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There are many applications throughout the military and commercial industries whose
thermal profiles are dominated by intermittent and/or periodic pulsed thermal loads. Typ-
ical thermal solutions for transient applications focus on providing sufficient continuous
cooling to address the peak thermal loads as if operating under steady-state conditions.
Such a conservative approach guarantees satisfying the thermal challenge but can result
in significant cooling overdesign, thus increasing the size, weight, and cost of the system.
Confluent trends of increasing system complexity, component miniaturization, and
increasing power density demands are further exacerbating the divergence of the optimal
transient and steady-state solutions. Therefore, there needs to be a fundamental shift in
the way thermal and packaging engineers approach design to focus on time domain heat
transfer design and solutions. Due to the application-dependent nature of transient ther-
mal solutions, it is essential to use a codesign approach such that the thermal and pack-
aging engineers collaborate during the design phase with application and/or electronics
engineers to ensure the solution meets the requirements. This paper will provide an over-
view of the types of transients to consider—from the transients that occur during switch-
ing at the chip surface all the way to the system-level transients which transfer heat to
air. The paper will cover numerous ways of managing transient heat including phase
change materials (PCMs), heat exchangers, advanced controls, and capacitance-based
packaging. Moreover, synergies exist between approaches to include application of
PCMs to increase thermal capacitance or active control mechanisms that are adapted
and optimized for the time constants and needs of the specific application. It is the intent
of this transient thermal management review to describe a wide range of areas in which
transient thermal management for electronics is a factor of significance and to illustrate
which specific implementations of transient thermal solutions are being explored for each
area. The paper focuses on the needs and benefits of fundamentally shifting away from a
steady-state thermal design mentality to one focused on transient thermal design through
application-specific, codesigned approaches. [DOI: 10.1115/1.4047474]

Keywords: transient, thermal management, electronics packaging, phase change materi-
als, codesign, thermal system

1 Introduction

Transient thermal management is the application of principles
of time-dependent heat transfer to avoid excessive temperature
rise during pulsed or unsteady operating conditions. In contrast to
steady-state designs, which focus on reducing thermal resistances
in a system, transient thermal problems require considering both
thermal resistances and the effective thermal capacitance of a sys-
tem, which together dictate the time-dependent temperature rise.

The harsh reality for the thermal engineer is that “steady-state”
is merely an illusion of design assumptions. Transient heat loads
dominate in many applications, with the closest realization of
steady-state only occurring in limited situations where the domi-
nant thermal time constants are small relative to the timescale of
changes to the boundary conditions of the system. As the magni-
tude, duration, and frequency of an increase in junction

temperature can all have effects on component life [1], knowing
the temperature history of a component is important.

Current trends in miniaturization and development of light-
weight components and systems may have the side effect of
reducing the effective thermal capacitance, which can exacerbate
temperature ramps and place stringent demands on transient ther-
mal management [2].

Electronics often do not reject heat directly to ambient but to a
coolant loop system. Transient system-level considerations
include the analysis of the time-domain response associated with
the rejection of heat to ambient or to other coolant systems. Ele-
ments such as pumps and valve systems can introduce characteris-
tic timescales associated with their operation, whereas elements
with a large thermal capacitance, such as heat exchangers and
cold plates, can serve to delay transient temperature rise.

Figure 1 illustrates the opportunities for both level 1 (system)
and level 2 (package) transient thermal solutions that are dis-
cussed in this review. It cannot be understated that decisions
regarding the selection of level 1 or 2 approaches are heavily
dependent on the application. Determining the types of solutions
will depend on the pulse magnitude and duration, the ability to
alter and influence the packaging and heat exchangers, as well as
other package and system limitations.

1Corresponding author.
Contributed by the Electronic and Photonic Packaging Division of ASME for

publication in the JOURNAL OF ELECTRONIC PACKAGING. Manuscript received January
15, 2020; final manuscript received June 1, 2020; published online June 29, 2020.
Assoc. Editor: Sreekant Narumanchi.

This work is in part a work of the U.S. Government. ASME disclaims all interest
in the U.S. Government’s contributions.

Journal of Electronic Packaging DECEMBER 2020, Vol. 142 / 041111-1CopyrightVC 2020 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/142/4/041111/6546473/ep_142_04_041111.pdf by The Pennsylvania State U

niversity, Sukw
on C

hoi on 23 D
ecem

ber 2020

https://crossmark.crossref.org/dialog/?doi=10.1115/1.4047474&domain=pdf&date_stamp=2020-06-29


This review aims to bring a new perspective on the develop-
ment and codesign of transient thermal management solutions at
both the system and package levels for electronic components and
introduce essential components for transient thermal management
such as phase change materials (PCMs) and active control mecha-
nisms. Transient thermal solutions and tools will be introduced for
the system and package levels, respectively.

2 Transient Design

2.1 Introduction to Thermal Transient Design. Electronics
are engineered to comply with the requirements from the electri-
cal, mechanical, and thermal domains. Traditional design occurs
iteratively, and a series of “best solutions” are developed in each
domain independently. When devices are operated transiently at
high power density, interactions between the domains increase
and multidomain optimized, or codesigned, solutions are required.
For example, an optimized low thermal resistance heat sink can
have excellent steady-state performance but poor transient per-
formance due to reduced thermal capacitance [2].

Codesign has the potential to significantly advance the state-of-
the-art electronic packaging by moving away from a sequential
design approach and replacing it with an inclusive design
approach for which the electrical, thermal, and mechanical
domains are all simultaneously considered [3]. Codesign requires
a fundamental change in how thermal engineers, system engi-
neers, and electrical engineers interface with each other, and it is
necessary to create the right knowledge base, materials, tools, and
communication across disciplines to allow for significant system
improvements. Codesign at all levels and across the
thermal–mechanical–electrical domain is essential for optimized
performance. Transient solutions developed through codesign are
therefore highly customized for the timescales of the specific
application, and not as generally transferable to other applications
as steady-state “best solutions.”

Traditionally, thermal engineers use a thermal resistance net-
work to evaluate the temperature rise between ambient and the
junction temperature of a critical component in the electronics
package. In order to design for transient performance, the thermal
capacitance of each component needs to be added to the thermal
resistance network. Dimensionless numbers such as the Biot and
Fourier numbers play an important role in thermal transient mod-
eling as they, respectively, describe the convective versus conduc-
tive and conductive versus energy storage heat transfer rates.
These parameters assist in the determination of whether an ele-
ment can be modeled as a single lumped thermal capacitance or as
a set of discrete elements.

2.2 Phase Change Materials. Latent heat energy storage,
primarily realized through a reversible endothermic phase

transformation, offers a potential pathway to increase thermal
capacitance with an order of magnitude or greater energy density
than sensible heat storage. While boiling heat transfer and evapo-
rators have extremely high effective heat transfer coefficients and
latent heat energy storage, the need for condensers and pumping
systems add significant complexity, size, weight, and system
requirements [4]. PCMs, which rely on a solid–liquid or a solid–
solid phase transition, offer a low-overhead passive approach to
integrating latent heat capacity directly into an electronic package
[5–7]. The relatively high enthalpy of melting has elevated inter-
est in PCMs for passive thermal absorption during transient heat
loads.

Ultimately, the ability of a PCM to buffer a thermal transient is
limited by the rate at which heat can be absorbed into the PCM.
This observation drove the development of a few closely related
cooling power figures of merit, gq, which are derived from analyti-
cal solutions of phase change problems under different boundary
conditions (e.g., melting of a semi-infinite volume with a constant
temperature surface boundary condition) [8–10]. This term identi-
fies the material dependencies for cooling power capability given
a particular geometry and boundary condition. For both constant
temperature and constant heat flux boundary conditions into a
semi-infinite volume, gq depends on the thermal conductivity of
the liquid PCM, kl, and on the volumetric latent heat of fusion, Lv,
as gq� klLv. Thus, gq can indicate relative performance of differ-
ent PCMs, or it can be used as a design objective to guide PCM
materials design.

This realization allows for a strategy to evaluate the relative
energy and power density of different candidate PCMs and to
evaluate energy–power tradeoffs due to introducing conductive
phases into a PCM layer (Fig. 2). As an example, by combining a
phase with a large k (e.g., copper) and a phase with a large Lv
(e.g., paraffin), cooling power density can be increased but at
some cost to the effective energy storage density of the system
(Fig. 2). Further development of PCMs capable of buffering tem-
perature under high heat fluxes essentially falls into three

Fig. 1 Transient thermal solutions at the system (level 1) and
package (level 2) levels

Fig. 2 Energy density on (a) mass (Lw) and (b) volume (Lv) basis
and cooling power figure of merit, gq. Curves represent paraffin—
high-k composites with different volume fraction of PCM in a
lamellar configuration (see inset). gq 5 1:29
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, calcu-
lated for a wall superheat temperature of 10 �C [14].
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categories: (1) Development of metallic PCMs, which have a high
intrinsic thermal conductivity due to their electrical conductivity.
As an example, incorporation of high-gq alloy PCMs into an elec-
tronics package reduced the peak temperature �10 �C relative to
the baseline package for <1 s heat pulses with a heat flux of
q00 ¼ 11 W/cm2, whereas including low-gq paraffin PCMs
increased the peak temperature by >20 �C [10]. (2) Developing
composite energy storage materials based on a thermally conduc-
tive phase (typically a metal or graphite) and a thermally capaci-
tive PCM phase in close proximity. As a recent example, high-gq

alloy PCMs have been combined with conductive metallic foams
to absorb heat pulses at a rate an order of magnitude higher than
pure paraffin PCMs [11]. (3) Using micro- or nano-scale additives
(particles, flakes, and wires) to improve conductivity. A former
review by Kant et al. provided an overview of recent approaches
including the use of macroscale metallic structures and metallic
meshes, particle additives, and encapsulation techniques [12].

A relatively rich set of melting temperatures and enthalpies are
known for metallic PCMs, due to their common use as solder alloys
[13]. These materials are favorable due to their high intrinsic ther-
mal conductivity but suffer from high density and air sensitivity.

Composite PCMs are of great interest because they allow
exquisite spatial control of thermal properties simply by spatially
varying the volume fraction and orientation of the different phases
in the system. This introduces an opportunity to apply materials-
by-design principles to attain optimal structures for some desired
performance metric (e.g., rate of heat absorption per unit mass)
[14,15]. As examples, incorporation of metal foams [16,17] or
meshes [18] offer the advantage of providing a higher conductiv-
ity pathway for heat conduction into a surrounding PCM matrix,
and the use of expanded graphite foams can even do so with mini-
mal weight addition [19]. Following this design approach, com-
pressed expanded natural graphite embedded with paraffin wax
can increase the rate of heat absorption by nearly an order of mag-
nitude over pure paraffins, while maintaining over 70% of the
energy density of the pure paraffin material [14]. Others have
achieved further improvements in thermal performance using
embedded heat-pipes with fin structures [20,21].

In addition to embedded conductive structures, a number of
efforts have investigated the incorporation of nano-additives for
enhancing thermal properties, of which some notable instances
are summarized in Table 1. Metallic nanoparticle additives
promise improved thermal conductivity of organic PCMs. Some
examples include Au nanoparticles in sorbitol [22], Ag nanowires
in 1-tetradecanol [22,23], and even Cu in water/ice [23,24]. In the

case of the Ag nanowires, a high particle loading accomplished
significant conductivity improvements, but at the cost of a large
volume fraction. Contrarily, a surprising increase in conductivity
was seen in the Au-sorbitol composite with very low loading,
which was attributed to induced crystalline phases [22]. This can
explain observations when using nonmetallic additives, such as
TiO2 in palmitic acid, which show significant conductivity
improvements in addition to increased latent heat and crystalline
stability [22,25]. Likewise, iron oxide nanoparticles in paraffin
[25–27] and organic esters having Ag-TiO2 [26–28] were seen to
have similar improvements.

A number of paraffin investigations with carbon nanomaterials,
including graphite nanofibers [28–30], carbon nanotubes [29–32],
graphene [31–34], and graphene oxide [33–35], have shown
improved thermal conductivities as well as augmented latent heat
and melting temperatures. But even beyond paraffins, graphene-
based PCM alterations have also been demonstrated in PCMs of
similar chemistry such as lauric acid [35] and a blend of fatty
acids in vegetable oils [35–37].

While many of these efforts have highlighted the conductivity
gains, perhaps the most interesting effect is noticed in the aug-
mentation of melting temperatures and latent heat (see Table 1).
As compiled by Kant et al., the reports of paraffin composites
with carbon nanomaterials showed mixed changes in latent heat
depending on the size of nanotubes and nanofibers embedded
[12]. Considering the reports of Liu et al. [22] and enthalpy
increases in Ref. [23], nano-additives may induce a physicochemi-
cal interaction between the nanoparticle inclusions and surface
ordering and crystallinity of the PCM. Moreover, Khodadadi and
Hosseinizadeh [24] observed a more rapid energy release rate in
their Cu–H2O nanocomposite/nanofluid, indicating a contribution
to the phase change dynamics itself. While still not fully compre-
hended, the continued advancement in the understanding of these
particle-PCM interaction dynamics will be critical in designing
the next generation of passive heat removal technology.

3 System-Level Need for Transient Thermal

Management

3.1 Motivation. Components generally do not work in isola-
tion but are part of an overall system with multicomponent inter-
actions. Due to the increase in electrification of many applications
[38], electrical systems are becoming more prevalent and power
dense, thus increasing the needs and complexity of the thermal

Table 1 Thermal conductivity and latent heat changes for various PCM–nanoparticle composites

PCM host Nanoparticle Thermal conductivity change Latent heat change References

Paraffin Magnetite (iron oxide) þ48% (10 wt % nano particles)
þ60% (20 wt % nano particles)

þ8% [26]

Magnetite N/A þ20% [27]
(i) Multiwalled carbon

nanotubes (MWCNTs)
(i)þ1036% N/A [33]

(ii) Al (ii) þ354%
(iii) Titanium dioxide (TiO2) (iii) þ127%
(iv) Graphene (iv) þ3170%

Graphite nanofibers þ11,800% N/A [29]
(i) MWCNT N/A �3.6 to 12% (worst case) [31]
(ii) Graphite

Graphene oxide þ222% �48.3% (paraffin–48 wt %) [35]

Expanded pearlite
(60 wt %) n-Eicosane
(C20) composite

Carbon nanotubes þ113.3% þ2.33% [32]

Docsane Graphene þ100% þ 2.62% [34]

Sorbitol Au Up to þ7% þ50 to 130% (depends on wt %) [22]

Palmitic acid TiO2 Up to þ80% Down to �15% [25]
“Bio-based” fatty acids (i) Carbon nanotubes (i) þ78% (i) �9.1% [37]

(ii) Graphite nanoplatelets (ii) þ248% (ii) �0.7%
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system(s). For example, an electric or hybrid electric vehicle
requires independent thermal management of the passenger com-
partment, engine system, and power conversion and battery sys-
tems. Tolbert et al. [39] demonstrated the complex transient
loading associated with SiC power electronics employed in hybrid
electric vehicles (traction drives) over a typical urban drive cycle.

3.2 System-Level Transient Thermal Solutions. Novel
transient thermal solutions that are being investigated at the sys-
tem level include thermally coupling subsystems, PCM–heat
sinks, PCM–heat exchangers, two-phase cooling, and advanced
controls.

Coupling of thermal loops is presented by Zhou [41], who illus-
trates how the engine cooling system, passenger heating, ventila-
tion, and air conditioning, system electronics, battery thermal
management system (Fig. 3), and electric drive system can all be
independent cooling loops but thermally coupled. A single refrig-
eration loop provides cooling to both the passenger heating, venti-
lation, and air conditioning and battery thermal management
system through a three fluid heat exchanger. In this example, heat
from the electric motor assists in bringing the battery pack to tem-
perature, and excess heat from one loop can be rejected to another
cooling loop to manage temperatures during transient loads.

Heat sinks with embedded PCMs have also been studied in the
context of improving thermal capacitance. A number of efforts
have investigated optimal configurations to enhance conduction of
heat into the PCM. Initially, researchers examined the use of con-
ductive housings enabled on a quad flat pack package [42]. Other
efforts focused on fin structures and embedded metallic foams to
enhance conduction to the PCM [43–45] and the interplay of ther-
mal rejection capability with PCM selection and fin presence [46].
Efforts have also been undertaken to identify the critical dimen-
sions for optimal phase change performance in a PCM-integrated
heat sink [47,48].

Topology optimization studies have been explored to develop
high performance PCM heat sinks [49–51]. This includes attempts
to balance latent heat rejection with conduction and convection in
a two layer additive fin assembly (Fig. 4), where a lower tier con-
ducts heat into both the PCM and an air-cooled second tier [52].

Heat exchangers form another, perhaps favorable, location for
thermal capacitance enhancement through PCMs due to their
inherent large surface area to volume ratio, reducing the potential
conduction path length for the PCM layer [7]. New additive man-
ufacturing methods have allowed for such new and innovative
concepts to be developed.

Figure 5 illustrates an example of a new heat exchanger concept
where a trifurcating heat exchanger design from Gerstler and Erno
[54] is adapted for a third fluid cavity which can contain a PCM.

System-level transient modeling tools have also enabled
advanced system integration approaches, such as model-based
optimal control [55] and model predictive control (MPC) [56]. Of
particular interest to the high-power electronics packaging com-
munity is the ability to predict and avoid dangerous operating con-
ditions for components directly cooled by two-phase flow. Yang
et al. [56] showed that a physics-based transient model of a vapor
cycle system for high heat flux cold plate evaporators could cap-
ture nonlinear, dynamic behavior at the component level and its
propagation to the system level. Subsequently, they were able to
derive a feedforward MPC controller using their model that
avoided dryout failure modes during sudden heat load changes.
The results demonstrate a critical challenge arising from the dis-
parity between device/package-level characteristic timescales and
system-level characteristic timescales: driving toward low thermal
mass at the device level causes rises in heat flux demand on the
cooling loop at rates faster than it is capable of responding. MPC
or model-tuned control schema provides a promising avenue for
addressing this challenge.

3.3 Tools and Methodology for System Thermal Transient
Management. The aforementioned examples illustrate a dynamic
interplay between system components which underscores the
importance of design coordination between engineering teams,
traditionally been managed by “integration engineers.” However,
business demands or lack of definitive performance obstacles gen-
erally lead to serialization of design efforts. As next-generation
electronics performance demands emerge, codesign tools offer a
pathway toward enabling optimally coordinated systems across
multiple design aspects.

This need for codesign becomes evident in Ref. [57] where
Walters et al. illustrated the complex thermal, mechanical, and
electrical interaction between the jet engine and the systems on-
board a future jet fighter (Fig. 6).

New tools such as ATTMOsphere [58] and its predecessor
ATTMO [59,60] have enabled exploration of complex, multido-
main, system-level transients in advanced thermal and power
management architectures such as that discussed by Walters et al.
[57]. McCarthy et al. [58] demonstrate the utility of such tools and
models in their study of a notional air vehicle environmental con-
trol system architecture consisting of a combined air cycle system
and vapor cycle system for cooling time-variant electronics loads
simultaneously subjected to changing sink conditions (Fig. 7).

McCarthy et al. [60] showed that variations in the external tem-
perature could be exploited to passively charge the vehicle’s ther-
mal energy storage (in jet fuel stores). Similarly, the reverse is
also true: lower altitudes occurring later during flight can cause
fuel tank temperature rise, reducing the cooling capacity.

These dynamic thermal system models allow rapid parametric
design studies accounting for the effects of changing boundary
conditions on available thermal energy storage to arrive at compo-
nent sizes that are lower in weight and volume while still meeting
design constraints.

It is clear that transient system-level modeling tools have the
potential to provide design insights into complex, integrated

Fig. 3 (a) Chevy bolt battery system, adapted from Ref. [40]
and (b) thermally coupled cooling loops, adapted from
Ref. [41]
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thermal systems that are not easily captured by established design
approaches.

4 Heat Generation—Transient Thermal Management

of the Package

4.1 Motivation. With increasing growth in the electric
vehicle/aircraft market, power electronics for drivetrains are
subjected to highly variable loading profiles associated with usage
(or “drive schedules”) [61]. Correspondingly, the temperature var-
iations experienced will precipitate any number of thermomechan-
ical reliability challenges from wirebond fatigue to substrate
mechanical failures [62,63].

Inside of an electronics package, the temperature of the device
(logic chip, power semiconductor, etc.) often dictates the thermal
solution. Maintaining the die temperature below its specified

junction temperature limit ensures the expected device perform-
ance and reliable operation.

While steady-state power conversion applications have bene-
fited from numerous packaging and cooling improvements, these
solutions have been shown to have the potential for detrimental
effects in transient applications as well as overdesigned cooling
systems [2]. The primary goal of most package-level thermal
management to date has been to increase power density within the
electronic assembly by reducing thermal resistance. This has been
accomplished mainly through (1) bringing cooling directly to the
junction area to reduce the number of interfaces and/or (2) mini-
mizing the conduction path with thinner, high conductivity mate-
rials. However, in doing so, the “thermal mass” (m�C) of the
system is consequently reduced, leading to potentially intensified
temperature swings in response to variable power dissipation.

4.2 Device Level Transients. When considering the thermal
response of the state-of-the-art wide-bandgap power electronic
devices, it should be noted that power switches for electric motor
inverters and AC-DC/DC-DC converters [64,65] do not operate in
a continuous mode but instead dissipate heat under high-
frequency pulsed-mode operation [66]. During this transient oper-
ation, the solution with the lowest steady-state thermal solution
might still exhibit a large temperature excursion during short tran-
sient operation.

Figure 8(a) compares the channel temperature rise of a GaN
HEMT and an Al0.30Ga0.70N HEMT [67] under direct current
(DC) and 10 kHz pulsed (10% duty cycle) conditions at diverse
power dissipation levels. Measurements were performed using
transient thermoreflectance imaging and nanoparticle-assisted
Raman thermometry techniques [68]. As the operating conditions
change from steady-state (DC) to pulsed, a dramatic reduction in
temperature rise can be seen for the AlGaN HEMT. In stark con-
trast, the GaN HEMT does not seem affected.

The low thermal conductivity and thermal diffusivity of AlGaN
(kAlGaN� 10 W/m�K versus kGaN� 130 W/m�K [69]) result in a
longer thermal response time [70] than those of GaN counterparts.
As shown in Fig. 8(b), the thermal time constant of the GaN

Fig. 4 Two-tier PCM heat sink (top) utilizing topology optimization for combined latent heat,
conduction and air cooled convection and (bottom) illustration of PCMfill geometry in lower tier

Fig. 5 Nested three fluid trifurcating heat exchanger which can
contain PCM in one of the three fluid cavities [53]
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HEMT is an order of magnitude smaller than that of the AlGaN
HEMT.

The trend shown in the experimental results of Fig. 8(b) can be
compared and validated based on the inverse relationship between
thermal diffusivity (a) and thermal time constant (s) [71]

s � 1

a
¼ qcp

k
(1)

where q is density, cp is the specific heat capacity at constant pres-
sure, and k is the thermal conductivity.

Utilizing the properties presented in Table 2, thermal diffusiv-
ities of 4.3� 10�5 m2�s�1 and 3.3� 10�6 m2�s�1 are obtained for
GaN and Al0.30Ga0.70N, respectively, validating the approximate
order of magnitude difference in thermal time constants.

However, it is important to note that while Fig. 8(b) demon-
strates the impact longer thermal time constants can have on the
device-level transient thermal response, it is ideally the thermal
capacitance that should be increased for a transient cooling solu-
tion. The thermal time constant can also be defined as [71]

s ¼ RtCt ¼ Rt qVcpð Þ (2)

where Rt is the thermal resistance, Ct is the thermal capacitance,
and V is the volume. For the results in Fig. 8(b), the longer ther-
mal time constant was a result of increased Rt due to the low ther-
mal conductivity in the AlGaN, as opposed to increased Ct.

Nonetheless, these results highlight that thermal management
of pulse-powered components should not only aim for reducing
the junction-to-package thermal resistance but also consider incor-
porating thermal capacitance into the cooling solution design to
optimize the transient thermal response.

4.3 Package Integrated Transient Thermal Solutions. One
of the primary places to explore the integration of transient ther-
mal solutions is in the package near the junction. The proximity to
the heat dissipating component allows a faster thermal time
response which is important in many electronics systems [76–78].
However, the electronics application must be considered to
develop the optimal design.

One approach to improve the system size and weight without
sacrificing platform performance is by developing a package using
PCMs chosen based on the application. For short pulses, metallic
PCMs have a fast thermal response due to high thermal conductiv-
ity (high-k) but the weight, cost, and integration complexity limit
their viability in applications. Alternatively, organic PCMs are
inexpensive, lightweight, and can have very high latent heat of
fusion, but they have very low thermal conductivity (low-k) com-
pared to metals and thus cannot absorb heat quickly. The selection
of the PCM for the application and appropriate integration into
the package to ensure functionality are the primary considerations
when incorporating PCMs in electronic assemblies.

To demonstrate the need to understand the application, Fig. 9
shows the thermal response of a chip bonded to a Cu substrate
with various encapsulation materials—standard gel, pure copper,
gallium (metallic PCM), and Pt29 (organic PCM) [6]. The stand-
ard gel encapsulant always results in the highest temperature
while the paraffin wax PCM (Pt29) has a slightly lower
temperature.

Between 13 and 110 s, the gallium outperforms the copper by
up to 30 �C due to the latent heat absorption, and as an added ben-
efit, it is over 30% lighter. But outside of those times, the copper
results in lower temperatures due to its higher thermal conductiv-
ity. This understanding is important when considering transient
design.

Fig. 6 INVENT modeling scheme of thermal, mechanical, and electrical interactions between subsystems in a
next generation jet fighter. Adapted from Ref. [57].
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The integration of metallic PCMs directly in contact with the
top of a power device has shown the ability to significantly reduce
the die temperature. As shown in Fig. 10 for a 20 ms pulse, the die
temperature has been reduced almost 60 �C as compared to the
standard dielectric gel [78].

While still relatively new in literature, varying the location of
PCMs in the package is gaining popularity. This includes technol-
ogies such as replacing the die attach with a metallic PCM, plac-
ing a PCM inside of the chip, and using a PCM as a thermal
interface material. Any solution that focuses on the conductive
path between the heat dissipating surface and the heat sink needs
to be investigated for its effectiveness in the application. This is
because the amount of PCM also plays a critical role in its ability
to absorb the thermal transient. If a small amount of PCM is inte-
grated, it will melt very quickly and the properties of the PCM in
both the solid and liquid state are most likely worse than the mate-
rial it would replace. Therefore, a sufficient amount of PCM is
required for package integration to establish an effective thermal
design.

Moving forward, timescale matching will play a critical role in
PCM design and integration. The timescale matching PCMs incor-
porate metallic PCMs in conjunction with organic PCMs to lever-
age the benefits of each material. Timescale matching allows the
high-k metallic PCMs to quickly absorb the initial pulse wave

Fig. 7 Simplified diagram of thermal management architecture modeled in Ref. [58]; solid lines indicate fluid
paths

Fig. 8 (a) The channel temperature rise of a GaN HEMT versus
AlGaN HEMT under DC and 10kHz pulsed operation. (b) Nor-
malized temperature rise of the gate electrodes with respect to
the steady-state temperature rise (24 �C and 68 �C for the GaN
and AlGaN HEMTs, respectively) as a function of the ON-state
pulse duration, with a power density of 1.6W/mm.

Table 2 Properties of GaN and Al0.30Ga0.70N [72–75]

GaN Al0.30Ga0.70N

q (kg�m�3) 6150 5280
cp (J�kg�1�K�1) 490 570
k (W�m�1�K�1) 130 10
a ð m2�s�1) 4.3 � 10�5 3.3 � 10�6

Note: Linear interpolation was used to determine the density and specific
heat capacity of Al0.30Ga0.70N.
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(primary melt) while accommodating the slower heating of the
low-k organic PCMs until they also melt (secondary melt) [5].

Another transient thermal management solution for package
integration is the use of microthermoelectrics for active control.
An example of this active in-package transient thermal manage-
ment is presented by Bar-Cohen and Wang who pioneered embed-
ded microthermoelectrics and demonstrated several degrees of
cooling in hot-spot locations [79].

Green et al. [80] explored the use of in-package thermoelectrics
combined with thermal energy storage in the form of PCMs
(Fig. 11) to manage local hotspots. Thermoelectrics operate as
microheat pumps and can be activated to mitigate transient ther-
mal temperature rise by removing heat from the PCM.

Such technologies can be especially effective in enabling on-
package silicon photonics as optical components require tempera-
ture stability and/or temperature control near the temperature
sensitive components such that the laser diodes (LDs) and detec-
tors do not experience any lasing wavelength shifts. However,
thermoelectric-based approaches are not anticipated to be suffi-
cient for the thermal management of wide-bandgap power elec-
tronics due to higher heat dissipation rates and the relatively low
efficiency of thermoelectric coolers.

4.4 Codesign Tools and Methodology. There exists an
increasing need for electronics package modeling tools which can
quickly and accurately model the electrothermomechanical design
space and incorporate novel materials such as PCMs. Army
Research Laboratory (ARL) PARAPOWER [71,81,82], shown in Fig.
12, is an open-source design tool which can analyze parametric
spaces, such as material types, material properties, layout designs,

geometries, heat sink selections, and heat sink placements, using
time-varying heat inputs and solid–liquid PCMs.

ARL PARAPOWER is based on a thermal resistance network,
which is a foundation of thermal analysis. The model is adaptable
to any number of features, heat loads, and heat transfer conditions.
In previous works [83,84], the authors demonstrated the imple-
mentation of a codesign approach using the PARAPOWER parametric
analysis tool that evaluated both the thermal and coefficient of
thermal expansion-mismatch stress aspects simultaneously.
PARAPOWER has also been compared with finite element analysis
(FEA) for model accuracy and speed in studies of traditional ver-
sus stacked high-V packages. In this study, for the same geometry,
temperatures agreed within 3 �C and stresses agreed within 30%,
but the run times for PARAPOWER were �100 � faster than FEA
[85]. This speed and utility lends itself to more complicated tran-
sient thermal conditions, such as optimization of designs with
embedded PCMs, wherein the codesign activities of sensitivity
analysis, parametric analysis, and design optimization can be per-
formed more expediently than more detailed and comprehensive
FEA tools.

The power of design tools such as ARL PARAPOWER is most val-
uable in the ability to sweep design spaces to quickly find the opti-
mal configuration for a given thermal pulse. As an example,
PARAPOWER can be integrated with other computational design
tools to optimize spatial distribution of different components, to
analyze materials selection problems, or to optimize the distribution
of different materials types to minimize the temperature rise at a
critical junction under some prescribed thermal loads (Fig. 13).
Moreover, when considering the temperature dependent properties
of PCMs, such as melting temperature and phase-specific conduc-
tivity, tools like PARAPOWER provide the opportunity to leverage
codesign in the selection and integration of capacitive thermal man-
agement in the context of transient power dissipation schemes.
Such utility will be critical in delivering fully optimized electronics
packaging for next generation electrified systems.

5 Conclusion

This work has sought to illustrate how the current trends in
electronics are raising the importance of transient thermal man-
agement in designing robust and reliable systems. Specifically,
component miniaturization, higher device power, and thermal
cross-talk between multiple devices in a complex system require
management of heat transfer and local temperature distribution in
the time domain. This review has attempted to capture the state-
of-the-art research activities in transient thermal management
from the system level down to the component level. The ultimate
goal of these activities is to deliver new transient thermal solu-
tions and tools to practicing thermal engineers in order to design
custom solutions for particular transient thermal problems.

Fig. 9 Maximum chip temperature versus time plot comparing
a standard gel encapsulant to all PT29 (organic PCM), all cop-
per, and all gallium (m-PCM) modeled in ParaPower [6]

Fig. 10 Evaluation of on die PCMs performance. Adapted from
Ref. [78].

Fig. 11 Schematic of an embedded in-package thermoelectric
solid state cooler and PCM composite thermal capacitor ther-
mal energy storage. Adapted from Ref. [80].
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At the system level, current activities are focused around effec-
tive integration of PCMs in heat sinks and heat exchangers,
advanced controls, and system-level simulation tools which are
composed of reduced-order compact models of the dynamic ther-
mal response of individual components. Within power electronics
packages, recent advances have focused on re-introducing thermal
capacity into the package to buffer transient temperature rise
through specifically engineered PCM volumes optimized for par-
ticular performance metrics. Similar efforts exist to integrate
PCMs within heat exchangers to account for transients at the
interfaces between electronic components and cooling loops.
Finally, codesign techniques are necessary to harness the full
capabilities of these individual elements, thereby resulting in opti-
mal component-level designs. One recent advance in this area is
ParaPower, a computational design tool, which specifically targets
rapid parametric design and optimization of power electronics
modules.

It is likely that the relative importance of transient thermal
design will only increase in the near future. In response, it is of
paramount importance to continue to advance the technologies
and toolsets available to thermal engineers and to facilitate

integrated thermal design bridging the relevant scales in both the
time and physical domains.
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Nomenclature

cp ¼ specific heat capacity (J�kg�1�K�1)
Ct ¼ thermal capacitance (J�K�1)
K ¼ thermal conductivity (W�m�1�K�1)
kl ¼ thermal conductivity of the liquid (W�m�1�K�1)
Lv ¼ volumetric enthalpy of fusion (J�m�3)
Lw ¼ specific enthalpy of fusion (J�kg�1)
mC ¼ thermal mass (J�K�1)
Rt ¼ thermal resistance (K�W�1)
a ¼ thermal diffusivity (m2�s�1)

DT ¼ superheating; difference between wall temperature and
melting temperature of phase change material (K)

gq ¼ cooling power figure of merit (J�m�2�K�1�s�1/2)
q ¼ density (kg�m�3)
s ¼ thermal time constant (s)
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