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Abstract

Thermal energy storage can increase the efficiency of the electric grid by adding flexibility to thermal
systems. The value of thermal storage is a function of its energy and power density, which are driven by
the capacity and thermal resistances in the storage device. Measuring these properties in-situ at the device
level is an important step to understanding the performance and improving the design of thermal storage
systems. In this paper, we present methods to measure the total capacity and thermal resistances in heat
exchangers with integrated phase change materials. These methods are demonstrated on two thermal
storage devices—a 570-kWh ice-based storage tank and a 0.35-kWh graphite-tetradecane composite
device. The results show how thermal resistances evolve with the state of charge and discharge rate in these
devices and quantify the impact of applied pressure on the contact resistance in composite phase change
material heat exchangers. The proposed method allows for easy comparison between different systems and
provides information on the thermal bottlenecks limiting performance. Ultimately, these measurements will
allow designers to make robust, high-performance thermal storage devices for next-generation thermal
systems.
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Nomenclature

A fit constant [K m? W]

B fit constant [K m? W]

Cap  capacity [kJ or Wh]

Cp specific heat capacity [kJ kg™ K]

Cute  heat transfer rate normalized to the total capacity (Q/Cap) [hr?]

Dt outer tube diameter [m]
dt inverse of the sampling frequency [s]
dx width of nodes in x-direction in numerical model [m]

Ein thermal energy [kJ]

H height [m]

h heat transfer coefficient [W m2 K]

k effective thermal conductivity [W m? K]

L latent heat [kJ kg™]

I length [m]

M mass [kg]

m fluid mass flow rate [kg s

N node number in x-direction in numerical model [-]
0 heat transfer rate [W]

q" heat flux [W/m?]

R resistance [K W]

R" area specific resistance [K m? W]

SOC state of charge [%]

St distance between centerlines of adjacent tubes [m]
T temperature [°C]

th thickness [m]

W width [m]

Greek Symbols
A differential
[ heat flux ratio at heat exchanger inlet

Superscripts

*

adjusted

"

area specific
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Subscripts

a active nodes in the x direction in the numerical model
ch fully charged state
contact related to contact resistance
disch  fully discharged state
eff effective

f heat transfer fluid
front  phase front location
glide temperature glide

HX heat exchanger

in inlet

I liquid

LM log-mean

m mean

max  maximum

min minimum

out outlet

PCM phase change material
S solid

sub subcool

super superheat

surf  surface

t transition

total  total

wall  fluid channel wall

X x direction
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Introduction

Thermal energy storage (TES) can improve the flexibility of thermal systems by decoupling the production
of heating or cooling from its use. TES has been considered for a wide range of systems to improve thermal
management of electronic equipment®? and to provide storage for buildings®* and the electric grid.>®
Although several classes of materials have been considered for thermal storage, phase change materials
(PCMs) have been studied extensively because they can accept or dispatch heat at a nearly constant
temperature.”!

There has been a significant amount of past work on evaluating PCM material properties but little progress
on developing standardized procedures to characterize TES components (e.g., TES heat exchangers). In
contrast, the electrochemical battery community has developed testing procedures to determine the total
capacity, rate capability, energy and power densities, internal resistances, relaxation characteristics, and
lifetime of a cell.? Rate capability and Ragone plots (comparison of energy and power density) for TES
components have recently been developed by mimicking these electrochemical tests for batteries.*® There
may be additional opportunities to leverage electrochemical research to determine key properties of thermal
storage components.

As with electrochemical storage, one of the most important characteristics of a TES device is its energy
density at a given power. Thermal Ragone plots provide a way to compare different TES devices,*® but give
less insight on how they can be redesigned to achieve a higher energy density. The key properties that
impact energy density are the total capacity and thermal resistances between the heat source or sink and the
transitioning PCM. The capacity per unit volume quantifies the maximum possible energy density of the
device, and the resistances drive how closely the device approaches this theoretical maximum. Both
properties are commonly measured for new electrochemical battery architectures and chemistries using
standard characterization techniques. The maximum capacity is typically measured by slowly discharging
a cell,*2 which minimizes voltage losses. Capacity is measured on the device level to capture non-linear
electrochemical phenomena, account for the anode and cathode geometry and consider diffusion rates in
the device.'

For TES, capacity is rarely measured at the device level but instead is measured at the material level with
differential scanning calorimetry. This technique measures the amount of heat required to change the
temperature of a material, which for PCMs can give the sensible and latent capacity in the temperature
range of interest. Although it is a useful tool for TES, differential scanning calorimetry will not account for
any inactive components needed for device operation (for example, fluid channels), and more importantly
it does not allow for in-situ capacity tests to see how performance changes with cycling under real operating
conditions.

The electrical resistance is also commonly measured in electrochemical batteries under different loading
and environmental conditions to determine current bottlenecks, define its operational bounds, and track its
state of health.'® Electrical resistances are typically measured with hybrid pulse power characterization,
which applies consecutive charge and discharge current pulses at different C-rates.? The voltage response
from this experiment can be used to determine the ohmic and polarization resistances of the cell as a
function of the state of charge. These resistances can be disaggregated from the total by looking at how the
voltage response develops over time.!® First, an instantaneous drop in voltage occurs when a current is
applied. This voltage drop is the result of ohmic resistance, which is the sum of the electrical resistances in
anode, cathode, and current collectors, the contact resistance between the active mass and current collectors,
and the ionic resistance through the electrolyte.!” After this initial drop, the voltage continues to decrease
due to charge-transfer and polarization resistances that develop as the cell discharges.
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In a fluid-coupled TES device, there are three primary thermal resistances: the convective resistance of the
fluid, the contact resistance between the fluid channels and PCM, and the internal resistance through the
PCM. Like electrochemical cells, these resistances develop on different time scales. The convective and
contact resistances (described as surface resistances in this work) are always present in the device, whereas
the internal resistance develops as the device charges or discharges. Disaggregating these resistances can
give useful insights into the limiting resistances, which can help designers develop high-performance TES
systems. Additionally, measuring changes to the total resistance over time can quantify any degradation in
the device’s performance.

Resistances are rarely measured in TES devices, and the relative contributions of the surface and internal
resistances are not usually determined. The total resistance is typically reported as the ratio of the driving
temperature difference and the average heat transfer rate.'® One study reported the measured resistances in
a TES device coupled to a non-isothermal fluid stream, but the method to calculate these resistances was
not described.'® Past work has also measured the internal resistance through the PCM separately, but this
was done by measuring the phase front location with embedded thermocouples at different distances from
the fluid channel.?’ Although this is useful information, these types of measurements are often difficult or
impossible to collect in packaged systems.

In this paper, we describe experimental methods that can be used to measure the capacity and resistances
in TES devices, in contrast to the common techniques focused on just the TES material. The experimental
protocols, assumptions, and limitations of the approaches are described in detail. We also demonstrate the
methods on two TES devices—a 570-kWh ice-based component and a 0.35-kWh tetradecane composite
device. These methods provide a pathway toward standardized TES characterization and will help designers
improve the performance of these systems.

Methods

This section describes procedures for measuring the capacity and resistances in fluid-coupled TES devices.
The methods presented here are designed to be in-situ measurements of TES as it is deployed, rather than
inferring the device performance from PCM material properties alone.

Measuring Total Capacity. The first step in evaluating the performance of a thermal storage unit is to
determine its total capacity. The total capacity (Cap) of a PCM-based device typically includes its latent
heat (L) along with the capacity associated with additional subcooling and superheating above and below
the transition temperature (CpAT), as shown in Equation 1.

Cap = Mpcum (Cp,sATsub + L+ Cp,lATsuper) (1)

The fully charged state is defined when all the active storage material is at Ten (Ttmin — ATsup fOr cold storage,
where Timin IS the minimum phase change temperature of a PCM considering any temperature glide), and
the fully discharged state is defined when all the material is at Taisch (Tt,max + ATsuper fOr cold storage where
Temax IS the maximum phase change temperature). One method to experimentally measure capacity is to
determine the amount of heat that must be added or removed from a device to reach these isothermal
charged and discharged states.

Figure 1 outlines a method to measure the capacity of a TES device when heat is added or removed using
a heat transfer fluid. First, the storage device should be well insulated from the environment and connected
to a flow loop that can supply fluid at a specified temperature and flow rate (see Figure 5 for an example).
The experiment begins with a fully discharged TES device by setting the fluid inlet temperature to Taisch.
Fluid should be supplied at this temperature until the outlet temperature changes by less than 0.02 °C over
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a 15-minute period (dT/dt < 0.08 °C/h). We chose to maintain this state for 15 minutes to confirm an
isothermal state and to accurately compute the average rate of change. These isothermal regions were not
included when calculating the total capacity measurement, although including them has little impact on the
measurement (< 1 Wh or 0.3% in this case) because the heat transfer rates are very low.

Once the isothermal condition is reached, we assume that all the storage material is at Taisch. This assumption
can be verified either with an internal probe that measures the PCM temperature, or with a temperature
sensor placed on the external surface of the device. After reaching the isothermal discharged state, the fluid
inlet temperature should be set to T, until the outlet temperature changes by less than 0.02 °C over a 15-
minute period. This same procedure can be run in reverse (going from the charged state to the discharged
state) to verify the measurement.

Isothermal Charging TES device Isothermal
region region
T gisoh e = = = = - o o oo

After isothermal state
is achieved, fluid inlet
temperature set to TCh

o

S
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©
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Figure 1: Capacity measurement method by charging TES device. The discharging capacity test is conducted by
performing the sequence in reverse order.

The temperature difference across the fluid stream is often not exactly zero in the isothermal regions, which
is likely the result of measurement uncertainty or continual heat losses or gains to/from the ambient. We
adjusted the fluid outlet temperature to remove this offset. The measurement was adjusted by removing the
average temperature difference between the outlet and inlet fluid streams during the isothermal periods
(Equation 2).

i (Tr out — Tf,in)dl-sch + (Tr oue = Tf,in)ch
Tf,out = Tf,out - 2

()

Finally, the total amount of thermal energy that is added or removed from the device can then be calculated
with the energy balance shown in Equation 3, where i is the fluid mass flow rate, c,, r is the fluid specific
heat, and dt is the inverse of the sampling frequency. The sum of the thermal energy added or removed
during each time step gives the total device capacity.
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t
Een = f mf Cp.f|Tf*,out - Tf,inldt (3)
0

Measuring Thermal Resistance. The thermal resistance in a TES device will initially be set by the surface
resistances between the fluid and PCM and will increase over time as the phase front moves away from the
tube wall. The total resistance can be evaluated with knowledge of the fluid heat transfer coefficient, contact
resistance, and solid-liquid interface position, but these values are difficult to measure in-situ. In this
section, we present a measurement method that can be experimentally executed on full TES heat exchangers
and compare the resistances to the expected values based on the phase front location.

We used a validated transient finite difference numerical model*3 to compare the resistances calculated with
these two approaches. The model simulates a device where heat is added or removed by a propylene-glycol
water stream that passes through a high aspect ratio rectangular channel (0.25-m wide and 3-mm tall). The
fluid channel is sandwiched between two form-stable composite PCM slabs containing tetradecane in a
high-thermal-conductivity graphite matrix. The baseline phase change composite properties used in the
model are a transition temperature of 4.6 °C, a temperature glide of 0.5 °C, a thermal conductivity of 10 W
mt K! perpendicular to the fluid channel, and a latent heat of 168 kJ kg™.%2 The distance between adjacent
tubes (the PCM slab thickness) was set to 7 cm. Heat was added to the device at a constant power, which
was achieved by maintaining a constant flow rate and temperature difference between the fluid inlet and
outlet streams (initially set to 4 °C). The model simulates the thermal performance of the device by
discretizing the PCM composite into 800 subvolumes, and the fluid stream into 40 subvolumes in the axial
direction. The heat transfer through the composite is calculated with a discretized version of Fourier’s law,
accounting for directional differences in thermal conductivity. The model determines the enthalpy change
in each node with time and then calculates the enthalpy and temperature of each node with numerical
integration using the explicit Euler approach. A more detailed description of the model and validation
experiments are presented in Woods et al.™®

This detailed numerical model can estimate the total resistance by summing the contributions of the fluid
convective resistance (1/hs), the tube wall conductive resistance (thwan/kwan), the contact resistance between
the tube wall and the PCM composite (R, ,:qct), @nd the conductive resistance through the liquid PCM
(L#ont/Kpcm), as shown in Equation 4.

-1
Ny

1
Riotar = 5| Whxdx §
ota 2 =%, h1 + thwa” + R,, ract + lfront,i
contac
f.i

1

(4)

kwall kPCM

Equation 4 only considers the “active” nodes of the device (denoted as Na), defined as all x-locations where
the PCM has not fully melted between the channel wall and the symmetry boundary condition. Once regions
of the device fully melt, the PCM will start superheating and will not be bound by the transition temperature.
Once this occurs, Equation 4 assumes that the total heat transfer rate into that region is negligible and the
resistance to heat flow between the fluid and phase front is defined using the projected area of the phase
front onto the tube wall (between N, and Ny). This assumption is an estimate of the actual heat flows in the
device,® and will result in some error.

Although this approach can be used to measure thermal resistance with a numerical model, it is difficult to
evaluate experimentally. Generally, the distance between the phase front and channel surface cannot be
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directly measured, and many carefully placed sensors are needed to accurately measure the surface
resistance.

A second approach avoids the need for these measurements by estimating the resistance based on the fluid
inlet and outlet temperatures during a constant power discharge. A constant power discharge experiment
sets the fluid flow rate and control the inlet fluid temperature to maintain a constant temperature difference
between the inlet and outlet streams (Qf = constant = mc,ATy). The total thermal resistance can then be
calculated using the log-mean temperature difference, which is often used to evaluate the heat transfer rate
between two fluid streams in a heat exchanger. In this case, the log-mean temperature difference is defined
between the fluid and the phase front, which is at the maximum transition temperature (or simply the
transition temperature if the phase transformation has no glide). The same approach can be used when
measuring thermal resistances while charging a cold storage device or discharging a hot storage device
(freezing the PCM). In this case, the phase front will be at the minimum transition temperature. The
resistance is calculated with this temperature difference and the total heat transfer rate leaving the fluid
stream, as shown in Equation 5. The total resistance can also be represented as an area-specific resistance,
which allows for easier comparison between different TES heat exchanger sizes. In this work, all area-
specific resistances are the product of the total resistance and the outer tube surface area in contact with the
PCM or PCM composite.

| |
i| (Tf,in_Tf,out) |

R = -
rotal Qf lln ( Tf,in - Tt,max ) (5)

fout — Tt,max

Figure 2 shows the total thermal resistances calculated with Equations 4 and 5 for different C-rates and
temperature glides. The log-mean temperature difference method is inaccurate if no phase front is present
(near the beginning of the experiment before the PCM starts to transition phase) or when the PCM in a
region of the device is fully melted or fully solidified. These regions are greyed out in Figure 2. The invalid
regions can be identified with temperature measurements at the tube surface and adiabatic boundary, or
with approximate approaches if internal thermocouples cannot be easily added. More information about
identifying the boundaries of the grey regions is included in the supplemental section S1. When resistances
are measured while cooling the PCM, supercooling can lengthen the invalid region because it delays the
development of a phase front. This case is also discussed in the supplemental information.
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Figure 2: The total thermal resistance in the TES device measured using the location of the phase front and log-mean
temperature difference method at (a) 1C and (b) C/2 when the material has a 0.5 °C temperature glide, and (c) at 1C
when the material has a 2 °C temperature glide. The average transition temperature was lowered in (c) to have the
same maximum transition temperature as (a) and (b).

The accuracy of the log-mean temperature difference approach depends on the PCM material properties
and how fast the device discharges. For cold storage, Equation 5 assumes that heat passes from the heat
transfer fluid to a thermal sink at the maximum phase change temperature. This assumption is valid if a
solid-liquid interface is present across the entire length of the heat exchanger. At high states of charge, only
a portion of the tube surface will be in contact with liquid PCM, causing the average heat sink temperature
to be below the maximum phase change temperature (Figure 3a). When the baseline material is discharged
at 1C, the log-mean temperature difference approach yields similar thermal resistances to those directly
calculated with information about the phase front location (Equation 4) because the phase front grows more
uniformly across the tube surface (Figure 3b). Liquid covers the entire tube after 75.4% state of charge, but
the methods agree within 5% below 93% state of charge.

As the power decreases, the liquid layer develops unevenly (Figure 3c), and as the temperature glide
increases, it takes longer for the liquid layer to develop because heat can be transported away from the tube
surface more easily (Figure 3d). These both lead to deviations in the assumed heat sink temperature (Figure
3a), which result in errors in the thermal resistance calculated with the log-mean temperature difference
approach (Figure 2b-c).
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Figure 3: The log-mean temperature difference method assumes that the thermal sink is at the maximum phase change
temperature, but at high states of charge a liquid layer has not formed across the entire tube and the thermal sink
temperature near the outlet is lower than this assumption. The magnitude of the difference depends both on the material
properties and operating conditions. The difference between the log-mean temperature difference assumption and the
actual interface temperature (defined as the temperature at the surface of the tube when there is no liquid layer) at 80%
state of charge is shown in (a), and (b-d) show the location of the phase front for different material properties and
operating conditions.

It is important that the log-mean temperature difference approach is only applied when a liquid layer is
present over most of the channel surface. Equations 6 and 7 show a rule of thumb to set the minimum C-
rate for these resistance experiments. The equation assumes that the liquid layer varies linearly with x and
extends the full length of the heat exchanger when the liquid fraction reaches 15%. This percentage was
chosen because it results in good agreement between the two resistance calculations (Equations 4 and 5)
below about 90% state of charge (Figure 2a). The main unknown parameter is p, which is defined as the
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ratio of the heat flux at the heat exchanger inlet to the average heat flux. This ratio is a function of the
temperature glide and was found using the finite difference model described above. p was set to 1.8, 1.3,
and 1.2 for temperature glides of 0, 0.5, and 1 °C, respectively. In general, the higher the temperature glide,
the lower the state of charge will be before 15% of the device is liquid. To reduce errors at high states of
charge, the liquid fraction can be lowered, which will change p and increase the minimum C-rate. The
derivation for Equation 6 is shown in the supplemental section S2.

2Whxluxkpem ™
MmgCy fthin
C _ 2VVHXIHXATf lHXRsurf (6)
rate,min — th: - th:
ox Cap (Rours + o2 )|\ low (Reurs + o)
—_— Cap
Mg = Lrate,min m (7)

Along with the total thermal resistance, the method described above can be used to disaggregate the internal
resistance through the liquid layer from the surface resistance (convective, wall, and contact). For a constant
power discharge, the PCM resistance is initially zero and increases linearly with state of charge until a
portion of the device contains fully melted PCM (assuming the liquid PCM resistance is purely conductive).
The log-mean temperature difference approach can directly measure this resistance if a uniform liquid layer
appears instantaneously across the entire tube surface. In this case, the surface resistance will correspond
to the value when the resistance first suddenly changes slope. Unfortunately, this condition almost never
occurs. Instead, the resistance can be estimated by extrapolating the linear portion of the resistance curve
to the state of charge where a liquid layer is expected to start forming. If thermocouples are placed on the
surface of the fluid channels near the inlet port, the appropriate state of charge can be estimated when this
surface temperature rises above the maximum transition temperature of the PCM (see supplemental section
S2). If this measurement is not available, the surface resistance can be approximated by extrapolating to the
saturated solid state of charge:

MPCM Cp,sATsub)

SOCysqe s = 100 (1 - Car

(8)
Figure 4 shows the estimated surface resistances when the area-specific contact resistance in the model is
set at 6, 16, and 26 K m?>W-L. In this case, the state of charge where liquid starts to form is evaluated using
the tube surface temperatures (average state of charge = 92.4%). This approach underestimates the surface
resistances by 6.6%, 2.8%, and 1.5%, respectively. If Equation 8 is instead used to estimate when liquid
starts to form, the errors are slightly higher at 11.8%, 7.5%, and 5.7%, respectively.
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Figure 4: The total resistances calculated with the log-mean temperature difference approach and the estimated
surface resistances, based on output from the finite difference numerical model.

Experiments

We demonstrated the proposed characterization methods using two different thermal storage devices. The
first was a microchannel PCM composite heat exchanger similar to the device described above. Heat is
passed in and out of the storage material by a propylene glycol — water mixture that flows through an array
of microchannels (Figure 5a). This array contains 135 individual microchannel ports with hydraulic
diameters of 1.3 mm. The flow is split evenly into the microchannel ports by a common manifold.
Rectangular slabs (41.9 cm x 25.9 cm x 3.6 cm) of a graphite/tetradecane PCM composite are placed above
and below the microchannel array. We found that tetradecane leaked out of the graphite material when
cycled, so each slab was encapsulated in a heat-sealed Mylar bag. The bag increases the surface resistance
but avoids the loss of capacity over time.

The inlet temperature and flow rate of the glycol mixture is controlled using the facility shown in Figure
5b. The test section is charged by supplying glycol below the PCM transition temperature to the fluid inlet.
While charging, the heater is off and the temperature is controlled by a constant temperature circulating
bath (Fisher Scientific 6200 R35). The device can be discharged by supplying glycol at a constant inlet
temperature (capacity experiment) or by maintaining a constant heat transfer rate into the PCM
composite(resistance experiment). The circulating bath is used to supply a constant inlet temperature, and
a 1-kW external heater (Watlow FLUENT) is used to achieve a constant heat transfer rate by maintaining
a constant temperature difference between the fluid inlet and outlet. For all constant power tests, the fluid
temperature difference was set at 4.5 °C and the flow rate was varied to achieve the desired heat transfer
rate. The flow rate was controlled using a DC power supply connected to a variable speed diaphragm pump.
Pressure was applied to the top of the test section with a screw clamp to improve the thermal contact
between the channel walls and the PCM composite. The applied force was measured with a load cell
(Omega LC304-5K).

The heat transfer rate into and out of the fluid stream was measured using the fluid inlet and outlet
temperature and the flow rate. The fluid temperatures were measured with three T-type thermocouples in
each location. The thermocouples were calibrated using a constant-temperature bath and a NIST-traceable
temperature probe. The average fluid temperature at each location was measured within 0.1 °C. The flow
rate was measured with a turbine flow meter (Omega FTB602B) with an accuracy of +1% of the reading.
T-type surface thermocouples were also placed on the external surface of the encapsulating Mylar bag on
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the channel and insulation side of the test section, as shown in Figure 5b. The surface probes were placed
3 cm from the fluid inlet, 3 cm from the fluid outlet, and in the center of the device.

(b)

Chiller

. Temperature
@ Flow rate

Figure 5: (a) The microchannel heat exchanger that allows propylene glycol-water to pass in and out of the test section
to charge or discharge the PCM, and (b) a schematic of the experimental facility where the instruments marked with
T and V are thermocouples and a volumetric flow meter, respectively.

We also measured the thermal resistances in an ice-based thermal storage device (CALMAC 1190). The
device is used to store cooling for buildings by freezing 6,265 L of water. The water is contained in a large
tank with a plastic heat exchanger coil. The coil allows propylene glycol — water to pass through the tank
to add or remove heat. This storage device has a total capacity of 570 kwh.

Ice tank

-
Mixing valve Load Facility hot water
Qob (i.e. building load)
< Chiller
o bypass
074

O

Evaporator

30-ton chiller

Facility cold water
(i.e. chiller heat sink)

Figure 6: A schematic of the experimental facility used to measure the internal thermal resistances in a 570-kWh ice-
based thermal storage system. Some of the main temperature (labeled T), flow rate (labeled V), pressure (labeled P),
and power (labeled Pwr) measurements are shown in yellow. The ice tank image is used with permission from Trane
Technologies.
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The ice tank was connected to the facility shown in Figure 6 and charged using a 30-ton variable speed
chiller (supplied by Trane). In these experiments, the thermal resistance between the glycol and the solid
ice was measured while discharging the TES tank at a constant power. During discharge, the load bypass
valve was closed, the chiller bypass valve was open, and the mixing valve was closed, forcing all the flow
to pass through the ice tank and the heat exchanger coupled to the facility hot water system. The flow rate
of the facility hot water stream was controlled using a control valve (Belimo P2200S series) to maintain a
constant temperature difference between the ice tank inlet and outlet of 8.3 °C. The flow rate of the main
flow loop was set to meet the target heat transfer rate using a variable speed pump (Price Pump Co, Model
CD150). T-type thermocouples were used to measure fluid temperatures, and a turbine flow meter (Hoffer
HO series) was used to measure the glycol flow rate through the ice tank. There were no temperature sensors
inside the ice tank in this experiment. The tank was discharged over approximately 4-, 6- and 8-hour periods
(C/4 to C/8), corresponding to heat transfer rates of 129, 94, and 72 kW.

Results

Total Capacity. The total capacity of the ice-based thermal storage device was given by the manufacturer,
but the capacity of the PCM composite-based device was unknown. The fully charged state of the composite
device was set at 0 °C, and a fully discharged state was set at 10 °C. The capacities measured by both
charging and discharging the component are shown in Figure 7. The PCM composite was considered
isothermal when the fluid outlet temperature changed by less than 0.02 °C over a 15-minute period (as
described in the methods section). This assumption was validated in these experiments using thermocouples
placed at the surface between the PCM composite and the insulation to confirm that the temperatures were
below the transition temperature, indicating that the device was fully charged (see supplemental section
S1). The temperature difference between the heat transfer fluid inlet and outlet was 0.13 °C (heat gain of
13+14 W) when held in the isothermal charged state. When the device was held in the isothermal discharged
state, the temperature difference between the fluid inlet and outlet was approximately 0.01 °C, equating to
a heat gain from the ambient of 1+14 W. To adjust for these interactions with the ambient, the fluid outlet
temperature was adjusted by 0.07 °C according to Equation 2.

The measured capacities found by charging and discharging the device were similar, at 353£74 Wh and
368+63 Wh, respectively. We validated these measurements using a differential scanning calorimeter (TA
Instruments Discovery DSC 2500) at a scanning rate of 1°C/min, which measured a latent heat of 161 kJ/kg.
Using mass-averaged specific heats in the solid and liquid phase,® the expected device capacity between 0
and 10°C is 333 Wh, which is within the experimental uncertainty of the values calculated with this device-
level measurement.
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Figure 7: The measured fluid inlet and outlet temperatures while (a) charging and (b) discharging the device between
defined charge and discharge states. The grey regions on the temperature plot mark isothermal periods of the test. The
total heat transfer rate between these grey regions is shown in (c) where the circle indicates the total capacity. The
uncertainty was calculated using the method described in supplemental section S5.

Resistances. The total thermal resistance in the PCM composite-based device was measured while
supplying constant heat transfer rates between 350 and 700 W (C-rates between about 1 and 2). The
maximum transition temperature used in the log-mean temperature difference equation was 6+0.5°C. This
value is higher than the literature properties used in the model but was selected based on in-house
temperature history experiments of the tetradecane used in the composite material (see supplemental section
S4). The resistance results are shown in Figure 8a. The thermal resistance increases with state of charge but
is not a strong function of the C-rate. The resistances are similar for different power rates because the
graphite restricts the movement of tetradecane, resulting in conduction-dominated heat transfer. The
fraction of liquid, and therefore the average liquid layer thickness, will depend primarily on the state of
charge. Although the resistance will be somewhat impacted by the slope of the liquid layer, it does not have
a large effect on the total resistance in this range of C-rates.

In contrast, resistance is a function of the heat transfer rate in the ice-based thermal storage device below
about 50% state of charge (Figure 8b). During an 8-hour discharge, the thermal resistance follows the trend
expected for radial conduction. For a 4-hour discharge, the resistance deviates from this expected trend
around 60% state of charge. After this point, the resistance stays relatively constant until a region of the
device becomes fully melted. This plateau suggests that natural convection starts to play an important role
in heat transfer through the liquid layer.”*® Convection is more dominant at higher C-rates because the
warmer channel wall results in a greater degree of buoyancy-induced circulation.
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Figure 8: The total area-specific thermal resistances at three different discharge rates in the (a) microchannel PCM

composite TES and (b) the ice-based TES. The greyed-out portions denote regions where the composite PCM has not

started transitioning phase near the channel wall (left side), or when regions of the device fully melt resulting in a loss

of heat transfer area (right side). The grey regions were identified with surface thermocouples in the microchannel

composite TES and were approximated for the ice-based TES (see supplemental section S1). The error bars show
representative experimental uncertainty for each run.

The surface resistances can also be extracted from the total thermal resistances shown in Figure 8. In the
composite PCM device, a linear fit was performed for the measurements between the grey regions, and the
surface resistance was found by evaluating the fit at the state of charge where liquid started to appear in the
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device. The surface resistances are nearly constant for different heat transfer rates (between 2.15x10 and
2.35x10° K m?2 W), This is anticipated because the surface resistance is not expected to change
significantly with heat transfer rate since the flow is laminar and fully developed after ~10% of the channel
length and the applied pressure is held constant (27.6 kPa).

The surface resistances in the ice-based TES device were also estimated using the same technique. Since
the PCM melts radially away from the tube, the thermal resistance was fit to the natural-log-based function
shown in Equation 10 (see section S3 in the supplemental information for more details).

\/(%5,_? — D?) (1 - 50C) + D

R" =Axl
* INn Dt

+B (10)

This equation requires knowledge of the tube spacing (Sy) and outer diameter (Dy). The fit included data
between 95% state of charge (after the initial transient that occurred while starting the system) and 65%
state of charge. The minimum state of charge was limited to avoid regions where natural convection may
play a larger role. The fit was evaluated at 100% state of charge to find the surface resistance since the ice
is expected to be near the saturated solid state when fully charged. The surface resistance for the C/4 and
C/6 cases were similar, at (7.12+1.57)x10 and (7.55+2.19)x10° K m2 W, respectively. The C/8 surface
resistance was slightly higher, at (8.75+3.36)x10° K m? W, which may be the result of experimental
uncertainty or higher fluid convective resistances associated with lower flow rates.

Understanding how the surface resistances relate to the total can inform future design iterations aimed at
boosting device performance. For example, the surface resistance of the ice-based TES device is nearly half
of the total resistance before regions of the tank fully melt (~20% state of charge). This is a consequence of
the relatively low glycol heat transfer coefficients and the plastic tubing used in the glycol coil. Although
the system works well at low C-rates, the surface resistance would likely need to be reduced to discharge
the tank over a shorter period.

The relative contributions of surface resistance in the PCM composite TES device are lower but depend on
the applied pressure, as shown in Figure 9. The surface resistance decreases by nearly 60% when the
pressure increases from 1 to 4 psi, but stays relatively constant with further increases in pressure. This trend
is related to the contact resistance between the PCM composite and the fluid channel. The contact resistance
is expected to decrease with higher applied pressures, but with diminishing returns.?-:22
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Figure 9: The total area-specific thermal resistance and extrapolated surface resistances as a function of applied
pressure when the microchannel PCM composite heat exchanger is discharged at 1.5C. The error bars show
representative experimental uncertainty for each run. The grey shaded regions were removed for clarity, but the dashed
linear fit lines show the valid region for each pressure. The circles show the state of charge where liquid starts to form
(supplemental section S1) and the associated surface resistance. The surface thermocouples did not show a distinct
change in slope to indicate the presence of liquid for the experiment performed at 2 psi. The start and end of the
gradual change in slope are shown as the dark red filled and unfilled points, respectively.

Theoretically, the total thermal resistances shown in Figure 9 should follow the same trend but be shifted
up or down based on the applied pressure. However, these results show some unexpected differences in the
shapes of these curves, which may indicate power degradation of the device with repeated use. To further
investigate these trends, we compared the resistances at 4 psi as a function of the cycle number (Figure 10).
The total resistance increases as the device is cycled, which is also likely linked to the loss of PCM from
the graphite. The leaked PCM that settles near insulated surfaces of the composite cannot accept heat as
readily because of its low thermal conductivity. This lowers the effective capacity at high power rates and
will cause the resistances to increase faster over the course of the experiment. Additionally, any PCM that
settles between the composite and the fluid channel will increase the surface resistance and hinder heat
transfer into the material. Finally, non-uniform distribution of the PCM in the graphite could occur after
cycling, which could theoretically change the shape of the resistance profile. Together these effects are
likely contributing to the trends shown in Figure 10. To minimize the impact of degradation in the results
shown in Figures 8 and 9, we only compared data taken sequentially. The data for 4, 6, 2 and 1 psi shown
in Figure 9 correspond to cycles 10, 12, 13 and 15 in Figure 10, respectively. The order that data was taken
explains some of the unexpected trends in Figure 9, including that the measured thermal resistance for 6
psi was higher than for 4 psi.
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Figure 10: The measured area-specific thermal resistance at 80%, 60%, and 40% state of charge for the microchannel
PCM composite heat exchanger when discharged with 4 psi of pressure applied and at powers between 1C and 2C.
The results at different applied pressure are shown for reference (more details in Figure 9). Under ideal conditions
with no degradation, the resistance for all 4 psi cases should be similar. The measurements indicate a systematic
increase in resistance with cycles, which might be related to leakage of phase changing material out of the graphite
matrix or the reduction in its thermal conductivity on cycling.

Previous work has shown the material used in this study (expanded graphite composite PCMs) can
experience degradation in thermal conductivity and latent heat when cycled.?® Decreases in latent heat are
usually due to PCM loss from the graphite material. Expanded graphite-based PCM composites can lose
up to 50% of their mass over repeated cycles,? although the magnitude of the loss will depend on the
geometry of the composite and the characteristics of the expanded graphite. In this work, the composite
was encapsulated and did not lose capacity while cycled, but PCM loss from the graphite along with any
reduction in thermal conductivity still led to an increase in resistances over time. This degradation must be
overcome before tetradecane/graphite composites can be used in actual TES systems.?®

Conclusion

This paper presents experimental methods to measure the total capacity and thermal resistance in fluid-
coupled TES devices. These two parameters drive device performance because capacity dictates the
maximum attainable energy density, and the internal resistances drive how much thermal energy can be
extracted before the outlet temperature reaches its cutoff (actual energy density). We also describe a method
to determine the breakdown of resistances in the device to help identify any thermal bottlenecks. Together,
these measurements can help drive future design iterations toward both high energy and power densities.

Additionally, these methods can be used to characterize degradation in PCM TES devices. The capacity
experiment can be run at regular intervals during cycling to quantify irreversible loss in storage capacity
that could result from a decrease in latent heat or from PCM leaking out of the device. The resistance
measurement can also detect evidence of degradation, as we demonstrated using an expanded graphite-
tetradecane composite PCM. Faster increases in resistances between successive cycles could be related to
capacity loss but could also result from increases in the PCM or surface resistances. These experiments
together can help identify the cause of energy density loss over the life of a TES system, which will help
designers develop robust devices that can be effectively integrated into thermal equipment.
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These methods provide some new tools to characterize TES heat exchangers, but more work is needed to
fully understand how they will operate in different scenarios. Future work should focus on developing
additional device-level characterization techniques to determine properties like drive cycle performance
and lifetime. A full suite of characterization tools would allow designers to develop robust, high-capacity
thermal energy storage devices for a range of applications.
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