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Abstract

Design and Simulation of Passive Thermal Management System for Lithium-ion

Battery Packs on an Unmanned Ground Vehicle

Kevin Kenneth Parsons

The transient thermal response of a 15-cell, 48 volt, lithium-ion battery pack for
an unmanned ground vehicle was simulated with ANSYS Fluent. Heat generation
rates and specific heat capacity of a single cell were experimentally measured and
used as input to the thermal model. A heat generation load was applied to each
battery and natural convection film boundary conditions were applied to the exterior
of the enclosure. The buoyancy-driven natural convection inside the enclosure was
modeled along with the radiation heat transfer between internal components. The
maximum temperature of the batteries reached 65.6 °C after 630 seconds of usage at a
simulated peak power draw of 3,600 watts or roughly 85 amps. This exceeds the man-
ufacturer’s maximum recommended operating temperature of 60°C. The pack was
redesigned to incorporate a passive thermal management system consisting of a com-
posite expanded graphite matrix infiltrated with a phase-changing paraffin wax. The
redesigned battery pack was similarly modeled, showing a decrease in the maximum
temperature to 50.3°C after 630 seconds at the same power draw. The proposed
passive thermal management system kept the batteries within their recommended

operating temperature range.
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Chapter 1

Introduction

A 48 volt lithium-ion battery pack was designed and fabricated for use in an
unmanned ground vehicle (UGV). The battery pack is assembled from fifteen high
capacity cylindrical lithium iron phosphate (LiFePO,) batteries [Headway model H-
401525, 3.2V, 15Ah, 40 mm in diameter and 152mm tall]. The batteries are sup-
ported by plastic spacer frames arranged in a close-packed hexagonal array inside a
closed aluminum battery box, Figure 1.1. The battery box panels were welded to-
gether to form a trapezoid shaped enclosure. Since the UGV is designed to operate in
all-weather conditions, the battery pack must be sealed from the outside environment.
Since the batteries generate a significant amount of heat and the sealed enclosure iso-
lates them from the external air, there is concern that the operating temperatures
could rise substantially inside the battery pack. The batteries are designed to operate

at a maximum temperature of 60 °C.

Though lithium iron phosphate batteries provide the necessary power density
required by the UGV, they have high heat generation rates which can limit safe
application and battery life [12, 11]. Vehicle performance and space considerations

require the cells to be packed closely together leading to the possibility of high battery
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Figure 1.1: Dimensioned top section view of battery pack. Dimensions in
meters [inches].

temperatures that degrade battery life and, potentially, lead to thermal runaway [15].
Heat is generated in the cell by two factors; entropy change from electrochemical
reactions and irreversible effects such as ohmic heating due to current flow across
internal resistance [16, 1]. Thermal management becomes more critical with larger
batteries as surface area to volume ratio decreases with increasing battery size, leading

to lower heat transfer rates per unit heat generation rate [20].

1.1 Project Aim

The goal of this analysis was to determine the maximum temperatures the bat-
teries would experience under a prescribed high power loading of 240 W per battery
or about 85 A. Since the initial design of the battery pack did not focus on thermal
constraints, it was subsequently desired to perform a thermal analysis of the pack
to determine the maximum temperatures under the prescribed loading, as well as

support design options to control the resulting temperatures.



1.2 Thesis Organization

The thesis is arranged in 8 chapters. Each chapter has its own objective.

e Chapter 1 is the introduction and describes the goals of the project.

e Chapter 2 presents an overview of past research related to thermal modeling of

battery packs and thermal management solutions.

e Chapter 3 provides background information on lithium-ion batteries and phase

change materials.

e Chapter 4 is an overview of the computational fluid dynamics equations and

methods used to simulate the flow in the pack.
e Chapter 5 describes the experiment procedures and results.

e Chapter 6 presents the development and results of the computational fluid dy-

namics model.

e Chapter 7 presents the development and results of the phase change material

and expanded graphite model.

e Chapter 8 discusses the results of the project, conclusions, and recommendations

for future research.



Chapter 2

Literature Review

An extensive literature review on battery thermal management is presented in
Chapter 2. Battery thermal management poses a significant hurtle in the development
of new battery applications. Thermal management solutions and modeling techniques
have been researched for many years. The literature review serves to investigate
previous research on thermal management solutions, thermal modeling techniques,

and thermophysical battery property experiments.

2.1 Pesaran et al. (1997)

Pesaran et al. developed a thermal model to predict temperature distributions in
battery cells, modules, and packs [16]. Thermal issues associated with electric vehicle
battery packs can have a considerable effect on battery performance and lifetime.
Temperature variations from module to module can reduce the performance of the
entire pack. The study used fundamental heat transfer principles and finite element
analysis tools to create temperature distribution models of an electric vehicle battery

pack. Additionally, infrared photography and liquid crystal thermography were used



to obtain images showing the thermal distributions.

Battery pack performance affects the range, power, and downtime of electric vehi-
cles. The optimum operating temperature range is different for each electrochemical
couple used in the battery. Generally, higher temperatures improve battery per-
formance due to increased rates of electrochemical reactions. However, the higher
temperatures also cause a decrease in the lifetime of the batteries due to increased
corrosion rates. If the battery modules can be kept at a uniform temperature then
the pack as a whole can operate closer to the desired optimum temperature range.
The cells in the pack may have slightly different charge and discharge performances
relative to each other if they are at dissimilar temperatures. Overtime this can cause

the cells to become unbalanced.

Heat is generated from entropy change due to electrochemical reactions and from
Joule’s effect, also known as ohmic heating, caused by current flowing through internal
resistances. Depending on the operating environment, heat may need to be removed
or added to maintain the optimal operating temperature range. Possible thermal
management solutions include liquid systems, insulation, thermal storage through
a phase-change material, active, or passive approaches. Batteries used in electric
vehicles typically have high specific energy whereas batteries used in hybrid electric

vehicles typically have high specific power.

The article reviewed previous research from several other authors on battery ther-
mal management. Anderson found that for lead acid batteries, the charge efficiency
increases linearly with temperature and lifetime decreases linearly with temperature.
Dickinson and Swan showed that temperature gradients between modules reduce the
overall pack capacity and recommended maintaining an even temperature distribution
across the pack. Wicks and Doane found that both the pack efficiency and maximum

operating power increased with temperature from 26 °C to 65°C. Barnes employed



Table 2.1: Properties used in lead acid battery simulation.

Property Value

Cells 6

Voltage 12V

Capacity 12 Ah

Dimensions 0.11m x 0.16m x 0.15m
Heat Generation Rate 5.83 W/cell, 35 W/module
Cell Core Average Thermal Conductivity 6 W/mK

Overall Module Heat Capacity 900 J /kgK

a phase change material for cooling and temperature control of lead-acid modules.
Lee outlined a methodology for battery thermal modeling. The methodology is based
on three equations, a differential equation energy balance, a heat generation equa-
tion, and a boundary condition equation based on linear heat transfer between the
boundary region and model. Solving the three equations simultaneously results in the
temperature distribution in the core over time. Newman and Tiedemann presented
equations for a block-shaped three dimensional battery with uniform heat generation
and constant wall temperatures. Chen and Evans looked at heat effects in batteries
using two-dimensional transient conduction analysis with convective heat transfer at

the boundaries.

The approach for this study in particular was to solve the 2D transient heat con-
duction equation for a set of modules using finite element analysis. If only average
battery temperature is of interest then conduction can be ignored and a single tem-
perature can be assumed for each module. Using an iterative process with the energy
balance between the module wall and surroundings, the fluid temperature change

could be found.

Air was modeled at 25°C and a heat transfer coefficient of 35 W/m?K was applied

to all of the battery external surfaces. The convection coefficient used was equivalent



to modest forced convection with air. Heat generation was assumed to be uniform
throughout the core and constant with time. The module core material was assumed
to be a single homogeneous material. The thermal properties of the core of the
module were estimated as weight averaged values from literature. Cell interconnects
were not modeled. A two-dimensional finite element analysis was performed on a
single battery. A horizontal cross section of a single rectangular battery at steady
state showed a symmetrical temperature distribution with the maximum temperature
in the middle and the lowest temperatures at the corners where there was heat loss
on both sides. The maximum observed temperature was 45.4°C. There was a 4.5°C
difference between the center of the module and the corners of the module and a 3°C
difference across the polypropylene case surrounding the core of each module. This
implied that the thin plastic case imposed a large thermal resistance. If the case had
the same thermal conductivity as the core material, then the maximum temperature
would have dropped to 41.7°C and the maximum temperature difference within the
cell would have stayed at 4.5°C. If the heat transfer coefficient was increased to
100 W/m?K then the maximum temperature would have dropped to 36.7°C, but the

maximum temperature difference would have stayed the same.

Another two-dimensional finite element analysis was performed on a battery pack
consisting of 30 battery modules. Air enters at a mass flowrate of 0.8 kg/s from one
end of the pack and exits at the other. The pack was insulated on the top, bottom,
and sides. One third of the flowrate went down each battery column and the air was
equally distributed around each model. An air gap was selected so that the air-side
heat transfer coefficient was about 35 W/m?K. The air temperature rose 1.3°C as
it passed each module and the modules average temperature rose by 1.3°C as well.
Adding holes between the cylindrical modules caused the steady state temperature to
drop from 52.3°C to 44.1°C. Adding the holes between the modules proved to be an

effective and recommended design change to the studied battery pack. Temperature



results were only shown for steady state, but it was noted that the transient analysis

exhibited similar trends.

Two thermal imaging techniques were used to collect information about temper-
ature variation in the pack for comparison to the simulation. The two techniques
used were infrared photography and liquid crystal thermography. The infrared (IR)
imaging technique used a special camera to capture infrared radiation from the bat-
teries. The radiation measurements were converted to surface temperature readings.
This technique resulted in a resolution of 0.2°C. The interconnect sides of the cells
generated more heat than the opposite sides of the cells and thus there was a vertical
thermal gradient. Infrared photography could be used to look at an unenclosed bat-
tery pack, but not an enclosed one. Liquid crystal thermography involved painting the
cells with special crystals that change color with temperature. This technique could
be used to monitor the cells even in an enclosure as long as the enclosure is transpar-
ent. The experiment concluded that a pack with no air flow can reach unacceptably
high temperatures and that holes between the cells significantly improved the ther-
mal performance of the pack. For simplified geometries the analytical equation used
to show the energy balance could be solved by hand, but realistic geometries must
use FEA to solve the equation numerically. Radiation was neglected due to its small
contribution to heat transfer relative to the forced convection heat transfer because

of the relatively low temperatures below 100 °C.

2.2 Onda et al. (2005)

Onda et al. investigated thermal behavior of lithium-ion batteries during rapid
charge and discharge cycles [15]. Batteries for electric vehicles generate significant
heat during rapid charge and discharge cycles where current levels may exceed the

batteries’ rating. During these rapid charge or discharge cycles, the cells temperature



may exceed its design limit. Many institutions are researching lithium-ion batteries
due to their high energy and power densities as well as their high charge and discharge
efficiencies. As battery size increases, the ratio of heat cooling surface area to power
generating volume decreases. As charge or discharge current increases so does the
amount of heat generated. This causes the temperature of the battery to rise dra-
matically. Charge and discharge performance characteristics improve as temperature

increases.

A previously created battery thermal model was expanded to be used in rapid
charge and discharge simulations. Rapid was defined as when the current exceeded
the batteries’ rated maximum current. The model was verified by agreement with ex-
perimentally measured temperatures. The overpotential resistance, entropy change,
and heat transfer coefficient in air were measured. The heat capacity of the battery
was measured using a calorimeter. These measurements were used as inputs to the
thermal behavior model. The temperature distribution from the model simulation
was compared to the measured temperature of the battery cooled under natural con-
vection. The results agreed closely. One dimensional analysis of the battery showed
that the radial temperature distribution was nearly constant which was also verified
experimentally. The thermal conductivity of the model was assumed to be constant

radially.

To measure the heat source factors of the cell at a constant temperature, the
cell was charged and discharged while wrapped in thin electrical insulation sheet and
immersed in a water thermostat. The cell was charged and discharged twice at the
rated condition to erase any previous charge and discharge history. The battery heat
capacity was determined using a twin-type calorimeter (Setaram C-80) by increasing
the battery temperature from 20°C to 90 °C at a constant rate of 0.4 °C/min. A curve
fit to the data resulted in an equation for the battery heat capacity as a function of

cell temperature. The relationship was linear and increased from 37J/K to 39 J/K



from 35°C to 85°C. Lead wires used in the electrical connection of the batteries
were shown to promote heat transfer much better than the battery without the wires
connected for this small lithium-ion battery. The battery was suspended in air by
the lead wires, heated up, and then allowed to cool. This cooling data was used to

produce a correction factor for the heat transfer coefficient.

Battery temperature was plotted as a function of radial position at several different
times while discharging at 3C. The plot shows that the battery temperature decreases
by less than 2°C from the radial center to the outside. Additionally, the plot shows
that the battery reached 75°C after 600 seconds at 3C' and 101 °C after 1104 seconds
at 3C discharge. Battery temperature was nearly uniform, even during rapid charge
or discharge cycles. This indicated that the surface temperature of the battery was
representative of the average battery temperature. Temperature measurements were
taken by a 0.1 mm wire diameter thermocouple soldered to the center of the battery
surface while the battery was suspended in air by lead wires and cooled by natural

convection.

2.3 Pesaran et al. (2001)

Pesaran et al. investigated issues and solutions for battery thermal management
[17]. Thermal control of batteries in electric vehicles is essential to effective operation
in various climates and temperatures. Battery temperature affects the availability
of discharge power, energy, and charge acceptance when using regenerative break-
ing. Ideally, the batteries will operate in a temperature range that optimizes battery
performance and life. Temperature variation between modules in the battery pack
causes differences in the performance of each module leading to an unbalanced pack

and reduced pack performance.

10



Thermal imaging techniques and calorimetry were used to measure the thermal
characteristics of the batteries. The goal of a thermal management system is to min-
imize temperature variation between batteries and to keep the batteries in the ideal
operating temperature range. The thermal management design must be lightweight
and compact. It must not use very much power to perform the thermal manage-
ment as this increases the battery capacity that must be carried by the vehicle and
can increase the heat generation problem further. It must be able to operate in a
wide range of both hot and cold climates. It must provide ventilation if the batteries
vent hazardous gases. Thermal management systems may make use of air, liquids,

insulation, thermal storage, or phase change materials.

The heat generated from the battery under load dictates the type and size of
the cooling system required. The heat generation is due to electrochemical enthalpy
change and electrical resistive heating. This rate depends on the chemistry type,
construction, temperature, state of charge, and discharge or charge profile. A custom
built calorimeter at NREL has been used to measure the heat generation from cells
or modules under various conditions. Generally, more heat is generated at lower
temperatures due to the increased resistance in the cells. Various heat generation

rates were recorded for several battery types and various discharge rates.

Heat capacity can be measured by a calorimeter or can be calculated by mass
averaging the materials inside the battery. Typical heat capacities for several different
battery types are listed. Battery heat capacities were found to range from 650 J /kgK
to 800 J/kgK. Module heat generation may not be uniform due to aspect ratio, number
of cells, geometry, thermal conductivity of the case, placement of terminals, size, and
cell interconnect positions. This indicates that temperature may not be uniform in
the module. Temperature over time is plotted for several batteries at different heat
generation rates and discharge rates. The temperature rose 12°C over the discharge

with a heat generation rate of 4.45 W /cell due to the 2C' discharge rate with a specific

11



heat capacity of 1019 J /kgK.

Active thermal management using a fan and air is simpler than liquid cooling sys-
tems, but may not be as effective. Since lithium-ion batteries can deliver more power
than NiMH batteries, they generate more heat for the same volume and thus need
a more efficient heat removal system. Lithium-ion batteries may require a thermal
management system due to concerns about safety and low electrical performance at

low temperatures.

2.4 Al-Hallaj and Selman (2002)

Al-Hallaj and Selman showed that passive thermal management using a phase
change material (PCM) based system is viable solution to li-ion battery thermal
management [2]. Battery modules were formed from cylindrical lithium-ion cells
which were surrounded in a rectangular enclosure. This paper studied the effects of
filling the module with a phase change material. The lack of suitably sized batteries
is a major obstacle in the development of successful electric vehicles. Lithium-ion
batteries would be a great solution if they could be scaled up without having thermal
management issues. Lithium-ion cell chemistry is exceptionally well suited to the use
of a PCM system. The study concludes that PCM thermal management has great
potential for providing effective thermal management without complicating vehicle

designs like active systems would.

Lithium-ion cells have excellent performance when operating in ambient temper-
ature conditions, but adverse effects happen when temperatures exceed 65 °C or drop
below 0°C. Cells are packaged together to form a module and multiple modules are
combined to form a pack which provides ample current and voltage. Temperature

variation among cells can cause differences in impedance which can amplify capacity
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differences among cells. Capacity differences between cells may cause some cells to
be overcharged or over-discharged when the pack is cycled. This effect can lead to
premature failure of batteries in the pack. Failure may come in the form of acceler-
ated capacity fading or thermal runaway. Both of these failure modes are related to

excessive heat generation in the cells.

In a properly designed PCM system, the PCM does not exceed the constant phase
change temperature. Under normal circumstances, the PCM has enough thermal ca-
pacity to accept the total heat developed during discharge. The PCM then cools
when the pack is charging or no longer in use. Cell heat generation rates were mea-
sured for different discharge and charge operating conditions using a calorimeter. The
cell typically behaves as a lumped system with uniform temperature. Plots show that
temperature does not vary significantly radially through the cylindrical battery except
under high cooling conditions where the convection coefficient is between 30 W/m?K
to 100 W/m?K. By taking advantage of the latent heat of fusion of the PCM, the
battery pack can be passively cooled and fully enclosed, without any additional mov-
ing parts. It was predicted that for a 100 Ah cell in a module under near insulating
conditions, the temperature was maintained 8 °C lower with the PCM than without
the PCM. The heat stored in the PCM system can be used in cold environments to
keep the battery temperature from getting to low which reduces the need for battery

insulation.

2.5 Doughty et al. (2002)

Doughty et al. developed thermal models to characterize the response of lithium-
ion batteries to thermal abuse [4]. The self-heating rates were determined for the
cells and then the thermal response was estimated over a variety of conditions. This

process was used to isolate the behavior of individual components within the battery.
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Lithium-ion batteries can be divided into two groups. High-temperature batteries for
primary power sources that are not rechargeable and ambient temperature lithium-ion

batteries which are rechargeable.

Lithium-ion cells typically consist of carbon anodes containing a binder and con-
ductivity enhancing additive, an organic solvent electrolyte with a salt, metal oxide
cathodes, conductive graphite, and carbon. Lithium cobalt or a mixed metal oxide
is typically used in the cathode. Thermal runaway and gas generation cause the cell
to vent and generate significant amounts of heat. One piece of equipment central
to this study was the accelerated rate calorimeter (ARC). The ARC measured cell
thermal response to increasing temperature in an adiabatic chamber. Some cells ex-
perienced thermal runaway at temperatures exceeding 150°C. Cell aging may also

cause a change in the thermal properties and heat generation rates of the battery.

2.6 Maleki and Shamsuri (2003)

Maleki and Shamsuri developed a thermal model for a computer battery pack [12].
The notebook computer battery pack was modeled at an ambient temperature of 42°C
and performed a 55 W constant power discharge. Temperature rise was primarily
due to power dissipation from control electronics during charging and by battery
heat dissipation when discharging. Li-ion cells have become a popular power source
choice due to their high power density, long lifetime, and practical operating voltage.
However, the performance of lithium-ion cells is limited by their heat generation at
high current discharge. For safety reasons lithium-ion batteries often have current

limiters to restrict heat generation rates.

The heat generation rate of the lithium-ion cell was determined using Q = I(V ye,-

Vop)-IT(dV ey /dT) where V,, is the operating voltage and V,., is the open-circuit
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voltage. The first term is the irreversible heat generation from the internal and
polarization impedances in the cells. The second term is the reversible heat generation
term from thermodynamic effects. The reversible heat is generally smaller than the
irreversible by a factor of 3 or 4. Heat generation profiles were plotted over time.
Various connection arrangements of cells were tested using both parallel and series
configurations. Results showed that each cell produced about the same normalized
heat regardless of the configuration it was in. This justified measuring the heat
generation of one cell and applying it to all cells in the model. Density, heat capacity,

and thermal conductivity properties were used as inputs for the model.

To create the thermal model, battery cell heat generation data was measured, then
it was assigned to each of the eight cylindrical cells in the pack. Each cell was treated
as a cylindrical solid block that generated heat. Conduction on inside of the pack and
natural convection on the outside of the pack was modeled. The simulation showed
the cells reached temperatures above 60 °C and non-uniformity in their temperature
distribution. Storage for a period of one week at elevated temperatures of 40°C to

70°C can cause permanent capacity loss of 2 to 10 percent.

2.7 Hu et al. (2010)

Hu et al. developed a novel networking model for predicting battery temperatures
without performing additional CFD calculations each time the model is changed [8].
Computer modeling is an invaluable tool to help engineers design better battery
cooling systems. A Foster network thermal model of a battery pack was created and
compared to a CFD model. ANSYS Fluent CFD software was used to model the
flow through a duct that surrounds a single battery. The air came in from one end,
then flowed around the cylindrical battery, and exited the opposite end. This was

a standard conjugate heat transfer problem in CFD. Constant density and constant
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properties are valid assumptions for air and water cooling systems. CFD solutions

may take minutes to hours to solve depending on the mesh size.

A battery module with 16 cylindrical cells from an automotive OEM was simulated
using CFD for a given power profile. The CFD model had more than two million
computational cells and required approximately two hours of run time on one single
CPU. The Foster network method was used to create a thermal circuit model of the
pack and cooling system which, after being tuned using CFD results, could be used
to accurately determine the results of changes to the system. The Foster network
method provided identical results to CFD modeling and could be done in a mere
fraction of the time. Heat sources are typically functions of space and time. However,
when the Biot number for the cells is small, it is a good approximation to use spatially
uniform heat generation. The Foster network method was calibrated by running the
CFD solution to generate the step response, but after calibration the Foster network
could perform all transient predictions identically to the CFD in a fraction of the
time without any additional CFD analysis. The Foster network thermal model could
be coupled with a battery electrical model which would be capable of determining
the electrical effects on temperature of the battery and the temperature effects on
the electrical performance simultaneously. This technique could be used to generate

a predictive battery thermal analysis tool for robot vehicle path planning.

2.8 Mills and Al-Hallaj (2005)

Mills and Al-Hallaj performed laboratory experiments to characterize the thermal
properties of lithium-ion batteries and used them to create a finite element model of a
computer battery pack [13]. Lithium-ion batteries typically have higher energy stor-
age densities and are less expensive than other battery chemistries. Li-ion batteries

generate significant heat during high power discharges which can shorten their life
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and pose safety hazards. Close packing of the batteries within the pack enclosure
leads to high temperatures. Traditional powered cooling systems such as fans are
not ideal solutions due to the additional power requirements, weight, and integra-
tion complexities. Previous research of Li-ion battery packs has shown that passive
thermal management systems utilizing a phase change material (PCM) are a viable

solution.

In this article, a passive thermal management system that uses a phase change
material was designed and simulated for a lithium-ion laptop battery pack. The
problem of low thermal conductivity of the phase change material was significantly
improved by adding an expanded graphite matrix to the PCM. The heat generation
rate and heat capacity were experimentally measured for various constant power
discharges. Simulation of the pack and its six enclosed batteries showed that the
volume of the pack had to be doubled to hold sufficient phase change material to

keep the batteries below the specified 55 °C maximum temperature.

The study assumed that the batteries would provide constant power during the
entire discharge. The heat generation rate of the battery was determined experimen-
tally. The role of the PCM within the thermal management system was to store the
heat generated without significantly raising the temperature of the pack. The latent
heat of fusion, melting point, and operating temperature determine the amount of
heat stored by the PCM. Paraffin wax was used in this study due to its high specific
latent heat, near operating temperature melting point, and low cost. However, paraf-
fin wax has a very low thermal conductivity of 0.2 W/mK. This limits the rate of heat
absorption and dissipation from batteries. This problem was fixed by combining the
wax with an expanded graphite matrix which increased the thermal conductivity of

the composite PCM/EG.

Simulations were performed using the finite element software PDEase2D solving
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the 2D unsteady heat equation. The thermal conductivity of the batteries was taken
from referenced literation, but heat generation and heat capacity were measured
through an experimental procedure. Natural convection boundary conditions were
applied to the exposed sides of the pack and heat transfer coefficients were applied to
the contact sides of the pack. A linear entropy coefficient trend line lead to slightly
different heat generation rates than those that were measured, but still had the same
overall trend. The predicted and measured values matched within error tolerances
except at the end of the discharge cycle. It was suspected that this was due to the
behavior of the battery or from the thermal impedance of the Styrofoam washing
out the sudden increase in heat generation at the end of the discharge cycle. It was
found that increasing the discharge rate significantly increased the total amount of

heat generated.

Running the simulation with idealized PCM composite properties, which may be
possible to create with advanced fabrication methods, drastically reduced the volume
of PCM required keep the batteries under 55°C. The idealized volume required was
reduced to just 9% more than the minimum pack volume from the natural gaps
between the cells. The heat generation measurement techniques used by the study
produced highly accurate results. PCM proved to be a good solution as long as the
packs can cool off after they are discharged, allowing the wax to return to the solid
phase. The PCM thermal management system works well for minimizing temperature

swings during brief moments of high power usage.

2.9 Rao et al. (2011)

Rao et al. created a thermal model of a battery pack utilizing a phase change
material and investigated the effects of aging on LiFePO, batteries [19]. Increasing

pressure from oil shortages and environmental pollution concerns has attracted more
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attention to electric and hybrid electric vehicles. Several different battery chemistries
are available for EV application such as lead-acid, nickel metal hydride, and lithium-
ion. Pesaran has found that the optimal operating temperature for these batteries
is between 25°C and 40 °C. Furthermore, the temperature variation from module to
module should be below 5°C or charging efficiency and longevity can become de-
graded. The US National Renewable Energy Laboratory and Illinois Institute of
Technology have done considerable research on the topic of automotive battery ther-
mal management. Research has shown that battery thermal management is crucial in
the application of EV and HEV for any of the above mentioned battery chemistries.
The application of PCM for battery thermal management (BTM) was first demon-
strated and patented by Al-Hallaj and Selman (US Patent 6468689 B1 2002). PCM
was demonstrated to be a better performing solution than conventional BTM in large
scale, high discharge rate, or abusive conditions. A PCM should be nontoxic, non-
corrosive, stable, have large latent heat, and high thermal conductivity through use
of an expanded graphite or metal matrix. CFD and FEM were recommended for
computer modeling. This study and several references cited by it assumed a value for
the battery thermal conductivity rather than individually measuring it. The effects
of battery aging on the thermal management were studied and results were compared

to those of new batteries.

The battery used in this experiment was a 118 mm x 63 mm x 13 mm, 8 Ah lithium-
ion battery with a max anticipated discharge of 4C' to 5C. Five K-type thermocouples
were used with a DAQ system to measure the temperatures of the cells in a 9 cell
pack during discharge while surrounded in the PCM. The batteries were discharged
at 35 A or 5C. Battery temperatures reached as high as 76.5 °C. Heat generation rates
in the cell during discharge were calculated using Q = I(Voey-Vop)-IT(dV e, /dT).

The effective heat capacity method which treats the phase change process as a

temperature dependent change in the specific heat of the PCM was used in this sim-
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ulation. The study created a simulation of aging rectangular LiFePO, batteries using
the CFD software ANSYS Fluent and modeled the phase change material surrounding
the batteries. Computational meshes were generated using the preprocessor, Gambit.
Computational domain for one single cell was divided into four parts. Nine cells were
modeled with a total of 103,253 elements. The following simplifying assumptions were
used in the simulation: density change of PCM from solid to liquid was negligible,
melting point of the PCM was a constant value rather than a range, specific heat and
thermal conductivity of the cell and PCM were constant, the PCM was homogeneous

and isotropic, and radiation heat transfer inside the pack was neglected.

Governing equations were solved numerically using the control volume method.
The computer model had great agreement with experiment results. More heat is
generated as discharge current increases. To demonstrate the effectiveness of the
PCM, the pack was first simulated with nothing but air filling the inter-cellular gaps.
The simulated temperature of one cell was plotted over time both with and without
the PCM filling the gaps in the battery pack. The results show that with the PCM,
the temperature of the cell levels off just 5 °C past the PCM melting point of 50 °C and
stays there at that constant temperature as opposed to increasing almost linearly as
seen in the case of no PCM. Increasing the thermal conductivity of the PCM enhances
heat transfer into the PCM. All cells were discharged at 35 A for 720 seconds in the
simulation. It was found that lowering the melting point of the PCM and improving
its thermal conductivity would be necessary to improve heat transfer. PCM with
a melting point below 45°C was determined to be optimal for heat transfer. The

maximum temperature of the modules reached 50 °C with the cooling system.

Electrodes were given their own heat generation source and this resulted in signif-
icantly higher temperatures at the tops of the cells where the electrodes were. This
was in contrast to using purely uniform heat generation methods as assumed in other

research. Increasing the PCM thermal conductivity comes at the cost of reduced
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latent heat for a given volume. A well-designed PCM BTM system will have an

optimum ratio of thermal conductivity and latent heat of fusion.

2.10 Al-Hallaj et al. (2000)

Al-Hallaj et al. performed calorimetric measurements and investigated entropy
changes in li-ion batteries [1]. Calorimetric measurements and DC current inter-
ruption techniques were used to determine the entropy change during discharge and
charge of a Panasonic lithium-ion cell. The entropy coefficient, dE,,/dT, the change in
open-circuit voltage with respect to temperature, was found to vary from -.0006 V/K
to -.0001 V/K from fully discharged to fully charged respectively. Changes in the
reversible heat, TAS, were claimed to be responsible for the endothermic heat ef-
fect observed during discharge of the cells near the 0.23 depth of discharge (DOD).
The strong variation in the entropy coefficient near 0.23 was found to be due to the
occurrence of a phase change in the cathode and a structural transformation in the

graphite anode.

Experiments were conducted inside an accelerated rate calorimeter (ARC). The
temperature rise during cycling for several 18650 cells was measured. The cells were
discharged at C'/6 and a temperature of 35°C. The ARC setup was used to measure
the entropy coefficient of the Panasonic cell. The temperature inside the ARC was
increased to specific values and held for several hours to reach equilibrium then the
cell open-circuit voltage was measured to estimate the effect of temperature on the
cell open-circuit voltage. The open-circuit voltage was assumed to be equal to the
E., of the battery and dE,,/dT was calculated by linear regression of the E., versus

T plots at various depths of discharge.

To study the heat effects that come from structural transformations and phase
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transitions in the cell, electrochemical-calorimetric measurements were taken. The
DC current interrupt technique was used in combination with calorimetric measure-
ments during charge and discharge of the cell. The cell was placed inside the ARC
and temperature was maintained at 35°C. The cell was charged for 2 hours then the
current was stopped for 3 hours. This sequence was repeated until the cell was fully
charged. The same sequence was performed for cell discharge. Temperature, voltage,
and current were recorded at one minute intervals. A significant temperature drop
was found to occur in the cell near the 0.2 depth of discharge state. Another smaller
temperature drop was found to occur in several cells near the 0.95 depth of discharge
state. This effect was repeatedly found at operating temperatures of 55°C to 70°C

as well.

In conclusion, a quick endothermic heat effect was observed during the discharge
of the Panasonic cell. A substantial entropy decrease was found to occur in the
cathode due to a hexagon to monoclinic phase change of LiCoOs, which was then
followed by an increase in entropy due to the reverse phase change. The structural
transformations characterized by the entropy increase and endothermic reversible heat

effect reinforce the observed endothermic spike near the 0.23 depth of discharge state.

2.11 Viswanathan et al. (2010)

Viswanathan et al. performed laboratory experiments to determine which bat-
tery chemistries minimized reversible heat generation throughout battery discharge
and charge [20]. The entropy changes in cathodes materials, anode materials, and
complete Li-ion batteries were measured using an electrochemical thermodynamic
measurement system (ETMS). LiCoOy batteries were found to have a much larger
entropy change than LiNi,Co,MnZ0O, and LiFePO, chemistry batteries. Lithium ti-

tanate based anodes have lower entropy change than graphite anodes. Reversible heat
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generation rates, which result from entropy changes, were found to be a significant
portion of the total heat generation rate of the batteries. The research study aimed

to find the battery electrode materials with low reversible heat generation rates.

The power load on HEV batteries during acceleration and braking is quite high,
which requires thermal management systems to dissipate the heat during peak loads.
Typical HEV batteries range from 4kWh to 40kWh. Some applications have the
option of active cooling systems, but others do not. Thermal management is critical
where active cooling is not available. As the size of the battery increases, the ratio of
heat generating volume to heat dissipating surface area increases. This leads to an
increase in battery temperatures as battery size increases. Reversible heat generation
rates from entropy changes can contribute to more than half of the total heat gen-
eration rate. The contribution of reversible heat generation is expected to be higher
at lower discharge and charge rates. It is important to quantify the rate of reversible
heat generation at various states of charge (SOC). This information can be used in

battery thermal management systems to avoid high temperature spikes.

Measurement of reversible and irreversible heat generation in batteries is critical
to thermal management. Various combinations of anodes and cathodes can have
lower rates of reversible heat generation, by having the anode and cathode entropy
changes cancel each other out at various depths of discharge. Rates of irreversible heat
generation can be determined from impedance measurements in the cells. Data on
entropy changes for LiCoO, and LiMn,0O, are readily available, but data on LiFePOy,
was limited. In some literature, change in entropy, AS, was calculated from dE/dT

values.

The ETMS calculates entropy change based on lithium ion exchange. The entropy
change corresponds to a reduction reaction which is the discharge reaction for the

cathode. Assuming heat for an exothermic reaction is negative then discharge current
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is positive and charge current is negative in sign. In a lithium-ion cell while reduction
takes place at the cathode, oxidation takes place at the anode. The total change in
entropy for a cell during discharge is the change in entropy from the cathode summed
with the change from the anode. Combinations of cathodes and anodes with low full
cell entropy changes across all depths of discharge were found. Some combinations
were low due to low entropy changes in the cathode and anode and others were low
because the entropy changes in the cathode and anode canceled each other out. The
irreversible heat generation rate is always exothermic and is given by the current
squared times the internal resistance. @);.. is always negative but @), can positive or
negative. Q = Q, + Q;... Entropy data for cathodes, anodes, and complete cells was
obtained by measuring open-circuit voltage as a function of temperature using the
ETMS. Entropy changes were calculated from the slope of the voltage versus time
plot. A database of entropy changes for various cathodes and anodes was created by

this research.
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Chapter 3

Background

3.1 Battery Chemistry

A lithium iron phosphate battery (LiFePOQy), is a specific type of rechargeable
lithium-ion battery which uses lithium iron phosphate as the cathode material. Com-
pared to the more common LiCoOy batteries, LiFePO, batteries generally have lower
energy densities, longer lifetimes, and higher power densities. The batteries store and
discharge energy in the form of charged atoms, or ions. The charge and discharge
rate of the battery is restricted by the speed that ions can move through the cell.
There are several types of lithium-ion batteries including LiCoOs, LiMnsOy, LiNiOg
and LiFePO,. LiFePO, batteries avoid the use of Cobalt which reduces costs and
avoids environmental concerns. Table 3.1 shows properties for common rechargeable

and non-rechargeable battery chemistries.

The safety characteristics inherent to the LiFePO, chemistry come from the in-
corporation of phosphates as the cathode material. Phosphates are very stable in
overcharge and short circuit conditions and have the ability to withstand high tem-

peratures without decomposing. Phosphates are not prone to thermal runaway and
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Table 3.1: Properties of primary and secondary battery chemistries.

Chemistry Cell Voltage (V) Specific Energy (MJ/kg)
Zinc-carbon 1.5 0.13
Alkaline 1.5 0.50
Lithium 3.0 0.83
NiCd 1.2 0.14
NiMH 1.2 0.36
AgZn 1.5 0.46
NiZn 1.6 0.36
Lead-acid 2.1 0.14
Li-ion 3.6 0.46

will not burn. As a result, LiFePO, batteries possess safety characteristics that are
superior to those of lithium-ion batteries made with other cathode materials. Fail-
ure in the form of thermal runaway or premature capacity fading is still possible in

lithium iron phosphate battery packs if proper thermal management is not employed.

Lithium-ion batteries work by converting stored chemical energy into electrical
energy. Each battery consists of a certain number of voltaic cells with each voltaic
cell consisting of two half-cells. The half-cells are connected in series by a conductive
electrolyte with anions and cations. One half-cell contains electrolyte and the anode,
while the other half-cell contains electrolyte and the cathode. During battery dis-
charge, the anions migrate to the anode and the cations migrate to the cathode. In
the redox reaction that occurs, cations are reduced by adding electrons at the cathode
and anions are oxidized by removing electrons at the anode [20]. The electrodes do
not physically touch, but are electrically connected by the electrolyte. It is possible
for two half-cells to use different electrolytes, but they must have a separator to pre-
vent mixing of the electrolyte while still allowing the ions to flow between them. The

structure of a typical lithium-ion cell is shown in Figure 3.1.

The voltage developed across the cell’s terminals depends on the energy release
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Figure 3.1: Lithium-ion cell structure diagram (ref. [9]).

from the chemical reactions of the electrodes and electrolyte. Fach half-cell has
an electromotive force (EMF) and the difference between the two half-cell’s EMFs
determines the battery cell’s voltage. The net EMF is the difference in the reduction
potentials of the half-reactions. Rechargeable batteries can be recharged by supplying
electrical energy to the cell to restore its original composition by reversing the chemical

reaction.

Open-circuit voltage is a function of battery temperature and is defined as the
voltage across the battery terminals while it is neither charging nor discharging. Due
to the internal resistance of the cell, the terminal voltage of the cell during discharge
is smaller than open-circuit voltage. Similarly, the terminal voltage is larger than the
open-circuit voltage while charging. The internal resistance typically increases under

discharge and the open-circuit voltage decreases under discharge.
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Table 3.2: Thermodynamic properties of phase change materials.

PCM Melt Point (°C) Latent Heat (kJ/kg) C, Solid (kJ/kgK)
Water 0 333.6 2.05
Paraffin 41 174.0 2.14
Lauric acid ~ 44.2 211.6 1.76

3.2 Phase Change Materials

A phase change material (PCM) is defined as a material with a large latent heat
of fusion and a desirable melting point which can store or release large amounts of
energy. PCMs must be selected such that their melting point is in the operating tem-
perature range of the application. The most commonly used phase change materials
are salt hydrates, fatty acids, esters, and various paraffins. Recently ionic liquids were
investigated as novel PCMs. PCMs can be classified into three groups: organic, inor-
ganic, and eutectic. Organic PCMs are typically safe, stable, and have a high heat of
fusion, but suffer from low thermal conductivity. Paraffin wax, an organic PCM, is
a commonly chosen phase change material because of its large latent heat of fusion,
stability, and cost. Several common phase change materials and their thermodynamic

properties are shown in Table 3.2.

Thermal-composites is a term given to combinations of phase change materials
such as a copper-mesh immersed in a paraffin-wax. The thermal conductivity of
the paraffin will be increased by adding the highly conductive copper mesh to the
relatively low conducting paraffin, thus increasing bulk thermal conductivity while
preserving a large latent heat of fusion. Such hybrid materials are created to achieve
specific bulk properties. The desirable bulk properties of the thermal-composite are
maximized by combining materials that each have a specific thermal property of
interest. If the PCM is required to flow, the solid conducting material must be

porous.
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Chapter 4

Computational Fluid Dynamics

4.1 ANSYS Fluent

The commercially available computational fluid dynamics software, Fluent, by
ANSYS, was used to create the fluid flow simulations for this study. The software
utilizes the finite-volume method to numerically solve the physical governing equa-
tions for the fluid. The mesh for the model was created with ICEM, the preprocessor
bundled with Fluent. Fluent offers a wide range of tools to create physics based
models for a wide array of applications. The energy equation can be solved to model
conjugate heat transfer problems including all modes of heat transfer; conduction,
convection, and radiation. Many types of fluid flow problems can be modeled includ-
ing incompressible, compressible, laminar, and turbulent flows. User-defined functions
(UDFs) allow the implementation of new models in addition to the numerous built
in Fluent models. User-defined functions are written in the C programming language

and compiled using the built-in Fluent compiler.
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4.2 Conservation Equations

For thermal fluid flows, Fluent solves the conservation equations for continuity;,
momentum, and energy. The conservation equations for laminar flow in an inertial

reference frame are presented below.

4.2.1 Continuity Equation

dp o

Equation 4.1 is the general form of the continuity equation and is valid for both
incompressible and compressible flows. S,, is the mass added due to various sources

and is zero in this case.

4.2.2 Momentum Equation

J, L — =
E(pv) +V . (pv0) = =NVp+V - (T)+ pg+ F (4.2)

Equation 4.2 is the general form of the momentum conservation equation. The
variable p is the static pressure, T is the stress tensor, pg is the gravitational body
force, and F is the external body force which includes any momentum source or sink
terms. T is given by Equation 4.3. The variable p is the dynamic viscosity and I is

the unit tensor.

F=u ((w+ viT) — gv : 171) (4.3)
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4.2.3 Energy Equation

Fluent solves the energy conservation equation in the following general form when

the energy equation setting is enabled in the model.

a N g — —»

a(pE) +V- (U(pE +p)) =V- (keffVT - Z thj + (Teff : U)) + Sh (4.4)
J

The variable k.sy is the effective thermal conductivity, jj is the diffusion flux of

species j. The first three terms on the right-hand side represent energy transfer due to

conduction, species diffusion, and viscous dissipation respectively. S represents the

source or sink term from any volumetric heat sources. E is defined by Equation 4.5

where h is the sensible enthalpy of the fluid, defined by Equation 4.6 for incompressible

flows.

E=h-24+% (4.5)
p
T
B p
h= / C,dT + 2 (4.6)
Tref p

In solid regions of the model, Fluent solves the following form of the energy equa-

tion:

%(ph) + V- (@ph) = V- (kVT) + S, (4.7)

The second term on the left-hand side represents convective energy transfer due
to motion of the solid. The terms on the right-hand side represent heat flux due to

conduction and volumetric heat sources respectively.
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4.3 Buoyancy-Driven Flows

When a fluid is heated and the fluid density varies with temperature, a flow can be
induced by the force of gravity acting on the density variations. The buoyancy-driven

flow is termed natural convection.

In purely buoyancy-driven flows the strength of the buoyancy-induced flow is

measured by the Rayleigh number shown in Equation 4.8.

B gBATL?
v

RaL (48)

The variable 3 is the thermal expansion coefficient determined from Equation 4.9.

)

The variable « is the thermal diffusivity determined from Equation 4.10.

a=— (4.10)

Buoyancy-driven flows with Rayleigh numbers less than 10® indicate a laminar

flow since transition to turbulence typically occurs over the range of 10® to 10'°.

4.3.1 Boussinesq Model

Faster convergence can be achieved by using the Boussinesq model. The model
treats density as a constant value in all solved equations except for the buoyancy term

in the momentum equation.

(p—po)g = —poB(T — To)g (4.11)
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The variable p; is the constant fluid density, T is the operating temperature, and
[ is the thermal expansion coefficient. Equation 4.12 is used to eliminate p from the
buoyancy term. This approximation is accurate as long changes in the fluid density

are small, that is, 8(T — Tp) < 1.

p= po(l = BAT) (4.12)

4.4 Surface-to-Surface Radiation Model

The surface-to-surface (S2S) radiation model was used to account for the radiation
exchange in the enclosure of gray-diffuse surfaces. The energy exchange between
surfaces depends on geometry, orientation, and distance. These factors are accounted
for by a view factor. The S2S model assumes that any absorption, emission, or

scattering of radiation can be ignored and that all surfaces are gray and diffuse.

Emissivity and absorptivity of a gray surface is not a function of wavelength. The
exchange of radiative energy between surfaces is unaffected by the medium between
them. According the gray-body model, if a certain amount of radiant energy is
incident on a surface then a fraction is reflected, a fraction is absorbed, and a fraction
is transmitted. Since the surfaces considered in this thesis are opaque to thermal

radiation then the transmissivity can be neglected.

Energy leaving a surface is composed of the sum of the emitted energy and re-

flected energy. Equation 4.13 shows the energy reflected from surface k.

Qouts = x0T}, + Prlink (4.13)

The variable goy i is the energy flux leaving surface k, € is the emissivity of k, o
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is Boltzmann’s constant, pj, is the reflectivity of k, and ¢;,, 1, is the energy flux incident

on k from the surroundings.

Incident energy flux ¢, can be written as a function of energy flux leaving all

other surfaces in view.

N
Ainn,k = Z quout,ijk (4-14)

j=1
The parameter Ay is the surface area of k, A; is the surface area of j, Fjj is
the view factor between surface k and surface j, and N is the number of surfaces.

Equation 4.15 calculates the view factor between two surfaces i and j. The function

d;j is equal to one if dA; is visible to dA; and zero otherwise.

1 cosB;cosb;

A; Ay
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Chapter 5

Experiment

5.1 Experiment Equipment

5.1.1 Agilent Data Acquisition and Multiplexer

The Agilent 34972A Data Acquisition / Switch Unit is a versatile data acquisition
system that can log signal measurements to a connected computer. The device records
thermocouple voltage measurements and automatically converts the measurements to
temperatures using the standard NIST tables with either an external, internal, or fixed
reference junction. The device accepts all standard thermocouple types including,
J,K,S, and T. The device is also capable of measuring both DC and AC voltage signals.

Only voltage and thermocouple measurements were required for the experiments.

Voltage measurement wires and thermocouples were connected to the data acqui-
sition unit through a twenty channel multiplexer. Three T-type thermocouples were
screwed into the multiplexer terminals on channels one, two, and three. Two pairs of
voltage measurement wires were screwed into the terminals on channels five and six.

The multiplexer relay card was inserted into slot one of the Agilent 34972A. Current
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Figure 5.1: Agilent 34972A Data Acquisition / Switch Unit.

was measured using a shunt with an experimentally measured resistance value and
the voltage drop across it was measured such that the current through it could be
calculated. The second pair of voltage measurement wires were placed across the

battery terminals to record battery voltage throughout the discharge.

5.1.2 LabVIEW Program

A custom LabVIEW program was written to interface with the Agilent 34972A
for data acquisition during the experiments. The program was written to take tem-
perature measurements using the three T-type thermocouples, take DC voltage mea-
surements using the two pairs of voltage leads, split the output readings into their
own respective columns, and save them to an excel file with the time stamp. The
LabVIEW program used for the experiment data collection uses blocks of code from
the “Agilent 34970 Advanced Scan” program, an example program included with the
Agilent 34970 LabVIEW driver. The front panel of the LabVIEW program, Fig-
ure 5.3, is used to display certain readings, indicators, and input certain variables
that shouldn’t be hard coded into the program. Details of each part of the front

panel are explained in Table 5.1.

Figure 5.4 shows the block diagram used to interface LabVIEW with the Agilent
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Figure 5.2: Multiplexer card for Agilent 34972A Data Acquisition / Switch
Unit.

data acquisition system. The program begins by initializing communication with the
Agilent device via the VISA resource name and serial port communication settings.
This is done using the Agilent 34970 initialize block which is installed from the Ag-
ilent 34970 LabVIEW driver. Communication information from the Agilent device
is carried from the initialization block to each additional driver block used in the
program such that each block knows how to communicate with the specific Agilent
device attached to the computer. The communication signal is represented by the
purple line in the block diagram. Additionally, the error outputs of each driver block
are carried through to the next successive driver block in series ultimately ending
with an error output for troubleshooting feedback with the device. The error signal

is represented by the yellow line.

After communication initialization, the signal is carried over to the voltage mea-
surement driver block which accepts configuration inputs and the list of channels to

take voltage measurements on. The signal continues to the temperature measure-
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Figure 5.3: LabVIEW front panel for data acquisition program.

Table 5.1: Front panel details of LabVIEW data collection program.

Front Panel Name

Function

VISA Resource Name
Action

Reset

Serial Port Configuration
Timeout Value

Baud Rate

Flow Control

Voltage Channel List
Autorange

AC/DC

Temp. Channel List
Readings

Milliseconds to Wait
Time Elapsed
Stop

Input for the address of the Agilent 34972A.
Set the DAQ to configure or configure / read.
Reset the connection.

Settings for the serial port communication.
Time to wait before connection gives up.

Communication rate.

Sends XOFF when the receive buffer is full and
suspends transmission when XOFF is received.

List of channels for voltage measurements.

Set to automatically determine voltage range.
Choose AC or DC voltage readings.

List of channels for temperature measurements.

Output panel displays the most recent set of read-
ings.

Delay between each round of readings.
Time elapsed since data collection began.

Stops the data collection routine.
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ment driver block which accepts configuration parameters of temperature channel
list, thermocouple device, T-type, and internal reference junction. A conditional case
structure is used to bypass the temperature measurement or voltage measurement
configuration aspects of the program if the temperature channel list or voltage chan-
nel list is empty. This allows the program to run with an empty temperature or

voltage channel list and bypass this aspect of the code without producing an error.

The following sections of code are placed in a loop structure which causes all ac-
tions in the structure to be repeated every 5 seconds until the stop button is pressed.
Within the loop structure the signal continues to a series of Agilent driver blocks
which order the device to switch through the multiplexer’s relays to take the pre-
viously configured measurements once per loop iteration. This section also handles
closing the communications port and handling any errors from the device once the
program is stopped. The output of this section is a string of data containing the
measured values from the device and their associated channel number. This signal
then enters a secondary loop structure which splits the string based on key elements
such as commas in order to separate each measurement reading and its associated
channel number into its own cell in an array. This array is displayed in the Readings
section of the front panel and displays all data collected from each channel for that
measurement time. A timer is triggered each time the looping measurement process
starts and the initial startup time is subtracted in order to append a timestamp to
each set of measurements in the data array. The data array is written to an excel
sheet at the location specified in the program. Each row in the excel sheet contains a
timestamp and the measured values for each channel specified. Each successive read-
ing is appended to the excel sheet. The main data logging loop continues indefinitely
until the stop button is triggered. The excel file must be renamed or deleted after
each experiment is performed or else the data will continue to be appended onto the

existing file. Each soft coded variable in the front panel is automatically implemented
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Figure 5.4: LabVIEW block diagram of data acquisition program.




into the block diagram code each time the program is run. Default values for the front
panel variables can be set with the right click menu and all front panel variables will

be initialized to defaults each time the program is opened.

5.1.3 Infrared Camera

A Flir Thermacam SC300 infrared camera was used to take emissivity measure-
ments for the CFD model. The infrared camera captures all of the radiation from the
7.5 to 13 micrometer wavelengths. Figure 5.5 shows the Flir infrared camera used in

the experiments.

Figure 5.5: Flir Thermacam SC300 infrared camera.

5.1.4 Electronic Load

The BK Precision 8518 DC Programmable Load was used to discharge the bat-

tery for the experiments. The device is capable of handling up to 1200 watts, 0.1
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Figure 5.6: BK Precision 8515 DC Programmable Load.

to 60 volts, and up to 240 amps. The electronic load can draw a constant power or
constant current from the battery. Both modes were used in measuring the discharge
characteristics of the battery. The constant power mode was used during the bat-
tery heat generation rate experiments and the constant current mode was used to
approximate the battery open-circuit voltage using a slow constant current discharge
rate. The device features protective settings, several of which were utilized for this
project. The max current setting was adjusted to 150 amps for the tests to ensure
that the current from the battery did not exceed the 150 amps max rated capacity
for continuous discharge specified in the Headway battery datasheet. All equipment,
including the wires and shunt, that were part of the power transmission circuit were
capable of handling up to 120 amps as required for the heat generation experiments.
The wvoltage off setting was adjusted to 2 volts so that the load would automatically
turn off to prevent the battery from being discharged below the voltage stop point
specified in the battery datasheet. The wvoltage on setting was set to 0 volts to en-
sure that the load would not automatically turn back on once the voltage off was

automatically triggered.

42



Electronic Load

V- V+
V+
T1
Battery T2 T3
V-
~Shunt
AW
V V+

Data Acquisition

Figure 5.7: Circuit diagram for equipment during battery discharge tests.

DC Power Supply

V+

Battery

~Shunt

Data Acquisition

Figure 5.8: Circuit diagram for equipment to charge the battery.
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XLN3640

Figure 5.9: BK Precision XLN3640 Programmable DC Power Supply.

5.1.5 DC Power Supply

The BK Precision XLN3640 Programmable DC Power Supply was used to provide
a constant current to the Nichrome wire heating coil for the calibration and heat
capacity experiments. The power supply is capable of putting out 0 to 36 volts and 0
to 40 amps. A constant current of 1 amp was applied to the heating coil to heat each
cylinder up to 60°C. This process took 30 to 45 minutes depending on the cylinder
material. Once the cylinder reached 60°C the current was reduced to 0.25 amps.
This low current input offset the heat that was lost through the polyurethane foam
enclosure and to the ambient air. The current was kept at the low rate to allow each

cylinder to remain at 60 °C for one hour before being turned off and allowed to cool.

The programmable DC power supply was used to charge the battery after each
discharge test. The maz voltage setting was adjusted to 3.65 volts and the maz
current setting was adjusted to 20 amps for battery charging. The Headway datasheet
specifies a maximum charging voltage of 3.65 volts and maximum charging current of
30 amps. The DC power supply provides a constant current charge to the battery until
the voltage across the terminals of the battery reaches 3.65 volts. Then the current
tapers off, asymptotically approaching 0 amps. The battery charge was stopped when
the current supply reached 0.1 amps which amounts to 0.66 percent of the battery’s

rated capacity. The charging process takes about 2 hours.
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5.2 Experiment Procedures and Results

The heat generation rates and specific heat of isolated individual batteries were
measured experimentally using a technique described by A. Mills and S. Al-Hallaj [13].
These experiments were then used to provide input for the subsequent simulation of
the subject 15-cell pack. An energy balance was used to determine the battery heat

generation rates as shown in Equations 5.1 and 5.2.

Qgen = q.stor + QConv (51)

dT
q'gen = mCPE + UAAT (52)

Following Mills and Al-Hallaj the battery was insulated in polyurethane foam to
reduce convection heat transfer during the experiments. A polyurethane foam block
was cut such that the battery could be placed in the center, Figure 5.10. Two metal
cylinders, one copper and one 6061 aluminum, were machined to the same cylindrical
dimensions as the battery. These cylinders were used to determine the heat loss, or
U A value, of the foam insulation block setup. Three T-type thermocouples were used
to measure the temperature at the surface of the battery or metal cylinder as well as
the external air temperature. An Agilent 34972A Data Acquisition / Switch Unit,
BK Precision XLN3640 Programmable DC Power Supply, and BK Precision 8518

Programmable Electronic Load were used for the experiments.

5.2.1 Calibration and Heat Capacity

Teflon insulated, 24-gauge, Nichrome heating wire was wound in a helical pattern
around the copper and aluminum cylinders and held in place using electrical tape. The
copper cylinder was placed into the polyurethane enclosure as shown in Figure 5.10.

Two T-type thermocouples were attached on opposite sides in the middle of the
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Figure 5.10: Diagram of experiment setup to measure battery heat capac-
ity and heat generation rates.

cylinder. A third T-type thermocouple was placed approximately three feet away
from the center of the cylinder to measure the ambient air temperature during the
experiment. A DC power supply was used to pass current through the Nichrome
wire to heat the cylinder slowly to 60°C. The current was adjusted to hold the
cylinder at the specified temperature for one hour to assure adequate time to achieve
a uniform temperature. The heating element was then turned off and the temperature
from each thermocouple was recorded every five seconds as the cylinder cooled inside
the enclosure. The temperature of the cylinder was taken as the average of the
temperatures measured by the two thermocouples attached to it. The ambient air
temperature was taken as the average of the recorded ambient temperatures during
the cooling process. The cylinder was allowed to cool until it was just 3°C above
the ambient air temperature. The Biot number of the cylinder was much less than
0.1 due to the relatively high thermal conductivity of the cylinders compared to the
small convection coefficient. Solving Equation 5.2 with ¢ge, = 0 and Bi << 0.1 leads

to the relationship shown in Equation 5.3.
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Figure 5.11: First run of copper cylinder cooling to characterize insulation.

_— (5.3)

The natural log of the temperature difference over time, shown in Figure 5.11
yields a linear cooling trend. The slope of this line is —U A/mC'p. The heat capacity of
the cylinder, mCp, is known from the material properties of copper and the measured
mass of the cylinder. The U A value of the foam insulated setup was determined from
the cooling plot using the known heat capacity of the cylinder. This procedure was
performed three times for each of the cylinders to characterize the uncertainty of
the UA value, resulting in a UA value of 0.0283 4+ 0.0005 W/K. The procedure was
similarly performed using the battery in place of the metal cylinders to determine the
heat capacity of the subject Li-ion batteries. In these experiments the heat capacity,
of the battery was found using the slope of the cooling plot with the previously
determined U A value of the foam setup providing an experimentally measured specific
heat capacity for the batteries of 950 + 20 J/kgK. The calibration results are shown

in Table 5.3.
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Figure 5.12: Second run of copper cylinder cooling.
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Figure 5.13: Third run of copper cylinder cooling.
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Figure 5.14: First run of aluminum cylinder cooling.
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Figure 5.15: Second run of aluminum cylinder cooling.
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Figure 5.16: Third run of aluminum cylinder cooling.
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Figure 5.17: First run of battery cooling.
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Figure 5.18: Second run of battery cooling.
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Figure 5.19: Third run of battery cooling.
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Figure 5.20: Battery voltage during constant power discharges and open-
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Figure 5.21: Battery current during constant power discharges.



Table 5.2: Constant power discharge rates.

Battery Power (W) P-Rate Number of runs
144 3P 3
192 4P 3
240 oP 3

5.2.2 Heat Generation Rates - Experimental Method

Heat generation rates of a single battery cell were determined by performing con-
stant power discharges of the battery at three different power levels. Plots of mea-
sured voltage and current as a function of depth of discharge (DOD) are shown in
Figures 5.20 and 5.21. Two T-type thermocouples were placed on the battery and one
was placed in air three feet away, as described for the previous experiments. Temper-
atures, voltage, and current were recorded every five seconds during each discharge
experiment. In each case, heat generation rates of the battery were determined using
Equation 5.2 with the previously determined UA and battery heat capacity value.
The heat generation rates for each discharge power level are shown in Figure 5.23.
The total heat generated during each run was calculated by integrating the heat
generation rate with respect to time. The highest constant power discharge rate of
5P, or 240 W, was chosen to represent the maximum expected current draw, about
85 A, required by the robotic vehicle during service. This is the power level used for

subsequent simulations of the battery pack temperatures during vehicle operation.

5.2.3 Heat Generation Rates - Entropy Method

The theoretical heat generation rates of the battery, can be determined from
Equation 5.4. The first term on the right side of Equation 5.4 represents the heat
generated from ohmic heating due to current passing through internal resistance as

well as other irreversible effects. The open-circuit voltage was measured as a function
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Figure 5.23: Heat generation rates (W) for all constant power discharge
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Figure 5.24: Entropy coefficient estimated from heat generation rates and
battery discharge characteristics.

of depth of discharge by discharging the battery at a slow constant current rate
of C'/24. The second term on the right side of the equation is heat generated, or
consumed, by the reversible entropy change from electrochemical reactions. The
relative contribution of the reversible heat generation term is expected to be lower at

high charge and discharge rates [16, 20].

dVocu

e (5.4)

(jgen = I(‘/ocv - ‘/op> - 1T

The entropy coefficient of the battery, shown in Figure 5.24, was determined
using the measured discharge characteristics from each run. The entropy coefficient
was modeled as a linear fit of all heat generation data points between the 0.1 and 0.9
depth of discharge. The dark grey line shows the linear fit for all of the trials for all P-
rates. Each light grey line shows the linear fit for all three trials from each respective
P-rate. The entropy coefficient curve fit was used with Equation 5.4 to calculate

the theoretical heat generation rates. A comparison of experimentally measured and
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Table 5.3: Results of calibration and heat capacity experiments.
Material Mass Specific UA/mC,  Standard UA (W/K)

(kg) Heat (1/min) Error
(J/kgK) (1/min)
Copper 1.7562 386 2.59E-3 £+ 2.50E-5  0.0293 £ 0.0002
Aluminum  0.5344 896 3.41E-3 + 2.63E-5  0.0272 £ 0.0003

Battery 0.4936 950 £ 20 3.62E-3 + 4.41E-5  0.0283 £+ 0.0005

predicted heat generation rates is shown in Figure 5.25. It can be seen that there is
good general agreement between the predicted and measured rates. Note that for each
constant-power discharge, there is a dramatic increase in the heat generation rate at
the end of the battery discharge. This arises from the drop in operating voltage and

related increase in current at the end of each constant power discharge.

5.2.4 Uncertainty

The uncertainty in the calibration slopes and UA values was reported as the

standard error of the mean defined by Equation 5.5.

Sf:

= (5.5)

Where S, o, and n represent the standard error in measuring the mean, the
standard deviation, and the number of trials respectively. The uncertainty in the U A
value propagated to the uncertainty in the battery heat capacity following Gaussian

error propagation as shown in Equation 5.6.

S

_ Soa\’ | (S \’
mop_mcpﬂm) (G 56)
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Figure 5.25: Comparison of measured and predicted heat generation rates

(W).
Table 5.4: Heat generation during constant power discharges.
P-rate Average Heat Gen. (W) Heat Generated (Wh)
Measured Predicted
3P 14.21 4.42 4.49
4P 20.86 5.55 5.46
5P 31.97 6.56 7.48
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Chapter 6

Computational Fluid Dynamics

Model

6.1 Model Development

Fifteen cylindrical batteries measuring 0.040 meters in diameter and 0.152 meters
in height were packed, as shown in Figure 1.1, in a closed aluminum box with a small
air gap along the sides of the enclosure. There are small air gaps between each battery
along their heights in the center portion of the box. The batteries were mounted
vertically and held in place at both their base and cap by two 1.73 centimeter thick
plastic spacer frames. The enclosure was fabricated from aluminum with a uniform
convection boundary condition applied to the exterior walls. The entire enclosure is
0.41 meters in length, 0.13 meters in width, and 0.20 meters in height. Figures 1.1

and 6.1 show the dimensions of each component in the pack.

A model geometry of the pack was developed in SolidWorks and imported into AN-
SYS ICEM. Component geometry was modeled in SolidWorks since it provides better

tools for part dimensioning. The assembly was saved as a step file type and imported
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Figure 6.1: Dimensioned front section view of battery pack. Dimensions
in meters [inches].

to ANSYS ICEM where it was meshed using an unstructured tetrahedral mesh. The
resulting file was then imported to ANSYS Fluent were the remaining aspects of the
model were developed. The air inside the battery pack is completely sealed off from

the outside environment and natural convection is induced by buoyancy-driven flow.

The Rayleigh number for flow in vertical cavities, given in Equation 6.3, is based
on the air gap horizontal length, the temperature difference between the two walls, and
the fluid properties. The transition to turbulence for buoyancy-driven flows typically
occurs over the range of Rayleigh numbers from 10® to 10'° [23]. Flows with Rayleigh
numbers below 1000 are considered to have weak buoyancy-driven flows with little
advection. Therefore heat transfer is primarily by conduction and radiation across
the medium. In the present case, using the maximum gap length and maximum
expected temperature difference between the walls after 630 seconds at the 5P power
load, the Rayleigh number is well below the critical Rayleigh number for transition
to turbulence and above the Rayleigh number for neglecting advection. This justifies
a laminar viscous model and requires the heat transfer effects of advection to be

accounted for.
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Table 6.1: Radiation material properties.

Material Emissivity
Aluminum 0.90
Battery 0.92
Plastic 0.84

The Fluent model was setup so that the energy equation was enabled to calculate
heat transfer within the model. Radiation heat transfer between the batteries and
enclosure was accounted for by enabling the surface-to-surface radiation model. This
accounted for the radiation exchange in the enclosure of gray-diffuse surfaces by cal-
culating a view factor for each internal surface. This model assumed that all surfaces
were grey and that any absorption, emission, or scatter of radiation by the air could
be ignored. Emissivity properties were assigned to the internal walls of the enclosure,
the plastic frames, and the batteries. The emissivity values of plastic and aluminum,

shown in Table 6.1, were taken from F. P. Incropera et al. [10].

A Flir Thermacam SC300 infrared camera was used to measure the emissivity of
the batteries. A piece of black electrical tape with a known emissivity of 0.97 was
attached to the battery such that it had the same temperature as the battery. The
camera was set to measure surface temperatures with an emissivity of 0.97 and the
infrared radiation of the tape was compared to the radiation from the battery mate-
rial. Figure 6.2 shows a typical infrared image of the battery. An emissivity of 0.92
was calculated for the battery coating material using this technique. Emissivity is a
function of wavelength and temperature for any material. The emissivity value re-
quired by Fluent for the surface-to-surface radiation model should be a representative
average of the varying emissivities for the material over all wavelengths. The infrared
camera captures radiation over the 7.5 to 13 micrometer wavelength range. As such,
the camera can detect a fraction of the radiation wavelengths being emitted by the

battery. Wein’s displacement law predicts that the wavelength of peak intensity at
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Figure 6.2: Infrared camera image of the heated battery.

a temperature of 60°C occurs at 8.7 micrometers which falls within the detectable
range of the infrared camera. The result is an approximation for the emissivity of the
battery using the detectable wavelengths and this emissivity is extended to apply to

all wavelengths for the material.

Thermal properties of the batteries including specific heat, heat generation rates,
and density were determined from the aforementioned experiments, while the thermal
conductivity was taken from published literature [13]. The properties of each battery
were assumed to be isotropic and homogeneous [13, 16]. Table 6.2 shows the material
properties for the batteries, aluminum, plastic, and air at 20°C [10]. In the present
simulations, solid material properties were assumed to be constant, ignoring changes
that occur with increasing temperature. Heat generation in the batteries was modeled
as uniformly distributed [13, 4]. The average of the experimentally measured heat

generation rates for a 5P discharge were divided by the volume of the battery to
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Table 6.2: Thermophysical properties for model materials.

Material Density Specific Thermal Viscosity Thermal
(kg/m3) Heat Conductivity (kg/ms) Expansion
(J/kgK) (W/mK) Coeft. (1/K)
Aluminum 2700 896 167
Battery 2618 950 3
Plastic 1400 1050 0.16
Air 1.205 1005 0.0257 1.85E-05  0.00343

yield a curve for the average body heat flux load in W/m? over the discharge of the
battery. A polynomial curve fit to the average heat generation rates was applied as a
heat load to each battery in the simulation. The user-defined function for volumetric

heat generation as a function of time is shown in Figure 6.3.

6.2 Boundary and Initial Conditions

A no-slip wall condition was imposed at the inner enclosure walls, battery walls,
and plastic walls where the enclosed air comes in contact with a solid surface. At the
start of the simulation all components of the system were initialized to atmospheric
pressure and a temperature of 25°C. The external free surfaces of the enclosure were
given surface film boundary conditions to simulate free convection on the vertical and
horizontal surfaces. The sink temperatures for the film boundary conditions were set
to an ambient temperature of 25°C. Convection coefficients were found using heat
transfer correlations from F. P. Incropera et al. [10]. Though these coefficients vary
with temperature, they were approximated as constant with a temperature difference
of 5°C from the ambient. The surface film approximates the convection of heat
away from the battery pack as proportional to the temperature difference between
the outside of the pack and the ambient. Convection coefficients determined from

empirical correlations are shown in Table 6.3 and were calculated using Equations 6.2
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UDF for time dependent volumetric heat generation
stk ook stk ok stk sk sk ook stk ok stk sk ko ok stk ok stk sk ko skskskok ok skok sk ok /
#include "udf.h"

#tdefine C1 -1.7031E-11
#tdefine C2 1.3146E-07
#tdefine C3 - 1.8011E-04
#tdefine C4 1.0240E-01
#define C5 - 2.8133E01
#define C6 3.6444E03
#tdefine C7 2.7545E03

I e
WN OO0 UL WN

14 DEFINE_SOURCE(heat_gen,cell,thread,dS,eqn)
15 {

16 real source;

17 real time;

18 time = CURRENT_TIME;

20 source = Cl*pow(time,6)+C2*pow(time,5)+C3*pow(time,4)+C4*pow(time
,3)+C5xpow(time,2)+C6*time+C7;

21 dS[eqn] = 0;

22 return source;

23 %

Figure 6.3: Fluent user-defined function for volumetric heat generation as
a function of time from experiment results.

through 6.6. Dirt and debris are likely to settle on the pack, effectively adding a thin
layer of insulation to the pack and reducing the heat convection to the ambient air.
To be conservative, a smaller than predicted, uniform convection coefficient boundary

condition of 2W/m?K was applied to the exterior surfaces of the pack.

a=— (6.1)

—  nhL
Nup = = (6.2)

Ray = 9800 = 1)L (6.3)

| 4e%
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Table 6.3: Convection film coefficients of the enclosure exterior.

Boundary Condition Type h (W/m?K)
Convection Boundary 1 Vertical Plate 3.04
Convection Boundary 2 Horizontal Plate Bottom Hot 4.77
Convection Boundary 3 Horizontal Plate Top Hot 2.39

Convection
Boundary 1

Convection
Boundary 3

Convection
Boundary 2

Figure 6.4: Isometric view of approximated boundary conditions.

Surface of Vertical Plate:

670Ra}*
[1 + (.492/ Pr)9/16]4/9

Nuy, = .68 + (Ray, < 107)

Top Surface of Hot Horizontal Plate:

Nuy = 54Ra)* (10" < Ray, < 107)

Bottom Surface of Hot Horizontal Plate:

Nugp = 27Ra)*  (10° < Ray, < 10)
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Figure 6.5: ANSYS ICEM mesh of batteries and plastic spacer frames.

6.3 Mesh Development

An unstructured mesh was generated for this study using 1,733,072 tetrahedral
elements with a global maximum size measuring 4 mm. Gravity is defined as down-
ward in the negative y-direction in the model, corresponding to the bottom of the
pack. The grid independence plot shown in Figure 6.6 illustrates that at a flow time
of 630 seconds, the temperature at one point in the model converges to a specific
value as the grid is refined. A 4 mm meter mesh spacing was chosen because it pro-
vided accurate results without substantially increasing the computational expense of
the simulation. Tetrahedral elements were used throughout the entire model because

they readily conform to the complex geometry of the components in the pack.
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Figure 6.6: Grid independence plot of temperature (°C) versus global mesh
size (m).

6.4 Calculation Settings

A transient analysis was required in the present case since the simulation only
reached steady state long after the battery pack would be depleted. A fixed time step
of 0.5 seconds was used to run a 630 second flow time study. This small time step en-
sured accuracy of the results and was based on the characteristic time of the modeled
system. Due to slow heating in the battery as well as slow velocities in the air gap,
larger time steps should also yield accurate results. A comparison of results using
a 0.5 second time step and a 0.1 second time step showed negligible differences in
the heat transfer rate and battery temperatures in the pack. All solution and model
settings selected in Fluent are shown in Tables 6.4, 6.5, and 6.6. The Boussinesq
approximation was used by setting the density of the air material to boussinesq in
Fluent and assigning an operating density of 1.205kg/m?3. The Boussinesq approx-
imation neglects any changes in density of the fluid, except when the density terms

appear multiplied by the gravity term. This leads to the conclusion that inertia dif-
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ferences are negligible while gravity is large enough to create a buoyancy-driven flow.

The second-order upwind scheme was used for momentum, energy, and the transient

formulation.
Table 6.4: General settings in Fluent.
Category Option
Velocity Formulation Absolute
Time Transient
Space 3D
Table 6.5: Model settings in Fluent.
Category Option
Energy On
Viscous Laminar
Radiation S2S
Table 6.6: Solution method settings in Fluent.
Category Option
Pressure-Velocity Coupling  Pressure-Implicit with Splitting Operators (PISO)
Gradient Calculation Least Squares Cell Based
Pressure Equation Body Force Weighted, 0.5 Relaxation
Momentum Equation Second Order Upwind, 0.5 Relaxation
Energy Equation Second Order Upwind, 0.5 Relaxation
Transient Formulation Second Order Implicit

Non-Iterative Time Advancement (NITA)

6.5 CFD Results

The temperature distribution after 630 seconds at a 5P discharge rate is shown in
Figure 6.8. The batteries were initialized to a starting temperature of 25°C and were

found to increase to 65.6 °C in 630 seconds under a 5P discharge. This exceeded the
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maximum design operating temperature of 60 °C for these batteries. These elevated
temperatures lead to degraded battery life and can create unsafe operating conditions.
Figure 6.8 illustrates that the aluminum enclosure stayed at a relatively uniform and
near ambient temperature throughout the battery discharge. This result is significant
as it illustrates the lack of heat flow to the enclosure that would have transferred

thermal energy away from the batteries.

Figure 6.10 shows an image of the buoyancy-driven flow in the pack, plotted as
colored vectors. For the sake of clarity, the batteries are removed from this image.
One can see a plume of hot air collecting at the top of the enclosure and relatively
cooler air at the bottom. Additionally, as one would expect, this figure shows that
the air rises along the battery walls and flows downward along the relatively cool
inside walls of the enclosure. This forms thin convection cells along the enclosure
walls with the air circling in the space at the top of the batteries and falling down as
it cools from convection with the colder aluminum enclosure walls. Figure 6.12 shows
that the vertical component of air speed is largest near the walls of the batteries and
enclosure. In contrast, the center of the convection cell between the vertical walls
is nearly stagnant. The columns of air between the two rows of batteries heat up

similarly to the batteries due to close proximity with them.

Figure 6.13 illustrates that the temperature is relatively uniform along a horizon-
tal line, perpendicular to the longitudinal axis of the batteries, through the center
of the back row of batteries. This trend continues throughout the battery discharge
with only small temperature gradients through the pack interior along the horizontal
line. Figure 6.14 shows how the temperature changes with vertical position along the
longitudinal axis of the middle back row battery. Significant temperature gradients
appear over a short distance at the top and bottom of the pack, connected by a gen-
tle concave-down temperature distribution between them. Maximum temperatures

in the batteries occur at roughly the vertical midpoint of the pack, with relatively
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Figure 6.7: View of battery temperatures (°C) after 630 seconds at 5P
rate.
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Figure 6.8: Section view of temperature (°C) contours at vertical middle
of battery pack after 630 seconds at 5P discharge rate.
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Figure 6.9: Front section view through center of front row of batteries
showing temperature (°C) contours at end of discharge at 5P rate.

65.6
63.6
61.7
59.7
57.8
55.8
53.9
51.9
50

48

46.1
441
42.2
40.2
38.3
36.3
34.4
324
30.5
28.5
26.6

P R
L

gis
P
i =~ %E it

Figure 6.10: Isometric view of velocity vectors colored by temperature
(°C) for air in the enclosure after 630 seconds under 5P load.
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Figure 6.11: Vertical plane of velocity vectors colored by temperature (°C)
for air in the enclosure after 630 seconds at 5P.
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Figure 6.12: Contours of vertical component of velocity (m/s) for air in
the enclosure after 630 seconds under 5P discharge.
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Figure 6.13: Temperature (°C) evolution along horizontal axis through the
center of the back row of batteries without PCM/EG.

milder temperatures at the top and bottom. Temperature through the center battery
varies axially by over 7°C after 630 seconds under 5P loading. This temperature
evolution plot also shows an increasing curvature in the mid-span temperatures as

time progresses, indicating that axial temperature gradients increase with depth of

discharge.

6.6 Validation

The CFD model was validated by comparing the surface temperature of the bat-
tery at the center of the pack to the experimentally measured surface temperature of
the battery performing the same discharge profile while insulated by polyurethane.
The temperature of the model followed the same trend and had a slightly smaller
magnitude compared to the experimentally measured temperature. The tempera-

ture rise at the end of the simulation was 1.2°C smaller for the model surface than
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Figure 6.14: Temperature (°C) evolution along longitudinal axis of the
middle battery in the back row without PCM/EG.

the insulated experimentally measured surface. The results matched closely as ex-
pected since the modeled battery pack has near insulating conditions due to the close
proximity of other batteries and the weak buoyancy-driven flow predicted by the low

Rayleigh number.
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Chapter 7

Phase Change Material and

Expanded Graphite Model

7.1 Model Development

Since the current pack design is not sufficient to protect the batteries from ther-
mal damage during worst-case loading, a passive thermal management system was
designed to exploit the energy absorption of a phase change material (PCM). Follow-
ing pioneering work on the use of phase-change materials for thermal management in
batteries [13, 2], a paraffin wax with an expanded graphite matrix was chosen for this
study. This design for a passive cooling system allows the battery pack to be fully

sealed from the environment without any intruding cooling elements [2].

High performing phase change materials are characterized by their high latent
heat of fusion, but typically suffer from low thermal conductivity [19, 6]. The thermal
conductivity of the PCM has been improved by creating an expanded graphite (EG)
matrix impregnated with a PCM [18, 7]. This composite PCM/EG material combines

the high specific latent heat of fusion of the PCM and the high thermal conductivity of
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the expanded graphite to create a highly thermally conductive and energy absorptive

composite material.

The PCM absorbs the heat generated from the batteries while minimizing temper-
ature changes in the pack. The effectiveness of the PCM is governed by the melting
point and latent heat of the material. Paraffin wax (Rubitherm RT-42) was used as
the PCM in this study due to its high specific latent heat of fusion and its melting

point in the operating temperature range of the battery pack.

The expanded graphite matrix is formed from flake graphite by a heat treatment
process [14]. The process increases the porosity of the graphite and thus decreases
the bulk density. The expanded graphite particles are then compacted to form a
graphite matrix. Compacting the particles increases the thermal conductivity, both
perpendicular and parallel to the compaction while decreasing the porosity of the
resulting matrix [3]. Figure 7.1 shows the thermal conductivity as a function of bulk
density from previous research [14]. The expanded graphite matrix is submerged into
liquid PCM to form the PCM/EG composite material. Capillary forces draw the
liquid PCM into the matrix where it remains after the matrix is removed. The mass
of PCM left in the matrix is a function of soaking time and is characterized in the

work of [14].

Modeling the phase change process of materials can be complicated and compu-
tationally expensive. A modeling method developed by Farid et al. [5] was used to
treat the phase change process of the paraffin as a temperature dependent change
in the specific heat of the composite material. A differential scanning calorimetry
(DSC) curve fit of the paraffin is shown in Figure 7.2 from the method described
in [14]. The curve was used to convert the latent heat of fusion of the paraffin to
an effective specific heat over the melting temperature range. The curve shown in

Figure 7.2 has been normalized so that the area under the large peak, from 35°C to
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Figure 7.1: Thermal conductivity of PCM/EG composite for various
graphite densities (ref. [14]).

Table 7.1: Thermodynamic and physical properties of PCM /EG composite
material used_in simulation.

Property Value
Thermal conductivity (W/mK) 16.6
Latent heat (J/kg) 127,000
Specific heat (J/kgK) 2,250
Bulk density of composite (kg/m?) 789
Bulk density of graphite (kg/m?) 210

55°C, is equal to one so that the curve can be scaled to the latent heat of fusion of the
paraffin. The specific heat of the PCM/EG composite material, shown in Figure 7.3,
was input to the Fluent model as a piecewise linear function and is the sum of the
effective specific heat due to the latent heat of the paraffin and the specific heat of the
composite material. Any density change of the phase change material from the solid
to liquid phase was neglected. Realistically achievable thermophysical properties for

the PCM/EG composite [13] used in the Fluent simulation are shown in Table 7.1.
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Figure 7.4: Maximum temperature (°C) of the batteries in the enclosure
over time.

7.2 Results

Figure 7.4 shows how the PCM/EG passive thermal management system substan-
tially reduced the maximum temperature of the batteries compared to the original
pack with natural convection cooling. Without the passive thermal management sys-
tem the maximum temperature of the batteries rose beyond the 60°C threshold to
65.6 °C. In stark contrast, the passive thermal management system reduced the max-
imum temperature of the batteries to 50.3 °C, keeping all of the batteries within the
design operating temperature range. Figure 7.7 shows the temperature fluctuations
across the width of the pack through the back row of batteries. This plot shows
clearly the radial temperature fluctuation across each individual battery. The highest
temperature occurs in the radial center of the middle back row battery. Temperature
deviations between the centermost cell and the outermost cells are minor, less than
3°C. Figure 7.8 shows the temperature fluctuations from the bottom to the top of the
pack through the middle back row battery. Axial temperature fluctuation is minor,

varying less than 3°C along the length of the battery.

78



50.3
49.3
48.4
47.4
46.5
45.5
44.6
43.6

42.7
4.7
40.8
39.9
38.9
38
37
36.1
35.1
34.2
33.2
32.3
31.3

Figure 7.5: Section view of temperature (°C) contours at vertical middle
of battery pack after 630 seconds at 5P rate with the PCM/EG.
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Chapter 8

Discussion, Conclusions, and

Future Research

8.1 Discussion

The temperature comparison for the two models under the worst-case loading
condition of 3,600 W or roughly 85 A for 630 seconds is shown in Figure 7.4. For the
case of air-convection cooling, the maximum battery temperature reaches 65.6 °C and
exceeds the maximum design operating temperature of 60 °C. This analysis indicates
that the batteries in the pack are likely operating outside of their optimal temperature
range if the UGV is drawing a sustained 85 A or more for 630 seconds. This increase
in operating temperature does lead to an increase in the electrical performance of the

batteries arising from the increased rate of chemical reactions, but decreases the life

Table 8.1: Temperature comparison of PCM/EG and air simulations.

Model Heat Generated (Wh) Max Temp. (°C) Temp. Rise (°C)
Air 98.4 65.60 40.60
PCM/EG  98.4 50.32 25.32
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expectancy of the battery due to increased corrosion rates [16, 17]. Furthermore, if
overheated, li-ion batteries may suffer from thermal runaway and, in extreme cases,

cell rupture or combustion.

The temperature distribution results presented here provide insight into how the
pack performs under maximum loading, what the maximum temperatures are, and
how evenly distributed the heat is throughout the battery. This is an important
and useful check to ensure that the current design can implement safety protocols to
prevent thermal runaway in the batteries. Ideally, the temperature of each battery
should be identical to all others so the batteries remain balanced. It is known that
cells within the pack will be charged or discharged slightly differently during each cy-
cle if they are at different temperatures. Under these conditions, the cells eventually
become unbalanced with cycles, which degrades pack performance [16, 17]. Temper-
ature variation among the cells in the pack can cause differences in impedance which
can amplify capacity differences between the cells. Capacity differences can cause
some cells to become over-charged or over-discharged which can lead to accelerated
capacity fading or thermal runaway [2]. Thermal balancing ensures that the batteries
wear out as evenly as possible and certain batteries do not need to be replaced prema-
turely. In short, battery management is simpler if thermal management is controlled

and uniform.

In the passive thermal management model, the air surrounding the batteries was
replaced with a composite expanded graphite matrix embedded with paraffin wax.
This configuration exploits the large heat capacity and latent heat of fusion of the
wax as well as the high thermal conductivity of the graphite matrix. This increase
in conductivity around the batteries conducted heat more effectively to the exterior
of the pack. Most importantly, the wax provided significant heat storage through its
latent heat of fusion during phase change. The PCM/EG system provided significant

heat storage and reduced the temperature of the batteries substantially as shown in
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Figure 7.4. Table 8.1 shows that the maximum temperature of the batteries was re-
duced from 65.6 °C to 50.3 °C by this passive thermal management system. Figure 7.5
shows that the PCM/EG itself did not get hot enough to completely melt the wax.
The temperature reduction performance would be improved further by starting the
battery discharge at a higher ambient temperature or alternatively, by lowering the

melting temperature of the PCM.

From the results in Figure 6.7 it can be seen that the two batteries isolated in the
‘wings’ of the pack are at a lower average temperature than the batteries at the center.
This is due to two effects: the increased separation distance from the majority of the
batteries; and the close proximity to the relatively cool walls of the enclosure. The
close proximity to the enclosure sides leads to an increase in the amount of heat that
is conducted away to the enclosure and ultimately through the convection boundary
condition to the ambient. This temperature discrepancy with these two batteries is
not ideal, as they will likely have lower performance compared to the other batteries
in the pack, leading to an enhanced chance of thermally induced imbalance. At the
very least, this study suggests that future packs group the batteries in a manner that

provides a more uniform battery temperature distribution.

These simulation results indicate that the air in the pack acts as an insulator due
to its low thermal conductivity. The spaces for the air to circulate between the batter-
ies and the enclosure are small and lead to significant friction, which limits advection.
Replacing the air space with a highly conductive material with a high heat capacity
and high latent heat, such as the expanded graphite phase change material, proved to
significantly improve the thermal performance of the pack. The bulk density of the
composite PCM/EG material is low compared to other highly conductive materials
and will only add 1.4kg of mass per battery pack to the vehicle while still provid-
ing substantial thermal performance enhancement. The passive system modeled here

provides excellent thermal performance improvements without siphoning any of the
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battery pack power as would an active thermal management solution. The tempera-
ture reduction of the system allows the UGV to operate in hotter environments and

draw higher currents, if necessary, without the risk of thermal runaway.

8.2 Conclusions

Fluent was used to run simulations of the transient temperatures in a 15-cell
lithium iron phosphate battery pack for an unmanned ground vehicle under worst-
case power draw conditions. These simulations were conducted to determine the risk
of thermal runaway and to explore what changes might be made to better manage
the battery pack temperatures. The CFD simulation adequately modeled the worst-
case heat generation scenario with a power draw of 3,600 watts at roughly 85 amps
and determined the temperature distribution in the pack over time. The analysis re-
vealed that the batteries reached 65.6 °C after 630 seconds of peak power usage. This
temperature exceeds the maximum recommended operating temperature of 60 °C.
Input for the simulation came from a series of experiments to determine individual
cell heat generation as a function of depth of discharge over a broad range of current
draws. After finding that the air-convection cooled pack would not properly protect
the batteries, the model was adapted to simulate a passive cooling system utilizing
an expanded graphite phase change material composite. The PCM/EG system pro-
vided a substantial maximum temperature reduction of 15.3°C, a 37.7% reduction in
temperature rise. The maximum battery temperature was reduced to 50.3 °C for the
largest expected power draw during UGV operation. The simulated passive thermal
management system restored the batteries to the design operating temperature range

and allowed for a sealed battery pack without intrusive cooling elements.
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8.3 Recommendations for Future Research

An expanded graphite phase change material with desirable, but achievable prop-
erties was chosen for this study. A design study investigating the trade-off between
latent heat and thermal conductivity would be beneficial for future passive thermal
management designs. Further research into advanced manufacturing techniques may
lead to development of a higher performing composite phase change material with
higher bulk thermal conductivity and latent heat of fusion. The paraffin material
chosen could be altered to have an optimized melting temperature range such that
the entire latent heat of the paraffin is utilized during a full battery discharge under

the worst-case expected power draw.

A Foster network model could be created for this specific application similar to the
one employed by Hu et al. [8]. This model could be coupled to an electrical heat gen-
eration model using the previously mentioned heat generation equation for batteries.
The network model could create an equivalent circuit for the thermal performance of
this specific battery pack which could be tuned using results from the Fluent CFD
model. Once tuned, a current-voltage power profile could be plugged into the network
model and the model could be used to calculate the resulting temperatures that the
batteries would experience over time. This solution would take a mere fraction of the
time that would be needed to solve a CFD problem and could quickly be used for

each power profile of interest.
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Appendix A

ANSYS Fluent Model Input

Summary

FLUENT

Version: 3d, dp, pbns, lam, transient (3d, double precision, pressure-
based, laminar, transient)

Release: 13.0.0

Title:

Space 3D

Time Unsteady, 2nd-Order Implicit
Viscous Laminar

Heat Transfer Enabled
Solidification and Melting Disabled
Radiation None

Species Disabled

Coupled Dispersed Phase Disabled
NOx Pollutants Disabled

S0x Pollutants Disabled

Soot Disabled

Mercury Pollutants Disabled

Material Properties

Material: air (fluid)
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Property Units Method Value(s)

Density kg/m3 boussinesq 1.205

Cp (Specific Heat) j/kg-k constant 1005

Thermal Conductivity w/m-k constant 0.025699999
Viscosity kg/m-s constant 1.8500001e-05

Molecular Weight kg/kgmol constant 28.966

Thermal Expansion Coefficient 1/k constant 0.00343
Speed of Sound m/s none #f

Material: plastic (solid)

Property Units Method Value(s)

Density kg/m3 constant 1400
Cp (Specific Heat) j/kg-k constant 1050
Thermal Conductivity w/m-k constant 0.16

Material: pcm (solid)

Property Units Method Value(s)

Density kg/m3 constant 1010

Cp (Specific Heat) j/kg-k polynomial (283 1980) (307.39999 1980)

(307.89999 2303) (308.39999 2366) (308.89999 2430)
(309.39999 2557) (309.89999 2620) (310.39999 2747) (310.89999
2874) (311.39999 3065) (311.89999 3257) (312.39999 3540)
(312.89999 3766) (313.39999 4149) (313.89999 4660) (314.39999
5135) (314.89999 5773) (315.39999 6475) (315.89999 7405)
(316.39999 9668) (316.89999 9668) (317.39999 10790)
(317.89999 12095) (3184 13728) (318.89999 15097) (319.39999
16566) (319.89999 18007) (320.39999 19249) (320.89999 20335)
(321.39999 20817) (321.89999 20205) (322.39999 18288)
(322.89999 15256) (323.39999 11549) (323.89999 7934)
(324.39999 5186) (324.89999 3304) (325.39999 2191) (325.89999

1980) (373 1980)
Thermal Conductivity w/m-k constant 16.6

Material: battery (solid)

Property Units Method Value(s)

Density kg/m3 constant 2618.3999
Cp (Specific Heat) j/kg-k constant 950
Thermal Conductivity w/m-k constant 3

Material: aluminum (solid)

Property Units Method Value(s)

Density kg/m3 constant 2700
Cp (Specific Heat) j/kg-k constant 896
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Thermal Conductivity w/m-k constant 167

Cell Zone Conditions

Zones

name id type

created_material_22
created_material_37
created_material_36
created_material_35
created_material_34
created_material_33
created_material_32
created_material_31
created_material_30
created_material_29
created_material_28
created_material_27
created_material_26
created_material_25
created_material_24
created_material_23
created_material_21
created_material_20
created_material_19

Setup Conditions

created_material_22

Condition Value

Material Name pcm

Specify source terms? no
Source Terms ((energy))
Specify fixed values? no

Fixed Values ((temperature (inactive

profile )))
Frame Motion? no

Relative To Cell Zone -1
Reference Frame Rotation Speed (rad/s) O

Reference Frame X-Velocity 0f Zone (m/s) O
Reference Frame Y-Velocity 0f Zone (m/s) O

Reference Frame

Reference Frame X-Origin of

Reference
Reference
Reference
Reference
Reference
Reference

Frame
Frame
Frame
Frame
Frame
Frame

Y-Origin of
Z-Origin of
X-Component
Y-Component
Z-Component

User Defined Zone Motion Function none
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Z-Velocity 0f Zone (m/s) O

Rotation-Axis (m) O
Rotation-Axis (m) O
Rotation-Axis (m) O
of Rotation-Axis O
of Rotation-Axis O
of Rotation-Axis 1

. #f) (constant .



123 Mesh Motion? no

124 Relative To Cell Zone -1

125 Moving Mesh Rotation Speed (rad/s) 0

126 Moving Mesh X-Velocity 0f Zone (m/s) O

127 Moving Mesh Y-Velocity 0f Zone (m/s) O

128 Moving Mesh Z-Velocity O0f Zone (m/s) O

129 Moving Mesh X-Origin of Rotation-Axis (m) O

130 Moving Mesh Y-Origin of Rotation-Axis (m) O

131 Moving Mesh Z-Origin of Rotation-Axis (m) O

132 Moving Mesh X-Component of Rotation-Axis O

133 Moving Mesh Y-Component of Rotation-Axis O

134 Moving Mesh Z-Component of Rotation-Axis 1

135 Moving Mesh User Defined Zone Motion Function none

136 Deactivated Thread no

137

138 created_material_37

139

140 Condition Value

]

142 Material Name battery

143 Specify source terms? yes

144 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

145 Specify fixed values? no

146 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

147 Frame Motion? no

148 Relative To Cell Zone -1

149 Reference Frame Rotation Speed (rad/s) O

150 Reference Frame X-Velocity 0f Zone (m/s) 0

151 Reference Frame Y-Velocity 0f Zone (m/s) O

152 Reference Frame Z-Velocity 0f Zone (m/s) O

153 Reference Frame X-Origin of Rotation-Axis (m) O

154 Reference Frame Y-Origin of Rotation-Axis (m) O

155 Reference Frame Z-Origin of Rotation-Axis (m) O

156 Reference Frame X-Component of Rotation-Axis O

157 Reference Frame Y-Component of Rotation-Axis O

158 Reference Frame Z-Component of Rotation-Axis 1

159 Reference Frame User Defined Zone Motion Function none

160 Mesh Motion? no

161 Relative To Cell Zone -1

162 Moving Mesh Rotation Speed (rad/s) 0

163 Moving Mesh X-Velocity 0f Zone (m/s) O

164 Moving Mesh Y-Velocity 0f Zone (m/s) O

165 Moving Mesh Z-Velocity 0f Zone (m/s) O

166 Moving Mesh X-Origin of Rotation-Axis (m) O

167 Moving Mesh Y-Origin of Rotation-Axis (m) O

168 Moving Mesh Z-Origin of Rotation-Axis (m) 0

169 Moving Mesh X-Component of Rotation-Axis O

170 Moving Mesh Y-Component of Rotation-Axis O

171 Moving Mesh Z-Component of Rotation-Axis 1

172 Moving Mesh User Defined Zone Motion Function none

173 Deactivated Thread no
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174
175
176
177
178
179
180
181

182
183

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

219
220

221
222
223

created_material_36

Condition Value
Material Name battery
Specify source terms? yes

Source Terms ((energy ((profile udf heat_gen) (inactive

(constant .
Specify fixed values? no

Fixed Values ((temperature (inactive

profile )))
Frame Motion? no
Relative To Cell Zone -1
Rotation Speed (rad/s) O
X-Velocity Of Zone (m/s) O
Y-Velocity Of Zone (m/s) O
Z-Velocity 0f Zone (m/s) O

Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference

Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame

Mesh Motion? no

0))))

X-Origin of
Y-Origin of
Z-0Origin of
X-Component
Y-Component
Z-Component

User Defined Zone Motion Function none

Relative To
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Deactivated

Cell Zone -1

Rotation-Axis (m) O
Rotation-Axis (m) O
Rotation-Axis (m) O
of Rotation-Axis O
of Rotation-Axis O
of Rotation-Axis 1

Rotation Speed (rad/s) O
X-Velocity 0f Zone (m/s) O
Y-Velocity 0f Zone (m/s) O
Z-Velocity 0f Zone (m/s) O
Rotation-Axis (m) O
Rotation-Axis (m) O
Rotation-Axis (m) O
of Rotation-Axis O
of Rotation-Axis O
of Rotation-Axis 1
User Defined Zone Motion Function none

X-Origin of
Y-Origin of
Z-Origin of
X-Component
Y-Component
Z-Component

Thread no

created_material_35

Condition Value

Material Name battery
Specify source terms? yes

Source Terms ((energy ((profile udf heat_gen) (inactive
(constant .

Specify fixed values? no

Fixed Values ((temperature (inactive

0))))

profile )))
Frame Motion? no

Relative To Cell Zone -1

Reference Frame Rotation Speed (rad/s) O

93
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. #f) (constant .

. #f)

0)

(

. #f)

0)
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224 Reference Frame X-Velocity 0f Zone (m/s) O

225 Reference Frame Y-Velocity O0f Zone (m/s) O

226 Reference Frame Z-Velocity 0f Zone (m/s) O

227 Reference Frame X-Origin of Rotation-Axis (m) O

228 Reference Frame Y-Origin of Rotation-Axis (m) O

229 Reference Frame Z-Origin of Rotation-Axis (m) O

230 Reference Frame X-Component of Rotation-Axis O

231 Reference Frame Y-Component of Rotation-Axis O

232 Reference Frame Z-Component of Rotation-Axis 1

233 Reference Frame User Defined Zone Motion Function none

234 Mesh Motion? no

235 Relative To Cell Zone -1

236 Moving Mesh Rotation Speed (rad/s) 0

237 Moving Mesh X-Velocity 0f Zone (m/s) O

238 Moving Mesh Y-Velocity Of Zone (m/s) O

239 Moving Mesh Z-Velocity 0f Zone (m/s) O

240 Moving Mesh X-Origin of Rotation-Axis (m) O

241 Moving Mesh Y-Origin of Rotation-Axis (m) O

242 Moving Mesh Z-Origin of Rotation-Axis (m) O

243 Moving Mesh X-Component of Rotation-Axis O

244 Moving Mesh Y-Component of Rotation-Axis O

245 Moving Mesh Z-Component of Rotation-Axis 1

246 Moving Mesh User Defined Zone Motion Function none

247 Deactivated Thread no

248

249 created_material_34

250

251 Condition Value

252 e

253 Material Name battery

254 Specify source terms? yes

255 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

256 Specify fixed values? no

257 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

258 Frame Motion? no

259 Relative To Cell Zone -1

260 Reference Frame Rotation Speed (rad/s) O

261 Reference Frame X-Velocity 0f Zone (m/s) O

262 Reference Frame Y-Velocity 0f Zone (m/s) O

263 Reference Frame Z-Velocity 0f Zone (m/s) O

264 Reference Frame X-Origin of Rotation-Axis (m) O

265 Reference Frame Y-Origin of Rotation-Axis (m) O

266 Reference Frame Z-Origin of Rotation-Axis (m) O

267 Reference Frame X-Component of Rotation-Axis O

268 Reference Frame Y-Component of Rotation-Axis O

269 Reference Frame Z-Component of Rotation-Axis 1

270 Reference Frame User Defined Zone Motion Function none

271 Mesh Motion? no

272 Relative To Cell Zone -1

273 Moving Mesh Rotation Speed (rad/s) 0

274 Moving Mesh X-Velocity 0f Zone (m/s) O
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275 Moving Mesh Y-Velocity 0f Zone (m/s) O

276 Moving Mesh Z-Velocity O0f Zone (m/s) O

277 Moving Mesh X-Origin of Rotation-Axis (m) O

278 Moving Mesh Y-Origin of Rotation-Axis (m) O

279 Moving Mesh Z-Origin of Rotation-Axis (m) O

280 Moving Mesh X-Component of Rotation-Axis 0

281 Moving Mesh Y-Component of Rotation-Axis O

282 Moving Mesh Z-Component of Rotation-Axis 1

283 Moving Mesh User Defined Zone Motion Function none

284 Deactivated Thread no

285

286 created_material_33

287

288 Condition Value

2 e

290 Material Name battery

291 Specify source terms? yes

292 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

293 Specify fixed values? no

294 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

295 Frame Motion? no

296 Relative To Cell Zone -1

297 Reference Frame Rotation Speed (rad/s) O

298 Reference Frame X-Velocity 0f Zone (m/s) O

299 Reference Frame Y-Velocity 0f Zone (m/s) O

300 Reference Frame Z-Velocity 0f Zone (m/s) O

301 Reference Frame X-Origin of Rotation-Axis (m) O

302 Reference Frame Y-Origin of Rotation-Axis (m) O

303 Reference Frame Z-Origin of Rotation-Axis (m) O

304 Reference Frame X-Component of Rotation-Axis O

305 Reference Frame Y-Component of Rotation-Axis O

306 Reference Frame Z-Component of Rotation-Axis 1

307 Reference Frame User Defined Zone Motion Function none

308 Mesh Motion? no

309 Relative To Cell Zone -1

310 Moving Mesh Rotation Speed (rad/s) 0

311 Moving Mesh X-Velocity 0f Zone (m/s) O

312 Moving Mesh Y-Velocity 0f Zone (m/s) O

313 Moving Mesh Z-Velocity 0f Zone (m/s) O

314 Moving Mesh X-Origin of Rotation-Axis (m) O

315 Moving Mesh Y-Origin of Rotation-Axis (m) O

316 Moving Mesh Z-Origin of Rotation-Axis (m) O

317 Moving Mesh X-Component of Rotation-Axis O

318 Moving Mesh Y-Component of Rotation-Axis O

319 Moving Mesh Z-Component of Rotation-Axis 1

320 Moving Mesh User Defined Zone Motion Function none

321 Deactivated Thread no

322

323 created_material_32

324

325 Condition Value

326 000 mmmmm e



327 Material Name battery

328 Specify source terms? yes

329 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

330 Specify fixed values? no

331 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

332 Frame Motion? no

333 Relative To Cell Zone -1

334 Reference Frame Rotation Speed (rad/s) 0

335 Reference Frame X-Velocity 0f Zone (m/s) O

336 Reference Frame Y-Velocity O0f Zone (m/s) 0

337 Reference Frame Z-Velocity 0f Zone (m/s) O

338 Reference Frame X-Origin of Rotation-Axis (m) O

339 Reference Frame Y-Origin of Rotation-Axis (m) O

340 Reference Frame Z-Origin of Rotation-Axis (m) O

341 Reference Frame X-Component of Rotation-Axis O

342 Reference Frame Y-Component of Rotation-Axis O

343 Reference Frame Z-Component of Rotation-Axis 1

344 Reference Frame User Defined Zone Motion Function none

345 Mesh Motion? no

346 Relative To Cell Zone -1

347 Moving Mesh Rotation Speed (rad/s) O

348 Moving Mesh X-Velocity 0f Zone (m/s) O

349 Moving Mesh Y-Velocity 0f Zone (m/s) O

350 Moving Mesh Z-Velocity 0f Zone (m/s) O

351 Moving Mesh X-Origin of Rotation-Axis (m) O

352 Moving Mesh Y-Origin of Rotation-Axis (m) O

353 Moving Mesh Z-Origin of Rotation-Axis (m) O

354 Moving Mesh X-Component of Rotation-Axis O

355 Moving Mesh Y-Component of Rotation-Axis 0

356 Moving Mesh Z-Component of Rotation-Axis 1

357 Moving Mesh User Defined Zone Motion Function none

358 Deactivated Thread no

359

360 created_material_31

361

362 Condition Value

363 000 mmmmmmmm

364 Material Name battery

365 Specify source terms? yes

366 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

367 Specify fixed values? no

368 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

369 Frame Motion? no

370 Relative To Cell Zone -1

371 Reference Frame Rotation Speed (rad/s) O

372 Reference Frame X-Velocity 0f Zone (m/s) O

373 Reference Frame Y-Velocity 0f Zone (m/s) O

374 Reference Frame Z-Velocity 0f Zone (m/s) 0

375 Reference Frame X-Origin of Rotation-Axis (m) O
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376 Reference Frame Y-Origin of Rotation-Axis (m) O

377 Reference Frame Z-Origin of Rotation-Axis (m) O

378 Reference Frame X-Component of Rotation-Axis O

379 Reference Frame Y-Component of Rotation-Axis O

380 Reference Frame Z-Component of Rotation-Axis 1

381 Reference Frame User Defined Zone Motion Function none

382 Mesh Motion? no

383 Relative To Cell Zone -1

384 Moving Mesh Rotation Speed (rad/s) O

385 Moving Mesh X-Velocity 0f Zone (m/s) O

386 Moving Mesh Y-Velocity 0f Zone (m/s) O

387 Moving Mesh Z-Velocity 0f Zone (m/s) O

388 Moving Mesh X-Origin of Rotation-Axis (m) O

389 Moving Mesh Y-Origin of Rotation-Axis (m) O

390 Moving Mesh Z-Origin of Rotation-Axis (m) O

391 Moving Mesh X-Component of Rotation-Axis O

392 Moving Mesh Y-Component of Rotation-Axis O

393 Moving Mesh Z-Component of Rotation-Axis 1

394 Moving Mesh User Defined Zone Motion Function none

395 Deactivated Thread no

396

397 created_material_30

398

399 Condition Value

400 mmmmmmmm e

401 Material Name battery

402 Specify source terms? yes

403 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

404 Specify fixed values? no

405 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

406 Frame Motion? no

407 Relative To Cell Zone -1

408 Reference Frame Rotation Speed (rad/s) O

409 Reference Frame X-Velocity 0f Zone (m/s) O

410 Reference Frame Y-Velocity O0f Zone (m/s) O

411 Reference Frame Z-Velocity 0f Zone (m/s) O

412 Reference Frame X-Origin of Rotation-Axis (m) O

413 Reference Frame Y-Origin of Rotation-Axis (m) O

414 Reference Frame Z-Origin of Rotation-Axis (m) O

415 Reference Frame X-Component of Rotation-Axis O

416 Reference Frame Y-Component of Rotation-Axis O

417 Reference Frame Z-Component of Rotation-Axis 1

418 Reference Frame User Defined Zone Motion Function none

419 Mesh Motion? no

420 Relative To Cell Zone -1

421 Moving Mesh Rotation Speed (rad/s) O

422 Moving Mesh X-Velocity 0f Zone (m/s) O

423 Moving Mesh Y-Velocity Of Zone (m/s) O

424 Moving Mesh Z-Velocity O0f Zone (m/s) O

425 Moving Mesh X-Origin of Rotation-Axis (m) O

426 Moving Mesh Y-Origin of Rotation-Axis (m) O
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427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477

478

Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Deactivated

Z-Origin of Rotation-Axis (m) O
X-Component of Rotation-Axis O
Y-Component of Rotation-Axis O
Z-Component of Rotation-Axis 1

User Defined Zone Motion Function none
Thread no

created_material_29

Condition Value

Material Name plastic

Specify source terms? no

Source Terms ((energy))

Specify fixed values? no

Fixed Values ((temperature (inactive . #f) (constant .
profile )))

Frame Motion? no

Relative To

Cell Zone -1

Reference Frame Rotation Speed (rad/s) O
Reference Frame X-Velocity 0f Zone (m/s) O
Reference Frame Y-Velocity 0f Zone (m/s) O
Reference Frame Z-Velocity 0f Zone (m/s) O
Reference Frame X-Origin of Rotation-Axis (m) O
Reference Frame Y-Origin of Rotation-Axis (m) O
Reference Frame Z-Origin of Rotation-Axis (m) O
Reference Frame X-Component of Rotation-Axis O
Reference Frame Y-Component of Rotation-Axis O
Reference Frame Z-Component of Rotation-Axis 1
Reference Frame User Defined Zone Motion Function none
Mesh Motion? no

Relative To
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Deactivated

Cell Zone -1

Rotation Speed (rad/s) O
X-Velocity Of Zone (m/s) 0
Y-Velocity 0f Zone (m/s) O
Z-Velocity 0f Zone (m/s) O
X-Origin of Rotation-Axis (m) O
Y-Origin of Rotation-Axis (m) O
Z-Origin of Rotation-Axis (m) O
X-Component of Rotation-Axis O
Y-Component of Rotation-Axis O
Z-Component of Rotation-Axis 1
User Defined Zone Motion Function none
Thread no

created_material_28

Condition Value

Material Name battery

Specify source terms? yes

Source Terms ((energy ((profile udf heat_gen) (inactive
(constant . 0))))

Specify fixed values? no
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479

480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
001
502
503
204
205
206
207
208
209
510
511
512
513
514
015
516

o17
518
519
520
521
522
923
524
925
526
527
528
529

Fixed Values ((temperature (inactive

profile )))

Frame Motion? no

Relative To Cell Zone -1
Rotation Speed (rad/s) O

X-Velocity 0f Zone (m/s) O
Y-Velocity Of Zone (m/s) O
Z-Velocity 0f Zone (m/s) O

Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference

Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame

Mesh Motion? no

Relative To
Moving Mesh

X-Origin of
Y-Origin of
Z-Origin of
X-Component
Y-Component
Z-Component

User Defined Zone Motion Function none

Cell Zomne -1
Rotation Speed (rad/s) O

Rotation-Axis (m) O
Rotation-Axis (m) O
Rotation-Axis (m) O
of Rotation-Axis O
of Rotation-Axis O
of Rotation-Axis 1

. #f) (constant .

Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Deactivated

X-Velocity 0f Zone (m/s) O
Y-Velocity Of Zone (m/s) O
Z-Velocity O0f Zone (m/s) O

X-Origin of
Y-Origin of
Z-0Origin of
X-Component
Y-Component
Z-Component

Rotation-Axis (m) O
Rotation-Axis (m) O
Rotation-Axis (m) O
of Rotation-Axis O
of Rotation-Axis O
of Rotation-Axis 1

User Defined Zone Motion Function none

Thread no

created_material_27

Condition Value

Material Name aluminum
Specify source terms? no
Source Terms ((energy))
Specify fixed values? no

Fixed Values ((temperature (inactive

profile )))

Frame Motion? no

Relative To Cell Zone -1
Rotation Speed (rad/s) O

X-Velocity Of Zone (m/s) O
Y-Velocity Of Zone (m/s) O
Z-Velocity 0f Zone (m/s) O

Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference

Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame

X-Origin of
Y-Origin of
Z-0Origin of
X-Component
Y-Component
Z-Component

User Defined Zone Motion Function none
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Rotation-Axis (m) O
Rotation-Axis (m) O
Rotation-Axis (m) O
of Rotation-Axis O
of Rotation-Axis O
of Rotation-Axis 1

. #f) (constant .

0)

0)

(

(



530 Mesh Motion? no

031 Relative To Cell Zone -1

532 Moving Mesh Rotation Speed (rad/s) 0

233 Moving Mesh X-Velocity 0f Zone (m/s) O

534 Moving Mesh Y-Velocity 0f Zone (m/s) O

535 Moving Mesh Z-Velocity O0f Zone (m/s) O

536 Moving Mesh X-Origin of Rotation-Axis (m) O

537 Moving Mesh Y-Origin of Rotation-Axis (m) O

238 Moving Mesh Z-Origin of Rotation-Axis (m) O

539 Moving Mesh X-Component of Rotation-Axis O

540 Moving Mesh Y-Component of Rotation-Axis O

041 Moving Mesh Z-Component of Rotation-Axis 1

542 Moving Mesh User Defined Zone Motion Function none

043 Deactivated Thread no

544

045 created_material_26

546

247 Condition Value

548 s

549 Material Name battery

550 Specify source terms? yes

951 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

952 Specify fixed values? no

553 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

254 Frame Motion? no

255 Relative To Cell Zone -1

556 Reference Frame Rotation Speed (rad/s) O

557 Reference Frame X-Velocity 0f Zone (m/s) 0

958 Reference Frame Y-Velocity 0f Zone (m/s) O

559 Reference Frame Z-Velocity 0f Zone (m/s) O

260 Reference Frame X-Origin of Rotation-Axis (m) O

561 Reference Frame Y-Origin of Rotation-Axis (m) O

562 Reference Frame Z-Origin of Rotation-Axis (m) O

563 Reference Frame X-Component of Rotation-Axis O

564 Reference Frame Y-Component of Rotation-Axis O

065 Reference Frame Z-Component of Rotation-Axis 1

266 Reference Frame User Defined Zone Motion Function none

567 Mesh Motion? no

268 Relative To Cell Zone -1

569 Moving Mesh Rotation Speed (rad/s) 0

570 Moving Mesh X-Velocity 0f Zone (m/s) O

o971 Moving Mesh Y-Velocity 0f Zone (m/s) O

D72 Moving Mesh Z-Velocity 0f Zone (m/s) O

273 Moving Mesh X-Origin of Rotation-Axis (m) O

574 Moving Mesh Y-Origin of Rotation-Axis (m) O

575 Moving Mesh Z-Origin of Rotation-Axis (m) 0

D76 Moving Mesh X-Component of Rotation-Axis O

D77 Moving Mesh Y-Component of Rotation-Axis O

D78 Moving Mesh Z-Component of Rotation-Axis 1

279 Moving Mesh User Defined Zone Motion Function none

580 Deactivated Thread no
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581
582
583
584
285
286
o987
588
589
590

291
592
293
594
295
596
597
298
299
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625

626
627

628
629
630
631

created_material_25

Condition Value
Material Name plastic
Specify source terms? no
Source Terms ((energy))
Specify fixed values? no

Fixed Values ((temperature (inactive

profile )))
Frame Motion? no
Relative To Cell Zone -1
Rotation Speed (rad/s) O
X-Velocity 0f Zone (m/s) O
Y-Velocity Of Zone (m/s) O
Z-Velocity 0f Zone (m/s) O

Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference

Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame

Mesh Motion? no

Relative To
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh

X-Origin of
Y-Origin of
Z-Origin of
X-Component
Y-Component
Z-Component

User Defined Zone Motion Function none

Cell Zone -1
Rotation Speed (rad/s) O

X-Velocity 0f Zone (m/s) O
Y-Velocity 0f Zone (m/s) O
Z-Velocity O0f Zone (m/s) O

Rotation-Axis (m) O
Rotation-Axis (m) O
Rotation-Axis (m) O
of Rotation-Axis O
of Rotation-Axis O
of Rotation-Axis 1

. #f) (constant .

Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Moving Mesh
Deactivated

X-Origin of
Y-Origin of
Z-0Origin of
X-Component
Y-Component
Z-Component

Thread no

created_material_24

Condition Value

Material Name battery
Specify source terms? yes

Source Terms ((energy ((profile udf heat_gen) (inactive

Rotation-Axis (m) O
Rotation-Axis (m) O
Rotation—-Axis (m) O

of Rotation-Axis O

of Rotation-Axis O

of Rotation-Axis 1

User Defined Zone Motion Function none

(constant .

0))))

Specify fixed values? no

Fixed Values ((temperature (inactive

profile )))
Frame Motion? no
Relative To Cell Zone -1
Reference Frame Rotation Speed (rad/s) O
Reference Frame X-Velocity 0f Zone (m/s) O
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632 Reference Frame Y-Velocity 0f Zone (m/s) O

633 Reference Frame Z-Velocity 0f Zone (m/s) O

634 Reference Frame X-Origin of Rotation-Axis (m) O

635 Reference Frame Y-Origin of Rotation-Axis (m) O

636 Reference Frame Z-Origin of Rotation-Axis (m) O

637 Reference Frame X-Component of Rotation-Axis O

638 Reference Frame Y-Component of Rotation-Axis O

639 Reference Frame Z-Component of Rotation-Axis 1

640 Reference Frame User Defined Zone Motion Function none

641 Mesh Motion? no

642 Relative To Cell Zone -1

643 Moving Mesh Rotation Speed (rad/s) 0

644 Moving Mesh X-Velocity O0f Zone (m/s) O

645 Moving Mesh Y-Velocity 0f Zone (m/s) O

646 Moving Mesh Z-Velocity O0f Zone (m/s) O

647 Moving Mesh X-Origin of Rotation-Axis (m) O

648 Moving Mesh Y-Origin of Rotation-Axis (m) O

649 Moving Mesh Z-Origin of Rotation-Axis (m) O

650 Moving Mesh X-Component of Rotation-Axis O

651 Moving Mesh Y-Component of Rotation-Axis O

652 Moving Mesh Z-Component of Rotation-Axis 1

653 Moving Mesh User Defined Zone Motion Function none

654 Deactivated Thread no

655

656 created_material_23

657

658 Condition Value

69 0 e

660 Material Name battery

661 Specify source terms? yes

662 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

663 Specify fixed values? no

664 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

665 Frame Motion? no

666 Relative To Cell Zone -1

667 Reference Frame Rotation Speed (rad/s) O

668 Reference Frame X-Velocity 0f Zone (m/s) 0

669 Reference Frame Y-Velocity 0f Zone (m/s) O

670 Reference Frame Z-Velocity 0f Zone (m/s) O

671 Reference Frame X-Origin of Rotation-Axis (m) O

672 Reference Frame Y-Origin of Rotation-Axis (m) O

673 Reference Frame Z-Origin of Rotation-Axis (m) O

674 Reference Frame X-Component of Rotation-Axis 0O

675 Reference Frame Y-Component of Rotation-Axis O

676 Reference Frame Z-Component of Rotation-Axis 1

677 Reference Frame User Defined Zone Motion Function none

678 Mesh Motion? no

679 Relative To Cell Zone -1

680 Moving Mesh Rotation Speed (rad/s) 0

681 Moving Mesh X-Velocity 0f Zone (m/s) O

682 Moving Mesh Y-Velocity 0f Zone (m/s) O
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683 Moving Mesh Z-Velocity 0f Zone (m/s) O

684 Moving Mesh X-Origin of Rotation-Axis (m) O

685 Moving Mesh Y-Origin of Rotation-Axis (m) O

686 Moving Mesh Z-Origin of Rotation-Axis (m) O

687 Moving Mesh X-Component of Rotation-Axis O

688 Moving Mesh Y-Component of Rotation-Axis O

689 Moving Mesh Z-Component of Rotation-Axis 1

690 Moving Mesh User Defined Zone Motion Function none

691 Deactivated Thread no

692

693 created_material_21

694

695 Condition Value

696 00—

697 Material Name battery

698 Specify source terms? yes

699 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

700 Specify fixed values? no

701 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

702 Frame Motion? no

703 Relative To Cell Zone -1

704 Reference Frame Rotation Speed (rad/s) 0

705 Reference Frame X-Velocity 0f Zone (m/s) O

706 Reference Frame Y-Velocity 0f Zone (m/s) O

707 Reference Frame Z-Velocity 0f Zone (m/s) O

708 Reference Frame X-Origin of Rotation-Axis (m) O

709 Reference Frame Y-Origin of Rotation-Axis (m) O

710 Reference Frame Z-Origin of Rotation-Axis (m) O

711 Reference Frame X-Component of Rotation-Axis O

712 Reference Frame Y-Component of Rotation-Axis O

713 Reference Frame Z-Component of Rotation-Axis 1

714 Reference Frame User Defined Zone Motion Function none

715 Mesh Motion? no

716 Relative To Cell Zone -1

717 Moving Mesh Rotation Speed (rad/s) O

718 Moving Mesh X-Velocity 0f Zone (m/s) O

719 Moving Mesh Y-Velocity 0f Zone (m/s) O

720 Moving Mesh Z-Velocity 0f Zone (m/s) O

721 Moving Mesh X-Origin of Rotation-Axis (m) O

722 Moving Mesh Y-Origin of Rotation-Axis (m) O

723 Moving Mesh Z-Origin of Rotation-Axis (m) O

724 Moving Mesh X-Component of Rotation-Axis O

725 Moving Mesh Y-Component of Rotation-Axis 0

726 Moving Mesh Z-Component of Rotation-Axis 1

727 Moving Mesh User Defined Zone Motion Function none

728 Deactivated Thread no

729

730 created_material_20

731

732 Condition Value

733 e

734 Material Name battery
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735 Specify source terms? yes

736 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

737 Specify fixed values? no

738 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

739 Frame Motion? no

740 Relative To Cell Zone -1

741 Reference Frame Rotation Speed (rad/s) O

742 Reference Frame X-Velocity 0f Zone (m/s) O

743 Reference Frame Y-Velocity 0f Zone (m/s) O

744 Reference Frame Z-Velocity 0f Zone (m/s) O

745 Reference Frame X-Origin of Rotation-Axis (m) O

746 Reference Frame Y-Origin of Rotation-Axis (m) O

47 Reference Frame Z-Origin of Rotation-Axis (m) O

748 Reference Frame X-Component of Rotation-Axis O

749 Reference Frame Y-Component of Rotation-Axis O

750 Reference Frame Z-Component of Rotation-Axis 1

751 Reference Frame User Defined Zone Motion Function none

752 Mesh Motion? no

753 Relative To Cell Zone -1

754 Moving Mesh Rotation Speed (rad/s) 0

755 Moving Mesh X-Velocity 0f Zone (m/s) O

756 Moving Mesh Y-Velocity 0f Zone (m/s) O

757 Moving Mesh Z-Velocity 0f Zone (m/s) O

758 Moving Mesh X-Origin of Rotation-Axis (m) O

759 Moving Mesh Y-Origin of Rotation-Axis (m) O

760 Moving Mesh Z-Origin of Rotation-Axis (m) O

761 Moving Mesh X-Component of Rotation-Axis O

762 Moving Mesh Y-Component of Rotation-Axis O

763 Moving Mesh Z-Component of Rotation-Axis 1

764 Moving Mesh User Defined Zone Motion Function none

765 Deactivated Thread no

766

767 created_material_19

768

769 Condition Value

770 e

771 Material Name battery

772 Specify source terms? yes

773 Source Terms ((energy ((profile udf heat_gen) (inactive . #f)
(constant . 0))))

774 Specify fixed values? no

775 Fixed Values ((temperature (inactive . #f) (constant . 0) (
profile )))

776 Frame Motion? no

T Relative To Cell Zone -1

778 Reference Frame Rotation Speed (rad/s) O

779 Reference Frame X-Velocity 0f Zone (m/s) O

780 Reference Frame Y-Velocity 0f Zone (m/s) O

781 Reference Frame Z-Velocity 0f Zone (m/s) O

782 Reference Frame X-Origin of Rotation-Axis (m) O

783 Reference Frame Y-Origin of Rotation-Axis (m) O
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784 Reference Frame Z-Origin of Rotation-Axis (m) O

785 Reference Frame X-Component of Rotation-Axis O
786 Reference Frame Y-Component of Rotation-Axis O
87 Reference Frame Z-Component of Rotation-Axis 1
788 Reference Frame User Defined Zone Motion Function none
789 Mesh Motion? no

790 Relative To Cell Zone -1

791 Moving Mesh Rotation Speed (rad/s) 0

792 Moving Mesh X-Velocity 0f Zone (m/s) O

793 Moving Mesh Y-Velocity O0f Zone (m/s) O

794 Moving Mesh Z-Velocity 0f Zone (m/s) O

795 Moving Mesh X-Origin of Rotation-Axis (m) O
796 Moving Mesh Y-Origin of Rotation-Axis (m) O
797 Moving Mesh Z-Origin of Rotation-Axis (m) O
798 Moving Mesh X-Component of Rotation-Axis O
799 Moving Mesh Y-Component of Rotation-Axis O
800 Moving Mesh Z-Component of Rotation-Axis 1
801 Moving Mesh User Defined Zone Motion Function none
802 Deactivated Thread no

803

804 Boundary Conditions

805 ——————m—mmmm o

806

807 Zones

808

809 name id type

810  —mmmmmmmmmm

811 part_18-shadow 140 wall

812 part_17-shadow 139 wall

813 part_16-shadow 138 wall

814 part_14-shadow 137 wall

815 part_13-shadow 136 wall

816 part_12-shadow 135 wall

817 part_1l1-shadow 134 wall

818 part_10-shadow 133 wall

819 part_9-shadow 132 wall

820 part_8-shadow 131 wall

821 part_7-shadow 130 wall

822 part_6-shadow 129 wall

823 part_b-shadow 128 wall

824 part_4-shadow 127 wall

825 part_3-shadow 126 wall

826 part_2-shadow 125 wall

827 part_1l-shadow 124 wall

828 part_1:002-shadow 123 wall

829 part_1:003-shadow 122 wall

830 part_1:004-shadow 121 wall

831 part_1:005-shadow 120 wall

832 part_1:006-shadow 119 wall

833 part_1:007-shadow 118 wall

834 part_1:008-shadow 117 wall

835 part_1:009-shadow 116 wall

836 part_1:010-shadow 115 wall

837 part_1:011-shadow 114 wall
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838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892

part_1:
part_1:
part_1:
part_1:
part_1:
part_1:
part_2:
part_3:
part_4:
part_5:
part_6:
part_7:
part_8:
part_9:

part_10:
part_11:
part_12:
part_12:
part_12:
part_12:
part_12:
part_12:
part_15:

part_1
part_2
part_3
part_4
part_b
part_6
part_7
part_8
part_9
part_10
part_11
part_12
part_13
part_14
part_15
part_16
part_17
part_18
part_1
part_1
part_1
part_1
part_1
part_1
part_1
part_1:
part_1
part_1
part_1
part_1
part_1
part_1

:002
:003
:004
:005
:006
:007
:008

012-shadow
013-shadow
014-shadow
015-shadow
016-shadow
017-shadow
018-shadow
019-shadow
020-shadow
021-shadow
022-shadow
023-shadow
024-shadow
025-shadow
026-shadow
027-shadow
028-shadow
029-shadow
030-shadow
031-shadow
032-shadow
033-shadow
034-shadow
77 wall

78 wall

79 wall

80 wall

81 wall

82 wall

83 wall

84 wall

85 wall

86 wall

87 wall

88 wall

89 wall

90 wall

91 wall

92 wall

93 wall

94 wall
wall
wall
wall
wall
wall
wall
wall
wall

OO ~NO O WN

009

:010 10 wall
:011 11 wall
:012 12 wall
:013 13 wall
:014 14 wall
:015 15 wall

113
112
111
110
109
108
107
106
105
104
103
102
101
100
99
98
97
96
95
38
37
36
35

wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
wall
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893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938

939
940
941
942
943
944
945
946

part_1:016 16 wall
part_1:017 17 wall
part_2:018 18 wall
part_3:019 19 wall
part_4:020 20 wall
part_5:021 21 wall
part_6:022 22 wall
part_7:023 23 wall
part_8:024 24 wall
part_9:025 25 wall
part_10:026 26 wall
part_11:027 27 wall
part_12:028 28 wall
part_12:029 29 wall
part_12:030 30 wall
part_12:031 31 wall
part_12:032 32 wall
part_12:033 33 wall
part_15:034 34 wall

Solver Settings

Equations

Equation Solved

Flow yes
Energy yes

Numerics

Numeric Enabled

Absolute Velocity Formulation yes
Unsteady Calculation Parameters

Time Step (s) 0.5
Max. Iterations Per Time Step 20

Non-Iterative Solver Factors

Variable Max. Corrections Correction Tolerance Residual
Tolerance Relaxation Factor

Pressure 10 0.25 0.0001 0.5

Momentum 5 0.05 0.0001 0.5

Energy 5 0.05 0.0001 0.5
Linear Solver

Solver Termination Residual Reduction
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947 Variable Type Criterion Tolerance

948 mmmmmmm e
949 Pressure F-Cycle 0.1

950 X-Momentum Flexible 0.1 0.7

951 Y-Momentum Flexible 0.1 0.7

952 Z-Momentum Flexible 0.1 0.7

953 Energy Flexible 0.1 0.7

954

955 Pressure-Velocity Coupling

956

957 Parameter Value

958 mmmmmmmmmmmm
959 Type PISO

960 Neighbour Correction 1

961

962 Discretization Scheme

963

964 Variable Scheme

965 0o
966 Pressure Body Force Weighted
967 Momentum Second Order Upwind
968 Energy Second Order Upwind

969

970 Solution Limits

971

972 Quantity Limit

S T
974 Minimum Absolute Pressure 1

975 Maximum Absolute Pressure 5e+10
976 Minimum Temperature 1

977 Maximum Temperature 5000
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