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1 Introduction

Portable hand-held electronic equipment has become inevitable

'.) Check for updates

Figure of Merit-Based
Optimization Approach of Phase
Change Material-Based
Composites for Portable
Electronics Using Simplified
Model

This work presents an approach to optimally designing a composite with thermal conduc-
tivity enhancers infiltrated with phase change material based on figure of merit (FOM)
for thermal management of portable electronic devices. The FOM defines the balance
between effective thermal conductivity and energy storage capacity. In this study, thermal
conductivity enhancers are in the form of a honeycomb structure. Thermal conductivity
enhancers are often used in conjunction with phase change material to enhance the con-
ductivity of the composite medium. Under constrained heat sink volume, the higher vol-
ume fraction of thermal conductivity enhancers improves the effective thermal
conductivity of the composite, while it reduces the amount of latent heat storage simulta-
neously. This work arrives at the optimal design of composite for electronic cooling by
maximizing the FOM to resolve the stated tradeoff. In this study, the total volume of the
composite and the interfacial heat transfer area between the phase change material and
thermal conductivity enhancers are constrained for all design points. A benchmarked
two-dimensional direct computational fluid dynamics model was employed to investigate
the thermal performance of the phase change material and thermal conductivity enhancer
composite. Furthermore, assuming conduction-dominated heat transfer in the composite,
a simplified effective numerical model that solves the single energy equation with the
effective properties of the phase change material and thermal conductivity enhancer has
been developed. The effective properties like heat capacity can be obtained by volume
averaging; however, effective thermal conductivity (required to calculate FOM) is
unknown. The effective thermal conductivity of the composite is obtained by minimizing
the error between the transient temperature gradient of direct and simplified model by
iteratively varying the effective thermal conductivity. The FOM is maximized to find the
optimal volume fraction for the present design. [DOI: 10.1115/1.4052074]

change materials (PCMs) for thermal management of such devices
has been proposed and studied widely.

in this digital era especially during the period of emerging remote
workforce globally. Remote workforce demands heavy chip func-
tionalities that require high graphics processing applications,
namely, video conferencing. The merit of portable electronics
such as tablets and smartphones is their compactness and uninter-
rupted operation. Uninterrupted operation of such portable devices
requires uninterrupted power supply and device operating temper-
ature below safe operating temperature. Uninterrupted power sup-
ply could be achieved by high capacity batteries. However,
cooling is a more complex issue. For human comfort while using
portable electronics, the temperature at the outside surface needs
to be lower than 45 °C [1,2]. Thermal issues in small size electron-
ics have been recognized and studied before [3—6]. To the authors’
best knowledge, due to the limited space in the portable electronic
devices, active cooling is not a viable option. Henceforth, an effi-
cient passive cooling solution is required. Employing phase
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Increased functionalities in the portable electronic devices lead
to intermittent chip power surges that stay for a prolonged time in
a very small chip area. The intermittent power load happens for a
short time (thermal spike) in most of the smartphone applications,
i.e., they operate for a short period of time and remain idle for
some time before another thermal spike. For improvement in the
responsiveness of the intermittent power load, Raghavan et al. [7]
proposed a concept of computational sprinting where cores are
activated to run for short time at the maximum power (thermal
design power) and remain idle for some time till the user gives
next input. The thermal design power is more than the cooling
capacity of the system and the generated heat needs to be buf-
fered. Thermal buffering has to be employed passively especially
for portable electronics to store the heat during sprinting and
release the heat during the idle duration to get ready for the next
sprint. In this scenario of thermal buffering, the best candidate for
the thermal energy storage is phase change material. The phase
change material will be able to store the heat generated for short
time by utilizing the heat as latent heat of fusion and releases that
heat to ambient while the processor is idle. The PCM-based ther-
mal energy storage systems involve heat storage by exploiting the
high latent heat of the material. PCMs have a wide range of appli-
cation in solar energy, aerospace, battery thermal management,
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electronic cooling, etc. [8]. The major disadvantage of employing
PCM is its low thermal conductivity. Most of the time, to enhance
the thermal conductivity, thermal conductivity enhancers (TCEs)
are employed in conjunction with the PCM. The TCEs are gener-
ally metal additions to the PCM in the form of foam, mesh, fins,
solid nanoparticles, etc. [9].

During intermittent power surges, the system simultaneously
demands a sufficiently high thermal conductivity and high energy
storage capacity for safe operation. Theoretically, it is observed
that the heat storage capacity and thermal conductivity of a com-
posite are highly conflicting in nature. Considering a fixed volume
of the composite of PCM and TCE, the addition of more TCE
increases the effective thermal conductivity (kegr) of the composite
but simultaneously reduces the volume fraction of the PCM,
which results in less amount of PCM available for melting and
hence reduces the energy storage capacity (E.g). Figure 1 shows
an example of the variation of composite normalized thermal con-
ductivity (ker/ktcg) and normalized energy storage capacity (Eeg/
Lpcy) with volume fraction of TCE. The effective energy storage
capacity is calculated based on volume average. This tradeoff
clearly indicates an optimal operating point for the heat sink.

The most common thermal energy storage-based heat sink used
for cooling of electronic devices includes PCM embedded with
porous foam. There are numerous studies that have been con-
ducted to investigate the thermal performance of PCM-based heat
sink with porous foam [10-12]. However, other arrangements of
metal have been found to perform better. A study by Bentilla
et al. [13] included experiments with various kinds of TCE
arrangements such as wool, foam, and honeycomb of copper and
aluminum. The authors found that honeycomb structure had the
best performance among all. They concluded that having a high
interfacial area between the metal and PCM and a low thermal
resistance at base and metal TCE junction plays a very important
role in thermal performance. Along with porous media and honey-
comb structures, fins have also been a highly studied design. Sri-
kanth and Balaji [14] studied the thermal performance of
aluminum pin fins with n-eicosane heat sink and optimized the
design by maximizing charging period and minimizing discharg-
ing period using Genetic Algorithm. Shatikian et al. [15] numeri-
cally studied the thermal energy storage system with vertical
aluminum fins and PCM. They considered different fin thickness,
height and gap between fins obtained the result in generalized
form using dimensionless numbers. Typically, time taken to reach
a set point temperature and time taken for system to cool down is
considered to be the objective function in optimization of the
design of the PCM and TCE composite.

However, in the case of intermittent power surges in portable
electronics, the immediate response of the PCM and TCE com-
posite becomes more important. This response has been quantified
as a function of effective thermal conductivity and effective
energy storage capacity of the system by Shamberger [16]. Sham-
berger introduced a term called cooling capacity figure of merit
(FOM) to define the balance between the effective thermal con-
ductivity and energy storage capacity. Following the cooling
capacity figure of merit as the thermal performance parameter,
Barako et al. [17] theoretically studied the optimization of a
porous-PCM composite. They followed an effective thermal con-
ductivity model for porous media developed by Hashin and
Shtrikman [18] to find the optimal value of metal conductor vol-
ume fraction for a semi-infinite medium with planar heat source.
They also found that the optimal metal volume fraction was 0.55
and that it was independent of the thermal conductivity ratio of
porous metal to PCM after the ratio went beyond 100. Shamberger
and Fisher [19] also found the optimal value of 0.5.

Most of the studies on thermal energy storage using PCM and
TCE are based on large size of the composite, which cannot be
the case for portable electronic devices given the space con-
straints. However, there are some studies performed for cooling of
portable electronic devices. Shao et al. [20] did experiments by
filling PCM in the well etched on the silicon substrate. They
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Fig. 1 Variation of normalized thermal conductivity and nor-
malized energy storage capacity versus TCE volume fraction
(for composite of copper and n-octadecane)

focused on finding the temperature time history for computational
sprinting concept. They supplied a heat input of around 11 W for
0.6s and turned off the heater to allow the PCM to cool and be
ready for the next thermal spike. Ahmed et al. [21] also performed
experiments using PCM for mobile phone cooling. They consid-
ered a 2mm thick PCM packed in an aluminized film and placed
it on the top of a heater. They did experiments at three different
heat input of 4 W, 6 W, and 8 W and found that the temperature at
the back cover of the phone was maintained below 70 °C even at
8 W continuous heat input for 30 min.

As evidenced by the literature review, there is need of studies
that rely upon a simplified numerical model to optimize a PCM-
based heat sink design. The objective of this study is to numeri-
cally investigate the effect of thermal conductivity enhancement
of a PCM-based composite and quantify the optimal effective
thermal conductivity that maximizes the heat sink FOM. The pres-
ent study focuses on investigating different volume fraction of the
TCE for a fixed total volume of the composite for a morphology
for which effective thermal conductivity is not available through
existing models and needs to be found. The TCE structure in pres-
ent study comprises vertical fins along with one horizontal fin to
cover a broad range of volume fraction. In this study, a direct
model as well as a simplified model was used to compare different
volume fractions. To find the thermal performance behavior as a
function of volume fraction alone, other constraints such as fixed
area of contact between TCE and PCM and fixed thickness of the
TCE are added.

2 Numerical Analysis

2.1 Direct Model. Figure 2 shows the schematic of the prob-
lem under consideration. The computational domain consists of a
cuboidal heat sink with a height and width of 1 mm and 25 mm,
respectively [21]. The third dimension into the plane is 25 mm.
Base area is used only to calculate the heat flux. The bottom base
had a uniform heat input of 10 W, which translates to a flux of
1.6 W/em? [20,21]. The side walls are set as adiabatic and the
boundary condition at the top wall is considered as a uniform heat
transfer coefficient of 10 W/mZK with an ambient temperature of
300 K.

For detailed numerical study, four different volume fractions of
TCE (¢) were selected in the range 0.38—0.7. Furthermore, three
materials were selected as TCEs and three PCMs were chosen.
All the PCMs were selected with different thermal conductivity
and different latent heat of fusion and almost same melting point.
It was made sure that all the PCMs had the melting point below
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Fig. 2 Problem definition: two-dimensional computational
domain (detailed dimensions of TCE and PCM enclosed are
given in Table 1)

45°C [1,2]. The materials selected and their properties are shown
in Tables 2 and 3.
The constraints on the heat sink geometry are as follows:

(1) The interfacial area between the TCE and PCM was kept
the same for all the four volume fractions of TCE.

(2) The thicknesses ¢, and c;, were both the same and equal for
all the cases.

(3) Total volume of the heat sink was fixed. The gap between
the fins and total number of fins (N) were varied to make
designs for different volume fractions. Details about the
dimensions for different volume fractions are shown in
Table 1 and Fig. 2.

2.2 Governing Equations for Direct Model. For the TCE,
the conduction equation is solved

0 0 oT
5(PstT) = o (ks 6—)@) ey

For the PCM section, two-dimensional governing equations are
solved along with enthalpy porosity scheme for melting using
ANSYS FLUENT 19.2.

Continuity equation

Table2 Thermophysical properties of TCEs used

Material Copper Aluminum Silicon
Thermal conductivity (W/mK) 387.6 202.4 148
Specific heat (J/kgK) 381 871 710
Density (kg/m®) 8978 2719 2330

Table 3 Thermophysical properties of phase change materials
used [8,9]

Material n-octadecane LiNOs;-3H,O CaCl,—6H,0
Thermal conductivity (W/mK) 0.25% 0.58 1.088
Density (kg/m®) 771 1460 1650
Latent heat (kJ/kgK) 243.5 256 195
Melting temperature (°C) 27.7 30 29.5
Specific heat (J/kgK) 2222 2760 1420

“Property is average of solid and liquid.

Here, specific enthalpy / is the sum of sensible enthalpy and the
latent heat

=+ )
R R T
o= st | ot ©)
Trer
hy = yL @)

where L is the latent heat of the PCM and 7 is the liquid fraction,
which varies in the range of 0—1 for the given melting range of the
PCM from solidus temperature Ty to liquidus temperature Tig.
The liquid fraction 7 is defined as

y=0if T < T, ®)
y=1ifT > T, )
T_Tsol .
=——— T <T<Ty 10
Y Tliq — Tsol 1 sol > = 1liq ( )

In the enthalpy porosity technique, by Voller and Prakash [22],
the mushy zone is treated as a porous media with porosity in a cell

@ +p(V-v)=0 2) equal to the liquid fraction of the melt PCM in the cell. They
ot defined a porosity function A(y) to incorporate the porous media
. flow similar to the Carman—Kozeny equations [22] for fluid flow
Momentum equations in porous media. The source term S is shown in the momentum
oy | equation (Eq. (4)) given by the following relation:
E+V~VV=—;VP+I/V2V+g+S 3) 5
1 —1
S=-A@y)y = —C%v (11)
Energy equation (&+2%)
9, - R where ¢ is a small number equal to 0.001 to avoid division by zero
o (ph) + V- (pvh) = V- (kVT) (4)  and C is a constant. The value of C is usually taken in the range
Table1 Dimensions for different volume fraction
Gap between fins Fin thickness
Design Volume fraction (¢) [, mm d, mm ¢, mm ¢, mm Number of vertical fins (N)
1 0.7 0.15 0.25 0.1 0.1 201
2 0.61 0.2 0.3 0.1 0.1 165
3 0.48 0.3 0.35 0.1 0.1 125
4 0.38 0.375 0.4 0.1 0.1 105
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10*-107. The value of C was 10° for this study though there is no
significant effect of the C value on the results.

The above governing equations were numerically solved using
the commercially available solver ansys rLUENT 19.2. The grid
size was chosen to be 0.0l mm and time-step set as 0.01s after
doing the independency study. The convergence criteria were
107 for velocity and continuity, and 10~° for energy.

2.3 One-Dimensional Effective Model. For modeling the
PCM-TCE composite, effective thermophysical properties of
the composite were used. A single energy equation was solved for
the composite with a source term for melting/solidification. The
following assumptions were considered for the composite
medium:

(1) The properties of respective phases remain constant
throughout the temperature range considered.

(2) Solid and liquid densities are independent of temperature.

(3) Natural convection in the melt liquid is neglected (Fig. 3).

The governing equation for the composite can be written as

or of
(pcl’)effE — V.(keffVT) — p[(cpl — Cps)T +L} E (12)
0 T<T,—c¢

where f is the liquid fraction of PCM. The second term in the
right-hand side of Eq. (12) is the source term for melting/solidifi-
cation [23].

Furthermore, the one-dimensional governing equation was
solved using a finite difference technique with central differencing
scheme for spatial discretization in diffusion term and Crank Nic-
olson scheme for time marching. The liquid fraction was consid-
ered in the range O—1 as a linear function of temperature in the
melting region. A small number ¢ was considered to avoid the
sudden change of liquid fraction from O to 1. The solution was
obtained by developing a code using MATLAB R2019. The code
was validated against the analytical solution available for the Ste-
fan problem shown in Fig. 4. The Stefan problem considered was
melting of the semi-infinite medium which is at an initial tempera-
ture (Tiniia) at time 7<0. At r=0, temperature at x=0 is
increased to a higher temperature (7). A PCM material was

" B (1Y

h, Tos
Fig. 3 One-dimensional computational domain for effective
model

ke (PCey

T (x: t) = T;'nitia] = Tm

Ty Semz' infinite
medium

X v

Interface location,
x = 3(t)

Fig.4 Stefan problem used for validation
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considered to validate the code with the domain completely filled
with just the PCM. The Stefan number was 0.18.
The analytical solution [24] for the Stefan problem is

erf;
T(x<6(1),0) =Ty 2,/ (k/pCp)t .
(Twitiar — Tr) erf(2)
T(x > 6(1), 1) = Tinitial (15)

where 0(7) is interface location at time r. Interfacial location is
determined from following expression:

k

o(t) =24
pCp

t (16)

/ is obtained by solving for the root of the following transcenden-
tal equation:

.y St

Je’ert(2) = 7; an

Figure 5 shows the validation of the code developed.

3 Results and Discussions

3.1 Effective Thermal Conductivity and Effective Energy
Storage Capacity. Assuming that the energy storage is predomi-
nantly in the form of latent heat, the effective energy storage for a
composite can be expressed as a function of the proportion of the
PCM that is available for melting. Here, Lpcy is the latent heat of
the PCM

Eeir = Lpem(1 — @) (18)

The benchmarked effective model (discussed in Sec. 2.3) was
used to find the approximate value of the effective thermal con-
ductivity (kegr) for all the TCE-PCM composite designs shown in
Table 1. First and foremost, for each case, the temperature gradi-
ent (AT/d) in the composite and the base temperature time histor-
ies were obtained from the direct model shown in Sec. 3.2. Then,
the one-dimensional effective model was used to determine the
approximate value of the composite kg that gives the same tem-
perature gradient as obtained from the direct model for each
design points. AT is the temperature difference between the top
(y=1mm) and bottom point (y =0) of the heat sink at the mid-
length (x=12.5mm). The approximate value of k.;; was obtained
by minimizing the mean absolute error (MAE) of the temperature
gradient for both the models in the melting region by iteratively
changing the value of k.. The iterations were stopped when
MAE reached 0.01

1 .
MAE = ;;|TgﬁTgJ| (19)

An initial guess of the k.r was obtained by calculating the k. for
the composite from the series combination model [25] of TCE and
PCM. The time-step and grid size were 0.01 s and 0.1 mm.

Figure 6 shows the temperature gradient—time history obtained
for both the models using Copper, Aluminum, and Silicon with n-
octadecane.

The effective thermal conductivity was obtained for all the
combinations of TCE, PCM, and volume fractions. Figure 7
shows the variation of k. and E.g for n-octadecane.

Another set of investigations were performed with two other
PCMs, LiNO3;—3H,O, and CaCl,—6H,0, whose properties are
shown in Table 3. Among the three PCMs considered, the
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maximum PCM thermal conductivity was 1.08 W/mK
(CaCl,—6H,0). It can be observed from Tables 2 and 3 that the
thermal conductivity of the PCM (kpcy) wWas much smaller than
the thermal conductivity of TCEs (krcg). Upon numerical investi-
gation with both the models for all the material combinations, it
was evident that the major contribution to the composite effective
thermal conductivity stemmed from the volume fraction and ther-
mal conductivity of just the TCE, while PCM had a negligible
effect on the composite effective thermal conductivity as shown
in Fig. 8. Henceforth, k.¢ was considered to be dependent only on
the ktcg and ¢. This assumption holds good only for the cases of
PCM that have very small thermal conductivities (ex. paraffins).
To find the optimal value of ¢, the effective thermal conductivity
results obtained for n-octadecane (shown in Fig. 7) were normal-
ized with respect to the thermal conductivity of pure TCE. When
the effective thermal conductivity for each TCE was normalized
to obtain the normalized k. just as a function of TCE volume
fraction

~ ket
ket =

=f(0) 20)

kTCE

3.2 Figure of Merit. Following the work by Shamberger
[16], a term figure of merit was employed to determine the bal-
ance between the effective thermal conductivity and effective

325 T T T T T T T T T

320 | — — —Effective model g
Analytical Solution

w
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e
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Fig. 5 Validation of the code with the Stefan problem
(Ste =0.18)
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Fig. 6 Comparison of temperature gradient-time history of
both models for n-octadecane at TCE volume fraction of 0.48
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energy storage. The FOM based on the effective properties of the
composite can be defined as (Fig. 9)

Negr = \/ KefrEetr (21)

In the above equation, k.g and E.g are obtained from Eqs. (18)
and (20). The value of 7.4 can be written as

Netr = \/krceLeem(1 — @) - f() (22)

s Was plotted for all three TCEs with n-octadecane as the PCM
in Fig. 10. It can be observed that the optimal value of ¢ is almost
the same for all the TCEs and n-octadecane combinations. Since,
the thermal conductivity of PCM is now playing major role and
difference in the PCMs considered is only in latent heat of fusion,
it is evident that the figure of merit curve will change if some
other PCM is used instead of n- octadecane but maxima will
always be at the same value of metal volume fraction. So, follow-
ing Eq. (23), the figure of merit would be different and dependent
on the thermal conductivity of the TCE and latent heat of the
PCM.

In Eq. (23), 3.4 can be made dimensionless to find the optimal
point
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Fig. 7 Effective thermal conductivity and effective energy stor-
age capacity for different TCEs and different volume fraction for
n-octadecane
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Fig. 8 Effective thermal conductivities for different TCE and

PCM combinations (PCM-1: n-octadecane, PCM-2: LiNO3;—-3H,0,
and PCM-3: CaCl,—6H,0)
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After substituting f(¢) from Eq. (21) in the above equation, 7.y
was differentiated and made equal to zero. The positive root
obtained after solving was ¢ = 0.64. The value was found to be
in near agreement to the optimal volume fraction of 0.55 for a
porous media obtained by Barako et al. [17].

3.3 Comparison With Other Models. The effective thermal
conductivity obtained for the copper and n-octadecane composite
design used in this work was compared with the effective conduc-
tivity obtained from existing effective models for PCM-porous
media composite [18,25,26] as shown in Table 4 and Fig. 10. The
results make it evident that effective thermal conductivity values
were around 20-30% less than the values obtained from the
Hashin-Shtrikman porous media model [18] for Copper n-
octadecane composite. The disparity is mainly attributed to the
higher area of contact between the TCE and PCM in the case of
porous media [13]. Furthermore, the maximum value of 7 in the
present design was 15.1% lower than that of porous metal at ¢ =
0.55 using the Hashin-Shtrikman model.

The maximum FOM at minimum metal volume fraction of 0.5
was obtained for parallel arrangement [25]. However, for the mor-
phology considered in the present study, the maximum FOM was

Table 4 Expression of effective thermal conductivity for differ-
ent models

Model Expression (kegr)

Parallel [25] @krce + (1 — ¢)kecn
_ kecwkrce
@kpem + (1 — @)krce

kpcts Kice
3(kpem — krce)(1 — @)
3krce + (kpem — krce) @

Series [25]

Woodside [26]

Hashin Shtrikman [18] kree |1+

obtained for a metal volume fraction of 0.65. It is also to be noted
that for the theoretical effective thermal conductivity for parallel
model is based on considering the composite as coherent and
demands a critical length scale of fin thickness and gap between
fins for the relation to be valid [19]. The authors would like to rec-
ommend that future optimization studies on PCM-TCE composite
should consider morphology (benchmarked with parallel arrange-
ment) to maximize FOM at minimum metal volume fraction [27].

Conclusions

A simplified effective thermal conductivity model was devel-
oped to simulate the phase change heat transfer and estimate the
effective thermal conductivity of the composite. PCM-metal com-
posite with PCM added into the metal honeycomb as a potential
heat transfer medium was considered in this study. A direct com-
putation fluid dynamics model was used as a benchmarking tool
for the present effective model in the paper. The effective thermal
conductivity obtained from the simplified model was used to
determine the FOM. The thermal performance was evaluated by
employing the figure of merit to determine the optimal value of
the TCE volume fraction in the composite. For kpcy < 1, the opti-
mal volume fraction of TCE was found to be same for all the TCE
materials and the optimum value was ¢ = 0.64. It was observed
on comparison of present design (copper and n-octadecane com-
posite) with the effective thermal conductivity model for porous
media that present design had k.rr 20-30% (depending upon the
volume fraction) lesser than the k. of the porous TCE and PCM.
Furthermore, the maximum figure of merit for present design was
approximately 15% less than that of the Hashin-Shtrikman model.
Among all the models compared, the figure of merit was maxi-
mum for parallel combination of PCM and TCE at minimal metal
volume fraction. The morphology in the present design achieves
23% lesser maximum FOM at 26% higher metal volume fraction
compared to parallel combination.
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Fig. 10 Effective thermal conductivity obtained for copper and
n-octadecane for different models and present results
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Nomenclature

c

gap between fins (mm)

¢, = specific heat at constant pressure (J/kgK)
d = height
e = energy storage capacity (J/kg)

f = liquid fraction (effective model)
h = heat transfer coefficient (W/m?K)
h = enthalpy (J/kg)
k = thermal conductivity (W/mK)
| = length (m)

L = latent heat (J/kg)

N = number of vertical fins

¢q" = heat flux (W/m?)
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Ste = Stefan number (c,, AT/L)
t = time (s)
T = temperature (K)
v = velocity component (m/s)
w = width (m)
x = x-coordinate (m)
y = y-coordinate (m)

Greek Symbols

y = liquid fraction

0 = interface location (m)

A = difference

v = kinematic viscosity (m?/s)
p = density (kg/m®)

¢@ = volume fraction of TCE

Subscripts
b = PCM block
eff = effective property
g = gradient
h = horizontal
i = component
[ = liquid
liq = liquidus

m = melting temperature
ref = reference

= solid
sol = solidus
v = vertical
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