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CHAPTER L INTRODUCTION
Motnation
The i ystem is vital to th society, v n ies [1] [2]. The global ion sector, followed by the industrial sector, is one of the most energy
sectars [3]. The global 1o o 225 jon British thermal units (Btu) of total energy in 2019[4] [5]. On the other hand, this sector accounts for 23% of total energy-related CO2 emissions and it
neatty double by 2050 [6]. Sa , there is a giobal demand to sigif reduce ive impact of irat and the envi 17118l " tition to then
vehicles, and ificath the most. s L solution. in f rising glo electric vehicles (EVs) are regarded as S [10] . Electric bi ) are po
bility devi urban they an 1SS miake no noise. and use e T [12] [13]. The global E-bike market currently accounts for more than 2.5 percent of tatal twa-whae
and it is expected to reach BX by 2025114, B of t . idies, the E-bike market in India is expanding at i The ind i s estimated to be 150 thousand units in 2019, w
increase to 633.9 thousand units by 2024 1151, E-bike uses various battery chemistnies ke VRLA, Nickel-metal hydride (NiMH) or Lithiumn-jon (Li-ion) ax an energy storage (471 Amang all bl ‘the VRLA
[ i fully and mature B reliable battery technology (18], [19).
However, the VRLA battery must be precisely managed {electncally and thesmally) for better performance and battery life. Almost VRLA battery-based E-bikes have a critical tothe s of the energy
1201 [21]. The operation has a ife and the battery. ugh reduces the battery performance, high temperature increases the rate of conrosive reaction, limiting the battery lifeth
addition. temperature variations within a cell lead to nonuniform battery discharge rates. meaning that avaitable energy cannot readily be accessed. thereby reducing the driving range. So. A thermal management system in the battery p
to reject the heat the battery to m n order to avoid ing during its operation and maintain uniform temperature among the battenes inside the pack.
Overview of YRLA battery
The VRLA battery 1s an upgraded version of a flooded Lead - Acid battery. McCleiland and Davatt invented the VRLA with i i of in Adsorbent Glass Mat (AGM} at the Gates Rubber Company, Denver [23[The
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ABSTRACT

The VRLA battery is an improved Lead-Acid battery. The VRLA battery uses the same base
materials and chemical reaction as a traditional battery; the main difference is that the
electrolytes are immobilised. Typically, VRLA batteries are preferred as a power source in
electric motorcycles (E-bikes) because to of advantages such as robustness, maintenance-
free operation, lower costs, full recycling, and mature and reliable battery technology.
However, for greater better performance and battery life, VRLA batteries must be precisely
regulated (electrically and thermally). VRLA battery-powered E-bikes have serious
concerns with short battery life and poor performance. The Battery Thermal Management
System (BTMS) in a battery pack is required to reject heat generated by the battery to the
surrounding environment in order to avoid overheating during operation and to keep the

temperature nearly constant among the batteries in the pack.

A systematic approach to developing a BTMS is established on the basis of a review of the
relevant literature. The first step towards developing BTMS is to conduct experiments to
determine how temperature of battery affects various performance parameters metrics of
VRLA batteries. Experimental data indicate that higher temperatures improve capacity and
discharge recovery, however battery operation at a higher temperature for an extended
duration leads in acid evaporation from the Adsorbent Glass Mat (AGM) separator, reducing
battery life. On the other hand, internal resistance increases with decreasing temperature,
and a high internal resistance results in a start-up problem with the VRLA battery. As a

result, either too low or too high temperatures are detrimental to VRLA batteries.

The following phase in the development of BTMS is to determine the real temperature
obtained by VRLA batteries on an E-bike, when running in summer settings (most adverse
conditions). Thus, field testing using several routes were conducted in accordance with the
geography and climatic conditions circumstances of the region. According to the results of
the field testing, ambient temperature plays an important effect in increasing the battery
temperature. During afternoon field tests, the battery temperature rapidly rises, reaching up
to 45.4°C when the ambient temperature is 39.7°C. An evaporative cooling-based BTMS is
designed and constructed based on the peak temperature obtained by VRLA batteries of the
E-bike during field testing. Finally, in a field test, the performance of the battery pack
integrated with the newly created BTMS is compared to that of a regular battery pack. The

thermal behaviour of valve-regulated lead-acid batteries during field testing and charging is



investigated using three alternative cooling strategies: evaporative cooling-based BTMS,
pre-cooling + BTMS, and without BTMS. The results show that using the pre-cooling +
BTMS cooling mode on a VRLA battery resulted in much lower temperatures and
temperature variations. During the road testing with pre-cooled + BTMS cooling mode, the
average temperature of the batteries remained 5°C below ambient. In addition to that, a
minimal temperature fluctuation of 1.6°C was observed during field testing and charging
with pre-cooling + BTMS cooling mode. As a result of this study, it is shown that a battery
thermal management system based on evaporative cooling is very effective in cooling down

the batteries and maintaining uniform temperature distribution amongst batteries.
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INTRODUCTION

CHAPTER 1. INTRODUCTION

1.1 Motivation

The transportation system is vital to the global economy, society, and environmental
development, particularly in developing countries [1] [2]. The global transportation sector,
followed by the industrial sector, is one of the most energy-demanding sectors [3]. The
global transportation sector consumed approximately 225 quadrillion British thermal units
(Btu) of total energy in 2019[4] [5]. On the other hand, this sector accounts for 23% of total
energy-related CO2 emissions and is expected to nearly double by 2050 [6]. So , there is a
global demand to significantly reduce the negative impact of transpiration on humans and
the environment [7] [8]. Automobile manufacturers are engaged in era of competition to
develop the next generation of vehicles, and electrification is the most promising and
sustainable solution. In the midst of rising global CO2 emissions, electric vehicles (EVs) are
regarded as emission-free modes of transportation[9] [10] . Electric bikes (E-Bikes) are
popular as personal mobility devices in urban areas because they are emission-free, make no
noise, and use less energy than conventional automobiles [11] [12] [13]. The global E-bike
market currently accounts for more than 2.5 percent of total two-wheelers on the road, and
it is expected to reach 8% by 2023[14]. Because of government support and various
subsidies, the E-bike market in India is expanding at an exponential rate. The Indian e-bike
market is estimated to be 150 thousand units in 2019, with a projected increase to 633.9
thousand units by 2024 [15]. E-bike uses various battery chemistries like VRLA, Nickel-
metal hydride (NiMH) or Lithium-ion (Li-ion) as an energy storage system[16] [17]. Among
all available battery technology, the VRLA battery is preferable based on its benefits like
robustness, maintenance-free, less expensive, fully recyclable and mature & reliable battery
technology [18], [19].

However, the VRLA battery must be precisely managed (electrically and thermally) for
better performance and battery life. Almost VRLA battery-based E-bikes have a critical issue
related to the unsatisfactory performance of the energy storage system [20] [21]. The
operation has a significant effect on life and performance of the battery. Although low
temperature also reduces the battery performance, high temperature increases the rate of
corrosive reaction, limiting the battery lifetime [22]. In addition, temperature variations
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within a cell lead to nonuniform battery discharge rates, meaning that available energy
cannot readily be accessed, thereby reducing the driving range. So, A thermal management
system in the battery pack is essential to reject the heat generated from the battery to the
environment in order to avoid overheating during its operation and maintain uniform

temperature among the batteries inside the pack.

1.2 Overview of VRLA battery

The VRLA battery is an upgraded version of a flooded Lead - Acid battery. McClelland and
Davitt invented the VRLA battery with immobilization of electrolyte in Adsorbent Glass
Mat (AGM) at the Gates Rubber Company, Denver [23]The VRLA battery works with the
same base materials and chemical reaction as the conventional version; the only difference
is the electrolyte's immobilization. Immobilization means electrolyte moisten into AGM
separator or clotted by addition of SiO2[24]. AGM is a highly porous and absorbent mat
fabricated from micro-glass fibres, is partially filled with electrolytes, and acts as the
separator/electrolyte reservoir. Due to the immobilized design, the VRLA batteries will not
leak if inverted or if the container is broken. They can mount in any orientation and position,

even immersed in water.

An AGM separator is placed between the positive and negative plates of the VRLA battery.
Figure 1.1 shows that Positive and negative plates react chemically through the AGM
separator, which is wetted with sulphuric acid (H2SOa4). Positive and negative electrodes
create oxygen and hydrogen, respectively. Oxygen and hydrogen are recombined and
dissolved in H2SO4to create H-O under normal conditions. Therefore, there is never a need
to add water to a VRLA battery.

VRLA batteries are used in power storage battery packs in a variety of applications such as
Electric Vehicles (EVs), Automated Guided Vehicles (AGVs), various UPS systems,
photovoltaic solar power, and so on. Furthermore, due to its low cost and compactness, it is
one of the most popular E-bike batteries in the Indian market. However, there are several
disadvantages to using VRLA batteries. VRLA batteries are more expensive and have a
lower specific energy density than flooded batteries. A VRLA battery requires precise

charging control, especially when charging in high-temperature conditions.
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1. Negative Terminal Post H2504
2. Safe Vent Valve . -
immobilized
3. Inter-cell Connector
4. Positive Terminal Post — 02 5
5. Sealing Compound Epoxy S0
6. Container Cover 2774
. . PbO " i
7. Sealing O-Ring 2 | immobilized
8. Positive Plate (+)
9. AGM Separator = 02 —
10. Negative Plate H2504
1.C - Tr
. immobilized
(a)Different components of VRLA battery [25] (b) Chemical reaction [26]

Figure 1.1 Construction of VRLA battery

1.3 Technical terms of VRLA battery

These various electrochemical terms have been defined for VRLA batteries to characterize
battery performance. The following terms are under 1S 1885 (part 15): 2008 (Indian Standard
for Electrotechnical vocabulary - Part 15 primary and secondary cells and batteries) [27].
1) Cell

The assembly of electrode, electrolyte, container, terminal and separator is used as a source
of electric energy obtained by directly converting chemical energy.
2) Battery

One or more cells fitted with devices necessary for use is known as a battery.

3) Ampere Hour Capacity (Ah)

Electric charge, which cell can deliver under specified discharge conditions.

The S.1. unit of electric charge is the coulomb (1C = 1 As). But in practice, battery capacity
is expressed in terms of Ah.

4) Rated Capacity (Cn)

The value of capacity declared by the manufacturer is known as rated capacity.
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5) Discharge rate:

It is an electric current at which the battery is discharged. The discharge rate can be

calculated as the rated capacity divided by the corresponding discharge time which results

in electric current.
6) C-—rate

It is a method for expressing the rate of discharge current. It is used to represent a charge or

discharge rate equal to the capacity of a battery at a specific time.

Its expressed as | =M Cn
Where | = Current, M = fraction of multiple and Cn = Rated capacity in ampere-hours. For
example, A 1C — rate means discharge current will discharge the entire battery in 1 hour.1C

— rate for a battery of 100 Ah. Capacity equal to removing current 100 A.

Table 1.1 Table of C-rate with example

C _ rate Discharging Time (T) Example: Discharging current
for 100 Ah battery (I = M Cn)
1C 1 Hour I =1 x100 Ah. =100 A
1.5C 45 min. I =15x100 Ah. =150A
2C 30 min. | =2 x 100 Ah, =200 A
C2 2 Hrs. =1/,x100 Ah. =50A
C3 3 Hrs. I =Y3%x 100 Ah. =333A
C5 5 Hrs. | =1/5x 100 Ah. =20A
C8 8 Hrs. I =Yx 100 Ah. =125A
C10 10 Hrs. I =Y10x 100 Ah. =10 A
C20 20 Hrs. | =1/20x 100 Ah. =5A

7) Open Circuit Voltage (OCV)

It is a battery voltage under no-load conditions.

8) Cut—off voltage

It is a specified battery voltage at which a discharge of the battery is considered as a finish.

9) Float voltage

It is the voltage at which a battery is maintained after being fully charged to maintain that

capacity.
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10) Overcharging

Continued charging after a full charge of the battery is known as overcharging.
11) Self-discharge

Loss of chemical energy due to spontaneous reaction within the battery when not connected
to external circuit.

12) Internal resistance

It is the overall equivalent resistance within the battery. It is different for charging and
discharging and may vary as the operating condition changes.
13) State of Charge (SOC)

The remaining capacity expressed as a percentage of the full charge capacity is known as the
state of charge.

Actual Capacit
SOC = Py x 100%
Fully Charged Capacity

14) Depth of Discharge (DOD):

The depth of discharge is the capacity taken from the battery after a full charge.
Basically, DOD =1 -SOC

1.4 Effect of temperature on VRLA battery

The lifespan of the VRLA battery is the most crucial parameter. Operating conditions of the
battery and climatic changes are mainly affecting the lifespan of the VRLA battery. Battery
temperature is one of the significant parameters influencing a battery's lifespan. Temperature
directly affects the chemical reaction and is responsible for ions mobility between the
positive and negative electrodes of the cell. Figure 1.2 shows the plot of temperature versus
rated life of battery. It was clearly observed that the life of battery is reduced with increase

in operating temperature.

The VRLA battery provides with an AGM (Absorbent Glass Mat) separator between the
positive and negative electrodes. AGM separator is made to fill with sulfuric acid (H2SOa4)
until it becomes completely wet. During a chemical reaction, ions transfer from the positive
electrode to the negative electrode through a wet AGM separator. According to the
Arrhenius equation, the chemical rate will increase when the temperature of the battery rises,

which will ultimately lead to an increase in the capacity of the battery.
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When the battery operates at a high temperature for a long period, it affects the AGM
separator of a cell. The temperature of the wet AGM separator rises as the temperature of
the battery rises. So acid from the AGM separator gradually evaporates and becomes dry
after a particular period. Once AGM becomes dry then the capacity of AGM for chemical
reaction drastically reduces and reduces the battery life. Thus, proper thermal management
of batteries is essential to keep the temperature within the manufacturer's recommended
range (25°C to 30°C) for optimal performance and long battery life.

Actual life expected (L) = derating factor at operating temperature (Dy) x design life
(Lo)

100
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Figure 1.2 Effect of temperature on battery life[28]

1.5 Battery Thermal Management System (BTMS)

The scheme and method that maintains the battery pack at its optimum temperature range
are known as Battery Thermal Management System (BTMS). According to the Arrhenius
law of battery electrochemistry, the battery reaction increases exponentially with the
battery's temperature [29]. As a result, hotter cells degrade more quickly than colder cells.
Those few overheated cells shorten the lifetime of a whole battery pack. Due to overheating,
the cell capacity decreases quickly. Thus, proper thermal management of batteries is
essential to keep the temperature within the manufacturer's recommended range (25°C to

30°C) for optimal performance and long battery life.

There are mainly two types of BTMS used for battery packs, active thermal management

system (heat transfer to air by forced convection).
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Figure 1.3 and passive thermal management system (heat transfer to liquid or PCM by

natural convection, [30]
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Figure 1.4 The passive thermal management system can absorb a large amount of latent heat,

so it’s more effective than the active thermal management system [30]. The proper thermal

management can be achieved by using air cooling, evaporative cooling, liquid cooling,

refrigeration system, phase change material, insulating material etc.
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Figure 1.3 Active Type Battery Thermal Management System [30]
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Figure 1.4 Passive Type Battery Thermal Management System [30]

1.5.1 Purpose of BTMS in E-bike

Battery thermal management systems (BTMS) based on air or liquid cooling are commonly

utilised in EVs. Deciding which type of battery management system to use in a vehicle

depends on specific factors like power consumption, the number of battery cells, space
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availability and cost. The energy consumption of various components used in air or liquid
cooling, such as pumps, blowers, and so on, directly affects the range of E-bikes. The ideal
thermal management system would be small, light, and inexpensive. The liquid cooling
system has been considered an effective cooling system for substantial battery packs, but it

increases the operating cost, weight and volume of the battery.

The primarily liquid cooling system is used for Li-ion battery packs in electric cars and
hybrid vehicles. The air-cooling system has preferred due to its simplification. The air-
cooling system used the forced cooling draft technique to maintain the uniform temperature
in the battery pack. Moreover, Because of the fans, pumps, tubing and other equipment,
forced air and liquid cooling systems are massive, complicated, and costly. Also, an air or
liquid-cooled thermal management system cannot keep the battery temperature below
ambient. Evaporative cooling can keep battery temperatures below ambient[31]. Thus, in
this research work, an evaporative cooling-based thermal management system was

developed and investigated its effect on VRLA batteries for E-bikes.

1.6 Thesis outline

The thesis is composed of eight chapters. The overview of each chapter is briefly
described below,

e Chapter 1 is a brief collection of the general information related to a research
project. It also signifies how battery life is essential in modern electric vehicles. It
also provides information on how temperature affects battery life. This chapter also
provides a brief description of the battery thermal management system and discusses
the function of the BTMS in an e-bike.

e Chapter 2 on "literature review" contains an extensive review of the literature on the
effect of temperature on battery life and thermal management systems in electric
vehicles, as well as statistical analysis, the scope of the research, research gap,
problem definition, the research objectives and stages of development of battery
thermal management system for E-bike.

The following chapters are organized chronologically in accordance with the stages

of development of the battery thermal management system.
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The thermal study of a VRLA battery under operational conditions is covered in
Chapter 3. This chapter provides a detailed explanation of the thermal analysis of

heat generation from VRLA batteries and heat dissipation from the battery surface.

Chapter 4 represents the first step in the development of BTMS. This chapter
describes multiple studies that were conducted to study the effect of temperature on
various performance aspects of VRLA batteries. In addition, the results are
graphically shown and thoroughly described.

Chapter 5 is the second step toward the development of BTMS. This chapter is
entitled "Experimental study — 2: Performance assessment of VRLA battery of E-
bike in field test". The details of field experiments conducted to ascertain the actual
temperature obtained by E-bike VRLA batteries are discussed in depth in this
chapter. Also, the performance characteristics, such as battery temperature and
energy usage, are graphically illustrated and discussed.

Chapter 6 is the third step towards the development of BTMS. This chapter includes
conceptual design, working principle and fabrication details of the evaporative
cooling-based BTMS.

Chapter — 7 is the fourth step toward the development of BTMS. This chapter is
entitled "Experimental study — 3: comparison of the performance of BTMS-based
battery pack and conventional battery pack in field test”. The discussion under the
heading is about evaluating the thermal behaviour of VRLA batteries in a field test

with an evaporative cooling-based BTMS and an E-bike charging test.

Chapter 8 is about the results and discussion of experiments carried out during the
experimentation related to E-bike performance in the presence and absence of
BTMS. Results are graphically analyzed and validated using regression analysis. The
conclusion of the whole research and future work are discussed at the end of the

thesis.
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CHAPTER 2. Literature Review

This chapter presents an extensive literature review on the effect of ambient temperature on
valve regulated lead acid (VRLA) batteries, a comparison of different types of BTMS, the
current scenario of different thermal control strategies used in electric vehicles, and the scope
of a newly developed evaporative cooling based thermal management system for batteries.
In newly developed battery applications, battery life and performance face major challenges.
For many years, several thermal management approaches and tactics for decreasing the
effect of temperature on batteries have been investigated. The goal of the literature review
is to look at and study past research papers and articles about ways to deal with heat, how to

make batteries last longer, and what kind of cooling system a battery pack needs.

The review of the literature has been divided into four distinct sections in accordance with
the steps for creating a successful thermal control system, namely: (1) A comparison of the
various battery technologies used in electric vehicles; (2) The effect of temperature on
VRLA batteries; (3) A comparison of the various technologies used in battery thermal
management systems; and (4) Battery thermal management systems used in various electric

vehicles.

2.1 Comparison of different battery technologies used in Electric

vehicles

Batteries are essential energy-storage components in transportation and energy conversion
systems. In most electric vehicles, valve-regulated lead acid (VRLA) and lithium-ion (Li-
ion) batteries are employed. Both battery technologies have advantages and disadvantages
in terms of performance, battery life, cost, safety, recyclable nature, and so on. The following

sections compare VLRA with Li-ion batteries based on various factors.
Energy Density

Energy density of the Li-ion battery is 2.5 times than that of VRLA battery. So, it can store
more amount of energy compared to VRLA battery in same volume [32].

11
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Figure 2.1 Comparison of energy densities and specific energy of different rechargeable batteries [33]

Figure 2.1 shows theFigure 2.1 Comparison of energy densities and specific energy of
different rechargeable batteries above compares the energy densities of various commercial
batteries, and it is evident that Li-ion batteries have a higher energy density than other
batteries. The high energy density of the Li-ion battery can sometimes cause the battery to
explode [33]. Because of its high energy density, the Li-ion battery can store a large amount
of charge. As a result, the battery bursts in the event of a short circuit or a minor flaw in the

battery.

Safety

Overcharging and rapid charging are not advised for VRLA or Li-ion batteries. During
overcharging, excess energy transferred to the battery is converted to heat. During
overcharging, the temperature of the battery cell rises, resulting in gassing from the battery
cell as sulphuric acid evaporates. Vents in a VRLA battery allow gases created by the battery
during overcharging to escape. As a result, there is no risk of an explosion due to

overcharging of the battery.

When a Li-ion battery is overcharged or charged too quickly, an explosion might occur. An
oxygen and carbon dioxide bubble is formed when the lithium ion batteries are overcharged
because of the breakdown of the battery's composition. As a result, the battery bursts due to
the build-up of pressure inside of it [34]. A protective circuit is required in every Li-ion
battery for this reason. In the presence of oxygen, lithium metal is extremely combustible.

Manufacturers are required to pack more material into the electrode and compress it in a

12
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smaller volume to boost the energy density of the battery [35]. As a result, inadvertently
puncturing a battery can result in an internal short and explosion. Since 1991, three
significant aviation accidents and 160 aircraft accidents have been reported as a result of Li-
ion battery explosions [36].

Cost

Li-ion batteries are more expensive than VRLA batteries because the primary metals used
in Li-ion batteries, such as lithium and cobalt, are more expensive than the lead used in
VRLA batteries. Lead resources are more than lithium metal resources in the earth's upper
crust. Reserved lead and lithium resources are estimated to be around 2 billion tones and 53
million tones, respectively[37], [38]. As a result, the cost of a lead-based battery is lower
than that of a lithium-based battery. Because lithium-ion chemistry is more complicated than
VRLA chemistry, the manufacturing cost is likewise higher. According to the cost analysis
as shown in Figure 2.2 , the battery cost of the Li-ion battery is three times higher than the
VRLA battery, and the lifetime cost of the Li-ion battery is 18% higher than the VRLA

battery for moderate climate.

VRLA ™™ VRLA Lithium-ion
(moderate climate: 25°C) (hot climate: 33°C)

System size 100 kWh 100 kWh 62.5 kWh
Battery Cost $12,000 ($120/kWh) $12,000 ($120/kWh) $37,500 ($600/kWh)
Cycle Life 1,000 @ 50% DoD T 500 @ 50% DoD 1,900 @ 80% DoD
Installation $20/kWh $20/kWh $3.6/kWh
Transportation $28/kWh $28/kWh $5/kWh
Lifetime cost $0.34/kWh throughput $0.67/kWh throughput $0.40/kWh throughput

Figure 2.2 Life time and cost comparison of VRLA and Li-ion battery [39]

Recycling nature

VRLA batteries are totally recyclable; an internal component includes up to 60% of the
battery mass. As a result, no separating procedure is necessary. The VRLA battery recycling
procedure is basic. To begin, the battery case is opened and the electrolyte is drained from
the battery. Electrodes and connectors are extracted from the battery case and recovered in
their entirety. The recovered lead is melted and refined before being used to create new
components. One of the main reasons for the success of VRLA battery recycling is that all
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VRLA battery manufacturers use the same raw material as an electrolyte: lead, lead oxide,
and sulfuric acid. Recycling a Li-ion battery is harder than recycling other types of batteries
because each cell in a Li-ion battery has a wider range of materials. The Li-ion battery,
along with the slag-forming chemical, is fed into a high-temperature furnace. Lithium,
aluminium, silica, calcium, iron, and manganese are all present in the slag. The extraction of
lithium from slag is an expensive procedure[40]. The manufacturing cost of a Li-ion battery
is lower than the raw material cost. Recycling lithium is widely used in a variety of

applications, including lubricating greases (WD-40) and other items [41].

Discharge rate

The ratio of vehicle mass to passenger mass is high for electric bikes. Therefore, it requires
a powerful electric motor. The E-bike's motor required a substantial quantity of current. The
fact that a VRLA battery is a deep cycle battery indicates that it has a high specific power
[42]. Therefore, a VRLA battery can have a high discharge current to power an electric
motor. When a lot of current drains from a lithium-ion battery, it quickly warms up. Li-ion

batteries are therefore inappropriate for an electric bike.

Charging Flexibility

In comparison to Li-ion batteries, charging for VRLA batteries is more flexible and tolerable
to improper recharging. This reduces the risk of personal injury and property damage[42].
Li-ion cannot withstand overcharging circumstances. A special arrangement of protection
circuits is required to control overcharging and overvoltage in Li-ion batteries. It makes
things even more expensive. On the other hand, lead-acid batteries work just fine when they
are overcharged. When a VRLA battery is overcharged, hydrogen gas is emitted from the
battery.

According to the comparison above, Li-ion batteries have a higher energy density and a
longer life term than VRLA batteries. However, VRLA batteries are being replaced by Li-
ion batteries. While VRLA batteries are non-explosive, Li-ion batteries are very explosive.
The price of a VRLA battery is nearly half that of a Li-ion battery. Deep discharge batteries
include VRLA batteries. Therefore, it can give an electric motor in an EV high specific
power for beginning torque. While Li-ion batteries are rapidly heated up when a large current

is drawn from the battery for an electric vehicle's starting torque.
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Moreover, VRLA batteries are a well-established and recyclable battery technology. Thus,
VRLA batteries are the preferred battery technology in developing countries such as India.
The Bluewave E-bike market research [43] shows that VRLA battery leads the Electric
vehicle market in India due to its benefits like robustness, low cost and better safety. Because
India is in a tropical location, the average atmospheric temperature in practically all sections
of the country ranges from 30°C to 40°C[44] . Such high temperatures have a significant
impact on the performance and longevity of the VRLA battery. Due to this reason, a proper
battery thermal management system is essential to maintain battery temperature within its

optimum operating temperature range.

2.2 Effect of temperature on VRLA battery

A battery is a chemical device that functions on the basis of thermoelectric chemistry. A
chemical reaction happens between the positive and negative plates. Temperature is a crucial
factor in every form of chemical reaction. The literature review indicates that temperature
and heat generation during the charging-discharging process impact the performance and
lifespan of valve-regulated lead-acid batteries. Changes in battery temperature affect the
battery's performance. Temperatures that are too low or too high have an impact on battery

performance and life.

D. Valkovska[45] studies the thermal behaviour of a Valve Regulated Lead Acid (VRLA)
cell when it is overcharged and has a saturation level of roughly 90%. Only the charging
current determines the thermal behaviour of a 2V, 4 Ah. VRLA battery in experiments. The
experimental results reveal that the temperature of the cell is linearly related to the charging
current of the VRLA battery.

C. Michael Hoff [46] finds the thermal runaway zone in VRLA batteries and proposes
various techniques for preventing thermal runaway. Thermal runaway is a condition that
occurs in a VRLA battery when the temperature rises to the point where the battery fails.
The experimental results reveal that the thermal runaway zone varies with ambient
temperature and battery float voltage. Additionally, older batteries have lower thermal

runaway zone limits.

D. Pavlov [47] investigates the heat phenomena that occur throughout the chemical and

electrochemical phases of the oxygen cycle in a 2V, 4.5 A VRLA battery. The effect of
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temperature on the current flowing through the battery, the velocity of gas leaving the
battery, and the thickness of the AGM separator is tested experimentally. Results indicate
that during the discharging phase, the temperature rise in an electrochemical reaction is
greater than in a chemical reaction. The rate of gas release increases with temperature, and

thermal runaway occurs at higher voltages when the AGM separator is thicker.

R. Hutchinson [48] conducts an experiment to assess the influence of temperature on the life
and capacity of VRLA batteries. The Sigma Systems C4 temperature chamber is used to
examine the performance of VRLA batteries at various temperatures. The battery has an 80
percent capacity at 0 degrees Celsius, a 100 percent capacity at 25 degrees Celsius, and a
120 percent capacity at 55 degrees Celsius, according to the results of an experiment, and
every 8 degrees Celsius (15 degrees Fahrenheit) increase in temperature halves the battery's
lifespan. This means that the VRLA battery's capacity grows with temperature, but excessive

temperatures shorten its lifespan.

B. Culpin [49] investigates the causes of unstable chemical processes in VRLA batteries at
high operating temperatures and the causes of thermal runaway in a 6V, 100 Ah. VRLA
battery. The battery is overcharged to 2.65V potential per cell and the battery temperature,
gas evaluation rate, and current are all measured. The conclusion was reached that the
applied voltage is the primary cause of thermal runaway. Temperature is just an accelerating

factor.

A. Kirchev [47] investigates the effect of heat generation owing to temperature change and
electrolyte saturation on the rate and efficiency of the oxygen cycle at various negative plate
potentials in a VRLA battery. For the experiment, a 1.5 Ah VRLA battery with a 2.5 mm
thick AGM separator is used. The AGM separator is built with 15% compression. The heat
generated by the battery has an impact on the efficiency of the oxygen cycle. As the
temperature increases, the efficiency decreases as the constant negative plate potential falls.
At greater temperatures, hydrogen production is elevated, lowering the efficiency of the

oxygen cycle.

E.meissner [50] examined the thermal behaviour of VRLA batteries under abnormal
operating conditions experimentally. The studies were carried out using a 6V, 85 Ah VRLA
battery. During charging of a 6V, 85Ah VRLA battery, total heat generation and heat
dissipation rates were measured. It has been discovered that heat generation is closely related
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to electrochemical reactions, which are strictly related to the amount of react material. 6
volts, 85 amp-hours. VRLA battery is overloaded with a constant current of 10A, resulting
in undesired heat creation. Overcharging with constant current means constantly adding
energy, which results in unwanted heat generation. Therefore, the distribution of charge,

water decomposition, and oxygen cycles can be used to estimate heat generation.

The thermal performance of electric car battery modules is evaluated by A. Pesaran [51].
The temperature distribution of the VRLA battery cell is predicted using finite element
analysis. In addition, utilising infrared photography and liquid crystal thermography, obtain
thermal images of the battery surface during charge-discharge conditions. For the analysis,
a 12V, 24Ah. VRLA battery was employed. For all battery surfaces, a temperature of 25°C
and a power density of 35 W/m2K are chosen for finite element analysis. Observation
demonstrates that high motor power and an aggressive charging-discharging process are too
responsible for battery thermal issues in electric vehicles. Finally, conclude that the heat
produced by the battery cell is dependent on the entropy change caused by chemical reactions
and the joule effect caused by the battery's internal resistance. In addition, data reveals that

adding ventilation holes to the battery module enhanced the battery's thermal performance.

It reveals that temperature has a significant impact on the performance and lifespan of VRLA
batteries. Consequently, an effective thermal management system is required for a battery
pack to disperse the generated heat to the environment, prevent the battery from overheating

during operation, and maintain a consistent temperature across the pack's batteries.

2.3 Evaluation of different technologies of BTMS

For many years, researchers have studied various thermal management strategies and
techniques to reduce the impact of temperature on batteries. Cosley et al. developed a BTMS
for VRLA batteries used in telecommunication applications [52]. The cold plate-based
BTMS was designed with the battery resting perfectly on the cold plate and a warming pad
put below the cold plate. It also uses Fourier's law of conduction to measure thermal
conductivity for VRLA in all three directions. Finally, determine whether the VRLA battery
is temperature-sensitive. The difference in ambient temperature and the heat generated due
to the chemical reaction rate significantly impact battery life. In an outdoor environment, the
life of a VRLA battery has been found to range from 1.5 to 7 years, depending on location,

temperature, charging, and maintenance. As a result, hotter cells degrade more rapidly
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decayed than colder cells. These few hot cells reduce an entire battery pack's lifetime. Thus,
proper thermal management of batteries is essential to keep the temperature within the
optimum temperature range (25°C to 30°C) for optimal performance and long battery life.
According to the Arrhenius equation for battery electrochemistry, the battery reaction

increases exponentially with battery cell temperature.

The Thermal Management System uses different cooling technologies, such as air cooling,
liquid cooling, evaporative cooling, PCM, and heat pipe. Yu et al. [53] compared the
charging/discharging process of Li-ion batteries used in electric vehicles (EVS) using two
different cooling systems, natural cooling and forced air cooling. Forced air cooling at a flow
rate of 0.8 m/s improves the transient thermal properties of a battery pack at a high

discharging rate (1C) and the battery pack's life cycle.

Bao et al. [54] examined and compared the energy performance of active air cooling BTMSs
with exterior and internal air circulation during fast charging of the Li—ion battery pack. The
results show that compared with the external air circulation system, the active air-cooling
BTMS with internal air circulation can save up to 69.4% and 83.6% of the total energy
consumption at 30°C and 40°C surrounding temperatures, respectively. It’s indicated that

interior air circulation was more effective than external air circulation.

Zhen et al. [55] examined the performance of a Li-ion battery with a liquid-cooled cold plate
equipped with a variable number of mini-channels. The effects of number of channels, inlet
mass flow rate, flow direction and width of channels on the thermal behaviours of the battery
pack were analysed. The results showed that the mini-channel cold-plate thermal
management system provided better cooling efficiency and maintained a uniform battery
temperature at higher discharge. The number of mini-channels and inlet mass flow rate
strongly affect the cooling efficiency. It proved that a 5-channel cold plate was enough and

could be reduced the temperature by increasing the inlet mass flow rate.

Zhang et al. [56] developed an efficient BTMS on ultrathin flat heat pipes combined with
liquid cooling. The performance of a heat pipe-based cooling system is compared with
natural air convection and aluminium plate cooling. It found the highest temperature reached
with ultrathin flat heat pipe-liquid cooling to be 73.7% lower than with natural convection

and aluminium plates. It showed that heat pipe-based BTMS effectively decreases the
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maximum temperature reached by the battery and effectively maintains the uniform
temperature distribution at a low cost.

Ataur Rahman [57] proposed a BTMS based on evaporative cooling for LiFePO4 battery
packs used in electric vehicles (EV). The EV performance of an evaporative cooling-based
BTMS was compared to an air cooling-based BTMS. BTMS based on evaporative cooling

can save 17.69% more energy than air cooling.

Behi et al. [58] also presented a Li-ion battery-based BTMS based on evaporative cooling.
The temperature of the cell and module is evaluated experimentally and numerically by the
absence of natural convection, natural convection, forced convection, and evaporative
cooling. The evaporative cooling approach was found to reduce the maximum temperature
of the cell and module by up to 35.8% and 23.8%, respectively.

Samimi et al. [59] assessed the performance of a PCM-based battery thermal management
system for a lithium-ion battery pack. The computational and experimental performance of
carbon fiber-based composite PCM-based BTMS was compared to air cooling and natural
PCM-based BTMS. It was found that the presence of carbon fibres has a significant impact
on temperature distribution within the thermal management system. Because of the fast-
melting rate, the presence of carbon fibres in PCM improves temperature uniformity and
boosts thermal conductivity.

Ling et al. [60] created a hybrid system that incorporated PCM with forced air
convection to increase thermal management performance. Experimental findings validated
the numerical analysis. The results indicate that the ambient temperature of passive TMS
was approximately 7°C higher than that of forced air convection.

Said Al-Hallaj et al. [61] conducted an experiment on the Li-lon battery of an electric scooter
using four distinct types of cooling media: natural convection cooling, aluminium foam,
phase change material (PCM), and a combination of aluminium foam and PCM. The rise in
temperature during the C1 rate discharge test was as follows: Without PCM and Al foam =
40 °C, with Al foam = a temperature drop of 8°C, and with PCM alone a temperature

reduction of around 45 percent.
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Table 2.1 Summary of Theoretical work and experimental work related to different BTMS techniques
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(2021) [75]

cooling
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Literature & BTMS Type of o .
L Description Critique outcome
Year Strategy | application

The temperature of
the cell/module is The evaporative
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Rui Zhao
(2020) [76]

Evaporative
cooling

Experiments were
conducted on both
single batteries and
battery packs in
cooling tunnels
capable of
producing both
unidirectional and
bidirectional air
flows under the
three cooling
conditions of natural
convection cooling,
forced air cooling,
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cycled under
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cooling conditions.

2.4  Statistical analysis

This literature review examines the impact of ambient temperature on valve-regulated lead
acid (VRLA) batteries, compares various BTMS types, examines the current state of various
thermal control strategies used in electric vehicles, and discusses the potential of a newly
developed evaporative cooling based thermal management system for batteries. In previous
studies, battery performance has been evaluated using a variety of methods, including an
Artificial Neural Network (ANN), experimental study, and simulation software. In this
section, we analyse current research efforts using statistical analysis and attempt to show the
position of our study in relation to the relevant literature review. Over a ten-year period, 67
articles from Elsevier, Springer, Taylor & Francis, and other reputable journals were referred

for the literature review.
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Figure 2.3 Article published with different battery technology

displays the total number of studies using various battery technologies that have been
published. It was noted that more studies that included evaluations of the performance of Li-
ion batteries were published. There is a fairly limited amount of published research available
on the performance evaluation of VRLA batteries.
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2.3 Article published with different battery technology

Batteries are used as a power source in various application like electric vehicles (EVS),
Hybrid Electric Vehicles (HEVs), Electric bikes (E-bikes), Uninterruptible Power Supply
(UPS), laptops etc. Figure 2.4 illustrate the classification of research articles based on
various battery application. It was observed that batteries are more demanded in field of
transportation. Electric Vehicle (EV) and Hybrid Electric Vehicle (HEV) are considering
environmentally free transportation in the mid of rising oil prices and global climates due to

greenhouse emissions.

® Electric Vehicle

m Hybrid Electric
Vehicle

 Electric bike

m Other

5.10%_/

Figure 2.4 Articles published with different battery application

Figure 2.5 depicts the total number of publications published on battery thermal management
systems employing various approaches. It was found that more research articles on battery

thermal management systems employing air cooling have been published.
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Figure 2.5 Article published with Various Battery Thermal management strategy

Figure 2.6 displays the total number of publications that will have been published between
the years 2011 and 2021. It was found that more articles were published in 2014.
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Figure 2.6 Nos. Of articles published from 2011-2021

Figure 2.7 depicts the county-level categorisation of published papers between 2011 and
2021. It noted that China published the most research publications. It was also observed that

there was insufficient research on battery temperature management solutions in India.
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Figure 2.7 Country wise published articles

2.5 Research gap

The literature shows that temperature is a significant parameter that negatively impacts the
performance and life of VRLA and Li-ion batteries. Major research was conducted on Li-
ion batteries, which are extensively used in electric vehicles. Li-lon batteries are more
successful in electric vehicles in various countries, but due to their low cost, VRLA batteries
are preferable in developing countries like India. Typically, the battery thermal management
system has been implemented in electric vehicles (EVs) and Hybrid Electric Vehicles
(HEVs) to reject the heat from a battery pack. There is no arrangement to reject the generated

heat during the operation of the VRLA battery in an electric bike.

Air or liquid-based temperature management systems are often employed in electric car
battery packs. Still, it has been noticed that a high amount of power is consumed by the air
blower or pump during operation. Additionally, many researchers avoid to use the liquid-
based thermal management systems due to the problem of leakage and corrosion. While the
PCM-based thermal management technology is more effective than air or liquid-based

thermal control. It has a problem with the PCM overheating during periods of excessive
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battery heat generation. Thus, a PCM-based thermal management system is insufficient

during periods of excessive heat generation.

Additionally, a thermal management system that is air-cooled, liquid-cooled, or based on a
PCM cannot keep the battery temperature below ambient. Refrigeration or evaporative

cooling are the only methods for lowering battery temperatures below ambient [10].

2.6  Problem definition

According to the literature review, the operational temperature significantly impacts the life
and performance of VLRA batteries. Every 15°F (8.3°C) above 77°F (25°C) reduces battery
life by half [28]. Thus, a more effective Battery Thermal Management System (BTMS) is
necessary to control the temperature of the batteries within their optimal range while also

protecting them from the impacts of seasonal climate variations.

2.7 Research objectives

Prime objective of the present research work is,

“To develop a battery thermal management system for valve-regulated lead-acid battery,

which can maintain the battery temperature within the preferred temperature range, resulting

in enhanced battery life and improvement in the battery performance”

Sub-objectives

1. Experimentally understanding the effect of temperature on performance of VRLA
battery.

2. To identify the highest temperature reached in VRLA batteries during the adverse
operating condition of E-bike.

3. To design & fabricate an evaporative cooling based battery thermal management system
for the VRLA battery pack used in E-bike.

4. Experimentally evaluate the performance of VRLA battery with BTMS and compare it

with a conventional battery pack.
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2.8 Research Methodology

This research aims to develop a thermal management system for valve-regulated lead-acid

batteries. Numerous techniques for designing a battery temperature management system are

possible, depending on the sophistication and accessible data. Based on the knowledge

gained from the literature study, the following systematic approach to developing BTMS is

proposed,

1.

Experimentally understanding the effect of temperature on VRLA battery.

e Development and experimentation of test setups to determine the effect of temperature
on various performance parameters of a VRLA battery, including the charging -
discharging process, battery capacity, internal resistance, self discharge rate, and
gassing rate.

To Measure the actual operating temperature of VRLA battery in summer

condition (most adverse condition) for E-bike during the working condition.

e To conduct a field test to determine the effect of real-world driving and climatic
conditions on the thermal behaviour of VRLA batteries in an e-bike.

e To develop a transportable experiment setup that arranged within the available space
of the E- bike.

Design & fabrication of Evaporative cooling based battery thermal management

system.

e To determine the rate of heat generation by VRLA batteries in an E-bike based on the
actual temperature reached during field testing.

e To determine the volumetric flow rate required to reject the heat. Additionally, choose

the type of fan, cooling pad and other equipment for evaporative cooling-based BTMS.

Experimentally compare the performance of battery pack integrated with new

BTMS & conventional battery pack.

e To conduct field tests to evaluate the performance of a VRLA battery pack integrated
with a novel BTMS.

e Using the full factorial method, create sets of experimental trials with different
assessment criteria. Also, analyze and validate the experimental results using Analysis
of Variance (ANOVA).
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CHAPTER 3. Thermal analysis of VRLA battery

3.1 Thermal analysis for heat generation from the VRLA battery

The VRLA battery is a type of electrochemical system. The heat effect is usually associated
with the electrochemical reaction between electrodes in a battery. There are two heat-
generating sources in VRLA batteries [136], [137]

(1) Heat generation due to reactions between active materials. [138]

(2) The joule effect causes by current flow through the battery.[138]
Summation of heat generation due to reaction and the Joule effect gives the total heat

generated in cell or battery. [137]
Qtotal = Qrec. T Q]oule ~~~~~~~ (1)

VRLA battery is an electrochemical system. So, heat release during a chemical reaction is
describe by the Gibbs Helmholtz equation, [136]

AH = -T2 (2

Now, according to Michael faraday statement,

“The maximum amount of work that can be produce by electrochemical cell (Wmax) iS
equal to product of the cell potential (Ecen) and total charge transferred during the reaction

(q).” [139]
Whax = - q Ecell
Wmax= - NF Ecell ~g=nF

Here, n = No. of moles of Electrons
F = faraday Constant = 9.64855 x 10* C/mol. e

Work is expressed negative because it’s done on surrounding.

The change in free energy (AG) is a measurement of maximum amount of work to be
performed during chemical process. [139]

SO, AG = Wnax

AG = - nF Ecell
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Put the value of AG in eq. (2),

AH = nFT2%
dT
AH dE
- =T—=
nFT dT

AH . .
—risa heat generated due to charge transfer reaction.

Now, Heat generation due to chemical reaction (Qrev) equal to the product of current flux
and heat generated due to charge transfer reaction.

S0, Qrey =1 [HA%
Qrev =1 [T Z—i] ....... 3)

Now, the rate of change in electric potential energy between a cell's positive and negative
electrodes can be used to compute the heat produced by the Joule effect. Electric potential
energy is the energy a charge possesses because of its position relative to another charge.
When charge moves from positive to negative electrode or negative to positive electrode that
time change in electric potential energy (Au) describe as,

(Au) = AQ - AV
Here, AQ = Quantity of charge transferred between positive and negative electrodes in cell.

AV = Potential difference between electrodes.

The heat generation rate due joule effect can be found by calculate the rate at which charge

(AQ) loses the electric potential energy between electrodes [140].

du dQ
dt  dt
d
W AV (.-.—Q=1)
dt dt

The rate at which charge loses the electric potential energy is equal to the power (P)
delivered to cell. [2°]
So,P = 1AV
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But AV =R (Ohm’s law)
Also Qjoyie = I*R
We can say that P = Q according to above equations,
P= Qjoue= 14V ... 4)

Now, Potential difference between electrodes (AV) is a difference of open circuit voltage
(E) and cell voltage (V). So, AV=E - V.

Put the value of AV in eq. (4),

Qjoule =I1E-V) | ... ®))

Put the value of eq. (3) and (5) in eq. (1),
Qtotar = Qrec. + Q]oule

dE
Quoar = 1|7 52|+ 1E=W)

The heat generation rate in a cell can be calculated from eq. (6). [51] [141] [142]

Where,
Quwta = Heatgeneration rate (W/cell)
I = Current (A); | > 0 for discharging and | < 0 for charging

T = Cell temperature (K)

dE/dT = Temperature coefficient (V/K)
dE = Cell voltage difference
dT = Temperature difference
E = Open-circuit voltage of cell (V)
\Y = Cell voltage (V)

3.2 Thermal analysis for heat dissipation through surface of battery

When the battery surface temperature rises above the ambient temperature, heat begins to
escape from the battery. The battery's side walls effectively dissipate the heat created by the
battery cell. Heat dissipated through side walls is directed through two obstacles [137],

(i) The side walls itself

(if) The phase boundary between side walls and surrounding fluid.
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Thermal analysis for heat dissipation through surface of battery

The heat flow through the container wall is determined by the thermal conductivity and wall
thickness of the container material. The heat exchange between side walls and the
environment occurs in several ways. The following Figure 3.1 depicts the numerous heat

exchange processes.

= [_| N Heat Dissipates
Heat Dissipates - ~ by Radiation
by Radiation
<:| Conductive heat
k- ‘transfer through
battery wall
Internal Heat
Heat dissipate Generation
to surrounding Heat dissipate
cooling/heating Internal to surrounding
medium heat flow cooling/heating
medium
i @ A
A 4

Figure 3.1 Various mechanisms of heat exchange

According to the first law of thermodynamics, the quantity of energy stored within the
control volume is equal to the sum of the energy that enters the control volume, the energy
that is produced within the battery cell, and the energy that leaves the control volume. So,
an overall energy balance equation is [57].
Qst = Qin + Qgen — Qout

Now, assume that there is no heat transfer from cell to cell so Q;, = 0

Qst = Qgen — Qout @Y
Heat stored inside the battery is given by [143],

dT,
Que = MGy |2
Where,
M, = Mass of battery module (kg.)
C, = Specific heat of battery (J/kg.K)
dT, = Average battery temperature (K)
There are mainly three mechanisms considered for Heat dissipate (Qout) from container
Wall,[1][5]
0] Conductive heat transfer within container wall.
(i) Heat carried by cooling or heating medium surrounding the container wall.
(Convective heat transfer between container wall and fluid.)

(iii)  Heat loss by radiation.
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Thermal analysis of VRLA battery

So, Heat dissipates (Qout) is a summation of conductive heat transfer (Qcond), cCONvective heat
transfer between container wall and cooling or heating medium (Qconv) and heat loss due to
radiation (Qrad).

Qout = Qcona + Qconv + Craa (2)

Heat transfer due to conduction though container wall

The battery cell is directly in contact with the container side walls and bottom surface. As a
result, the majority of the heat created by the battery cell is released into the atmosphere via
the side walls and bottom surface of the battery. There is no direct contact of upper surface
with the battery cells, hence the upper surface is less critical for heat dissipation. The heat
drop across the container wall is minor in comparison to the heat transmission between the
container wall and the surrounding environment. The temperature distribution decreases

from the interior of the battery to the surrounding [144].

T(interior) > T(wall) > T(surrounding)
Heat flow through container wall can be determined by thermal conductivity of wall

material and thickness of container. Conductive heat transfer is expressed as follow,

K Ag
Qcona = T (T; — Tp) (3)

Here, K = Thermal conductivity of battery container material,
Container material = Acrylonitrile Butadiene Styrene (ABS)
Thermal conductivity of ABS (K) = 0.25 W/m'K
As= Surface area of container wall (W/m'K)
Ti= Average internal temperature of battery

Ts= Average surface temperature container wall

Heat dissipation by convection

Convective heat transfer occurs at the phase boundary between container surface and coolant
fluid. The estimated calculation for convective heat transfer at a phase boundary with
surrounding fluid depends on the thermodynamic parameters of the surrounding fluid. There
are two distinct probable convective heat transfer modes.

(i) Natural convection

(i1) Forced convection
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Heat transfer due to natural convection

Natural convection of air at the phase boundary of the container wall is the most basic
method of heat transmission. Natural cooling is sufficient under similar thermal
circumstances with some battery thermal control approaches. Heat transfer to air by natural
convection is normally determined by the temperature difference between the battery wall
and the surrounding air, thermal conductivity, and the thickness of the battery container's
wall. The heat transfer is calculated at the battery container's phase boundary with air. This
heat exchange can be estimated using the Nusselt number (Nu), Grashof number (Gr), and
Prandtl number (Pr), which are dependent on the temperature difference at the phase
boundary and other characteristics such as surface area, thermal conductivity, and so on
[145].

—ASkN
Q= "kNu

Where,

A = Surface area (m?)

h = Height of battery (m)

K = Thermal conductivity (K)

Nu=C (GrPr)"

Convective heat transfer rate calculated for side walls of battery container.
Nu=C (GrPr)"

BgL3AT
Where,
Volumetric coefficient (f) = ! K(Film temperature (Ty) = %)

T+ 273

Temperature difference between surface and air
AT =T, — T,

V = Kinematic viscosity of air
g = Standard gravity (9.81 m/s?)
Pr=Value of Prandtl number for air can be takes from data book
Now,
C =0.56 & n = 0.25 for 10*< Gr Pr< 108
C =0.13 & n = 1/3 for 108%< Gr Pr< 10%

34



Thermal analysis of VRLA battery

Heat transfer due to forced convection

VRLA batteries are utilised as a power source in a variety of applications, including solar
PV and electric vehicles. Under operating conditions, these batteries produce heat.
Occasionally, an external thermal control device is necessary to prevent the battery from
becoming overheated. The most common method of forced cooling is forced air flow or
circulation of liquid coolant. Convective heat transfer at phase boundary of container wall

can be expressed by,

Qconv = h A (Ts - Ta) (4)

Heat dissipation by radiation

The part of the heat generation dissipates by radiation is expressed by using Stefan
Boltzmann law. According to Stefan Boltzmann law,

Qrag = €0 T*
Rate at which heat transported by radiation is proportional to fourth power of absolute
temperature. Heat always flows from warmer body to colder body. So, radiative heat transfer
between container wall and surrounding is given by,

Qraa = €0 (T — T3 (5)

Where,
€ = emissivity of container material
o = Stefan Boltzmann constant = 5.67 x 10 W/m2k*
Ts = Surface temperature

Ta = Surrounding temperature

As previously stated, heat created in a battery is partially rejected to the surrounding
environment and partially accumulated in the battery module. It is also feasible that if the
surrounding temperature is higher than the temperature of the battery, heat will be transferred

in reverse from the surrounding to the battery.
Now, put the value of eq. (3), (4) and (5) in eq. (2).
Qout = Qcona + Qconv + Qraa
K Aq 4 4
Qoue = |2 0= T| + R A (T = T + o (= TH] (©)

Put the value ofQ; andQ,,; in eq. (1),
Qgen — Qst = Qour
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Thermal analysis for heat dissipation through surface of battery

dTb]

K As
Qgen — [MpCy [E = T(

o= T| + [0 A (T = Tl + [0 (T =TH] (D)

Eq. (7) describes an overall energy balance equation for battery module.

Radiative heat transmission from the container surface is the fourth term. If the battery
surface temperature is less than 100°C, radiative heat transmission is usually minor
compared to convective heat transfer. Under normal operating circumstances, the surface
temperature of a VRLA battery is less than 100°C. As a result, in the case of a VRLA battery,

this term can be ignored [51].

Qpen = [ (G2)] = [ T = T + AT = T ®)

Overall energy balance equation can be used for obtain the uniform temperature distribution

in VRLA battery pack. If certain amount of fluid is circulating around the battery pack,

change in fluid temperature can be obtained from,

dT
[h As (Ts = T)] + [Mfcf (d—[)] = [my G (Towe = Tid]

pack

Second term in above equation [Mfo (dditf)] is shows the thermal inertia of the whole
pack

battery pack. This means the degree of slowness of surface temperature reaching to the
surrounding temperature of circulating fluid can be expressed by that relation. To analyse
the thermal behaviour of a battery pack, this term must be added to convective heat transfer.
Where Mf is the mass of fluid in a battery pack and Cf is the fluid's specific heat. Rearrange
the equation above,

dT;
[h As (Ts - Ta)]+ = [mfcf(Tout - Tin) - Mfo <E>l (9)
pack

Put the value of eqg. (9) in eq. (8)

=1 (2

Equation (10) is an overall energy balance equation for the thermal behaviour of a VRLA

—KAST—T + |mCs(T,,,s — i) — M:C dfy 10
—[ d (T; a)] mg f( out in) o\ e ok (10)

battery when a certain volume of fluid surrounds the battery pack, where N is the number of
batteries in the battery pack. Using the above equations and thermal method, one can

compute the heat dissipation rate.
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CHAPTER 4. Experimental Studies — 1: Effect of
Temperature on Different Parameters of Battery

Performance

4.1 Introduction

A battery is a chemical device that uses the thermoelectric chemistry concept to power itself.
A chemical reaction happens between the positive and negative plates. Temperature is an
important factor in any form of chemical reaction. According to the previous chapter's
literature review, it should be demonstrated that temperature and heat generation influence
the performance and life of a valve-regulated lead-acid battery. Temperatures that are

relatively low or high affect the battery's performance and lifespan.

The first stage in building a battery thermal management system is to investigate the
behaviour of VRLA batteries at various temperatures and determine the optimal temperature
range for a battery. According to Indian climatic conditions, the battery is typically operated
between 10 °C and 45 °C temperature throughout the year. So, in this experimental
investigation, various experiments were performed at five different temperatures, namely 10
°C, 20 °C, 30 °C, 40 °C, and 45 °C. In this section, assess the battery's performance

parameters at various temperatures.

(1) Battery capacity (2) Charging-discharging time
(3) Rate of gassing from battery (4) Internal resistance

(5) Self-discharging rate

4.2 Description of different experimental tests

The major goal of the experimental study is to identify the different performance parameters
of batteries that are impacted by temperature, as well as the temperature range at which
VRLA batteries function best and have the longest life span. Various performance factors,
such as battery capacity, charging-discharging time, self-discharge rate, battery life, and

internal resistance, are affected by operating temperature. Several tests provide information
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Description of different experimental tests

regarding the effect of temperature on certain battery performance parameters. The battery
chosen for the research has a capacity of 12V/7Ah. IS - 15549: 2005 (Indian standard for
stationary valve-regulated lead-acid battery - specification) was used to design all of the
experiments [27]. The VRLA battery performed seven performance tests to assess the effect

of temperature on various parameters. The following is a description of each test:

Capacity Test

The batteries are rated in terms of voltage and capacity. The capacity [Ampere - Hour (Ah.)]
of the VRLA battery was determined using this test. A prior study found that temperature
had an effect on the rated capacity of the battery. The battery is discharged at a constant
current in this test. C - rate was used to determine the discharging current. The capacity test
was carried out at various temperatures, namely 10°C, 20°C, 30°C, 40°C, and 45°C, with a
discharging rate of 1C. The battery is placed in a constant temperature water bath for this
test. The temperature of the water in the bath is adjusted externally by a heater and cooler.
During this test, battery capacity and discharge time at various temperatures were measured.

Charging test

The charging test demonstrates how temperature affects charging time. According to a
review of the literature on VRLA batteries, charging time varied with temperature.
Following that, the charging procedure involves forcing a charge in the form of direct current
into the battery in the opposite direction. The chemical process during charging is the reverse
of the process while discharging. Lead sulphate reacts with water in the electrolyte to
produce metallic lead, hydrogen, and sulphate ions. After charging, sulfuric acid returns to
its original chemical state. The rate of a chemical reaction between positive and negative
plates is directly influenced by the ambient temperature and current rate. The charging time
and behaviour are affected by temperature and charging current rate. So, a charging test

needs to be done to find out how temperature affects the charging process.

In this experiment, the battery is charged at various temperatures using a 1A constant direct
current supply. There are three types of charging methods: (1) constant voltage charging, (2)
constant current charging, and (3) trickle charging. This experiment use the constant current
charging approach. The constant current charging method charges the battery with a constant
current until it is fully charged. The amount of charge that enters the battery while charging
is referred to as the State of Charge (SOC). During the charging process, the battery voltage

rises. The battery voltage increases during the charging process . In this experiment, as per
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the manufacturer's specifications, 12V, 7Ah. The Chloride Exide Safepower (EXIDE) Valve
Regulated Lead Acid (VRLA) battery is fully charged at 14.5 V. There is a Testronix DC

power supply variable single output (92B) model used as a battery charger.

Measurement of gassing rate
This experiment is performed under the overcharging circumstance. In an overcharging state,
hydrogen gas will be released through the gas vents of a VRLA battery. Normally,
throughout the charging and discharging processes, as well as under typical circumstances,
hydrogen and oxygen are produced on the negative and positive plates. They come back
together and create water, which is then dissolved in H.SO4. However, during overcharging,
additional hydrogen accumulates in the gas phase, which increases pressure and is released
by vents [146]. During operation, the oxygen produced at the positive plate travels to the
negative plate via the AGM separator, where it subsequently reacts chemically to produce
the water. At higher temperatures, the temperature has an impact on the oxygen cycle's
effectiveness. High hydrogen production lowers the oxygen cycle's effectiveness [147].
This experiment examines the gassing of the battery during overcharging at various
temperatures. During the overcharged condition, an electric charge enters the battery at a
low current (5% of battery capacity, i.e. 0.3A). Otherwise, there is a risk of VRLA battery
thermal runaway during the experiment. This experiment is hazardous to the battery because
more overcharging has the potential to damage it. Thus, safety is more important during this
investigation. During the investigation, the battery is overcharged with a low current and the

gassing from the battery is measured.

Self discharging test

Self-discharge is the energy loss of a battery caused by an internal chemical reaction when
it is disconnected from an external circuit. The rate of self-discharge depends on the
chemistry and temperature of the cell. The rate of a chemical reaction is temperature-
dependent. The rate of chemical reactions goes up with temperature, so the rate of self-
discharge also goes up with temperature.

A VRLA battery's self-discharge rate at room temperature (25°C) is typically between 4 and
6 percent per month. A high rate of self-discharge reduces the battery's storage life. also
known as "shelf life." Thus, the rate of self-discharge should be as low as possible. This test

determines the self-discharge rate at different temperatures. In this test, the battery is placed

39



Experimental setups and procedures for various test

in a water bath at a constant temperature for up to 28 days to determine the rate of self-
discharge.

Internal resistance test

Internal resistance is the total resistance within the battery. Internal resistance might change
depending on the outside temperature. This test determines the internal resistance of the
VRLA battery at various temperatures. An internal resistance meter can be used to measure

the battery's internal resistance.

4.3 Experimental setups and procedures for various test

IS - 15549: 2005 (Indian standard for stationary valve-regulated lead-acid battery-
specification). Each battery test requires a particular test process and instrumentation. Thus,

the individual setup has been built to run various tests.

4.3.1 Capacity Test

The Figure 4.1 illustrates the schematic diagram of the experimental setup for the capacity
test. The capacity test was carried out at various temperatures, namely 10°C, 20°C, 30°C,
40°C, and 45°C, with a discharging rate of 1C. 12V, 7Ah. The VRLA battery was placed in
the water bath. Inside the water bath are other components such as the water heater,
motorised stirrer, and temperature sensors. The temperature inside the water bath is
controlled by the temperature controller. A temperature controller is a device that regulates
the temperature of a water heater by turning it on and off. To keep the temperature constant
around the battery, the motorised stirrer continuously stirs the water inside the water bath.
The battery eliminator provides the necessary DC power source to drive the stirrer. The
stirrer's spinning speed can be adjusted by adjusting the supplied voltage in the battery

eliminator.

As a Data Acquisition System (DAQ), a KH-208 paperless data recorder is provided, which
measures the value and logs it with a computer in data analysis software. DAQ is made up
of sensors, measuring devices, and a computer that runs data analysis software. The data
recorder includes 8 channels. Temperature sensors, voltage measurement pins, and current
measurement pins are linked to the various channels in the data recorder. Each channel

measures a different quantity.
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Figure 4.1 Schematic diagram of capacity test experimental setup

Ch.-1 Water temperature (T1) Ch.-5 Battery voltage (V)

Ch. -2 | Battery surface temperature (T2) | Ch. -6 -

Ch. -3 | Battery internal temperature (T3) | Ch. -7 -

Ch.—4 | Battery surface temperature (T4) | Ch.—8 Battery current (A)

The ATC-820 Interface converter (RS-485) is used to transport data from the data recorder
to the computer. As illustrated in figure, a 12V DC load board is used to discharge the battery
at a preset current. The load board is made up of eight 12V DC bulbs of varying capacity.
The image of detailed components of experimental setup for capacity test is shown in Figure

4.2. The figure shows the connection between all the components in experimental setup.

emperature
Controller

Figure 4.2 Experimental Setup for capacity test
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Test Procedure

1.

First place the 12V, 7Ah. VRLA battery inside the water bath. Than hold the battery until
temperature of the battery is maintain as per requirement (minimum 2 hours).

Now battery is connected properly with the other equipment, also check status of  other
equipment before starting the experiment.

Record the initial temperature of the battery, initial voltage and starting time of the
experiment.

Start the stop watch and turn the load board switch ON.

Measure the battery voltage, discharging current, water temperature, battery surface
temperature and battery internal temperature at interval of 1 min. until OCV reach up to
9.6 V.

Turn the load board switch OFF; when voltmeter indicate the 9.6 V.

At last, record battery voltage, final discharge current and final temperature of battery.

Calculate the capacity:

Capacity = final time duration (in hours) x final discharge current.

4.3.2 Charging test

The Figure 4.3 shows a schematic diagram of an experimental setup for the charging test.

This experimental setup is set up to conduct charging tests on a 12V, 7Ah VRLA battery at

various temperatures. The experimental setup is extremely similar to the last experimental

arrangement. The only difference is that the load board has been replaced with a constant

current charger. As a constant current charger, the testronix DC power supply is used. The

output voltages and currents of this device are continually adjustable via coarse and fine

knobs on the front control panel. The set value and measured value of voltage and current

are displayed on the front panel of the constant current charger in a seven-segment display.
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Figure 4.3 Schematic diagram of charging test experimental setup

Temperature sensors, voltage and current measurement probes are all linked to the data
recorder. Every ten minutes, the data recorder records the measured value. Other component
connections are the same as in the prior experimental arrangement. The Figure 4.4 illustrates
the detailed features of the experimental setup for the charging test. The diagram shows the

connection between all of the components in the experimental setup.

&)
Temperature
Controller

Figure 4.4 Experimental Setup for charging test

Test Procedure

First place the VRLA battery inside the water bath. Then hold the battery until

temperature of the battery is maintained as per requirement (minimum 2 hours).
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1. Now connect battery properly with the constant current battery charger and other
equipment. Also check the external power supply to charging unit (230 V@ 50 Hz.)

2. Set the charging current = 1A in constant current battery charger.

3. Record the initial temperature of the battery, initial voltage and starting time of
the experiment.

4. Start the digital stop clock and turn the charging unit switch ON.

5. Record the battery voltage, charging current and battery temperature at every
interval of an 10 minutes until battery voltage reaches 14.5 V.

6. Turn the Charging unit switch OFF; when voltmeter indicates the 14.5 V.

7. At last, record the battery voltage and final temperature of battery.

4.3.3 Measurement of gassing rate

The Figure 4.5 is a schematic design of an experimental setup for the gassing test. This
experimental setup is set up to measure gassing from a 12V, 7Ah VRLA battery under
overcharged conditions at various temperatures. The experimental setup is nearly identical
to the last experimental arrangement. A constant current battery charger is linked to a VLRA
battery to overcharge the battery. Throughout the experiment, the VRLA battery is charged
with a steady current of 0.5A. Voltage is one sort of electric pressure; hence, a reduced

electric current also results in a lower charging voltage.
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Figure 4.5 Schematic diagram of experimental setup for measurement of gassing
The Figure 4.6 represents the detailed components of an experimental setup for the gassing
test. The diagram shows the connection between all of the elements in an experimental setup.
The VRLA battery is inserted into the water bath. The water bath is used to keep the battery
at the appropriate temperature. The temperature controller maintains the predetermined
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temperature of the water at all times. Other component connections are the same as in the

prior experimental arrangement.

Water Bath

Gas Measuring VRLA Battery

Setup Constant Current

Battery Charger

Figure 4.6 Experimental setup for measurement of gassing at different temperatures

On top of the battery, there are gassing vents. During the overcharged condition, hydrogen
gas is emitted from the gassing outlet. To collect the hydrogen gas, a separate gas measuring
apparatus is externally attached to the battery (as shown in Figure 4.7)Through connection
tubes, gas released from the battery is delivered to the gas measuring equipment. The tubes
are connected to the gassing vent through flexible connections. There are six vents provided
on the top of battery. The tubes are connected between vents and the central tube through T
— type air tight joints. All the connections of tubes are leakage-proof. Another end of the
central tube is connected with a gas measuring cylinder in the gas measuring setup. The gas

measuring setup consists of a gas measuring cylinder, water vessel, beehive shelf and stand.

Battery Vents

Figure 4.7 (a)Collecting of gas from battery through vents (b) Gas measuring setup

A gas measuring cylinder is utilised to collect the gas released by an overcharged battery.
The collected gas within the measuring cylinder is measured using a scale set on the

measuring cylinder's surface. The calibration of the measuring scale is in millilitres.
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Test Procedure

1.

o o o~ w

First place the fully charged VRLA battery inside the water bath. Then hold the battery
until temperature of the battery is maintained as per requirement (minimum 2 hours).
Now connect battery with the constant current battery charger and other equipment. Also
check the external power supply to charging unit (230 V@ 50 Hz.)

Set the charging current = 0.5A in constant current battery charger.

Record the initial temp. of the battery, voltage and starting time of the experiment.

Start the digital stop clock and turn the charging unit switch ON.

Record the battery voltage, charging current and battery temperature at every interval

of an 1 minute until battery voltage reaches 14.5 V.

. Turn the Charging unit switch OFF; when voltmeter indicates the 14.5 V.

. At last, record the battery voltage and final temperature of battery.

4.3.4 Self discharging test

The Figure 4.8 is showing a schematic diagram of an experimental setup for the self-

discharge test. This experimental setup is built up to determine the self-discharge rate of a

12V, 7Ah VRLA battery at various temperatures. The self-discharge test was carried out at

three distinct temperatures: 20°C, 30°C, and 40°C. The experimental configuration is nearly

identical to the last experimental arrangement. The experiment includes three distinct water
baths. Each water bath is kept at different battery temperatures (20°C, 30°C, and 40 °C). Each

water bath has one battery placed inside it.

0,8 Battery Computer
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Figure 4.8 Schematic diagram of experimental setup for self discharge test

The Figure 4.9 below shows the detailed components of an experimental setup for the self-

discharge test. The diagram displays the connection between all of the elements in an
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experimental setup. Inside the various water baths are three separate VRLA batteries. The
first water bath was used to keep the VRLA battery at a low temperature (20°C). Chilled
water is used to keep the battery inside the water bath at a low temperature. The auto-
controlled water cooler chills the water. The temperature controller is installed in a water
cooler, which keeps the water at the desired temperature all of the time. The VRLA battery's
temperature is kept at 30°C by a second water bath. An aquarium heater maintains the
required temperature within the water bath. The aquarium heater's temperature controller
keeps the water at the desired temperature. A third water bath maintains the water's
temperature inside the water bath at 40°C. An external U-shaped 1000W, AC powered water
heater is used to maintain the proper temperature inside the water bath. The temperature

controller regulates the water temperature. The temperature controller is connected to the

water heater through an external connection.

ke
Battery
Eliminator

20 °C Water bath

Temperature
Comtroller

Figure 4.9 Experimental setup for measurement for self discharge test

Test Procedure

1. Perform the C1 capacity test for VRLA battery at 20 °C, 30°C and 40 °C temperature and
note down the capacity (C).

2. Store the battery at 20 °C, 30°C and 40 °C (constant temp.) for 28 days.

3. Record the battery voltage and battery temperature at an interval of 24 hours.
4. Again Perform the C1 capacity test for battery at 20 °C, 30°C and 40 °C temperature
after 28 days. Note down the capacity (C1)

5. Calculate self discharge rate = % x 100
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4.4 Results and discussions

4.4.1 Comparison of discharging time in 1C — capacity tests with different

temperatures
Temperature (°C) 10 20 30 40 45
Discharging Time (sec.) | 1260 1752 1872 2064 2502
135 —e—\Voltage drop (10°C)
13 —e—Voltage drop (20°C)
125 Voltage drop (30°C)
s —e—Voltage drop (40°C)
E;; 12 Voltage drop (45°C)
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Figure 4.10 Comparison of discharging time in 1C capacity tests

Observation

The graphical study compares discharge periods and voltage drop behaviour during the 1C
capacity test at various temperatures. The lowest discharging time was recorded with a 1C
capacity test at 10°C and the highest discharging time was recorded with a 1C capacity test

at 45°C. It is evident that when battery temperature rises, discharging time increases.

The voltage drop results indicate that it is more uniform at higher temperatures. The rate of
chemical reactions increased as the temperature rises. Consequently, voltage drop is steadier
at higher temperatures. Extreme temperatures accelerate the rate of acid evaporation from a
battery, which reduces its lifespan. Compared to high temperatures, the voltage decreases
quickly at low temperatures. Because of the low internal resistance at low temperatures, the

rate of a chemical reaction is slower. As a result, the battery performs quietly at low

temperatures.
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4.4.2 Comparison of battery capacities with different temperatures

Temperature
. 10 20 30 40 45
(°C)
Capacity (Ah.) 2.45 3.40 3.64 4.01 4.86
6
5 4.86
4.01
4 3.64
3.40
<
< 3
= 2.45
.-'5 B Capacity
a2
S
1
O T T T T
10°C 20°C 30°C 40 °C 45 °C
Temperature (°C)

Figure 4.11 Comparison of battery capacity with different temperatures

Observation

It was noticed in Figure 4.11 that battery capacity increases as temperature rises. At 45°C, the
highest capacity of the battery was seen. According to manufacturer data, the rated battery
capacity for a VRLA battery tested using a 1C capacity test under the stated climatic
conditions is approximately 4 Ah. It was observed that the battery had a capacity of 4.01 Ah
at 40°C, which is close to the manufacturer's rated capacity. However, at higher
temperatures, the rate of acid evaporation from the battery increases, resulting in a shorter
battery life.
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4.4.3 Comparison of charging process in charging tests with different

temperatures
15
14.5
S 14
(]
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]
S 135
-
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00:00 01:12 02:24 03:36 04:48 06:00
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Figure 4.12 Comparison of charging process with different temperatures

Observation

The graphical analysis in Figure 4.12 shows the comparison of the charging process
at various temperatures. The maximum limit of the battery voltage is set at 14.5V according
to manufacturer’s guidelines. The battery voltage increases during the charging process and
it is fully charged when it achieves 14.5. In graphical analysis, it’s observed that charging
time increases with temperature increases. The battery is fully charged within 2 hours and
24 minutes at 10°C temperature, whereas the battery is fully charged in 5 hours and 20
minutes at 45°C temperature. It’s clearly shown that lowest charging time was observed in
the charging test at 10°C temperature and the highest charging time was observed in the

charging test at 45°C temperature.
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(1) Comparison of charging time with different temperatures

Temperature (°C) 10 20 30 40 45
Charging Time 2:24 3:56 4:50 5:16 5:20
(Hours)
06:00

05:16 05:20

04:50
04:48
03:56
03:36
M Charging

02:24 .
02:24 - time (Hrs.)
01:12 ]
0000 i T T T T

10°C 20°C 30°C 40°C 45°C

Figure 4.13 Comparison of charging time with different temperatures

Observation

The graphical analysis compares the charging process at different temperatures (Shown in
Figure 4.13). According to the manufacturer’s recommendations, the battery is fully charged
when it exceeds 14.5V. The battery voltage rises during charging, and it is fully charged
when it reaches 14.5. A graphical analysis shows that charging time increases as the
surrounding temperature rises. At 10°C, it takes 2 hours and 24 minutes to fully charge the
battery; at 45°C, it takes 5 hours and 20 minutes. Charging at lower temperatures needed the
least amount of time, whereas charging at higher temperatures required the most time. Due
to greater internal resistance at low temperatures, the charging time is accelerated. Due to
increased internal resistance, the rate of a chemical reaction slows down at low temperatures.
At lower temperatures, the battery is not completely discharged or charged, hence charging
and discharging times are shortened. At higher temperatures, the charging time is seen to be
longer. At higher temperatures, the internal resistance is too low, so the chemical reaction
rate is faster. As a result, charging and discharging times are longer at higher temperatures.
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4.4.4 Comparison of gassing at different temperature

Temperature (°C) 10 20 30 40 45
amount of gas released (ml.) 1.4 5 12,5 15.2 29
35
30 29
=25
E
B20
ﬁ 15.2
% > 12.5
& 10 B Amount of gas
Released (ml.)
5
5
14 .
0 - T T T T
10 20 30 40 45
Temperature ( °C)

Figure 4.14 Comparison of amount of gas released from battery at different temperatures

Observation

This test determines the amount of gas released from the battery during overcharging. The
gassing test is carried out at a variety of temperatures (10°C, 20°C, 30°C, 40°C, and 45°C).
The plots above in Figure 4.14 compare gas emission from the battery at various
temperatures during overcharging conditions. It was discovered that the least amount of gas
was released from a battery during a gassing test at 10°C and the highest amount of gas was
released during a gassing test at 45 °C. As the temperature rises, so does the rate of gas

emissions. Consequently, the rate of gas emission increases as the temperature rises.

There are two primary causes for the increased rate of gas release at elevated temperatures.
A higher temperature accelerates the rate of a chemical reaction between positive and
negative electrodes, which increases the rate of gassing under overcharged conditions. In
addition, electrolytes begin to evaporate at higher temperatures, resulting in an excessive
gassing rate at higher temperatures. Due to the increased gassing rate, battery cells gradually
become dry.
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4.4.5 Self-discharge test
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Figure 4.15 Comparison of voltage drop with different temperature

The graph as shown in Figure 4.15 examines the battery voltage loss over 28 days at three
different temperatures. The lowest voltage drop is seen during the self-discharge test at 20°C,
while the greatest voltage loss is observed at 40°C. It has been noticed that a higher battery
temperature results in a greater voltage drop. The battery's response to voltage loss at 30°C
and 40°C temperatures is fairly similar. A larger voltage drop gap was noticed between self-

discharge tests performed at 20°C and 30°C temperatures.
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Figure 4.16 Comparison of Self discharge rate with different temperature

The battery self-discharging is a loss of energy caused by an undesired chemical process.
The plot above illustrates the rate of self-discharge at three distinct temperatures (20°C,

30°C, and 40°C). The lowest rate of self-discharge was observed at 20°C, whereas the
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highest rate was observed at 40°C. Observations indicate that the rate of self-discharge
increases as the temperature rises. According to the Arrhenius equation, the rate of chemical
reaction accelerates as the temperature rises, resulting in energy loss due to undesired
chemical reactions. Consequently, a higher rate of chemical reaction is responsible for a
higher rate of self-discharge at higher temperatures. Because of this, the battery

manufacturer recommends storing the battery at a lower temperature when it is not in use.

4.4.6 Measurement of Internal resistance

Internal resistance is the overall equivalent resistance within the battery. Internal resistance
refers to the obstruction to current flow within a battery. The battery's internal resistance is
dependent on its size, chemical composition, age, temperature, charge-discharge current, and
other operational factors.

There are mainly two components of the internal resistance:

(1) Electronic resistance

(2) lonic resistance

e Electronic resistance: It is a resistivity of the actual material, such as metal cover and
internal components.

e lonic resistance: It is a resistance to current flow caused by electrochemical
parameters such as electrode area, electrolyte conductivity, electrolyte temperature,
and so on.

Temperature is the most important factor influencing the electrochemical characteristics of
the battery. E An electrochemical properties have a direct relationship with internal
resistance. Thus, temperature is indirectly responsible for battery internal resistance. As a
result, internal resistance measurement is essential to determine the influence of temperature
on internal resistance. The internal resistance of a battery is measured in mQ (milliohms).

An internal resistance meter is used to test the internal resistance of a battery.
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Measurement data:

Temperature (°C) 10 20 30 40 45

Internal Resistance (mQ) | 23.54 20.45 19.16 17.21 16.12

25.00 1753754
20.45

S 20.00 - 19.16
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Figure 4.17 Internal resistance of battery at different temperature

The battery's internal resistance is an overall equivalent resistance within the battery that
resists charge flow between electrodes. The internal resistance of the battery is caused by a
variety of reasons. Internal resistance is mostly determined by the chemical characteristics

of the electrodes and electrolytes.

Internal resistance of battery at different temperature is illustrated in Figure 4.17.
Temperatures of 10°C and 45°C were found to have the largest and lowest internal
resistance, respectively. The plot above clearly indicates that as temperature rises, internal
resistance decreases. Electrolytes have a high viscosity at low temperatures and a low
viscosity at higher temperatures. The charge transfer between electrodes is restricted by
excessive electrolyte viscosity, resulting in a higher temperature internal resistance. At
higher temperatures, the rate of a chemical reaction increases and the viscosity of the
electrolyte decreases, resulting in a decreased internal resistance.
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45 Conclusions

Table 4.1 Values of performance parameters of a VRLA battery at different temperatures

10°C | 20°C | 30°c | 4o°c | 45°c | Rated
Value

Battery 2.45 3.4 3.64 4.01 4.86 4.1Ah
Capacity (Ah.)
Discharging 21 29.2 31.2 34.4 41.7 35 min.
Time (min.)
Charging 2:24 3:56 4:50 5:16 5:20 | 5:00 hrs.
Time(Hrs.)
Gas generation 1.4 5 12.5 15.2 29
(ml.)
Self Discharge 6.7 10.2 11.22 5%
rate (%)
Internal
Resistance (mg2) | 23.54 20.45 19.16 17.21 16.12 19.00

The Table 4.1 illustrates the performance parameters of a VRLA battery at five different
temperatures. It demonstrates that when temperature rises, capacity, discharging time,
charging time, gas generation, and self-discharge rate rise. On the other hand, as temperature

rises, battery life and internal resistance decrease.

The capacity and discharge back up are better at higher temperatures, but the battery was run
at a higher temperature for an extended period of time, resulting in evaporation of the acid
from the AGM separator. Thus, the AGM separator gradually became dry, resulting in
decreased battery life. Thus, the AGM separator gradually became dry, resulting in
decreased battery life. This indicates that utilizing a VRLA battery at high temperatures is
useful for a short period of time but becomes harmful when used for an extended period of

time. As a result, prolonged exposure to extreme temperatures reduces battery life.

On the other hand, internal resistance rises at low temperatures, and excessive internal
resistance causes a start-up issue in VRLA batteries. So low temperatures are not good for a
battery. Finally, it was decided that VRLA batteries should not be used at higher (35°C to
40°C) or lower temperatures (5°C to 10°C). The VRLA battery should be operated between
20°C and 30°C for optimal performance and battery life.
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CHAPTER 5. Experimental Studies — 2:
Performance assessment of VRLA battery of

E-bike in field test

5.1 Introduction

The next step toward developing BTMS for E-bikes is to evaluate the battery performance
during the operating condition of E-bikes under various road conditions and ambient
temperatures. There are so many factors that affect the performance of the VRLA battery in
E-bike during operating conditions. Significant aspects like extreme operating temperatures,
variation in discharging rates during accelerating and decelerating the vehicle, driving E-
bike in very high or deficient State of Charge (SOC), etc., negatively impact the health and
life of VRLA battery.

Ambient temperature is an external parameter responsible for shortening battery life and
performance degradation. VRLA batteries have their own optimum operating temperature
range. Operating a VRLA battery outside this temperature range affects battery health and
life differently. The performance and life of the VRLA battery depend on the operator's
driving and charging habits in real-life conditions. Also, various road conditions, climatic
changes, etc., have great importance on the thermal and electrical performance of the battery.
This is due to the fact that the lab environment differs greatly from the actual working
circumstances of the VRLA battery in an E-bike under real-world conditions. Thus, the
results of lab experiments may mislead in evaluating the battery's actual thermal and
electrical performance. It is necessary to assess various thermal and electrical performance
parameters like battery temperature, power, etc., under real-life conditions to evaluate actual

thermal and electrical performance of the battery.

In this experiment, the thermal and electrical performance of VRLA batteries is assessed
under different driving cycles with various road conditions and climatic conditions. All the
driving cycles have been divided according to types of routes, i.e., urban route, gradient
route, highway route & rural route, and time duration, i.e., morning, afternoon, and evening.

All the experiments have been performed with old and new VRLA battery set for a thorough
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study of the thermal and electrical performance of battery with different State of Heath
(SOH). OREVA ALISH E-bike is selected as a test vehicle for the experimental analysis.
The OREVA ALISH E-bike is powered by a 500W brushless DC hub motor with a top speed
of 40 km/hr. The hub motor is powered by 12V, 25Ah. maintenance-free VRLA battery.
Key specifications of the OREVA ALISH E-bike are given as follows,

Figure 5.1 OREVA ALISH E-Bike [148]
Table 5.1 Specification of OREVA ALISH E- BIKE

Parameter Details
Battery . VRLA deep discharge batteries
Battery capacity .48V, 25 Ah.
No. of batteries : 4 Nos.
Motor type : Brushless DC hub motor
Max. output power : 500 W
Max. speed 40 km/hr.
Max. Range . 45 km./Full charge
Dimensions . Length: 1820 mm

Width : 685 mm
Height: 1150 mm

Wheel Size . Diameter: 406.4 mm
Width  :76.2 mm
Vehicle weight with ;75 kg.
batteries
Payload capacity : Two persons.
Charging time : 6to7 Hrs.

58



Experimental Studies — 2: Performance assessment of VRLA battery of  E-
bike in field test

5.2 Experimental setup & Instrumentation

A transportable experimental facility is constructed within the available space of the E-bike
for these investigations. Figure 5.2 demonstrate the arrangement of different components of
experimental setup in E-bike. The experimental setup consists of a data logger, temperature
sensors, voltage and current measurement probes, UPS, GPS unit, etc. There are four nos. of
12V, 25Ah. VRLA batteries have been installed in E-bike. All the batteries are placed below
the driver's seat of the E-bike. All VRLA batteries are connected in series to produce 48V to

operate the brushless DC hub motor.

Window

Figure 5.2 Arrangement of different components of experimental Setup in E-bike

The data management system includes a data recorder and a GPS device. In the lag space
area of the E-bike, a data logger is installed. The data logger is connected to temperature
sensors, voltage and current measurement probes. The data logger is only compatible with
230V, 50 Hz AC power. Hence, the Uninterruptible Power Supply (UPS) unit was employed
to power the datalogger during field testing. The UPS unit is installed beside the data logger
in the E-leg bike's space. The Global Positioning System (GPS) unit has been positioned on
the holder for the left-side mirror to minimise the chance of a poor satellite connection. Track
data from the drive bike route has been recorded by the GPS unit. GPS unit-recorded track
data can be analysed by using GPX analyzing software.
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5.2.1 Location of sensors

Four 12V, 25 Ah VRLA batteries are installed inside the E-bike battery pack. All of the
batteries are linked in series. All of the batteries are connected in series. Figure 5.3 and
Figure 5.4 show the battery arrangement inside battery pack. The brushless DC hub motor
is powered by the Battery Management System (BMS).

T5@

Voltage & Current|
Measurement

V&I

BMS
i “LE{FEL'%:»@ =
E=pieAN N/

Figure 5.3 Location of temperature sensors and direction of flow of current in E-Bike

The data logger measures and records the surface temperature of the battery as well as the
power consumption of the BLDC hub motor during operation. There are five Nos. J - type
thermocouples are affixed to the battery's surface. As indicated in Figure 5.4, temperature

sensors T1, T2, T3, T4, and T5 are connected with batteries.

sl o - N S
.:J—“ . /% R B . N
/

Figure 5.4 Arrangement of temperature sensors in E-Bike battery pack

The front and both sides of the battery pack have air ventilation louvres. Figure 5.4 shows
an enlarged view of the air ventilation louvres. The "1", "2", and "4" batteries have direct
contact with the ventilated section of the battery pack. The "1", "2", and "4" batteries have
direct contact with the ventilated part of the battery pack. Temperature sensors T1, T2, and
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T5 are therefore mounted to the exterior surface of the batteries to measure fluctuation in
battery surface temperature in the vented area of the battery pack. Battery "3" is surrounded
by batteries 1, 2, and 4. Battery "3" is surrounded by batteries 1, 2, and 4. As a result, the air
has not circulated adequately around the "3" battery. As a result, temperature sensors T3 and
T4 are mounted to the front and rear surfaces of battery "3" to measure the fluctuation in
surface temperature in the battery pack’s intermediate region. The ambient temperature is
measured using the temperature sensor T6. T6 is located below the battery back to prevent

it from direct sunlight.

5.2.2 Steps for attachment of temperature sensor

There are the following steps for attachment of temperature sensor on battery surface,

Step—-1

,,

Figure 5.5 Tip of J — type thermocouple

Step—2
Bottom of thermocouple’s tip and top of wired portion pasted on 3 mm thick foam tape.

(Foam tape dimensions: 50 mm x 25 mm x 3 mm)

Figure 5.6 Temperature sensor pasted on foam tape
Step—3
The temperature sensor with foam tape is attached to Vinyl adhesive tape. Vinyl adhesive
tape is selected for better durability and adhesiveness at a higher temperature.

(Vinyl adhesive tape size: 100 mm x 100 mm x 0.12 mm)
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San

or pésted on Vinyl adhesive tape

Figure 5.7 Backside of temperature sens

Step -4
Finally, the temperature sensor is attached to the battery surface with vinyl adhesive tape.

Figure 5.8 Temperature sensor pasted on the battery surface

5.2.3 Data logger

As a data acquisition system, the Khoat KH - 208 data recorder is employed. The KH - 208
is an 8-channel paperless data recorder (shown in Figure 5.9) that records readings of various
parameters such as battery surface temperature, voltage, and current at specified time
intervals.

Figure 5.9 Khoat KH — 208 paperless data recorder
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Table 5.2 Data logger channels description

Channel | Identification Sensor Application
CH-1 Tl J — type thermocouple
CH-2 T2 J — type thermocouple
CH-3 T3 J — type thermocouple r?]aegggesrﬂgﬁce temperature
CH-4 T4 J — type thermocouple
CH-5 T5 J — type thermocouple
CH-6 T6 J — type thermocouple | Ambient Temperature
CH-7 V - Battery Voltage
Electric shunt
CH-8 A (30A ~ 70 mV) Battery Current

5.3 Experimentation

Field tests are carried out in this experiment to assess the thermal and electrical
characteristics of the OREVA E-bike. The field testing is being carried out in the city of
Junagadh (Guijarat), India. Junagadh is situated at 21.52°N 70.47°E and is 107m above sea

level. During the summer, the temperature in Junagadh ranges from 28°C to 40°C.

The performance of an e-bike is affected by factors such as ambient temperature, road
condition, velocity, acceleration, journey time, geography of the location, and so on. Thus,
the present study began with the selection of routes in Junagadh city, followed by the
measurement of thermal and electrical factors. The selection of routes is critical when
planning for driving cycle measurement. Based on the region's geography and climate,
twenty-four drive cycles have been developed. The Drive route includes both local and
arterial streets with varying populations. Studies are carried out at various stages of battery
health to undertake a thorough assessment of battery performance. The thermal and electrical
parameters of a new and old battery set (shown in Figure 5.10) in an E-bike are examined

throughout drive cycles.
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(a) New battery Set (b) Old battery set
Figure 5.10 OREVA ALISH E-bike battery sets
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5.3.1 Development of the driving cycle

The driving cycle includes vehicle operating conditions like idle, acceleration, cruising, and
deceleration [149]. A typical driving cycle route includes a collection of varied speeds and
accelerations. The route of the driving cycle is classified into four routes based on road
conditions: (1) urban route, (2) gradient route, (3) highway route, and (4) country route. [3]
The GPS unit measures and records different drive cycle parameters such as distance, time
duration, speed and acceleration rates, moving time, and stopping time. The drive cycle

parameter changes greatly depending on the type of road.

In experimentation, a process for developing a real-world driving cycle is critical. Route
selection, micro-trip production, data collection, and data analysis are all steps in building
the driving cycle [150]. The stages involved in developing the driving cycle are detailed

below.

Route selection
(1) Urban road (2) Gradient road (3) Highway road (4) Rural road
e Length of each route is approximately 9 Km.

U

Micro-trip Generation }

e Micro-trip is a short journey between two successive time points at which the vehicle

has stopped.

Data Collection
Following data will be measure during operating condition,

[Distance, Time, Speed (Average speed & Maximum speed),Power (Average power &
Maximum power).Batterv surface temperaturel

U

/ Data Analysis
Analyzed data will be represent in graphical form,
e Surface temperature of battery Vs. Time
e Speed Vs. Time
e Power consumption Vs. Time

~
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5.3.2 Description of Routes

The performance of the VRLA battery in an E-bike was evaluated under various road and
climatic circumstances including urban, gradient, highway, and rural roads at distinct
periods. The normal route for each road is chosen based on road condition and traffic density.

The following are the route details for each road:

Urban Route

The urban route covers all major and minor streets in a densely populated urban area. Figure
5.11 shows the typical route of traveled area of urban route and Figure 5.12 displays the
photographs of urban route. The speed of a vehicle on an urban route is determined by traffic
density. During pick-up hours, vehicles' operating speeds are influenced by conflicting
traffic movements and pedestrians. Therefore, the urban route is plagued by frequent stops
because of the high traffic density.
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Figure 5.11 Typical route of a traveled area on the urban road with GPS data. Image provided by Google
map, map data ©2020

Figure 5.12 Photographs of Urban Road
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Gradient route

The gradient route is characterised by the rate of rising and falling throughout the length of
the road in relation to the horizontal plane. Figure 5.13 shows the typical route of traveled
area of gradient route and Figure 5.14 displays the photographs of gradient route. Length of
route is 8 km. The gradient route is chosen to evaluate the E-bike's performance based on its
gradeability. The Gradeability of an E-bike varies on a variety of parameters, including as

the type of road surface, a hub motor's tractive effort, tyre traction, etc. [151].
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Figure 5.13 Typical route of the traveled area on gradient road with GPS data. Image provided by Google
map, map data ©2020

Figure 5.14 Photographs of Gradient road

Highway Route

The highway is an arterial road with at least two lanes of traffic. Highway routes have a flat
road surface, allowing for maximum speed on an E-bike. In addition, the performance of an
E-bike can be examined with a constant speed over a long distance on the highway. For
testing purposes, a two-lane highway route is used. Length of route is 9 km. Figure 5.15
shows the typical route of traveled area of highway route and Figure 5.16 displays the

photographs of highway route.
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Figure 5.15 Typical route of a traveled area on highway road with GPS data, Image provided by Google map,
map data ©2020
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Rural Route

The rural road is located outside of the city and has a low volume of traffic. The rural road
is often a single lane with an earth, dust, and gravel surface. The rural route is mostly utilised
by light vehicles. The rural route was chosen to test the capabilities E- bike's on rough and
gravelly roads. The Chobari Road, located just outside Junagadh, has been chosen as a rural
route for the experiment. Length of route is 7.6 km. Figure 5.17 shows the typical route of

traveled area of rural route and Figure 5.18 displays the photographs of rural route.
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Figure 5.17 Typical route of a traveled area on a rural road with GPS data, Image provided by Google map,
map data ©2020
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Figure 5.18 Photographs of rural road

Micro — trip Generation

A micro-trip is a short travel between two consecutive time intervals where the vehicle has
stopped. The micro-trip-based drive cycle makes it easier to implement a simulated "stop-
go" driving pattern. VVehicles consume greater power under "stop-go" conditions due to
conflicting traffic movement and pedestrians [152]. As a result, micro-trip based drive cycle
construction is a considerably preferable approach for estimating power usage during a
"stop-go" driving pattern. The micro-trip mode comprises of acceleration, cruising, and
deceleration [150]. Targeted driving cycle parameters have been separately examined for

each micro-trip, as required.

5.3.3 Detail of field test

Twenty-four drive cycles have been constructed based on the route type and time period. In
the OREVA ALISH E-Bike, twelve drive cycles were performed with a new battery set and
the remaining twelve drive cycles with the old battery set. The following are the details of

drive cycles, including time periods and route details:
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New Battery Set
Drive Cycle Time Route Detail
Period
Urban Route
Drive Cycle—1 | Morning | GSRTC bus stand = Junagadh Agriculture University
Drive Cycle — 2 | Afternoon | ->Bahhaudin Science College > Kalva Chowk
Drive Cycle—3 | Evening ->Majevadi Gate > Junagadh Railway station -
GSRTC bus stand
Gradient Route
Drive Cycle—4 _ Moming |\ .\ 2 chowk = Diwan Chowk = Old Collector Office
Drive Cycle —5 | Afternoon .
- - —-> Swaminarayan Temple - Kalva Chowk
Drive Cycle — 6 | Evening
Highway Route
Drive Cycle — 7 | Morning
Drive Cycle—8 | Afternoon | Majevadi Gate > Girnar Taleti & Back
Drive Cycle — 9 | Evening
Rural Route
Drive Cycle — 10 | Morning
Drive Cycle — 11 | Afternoon | Chobari Road
Drive Cycle — 12 | Evening
Old Battery Set
Drive Cycle Time Route Detail
Period
Urban Route
Drive Cycle — 13 | Morning GSRTC bus stand = Junagadh Agriculture University
Drive Cycle — 14 | Afternoon | ->Bahhaudin Science College - Kalva Chowk
Drive Cycle — 15 | Evening —>Majevadi Gate - Junagadh Railway station >
GSRTC bus stand
Gradient Route
Dr!ve Cycle—16 | Morning Kalva Chowk - Diwan Chowk - Old Collector
Drive Cycle — 17 | Afternoon . .
- - Office - Swaminarayan Temple - Kalva Chowk
Drive Cycle — 18 | Evening
Highway Route
Drive Cycle — 19 | Morning
Drive Cycle — 20 | Afternoon | Majevadi Gate - Girnar Taleti & Back
Drive Cycle — 21 | Evening
Rural Route
Drive Cycle — 22 | Morning
Drive Cycle — 23 | Afternoon | Chobari Road
Drive Cycle — 24 | Evening
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5.3.4 Flow chart of field test experiment
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5.3.5 Assessment of field test

An assessment criterion ensures that the created drive cycle accurately represents a driving
pattern under real-world situations. The drive cycle was evaluated using distance, time
duration, speed and acceleration rates, driving time and stopping time. These drive cycle
characteristics vary depending on the type of route and the climate. Analyze the effect of
variables such as ambient temperature, road condition, aggressive driving, etc. on E-bike
performance based on measured values. The analyzed data is shown graphically in the

following section.

Vehicle Speed
The speed-time variation for E-bikes obtained from GPS tracking data for different routes is

shown in the Figure 5.19. The average speed of 12 km./h is recorded on the gradient route,
which is the minimum average speed compared to the speed of E-bike on other routes.
Because the gradient route incorporates an up-down road pattern along the entire length.

When E-bike goes uphill, it decelerates and accelerates downhill due to gravity.

The highway route allows for maximum speed on an E-bike for the lengthy run. Thus, as a
result, the highway route reached top speeds of 25 to 30 km/h. The rural route is rough and
mostly gravelly. On a rural route, the E-bike average speed is 15 kilometres per hour. The
E-bike's speed was changed from 10 to 15 km/h up to 26 minutes (1600 sec.) with regular
stops along the urban route. The urban route's speed profile reveals frequent stops due to
heavy traffic density during the entire field test. During the field test, some micro-trips are
seen with all types of routes. These micro-trips are a portion of the speed profile, which
begins and finishes with a speed of zero. Micro-trips demonstrate the actual driving pattern,
which includes acceleration, idling, and deceleration phases. By comparing the E-bike's
average speed, it is easy to see what the fastest and slowest speeds were on highways and

grade routes, respectively.
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Figure 5.19 Speed — time profile of E — bike on various routes

Power Consumption

The Figure 5.20 represents the power utilized by the E-bike on various routes. The
power was calculated using the current drain of the BLDC hub motor and the battery voltage.
The BLDC hub motor's current and voltage are adjusted in response to the load. The current
drain from the batteries increases as the load on the hub motor increases, and the voltage

steadily declines.
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Figure 5.20 power — time profile of E — bike on various routes

E-bikes used an average of 200 W of electricity on gradients, rural, and urban routes, and
300 W of power on highway routes. A comparison of average power consumption reveals
that maximum power consumption occurs on the highway route due to the E-bike's higher
speed. almost the same average power consumption throughout the gradient and urban route

drive cycles.
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5.4 Results and analysis

The performance of the E-bike in various variables such as road conditions, climatic
conditions, and different SOH has been analyzed based on twenty-four trips in a field test.
To assess the performance of the VRLA battery during operation, three performance
characteristics are measured and analyzed: battery surface temperature, energy consumption,

and E-bike speed. This section describes and explains the acquired results.

5.4.1 Battery Temperature

The temperature of the battery is a crucial factor in the performance of an E-bike. Every
10°C rise in temperature doubles the reaction rate, and every 8.3°C increase above 25°C
halves the battery life [28]. Primarily, the relationship between battery temperature and
power consumption rate and ambient temperature is direct. The ambient temperature ranges

from 28°C to 43°C throughout the morning, afternoon, and evening phases of the field test.

The temperature profile of new and old batteries during the morning field tests is represented
in Figure 5.21. Throughout the morning, the temperature stayed between 28.5 and 31 degrees
Celsius. It demonstrates that the temperature profiles T1 and T2 of batteries 1 and 2 are fairly
similar. In addition, the temperature T3 of battery no. 3 rises significantly faster than that of
another battery. The reason for such a rapid increase in temperature is because this battery
is located in the centre of the battery pack, where air circulation and cooling rate are
inadequate. During the morning tests, the temperature of both new and used batteries
increased by 8.80% and 8.96%, respectively. This indicates that throughout the early hours,
the temperature of both new and old batteries rises at a similar rate.
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Figure 5.21 Battery temperature profiles for new and old batteries during the morning field tests

Figure 5.22 shows the temperature profiles of new and old batteries throughout the afternoon
field tests. During the afternoon field tests, the ambient temperature was maintained at 37°C
and 40°C. The temperatures of all the batteries initially rise uniformly throughout specific
afternoon tests. The T2, T3, and T4 temperatures of batteries 2 and 3 increased at a faster
rate until the end of the journey. The highest battery temperatures are seen in the afternoon,
indicating that E-bike air ventilation is insufficient in the afternoon. Additionally, it is found
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that the temperature of old batteries rises faster than that of new ones. The urban route has

an average temperature increase of 5.2°C over the ambient, which is 15.38%, 34.61%, and

40.38% greater than the gradient, highway, and rural routes, respectively.
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Figure 5.22 Battery surface temperature profiles for new and old batteries during the afternoon field tests

Figure 5.23 illustrates the temperature profiles of new and old batteries during the evening.
Temperatures in the evening field tests ranged from 31°C to 34°C. The gradient route has
the biggest temperature spike of 4.2°C from the ambient, whereas the other routes have
temperature increases of around 2.5°C. The change in temperature between the morning and

afternoon is minimal. It is also observed that the evening temperature profiles of new and

old batteries are nearly identical.
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Figure 5.23 Battery surface temperature profiles for new and old batteries during the evening field tests

5.4.2 Comparison of battery temperatures

Figure 5.24 compares the highest surface temperature of the batteries to the ambient
temperature during various routes with a new battery set in the morning, afternoon, and
evening tests. The greatest temperature recorded was 44.0°C during the afternoon gradient
route test when the ambient temperature was 39.7°C. Minimum temperature rises (T) were
found for all roads in the evening, while minimum battery temperatures were observed
during morning tests. According to the Arrhenius equation, the rate of chemical reaction
rises with increasing temperature and vice versa [153]. Like a result, when the ambient
temperature is high (as in afternoon tests) and the battery is used, the temperature quickly
increases above the ambient temperature since the heat generation rate is faster at higher

temperatures.
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Figure 5.24 Comparison of battery surface temperature during different routes with the new battery set

Figure 5.25 illustrates a comparison of the minimum and highest surface temperatures of the
battery during different routes with the old battery arrangement. The highest battery
temperature measured in these field testing was 45.4°C in the afternoon test on the urban
route while the ambient temperature was 39.7°C. In addition, the lowest temperature rise (T)
was seen in the evening on all roadways, while battery temperatures were lower in early field

tests.
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Figure 5.25 Comparison of battery surface temperature during different routes with old battery set

The highest temperature measured in the old battery set during the afternoon time of the
urban route is 5.7°C higher than the same value measured in the new battery set. Thus , a
higher temperature rise (AT) was recorded in the field with an old battery set than with a

new one. This is due to the VRLA battery's lead-calcium grid structure, which is extremely
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sensitive to battery ageing. The ageing of the battery causes corrosion of the positive plate

and grid structure, which rises fast with temperature [28].

5.4.3 Influence of ambient temperature and speed on power consumption

The power consumption of an E-bike is primarily determined by its speed on various routes.
However, it also has a noticeable effect on the ambient temperature. The average power
consumption for each test versus ambient temperature, as well as the average vehicle speed
for that test, are plotted in Figure 5.26. The greatest power, 277.4W, is utilised at an average
vehicle speed of 23 km/h with an ambient temperature of 38.5°C, which is nearly the highest
value of that parameter recorded. At moderate temperatures (about 30°C), the lowest power
consumption has been reported with a low speed. Low power usage at high temperatures
may be due to continuous vehicle speed during low traffic.

250
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30

35 10

Ambient Temperature (°C)

Figure 5.26 Wireframe plot showing the influence of ambient temperature and vehicle speed on power
consumption

The combined effect of ambient temperature and power consumption on battery temperature
is plotted in Figure 5.27. This Figure shows that battery temperature increases with increase

in the ambient temperature and power consumption.
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Figure 5.27 Battery temperature as a function of power consumption and ambient temperature

However, ambient temperature is more critical in increasing the battery temperature than
power consumption. The fluctuation in power consumption also leads to a rapid increase in
battery temperature. E-bike's acceleration and deceleration cycles are responsible for higher
power consumption changes. That is one of the reasons behind the higher battery
temperatures were recorded during field tests on the urban route because E-bike speed is

highly fluctuated due to higher traffic density in urban route.

5.4.4 Influence of route pattern and ambient temperature on energy consumption

The influence of ambient temperature on energy consumption on various routes is shown in
Figure 5.28. Each point represents a particular driving cycle, and shape and colors indicate
the route type (gradient, highway, rural or urban). The lines represent the linear regression
between the corresponding route and energy consumption. The linear regression is used to
indicate the relation between the corresponding path and energy consumption. It shows that
average energy consumption during various routes is related to ambient temperature and the
nature of the way. The highest energy consumption of 15.05 Wh/km is seen on the gradient
route, and the rise due to higher ambient temperature is also steeper. On the other than, the
energy consumption of 11.20 Wh/km is the lowest on the highway route. The highway route
seems to have the most downward effect on ambient temperature, where the range is between
11.20 Wh/km and 12.29 Wh/km,
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Figure 5.28 Influence of ambient temperature on total energy consumption during a field test.

5.4.5 A mathematical relationship between ambient temperature and energy

consumption

A mathematical model has predicted the value of response under different conditions
of input parameters. The mathematical model can be derived by regression analysis.
Regression analysis is used to determine the change in response values with the value of
design parameters change. Regression is a method of determining the conditional expected
value of a dependent variable "Y" with the given value of some independent variable "X."
regression is represented in a linear algebraic equation known as a regression equation.

The regression equation in the form of,

Response = Constant + coefficient (predictor) + .......... + coefficient (predictor)

Y=K+KI(X1)+K2X2)+ vvrenn... + Kn(Xn)

The regression analysis can be derived by using MINITAB statistical data analysis
software. The parameters to be considered for regression analysis are derived from the
Analysis Of Variance (ANOVA). The ANOVA represented in form of table. Table 5.3
shows the estimated values of regression coefficient for battery temperature by MINITAB.
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Table 5.3 Estimated values of regression coefficient for battery temperature by MINITAB

Term Coef SE Coef T-Value P-Value VIF
Constant 0.00838 0.00177 4,72 0.000
Ambient Temperature (°C) | 0.000124 | 0.000052 2.38 0.028 1.02
Gradient 0.001088 | 0.000332 3.27 0.004 1.52
Highway -0.000975 | 0.000330 -2.96 0.008 1.50
Rural 0.000123 | 0.000333 0.37 0.715 1.53
Urban -0.001325 | 0.000540 -2.45 0.024 1.51

Error! Reference source not found. shows the estimated values of the regression c
oefficient for battery temperature. The P-value of the gradient route is more petite than o —
level (0.005). So, gradient routes are significantly affecting energy consumption. The same
observation is also noticed in actual field test data, as shown in Figure 5.28. Variance

Inflation Factor (VIF) is between 1 and 5. So, predictors are moderately correlated for all

predictors.

Regression equation for energy consumption during each route,

Gradient : Energy Consumption (kWh/km)
Highway : Energy Consumption (kWh/km)
Rural : Energy Consumption (kWh/km)
Urban : Energy Consumption (kWh/km)

The Regression equations are established the mathematical relationship between energy

consumption and ambient temperature for various routes. Using the regression equation,

0.00946 + 0.000124 Ambient Temperature (°C)
0.00740 + 0.000124 Ambient Temperature (°C)
0.00850 + 0.000124 Ambient Temperature (°C)
0.00814 + 0.000124 Ambient Temperature (°C)

energy consumption can be mathematically predicted at a given road's given temperature.
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Figure 5.29 Comparison of actual results of energy consumption with mathematically predicted results
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Figure 5.29 represents a comparison of mathematically predicted results with actual energy
consumption on the various routes. It shows that the mathematical model is well fit to expect

the performance parameter with any control parameters.

5.5 Conclusions

This experimental study about the effect of various parameters like road conditions, climatic
conditions and SOH on performance parameters such as battery temperature, energy

consumption and speed of vehicle for VRLA batteries in E-bike by performing field tests.

It is found from the field tests that ambient temperature plays an essential role in deciding
the battery temperature. The battery temperature rises rapidly in afternoon field tests, going
up to 45.4°C when the ambient temperature was 39.7°C. Comparing battery temperatures
shows that the increase in battery temperature (AT) above ambient temperature is up to 3.9
°C, 5.7°C and 3.4°C, observed with field tests during the morning, afternoon and evening.
This clearly shows that cooling achieved with air ventilation of E-bike is adequate during
morning and evening hours but not effective during afternoon hours due to high ambient
temperatures. In addition to the above, the route type has an important impact on battery
temperature. The highest battery temperature rise (AT) of 3.4°C above the ambient is
observed in gradient route field tests, which is 8.0%, 33.33% and 30.22% higher than the

urban, highway and rural routes, respectively.

It is also found that batteries are heated more rapidly as they age. The field test shows that
older batteries are 24.04% more heated than new batteries at higher ambient temperatures.
Thus, there is a need for a better thermal management system for batteries, particularly in
tropical countries like India, where afternoon temperatures in summer are very high. At
lower speeds, the effect of ambient temperature on power consumption by the E-bike was
found to be significant. At the same time, it also becomes very substantial at higher rates of
fluctuation in speed. In addition to the above, it has been observed that the ambient

temperature and route type significantly impact E-bike's energy consumption.

The mathematical relationship was established between ambient temperature and energy
consumption for different routes using regression analysis and mathematically predicted
results are compared with field test data. It is shown that the energy consumption during

various drive cycles is dramatically increased with ambient temperature. The average energy

83



Conclusions

consumption of E—bike rises by 25.55% when the temperature changes from 29°C to 40°C
on a different route, obviously due to consequent battery temperature rise. It is seen that the
route patterns have a noticeable impact on energy consumption. The energy consumption
during the gradient route is 13.75 Wh/km, 10.35%, 15.66% and 8.47% higher than the urban,

highway and rural routes.

This study makes a sound case for a more effective battery thermal management system
using techniques like evaporative cooling or refrigeration, as only these can produce cooling
temperatures lower than the ambient. Such a system will help maintain the battery
temperature in the recommended operating temperature range for geographical regions

where summers are long and hot.
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CHAPTER 6. Development of Evaporative
cooling based BTMS

The ideal thermal management system would be small, light, and inexpensive. Battery
thermal management system (BTMS) based on air or liquid cooling are commonly utilized
in EVs. The energy consumption of various components used in air or liquid cooling, such
as pumps, blowers, and so on, directly affects the range of EVs. Because of the fans, pumps,
tubing and other equipment in forced air cooling and liquid cooling systems are becomes
massive, complicated and costly. Sometimes manufacturers avoid liquid-based thermal
management systems due to the leakage [154]. Also, an air or liquid-cooled thermal
management system cannot keep the battery temperature below ambient. However, only

evaporative cooling or refrigeration can achieve temperatures lower than the ambient.

Furthermore, evaporative cooling is less complicated and expensive than other cooling
systems. Thus, an evaporative cooling-based thermal management system is selected and
constructed for E-bike. The BTMS with evaporative cooling was designed based on the heat

generated at the highest battery temperature in previous field tests.
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6.1 Design calculations

The stages for designing an evaporative cooling based BTMS is given as below,

Calculation for power and torque of E-bike

U

Calculate amount of heat generated by E-bike battery pack

dE
(Qtotal)cell =1 Td_T + 1 (E - V)

U

Calculate required mass flow rate of air

Q

m, = ———-
¢ Cp(Tl - TZ)

U

Select a Cooling fan according to mass flow rate

U

Selection a Cooling pad

U

Sizing the other components like water tank, air suction grill etc. according to
avaliable space
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6.2 Uncertainty Analysis

S. J. Kline and F. A. McClintock's [155] technique was utilised to calculate experimental

uncertainties. The uncertainty of measuring parameters is as per Table 6.1.

Table 6.1 Possible error in measurement devices

S Device name Parameter | Symbol | Unit Max. Error
No. Value
Temperature Tlto 0to
1 | Thermocouple (J-type) on thtery s C 750 0.1
2 | Thermocouple (J-type) ¢;n|:plggture T6 C 3;8 0.1
Voltage Measuring
3 | Probe (config. through I\B/;)tl;[sge of \/ \ Oto5 0.2
1K Q resistor) y
Current measuring Current of
4 | probe (using 30A ~ 70 Batter I A | 4t020 | 0.01
mV shunt) y

Calculation of uncertainty in results

The uncertainty of heat generation rate of battery was estimated by,

? 2 2 2772
OQuatery [(—Qc;’*l‘“e’y xél] +(%XJTJ +[%X§E] +[_(ibanerv xé\/j }

The uncertainty of Temperature Difference was estimated by,

A(AT 2 (ACAT 2
<§T1)><8T1> +< iTz)x8T2>

N[

8(AT) =

The uncertainty of Required Volumetric Flow rate of Air was estimated by,

d " (d ’(d 74
§ma = ma X 5Qbattery + ﬂ x é-I-l & x 5T2
dQ dT, dT,

battery

The calculation steps of uncertainty in results have been presented in Appendix C. The
calculated maximum uncertainties in results are 7.37%, 7.06% and 7.43% for heat generation

rate, temperature difference and required volumetric flow rate of air respectively.
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6.3 Design criteria

The evaporative cooling based BTMS should be fulfil the following requirement,

1. The evaporative cooling-based BTMS should be compact and transportable.

2. The evaporative cooling-based BTMS should be easily implemented in E- bike.

3. The effect of climatic changes should be minimum on batteries in E- bike.

4. The power consumption of evaporative cooling-based BTMS should be minimum.

5. The BTMS based on evaporative cooling should have a modular design that allowing for
easy assembly and disassembly of all components.

6. The evaporative cooling-based BTMS should be automatically controlled in accordance

with battery temperature.

6.4 Working principle of BTMS

According to the above design criteria, a novel evaporative cooling-based BTMS for VRLA
battery pack was developed and implemented in E-bike. The Figure 6.1 depicts the
conceptual design of developed evaporative cooling-based Battery Thermal Management
System (BTMS). In the current BTMS, cooling is performed through the use of evaporative
cooling. The current unique technology employs a cooling module to extract heat from

warmer ambient air that is then blown into the enclosed chamber to cool it efficiently.

The evaporative cooling system consists of three units; The battery pack, control unit and
cooling unit. The cooling and control units are arranged in mid supported box. The battery
pack is placed below the mid-supported box. The battery pack contains four 12V, 25 Ah
VRLA batteries' which are connected in series. A 20 W air blower, 2.25 lit. water tank, 3W
water pump and a cooling pad make the cooling unit. The air blower and water pump are
powered by a 12V, 7Ah VRLA battery housed in a separate control unit. A data logger,
temperature control unit and speed regulators for the air blower and pump are arranged inside
the control unit. The water level indicator indicates the amount of water in the water tank.
The Khoat KH208 paperless data recorder is used as a data management system. The data
logger monitors and records the battery's surface temperature and the current delivered to
the battery during the operating condition. The cooling system is made fully leakproof.
Major components of the cooling unit like the water tank, water collecting channel, cooling
pad grill, piping system, etc., are connected through temporary fasteners. So, all the cooling
unit components are easily assembled and disassembled. The 2-inch wood—-wool cooling pad
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is used in the cooling unit. The wood-wool cooling pad is arranged inside the L-shaped
galvanized perforated iron grill. The L — shape of the grill facilitates air entry from two sides.

The cooling system of BTMS is fully automatically controlled. As shown in Figure 6.1 a
temperature controller is provided in the control unit. When the system switches ON, the
temperature controller detects the temperature of the battery surface and according to that
temperature, a controller operates the cooling blower and water pump. The temperature
controller senses the surface temperature of the E-bike battery using a thermocouple and
controls the cooling blower and water pump based on that temperature. The air blower and
pump are individually regulated through speed regulators provided in a control unit. The
temperature controller is configured to set the value of temperature 30°C. When the battery's
temperature is higher than the set value, it starts the cooling blower and water pump. When
the blower start, The humidified air from the wetted cooling pad is blown into the battery
pack. The cooling air has circulated the batteries and extracts the heat from them. Cooling
air is extracted from the battery pack through air outlets provided on the left and right sides

of the battery pack.
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(1) 12V, 25 Ah. VRLA batteries ‘ (14) | Non — return valve
~(“2) Battery pack ‘ (15) | PVC 15 mm union
| (3) | Cooling unit | (16) | PVC 15 mm end cap
(4) Control unit | (17) | 12V, 7Ah. VRLA battery
(5) | 2.25 Lit. water tank | (18) Data logger
(6) | Wood-wool cooling pad | (19) | Temperature controller
(7) 20 W jet air blower | (20) | Voltage — current indicator
7(8f |5 W water pump \ '(7271) Waterr level indicator
(9) | Water supply pipe ‘ (22) Control unit ventilation fan
(10) Water return pipe (23) Main switch
(11)  Spray nozzles | (24) | Ventilation fan switch
A (12) .Water collecting tray ‘ (25) Speed regulator (Jet air blower)
(13)  Water absorbing pad \ (26) | Speed regulator (pump)

Air
Outlet

S

300

TR

S.V.

Figure 6.1 Conceptual design of the developed evaporative cooling based Battery Thermal Management System (BTMS)
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6.5 Detail of individual components

6.5.1 Battery pack

The battery pack is fabricated using the 20 gauge (0.91 mm) thick galvanized iron sheet. The
Figure 6.2 illustrates the detail drawing of battery pack. The battery pack size is 500 mm x
300 mm x 280 mm in the area and the dimensions of the E-bike battery are 180 mm x175
mm x 80 mm. The battery pack size has been fixed according to the dimensions of the battery
used in the E-Bike (12 V, 25 Ah). Four magnets have been located at each end of the outer
body. Magnets are used to provide batter strength and facilitate efficiently removing the mid-
supported box from the battery pack. Two ventilation windows are provided on both sides
of the battery pack to remove the air from the battery pack. The sizes of both ventilation
windows are 60 mm in diameter. 25 mm thick glass wool insulation is provided in the battery
pack to reduce the effect of heat transfer from the atmosphere. The four battery holders of
185 mm x 85 mm x 50 mm are provided to hold the VRLA batteries. Also, 18 mm gap is
provided between each battery holder for proper air circulation.

4 | 3 ¥ 2 | 1
Battery pack
_——Magnetic strip
D F 500.00 D
—_— [— =]
-
o
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wn
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~—85.00—
B 300.00 +
S —— =
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8 O
o
3 $30.00
b—q Tr——————1 r—————— F—
1 [ I
| I I
=3 11 [ I =1 CD
L R H
.
A A
=
ALL DIMENSIONS ARE IN MM.
3rd ANGLE PROJECTION
4 I 3 L3 2 T 1

Figure 6.2 Detail drawing of battery pack
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Figure 6.3 Snapshot of battery pack

6.5.2 Mid supported box

The mid-supported box is arranged between the system's upper and lower portions. Figure
6.4 and Figure 6.5 show the detail drawing of mid supported box and actual mid supported
box respectively. The lower part consists of a battery pack, and the upper portion consists of
a cooling and control unit. The mid-supported cover is fitted on the top portion of the battery
pack using magnets. The mid-supported cover is held by the cooling unit and the control unit
at mid of the overall system. Thus it's called a mid-supported box. The dimension of the mid-
supported box is 450 mm x 250 mm x 60 mm. accuracy during the fabrication of mid

supported box is more important because it is an air-tight cover for a battery pack.

4 | 3 ¥ 2 | 1
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Figure 6.4 Detail drawing of mid supported box
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Figure 6.5 Snapshot of mid supported box

6.5.3 Cooling Unit

The cooling unit worked on the principle of an evaporative cooling system. The cooling unit
produces the cooling effect by evaporating the water in a wetted cooling pad. The cooling

unit consists of a 20W air blower, 2.25 lit. water tank, 3W water pump and a wood-wool

cooling pad.
Spray nozzles|\/ \/ V V V
Cool air to
E> Cooling pad ‘ battery pack
Hot air
] Water collecting tray
Water circulation <S Non-return
pHIRP valve
| Reservoir |

Figure 6.6 Schematic diagram of cooling unit
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The cooling unit is fully compact and provides a leak-proof operation. The schematic
diagram of the cooling unit is shown in Figure 6.6. The working process of the cooling unit
is quite simple. A 3W submersible water pump inside the water tanks circulates the water
from the tank to the cooling pad. The water in the cooling pad is circulated using 4 mm
diameter polyvinyl chloride (PVC) flexible pipes. There are 0.5 mm holes in the pipes for
spraying water on the wood wool cooling pad. The water from the holes is sprinkled on a
cooling pad, and the place becomes wet. The cooling pad is arranged inside L — shaped
metallic grill of size 350 mm x 62 mm x 85 mm. The cooling pad with grill is located on the
left side corner of the cooling unit. Especially, L—shaped metallic grill is designed to take
advantage of two-side air entry at the corner. The water from the cooling pad is collected
inside the water collecting channel, fitted below the grill through screw joints. The inside
surface of the water collecting channel is coated with an 8 mm sponge which absorbs the
additional water and doesn't allow it to leak from the channel. Water from the channel is
back to the tank through a 15 mm PVC piping circuit. PVVC piping circuit includes 4 — elbow
joints, 2 — tee joints, 1 — non-return valve, 1 — union and 1 — end cap. PVC pipes are
connected with the water collecting channel through 8 — non-return valves. These non-return
valves are specially designed from 8 mm dia. The copper tube is placed between the water
collecting channel and PVC pipe. Non—return valves can flow the water in one direction
from channel to pipe. Non-return valves have prevented the backflow of water during the
jerky operating condition of e-bikes on the road. One additional non-return valve is provided
in the PVC pipe near the endpoint to prevent the backflow of water from the tank to the PVC
pipe. The endpoint of PCV pipe is made of a tee joint that is vertically fixed on the tank's
cover. One end of the tee joint is connected to a PVC pipe from a water collecting channel
through a union. A whole piping circuit connects and disconnects the tank through a union.
The end cap is provided on the remaining end of the tee joint. Water can fill the water tank

from end cap fitted on tee joint.

The air blower is provided after the water tank, cooling pad grill and piping circuit assembly.
The centrifugal air blower is directly fitted in a mid-supported box so that the blower's
suction side remains in the cooling unit and the exhaust side in the battery pack. The air
blower and water pump are controlled automatically by the temperature controller provided
in the control unit. Figure 6.7 and Figure 6.8 show the detail drawing of cooling unit and

actual cooling unit respectively.
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Figure 6.7 Assembly drawing of cooling unit

Figure 6.8 Snapshot of cooling unit
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6.5.4 Control Unit

The Control unit consists of a data logger, temperature controller, water level indicator and
speed regulators for the air blower and pump. All the types of equipment in the control unit
and cooling unit are powered by 12V, 7Ah. VRLA battery is placed in a lower portion of a
control unit. The water pump and air blower are operated on a 12V DC supply, while the
data logger and temperature controller are operated with 230V, 50 Hz. AC power supply.
Thus, the control unit's circuit is constructed in such a way that all of the components with
DC and AC power supplies are powered by a single 12V, 7 Ah. battery. In fully charged
condition, this battery can continuously run all types of equipment for up to 2 hours.

The circuit diagram of the control unit is shown in Figure 6.9. The whole circuit is divided
into two sections according to the type of power supply. In the first section, the data logger
and temperature controller are connected with battery through DC — AC converter. DC — AC
converter is converted voltage from 12V DC to 230V AC vice — versa. So, DC — AC
converter is also used as a battery charger. The transformer of DC — AC converter generates
heat during the operating condition. So, one centrifugal type ventilation fan is provided on
the sidewall of the control unit to dissipate the heat from the control unit during the working

condition.

In another section, the battery is directly connected to the air blower and water pump in
parallel to the temperature controller, as shown in Figure 6.9. Temperature controller is
ON/OFF the air blower and water pump according to the surface temperature of E-bike
batteries. The temperature controller consists of an electric relay and temperature sensor.
The temperature controller is to sense the surface temperature of the E-bike battery by
thermocouple and according to surface temperature, it operates the air blower and water
pump. The temperature controller facilitates setting the temperature range as per
requirement. So, the temperature controller is set with a predefined temperature range
according to the optimum temperature range provided by the E-bike battery manufacturer.
According to the manufacturer, the optimum battery temperature for E-bike batteries is
27°C. The temperature controller is set from 25°C to 30°C. So, it tries to maintain between
25°C to 30°C temperature of the battery. The water level indicator with 3 LED indicators,
i.e., low, medium and high levels, is also provided in a control unit. The water level indicator
shows the water level in a water tank with an LED indicator. The snapshot of actual control

unit is displayed in Figure 6.10.
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Figure 6.9 Circuit diagram of control unit

Figure 6.10 Snapshot of Control unit
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6.6 Complete prototype of evaporative cooling based BTMS for E-
bike

Finally, fabricating the prototype of the battery thermal management system (BTMS)
according to the design of every part. The assembly drawing of complete prototype of
evaporative cooling based BTMS is shown in Figure 6.11. This BTMS help to maintain the
battery temperature in E-bike close the optimum operating temperature ranges (20°C to
30°C). The BTMS operates automatically during the working condition.
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Figure 6.11 Assembly drawing of complete prototype of evaporative cooling based BTMS

Now to fulfil the design aspects, the functional design and fabrication of BTMS is done, as
shown in Figure 6.12. All the components are assembled and developed into a complete
system. The whole system is separated into two portions; the upper portion includes a
cooling system and control unit and the lower part consists of a battery pack. The outer and
inner bodies are welded, and glass wool sheets are put in space between the outer and inner
bodies. The cooling system and control unit are arranged inside the mid-supported box. And

the mid-supported box is air-tight and fitted on a battery pack by magnets. Here high,
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strength magnets are used for tight-fitting. As a result, the upper and lower pieces were
quickly separated with each other. The names of all the fabricated parts are given in the

figure. Here, the prototype of BTMS tries to make it more compact with better efficiency.

Figure 6.12 Complete prototype of evaporative cooling based BTMS
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CHAPTER 7. Experimental Studies — II1I:
Performance assessment of evaporative cooling

based BTMS in field test

The final stage of BTMS development is to conduct an experimental comparison of the
VRLA-powered E-bike battery pack combined with the new BTMS to a traditional battery
pack. Thus, the thermal behavior of Valve Regulated Lead Acid (VRLA) batteries equipped
with an evaporative cooling-based battery thermal management system (BTMS) is

investigated experimentally using a field test.

7.1 Experimental setup & Instrumentation

The experimental system is separated into two components: an e-bike and a BTMS with
evaporative cooling. The 500W BLDC hub motor and four 12V 25Ah VRLA batteries power
the OREVA ALISH E-bike. Batteries are encased in a battery pack beneath the evaporative
cooling system to avoid climatic extremes. The evaporative cooling system is adapted to
meet the available area on the E-bike. It is mounted in the E-bike's leg-space, as seen in
Figure 7.1.

The Khoat KH208 paperless data recorder is employed as a data management system. The
data logger continuously monitors and records the surface temperature of the battery and the
current supplied to the battery during operation. Figure 7.2 demostrate the location of
measuring elements and current flow direction in VRLA battery pack of E-bike. The battery
pack contains four 12V, 25 Ah VRLA batteries. As illustrated in Figure 7.2, all batteries are
connected in series. Four J-type thermocouples (T1, T2, T3, and T4) are affixed to the
surface of the batteries. Thermocouples T5 and T6 were used to measure the air temperature
at the battery pack's entrance and exit. The measurement probs for voltage (V) and current

(A) are linked in parallel between battery chargers and battery packs.
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Figure 7.1 Experimental setup
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Figure 7.2 Location of measuring elements and current flow direction in VRLA battery pack of E- bike

Table 7.1 Details of instrumentation

Iﬁg Device Name Parameter | Symbol | Unit Range Acg:;ra
1. J — type thermocouple Battery Tlto | Celsius | 0—750 0.1
temperature T5
2. J — type thermocouple Inlet & T6 Celsius | 0750 0.1
outlet air
temperature
3. Voltage measuring probe Battery Vv Volts | Oto5V 0.5
(config. through 1K Q voltage
resistor)
4. Current measuring probe Current I Amp. 4-20 0.01
(using 30A ~ 70 mV shunt) mA
5. Sling Psychrometer DBT & T Celsius | -10 - 50 0.5
WBT
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7.2 Design of Experiment using full factorial method

Twelve field test-based studies were carried out by three different assessment criteria,
including vehicle speed, load condition, and battery pack condition. Detail of different

assessment criteria are given below in Table 7.2,

Table 7.2 Assessment criteria for field test

Vehicle Speed Mode
Eco mode 15 km/h to 20 km/h
Power mode 30 km/h to 35 km/h

Load condition
Without additional load | 70 kg (Person) + 15 kg. (BTMS) = 85 kg.
With additional load 70 kg (Person) + 15 kg. (BTMS) + 30 kg. (Dead weight) = 115

kg.
Battery Pack condition
With BTMS Evaporative cooling system will be started at beginning of trip.
Precooling+ With E-bike batteries will be precooled by evaporative cooling
BTMS system for two hours before starting a trip.
Natural Convection Batteries are allowed to cool by natural convection.

Table 7.3 shows the details of design factors with them levels. Vehicle speed, load condition
and battery pack condition are three factors selected for the experimental study. Vehicle
speed and load condition factors have two levels, while battery pack condition has three
levels. So, the experiments are designed using the multilevel full factorial technique in
MINITAB 18 (Statistical data analysis software). The factorial design allows for the

investigation of all distinct combinations of factor levels during each trial of an experiment.

Table 7.3 Details of design factors with levels

Factors Level -1 Level - 2 Level - 3

Battery pack condition | With BTMS | Precooling + with BTMS | Natural convection

Vehicle Speed Mode Eco mode Power mode --

Load condition Without Load With Load --

Table 7.4 Design summary of full factorial method

Factors 3 Replicates 1
Base runs 12 Total runs 12
Base blocks 1 Total blocks 1
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Where,

Factors = 3 (Vehicle speed, load condition and battery pack condition)

Base design = 2 factors and 4 trials

Base Runs = 12 no. of trials

Replicates = 1, Replicates are no. of multiple trials with same factor and level. Increase no.
of replicates increase accuracy of results.

1 Minitab - Untitled o
File Edit Data Calc Stat Graph Editor Tools Window Help Assistant

=H|e 950/t 0008000 DnoB0

Q Session t:' El |

Multilevel Factorial Design

Design Summary

Factors: 3 Replicates: 1
Base runs: 12 Total runs: 12
Base blocks: 1 Totalblocks: 1

Number of levels: 3, 2, 2
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Figure 7.3 Multilevel full factorial design in Minitab with experimental matrix

Figure 7.3 represents the Multilevel full factorial design in Minitab with experimental matrix.
The standard order of trials is non-randomized order of trials. Run order is the order of
experiments to be performed. The third column represents the Value of a center point. Value
“1” indicates the point is a corner point. If a point is “0”, the point represents the center point.
Here, the Value of blocks suggests a group of experimental trials performed under relatively
homogeneous conditions. Typically, blocks are used in an experimental design to reduce
bias and error variance due to uncontrolled factors. The last two columns represent the levels
of each factor. The levels of vehicle speed, load condition and battery pack condition are
coded in the form of 1,2 and 3. Total of 12 trials are performed with different sets of
experimental parameters during the field test. The simplified experimental matrix is shown
in Table 7.5.
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Table 7.5 Simplified Experimental matrix

Exp. No. Battery pack condition Load condition Vehicle Speed Mode
1 With BTMS Without load Eco mode
2 With BTMS Without load Power mode
3 With BTMS With load Eco mode
4 With BTMS With load Power mode
5 Precooling + with BTMS | Without load Eco mode
6 Precooling + with BTMS | Without load Power mode
7 Precooling + with BTMS | With load Eco mode
8 Precooling + with BTMS | With load Power mode
9 Natural Convection Without load Eco mode
10 Natural Convection Without load Power mode
11 Natural Convection With load Eco mode
12 Natural Convection With load Power mode

7.3 Experimentation

7.3.1 Detail of field test

Road tests are performed in the city of Junagadh (Gujarat), India. The trip is approximately

24 kilometers long in total. The field test route (as shown in Figure 7.4) is distinguished by

substantial traffic conditions, such as extra-urban (A-B), urban (B-C), and highway (C-D)

driving conditions. The detail of route for field test is given in Table 7.6. Extra-urban driving

circumstances are chosen, with high traffic density and local streets. The urban driving

condition route is selected from with medium traffic density and arterial streets, whereas the

highway driving condition route is picked with low traffic density.
Table 7.6 Detail of route for field test
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Driving Route Route Distance Total
Condition Characteristics (one side) | distance
Extra urban High traffic Giriraj main road to
- density & local | shamaldas gandhi town 2kmx 2 4 km
g streets hall (A to B)
Medium traffic | Shamaldas gandhi town
Urban driving | density & hall to N.R. Vekariya inst. | 2.5 km x 2 5 km
arterial streets | of technology. (B to C)
Highwa Low traffic N.R. Vekariya College to
drgivin y density & flat government polytechnic — | 7.5 km x 2 15 km
g road Junagadh (C to D)
Total 24 km
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Figure 7.4 Typical route of the travelled area for road test with GPS data

(Image provided by Google map data ©2021)
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7.3.2 Vehicle speed

Figure 7.5 illustrates the speed-time plot for E-bikes acquired from GPS tracking
data in Eco and Power modes. The field test maintains an average speed of 15 to 20 km/h in
eco mode. During power mode, the e-bike can reach a top speed of 35 km/h. During the
urban trip in power mode, the E-bike's average speed varied between 10 and 15 km/h. Due
to the high traffic density, the speed profile of the urban route indicates frequent stops. Due
to high traffic density, the E-bike was driven at an average speed of 15 to 20 km/h in extra-
urban and urban areas. The highway route allows an E-bike to travel faster for a longer
distance. Thus, during a field test, an average speed of 30 to 35 km/h was observed along
the highway route.
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Figure 7.5 Speed Profile for (a) Eco mode & (b) Power mode
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7.4  Flow chart of field test-based experiment
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CHAPTER 8. Results and Discussion

The twelve trips with different combinations of vehicle speed, load condition and battery
pack condition in a field test are performed to evaluate E-bike performance with newly
developed evaporative cooling-based BTMS. The field test were carried out by three
different assessment criteria, including battery pack condition (With BTMS,
precooling+BTMS and natural convection), vehicle speed (Eco mode and power mode) and
load condition (without additional load and with additional load). Mainly, three performance
parameters, i.e. battery surface temperature, energy consumption and speed of E-bike, are
measured and analysed to assess the performance of the VRLA battery during the operating
condition. This section initially presents the variation of battery temperature in different
cooling modes, and then comparisons of the summary temperature difference data are

followed. Also, results are analysed in MINITAB 18 using the general linear model.

8.1 Battery temperature profile with BTMS cooling mode

Figure 8.1 illustrates the temperature profile of VRLA batteries with BTMS cooling modes
under varying speeds and loads. The individual graph demonstrates the temperature profile
of each battery in an E-bike battery pack under various operating conditions. The battery
temperature is observed to remain between 34°C and 36.5°C with BTMS cooling mode in
eco and power modes, respectively. During each field test, the E-bike is driven
approximately 24 kilometres. E-bike operation in power mode and eco mode takes about 1.5
hours and 1.3 hours, respectively. Additionally, it was noted that the battery's initial
temperature was 4 to 5 degrees Celsius below the ambient temperature in both the BTMS
and precooling + BTMS cooing modes. Because the E-bike batteries are constantly stored
within the newly developed BTMS-based battery pack, whether the bike is operating or not.
The BTMS-based battery pack wall is insulated with glass wool insulation, isolating the E-
bike batteries from the surrounding environment. Due to this, the battery temperature at the
beginning of the field test is lower than the ambient temperature. It is assumed that the

ambient temperature remains constant throughout the entire field test.

Figure 8.1 (a) and (b) show that the ambient temperature was 41°C and 40°C, respectively,
during the field test eco mode and power mode. Up to 3000 seconds, the average battery
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temperature gradually decreased from 35.3°C to 34.5°C. During the eco mode, it gradually
rises to 36.7°C until the end of the test. During the first 1700 seconds of power mode, the
battery temperature dropped slightly from 33.9°C to 33.6°C. After that, it gradually rises to
36.1°C until the test is completed. Compared to the field test in eco mode, the rate of

temperature rise in the power mode has been found to be significantly higher.

Figure 8.1 (c) and (d) show the temperature profile of the battery in eco and power modes
with additional load. During field tests with eco mode and power mode, the ambient
temperature was 42°C and 41°C, respectively. Up to 2500 seconds, the average battery
temperature gradually decreased from 34.5°C to 33.7°C. After that, it gradually rises to
36.5°C until the end of the test in eco mode. During the first 1300 seconds of power mode,
the battery temperature dropped slightly from 34.5°C to 34°C. After that, it gradually rises
to 36.1°C until the test is completed. When compared to the eco mode-based field test, the

rate of temperature rise in power mode is observed to be faster.
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Figure 8.1 Battery temperature profiles during field test with BTMS cooling mode
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8.2 Battery temperature profile with precooling+BTMS cooling

mode

Figure 8.2 depicts the temperature profile of VRLA batteries under various speed and load
conditions with precooling + BTMS cooling modes. E-bike batteries are precooled for 1.5
hours before a ride using an evaporative cooling system. Precooling batteries is useful for
cooling them down before starting to discharge them. At lower temperatures, the chemical
reaction rate of the battery slows slightly. During operation, a slow rate of chemical reaction

slows down the rate of heat generation from the battery.

Figure 8.2 (a) and (b) depict the battery temperature profile in eco and power modes and
without load. During the pre-cooling period, the average battery temperature dropped from
33.3°C to 30.8°C. The average battery temperature at the start of the field test was 31°C,
while the ambient temperature was around 38°C. During the E-bike field test, the battery

temperature rose from 31°C to 32.5°C.

The battery temperature profile in eco & power mode and load conditions are shown in
Figure 8.2 (c) and (d). The average battery temperature was seen to decrease from 32.2°C to
30.9°C during the precooling phase. The average battery temperature at the start of the field
test was 31.6°C, while the outside temperature was about 37°C. During the field test of the
E-bike in both the eco and power modes, the battery temperature increased from 31.6°C to
33.5°C. The rate of increase of battery temperature during a field test with precooling +
BTMS mode is noted to be slower than with simply BTMS cooling mode. It was
demonstrated that when the battery operates at a lower temperature, the heat generation rate

is lowered.
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Figure 8.2 Battery temperature profiles during field test with precooling + BTMS cooling mode

8.3 Battery temperature profile with natural convection cooling

mode

Figure 8.3 illustrates the temperature profile of VRLA batteries with natural convection
cooling modes at various speeds and loads. As part of this experiment, the batteries were
installed in the standard location below the seat compartment of the E-bike, allowing them
to cool naturally by convection. The traditional method for cooling down E-bike batteries
during operation is natural convection-based battery cooling. In E-bikes, the battery
compartment is surrounded by louvres that allow the battery to be cooled down by
convention while in operation. This experiment evaluates battery performance with and
without BTMS employing evaporative cooling. As depicted in Figure 8.3, the temperature
of battery — 3 has been rapidly growing since the beginning of the field test, whereas the rate
of increase for the remaining three batteries has been relatively modest. At the completion
of each experiment, the surface temperature of the battery-3 reaches a maximum value.
Batteries 3 is kept in the centre of the battery pack, where air circulation and cooling rates

are significantly reduced, resulting in a high rate of temperature rise.
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Figure 8.3 Battery temperature profiles during field test with natural convection cooling mode

8.4 Comparison of individual battery temperature ranges

Figure 8.4 illustrates the temperature range for separate batteries with varied cooling
mechanisms. The average battery temperature remained between 31.4°C and 33.5°C, 32.7°C
and 36.7°C, and 36.1°C and 42.1°C, respectively, throughout pre-cooling + BTMS, with
BTMS, and natural convection cooling modes. All batteries used in the pre-cooling + BTMS
and With BTMS cooling modes have a temperature range roughly 6°C smaller than the
temperature range observed in natural convection cooling mode. The temperature variation
is the smallest in the pre-cooling + BTMS cooling mode, at 1.6°C. It demonstrates that pre-
cooling combined with BTMS cooling mode provides a more effective cooling effect and

temperature uniformity than BTMS alone or natural convection alone.
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Figure 8.4 Comparison of temperature ranges for individual batteries during field tests with different cooling
modes
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8.5 Comparison of individual battery temperature difference from

ambient condition

Figure 8.5 illustrates the average temperature difference from ambient for individual batteries
using various cooling strategies. During the road tests with BTMS and pre-cooled + BTMS
cooling mode, the average temperature of the batteries remained 5°C and 6°C below the
ambient temperature, respectively. During natural convection, the average temperature of
the batteries remained 2.5 °C above the ambient temperature. Thus, it has been demonstrated
that natural convection alone is insufficient for battery cooling; evaporative cooling-based
BTMS provides adequate cooling and keeps the battery temperature below ambient levels

during the operating condition.
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Figure 8.5 Comparison of average temperature difference from ambient condition during charging process
with different cooling modes

8.6 Total energy consumption in field test with different cooling

mode

Figure 8.6 illustrates the E-bike's energy consumption during a field test with various cooling
modes. A box plot is used to demonstrate the graphical analysis of energy consumption
during field tests with various cooling techniques. The box plot represents the range of
energy consumption along the Y-axis with a maximum, minimum, and mean value. During
the field test, the overall energy consumption maintained between 11.3 and 11.9 Wh/km with
different cooling methods. In the field test with precooling + BTMS cooling mode, the
lowest energy usage of 11.4 Wh/km was observed. At the same time, the field test with

natural convection cooling mode reveals the highest total energy usage of 11.8 Wh/km.
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Thus, it was evidenced that precooling batteries contributes in reducing total energy

consumption under operational conditions.

Boxplot of Total energy consumption(Wh/km)

Total energy consumption(Wh/km)

Precooling + BTMS With BTMS Without BTMS
Cooling stretegy

Figure 8.6 Total energy consumption by E-bike with different cooling modes

8.7  Analysis of full factorial design

The Analysis of Variance (ANOVA) is performed to see if the design parameters are
statistically correlated to the response values. The general linear model is used to analyse the
predictors and response value in this case. The general linear model is an ANOVA method
that employs a least squares regression approach to characterize the statistical relationship
between a continuous response variable and one or more predictors. The temperature
difference is a response value in this case, while the cooling method, speed mode, and load
conditions are predictors. The general linear model investigates the impact of Cooling
technique, speed mode, and load conditions on battery temperature under operational
conditions. Cooling strategy, speed mode, and load condition each have three, two, and two
levels. MINITAB 18 Statistical data analysis software is used to perform the ANOVA. The
generic linear model for temperature difference vs cooling technique, speed mode, and load
condition is shown in Figure 8.7. The ANOVA output is displayed in the form of a table. In
ANOVA, the P-Value is utilised to determine whether a difference in means is statistically
significant. If the P-value is less than or equal to the a.— level (0.005), then design parameters

or factors have a significant effect on the response. If the P- value is greater than the o —
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level, factors have no significant effect on the response. It is evident that the P-value of the
cooling approach is lower than the a — level (0.005). Thus, the cooling method has a
significant impact on the temperature difference as compared to the speed mode and load
condition. The coefficient of determination (R?) represents the total percentage of variance
in response to the parameters specified in the model. The coefficient of determination (R?)
demonstrates that 98.83% of the fluctuation in temperature difference is related to the

cooling strategy.

Factor coding (-1,0, +1)
Factor Information

Factor Type Levels Values
Cooling strategy  Fixed 3 1,23
Speed mode Fixed 2 1,2
Load condition  Fixed 2 1,2

Analysis of Variance

Source DF  AdjSS AdjMS F-Value P-Value

Cooling strategy 2 23.9860 11.9930 191.61 0.000

Speed mode 1 02127 0.2127 3.40 0.108
Load condition 1 0.1639 0.1639 2.62 0.150
Error 7 04381 0.0626
Total 11 24.8008

Model Summary

S R-sq R-sqg(adj) R-sq(pred)
0.250183 98.23%  97.22% 94.81%

Figure 8.7 General Linear Model: AT versus Cooling strategy, Speed mode & load condition in MINITAB18

Figure 8.8 shows the residual plots for the difference in temperature based on the predictors
cooling strategy, speed mode, and load condition. In ANOVA, residual plots are used to
assess the quality of fit. The following figure depicts the normal probability plot, residual
versus fits plot, histogram plot, and residual vs order plot. In ANOVA, residual plots are

used to assess the quality of fit.

The normal probability plot is used to confirm that the residuals are normally distributed.

The residuals in normal probability plot should close to a straight line. The p-values may be
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inappropriate if the residuals do not adhere to a normal distribution. The normal probability
map forecasts the temperature difference based on the cooling technique, speed mode, and
load situation. The residual is plotted on the Y-axis and the fitted values are plotted on the
X-axis in a versus fits graph. The versus fits graph is used to validate the assumption that
residuals have a random distribution and constant variance. Normally, the points should be
scattered at random on both sides of the 0 line. If the point is far from the zero line, it could
be an outlier. The residuals histogram plot is used to identify outliers and skewed data. If a
large tail in one direction is found in a histogram, the data is skewed. When a histogram
shows a large tail in one direction, the data is skewed. A bar in a histogram that is
significantly apart from the other bars represents outlier data. The versus order plot
demonstrates the residual variation between observation runs. Based on the analysis, it can

be seen that the full factorial experiment design is linear.
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Figure 8.8 Residual plots for temperature difference
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CHAPTER 9. Conclusions and Future scope

9.1 Conclusions

In the present research, a Battery Thermal Management System (BTMS) for VRLA batteries
used in E-bike is developed step by step using a systematic approach. Initially, an
experimental study of the behaviour of VRLA batteries at various operating temperatures
was conducted. According to the experimental results, capacity and discharge back up are
seen to be greater at higher temperatures, whereas internal resistance is higher at low
temperatures. Afterwards, the highest temperature reached by the VRLA batteries was
determined when the E - bike is operating under the adverse conditions. The Field tests are
performed to assess the performance of valve-regulated lead acid batteries in E-bikes under
a variety of road and weather situations. All sets of field tests are classified by route (urban
route, gradient route, highway route, and rural route) and time of day (morning, afternoon,
and evening). All experiments are carried out with both old and new battery sets in order to
conduct a full examination of the performance of batteries in various states of health.

According to the results of the field tests.

e The battery temperature rises rapidly in the afternoon. The VRLA battery in the E-bike

reached the highest temperature of 45.4°C when the ambient temperature was 39.7°C.

e It was also discovered that the route pattern has a significant impact on the energy
consumption of the E-bike. The gradient route has the highest energy consumption of
15.05 Wh/km.

Thus, during warmer seasons, the available cooling scheme in E-bikes is insufficient to keep
the VRLA batteries cool. To keep the temperature within the optimal temperature range, an

additional battery thermal management device is necessary.

In the following phase, the BTMS was then designed using evaporative cooling based on the
heat generated at highest temperature reached by the VRLA batteries in the E-bike during
the field test. Finally, experiments were conducted to determine the thermal performance of
a VRLA battery pack using three types of operating condition: With BMTS, pre-cooling +
BTMS, and without BTMS in field tests. The experimental findings of field tests with
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various operating condition are compared and analysed. The major conclusions are as

follows:

¢ Significantly lower temperatures and temperature differences were recorded in the VRLA
battery when employing the pre-cooling + BTMS cooling mode. During the field tests
with pre-cooled + BTMS cooling mode, the average temperature of the batteries remained
5°C below the ambient condition (37°C).

e Temperature rise could be kept limited to 1.6°C during a road test and charging with pre-
cooling + BTMS cooling mode.

Thus, it is shown in the current work that pre-cooling + BTMS cooling mode is the most

effective technique for cooling of VRLA battery pack and helps to keep battery temperature

closer to its optimum temperature range.

9.2 Future scope

Due to limitation and time and resources, the field tests with evaporative cooling system
were conducted by keeping the system in foot-rest area. Efforts should be done to design the
E-bike and the cooling system such that all components can be integrated inside. Further
research may lead to the creation of a battery thermal management system based on

evaporative cooling that can be easily implemented in electric cars.
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All the errors are found within the accuracy (i.e. 0.5%) specified by the Customer,Unit found ACCEPTED
after testing., These results are obtained at the time of testing
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Make: G. P. ELECTRONICS
Model: Unical 28531
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REFERANCE TEMPERATURE - Zero Degree Centigrade
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Calculation of power and torque for E — Bike

OREVA ALISH E-Bike is selected as a test vehicle for experimentation. The OREVA ALISH
is an Indian manufacturing electric bike and is the part of Gujarat based two wheeler
manufacturer range. The OREVA ALISH is powered by 500W brushless DC hub motor with
top speed 40 km/hr. The hub motor is powered by 12V, 25Ah. Maintenance free VRLA battery.

Mathematical analysis based on the following criteria, [155]

(i) Maximum speed of E-bike is 40 km./hr. The power of the hub motor decreases with an

increase in the speed of E-bike.

(if) Average speed of E-bike is considered 16 km./hr as per the previous field test-based

experiment.

(iii) The brushless DC hub motor efficiency is 80% to 85%. So, the Actual power of a brushless
DC hub motor is less than 500 W.

Now, mathematical equations for the torque, speed and power have been derived to support the

experimental analysis of E — bike.

Speed

A 500W brushless DC hub motor is used in OREVA ALISH, which gives the 10 to 40 km./hr.
performance speed under various road conditions. Here, As per the previous experiments, 16
km./hr. is an average speed of E — bike under various road condition and traffic. The E — bike
speed (km./hr.) and revaluation can be calculated from the following equation,

Speed (km./hr.) = n (rpm) x wheel circumference

Power
Typically, the efficiency of a brushless DC hub motor is 80 to 85%. So, power generation by
500W hub motor is less than 500W in actual condition. Three factors influence the efficiency

declination, i.e., rolling resistance, wind resistance and gravity.

So, total power required to E — bike that can be given by sum of power resulting of drag force
(Pdrag), gradient (Pnin) and rolling resistance (Prc). [155]

Ptotal = I:>drag + Prct Phin
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Power required to overcome the drag or wind resistance is determined by the frontal area (A)
of shape and size of E-Bike, drag coefficient, which depends on the body of E-bike and rider,
speed of E-bike and density of air at atmospheric temperature.

Equation for calculate the power resulting of drag force,

Cq-A-p-V3
Pdrag:f (1)

Here, Drag coefficient (C,;) = 1 for upright rider, C; = 0.7 for recumbent rider [156]
Speed (V) = 16 km/hr. = 4.44 m/s
Frontal area (A) =w X h = 0.68 X 1.15 = 0.782m?
Air density (p) =1.293 kg/m3 @ 27°C Temp.

Now, put the above values in equation (1),
Cq-A-p-V3
Pdrag f

1-0.782 - 1.293 - (4.44)3
2

Pirag = 44.25W

The second parameter, the power required to overcome the rolling resistance, depends on
gravity (g) and mass of E-bike and rider (m), rolling coefficient (Rc) and speed of vehicle. The
rolling coefficient depends on the frictional force between tires and the road. Typically, rolling

resistance for stony and flat asphalt roads is 0.004 and 0.0017, respectively.

Equation for calculate the power resulting of rolling resistance,

Pe=g -m-R.-V (2)
Here, Gravitational force (g) = 9.81 m/s?
Mass of vehicle(m) (self weight + rider weight + BTMS weight) =75 + 75 +20 = 170 kg

(Here, BTMS weight is assumed with 20 kg)
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Rolling coefficient (Rc) = 0.0017 for flat asphalt road
Speed (V) =16 km/hr=4.44m/s
Now, put the above values in equation (2),
Pe=g-m-R.-V

=9.81-170-0.0017 - 4.44

P.=1258W

The last approximation for power calculation is the power required to drive the E-bike in hilly
areas. The gradient or slope of a hilly road (gradient %) is to be considered for determining the
required power. The gradient is a ratio of the height of climb to distance. It is described in the
form of a percentage. Here, it assumed a 2% gradient to calculate the required power.

g-m -V - (gradient %)
100 ®)

Ppiy =

Here, Gravitational force (g) = 9.81 m/s?

Mass of vehicle (m) (self weight + rider weight + BTMS weight) =75 + 75 +20 = 170 kg

Height of climb

Gradient or slope = .
Distance

X100 =— X 100 = 2% (Assume)
Speed (V) =16 km/hr=4.44m/s
Now, put the above values in equation (3),

g-m -V - (gradient %)
100

Ppiy =

_9.81:170 - 4.44-2
N 100

Phill == 1481 W
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Now, total required power for E — bike can be calculated from summation of Py, , P and
Pyiu- So, total power can be calculated from following equation,

Ptotal: Pdrag + Prc + Phill

Protar= 44.25 + 12.58 + 148.1

Poorar = 204.92 W

Theoretically, the total power required for driving the E-bike is 204.92W at an average speed
of 16 km/hr. It is observed that the actual power required to drive E-bike during the field test
is 257W. The brushless DC hub motor drives E-bike. So, the power rating for the brushless DC
hub motor must be above 204.92. Due to that reason, OREVA ALISH is powered by a 500W

brushless DC hub motor.

Torque

Torque is a force to drive the vehicle and set it in motion. Torque is the turning power of the
hub motor in E-bike. Hub motor transforms the electrical energy into rotational energy, which
drives the wheel. So, the selection of the hub motor depends on the required torque for driving
the E-bike. The mechanical power produced by the hub motor depends on the torque (T) and
rotational speed of the hub motor (w) [157].

Total mechanical power which can be produce by the motor is given by,

P;otar = Torque (T) X Rotational speed (w)
; — 2nN
Here, Rotational speed (w) /60

So,

2nNT
total = W

P X 60
T = total

2nN (4)

RPM can be calculated from the equation of linear speed,

Liner Speed (m/min)

N =
(rpm) Wheel circumference (m)
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Here, Liner Speed = 16 km./hr.= 1990 — 266.6 m/min.

60

Wheel circumference = D = m X 0.406 = 1.275 m
So, N (rpm) = 266'6/1_275 = 209.1 rpm ~ 209 rpm

Put the value of N in eq. (4),
T = Ptotal X 60

2N

_204.92 % 60
2w x 209

Torque (T) =9.36 Nm

Current

Current is a flow of electrons from positive to negative electrodes through the hub motor and
circuit. The current supply is continuously varied according to the load on the hub motor. A
large amount of current is drained from the battery during the start-up of the hub motor and
gradually decreases with the increased speed of E-bike. Current can be calculated from the total
power and voltage of the battery. The following equation shows the relationship between
power, voltage and current.

Power (P) = Voltage (V) X Current (I)

c £() = Power
urren ~ Voltage

Here, 48V, 24 Ah. VRLA maintenance-free battery pack is used as a power source. So, supplied
voltage to the Brushless DC hub motor is 48V. The required total power at average speed (12

km./hr.) for E-bike is 210.68W.

c £l = Power
urren ~ Voltage
c (D) = 204.92

urren = "3

Current (I) = 4.26A

The current drain by hub motor from the VRLA battery pack is 4.26A at the average speed (16
km./hr.) of E-bike. It is observed that the actual average current drain from the VRLA battery
during the field test is 5.35A.
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Calculation for heat generation rate

VRLA battery is an electrochemical system. The electrochemical reaction between electrodes
in a battery is always connected with the heat effect. There are two sources of heat generation
in VRLA battery,

(1) Heat generation due to reactions between active materials[158][50].

(2) The joule effect causes by current flow through the battery[158][50].

The summation of heat generation due to reaction and the Joule effect gives the total heat
generated by battery cell.

Qtotal = Qrec. T+ Q]oule
Qeotat)eer = 1 [TE]+ TE-V) ___ (1)
The heat generation rate in a cell can be calculated from eq. (1) [51][141][142].

The highest battery temperature recorded during a field test should be used to compute the heat
generation rate. The afternoon portion of an urban route field test saw the greatest temperature

of 45.4°C, according to earlier experimental data. The field test captured the following

variables.
Average power consumption 1 25T W
Battery Temperature(Ty) :45.4°C
Ambient temperature (Ta) :39.7°C

Now, the total heat generated by battery cell,

dE
(Qtotat)cen = 1 [Td_T] + I (E-V)

Where,

Average Current (1) =535A

Battery Temperature(T) =45.4+273.15 = 318.55 K

Entropy Coefficient = 0.4337 mV/K =0.0004337 V/K [159]

(dE/dT)

Open circuit voltage (V) =54V @4 nos. of batteries= 13.50 V for 1 no. of battery
=2.25 V/cell (6 cells/battery)

Cell voltage (V) = 48.0 V@4 nos. of batteries= 12 V for 1 no. of battery
=2 Vicell

Q = 5.35[318.55x 0.0004337] + 5.35 (2.25 — 2.0)

Q = 2.077 W /cell
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Qbattery = 1246 W

A battery pack consists of four batteries. Thus, the total heat produced by the battery pack is
49.84W. During the field test, the batteries are discharged with an average power of 257W, at
which time a battery pack generates 49.84W of heat.

Calculate required volumetric flow rate of air

The amount of forced air necessary to remove heat from the battery chamber is dependent on
the amount of heat generated by the VRLA battery and the required battery temperature
surface. The selection of the proper fan for the evaporative cooling system is determined by
the desired volumetric flow rate. Air mass flow rate is used to calculate volumetric flow rate.

The mass flow rate of air in forced air cooling can be expressed as,

@
Cp (T, — T,)

Where,
Heat dissipates by battery (Q) =49.84 W
Specific heat of air (Cp) = 1007 J/kgK
Inlet air temperature (T]) =27+273.15=300.15 K
Outlet air temperature (Tz) =29+273.15=302.15K
Density of air @ 27°C =1.174 kg/m?

Here, the inlet air temperature is assumed based on the ambient conditions (wet bulb
temperature) of the tested region (Junagadh, Gujarat, India) during the summer. In the summer,
the average wet bulb temperature in Junagadh is 27°C. Outlet air temperature is assumed
according to the battery temperature required to be maintained during operating conditions.
According to the manufacturer's recommended temperature range, the VRLA battery
temperature should not exceed 30°C during the operating state. The outlet temperature should
be slightly lower than the battery temperature. Thus, the outlet air temperature is assumed to

be 29°C for evaporative cooling-based BTMS.

Put all the values in above equation

_ 49.84
~1007(302.15 — 300.15)

Mg
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mg = 24.75 X 1073 kg./ sec

mass flow rate of air
Density of air @27

Volumetric flow rate (q) =

24.75 x 1073

Volumatric flow rate (q) = 172

Volumetric flow rate (q) = 21.08 X 1073 m3/s = 44.66 cfm =~ 45 CFM

A volumetric flow rate of 45 CFM is required for rejecting the 49.84W heat from the E-bike
battery pack.
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Appendix C Uncertainty Analysis
(Using Klein’s Method)

Step-1 possible error in measurement devices

ST Device name Parameter | Symbol | Unit Max. Error
No. Value
1 Thermocouple (]J- Temperature T1to C 0to 0.1
type) on Battery T5 750 '
Thermocouple (J- Air Flow 0to
2 type) Temperature 16 ¢ 750 0.1
Voltage Measuring
3 | Probe (config. through \égii%e of \Y \Y Oto5 0.2
1K Q resistor) y
Current measuring Current of
4 | probe (using 30A ~ 70 Battery [ A | 4to20 | 0.01
mV shunt)
. -10 to
5 | Sling Psychrometer DBT & WBT T C 50 0.5

Step-2 Calculation of uncertainty in results

(1) Heat Generation rate of Battery

Qbattery = QRec + QJouIe

[ dE
Qbattery =1 Tﬁ:l—i_ I (E_V)
[ dE
Qbattery =T ﬁ + ( E-V ):|
A
Qbattery =T d—E+(E —V)= 750X(04337J+(§_5] — 0321
Al dT 1000 ) \6
A
Qatery _ | dE _ 20{0.4337) _ 0.00867
AT dT 1000
AQbattery — | — 20
AE
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=1=20
AV
0 AQ 2 AQ 2 AQ 2 AQ 2 %
5Qbanery — battery % 5| + battery % 5-'— + battery X 5E + battery x 5\/
dl AT AE AV
B 2 2 2 2 %
Quatery =| (0.321x0.01)" +(0.00867 % 0.1)" +(20x0.2)" +(20x0.2) } =5.65
[ dE 0.4337 5
=I|T—+(E-V)|=20%x| 750x —+—=—-5|=76.69
Qe = 1| T 7+ )} { “"1000 "6 }
]
ey _ 565 150 _ 7 3706
Quatery  76.69
(2) Temperature Difference
AT =T,-T,
A(AT
( ):l—T2:1—750:—749
AT,
A(AT
—( ):T1—1:750—1:749
AT,
2 277
A(AT A(AT
5(AT)= ( )><5T1 N )xa‘T2 :[(—749><0.1)2+(749x0.1)2}%:105.9
AT, AT,

AT =T, T, = 750+ 750 = 1500

5(AT) _105.9
AT 1500

x100 =7.06%

(3) Required Volumetric Flow rate of Air

m,=———-—-
C,(T,-T,)
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Am, L ! —6.67x10"

AQ C,(T,-T,) 1007(750+750)

amg___ Q1089 33g,90°
AT, C,(T,-T,)" 1007(750+750)
Am, Q 7669 _nag 10

AT, C,(T,-T,)’ 1007(750+750)

d " (d ’(d dk
m m m

om, = & —x 0 +| —=2 x0T, —2 x0T

2 [( deattery § Qbaﬁel’yJ ( dTl * 1} (dT2 8 2} ]

sm, = [(6.67><107 x5.65) +(~3.38x10°x0.1) +(3.38x10°x0.1)’ T/Z =3.77x10°

=2 1889 _g75,0°
C,(T,-T,) 1007(750+750)
-6
oM, _ 337710 " 100-7.43%
m, 5.075x10
Step-3 Uncertainty in results
Sr. No. Result Symbol | % Uncertainty | Remarks
1 Heat Generation rate of 0 7.37
Battery battery
7.06
2 Temperature difference AT
3 Required Volumetric Flow m 7.43
rate of Air a
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Appendix D Comparison of results of typical field test with new and old battery set

Drive cycles (New battery set)

Parameters 1 2 3 4 5 6 7 8 9 10 11 12
Road type Urban Urban Urban  Gradient Gradient Gradient Highway Highway Highway  Rural Rural Rural
Time slot Morning Noon  Evening Morning  Noon  Evening Morning Noon Evening Morning Noon  Evening
Trip distance (km) 9.7 9.78 9.62 7.9 7.9 7.9 9.0 9.01 9.0 7.6 7.6 7.7
Trip duration (min.) 38.0 42.0 42.0 35.0 37.0 33.0 24.0 23.0 23.0 33.0 33.0 35.0
Max. speed (km/h) 329 38.9 33.8 27.9 27.6 26.0 36.6 39.4 375 28 26.9 26.9
Avg. speed (km/h) 16.23 14 13.8 10.8 10.9 11.5 21.8 23 22.4 13.6 14 13.1
Avg. power (W) 198.95  166.1 171.5 180.8 172.9 169.0 256.5 277.4 265.6 1715 175.8 161.6
Ambient temperature (C)  29.4 37.7 33.1 31.0 39.7 34.5 30.1 385 33.1 29.3 38.0 31.8
Max. battery surface 333 424 345 33.9 44.0 38.7 32.6 413 34.6 316 401 338
temperature (°C)
Temperature difference
(AT) (*C) 3.9 4.7 1.4 2.9 4.3 4.2 2.5 2.8 15 2.3 2.1 2.0

Drive cycles (Old battery set)

Parameters 13 14 15 16 17 18 19 20 21 22 23 24
Road type Urban Urban Urban  Gradient Gradient Gradient Highway Highway Highway  Rural Rural Rural
Time slot Morning Noon  Evening Morning  Noon  Evening Morning Noon Evening Morning Noon  Evening
Trip distance (km) 9.76 9.8 9.79 7.9 7.9 7.8 9 9.03 9.01 7.6 7.6 7.6
Trip duration (sec.) 35.0 36.0 37.0 35.0 37.0 33.0 26.0 24.0 26.0 34.0 31.0 33.0
Max. speed (km/h) 28.9 323 27.6 28.9 33.4 32.0 35.1 38.8 38.1 25.3 27.8 26.9
Avg. speed (km/h) 13.0 17.2 15.9 12.1 13.9 12.4 19.9 22.6 22.1 13.1 14.3 14.2
Avg. power (W) 161.4 206.2 193.5 191.0 187.8 192.5 232.8 261.1 255.7 163.4 176.4 173
Ambient temperature (c)  28.7 39.7 34.1 30.8 37.2 34.3 29.2 39.1 33.1 28.7 37.3 32.7
Max. battery surface 3.7 454 361 34.4 417 37.3 32 43.1 345 316 414 350
temperature (°C)
Temperature difference 3.0 57 2.0 36 45 3.0 238 4.0 15 2.9 41 23

(AT CO)
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Appendix E : Field test data (Experimental study — 3)

Parameters Trip-1 Trip-2 Trip-3 Trip-4 Trip-5 Trip-6 Trip-7 Trip-8 Trip-9 Trip-10  Trip-11 Trip - 12

Cooling With With With  With  Precooling Precooling Precooling Precooling Natural Natural Natural Natural
strategy BTMS BTMS BTMS BTMS +BTMS +BTMS +BTMS +BTMS Convection Convection Convection Convection
Speed mode Eco Power Eco  Power Eco Power Eco Power Eco Power Eco Power
load Without Without With  With Without Without . . Without Without . .
condition load load load load load load With load  With load load load With load - With load
distance(km) 245 24.3 24.6 24.6 24.3 24.7 24.3 24.4 24.2 24.7 24.2 24.6
Ambient
temperature 41 41 41 41 39 39 37 36 36 37 37 37
(°C)
Wet bulb
temperature 29.6 29.1 28.9 28.9 27.1 27.3 25.2 25.8
°C)
Tmin (°C) 34.8 33.6 32.7 34.0 314 31.7 31.8 31.8 36.1 37.1 37.1 37.0
Tmax (°C) 36.7 36.2 35.2 36.1 32.4 33.2 334 335 40.6 41.8 41.8 42.1
Average
battery 357 349 340 350 31.9 325 32,6 32.7 38.3 39.4 39.4 39.6
temperature
°C)
Relative
humidity(%) 41 39 38 38 39 38 36 40
Average 171 207 155 220 16.2 27.8 16.7 19.4 17.8 25.2 175 21.9
speed (km/h)
trip 1Hn  amr AHEIHC 30 1HR07 1HR27  1HR05  1HR21  OHL58  1HR23  1Hr 07
duration - . 34 07 . . . . . . . .

26 min. 10 min. - . min. min. min. min. min. min. min. min.
(Hr.) min. min.
Power
consumption  192.4 2325 1747 247.2 181.9 312.3 187.8 218.7 200.1 283.6 196.5 246.7
(W)
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