380{ —— Copper

50 0 0 40 60 80

20 10 0

00 9 40 S0

time (<)

Fig. 4. Pulse train cases for 1 = 800 W/m2.K for power input 4.3 W
for (a) 3-s ON/9-s OFF, (b) 5-s ON/15-s OFF, and (c) 10-s ON/30-s OFF. All
scenarios are identified as persistent regeneration.

tion and is exampled by the case where the power loss is equal
to 4.3 W, h = 800 W/m?2-K, and the ON time is varied from 3 to
5 and 10 s. A junction temperature swing difference of up
to 36% between the composite and the copper reference is
observed particularly for the 3-s ON/9-s OFF case as shown in
Fig. 4, showing that the composite has high potential to act as
a thermal buffer. The higher thermal diffusivity («) of copper
(~107*) leads to a quicker response time to abrupt changes in
heat input. In contrast, composite 12.5P/37.5FM/50Cu (o ~
107°) depends slightly more on its heat storage capacity to
alleviate fluctuations in heat input. The composite benefits
from a shorter ON/OFF period, as the substantial advantage of
latent heat absorption creates a temperature lag and ensures
a brief duration of sensible heating/cooling. This advantage
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outweighs the faster response of copper, which results in a
significant rise and fall in junction temperature. However,
when the ON/OFF period is extended, the benefit of copper’s
rapid response time becomes more significant, as shown by the
reducing y from 36% to 8.2% when the ON period is extended
from 3 to 10 s for the case where 4.3 W and & = 800 W/m?-K.
This indicates that there is a point of diminishing returns
where the extended ON/OFF period does not lead to improved
performance when it undergoes longer periods where it is
in sensible heating for much longer than it is in latent
heating.

The effect of increasing power input within a range that
induces persistent regeneration is also evident in the 10-s
ON/30-s OFF cases for 4 = 280 and 800 W/m?-K. Like the
cases with extended ON/OFF durations mentioned earlier, the
heightened power input leads to a performance decline in
the composite due to its comparatively lower thermal diffu-
sion ability to the connected heat sink compared to copper.
Nonetheless, the composite manages to outperform copper in
the mentioned cases due to its persistent regeneration and the
temperature lag caused by latent heat absorption.

The heat sink’s efficiency is a contributing factor to the
performance of composites. What the composite lacks in
terms of its thermal conductivity (or its thermal diffusivity),
it compensates for with its energy density, specifically when
the composite undergoes phase change. A heat sink that can
keep the composite within a regenerative state during operation
makes the incorporation of PCM an advantage. In situations
where the composite utilizes a heat sink with a low heat
transfer coefficient, even when the PCM is fully melted and
only sensible heating is occurring—such as in scenarios in
Table V with 3-s ON/9-s OFF and 5-s ON/15-s OFF with
varying heat input from 0.3 to 0.9 W at & = 20 W/m>-
K—the composite can outperform. This can be ascribed to
the higher energy density of the composite in comparison to
copper even when under liquid state. This implies that the
composite requires more energy to increase or decrease its
temperature by 1°, unlike copper, which promptly responds to
varying heat inputs.

However, if the composite utilizes a heat sink with a
low heat transfer coefficient and becomes fully depleted and
is under high heat inputs and/or prolonged ON/OFF times,
copper outperforms. This is demonstrated by the superior
performance of copper, as indicated in Table V, when the
pulse train heat input is held at 1.2 W and the ON time is
adjusted from 3 to 10 s as well when the heat input varies
from 0.3 to 1.2 W with a 10-s ON time for each power
input.

IV. CONCLUSION

This study analyzes the thermal buffer potential of a set of
three-component composite heat sink consisting of microen-
capsulated paraffin, fields metal, and copper micropillars
subjected to a single pulsewidth loading, followed by a pulse
train study on the best-performing composite. The investiga-
tion revealed that across different single pulsewidth scenarios,
all composites managed to attain a lower maximum junction
temperature in comparison to the copper reference when it
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undergoes phase change and after being completely extin-
guished when having either natural convection or air-based
forced convection at the heat sink boundary. Of all composites
examined, the composite with 12.5% paraffin, 37.5% fields
metal, and 50% copper exhibited the best performance by
maintaining the lowest junction temperature compared to the
other composites and the copper reference. This composite was
then subjected to pulsed train loading to better understand its
behavior under a more realistic transient heating scenario.

It was found from the pulsed loading study that in general,
in situations with lower heat input and longer ON state
durations, a composite containing a higher proportion of PCM
proves advantageous because of its increased energy density.
Conversely, in scenarios characterized by higher heat inputs,
a composite featuring a higher concentration of thermally
conductive material (such as copper) is more beneficial.

The outcomes from the pulse train loading scenarios reveal
that the composite’s performance is influenced by the specific
conditions of the pulse loading, including the duration of
the ON/OFF state and the magnitude of heat input during
the ON state. To achieve the optimal performance for a
given operational scenario, adjusting the composition of the
composite is crucial. With composition optimization based on
operational conditions, it has the potential to minimize cooling
needs, consequently lowering the pumping power demands for
the heat sink that interface with the composite, which prevents
thermal solution overdesign. This is achieved by capitalizing
on the heat storage capabilities of the PCM when dissipating
heat from the component.

Overall, the findings in this study are consistent with
the cooling capacity figure of merit prediction that com-
posite 12.5% paraffin/37.5% fields metal/50% copper is the
best-performing composite, indicating that the composite out-
performs the copper reference in cooling performance when
phase change occurs. However, while this figure of merit offers
a broad prediction of PCM performance, it may not offer
a complete view of the PCM’s overall effectiveness. Other
factors and metrics, including melting/solidification tempera-
ture range, supercooling/undercooling effects, thermal stability
range, and thermal cycling stability, must be considered to
achieve a more comprehensive understanding without the
necessity of conducting costly experiments and time-intensive
CFD simulations.

It should also be noted that a fixed melting point and
volume amount of PCM imposes a restriction on the tem-
perature range and operating time where they can provide
a buffering effect by utilizing the latent heat of melt-
ing. If a device operates outside this effective range, the
buffering effect remains idle [9]. Therefore, it is essen-
tial to determine the optimal operating conditions for the
available PCM to effectively leverage PCM-based thermal
management.

An extensive examination of all composites examined in this
study at different duty cycles (50% and 75% duty cycle) can
also be beneficial to better understand the composite behavior
and explore other applications where this composite would be
advantageous. Future work involves assessing the performance
of the composite with an experiment.
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