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ABSTRACT

Various modern applications in the transportation industry necessitate high performance
power sources with excellent energy densities. A characteristic example of this need would be
tractor-trailer trucks, as they are required to carry heavy loads as far as possible before refueling.
Another, less commercial, example is the family car. Being a common method of everyday
transportation, a car is also required to travel long distances before needing to refuel. This paper
examined the properties and performance of the lithium-ion battery against those of established
technologies, such as lead-acid batteries and gasoline. Additionally, the tools used in modern
finite element analysis are examined. The knowledge of the lithium-ion batteries and finite
element methods were used to revise the design of an existing lithium-ion battery pack for
reduced manufacturing time, and to compare the revised design’s predicted thermal
characteristics with those of the original design.
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Chapter 1
Introduction
Fossil fuels, such as gasoline and diesel which have made our modern day transportation
economies possible, have also contributed significantly to the growing problem of pollution
around the globe. It is estimated that forty percent of the manmade carbon dioxide emissions can
be traced back to fossil fuels [1]. Additionally, with the unpleasant realization that peak oil may
occur within our lifetime [2], several companies such as General Motors, Toyota, and Honda
have attempted to bring viable electric vehicles into the market [3,4,5]. Unfortunately, the
electric vehicles in production, thus far, all have a similar weakness: a noticeable lack of range
when compared with conventionally fueled vehicles [6, 7].
Originally introduced in the 1991, lithium-ion batteries are radically different from
previous battery designs [8]. The most common lithium-ion batteries use the chemical reactions
CLix

C + xLi+ + xe- (anode) and Li1-xCoO2 + xLi+ + xe-

LiCoO2 (cathode) to produce

an electrical potential [8].
Lithium-ion batteries have several advantages that allow them to compete more
effectively with legacy fossil fuel sources compared to their legacy battery cousins. Most
notably, lithium-ion batteries are between three and four times more energy dense than legacy
batteries [9]. Secondly, with the proper hardware, lithium-ion batteries have the ability to be
charged, and discharged, very rapidly. This sets them apart from older nickel and lead-acid based
batteries [8]. Finally, lithium-ion cells have the inherent benefit of not containing harmful metals,
such as mercury, lead, and cadmium [8, 10].
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Objective
The objective of this thesis is to explore the prospects of lithium-ion batteries in the
automotive field, to look at the technology behind it, and to alter the design of an existing
lithium-ion battery pack in order to reduce the manufacturing time. Additionally, the thesis will
explore finite element analysis software in order to predict the operating thermal characteristics
of both the original and the revised battery packs.

Figure. Atherton Hall, SHC Est. 1997
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Chapter 2
Literature Review
Out of all of the practical applications of lithium-ion batteries, the transportation industry
is perhaps the most relevant to everyday life. Gasoline, one of the most popular fuels for
transportation applications, possess a usable specific energy of around 1700 Watt-hours per
kilogram (taking into account the energy loss due to mechanical inefficiency) [1]. This practical
energy density is much higher than the currently achievable energy densities of nickel-metal
hydride batteries (50 W-h/kg) and lithium-ion batteries (160 W-h/kg) [9].
Several companies and research institutions have established projects with the aim of
making battery power a more attractive option in the transportation industry. One notable project
is Tesla’s Supercharger network. Started in 2012, Tesla had the intent of making a
transcontinental trip practical in an automobile powered by lithium-ion batteries. The
Supercharger network has made significant progress with a network of 358 charging stations
currently operating on the North American continent [11].
In order to create a workable battery system, several basic objectives have been set
regarding the desired properties of the lithium-ion battery. The first is to ensure that the created
lithium-ion battery has sufficient energy density in order to be a viable competitor to gasoline
and other common liquid fuels [8, 9, 12]. The second aim is to guarantee that the created battery
is cost effective enough to compete with conventional power sources [8, 9, 12]. The third goal is
to create a battery that has a good lifecycle, comparable to that of a more conventional vehicle

4

drivetrain [8, 9]. The final objective, and perhaps the most important one, is to create a battery
that is as safe as possible [8, 9, 12].

Battery Chemistry
In order to meet these objectives and fulfill the needs of the modern-day
transportation industry, there are six chemical variations that are being pursued for the
development of the lithium-ion battery. These are the Lithium Cobalt Oxide cell, the Lithium
Manganese Oxide cell, the Lithium Iron Phosphate cell, the Lithium Nickel Manganese Cobalt
Oxide cell, the Lithium Nickel Cobalt Aluminum Oxide cell, and the Lithium Titanate cell [8,
13]. Despite sharing the operating principle of using lithium and carbon to produce an electric
potential, the six battery chemical reactions have little in common, aside from the lithium itself.
This review will focus specifically on the Lithium Cobalt Oxide (LCO) reaction due to its
current market popularity [8].
Table 1. The six most common chemical reactions used in lithium-ion batteries [8,
13].
Chemical Name
Lithium Cobalt Oxide
Lithium Manganese Oxide
Lithium Iron Phosphate
Lithium Nickel Manganese Cobalt Oxide
Lithium Nickel Cobalt Aluminum Ocide
Lithium Titanate

Material
LiCoO2
LiMn2O4
LiFePO4
LiNiMnCoO2
LiNiCoAlO2
Li 4Ti 5O12

Abbreviation
LCO
LMO
LFP
NMC
NCA
LTO

Notes
High capacity; used in cell phones, laptops, cameras
Safest; lower capacity than LCO

Gaining imporatnace in electric powertrain and grid storage

The operations of a lithium-ion battery can be separated into the anode reaction and the
cathode reaction. The anode of an LCO lithium-ion battery contains graphite and solid lithium
metal [8, 10]. This complex is surrounded by an electrolyte consisting of dissolved lithium ions
and aprotic compounds, such as a mixture of LiPF6 and propylene carbonate [8]. The oxidization
reaction that occurs at the anode during the battery’s discharge cycle is lithium releasing an
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electron to form a lithium ion: Li

Li+ + e-. The lithium ion is absorbed by the electrolyte and

eventually travels to the cathode portion of the battery. During the battery’s charging cycle, this
reaction is reversed. Lithium ions are taken out of the electrolyte and combine with electrons to
form lithium atoms upon the anode [10].
The cathode of a LCO lithium-ion battery is more complicated than the anode. Currently,
the lithium-ion battery’s designation is taken from the cathode material [8]. The reduction
reaction that occurs at the cathode during the battery’s discharge cycle occurs in two steps [8,
10]: A combination of lithium ions, electrons, cobalt, and oxygen molecules combine to form the
compound lithium cobalt oxide: Li1-xCoO2 + xLi+ + xe-

LiCoO2. During the battery’s

charging cycle, this reaction is reversed, with lithium ions being released into the electrolyte [8,
10].

Challenges to Overcome
Currently, there are several significant challenges that need to be addressed before
lithium-ion batteries can become commercially feasible. Firstly, lithium-ion batteries have an
energy density problem. Although lithium-ion batteries exceed the energy densities of most other
common batteries, to this date all testing of lithium-ion batteries have shown an energy density
of roughly an order of magnitude less than that of gasoline [9]. It has yet to be seen if the
advantages gained by using a lithium-ion battery based powertrain are robust enough to compete
with the raw specific energy of gasoline. Another issue with lithium ion batteries is the
limitations of their lifecycles. Presently, a lithium-ion battery can achieve approximately one
year of rigorous charge/discharge cycles before a measurable degradation in performance is
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detected [10]. Additionally, most lithium-ion batteries are designed for a useful life of around
five years before serious degradations in performance are detected [12]. Further field testing is
required to determine if current designs for lithium-ion batteries can hold up to the advertised ten
year useful life as advertised by companies such as Toyota [4]. Finally, the most significant
challenge in lithium-ion batteries becoming commercially feasible is battery safety. Lithium-ion
batteries have demonstrated an undesirable ability to enter into a thermal runaway under the
correct conditions [12]. While these incidents are exceedingly rare (i.e. Sony recalled millions of
batteries that exhibited a 1 in 200,000 failure rate) they are still a pressing concern that needs to
be addressed [14]. Despite the fact that many safety standards have been created for lithium-ion
battery cells, more research is needed to develop a true solution to the problem. [8, 12]
Although there is much work left to accomplish, lithium-ion batteries continue to show
great progress in their commercial viability. Their relatively high energy density puts lithium-ion
batteries in a position to revolutionize modern-day transportation by supplementing gasoline as
the default fuel of choice for automotive applications.

Table 2. The practical specific energies of various power sources compared to that
of a lithium-ion battery [9].
Power Source

Lead-Acid Ni-Cd
Battery
Battery

Ni-MH
Battery

Li-Ion
Battery

Gasoline

Practical Energy
Density (W-h/kg)

40

50

160

1700

40
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Chapter 3
Previous Work
This report was completed by building upon knowledge gained during two previous
projects. The first of these works was the culminating project of the Engineering Mechanics (E
MCH 461) class: Finite Elements in Engineering. This class was under the instruction of
Professor Ivica Smid and ran from August to December of 2014. The purpose of the project was
to demonstrate a workable understanding of the finite element analysis software packages
Abaqus and Ansys. The project involved conducting a thermal finite element analysis of a
lithium-ion battery pack, as shown in Figure 1. [15].
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Figure 1. Abaqus simulation of simplified battery pack [15].
The second of these projects was a study conducted by the Larson Transportation
Institute on behalf of the Mineta National Transit Research Consortium (MNTRC). The purpose
of this study was to better understand the behavior of lithium-ion batteries when subjected to the
conditions of a transit bus crash. The project involved building a number of lithium-ion battery
packs to be used in crash testing experiments. The design of the battery pack is shown below in
Figure 2. Throughout the project, a detailed record of the battery pack manufacturing steps and
manufacturing time was recorded. The project began in May of 2014 and is in progress as of
March, 2015 [16].
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Figure 2. Solidworks model of MNTRC battery pack [16].
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Chapter 4
Battery Pack Design
Throughout the MNTRC project, several design deficiencies with the original battery
pack layout became apparent.
The design goal of this project was to re-design the MNTRC battery pack in order to
reduce the time needed to manufacture the pack while preserving the pack’s general layout and
thermal operating characteristics. To make the necessary improvements, the design of the battery
pack was examined at the component level, and then from a material prospective.

Battery Cell
The first component examined was the lithium-ion battery cell. The original battery pack
design for the MNTRC project called for twenty 3.6 volt 55 amp/hour lithium-ion battery cells
connected in series [16].
This aspect of the battery pack was not altered due to the large number of 3.6 volt cells in
inventory at the Larson Transportation Institute [16].
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Battery Header
The second component examined was the battery header. The original battery pack
design called for the use of two headers to hold the battery cells in place. The headers were to be
made of Acetal (POM) plastic [16].
In order to allow for more rapid manufacturing, several aspects of the header were
altered. First, the original design using several different screw sizes in the header was changed to
use a common screw size, 8-32. This adjustment reduces the number of tool changes needed to
machine the header from three to two. Secondly, the recessed slots used to mount the electronics
mounting plates were removed since the plates can be easily attached directly to the sides of the
headers. This eliminates a tool change, and a difficult manufacturing step. Finally, the rounded
corners of the header were changed to square corners. This change reduces the machining time,
as the milling machine cuts at a fifty percent lower rate when it is rounding a corner.

Battery Header Cover
The third component examined was the battery header cover. The original battery pack
design called for the use of two header covers to enclose the electrical contacts of the battery
cells. The header covers were to be made of Acetal (POM) plastic [16].
This aspect of the battery pack was only altered to reflect the battery header change from
rounded corners to square corners.
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Battery Pack Electronics Mounting Plate
The fourth component examined was the electronics mounting plate. The original battery
pack design called for the use of two electronics mounting plates to hold the battery management
system and its associated components. The electronics mounting plates were to be made of
Acetal (POM) plastic [16].
This aspect of the battery pack was not altered despite the removal of the recessed slot
mounting areas on the battery headers.

Battery Header Spacer
The fifth component examined was the battery header spacer. The original battery pack
design called for the use of four battery header spacers to secure the battery header assembly to
the battery enclosure. The battery header spacers were to be made of Acetal (POM) plastic [16].
In order to allow for more rapid manufacturing, the shape of the battery header spacers
was changed from trapezoidal to rectangular. This adjustment eliminates the machining fixture
change needed to machine the forty-five degree angle required by the original design.

Battery Pack Enclosure
The sixth component examined was the battery enclosure. The original battery pack
design called for the use of the battery enclosure to protect the battery header assembly from the
shocks of normal automotive use. The battery enclosure was to be made of 5052-H32 Aluminum
and assembled with a combination of folding and welding [16].
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In order to allow for more rapid assembly, the design of the battery enclosure was
changed to allow for the assembly to be completed using only welding. This alteration eliminates
the problems encountered with the original design by leaving space for the welding slag that is
deposited. Similarly, the original filleted edges of the battery enclosure were changed to square
edges. This adjustment came about due to the desire to weld the battery enclosure rather than
fold it.

Battery Connector Enclosure
The Final component examined was the battery connector enclosure. The original battery
pack design called for the battery connector enclosure to serve as the mounting point for the
wires and control cables needed for normal automotive use. The battery connector enclosure was
to be made of 5052-H32 Aluminum and assembled with a combination of folding and welding
[16].
In order to allow for more rapid assembly, the battery connector enclosure was simplified
to a plate. The volume occupied by the battery connector enclosure was then added to the battery
enclosure. This alteration eliminates the cutting and welding steps associated with the battery
connector enclosure.

Battery Pack Materials
Regarding materials, the decision to use POM Acetal and 5052-H32 Aluminum in the
pack’s construction was not altered due to their inexpensiveness and ease of procurement.
However, the design was changed to call for material procurements sized for the Penn State
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Learning Factory equipment. The two machines used to manufacture the battery pack, the Omax
2626 water jet machine and the Bridgeport EZ-Trak CNC milling machine, have limited material
bed sizes of 29” by 26” and 32.5” by 15” respectively [16, 17]. This adjustment significantly
reduces the number of man hours required to pre-cut the material before machining or waterjetting the final component geometries.
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Chapter 5
Battery Pack Thermal Analysis
The computational modeling of the battery pack designs was carried out using the finite
element analysis software Abaqus CAE. The goal of the analysis was to estimate the operating
temperatures of the existing battery pack design, and to verify that the revised battery pack
would exhibit similar thermal characteristics. The first analysis was performed on the existing
battery pack design. This analysis was performed following the procedure set forth in the E
MCH 461 class [15].

Geometry
The first step in this process required entering the relevant component geometries into
Abaqus. Models of the battery cells, battery headers, header covers, electronics mounting plates,
header spacers, battery enclosure, and battery connecter plate were created according to the part
specification drawings.

Material Properties
The second step in the analysis involved entering the appropriate material properties into
Abaqus. There were three principal materials used in the battery pack. 5052-H32 Aluminum was
entered for the battery enclosure and battery connector plate. This material had a density of 2680
kg/m3, a thermal conductivity of 138 W/m K, and a specific heat of 880 J/Kg K [18]. POM
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Acetal plastic was entered for the battery headers, header covers, and electronics mounting
plates. This material had a density of 1420 kg/m3, a thermal conductivity of 0.33 W/m K, and a
specific heat of 350 J/Kg K [19]. Stainless steel was entered for the battery cells. This material
had a density of 8000 kg/m3, a thermal conductivity of 16.2 W/m K, and a specific heat of 500
J/Kg K [20].

Assembly
The third step in the analysis involved creating a complete assembly from the previously
entered components. This assembly is shown below in Figure 3.

Figure 3. Abaqus Full Assembly of Battery Pack.
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Boundary Conditions
The fourth step in the analysis involved defining the appropriate boundary conditions of
the battery pack. There were two principle boundary conditions that applied to the battery pack.
First, the heat generation by the battery cells was defined using the Law of Joule Heating. Using
this law, the maximum amount of heat generated by each battery cell under normal operating
conditions was calculated to be 18.15 watts [15]. Second, the boundary conditions between the
battery cells, battery headers, and battery enclosure were defined using the Fourier's law of
Thermal Conduction. The contact condition between the battery cell and battery header was
calculated to be 62.923 watts/m2 K [21]. The contact condition between the bottom battery
header and battery enclosure was calculated to be 109.78 watts/m2 K [21]. The contact condition
between the top battery header and battery pack enclosure was calculated to be 29.98 watts/m2 K
[21]. Finally, the pack surface to air heat transfer coefficient was experimentally determined to
be 4.8 watts/m2 K [22].

Mesh
The fifth step in the analysis involved creating a mesh of the previously created battery
pack assembly. This mesh was made using tetrahedral “Heat Transfer” elements of the DC3D10
type. Approximately 120,000 elements (mesh sensitivity of 0.01) were required to achieve
proper results.
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Simulation
The final step in the analysis involved running the Abaqus simulation using the
previously completed steps. This simulation was set to run for one hour while experiencing the
maximum operational thermal load. The simulation time was chosen due to the maximum
discharge rate of the battery cells giving a one hour discharge time [23]. The time step was set to
sixty seconds due to computational performance limitations. The simulation was executed using
the local Abaqus workstations located in Willard Building on The Pennsylvania State
University’s University Park Campus.
This procedure was then repeated for the revised battery pack design.

Chapter 6
Results and Data
The data regarding battery pack manufacturing times for the original and revised battery
pack designs has been tabulated and is show below in Table 3. This table does not consider
machine training time. The data results of the finite element analysis for the original battery pack
design are shown below in Figure 4, Figure 5, and Figure 6. The data results of the finite element
analysis for the revised battery pack design are shown below in Figure 7, Figure 8, and Figure 9.
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Original and New Manufacturing Times
Table 3. Comparison between original and new battery pack designs regarding
manufacturing time [16, 24].
Component

Number Needed
For Battery Pack
2

Original
Manufacturing Time
(Hours)
4.5

New Design
Manufacturing Time
(Hours) (Estimated)
4

Battery Header
Battery Header Cover

2

0.5

0.5

Battery Pack Electronics

2

0.25

0.25

Battery Header Spacer

4

2

1

Battery Pack Enclosure

1

1.5

1.5

Welding (Pack

1

2.5

2.5

1

1.25

0.25

1

1.5

0

Assembly Time

25.25

17.75

Material Preparation

25

5

Total Manufacturing

50.25

22.75

Mounting Plate

Enclosure)
Battery Connector
Enclosure
Welding (Connector
Enclosure)

Time

20

Thermal Simulation of Original Battery Pack Design

Figure 4. Abaqus Thermal Simulation, Original Design, 3 Minutes.
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Figure 5. Abaqus Thermal Simulation, Original Design, 50 Minutes.
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Figure 6. Abaqus Thermal Simulation, Original Design, 60 Minutes.
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Thermal Simulation of Revised Battery Pack Design

Figure 7. Abaqus Thermal Simulation, Revised Design, 3 Minutes.
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Figure 8. Abaqus Thermal Simulation, Revised Design, 50 Minutes.
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Figure 9. Abaqus Thermal Simulation, Revised Design, 60 Minutes.
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Chapter 7
Discussion of Results
The results of the manufacturing time comparison turned out similar to what was
expected. Both the original and revised battery pack designs have components that cannot be
further simplified for manufacturing, such as the battery header cover and battery pack
electronics mounting plate. However, the simplification of the battery header and battery header
spacer, as well as the incorporation of the battery connector enclosure into the full battery
enclosure could save an estimated seven and a half hours of work. Additionally, an estimated
twenty hours of work could be saved through the use of precut stock material.
The results of the Thermal Finite Element Analysis turned out similar to what was
expected. In both the original and revised pack design simulations, the individual battery cells
inside the pack experienced temperature increases. The cells achieved their maximum
temperatures roughly ninety percent of the way through the one hour time window used. The
maximum temperature reached by the battery cells was roughly 294.5 Kelvin in both cases. This
temperature is only a small increase from the pack’s initial equilibrium temperature of 293
Kelvin (normal room temperature) and is well within the specified operating parameters of
battery cells [23]. Additionally, it was observed that the inner cells of the battery pack
experienced temperature increases ahead of the cells located along the perimeter of the pack.
The Acetal plastic battery headers also experienced a temperature increase, but to a lesser
degree than the battery cells. The maximum temperature reached by these components was
roughly 294 Kelvin in both the original and revised design packs. Similar to the battery cells, the
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battery headers achieved their maximum temperatures roughly ninety percent through the one
hour test period.
The remaining components of the battery packs: the battery header covers, battery pack
electronics mounting plates, the battery header spacers, the battery enclosure, and the battery
connector plate, didn’t experience a temperature change during the simulations. The temperature
of these components remained at 293 Kelvin in both the original and revised battery pack
designs.

Experimental Limitations
There were several notable limitations with the finite element analysis performed. First,
the model of the battery cell was simplified to a hollow stainless steel cylinder. This
simplification was necessary because the materials used to make the anode and cathode of the
cell was proprietary to the GAIA Corporation [23]. As it was only possible to get accurate
material properties for the steel shell of the battery cell, it was decided to apply the battery heat
load directly to the steel shell [15].
A second limitation involved the exclusion of the battery pack electronics mounting
plates and the battery pack enclosure from the finite element analysis. The simplification was
made after the observation that the temperature gradient remained zero in these components
throughout the testing. Thus, according to Fourier’s Law of Heat Conduction, there is no heat
transfer without a temperature gradient [21]. This simplification allowed for the 20,000 elements
used in the electronics mounting plates and enclosure to be incorporated into the more active
parts of the model.
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A third limitation involved the exclusion of the screws holding the battery pack together.
This simplification was necessary due to the complex geometries of the screw threading.
Additionally, both the original and revised battery pack designs called for the screws to be
recessed inside the battery headers and battery header covers, thus not coming into contact with
any other components of the battery pack [16].
The final limitation involved the inability of Abaqus to account for thermal variations of
the air inside the battery pack during operation. More specifically, Abaqus is unable to account
for the rise in air temperature inside the battery pack due to the generated heat. This limitation
necessitated the exclusion of the temperature rise of the air inside the battery pack due to heat
transfer. Additionally, this limitation does not affect the heat transfer behavior relating to the
battery pack exterior due to the relatively constant T∞.

Future Work
There are several aspects of this project which have room for future improvement. First,
there is a definite possibility to model the cathode and anode material inside the individual
battery cells instead of simplifying the batteries as a block of material for the simulation. This
modeling would require more research into the composition and actual material properties of the
cathode and anode than I was able to perform, and would likely require the support of the GAIA
Corporation [23].
Secondly, due to time and resource limitations, the eventual goal of building the revised
battery pack design was not accomplished. The construction of the revised battery pack would
allow for the validation of the proposed timesaving changes to the manufacturing process.
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Additionally, the construction of the revised battery pack would allow for the verification and
refinement of the performed thermal finite element analysis with real-world thermal testing of
the pack.

Conclusions
In theory, the re-designed battery pack was able to meet both of the desired design
criteria. First, the design changes in the battery pack were able to reduce the predicted
manufacturing time from 50.25 hours to 22.75 hours. This reduction will allow for the Larson
Transportation Institute to construct future battery packs with fewer invested man hours. Second,
the design changes in the battery pack had minimal effect on the pack’s simulated thermal
characteristics as the maximum battery cell and battery header temperatures remained consistent
at 294.5 Kelvin in both the original and revised designs.
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Appendix A
Select Views of Revised Battery Pack Design

Figure 10. Solidworks Model of Lower Battery Header, Revised Design.
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Figure 11. Solidworks Model of Upper Battery Header, Revised Design.
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Figure 12. Solidworks Model of Battery Header Cover, Revised Design.
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Figure 13. Solidworks Model of Battery Pack Electronics Mounting Plate, Revised
Design.
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Figure 14. Solidworks Model of Battery Header Spacer, Revised Design.
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Figure 15. Solidworks Model of Battery Pack Enclosure, Revised Design.
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Figure 16. Solidworks Model of Battery Pack Connector Enclosure, Revised Design.
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Figure 17. Solidworks Model of Assembled Battery Pack, Revised Design.
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Appendix B
Select Battery Pack Thermal Simulations

Simulation of Original Battery Pack Design

Figure 18. Abaqus Thermal Simulation, Original Design, 0 Minutes.
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Figure 19. Abaqus Thermal Simulation, Original Design, 10 Minutes.
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Figure 20. Abaqus Thermal Simulation, Original Design, 20 Minutes.
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Figure 21. Abaqus Thermal Simulation, Original Design, 30 Minutes.
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Figure 22. Abaqus Thermal Simulation, Original Design, 40 Minutes.
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Figure 23. Abaqus Thermal Simulation, Original Design, 50 Minutes.
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Figure 24. Abaqus Thermal Simulation, Original Design, 60 Minutes.
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Simulation of Revised Battery Pack Design

Figure 25. Abaqus Thermal Simulation, Revised Design, 0 Minutes.
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Figure 26. Abaqus Thermal Simulation, Revised Design, 10 Minutes.
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Figure 27. Abaqus Thermal Simulation, Revised Design, 20 Minutes.
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Figure 28. Abaqus Thermal Simulation, Revised Design, 30 Minutes.
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Figure 29. Abaqus Thermal Simulation, Revised Design, 40 Minutes.
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Figure 30. Abaqus Thermal Simulation, Revised Design, 50 Minutes.
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Figure 31. Abaqus Thermal Simulation, Revised Design, 60 Minutes.
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