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Optimization of Phase Change Material
Heat Sinks for Low Duty Cycle High
Peak Load Power Supplies

Andrija Stupar, Student Member, IEEE, Uwe Drofenik, Member, IEEE, and Johann W. Kolar, Fellow, IEEE

Abstract— A power electronic device’s lifetime depends on its
maximum operating temperature and the temperature swings it
is subjected to. Heat sinks employing phase change materials
(PCMs) can be employed to achieve a temperature reduction,
but only for a limited duration. This makes such heat sinks
appropriate for use in applications with high peak loads but
with low duty cycles. The heat sink is modeled using the
thermal resistors and capacitors (RCs) network approach, and
an optimization procedure for designing a hybrid air-cooled heat
sink containing PCM is developed, yielding a maximum possible
temperature reduction for a given application. It is shown that
air-cooled heat sinks employing pure PCMs are best suited for
applications with pulses width lengths of several minutes with a
period of several tens of minutes. In order to achieve a faster
response of the PCM, the concept of PCM-metal foam is explored
and modeled. Experimental data is presented which confirms the
validity of the thermal RC network approach.

Index Terms— Cooling, modeling, power electronics, power
supplies.

NOMENCLATURE
k Fin spacing ratio.
Ars (W/mK) thermal conductivity of heat sink
material.
Ags (mz) Size of the heat sink base plate.
dj (m) Hydraulic diameter of one channel.
L (m) Channel length in air flow direction.

n Number of channels.

Ap (N/m?) Pressure drop in one channel.

V (m3/s) Volume flow.

Rey, Average Reynolds number (for lam.
or turb. flow).

Nu,, Average Nusselt number (for lam.
or turb. flow).

h (W/m?K) (Convective) heat transfer coefficient.

Pr~ 0.71 Prandtl number (air, 80 °C).

parr ~ 0.99 (kg/m?)
VarrR ~ 2.1e-5 (m?%/s)

Air density (80 °C).
Kinematic viscosity of the air
(80 °C).
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cp.arr ~ 1010 (J/kgK)
Aarr ~ 0.03 (W/mK)

Specific thermal capacitance of air.
Thermal conductivity of air
(80 °C).

I. INTRODUCTION

OWER supplies having high peak loads yet low duty

cycles are to be found in many up and coming appli-
cations. These are typically power electronics converters for
systems which are inactive for relatively long periods of
time and then need to suddenly burst into activity, such
as electromechanical actuators in aircraft, namely retractors
extenders for landing gear [1]. Such actuators are operated
for several seconds during take-off and landing, and are then
inactive for the duration of the flight, which can last several
hours. Another application for which high peak low duty
cycle power electronics can be used are novel ultracapacitor-
powered electric buses [2], which recharge their batteries on
certain stops, for 5 minutes, with 20 minutes in between
charges. A generalized power profile representing applications
as the above is shown in Fig. 1.

The reliability of such power converters, especially for
transportation applications such as aerospace, is of great
importance. Typically these power supplies are built using
insulated-gate bipolar transistor (IGBT) modules. It has been
shown [3], [4] that the peak operating temperature and the
temperature cycle amplitude affect the lifetime of an IGBT
module. It follows that the method of cooling, that is, the ther-
mal management of power electronic devices, is of significant
importance from the reliability standpoint.

One of the usual conventional approaches to cooling power
electronic devices is to place them on an air-cooled finned
metal heat sink with an attached fan. An alternative are hybrid
heat sinks which employ phase change materials (PCMs)
[6]-[9], as depicted in Fig. 2. In such configurations, the PCM
absorbs heat as it changes from solid to liquid or liquid to
gas, temporarily slowing the temperature rise of the device
and resulting in a lower operating temperature over a certain
period. PCM heat sinks are well suited for high peak load low
duty cycle applications: the PCM absorbs the heat, lowering
the device temperature, and then follows a long period of
inactivity during which this absorbed heat can be released
to the ambient. However, there are tradeoffs involved with
this approach: while adding PCM increases the peak thermal
capacity of the heat sink, it also significantly increases its
thermal resistance.

2156-3950/$26.00 © 2011 IEEE
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Fig. 1. Generalized high peak load low duty cycle power profile, with peak
power P and period 7 much greater than on time DT.

This paper presents an optimization procedure for designing
a hybrid PCM-metal heat sink so as to arrive at a maximum
reduction of the peak operating temperature compared to a
conventional heat sink of equivalent volume. To achieve this,
a thermal network model is developed, allowing for quick
simulations and comparisons of different designs.

Section II of this paper briefly explains previous heat sink
optimization work that it builds on. Section III discusses how
the PCM 1is modeled, different possible configurations of the
heat sink as well as material properties, and presents the
optimization procedure, while Section IV gives its result for
a particular example. In that section also the results given by
the thermal network model are compared to results from 3-D-
finite element method (FEM) simulations. Section V extends
the model to a PCM-metal matrix in order to model a PCM-
metal foam. Section VI presents experimental results and
conclusions are given in Section VIIL

II. OPTIMIZATION OF AIR-COOLED HEAT SINKS

This paper builds on previous work [10], [11] done for
optimizing fan-cooled heat sinks. The optimization procedure
for air-cooled heat sinks uses analytical and empirical equa-
tions and expressions for the air flow through the heat sink
and the resulting thermal resistance of the heat sink, which is
then minimized by varying the heat sink fin dimensions. The
relevant parameters are shown in Fig. 3. A detailed discussion
of the mathematical procedure and (1)-(14), and the accuracy
of the theory verified by experimental results, can be found
in [10] and [12]. This procedure and by extension this paper
is limited to the commonly found heat sink shape shown in
Fig. 3.
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Fig. 2. Hybrid heat sink, with a portion of the channels filled with PCM
(gray), and the rest free for air flow.

Fig. 3. Air-cooled heat sink shape considered for optimization, with
dimensions shown.
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The optimization procedure begins with the selection of a
fan, which then defines the heat sink dimensions b x c. The
flow of air through the channels can be laminar or turbulent,
with the pressure drop along the channel defined by (3)
and (4), respectively. The air flow through the channels is
found where (3) (for laminar flow) or (4) (turbulent) intersects
with the pressure-flow fan characteristic obtainable from the
fan datasheet. This is used to calculate the Reynolds number
and (5) and (6) is used to determine whether the flow is laminar
or turbulent — a Reynolds number less than 2300 indicates
laminar flow. Knowing this, the appropriate Nusselt number
can be calculated using (7) or (9). This allows then for the
calculation of the heat transfer coefficient 4 (10). The transfer
of heat from the heat sink surface to the air in one channel can
be represented as a network of thermal resistors and capacitors
(RCs), shown in Fig. 4.

For the optimization procedure, the capacitors are ignored.
For geometries with s << ¢, Ry, o 1s much greater than Ry, 4
and can be ignored [10]. The rest of the resistances can be
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Fig. 4. Thermal resistor and capacitor network showing the heat flow through
one channel of the heat sink.

calculated using (10)—(13)

Nuy, - A
W= umdh AIR (10)
1
Rth,AZh.L.C (11)
1
RinFIN = 7 2 (12)
it . L . iHS
R d (13)
thd = T———
2 AHSAHS
HS
Rz(h,s)w = Y(Rina + S(Ren,Fin + Rin,a)) + AR CE ATV c()};:SA,R v

(14)

Equation (14) gives the total thermal resistance of the heat
sink. The term on the right represents the average temperature
rise of the air in the channel due to the heat transported away
by convection. The optimization procedure therefore consists
of varying the dimensions s and ¢ (or one of those and the
number of channels n), for a given fan, until the minimum
total thermal resistance, calculated using (1)—(14), is found.
Note that this model assumes that there is no air flow over
the fin tips of the heat sink, i.e., that the heat sink is in an
enclosure, “closed” on both the top and bottom side. Air enters
only via the fan into the heat sink channels, and exits through
the opposite side, flowing only through the channels.

III. OPTIMIZATION OF HYBRID PCM HEAT SINKS

To arrive at an optimization procedure for a hybrid heat
sink which is both air-cooled and contains PCM, the method
of Section II is extended to include the effects of the PCM.
Therefore, a corresponding thermal network must be found.
To start, first the properties of the material are considered.

A. PCM Properties

The properties of some PCMs commonly cited in literature
[5]-[71, [9], [13], [14] are given in Table I. In [5]-[7], and
[9] PCMs which change phase from solid to liquid are inves-
tigated, in [13] pentaglycerine (PG) undergoing a solid-solid

TABLE 1
THERMAL PROPERTIES OF PCMS AND ALUMINIUM

Material kg’;)m3 W//lmK k?/fg TlglCe[t J/lng
Octadecane 774 0.35 244 28 -
Eicosane 785 0.15 247 36 2460
Heneicosane 788 0.15 213 40 -
Suntech P116 818 0.24 266 47 2730
Metallic alloy [6] 9160 15.0 14 47 147
PG (solid-solid) 750 0.17 177 83 2350
Aluminium 2700 210 - - 903

phase transition is examined, while [14] deals with paraffin-
water emulsions. Aluminium is chosen as the material for the
metal part of the heat sink, its properties are also given in
Table I.

The first parameter which is examined is the melting
(i.e., phase change) temperature 7j,.;;. Obviously the melting
temperature should be above the ambient temperature; the
change of phase is the heat absorption mechanism, and this
should happen only after a power pulse is applied. The
ambient temperature for this paper is selected as 45 °C
(a typical industrial setting). This therefore removes from this
investigation any PCMs with a lower T}, i.e., the first three
materials in the table, and the paraffin-water emulsions of
[14], which have T, in the range 0-20 °C. Furthermore
it is advantageous to have the T close to the ambient
temperature, so that the phase change begins as soon as the
power pulse is applied, so that heat is absorbed right away.
Next, perhaps the parameter, of most interest, is the latent heat
of melting A H, which specifies the heat absorbed during the
change of phase. Of interest are also the density p and specific
heat capacity C,. Among the materials in Table I therefore,
Suntech P116, which is a type of paraffin wax, is selected as it
has a melting temperature close to but above the ambient, the
highest latent heat, and a greater heat capacity-density product
(i.e., heat capacity per volume) than the metallic alloy PCM or
PG. Also note the low thermal conductivity 4 of all the PCMs.

B. Modeling the PCM

Mathematical models of PCMs are well-established and
experimentally verified [7]-[9], [13]-[15]. Adopted here is the
variable specific heat capacity approach of [9], [13], and [15].
Essentially, the specific heat capacity of the PCM increases
by AH/AT, where AT is the temperature range over which
the PCM melts. In [9] it is shown that a realistic range is
AT = 3 °C. Therefore the apparent heat capacity [9] of the
PCM, Cgpp, can be defined as

Cp, for T < Their
Capp = Cp—f-ﬁ—?, for Tyeir < T < Tpetr + AT
Cp, for T > Typeir + AT.

15)

As in [6] and [7], to simplify the modeling, all the other
material properties are assumed constant over the entire
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Fig. 5. Thermal resistor and capacitor network model of rectangular volume
of PCM.

temperature range under consideration. The effect of the
molten material flowing can also be ignored [6], [7]. Using
the material properties, a thermal network model of a single
PCM block is developed, shown in Fig. 5. A rectangular
volume of PCM is divided into four equivalent thermal
resistors (conduction from all sides) with a single thermal
capacitor for the entire volume placed in the midpoint.
Equations (16)—(18) give the definitions for the elements of
the thermal circuit in Fig. 5. The dimensions hpcy, wpcm,
and Ipcpy are the height, width, and length of the PCM
block, respectively, and Apcy and ppcy are the thermal
conductivity and density of the material, respectively

1
shpcm
Rip,pcm1 = 7 2 (16)
swpem -lpem - Apem
Twpem
Rip,pcm2 = 2 (17)

I
swpem -lpem - Apcum
Cin,pcm = hpcm - wpem -lpem - ppem - Capp. (18)

C. Different PCM Heat Sink Configurations

Different heat sink configurations are found in literature
[51-[9], [13]-[16]. The most common approaches are shown
in Fig. 6. In [5], [13], [17], and [18] optimization techniques
for the configuration of Fig. 6(b) are presented. In this
configuration there is no airflow between the fins, and the
procedure of Section II therefore cannot be applied; also, this
configuration is characterized by a large thermal resistance
due to the PCMs low conductivity, and a very slow ejection
of heat to the ambient once the power pulse has passed,
since there is no fan and associated forced air flow. For these
reasons, the configuration of Fig. 6(b) is not considered further
in this paper. The configuration of Fig. 6(c) is the topic of
[16], where the PCM is embedded in the heat sink fins. The
optimization procedure of Section II tends to produce fin
thicknesses in the order of a few millimetres. With that in
mind, the configuration of Fig. 6(c) would be very difficult
(if not impossible) to manufacture, and it is therefore not
considered further. This leaves configurations Fig. 6(a) [7],
where the tips of the fins are immersed in PCM, and Fig. 6(d)
[6], where the heat source is placed on top of a large PCM-
filled compartment. The advantage of the latter is the PCM is
close to the heat source, allowing for quick heat absorption.
The disadvantage is that the thermal resistance of such a heat
sink from heat source to the ambient air is very high, due

(a) ()

© (d)

Fig. 6. Different combinations of PCM heat sinks found in literature, PCM
shown in gray. (a) Heat sink fins tip immersed in PCM. (b) PCM completely
filling heat sink channels. (c) PCM embedded in heat sink fins. (d) Large
PCM compartment surrounded by fins.

to the low thermal conductivity of the PCM, meaning that
the heat sink performance degrades greatly as compared to a
regular heat sink once the PCM is melted. The advantage of
the former is that a large section of the heat sink can be left
open for air flow, with a thermal resistance from heat source
to the air comparable to that of a conventional heat sink. The
disadvantage is that the PCM is farther from the heat source,
and so it takes longer for the heat to reach it.

1) Selected Heat Sink Configuration: An obvious approach
is then to somehow combine the advantages of the configura-
tions of Fig. 6(a) and (d). Analyzing from the perspective of
the thermal networks in Figs. 4 and 5, and keeping in mind
the properties of the materials, the following design guidelines
become clear.

1) Since Apcm << Ams, we have Rip pcm1 >> Rind,
and therefore there should be a path of metal from the
heat source to the fins; in this way, once the PCM is
melted, heat can flow from the heat source to the ambient
effectively bypassing the high-resistance PCM.

2) The results of optimizations of PCM-metal heat sinks
from [5], [13], [17], and [18] show that the PCM should
not be one monolithic block, but divided into several
cells surrounded by metal, as to improve the heat transfer
into and out of the material.

3) The Cp - p product, i.e., the heat capacity per volume,
is greater for aluminium than for the chosen PCM,
meaning that outside of the phase transition, the PCM
will have a lower thermal capacitance than an equivalent
volume of the metal. This suggests that replacing air
with PCM is preferable to replacing metal with PCM,
as the former increases resistance but also capacitance,
while the latter increases resistance and decreases the
capacitance (outside of the phase transition). Further-
more, as discussed in [10], decreasing base plate thick-
ness d decreases the heat spreading effect of the base
plate, which is undesirable.

4) The thermal resistance between the heat source and the
PCM should be minimized.

Following these guidelines, the resulting heat sink configu-
ration is one where the base plate is unmodified and the
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PCM is placed between the fins, but moved closer to the heat
source — it is placed at the beginning of the fins, right after
the base plate, rather than at the fins. This is the configuration
shown in Fig. 1, and also in more detail in Fig. 7(a).

2) PCM Heat Sink Thermal Network: The thermal network
for one channel of the selected heat sink configuration is given
in Fig. 7(b). Equations (19)—(24) give the expressions for the
elements of the network. Terms not defined here are the same
as in Section II. The resistor from the PCM to the ambient is
ignored for the same reason as Ry, in Section II

|
FCPCM
RinFIN-PCM = 72— (19)
5t-L- AHS
Ciha = %AHS -pHS - CHs (20
Cina = 3t-L-s-pus-Cus (2D
1
3CPCM
Rinpemt = ——— (22)
58 -L-Apcyu
ls
Rin,pcm2 = § 2 (23)
scpcm - L-Apcum
Cinpcm =5 -cpcm-L-ppem - Capp. (24)

The dimension c is the height of the channel exposed to air
flow, while cpcyy is the height of the channel filled with PCM,
and pgs and Cys are the density and specific heat capacity
of the metal.

D. Optimization Procedure

Due to the tradeoffs involved with adding PCM to a heat
sink, it is not simply enough to optimize for a final stationary
thermal resistance as in Section II. Adding PCM increases
thermal resistance, but also adds a large variable capacitance.
Whether a particular PCM heat sink is useful for a pulsed-
power application therefore depends on the transient properties
of the heat sink and the characteristics of the power pulse — its
amplitude and duration. Therefore, to compare heat sinks with
varying amounts of PCM, simulations of the response of the
heat sink thermal RC network to the pulse must be performed.
In this way, different variations can be compared and the
optimum dimensions chosen. The optimization procedure of
Section II can be performed on a computer in seconds. The
simulation of a derived thermal RC network can also be
performed in seconds with the help of a circuit simulator. If
that is compared to the significantly longer simulation times
needed to simulate heat sink structures in 3-D-FEM simulators,
the advantage of the thermal RC model approach becomes
apparent.

The optimization procedure can be then broadly described
by the following steps.

1) Pick a set of heat sink dimensions.

2) Use the equations of Sections II and III-B2 to derive the

thermal network of the heat sink.

3) Obtain the response of the network to the desired power

pulse.

4) Repeat steps 1-3 until all variations are exhausted.

5) Compare responses and pick the heat sink with the

greatest temperature reduction.
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Fig. 7. (a) Chosen hybrid PCM heat sink configuration with dimensions

shown. (b) Thermal resistance and capacitance network showing the heat flow
through one channel of the PCM heat sink.

The following sections explain the optimization procedure in
more detail.

1) Full Optimization: The method of Section II varies the
heat sink fin thickness and the number of channels until the
minimum thermal resistance is achieved with a given fan (and
thus air flow). With the heat sink where PCM is added in
between the fins, the varying of these parameters also affects
the volume of PCM added to the heat sink. A complete
optimization procedure would then vary the parameters cpc s,
t, and n, and compare the response of each variation until
an optimum is found. However, this would require simulating
and comparing a very large number of possible geometries.
For this reason, this approach is not undertaken in this paper.
Moreover, as noted in [10], the optimization procedure of
Section II tends to produce thin fins and generally s > #, so
often the theoretical optimum is very difficult or impossible to
manufacture. For this reason, the assumption is made that the
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PCM cell width s is near the optimum of what is physically
producible for any channel width s given as optimal by the
procedure in Section II.

2) Partial Optimization: The approach taken in this paper
therefore is to optimize the parameters n, s, and ¢ for a given
area b x c. First, b x c is defined by the chosen fan and cpcy
is set to zero to obtain an optimized conventional heat sink.
Then cpcy 1s incremented by an amount, and correspondingly
c is decremented by the same amount. The new optimal set
of parameters n, s, and ¢ is then found for the new area b x c,
using the method of Section II. The procedure is repeated until
the channels are fully filled with PCM (this last variation is
discarded as there is no air flow). At each step the thermal
network is calculated; the responses of the networks are then
compared to obtain the optimum dimensions.

Note that each time PCM is added, the available area for air
flow decreases. The assumption made during this optimization
procedure is that the fan however remains fully utilized; i.e.,
all the air which would be forced through the conventional
heat sink area b X c;o; is forced through the reduced areas
b x ¢ for each variation of the PCM amount. Instead of the
portion of the fan facing the PCM simply being blocked, an
air guide or duct can be constructed to direct all the air into
the reduced area. It is assumed that if this duct is constructed
with a mild slope (no abrupt bends) and of a low resistance
material (i.e., a smooth plastic) then no significant pressure
loss compared to the heat sink without PCM occurs. Note the
reduced area changes the optimal fan operating point, and that
finding this operating point is done in this optimization as in
the conventional heat sink optimization described in Section II.

3) Optimizing the Amount of Added PCM: A simpler
approach that may be of practical interest is to simply add
PCM to the conventional heat sink, i.e., vary ¢ pcy but without
re-optimizing the remaining parameters at each step. This may
be useful in a situation where for example the power system
designer wishes to improve the performance of a commercially
available heat sink by adding PCM, which can be purchased
separately.

IV. OPTIMIZATION EXAMPLE

A particular optimization scenario, with results, is presented
in this section. Also, the results obtained are compared with
a 3-D-FEM simulation of the PCM heat sink performed using
the Icepak software.

A. Power Profile

As the optimization procedure is application-specific, high
peak power low duty cycle applications such as those men-
tioned in Section I were examined. Power electronic devices
that are suitable for such applications and their losses dis-
sipated to the heat sink as heat were investigated. The heat
sink dimensions L x b were chosen as to have the power
electronics module cover the entire area of the heat sink. A
loss per area of the heat sink figure of 5 W/cm? was found to
be an adequate representation of a range of applications and
appropriate modules.

TABLE 11
CONVENTIONAL HEAT SINK (OPTIMIZED WITHOUT PCM)
DIMENSIONS (mm)

b c L n K t
60 | 60 [ 110 | 18 | 23 | 1.0

B. Conventional Heat Sink without PCM

The dimensions L = 110 mm and b = 60 mm were chosen,
giving a heat sink area that can accommodate several kinds of
commercial IGBT modules. An according fan with dimensions
b = ¢ = 60 mm was then chosen, in this case the Sanyo
Denki 9WP0612H402 [19]. The minimum fin thickness was
set at = 1.0 mm, to reflect a heat sink that can realistically be
manufactured. Using the procedure of Section II, the optimized
conventional heat sink was found with n = 18, s = 2.3 mm,
and r = 1.0 mm.

Using the previous figure for losses of 5 W/cm?, the heat
sink area gives a power pulse with an amplitude of 330 W.
The heat sink dimensions are summarized in Table II.

C. Optimized Heat Sink Dimensions with PCM Included

The method of Section III-D2 was applied: in this case
cpcy was first incremented by 5 mm from 0 to 55 mm. The
diminishing available area for air flow was then re-optimized
at each step. As cpcy was increased, the optimization routine
gave smaller and smaller fin thickness ¢, decreasing to below
1.0 mm. When the thickness was limited to a manufacturable
1.0 mm as in the previous section, at each step the optimization
yielded either the same dimensions as the conventional heat
sink, or a very similar configuration of n = 19, s = 2.1 mm,
and ¢+ = 1.0 mm. For this reason, the simpler method of
Section III-D3 was used for the next steps: only the amount
of PCM was varied while the other dimensions were kept the
same as in Table II.

D. Comparison with 3-D-FEM Simulations

A common but often time consuming way of modeling and
simulating thermal systems is via 3-D finite-element solvers.
As an initial check of the validity of the model described in
this paper, the output of the thermal network was compared
to 3-D simulations of the hybrid PCM heat sink. As in [10],
there is a difference of approximately 20% compared to the
results using the thermal network. Also as in [10], the overall
thermal resistance calculated by the thermal model is greater
than that obtained through 3-D-FEM simulation. An error
is to be expected since the many hundreds or thousands
of simulated cells of a 3-D simulation are reduced by the
thermal network model to only a few cells, and because
of the many approximations of the analytical expressions
(see [10]). It should be noted also that in [10], where the
method of Section II is derived and verified experimentally,
the experimental measurements yielded values in between, less
than those given by the thermal network model but greater than
derived from the 3-D simulation.

Although there is a difference between the absolute numer-
ical values of the two simulations, the general behavior of the
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Fig. 8. Response to a 330 W step, heat sinks with no PCM and with a third
of the channel length filled with PCM. (a) Thermal RC network simulation.
(b) Icepak simulation.

curves is the same. The step responses of the conventional
heat sink and a heat sink with one third of the channel height
filled with PCM (cpcy = 20 mm) to a 330 W step from
both the thermal network model and 3-D model are given in
Fig. 8.

In order to quantify the transient performance of the PCM
heat sink for comparison between the two simulations, the
area under (i.e., the integral of) the step-response curve for
the conventional heat sink f T (¢)dt is considered. The area in
between the two curves, the curve for the conventional heat
sink with no PCM and for the heat sink with PCM, [ AT (¢)dt,
can then be thought of as a reduction of the original area
J T (t)dt, allowing for the definition of a relative improvement
index Qj

S AT (1)dt
Qr= [T (r)ydr
0

The absolute temperature reduction AT at a given time of the
PCM heat sink compared to the conventional heat sink is also
compared. These values are summarized in Table III. Again,
the values differ by approximately 20%. Compared to the
3-D-FEM simulations, it can be said the thermal network
model underestimates the improvement gained by adding

(25)

TABLE III
COMPARISON OF THE RELATIVE IMPROVEMENT GAINED BY ADDING
PCM TO A HEAT SINK FROM TWO DIFFERENT SIMULATIONS

Thermal network | 3-D-FEM
RYS .. cpom =0 (KIW) 0.29 0.23
0y 0.117 0.152
Temp. (°C) at t =120 s, 107 104.2
cpem =0
Temp. (°C) at t = 120 s, 85.7 78.4
cpcy =20 mm
AT att =120 s 21.3 25.8
Temp. reduction compared to 19.9 24.8
cpem =0 (%)

120
110 Cpem =0
(conventional)
~ 100
& 10 mm
< Cpem =
s 9% CPCM
=
2 e
5 80 e
g, —=
5
£ 70 7
60 “Cpem = 20 mm
f cpey=30mm ¥
501 Cpepy =40mm /7
40 cpey =S50 mm ~
0 50 100 150 200
time (s)
Fig. 9. Response to a 330 W pulse of duration 120 s of heat sinks with

varying amounts of PCM.

PCM. 1t is clear the thermal network modeling approach is
a good guideline for optimizing hybrid PCM heat sinks.

E. Optimization Results

Adding PCM to the heat sink increases its thermal resis-
tance, that is why once the PCM is melted, the temperature
of the PCM heat sink surfaces exceeds that of the conven-
tional heat sink, assuming a constant power input, as can be
seen in Fig. 8. Therefore there is a certain range, or power
pulsewidth, over which the PCM heat sink is useful. The
re-solidification of the PCM during which it ejects the heat
to ambient must also be taken into consideration: if the PCM
does not re-solidify by the time the next power pulse arrives,
the advantages of the phase change heat absorption mechanism
will not be utilized. Therefore, a specific load period and duty
cycle must be selected. Note from Fig. 8 the slow response
(tens to hundreds of seconds) of the PCM: the hybrid heat sink
confers no advantage to situations where the pulse is only
several seconds long or shorter. To complete the procedure
consider for example the application of an ultracapacitor
powered road vehicle (similar to [2]) which can recharge its
capacitors in 2 minutes and go 45 minutes between charges.
The response to the corresponding pulse of 330 W, period 2700
seconds, duty ratio 0.044 (120 seconds) is given in Fig. 9.
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Fig. 11. Temperature of the heat sink surface and of the PCM itself during

the pulse for Cpcps = 10 mm (solid line) and Cpcys = 20 mm (dashed).
Note the larger difference between the two temperatures when there is more
PCM.

Fig. 9 shows the first 200 s of the period, with the peak
temperature for configurations with 0 < cpcy < 50 mm,
varied at 10 mm increments. As PCM is added, the peak
temperature is reduced. From this it might seem that the con-
figuration with the most PCM should be selected; however, the
re-solidification phase must also be examined. Also, it is not
clear how well the fan assumption of Section III-D2 holds with
the available area for air flow reduced by more than two-thirds.

Note that from Fig. 9 it would appear that the heat sinks with
more PCM cool more quickly. As seen in Fig. 10 however,
which shows two pulses, this is only a temporary effect,
which can be explained by examining Fig. 11, showing the
temperature of the heat sink surface as well as of the PCM.
The more PCM is added, the higher the capacity of the PCM,
the higher the thermal resistance between the PCM and the
metal, and therefore the higher the temperature difference
between the heat sink surface and the PCM. Hence the initial
decoupling: the metal, being hotter, first cools down to the
temperature of the PCM, and then the two continue to cool at
a slower rate. Eventually the heat sinks with less PCM settle
down to a lower temperature than those with more. The same
behavior is seen in 3-D simulations.

TABLE IV
PERFORMANCE OF DIFFERENT HEAT SINK CONFIGURATIONS WITH
VARYING AMOUNTS OF PCM: THE FIRST PULSE AT 120 s, THE END OF
PERIOD AT 2700 s, AND THE SECOND PULSE AT 2820 s

Temperature (°C)

PCM (mm) | r=120s | r=2700s | t =2820s
cpcm =0 106.3 45.0 106.3
cpcm = 10 90.1 45.2 90.1
cpcm =20 85.1 47.0 85.7
cpem =30 83.3 47.7 84.6
cpcpm =40 83.4 48.0 84.7
cpcm =50 84.7 48.3 86.3

a R, a I 2-Coetal

Ry, R,

=

Fig. 12.  Model of an element of a PCM-metal matrix, or foam outer cube
of metal and inner cube of PCM. The resistors in light gray are ignored for
the purpose of further modeling. Heat from cube-to-cube flows only through
the side faces in the x direction — from the fins into the PCM.

Table IV summarizes the performance of the configurations.
As can be seen, only the configuration with cpcpy = 10 mm
re-solidifies in time for the next pulse, while all the others are
still partly molten at that point, and so their peak temperatures
during the second pulse are higher than in the first. Therefore,
the configuration cpcpy = 10 mm is selected as the optimum
heat sink for this application. Compared to the conventional
heat sink, the peak temperature is reduced by 16 °C.

To justify the assumption of Section IV-C above, an example
is provided of a “true” optimum heat sink with cpcy =
10 mm, i.e., with arbitrary fin thickness ¢ below 1.0 mm.
The optimization routine then returns n = 26, s = 1.7 mm,
t = 0.5852 mm. Such a heat sink is not easily realistically
manufacturable.

V. PCM-METAL FOAM

As can be seen from Fig. 11, in the heat sink described in
the previous sections, it takes about 15 s for the PCM to begin
to melt, and as seen in Fig. 8, at least approximately 20 s for
the effect of this phase transition to become visible on the
heat sink surface. This is due to the low thermal conductivity
of PCM materials (see Table I). The result is that such heat
sinks are useful for achieving noticeable peak temperature
reductions only in applications where power pulse lengths are
on the time scale of several tens to hundreds of seconds, i.e.,
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(a) Thermal RC network of the PCM-metal cube of Fig. 12. The metal capacitance is split into two capacitors to ease simplification of the network.

The part of the network inside the dotted box repeats four times, connected in parallel between points A, B, and M. (b) Network of the cube after a ¥ — A
transform is applied to the portion inside the dotted box, replacing those six resistors by equivalent resistors R4z, Raop, and Ry p, which are then divided

by four to reduce the four parallel branches of the network into one.

on the scale of minutes. A faster melting PCM is required
if the heat sinks discussed in this paper are to be useful in
applications with shorter pulses. One way to achieve this, that
is, to mitigate the low thermal conductivity of PCM, is to
embed it in a matrix of high conductivity material, as done in
[15] with PCM-filled carbon foam. This creates a large number
of high-conductivity paths within the PCM, allowing the heat
to reach more of the PCM more quickly, thus melting it
faster.

A. PCM Foam Model

One element of such a matrix, or foam, can then be modeled
as a cube of metal (high conductivity) inside of which there
is another cube of PCM (low conductivity), as shown in
Fig. 12. The RC thermal network of such an arrangement
is given by (26)—(30). For simplicity and brevity, a direct
coupling between the PCM and metal thermal resistances is
assumed, although there is in reality an additional thermal
resistance between them, governed by an interstitial heat
transfer coefficient which limits heat conduction between the
two materials, as discussed in detail in [20] and [21]. Consider
then a PCM placed inside a heat sink channel, in between
two fins as in Fig. 7, consisting of a number of such cubes
stacked one next to and on top of one another. For the heat
sink selected through the optimization procedure of Section IV
with cpcy = 10 mm, the width (2.3 mm) of such a PCM
“slab” is more than four times smaller than the height (10 mm),
creating a much larger thermal resistance at the interface of
the PCM with the heat sink base plate compared the resistance
at the interface of the PCM with the heat sink fins. Looking
at Fig. 7(b), and (22) and (23), Ry, pcm1 1is approximately
19 times greater than Ry, pc 2 in this case. Therefore almost
all of the heat flows to the PCM via the fins, and to simplify
the modeling of the PCM foam the interface between the base
plate and the PCM is ignored. It follows then that the heat
flow in the z direction on the top and bottom faces of the

A
R | e =
Rx
Crom_[= { M [] R,
R.x
Cme!a[ : T
B

Fig. 14. Simplified model of the cell of Fig. 12 after applying standard RC
network transformations.

cube and in the y direction on the front and back faces of
the cube is ignored, with the associated R, resistors (shown
in gray in Fig. 12), and that only heat flow in the x direction
from cube to cube is considered. This allows the double cube
of Fig. 12 to be represented by the RC network of Fig. 13(a)

a
Ra= Ametal - b (26)
Ry = L — (27)
Ametal 'l(a - b)2
Rpcm = m (28)
Cinetal = % [a3 - (a - Zb)S] * Pmetal - Cprmetal (29)
Crem = (a—2b) - ppem - Crpcm. (30)

This circuit can be further simplified by adding the resis-
tors which are in series, R, and R, as well as R, and
Rpcy, cutting the number of resistors in the network in half.
Furthermore, a Y-A transform (31)—(33) is performed on the
Y (star) portion of the network connected four times in parallel
to the points A, M, and B, resulting in three thermal resistors
Ray, Ryp, and Rap connected between those three points
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Fig. 16. Response of different PCM-metal matrix combinations, all 50%

PCM 50% metal, to a 330 W step. All of the variations with PCM eventually
converge to the same value.

in a A (triangle) configuration. This allows the four parallel
portions of the network to be easily simplified, giving finally
the network of Fig. 13(b)

2R, - (Rp+Rpcm)+(Ry+Rpcm) - 2R4+2R, - 2R,

Ram = R,
=2-(Rs+Rp+Rpcu) (€29)
Rup — 2Ry - (Rp+Rpcm)+(Rp+Rpcm) - 2R +2R, - 2R,

2R,
= Ram (32)
Rip — 2Ry - (Rp+Rpcm)+(Rp+Rpcm) - 2R +2R, - 2R,

(Ry+Rpcum)
4R, - (1 + Ri) (33)
¢ R, + Rpcm )

Reducing the parallel resistors between points A and M, and
M and B in Fig. 13(b) into one results in the simplified RC
network of Fig. 14 for the PCM-metal cube, with resistors R,
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Fig. 17. Temperature of the PCM of different PCM-metal matrix combina-

tions, during a 330 W step.
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varying amounts of PCM to a 330 W step.

and R, as given by (34) and (35)

Ram
Ry = (Rp + RPCM)HT

1 2 -1
= + (34)
Ry +Rpcm  Ra+ Rp+ Rpcu
Rap Ry

ZA Re 1+ —2—).
¢ ( Rb+RPC)

4

Fig. 15(a) then gives the RC network of a vertical plane
of n such cubes connected in parallel. To obtain finally the
3-D model of a PCM-metal foam structure, a number of
such planes are stacked next to one another, with the RC
networks connected as in Fig. 15(b). The number of planes,
and therefore the size of the network, depends on the cube
dimensions — the smaller the cubes, the larger the RC network
modeling the foam. To model a heat sink containing such foam
between the fins in place of uniform PCM (as in Fig. 2), the
RC network of Fig. 15(b) replaces the network of Fig. 5 in
Fig. 7(b).

R, = (35)

B. PCM Foam Performance

The PCM used for the foam model was Suntech P116, as
in the previous sections. Investigated first was the effect of
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TABLE V
PARAMETERS OF THE STEP RESPONSES OF HEAT SINKS CONTAINING 50% PCM-50% METAL FOAM COMPARED TO A PCM HEAT SINK WITH NO

FoAM AND A CONVENTIONAL HEAT SINK WITHOUT PCM

Heat sink configurations No PCM | PCM, no foam | 1664 cells | 25990 cells | 207 940 cells
PCM begins to melt at - 145 s 72s 55s 52s
PCM molten at - 116.8 s 46.3 s 314s 285 s
Temperature at ¢ = 10 s 56.4 °C 54.8 °C 54.2 °C 53.8 °C 53.5 °C
Temperature at ¢ = 20 s 63.4 °C 61.0 °C 58.9 °C 56.3 °C 55.3 °C
Temperature at ¢ = 30 s 69.6 °C 66.4 °C 62.2 °C 57.8 °C 56.8 °C
Temperature at t = 50 s 80.6 °C 74.8 °C 66.7 °C 66.7 °C 66.7 °C
Temperature at t =70 s 89.8 °C 81.0 °C 75.6 °C 76.1 °C 76.2 °C
Temperature at t = 100 s | 101.0 °C 87.4 °C 88.0 °C 88.4 °C 88.5 °C
Temperature at + =200 s | 123.0 °C 110.7 °C 116.9 °C 117.1 °C 117.1 °C
TABLE VI

PARAMETERS OF THE STEP RESPONSES OF HEAT SINKS WITH 207 940 CELLS CONTAINING DIFFERING AMOUNTS OF
PCM COMPARED TO A PCM HEAT SINK WITH NO FOAM AND A CONVENTIONAL HEAT SINK WITHOUT PCM

Heat sink configurations No PCM | PCM, no foam | 35% PCM | 50% PCM | 85% PCM
Temperature at t = 10 s 56.4 °C 54.8 °C 53.5°C 53.5°C 53.5°C
Temperature at t =20 s 63.4 °C 61.0 °C 55.7 °C 553 °C 55.1 °C
Temperature at ¢ = 30 s 69.6 °C 66.4 °C 59.2 °C 56.8 °C 56.1 °C
Temperature at ¢ = 50 s 80.6 °C 74.8 °C 69.4 °C 66.7 °C 61.0 °C
Temperature at t =70 s 89.8 °C 81.0 °C 78.5 °C 76.2 °C 71.1 °C
Temperature at + =100 s | 101.0 °C 87.4 °C 90.5 °C 88.5 °C 84.3 °C
Temperature at 1 =200 s | 123.0 °C 110.7 °C 118.0 °C 117.1 °C 114.9 °C

PCM foam cube size. For a foam which was selected to be
approximately 50% PCM and 50% aluminium by volume,
three cube sizes were compared: one with the outer cube
having side length 1.15 mm, resulting in two planes in the
2.3 mm wide channel, giving approximately 1664 cells (cubes
of Fig. 12) per heat sink channel; a second with side length
460 um, resulting in five planes and approximately 25990
cells per channel, and a third with cube side length 230 xm,
producing ten planes and approximately 207 940 cells per
channel. The latter is a realistic lower limit [15] for PCM
foam. The heat sink is otherwise identical to that of Section IV
(see Table II) and cpcy = 10 mm. The step responses of
heat sinks without PCM, with uniform PCM (no foam) and
with the three different foam configurations to a 330 W step
are shown in Fig. 16. The PCM temperature for the four
heat sinks with PCM is given for the same step response
is shown in Fig. 17. Clearly the foam structure causes the
PCM to melt sooner; with the smallest cube size, the PCM
begins to melt 5 s after the pulse is applied, as opposed to
14 s with the uniform (no foam) PCM. Also, the smaller the
cell size and the finer the PCM-metal matrix, the sooner the
PCM starts to melt — as expected, as the finer the matrix,
the more high conductivity metal paths are present within the
PCM to distribute heat more quickly. The same trend was
seen when configurations with different proportions of PCM
were simulated. The results are summarized in Table V. The
sooner the PCM begins to melt, the sooner it melts completely,
ending the temperature absorbing effect of the phase change.
So while the foam causes the temperature reduction compared

to the heat sink without PCM sooner, the uniform, no foam
PCM causes the temperature reduction to last longer. As
seen in Table V, the temperature difference between the heat
sink with PCM and the heat sink without at + = 30 s is
as much as 13 °C for the PCM-metal foam, compared to
only 3 °C for the uniform PCM, and at ¢t = 50 s as much
as 14 °C for the foam compared to 9 °C for the uniform
PCM. However beyond those timescales, the uniform PCM
performs better: there is only a 6 °C difference with the foam
compared to 12 °C with the uniform PCM at r = 200 s for
example.

Next, foam configurations with different amounts of PCM
were examined. The results for foam containing 207 940 cells
per channel with 35, 50, and 85% PCM are given in Fig. 18
and Table VI. The heat sinks with more PCM within the foam
perform better, with the reduction in temperature compared to
the conventional heat sink at + = 50 s being almost 20 °C
for the foam with 85% PCM. Beyond ¢ = 100 s all foam
configurations again show the same trend, performing worse
than the uniform PCM. In conclusion, for pulses in the range
of minutes, such as those considered in Section IV, uniform
PCM (no foam) remains the superior option. However for
pulses from 30 s to 100 s in length, PCM-metal foam performs
better than uniform PCM, particularly in the 30 to 50 s range
where uniform PCM does not achieve a notable reduction in
temperature. The use of PCM-metal foam allows hybrid PCM
heat sinks to achieve the same type of performance in the
30 to 50 s range as is achieved with the uniform PCM in the
minutes range.



STUPAR et al.: OPTIMIZATION OF PCM HEAT SINKS FOR LOW DUTY CYCLE HIGH PEAK LOAD POWER SUPPLIES

| 40 mm Cover for fin tips

|
! i/ (insulator)

Metal heat sink

113

Air out Air in
gravity —~—a <« <«
Air = 40 mm
—— 101 :
PCM Duct T

inside heat sink (transparent
insulator)

Heat source /

(resistors)
Fig. 19. Front and side view of the experimental setup.
TABLE VII

HEAT SINK USED FOR EXPERIMENTAL MEASUREMENTS,
DIMENSIONS IN mm

b c L n s t d cpcMm
40 | 40 | 80 | 16 | 1.4 | 1.0 | 10 10
TABLE VIII

PROPERTIES OF THE PLUSICE A53 PCM [20]
USED IN THE EXPERIMENT

A W/mK
0.22

p kg/m3
910

AH kl/kg
209.9

Tinerr °C
53

Cp JkgK
2220

VI. EXPERIMENTAL RESULTS

For experimental verification of the model proposed in
Section III, an existing aluminium heat sink optimized by the
method of Section II for the Sanyo Denki 109P0412K3023
fan [19] was used. Specifications of the heat sink are given
in Table VII. The heat sink was modified by adding PlusICE
A53[22], an organic PCM similar in properties (see Table VIII)
to the Suntech P116 material used in the previous sections.
The configuration of the heat sink is as in Fig. 2, with
CPCM 10 mm, and a duct constructed to direct all the
air blown by the fan into the PCM-free portion of the fins.
In the experiment, a constant heat of 80 W was applied via
power resistors attached to the heat sink base plate. A sketch
of the experimental setup is shown in Fig. 19. As the fan
used is quite powerful, it was noticed during the experiment
that the PCM was cooling quite quickly at its interface with
the blowing air. Therefore, a resistor (similar to the ignored
Rin,q in Fig. 4) was added to the model of Fig. 7(b) between
the midpoint of the PCM and the ambient to account for this
heat transfer path. A standard K-thermocouple was used for
temperature measurement. To avoid placing anything other
than thermal paste between the resistors and the heat sink and
for general ease of access, the thermocouple was inserted into
the PCM itself between the channels, placed so that the tip
of the sensor was approximately at the midpoint of the PCM
block, and not touching the fins. The measured temperature

Material added to keep PCM

Fan

Heat sink side view
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Fig. 20. Temperature of the PCM inside the heat sink channels during a

response to an 80 W step: experimental measurements versus the thermal
network model’s predictions. The thermocouple signal was RC-filtered before
being connected directly into an oscilloscope channel without amplification.
However, the effect of ambient noise is still visible in the measurements.

of the PCM in the experiment therefore corresponds to the
temperature across capacitor Cty, pcy in Fig. 7(b). The results
of the experiment are given in Fig. 20, where the experimental
measurements of the PCM temperature in the heat sink are
compared with the temperature produced by the RC network
model presented in this paper. As can be seen in Fig. 20, both
curves, experimental and model, follow the same trend and
have a very similar shape: fast heating up until the melting
temperature (at about + = 200 s), then a much flatter portion
as the PCM melts and then a “bump” (at about t+ = 1400 s)
when the PCM is completely molten and as it heats up to reach
the steady-state temperature. The experimental curve is flatter
during the melting period than the simulated since in reality
the PCM melts gradually, while in the model it is considered
as one continuous block per channel that temperature of
which changes uniformly at all points. However even with
such a simplification, the shape of the simulated temperature
matches well with the measurements. At steady state, there
is a discrepancy of approximately 6 to 7 °C between the
simulation and the measurement, which is in this case an
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error of approximately 14% (57 °C max. temperature in
the simulation versus 51 °C in the measurements). It must
also be taken into consideration that the thermocouples used
for measurement typically have an error of 2—4 °C. This is
visible in Fig. 20, where the measurements show the PCM
to begin melting at approximately 49 °C, while the PCM
manufacturer gives the material’s melting temperature as 53 °C
(see Table VIII). Assuming such a measurement error of 4 °C,
the error of the simulation reduces to about 2 to 4 °C or
in this case approximately 8% at most. Therefore there is
a good agreement between the model and real-world mea-
surements, especially taking into account the model’s relative
simplicity.

VII. CONCLUSION

Hybrid heat sinks which are partially air-cooled and par-
tially filled with PCMs offer a way to reduce the peak
temperature amplitude in certain high peak load low duty
cycle applications. Since the adding of PCM increases the
thermal capacitance of the heat sink while also increasing
its thermal resistance, care must be taken when selecting
a heat sink configuration: the adding of PCM lowers the
temperature only over a certain range of operation. Once
the PCM has completely melted, the temperature eventually
increases over that of a conventional heat sink. Further-
more, the utilization of the advantages of the PCM for each
pulse requires complete re-solidification during the off-time.
Therefore, the right configuration is strongly dependent on
the application: the power pulse amplitude, period, and duty
cycle.

In this paper, previous work on heat sink optimization
was extended to create a thermal network model of a hybrid
PCM heat sink. This allows for quick simulations of different
heat sink configurations, so that an optimum design can be
chosen. The optimization procedure presented in this paper
is a good guide in selecting an optimum set of heat sink
dimensions.

A conclusion can be also drawn about the general usefulness
of the organic PCM materials typically studied in literature and
examined in this paper: they do not melt quickly enough to
be of significant benefit in situations where the pulses last
only a minute or shorter. The use of such PCMs confers
the most benefit in applications where the power pulsewidth
is several minutes long and the period is measured in tens
of minutes. In such applications, the peak temperature can
be reduced by 10-20 °C, which is an improvement. To
overcome this limitation, the concept of PCM-metal foam
was explored: the foam forms a matrix of high conductivity
metal paths in which the PCM is embedded, allowing for
quicker melting of the PCM. As seen in Section V, a heat
sink utilizing foam rather than uniform PCM can achieve
the aforementioned temperature reduction with shorter pulses,
in the 30 to 50 s range. However, it performs more poorly
compared to the heat sink with uniform PCM with longer
pulses.

Experiments have shown that the output of the thermal RC
network model presented in this paper matches well with

actual measurements. This confirms the usefulness of the
model for designing and optimizing heat sinks with PCMs,
especially considering its relative simplicity and much faster
simulation time compared to e.g., 3-D-FEM.
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