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PCM Thermal Control Unit for Portable Electronic
Devices: Experimental and Numerical Studies

Esam M. Alawadhi and Cristina H. Amon, Fellow, IEEE

Abstract—This paper investigates the effectiveness of a thermal
control unit (TCU) for portable electronic devices by performing
experimental and numerical analyses. The TCU objective is to im-
prove thermal management of electronic devices when their op-
erating time is limited to a few hours. It is composed of an or-
ganic phase change material (PCM) and a thermal conductivity
enhancer (TCE). To overcome the relatively low thermal conduc-
tivity of the PCM, a TCE is incorporated into the PCM to boost
its conductivity. The TCU structure is complex, and modeling an
electronic device with it requires time and effort. Hence, this re-
search develops approximate, yet effective, solutions for modeling
the TCU, which employ effective thermo-physical properties. The
TCU component properties are averaged and a single TCU ma-
terial is considered. This approach is evaluated by comparing the
numerical predictions with the experimental results. The numer-
ical model is then used to study the effect of important parameters
that are experimentally expensive to examine, such as the PCM la-
tent heat, Stefan number, and heat source power. It is shown that
the TCU can provide a reliable solution to portable electronic de-
vices, which avoids overheating and thermally-induced fatigue, as
well as a solution which satisfies the ergonomic requirement.

Index Terms—Phase change material, portable electronics,
thermal conductivity enhancer, thermal management.

NOMENCLATURE

Symbols

Specific heat.
Apparent heat capacity.
Acceleration of the gravity.
Grashof number.
Heat transfer coefficient.
Radiation coefficient of heat transfer.
Effective coefficient of heat transfer.
Thermal conductivity.
Latent heat of fusion.
Characteristic length.
Number of electronic components in a device.
Nusselt number.

PCM Phase change material.
Prandtl number.
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Heat generation per unit volume.
Residual.
Rayleigh number.
Stefan number.
Temperature.
Time.

TCE Thermal conductivity enhancer.
TCU Thermal control unit.
TIA Technical information assistant.

Volume.

Greek Symbols

Thermal expansion.
Emissivity.
Density.
Boltzmann constant.

Subscripts

Surface.
Ambient.

I. INTRODUCTION

T HE RELIABILITY of an electronic component is defined
as the ability of performing a required function under

given conditions for a stated time [1]. An electronic device
fails to fulfill its intended function when its application or
environmental condition exceeds its application limit. A survey
from the U.S. Air Force [2] indicates that the percentage of
temperature related failures in electronics exceeded 55%. This
high percentage is evidence that the current cooling methods are
inadequate to fulfill the device cooling requirement. Advances
in electronic packaging and increases in chip complexity and
functionality lead to this high percentage. Theoretically, elec-
tronic components are very reliable at recommended operating
temperatures [3]. However, environmental factors and unusual
operating situations greatly decrease the effective operating
time. Mithal [4] studied the effect of temperature on electronic
component reliability. The experimental results indicate that
a 1 C decrease in a component temperature may lower its
failure rate by as much as 4%. Moreover, the research indicates
that a 10 C to 20 C increase in component temperature may
increase its failure rate by 100%.
Portable electronic devices such as notebook computers and

wearable electronic devices possess unique characteristics that
nearly eliminate the use of traditional methods of thermal man-
agement. They are highly sophisticated computers employed to
assist their users in unusual environments. Since users will wear
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Fig. 1. Power dissipation per unit area available for heat transfer to ambient for CMU wearable electronic devices in the last ten years.

or carry the devices during duty time, these devices are required
to be light in weight and compact. In addition, they are required
to be completely sealed because they are designed to operate in
wet and dusty environments. Ventilation slots allow ambient air
to circulate in the device and may damage the device’s sensitive
components.Therefore, theyarenotpreferableduetotheworking
environment. Extended surfaces can be placed on the device’s
outer surface, but these are undesirable because their relatively
highweight increases the device’s size. Cooling fans are also not
a preferred method of cooling because of the noise they produce
and theadditional energy theyconsumefromthedevice’sbattery.
Whennatural convectionon the external case is theonlymeans of
heatdissipation, thermalmanagementsofelectronicdeviceshave
reached their limit in controlling the excessive heat that is gener-
ated in the main processor and other components. If the work-
load is too heavy, natural convection cannot balance the inter-
nallygeneratedheat.Thus, heatwill be accumulated in thedevice
and a failure due to overheating is likely to occur. Active thermal
managementmayprevent thedevice fromoverheating, but cyclic
burstsofpowergenerationincreasethepossibilityoffailuredueto
thermal fatigue. The electronic components’ reliability is highly
affected by these types of operations.
Fig. 1 shows Carnegie Mellon University’s wearable com-

puters, which have been designed and manufactured in the last
ten years [5]. This figure shows power dissipation per unit area
available for heat transfer to the ambient. This figure indicates
that during the last ten years, the power dissipation per unit
area has increased dramatically, due to a continuous increase of
dissipated power and a continuous decrease of device size. The
operating time of these wearable computers is limited to a few
hours, thus motivating the need for a new method of thermal
management.

A. Thermal Management With Phase Change Materials

A thermal control unit (TCU) has several attractive features
that can fulfill the cooling needs for portable electronic devices

with a limited operation duration of a few hours. The TCU is
composed of phase change material (PCM) and a thermal con-
ductivity enhancer (TCE). The TCU’s primary function is to ab-
sorb the excessive heat that is generated in the heat source com-
ponent during operating time by allowing the PCM to melt, and
then releasing it during OFF time while keeping the electronic
outer surface temperature relatively low and comfortable to the
user’s skin. The TCE is used to make the melting and freezing
of the PCM uniform. Once the component temperature reaches
the PCM melting temperature, the PCM melts and absorbs heat
until it is completely melted. During this period, the component
temperature is almost constant and a steady state temperature is
delayed, allowing additional operating time before reaching the
component’s maximum temperature. Relatively high amounts
of energy can be stored in small quantities of PCM because of
the latent heat of the PCM.
The TCU can also be useful to other applications, such as the

thermal management of an electronic device with cyclic bursts
of power. The TCU can act in conjunction with the varying
power, stabilizing the varying electronic temperature for a sig-
nificant time. During ON time, the PCM absorbs part of the gen-
erated heat. DuringOFF or low power periods, the PCM releases
the stored heat into the ambient air. The PCMdecreases the tem-
perature fluctuating band during PCMmelting, and also reduces
the fluctuating average temperature.
Leoni and Amon [6] built a numerical model for the TCU,

with the objective of investigating the performance of the TCU
under different geometry layouts and the effect of using PCMs
with different melting temperatures. The TCU is embedded in
epoxy polymer [7] that simulates an electronic device embedded
in a wearable computer [8], and a heat source unit is attached
to the thermal control unit. To control the temperature for a
specific electronic component, completely enclosing the heat
source component by the thermal control unit is recommended
for best performance. Experimental and numerical investiga-
tions were performed by Vesligaj and Amon [9]. The physical
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experiments were conducted to study the performance improve-
ment by introducing a PCM thermal control unit into an elec-
tronic device model. The numerical calculations predict that the
TCU can improve the system’s performance during time depen-
dent operating conditions by dampening the heat source tem-
perature fluctuations during PCM melting. The boundary con-
ditions and thermal conductivity of the polymer composite sub-
strate have a significant effect on the TCU’s performance be-
cause they affect the heat path in the system.
Gauche and Xu [10] examined a compact system that con-

tained a main printed circuit board with a central processing
unit. A hybrid-cooling device consisting of an extended sur-
face and a PCM package is placed on the main processor. The
PCM package absorbs heat from the circulating air and from the
processor. Estes [11] studied the effect of a PCM heat storage
package inside telecommunication plant electronic enclosures
on the system’s temperature. A PCM layer covers the enclo-
sure, and varying and constant power operations are both con-
sidered. The electronic operating condition is improved after in-
troducing the PCM. A comprehensive study for passive thermal
control of a plastic quad package by using PCM was performed
by Pal and Joshi [12]. A PCM package is incorporated under a
printed wiring board. While the PCM is melting, there is a nat-
ural convection flow in the enclosure. The effect of the thermal
conductivity of the printed board is considered in the investiga-
tion. They found that the PCM could hold the chip temperature
rise for a substantial amount of time.

B. Thermal Control Unit Component

The thermal control unit is composed of phase change mate-
rial (PCM) and thermal conductivity enhancer (TCE). The PCM
selection criteria and types are described in this section, along
with TCE materials and design.

Phase Change Material:Compared to other thermal man-
agement techniques for electronic devices, thermal control by
using PCM is a new approach. There are over 500 potential
PCM candidates that are reviewed in literature [13]. However,
few materials have actually been tested and used for PCM elec-
tronic applications. The PCMs are selected on the basis of their
heat of fusion and melting temperatures. However, many PCMs
have a high latent heat of fusion and a convenient melting tem-
perature but are hazardous or highly corrosive. Therefore, the
PCM must exhibit certain desirable thermodynamic and chem-
ical properties. In addition, economic considerations and avail-
ability at large scales must also be considered.
The various criteria that control the PCM selection for the

thermal control units are listed in Abhat’s report [14], and the
PCM selection depends on the application. In general, the PCM
should possess the following criteria: the PCMmelting tempera-
ture should be lower than the device’s maximum operating tem-
perature; the latent heat of fusion must be high, allowing a small
amount of PCM to store a large amount of energy; high spe-
cific heat is desirable, which will provide additional sensible
heat storage capacity; it must have high thermal conductivity,
which makes the PCM melting and solidification homogenous
and could also prevent potential PCM overheating; it must have
chemical stability, so that the PCM will not be changed periodi-
cally; the PCMmust be nonpoisonous, nonflammable, and non-

TABLE I
PCMS AND THEIR PROPERTIES

explosive. Themost critical properties are PCMmelting temper-
ature and latent heat of fusion. The PCM thermal conductivity
is not critical because it could be improved by using a thermal
conductivity enhancer. PCMs are grouped into the families of ei-
ther organic or inorganic. Sub-families of the organic materials
include paraffin and nonparaffin organics. The thermal conduc-
tivity of paraffins is very low and comparable to insulators.
Paraffins should not be exposed to high temperature because

all organic materials are flammable. Several paraffins and non-
paraffins have melting points within the desired range, and high
latent heat would satisfy the storage requirements. However,
the requirement that the thermal control unit be nonflammable
eliminates these candidates. However, salts hydrates are suc-
cessful substitutes for organic PCMs. They are nonflammable,
have high heat of fusion, and their melting temperatures range
from 18.5 C to 116.0 C, making them ideal for thermal de-
sign considerations of electronic devices. The major problem
with using salt hydrates for PCMs is that they are highly cor-
rosive. Table I shows commonly used PCMs as phase change
material, and properties are obtained from the Phase Change
Material Handbookby Hale et al.[13]. Eicosane has been used
as a PCM in this research because its melting temperature is
within the desired operating temperature of the TIA. Its proper-
ties do not significantly change with temperature. However, its
properties are different in each phase. For the numerical simu-
lations, different constant properties in solid and liquid phases
are used as well as during PCM melting.

Thermal Conductivity Enhancer:One major issue that
needs to be addressed is that all phase change materials with
high latent heat storage capacity have unacceptably low thermal
conductivity, which makes heat charging and discharging slow
during PCM melting. An increase in the heat transfer during
PCMs phase change with low thermal conductivity is demon-
strated by inserting a highly conductive metal matrix into the
PCM. The matrix is dispersed in the PCM so that the mixture
behaves thermally like a homogenous material with both high
thermal conductivity and high heat capacity [7]. Practically,
an application imposes a size limitation in the TCU, and the
TCE reduces the volume available for the PCM. Therefore,
when considering the thermal storage capacity, the heat storage
capacity of the PCM is displaced by a specific heat temperature
rise product for the TCU, which is much lower than PCMs
latent heat capacity. Hence, the TCE’s size and design should
be carefully measured and performed.
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Fig. 2. Technical information assistant (TIA), wearable computer, and location of the thermocouples.

Aluminum, titanium and stainless steel are the metals used
for the TCE. The thermal conductivity of these metals is high.
They are corrosion resistant and high in strength to weight
ratio. Aluminum is widely used because of its low density,
high thermal conductivity, and corrosion resistance. It can be
soldered, brazed, and welded. In addition, aluminum-aluminum
joints are generally superior in strength to joints between
aluminum and dissimilar metals. Straight fins are used in com-
putational studies for preliminary analyzes and performance
predictions, since modeling a metal honeycomb or foam matrix
demands greater effort. The fins in numerical studies can
simulate the metal honeycomb or foam matrix in a practical,
properly modeled system.

II. EXPERIMENTAL AND NUMERICAL TCU MODELS

The experimental model is a prototype of a Technical In-
formation Assistance (TIA), a wearable computer where the
thermal control unit is embedded in the electronic device. The
objective of the experimental work is to verify the numerical
model and to ensure the effectiveness of the TCU under realistic
operating conditions. The numerical model is then employed to
study the effect of important factors that are experimentally ex-
pensive to obtain, such as the effect of the Stefan number.

A. Experimental Model

The TIA physical model is designed and manufactured for
physical experiments [15] at the shape deposition-manufac-
turing laboratory at Carnegie Mellon University [16]. The
experimental model, shown in Fig. 2, contains a thermal control
unit (TCU), which is an aluminum enclosure, with aluminum
foam impregnated with Eicosane PCM. The TCU’s dimensions
are 101 68 12 mm and its weight is 132 g. The PCM’s
quantity in the TCU is 62.5 g and 20% of the TCU’s total
volume is left empty to account for the PCM thermal expansion
upon melting. The aluminum foam was obtained from Energy
Research and Generation, Inc. and is 8–9% aluminum by
volume. The aluminum foam is wrapped by an aluminum sheet
to seal the TCU, and the thickness of the aluminum sheet is

0.76 mm. A strip heater with nominal resistance of 9.1 is
attached to the backside of the TCU. The heater uses high
thermal conductivity silicon grease that is applied to minimize
the resistance of the joints.
The TCU is embedded in an epoxy polymer, Stycast 2651mm

black, obtained from Grace Specialty Polymers. The thermal
conductivity of the epoxy is 0.6 w/m.K., and the epoxy quan-
tity in the TIA is 350 g. The building procedure of the TIA’s
model follows the layout manufacturing process of shape depo-
sition manufacturing [17]. Heat is dissipated to the environment
from the front face of the TIA and the rubber harness while the
backside of the TIA is insulated. The total area available for free
convection and radiation is approximately 350 cm .
An experimental set up and automated data acquisition

system is used to obtain temperature data from the TIA epoxy
model. Thirteen thermocouples are positioned in and on the
TIA model. The temperature histories of the heat source and
the TIA outer surface are of interest. All thermocouples are K
type and obtained from OMEGA Inc. OMEGA’s specification
on this type of thermocouple gives a working temperature range
of 0 to 1250 C with an error of 0.75 C. The thermocouples
are attached to the TIA’s surface area by using OMEGA bond
100, an adhesive belonging to OMEGA’s group of high thermal
conductivity epoxies. The thermocouple wires are connected
to the analog input channel on the data acquisition connector
board. The connection board is obtained from Data Translation,
and the model is DT707-T. The temperature signals from the
connection board are transferred to the PC, using an eight
channel data acquisition board; model DT 2081. The strip
heater wires are connected to the dc power supply which is
capable of supplying 0–12 voltage or 0–12 amperes. A digital
voltmeter is used to measure the actual strip heater resistance.
Along with the power supply, the strip heater’s dissipated
power can be determined.

B. Numerical Model

The objective of performing this numerical study is to answer
several TCU design questions. In the numerical simulations, the
effect of the coefficient of heat transfer can easily be examined
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Fig. 3. Finite elements model of the TIA wearable computer.

whereas it is expensive to perform this procedure in the physical
model. In addition, the effect of the latent heat of fusion on the
PCM can be examined in the numerical analyses by changing
the PCM properties in the code rather than physically replacing
another PCM. Moreover, the numerical solution for the TIA en-
ables us to examine the temperature distribution, locate the hot
spots, and examine temperature distributions for high power ap-
plications.
The numerical model replicates the physical model, and the

temperature history of the heat source and outer surface area is
obtained by assigning history points at these locations. These
locations are the same as the corresponding thermocouple lo-
cations in the physical model. To ensure the accuracy of the
numerical model and the proposed assumptions, a comparison
between the experimental and numerical models is performed
first. The dimensions and geometry of the TIA were previously
presented in the experimental section. Finite elements method is
utilized to study the effectiveness of the TCU for the electronic
device. The mesh of the 3-D model is shown in Fig. 3, and the
computational domain consists of 15 000 elements. To ensure
that the results are mesh independent, the results of a model with
20 000 elements is compared with one having 15 000 elements
in terms of temperature distribution at the steady state condition
and the behavior of the two history points. The discrepancies ob-
tained were less than 0.5%, and the model with 15 000 elements
is selected for performing the numerical investigations because
it takes less CPU time. In addition, it was verified that the time
step of 5 s provides good temporal resolution. The computa-
tional mesh is dense at the heat source and the thermal control
unit, while it is coarse at the insulated side of the TIA. Notice
that the heat source fine mesh cannot be viewed from Fig. 3 be-
cause it is embedded in the TIA. Heat is generated only at the
heat source, and the TCU volume is attached to the heat source.

C. Calculating Effective Thermo Physical Properties of the
TCU

The structure of the TCU is complex, containing PCM,
thermal conductivity enhancer, and air. Detailed modeling
of an electronic device with this complex TCU is compu-
tationally challenging. Therefore, approximating the TCU

TABLE II
THERMO-PHYSICAL PROPERTIES OF TCU COMPONENTS

thermo-physical properties is essential for modeling and per-
forming parametric studies of the TIA. In this research, average
properties based on the TCU component’s volume are used in
the numerical model. This approximate method is proposed by
Chow [18], who examined the validity of modeling the TCU
with average material properties by comparing its results with a
TCU with multimaterial composition. A strong agreement was
found between the two cases. The effective thermo-physical
properties of TCU components are shown in Table II. The
TCU’s effective thermal conductivity, specific heat, specific
heat during PCM melting and density are defined as

(1)

(2)

(PCM melting) (3)

(4)

The latent heat of the epoxy polymer and aluminum composite
is set to zero because the storage media is always kept at a tem-
perature below the melting point. Table III shows TCU average
properties that are used in the numerical simulations.

D. Boundary Conditions

The imposed boundary conditions are the same as in the ex-
perimental model. The coefficient of heat transfer is obtained
from the working correlation for free convection. Since the front
side is a vertical plane, while the top and bottom sides have hor-
izontal planes, different correlations have been used. The cor-
relation formulae are for natural convection only, and the radia-
tion effect should be counted by using the radiation coefficient
of heat transfer, defined as

(5)

where is the surface emissivity and is the Boltzmann con-
stant. The effective coefficient of heat transfer is the sum of the
convection and radiation coefficients. Each surface subject to
convective and radiation heat transfer is treated independently,
and the effective coefficient of heat transfer is obtained at each
surface.
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TABLE III
TCU AVERAGE PROPERTIES

Free Convection Past Vertical Plane Surface:Incropera and
DeWitt [19] have documented experimental investigations for
free convection past vertical plane surface, and recommend the
following relation for laminar free convection:

for (6)

The Nusselt and Rayleigh numbers are based on the total
length, which corresponds to the height of the TIA. The
Rayleigh number is defined as

(7)

where is the air thermal expansion, and is equal to the recip-
rocal of the air temperature when air is assumed an ideal gas.

Free Convection Past Horizontal Plate:There are two cases
for free convection past a horizontal plate, top heated and bottom
heated. The top surface of the TIA is top heatedwhile the bottom
side is bottom heated. The following correlation for laminar free
convection is widely used. Heated plate facing up

for (8)

Heated plate facing down

(9)

where

(Plate Area)/(convection past inclined plate) (10)

Free Convection Past Inclined Plate:For a heated inclined
surface, Incropera and Dewitt [19] recommend that for
, be replaced by in the correlation for the vertical

plate.
Insulated Boundary Condition:Setting zero heat flux on

the insulated boundary condition simulates adiabatic Newman
boundary condition

(11)

Since the boundary’s temperature is not uniform, the average
temperature on each surface is assumed to be the average of the

TABLE IV
AVERAGE COEFFICIENT OF HEAT TRANSFER OF THE TIA’S SURFACES

initial condition and the steady state temperature. The proper-
ties are calculated at , except for , which is calculated at

. in the Grashoff number is the temperature difference
between the ambient air and the surface temperature. The
and are defined as

where is the surface temperature of the electronic device.
Table IV shows convective, radiation and average coefficients
of heat transfer for each surface.
The heat transfer coefficient at the vertical surface is

12.73 w/m.K. On the other hand, the heat transfer coefficient at
this surface obtained experimentally by Leoni and Amon [20]
is 11.8 w/m.K. The difference is due to the uniform surface
temperature and time-independent temperature assumptions for
all surfaces. However, this difference is small, which validates
the proposed assumptions in calculating the coefficient of heat
transfer. An average coefficient of heat transfer for all surfaces
is used in the numerical analysis, defined as

(12)

where is the surface area. The calculated heat transfer coeffi-
cient is 13.5 w/m.K, which is used for all examined powers.

E. Modeling PCM Phase Change

The method that is widely used to simulate a phase change
is the apparent heat capacity method. This method effectively
makes any heat transfer software capable of simulating a phase
change if the specific heat can be a function of temperature.
Thermodynamically, the sum of sensible and latent heats is the
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enthalpy, and the specific heat is the rate of change of the en-
thalpy with respect to temperature

(13)

The sum of sensible and latent heats is defined as the apparent
heat capacity in the energy conservation equation

(14)

The term is equal to zero at the solid and liquid phases.
This term can be approximated as

(15)

This approximation is valid when the transition temperature
range is of the order of 1 C [21]. The released latent heat

is a function of temperature, but it can be approximated as
constant. The following is a definition of the apparent heat ca-
pacity method:

(16)

where is the PCMmelting temperature and is the transi-
tion temperature range. The buoyancy effect of the liquid PCM
is negligible because the TCE metal structure prevents liquid
PCM from moving and makes the TCU’s temperature spatially
uniform. In this research, the buoyancy effects and thermal ex-
pansion were neglected for modeling simplification.

III. RESULT AND DISCUSSIONS

Both constant and varying heat source powers are examined
in the experimental and numerical investigations. The aim of
experimental work is
a) to ensure that the proposed TCU model has an acceptable

level of accuracy for engineering applications under prac-
tical situations;

b) to examine the effectiveness of the thermal conductivity
enhancer;

c) to measure melting time of the PCM.
On the other hand, the numerical model is employed to examine
TCU thermal design factors that are expensive to be examined
experimentally, such as the effect of the Stefan number.

A. Constant Power Operation

The objective of the implementation of PCM in portable elec-
tronic devices is to extend their operating time. Hence, the po-
tential device overheating could be prevented and its surface
temperature could be lower than what could harm the user’s
skin [15]. Heat is generated at the heat source. The device ini-
tial temperature and the ambient temperature is 20 C. Fig. 4
shows experimental and numerical temperature histories at the
heat source (thermocouple # 1) for four different constant values
of power: 5, 6.75, 8, and 10 W.

Fig. 4. Experimental and numerical temperature histories of the heat source
for four constant powers.

When the heat source power is applied, its temperature starts
rising from its initial condition at 20 C until it reaches 37 C.
During this period, energy is either stored in the system in the
form of sensible heat or transferred to the ambient. Once the heat
source reaches 37 C, which is the PCM melting temperature,
the heat source temperature increasing rate decreases, caused by
the PCM’s heat absorption in the form of latent heat of fusion.
During this period, heat is stored in the system in the form of
latent and sensible heats. The PCMmelting duration is 12 600 s
for 5 W. When the PCM is completely melted, heat source tem-
perature starts rising again until it reaches the steady state tem-
perature. The duration for this period is about 21 600 s. The
steady state temperature of the heat source is about 45 C. Since
the heat source maximum temperature did not exceed the limit
for safe and reliable operating conditions, a power of 5 W is
considered to be safe for the device, and there is no limit for the
device active power duration.
When 6.75 W are generated at the heat source, the heat

source temperature reaches 50 C after 18 000 s. The PCM
melting duration for this power is 7560 s. The PCM melting
time for 6.75 W is shorter than for 5 W, which is 12 600 s,
due to the PCM’s limited storage capacity. Under steady state
conditions, the temperature of the heat source reaches 54 C,
which is 4 C above its maximum allowable temperature. The
other two powers investigated, 8 and 10 W, are high, but are
common operating powers found in modern portable devices.
The heat source temperature reaches 50 C only after 14 000
s for 8 W, and 7500 s for 10 W. The experimentally-obtained
steady state temperature is 58 C for 8 W and 67 C for 10 W,
respectively.
Fig. 4 illustrates the good agreement obtained between the

experimental and numerical results. The numerical results can
accurately predict the PCM melting time, which is an impor-
tant design parameter for the TCU. In addition, at the steady
state condition, the numerical result is also capable of predicting
the outer surface temperature with less than a 3% margin of
error. When the PCM is completely melted, the heat source tem-
perature starts to increase until it reaches the steady state tem-
perature. During PCM melting, the experimental results have a
slightly higher temperature than the numerical predictions. This
difference is caused by PCM overheating, especially at a high
heat source power. In the numerical model, the averaging of the
thermo-physical properties yields a different heat distribution
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Fig. 5. Experimental and numerical temperature histories of the outer surface
for four constant powers.

than the TCU with multi-material composition, especially at an
8 and 10 W heat source power. In addition, the numerical sim-
ulation accurately predicts the melting time for the PCM.
Experimental and numerical temperature histories at the outer

surface of the TIA are shown in Fig. 5. Notice that the outer sur-
face does not reach 55 C, which makes all operating powers
safe for the user’s skin. A good agreement between the exper-
imental and numerical result is also observed at this location.
The comparison between the numerical and experimental re-
sults corroborates the proper issue of the use of the effective
thermo-physical properties for the TCU and the method of ob-
taining the coefficient of heat transfer. The following conclu-
sions are drawn from the previous figure.

1) Because the outer surface is relatively far from the TCU
and the heat source is attached to the TCU, the predicted
heat source temperature is slightly less accurate than the
outer surface temperature history. The use of the effective
properties affects the heat source temperature predictions
with TCE less than the outer surface temperatures.

2) PCM melting time obtained from both experimental and
numerical results are very close. This indicates that the
apparent heat capacity method for phase change simula-
tion is accurate to predict the actual melting time. In addi-
tion, neglecting the free convection in the PCMwith TCE
and neglecting PCM thermal expansion are valid assump-
tions, and the effective properties approach is an accurate
representation.

3) During PCM melting, the heat source experimental tem-
perature is higher than the numerical result, which indi-
cates that the PCM is overheating and the use of the TCU
effective properties approach reduces the effect of PCM
overheating. The TCU with this effective property is a
more efficient way to distribute heat than the foam ma-
trix.

4) The close agreement between the experimental and nu-
merical results indicates that the methodology of calcu-
lating the effective coefficient of heat transfer is accurate
for engineering calculations. The outer surface tempera-
ture histories of the numerical and experimental results
are close to each other. The error is less than 3% in spite
of using the average coefficient of heat transfer rather than
local values of the effective coefficient of heat transfer.

Fig. 6. Experimental temperature history for Case 1 at the heat source and
outer surface.

5) When there is no TCU in the device, previous research
published by Leoni and Amon [20] indicates that the tem-
perature of the heat source increases without the observed
temperature stabilization, as shown in this research.

B. Varying Power Operation

The prior section has demonstrated that an electronic system
with a TCU reduces heat source temperature and extends op-
erating time for constant power operation. However, an elec-
tronic device is frequently operated under varying time-depen-
dent power. In this section, two different types of varying powers
are examined. The first one is ON/OFF cycles (case 1), where
the ON power is 10W. This type of duty cycle simulates an elec-
tronic device undergoing full power and standby modes. The
ON time lasts 900 s and the OFF time lasts 1800 s. Therefore,
the period of each cycle is 2700 s except that the first cycle lasts
for 1800 s without the OFF power. The initial ON power was
used to ensure that the melting process had begun before exam-
ining the thermal response of the TCU. The second examined
power cycle is varying power with a smaller temperature fluc-
tuation band (case 2) as opposed to case 1. In this duty cycle,
a power of 10 W is generated in the heat source for 900 s, fol-
lowed by 5W for 1800 s, The period of the cycle is 1800 s. This
type of duty cycle simulates high and low demands of power,
which is a realistic type of operation.
Fig. 6 shows temperature histories for case 1 at two loca-

tions: the heat source and the outer surface. The figure indicates
that the heat source temperature fluctuates between the PCM
melting point and its maximum temperature, which is around
40 C. In the beginning of the OFF period, the PCM is in liquid
phase.
While the PCM temperature decreases to its solidification

temperature, the PCM releases the stored energy, taking a long
time to completely discharge the latent heat. The energy is dis-
charged to the ambient and its surrounding components such as
the heat source. For this generated power, the fluctuating tem-
perature band is 7 C. On the other hand, the surface tempera-
ture of the TIA fluctuates with a smaller temperature fluctuation
band, which is 1 C, and its maximum temperature is 31 C.
The heat source and the TIA outer surface temperature histo-

ries for case 2 are shown in Fig. 7. The OFF period in case 1 is
substituted by 5 W. This figure indicates that the heat source
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Fig. 7. Experimental temperature history for Case 2 at the heat source and
outer surface.

Fig. 8. PCM melting time versus Stefan number for different power
dissipations.

reaches a maximum temperature of 54 C, and it is 9.5 C
higher than the previously examined case. During PCMmelting,
which last for 16 200 s, the temperature fluctuation band is 5 C,
whereas the steady state temperature fluctuation band is 7.5 C.
In addition, the maximum heat source temperature during PCM
melting is 37 C which is 12.5 C lower than the steady state
temperature.

C. Effect of the Stefan Number

The effect of the Stefan number on the PCM melting time is
shown in Fig. 8, for four heat source powers: 5 W, 6.75 W, 8 W,
and 10 W. The Stefan number is defined as

where is latent heat of fusion, and is the transition temper-
ature. The Stefan number increases the storage capacity of the
TCU and does not affect the heat paths in the system. There-
fore, there is a linear relationship between the Stefan number
and the PCM melting time. This parametric study is useful for
determining the required size of the TCU for a given operating
power and time extension. By knowing these factors, the Stefan
number, which is an indication of the PCMquantity storage size,
can be determined.

IV. CONCLUSION

Experimental and numerical studies were performed to in-
vestigate the effectiveness and performance of a thermal con-
trol unit (TCU). The aim of the experimental investigation was
to ensure the effectiveness of the TCU model under practical
conditions, whereas the aim of the numerical investigation was
to study the effect of the TCU’s components and to optimize
their performance. In addition, the technique proposed to model
the TCU’s complex structure was verified by comparing numer-
ical to experimental results. Afterwards, the numerical model
was employed to examine important thermal design parameters,
such as the Stefan number and heat source power.
The experimental results demonstrate the TCU effectiveness

in controlling the heat source temperature. For constant power
operations, the TCU keeps the system’s temperature almost
constant during PCM melting, which is 37 C for Eicosene
PCM. For varying power operations, the TCU highly reduces
the heat source temperature fluctuations and its average tem-
perature during PCM melting. The PCM melting time period
decreases as the heat source power increases in a nonlinear
trend for both constant and varying power operations. Further-
more, the PCM melting time increases as a function of the
Stefan number.
The numerical prediction for the examined experimental

model shows a good agreement between the numerical and
experimental results. Therefore, the proposed assumptions in
the numerical model are valid for investigating thermal design
trends. PCM melting times obtained from both experimental
and numerical results indicate that the apparent heat capacity
method for phase change simulation is accurate. In addition,
neglecting free convection and thermal expansion in the PCM
is a suitable engineering approach.
The close agreement between the experimental and numerical

results demonstrates that the methodology of calculating the ef-
fective heat transfer coefficient and of modeling the TCU with
average material properties is a valid approach. The three di-
mensional numerical analysis illustrates that the heat transfer
coefficient does not significantly affect the PCM melting time
at a given heat source power for the examined conditions. In
addition, the graphical representation of the effect of the Stefan
number on the PCMmelting time is a useful tool for determining
the required size of the TCU for a given operating power and re-
quired time.
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