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ABSTRACT
Researcher: Kevin Cwiok

Title: Development, Characterization, & Implementation of Phase-Change Material
Cold Plates for Hybrid-Electric Vehicle Battery Systems

Institution: Embry-Riddle Aeronautical University
Degree: Master of Science in Mechanical Engineering
Year: 2016

Due to the regulations on internal combustion engine vehicles, there is a large
demand of hybrid and electric vehicles with large battery packs as Energy Storage
Systems (ESS) capable of long ranges and decreased emissions. These battery packs
output large heat loads during charge-depletion mode and currently require active
cooling to keep the batteries within operating conditions. The current systems relied
on to achieve this are the air and liquid cooled thermal managements systems. A
recent alternative approach to current cooling for ESS thermal management is the
use of phase-change materials (PCMs). PCMs regulate the temperature of the ESS
by leveraging the latent heat of fusion to absorb large amounts of energy at constant
temperature while changing phase from solid to liquid. While PCMs have large heat
capacities, the downside is their low thermal conductivity which causes them to melt
unevenly, which is a main reason PCM is not ideal for cooling systems. The study
will involve fully investigating the use of PCM into a hybrid-electric vehicle battery
thermal management system. The proposed methodology is to mix thermal con-
ductivity enhancing material, loose carbon fibers, into the PCM to spread the heat
absorbed more evenly throughout the entire mass. This material matrix is character-
ized in order to determine the necessary material and thermal properties to justify
its use and implantation in the EcoEagles 2016 Chevrolet Camaro for vehicle testing
and validations. Results obtained during multiple vehicle tests have demonstrated
that the PCM has successfully kept the battery pack at a safe operating condition
of under 45°C. This was done passively resulting in a reduced overall vehicle energy
consumption and increased vehicle battery pack efficiency. The study continues by
investigating the use of a shape-stabilized phase-change material cold plate that is
capable of addressing several issues that are present with the bulk PCM plate in its
current state on the vehicle.



1. Introduction

The market for the automotive industry has shifted towards hybridization and elec-
trification of vehicles. Although electric vehicles are more recently available, the first
vehicle was developed in 1834 by Thomas Davenport and utilized non-rechargeable
batteries (U.S. Department of Energy, The History of the Electric Car). The first suc-
cessful model with rechargeable batteries was developed in 1891 by William Morrison.
In the 1970s through the 90s, the focus on the growing amount of pollution prompted
the Pollution Control Act which yielded a stronger interest of electric vehicles (U.S.

Environmental Protection Agency, Evolution of the Clean Air Act). Since then, au-

Figure 1.1.: Thomas Davenport’s electric vehicle.



tomotive manufacturers have been put under heavy scrutiny for lower emissions and
higher fuel economies with the Corporate Average Fuel Economy (CAFE) standards.
These regulations are set by the government starting since 1975. CAFE standards
state that fleets will have a combined fuel economy of 54.5 miles per gallon and emis-
sions of 163 grams of CO, per mile for passenger cars by 2025 (National Highway
Traffic Safety Administration, CAFE - Fuel Economy). The major focus is not only
to increase energy efficiency of manufacturer’s fleets, but to promote advancements
in alternative fuels and lower the current vehicle emissions. With the push for these
standards, a complete revival of the hybrid and electric vehicle systems are being

pushed into the modern market.

1.1 Modern Battery Systems of Hybrid & Electric Vehicles

The modern battery systems used on hybrid and electric vehicles consists of mul-
tiple battery modules to create a larger overall system. These modules are comprised
of individual battery cells in parallel and series configurations to provide the proper

voltage and energy storage for the vehicle to operate.

1.1.1 Lithium Ion Batteries

The current standard for electric vehicles and hybrid electric vehicles is the lithium

ion (Li-ion) battery. These batteries are a type of secondary battery that provide high



energy densities, are low maintenance, and are relatively low self-discharging (Battery
University, Types of Lithium-ion).

Li-ion cells are capable of yielding over 200 % of energy density, which is over
double the capacity of similar nickel-cadmium batteries (Battery University, How do
Lithium Batteries Work?) . Typical Li-ion batteries have a voltage of 3.6 volts but
can also have 3.7 or 3.3 volts. The typical life of a lithium ion battery is between 500

and 2,000 cycles.

1.1.1.1 Lithium Ion Thermal Considerations and Limitations

Although lithium ion batteries provide high energy densities, they are very sus-
ceptible to the effects of over heating and thermal runaway. When a Li-ion battery is
heated to a temperature of above 50°C (122°F) the battery will experience degrada-
tion leading to shorter lifespans and charge efficiency (Onda et al, 2006). The overall

heat generation from the batteries is calculated using Eq. 1.1.

QT:QT+QP+Q5+QJ (11)

In the preceding equation, Q, is the reaction heat value, Q, is polarization heat loss,
Q, is side reactions, and Q) is Joule heating from the battery. The total heat energy,
Qr, can be obtained by adding all of these factors together.

For most analyses, the side reaction component of the equation can be considered
zero due to the self-discharge or current batteries being low enough to neglect. (Sato,

2001). The remaining three components are considered the major heat contributors to



the battery heat generation. The equations for determining the reaction, polarization,

and Joule heating are seen below in Eq. 1.2 - Eq. 1.4.

Q, = 3.732107°Q I (1.2)
Qp = 3.60R,I* (1.3)
Q= 3.60R.I* (1.4)

In these equations Q is the total heat generated during the chemical reactions
within the lithium ion battery, I is the current during either charge or discharge, R,

is the polarization resistance, and R, is the electrical resistance of the battery.

1.2 Thermal Management Systems

Now that the heat generation of lithium ion batteries is understood, it is important
to investigate methods to remove that heat energy through thermal management
systems. A thermal management system is commonly used on electronic devices in
order to sustain operating temperatures and prevent thermal run-off. These systems

can be one of or a mixture of an active system, passive system, or bypass system.

1.2.1 Air Cooling

The current and most common battery cooling system in the automotive industry
is an active air-cooled system. These systems uses air to remove the heat generated
through either forced or natural convection. Forced is most common in the automotive

industry where the air from the air conditioning fan is forced into the battery container



removing the heat. The natural convection method requires that the battery heat
sink be exposed to the environment in order to remove heat during vehicle travel or
idle, however, can pose as an issue when exposed to a hot environment. Additionally,
the air cooling option is generally cheap and requires minimal parasitic draw to power

the pump if the fluid is forced.

1.2.2 Liquid Cooling

Liquid cooling is another common type of cooling system used for battery thermal
management. This requires a liquid to be pumped around the batteries in order
remove the heat via a heat exchanger. Liquid is capable of removing more heat more
quickly than an air system, but needs more equipment to do it. Furthermore, there
is an increased weight associated due to the introduction of the fluid, piping, pump,

heat exchanger, and fluid reservoir.

1.2.3 Phase-Change Material Cooling

A recent addition to thermal management is the use of a phase-change material
(PCM). PCM is an engineered material capable of storing large amounts of heat
energy while changing phase from solid to liquid. PCM absorbs latent heat to change
phase while remaining at a specific temperature during the melt. This melt process

is similar to what is observed when an ice cube melts. The ice cube will absorb latent



heat energy and remain at a constant 0°C (32°F) until it is fully melted where the
water will then begin to increase in temperature.

The PCM has many properties that allow it to excel as a thermal management
system. It has a large latent heat of fusion, 210 é, allowing it to absorb a large amount
of heat with a small amount of mass. It has a much smaller mass when compared to
an aluminum cold plate, at % the density, resulting in an overall light-weight thermal
management system. Thus, PCM has become a large topic of research for thermal

management systems in everything from portable electronics to full-size vehicles.

1.3 Thesis Statement

Although the current air and liquid systems are capable of removing the heat
from the batteries effectively, the need to reduce vehicle energy consumption and
increase vehicle efficiency is on the rise. These systems have high weights, large power
draw, and considerable packaging requirements, but the introduction of a low-mass,
passive, and moldable PCM system will address these issues. The purpose of this
study is to develop, characterize, and implement a PCM cold plate system that will
provide an effective and passive thermal management solution for electric and hybrid-
electric vehicle battery systems. The development will include investigations into
the increase of thermal conductivity of the material. Characterization will provide
necessary material properties needed to finally implement the material into the electric

vehicle test platform provided by the universities EcoCAR 3 team.



2. Literature Review

2.1 PCM Energy Storage

PCM was originally considered as an energy storage system rather than thermal
management. Humphries and Griggs (Humprhies, 1977) from NASA were some of
the first to research phase-change materials for energy storage in the 1970’s. This
research consisted of a large parametric study of various types of paraffin waxes.
They set the baseline for understanding paraffin wax energy storage properties and

even the use of thermal conductivity enhancers to alter the material properties.

2.1.1 Latent Heat Storage

Research conducted in the mid 1990’s focused on the materials ability to absorb
large amounts of latent heat energy and store it for long periods of time. Investigators,
Hamdan and Elwerr (Hamdan & Elwerr, 1996), were some of the first to investigate
the melt characteristics of phase-change materials. The purpose was to estimate the
amount of energy their material could store by observing the melt fraction propaga-
tion. Using numerical experiments from previous research, they were able to correlate
their data to show that their phase-change material, n-octadecane, was storing the

energy as almost 95% latent heat energy and 5% sensible heat energy. This means



that almost 95% of the energy is stored and capable of being pulled from the system

and reused.

2.1.2 Exploring Thermal Conductivity Enhancers

Although Humpries and Griggs discussed different thermal conductivity enhancers,
it was not until 1999 that Fukai et al (Fukai, Kanou, Kodama, & Miyatake, 2000)
investigated the use of a composite material as the additive. The use of the carbon
was innovative due to the high thermal conductivity of the carbon fibers combined
with the low weight when compared to metal additives. They investigated two meth-
ods of mixing the PCM with the carbon fibers, loose fiber additions and a through
a structured carbon fiber brush system. Their data showed that by adding as low as
2%, by volume, of carbon into the paraffin wax that the thermal conductivity could

increase up to six times that the of the baseline paraffin wax.

2.2 PCM Thermal Management

Using PCM to regulate energy storage system (ESS) temperature was first pro-
posed in 2000 by Al-Hallaj and Selman (Al Hallaj & Selman, 2000), (Al-Hallaj &
Selman, 2002). These investigators primarily focused on using PCM inside of the
battery between the individual cells of a small electric vehicle battery module. Fur-
thermore, the same researchers were responsible for developing accurate models for

PCM thermal management system. They observed that the PCM was not only ca-



pable of absorbing all heat energy generated by the battery, but that it posed a
significant advantage for when the batteries were left to relax. The heat that had
been stored would transfer into the batteries during charging, which is important for

vehicles in cold environments and space applications.

2.2.1 Lithium Ion Battery Cooling

Using the data from Al-Hallaj, Khateeb et al (Khateeb, Farid, Selman, & Al-
Hallaj, 2004) took the research a step further and introduced the PCM into a full-
scale electric scooter. The scooter selected was the same scooter that Al-Hallaj had
taken the batteries from. They decided that the system would be completely passive
and rely solely on the PCM for thermal management. During their experiments, it
was discovered that the naturally low thermal conductivity of the PCM was limiting
the ability to transfer the heat within the material. They investigated the use of
aluminum fins and aluminum foam to enhance the low thermal conductivity and
low natural convection heat transfer coefficient. It was determined that without the
thermal conductivity enhancer, the PCM would be ineffective and cause potential
thermal runaway. With the addition of the foam, however, the observed battery

temperature decreased by 25°C.
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2.2.2 Carbon and Graphite Conductivity Enhancers

Due to the success of the thermal management from the scooter battery, Mills
et al (Mills, Farid, Selman, & Al-Hallaj, 2006), (Mills & Al-Hallaj, 2005) began
exploring the use of an expanded graphite matrix that is impregnated with PCM
to further increase the thermal conductivity of the wax. The performance of the
plate was demonstrated by using it as a passive thermal management system for a
battery module that was discharged at high rates. The results from the test was that
the porous graphite matrix increased the thermal conductivity of the matrix by two
orders of magnitude. The expanded graphite-PCM cold plate is now commercially
available from All Cell Technologies, LLC.

The introduction of carbon into phase-change materials were being explored by
multiple researchers looking to enhance the thermal properties. Elgafy and Lafdi
(Elgafy & Lafdi, 2005) investigated the effects that carbon nanofiber additives had
on the cooling rates during solidification. This sparked a large interest into the use
of nano carbon strands and particles to be mixed with the PCM. The nano additives
posed a good solution to issues seen with mixing in macro scale carbon fibers, but
were considered a health risk due to inhalation. Regardless, the nano carbon strands
did positively effect the thermal conductivity of the material to provide better cooling
rates of the material. Additionally, investigations completed by Chintakrinda et al
(Chintakrinda, Weinstein, & Fleischer, 2011), (Chintakrinda, Warzoha, & Weinstein,

2012) compared the use of the carbon nanofibers, expanded graphite, and aluminum



11

foams. It was determined that the graphite foam provided the best results for a PCM
cold plate at higher heat fluxes without significant delay to steady state heat transfer,

which provides valuable information for high power PCM cold plate designs.

2.3 The Push Into Electric Vehicles

As the interest in electric vehicles grows larger, as does the need for more efficient
batteries. Research by Park and Jung (Park & Jung, 2010) was looking into the
cooling system architecture of series-hybrid electric vehicles. They looked at three
independent designs that were each an active system, but had progressively less power
draw. Of course, the system with the overall least amount of power draw proved more
efficient in vehicle range, but not in cooling. They concluded that the use of a passive
system in conjunction with a low power draw would prove to be efficient on both
fronts.

Thus, the introduction of a passive thermal management system is imperative for
maximizing electric vehicle range. The passive system has no additional power draw
from the batteries and will keep the batteries at an optimal operating temperature,
keeping the efficiency high. Studies conducted by Buford et al (Buford, Williams, &
Simonini, 2011) investigated the most energy efficient cooling strategy for rechargeable
energy storage systems, specifically for electric and hybrid electric vehicles. The
research compared passive, active, and bypass systems using simulations and control

strategies. Their work showed that the best option is a passive thermal management
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system, but should include an active system for when the heat load is not being

dissipated quickly enough.

2.3.1 Electric Vehicle PCM Implementation

With the AllCell Technologies cold plate commercially available for implementa-
tion, investigators were studying its use with full-scale battery experiments. Work
conducted by Kim et al (Kim, Gonder, Lustbader, & Pesaran, 2008) used a plate of
the expanded graphite-PCM composite attached to an Aerovironment ABC-150 bat-
tery cycler to emulate battery conditions and expected heat loads during depletion.
They repeated an aggressive drive cycle, known as the US06 drive cycle, to apply
the highest loads to the PCM cold plate. The analysis suggested that the PCM is
ideal for accepting large peak loads but that the overall battery management system
should include an active cooling loop due to saturation of the plate.

The same AllCell Technologies cold plate was used by Sabbah et al (Sabbah,
Kizilel, Selman, & Al-Hallaj, 2008) in the thermal management system of a Ford
Escape Hybrid Vehicle. They discuss the PCM’s ability to keep the battery pack
below the safety limit of 55°C even under constant-rate discharge at rates as high
as 10A per cell and high ambient temperatures of 45°C. The active system tested
was incapable of recreating this result due to the higher ambient temperatures and
was also pulling additional power from the batteries for the fans and pumps. Similar
results can also be noted in the work done by Kizilel et al (Kizilel, Sabbah, Selman, &

Al-Hallaj, 2009) who focused on the enhanced safety provided by the PCM from ther-
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mal runaway and cell failure when compared to common air-cooled systems. Using
the AllCell cold plate, the increased thermal conductivity from the graphite matrix
allowed the heat to quickly and uniformly dissipate throughout the volume.

More recently, EcoCAR 2: Plugging In To the Future, Barsotti and Boetcher
(Barsotti & Boetcher, 2013, (Barsotti & Boetcher, 2014)] implemented the AllCell
Technologies cold plate, coupled with an active system, to the team’s Chevrolet Mal-
ibu. Numerical simulations were also conducted and utilized the ideal properties and
temperature melt ranges of the PCM cold plate. The data shows that the PCM cold
plate and active cooling loop was effective in keeping energy consumption of the ve-
hicle lower by limiting the active system pump usage. Additionally, the use of the
PCM cold plate resulted in a more lightweight system resulting in even lower energy

consumption than previously expected.
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3. Phase-Change Material Modeling & Experimental Testing

To develop the PCM cold plate, experiments are conducted on a dedicated test bench
to study the passive cooling system required to keep the battery modules below to the
manufacturer’s battery temperature maximum of 50°C. Once this is achieved, it will
be possible to improve the charge-deplete (CD) range through the reduced usage of
an active cooling system. Additionally, by keeping the battery modules at operating

temperature the efficiency of the modules will increase during vehicle operation.

3.1 Test Scope

In order to produce this result, a recent alternative to standard liquid-cooled cold
plates, the PCM cold plate, will be investigated. Although PCM has many traits that
allow this cold plate to be beneficial, the problem with the material is its naturally
low thermal conductivity. This limits their ability as thermal management systems
due to the difficulty in dispersing the heat throughout the full volume. Furthermore
once it is saturated, it is also difficult to lose the waste heat stored within the PCM.
A solution to this issue is to investigate the use of thermal conductivity enhancers to
increase the overall thermal conductivity of the PCM. Common thermal conductivity
enhancers include the use of a carbon or graphite based inclusion, such as Al Hallaj’s

expanded graphite (Al Hallaj & Selman, 2000) and Fukai’s use of carbon fiber brushes



15

(Fukai et al., 2000), but metallic foams and shavings can also be used. Essentially
any material with a higher thermal conductivity than the PCM can be added to the
matrix and considered a thermal conductivity enhancer. In this study, loose carbon
fibers will be added into the PCM in varying percentages by volume to determine the
optimal mixture for increasing the thermal conductivity for managing the heat from

the battery modules to the PCM.

3.2 Test Article

The PCM to be used for these experiments will be PCM-37, which has an onset
temperature of 34.5°C and a melt range of 5°C. This was selected in order to keep the
battery modules below the manufacturer’s battery temperature maximum of 50°C.

The PCM tray follows the design of a single battery module foot print. It is
melted and poured into the aluminum tray, creating the cold plate. This cold plate is
then encased in the aluminum tray support structure with a buna-n face seal installed
to prevent leaks. The heat load is generated through a 40W Southeastern Thermal
Systems silicon heater, which is powered from a variable voltage supply. The test
sample is housed within DOW blue foam with a thermal resistance of 5 per inch
which provides insulation to prevent heat flow out of the system. The test sample
is instrumented with 8 type-E thermocouples that are monitored with an Agilent
34970A Data Acquisition System. The data is then sent for post processing onto a

laboratory computer.
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Variable
Voltage
Source

Constant Heat Flux Heater
(Simulated Battery Heat Load)

Test Article

Thermocouple

Figure 3.1.: Schematic diagram of the test bench setup.

The experimental setup follows the schematic diagram seen in Figure 3.1. The sce-
narios executed simulated the Joule heating from a single battery module into a PCM
cold plate that match the footprint of the A123 battery module. The experiments
were split into baseline experiments consisting of bulk PCM and an aluminum plate,
and a parametric experiment with the 0 - 1% carbon fiber addition. A schematic of

the PCM test sample can be seen in Figure 3.2.

Figure 3.2.: Schematic of the PCM plate used for the experiment.

Table 3.1 shows the dimensions of the PCM cold plate used for the experimental

setup.
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Table 3.1.: Dimensions of the PCM test sample.

W L H r

6.50 in 13.75 in 0.50in  0.251in

165.1 mm 34925 mm 12.7 mm 6.35in

The Southeastern Thermal Systems 40W heater was sized to match the 600 W /m?
nominal heat load over a 0.057 m? area of a single module. This was adhered to an
aluminum lid section that is designed to keep the a constant heat flux into the PCM
cold plate. Figure 3.3 shows the aluminum lid piece that is bolted to an aluminum

bottom tray.

Figure 3.3.: Aluminum lid piece that is bolted to the aluminum bottom tray. The

Southeastern Thermal Systems 40W heater is adhered to the top surface.

The PCM test piece is housed inside the bottom aluminum tray that is large

enough to house the PCM tray with an adequate seal. The seal designed is a com-
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Table 3.2.: Dimensions of the PCM top tray.

Wiid Lzia Hriq Whs Lus Hys

8.50 in 15.5 in 0.25 in 6.5 in 13.75 in 0.75 in

2159 mm 393.7mm 6.35mm 165.1 mm 349.25 mm 19.05 mm

pression face-seal created by a 0.25 in.-square-profile Buna-N seal. This was selected
through a materials comparability study conducted with various seals. Buna-N was
the only seal to survive repeated exposure to the PCM without quick degradation.
Buna-N also provides a low cost and simple solution to the complicated sealing prob-
lem. The tray is also held together with the lid by 12, 1/4 - 28 bolts. The aluminum
support tray and seal groove design of this test sample can be seen in Figure 3.4.
This test piece is then put into 7 pieces of 2 inch Dow blue foam insulation with an

R-value of 5 per inch.

Figure 3.4.: Aluminum support tray and seal design of the PCM test sample.
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Table 3.3.: Test container dimensions used for the experimental setup

W L H Gw Gu

8.50 in 15.5 in 0.75 in 0.25 in 0.21 in

2159 mm 393.7mm 19.05mm 6.35 mm 5.33 mm

The outputs being monitored during experimentation are the temperatures of

eight locations throughout the cold plate.

1.50in1
—(®5 —®5 o7 8@
ijs in TYP 425in TYP

®4 e

®3 @1

Figure 3.5.: Critical locations of the thermocouples used for the test bench experi-

ment.

Figure 3.5 shows the critical instrumentation locations. These locations were
selected due to the geometric symmetry and the expectation that they would provide
the most information about the heating affects with the inclusion of the short loose

carbon fiber.
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Figure 3.6.: PCM test setup with thermocouples embedded in the plate.

The instrumentation used are type-E thermocouples to obtain the temperatures
throughout the melt and solidification of the PCM. The type-E thermocouple was
chosen due to the higher signal resolution (62 /%) and accuracy over type-K and type-
J thermocouples. The type-E thermcouples have been calibrated against the NIST
traceable calibration thermometer. These measurements were then collected and
recorded using the Agilent DAQ and were post processed on a laboratory computer.
During the experiments, the temperature of the local environment was also recorded
through a ninth type-E thermocouple to ensure a controlled experiment and evaluate
the effect that higher ambient temperatures had on the melt profile exhibited by the
PCM.

The test specimen is also assumed to have little to no air pockets within the
matrix. This would create an insulation layer in the test piece, therefore affecting
the time required to melt the PCM test sample. This assumption is also a major

difference between the simulation used and the actual test bench setup. With the
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simulation, the PCM plate was made isotropic which would not account for accidental
inclusions, non-homogeneous mixing, and potential air pockets.

The limitations of the test setup include the assumption that the PCM volume
is in perfect thermal contact with the heat source allowing the PCM to fully absorb
the heat. With actual implementation, the PCM plate will not be in perfect thermal
contact with heat source because there are multiple layers of metal enclosures with
associated air gaps. The air gaps create a layer of insulation that keep the heat in the
battery modules rather than allowing it to enter the PCM cold plate. This limitation
will also be present in physical system installed on the vehicle, but is not included in

the simulation.

3.3 Test Setup

In order to complete the experiments a test bench was developed to simulate the
Joule heating from the battery module into a PCM test sample. A schematic of the
system setup is seen in Figure 3.7.

The batteries selected for vehicle implementation are the A123 AMP20 15S3P
battery modules. These battery modules consist of 18 individual lithium-ion cells.
The vehicle has seven of these modules to make up the energy-storage system (ESS).
To properly model the heat generation from the ESS, the complete Emissions &
Energy Consumption (E&EC) drive cycle data obtained from EcoCAR 2 competition

is used. The heat flux over the drive cycle can be seen in Figure 3.8.
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Figure 3.8.: Heat flux values over the complete E&EC drive cycles of the EcoCAR 2

competition.

The heat load varies with time due to the higher thermal loads during CD mode.

Since the thermal energy produced through chemical reactions is minimal, the heat
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flux will only be determined off of the internal resistance and current draw of the

battery module. Heat flux is derived using the following equation:

q" = (3.1)
In Eq. 3.1, q” is the heat flux, I is the current draw, R is the internal resistance
of the battery module, and A. is the contact area of the module.

W .
—3 18

From Equation 3.1 and previous E&EC data, an average heat flux of 570
calculated. This was rounded to 600 % for testing through the available off-the-shelf
heaters. Although this value is from EcoCAR 2, the data from the 2013 Chevrolet
Malibu is applicable to the 2016 Chevrolet Camaro due to the similarities in vehicle
mass and characteristics.

In addition to the test bench setup, thermal characterization equipment is used
to determine important thermal properties of the carbon fiber and PCM matrix. A
Guarded Hot Plate will be used to determine thermal conductivity (k) and a Mettler
Toledo DSC 3 Differential Scanning Calorimeter will be used to determine the specific

heat (Cp), latent heat of fusion (hy ), and onset melting point (°C) of our matrix.

3.4 ANSYS Modeling

A numerical solution in ANSYS APDL was conducted on the bulk PCM-37. The
ANSYS APDL model consisted of a 1D model that is one element wide with 100
structured cells down the 12.7 mm (0.5 in) thick PCM plate. Figure 3.9 shows the

model used for the ANSYS APDL simulation.
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l 600 W /nt
q’=0 12.7 mm
(Al other walls)
F——0.3175 mm

Figure 3.9.: ANSYS APDL model used for the preliminary simulation

In order to simulate the melt of the phase-change material, the enthalpy method
defined by Shamsunder and Sparrow [(Shamsundar & Sparrow, 1975)] is used. This

method solves the conservation of energy equation below:

Oh 0T N 0*T N o*T
ot | ox2  oy? 022

(3.2)

In Eq. 3.2, h is the enthalpy, t is the time, k is thermal conductivity, T is the
temperature, and x, y, and z are the coordinates. The enthalpy per unit mass as a
function of temperature is shown in Table 3.4. These enthalpy values were calculated
using a datum of 1 °C for the temperature.

Table 3.5 shows the material properties from a manufacturer’s data sheet of the
PCM input into ANSYS APDL. The heat flux boundary condition of 600 % was

applied to the top face of the model.
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Table 3.4.: Enthalpy values calculated for use in the enthalpy method simulation.

Temperature [°C] Enthalpy [é]

1 0
35.4 68,482
39.5 239,653
300 772,180

Table 3.5.: Material properties of the PCM utilized for numerical modeling.

Property Value

5]

Density p | 925
Thermal Conductivity k [-72]  0.25
Latent Heat of Fusion hy [é] 174,000
Melt Onset [°C] 34.5

Melt Range [A°C] 5

The remaining walls were given adiabatic boundary conditions. This was taken as
a worst case scenario by causing all of the heat energy to be absorbed into the PCM.
A mesh independence study was conducted using 200 structured cells. T p,.op. Was
taken at the left corner of the bottom element and was compared between the two

simulations. A maximum variance of 0.77% was seen between the two simulations.
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An additional preliminary thermal conductivity analysis was conducted using the
same model in ANSYS APDL. The investigation observed the effect of varying the
thermal conductivity of the PCM. The data is used to determine the ideal matrix of
carbon fiber and PCM by predicting thermal conductivity target for the experimental
tests. Figure 3.10 shows the difference in melt characteristics of the PCM once the

thermal conductivity has been shifted.

85

W/m-K
—0.25 (Bulk)
—05
75 0.75
1
—5
65 g
O —20
= —25 (Allcell)
55 5
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g
S45
&
35 /7
25

0 20 40 60 80
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Figure 3.10.: ANSYS APDL simulation data of bulk PCM-37 to observe the difference

in melt characteristics by varying thermal conductivity.

The simulation was used to determine the target thermal conductivity, not to
determine actual performance characteristics of the PCM as a thermal management

system. To execute this, the simulation only needed to be a one dimensional and
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fully adiabatic model. These conditions are unable to be replicated experimentally.
In addition to this the material models were given from Pure Temp, which in previous

work has been identified as being inaccurate.
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4. Discussion of Results

The baseline experiments were conducted first in order to obtain controls for the
parametric experiments. The primary baseline experiments consisted of the PCM-37
and a sample of PCM-48. This experiment was to select the PCM that would keep
the battery modules below the battery manufacturer’s specifications of 50°C. Figure
4.1 shows the temperature versus time data for thermocouple 2 observed during the
bulk 37 and 48 melt experiments. Thermocouple 2 is selected due to its location
being near the center of the plate. The melt of the PCM-37 and PCM-48 begin at
approximately 34°C and 45°C, respectively. During the plateau region, the PCM
is melting at constant temperature until it spikes. This spike is when the PCM is
completely saturated and is now beginning to degrade. It it seen that the PCM-37
takes approximately 2.75 hours to reach the manufacturer’s specification. Although,
the PCM-48 stays under 50°C longer, the PCM-37 keeps the battery cooler overall
resulting in a more efficient discharge from the battery module.

As an additional baseline experiment, the aluminum plate experiment was con-
ducted to compare the bulk PCM to a standard aluminum cold plate design. The
temperature versus time data from thermocouple 2 for the aluminum test sample is
shown in Figure 4.2. The aluminum cold plate is seen to have linear heating proper-

ties. This is due to being a homogeneous material with constant thermal properties.
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Figure 4.1.: Heating and melt data observed during the bulk 37 and 48 experiments

for thermocouple 2.

This data shows that it takes just over 1.5 hours to reach the manufacturer’s speci-
fication, indicating that the aluminum cold plate is not ideal for longer vehicle drive
cycles. The aluminum cold plate is also incapable of handling large power spikes from
the battery modules, and would require a large active cooling system to remove the
waste heat.

The parametric experiments consisted of four variations of the carbon fiber PCM
matrix. The temperature versus time graph of thermcouple 2 for various concentra-
tions of carbon fiber can be seen in Figure 4.3. The results of these experiments show

that with the current test setup, the 0.5% will provide the best results in heating and
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Figure 4.2.: Heating data of the aluminum baseline experiment.

melting properties. At the end of the melt, the 0.5% is shown to steadily increase in
temperature instead of experiencing a sudden spike similar to the bulk PCM. The 1%
and 0.25% appear to decrease the melt time of the PCM-37 by up to a 0.5 hours and
the 10% by 1 hour. By comparing the 1% data to the 10% data, it can be suggested
that the 1% may also be a good choice for the maximum addition since it is also
drastically affecting the melt time of the PCM. This can either be attributed to the
decrease in thermal storage capacity caused by the introduction of the carbon, or the
increase in thermal conductivity that is being investigated.

The initial test of 10% demonstrated that the inclusion of a high volume ratio

of carbon to PCM affects the melt characteristics of the PCM. It was observed that
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Figure 4.3.: Temperature versus time of thermocouple 2 data for each of the para-

metric experiments compared to bulk PCM-37.

the high volume ratio resulted in an uneven surface, creating air pockets when the
test sample is heated. Figure 4.4 shows the uneven surface created through the PCM
resolidifying unevenly.

These air pockets can affect the PCM’s ability to melt properly by creating an
insulation layer between the top surface and heat source. Thus experiments with
smaller volume ratios were completed. It was discovered that the smaller ratios did
not affect the surface texture. This can be seen in the solidified sample of the 1%
sample in Figure 4.5. Therefore, the experiments were modified to be between 0 - 1

% in carbon additions.
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Figure 4.4.: Uneven surface of the 10% sample that was created due to uneven solid-

ification of the PCM.

Figure 4.5.: The surface of the 1% test sample. Note that it is smooth and without

any air pockets.

The comparison between the numerical and experimental data is shown in Figure
4.6. As expected, the numerical model is not accurate to the physical test. The
numerical model completes the melt 1.5 hours faster and is 27°C warmer at full satu-
ration when compared to the thermcouple 2 data from the 1% experiment data curve.

This can be attributed to the assumption that the model is 1D with adiabatic walls.
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The heat in the physical experiment will eventually exit through the boundaries and
enter the aluminum structure, which the model is currently incapable of showing. Fur-
thermore, the numerical model cannot recreate the PCM properties accurately. The
thermal properties input in the numerical model are what the manufacture provides,

which may not be enough to accurately depict the melt of the PCM.

80 —Numerical
—Experimental
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.} 60
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20
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Figure 4.6.: Temperature versus time curve of the numerical and experimental com-

parison.

However using the experimental data, a more suitable model can be developed
using the thermal properties of the modified carbon fiber PCM matrix. By using the
PCM thermal properties obtained from the research, a more accurate battery thermal

management system can be created in the overall EcoCAR 3 vehicle Simulink plant
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model. This will be done through a lookup table from the experimental data that pro-
vide the melt characteristics of the PCM as a function of temperature provided from
the battery modules. This will provide a more accurate approach on the ESS ther-
mal management design and cooling system requirements. To obtain the necessary
thermal properties, a test sample will be characterized thermally utilizing laboratory
equipment such as the Mettler Toledo DSC 3 Differential Scanning Calorimeter and
the ASTM Guarded Hot Plate Test.

Research conducted by Fukai et al.(Fukai et al., 2000), shows similar melt curve
data for phase-change materials. Although the melt times are different between the
two studies, the melt trends are the same, which indicates that the PCM used for
the experiments are behaving as expected and melting at their intended melt onset
temperature of 34.5°C.

Additionally, more experiments will be conducted in order to obtain a more refined
carbon fiber to PCM volume ratio. Once the thermal conductivity can be obtained
from the ASTM Guarded Hot Plate Test, more rigorous testing can occur to reach
the target thermal conductivity increase while maintaining a suitable carbon fiber to

PCM volume ratio.



35

5. Guarded Hot Plate Apparatus

Once the cold plate has been developed and tested experimentally, it can be char-
acterized in order to determine its thermal properties. The desired affect from the
testing is to observe an increase in thermal conductivity. As stated, the low thermal
conductivity of PCM limits its ability as a thermal management system since the
heat cannot disperse easily and evenly throughout the cold plate volume. But to test
for thermal conductivity, an additional test instrument must be developed. This test
bench will follow the design guidelines of the test apparatus designed by A. Mills et
al and the ASTM specification for the Guarded Hot Plate Test. Mills et al (Mills et
al., 2006)have developed a simple test setup in order to determine the thermal con-
ductivity of their PCM sample and the ASTM C177-13 (ASTM International, ASTM
C177-13) discusses the development considerations for creating a Guarded Hot Plate
Apparatus. Figure 5.1 shows the basic schematic of the test setup to be developed.
The guarded hot plate apparatus utilizes a hot and cold plate that are held at a
constant surface temperature. The known sample and the test sample sandwiched
between the plates. Having the known sample, in this case stainless steel, allows the
problem to be solved due to the heat flux through the sample to be calculated from
the known thermal properties. The sample sizes can range between 0.50 and 1 meter

in length or diameter. The large specimen size allows the end effects of the cold and
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Hot Plate

Thermocouples Baseline Specimen

Test Specimen

Cold Plate

Insulated Guard

Figure 5.1.: Diagram of guarded hot plate test apparatus.

hot plates to be ignored since all that is needed is an isothermal region on the plate
surface. To limit the heat loss with the environment, an adiabatic guard surrounds
the samples and plates. Minimizing the heat loss to the surroundings will ensure
that the heat flow through the plates and samples will be one-dimensional. Following
Figure 5.1, thermocouples are used to obtain temperature data between the plates
and samples. This can be done with multiple thermocouples or as little as three at
the center of the plates. Once temperature data is obtained, Fouriers Law of Heat
Conduction can be used to calculate the thermal conductivity and the test specimen
can be thermally characterized. Fouriers Law or the Law of Heat Conduction, is the
relationship between the rate of conduction in a material and temperature gradient

in the direction of heat flow.
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dTl

In this equation, q” is the heat flux, k is the thermal conductivity, T is temper-
ature, and x is the distance along the direction of heat flow. It is important to note
that this equation only works with one-dimensional heat transfer applications.

Before the tests can be completed, the Guarded Hot Plate Apparatus must be
developed. The Guarded Hot Plate requires an isothermal boundary condition, or
constant surface temperature, on the hot and cold plates. To do this a cold and hot
fluid will flow through tubing attached to the plates. To create the most optimal cold
and hot plates, the plate thicknesses, heat exchanger tube locations and, geometry
will be investigated. The hot and cold plates shall have the interfaces be isothermal
with a maximum temperature gradient of 0.1°C while minimizing material usage to
keep costs low. Additionally, the parameters shall guarantee one-dimensional heat
conduction through the plates and into the samples. It is important to ensure a one-
dimensional heat conduction in order to maintain Fouriers Law of Heat Conduction
for the system. The easiest way to force this condition is to increase the surface area
and thickness of the plates. The increased area and thickness allow for the end effects
of the insulated plates to be ignored while having an isothermal boundary condition
that is one-dimensional within the remaining large plate area.

There are two simulations to be completed using the selected parameters; heat con-
duction and computational fluid dynamics (CFD). These simulations will be used to

determine the optimal configuration of the parameters in order to satisfy the isother-
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mal interfaces and one-dimensional heat conduction requirements of the plate design.
The data from these simulations will also be used for validation when the full test

apparatus is assembled.

5.1 Plate and Tubing Design

The hot and cold plate designs will both act as a simple heat exchanger where
a fluid of a specified temperature will be pumped through tubing that is in thermal
contact with the plates. The design shown in Figure 5.2 follows Mills et al (Mills et
al., 2006) utilizing a hot plate on top with constant temperature fluid flowing through

each of the tube sections.

Figure 5.2.: Initial tube and plate design.

5.1.1 Solution Domain

A parametric study focused on the plate thickness and number of tube loops to
ensure the isothermal boundary condition required. The diameter of the tubes are

to be fixed at 12.7 mm (0.50 in). Figure 5.3 shows the two design variables with
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the assembly. The thickness and number of tubes will be the most important factors

when creating the one-dimensional heat transfer.

HI O

Figure 5.3.: Variables to be studied during experiments.

Two-dimensional simulations were used for the cases since the geometry of the
design was the focus. The three-dimensional effects on the system are not important
until the number of tubes and plate thickness can be finalized. Furthermore, the two-
dimensional case allows the model to be simplified to decrease computation time for
the parametric studies. In order to determine the best configuration of parameters,
5 cases were observed. Each case utilized either a 12.7 mm (0.50 in) or 25.4 mm (1.0
in)thick aluminum plate with 4 12 tubes used in each plate. Table 5.1 shows the test

cases explored in the two-dimensional simulations.
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Table 5.1.: Investigated cases for parametric study

Parameter Casel Case?2 Case3 Case4 Casebd

Plate Height (H,) [mm] 12.7 12.7 12.7 25.4 254

Number of Tubes (N;) 4 8 12 8 12

5.1.2 Governing Equations, Boundary Conditions, and Initial Conditions

The two-dimensional unsteady heat conduction equation, Eq. (5.2), is solved in

the simulations.

o*T  O°T or

In the preceding equation, x and y are the Cartesian coordinates. T is tempera-
ture and t is time. The material properties are k is the thermal conductivity, p is the
density and C, is the specific heat capacity. Material properties for the solids used
were obtained from Matweb and are shown in Table 5.2. High Density Poly-Ethylene
(HDPE) was selected as the PCM replacement for the simulations due to the simi-
larities in material properties without including any solid to liquid phase transition
in the model.

To properly model the heat conduction through the test specimens, the boundary
conditions for the model must be set. Figure 5.4 shows the boundary and initial
conditions set for the model. The model was cut in half at 508 mm (10 in) due to
symmetry and will help lower computational requirements. Thus, the right wall has

the symmetry boundary applied. The inside of the top set of tubes are given an
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Table 5.2.: Material Properties of HDPE and 304 Stainless Steel used for simulations.

Material HDPE 304 Stainless Steel Aluminum
Density p [24] 947 8,000 2,719
Thermal Conductivity k [-77]  0.49 16.2 202.4
Specific Heat, C, [kgij] 2,500 500 871

isothermal wall condition with a temperature of 318.15K and the lower tubes were
given the same condition with a temperature of 281.15K. All remaining boundaries

of the assembly have an adiabatic condition applied.

T.. = 293.15K

e

Insulated (Adiabatic}

\vO

Isothermal Wall (Ty = 318.15K)

Symmetry

mmmmmﬂo_
uuuuu/\o

Isothermal Wall (T. = 281.15K)

Figure 5.4.: 2D simulation boundary and initial conditions.
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5.1.3 Solution Details

The parametric studies were simulated using ANSYS Fluent 16.0. This software
is a commercially available finite volume based solver. The mesh for each simulation
was created in Pointwise 17.3R5. The mesh for each case utilized a node spacing of
1.27 mm (0.50 in) of unstructured tetrahedral cells that varied between 24,000 for
12.7 mm (0.50 in) thick plates, and 37,500 elements for the 25.4 mm (1.0 in) thick
plates. Figure 5.5 shows the mesh sizing used for Case 4, but the mesh sizing for each
other case is similar. A mesh independent study was conducted on Case 3 and Case
4 with 98,000 and 153,000 cells, respectively. Surface temperatures were compared

between the hot and cold plates of each case and a maximum variance of less than

0.1% was seen in the study.
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Figure 5.5.: Mesh used for the 2D simulations.

Since the final temperature profile of the plate is the focus of the study, the cases

were considered steady and run for 5,000 iterations. This allowed the run to fully
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converge with energy residuals as low as 1716 showing no change was observed with

any additional iterations.

5.1.4 Results

The parametric study was used in order to obtain the optimal design of the cold
and hot plates. This included five cases of varying the number of tubes and the
plate thickness. These variables have the highest impact for ensuring that the plate
has one-dimensional heat transfer with and isothermal boundary condition on the
contact surface. A comparison of the five cases in the study was conducted in order

to determine the optimal design to create the required parameters.

5.1.4.1 Casel

The initial case investigated used four tubes spaced evenly through a 12.7mm
(0.5in) thick aluminum plate. Figure 5.6 shows the temperature contour through the
assembly. It can be seen that the temperature differential occurs within the HDPE
sample indicating that this design will allow us to determine the thermal conductivity
of the test sample. Since this effect is seen in the four tube case, it is expected to be
true for each proceeding case. However in order to validate the design, the cold and
hot plates will be observed separately to see the temperature variance across their

surfaces.
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Temperature [K]: 282 284 286 288 290 292 294 296 298 300 302 30t 306 308 310 312 314 316

Figure 5.6.: Temperature contour seen for Case 1.

Upon investigation of the cold and hot plates it is determined that the four tube
design does not provide sufficient cooling and heating to the surface. The temperature
contours of the plates can be seen in figures 5.7 and 5.8. Note that the end effects of
the plates, with up to 2K of variance, can be neglected due to the large surface area

of the plate.

Temperature[K]: 281.4 281.6 281.8 282 282.2 282.4 282.6 282.8 283 283.2 283.4

Figure 5.7.: Temperature contour for the cold plate of Case 1.

|

Temperature [K]: 316 316.2 316.4 316.6 316.8 317 317.2 317.4 317.6 317.8 318

Figure 5.8.: Temperature contour for the hot plate of Case 1.
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Looking at the surface temperature specifically, a large maximum temperature
change of 0.25K between the tube locations can be seen in figure 5.9. This large
temperature gradient is indicative of not having enough cooling and heating bodies

within the assembly. In order to mitigate this, more tubes must be applied to the

plates.
318
284.2
317.8
283.95
317.6
283.7
317.4
283.45 s
= " 317. )
® o —Cold Plate |- 317 ©
.E 9 0F —Hot Plate g
= 282.95 ‘ 3168 &
& 282.7 316.6 5
282.45 316.4
282.2 316.2
281.95 316
281.7 : 315.8
0 50.8 101.6 152.4 203.2 254

X-Direction [mm|

Figure 5.9.: Plot of surface temperatures observed for Case 1.

5.1.4.2 Case 2

Since the four tube design did not provide enough heat transfer, the second case
of the study will use eight tubes going through the 12.7mm (0.5in) aluminum plate.
The temperature contour can be seen for this case in figure 5.10. As expected, the

temperature differential is located within the HDPE sample. Like the previous case,
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each plate must be inspected individually to see if adequate heat transfer is achieved

through this design.

Temperature [K]|: 282 284 286 288 290 292 294 296 298 300 302 304 306 308 310 312 314 316

Figure 5.10.: Temperature contour seen for Case 2.

Temperature [K|: 281.2 281.29 281.38 281.46 281.55 281.64 281.73 281.81 281.9

Figure 5.11.: Temperature contour for the cold plate of Case 2.

Temperature [K]: 317.45 317.53 317.61 317.68 317.76 317.84 317.92 318 3181

Figure 5.12.: Temperature contour for the hot plate of Case 2.

The cold and hot plate temperature contours are shown in figures 5.11 and 5.12.
The temperatures of these plates are spread much more evenly through the plate,
however, a maximum temperature differential of 1.25K is seen in figure 5.13. From

the temperature contours it can be seen that the area around the tubing is being
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affected, but there is still not enough tubing to change the temperature of the entire
plate. Similarly to the first case, since the eight tube design did not adequately create

the isothermal boundary needed, more tubing will be added.

282.4 318.1
318
282.2
317.9
282
g 317.8 g
= =
£ os1s 3177 £
by 3
£ 2
5 3176 &
& 281.6 &
—Cold Plate . .
— Hot Plate | S17-D
281.4
317.4
281.2 317.3

0 50.8 101.6 152.4 203.2 254
X-Direction [mm]|

Figure 5.13.: Plot of surface temperatures observed for Case 2.

5.1.4.3 Case 3

Temperature [K|: 282 284 286 288 290 292 294 296 298 300 302 304 306 308 310 312 314 316

Figure 5.14.: Temperature contour seen for Case 3.
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Case 3 of the study uses twelve tubes to go through the 12.7mm thick aluminum
plate. Figure 5.14 shows that with the addition of four more tubes, the temperature
drop is minimal. As before, investigation of the cold and hot plates independently
yield that the 12 tube configuration satisfies each requirement. Figures 5.15 and 5.16
show how the additional tubes create a more constant contour across the surface than

the previous cases.

Temperature [K]: 281.22 281.24 281.26 281.28 281.3 281.32 281.34 281.36 281.38 281.4 281.42 281.44

Figure 5.15.: Temperature contour observed for the cold plate of Case 3.

Temperature [K|: 317.86 317.88 317.9 317.92 317.94 317.96 317.98 318 318.02 318.04 318.06 318.08

Figure 5.16.: Temperature contour observed for the hot plate of Case 3.

The plot in figure 5.17 shows that across the surface, over 406mm (16in) will be
within 0.05K providing the isothermal boundary condition needed for the assembly.

Therefore, twelve tubes will be used for the cold and hot plate designs.

5.1.4.4 Case 4

Although the twelve tube in the 12.7mm plate satisfies the requirements, addi-

tional simulations on the plate thickness are to be done. In the previous cases, the
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318.1

318.05

Temperature [K]

—Cold Plate 317.85
—Hot Plate

o

—

3

Nej
Temperature [K]

0 50.8 101.6 152.4 203.2 254

X-Direction [mm]

Figure 5.17.: Plot of surface temperatures observed for Case 3.

12.7mm plate showed that the cooling and heating from the tubing, although within
the requirements for the isothermal surface, resulted in larger temperature differ-
entials within the plate volume. This could cause issues with the flow being two-
dimensional rather than the one-dimensional heat flow that is needed for Fourier’s
Law. By increasing the thickness, the heat will spread more evenly through the plate
and the heat transfer can be assumed one-dimensional.

Case 4 examines the eight tube design with a 25.7mm (1.0in) plate since the results
from Case 2 were close to the requirements. With the increased thickness, the impact
from the tubing should be limited giving the heat flow enough distance to become
one-dimensional and isothermal.

Since the assembly contour was good from Case 3, the plate contours will only

be investigated. Figures 5.18 and 5.19 show the temperature contours seen with the
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increased plate thickness. The contour bands from the tubing are evened out as they
reach the bottom surface resulting in a more uniform temperature across it. This will
provide a better isothermal boundary and ensure that there is one-dimensional heat
flow into the stainless steel sample. This design also fulfills the major requirements
of having a temperature differential of 0.1K or less with a maximum temperature

variance of just over 0.08K across the surface.

Temperature [K|: 281.2 281.25 281.3 281.35 281.4 281.45 281.5 281.55 281.6 281.65 281.7

Figure 5.18.: Temperature contour of the cold plate for Case 4.

Temperature [K]: 317.6 317.65 317.7 317.75 317.8 317.85 317.9 317.95 318 318.05 318.1

Figure 5.19.: Temperature contour of the hot plate for Case 4.

5.1.4.5 Case 5

Case b takes the previous case a step further to see if the temperature variance can
be dropped even further. The study will use twelve tubes embedded into a 25.4mm

(1.0in) aluminum plate. As with the eight tube case, it is expected that the plate
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thickness increase will cause the heat flow to become one-dimensional. With the

added tubes, the temperature should also be fairly constant along the surface.

Temperature:  281.2 281.228 281.256 281.283 281.311 281.339 281.367 281.394 281.422 281.45

Figure 5.20.: Temperature contour of the cold plate for Case 5.

Temperature: 317.85 317.878 317.906 317.933 317.961 317.989 318.017 318.044 318.072 318.1

Figure 5.21.: Temperature contour of the hot plate for Case 5.

With this setup a temperature variance across the surface of the plates of less
than 0.05K is seen. However, since minimal material is also needed for the setup, the
twelve tube design adds more complexity and cost to the assembly when the eight
tube design fulfills each requirement. Therefore, Case 4 will be used for the three-
dimensional case in order to check the pressure and heat transfer effects with the fluid

flowing through the tubing.

5.2 Tube Configuration Study Using ANSYS CFX

The cases above were used to find the optimal plate and tube design to ensure

that the surface temperature was isothermal and had one-dimensional heat flow.
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The tubing profile must be designed in order to retain that isothermal surface. This
simulation will require a three-dimensional case with fluid flow through the pipe. The
designs to be investigated are a single serpentine type heat exchanger tube design and
a tubing manifold with the eight tube design from Case 4, however, the serpentine
is preferred. If the serpentine tube is successful in fulfilling the requirements, the
manifold will not be studied. In figures 5.22a and 5.22b, the two tubing designs can

be seen; a serpentine heat exchanger tube and a designed manifold.

(a) Single serpentine tube design (b) Manifold design.

The first tubing design utilizes a single tube with 180° bends resting in the alu-
minum plate. This design will be simpler to manufacture and will not require a
complex manifold simulation since the flow has only one path to flow through. The
manifold design uses a machined fuel-rail to allow the fluid to flow through individ-
ual pipes. This design will require further investigation in order to determine the
pressure needed to prevent any back flow into the tubing, but would ensure an even
temperature across the tubing and plates. Similar to the two-dimensional cases, the

temperature drop will be investigated across each of the tubing designs. If the eight
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tube design also experiences a temperature drop of over 0.1K along the surface in
three-dimensions, then it is known that the design will not be sufficient for the test

setup.

5.2.1 Solution Domain

The tubing design was simulated in three-dimensions to capture the heat transfer
and flow through the pipe to the plate. The study focused on the temperature
drop across the entire surface of the aluminum plate. Thus, a single plate and tube
assembly was investigated with the samples included. The other plate was substituted
with an isothermal boundary condition to mimic the heat transfer expected. This
provided the same result as running with the tubing, but required less computation

time and overall file size.

5.2.2 Governing Equations, Boundary Conditions, and Initial Conditions

The conservation of energy, mass, and momentum in each direction, shown in
Eq(5.3), Eq(5.4), and Eq(5.5) - Eq(5.7), are solved in the three-dimensional simula-
tion.

Conservation of Energy

or or oT 0’T  9*Tr 0T
—_— —_— — p— k .
pC’I,(uam i dy i 82) <8x2 i 0y? * 822> (5:3)

Conservation of Mass

ou Jv Jw

B A4
8x+8y+82 (54)
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Conservation of Momentum in X-Direction

P\ "or " v o M\ o oy? 022 '

ov N Ov N ow OP N 0% N 0%v N 0%*v (5.6)
U— F+V0—F+wWw— | = —— —_— 4 — 4+ — }
P\ "oz dy 0z oz P\ az2 oy 022
Conservation of Momentum in Z-Direction
u@+v@+wa—w ——a—P+ 62w+82w+82w (5.7)
P\ "oz oy 8- ) " or Mo oy? 022 '

In these equations, x, y, and z are the Cartesian coordinates, u, v, w are the
velocity components in the x, y, and z-directions. T is the temperature and P is
the pressure. The density is p, the thermal conductivity is k, C, is the specific
heat capacity, and u is the dynamic viscosity. In order to create the proper heat
transfer model, the flow of a fluid is added inside the tubing. The fluid used is
50/50 mixture of water and ethylene glycol. The fluid is modeled as Newtonian and
incompressible. The properties of the fluid are obtained from Matweb and shown in
table 5.3. Materials from table 5.2 will also be reused for the samples, plates, and
tubing in the simulation.

The flow rate will be specified by the mass flow rate through the inlet boundary
condition of the tubing. Since the density of the fluid is known and the volumetric
flow rate of the pump is given to be 30 %, a simple conversion will yield the mass
flow rate to be 0.5385 k?g. The flow was also assigned an isothermal condition of

318.15K to create the hot plate.
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Table 5.3.: Ethylene glycol material properties obtained from MatWeb.

Material Ethylene Glycol Solution (50/50)
Density p [£4] 1,077

Thermal Conductivity k [--] 0.3

Specific Heat, C, [kgk%K} 3,410

Dynamic Viscosity, p [2] 0.0028

In order to characterize the flow scheme, the Reynolds number must be calculated.
Using Eq. 5.8, the Reynolds number was calculated to be 652, which is less than

10,000; validating that the liquid flow is laminar through the tubing.

4

R=——
urD

(5.8)

The assembly exterior was assigned an adiabatic boundary condition treating it as
fully insulated. This condition ensured that all of the heat transfer happened within
the system and satisfied the conservation of energy. The hot plate was investigated
and an isothermal boundary condition was given to the bottom of the HDPE sample
to match the temperature of the cold plate, 281.15K. A schematic of the simulation

can be seen in Figure 5.23.
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Figure 5.23.: Schematic of the 3D simulation assembly.

5.2.3 Solution Details

The flow simulation required the use of the on campus high performance computer,
Rigel. Rigel is a 22 node, 288 core computer capable of running more computationally
intense models. ANSYS CFX 16.0, another commercially available CFD solver, was
used for the three-dimensional simulations. The mesh was created in Pointwise 17.3R5
and consisted of 5 blocks representing each separate component. Table 5.4 below
displays the number of elements for each block and the number of elements used for
the mesh independence study. The mesh sizing for the case and mesh independent
study were spaced at 1.27mm (0.05in) and 0.635mm (0.025in). Temperature losses

across the tube were compared and a maximum variance of less than 1.6% was seen.
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Table 5.4.: Mesh independent study element count.

Volume Condition Case Elements Mesh Independent Study

Fluid 3,567,548 17,269,159
Tubing 3,329,290 15,595,475
Aluminum Plate 29,110,981 140,915,322
Stainless Steel 15,046,429 70,482,359
HDPE 15,074,402 71,825,519

5.2.4 Results

The results from the three-dimensional case 4 simulation can be seen in Figure
5.24. What this shows is that the eight tube design is sufficient in providing the
proper heat transfer to create an isothermal face with a single serpentine tube.

It can be seen that the maximum temperature variation between the inlet and
outlet of the tubing is 0.007°C, which fulfills the required 0.1°C maximum tempera-
ture difference. It is important to note that the fully adiabatic boundary conditions
simulated are not capable of being done with the facilities available. Therefore, it can
be expected that the center of the face will be the best place to instrument in order

to observe the isothermal condition.
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Temperature [K]

318.154
318.153
318.152
318.152
318.151
318.15

318.149
318.149
318.148
318.147

Figure 5.24.: Contour plot of hot plate surface temperatures.

5.3 Final Design

Using the data obtained from the two-dimensional and three-dimensional cases
investigated, a final design of the Guarded Hot Plate Apparatus can be completed.
The Mills design used copper plates and tubing for the hot and cold plates, instead of
the aluminum being proposed with this study. Although copper has a higher thermal
conductivity, aluminum is % the density and roughly % the cost of copper. With
these in mind, the aluminum tubing and heat spreader plate was selected for the final
design. The heat spreader plate is given a thickness of 25.4 mm (1.0 in) in order to
effectively spread the heat from the tube to the samples. The samples to be used for
the experiment will also be a 304 stainless steel plate for the known sample and the

PCM-carbon fiber matrix for the unknown sample. The stainless steel is used since
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the heat flux from the hot plate can be calculated through it due to all of the thermal
properties being known. This then allows for the same calculation to be done on the
unknown PCM sample resulting in the thermal conductivity to be determined.

Due to some manufacturing limitations, the simulated cases had to be modified
in order to complete the design and manufacture of the test assembly. The tubing
requirements were with the bends that suppliers were able to provide. In most cases, a
one inch bend radius was the minimum bend that could be provided, thus the tubing
was modified to have that bend radius resulting in a ten tube design for the cold and
hot plates. The ten tube design yielded better cooling and heating effects than the
eight tube, but needed a larger plate to house the tubing. The plates and sample sizes
were also restricted to what was manufacturable within the campus CNC machines.
The HAAS VF2 and VF3 CNC mill have a maximum table size of 30 inches in the
x-direction and 20 inches in the y-direction. This restriction required that the plates
be smaller and the design was modified to be 18in x 18in rather than the 20in x 20in
used in the simulations. This size reduction had no effect on the heat transfer of the
plates since the contact surface area was large enough. The final design for the cold
and hot plate assembly can be seen in Figure 5.25.

The modified assembly was also simulated to test that the heat transfer was still
within the requirements of the Guarded Hot Plate test. Figure 5.26 shows the results
of the two-dimensional simulation conducted on the new tubing and plate design.
It can be seen that the surface temperature is more uniform than the eight tube

design with an maximum temperature variance of 0.02°C across the entire surface.
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Figure 5.25.: Final design of the cold and hot plate.

Furthermore, a three-dimensional case was conducted following the case from above.
As expected, the three-dimensional case also yielded a more steady temperature across

the bottom of the aluminum plate with a max temperature differential of 0.06°C.

Temperature [K|: 317.92 317.94 317.96 317.98 318 318.02 318.04 318.06 318.08 318.1 318.12 318.14

Figure 5.26.: Results from the 10 tube 2D simulation.

To complete the assembly of the test, the foam insulation must be simulated
to determine the optimum number of sheets to use to minimize heat loss to the
environment. The foam to be used are two inch thick pieces of DOW Styrofoam blue
board with a thermal resistance value of 5 per inch. This foam has common use as
insulation in houses and even structural core in composite components. The thermal

conductivity of the foam is needed for the simulation. Using equation 5.9 seen below,
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the thermal conductivity can be obtained with the thermal resistance, R, and the

thickness of the material being known at 2 inches per sheet.

L
R="
K

(5.9)

In the equation above, R is the thermal resistance, L is the thickness of the
material, and k is the thermal conductivity. The foam simulation analyzed a single
2 inch (50.8mm) thick piece of styrofoam board. The left face of the foam was given
an isothermal boundary from the hot plate set at 318.15K. The right face was given
a convection boundary condition with the environment. The heat transfer coefficient
of 12.5 % and bulk ambient temperature of 293.15K was applied. The remaining
faces were considered adiabatic. Figure 5.27 shows the simulation domain.

Insulated — M

h = 12.5 W/m’K
T1 = 45°C T — 20°C

(Isothermal)

AN
|—|~— 2 inches

Figure 5.27.: Simulation domain for the foam study.
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The simulation was conducted in ANSYS APDL 16.0 with two-dimensional heat
transfer. The results from the simulation are shown in Figure 5.28. The temperature
at the edge is seen to be 293.21K which is only 0.02% higher than ambient at 239.15K.
This means that a single layer of two inch foam is sufficient in insulting the test setup
from losing heat with the environment. A CAD image of the fully insulated test

assembly is shown in Figure 5.29.

Temperature [K]

| EEEEME | I
293.21 295.98 298.75 301.52 304.29 307.06 309.84 312.61 315.38 318.15

Figure 5.28.: Temperature contour seen through the thickness of the foam insulation.

To control the flow of ethylene glycol, two separate ANOVA A-40 constant tem-
perature baths will be used to provide the isothermal boundary conditions for each
plate. The baths will pump the fluid through the tubing creating the simple heat

exchanger needed. Figure 5.30 shows the ANOVA A-40 used for these experiments.
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Figure 5.29.: CAD image of the steady state apparatus assembly.

Figure 5.30.: ANOVA A-40 used for the isothermal plates.

The tubing is brazed to the plates in order to create perfect thermal contact

between them. Welding the two together would present a challenge and may cause



64

warping between the pieces. The tubing will also be flared on the free ends to a
standard 37° allowing the use of an AN-8 tube nut to be placed on the end. The
addition of the tube nut will provide a method of creating a mechanically sealed
interface between the ANOVA A-40 constant temperature baths and the tubing. Thus
the modified Guarded Hot Plate assembly is created and can be used to accurately

determine the thermal conductivity of the PCM samples.
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6. Implementation

The PCM cold plate has been developed and now must be implemented to validate
the feasibility with actual vehicle testing. The test platform to be used will be with

the universities EcoOCAR 3 team, the EcoEagles, and their 2016 Camaro.

6.1 EcoCAR 3 Competition

EcoCAR 3 is a competition put on by the U.S. Department of Energy through
their Advanced Vehicle Technology Competition series. The EcoCAR 3 competition
focuses on taking the Chevrolet Camaro and redesigning it with innovative technology
and a hybrid-electric powertrain. The purpose of the competition is to develop a
vehicle that maintains the performance of a Camaro, while having reduced energy

consumption with increased vehicle efficiency.

6.2 The Vehicle Test Platform

The EcoEagles have designed a 2016 Eco Super Sport Camaro with a Parallel-
Series Plug-in Hybrid Electric Vehicle (PHEV) powertrain architecture. This system
uses a General Motors 2.4L Ecotec engine utilizi ng E85 as fuel. The engine is bolted

directly to two Bosch IMG electric motors with clutches. These components drive
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a General Motors 8190 eight-speed automatic transmission followed by a differential

on the rear wheels. The vehicle layout is shown in figure 6.1.

Components Series Mode Parallel Mode

Front

Front Front

Legend + Clutch

—
Electrical
Connection
I
Mechanical

Right-Angle Connection

Differential ~ E——
Fuel
Connection

Rear

Rear

Figure 6.1.: ERAU Vehicle Architecture Selection.

6.2.1 PCM Implementation into ESS

The focus for implementation of the PCM cold plate will be with the vehicles ESS
which uses seven A123 15S3P battery modules with a capacity of 18.9kWh operating
at a nominal voltage of 350V. With this battery system, the powertrain can achieve
260kW of power and 890Nm of torque, resulting in a large amount of generated heat
from the ESS.

For ease of packaging within the vehicle, the battery modules have been split into

two groups each with their own PCM cold plate to capture the heat. An exploded
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view of the ESS configuration can be seen in figure 6.2. Each tray is designed to
house a 6.5 x 13.75 x 0.5 inch cold plate per battery foot print, resulting in seven

complete cold plates capable of absorbing a total of 0.995MJ of energy combined.

Figure 6.2.: ESS frame design with PCM cold plate trays attached.

6.2.2 PCM Plate Manufacture

The trays are manufactured from 6061-T6 aluminum and bolt directly to the ESS
housing. This is to ensure the proper thermal contact required to remove the heat
from the batteries. Additionally, a layer of Omega Thermal Paste is used to provide

optimal heat conduction between the plates.
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6.2.2.1 PCM Sealing

To contain the PCM within the enclosure, there are redundant seals of buna-N
o-rings. Buna-N was selected based upon same accelerated life material compatibility
test conducted with the PCM experiments. This accelerated life test was done with
common sealing materials at a higher temperature, 50°C, to increase degradation
of the sealing material over a shorter period of time to gauge the life cycle of the
material. Furthermore, the corrosive nature of the PCM is mostly observed at higher

temperatures.

Figure 6.3.: Bottom PCM tray used on the vehicle ESS.

The materials selected were buna-N, silicone, and a cork seal infused with buna-N.
Success of the seal was determined by visual inspection and possible failures with the
seal when the test was concluded. From the test, buna-N showed the least amount
of degradation over a 48 hour test. Both the silicone and cork were partially decayed

due to the corrosive PCM and had several leak points. It was determined that the
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buna-N seal would be work for a long term solution to sealing, however, it will still
degrade and will need replacement. The total life was not determined, but is expected

to outlive the components based upon visual inspections.

6.2.2.2 Active Cooling Loop

Following the EcoCAR 3 rules, an active cooling loop was added, although not
necessary due to the high energy storage of the PCM, and functioned primarily as
backup during prolonged test periods. The active system uses ethylene-glycol pumped
through copper coils that are placed within the PCM trays to pull the heat away from
saturated PCM in order to extend its use. The heat in the glycol is then put through

a radiator and lost to the environment.

6.2.3 Vehicle Testing Results

This system has since been tested during the EcoCAR3 Year two competition and
more recently at a test at Kennedy Space Center.. This test was done with the vehicle
running in charge-deplete, charge-sustain, and sport mode. Data obtained from the
onboard DAQ during charge depletion, shows that the PCM is capable of passively
absorbing that latent heat energy without the use of an active cooling system. The

test data is shown in Figure 6.4.
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Figure 6.4.: ESS temperature data obtained during vehicle testing.

After an aggressive drive cycle, the maximum temperature observed in the ESS
was 39°C proving that the cold plate is effective in keeping the temperature low, while

not even activating the active cooling pump
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7. Future Work

Due to the success of the innovative prototype design in EcoCAR3 Year 2, future
studies will continue working with the team with manufacturing and implementation
methods of a shape stabilized PCM cold plate. Shape stabilized PCM is unique due to
the incorporation of a plastic material, commonly high density polyethylene (HDPE),
to mix with the PCM in order to create a homogenous mixture that contains the
melted PCM and provide rigid structure that requires no sealing. The same thermal
conductivity enhancers, such as carbon fibers, can be mixed in during manufacture to
yield a shape-stabilized composite cold plate with higher thermal conductivity similar

to the standard PCM cold plate.

7.1 Shape Stabilized PCM

Shape stabilization of PCM was first introduced in 1985 by Feldman et al [(Feldman,
Shapiro, & Fazio, 1985)] who investigated ways of manufacturing PCM tiles for ther-
mal storage. He used different plastics such as PVC, PVA, and HDPE to create the
shape stabilized plate for use in building walls and floors for heating and cooling pur-
poses. This innovation was then modified with thermal conductivity enhancers due
to the naturally low thermal conductivity of the PCM by Cheng et al [(W.-L. Cheng,

Zhang, Xie, Liu, & Wang, 2010), (W. Cheng, Xie, Zhang, Xu, & Xia, 2015)] who
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mixed expanded graphite fibers into the HDPE-PCM mixture. The same researchers
have validated the use of their tiles in 2015 by implementing the plates in the floor
of a home for heat storage during winter. However, this is the first instance of this
technology being implemented into thermal management of EV and HEV systems.
Using the Guarded Hot Plate, the shape-stabilized cold plate must be thermally
characterized in order to determine the effect the carbon fiber and HDPE additions.
Once characterized, the manufacturing process can be investigated. A benefit of
the shape-stabilization lies within the manufacturing capabilities of being printed,
molded, and extruded due to the plastic stabilizer and PCM liquid phase. This
property also allows for it to be packaged and implemented onto the vehicle without
geometric restrictions. focus specifically on the molding and casting process of shape-

stabilized PCM-composite cold plate.

7.2 Wax Material Study

It has been discovered that the PCM-37 used with the previous experiments will
be incapable of being used for the shape stabilization. This is because, according the
PureTemp, PCM-37 will fully break down at temperatures over 50°C higher than the
melt point. Since HDPE has a melt point of 160°C, an alternative must be used.
A common material to be mixed is parrafin wax. Thus a material study of three
different waxes, parrafin, bee’s, and soy wax, have been conducted to determine the

best choice for mixing with the HDPE.
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Using the Mettler Toledo Differential Scanning Calorimeter (DSC), the latent heat
of fusion and onset melt temperatures, are capable of being determined. Figure 7.1
shows the Mettler Toledo DSC-3 used for the experiments. A comparison between
the waxes’ thermal properties will help in selecting the best base wax for mixing with
HDPE. Ideally, the best wax will have a melt temp closest to PCM-37 with a high

latent heat of fusion, however, it is expected to be lower than the PCM-37.

|

' METTLER TOLEDO

Figure 7.1.: Mettler Toledo Differential Scanning Calorimeter.

The experiments conducted follow a custom scheme developed on the DSC that is
designed for testing waxes with melting points between 40 and 60°C. The scheme has
five segments to characterize the material. First the test chamber on the instrument
will go to 20°C and rest for 10 minutes to normalize the specimens. The second
segment will heat from 20°C to 90°C at a 2°C per minute heat rate. This heat rate
will provide enough resolution to witness the melt curves of each of the waxes. The

test will then sit at 90°C for five minutes and go back down to 20°C at the same rate.
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7.2.1 Results

The test was conducted at a minimum of three times per material until the data
was correlated. The first material explored is the paraffin wax, which is used com-
monly investigated for shape-stabilized PCM plates. The bees wax and soy wax,
although not commonly used, were comparisons that were commercially available
during the time of the study. The materials specimen used were first weighed in a
Mettler Toledo scale to determine the sample mass. The masses are shown in table

7.1 of each wax sample.

Table 7.1.: Wax sample masses used for the DSC experiments.

Wax Mass [mg]

Paraffin Wax 5.95
Bees Wax 12.90

Soy Wax 11.15

The wax samples were placed in 40uL crucibles designed specifically for the DSC.
Air is used as a reference for the experiments.

To obtain the data from the experiment, each segment of the test is separated.
The data needed is observed within the second segment when the wax material is
melted. A comparison between the three materials during segment two can be seen
in figure 7.2. This data reflects the averages of each material over the completed

experiments.
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Figure 7.2.: Melt curves of the three sample waxes.

To obtain the necessary data, the curve is integrated providing the energy ab-
sorbed, or latent heat of fusion, during the heating process. The onset and peak melt
temperatures are calculated from the largest peak of the melt curve. Table 7.2 shows

the data gained from the experiments for each wax.

Table 7.2.: Properties obtained from DSC sample testing.

Property Paraffin Wax Bees Wax Soy Wax
Latent Heat of Fusion [g] 185.4 147.9 102.1
Onset Melt Temperature [°C] 50.8 37.6 31.2

Peak Melt Temperature [°C] 62.6 43.3 47.5
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From the data, it is clear that the best wax to use for further experiments will
be a paraffin wax with a specific melt temperature. This is due to the higher latent
heat of fusion even though the melt range is higher than what is needed for the
vehicle ESS thermal management. The next step will involve mixing the HDPE
stabilizer to create a prototype shape-stabilized PCM cold plate and conduct further
characterization experiments. These experiments will determine the feasibility of the
technology for use with vehicle implementation and provide data for the possible
addition of thermal conductivity enhancers. Furthermore, the prototype will provide
insight in the manufacture and development of the shape-stabilized PCM cold plates

for future testing and use.
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