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1 Abstract

The purpose of this project was to investigate heat generation of lithium ion batteries and how to
prevent overheating as a result of thermal runaway. The scenario which this is investigated is through
a rider riding on a 10 degree inclined hill which puts high thermal stresses on the chosen 48V lithium
ion battery. Lithium batteries become very dangerous when they overheat because of their high energy
density. It hisses, bulges then catches fire or explode without warning, leaving the rider with acidic
electrolyte and stainless steel shrapnel. During a thermal runaway, the heat of the failing cell inside
a battery pack may propagate to the next cell, causing them to become thermally unstable. A chain
reaction can occur in which each cell disintegrates on its own, destroying the whole battery pack very
quickly. Iterative designs were made and selected designs were used to run simulations and compared
to each other to show the effectiveness of the design. Through various designs of the heat sink, shape
and angle of the heat fins and the use of a Pyrolytic Graphite Sheet, the most optimised heat sink
was iteratively designed through running multiple computational fluid dynamics and simulations.
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4 Nomenclature

LITERATURE REVIEW:
Ah = Amp hours

C = Measurement of the rate the cell can be discharged or charged in relation to cell capacity

A = Amp

Wh = Watt hours

W = Watts

V = Volts

BMS = Battery Management System
kV = Velocity Constant

mAh = Milli Amp Hours

kWh = Kilo Watt Hours

S = Series

P = Parallel

LiPo = Lithium Polymer

Li-ion = Lithium Ion

LIB = Lithium Ion Battery

PLA = Polylactic Acid

TMS = Thermal Management System
PGS = Pyrolytic Graphite Sheet

CFD = Computational Fluid Dynamics
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5 List of equation variables

V = Voltage I = Current
R = Resistance

P = Power

t = Time

Cd = Drag Coefficient
p = Density

V = Velocity

A = Surface Area
w = Angular Velocity

T = Torque
F = Force

d = Distance
r = Radius

f = Frequency
T = Period

Pr = Prandtl Number

R¢, = Reynolds Number, Laminar
h = Heat Transfer Coefficient

L = Length

N, = Nusselt Number

k = Thermal Conductivity

v = Kinematic Viscosity

F = Force
m = Mass
g = Gravity
P = Power

p = density of the battery

¢ = specific heat of the battery

V = volume of the battery

T; and Ty = battery temperature at time t and 0
® = total heat generation

R}, = convective thermal resistance

Tump = ambient temperature

q = heat generation rate

E = open circuit potential

Q = internal heat generation per unit volume
AG = Gibbs free energy

AS = entropy change

F = Faraday’s constant

n = order of electrochemical reaction or number of electrons involved in chemical reaction

Eeq = equivalent electromotive force
V = electric work
W, = electric work
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6 Literature Review

Operating and environmental temperatures affect the performance and efficiency of lithium batteries.
A low temperature will decrease its capacity and output power while a higher temperature accelerates
its degradation rate.

6.1 Batteries

Lithium batteries have existed since the 1970’s and innovations in the 80’s and 90’s have led to the
familiar lithium battery cells consumers use today. They are used for an endless number of applications
from electric vehicles to NASA spacesuits. Due to their light weight and energy dense properties, they
are perfect for a wide range of applications.

6.1.1 How Lithium Battery Cells Work

Despite years of research and development since the 70’s, the electrical and chemical processes that
allow lithium battery cells to function is fairly simple. As lithium ion batteries are the most common
form of lithium battery cells, this section is about how they work.

A lithium ion cell is composed of four main parts[6]:

o Cathode (Positive terminal)

Anode (Negative terminal)
o Electrolyte
e Porous Separator

The cathode varies between different types of cells but is always a lithium compound mixed with other
materials. The anode is almost always graphite and sometimes includes trace amounts of other ele-
ments. The electrolyte is generally an organic compound containing lithium salts to transfer lithium
ions. The porous separator allows lithium ions to pass through itself while still separating the anode
and cathode within the cell]6].

When the cell is discharged, lithium ions move from the anode to the cathode by passing through
the electrolyte. This discharges electrons on the anode side, powering the circuit and ultimately any
device connected to the circuit. When the cell is recharged this process is reversed and the lithium
ions pass back from cathode to anode[6]

Page 6



6.1.2 Form Factors of Lithium Cells

Pouch Cells:

Pouch cells are the simplest but most dangerous type of cells in this list. They have a tin foil like
appearance with two terminals on the end. Inside the pouch is a cathode and anode on opposite sides
separated by the porous separator, with the electrolyte on either side. This cathode electrolyte anode
sandwich is folded back and forth many times within the pouch to increase capacity. Pouch cells are
produced by many different companies and are often designed to exact sizes for specific products such
as cells phones, ensuring they take advantage of the maximum possible usable space. Production at
high volumes allow for lack of size standards.

Advantages of pouch cells include being lightweight and cheap to produce. The biggest disadvan-
tage is they have no exterior protection and because of this, they are easily damaged if they’re not
enclosed in some form of protective casing. A lack of an exterior case means they are the lightest and
most space efficient way to produce a lithium battery cell. Some uses of pouch cells can be found
inside todays laptops and cellphones as they take advantage of maximum possible usable space which
is also why phones and laptops can be so slim. These devices acts as an exterior case protecting the
pouch cells.

Pouch cells perform better when they are contained in a rigid/semi rigid structure that can apply
a slight amount of pressure to the cells. This helps keep all of the layers of the cells in close contact
and prevents micro delamination which can degrade cell performance over time[6]. When a pouch cell
ages, it can begin to expand or puff up. This is often due to small interior shorts that occur over time
as the battery ages, creating gas that puffs up the cell. Due to the sealed pouch design, the gas has
no where to escape so it puffs up.

The expansion of the pouch cell results in a reduction in performance of the cell as the layers of the cell
further delaminate. Some degree of gas build up can be retained by the pouch structure but when the
gas build up is too big, the pouch can rupture. The rupture releases a large amount of flammable gas[6].

Prismatic Cells:

The most common type of prismatic cells are Lifepo4, it is similar to pouch cells but it has a very
rigid case outside the cell protecting it. Prismatic cells are slightly less space efficient than pouch cells
but are more durable than them. Because of its rigid exterior casing, prismatic cells are tougher than
pouch cells so it can withstand impact.

The terminals on a prismatic cell are often threaded which allows for an attachment of a nut or
bolt for easy connections to larger batteries. Large prismatic cells from 20Ah to 100Ah plus, are often
used for storing large amounts of energy such as a powerwall or DIY electric vehicles. There are no
standard dimensions for prismatic cells[6].

Cylindrical Cells:

Cylindrical cells are the AA cells a lot of people are familiar with. They have various sizes but all
share the same cylindrical shape and rigid stainless steel case. They are produced by rolling up same
contents as in a pouch cell, placing it inside of a metallic cylinder with a positive and negative termi-
nal at either end of the cylinder. These cells are not as space efficient due to the rolling of the inner
layers and the addition of the cylinder wall and end caps. Cylindrical cells are the most durable and
don’t require any extra external casing or support frame. They come in standard sizes with the most
common lithium battery cylindrical cell being the 18650 cell which is the dimension 18mm diameter
and 656mm length. It is most commonly used in old laptop batteries, personal electric vehicles, power
tools and high powered flashlights just to name a few|[6].
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6.1.3 Effect of Temperature on Lithium Cells

Heat is the enemy of lithium battery cells. Moderately high heat will cause batteries to operate less
efficiently, where cells reach end of life sooner and not deliver their fully rated capacity. Moderately
high heat should be avoided when possible. Lithium batteries can discharge under temperatures as
high as 60 degrees celsius though it is better to keep the temperature as low as possible to increase
its life. Lithium batteries shouldn’t be charged at temperatures higher than 40 degrees celsius.
Lithium batteries generally should never exceed 130 degrees celsius, if slightly exceeded, some cells
risk undergoing thermal runaway which is when the electrolyte in the cells oxidises at a rate that
creates so much heat, it increases its own rate of oxidisation. As the cell grows hotter under thermal
runaway, any nearby cells can also heat up to the point of thermal runaway causing a chain reaction
limited only by the number of cells nearby. Once a cell reaches thermal runaway, nothing can be done
to stop it.[6]

The temperature which thermal runaway begins varies from cell to cell. Lithium cobalt cells can enter
thermal runaway at temperatures as low as 150 degrees celsius while Nickel Manganese Cobalt (NMC)
cells cells generally reach thermal runaway closer to 180 degrees celsius. Both chemistries can reach
temperatures over 500 degrees celsius at the peak of thermal runaway.

Physical effects on the cells is dependent on the type of cell. Cylindrical cells like 18650 cells have a
vent on the positive terminal that allows gas to escape when it overheats and nears thermal runaway:.
Some prismatic cells have built in venting mechanisms while pouch cells don’t have vents or any
mechanisms for gas to escape and so pressure will build up in the cell which will result in an explosion.
It is unlikely for cells to heat up to the point of thermal runaway during normal use or storage.
However, it is better to store lithium batteries in a cool place at room temperature - a cooler location
also helps to prolong the life of lithium batteries[6].

The bigger risk of thermal runaway is when using lithium batteries under large loads that result in
a high current draw on the individual cells. If the current is larger than the cell can handle, it will
begin to heat up. If this goes on for too long the cell can reach thermal runaway. On the other hand,
extreme cold temperatures are not good for lithium cells either.

6.1.4 Charging

Charging lithium batteries is not difficult but if not done correctly, it can become dangerous. Paying
attention to the proper charging methods will prevent an eventual house fire. The type of charger
used will depend on whether the battery has a Battery Management System (BMS).

Lithium batteries charge by using “constant current, constant voltage” charging scheme (CC-CV). A
CC-CV charging scheme means that the first part of the charging period is a constant current phase
while the second part of charging period is a constant voltage phase[6].

During the constant current phase, electricity is supplied to a lithium battery cell with a constant
current. This means the current is unchanging even though the voltage will change during this period.
A discharged lithium ion cell may be 2.7V when connected to a charger. A CC-CV charger rated for
1A will supply 1A of current to the battery cell starting at a voltage of 2.7V (matching the voltage of
the cell)[0]

When the lithium cell experiences current flow from the charger, voltage will instantly increase by
around 5%. This is the opposite of voltage sag which happens during discharge. When the lithium
cell remains connected to the charger the voltage of the cell will slowly rise as the charge state of the
cell increases.

When the voltage rises up to a set preset limit in the charger (usually 4.2V for lithium ion cell) the
charger will automatically switch from the constant current phase to the constant voltage phase. In
the constant voltage phase, the voltage will remain constant at the fully charged cell voltage but the
current will slowly drop. The current will continue to decrease as the last bit of capacity is offloaded
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into the cell. The charger will cut the current when it reaches a certain minimum amount often around
100 to 200mA. At this point the lithium cell is fully charged.

The same process occurs in multiple cells when connected in parallel and series. Because parallel
cells automatically balance each other, cells connected in parallel will charge together at the same
rate. Parallel groups connected in series will discharge at approximately the same rate when con-
nected to a load, it will also charge at approximately the same rate.

The correct charging voltage is important to ensure that cells charge completely but do not over-
charge. As discussed previously, LiFePO4 cells charge to around 3.65V while most Li-ion cells charge
to around 4.2V. To find proper voltage of a charger for a battery built of many cells connected in
series, multiply number of cells in series by full charge voltage of the cells.

A 148 battery with lithium ion cells will need a charger with a voltage of 58.8V
Total charge voltage = 14 cells in series x 4.2V = 58.8V

The number of cells in parallel will not affect the necessary charge voltage. A 14S lithium ion battery
will require a charge voltage of 58.8V regardless if whether it has 10Ah or 50Ah capacity. The number
of parallel cells will affect the current that the battery can be charged at. More parallel cells mean the
battery can handle a higher discharging current. With enough cells in parallel the charging current
limit of the battery will far exceed the max charging current limit of a BMS.

Charging with a BMS:

Using a BMS makes the charging process much simpler. To charge a battery with a BMS, simply plug
the charger into the battery charge port. The BMS takes care of everything, it starts by allowing the
battery to charge from the charger using the bulk charging method. Bulk charging method is where
the entire battery is charged as one unit by flowing current through all of the parallel groups of cells
connected in series. Each parallel group sees an equal amount of current. Once the bulk charging
process brings the first few cells up to full charge, the BMS begins balancing the battery by draining
energy from the parallel groups that reach full charge first. The BMS stops draining when all the cells
reach full capacity[6].
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Charging Temperature:

It is essential to follow manufacturer ratings for charging temperature. Charging lithium cells above
or below rated charging temperature can damage cells and is potentially dangerous.

Charging lithium battery cells at low temperatures such as below 0 °C will damage or destroy the
cell. At these low temperatures, lithium metal will permanently collect on the anode, reducing the
capacity of the cell. It also increases the risk of the battery cell catching fire if it suffers an impact
such as a drop or fall. Lithium ion battery projects usually don’t reach freezing temperatures unless
the battery is left outdoors overnight or during the day in very cold climates[6].

Electric vehicles have safety mechanisms to prevent charging at very low temperatures. Some electric
vehicles like Tesla have built in heaters to warm the battery or cool them to a sufficient temperature
before charging. This is why a Tesla cannot be "turned off.”

For smaller batteries, bringing cold batteries inside and allowing them to warm up to at least 10
°C for a few hours will help avoid damage during charging. It is always better to use a lower charge
current when charging colder batteries.

Charging lithium battery cells at high temperatures can both reduce their capacity and potentially
lead to thermal runaway. Charging a lithium battery produces heat due to the internal resistance of
the cell. If the cell is already approaching a dangerous heat level, additional heat from charging can
cause thermal runaway [6].

6.1.5 Cooling

Most commercial lithium batteries in the few kWh range have no form of cooling. The lithium batteries
used for devices such as drones, power tools, electric skateboards and electric bicycles are sealed in
either heat shrink or hard cases and are used within power levels that don’t require active cooling.
Passive cooling that occurs when the case of the battery dissipates built up heat to the surrounding
ambient air is all that is necessary in most cases.

Some batteries have BMS that cut their power when a certain temperature is reached. This is common
in power tool batteries that are often used or abused at high power levels. Cooling is important at high
power and especially when human lives are at stake. This is most commonly found in the automotive
and aeronautical industries. Electric vehicles usually have active cooling systems using air, water, oil
or other fluids to draw heat out of the battery.

As long as the case is exposed to air, the batteries can sufficiently cool on their own. Electric bicycles
and electric skateboards usually cool passively just from the air that rushes around them while riding.
The design of the heat sink is also important as they help dissipate heat through convection and
radiation [6]

Page 10



7 Concept Development

The battery pack chosen was a ”52V Mighty Mini Cube Ebike Battery Pack.” It is Luna’s smallest
sized pack made from high density, capacity and performance Samsung 30Q 18650 cells. It has an
extra layer of high grade thick rubber shrink wrap for more protection and durability. It has a capacity
of 6Ah (312Wh) and has a total of 28 cells in a 14S2P configuration. It weighs only 1.5kg so this
pack can also be carried easily in a backpack as an emergency pack if needed. It outputs 30 amps
along with its 300Wh should get 15-25 km range in ideal conditions. Because this pack has two layers
of shrink wrap with the exterior having a stronger rubber shrink wrap, it can be mounted onto the
downtube of any bike without damaging the shrink wrap.

The advantage of only using heat shrink is that it will be the lightest and smallest battery possi-
ble. The disadvantage is that it has little to no protection. Any bumps or impacts are transferred
directly to the wrap of the stainless steel casing of the lithium ion cell. Once the wrap of the 18650 cell
is damaged, this can cause the cell to short because the exposed stainless steel casing is all negative,
with the small bit at one end being positive. As packs get larger, the increased weight and contained
energy, require stronger and safer battery enclosures.

Many electronics such as inverters, electric motors and other DC devices are designed for voltages
in 12V increments such as a 12V headlamp or a 48V electric bicycle. This was a holdover from the
days when lead acid batteries were used to power these types of devices. Lead acid batteries use cells
that have a nominal voltage of 2V and six were usually connected together in series to create 12V lead
acid batteries. Those 12V batteries are then easily connected in series to create any other size battery
with 12V increments. However, lithium batteries don’t need to conform to this increment. Most
electronics are capable of handling a small range of voltages above and below their rated voltage[6].
This voltage range allows us to use a lithium battery voltage that is close to the 12V increment that
many electronics are rated for even if it isn’t exact. The most common lithium ion battery for 24V
ebike system is having 7 cells in series, which creates 25.9V nominal battery that actually ranges from
approximately 21V to 29V during use. For 36V lithium batteries, nearly all ebike manufacturers use
10 cells in series to create a 37V nominal battery that ranges from approximately 30V to 42V during
use. For 48V batteries, batteries with 13 cells in series used to be the most popular - it had a nominal
rating of 48.1V and a voltage range of 39V - 54V. With voltage sag, the battery would spend the
majority of the time below 48V which meant less power. Because of this many 48V batteries for
ebikes are made with 14 cells in series which give a nominal rating of 51.8V and has a voltage range of
42V - 58.8V. These batteries are often referred to as 52V batteries instead of 48V batteries to signify
they have a higher voltage than a regular 48V lithium battery.

For safe use of Lithium ion cells in portable electronics, it is critical to study their performance
at temperatures higher than 40°C Elevated temperature accelerates the degradation of the battery
materials which causes a decline in capacity and premature cell death. Also, the increase in temper-
ature might cause thermal runaway to occur where the cell temperature increases exponentially as
a result of reactions at the electrode interface that are exothermic in nature. Exothermic is defined
as "reactions or processes that release energy, usually in the form of heat or light. In an exothermic
reaction, energy is released because the total energy of the products is less than the total energy of
the reactants” [2]
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Lithium ion battery operation life is highly dependent on operating temperature and temperature
variations within each cell. The temperature of the cell is a direct result of heat generation within the
cell during charging and discharging states and various cooling concepts. The heat generation is due
to the chemical reaction and the internal resistance within each cell. The amount of heat and the dis-
tribution of the heat source within the cell vary from manufacturer to manufacturer. It is also affected
by the materials used for the reaction layers such as polymers, metals, anode and cathode. The heat
generated from the operation of the battery has to be removed efficiently and effectively to maintain
the operating temperature within the limits and to prevent thermal runaway caused by uncontrolled
temperature rise. Though it can be concluded using liquid cooling is effective, air cooling is believed
to be much simpler, lighter and easier to maintain. However, air has much smaller heat capacity than
liquid which means a higher volumetric flow rate is required to achieve the same cooling performance[6].

Uniform heat generation was assumed in the current study for quick evaluation. In reality, heat
generation is non uniform and is more concentrated near the tabs due to high electric current fluxes
passing through a narrow area. Both heat generation model of the battery cell and correlation are
still to be developed and are all very cell dependent.

Outer Fin Design In this cooling design, the cooling air was not in direct contact with the battery
faces. The air cooling occurs outside the battery cells by external cooling fins connected to the cool-
ing plate. The cooling plate and fins were chosen to be made from Aluminium 5052 with a thermal
conductivity of around 138 W/m - K.

The cooling of the battery occurs in two steps:

1) Battery heat generation is removed by a high conductive Pyrolytic Graphite Sheet that battery
cells are wrapped in

2) External convective air is used to remove the heat from the high conductive Pyrolytic Graphite
Sheet through the fins attached to the plate

It can be concluded that using high thermal conductivity material such as Pyrolytic Graphite Sheet
or a coating for the cooling plate can reduce the cell temperature and improve the cell temperature
uniformity.

The outer fin design was selected due to it being widely used in the personal electric vehicle industry as
it is cheap and simple to design and manufacture. The outer fin design was inspired by perusing other
personal electric vehicles passive cooling systems especially the once leader of the electric skateboard
industry, Boosted Boards.

Figure 1: Development of passive air cooling system on a Boosted board
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Figure 4: CFD Battery enclosure angled view Figure 5: CFD Battery angled view
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Figure 6: Battery enclosure front/rear view Figure 7: Battery enclosure birds eye view

Figure 8: Battery enclosure angled view Figure 9: Battery enclosure angled view

Models of everyday bicycles were downloaded and imported into Solidworks to run CFD (Compu-
tational Fluid Dynamics) simulation. This was done in order to see which part of the bicycle had
the best airflow for attachment of a battery pack. For the CFD, the specified velocity was 35km/h

(9.722m/s) this value was chosen as it was the speed Auckland Transport deemed suitable for profes-
sional riders[50].
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Figure 10: CFD Analysis of bike 1 showing regions of air flow at v = 9.7m/s
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Figure 11: CFD Analysis of bike 1 showing regions of air flow at v = 9.7m/s
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Figure 13: CFD Analysis of bike 2 showing regions of air flow at v = 9.7m/s
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Figure 14: CFD Analysis of bike 2 showing regions of air flow at v = 9.7m/s
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showing regions of air flow at ¥ = 9.7m/s
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Figure 15: CFD Analysis of bike

Page 18



Figure 16: CFD Analysis of bike 2 showing regions of air flow at v = 9.7m/s

The CFD simulation results showed two possible positions to attach the battery pack in order for it to
get the best possible air flow. This was either in the middle of the bike frame or on the top along the
frame where the bike seat is. As shown in Figure 18, the first iteration of the heat fins on the battery
pack is badly designed for mid frame attachment as the whole battery pack is on an angle where the
heat fins run horizontally, parallel with the battery. This means air hitting the battery pack won’t
flow past through the fins but rather hit the bottom of the heat fin enclosure which won’t do much
for cooling. This design however was optimal if placed on the top frame along the same bar as the
seat because the top frame bar is flat. This means air will flow parallel to the heat fins and through
them, providing an effective cooling solution.
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Figure 18: CFD Analysis of mid frame mounted battery on bike 1, angled view

Page 20



2 645
1103
-0440
=1.882
Bclae]
-6 6T
-6.609
-R1a1
-0 Fi9d
-11.238

Walncity (<] [ms]
Global Coordinate System
Flow Trajecionas 1

Figure 19: CFD Analysis of top mounted battery on bike 1, frontal view

Figure 20: CFD Analysis of top mounted battery on bike 1, angled view
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Figure 21: CFD Analysis of top mounted battery on bike 2, frontal view
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Figure 23: CFD Analysis of top mounted battery on bike 2, angled view
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Figure 24: CFD Analysis of mid mounted battery on bike 2, side view
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Figure 25: CFD Analysis of mid mounted battery on bike 2, frontal view
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Figure 26: CFD Analysis of mid mounted battery on bike 2, angled view
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The second iteration of the battery pack had the heat fins angled for optimal airflow when attached to
mid frame of the electric bicycle. This way, the air flows parallel to the angled heat fins which means
air will be able to flow through the heat fins.

Figure 27: Battery enclosure, frontal/rear view Figure 28: Battery enclosure, side view

Figure 29: Battery enclosure, side view Figure 30: Battery enclosure, frontal/rear view
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Figure 31: CFD Analysis of battery enclosure, angled view
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Figure 33: CFD Analysis of battery enclosure, frontal view
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Figure 34: CFD Analysis of top mounted battery on bike 1, side view
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Figure 39: CFD Analysis of top mounted battery on bike 2, angled view
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Additionally to help with cooling, Pyrolytic Graphite Sheet was used to cover the battery. Because
of the microstructure of layered graphite, the carbon rings have very good conduction to their neigh-
bouring networked carbon rings, also known as Anisotropic Heat Conduction. The disadvantage is
the inter layer conductivity is quite poor because there is some sort of electron vacuum in between
subsequent layers[?]. These Pyrolytic Graphite Sheets are giant networked sheets of carbon rings that
are tightly coupled. These tight couplings conduct heat very well however the inter carbon network
conductivity when stacked upon each other is very poor. This can be solved by using diamonds as they
are crystalline structures of carbon which means their thermal conductivity is three dimensional, so
has vertical interlinking between the carbon atoms. But using real diamond isn’t feasible and artificial
diamonds cannot be used either because creating a diamond layer that is 1) as flat as graphite, 2)
very thin 3) consisting of one single piece of diamond is incredibly hard, if not impossible. Though
industrial diamonds are not as expensive but manufacturing with the above constraints is.

(a) Diamond (b) Graphite

Figure 40: Comparison of Diamond structure with Graphite structure[52]
Graphite sheet has two directions of conductivity horizontal and vertical and the properties are pro-

vided in a data sheet provided by Panasonic. Though the coefficient of thermal conductivity in the z
plane is much less, approximately 13 W/m - K[51].

Comparison of thermal conductivity (a-b plane)

Diamond
PGS 10 um

PGS 17 um
PGS 25 um
PGS 40 ym
PGS 50 pm
PGS 70 um
PGS 100 pm
Pure copper

Aluminum

Magnesium alloy

Stainless steel

Heat-conductive sheet

A
0 200 400 600 BOO 1000 1200 1400 1600 1800 2000

Coefficient of thermal conductivity (W/(m-k))

Figure 41: Graph of thermal conductivity of various materials in a-b plane [4]
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Due to the poor thermal conductivity of the Pyrolytic Graphite Sheet in the z direction, it was decided
to not only replace the heat shrink wrap with the graphite sheet, but also wrap the whole top, front
and rear of the heat sink in the graphite sheet. In this way, the greatest conductivity will occur in the
X-Y plane thus transferring the heat into the heat fins. The selected concept was prototyped through
Solidworks and 3D printed for proof of concept. This is shown through figures 42 to 49.

Figure 43: Battery enclosure, front/rear view

Figure 44: Battery enclosure, front/rear view Figure 45: Battery enclosure, side view
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Figure 46: Battery enclosure, side view Figure 47: Battery enclosure, front/rear view

Figure 48: Battery enclosure, front/rear view Figure 49: Batteries outside enclosure
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7.1 Battery Cell Specification

Item Specification

Minimum Discharge Capacity | 2950mAh

Charge: 1.5A, 4.2V, CCCV 150mA cut off
Discharge: 0.2C, 2.5V discharge cut off

Nominal Voltage 3.6V

Standard Charge CCCV, 1.5A, 4.2 + 0.05V, 150mA cut off
Rated Charge CCCV, 4A, 4.2 + 0.05V, 100mA cut off
Charging Time Standard Range: 180min / 150mA cut off

Rated Charge: 70min (at 25°) / 100mA cut off
Max Continuous Discharge 15A (at 25°), 60% at 250 cycle

Discharge Cut Off Voltage 2.5V
Cell Weight 48.0g Max
Cell Dimension Height: 65.0mm
Diameter: 18.4mm
Operating Temperature Charge: 0 to 50°
(Surface Temperature) (Recommended Recharge Release < 45°)

Discharge: -20 to 75°

(Recommended Redischarge Release < 60°)
Storage Temperature 1.5 Year -30~25°(1%)

(Recovery 90% After Storage) | 3 Months -30~45°(1%)

1 Month -30~60°(1*)

Table 1: Specification of INR18650-30Q [1]
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Lithium ion batteries are energy storage systems that convert stored chemical energy into electrical
energy as a result of insertion reactions in the cathode and anode materials. A lithium-ion battery
consists of a positive electrode (cathode), a negative electrode (anode), an electrolyte, a separator, a
current collector, and a stainless-steel case. The most commonly used anode materials are carbon or
lithium titanate, Si, and Si-composites. The cathode materials are predominantly made of oxides of

transition metals such as [7][9]
LiCoO9, LiNiOy, LiMnsOs, LiFePO4, LiNiCoAlOs and LiNiMnCoO9

Electrodes are the principal components that determine the capacity and energy density of batteries.
An aqueous/non-aqueous solution of lithium-containing salts in an organic liquid mixture is commonly
used as the electrolyte [I0][11]. A separator is used to separate cathode and anode to prevent internal

short circuits [12][13].

Cathode : Lig5C005 + xLit — Lig.542C004 (1)
Anode : LiCg — Liy_2,Cg + 2xLit + 2xe™ (2)
& Load -

soparator

el
o+
electrolyte=® current collector

Figure 50: Schematic of Lithium Ion Battery|[7]
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The internal heat generation is derived from equations 6 to 9:

Q=AG+TAS + Wy (3)

AG = —nFE,, (4)
o

AS =nF T (5)

Wy = —nFE (6)

Where:

Q = internal heat generation per unit volume (W - m3)

AG = Gibbs free energy (KJ)

AS = entropy change (J - K*)

F = Faraday’s constant (C - mol™!)

n = order of electrochemical reaction or number of electrons involved in chemical reaction
Eeq = equivalent electromotive force

V = electric work (J)

W, = electric work (J)

The total internal heat generation is given by equation 10 as the sum of reversible and irreversible
heat:
0 ovo

Q=1Ix(V —V—Ta—T) (7)
Where:
I = current density (Am~2)
VO = open circuit voltage
V = voltage of the cell at each time interval of the discharge process
T = temperature (K or °C
I x (VY — V) = irreversible heat generation
I x (T%—‘;O) = reversible heat generation
Irreversible heat generation occurs at high discharge rates due to the cell internal resistance and joule
heating. At lower discharge rates, reversible heat generation is caused by entropy changes at the
cathode and anode.

When sufficient heat is generated due to chemical reactions within the batteries, an uncontrolled
rise in temperature most commonly known as the thermal runaway can occur. The thermal runaway
is one of the major failure mechanisms of Li-ion batteries, and it is a primary safety concern. The
electrolytes are extremely flammable and can ignite if there is a sufficient rise in temperature, pos-
sibly resulting in an explosion or fire, capacity loss, property change with ageing and short circuit.
Repeated charge and discharge cycling ages the lithium ion battery, which loses the capacity and the
thermal runaway is uncontrollable, which increases the temperature, thus causing a further increase
in temperature and then a further increase in reaction rate. The heat that is generated during an
exothermic reaction within the batteries follows exponential functions, while heat removal is a linear
function[I4]. A thermal runaway occurs when the temperature rises above 130-150°C, and the in-
ternal temperature increases as the exothermic chemical reactions set in between the electrolyte and
electrode increases|14].
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The primary purpose of the heat fins and heat sink is to maintain the Lithium ion battery temper-
atures within an optimum operating range during charging, discharging and riding; this is usually
between 30 and 50°C. Doing this avoids safety concerns while improving the performance and lifespan
of the batteries.

Liquid and forced-air cooling are the two most commonly adopted methods for electric vehicles and
other large battery storage applications. For high discharge rates at 3C, liquid cooling is generally
more effective than air cooling and it is usually the quietest and most compact solution. However,
leakage of coolant is possible and not only will this drastically reduce cooling performance but also
cause electrical short circuits and electrochemical corrosion. Long term reliability of liquid cooling
systems is seen as a major issue even though they are essential and widely adopted. Complexity and
cost are also challenges for very large battery systems|[15].

At lower discharge rates, forced-air cooling systems are often used because they provide adequate
performance, are relatively low cost, have high reliability and are simpler to implement than liquid
cooling systems. Air cooling works by passing air over the surface of Pyrolytic Graphite Sheet, heat
fins and heat sink, which absorb heat and exhaust it into the atmosphere. However, the achievable
thermal resistance is generally much higher than for liquid cooled systems, so the achievable discharge
rate is lower than for liquid cooling [15].

Riza et al.[I6] demonstrated a passive cooling system for 18650 cell and its thermal modelling in-
dicated that phase change material graphite matrix can spread heat very quickly due to its high
thermal conductivity. Moreover, the use of this passive cooling with a graphite matrix helped in
achieving a uniform temperature in the cell module during normal and stressed conditions, preventing
propagation of thermal runaway due to defects on a single cell within the battery.

Study conducted by Divakaran et al had the temperature versus discharge time measured with ther-
mocouples at the 1C (15 A) discharge rate at a number of different positions in the battery module,
as shown in Figure 44. As the results show, during the dry 1C (15A) discharge (liquid cooling pump
turned off), the temperature increased from 19(start temperature) to 41°C when discharged to 2.5V
a rise of 22°C. The discharge process was initiated with a terminal voltage of 4.2V, as per all of the
other discharge tests. This voltage decreased in a short period to 3.6V; this quick decrease in voltage
was due to the internal resistance of the cell and then decreased linearly down to approximately 3V
over a period of 40 or 50 minutes (dry and wet) and thereafter dropped suddenly to cut off voltage of
2.5V. During the linear period, the cell voltage decreased 0.5 V over a period of approximately 2000s,
equivalent to 1 V/h. The slope of the temperature increase was approximately 20°C/h. The surface
temperature of the battery module at the cathode and anode conduction plates reached approximately
41°C at the cut off voltage.
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Figure 51: Measured voltage and temperature vs time for sex cell battery module at 1C discharge
rate, measured at various points in module[17]

As the discharge rate increased, a sharp increase in the voltage at turn on was observed, and this can
mainly be attributed to internal resistance and to the electrical interconnections by lesser amount.
This is evidenced by the fact that the voltage drop increased with discharge current increase, as gov-
erned by Ohms law, and temperature, as governed by the temperature dependence of the resistivity
of all of the materials involved. Furthermore, the sharp voltage decreases approaching cut off is due
to the internal resistance and high current draw, as well as to a change in entropy[18]

During the cell module discharges, the temperature rise increased with increased discharge rate. The
slopes of the temperature rises were estimated after first 100-200s of discharge period. During this
initial discharge period, there was a sudden increase in the temperature due to the internal resistance
and discharge current rate. During the 3C dry discharge, the temperature rise was 135°C/h. It can
be seen that during the dry discharges, the rate of surface temperature rise was higher than the rate
of anode temperature rise, which is because the heat generated at the anode was conducted to the
surface in addition to the heat at the surface.
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Investigations conducted by Yongqi Xie et al[I9] on the charge and discharge characteristics and tem-
perature rise behaviour were carried out at ambient temperatures of 28, 35 and 42°C over the period
of 1C, 2C, 3C and 4C rates. The thermal conductivity of a single battery cell was experimentally mea-
sured to be 5.22 W/(m - K). It was found that both ambient temperature and charge/discharge rate
have significant influences on the voltage change and temperature rise as well as the heat generation
rate. During charge/discharge process, the higher the current rate, the higher the heat generation rate.

Among the electrochemical energy storage systems, lithium ion batteries, have attracted consider-
able attention in many power demand applications due to their advantages of large specific energy,
high power density, charge/discharge cycle stability and long cycle lifetime [20][21]. However, a large
amount of heat generation since the electrochemical reactions and physical changes inside batter-
ies would potentially bring out capacity fade and thermal runaway [22]. In order to keep the battery
within an accepted temperature, an efficient heat sink would be needed to dissipate the heat generated.

Bernardi et al. [23] firstly developed a general thermal model on the basis of the energy balance
for the battery systems. They considered that the cell temperature resulted from the interaction of
the Joule heat, heat of mixing, phase-change heat and electrochemical reaction heat with component-
dependent open-circuit potentials. The heat generation rate could be calculated as the temperature
distribution was assumed to be uniform throughout and varied with time.

Birgersson et al.[24] developed a two dimensional transient model and studied the heat generation
characteristics of 18650 cylinder Lithium ion battery pack. It was reported that during normal dis-
charge process the ohmic heat dominated at low rate discharge but the reversible electrochemical
heat dominated at high rate discharge. Lin et al.]25] formulated a coupled electro-thermal model for
cylindrical battery.

Balasundaram et al.[26] measured the total heat generation of 18650 cell under different charge and
discharge rates conditions by accelerated rate calorimetry. It was found that the additional heat in
high rate discharge process usually resulted from side reaction, which changed the surface character-
istics of the electrode and increased the impedance.

Panchal et al.[27] presented a method of measuring the heat generation rate based on the battery
temperature and heat flux. The discharge rate was 1C, 2C, 3C and 4C and the ambient temperature
was 5, 15, 25 and 35°C, respectively. Their results showed that the heat generation rate increased
with the increase of the discharge rates. The variations of the ambient temperature and increase in
discharge rate have a significant impact on the discharge capacity.

In addition, it was found that the increased current rates could lead to the battery surface tempera-
tures increase. As far as the thermal models are concerned, heat generation of the battery is usually
considered as the sum of reversible and irreversible heat[24].
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According to the thermal model presented by Bernardi et al[23], the simplified heat generation model
inside the battery can be described as:

q=1*R(I,S0OC) — IT(TE(;;)O) (8)
q=1I*R(I,SOC) = I(E(SOC) — U(I,1)) (9)

Where:

q = heat generation rate

I = charge or discharge current (negative in charge, positive in discharge)
R = direct current resistance in battery

T = battery temperature

E = open circuit potential

U = terminal voltage

qy = irreversible Joule heat

SOC = state of charge

IT% = reversible electrochemical reactions heat

According to equation 8, the battery heat generation rate is a function of ambient temperature,
charge/discharge rates and DC resistance.

In general, during the period of high charge/discharge rates, the irreversible Joule heat dominates
among the total heat generation and the reversible heat is small compared to the Joule heat]24].
Therefore, the reversible heat is often negligible and the irreversible Joule heat is considered as the
heat generation rate.

For the rate of heat generated in a battery, also known as sensible heat. The primary heat is re-
moved to the heat sink through three types of well known heat transfer mechanisms: conduction,
convection and radiation. Generally, the operating temperature of the batteries is normally less than
60°C. Therefore, the amount of the heat radiation was small and it can be ignored[2§].
In the current study, an air cooling heat sink was selected to build the heat dissipation mode, in which
the convection is primary. Thus, according to energy balance, the total heat generation rate can be
expressed in equation 14:

pcV (T, — Ty) = —/Tt_TC”"" +® (10)

Ry,

Where:
p = density of the battery
¢ = specific heat of the battery
V = volume of the battery
T; and Ty = battery temperature at time t and 0
® = total heat generation
R}, = convective thermal resistance
Tymp = ambient temperature

According to equation 10, the ambient temperature and charge/discharge rate have significant ef-

fect on the heat generation rate, charge/discharge characteristics and temperature rise behaviour of a
single cell.
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Figure 52: Terminal Voltage Profiles during 2C, 3C, 4C discharge rates at 28°C
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Figure 53: Terminal Voltage Profiles during 28, 35 and 42°C at 2C discharge rate

Figure 52 and 53 depicts the terminal voltage profiles of the battery under the discharge rates of 2C,
3C and 4C at ambient temperature of 28°C as well as at ambient temperatures of 28, 35 and 42°C
during 2C discharge. As can be seen from figure 6, the higher the discharge rate, the larger the descent
rate of the terminal voltage of the battery. As the ambient temperature is higher, the descent rate of
the terminal voltage is lower but the discharge time is longer. Therefore, a larger amount of heat is
generated in the battery under high rate discharge conditions. Moreover, the battery temperature is
larger in the discharge process when the ambient temperature is is higher.

It was also found that the discharge time is longer when the ambient temperature is higher. It
could be explained by the fact that the electrochemical reactions are improved by the higher battery
temperature. At the same time, the DC resistance decreases and this further decreases the electrical
loss. As a consequence, the heat generation rate is small as the ambient temperature is high. The
higher the charge rate, the higher the ascent rate of the terminal voltage of the battery. As the ambi-
ent temperature is higher, the ascent rate of the terminal voltage is smaller but the time for charging
becomes longer.
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Considering the temperature rise behaviour of the single cell is due to its heat generation, the ex-
perimental investigations on the temperature rise behaviour are carried out at room temperature of
24.1°C during the period of 1C, 2C, 3C and 4C charge/discharge, as shown in Figure 47 and 48[19]
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Figure 55: Temperature rise profiles during 1C, 2C, 3C and 4C Discharge rate

It can be seen from Figure 54 and 55 that the curves of the temperature rise demonstrate differences
between the charge process and discharge process. It is also noted that the temperature rise in the
charge process is less than that in the discharge process. As a consequence, the charge/discharge rates
have remarkable influences on the temperature rise of the battery cell. Moreover, it should be stressed
here that the temperature rise infers the battery temperature beyond the ambient temperature.

If the initial temperatures are the same, the higher the discharge rate after the battery starts to
discharge, the higher the rate of the temperature rise which indicates that the heat generation rate
increases along with the increase of the discharge rate.

In the early stage of the charge, the battery is heated up quickly since the battery temperature
and ambient temperature are close and the convective heat dissipation is small. In the middle stage
of the charge, the battery temperature is significantly reduced during 1C and 2C charge rates, this
is attributed to the heat generation rate of the battery is less than the heat dissipation rate. For
the cases of 3C and 4C charge processes, the battery heat generating rate is close to dissipation rate
and temperature increase is very subtle. At the end stage of the charge, the battery DC resistance
increases under large state of charge conditions, leading to an increase in the irreversible Joule heat.
Therefore, the battery temperature rises again.
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Ambient Temperature(°C) 28 35 42
AT, 4 at 2C discharge rate | 11.3 | 10.2 | 9.8
AT, e at 3C discharge rate | 13.6 | 12.8 | 11.7
AT, 4 at 4C discharge rate | 16.5 | 13.3 | 12.7

Table 2: Maximum temperature rise under varying ambient temperatures and discharge rates [19]

As seen from Table 2, at a fixed ambient temperature, the larger the discharge rate, the larger the
maximum temperature rise of the battery. Moreover, for a fixed discharge rate, the higher the ambi-
ent temperature, the lower the maximum temperature rise of the battery. The reason could be the
difference of the battery temperature under different ambient temperatures conditions. Consequently,
the ambient temperature has a remarkable impact on the heat generation rate, which decreases with
increased ambient temperature.

A larger charge/discharge rate gives rise to a larger heat generation rate, which matches the ana-
lytic results in figures 52 to 55 and equation 10.

The impact of ambient temperature on the heat generation rate is mainly reflected in three aspects
such as in addition to the battery temperature and DC resistance, the heat generated by electrochem-
ical reactions in the battery during the period of charge/discharge.

Thomas and Newman conducted an extensive study[32] by re-deriving the expression for the heat
source in lithium ion batteries presented by Bernardi et al[31]. The expression for their derived
equation included the following terms (1) reversible entropic heat (2) heat generated by the resistive
dissipation (3) mixing heat due to relaxation of concentration gradients in the cell and (4) heat pro-
duced by chemical reactions occurring inside of the cell[30]. According to Pesaran et al[33], the heat
generation rate in a cell could be estimated using the following equation:

dE
= —I[T(==)] + I(E — 11
q TN+ I(E - V) (11)
Where:
q = heat generation rate
= current

T = temperature
E = open circuit potential
V = terminal voltage
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The first term in equation 11 was from the reversible entropic change from electrochemical reactions
and the second term originated from the irreversible effects in the cell. Pesaran et al[33] discovered
that if the heat generated inside the cell was not accounted for, it would accumulate and store up
inside of the system thereby leading to higher temperatures attained during use. In order to obtain
the best possible performance, the cells have to be operated within the optimum temperature range
and this effect was studied by Khateed et al. who concluded from their research in that "the electro-
chemical performance of the Li-ion battery chemistry, charge acceptance, power and energy capability,
cycle life and cost are very much controlled by the operating temperature.”[34] According to research
conducted by Kuper et al[35], the preferred temperature range providing maximum power capability
and acceptable thermal aging is between 20°C and 40°C for Li-ion cells and the temperatures must be
limited to a certain value between 50°C and 60°C in order to maintain the cell in a safe temperature
zone and prevent accelerated aging. Nelson et al conducted studies to analyze power requirements and
optimal operating conditions in Hybrid Electric Vehicles and found that Li-ion batteries are limited
to an operating temperature of 45°C to prevent any drastic cycle life reduction[36].

Another important feature that requires consideration is the temperature non-uniformity that de-
velops in battery packs as they are aged. Thermal imbalance in cells affects the performance of
battery systems significantly. According to the Arrhenius equation, the rise in cell temperature causes
an exponential growth in the battery reaction, thereby causing the cells at higher temperature to
degrade more quickly than those at lower temperatures. The consequence of this degradation is the
shortening of the lifetime of the entire battery pack. According to Mahamud and Park[38], the lifespan
of the Li-ion cell reduces by about two months for every degree of temperature rise in an operating
temperature range of 30 - 40°C. Thus, the thermal imbalance in cells must be compensated for by a
thermal management system in order to prolong the life of the battery. Additionally, high operating
temperatures have been shown to affect capacity/power fade. The capacity fade can be defined as
the loss of capacity of cells as they accumulate large number of cycles through multiple iterations of
charging and discharging. Elevated temperatures generally promote degradation, thereby resulting in
rapidly declining capacity[37].

Ramadass et al. conducted capacity fade tests on Sony US18650 cells with a rated capacity of 1800
mAh and cycled these cells under four different temperatures - 25, 45, 50 and 55°C. They conducted
the tests by charging the cells at a constant current of 1A until the voltage reached 4.2V and then
held the cells constant until the current dropped to a value of 50 mA. The results obtained from the
study depicted that an increase in temperature led to an increase in capacity fade of the 18650 lithium
ion cells. Some of the key observations they made were that the cells lost 31% and 36% of their
initial capacity after conducting 800 charge-discharge cycles at 25°C and 45°C respectively while the
corresponding capacity fades were up to the order of 60% after putting in 500 cycles at 50°C and 70%
after conducting the same tests at 55°C. They observed that the decrease in cell capacity was due to
the increase in resistance at both electrodes. Figure 56 represents the discharge curves for the cells
cycled at different temperatures during the test where RT stands for the room temperature[37]. The
abbreviations, for example 490-55, depict the number of cycles (490) and the temperature at which
the cells were aged (55°C).
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Chen and Evans carried out a thermal analysis of lithium ion batteries during cycling, with the help of a
mathematical model. The objective of this test was to understand the implication of rising temperature
on thermal runaway in the batteries. The modelling results indicated that the battery temperatures
during normal operation were unlikely to reach the onset temperature of thermal runaway. However,
the continuous cycling under high C rates would lead to a significant heat accumulation by localizing
the heat source thereby reaching the onset of the thermal runway temperature. This reiterates the
fact that it is necessary to keep the temperature of the battery within operating range so as to not
cause thermal runaway during cycling[39].

The primary aim of a thermal management system is to regulate temperatures evenly inside a battery
pack and keep them well within the desired operating range. A thermal management system present
within battery packs should typically consists of the following characteristic features (1) a favourable
environment for all the cells to operate within the optimum temperature range in order to optimize the
battery performance and life and (2) should work towards reducing the temperature non-uniformity
amongst the different cells in order to minimize the electrical imbalance[41].

Pesaran et al recognized that an effective thermal management system must be light weight and com-
pact so as to not add any additional volume or space to the battery pack, and it must also possess low
parasitic power and be cost effective in order for it to be easily implemented and maintained.. Addi-
tionally, it should be capable of providing ventilation in case the battery were to generate potentially
hazardous gases during the course of utilization[41].
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The different types of thermal management system can be classified as (1) Active cooling thermal
management system, where a built in source provides the heating at cold temperatures and cooling
at hot temperatures respectively, and (2) Passive cooling thermal management, a system in which
the ambient environment surrounding the batteries is used. Pesaran et al[41] conducted an in depth
study into the various types of thermal management control systems and concluded that battery pack
thermal management could be achieved by implementing air or liquid systems, using thermal storage
phase change material, by insulation, or by using a combination of the above mentioned active or
passive methods. The use of air cooling for thermal management of batteries can be considered to be
one of the simplest methods of heat dissipation primarily due to the size and cost limitations.

However, studies conducted show that air as a heat transfer medium is not as effective as heat transfer
by liquid due to the lower conductivity of air and due to its limited heat capacity per unit volume[42].
The other disadvantages noted in the case of air cooling was that there was a requirement for larger
cross sections in the flow passages to and from the supply and exit manifolds, a subsequently larger tem-
perature rise across the cells and an extensive need for parallel air flow channels to all the modules[36].
Furthermore, Wu et al., from their investigation of the heat dissipation design for Li-ion batteries, also
observed that at stressful and abusive conditions during high discharge rates and temperatures, the air
cooling was not found to be effective. During such temperatures exceeding 40°C, the non-uniformity
of the temperature distribution could not be avoided and this further led to electrical imbalance within
the cells. Pesaran et al[41] conducted a comparative study on a 12V, 6 cell hybrid electric vehicle valve
regulated lead acid (VRLA) module using the air and liquid (oil) cooling methods and observed that
the module in the oil cooling case was reaching steady state much more quickly, apart from staying
cooler, than the air cooling case owing to the higher thermal conductivity of the liquid.

The technique in [43], presents a detailed procedure on the tests conducted by Khateeb et al. A
Li-ion battery pack using two modules of cylindrical 1.5Ah Panasonic 18650 cells was incorporated.
This pack was to be used inside an electric scooter by replacing the existing 12V, 18 Ah lead acid
battery pack. The pack was arranged in a manner such that the start up current and voltage require-
ments of the scooter were met. Simulations were run on the above battery pack for which the heat
generation rate was obtained from an accelerating rate calorimeter (ARC), a device used to measure
the amount of heat generated by cells during charging and discharging. The air flowing in between
the cells was assumed to be naturally convective with a heat transfer coefficient of 5 W/(m-K) as
the pack was completely covered from all sides. The simulation was run for a total of three charging
and discharging cycles and it was observed that the temperature of the cell at the center showed a
tremendous rise of 45°C whereas the cell that was directly exposed to the forced air convection rose
by 35°C. This large increase in temperature also added a temperature gradient of 20°C between the
air flowing around the cell at the center and cell exposed to forced cooling. This simulation proved
that by just using air cooling as a thermal management solution, there was a safety risk involved as
the Li-ion cells were prone to possible thermal runaway. Aluminium fins were added and proved to be
effective in controlling temperature rise during the three cycles by ensuring uniformity in temperature
distribution during operation.
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In recent times, new methods of thermal management solutions for dissipating heat generated in a
battery have been gaining significance. One particular example is that of using graphite based heat
spreaders. Graphite heat spreaders have been used in various applications for electronic cooling espe-
cially with appliances where heat flux density is low and the available space is limited such as display
panels, cell phones, laptops and cameras[44]. Natural graphite is typically found in a polycrystalline
form containing hexagonal arrays of carbon. The carbon atoms are bonded in basal planes (flat layers)
that possess weak Van Der Waals forces between them. Thus, the graphite structure is able to exhibit
favorable heat spreading properties such as structural anisotropy and high thermal conductivity. The
thermal conductivity is extremely high and can vary from 140-1950 W/(m - K) into the plane of the
sheet while having a 3-10 W/(m - K) range in the perpendicular direction]45].

In addition, Taylor et al. demonstrated the use of flexible graphite heat spreaders by comparing
the results obtained against similar aluminum heat spreaders. The first test was conducted on two
80W 115V Kapton strip heaters that were used to simulate behaviour similar to that of batteries under
steady state conditions. The test setup consisted of resistance temperature detectors for monitoring
the temperatures of the liquid coolant apart from thermocouples placed on the heaters to monitor
surface temperatures. The heat spreaders were placed around the batteries to transfer heat from the
faces of the cell to the liquid cooled tubing. It was observed that use of graphite heat spreaders resulted
in lower peak temperatures by approximately 30% as the higher thermal conductivity of graphite was
more effective in transferring heat to the coolant tubes. It was observed that the graphite solution
was able to decrease temperature gradients by 25% and peak temperatures by 30% in comparison to
the aluminum heat spreader. The graphite material used was 20% lighter than the aluminum spreader
and was found to increase the specific energy of the pack[4§].

In the study conducted by Bhatia, [49] The thermal management material of graphite sheet was
found to be effective in reducing the peak temperatures by approximately 4°C while also maintaining
a uniform and stable growth throughout the course of testing. In addition, the spreader material was
effective in reducing the maximum temperature variation by 1°C, an effect that ensures uniform aging
of the cells relative to the unmanaged pack. After this, the internal resistances were quantified by
conducting an overall energy balance analysis for each cell. The heat spreader material was found to
be proficient in reducing the growth of internal resistances thereby ensuring mitigation of the effects
due to Joule heating. A mutual dependency between the thermal imbalance and growth of internal
resistance was established. Additionally, the spreader material was also responsible for indirectly mit-
igating the effects of cell to cell differences on overall ageing of the pack which is a feature that can
help sustain the pack performance in the long run.

Through this study, it can be concluded that heat spreaders are effective as low cost thermal man-
agement solutions to alleviate the effects of cell to cell variations on overall ageing thereby facilitating
pack performance in the long run.

Page 49



8 Selected Concept Design
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Figure 57: Battery pack front/rear view Figure 58: Battery pack side view
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Figure 59: Battery pack side view Figure 60: Battery pack front/rear view

The material for the heat sink and fins were decided to be made from Aluminium 5052 with a thermal
conductivity of W/mK. Originally copper was chosen but aluminium is not only lighter than copper
(2.68g/cm3[58] compared to 8.96g/cm?[58]) but is also cheaper and stronger [58]. They were coated
in matte black to ensure maximum radiation

The 18650 cells were made from annealed stainless steel as specified by the manufacturer[I] and the
clips that hold them together were ABS plastic.
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9 Analysis

A few assumptions were made when the simulation was run:

1) The contact of the wrap itself is not as accurate due to Solidworks limitation (the wrap is modelled
as a box with air gaps). Whereas in real life, parts of the wrap will be in contact with the cells.

2) Thickness of the Pyrolytic Graphite sheet was specified 10um for 1900W/m?K however, that
thickness is too small to model in Solidworks so the value of 0.5mm was used instead.

3) Only thermal losses, but in real life there are other losses

4) Li-ion cells have 95 efficiency. Battery University states Li-ion cells have 99% efficiency[53] while
Wikipedia states they are between 80-90% efficient[54]. 95% was used as a value in between the two
differing sources.

5) Mass of rider and bike = 100kg

Calculation of power required for an ebike climbing a 10 degree slope:

F=mxgxsinl0 (12)
F =100 x 9.81 x sinl0
=170 N
P=FxV (13)
P =170 x9.7
P =1.649 kW
P
I=— 14
d (19)
1649
I=—
48
I1=3435A
Where:
F = Force (N)
m = Mass (kg)

g = Gravity (%2)
P = Power (kW)
V = Velocity (%)
I = Current (A)
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From equation 13, power required was calculated to be 1.649 kW from the whole battery pack that
consists of 28 cells. To calculate for individual cells:

1649
P=—
28
P = 58.89W /cell
P=59W

Since, efficiency for Lithium ion cells are 95%, the actual usable values are:

P =59 x0.95
P = 56.05 W/cell

P =1649 x 0.95
P =1566.55 W

To find values for heat power to use in Solidworks thermal study, using the 5% thermal loss from total

battery power:

p_ 1649 x 0.05
28
P =29 W/cell

The surface area was found using the Measure tool in Solidworks:
Total area of heat sink and fins = 0.07m?
Total area of heat sink with no fins = 0.03m?

Face 100>
Face<T0Ts
Face« 102
o Fagz=103s
o
il

i}
1 Total area: 0.07 meters®2
| | hestsimk angledheatin FART =lotSLOFRT
| File: hestsink angledheatfier PART st Config: Default

4
4
!

-t
| Mesh
R Global Mesh

Figure 61: Finding surface area using the Measure tool
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The convection values were then found from tabled values

Forced convection, low speed flow of air over surface 10 W/m?K
Forced convection, moderate speed flow of air over surface 100 W/m?K
Air 10 - 100 W/m?K

Table 3: Tabled Convection Values[55]

Though these values do not represent forced convection values of flow of air over the fins, it needs to
be calculated separately:

12 fins each side
24 fins total

=14 cm
h=1cm
t =2 mm
To = 20°C

Tsurface = 65°C

Film temperature:

Tsurface + Too

Tr = 5 (15)
65 + 20
Tr = 5
Tr = 42.5°C
~ 40°C
Air property at 40°C:
p = 1.127 kg/m3
k = 0.02662 W/mK
v=1702 x 1075
P, = 0.7255
A = 0.07m?
Reynolds number unknown, assume laminar flow:
VL
Re, = —= (16)
. 9.7x0.14
1702 x 10-°

. R, =79,788.48

79,788.48 < 5 x 10° . Laminar flow
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_hL

N, 17
. (17)
1
= 0.664R2,
1
h = 0.664(%)(‘/;)% x P} (18)
Rearranging
1 1
kPP L3 1
h = 0.664(~ )(;2) % (19)

Substituting values in

0.02662 x (0.7255)%]( 0.14
0.14 1.702 x 105

1(8225.62)% x 3.1145

D=

h = 0.664] )2 x 9.7

0.02392
0.14
= 0.664 x 0.1709 x 90.695 x 3.1145

o h = 32.054W/m? K

= 0.664]

Where:

Pr = Prandtl Number

Re, = Reynolds Number, Laminar

h = Heat transfer coefficient (W/m?K)
L = Length (m)

V = Velocity (%)

N, = Nusselt Number

k = Thermal Conductivity (W/mK)

v = Kinematic Viscosity (mTQ)

Simulations were then run using these values.

Multiple simulations with different parameters were run and all plots were set to the same temperatures
of max: 75°C and minimum: 20°C.
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9.1 2.95 W cells at Okm/h Steady State
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Figure 62: Steady State plot
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Figure 63: Probed Steady State plot showing varying temperatures
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C@ 2-9W heat cells Okkmh 55 (-Default-)
4 {% Parts
b ?; Connections
4 :% Contact Sets
4 t‘&a Compenent Contacts
- CLﬂ Thermal Loads
Termnperature-3 (:20 Celsius:)
?ﬁl Convection-1 (10 W/ {m*"2.K):)
?E Convection-2 (10 W/ {m"2.K):)
é} Heat Power-3 (:Per itern: 2.93 W)

<
]
=

@ Thermall (- Temperature-)
@ Thermal2 (-Temperature-)

Figure 64: Simulation parameter for Steady State

As seen in Figure 63, the cells in the center got up to 74°C which is nearly 9°C hotter than manufac-
turer specification of 65°C[I]. This can be due to multiple reasons such as a non symmetrical mesh
and rounding calculated values. However, it makes sense that cells in the center get hotter because
the hot cells are touching each other compared to the cells on the side that are not only in contact
with the aluminium heat sink but also the Pyrolytic Graphite Sheet. This simulation shows the heat
fins are working as it is around 5°C cooler than the center.

The contact sets were selected for the faces touching between the Pyrolytic Graphite Sheet and the
aluminium heat sink. Convection values of air, 10 W/m?K were used for the heat sink the Pyrolytic
Graphite Sheet because the simulation is not moving however it is constantly in contact with air.
Initial temperature of 20°C was suppressed as Steady State doesn’t require an initial temperature.
However, temperature of 293K (20°C) was used for both convection loads as it is required for ambient
temperature
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9.2 2.95 W cells at 35km/h Steady State
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Figure 65: Steady State plot
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Figure 66: Probed Steady State plot showing varying temperatures
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Cl;_ﬂ Re-do [2-9W heat cells 353kmh 55] (-Default-)
» % Parts
b ?; Connections
k t% Compeonent Contacts
4 :% Contact Sets
B CLH- Thermal Loads
Temperature-3 (:20 Celsius:)
T Convection-1 (:32.054 W/(m*2.K):)
?E Convection-2 (10 W/ (m™2.K):)
é, Heat Power-3 (;Per itern: 2.95 W)

@ Thermall (-Termperature-)
@ Thermal2 (-Temperature-)

Figure 67: Simulation parameter for Steady State

2.95 W at 35km/h Steady State is considerably cooler than the previous simulation at Okm/h. This
makes sense because there is now air flow with convection value of 32.054 W/m?K instead of just air
with a value of 10 W/m2K. As seen in Figure 66, the heat sink is now around 31.9°C on either sides
and 38.3°C in the center.

Compared with Figure 63, the heat fins have a temperature reduction of 37.3°C, this result shows the
heat sink is working quite well and doing what it is intended to do while riding and keeping the cells
below manufacturer specification for max temperature, thus preventing thermal runaway.

Parameters were kept the same as simulation run at Okm/h with the exception of the change in
value of convection 1 which was changed to 32.054W /m?K.
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9.3 70 degree cells Okm/h Transient
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Figure 68: Plot 1, 10 seconds
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Figure 69: Plot 2, 20 seconds
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Figure 70: Plot 3, 30 seconds
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Figure 71: Plot 4, 40 seconds
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Figure 72: Plot 5, 50 seconds
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Figure 73: Plot 6, 60 seconds

Page 61



Temp |Celsius)
7.500e+01
T42e+M

6.583e+01

. B15e+T
. S.G6Te+O
- 5208e+1
l, ATE0e+01
L a2s2e+
_ 3833e+M
| 33756+
2977+

2A55e+01

2000e+01
Jot Step: T EE]

Figure 74: Plot 7, 70 seconds

Termp (Calsiug)
T.500e+01

Tidze+01

6587+ 01
L
_ Geaier(
| 5.2D0e-01
‘ A750e-01
| 3 4292e+07
. 383301
. 3375es01
2.9 Fe+01

2.458e + 01

2,000e+ 01
E=IPiot stepr 8

Figure 75: Plot 8, 80 seconds
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Figure 76: Plot 9, 90 seconds
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Figure 77: Plot 10, 100 seconds
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Figure 78: Plot 1 probed temperature values
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Figure 79: Plot 10 probed temperature values
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Q;t] 70 degree cells at Okmh (-Default-)
» % Parts
B ‘?g Connections
» :& Compeonent Contacts
» % Contact Sets
b {:lf] Thermal Loads
E Ternperature-2 (:70 Celsius:)
ﬂ Ternperature-3 (:20 Celsius:)
?E Convection-1 (10 W/{m~2.K):)
?;ﬁ: Convection-2 (10 W/{m*"2.K):)
b @Mﬁh
» @ Mesh Controls
Result Options
v @ Results

@ Thermall (-Termperature-)
@ Thermal2 (-Temperature-)
@ Thermal3 (- Termperature-)
@ Thermald (-Termperature-)

Figure 80: Simulation Parameters

Though the bike is stationary, plot 1 in Figure 78 shows the first 10 seconds, shows the fins at around
29°C while the battery in the center has a temperature value of 61°C. This is valid because although
it is stationary, the first 10 seconds shouldn’t get hot. It should only get hot the longer the battery
stays running at Okm/h because no air flow.

This validated by Figure 80 at plot 10 which is representative of 100 seconds, or nearly 2 minute into
running the battery at Okm/h. The fins reach values of 43°C while the center of the battery gets to
53°C. Though the center of the battery is now cooler than during the first 10 seconds, the fins are
now hotter, showing that it is drawing the heat out

The parameters for Transient study is different from Steady State. Contact sets were still the same.
Initial temperature was set at 20°C and average temperature set at 70°C because manufacturer spec-
ification stated maximum temperature of 65°C[I]. Convection values were set at 10 W/m? because
when stationary, only air is in contact with everything.
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9.4 70 degree cells 35km/h Transient
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Figure 81: Plot 1, 10 seconds
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Figure 82: Plot 2, 20 seconds
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Figure 83: Plot 3, 30 seconds
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Figure 84: Plot 4, 40 seconds
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Figure 85: Plot 5, 50 seconds
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Figure 86: Plot 6, 60 seconds
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Figure 87: Plot 7, 70 seconds
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Figure 88: Plot 8, 80 seconds
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Figure 89: Plot 9, 90 seconds

Temp [Celsius)
F.500e+01

To42e+01

5.553e+01

6.125e+01

5,667e+01

E.208e+01

4. 750e+01

4.292e+01

3.833e+01

3.375e+01

2.917e+01

2455e+01

2.000e+01
E=Iriot step: 10[ER]

Figure 90: Plot 10, 100 seconds
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q& 70 degree cells at 33kmh (-Default-)
4 % Parts
b ?g Connections
» t@ Component Contacts
» % Contact Sets
C@ Thermal Loads
.ﬂ Temperature-2 (170 Celsius:)
.ﬂ Temperature-3 (:20 Celsius:)
?ﬁf Convection-1 (:32.054 W/ (m"2.E):)
?;ﬁ: Convection-2 (10 W/ {m"2.K):)

- @ Mesh

* @ Mesh Controls

Result Options
:
- E Results

@ Thermall (- Temperature-)
@ Thermal?2 (-Temperature-)

1

Figure 93: Simulation Parameters

Comparing Figure 91 to Figure 78, the heat fins in this simulation are up to 2°C cooler than at Okm/h
and the center of the battery is 1°C cooler.

There is a significant difference for plot 10 at 100 seconds. The fins in Figure 92 are 37.5°C compared
to Figure 79 of 43°C - this shows at 35km/h, the fins are 5.5°C cooler and center of the battery is
around 1.1°C cooler.

The parameters are the same as the simulation before, at 70°C at Okm/h Transient with the ex-

ception of Convection 1 which has value changed to 32.054 W/m?K to reflect the convection value
moving at 35km/h
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9.5 2.95 W heat cells Okm/h Steady State, No Fins

Temp [Celsius)
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Figure 94: Plot 1 probed temperature values
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Figure 95: Plot 10 probed temperature values
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C@ 2-9W heat cells Okmh 55 (-Default-)
» %F‘arts.
v ‘?g Connections

» t& Component Contacts

» % Contact Sets

v C@ Thermal Loads
Termnperature-3 (:20 Celsius:)
j;ﬁ: Convection-1 (10 W/ {m"2.K):)
?E. Convection-2 (10 W/(m"2.K):)
é, Heat Power-3 (:Per itern: 2.95 W)
b {8 Mesh
Result Options

E Results

@ Thermall (-Temperature-)
@ Thermal2 (-Temperature-)

Figure 96: Simulation Parameters

The simulation at Okmh at Steady State achieved extremely hot temperatures for heat fins and bat-
tery of 82.77°C and 91.24°C, respectively. The battery temperature is extremely concerning as the
manufacturer specification has maximum operating temperature of 65°C[I]. At this temperature, the
battery won’t be able to operate and the stainless steel enclosure for the 18650 cell will be prone to
exploding and leaking acidic and toxic chemical onto the user. The same simulation, with heat fins
in Figure 63 shows temperatures for heat fins and battery of 69.2°C and 74.65°C, respectively. This
validates that having heat fins reduces the temperatures significantly because with no heat fins, the
surface area is nearly less than half compared to with heat fins. Total surface area of heat fins =
0.07m? and no fins = 0.03m?. The equation shows an inverse relationship between surface area and
heat input/loss

AQ

h = AAT (20)
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9.6 2.95 W heat cells 35km/h Steady State, No Fins

Figure 97: Plot 1 probed temperature values
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Figure 98: Plot 10 probed temperature values
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{l_ﬂ 2-9W heat cells 35kmh 55 (-Default-)
4 % Parts
~ ?g Connections
» % Component Contacts
» % Contact Sets
C@- Thermal Loads
Termperature-3 (20 Celsius:)
?E Convection-1 (:32.054 W/ {m™2.K):)
?;H: Convection-2 (10 W/ m™2.K):)
,é Heat Power-2 (:Per item: 2,95 W)

1

i W
Fl @&
&

@ Thermall (-Temperature-)
@ Thermal2 (-Temperature-)

Figure 99: Simulation Parameters

This simulation at 35km/h Steady State is considerably cooler than at Okm/h. However, without
heat fins it is still considerably hotter than with fins. In Figure 66, the heat fins and battery reaches
temperatures of 31.9°C and 38.3°C, respectively. In this simulation, the heat sink and battery reaches
temperatures of 65.6°C and 65°C respectively. This is nearly more than double the temperature,
although it is just at the manufacturers maximum operating temperature. Although there is a chance
the battery in this simulation will encounter thermal runaway and reduced life cycle, it will still be
operate semi normally.
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9.7 70 degree cells Okm/h Transient, No Fins
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Figure 100: Plot 1, 10 seconds
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Figure 101: Plot 2, 20 seconds

Plot step: 1[E=]

Plot step: 2[E=]

Page 77



Temp [Celsius)
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Figure 102: Plot 3, 30 seconds
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Figure 103: Plot 4, 40 seconds
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Figure 104: Plot 5, 50 seconds
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Figure 105: Plot 6, 60 seconds
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Figure 106: Plot 7, 70 seconds
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Figure 107: Plot 8, 80 seconds
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Figure 108: Plot 9, 90 seconds
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Figure 109: Plot 10, 100 seconds
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Figure 110: Plot 1 probed temperature values
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Figure 111: Plot 10 probed temperature values
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C@ 70 degree cells at Okmh (-Default-)
» % Parts
b ?g Connecticns
* % Component Contacts
* % Contact Sets
v C@- Thermal Loads
3 Termnperature-2 (70 Celsius:)
3 Ternperature-3 (:20 Celsius:)
ﬁ Convection-1 (10 W/ (m*~2.K):)
?ﬁ Convection-2 (10 W/(m"2.K):)
@ Mesh
Result Options

v @ Results
@ Thermall (-Temperature-)
) Thermal2 (-Temperature-)
@ Therrmal3 (-Temperature-)
@ Thermald (-Temperature-)

-

Figure 112: Simulation Parameters

In both plot 1 and plot 10 of this simulation, the heat fins and battery are up to 2°C hotter than the
same simulation with fins, as seen in Figure 78 and 79.
The parameters used are the same as the simulation for 70°C at Okm/h Transient.
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9.8 70 degree cells 35km/h Transient, No Fins
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Figure 113: Plot 1, 10 seconds
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Figure 114: Plot 2, 20 seconds
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Figure 115: Plot 3, 30 seconds
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Figure 116: Plot 4, 40 seconds
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Figure 117: Plot 5, 50 seconds
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Figure 118: Plot 6, 60 seconds
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Figure 119: Plot 7, 70 seconds
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Figure 120: Plot 8, 80 seconds
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Figure 121: Plot 9, 90 seconds
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Figure 122: Plot 10, 100 seconds
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Figure 123: Plot 1 probed temperature values
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Figure 124: Plot 10 probed temperature values
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QE]- 70 degree cells at 35kmh (-Default-)
4 %F‘arts.
hd ‘?g Connections

» t% Component Contacts

» @ Contact Sets

hd C@- Thermal Loads
.ﬂ Temperature-2 (70 Celsius:)
.ﬂ Temperature-3 (:20 Celsius:)
?;ﬂ: Convection-1 (:32.054 W/ (m " 2.E):)
?;ﬂ: Convection-2 (10 W/ (m"2.K):)
= @Mesh
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@ Thermall (- Temperature-)
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Figure 125: Simulation Parameters

The probed values for plot 1, the first 10 seconds of the simulation show temperatures very similar to
simulation run with heat fins. This is because not a lot of heat is generated in 10 seconds. The heat
fins and battery reaches temperatures of 30°C and 61.3°C respectively where with fins, the fins and
battery reaches temperatures of 29°C and 60°C respectively. Though one degree may not seem much,
in real life one degree is very noticeable.

In plot 100, 100 seconds in, the values between this simulation and simulations run with heat fins
differ by around 2°C. This may be due to the simulation not having reached steady state. In Figure
87, the simulation with fins looks like it reached steady state at 60 seconds but in this simulation
at Figure 125, steady state looks to occur at 80 seconds. The temperature values may differ more if
simulation was run for longer intervals but due to time constraints, all transient simulations were run
at 10 second intervals for 100 seconds total.
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Summary of simulation temperatures

2.95 W at Okm/h Steady State
Outer Battery Outer

Figure 126: 2.95W at Okm/h Steady State summary of temperatures

2.95 W at 35km/h Steady State
Outer Battery Outer

Figure 127: 2.95W at 35km/h Steady State summary of temperatures

70 at Okm/h Transient
Outer Battery Outer

Figure 128: 70 degree at Okm/h Transient summary of temperatures
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70 at 35km/h Transient
Quter Battery Outer

Figure 129: 70 degree at 35km/h Transient summary of temperatures

Where:
Green = Simulation with fins, plot 1 10 seconds
Blue = Simulation without fins, plot 10 100 seconds
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10 End of Life

The aluminium heat sink will eventually reach end of life but aluminium can be recycled easily. Same
goes for PGS. Though lithium batteries won’t be as easy to recycle.

When lithium batteries eventually wear out and end their useful lifetimes, they should not be thrown
away with normal household garbage. There are laws regarding disposal of lithium batteries all over
the world and are considered hazardous waste in many places. In some locations it is permissible to
dispose of small quantities of lithium batteries while other locations any amount of lithium batteries
must be disposed of separately or sent to special recycling centers. In some areas lithium batteries are
collected for disposal by incineration under controlled conditions. This prevents potentially dangerous
case of landfills filling up with lithium cells which can potentially start massive fires, but it is an
unfortunate waste of resource.

Even if disposal of lithium batteries is an option, recycling is a much more sustainable option. Lithium
is a limited resource. Mining for it is both dirty and expensive and may even lead to war. Such is the
case with the recent coup in Bolivia for its lithium mine[57]. By recycling old lithium batteries it will
prevent further environmental damage caused by its raw collection.

Magnetic
separation

Electrolyte
extraction

%:ﬁ@

carbonates LiPF;

Zig-zag  Thermal
elassifier

treatment

Sintering  adjustment

1/3 Mn(OH): '
1/3 Ni(OH): J
= 1/3 Co (O_H)z ji

L_SOH;

Figure 130: Recycling of Lithium Ion Batteries[56]
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11 FMEA
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12 Discussion/Future Work

12.1 Design Optimisation

Though the second design was selected, it still needs to be refined more. In order to achieve the optimal
airflow and maximum cooling allowable, some other configurations of battery placement should be
looked at as well as the fin design, in particular the shape and angle. Although the current design
achieves laminar flow, the coefficient of heat transfer calculated is not as high as expected, possible
reason for this is the geometry of the fin. Further research, simulation and real world testing needs
to be undertaken to see the viability of Pyrolytic Graphite sheet as Solidworks limitation could not
produce an accurate simulation to see the effectiveness of the Pyrolytic Graphite Sheet.

12.2 Further loading simulation

Simulations run on the study were simplified and under certain assumptions such as only thermal
losses, efficiency of lithium ion batteries and radiation was not included in the simulations although
the design was made matte black to ensure maximum heat transfer. Future simulations should include
radiation as well as taking into account other losses such as coulombic efficiency and voltaic efficiency.

12.3 Manufacturability and implementation

No consultation was undertaken for manufacturability but using common materials, manufacturability
should not be a problem. The only material needs to be manufactured is the aluminium heat sink as
the other materials ABS for cell holder, Pyrolytic Graphite Sheet and 18650 cells can all be bought
off the shelf.
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13 Conclusion

Thermal runaway and overheating in lithium ion batteries have always been an issue due to its high
energy density. Although there are many options to prevent overheating and thus thermal runaway,
for this application, the most appropriate was forced convection, passive air cooling due to costs and
simplicity. Through the use of not only heat fins but also a high thermal conductive Pyrolytic Graphite
Sheet, it proved to work through running multiple simulations as can be seen through a summary of
tabulated data on page 91.

Khateed et al. concluded from their research that “the electrochemical performance of the Li-ion
battery chemistry, charge acceptance, power and energy capability, cycle life and cost are very much
controlled by the operating temperature.”[34] According to research conducted by Kuper et al[35], the
preferred temperature range providing maximum power capability and acceptable thermal ageing is
between 20°C and 40°C for Li-ion cells and the temperatures must be limited to a certain value be-
tween 50°C and 60°C in order to maintain the cell in a safe temperature zone and prevent accelerated
ageing.

This is very much validated through the data provided by the simulations in page 91 which showed
the cells to be within 50°C and 60°C when under use.

In the study conducted by Khateeb et al, they found that ”Aluminium fins were added and proved to
be effective in controlling temperature rise during the three cycles by ensuring uniformity in temper-
ature distribution during operation.[43]” And this is true, if looking at the comparison of tabulated
data on page 91 and 92. The fins reduced temperatures of up to 2°C because the fins increased the
surface area of the whole heat sink. With fins, the surface area was 0.07 m? whereas without fins, the
surface area was 0.03 m?.

Though the simulation that was run was a simplified version, having made many assumptions such
as only thermal losses. There was also some meshing problems which was solved however it was not
exactly a perfect mesh geometry which would have affected the results in a way but generally it gave
data that would correlate to real life results.
The manufacturing of the aluminium heat sink and fins is not complicated as it is a modular design
and can be fabricated at any steel workshop
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¥ Main means of travel to work

Travel
Worked at home,
Did not go to work today

Drove a private car, truck
or van

Drove a company car
truck. or van

Passenger in a car. truck
van, or company bus

Public bus

Train

Motorbike or powercycle
Bicycle

Walked or jogged

Other

Not elsewhere included
Totals stated

Total people who went to
work on census day

Totals

Totals

204

87
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n
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B Live and work in Auckland Central East

» Commute out of Auckland Central East \

| Commute into Auckland Central East l




¥ Main means of travel to work

Travel
Worked at home
Did not go to work today

Drove a private car. truck
or van

Drove a company car
truck, or van

Passenger in a car truck
van, or company bus

Public bus

Train

Motorbike or powercycle
Bicycle

Walked or jogged

Other

Not elsewhere included
Totals stated

Total people who went 1o
work on census day

Totals

Fj 4

Totals

246

597

135

1M1

312
5844

5001
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Where did New Zealanders commute to in 20137

Source: 2006 and 2013

ﬁj» /7-

Commuting flows, 2013

M Live and work in Auckland Central West
‘ [ Commute out of Auckland Central West

Commute into Auckland Central West

10.000 20,000

B/ v3/202¢




¥ Main means of travel to work

Travel
Worked at home
Did not go to work today

Drove a private car, truck
or van

Drove a company car
truck. or van

Passenger in a car, truck
van. or company bus

Public bus

Train

Motorbike or powercycle
Bicycle

Walked or jogged

Other

Not elsewhere included
Totals stated

Total people who went to
work on census day

Totals

@we/l,

Totals

225

69

21

1071

Cﬁéz} /2520



Where did New Zealanders commute to in 20137

Source: 2006 and 2013 Censuses of Population and Dwellings

/759 /5

| Commuting flows, 2013 |

|
B Live and work in Auckland Harbourside

1 Commute out of Auckland Harbourside

‘ ' Commute into Auckland Harbourside
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faf%&y Sﬁeﬁréﬁﬁ/ﬁbnj '74f ,Gﬂ?f ufﬁ Li-ion /féfé? ced! /)rpw"féﬂ{ éj
SAMSUNG SDI w

Chemistry NCA
Diameter 18.33 £ 0.07
Dimension (mm)
Height 64.85 + 0.15
Weight (g) Max. 48.0

Initial IR (mQ AC 1kHz) <18

Initial IR (mQ DC (10A-1A)) <30

Nominal Voltage (V) 3.60

Charge Method (100mA cut-off) CC-CV (4.2+0.05V)
Standard (min), 0.5C 180min
Charge Time

Rapid (min), 4A 70min

Standard current (A) 5

Charge Current
Max. current (A) 4.0
End voltage (V) 25
Discharge

Max. cont. current (A) 15

Standard (mAh) (0.2C) 3,000
Rated discharge Capacity

rated (mAh) (10A) 2,700

/'Eum, [ L,fkché@cﬁ‘cns éffammjﬁ 3R cells




/03 /2020
Capacity(Ah) Energy(Wh)

3.041 11.0 3.61

2 3.043 11.0 3.61

3 3.035 11.0 361

Avg. 3.040 110 3.61
e == B

@ 8 0.2C L,:}m’aﬁ (means Your use S § heus 1o use o af ﬁ&/ﬁu&r

The ( rate i5 He measwepent of 1hat curment a betl y
/5 ¢ /?@780/ ord f(/e:gf?&:/ o

Capacity(Ah) Energy(Wh) Avg. volt(V

2.978 101 3.38

2 2,992 10.1 3.39
3 2.980 10.1 3.39
Avg. 2.983 10.1 3.39

T I _ |

Fg (9. (04 Copactty




Discharge characteristics

Vodel: INR18650-30Q(1.0CmA = 3000mA)
Charge:CC-CV4A, 4.2V, 100mA cut-offat23
Discharge: CC 1C/5A/M0ANSA/ 2,8V cut-offat23T

43 1 110
&3 1 100
- ¥ . 1 90
& ‘-_' T——— 1 80
- ==
3" \K"““““Hx e { 70
IZE ﬁ‘“‘\-ﬁx s 1 60
.- 3 - _____:M-—'_’-’—- 4 50
o E‘“"“‘a_h .
E E .-."f___,_p-"" oy ‘\\H : | ] 40
3 o ,F_\
5A =il ) : S : S
=8 r - ‘\_.\_x 1 30
27 | 5A -\'\\_ 1 20
| N\

Discharge capacity (Ah)

0 02 04 06 08 10 12 14 16 18 20 22 24 26 28 3.0 32

10

Temperature(T)

Discharge current

1C 5A 10A 15A

a.(Ah) 2.953 2.950 2.945 2.917
p.(T) 33.7 41.0 60.9 81.2
1e(min.) 59.1 35.4 17.7 .7

£ /4 A0 [@mﬁ A @W/e@if/ﬁ vs /2)’(/(/5;9 Cé/‘ﬂ(?{/é

20A

2.879
994

8.6

le/ 032020




Discharge Characteristics ‘

Model: INR18650-30Q (1.0CmA =3000mA) |
Charge: CC-CV4A 4.2V, 100mA cut-offat23 ¢ |

Discharge:CC 1C/5AM0A/5A/ 2.5V cut-offat23
50 r 1 15.0
4.5 B T 13.0
10.44 10.27
. 1 11.0=
40 | . - 9.86 9.33 -
35 r ' 3.31 3.24 =
1 7.0
3.0
1 5.0
2.5 J
Dis. Ave.V 0
=-Dis,Ener
2.0 gy . : : 1.0
3 5 10 15 20

Discharge current

| l
Discharge current

1C 5A 10A 15A 20A

Energy(Wh) 10.44 10.27 0.98 0.66 9.33
Avg.

voltage(V) 3.53 3.48 3.39 3.31 3.24

/%' ﬁ( 5’76% Z /r;’efg;{(/e f/f,?’/%é af _G/Tfrrc_femi curment ‘
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15A discharge cycle life of 30Q

'V 100mA cutoff, rest 10min.
A 2.5V cutoff, rest 30min.

73.8%@300cycle

100 150 200 250 300
Cycle number

G (il (Agee
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| Recovery after Storage at 60 C
| Ambient temperature : 60°C
Testmethod : (D Charge 4A 4.2V 100mA cutoff @ Measure AC/DC-IR
60°C during 50days @ Measure rat.&rec.&AC/DC after over stg. period.

108% 3 Stg. at 60°C during 60days ® Measure eL378¢. 2722 == ———=

‘ [ Recovery &
100% '[ ‘|

95% |

Recovery (%)

| 90% |

8ot L— ——

Storage day

u/n3/2020

Ambient temperature : 60
Testmethod : () Charge

406% 3 Stg. at &

Retention (%)
g
&
kS

Storage at 60T

storage initial afte
day ACIR DCIR  Capacity  ACIR DCIR
| 7 13.2 20.0 2,981 14.2 27.0
20 13.2 19.9 2.986 15.1 31.9
30 13.1 20.2 2.990 16.1 34.7
l 50 13.1 19.9 16.4 38.4

2.986

57/5; 23 .J%rgﬁe at £C°C

r storage

Retention Recovery
2.720 2.862
2.604 2.807
2.550 2.783
2.463

2.730
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Results

Test item Spec.
Results Max. temp.
V(U L1 128.4

Eactrical Overcharge 20A, 20V(UL) L1 3

mad Short circuit 10mQ at23T L1 3L1 87.0
Wechanical

Buse Impact UL L1 5L0 221

-

swnal Hot oven 140C > aL1 147.6

Abuse

@r 24, é‘-‘*"”; Sunry

{

20A 20V Overcharge

Model: INR18650-30Q , 1CmA=3000mA
Charge: After , 20A 20V overcharge

25.0

20.0
| S0
10.0

5.0

0 5 10 15 20 25

Time(min)

Max. temp. |
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Responsibility
Frecarad by

Longee Guo

FAILURE MODE ANL EFFECTS ANALYSIS

Longse Guo

MEA number
Page

FIMEA Date (Ong) 10/07/2020

1

10f1

Rey 1

Item

Function

Potentlal Failure

Mode

Potential Effect(s)
of Failure

Potential
Cause(s)/
Mechanism(s)
of Failure

Current
Design
Contrals
(Prevention)

Current Design
Controls
{Detection)

m M o~ o O

h-

Recommended Action(s)

Responsibility
and Target
Compietion

Date

| Action Results

Actions
Taken

(el

ta

[ ]

=

Make sure factor of

zafaty is achiey

c

Corrpsion at

Dlaces

(=1}

Corrosive

environment

(=]
5
ary
1
Ly

Thoroughly inspect
mator for carbon build
up, twist motor if it can

spin atno load




Carrosion

Riding In
Corrosive
environments

ang not

Powder coat
MOoLor exterior

Visual inspactior
clean every fewr

Visua! and aud
nspection, use giel
grease

NMonitor battery
57372 @NC ensure
safety of

operation

Leavs 0atiery pluggs
na

c
rgin

for 3 hours after cf

1003
LUV

£

Does not recaive

chargs

Enclosure not

veater tigng

disassembply. Puz
soaket

Controis and

Magic smoke comes
out when charger

plugs in

Bike turns on but

2 00es not

Wrong charger
arriger
pushing b ke
over [imits

Liguic getting

Silicon gel any

Visua
nspection

ssues and may
overheat, breskng

components

capacity of

Qige

Monitor speec an

Alert if averioad

an, replace
f groove nas

clsaogpearec







Operating

enviranment

Visua
nspection

Regular maintenance

visual inspection

Longee

Shock

absorbers

Dampens roac
shocks/irregular

tigs

Strong
Matera

seiection

Regular visual inspection

and maintenance

Longee

Unsafetorige

Strong
materis
seiection
Strong
materia

selection

nspection

Visual and
tactile
nspection

Regularvisual inspection
anc replace

Longee

Damper does not

absoro shocks

Bk very s

Visual and
tactiie
nspection

Visual inspection a
repiace

Lorgee

gatteries

Battery ioses

capacity

Battery dossn't
perforr or (a3t as

ang

Lower
capacity, less

power

power

Replace battery

Lower
capacty, less

power

Replace battery

ncreased
nierna

mMpecanc

ower

power

Reduced

Lower
Capal:ty, less

power

Lower
capacity, less

power
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Detail specifications:

Panasonic NCR21700A 5000mAh 15A discharge current 3.7V 217005
rechargeable lithium-ion batteries original 21700A cell for power !
banks power packs

Original supply from SANYO Electric Co., Ltd. to Tesla Motors Inc.

Model anasonic NCR21700A
Size 21.1*70.5mm

Nominal voltage 3.60V

End-of-charge voltage 4.20V

[End-of-discharge Voltage 2.50V

Typical Capacity 5000mAh (0.2C discharge)
Min capacity 4900mAh (0.2C discharge)
‘Weight Max: 70g

Internal resistance 12-14m£2

Standard Charge 1500mA, CC CV 100mA cut-off
Charging Time 5.5 hours(standard charge)
Quick Charge Current 3000mA

Max Continuous Discharge Current |{15000mA

Charging: 0°C ~45°C

Pperating Teupemium Discharging: -20°C~70°C
Storage Temperature -5°C~35°C
Storage Humidity <75%RH

Appearance

'Without scratch, distorion, contamination or
leakge

Standard environmental condition

Temperature: 23+5°C

Humidity: 45-75%RH

Atmospheric Pressure: 86-106KPA

Life cycles —— 41000cycles &«

Usage

h'eplacements for laptops batteries, High-end
tactical flashlights, Mobile device backup power,
rechargeable power packs, power banks etc.

E“LJ {2 . leu 2

|30 cell s pechication |




 Discharge capagity test NCR21/00A
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FRICTION

Description

Friction is defined as the resistance to motion between two
surfaces in contact. Its magnitude is expressed by the
coefficient of friction (f) which is a ratio of 2 forces, one paraliel
to the surface of contact between two bodies and opposed to
their motion (the friction force) and the other perpendicular
to this surface of contact (the normal force) (Figure SC-1). In
the context of road transportation, the surface of contact is
the road-tire interface and the normal force is the wheel load.

The coefficient of friction ranges from nearly 0 under icy
conditions up to above 1.0 under the best surface conditions
(Table SC-1).

fFigure SC-1 Coefficient of friction

N

Table SC-1 Coefficients of friction of various roadway surfaces
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TYPE OF ROAD SURFACE
LESS THAN 50 knvh MORE THAN 50 kivh
FROM 10 FROM T0
Partiand Cement
New, sharp 080 1.20 0.70 11
Travelled 060 080 0.60 0.75
affic polished 055 | 075 () 50 [
Asphait or Tar _ _
New, sharp 0.80 110 0.65 1.00
Travelied 0.60 080 055
Tratfic polished 0.55 075 0.45 1
Excess Tar 0.50 .60 0.3 0.60
Gravel
Packed, oiled 055 085
Loose 040 0.70
050 0.70 0.50
0.55 075 055 0.75
0.10 0.2% Uu
0.30 058 03
0.10 0.2% 6.10 0
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c ¢; (mm)

0.001 - 0.002 0.5
0.001

0.002 - 0.005
0.002
0.004
0.005

0.006 - 0.01
0.008

0.01-0.015
0.02

railroad steel wheeis on steel rails
bicycle tire on wooden track
low resistance tubeless tires

bicycle tire on concrete
bicycle tire on asphalt road
dirty tram rails
truck tire on asphalt

bicycle tire on rough paved road
ordinary car tires on concrete, new asphailt,

cobbles small new
car tires on tar or asphalt

0.02 car tires on gravel - rolled new
0.03 car tires on cobbles - large worn
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A Li-ion battery from a Nokia 3310 mobile
phone

Specific energy 100-265 W-h/kgl 1=
(0.36—0.875 MJ/kg)

Energy density 250693 W-h/LI214:
(0.90-2.43 MJIL)

Specmc power ~250 — ~340 Wikg! ">
Chargeld:scharge 80—90%>
efﬁcnency

Energyfconsumer- 6.4 Wh/USSI®:

price

Self-discharge rate 0.35%10 2 5% per month
depending on state of
charge:’:

Cycle durability 400-1.200 cycles (&

Nominal cell 36/37138/385YV,

voltage =~ LiFePO4 3.2V
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