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ABSTRACT

The ozone layer's depletion and greenhouse gas consequences are a global issue. Using refrigerants has
a significant role in the ozone layer's depletion. The impact on ozone is reduced as we use these envi-
ronmentally friendly refrigerants. These are the finest options for refrigerants that have recently been
used. Chlorofluorocarbons are being phased out in favor of more environmentally friendly refrigerants
like hydrofluorocarbons and hydrocarbons. We employ automotive air conditioning systems for human
comfort in the automobile sector, and we use refrigerants like R22 and R134a, which contribute to ozone
depletion and the greenhouse effect. As a result, it is now critical to replace these refrigerants with

environmentally benign refrigerants.
Stage -I:

This project intends to design and build an automotive air conditioning system that uses an en-
vironmentally friendly refrigerant to replace R22 and R134A. We have conducted studies using a Test
rig by utilising R1234yf refrigerant. It is observed that the thermal and physical parameters of R1234yf
are almost identical to those of R134a. After conducting trials, We analyzed numerous attributes of
refrigerants such as coefficient of performance, mass flow rate, evaporator discharge temperature, and

compressor displacement for 1234yf.
Stage-II

Electric vehicles (EVs) have grown in popularity due to their zero emissions and high vehicle
efficiency. Electric vehicle certified and real-world energy consumption increase by 60% and 40%,
respectively, with each doubling of vehicle mass, but only by 5% with each doubling of rated motor
power. Battery capacity and vehicle mass are intimately linked. A Battery Thermal Management System
(BTMS) is typically integrated with battery cells to ensure a proper thermal working environment.

In the second stage of this research, we have developed two evaporative cooling systems for the
passive and forced water cooling coupled PCM. The scope of this research is to experiments to reduce
the temperature distribution area in Li-ion cells and the battery pack over time and develop, test evaluate
PCM-based passive thermal management.

Experiments were performed to calculate the PCM heat transfer, solidification, and melting character-

istics used in the Lithium-ion module.



Environmental conditions during summer can increase the battery cell average temperature by
10C and winter by 4.4C. Overall, the developed PCM-based passive BTMS can maintain the Li-ion
battery pack temperature well below 15C for various ambient conditions. It is found that PCMs across
each cell help superior heat dissipation from PCM and enhanced temperature uniformity in the module.
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DBT Dry bulb temperature

WBT Wet bulb temperature

RH Relative Humidity
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K Thermal Conductivity
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Chapter 1

INTRODUCTION

Air conditioning has now become a need in our daily life. Many people now regard it as a need, rather
than a luxury. As a result, many people consider the air conditioning business to be a sunrise industry.
This is particularly important in the context of developing countries like India. The need for air con-
ditioning in India has increased as the country's infrastructure and residents' living standards have
improved. Particularly in the case of household air conditioning systems such as split units, the in-
crease has been spectacular. This can be ascribed to the growing size of cities, rising earnings, and

people's improved standard of living.

American Society of Heating, Refrigeration and Air Conditioning Engineers (ASHRAE) defines air
conditioning as - the treatment of air to control simultaneously its temperature, humidity, cleanliness,

and distribution to meet the requirements of a conditioned space.

AIR
CONDITIONING
| | |
TEMPERATURE HUMIDITY AIR
CONTROL CONTROL CIRCULATION
COOLING HEATING
HUMIDIFICATION DEHUMIDIFICATION

Figure 1.1 Components of air conditioning

According to this description, air conditioning is used in a variety of fields. In general, there are two

types of air conditioning applications: comfort applications and industrial applications.



Table 1.1 Applications of air conditioning

INDUSTRIAL APPLICATIONS

COMFORT APPLICATIONS

* Industrial Air Conditioning

« Laboratories

* Engine Test Facilities

« Data Centers and Telecommunication
Facilities

+ Centers, Technology Spaces, and
Electronic Equipment

* Printing Plants

« Textile Processing Plants

* Residences

« Retail Facilities

« Commercial and Public Buildings
* Places of Assembly

 Hotels, Motels, and Dormitories
 Educational Facilities

 Health Care Facilities

« Automobiles

« Mass Transit

 Photographic Material Facilities « Aircraft
* Museums, Galleries, Archives, and « Ships
Libraries
« Environmental Control for Animals
and Plants
« Drying and Storing Selected Farm
Crops

+ Air Conditioning of Wood and Paper
Product Facilities

» Power Plants
* Nuclear Facilities
» Mine Ventilation and Air Conditioning

Process air cooling refers to air conditioning utilized in industrial applications. Process air condition-
ing improves the adaptability of an indoor atmosphere for an industrial or scientific process by modi-
fying or treating it. As a result, depending on the process to be carried out, the conditions to be main-

tained in an indoor setting may vary substantially.

The current project necessitates the use of comfortable air conditioning. As a result, it has been exam-

ined in depth in the following section.
1.1 COMFORT AIR CONDITIONING

The goal of comfort air conditioning is to establish conditions in the area that allow the people who
occupy it to express satisfaction with the thermal environment. The human body is extremely temper-
ature sensitive. To avoid discomfort, the body temperature must be kept within a restricted range, but
within a slightly wider range to avoid danger from heat or cold stress. According to studies, the tem-

peratures in a neutral state should be:
Skin Temperature, tskin = 33.7 °C

Core Temperature, tcore = 36.8 °C



The body will feel uncomfortable or possibly become fatal at other temperatures. When the core tem-
perature is between 35 and 39 degrees Celsius, the body simply feels minor pain. When the tempera-
ture is below 35 degrees Celsius or beyond 39 degrees Celsius, people lose a lot of energy. When the

temperature drops below 31 degrees Celsius or climbs above 43 degrees Celsius, it becomes fatal.

The ASHRAE comfort chart depicts the circumstances that, if maintained, provide a sense of thermal
comfort in both summer and winter. These conditions are determined by the amount of activity that
takes place within the occupied space. The ASHRAE comfort chart for a sedentary person is shown

in Figure 1.2.

Winter zone RH = 60%

Summer zone

ET=22.5°C

ET=20°C

\ B ET=26°C
\ A \
\ A \
\ \ \
\ \\ \
DPT=2°C N . \/ﬁ23.5°c
\ N \
\ \

\ AN
Top— ™

Figure 1.2 ASHRAE comfort chart for a sedentary person

rom the above figure the comfort conditions for the winter and summer seasons can be obtained as:

Comfort conditions for winter:
DBT between 20.0 to 23.5 °C at a RH of 60%
DBT between 20.5 to 24.5 °C at a DPT of 2 °C
Comfort conditions for summer:
DBT between 22.5 to 26.0 °C at a RH of 60%
DBT between 23.5 to 27.0 °C at a DPT of 2 °C

Different types of air conditioning systems can keep the environment comfortable. The type of air
conditioning system to use is mostly determined by the breadth of the application. The next section

goes over a few different types of air conditioning systems.



1.2 TYPES OF AIR CONDITIONING SYSTEMS

American Society of Heating, Refrigeration and Air Conditioning Engineers (ASHRAE) defines air
conditioning as - the treatment of air to control simultaneously its temperature, humidity, cleanliness,

and distribution to meet the requirements of a conditioned space.

Most air conditioning systems use a Vapor Compression Refrigeration System (V.C.R.S) for cooling
and dehumidification process. An air conditioning system is made up of various components such as
an evaporator, compressor, and condenser, among others. A refrigerant fluid is used in V.C.R.S to
collect heat from the ambient and to reject that heat, as well as the heat addition due to the compressor's

activity, to the ambient. A simple vapor compression refrigeration cycle is shown in Figure 1.3.

CONDENSER

LIQUID LINE

DISCHARGE LINE

EXPANSION DEVICE
COMPRESSOR

SUCTION LINE

!

=i
L=

EVAPORATOR

Figure 1.3 V.C.R.S. Cycle
The major components of a V.C.R.S. cycle are the evaporator, condenser, compressor, and expansion
valve. The refrigerant is a low-pressure liquid that enters the evaporator and evaporates as it absorbs
heat from the space to be refrigerated or cooled. The medium from which the refrigerant absorbs heat
in air conditioning applications is either water or air. When water is utilized as the cooling medium,
the system is referred to as a chilled water system, and it is most commonly used in large-scale appli-
cations. The chilled water cools the air by exchanging heat with it in separate heat exchangers located
in the air handling unit (AHU). The air is then circulated throughout the conditioned space. The evap-
orator is known as a direct expansion evaporator when air is directly used as the cooling medium.
Direct expansion evaporators are more commonly used in small-scale applications like split air con-
ditioners and cassette air conditioners. Low-pressure refrigerant vapour is gently superheated before

entering the compressor to ensure that no liquid refrigerant vapor reaches the compressor. The suction
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line is the line that connects the evaporator exit point to the compressor input point. The temperature
of the refrigerant vapor rises as the pressure of the refrigerant vapor rises. The high-pressure, high-
temperature refrigerant vapor then enters the condenser, where it is desuperheater before being con-
densed into a high-pressure liquid by rejecting heat to the atmosphere. The discharge line is the line
that connects the compressor exit point and the condenser inlet point. The medium in which the re-
frigerant rejects heat in the condenser could be either water or air, similar to the evaporator. Because
water is available at a temperature equal to atmospheric air's wet bulb temperature (WBT), it allows
for lower condensing pressure. Water is also a superior heat exchange medium than air because of its
high specific heat. To employ water as a condenser cooling medium, however, a cooling tower must
be built, which cools the water after it absorbs heat from the condenser. Pumps are also necessary to
circulate the water. As a result, employing water as a cooling medium necessitates a huge amount of
area and is only justified in large-scale applications. In contrast, when air is employed as a cooling
medium, the complexity is reduced, making it preferable in small-scale applications. Fans circulate
the air at the desired flow rates while maintaining the required condensing pressure level. To increase
the refrigerating action, the refrigerant is slightly subcooled as it exits the condenser. The subcooled
liquid refrigerant enters the expansion device through the liquid line. The expansion device could be
a capillary tube, a thermostatic expansion valve, or an electronic expansion valve. The capillary tube
is often employed as an expansion device in modest residential systems due to its simplicity. The
refrigerant liquid enters the evaporator after expanding in the expansion device, and the cycle is com-
pleted. A proper type of air conditioning system should be utilized for a specific application based on
the space to be conditioned, the cooling load, ventilation requirements, and other factors. The follow-
ing are some of the numerous types of air conditioning systems that are utilized for comfort cooling:

1.2.1 Central Air Conditioning (Constant/Variable Air Volume, Variable Refrigerant Flow, Ra-
diant Cooling)

Large buildings, houses, offices, complete hotels, gyms, movie theatres, and factories all use central
air conditioning. Individual units in each room are highly expensive if the entire building has to be
air-conditioned, thus this is a preferable solution. A chiller plant, air handling unit, supply and return
air ducts, cooling tower, and other components make up a central air conditioning system. Water is
employed as a secondary refrigerant as well as a medium for condensing the refrigerant. The water
that becomes heated after absorbing the heat of refrigerant condensation is cooled in a cooling tower.
The secondary refrigerant, water, is cooled in the evaporator by exchanging heat with the primary
refrigerant through a separate circuit. This cooled water is then circulated via an air handling unit

(AHU), where it cools the air. The air is then delivered to different zones via Variable Air Volume



(VAV) or Constant Air Volume (CAV) terminals via a supply air fan. In a VAV system, the volume
of air delivered is varied at a constant supply temperature in response to changing load needs in dif-
ferent zones. A CAV system, as the name implies, maintains a constant volume of air while varying

the supply temperature to meet changing load needs.

Return air is made available, which mixes with the fresh air before passing through the air handling
unit. To achieve the ASHRAE standard 62.1 indoor air quality guidelines, a specific volume of fresh
air intake is required. The quantity of fresh intake air, also known as ventilation air, is mostly deter-
mined by the space occupancy and area. One of the key advantages of a central air conditioning system
is the provision for fresh air intake of ventilation air. The configuration of the central air conditioning
system is shown in Figure 1.4.

system

Energy management \
&

N Pumps for chilled water,
s hot water, and codling tower s é
o = — i
& X '

Figure 1.4 Central air conditioning system using CAV/VAYV system

An energy management system is used to continuously monitor the performance of various compo-
nents, as shown in the diagram above. A central air conditioning system accounts for a significant
amount of the building's total energy usage. In this regard, it is vital to keep track of its performance

and look for ways to improve efficiency.



When compared to traditional VAV or CAV systems, methods like Variable Refrigerant Flow
(VRF) and Radiant Cooling (RC) use less energy. Many people consider these systems to be a re-
placement for traditional systems. The use of an inverter-driven variable speed compressor in the
outdoor units of a VRF system saves energy since it provides improved part load efficiency. The re-
frigerant flow to the interior unit of a VRF system is adjusted to meet varying load circumstances.
The delivery of fresh or ventilation air to the indoor units of a VRF system is limited. A VRF system
can be used with a Dedicated Outdoor Air System (DOAS) system to suit indoor ventilation require-

ments.

Electronic

Expansion

Common Condenser Valve Evaporators

~

Oil Separator 4
T~ 4 4
v
NR L— <
—U VU V
Normal Inverter
Compressor Compressor
\. J

Figure 1.5 Layout of VRF system

Radiant cooling is a sort of HVAC system that uses radiation to handle the first load and then uses
convection to take the second load. Running water through pipe circuits attached to the surface is
used to build this system. Cold water absorbs heat from the interior and converts it to warmth, which
is then replaced by cold water. They are typically 2—4 degrees Celsius below the appropriate indoor
air temperature. Radiant cooling reduces energy usage significantly due to water's high cooling capa-
bility.

1.2.2 Packaged Air Conditioner

If you wish to chill more than two rooms or a wider area at home or work, this type of air conditioner
is recommended. When it comes to the packaged item, there are two options. All of the components,
including the compressor, condenser (which can be air or water-cooled), expansion valve, and evapo-

rator, are housed in a single box in the first one. The high-capacity blower blows cooled air through
7



the ducts that run throughout the various rooms. The compressor and condenser are located in the
same housing in the second arrangement. Individual units, consisting of an expansion valve and a
cooling coil, are situated in various rooms as the compressed gas flows through. The latter configura-
tion can be a VRF system, as previously described, in which the refrigerant flow is variable in different

zones depending on the cooling load. A packaged air conditioner is shown in Figure 1.6, which is used
to chill a bungalow.

PACKAGED SYSTEM 5 | reaMOSTAT

Figure 1.6 Packaged air conditioning unit

The difference between a package air conditioning unit and a central air conditioning plant is that
package air conditioning units are typically small and factory-constructed. A packaged air condition-
er's evaporators must also be of the direct expansion type due to their smaller capacities. Further-
more, packaged air conditioning units, like central air conditioning systems, can use either a
CAV/IVAV or a VRF system, as previously stated.

1.2.3 Window Air Conditioner

For single rooms, the window air conditioner was once the most often used. The compressor, conden-
ser, expansion valve or coil, evaporator, and cooling coil are all included in a single box in this air

conditioner. This unit is installed in a slot cut into the room's wall or, more typically, a window sill.



This sort of air conditioner does not have a supply of fresh air or ventilation. A window air conditioner
is depicted in Figure 1.7.

OUTDOORS
INDOORS —_ Condenser coils

Blower

Cooled
air

Expansion valve

Cooling coils Temperature
sensing bulb Indoor air

Figure 1.7 Window air conditioner

The biggest downside of these air conditioners is that they have all of their components in one enclo-
sure, which makes them noisy when used indoors. Furthermore, even after being installed in a single
dwelling, these air conditioners are difficult to transport from one location to another. Split air condi-
tioners were eventually produced as a remedy to the noise problem, and they have now mostly sup-

planted window air conditioners.
1.2.4 Split Air Conditioner

There are two elements to a split air conditioner: the external unit and the indoor unit. The compressor,
condenser, and expansion valve are all housed in the outside unit, which is mounted outside the room.
The evaporator, often known as a cooling coil, and the cooling fan make up the indoor unit. Split air
conditioners function at very low noise levels because, aside from the cooling fan, all noise-producing
elements are located in the exterior unit. There is no need to cut a hole in the room's wall for this unit.
Furthermore, modern split units are more aesthetically pleasing than window units and take up less
room. A split air conditioner is depicted in Figure 1.8.



Indoor Unit
Air Inlet 34

Outdoor Unit

1  ON/OFF Indicator 2  Temperature Indicator

3 Panel Frame 4 Chassis

5 Front Panel 6 Horizontal Louver

7 Vertical Louver 8 Air Filter

9 Manual Control 10 Stand
Connecting Pipe 12 Drain House

11
13 Remote Control

Figure 1.8 Split air conditioner
1.2.5 Automotive Air Conditioning System

In hot weather, automobile air conditioning systems keep the occupants cool. The process of cooking
and cleaning the air, lowering the humidity, and circulating the air in an automobile is known as au-
tomotive air conditioning. The amount and quality of air is likewise regulated. Under ideal circum-
stances, the air-conditioning system should be able to do all of these duties at the same time. In modern
vehicles, the air conditioning system is designed to drop the temperature in order to evaluate the sys-
tem's performance. The system can be purged of refrigerant, evacuated of air and moisture, and re-
charged with new refrigerant using the manifold and hand valves. Since, Automotive Air Conditioning

System is quite relevant to this work, it has been explained in a separate section below.
1.3 Automotive Air Conditioning System

The process of cooking and cleaning the air, lowering the humidity, and circulating the air in an au-
tomobile is known as automotive air conditioning. The amount and quality of air is likewise regu-
lated. Under ideal circumstances, the air-conditioning system should be able to do all of these duties
at the same time. In modern vehicles, the air conditioning system is designed to drop the temperature
in order to evaluate the system's performance. The system can be purged of refrigerant, evacuated of

air and moisture, and recharged with new refrigerant using the manifold and hand valves. Figure 1.9

10



below shows the Automobile Air conditioning system and Figure 1.10 shows the components of the

automotive air conditioning System.

Figure 1.10 Components of Automotive Air Conditioning System

The operation of an automotive air conditioning system is nearly identical to that of a standard air
conditioner, with just minor differences. The evaporator, which is another heat exchanger used in air
conditioning, absorbs heat from the passenger compartment and turns liquid refrigerant running
through it into vapors, which are then cooled by the blower fan. The high-temperature, low-pressure

vapor is transferred to the compressor, which raises the pressure over the vapors and transforms the

11



vapor refrigerant into a liquid refrigerant. The refrigerant is now in a liquid condition at high pressure
and temperature. All the components in the Automobile Air Conditioning system is placed in quite a
complicated manner. Figure 1.11 below shows the arrangement of components of the Automobile Air

conditioning system.

Figure 1.11 Arrangement of components inside the car

The high-pressure, high-temperature liquid refrigerant is then transported to the condenser, which uses
forced convection generated by the radiator fan or a separate fan to lower the temperature of the re-
frigerant. The refrigerant is now at a low temperature, but the liquid pressure is about the same. The
high-pressure, low-temperature refrigerant is then transferred to the expansion valve, which relieves

the pressure and restores the refrigerant to its natural state.

1.4 DESIRABLE REFRIGERANT PROPERTIES

The important properties of a refrigerant can be classified into three categories - thermodynamic,
chemical, and physical properties.

1.4.1 Thermodynamic Properties

The N.B.P. specifies the refrigerant's useful temperature range, which aids in determining the appli-
cation area. For example, the N.B.P for refrigerant used in refrigeration should be lower, whereas it
can be slightly greater for refrigerant used in air conditioning. The refrigerant's suction pressure should

be higher than ambient to prevent air or moisture from entering the system and make leak detection
12



easier. In addition, at higher suction pressure, the required compressor displacement would be reduced.
Smaller discharge pressures are desired to allow for lighter compressor and condenser construction.

The refrigerant's critical temperature should be much higher than the ambient temperature.

» Normal Boiling Point (N.B.P)
Suction Pressure

Discharge Pressure

Critical Temperature

Freezing Point

Volume of Suction Vapor
Isentropic Discharge Temperatures

YV V. V V V V V

Coefficient of Performance

1.4.2 Chemical Properties

» Flammability
Toxicity
Action with water

Action with oil

Y V V V

Action with material of construction

1.4.3 Physical Properties

> Dielectric strength
Thermal Conductivity
Viscosity

Heat capacity

Surface tension

Leak tendency

V V V V VYV V¥V

Cost of refrigerant

1.5 HISTORY OF REFRIGERANTS

Due to the existing refrigerants' environmental issues [ozone depletion potential (ODP) and global
warming potential (GWP)], industry and researchers in this field are looking for long-term solutions.
Hydrofluorocarbons (HFCs) were previously thought to be long-term answers after significant re-
search on alternatives to chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). HFCs'
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global warming has made it difficult to accept them as long-term solutions. But as per the given chart,
it seems to be there are some HFCs that can be used as they have a low value of GWP.

Table 1.2 Refrigerant Properties

Refrigerant Calegory ODP (R11=1) Atmospheric GWP
life C0,=1
[years] (100 years)
R11 CFC 1 45 4700
R12 CFC 1 100 10700
R113 CFC 0.8 85 6000
R22 HCFC 0.05 12 1800
R123 HCFC 0.02 1.3 76
R32 HFC 0 4.9 670
R125 HFC 0 29 3450
R134a HFC 0 14 1400
R290 HC 0 3 3
R600 HC 0 - 4
R717 NH3 0 1 0
R744 CO- 0 100 1

R 1234yf has zero ODP and 4 GWP. It is a Gas. The important issue of R1234 yf is its flammability
and its cost. R1234yf is classified as A2L mildly flammable. Technicians need to take the relevant
safety measures for the correct transport, storage, and handling of a flammable gas. This would in-
clude, but is not limited to, ensuring no open flames (including smoking) near the system. It is also

worth noting that highly toxic substances are created when this gas is burnt.

Table 1.3: Comparative study of refrigerants R 22, R 134a, R1234yf.

Parameter R 22 R 134a R 1234yf
Cooling capacity (kW) 1 1 1
Evaporating temperature (°C) -10 -10 -10
Condensing temperature (°C) 33 33 33
Compressor work (kW) 0.3092 0.3097 0.3233
COP 3.2346 3.2286 3.0929
Discharge temperature (°C) 76 76.6 76.6
Evaporator pressure (bar) 3.548 2.06 2.218
Mass flow rate of refrigerant
(kgls) 0.00609 0.006629 0.008592
Suction flow rate (m%/hr) 1.504 2.5 2.589
Displace Volume (m?/hr) 1.879 3.124 3.236
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Figure 1.12: Comparison of COP

It is observed that the COP of the R22 system is highest. COP of the R22 system is 1.8% and 4.38%
higher than that of the R134a and R1234yf systems respectively. Hence among R22, R134, and
R1234yf, based on the COP, R22 offers the best choice.

Discharge Temperature(°C)
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Figure 1.13: Comparison of discharge temperature

The discharge temperature from the compressor, for the R22 system, is the lowest. Lower discharge
temperature is desirable since this means that there is less wear and tear on the compressor, increasing
its overall life. The discharge temperature for R1234yf and R134a system is nearly the same so we can
use R1234yf in place of R134a
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Figure 1.14: Comparison of evaporator pressure

The system with R134a as the refrigerant operates at the lowest evaporator pressure level. The evapo-

rator pressure level should be satisfactorily higher than that of the atmosphere to avoid the ingress of

air into the system. The evaporator pressure level of the R1234yf system is sufficiently higher than that

of atmospheric pressure. The evaporator pressure level of the R1234yf system is significantly higher

than that of atmospheric pressure and is similar to that of the R134a system. This implies that the evap-

orator design for both, R134a and R124yf systems will be similar. Since, R134a is the most recently

phased-out conventional refrigerant, the design implications while designing an evaporator for the

R1234yf system will be considerably less. Hence among R134a and R234yf, based on the evaporator

pressure level, R1234yf offers the best choice.

Mass flow rate (kg/s)

mR22

m R134a
m R1234yf

R22 R134a R1234yf
Refrigerant

Figure 1.15: Comparison of refrigerant mass flow rate
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The refrigerant mass flow rate is the lowest for the R22 system. A lower mass flow rate of refrigerant
implies higher latent heat of vaporization and is desirable. The refrigerant mass flow rate for R1234yf
is higher than that of R134a. Hence among R1234yf and R134a, based on the refrigerant mass flow
rate, R134a and R1234yf are nearly the same.

Diplaced volume (m3/hr)
35

2.5

mR22
m R134a
m R1234yf

1.5
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Diplaced volume (m3/hr)

R22 R134a R1234yf
Refrigerant

Figure 1.16: Comparison of compressor displacement

Based on Figure 1.16, it can be seen that the compressor displacement required for R1234yf is maxi-
mum. It is almost 1.5 times that of R22. This acts as a major deterrent for selecting R1234yf as the
refrigerant for the present application. Portable air conditioners are required to be compact and com-
pressors of such large displacement areas, as that of R1234yf, are not acceptable. It can also be seen
from Table 3.2 that the compressor displacement area for R1234yf is only 5 % more than that of R134a.
Therefore, compressor displacement for both refrigerants R1234yf and R134a is nearly the same so
both can be used alternatively.

The transport industry contributes significantly to GHG emissions and air pollution. These include air-
craft, road, rail, and ships. Conventional cars use fossil fuel as an energy source and emit different
contaminants from the air. Significant changes in the performance of traditional vehicles have been
made over the decades, but there are still limits to the elimination of GHG emissions from these vehi-
cles. Therefore, an alternative source of energy for automobiles needs to be sought. A move towards
electric vehicles (EVS) is one of the best alternatives for increasingly minimizing emissions and pursu-
ing a sustainable transport strategy. Studies disclose that the use of electric or hybrid electric vehicles
significantly decreases automotive CO2 emissions Alternative Fuels (2016). Considering the source of
electricity stored in EV and HEV batteries is also essential. There is an option to use power generated

from any source, much like with EVs and HEVs. The effect of EVs and HEVs on the atmosphere can
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be further minimized by using clean energy electricity. Nonetheless, some challenges exist in develop-
ing EVs and HEVs, such as range anxiety, battery thermal management, battery-pack efficiency, health,

and infrastructure. The upgradation of new EVs would alter the transport sector environment.

A battery thermal management system (BTMS) was used to draw heat from a Li-ion battery. ABTMS
was also used to supply battery power in cold weather conditions. BTMSs are of two types: active and
passive. The active system typically uses air or fluid as heat transfer fluid, while a passive system uses
air as heat transfer fluid. Compared to a passive system, an active system is complex and more
efficient. In hectic conditions like very high charge and discharge rates, overcharging and discharging,
short circuits, either active or passive cooling systems, cannot maintain the battery temperature within
the essential range Khateeb et al. (2004). An active liquid refrigeration device requires energy from
the battery pack to operate the refrigerating process. The energy from the battery pack to operate the
refrigeration process will restrict the vehicle's driving range. In addition, sometimes, an active liquid
cooling device fails to maintain the battery temperature, and the temperature rises across the battery
pack within the stipulated range. Heat build-up in the battery pack can also lead to catching up the

fire, also known as thermal runaway. Hence this is a significant problem affecting the battery’s
safety and life.

Phase change materials (PCMs) can absorb the heat produced by Li-ion batteries, maintaining almost
constant battery temperature because of high latent heat. PCMs are also used to reduce the temperature
rise between the Li-ion cells Khateeb et al. (2004). In larger EVs and HEVs, a PCM is often combined
with active air or liquid cooling, especially when charging and discharging are continuous. A PCM
can operate independently in small EVs and HEVs, along with natural air cooling. The use of PCMs
as passive BTMS decreases the cooling load from the battery pack. The use of PCMs supports
enhanced vehicle driving range and battery life. However, the PCMs have a low thermal conductivity

that reduces the effectiveness of absorbing the heat generated from the battery pack.

Different researchers have carried out numerous studies concerning PCMs as a thermal management
method for Li-ion batteries Al-Hallaj et al. (2005) and Lin et al. (2015). Many of these experiments
found a PCM around the cells, where the cells are kept in a PCM-filled box. This happens when a
PCM melts and the vehicle is in motion; however, it is not evident. It is uncertain if the PCMs are
isolated from the cell terminals and other elements and probably exit the container. It is also unclear
whether the cells in their respective positions will be intact when a PCM melts between them,
particularly in prismatic cells. The practical implementation of those experiments in an actual battery

pack has many challenges.
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Many experiments related to the use of PCMs with Li-ion batteries in cylindrical cells have been
reported. Some studies concerning the use of PCMs on the sides of thick prismatic cells are noticeable.
In addition, the purpose of most literature studies is not to maintain the temperature at different
discharge levels within the appropriate range but to observe the reduction in battery temperature by
using PCM. A detailed experimental study of PCM application in between the commonly used
prismatic Li-ion cells (LiFePO4) in EVs and HEVs is available in the limited studies. Various
researchers performed several studies to enhance the thermal conductivity of PCMs. With Li-ion
batteries, however, practical applications of those methods are not considered. Some studies show that
PCMs can increase thermal conductivity using carbon nanotubes (CNTSs), which have very high
thermal conductivity Han and Fina (2010). However, CNTs begin to amalgamate and form clusters
when the PCM phase change process starts, also referred to as the agglomeration effect Atif and Inam
(2016). In addition, it is observed that, with time, the CNTs calm down on the lower part layer, leaving
no or a few CNTs on the top section. None of the existing dispersion methods addresses the issue of
CNT agglomeration when PCM is melted Rausch et al. (2004), Gojny et al. (2006) and Ma et al.
(2010). This limits CNTs ’ effectiveness in enhancing
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Chapter 2
LITERATURE SURVEY

Global environmental issues and rising energy prices have triggered work into renew- able fuel tech-
nology. The potential of EVs and HEVs as alternatives to conventional ICE-based vehicles results in
a significant increase in the volume of research undertaken in this field in different scientific disci-
plines. From an environmental point of view, the energy source is very substantial because fossil fuel-
based power has significant carbon impacts and lower overall effectiveness. Even though the electric-
ity source is essential, EVs’ future depends on the battery’s energy and power capacity, efficiency,
safety, and life. Significant increases in performance, lower expense, and long battery life are now the
critical research priority. One of the battery’s main concerns is its activity within a given temperature
range. PCMs can be one of the solutions available in the battery pack to monitor temperature variation.
This chapter covers the basic definition of EVs and HEVs, Li-ion batteries, and Li-ion cell power
generation processes. The cycle of the battery pack’s deterioration with the heat accumulation is
briefly addressed and also a summary of significant studies on the types of electric energy storage
systems (batteries) and their thermal management system (types, issues, and solutions available) are
presented in this portion. It includes the study of the PCMs, their relevant implementations, and similar
problems. This chapter also addresses several of the current methods that various researchers have
used to increase the thermal conductivity of PCMs. Documentation is given on both an active and a
passive battery thermal management device. Different types of PCMs are available for passive thermal
management systems, and it also describes the basic definition of PCMs and their implementation. A
literature survey has been conducted from the perspective of obtaining properties and guidelines re-

garding the application of R1234yf in air conditioning systems.
2.1 R1234yf PROPERTIES AND SAFETY CHARACTERISTICS

To design a system based on a working fluid, it is necessary to first understand the physical and ther-
modynamic properties of that working fluid. In our case, the working fluid R1234yf is a mildly flam-
mable refrigerant, its safety characteristics are also important. Work done to date to evaluate the prop-
erties of R1234yf is presented below:

M. Mohanraj et al. [MJ20]: This paper examines environmentally friendly refrigerant choices for au-
tomotive air conditioners. The thermophysical, thermodynamic, and chemical properties of environ-
mentally friendly refrigerant choices are described first. Then there are analyses of research findings
on environmentally friendly refrigerant options (such as hydrofluorocarbons, hydrocarbons, carbon
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dioxide, composite mixed refrigerants, and nano refrigerants). Because of their good thermodynamic,
thermophysical, and environmental qualities, hydrocarbon refrigerants will dominate the automobile
air conditioning business, according to the paper. For the usage of hydrocarbon refrigerants, secondary

loop layouts are recommended to limit the flammable danger.
a. Physical and thermo-physical properties

In this work, the thermophysical parameters of R134a and possible environmentally friendly refriger-
ant combinations for the temperature range of 0 to 90 °C are discussed. The vapor pressures of refrig-
erant combinations like R1234yf are found to be closer to R134a than R134a. As a result, retrofitting
with these combinations does not necessitate compressor change.

2.1 Thermodynamic properties of R134a and R1234yf

Refriger- Molecu- | Critical Properties Boiling ASHRAE ODP | GWP
ants lar oint Code
Tempera- Pressure P
Weight
ture
R134a 102.03 101.1 4.06 -26.1 Al 0 1300
R1234yf 114 94.7 3.38 -29.5 A2L 0 <4

Thermo-physical properties of the refrigerants R1234yf and R134a

Thermo-physical properties of refrigerant determine the energy performance of the refrigeration sys-
tem. The R1234yf has 17-38% lower latent heat compared to R134a, which results in lower refriger-
ation effects and COP. The COP and refrigeration effect were improved using an internal heat ex-
changer (IHX). The lower liquid density reflects the lower requirement of refrigerant mass resulting
in lower friction and better heat transfer coefficients in the evaporator and condenser. It is observed
that the liquid densities of R1234yf drop-in substitutes is found to be lower than R134a. The liquid
densities of R1234yf are 10% lower when compared to R134a, which results in a lower refrigerant
quantity. R1234yf has about a 10% reduction in refrigerant mass—charge when compared to R134a
due to lower liquid density. Refrigerant viscosity is the major source of irreversibility and influences
condensation and boiling heat transfer coefficients. It is observed that R1234yf drop-in substitutes
have lower liquid viscosities compared to R134a, which results in better heat transfer coefficients and

less irreversibility due to friction in all the components of AAC.

b. Safety characteristics of R1234yf
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Mark Spatz et al. [MB20]:

R1234yf's flammability is a big concern. R1234yf is categorized as an A2L class refrigerant, which
indicates it is harmless and mildly flammable, according to ASHRAE standard 34. As assessed by

conventional technique, R-1234yf is classified as "mildly flammable.” In order to arrive at such a
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Table 2.2 Safety properties of refrigerant R1234yf

Upper Flammability Limit, Vol. % in air (21°C, ASTM E681-01) 12.3

Lower Flammability Limit, Vol. % in air (21°C, ASTM E681-01) 6.5

Minimum Ignition Energy, MJ at 20C and 1 atm (DuPont in-house method. | 5,000-10,000

Tests conducted in a 12-litre flask to minimize wall quenching effects)

Autoignition Temperature, °C (EC Chemical Test A15) 405

Heat of Combustion, MJ/kg per ASHRAE Standard 34 (Stoichiometric com- | 11.8

position 7.73% in air)

Fundamental burning velocity, cm/s (per ISO 817) 1.5

A lower flammability limit (LFL) is the lowest concentration at which the refrigerant burns in air
under prescribed test conditions. The heat of combustion (HOC) is an indicator of how much energy,

the refrigerant releases when it burns in the air.
c. Comparative analysis of refrigerant performances

Figure 2.1: Graph of vapor pressure vs temperature Mark Spatz et al. [MB20]: A theoretical
investigation of the performance of the vapor compression cycle with refrigerant R1234yf and
R134a is carried out:
22



e |t can be seen from the above curve that the vapor pressure curves of R1234yf and R134a
almost overlap till around 40 °C temperature. Thus, R1234yf can be sought as an ideal replace-

ment forR134a in air conditioning applications where the evaporating temperature usually is

less than 40 °C.
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Figure 2.2: p-h diagram of R134a and R1234yf

2.2 R1234yf PERFORMANCE DROP IN CONDITIONS:

Many researchers have investigated the performance of HFOs such as R1234yf and R1234ze as drop-
in substitutes for R134a. The summary of selected research investigations reported on the use of

R1234yf in AAC systems is presented in this section.

Mathur GD [MAT10]: Mathur GD studied the performance of an AAC using R1234yf as a drop-in
substitute to R134a. The condenser air temperatures were maintained between 25 and 50 °C, air ve-
locities approaching the condenser were maintained between 2 and 10 m s—1, and the compressor
speed was maintained between 800 and 3000 rpm. The cabin temperature and relative humidity were
maintained at 20 °C DBT and 50%, respectively. The R1234yf refrigerant charge was reduced by 10%
due to its lower liquid density. It was reported that the COP of AAC using R1234yf was found to be
lower due to its poor latent heat when compared to R134a. The compressor discharge temperature

using R1234yf was found to be lower by 5-9 °C, which ensures better compressor life.

Zilio Cet al. [ZBSC11]: Similarly, Zilio et al. conducted experiments in AAC systems using R134a
and R1234yf. The AAC experimental setup consists of a variable displacement compressor, mini-

channel condenser and evaporator and thermostatic expansion. It was reported that R1234yf has a
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lower performance when compared to R134a. The simulation results reported that the COP and the
cooling capacities were improved significantly by increasing the condenser area by 20% and the evap-

orator face area by 10%. The expansion valve for the AAC system was also tuned using R1234yf.

Lee Y etal. [LJ12]: a drop-in substitute. It was reported that the COP and cooling capacity of R1234yf
were 2.7% and 4.0% lower when compared to R134a, respectively. The compressor discharge tem-
perature of R1234yf was observed to be about 6.5 °C lower due to its lower critical pressure compared
to R134a. The mass—charge of R1234yf was reduced by 10% due to its reduced liquid density when
compared to R134a. It is suggested that the performance of AAC systems was improved by modifying

the condenser and evaporator area.

Qi 2 [QI16]: Qi studied the performance of an AAC working with R134a and R1234yf systems under
three typical vehicle operation conditions (idle, city and high speed). It was reported that the COP and
cooling capacity of the R1234yf system were lower compared to R134a by 4.8% and 7.7%, respec-
tively, in idle operating conditions. Further, in city driving conditions, the COP and cooling capacity
dropped by 5.8% and 9.1%, respectively. The COP was dropped by 7%, and the cooling capacity was
dropped 10.6% in high-speed operating conditions. The cooling capacity and COP were increased by
15% by increasing the sub-cooling from 1 to 10 K. The performance of an AAC using R1234yf was
improved by introducing IHX. Further, the performance of an AAC working with R1234yf and R134a

using laminated plate and micro-channel parallel flow evaporators was investigated.

Sotomayor Po et al. [SP16]: Sotomayor and Parise simulated the performance of the open type of
compressor used in AAC systems. It was reported that the shaft power of R1234yf was reduced by
2% due to its similar thermophysical and thermodynamic properties to R134a. The pressure drops in
the suction and discharge of compressors using R1234yf was reported to be higher compared to R134a.

The refrigeration mass flow rate of R1234yf was found to be 16% higher when compared to R134a.

Junye S et al. [JCJYJ16]: Junye et al. experimentally studied the performance of an AAC using
R1234yf as a drop-in substitute by turning the expansion valve. It was reported that the cooling ca-

pacity and COP were increased by 11.3% and 8%, respectively.

Direk M et al. [DKA17]: Direk and Kelesoglu investigated the performance of AAC systems using
IHX under the influence of condenser and evaporator temperatures. The refrigerant R1234yf was used.
It has been reported that the COP of the AAC was improved by about 4-6% and the system exergy

destruction was reduced by 13-16% under the influence of an IHX.

Daviran S et al. [DKGMNW17]: Daviran et al. simulated the performance of an AAC using R1234yf

as a drop-in alternative to R134a. The performance was simulated with constant evaporator capacity
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and constant mass flow rate conditions. It was reported that the R1234yf has 18-21% lower heat
transfer coefficients compared to R134a with 24% lower pressure drop in the condenser and 20%
lower pressure drop in the evaporator. The COP of the R1234yf system was reported to be 1.3-5%
lower compared to R134a for constant cooling capacity. The COP of R1234yf was reported to be
about 18% higher than that of R134a at constant refrigerant mass flow rate conditions.

2.3 Fundamentals of Electric and Hybrid Electric Vehicles

An EV has no internal combustion engine and uses more electrical motors to drive wheels Malik et al.
(2016). A battery powers the electric motor, so it has no direct GHG emissions. Therefore, GHG emis-
sions from an EV depend on the form of power source used to produce electricity for charging the EV
battery. An EV may be any motorized vehicle such as a scooter, boat, car, bus, train, or other electric

motor-driven vehicle. Fig 2.1 shows the diagram representation on EV and PHEV.

PLUG-IN HYBRID ELECTRIC VEHICLE BATTERY-ELECTRIC VEHICLE

CHARGING EQUIPMENT CHARGING EQUIPMENT

4 ELECTRIC MOTOR ELECTRIC POWER CONTROL GAS TANK %
ELECTRIC MOTOR BATTERY

PORT GAS ENGINE GENERATOR BATTERY PORT ELECTRIC POWER CONTROL

Fig. 2.3 PCM Representation of PHEV and Battery EV Larminie and Lowry (2003)

A PHEYV uses both an internal combustion engine and an electric motor to drive thewheels. However,
in the case of a PHEV, the battery is charged through an outdoor circuit; it can work in all-electric
mode until the charge is completely exhausted and then work as a typical HEV. On the other hand, an
HEYV uses an electric motor and ICEcombination to drive the wheels and cannot charge the battery via
the external circuit. The primary energy source in an HEV is gasoline, petrol, or any other fuel, such
as ethanol. The size of the engine in an HEV is relatively smaller than that of a traditional ICE vehicle,

thereby offering greater fuel efficiency Lo (2009).

As discussed above, advanced EVs, HEVS, and PHEVS use regenerative brakingto prolong battery
charging by transferring kinetic energy from wheels to electricity during braking. An HEV uses extra
ICE thrust (during idling or cruising) to spin and generate energy from an electric generator. It can be
used for recharging the battery ordriving the electric motor.
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Batteries for Electric and Hybrid Electric Vehicles

Batteries can be classified into different groups, which are considered the primary element of EVs and
HEVs. The batteries may either be of form with high energy density or high power density. The energy
density is the sum of energy corresponding to the battery mass or volume. Power density provides a
reasonable estimate of how much energy can be released per unit mass or battery volume during dis-
charge at a given time.In automobile applications, a high-energy-density battery is ideal, e.g., inan EV
whichis meant to be powered over longer distances on pure electricity. A high-power densitybattery is
helpful in an application where a short but intense power pulse is needed, e.g., in an ordinary HEV.
The electric motor often only assists the combustion engine for short periods Linden and Reddy
(2002)..Until the 1990s, lead-acid batteries were used by EVs, which then had a driving range of about
62 miles. During the following years, however, other chemistries were utilized due to the poor energy
capacity of lead-acid batteries and heavyweight Shnay-person (1996). EVs have started to use nickel-
metal hydrate (NiMH) batteries because of their higher strength, high energy density, and improved
cycle life, which are also used in HEVs and PHEVs for their low cost per watt. However, NiMH bat-
teries are notsuitable for advanced EVs and HEVs due to restricted state of charge (SOC) operating
range, high self-discharge, and low specific capacity. Batteries made up of SodiumNickel Chloride,
generally known as Zero Emissions Batteries were used in EVs and HEVs because of their low cost
and high safety standards. However, these batteries are no longer common due to low power density
and high operating temperature (270-350°C) Kalhammer et al. (2007). Because of performance qual-
ities such as increased energy density, high efficiency, and longer life, Li-ion batteries are currently
the most commonly used in EVs and HEVs. The cost of Li-ion batteries is, however, higher thanother
batteries available.

2.4 Lithium-ion Batteries

Lithium ions are used for energy storage and supply in Li-ion cells. A Li-ion cell consists of a two-
electrode anode and a cathode. A separator is used between the anode andthe cathode, and each side of
the electrodes uses a current collector. The separator is aporous material that allows Li-ions to be trans-
ferred between the anode and the cathodeand prevents cell short-circuits. This also helps protect the cell
against thermal runawayArora and Zhang (2004). All the electrodes and an electrolyte separator are
bathed in. The Li-ion cell is connected to the external circuit with the current aluminum collectoron
the cathode side and the current copper collector on the anode side. The anode is typically made of
graphite, while the cathode is made of a composite material Fanget al. (2010). The Li-ion battery
name is determined by the material that is used in the cathode. The charge and discharging processes

in the Li-ion cell are as defined below.
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Fig 2.2 shows the process of discharge, Li-ions pass through the electrolyte from the anode through
the cathode. The intercalation of Li-ions through the cathode makes the cathode more positive, and
because of the potential gap between the anode and cathode, the current flows into an external circuit.
A reverse effect occurs during the charging process. Intercalation and deintercalation, respectively,
relate to the addition and extraction of Li-ions. The current source from an external circuit deinterca-
lates thecathodic Li-ions, and the Li-ion passes from the cathode to the anode. The battery is recharged
by intercalation to the anode. In principle, the intercalation and deintercalation cycle at the anode and
the cathode will proceed indefinitely. Inreality, however, thecell’s potential and life decreases over time
due to cell material degradation and variousother chemical reactions within the cell. The process of

discharge and charging processcan be seen in Fig 2.4.

1’ l‘
lithium ion
- A

soparator electrolyte separator eloctrolyte

Fig. 2.4 Schematic of an experimental setup
Types of Li-ion Batteries

The word * Lithium-ion ” includes many different chemistries. For EV and HEV ap- plications, various
Li-ion batteries are available, each of which has its advantages and disadvantages. These batteries are
sold in the EV and HEV market, while new Li-ion batteries are continually being produced. Choosing
the Li-ion battery type depends on the combination of EV and HEV use. Various parameters can
measure the Li-ion batteries. Fig 2.3 shows the comparison of different Li-ion batteries suitable for

EVs and HEVs based on their performance, life span, safety, specific energy, specific power, andcost.
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Fig. 2.5 Comparison of different Li-ion batteries for EVs and HEVs (Battery-University)
Degradation in Li-ion batteries

Battery temperature and operating voltage are significant factors affecting the performance of Li-ion
cells. Lithium-lon cells work well when cells operate within limited voltage and temperature. Other-
wise, the damage will occur to the cells and will be irreversible Fig 2.4 Schematic representation of
SEI layer in a Li-ion cell. In high-voltage cases, the charging voltage exceeds the tolerable voltage of
the battery, resulting in excessive current flow and causing complications. At excessive currents, the
anode layers deposit the lithium ions faster than intercalation. Due to the under-voltage situation, there
is a rise in the disintegration of the electrode constituents. High temperaturebuilds the reaction rate
with higher power output; likewise expands the heat dispersal and creates much higher temperatures.

Thermal runaway could be a concern if the heatgenerated is higher than the heat being dissipated by

the system.
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Fig. 2.6 Schematic representation of SEI layer in a Li-ion cell Hausbrand et al. (2015)
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2.5 Thermal Management Systems for Li-ion Batteries

Traditionally, in EVs and HEVs, an active or passive thermal management device regulates the battery

pack temperature within a specified range. A general list of Li-ion battery thermal management sys-

tems is presented in Fig 2.5. Active thermal management uses air or liquid as a heat transfer fluid

(HTF). A liquid HTF is more efficient than air at removing the heat from the battery pack. Because of

its lower heat transfer coefficient, air requires a more extensive region for heat exchange. Therefore,

the temperature rise is higher, and air has to be circulated concurrently across varieties Nelsonet al.

(2002). Ambient air is used in a passive device to hold the heat which cells reject.Efficient passive

architecture prevents the usage of components like motors and mani-fold. Studies, however, show that

passive air systems cannot handle battery temperatureat a high discharge rate within the desired range

Sabbah et al. (2008)

Fig. 2.7 Classification of thermal management systems for Li-ion batteries

2.1 Design of Battery Thermal Management Systems

To minimize losses and increase performance, an effectively built BTMS optimizes the usa-
ble and wastes power. Efficient heat sources and sinks must be fitted for the next-generation
EVs / HEVs to increase sustainable energy usage. This would helpin more excellent driving
range and better battery life. Any effort to improve energy performance will tackle safety and
long-term sustainability due to potential overheatingand thermal runaway Wang et al. (2012).
A reliable and successful cooling device is thus essential to the smooth functioning of EVs /
HEVs. Based on the applicability, the cooling device can be passive and active. Below is the
procedure for designing a thermal management system Pesaran et al. (1999).

1. A stable and efficient cooling system is vital for the proper functioning of EVs

/ HEVs. The refrigerating system may be passive and active depending on theapplicability.
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2. Estimating the heat dissipation rate and heat efficiency of the battery pack: ex-

perimentally test the heat produced over time, e.g., through a calorimetry system.

3. To carry out a first-order BTMS evaluation: The battery pack and modules are
evaluated for their steady-state and transient behavior to pick the HTF. This stagewould also

check flow models, for example, parallel, series, or combination.

4, Characterizing the heat transfer behavior of the module and battery pack: describe the
system’s overall thermal conductivity and use software to estimate the heat transfer level

between the battery pack and the atmosphere.

5. Building up of overall plan for a simple BTMS.
6. Creating, implementing, and evaluating the BTMS: Construct a prototype based

on the original concept and check it under predefined operating conditions.

7. To reorganize the BTMS.

Existing Battery Thermal Management Systems

Established EVs / HEVS, such as the Chevrolet Volt and Tesla Model S, use the battery’s active
liquid cooling system. Fig 2.6 shows the plate shape used in the Chevy volt and Fig

2.7 TMS of Tesla Model S battery. For BMW i3, no liquid coolant is used between the batteries
because the refrigerant cools the bottom of the battery case. The Chevy Volt HEV comes with a
T-shaped battery pack comprising 288 prismatic cells. A well-designed BTMS is therefore
needed to extract produced heat and hold the battery packtemperature maintained. The Chevy

Volt TMS has different power sources and cooling

loops. These loops can have a minor difference in the components and configuration for specific
vehicles, but the goal is to ensure appropriate operating conditions in all situations. The cooling
loop significantly affects the efficiency and energy used by thevehicle Javani (2013). On the
other side, Tesla uses around 7000 cylindrical cells boundin parallel and series. In this case, a

snake-shaped flat cooling tube, as shown in Fig 2.7,is used for battery cooling.
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Fig. 2.8 Cold plate type used in Chevy volt for TMS
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Fig. 2.9 TMS of Tesla Model S battery Tennessen et al. (2014)

Although an active BTMS efficiently regulates battery pack temperature, it is verycomplex, weighty,
and costly due to numerous components such as fans, blowers, pumps, compressors, and pipes. This
device often involves operating costs, as the HTFrequires energy to pass through the circuit and control
its temperature. PCMs are seen as an alternative to such active systems, and their use as a BTMS

involves research.

Phase Change Materials and their Applications

Thermal energy is generated mainly employing latent heat, sensible heat, and chemical energy. Latent
heat will store vast amounts of the first two forms without significantlosses Suganya and Bapu (2005).
Thus, PCMs store power in different applications, in-including heat pumps, solar engineering, and
thermal controls for spacecraft Sharif et al.

31



(2015) and Baetens et al. (2010). For EVs and HEVs, PCMs may hold the Li-ion battery pack
temperature within the necessary range and retain a consistent temperature between the cell
and battery pack Malik et al. (2016). PCMs may also be used as stand-alone BTMS in small
EVsand HEVs, which decreases the cooling pressure fromthe battery pack and eliminates com-
plexity. PCM layers may also avoid thermal run-away propagation after reaching the critical
range by a cell temperature. For PCM implementation, the most significant property is its melt-
ing point. Isothermal conditions are preserved due to the cycle of phase transition. PCMs can
be incorporated between the battery cells and can absorb the heat produced by the cell. When
a cell’s temperature increases to the point of melting of a PCM, the phase shift mechanism
occurs when a PCM consumes more heat from the cell without any rise in temperature Sadra-
meli and Azizi (2016).

PCMs provide many advantages over traditional cooling systems, such as temperature uni-
formity within the pump, low device maintenance, and no need for parasitic power.Limiting
the usage of PCMs as content for energy storage is application-specific. Theirsuitability differs
with requirements; for example, extra weight is not suitable for cars,but stationary requirements
may not cause damage. Lower initial costs and volume ex-expansion during melting are in-
cluded in the problems to be addressed during the constructiona BTMS based on PCM Malik
et al. (2016).

The option of a PCM depends on the battery’s operating temperature, as a PCM’s melting point
should be approximately equivalent to the appropriate battery temperature. Selecting a PCM
often relies on specific factors like the latent heat of fusion and PCMdensity. The collection of

PCMs would fulfill the following fundamental criteria.

Types of Phase Change Materials

PCMs are ideal for different applications of thermal energy. This research examines the ap-
propriateness of PCMs for EVs and HEVSs; selection is focused on criteria such asweight,
onboard storage, latent fusion heat, and safety. Some products have morphologies that differ

Fig 2.8 shows the complete classification of PCMs.
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Fig. 2.10 Classification of PCMs Abhat (1983) and Gil et al. (2010)

For mounted-up battery packs, the candidate PCM for Li-ion batteries should normally have a
melting point of less than 40 with a small mushy phase and a small temperature interval for
melting. Moreover, the material should have high latent heat of fusion and thermally high cycle
life and be light, chemically stable, non-toxic, and inertto other battery components. PCMs can

be classified into organic and inorganic PCMs.

Organic PCMs

Organic PCMs are biologically stable, non-corrosive, carbon compounds of nature. Thetwo spe-

cific classifications are organic PCMs with paraffin and non-paraffin.

Paraffin

Paraffins are a combination of long-chain carbon compounds with 20 to 40 carbon atoms. The
strong paraffin type is classified as paraffin wax. There are two types of conventional paraffin
waxes: natural waxes and pure alkanes. The are carbon compounds are classified by their com-
position, depending on the amount of carbon atoms.Compounds that contain only 8-15 carbon
atoms are considered industrial waxes, whilepure alkanes have 14-40 carbon atoms. The melt-
ing point of the pure alkanes ranges between 6 and 80 Abhat (1983). The melting point, which
depends directly on the sum of carbon atoms, decreases as the volume of carbon atoms rises.

For illustration, paraffin with carbon atoms more significant than 17 usually exists in solid form

36



at roomtemperature. The n-paraffin displays a greater rise in latent heat of fusion heat with an
increase in carbon atoms relative to iso-paraffin. Pure alkanes are typically more costlythan
industrial paraffin. Through blending these with other related paraffin waxes, the higher prices
of pure alkanes may be minimized. The combination may be configured for expense and prop-
erties needed Dennis (1995).

Non-Paraffin organics

The other organic PCMs are fatty acid-based compounds. Both are associated with relatively
high latent fusion heat and lower volume change after melting.

Inorganic PCMs

Inorganic PCMs are classified as mixtures and eutectics. Mixture PCMs are salty hy- hydrates

that have an intense fusion heat. Its low density contributes to its lightweight andease of storage.

Another essential benefit is their thermal conductivity, almost three times organic PCMs Zalba
et al. (2003). Their excellent conductivity is ideal in applications where the corrosive nature of
inorganic PCMs does not significantly compromise efficiency. These are inflammable Farid et
al. (2004). Salty hydrates require immediate treatment because their direct touch will irritate
the skin. The presence of segregation limits their usage as a PCM. As the salts dissolve, the
solid phase extracts from anaqueous matrix and does not recombine to shape the original sub-
stance. Because of thisirreversible method, PCMs lose their stability and present a functional
problem in theiruse. Limiting peculiar melting is discussed by the usage of suspension media
or extra water theory. The super-cooling design is also another weakness of inorganic PCMs.
To mitigate the supercooling impact, these salts are applied to nucleating compounds, such as
Borax (Glauber’s salt) Abhat (1983).

Eutectics

Eutectics is a combination of materials showing consistent melting. Their melting pointis
smaller than the substances they represent and can be modified to various melting temperatures
through varying compositions. Further work is required regarding the properties of this class
of PCMs compared to their organic equivalents Abhat (1983).1t is necessary to remember that
eutectic materials have congruent melting and a stronglatent fusion heat relative to organic ma-

terials Sharma et al. (2009). Eutectics display significant volumetric shifts, which may result
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in cell damage or stress. The eutectics should be customized to different criteria, making them

even more costly than other agricultural alternatives Kalnaes and Jelle (2015).

Drawback of Phase Change Materials and their Solutions

The drawback of integrating PCMs in a BTMS is that the storage device has a long charging
time due to its poor thermal conductivity. Hence, to solve the challenge, it is necessary to
decide how to increase the thermal conductivity of such materials. The thermal conductivity of
PCMs ranges between 0.1 and 0.6 W/mK Sharma and Sagara (2005). Various researchers have
proposed various forms of raising the heat transfer rate; these approaches can be classified into
four categories.

Every approach has its pros and cons. In the case of expanded surfaces, the heat transfer rate
can be enhanced due to a surface area change. This can also have a negative impact because of
improved wall resistance. Several studies have considered it helpful to use many PCMs, but
there is no substantial improvement in thermal conductivity, and this often degrades the other
beneficial properties of PCMs. Using a strong thermally conductive substrate will also improve
the thermal conductivity of PCMs. Sources of this include: applying extremely conductive ma-
terial particles to the PCM, inserting a metal layer into the PCM, or impregnating a porous
substance with strong thermal conductivity PCMs. A particular volume of highly conductive
material shouldbe used in both approaches to improve the thermal conductivity of the PCM.
Nonetheless, incorporating another element with a PCM may negatively impact weight gain or

a decrease in latent fusion heat Jegadheeswaran and Pohekar (2009).

Heat Generation and Thermal Management of Li-ion Batteries

As the primary power source for EVs and HEVSs, Batteries experience thousands of service
cycles during a vehicle’s lifespan. The option of the right battery for automotive applications
is subject to different constraints. One of the biggest limitations is energy density. Although
the high energy density of Li-ion batteries makes them moreappealing for use in EVs and
HEVs, heat generation during charging and discharging isa significant disadvantage. This sec-
tion discusses the topic of heat generation in Li-ionbatteries and thermal management systems

as investigated by various researchers.
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fluid. Keller and Whitehead (1991) studied with BTMS considering airor fluid and without
BTMS when the battery operates at an extreme temperature. It wasobserved that the car’s driv-
ability is lower in the absence of a BTMS because of heat generation over the battery pack due
to high ambient temperatures. This caused early cell breakdown and seasonal impact on driv-
ing. The analysis also observed that the vehicle’s efficiency could be improved to 20% by using
a BTMS.

In comparison, the temperature range may be decreased by circulating air and liquid to 2.3°C
and 4.0°C relative to 11.6 °C for an unmanaged box, respectively. The re-searchers, however,
do not reflect on the impact of increasing the temperature of the coolant on battery capacity.
The analysis also omitted the effect of discharge rate on cooling requirements and battery ca-
pacity. Kuper et al. (2009) Examined the active air,water, and refrigerant cooling devices and
batteries heat production. The change in battery temperature over time was designed based on
the internal heating and cooling rates.The study indicates that the average and minimum cell
temperatures will be preservedwithin a range of 3-5 K to avoid 25 percent acceleration of
aging kinetics and a difference in power potential of up to 50 percent. It is often advised that
the temperature differential between the inlet and outlet of the coolant be maintained below 3K
to pre-serve uniform cell temperature. The research does not provide the energy specifications

for various cooling solutions and their effect on battery capacity.

Ahmad (2001) reported the comparisons on thermal management systems, depending on their
features and capacities, including active vs. passive, series vs. parallel, NIMH,VRLA, Li-ion
heating vs. cooling, and air vs. liquid batteries. There was also a discussion concerning heat
generation and its effect on various temperatures and cycles. The inference is that a passive
BTMS may be used with a relatively limited setof batteries. Simple, but less effective. How-
ever, for the BTMS to operate in passive mode, the ambient temperature should be about 10°C
and 35 °C; otherwise, it exposes the battery to a high temperature value. On the other hand, in
EVs and HEVs, a more sophisticated liquid-based BTMS is needed for their optimum thermal
efficiency. The research will not include a thorough overview of a passive BTMS and situations
whereminimal use of this type is available. It also needs to consider the impact of a passive
BTMS on battery output.

Liu et al. (2014) The two-dimensional and transient model for the thermal control ofa 20
flat-plate Li-ion battery stack was built and simulated. Using various cooling methods, the

analysis investigated Reynolds number, discharge rate, and ambient temperature on the
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battery stack temperature distribution. The findings reveal that liquid cooling is more effi-
cient in reducing the temperature within a battery relative to a PCMin the case of moderate
ambient weather. The authors have suggested preventing shortand deep discharges from
maintaining the temperature within a reasonable range. The study indicates that air-cooling
is favored under freezing or sub-zero atmospheric conditions, as heat needs to be stored
rather than drained at such levels. The movement of air tends to lower a battery’s temper-
ature gradient at freezing or sub-zero ambient temperatures. When SOC is large, there is a
slight variation in utilizing air and liquid as a cooling medium, and the atmospheric tem-

perature is moderate.

In the case of rapid discharge and low ambient temperature, choices of an effective cooling
material have a significant impact. The analysis will not show why liquid cool-ing is easier
than a medium-temperature PCM. In addition, a comparative analysis is needed for high

and low discharge levels because the author has considered only 2C discharge rates.

Zhang, Kong, Li and Li (2014) have introduced various methods for a Li-ion battery having

27.7kWh the three methods are Heating/Cooling: refrigerant circulation, Phase

Change slurry (PCS), and cabin air blow. It is reported that the direct cabin air blow ap-
proach provides an extra thermal load to an air-conditioner. However, on the vehi- cle’s
air-conditioning system, the refrigerant circulation process and the PCS cycle cellcool-
ing/heating process have approximately the same amount of charge. The direct cabin air
blowing system needs a small extra cooling/heating supply relative to the PCSand coolant
circulation methods in the battery’s low electrical charge. Around the sametime, the rise in
the Li-ion battery cooling/heating load of the direct cabin air blow sys-tem induces a some-
what quicker rise in the extra thermal load than the PCS process andrefrigerant circulation
systems. This is also observed that the battery’s exergy perfor- mance with the PCS cycle

system is higher compared with the form of circulation via refrigerant.

Saw et al. (2015) Analyzed the temperature impact on the Li-ion battery and used com-
putational fluid dynamics to analyze the efficiency of the liquid cooling system with thebat-
tery pack. The findings indicate that the average temperature difference in the cells is 9°C at a
5C discharge rate with natural convection cooling, whereas 6.5°C with forcedconvection
cooling. The authors conclude that both natural and forced convection cool-ing are inade-
quate for controlling the battery pack’s temperature at a high discharge ratewithin the appro-

priate range. On the other hand, water cooling can control the temperature but is more
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complicated and requires considerable input from the battery pack tooperate the cooling

process.

Fig 2.9 provides a trade-off study of different thermal management systems through consider-
ations such asthe level of integration, performance, reliability, and cost of capital. This com-
parative study shows that a PCM can be a beneficial thermal managementchoice for the
other available solutions. A PCM is better in virtually any area when opposed to a tradi-
tional cooling device using cold plates. While the capital cost of activeair cooling is the
lowest of all alternatives, PCMs are comparatively much more robustin cell temperature

distribution and decrease in temperature.

cooling in battery thermal management

In an air-cooled BTMS, the cooling medium is air, which eliminates the heat generatedby
the battery cell. The airflow pattern in the system has a significant impact on coolingperfor-
mance, and the BTMS parameters govern the flow pattern. Attempts have been made to
study the effects of the parameters on the BTMS performance. Yi et al. (2014)proposed a
modeling technique to investigate the impact of operating circumstances ona battery mod-
ule’s thermal performance. Various input and discharge airflow rates wereanalyzed and
compared. According to Cho et al. (2014), the maximum temperature ofthe battery pack
increased as the input air temperature increased, while the maximum temperature difference
dropped as the battery pack generated less heat. Fan et al. (2013) found that increasing the
input flow rate decreased the battery pack’s maximum temperature and maximum temper-
ature difference significant increase in the convective heat transfer coefficient. However,
Liu et al. (2014) reported that when the intake airflow rate was raised for a certain value,
the effect of further increasing the flow rate on cooling performance was decreased. He et
al. (2017) discovered that increasing the intake velocity decreases the field synergy num-

ber, resulting in reduced air consumption efficiency.

The air-cooling system, one of the first kinds of cooling technology, is the simplest and
cheapest. However, the air has a significantly lower heat transfer coefficient and specific heat
capacity than the other cooling systems. making it difficult to efficiently dissipateheat and

suppress temperature differences at a high discharge rate, particularly under certain condi-
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tions Xie et al. (2017). Wu et al. (2002) conducted experiments, calculations and discov-
ered that natural convection cooling could not efficiently remove th heat created inside the

battery pack.

On the other hand, Forced convection can fulfill the battery’s temperature requirement
bringing the temperature into complete control. Park and Jung (2013) focused on the influ-
ence of battery location and parasitic power consumption on the thermal performance of
an air-cooling system. According to the numerical simulation findings, a battery module
with a small battery gap was better for the air-cooling system. Under high heatload condi-

tions, however, the air-cooling system’s required power will be significantlyhigher.

Liquid cooling studies in battery thermal management

Wu et al. (2019) investigated the liquid cooling system, due to its excellent cooling effi-
ciency, it has attracted a lot of attention and improved temperature consistency over the
air-cooling system. In terms of thermal battery management, the liquid cooling system can
keep the battery temperature of the module within a normal operating range while keeping
the temperature difference under 3°C. De Vita et al. (2017) comparedto air and liquid
cooling techniques on a prismatic Li-ion phosphate battery dischargedat various rates under
constant current. The mathematical modeling, designed to estimate a battery module’s tem-
perature rise and distribution, also considers irreversibleand entropy-based heat production.
Huo et al. (2015) developed a mini-channel cold plate cooling technique for rectangular
Li-ion battery thermal management. A set of independent factors, including flow direction,
channel number, coolant mass flow rate,and ambient temperature, were evaluated using the

numerical simulation technique.

Phase Change Materials and their Applications in Li-ion Batteries

Specific forms of PCMs are addressed in this segment, along with their use in the thermal

management of Li-ion batteries, as observed by different researchers.

Phase Change Materials
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The PCM, has gained much interest and has been widely researched because of its simple
construction, absence of power consumption, and high latent capacity in TMS. Li et al.
(2019) studied that when the battery is exhausted, PCM may absorb and store theproduced
heat as latent heat. A significant amount of heat is generated during charging,but only a
small part of the energy is transmitted to the operating environments. Whenthe battery tem-
perature falls below the melting point or is permitted to rest, PCM transmits the stored heat
to the battery module, efficiently maintaining a relatively consistenttemperature and an ef-
fective temperature difference. Expanded Graphite (EG) witha porous structure could
absorb liquid phase Paraffin (PA) and avoid leakage; Copper Mesh (CM) as a module
skeleton may increase thermal conductivity and overall module strength. Compared to
PCM without CM, the experimental findings showed that CM/PA/EG improved tempera-
ture homogeneity and heat dissipation performance.Furthermore, the CM heat sink incor-
porated in the composite PCM played a critical role in heat dissipation under specific forced
convection conditions. It increased heat transfer capabilities by disturbing the airflow. In
BTMS, Zhang et al. (2018) adopted kaolin/EG/PA as the PCM. Here the effect of numerous
filler ratios on temperature control performance, the composite PCM with 10 weights %
EG, 10 weight %, kaolin, and80 weight % PA performed the best. There was no apparent
leakage after 30min at a temperature of 60°C in the thermal management test; with the
discharge rate of 4C, a single cell’s maximum temperature might be efficiently regulated
below 45°C, and evenin the most severe circumstances of higher discharge rate, it is possi-
ble to control the temperature difference between each cell within 5°C. As a result, once
phase change occurs, the PCM may significantly reduce the battery pack’s temperature and
the temperature of each cell in the pack. Aside from enhancing the fundamental character-
isticsof PCM, several studies focused on additional affecting variables. The low thermal
conductivity of the purest PCM material remains a significant obstacle to future use Kim
et al. (2019). The effect of PCM thickness on the temperature of PCM-wrapped batteries
was investigated by Javani et al. (2014). When the thickness of PCM was 3 mm, the tem-
perature distribution became uniform when the battery was charged and discharged at 21°C
with varied power densities; when the thickness of PCM was 12 mm, the maximum tem-
perature was reduced by 3.04°C. The existence of PCM would be the primary source of the
battery’s temperature rise within the first 7 minutes, and PCMwith a bigger thickness sur-
rounding the battery may give a better cooling effect. Linet al. (2015) studied the per-

formance of forced air cooling and PCM-based composite BTMS was investigated, and
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PCM-based composite BTMS with natural air coolingand PCM-based composite BTMS
with forced air cooling. The study specifies that thepreceding, with insufficient natural air
cooling, resulted in heat accumulation of PCM in extreme conditions. hyperthermal, mak-
ing it difficult to reject heat properly. The latter experiment combined PCM with forced air
convection. It was discovered that the corresponding BTMS was able to successfully reg-
ulate the maximum temperature of the battery pack below 50°C, at any rate, less than 2°C,
even if it was 7°C higher than the ambient temperature, and that the introduction of forced
convection had no effect on the uniform distribution of the temperature provided. Further-
more, in BTMS,PCM and forced air convection had distinct purposes. The maximum tem-
perature and temperature difference were regulated by PCM, which was cooled by forced-
air convection. Zhao et al. (2017) utilized a heat pipe (HP) to dissipate heat received by
PCMand performed extensive design and experimental testing on BTMS in conjunction
withPCM/HP. The findings revealed that, compared to BTMS based on air and PCM, the
PCM/HP coupling could keep the maximum temperature below 50°C for a longer du- ra-

tion. By incorporating HP with PCM, the temperature variation may be reduced by

28.9 percent. Table 3.1 displays the essential properties of organic and inorganic PCMs.

Types of Phase Change Materials

A broad range of classification criteria for PCMs has been developed. A kind of specific
grouping is seen in Fig 2.8 Faraj et al. (2020). PCM may be broadly dividedinto solid-
solid PCMs (SSPCMs), solid-liquid PCMs (SLPCMs), solid-gas PCMs (SG-PCMs), and
liquid-gas PCMs according to the phase of substances before and after thechanging process
(LGPCMs). Among them, SLPCMs have broad latent heat potential characteristics as well
as minor volume changes during the phase change process, Quick access to raw materials po-
sitions it in the most popular area of use Khan et al. (2016) and Mohamed et al. (2017).
As for PCMs undergoing phase change processing intoa solid and liquid state called
SLPCM may be generalized and categorized as organic, inorganic, and eutectic into three

major groups.
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Table 2.3 Properties of some organic paraffin waxes and inorganic PCMs Dennis (1995)

Organic Paraffins |Melting Heat of |[Thermal Density |Density of [Specific
) Fusion [Conductivitylof SolidLiquid Heat (Solid
Point (°C) Y a (Solid)
(kJ/kg) (W/m K) (kg/m3) (kg/m3) (kJ/kg K)
5913,6160, 03,43 189,189, 900,910, (760,765,
P116,5838 41,49 910,189 P21 817,912 (786,760 [>-1
(n-Paraffin)
6035,6403, 59,63 920,915, (795,790,
6499 (iso-Paraffin) 67 189 0.21 930 830 2.1
n-Alkane
C16H34 18 236 0.21 770 2.2
C17H36 22 213 0.21 778 2.2
CH3(CH2)16 28 244 0.21 814 774 1.90
CHs
C19H40 32 222 0.21 782 1.91
C20H42 37 246 0.21 778 1.92
C22H46 44 249 0.21 791 1.93
C23H48 48 232 0.21 764 1.93
C24H50 51 255 0.21 796 1.93
CnH2n+2 55 146 0.21 880 1.93
C2e6H54 57 256 0.21 770 1.85
C27H56 59 235 0.21 802 1.91
C32H66 70 266 0.21 809 1.92
C38H7s8 100 271 0.21 815 1.93

From the above literature survey, the following significant observations are made:

a. The general conclusion that can be drawn is that R1234yf offers interesting refrigerant

alternatives for energy equipment.
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b. Retrofitting the existing units with R1234yf results in lower cooling capacity and COP. The
cooling capacity and COP can be increased by modifying the heat exchangers used in the

system or using IHX or by increasing the compressor capacity.

c. Safety of R1234yf in domestic applications is still a major concern, however, that issue can
be addressed by appropriately designing the system components such as condenser and evap-

orator.

The literature review shows that limited studies were reported on the understanding of PCM’s
transient thermal behavior within the cell. The majority of the studies described above were
done under typical battery cell conditions, they cannot give extensive insights into battery
thermal management for situations including thermal abuse and probable thermal runaway,
which might occur with battery modules in EVs and HEVs when they undergo transient ther-
mal behavior. A lot of literature is available on PCMs, but not much detailed study on how
the battery temperature affects cold, extreme ambient conditions, and cyclic loading. Studies
related to the use of two mixtures of PCMs with different ratios for BTMS along with a com-
bination of conventional (air-based) are available. Still, there are not many studies, including
the vehicle driving speed, how speed influences the battery cell temperature, and how the

environmental conditions affect the battery cell temperature.
Objectives:

The objectives of the electric vehicle (EV) air conditioning system and its optimization with
eco-friendly refrigerants revolve around improving efficiency, reducing environmental im-

pact, and enhancing user comfort.
The Key objectives of the research is:

1. The development of Air conditioning for Electric vehicles (Passenger Car) with vari-

able speed compressors operating with eco-friendly refrigerant.

2. To develop an experimental test bench for investigation of the performance of AC

systems at variable speed, at variable load, and integration mode of operation.
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Needed to Design a BTMS

1. Acceptable temperature range for cell components at all times, i.e., active material,
binders, separators, electrolytes, etc.

2. Acceptable temperature difference within cells and from cell to cell, depending on the
chemistry and management system

3. Maximum and minimum temperature limits for life specifications, performance rat-
ings, and safety considerations

4. Thermo-physical properties of cells or components (density, specific heat, directional
thermal conductivities)

5. Heat generation rate under average and aggressive drive profiles and loads for the
specific electric drive

6. Heat rejection rate depending on thermal management strategy Fluid heat transfer co-
efficients or sink conductance

7. Cooling fluid flow rate and sink temperature

8. Configurations and dimensions of cells and proposed BTMS

9. Parasitic power needed to push fluids/cooling through BTMS

47



Chapter 3

EXPERIMENTAL METHODOLOGY

This chapter includes descriptions of the experimental configurations used in the study, including
the equipment used and the experimental strategy and procedure. An experimental system is de-
signed to test multiple battery packs at varying discharge levels and limiting conditions. Experi-
ments are carried out to achieve temperature distribution, variability in voltage, and heat genera-
tion in the Li-ion battery pack under various operating conditions using a simulated single battery
through a strip heater. To evaluate their effects on voltage variability and temperature distribution,
commonly used PCMs are inserted into the battery pack. After that, an experimental system is
designed to analyze multiple battery packs at varying discharge levels and limiting conditions using

simulation software. Fig 3.1 shows the steps taken to achieve these research objectives:

1. A detailed literature review was conducted on the current methods for controlling bat-
tery temperature, and literature gaps were identified. Based on that, different tasks were identi-

fied, such as the type of experiments, modeling, and simulations needed.

2. An experimental facility imitating a single battery where the Li-pack can be tested was
built to conduct the necessary experiments. The required components were defined and arranged,
depending on the availability and capability of the test equipment. A battery-simulated pack was
built and tested at constant current, and voltage to form a base case, depending on the capacity of
the test equipment. The findings from these experiments were used to compare the results ob-

tained from further studies using simulation software.

3. PCM-based BTMS: the PCM selection was based on the melting temperature, latent
heat, and the temperature range of the Li-ion batteries needed. The current battery pack is changed
to place the PCM between the cells. The battery pack is built so that even when it melts, the PCM
stays between the cells. The battery pack was checked at varying voltage levels.
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4.

To determine the most effective thermal management system for Li-ion batteries, the results from

all experiments carried out with different BTMSs were compared.

3.1 COOLING LOAD CALCULATION

MODEL DEVELOPMENT & LOAD CALCULATION PROCEDURE

The heat stored in the body has maximum and minimum limits which when exceeded brings death.

The usual body temperature, for a normal man is 37°C. The temperature of the body when falls

below 36.5°C and exceeds 40.5°C is dangerous. There is some kind of thermostatic control called

vasomotor control mechanism in the human body which maintains the temperature of the body at

the normal level of 37°C, by regulating the blood supply to the skin. When the temperature of the

body falls, then the vasomotor control decreases the circulation of the blood which decreases the

conductivity of nerve cells and other tissues between the skin and the inner body cells. This allows

skin temperature to fall but allows higher inner temperature of body cells beneath. When the tem-

perature of the body rises, then the vasomotor control increases the blood circulation which in-

creases the conductivity of the tissues and hence allows less temperature drop between the skin

and the inner body cells. The human body feels comfortable when there is no change in the body

temperature i.e., when the heat stored inthe body is zero. Any variation in the body temperature

acts as a stress to the brain which ultimately results in either perspiration or shivering.

HM-W=HE+HR +*HC £HS

The chart (Fig.3.1) shows the comfort conditions for normal human beings in still air. The
degree of warmth or cold felt by a human body depends mainly upon the following three

factors,
- Dry Bulb Temperature (DBT)
- Relative Humidity (RH)

- Air velocity
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3.2 Vehicle Heat Balance

Bowird Heeat

Fig 3.1: Vehicle Heat Balance.

The driver contributes about 0.22 kW and each passenger about 0.1 kW. The heat
load is conducted into the passenger compartment through the glass windows, roof, engine
firewall, floor above the exhaust system, body leakage, forced convection and conduction
of the ram air heat through the body as the vehicle is moving, the latent heat in the air

extracted by the evaporator and the heat generated by the blower motor.
Thus,

Total heat transfer,

Q total = (Qi+ Qp+ Qr + Qv+ Qa+ Qe+ Qr+ Qm+ Qo)
=UXAXAT

The overall heat transfer coefficient U, is made up of the individual coefficients of
each of the above heat transfer streams. Its determination from individual coefficients is
tedious and its accuracy is questionable because of the complexity of materials making up
the car body and the different modes of heat transfer involved: radiation, conduction, and
convection. Thus, we need to consider the factor of safety on the higher side during the

estimation of cooling load. Knowing the values of U for several body styles, colors and
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type of glass over a range of vehicle speeds and climatic conditions help in determining

the evaporator duty requirement.

3.3 Cooling Load Calculations

In automobile air conditioning the cooling load is estimated as, the air conditioning
system must cool down a vehicle after soaking in a parking area at 40° C ambient, exposed
to full sun. The customer expects to cool down the vehicle quickly. During cool-down, the
vehicle is in an unsteady state, i.e., the vehicle interior temperature is not constant and is
dropping continuously over some time. It is required that an average interior temperature
should drop from 60° C (Soaking temperature) to an averageinterior temperature of about

22° C. The cool-down can be calculated approximately as under,

Figure 3.2: Layout of WagnoR

All dimensions are in mm. The above figure shows the approximate dimensions of all sides of the Wag-

noR car.

Now we will consider a Maruti Suzuki Wagon-r car to calculate the load factor (we will design our air
conditioner for this vehicle).

53



The assumptions we are going to use are as follows:

Driver Height:

Driver Weight:
Passenger Height:
Passenger Weight:
Ventilation Flow:
Ground Reflectivity:
Ambient Temperature:

Nitial Cabin Temperature:

© 00O N o o A W DN P

Ambient Relative Humidity:

=
o

Cabin Relative Humidity:
11 Comfort Temperature:
12 Pull Down Time:

Soaking Conditions

Ambient conditions

Initial average cabin temperature

1.7M
70 Kg
16 M
60 Kg
0.1 M3 /Sec
0.02
35°C |
80°C
70%
50%
23°C
10 min (600 sec)

=40° C and 40% RH

= 60° C (After 1 hr. soaking)

Final average temperature =22°C
Desired time to reach final temperature = 20 minutes (0.33 hrs.) Ap-
proximate mass of seats and interior = 350 kg
Average weighted specific heat =1kJkgC
Volume of the cabin =7.2Tm3

Now,

Q=mxCpxT

Q=350x1x(60—22)=13,300 kJ

Cool-down load = 13,300 / (20x60)

Q=112 kW

But, when the vehicle is in moving condition (60 km/hr.), the requirement of interior

temperature is considered to be in a steady state and the estimation is based onthe different

operating conditions. The cool-down estimation for the vehicle under the operating condi-
tions of 40° C DBT, 40% RH and with the average interior maintained at 22° C {The value
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say, X=22 C, has been specified by customer and varied as per ambient temperature and is
related as, X = 18 + 0.7(Ambient Temperature - 35° C)} is as follows,to calculate the total
heat gain for the vehicle operating under above mentioned conditions, one requires the ex-

terior vehicle data from the customer.

Assumptions based on experience made are as follows,

Number of passengers in cabin = 1 driver + 4 passengersNumber

of air changes per hour =4
Area and volume as required have been calculated.

Temperature difference across firewall and floor panel is 10° C higher on account of engine

and road heating.

Vehicle heads west and solar load is calculated at 20 N latitude, at 4 p.m.Outside

film co-efficient = 34.1 W/m?K
Inside film co-efficient = 9.36 W/m?K
Thermal air conductance = 6.24 W/m?K To-
tal heat from driver / passenger =0.22 kW /0.1 kW
Blower motor =0.1 kW

3.3.1 Solar Load

To calculate the heat gain by the vehicle because of the solar load can be calculated as below

and for this actual vehicle has been tested in solar load at below mentioned condition.

To have maximum solar radiation to the exposed vehicle, it is aligned in East — West direc-
tion facing towards west side. Following data on 20 N latitude, in Pune has been recorded

as,
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Table No. 3.1 Solar Load

Orientation Area(m2) Solar Load (W/m2) Heat (kW)
Windshield (West) 2.09 505 1.055
Side Glass (North) 0.7 38 0.0266
Side Glass (South) Q.7 105 0.0735

Rear Glass (East) 0.68 44 0.03

Total sun load = 1.2 kW

The heat load through the various parts of the wvehicle in the cabin is calculated and
tabulated as shown in Table 3.1.

For example: To calculate the heat transfer through Windshield, we
have,U=1/ (1/fo + L/k + 1/f)

=1/ (1/34.1+0.0035/0.744+1/9.36) =7.1 W/m2C
=40-22=18C
Thus, we get the following
Q=7.1%*2.09*18
Q =0.267 kKW
Total heat load from all parts of the vehicle = 1.13 KW

3.3.1.4 Casual Gains
The heat added into the compartment through the infiltration of air, passengers, and light

is calculated under casual gains. For these calculations, refer psychometric chart Fig.3.4 for en-

thalpy values

L. Sensible Heat | oad
Q infiltration = Sensible heat through infiltrated air

= Cabin volume x Air changes / hour x Air density X h
=7.27 x4 x 1.2 x (44 —-20) / 3600

=0.23 kW
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Q passenger = Total sensible heat from passengers

= Number of passengers x sensible heat from passenger
=5x0.09
= 0.45 kW
Q light = Sensible heat from light

=0.001 kW
Sensible load =0.23 + 0.45 + 0.001
=0.681 kW
Adding 20 % = 0.13 kW
Total sensible heat load = 0.811 kW

. Latent Heat | oad

Q Infiltration = Latent heat through infiltrated air

= Cabin volume x Air changes / hour x Air density X h
=7.27x4x1.2x (54 —44) /3600
=0.0969 kW

Q passenger = Total latent heat from passenger

= Number of passenger x latent heat from passenger
=5x0.06
=0.3 kW
Latentload =0.0969 + 0.3
=0.3969 kW
Adding 20% =0.07938 kW

Total latent heat load = 0.4763 kW
Thus, Net Casual heat gain = Sensible heat load + latent heat load

=0.811 +0.4763
=1.2873 kW
Heat added by blower = 0.1 kW



It means, we need to size the system, in such a way that it should balance the
required cooling demand under a given time as specified by engineering team and the

target decided by the Climate control department.

Table 3.2 Heat load calculation for vehicle

DATA INPUT
Cabin Volume 7.27 m?®
No. of passengers 5
Roof Sheet metal Area 3.14 m?
Floor sheet metal area 5.38 m?
Rear wind screen sheet metal area 0.78 m?
Firewall sheet metal area 1.87 m?
Body side each 4.7 m?
Windscreen glass area 1.65 m?
Side glass area 1.7 m?
Rear windscreen glass area 0.65 m?
Windscreen incident angle 30 deg.
side glass incident angle 78 deg.
Rear windscreen glass angle 70 deg.
Ambient temperature 45 [°C]
In cabin temperature 25 [°C]
Inside heat transfer coefficient 21 [Wim?2, K]
Outside heat transfer coefficient 7 [W/m?. K]
Latent heat of human being 55 [W/person]
Sensible heat of human being 75 [W/person]
Assumed ventilation per person 0.05 cmm
Ventilation for nine people 0.45 cmm
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In above table 3.2 details of vehicle are given, in which all areas of sheet metal, glass, am-

bient temperature, cabin temperature, different coefficient of temperatures, and ventilation

per person is given which are used in next table for calculation.

Table 3.3 Formulae & constant use in the calculation

Overall heat transfer coefficient

1/U = 1/ho + (t/k) sheet + (k) insu + 1/hi

ho is assumed to be constant (W/m?2k) 7
hi is assumed to be constant (W/m?k) 21
Heat transfer (W) Q=UAAt

At for sheet metal

(Skin temperature - In cab temperature)

In cab temperature is assumed (°C) 25
Ambient temperature (°C) 45
Number of persons considered 5

Latent heat for human being (W/Person) 55
Sensible heat for human being (W/Person) 75
Number of air changes 4
Assumed Ventilation per person (cmm) 0.05

For five people (cmm) 0.25
Sensible heat load for infiltration (W) 20.4*¥cmm*At
Latent heat load for infiltration (W) 50000*cmm*Aw

At for auxiliary loads

(Ambient temperature - in cab tempera-
ture)

Aw (Change in specific weight)

Obtained from psychometric chart

Infiltration load (W)

Sensible heat + Latent heat

Factor of safety

5% of total load
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Data given in table 3.2 is used to calculate heat load on the system and withrespect to that
components of system are selected.

Table 3.4 Conduction Heat Load [Sheet metal]

Parameters | Outs | Surf- | Sheet | Insula | K sheet K 1/U | Overal Heat
ide | ace | metal | tion metal | insulat | heat | addition
skin | area | thick | thick ion transf.
temp ness ness coeffic
. ient U
[°C] | [m?] | [mm] | [mm] | [W/m.k | [W/m. [Wim? | [W]

] K] K]
Roof 80 3.2 0.7 10 45 0.05 0.390 2.56 | 450.56
Floor 75 | 597 | 0.8 15 45 0.05 0.490 2.09 623.86

Firewall+ | 80 | 1.87 | 0.7 15 45 0.05 0.490 2.09 214.97

Front face

Side Door 65 | 289 | 0.7 10 45 0.05 0.390 2.56 406.9

[left]
Side Door 65 | 289 | 0.7 10 45 0.05 0.390 2.56 406.9
[right]
Rearwall+ | 65 | 0.78 | 0.7 10 45 0.05 0.390 2.61 111.97
door
Sum 2592.5
Table 3.5 Conduction Heat Load From Glass Area
Parameter Glass Glass Surface K 1/U Overall Heat
Inside | Thick- area glass Heat Addition
air ness Transfer
temp. Coefficient
[°C] [m] [m?] [W/m. [W/m2.K] [W]
K]
Windscreen 25 0.05 1.65 0.85 | 0.2 5.09 167.97
49
Side Glass 25 0.04 0.85 0.85 | 0.2 5.12 87.04
[Left] 38
Side Glass 25 0.04 0.85 0.85 | 0.2 5.12 87.04
[Right] 38
Rear wind 25 0.04 0.65 085 | 0.2 5.12 66.56
screen 38
Sub total 408.61
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Table 3.6 Radiation Heat Load From Glass Area

Darameter Surface Area Solg;il:eat Radiation
[m?] [Wim?] W]
Windscreen 1.65 514 848.1
Side Glass [Left] 0.85 309 262.65
Side Glass [Right] 0.85 44 374
Rear wind screen 0.65 44 28.6
Sum 1176.75
Table 3.7 Heat Load Due to Heat Pick-up in Duct
Cp of air @ 7°C temp. 1008.67 [J/Kg.K]
Air mass flow at Face mode 0.136 [Kg/s]
Heat Addition due to Heat Pick-up
Face Mode 307.36 [W]

Table 3.8 Considering maximum temperatures during the year Solar Radiation Heat

Density.
Heat Load Due to Radiation on Vehicle During the Day [W/m?]

Location 1 O clock 2 O clock 3 O clock 4 O clock Max Value
North 44 44 41 38 44
East 44 44 41 38 44
South 309 252 158 66 309
West 136 303 445 514 514

Sum 911
North East 44 44 41 38 44
South East 82 44 41 38 82
South West 344 429 451 423 451
North West 44 47 139 274 274

Sum 851
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Fig 3.3 Solar heat gain from glass area during the day.

Table 3.9 Heat transfer for glass.

Surface Area éol_z;r Heat Radiation
Parameter al

[m?] [W/m?] (W]

Windscreen 1.65 44 72.6
Side Glass [Left] 0.85 44 37.4
Side Glass [Right] 0.85 309 262.7
Rear wind screen 0.65 514 334.1
Sum 706.8

E=4d 4| 5=514
—_ _F::IH
=ront

E- 14 | S | |n'—d; e Rgar

Fig 3.4 Solar heat gain from glass area during the day.
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Table 3.9.1 Heat transfer for glass.

Surface Area ?;%Ii?]r Heat Radiation
Parameter
[m?] [Wim?] W]
Windscreen 1.65 309 509.85
Side Glass [Left] 0.85 44 37.4
Side Glass [Right] 0.85 514 436.9
Rear wind screen 0.65 44 28.6
Sum 1012.75
Table 3.9.2 Heat transfer for glass.
Surface Area é%li?]r Heat Radiation
Parameter
[m?] [Wim?] [W]
Windscreen 1.65 514 848.1
Side Glass [Left] 0.85 309 262.62
Side Glass [Right] 0.85 44 37.4
Rear wind screen 0.65 44 28.6
Sum 1176.75
Table 3.9.3 Heat transfer for glass.
Surface Area é(;li?]r Heat Radiation
Parameter
[m3] [W/m?] [W]
Windscreen 1.65 44 72.6
Side Glass [Left] 0.85 514 436.9
Side Glass [Right] 0.85 44 37.4
Rear wind screen 0.65 309 200.85
Sum 147.75
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Table 3.10 Auxiliary Heat Load

Values from Psychometric Chart

Darameters DBT WBT RH Enthalpy Specific weight
[°C] [°C] [%] [KJKg. | [Kg/Kg ofdry air]
K]
Ambient 45 32.2 40 110 0.026
In cabin 25 15 32 42 0.0065
Human Load [W]
Sensible load from 9 people 375
Latent load from 9 people 275
Sum 650
Air change Load [W]
Sensible load due to infiltration 180.36
Latent load due to infiltration 450
Sum 630.36
Table 3.11 Grand Total Heat Load on Vehicle
Sr. Description Values in (W)
I(;If Electrical Load 350
02 | Total Auxiliary Load 2150.36
03 | Total Load On System 3965.2
04 | Safety Factor of 5% 224.26
05 | Grand Total Heat Load on Vehicle 6689.82

Total heat load is calculated from the addition of all heat load and it is used to

select the components of the HVAC system. For testing purposes data is given to the

system and an experiment is performed, concerning those readings are tabulated in the

next chapter.
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3.4 Preparation of PCM Materials

The PCMs (OM35 and Paraffin wax) were purchased from the PCMs manufacturing
company PALSKEM. The images of the PCMs materials are shown in Fig 3.4 and Fig
3.5, respectively.

Fig. 3.5 PCM Material OM35

Fig. 3.6 PCM Material Paraffin wax
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3.5 Experimental Setup

[ AC Condenser ]— Air Separator

Surge Tank
Evaporator in cabin @ss ot

Battery Cooling System Radiator

Reservoir
—

AC Thermal Expansion Valve

AC Thermal Expansion Valve

 —

Flow Valve Positions C B — Battery Chiller

A- Max Heat Loop
B: Max Cold Loop
C:Temp Regulating A

LTI s e

5% NATIONAL COOLING SYSTEM#

Fig. 3.8 Actual Experimental Setup



The experimental setup consists of a water Chiller Unit with two Evaporator System.
1. Temperature Test.
2. Refrigeration Capacity: 1) 1500 Kcal/Hr At 10 Deg.
2) 1500 Kcal/Hr At 5 Deg Water Temp.
Type: Air Cooled.
Refrigeration System: Sealed Air Cooled.
Refrigeration System: Vapour Compression.
Refrigerant: R 134a. Cooling Type: Static.
Tank: 2 No Of 20 Ltrs Storage. With Insulation.
Evaporator Coil: Copper Submerge Helical Coil. (0.5 Tr x 2 Nos)

© o N o g b~ w

Controller: Digital Programmable Temperature Controller.
10. Temp Sensor: NTC.

11. Voltage Supply: 230 V, 01 Ph, 50Hz. Power input: 3.0 KW.
12. Size: L 800” x W 800” x H 500” mm.

Datta Acquisitions Systems:

Fig. 3.9 Temperature and Pressure Indicators
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Experiments were conducted on a cooling

channel where an electrical heater was used as a heat source. It was placed at the centre of the
box next to the copper plate is attached. The copper plate was used to transfer the heat from the
heater to the PCM materials. The thickness of the copper plate was considered at 3mm. Both
sides are filled with PCM materials properties and the PCM materials are mentioned in the table.
The amount of heat released in a Li-ion battery is a function of the battery's state of charge, rate
of discharge (or charge), and operating temperature. The PCM absorbs heat when the heater
has a higher surface temperature than the PCM temperature. Often, the PCM receives heat from
the bath (or air during air tests) when the ambient temperature is higher than its temperature as
the ambient temperature falls below the PCM’s temperature. It emits heat but remains at its
phase change value over an extended period while keeping the heater value within the set range.
A DC power supply was used to specify a constant charging current, which will ensure constant
heat generation within the cell. The suitability of the PCMs was additionally considered for
variable heating rates of a battery cell. For this case, variable heating rates were accomplished
with a controlled power offer to the electrical heater. The power offer to the heater was main-
tained at 120-Watt, 160-Watt, and 180-Watt.

Preparation of the PCMs

The following steps were taken to prepare the PCM material OM35 for the battery box.

* The thermal chamber temperature was set to 60°C.

* PCM was placed on the thermal chamber of the container, where it would stay until it melts

fully and the temperature reaches approximately 60°C.

» Molten PCM was poured into the acrylic box according to the volume calcula- tions. The
package was filled with 90% remaining 10% was kept empty to allow thermal expansion of
the PCM material.

» A respective acrylic cover was placed over the box

 An acrylic box was placed in the cooling chamber, which allowed the PCM to solidify

* Steps 2 to 5 were repeated for the PCM Paraffin wax preparation

« Experiments were carried out for the constant heating rate considering the ambi- ent and with
variable heating rates. Dimmer stater was used to vary the heating rates and the voltage offer
to the heater maintained at 120,160,180V.
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3.6 The basic principle of PCM battery thermal management system

In experiment 2, an experimental and numerical study of thermal characteristics of two
different organic PCMs were performed, namely paraffin wax with a melting temperature
of 58°C and OM35 with a melting temperature of 35°C as mixtures at two different mass
ratios (50: 50 and 60: 40) Table 3.3. Experiment two considered paraffin wax and OM35
50: 50 and 60: 40 only because to get the melting point above 45 and 52°C considered
the configurations 70:30 and 30:70 or any other configurations yielding lesser melting
points and those melting points were already studied in individual PCM simulations. Cost
is also involved in considering the OM35 as more rations compared to paraffin wax. De-
tailed cost analysis is also discussed in chapter results and discussion. To understand the
PCM’s multiple cycles. PCM Paraffin waxes show no tendency to segregate they are also
chemically stable although Lane (1983) reports slow oxidation when exposed to oxygen
requiring closed containers. Sharma et al. (1999)and Sharma et al. (2002) reported that
the properties are stable even after 1500 cycles in commercial-grade paraffin wax. Paraf-
fin waxes show high heats of fusion they also have no tendencies to super cool, so nucle-
ating agents are not necessary Lane (1983) and Hale et al. (1971). Paraffin waxes are safe

and non-reactive Hasnain (1998).

Table 3.12 Properties of the PCM OM35, Paraffin wax, GR44

Properties OM35 | Paraffin Wax |GR44 |RT50
Melting temperature (°C) 35 46-58 38-43 45-51
Density solid (kg/m®) 969 818 710 880
Density liquid (kg/m°) 870 760 670 760
Specific heat solid (kJ/kg K) |2.57 2.51 1.5 2
Specific heat liquid (kJ/kg K) |2.78 2.95 2 2.6
Thermal conductivity 0.2 0.24 0.2 0.19
solid (W/m.K)
Thermal conductivity 0.16 0.23 014 0.18
liquid (W/m.K)
Latent heat (kJ/kg) 202 176 82 168
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Fire point (°C) 120 140 100 70

Flashpoint (°C) 200 199 187 1200

3.6.1 Preparation of the PCMs

The following steps were taken to prepare the combination of PCM material in the ratio 50:50 and

60:40 to the battery box.

1. The thermal chamber temperature was set to 60°C.

2. PCM was placed inside the thermal chamber in a container, where it stays until it melts
fully and the temperature reaches approximately 60°C.

3. The PCM was melted at over the melting temperature of each PCM, and the PCM
OM35 was then mixed into the liquid PCM wax. The PCM composites were prepared
by stirring for 20 min at 1000 rpm, and sonication for 30 min in the frequency of 50Hz
complete process can be seen in Fig 3.16.

4. According to the volume calculations, molten PCM was poured into the acrylic box.
The box was filled with 90% remaining, and 10% was kept empty to allow thermal
expansion of the PCM material.

5. Arrespective acrylic cover was placed over the box

6. Anacrylic box was placed in the cooling chamber and allowed the PCM to solid- ify

7. Once the PCM sample was ready, experiments were conducted for extreme conditions

like —20°C, 45°C, and cyclic loading in an environmental, climatic chamber.

Melting (——> Stirring (:t} Sonication :> Sampling

n e
PCM é
| Hot Water | | Hot Water | u

Fig. 3.10 Preparation of PCM ratios

According to the suitable working temperature range of the battery, the
phase transition temperature of the PCM generally used in the battery thermal man-
agement system is mainly concentrated at 30~50°C. At present, the PCM used for

battery thermal management is mainly paraffin. Due to the shortcomings of the low
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thermal conductivity of a single PCM, to better manage the thermal management
of the battery, the method of adding other thermally conductive materials to the

PCM is generally used to improve its heat transfer coefficient.

PCM Material Li-ion Cells

Under high temperature

. Battery o
PCMs begin to be melted, G : PCMs start to be solidified,

absorbing latent heat and keeping ’ ’ releasing latent heat and keeping
the temperature constant. p ’ 4 Pl the temperature steady.
v

l i :7(ir;prhcnc (

2 ( Copper mesh z < Carbon nano-tube ‘\
[ Fins | ° ? Phase change materials (PCMs) A ——
Inorganic PCMs Organic PCMs
Hydrated salt, molten salt, alloy. metal, et al. Paraffin (PA), acetic acid, stearic acid, et al.

Fig. 3.11 BTMS with PCM

As shown in Figure 3.11, when the PCM is used in the battery thermal management system,
The battery pack is directly immersed in the PCM, or a jacket-type structure can be used, and
a layer of annular PCM is set outside the single cell to form a slightly larger single cell, and
then a battery pack is formed. When the battery is discharged, the system stores the heat in the
PCM in the form of latent heat of phase change, thereby absorbing the heat released by the
battery and rapidly reducing the battery temperature. Batteries are usually arranged in a sym-
metrical form, with modules A, B, C, and D as the boundaries of the mathematical model,
whose conditions are related to various heat transfer conditions such as module packaging ma-
terials and the location of the modules in the entire battery stack. The middle plane of symmetry

of the battery is used as the adiabatic plane for heat transfer calculations.
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Chapter 4

RESULT AND DISCUSSION

4.1.1 Theoretical Result

It is observed that the COP of the R22 system is highest. COP of the R1234 system is 4.5% and
4.38% lower than that of the R22 and R134a systems respectively. Hence the difference between
COP of R22, R134a, and R1234yf is not that much. So, considering the GWP and ODRP it's

convenient to use the R1234yf system.

COoP
3.5

. 3
8 - m R22

: mR134a

5 W R1234yf

R22 R134a  R1234yf
Refrigerant

Fig 4.1 Comparative study of COP

4.1.2 Experimental Result

We have performed several trials on the VCRS (vapor compression refrigeration system),
to study the R1234yf refrigerant. The VCRS was designed for the R134a refrigerant, but as
there is not much pressure ratio difference between R1234yf and R134a, we have used the
refrigerant R1234yf directly. We have also estimated the results for R134a using similar con-

ditions using CoolTool software and concluded the results.
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The observations for the readings are given below,

Table 4.1 R1234yf refrigerant readings

Obs. | Comp. | Comp. Cond. out Evap. COP | Mass Power con-

No. | Inlet. Out(°®C) | Temp.(°C) | Temp(°C) flow rate | sumption
Temp (kgls) (kW)
(%)

1 36 77.78 39 -30 2.6086 | 0.002583 0.15

2 39 78.76 39 -27 2.8023 | 0.002539 0.14

3 41 79.44 39 -25 2.9416 | 0.00251 0.13

4 44 80.49 39 -22 3.1675 | 0.002468 0.12

5 47 81.58 39 -19 3.4165 | 0.002427 0.11

6 50 82.6 39 -16 3.6927 | 0.002387 0.11

The above graphs show how the coefficient of performance, mass flow rate of refrigerant, and

power consumption vary as evaporator temperature changes.

COP

’/0’/‘ ——R134a

——R1234

yf

Fig 4.2 Comparative study of COP

From graph 5.2, we can conclude that as evaporator temperature increases (i.e., changes from -
30°C to -16°C), the COP of the system increases for both R134a and R1234yf. However, the
difference in COPs of R134a and R1234yf is very negligible.
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Fig 4.3 Comparative Study of Mass Flow Rate

From graph 4.3, we can conclude that the mass flow rate decreases with an increase in evap-
orator temperature (i.e., changes from -30°C to -16°C), for both R134a and R1234yf. In addi-
tion, the mass flow rate for R1234yf is a little bit higher than R134a, but the difference value is

much less (i.e., around 0.0006 kg/s).
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Fig 4.4 Comparative Study of Power Consumption

From graph 4.4, we can conclude that power consumption decreases with a rise in evaporator

temperature, and the power consumption is almost the same for both refrigerants. From the

above results, we can conclude that, as there is not much difference in the various parameters,

which are required to design the VCR system. We can replace R134a refrigerant from the given

system with R1234yf refrigerant, without much change much change in system design. Fig 4.5

shows the temperature changes with PCM and without PCM. In the simulation,
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we carried out transient implicit steady analysis for 35 minutes. Initially, we carried out the
analysis in ambient conditions without using any PCM material. It was observed that the max-
imum temperature near the heater cell was 670C. In this case, the efficiency of the system will

be reduced. Similarly, we used PCM, and we got the maximum temperature is 350C for 35
minutes.
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Fig 4.5 Temperature distributions with PCM and without PCM
Fig 4.6 shows the simulation and experimental results for ambient 45 at the start of the process

cool down which is required. Again, a good correlation was seen with the simulation and
experiment results.
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Fig 4.6 Temperature distribution simulation and experimental
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Chapter 5

CONCLUSION

» With the growing number of automobiles on the road, the need for automotive air con-
ditioning systems is growing. The refrigerants utilized in these systems have very neg-
ative environmental effects in the form of GWP and ODP. It is now critical to replace
these refrigerants with environmentally friendly refrigerants.

» We are replacing these refrigerants with R1234yf refrigerant in this project. We con-
ducted trials and conducted a comparison study between currently utilized refrigerants
and R1234yf for this purpose. We now have evidence that R1234yf can be used in place
of R134a.

» The results reveal that the COP for R1234yf is lower than for R134a and R22, but only
by a little margin, because the load is almost the same for all three refrigerants.

» We've also developed a BTMS system using alternative refrigerant, and we've got the
predicted results, which are comparable to R134a cooling. The only issue with R1234yf
Is that it is slightly flammable, so we must handle it carefully.

» The Li-ion battery pack is examined at various PCM materials by considering different
speeds and environmental conditions. The study proposes to include the PCM with Li-
ion cells. The experimental and numerical results show that the PCM-based BTMS sys-
tem is enough to influence maintaining the optimum battery temperature.

» Experimental results showed that PCM is good enough to absorb and maintain the ap-
propriate operational battery temperature.

» The outcomes demonstrated that the limit of Li-ion battery modules with PCM could be
securely and completely used even under extreme temperatures and working conditions.

» As per the study of the PCM thermal management system, we can conclude that the heat
transfer rate and storage capacity of Li-ion cells can improve by using Passive and active
cooling was investigated at a 1C discharge rate active cooling can reduce the battery
rise temperature by 2.5 C at 40km/h and active cooling not always required when the
vehicle speed increases above 40km/h.

» Accelerated research and development in the field of AC systems with Eco-friendly

refrigerant, integrated BTMS will be helpful towards faster adoption of electric vehicles.
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» Any improvement towards efficiency of AC systems will be considerable considering
the roadblock posed by heat generation in batteries.

» Many researchers have been working on refrigerant and air conditioning systems aiming
towards an improvement in the efficiency of existing systems will be highly rewarding

considering its overall cost impact on the vehicle.
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