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Highlights
e The concept of thermal impedance offers insights into the time scale at which heat can be
injected into extracted from a thermal storage reservoir.
e Thermal impedance is strongly non-linear in a relatively narrow range of duty factor/pulse on
time/power conditions.
e Experimentally measured thermal impedance of paraffin-infiltrated copper foams show general
agreement with ideal composite behavior.
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Abstract

Phase change materials (PCMs) have tremendous capacity as passive components to recover and
repurpose thermal energy from transient power systems. However, PCMs are only effective if the time
scale of the thermal energy storage and retrieval rates match those required for a particular system. We
develop a framework to assess the efficiency of pulsed thermal energy storage based on the concept of
“thermal impedance”, drawing upon an analogous approach from electrical energy storage. We
experimentally characterize a paraffin-infiltrated copper foam composite PCM, and demonstrate a
decrease in thermal impedance over a narrow range of operating conditions which represents both a
signature of the ability to extract or retrieve thermal energy via latent heat, as well as an experimentally
accessible measure that provides insight into the internal dynamics of a composite PCM volume. These
principles can serve to design the internal structure of composite PCM elements for pulsed thermal
systems.

Main

Energy storage devices function as temporary reservoirs that bridge time gaps between energy
generation and use. These devices use materials and architectures engineered to facilitate rapid and
recoverable energy exchange. Examples include devices designed to store energy in the form of
electrical fields (dielectrics for capacitors),! electrochemical potential (battery electrodes),? kinetic
energy (flywheel mass),® thermophysical energy (high heat capacity materials), or thermochemical
energy (reversible hydration-dehydration media).* To effectively store a transient pulse of energy, the
time scale of the storage device must have sufficient bandwidth to absorb the pulse, rather than
rejecting it through dissipative pathways or raising the temperature of the source. This energy storage
bandwidth may be limited by rates of charge transport and energy conversion, as exemplified by the
charge/discharge rates of electrochemical batteries,> or by the rates of heat and mass transfer within
the device, as exemplified by thermochemical energy storage systems.>® While energy storage rate
bottlenecks have received much attention for electrochemical systems,>”® they remain a critical
bottleneck in advancing thermal energy storage materials and components.

It remains challenging to characterize the energy storage bandwidth across time scales and driving
potentials, which is necessary to develop effective components tailored for a particular system. While
the use of Ragone plots based on intrinsic materials properties and figures of merit®! and the thermal
rate capability framework!? introduce a framework to evaluate thermal energy storage materials and
components under quasi-steady loads, there remains no systematic framework to evaluate the thermal
response of a phase change material (PCM) nonlinear storage element to periodic unsteady loading and
unloading cycles. In contrast, the equivalent response to a nonlinear electrical energy storage device (its
electrical impedance) has been broadly adopted as a strategy to characterize energy storage kinetics
and to effectively incorporate these elements into both design strategies and the analysis of complex
circuits. By analogy, we extrapolate from this approach to define a thermal impedance as a system
characteristic that comprehensively captures material, geometric, and temporal effects on the time-
varying thermal response of nonlinear PCMs. This strategy enables the design, optimization, and
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operation of PCMs at the minimum impedance, which maximizes the capacity for energy exchange
between the storage medium and the adjacent sources and sinks.

In purely electrical systems, energy is stored either through the accumulation of charge
(capacitance) or in the form of electromagnetic fields that oppose changes in current (inductance).
Electrical impedance is defined as the ratio of the complex bias to the complex current,

Zy =V/I, Eq. 1

This quantity describes the opposition of an electronic circuit to current by the combined resistance and
reactance of the circuit. Critically, electrical impedance offers a rigorous framework to evaluate the
ability of an individual component or a collection of components to transmit and accumulate electrical
energy at different time scales. In more complicated electrochemical systems, electrical impedance
measurements offer a means of quantifying the rates associated with fundamental processes that
represent bottlenecks to storage of electrochemical energy (e.g., double-layer and space charge
capacitance,'® charge transfer and chemical diffusion'**®). As such, electrochemical impedance
spectroscopy offers an invaluable technique to measure kinetics of both transient and steady state
processes in batteries and related electrochemical systems.!®

By analogy, thermal circuits and purely thermal energy storage systems are subject to equivalent
rate limitations. A thermal storage device exhibits a resistance to heat flow across its boundaries due to
a combination of internal resistance, and thermal capacitance or accumulation of thermal energy in
sensible and latent forms. Thus, a thermal impedance, Z,, may also be defined as the ratio of the
thermal bias to the thermal current (heat transfer rate):

Zyy = AT/QO: Eq. 2

Despite these similarities, the framework of thermal impedance has primarily been applied to describe
the ability of components to transmit heat (Fig. 1c, ‘transmitted’) rather than their capacity to
accumulate thermal energy (Fig. 1c, ‘stored/latent heat’). As examples, thermal impedance has been
introduced as a technique to characterize the thermal transfer functions and characteristic heat transfer
behavior within electronics packages,’”? and in different electrochemical systems (including
batteries,?®?! capacitors,? and even buried power cables?). In these examples, the concept of thermal
impedance is primarily used to convey a resistance to removing heat generated within a system,
resulting in transient temperature spikes. However, in either a thermally grounded or an adiabatic
configuration, low thermal impedance can also result from accumulation of thermal energy within a
thermal energy storage material.
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Fig. 1. a) Generic thermal energy storage volumes and thermal circuit representing a PCM thermal energy storage
element in series between a heat source and heat sink. b) Thermal energy storage applications bridge a wide range
of time scales from thermal management of short electronic pulses to seasonal energy storage concepts, which
dictate the optimal response time of a thermal energy storage component. c) In response to an input pulse of
thermal energy, Q,, heat can either be dissipated (lost), Qo Or can be stored within the volume, Q,o, Where
energy balance dictates Q,or = Qo — Qout. The net heat stored can be partitioned into sensible and latent heat
components: Qnet = Qsen + Orar. Here we represent three characteristic regimes, where the dominant term is
Qsens Qlat, OF Qout; the characteristic response depends on 1) thermal boundary conditions, 2) time scale of the
input heat pulse (Fig. 4), 3) geometry of the system, and 4) intrinsic material properties of the thermal energy
storage media.

Thermal energy storage systems designed for periodic steady or pulsed power loads bridge over ten
orders of magnitudes of time scales (Fig. 1a), introducing significant challenges in matching the rate of
heat accumulation and rejection at both low and high charge / discharge periods. Long period thermal
energy storage systems (hours, days, months) include seasonal energy storage (district thermal storage
solutions,?*? greenhouse thermal management,?® and geological thermal reservoirs?’), and diel cycles
(concentrated solar power?®?, building climate control systems3%3!), both of which tend to require
either well insulated systems or alternatively thermochemical energy storage strategies where reactants
can be physically separated to avoid premature release of stored thermal energy, to reduce loss terms,
Qout- Industrial and vehicular applications (industrial waste heat recovery, electric vehicle battery
charging and discharging, satellite applications), tend to occupy intermediate periods (minutes, hours),
whereas electronic or optoelectronic components (pulsed power electronic devices or electro-optical
packages3?33) occur with sub-second to sub-millisecond bursts. For short period energy storage,
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opportunities to capture and re-utilize thermal energy generally become more challenging due to
limitations in accumulating heat quickly enough without requiring significant overheating to drive the
thermal storage process. At both extremes, frequency mismatch between the time scale of the thermal
process and the natural time scale of the storage system can result in inefficiencies including excessive
over-heating or loss of heat to the surrounding environment. However, thermal impedance serves as a
governing framework to both understand critical rate-limiting mechanisms and design appropriate
components to match the storage time scales, much like design strategies that have been implemented
for components subjected to steady state boundary conditions.3*3®

The concept of thermal impedance associated with heat conduction through single-phase solids
with periodic heating boundary conditions has been illustrated previously for semi-infinite media.'®3” As
this analysis is limited to thermal resistances and heat capacity, its relevance is limited primarily to
sensible heat storage systems. The inclusion of phase change or other latent heat storage elements is
significantly complicated by the nonlinear nature of the phase transition. In these cases, numerical and
experimental studies have investigated experimental responses to harmonic boundary conditions and
identified anti-resonance features associated with thermal buffering of the heated surface.3®3 While
harmonic boundary conditions have advantages in terms of signal processing, and can be analyzed in
terms of signal attenuation and phase delay, they are limited in their ability to describe general pulsed
power sources which are characterized by both a characteristic time scale and a characteristic duty
factor.

Here, we describe a general strategy to characterize and analyze thermal impedance in both linear
thermal elements and nonlinear first-order phase transitions exhibited by common PCMs. We
experimentally evaluate the thermal impedance of a composite phase change material slab located
between a pulsed periodic heat source and an isothermal cold sink. To interpret this data, we calculate
both marginal utilization — the fraction of the slab that is melted during each pulse — and the storage
fraction — the ratio of the heat absorbed by latent heat of melting each cycle to the quantity of energy in
each pulse. We demonstrate that the storage fraction correlates strongly with the impact of a PCM
volume on thermal impedance, whereas marginal utilization indicates the upper bound on the pulse
length at which an element is able to absorb thermal energy through latent heat. The results
demonstrate the utility of thermal impedance as an indirect measure of the impact of the internal
structure of the composite on its transient thermal response, which offers critical insight into the design
of responsive composite PCM elements for pulsed power systems. Finally, we demonstrate the utility of
this concept by combining the thermal impedance of nonlinear PCM elements with simple linear
elements (massless resistors) in thermal circuits, offering a pathway to apply this concept to more
complex systems.

Theory

The concept of thermal impedance can be intuited by examining the nature of the time-varying
temperature on a heated boundary of a slab of material without a phase transition and one-dimensional
heat transfer (Fig. 2.). From the perspective of the boundary, more heat will transfer into a material with
lower impedance, whether by conduction through the volume, storage within the volume, or some
combination thereof. The surface at x = 0 is heated with a pulsed periodic waveform Q”(t), where each
period of length Tyeriog cONsists of an ‘on’ heating pulse of constant heat flux Qf for time T, and an ‘off’
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pulse of zero heat input for time To. The duty factor D = Ton/Tperiod is the fractional ‘on’ time for each
period, where the limit D->0 represents a single-pulse with infinite recovery time to ensure the domain
returns to the initial temperature T, after each pulse. As D increases toward unity, temperature
accumulation from the previous pulses begin to affect the heat transfer rate of the current pulse. The
opposite surface is a heat sink held isothermal at T(x = L) = To. The temperature at the heated surface T(x
=0, t) varies in time and is the response function of interest for much of the subsequent analysis, in part
because it represents an experimentally accessible measure of the dynamics of the system. The thermal
response for a linear, single-phase material depends only on the thermal conductivity k and volumetric
heat capacity of the material C,. When nonlinearities are introduced, such as those associated with a
phase change process, where the position of a melting front is not a prescribed boundary, but rather a
free boundary, the thermal response becomes coupled to the specific temperatures, heat loads, and
time scales.
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Fig. 2. a) Definition of variables and boundary conditions for model system domain. b) Example heating
function and associated temperature response for a 5 mm-thick slab of gallium, where the ‘single phase’
reference response indicates that the case where melting does not occur (latent heat is set to zero). c)
Corresponding thermal impedance for the two cases, where the filled region shows the effect of latent
heat energy storage through melting. d) Difference in Z;;, between a system entirely in the single phase
state or that goes through a phase change, which serves as an indicator for the bandwidth of the
component.’

Thermal capacitance, Zy, (Eg. 2), provides an additional mechanism for heat ‘transport’ during
pulsed power operation by storing energy in concert with transmitting energy. For a system subject to a
pulsed heat flux boundary condition, Tmax = T(Xx = 0, t = Ton/2) is the maximum temperature of the heated
boundary during steady-periodic operation (i.e., after sufficient periods to eliminate any initial settling
transients) and occurs at the end of the heating pulse (Fig. 2b). If the duration of the heating pulse Ton is
sufficiently long to reach steady state, or if the duty factor D approaches unity, the capacitive channel
can no longer store additional heat and the thermal impedance converges to the steady-state thermal
resistance.
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In the linear slab described above (the single phase case), the thermal impedance can be defined
from the analytical solution to the heat diffusion equation. The governing heat diffusion equation and
associated boundary conditions shown in Fig. 2(a) are given by:

T a%r

%= Eq. 3a

T(x=L,t) =T, Eq. 3b
oT Y44

—k5- o Q"(v), Eq. 3¢

where a = k/Cy is the thermal diffusivity. The time-varying heat flux on the heated boundary of the
slab is a pulsed periodic waveform of magnitude Q{,’, with the repeating period Tperiog defined as:

Q‘u(t) — {Q(,), |t| < Ton/z ’_Tperiod <t< Tperiod, Eq. 4
0 |t| > 1on/2 2 2

where Ton is the pulse duration.
The heating boundary condition given by Eq. 4 can be expressed as a Fourier series:

Q" (t) = X0 an cos(nwt),Q(t) = X5 an cos(nwot), Eqg. 53
ap = QyD; a, = 2 6in (nn Ton )forn > 1, Eq. 5b
nm Tperiod

where D = Ton/Tperiod is the duty factor and wo = 21/ Tperiod is the characteristic frequency. We solve for the
temperature response on the heated boundary by adding together the temperature response from the
individual harmonic heating components. For a single heating frequency w, at the heated boundary, the
time-varying temperature response is given by:

T(x=0,t,w,) = %Re [0(1%6_2;) ei“’nt], Eq.6
where the complex parameter is given by o = (1 + i)\/w,L?/2a. We then solve for the thermal
response of the slab under each harmonic term in Eq. 5 using Eq. 6. Since this is a linear system, the
total temperature response at the heated boundary is given by the superposition of harmonic solutions,
and the thermal impedance Zy, is calculated from Eq. 2, where AT = T,,,x — T, using the maximum
temperature Tmax = T(x =0, t = Ton/2).

The thermal impedance Zy;, of a material undergoing a phase change requires a numerical forward-
solver to compute the peak temperature response Tmax. We use a numerical routine previously reported
to generate the thermal impedance as a function of both the pulse duration 7., and the duty factor D for
a given applied heat flux Qf.3***** This numerical characteristic can be compared to the analytical
solution for a single phase material (i.e., the phase change material which remains in the solid state),
and the space separating the two characteristics denotes the region where the latent heat is providing
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effective capacitive cooling as shown in Fig. 2c. In the example shown in Fig. 2, a 5 mm-thick slab of
gallium is heated by steady-periodic pulses of magnitude Qf = 100 W-cm?, and the thermal response is
shown with the latent heat term included (numerical solution) and without the latent heat term (Eq. 6).
For long pulse durations, the system approaches steady state and the thermal impedance converges to
the thermal resistance. For short pulse durations, the sensible heat capacity suppresses the temperature
rise below the phase transition and melting never initiates. The region between identifies the effective
operational window for this specific phase change system, where the heat source can either operate
below the same peak temperature Tmax for a longer pulse duration ton or with a lower peak temperature
for the same pulse duration.

What conditions promote charging and discharging of heat by a
PCM?

For a PCM to efficiently charge and discharge heat via latent heat storage (phase change), three
criteria must be satisfied: 1) the temperature of the heated surface must exceed the phase transition
temperature Tn, i.e.,, T(x = 0) > T,, to utilize its latent heat, while the temperature of the cooled
surface is maintained below T, allowing the system to recharge, 2) a significant fraction of the PCM
must change phase during each pulse of heat, and 3) the energy absorbed/released by the phase change
is a significant overall fraction of the energy in the heat pulse (i.e., heat is neither reflected by nor
transmitted through the PCM volume). For sensible heat storage (single phase material) the final point is
still relevant, but we will focus here on heat stored as latent heat, as it represents the key capability of
PCMs. Since the temperature at the boundary is a direct response to the ability to store heat within the
PCM, the above criteria generally correspond to a minimization of thermal impedance. Here we consider
the example of “charging” a PCM, i.e., storing heat, but a complimentary set of equivalent criteria can
be used to describe “discharging” a PCM, i.e., releasing heat.

The first criteria, T(x = 0) > Ty, constrains the minimum time scale for absorbing heat by melting,
which corresponds with an inflection point in the thermal impedance of a PCM, thcm, as the
temperature at the heated surface is held near Ty, (e.g., Fig. 2¢; zon = 10 s). If Ty < Ty, heat will be
stored only through sensible heating until the surface has heated to the melting point, at which point
the phase change mechanism will first be accessed. The maximum effectiveness of a PCM occurs when
the temperature of the heated surface first exceeds Tn.

The second criteria defines the fraction of total available PCM that melts (or solidifies) during each
cycle. We define a ‘marginal utilization factor’ U as a metric to indicate the extent to which the phase
change process is leveraged:

U= Qlat/Qpcm,totl Eq.7

where Q5 is the integral heat absorbed by melting of the PCM each pulse, and Qpcm,tot represents the
latent heat content of the whole PCM layer. A low marginal utilization factor occurs when either
insufficient melting of the PCM leads to unused available capacity in the thermal energy storage
medium or incomplete recovery prevents the PCM from sufficiently discharging its stored heat before
the next heat pulse. In the limit U — 0, no energy is stored via latent heat and the PCM does not serve
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its intended purpose. In the limit U — 1, the PCM is fully melted and any excess energy input must be
stored in sensible heating, which creates an additional temperature rise.

The third criteria describes the ratio of heat absorbed during melting to the total heat pulse. We
define and calculate a ‘storage fraction’ to relate the experimentally observable Zf}fm to the relative
ratio of heat that is stored for a specific heat pulse,

S= Qlat/qulse' Eq. 8

where Qpuise = QoTon is the total energy in a single heat pulse. Excess energy that is not stored via
latent heat is either transmitted or stored via sensible heating resulting in a corresponding temperature
rise, which increases Zy,.

Experimental system of study

To experimentally validate the concept of nonlinear thermal impedance in a phase change material
(PCM) layer, we evaluated a composite PCM consisting of a high porosity (¢ = 0.967, 31 PPI; Fig. SI-1, SI-
2) open cell copper foam infiltrated with hexadecane. This system was selected because of its relatively
high effective thermal conductivity (4.8 W-m™-K?; Fig. SI-3, SI-4), combined with the reasonably high
volumetric enthalpy of fusion of hexadecane (181.5 J-cm3)* which together indicate the ability to store
pulses of heat at relatively fast rates.!®!! This measurement apparatus is assembled as a 1D
measurement, with a periodic heat source (a thin film heater) on the top surface and a nominally-
isothermal cold plate on the bottom surface (Fig. 3).

a) b) c)
Ty o unsteady
Rinti

COMPOSITE PCM SLAB

T R foam

Rine
Ty

Fig. 3. System of study investigated experimentally. a) Schematic of the test setup constructed directly
on a cold plate, including blue housing which contains the liquid PCM. b) Cross-section of the test
setup, illustrating the sequence of thermally conductive epoxy/paste and foil as heat spreaders at
interface 1 and 2. T}, is measured by a thermocouple bonded to the top surface of the foil in interface
1, To is measured on the top surface of the cold plate. c) Simplified thermal circuit, illustrating
interfacial resistances, and the composite PCM slab including a storage component in parallel with a
resistive component.
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Thermal impedance due to melting of a PCM

Thermal impedance is measured for both an unfilled copper foam, which responds as a linear
resistor-capacitor (Fig. SI-5, SI-6), and for a hexadecane/copper foam composite. We perform
measurements over a range of duty factors from the single pulse limit (D = 0) with arbitrarily long
recovery periods to an even duty cycle (D = 0.5) with incomplete recovery between pulses. We measure
pulse times from short bursts that are absorbed into the material as though it were semi-infinite (ton =
1072) to long on-time durations that approach steady state and the linear thermal resistance (ton > 10?)
(Fig. 4). During operation where the PCM undergoes a phase transition, the heating curve is observed to
inflect, and the maximum temperature rise is suppressed by endothermic melting (Fig. 4b, 4c). After a
sufficient period has passed to establish a regular periodic thermal response, the thermal impedance,
Zin, is calculated using Eqg. 2. In materials without a phase transition (e.g., unfilled copper foam), the
surface temperature rise scales with Q{,’ resulting in a constant Z, (Fig. SI-6), whereas the introduction
of melting introduces nonlinear scaling behavior.
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Fig. 4. Periodic response of composite phase change material experimentally measured at a duty
factor of 0.1 for @) Ton = 2.5 s, b) Ton =40 s, ¢) Ton = 400 s. d) Representative thermal impedance of a
resistor-capacitor (blue dashed line), illustrating the three characteristic regimes of behavior, as well
as the effect of material properties which dominate the thermal impedance within each of those
regimes. Data points marked (a), (b), (c) in Fig. 4d represent experimentally measured traces in Fig.
4a, 4b, 4c, respectively.

The existence of melting induces a measurable decrease in thermal impedance relative to the
effects of sensible heating (Fig. 5). Thermal impedance is measured in both the case of the reference
(empty copper foam), Z&<f, and for the PCM-infiltrated foam, thcm. The difference, Z5Ef — thcm (Fig.
5b,d), which will be referred to as the ‘thermal impedance suppression’, corresponds specifically to the
contribution of the latent heat in suppressing the thermal impedance. To isolate the independent
contributions of latent heat and sensible heat, the experiment is repeated for T, > T, (Fig. 5a,b), where
the PCM remains in the liquid phase, and for Ty < Ty, (Fig. 5¢,d) where the PCM begins in the solid
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phase and may melt/freeze during heating/cooling cycles. In the case where the PCM remains entirely
liquid throughout the experiment, introduction of additional thermal mass moderately decreases the
thermal impedance across nearly the entire range of t., characterized, due to the increased thermal
mass. In practice, the additional thermal mass delays the rise to the steady state condition and damps
out high frequency responses to the applied heat pulse. For most ton, the temperature rise at the heated
surface is lower. A peak is observed in the relative thermal impedance difference between 1o, = 10' to
10% s that corresponds to the timescale of heat diffusion into the single phase PCM-filled pores (Fig.
5a,b). In the case where melting occurs, introduction of additional thermal mass which melts decreases
thcm over the range of 1o, = 10! to 10° s, corresponding with the melting within hexadecane-filled pores
(Fig. 5¢,d). The exact range of conditions under which melting most strongly impacts thcm depends on
the entire range of conditions, including the thermal boundary conditions, the geometry of the
specimen, and the thermophysical properties of the PCM composite.

. SINGLE PHASE 1 PHASE CHANGE
10 10 . |

- i
L Empty_»‘
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---- Empty Foam, T =25°C ---- Empty Foam, Tp=15°C
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Fig. 5. Thermal impedance of reference empty copper foam, Ztrhef (dashed lines), and PCM-filled

copper foam, thcm (solid lines), for a cold temperature of a) To = 25 °C, and c¢) To = 15 °C, as well as the
thermal impedance suppression, Ztrﬁf - thcm (b,d), which illustrates the impact of introducing PCM
into the volume. Measurements are illustrated at duty factors of D =0, 0.01, 0.1, over a range of Ton =
102 to 4-102. In a), b), To > T and therefore melting does not occur. Thus, a), b) illustrate the effect of
storing heat via sensible heating of the PCM, whereas c), d) illustrate the effect of storing heat via
both sensible heating of the PCM and some contribution from the latent heat of melting. A direct
comparison of PCM filled foams at 15 °C and 25 °Cis included in Fig. SI-7.

Assessing melting within the composite PCM
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As complex heterogeneous media, phase change material composites present unique thermal
challenges due to the different time scales associated with heat transfer through the composite slab and
with melting of internal PCM-filled pores. If the rate of heat transfer into the composite is sufficiently
high, this can result in thermal heterogeneities and incomplete melting (violation of a quasi-1D
condition). Thus, measurement of thermal impedance can be deployed as an indirect measure of
internal melting behavior by comparing the expected response for a quasi-1D uniform composite
material to the experimentally measured thermal impedance of the composite (Fig. 6).
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Fig. 6. a), b) Experimental measure and c), d) 1D simulation of (a, c) thermal impedance of empty
copper foam, Ztr}‘ff (dashed lines), and PCM-filled copper foam, thcm (solid lines), and (b, d) the
thermal impedance suppression Z{ﬁf—Z&Cm. (c, inset) Under the homogeneous composite
approximation, a flat melt front propagates vertically through the composite upon heating and
cooling, based on the balance of energy at the solid-liquid interface, resulting in a well-defined
plateau in the thermal impedance plot (c). (a, inset) Under more realistic assumptions, temperature
gradients will exist laterally, within each pore, as a melt or solidification front propagates inwards
from the thermally conductive copper lattice, resulting in extended melting over a broader range of

time period, and a decrease in the thermal impedance suppression (b).

Comparison of experimentally measured thermal impedance with numerical predictions reveal
differences which suggest incomplete melting of the PCM within foam pores. Overall, there is
qualitatively good agreement between the range of time scales at which melting impacts the thermal
impedance of the composite PCM (1o, = 10° to 10° s; Fig. 6). However, the numerically predicted
impedance curves indicate an abrupt plateau in the thermal impedance when melting occurs, caused by
the existence of a sharp melt interface which slowly moves away from the heated surface (Fig. 6¢). In
contrast, the experimental impedance curves indicate broad distribution of the impact on the thermal
impedance, as well as a decrease in the thermal impedance suppression, Ztrlff— thcm (Fig. 6b). This
observation is consistent with internal heterogeneous temperature distribution and incomplete melting
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within foam pores. Additionally, subtle differences in the numerical model for the short pulses at D=0
reflect minor deviations, including the non-ideal nature of the serpentine thin-film heater, as well as the
high resistance, but not truly adiabatic boundary layer above the heater surface.

The time scale associated with melting of an individual PCM-filled pore, as approximated by the
quasi-steady state analytical solution to melting of a sphere, is on the order of 10! s, corresponding with
the onset of impact on the thermal impedance suppression Ztrﬁ’f - Z.fhcm. Under a constant temperature
boundary condition, the quasi-steady state solution to the 1D spherical Stefan problem defines the melt
front position as a function of time:

§@(1 + roIn(8(8)/10)) = 10 + thy(To — Ten)/ (roAHyo1) Eq.9

Here, ro is the average pore size, ki is the thermal conductivity of liquid hexadecane, and AH,q is the
volumetric latent heat of fusion. The closure time, defined by §(t) =0, is dependent on the
temperature difference between To and Ty,. Assuming a temperature rise on the boundary of 10 to 20
°C, a single pore is fully melted on the order of 10 s. Thus, the time scale of melting of an individual
pore of a composite PCM is expected to place a lower limit on the time scale of absorbing heat within
these heterogeneous composite materials. However, the exact interactions between internal structure
of a composite PCM and their impact on thermal impedance remains a subject for further investigation.

At the limit of long pulses, overall energy balance considerations dictate the time at which this slab
is entirely melted. Specifically, given the slab thickness, heating power, and PCM thermophysical
properties, and neglecting sensible heating effects, complete melting of the slab requires 420 s. In the
experimental case, this time scale is observed to correlate well with the maximum in the measured
thermal impedance suppression (Fig. 6), although temperature heterogeneity within the composite PCM
extends the period of melting beyond this time.

Thermal impedance as a guide to enhancing charging of

thermal energy

One of the principal motivating factors behind developing the concept of thermal impedance in PCM
systems remains its utility as a measure of internal dynamics in complex systems. Tracking the internal
partitioning of heat into latent heat energy storage is challenging to assess accurately experimentally,
whereas measuring thcm, a property that can be recorded from the surface of a volume, provides
insight into the transient thermal response of a material, from which its internal dynamics can be
deduced. For a particular geometry and structure, the relative amount of heat that is partitioned into
latent and sensible heat changes as ton increases (Fig. 7a,b). Initially, heat is partitioned primarily into
sensible heat until the internal temperature of the PCM is raised to its melting temperature. At long
periods, heat loss terms begin to dominate the total energy balance, and the both the relative amount
of heat stored as latent heat, as well as the thermal impedance suppression, Ztrlff—ZSlcm, begin to
decrease (Fig. 7a,b).

The storage fraction (Fig. 7c) correlates strongly with both the relative magnitude and the time scale
range of the thermal impedance suppression, Ztr}’ff - thhcm (Fig. 7b). In contrast, the marginal utilization
of the PCM is primarily a useful indicator of when the latent heat reservoir is exhausted (i.e., the upper

limit of the thermal impedance suppression; Fig. 7d). Longer heat periods ton tend to melt a greater
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fraction of the PCM, but relatively less of the input heat is stored as latent heat. This insight is important
from an application perspective, regardless of whether the aim is the storage of thermal energy (e.g., a
thermal battery), or the mitigation of a temperature rise on a heated surface (e.g., thermal management
of an electronic component). From a thermal energy storage perspective, this observation implies that
engineering geometric and material parameters to maximize storage fraction, which explicitly takes heat
loss terms into account, will result in the greatest fraction of recoverable heat from the energy reservoir,
while simultaneously reducing the maximum input temperature to store that heat, which improves
overall efficiency of the system. From a thermal management perspective, reducing the thermal
impedance is the ultimate objective of the thermal design of the system. At short periods, when heat
cannot be rejected from a system at a sufficient rate, adding a reservoir to transiently store heat can
result in reducing the maximum temperature rise of a surface.
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Fig. 7. a) 1D numerical simulation of thermal impedance of empty copper foam, Ztrlff (dashed lines),
and PCM-filled copper foam, thcm (solid lines). b) Thermal impedance suppression, Ztr}ff—Zf}fm.
Inset illustrates the change in the relative fraction of heat that is partitioned into sensible and latent
heat storage for different ton. c) Storage fraction, S, and d) Marginal Utilization, U, for the 1D
simulation. Purple arrows indicate the conditions illustrated in each inset image. U decreases at
higher duty factors because the slab does not have sufficient time to fully recharge (i.e., at the onset
of each pulse, a significant volume fraction is already liquid (Fig. SI-8).
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Thermal impedance of PCMs in thermal circuits

Thermal energy storage systems generally consist of multiple linear thermal elements (capacitors,
resistors) assembled in series and parallel, which can be described in an equivalent thermal circuit. Thus,
it is reasonable to assess the ability to combine the characterized thermal impedance of a nonlinear
PCM element together with other common linear elements. To evaluate this approach, we consider two
simple thermal circuits, consisting of a nonlinear PCM element either in series (on the heater side; Fig.
8a) or in parallel (Fig. 8b) with an ideal massless thermal resistor. These circuits are consider for
representative pulsed heater duty factors of D=0, 0.1.

The series circuit example demonstrates that, under certain limiting conditions, thermal impedance
of an overall thermal circuit can be described as a linear combination of elements, even if the circuit
contains a nonlinear PCM component (Fig. 8a). In particular, this simple circuit is a useful analog for
electronic components, which may exhibit multiple resistive layers of thermally resistive packaging, but
which have relatively low thermal capacitance. In contrast, the parallel circuit example demonstrates
that the nonlinearity of the PCM dictates the transient thermal response at intermediate time periods
(when the melting process plays the largest role). Since the PCM is a nonlinear circuit element, the
voltage divider effect of the parallel resistor means that the PCM element is effectively seeing a
different boundary condition (lower heat flux into the heated surface), which then changes the
impedance characteristic. However, this shortcoming may be overcome by characterizing the PCM
component across a range of Tp and Q(’)’, to account for the impact of other circuit elements on the
thermal boundary conditions of the PCM element.
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Fig. 8. Numerically calculated thermal impedance for individual elements and for a PCM element a) in
series with an ideal massless resistor, and b) in parallel with an ideal massless resistor. Zpcw is shown
in bold lines (for the same element as discussed in Fig. 6), massless resistor is shown with dashed red
line (which is independent of on time for an ideal massless resistor). The thermal impedance of the
complete circuit is evaluated numerically (thin solid line) and is compared against an equivalent
impedance which is given as Zeq = Rint1 + Zpcm for the series configuration, and Zeg™ = Rinu™* + Zpem™. The
equivalent impedance converges with the numerically simulated circuit in the series configuration,
but diverges over short 1o, in the parallel configuration, as discussed in the text. Thermal impedances

Zth, Thermal Impedance (°C/ W) i

N

C/W) o
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are calculated for values of D =0 (blue) and D = 0.1 (purple).
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Conclusions

Effective utilization of phase change materials in pulsed periodic systems requires development of a
guiding framework to enable design and integration of these highly non-linear components. This
framework must build a common language and set of descriptors that can be used to design a thermal
energy storage component tailored for a particular end-use application. In this context, thermal
impedance is the critical characteristic for determining the transient periodic response to different
charge and discharge rates of a thermal storage component. The thermal impedance captures both
intrinsic material properties and extrinsic design elements, where the general strategy of a thermal
energy storage component is always to minimize thermal impedance under the range of application-
oriented operating conditions. For application as an energy storage/retrieval system, minimum
impedance enables the most efficient access to the stored heat, with a minimum degree of
overheating/undercooling. For application as a thermal buffering system for thermal management,
minimum impedance directly represents the most efficient suppression of temperature changes at the
heated/cooled surface.

In this manuscript, we have developed the theoretical framework to evaluate the thermal response
of PCM layers to periodic unsteady thermal boundary conditions and have experimentally and
numerically interrogated the behavior of a model composite PCM system. These experiments have
revealed the complex non-linear behavior of composite PCM slabs, but have also identified guidelines
that form the basis of design of PCM components for pulsed energy systems. Specifically, to significantly
decrease the thermal impedance of the system, a PCM slab must maximize the storage fraction, S (the
guantity of heat stored as latent heat, relative to the total pulse of heat), while not exceeding the overall
capacity of the slab, as measured by its marginal utilization, U (the extent of melting that occurs during
each pulse).

It is our hope that developing this analytical framework will introduce a common vocabulary and
toolset for analysis and design of thermal energy storage components intended for pulsed periodic
power thermal energy storage. Specifically, this approach already provides an avenue to further
evaluate the effects of intrinsic PCM material properties, composite PCM mesoscale structure, and the
critical length scales associated with a composite structure on the transient periodic thermal response of
a PCM slab. Thus, this approach can form the basis for both optimal design of PCM components under a
known periodic thermal load, or, by analogy with high power electronics packages, as a descriptive
specification for a standalone component, which can then be impedance matched with other
components of the overall thermal system. Only through adopting such a unifying framework can we
hope to advance the effective design of thermal energy storage components for pulsed power
applications.

Methods

Materials
The metallic thermally conductive matrix used in this study was a 1.07 cm thick copper foam with a
96.7% porosity (¢) and 30.6 pores per inch (PPI) (Fig. SI-1, 2). All samples had dimensions of 2.44 cm in
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length and width. The PCM material chosen was 99% pure hexadecane (Sigma-Aldrich) with a melting
point (Tmer) of 17.4 °C and a gravimetric latent heat of fusion (AH,,) of 226.5 J-g* measured using a TA
Q2000 Differential Scanning Calorimeter at a heating rate of 2 °C-min! (Fig. SI-9).

Experimental Setup and Sample Preparation

The dynamic system consists of a quasi-one-dimensional system with a heat flux boundary applied by
a thick film heater on an insulated (quasi-adiabatic) top surface (Fig. 3). The heat flux boundary
condition is regulated by a 32 W Programmable DC power supply (Keysight B2961A) connected to a
thick film polyimide-coated heater (Omega Heater KHLVA-101/10). On the bottom surface is a quasi-
isothermal cooling boundary condition controlled by a mini-channel cold plate (Advanced Thermal
Solutions ATS-CP-1002; 0.005 °C-W™ at 4 L:-min). This cold plate is connected to a (14.8 L-mint) water
chiller (PolyScience LS51M11A110C) with a Tp of 10, 15, or 25 +/-0.1 °C. The data acquisition (DAQ)
system consisted of a National Instruments DAQ-9174 combined with a TB-9212 Isothermal Terminal
Block and a 9252 Voltage Input Block. Three fine-wire (0.08 mm diameter) K-type thermocouples
(Omega 5SC-TT-K-40-36-ROHS) are used to collect temperature data. One thermocouple is fixed to the
foil using conductive epoxy at the center beneath the heater (T4), one is fixed to the cold plate (7o)
adjacent to the sample to avoid adding additional thermal resistance to the cold plate/sample interface.
Polyimide tape is used to fix the thermocouple on the cold plate, and fiberglass insulation is placed on
top for insulation. A final thermocouple measures the ambient temperature of the lab (Tamp). The
thermocouples are calibrated to within 0.1 °C to ensure data accuracy.

Each sample was prepared with layers to enhance one-dimensional heat transfer and reduce
interfacial resistances (Rint). Because of the copper foam’s topology, the thermal conduction path at the
surface with the heater and the cold plate is inhibited by a low contact surface area due to the foam’s
ligaments. Therefore, a layer of aluminum foil was used as a heat spreader and was fixed by silver
conductive epoxy (EPO-TEK® H20E; 2.5 W-m™*-°C? from laser flash analysis (LFA) and 29 W-m™-°C* from
thermal resistance data)*® at the interface between the heater and the sample and the cold plate and
the sample. Approximately 0.6 g of silver epoxy (Arctic Silver 5 AS5-3.5G; 0.94 to 1 W-m™.°C1)34>
applied at each interface to ensure the metal foam struts had sufficient thermal contact with the foil. To
mount the sample onto the insulating holder, 0.3 g of thermal paste was applied to the sample’s bottom
interface using a quincunx pattern. In addition, to prevent PCM and silver thermal paste contamination,

was

the heater was attached to the sample/foil by adding a layer of silver conductive epoxy. The high-
temperature hot-melt adhesive was applied around the sample’s bottom edges to shield the paste from
mixing with the PCM. An acrylonitrile butadiene styrene (ABS) sample holder fabricated using a Stratasys
F370 printer is fixed to the cold plate with silicone adhesive to contain liquid PCM and to reduce heat
loss to the environment. The total thermal resistance (Riotal) Was 8.45 + 0.07 °C-W for the empty foam,
and 8.89 + 0.14 °C-W! for the filled foam. This variation is within measurement uncertainty and likely
represents subtle differences in contact between the irregular foam boundary and the flat heater and
cold plate surfaces. The reported Ram from literature was 3.74 °C-W, and the combined Ri.: was 5.15
°C-W (empty) and 5.19 °C-W (filled).

An insulating silicone open-cell foam wrapped in polyimide tape was placed on top of the sample to
reduce heat loss from the top surface. To minimize thermal contact resistances associated with the
various interfaces, a 2.2 N weight is placed on top to provide a consistent compressive force across all
experiments.
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Data Collection and Processing

A LabVIEW program controlled the power supply and recorded temperature and voltage readings
from the setup. Two testing modes were used: stepwise and pulse train power inputs. Temperatures
and voltages were recorded at a sampling rate of 300 Hz. This results in 6 data points collected per
period at duty factors of 0.5 at on-time of 0.01 s, or for 300 data points at the same on-time but at a
duty factor of 0.01. The duration of each run varied depending on the testing mode to allow the system
to reach a steady state. For the stepwise runs, the power varied from 0 to 5.8 W. For the pulse trains, a
constant power of 2.6 W (i.e., 0.43 W-cm™) was applied using a 0 V lower level and a 14 V peak level
input with a 76.0 Q resistance from the polyimide heater. For each run, the heater applies a pulsed
thermal input, where the pulse train’s duty factor (D) and on times (ton) are an array input to the
program.

Temperature profiles (T, To, and Tamb) Were collected for each sample and analyzed using MATLAB.
For the stepwise case, the temperature rise is measured using the difference between the steady-state,
hot-side temperature at each power level and cold-side temperature. For the pulse train case, the
periodic unsteady thermal response is allowed to reach sufficient cycles to reach a convergent periodic
thermal response at each combination of duty factor and on-time. A script was used to identify the
maximum temperature rise for the last 30% of the collected convergent periodic responses. The
reported hot-side temperature (Th) is the mean value of the last 30% peaks. The ambient temperature,
Tamb, Was measured during each experiment, but was not observed to cause significant deviations
between runs.

Numerical Simulation

In this work, numerical investigations are utilized to characterize heat transfer and, specifically, the
thermal impedance, Zy,, marginal utilization, U, and storage fraction, S, of the composite PCM slab
under pulsed periodic heat flux boundary conditions (Fig. 6, 7). We use 1D finite difference analysis
(FDA) models simulating conductive heat transfer through Cartesian PCM composite geometries, which
have been established and validated in previous publications.3#%%4! The fundamental assumptions of the
FDA models are: 1) the material properties of the solid and liquid phases are temperature independent,
2) melting occurs at a singular temperature, 3) the interface between phases is well defined, 3) the
densities of the solid and liquid phases are equal leading to no mass transfer upon phase change and 4)
no convection occurs in the liquid phase. Within the FDA, nodes are linearly spaced between boundaries
and node characteristics are given by the system geometry and effective properties, treating the system
as a composite material slab. For all simulations executed in this work, the pulsed periodic boundary
condition is cycled sufficiently to achieve periodic unsteady conditions; boundary conditions are applied
for at least 10 cycles, and until the periodic transient thermal response converges (defined as
(Th+l — TR )/TRTL < 107%). For every timestep, the heat transfer between nodes is calculated using
an implicit backward Euler method, from which the temperature and melt fraction of each node is
determined. To this end, for a Cartesian coordinate basis the heat equation is given by:

Eq. 8

1( aT)_ aT af
dx =P

— — + AH. . —
dx Cog¢ T AMvar g,

where x, p, Cp, T, ¢, k and AH,, represent distance, density, specific heat capacity, temperature, time,
thermal conductivity, and volumetric latent heat, respectively. The melt fraction of a given node volume
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is represented by f, where possible values range from 0, which represents not at all melted, to 1, which
represents completely melted, with intermediate values represent partial melting. Within Eq. 8, the left-
hand side of the equation represents the rate of heat transfer through the given volume and the right-
hand side of the equation represents the heat absorbed by the volume through sensible (term 1) and
latent (term 2) heating. Within the FDA, once the melting temperature of a given node is reached, the
node will absorb thermal energy into the latent heat until the volume is completely melted before
beginning to sensibly heat leading to a singular well-defined front.

Resolution of the FDA model is dependent on timestep length and node spacing. Time steps are
chosen to be 10* time steps per total period, which provides sufficient temporal resolution, even at low
duty factors. A total of 1001 nodes are distributed between the two boundaries of the simulated volume
(total height of 10.7 mm), resulting in spacings of 10.7 um between nodes. This combination of values
yields results in thermal impedance which converge within <1 %. Accuracy of the resulting finite
difference model was validated against ANSYS simulations, analytical models, and experimental data;
these results are reported elsewhere.*>* Additionally, the numerical model converged to analytical
solutions for the from the single pulse limit (D = 0; Fig. SI-10, SI-11).

Data availability

The authors declare that the data supporting the findings of this study are available within the paper
and its Supplementary Information files. Should any raw data files be needed in another format, they
are available from the corresponding author upon reasonable request.
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