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ABSTRACT

NUMERICAL INVESTIGATION OF VARIOUS HEAT TRANSFER
MECHANISMS ON THERMAL MANAGEMENT OF A LITHIUM-ION
BATTERY PACK

Lithium-ion battery packs are preferred in Electrical and Hybrid Vehicles (EVs
and HEVs) due to their efficient and stable energy storage characteristics. Battery
Thermal Management Systems (BTMS) have vital importance in EVs and HEVSs to keep
the batteries in desired temperature range to maximize performance and lifetime. Air
cooling is a well-known method with the advantages of being simple and light but main
concern for air cooling is effectiveness and pressure drops due to low heat capacity and
thermal conductivity of air. This work compared various cooling designs for battery
modules based on the surface temperature of batteries and the parasitic power
consumption. Modules were built with COMSOL Multiphysics 5.5, and their accuracy
was validated by experiments. Each module involves an equal number of batteries whose
thermal characteristics were simulated by the electrochemical-thermal battery model, the
P3D multiscale model. As a result, the maximum temperature was reduced by 5% (1.8°C)
for inline alignment with baffles and 7.2% (2.8°C) for staggered modules, and the
temperature gradient was reduced by 40% (1.7°C) for inline and 35% (1.5°C) for
staggered alignments. While fan power consumption of inline alignment with triangle
baffles (0.98W) was 3.5 times higher than the base design (0.27W), it was 0.23W for
staggered design. Moreover, the cooling performance of different winglet parameters was

compared and documented.

Keywords: Battery Thermal Management Systems, P3D Model; Temperature
Uniformity;, Forced Air Convection, Cylindrical Lithium-ion Battery, Cooling
Optimization, Winglets; Baffles; Cooling Efficiency
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OZET

CESITLI ISI GECiSI MEKANIZMALARININ BiR LITYUM-IYON
BATARYA PAKETININ ISIL YONETIMI ICIN SAYISAL OLARAK
INCELENMESI

Diger alternatiflerinden daha verimli ve saglikli calistiklart i¢in Lityum-iyon
bataryalar, giinlimiiz elektrikli araglarinda en ¢ok tercih edilen batarya tiiriidiir. Ancak,
Lityum-iyon bataryalarin émrii ve verimligi ¢alisma kosullarina bagimlidir. Calisma
sicaklig1 batarya sagligim etkiledigi ve oliimciil kazalara yol acabilecegi i¢in dikkatle
kontrol edilmelidir. Bu etkileri en aza indirmek, giivenli ve stabil bir kullanim saglamak
icin batarya termal yonetim sistemleri (BTYS) elektrikli araglar i¢in hayati dneme
sahiptir. Halihazirda kullanilan bircok verimli metot olmasina ragmen, hava sogutmali
batarya paketleri gerek hafif ve basit tasarim 6zellikleri gerekse ucuz iiretim ve bakim
maliyetleri bakimindan halen elektrikli arag iireticileri tarafindan tercih edilmektedir.
Havanin termofiziksel o6zellikleri nedeniyle hava sogutmali batarya paketlerinin
performansi sivi sogutma metotlarina nazaran diisiik kalmaktadir. Bu nedenle hava
sogutmal1 sistemlerin iyilestirilmesi gerekmektedir. Bu tez, silindirik bataryalardan
olusan hava sogutmali bir batarya modiiliiniin performansini, bataryalarin fazla 1sindig:
bolgelerdeki akisi cesitli akis karistiricilarla degistirerek 1s1 transferini arttirmayi ve
homojen bir batarya sicaklik dagilimi saglamay1 amaglamaktadir. Tasarim iyilestirmeleri,
COMSOL Multiphysics 5.5 yazilimu ile tiirbiilansli akis ve P3D olarak da bilinen batarya
termal modelini birlestirerek olusturulan simiilasyonlar yardimi ile yapilmistir. Ayrica,
simiilasyonlarin tutarliligi deneysel verilerle karsilastirilarak dogrulanmistir. Sonug
olarak, hizalanmis yerlesimdeki batarya modiiliinde maksimum sicakliklar %5 (1.8°C) ve
sicaklik dagilimi1 40% (1.7°C) akis karigtiricilar yardima ile iyilestirilmistir. Ayrica, capraz
konumlandirilmig bataryalar maksimum sicakligi ve sicaklik dagilimini sirasiyla, %7.2
(2.8°C) ve %35 (2.5°C) iyilestirmistir. Son olarak, bu iyilestirmeler yeni tasarim igin
yaklagik 0.7W’lik bir gii¢ tiiketimi artis1 ile saglanmustir.

Anahtar Kelimeler: Batarya Termal Yonetim Sistemleri; P3D Batarya Modeli;
Homojen Sicaklik Dagilimi; Silindirik Lityum-iyon Bataryalar; Sogutma lyilestirmeleri;

Girdap Olusturucu; Akis Karistirici; Sogutma Verimi; Zorlanmis Hava Tasinimi.
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CHAPTER 1

INTRODUCTION

Nowadays, environmental issues are undoubtedly concerning every industry.
Since the transportation sector releases one-third of global carbon emissions, offsetting
vehicle emission is a substantial milestone in the net-zero emissions target [1].
Electrification of transportation contributes to uncontaminated air and less noise pollution
in the urbanized area [2]. Since electric vehicles (EVs) emit 50% less CO2 than
conventional vehicles (vehicles having internal combustion engines), the EV industry has
gained significant importance recently. Also, if EVs are charged by cleaner energy
sources, such as hydro, wind, and sun, the driving emissions will reduce dramatically [3].
Another way of reducing the overall emissions of EVs is by increasing their efficiency
and life cycle. As an essential element that needs to be considered while mentioning
efficiency, batteries undoubtedly change vehicles’ characteristics drastically owing to
their significant effect on their power output, driving range, and lifespan.

When EVs’ power density, longevity, and efficiency need are considered,
Lithium-ion batteries are the most suitable candidates for vehicular applications [4]. A
case in point is that Li-ion batteries have greater power density and charging efficiency
when compared with other battery types, such as NiMH, NiCad, and Lead Acid [5]. Also,
since electric vehicles can recharge batteries by regenerative braking, they require
batteries that can work under sporadically changing currents without getting harmed. To
sum up, EVs require batteries with low self-discharge rates and high energy density and
batteries that have not suffered from the memory effect [6].

However, likewise other power sources, Li-ion batteries face some safety and
longevity issues related to their working conditions. The most critical drawback of Li-ion
batteries is thermal management since there are numerous detrimental effects for
operating temperatures lower than 20 °C and higher than 40 °C, as the former increases
the risk of dendrite growth and it decreases available battery capacity, and the latter
increases ageing effects and it leads to lethal situations such as thermal runaway and
explosion [7]. Additionally, battery packs of EVs involve numerous batteries working

together. Since the available capacity of batteries varies with temperature, batteries in a



pack must operate at approximate temperatures to avoid the risk of overcharge and
discharge. Similarly, ageing is another phenomenon affected by temperature. Therefore,
acquiring uniformly ageing cells in a battery pack is crucial to avoid overcharged and
discharged batteries during their service life [8]. Furthermore, overcharging and over-
discharging have remarkably harmful effects on cells, the former causes lithium dendrite
growth and the latter decomposes the anode current collector [9]. For these reasons,
providing uniform temperature distribution is another crucial achievement, thus 5 °C is
the safest maximum temperature range in a battery pack [8], [10].

Due to high currents and dense packaging, vehicle batteries generate a significant
amount of heat that will raise the temperature to dangerous levels. Therefore, heat
dissipation is crucial to EVs to keep the vehicles safe and efficient. To avoid the risk of
thermal runaway and increase the cycle life of batteries inside the pack, the battery pack
requires Battery Thermal Management Systems (BTMS), which dissipate the heat and
keep the cells in a safe temperature range, decrease the temperature differences among
cells working together, prevent dramatically changing temperatures, and ensure that the
cells’ internal temperature distribution is uniform. Pesaran [11] introduced certain types
of BTMSs and defined their features and limitations. Overall, BTMSs can be classified
based on their cooling techniques, namely passive and active cooling. Air cooling, direct
liquid cooling, and indirect liquid cooling are active methods; and heat pipes, phase
change materials (PCM), and natural convection conditions are considered passive
methods. There are also different hybrid systems combining active and passive methods.
Ultimately, each method is unique as they have certain positive and negative aspects
regarding the system.

Passive cooling strategies are favourable as they do not consume power to provide
cooling. Cooling with heat pipes rejects the heat efficiently, and as they can be
manufactured in several shapes, space efficiency is another upside [12]. Also, they work
well even if there is a slight temperature gradient, and their maintenance and lifecycle are
favourable [13]. However, the systems with heat pipes are heavy and expensive.
Additionally, numerous studies focused on thermal management with PCMs, another
passive cooling method, as they can accumulate and release considerable amounts of heat
owing to the latent heat capacity of PCMs [14]. The PCM stabilize the temperature during
the operation; for this reason, they work well in cold environments. However, PCM’s low
conductivity makes the dissipation of accumulated heat harder. Therefore, they cannot

cool the pack for a long time. Also, volume differences between solid and liquid states,



pollution rates, flammability, and safety are other concerns when considering a PCM
application for EVs [15].

As for the active systems, direct and indirect liquid cooling methods reduce the
maximum temperature more than air cooling methods, owing to their coolant’s high
thermal conductivity and heat capacity. Regarding the temperature range, on the other
hand, air cooling keeps the cells in close temperature ranges when compared to liquid
cooling methods [16]. However, the issues related to temperature are not the only aspects
of BTMSs when evaluating their compatibility with EVs. Thus, their parasitic power
need, complexity, manufacturability, and cost efficiency must be considered. In this
regard, indirect liquid cooling systems require additional structures to avoid fluid leakage,
which increases system complexity, weight, and cost. Also, leakage is a severe problem
for battery packs as it leads to severe consequences, such as short-circuiting, thermal
runaway, and explosion. Besides, air cooling mechanisms offer the most straightforward
designs, and since they do not require an additional jacket or plate, their weight is
relatively low. Additionally, the absence of extra structures makes maintenance cheap
and easy and reduces manufacturing costs [12]. To sum up briefly, when all the features
of air-cooled mechanisms are considered, they are suitable for small battery packs with
lower power output [13].

In the air-cooled BTMS literature, many studies have focused on improving
cooling performance by changing design features. The improvement can be done by
changing the manifold design [17], battery positioning [18], [19], and flow characteristics
[20], [21]. Also, there are several examples of adding different structures to direct or
disturb the airflow [22], [23]. However, even though the baffles are universal structures
used in the heat exchangers, there is a significant lack of academic studies on using flow
disturbing structures between the batteries. This study documented the effects of flow-
disturbing structures of different sizes and shapes on the cooling performance of battery
packs. Several structures are placed near the batteries with higher temperatures to reduce
the temperature gradient between cells and maximum temperature. Initially, a commercial
Lithium-ion cell was discharged under several discharge rates to use the data for
validating the electrochemical-thermal particle insertion battery model that was invented
on the work of Fuller et al. [24]. Then, the battery module simulation was employed by
coupling it with the single battery model. In addition, a battery module was manufactured
from plexiglass, and experimental results were compared with the simulation. Finally, the

thermal performance of various designs was evaluated by comparing their maximum



temperature, temperature gradients, fan power consumption, and volumetric power
density of modules.

The sections of this thesis follow this outline; Lithium-ion batteries in the electric
vehicle sector and remarkable battery thermal management systems from the literature
are discussed in Chapter 2. Chapter 3 explains the mathematical model and experimental
methods of this work. Chapter 4 displays all results obtained from the study, such as
experimental results, validation of simulations, and thermal performance data in detailed
tables, figures, and graphs. Finally, Chapter 5 summarizes the entire study and empha-

sizes the primary outcomes.



CHAPTER 2

LITERATURE REVIEW

In this chapter, the discussion is initiated by battery types and features of Lithium-
ion battery chemistries. Consecutively, the thermal issues of Lithium-ion batteries and
their outcomes are exemplified. Ultimately, after explaining the significance of battery
thermal management systems (BTMSs) in electric mobility applications, the leading-edge

designs of cooling systems in the literature are shown.

2.1. Batteries in Electric Vehicles

Many batteries are used in EVs and HEVs, such as nickel-cadmium (NiCad),
nickel-metal hydride (NiMH), lead-acid, and Lithium-ion. It is well known that the
electric vehicles’ (EVs') efficiency, cost, and lifespan correlate with the same features as
batteries [11]. Therefore, Lithium-ion batteries are the best candidates for vehicular
applications compared with the other types [5]. The main concerns for commercial
vehicles are maintaining the highest capacity with the lightest batteries and the ability to
be fast-charged as the extension of charging time is directly proportional to capacity.
Since the energy density of Lithium-ion batteries is at least two times higher than the
others, the battery packs with Lithium-ion batteries offer the lightest pack with the highest
power output thanks to the chemical properties and lightweight of Lithium metal. Another
Lithium-ion battery feature favourable for EV applications is low self-discharge rate and
longer life span [25]. These characteristics depend on the cathode material of batteries.

Even though many cathode materials can be used in Li-ion batteries, only several
chemistries have been commercialized as safety issues and internal stability hamper the
process [26]. Each cathode material has unique features that affect the efficiency, safety,
price, and life cycle of batteries. In Table 2.1, the properties of commonly used cathode

materials are documented.



Table 2.1. Characteristics of the common cathode materials [4], [26]-[28].

Cathode NCA NMC LCO LFP LMO LNO
Nominal Voltage 3.7V 3.7 3.9V 3.4 3.7 3.8

Cycle Life - 2000 500 2000 1000 1200
Energy Density (Wh/kg) | 280 200 155 160 120 275

Thermal Runaway (°C) 200 210 150 270 250 <200
Safety Moderate | Good Poor Excellent | Average Poor
Price Low Moderate | High Moderate | Low Low

The first commercialized chemistry was LCO, and it is not favourable because of
its unstable internal structure, high price, and short life span. On the other hand, LFP
batteries are a common type for EVs since they provide safety and efficiency at
reasonable prices. However, its power output is slightly lower than others; thus, they are
not favourable for high C-rates. In addition, NCA is popular among EV producers as they
are thermally stable because of the Aluminium compound. Also, the NCA cathode offers
high capacity with fast charge/discharge capability. Nevertheless, Lithium-ion batteries
suffer from thermal issues that can cause hazardous consequences or reduce their
efficiency. While some cathodes (NCA, LFP, and NMC) can operate in a wide range of
temperatures due to thermal stability, others are more sensitive to the operating

temperature [26].

2.2. Thermal Issues in Lithium-ion Batteries

Since the temperature affects both efficiency and safety of operation, thermal
issues are significantly important in the battery sector. Lithium-ion batteries can sustain
within the temperature range of -40°C—60°C, but an effective operation requires an
operating temperature range narrower than that [29]. Even though optimum operational
temperature ranges change based on cathode material, the temperature range that
Lithium-ion batteries (LIBs) work safe and efficient is approximately 15-35 °C [30].

Temperatures below 20 degrees obstruct the ion transfer inside the battery as the
viscosity of electrolyte increases at low temperatures, which degrades the available
capacity and state of charge [7]. Also, since the ions cannot intercalate appropriately at

cold temperatures, lithium plating occurs on the anode surface, causing dendrite growth



[31]. If the dendrites reach the cathode, the internal short circuit occurs, which leads to
thermal runaway [32]. Operating at temperatures higher than 40°C accelerates the side
reactions, which causes capacity fade and aging [7]. In figure 2.1, how available capacity

degrades at various temperatures is displayed.
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Figure 2.1. Comparison of capacity retentions under different temperatures [33].

It can be observed from the figure that available capacity increases for high
temperatures, which can be seen by comparing the duration of the first cycles of 45°C and
5°C. However, as the available capacity of batteries at high temperatures degrades fast,
there is a trade-off between more capacity and a longer lifespan. Furthermore,
temperature dependency of aging rate and usable capacity obligates the regulation of
temperature uniformity to avoid over-charged and over-discharged cells in a battery pack
[8]. Therefore, the desired temperature range is 5°C for simultaneously operating
Lithium-ion cells [34].

In addition, thermal runaway is another issue induced by high-temperature
operations, and it causes lethal consequences, such as explosion and fire [8]. Thermal
runaway can be triggered by various reasons connected with poor thermal management,

such as solid electrolyte interphase (SEI) film dissolution, an exothermic reaction



occurring after 70°C [35]. Lithium-ion battery applications are notorious for thermal
runaway, fire, and explosion incidents. These incidents include plane fires [36], mobile

device explosions, and vehicle fires [37].

2.3. Battery Thermal Management Systems (BTMS)

To avoid the risk of thermal runaway and increase the cycle life of batteries,
battery packs require Battery Thermal Management Systems (BTMS). The objectives of
BTMS are keeping the cells in a safe temperature range by rejecting heat, decreasing the
temperature differences among cells working together, preventing fluctuating

temperatures, and ensuring that the cells' internal temperature distribution is uniform [11].

Table 2.2. Properties of various cooling mechanisms for BTMS [29].

Advantages Disadvantages
PCM
o  Cheap o  Hard to dissipate accumulated heat
o Long life o Leakage and pollution
o  Stable temperature distribution
o  High heat accumulation
Air
o  Simple and light o  Non-uniform temperature profile
° o  Cheap o  Low heat rejection
= o  Easy maintenance
é o  Zero parasitic power
Liquid
o  Cheap o Leakage
o  Easy maintenance o Heavy
Heat Pipe
o  High heat rejection o Complex
o  High efficiency o  Expensive and heavy
Air
o  Simple and light o  Non-uniform temperature
o  Cheap o Parasitic power
o  Easy maintenance o Low efficiency
@ Liquid o High heat rejection and heat o  Complex and heavy systems
>4 capacity o  Expensive
< o  Hard to sustain
o Leakage
Peltier o  No moving parts o  Low heat rejection
o Long life o  High power consumption
o  Easy maintenance




Thermal management systems are divided into groups based on their cooling
strategy, active and passive. Active systems involve an additional device to circulate
coolant or provide heat rejection. Passive systems take advantage of natural processes
like phase change and natural convection. Table 2.2 documents the upsides and
downsides of each method. Although there are various solutions for thermal management,
manufacturers prefer natural air-cooling for short-range vehicles, active air cooling for
midsize vehicles, and indirect liquid cooling for high power and long-range vehicles [38].
There are also different hybrid systems, which combine active and passive methods.
Many researchers focused on improving these techniques based on cooling performance,
manufacturing and maintenance costs, pack complexity, and overall weight. These

studies can be conducted numerically and experimentally.

2.3.1. Passive Methods

Passive cooling mechanisms aim at thermal management with natural processes,
such as natural convection and latent heat. Since they do not require external devices,
systems can run without consuming power, occupying space, and frequent maintenance
cycles. Among the passive cooling methods tabulated in Table 2.2, phase change
materials (PCMs) and heat pipes are the most popular methods in the literature. Cooling
with phase change can happen as liquid-gas or solid-liquid changes. Phase change cooling
with boiling liquid is generally done using dielectric coolants, which have superior

cooling performance as the coolant directly contacts the cell surface.
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Figure 2.2. Experimental configuration (a), module image during 10C discharge (b), and
temperature curves under 20C for air and liquid cooling (c) [39].



Hirano et al. [39] experimentally developed a two-phase liquid cooling system
using hydrofluoroether as a coolant with a 34°C boiling point temperature. They
compared the results with the air-cooling method, and it shows excellent performance
even under a 20C discharge rate. In Figure 2.2, the battery pack configuration and
temperature curves under 20C discharge rate are given

It is clear from the figure that battery temperatures in air cooling rise to around
90°C while two-phase liquid cooling keeps the batteries around the boiling point with
little fluctuations. Similarly, Van Gils et al. [40] experimented on a single battery to assess
the thermal performance of two-phase dielectric coolant liquid (Novec7000). They
documented that the liquid could keep batteries at steady temperatures with slight
fluctuations even though the boiling process does not emerge. Also, they reported that
boiling could be intensified by decreasing the cooling chamber pressure. Figure 2.3

illustrates the experimental setup and temperature curves of the work.
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Figure 2.3. The diagram of the experimental setup in Val Gils’ study [40].

They experimentally investigated the temperature profiles of two different

external wall temperatures, 20°C and 33°C. Under a 5C discharge rate, the cell



temperature did not exceed 23 degrees while the wall temperature was 20°C, and the cell
temperature fluctuated around 34.5 degrees when the wall temperature was at 33°C.

Along with the decent cooling provided by the two-phase liquid system, there are
limitations to this method for EV applications. Firstly, as the boiling intensity directly
relates to the temperature, the bubble formation starts restricting the heat dissipation for
high temperature differences [41]. Secondly, such a mechanism is costly and complex
since it requires hoses, evaporators, and a sturdy case. Due to the additional cost surged
by a complex system, these systems are not yet applicable to the EV market, where
manufacturers attempt to implement natural air-cooling systems to keep the prices in a
reasonable range [38].

On the other hand, solid to liquid phase change cooling systems offer promising
solutions to BTMS in EVs thanks to the simple designs with low prices. They provide a
more uniform temperature with tiny fluctuations due to the latent heat of the phase change
material. Additionally, researchers have focused on combining the PCM with active
cooling systems and additive materials (metal foams, nanoparticles, and carbon
compounds) to overcome the heat accumulation due to the low conductivity of the
material. Hallaj et al. [42] numerically examined the thermal performance of a battery
pack with eight cells submerged into PCM. They suggested that the surface temperature
of cells cooled by PCM is almost 5°C lower than the case without PCM. The temperature
was uniformly distributed over the cell with PCM cooling. Also, they documented the
thermal behaviour of cells during 24 hours of relaxation, proving the feasibility of PCM
in cold environments. Karimi et al. experimentally investigated the effects of different
additives (Cu, Ag, Fe3O4, and metal matrix) mixed with paraffin wax. As an effect of
increased thermal conductivity, composite PCMs reduced the maximum temperature by
5°C, and the maximum temperature difference of the system with metal matrix 7°C lower
than the paraffin. Lin et al. [43] conducted experimental and numerical solutions of a
battery pack cooled with PCM impregnated carbon matrix and sheets. Figure 2.4
illustrates the experimental setup and diagram of this study. Their design successfully
kept the batteries in the melting temperature range, almost 10°C lower than the system
without PCM. Also, the numerical simulation yielded good accuracy of a maximum 2%
error between the experiment. Wang et al. [44] experimentally enhanced the thermal
conductivity of PCM by placing various numbers of fin structures (2, 4, and 8). Even
though last step temperatures for every finned design, the maximum temperature

difference between the designs with 2 and 8 fins was around 10°C. Regarding the last
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time step data, the addition of fins reduced the maximum temperature by 6°C. In Figure

2.5, the effect of fins on the melting process can be seen.

i Electrod
(a) LIFCPO4 Cell ectrode

Graphite Sheet

Composite PCM

Figure 2.4. Pack diagram of PCM cooling system (a), experimental setup (b) [43].

Figure 2.5. Molten PCM image of (a) no-fin design, (b) design with 2 fins [44].

It is clear from Figure 2.5 that while all the PCM is molten in the finned design,
there is still a ring of solid PCM on the casing surface of the no-fin design.

In addition to thermal performance concerns of PCMs, flammability, pollution,
and thermal expansion are other issues restraining the design processes [15]. In addition,
to consider PCMs for automotive battery cooling mechanisms, the lifecycle, cost, and

availability for mass production of the coolant are also essential.
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Another essential element of passive thermal management is heat pipes due to
their compactness and significant heat rejection rate under slight temperature differences.
Heat pipes dissipate heat over liquid-gas phase change [45]. Since heat pipes do not
require any maintenance and their lifespan is long, they are favourable for BTMS
applications in EVs [46]. Liang et al. [47] studied heat pipe thermal management systems
under various ambient conditions and intermittent coolant pumping. They documented
that the system's performance is unchanging if the coolant temperature is between 25°C—
35°C. Also, the cooling system can start operating after a specific threshold temperature
that changes with ambient conditions is reached to balance the energy consumption.

Figure 2.6 illustrates the experimental diagram of their study.

(a) Heating rod (b) —
Cooling channel s e 63mm

- 13mm

Figure 2.6. Experimental setup diagram (a) and the illustration of heat pipes used in the

experiment [47].

Similarly, Zhao et al. [48] combined PCM filled battery pack with heat pipes
cooled by forced air convection. They investigated the system's performance by
comparing it with sole PCM and natural air-cooling conditions. As shown in Figure 2.7,
the system comprises 12 batteries inserted into PCM, and heat pipes, whose condenser
parts have fins, were placed between batteries. The results showed that the maximum
decline in temperature gradient was 50% compared to natural air-cooling conditions.
Also, the ultimate design reduced the maximum temperature of the system by 25%
compared with the natural convection.

As for the disadvantages of heat pipe cooled BTMS, they are expensive and heavy
systems. Heat pipe integrated systems are not space-efficient despite their high heat flux.
Also, the application of heat pipes to EV thermal management is restricted by their low

efficiency and narrow contact surface [13].
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Figure 2.7. The experimental diagram of heat pipe, PCM, and air cooling combined

system [48].

2.3.2. Active Methods

Active methods involve an external device (pump or fan) to circulate the coolant
or heat transfer devices, such as thermoelectric coolers. Since they are more efficient and
controllable than passive methods, the general interest of the EV market is active

methods, especially air and indirect liquid cooling.

2.3.2.1. Forced Air Cooling

Air cooling is preferred due to its lightweight packs, simple designs, cheap
manufacturing, and easy maintenance [12]. However, because of the lower heat capacity
and thermal conductivity of air, the cooling performance of these systems is not efficient
for higher C-rates. Hence, air cooling applications are favourable for EVs with short-
range and lower power output [25].

Air-cooled BTMS literature focuses on optimising parameters to enhance the
cooling performance and temperature uniformity. This enhancement can be divided into
three groups. Flow characteristic involves velocity changes and fan operation changes.
Manifold design optimizations refer to inlet and outlet placements, manifold shapes, and
angles. Cell organization implies cell alignments, distances, and the addition of structures.
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2.3.2.1.1. Changing Flow Characteristics

When the limitations arising from the low thermal conductivity and heat capacity
of air are considered, cooling optimizations by changing the airflow is a mandatory option
as it compensates for the lack of heat capacity. However, these alterations have
limitations, such as pressure drops, power consumption, and noise [49]. Sabbah et al. [50]
made comparisons between the phase change material (PCM) and the air cooling for a
pack consisting of 20 cells (4S5P) under several discharge rates up to 6.7C. They
documented that airflow was not adequately cooling the batteries when the ambient
temperature was 45°C regardless of increasing Reynolds numbers. Mahamud et al. [20]
adopted a novel airflow strategy where airflow changed direction, and they changed cell
spacings and flow arrangements, whose diagram is given in Figure 2.8 a. As a result, the
new airflow method decreased the temperature gradient by 72%, and the contribution of
cell arrangements to the cooling was 10%. Saw et al. [51] experimentally and numerically
investigated the cooling performance of a battery pack with 24 cells cooled down with
axial airflow. Increasing the parasitic power consumption to around 0.6W reduced the
maximum temperature and temperature difference by 37% and 66%. Chen et al. [16]
compared the cooling performances of air cooling, fin cooling, cold plate, and direct
liquid cooling by looking at each method's battery temperatures and pressure drops. The
results showed that air cooling consumes more power than others to provide identical
cooling. Also, they found that while faster flow rates significantly reduced the maximum
temperature, the effect of flow rate on temperature gradient was small. Yu et al. [52]
experimentally assessed the axial air cooling method for a battery pack with 66 cylindrical
cells (3S22P) under lower discharge rates (0.5C-1C). They optimized the flow rate based
on maximum temperature and temperature gradient. As it is clear from the above studies
that alongside the power consumption, cooling performance limits the optimum flow rate

as its effectiveness gradually decreases.
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Figure 2.8. Illustration of reciprocating airflow design (a)[20], temperature contour (in K)
of the work of Na et al. [53](b), heat transfer enhancement with winglet vortex
generators on prismatic batteries (c)[49], and manifold design for cylindrical

cells (d)[22].

2.3.2.1.2. Manifold Design Improvements

The alterations in manifold design are one option that is in favour of uniform air
distribution among cells, as equally distributed air is another objective for air-cooled
BTMSs [12]. Also, inlet and outlet repositioning significantly affect cooling performance
[54]. Xie et al. [17] employed the orthogonal array testing technique to understand the
effect of inlet/outlet widths and angles using numerical methods. They found the best
option for inlet and outlet properties, which yielded a 13% lower maximum temperature
and 30% better temperature gradient than the base design. Shahid et al. [23] extended the
inlet to provide extra air to the hotspots by changing air direction with additional planes.
They aimed to increase the heat transfer coefficient by enhancing turbulence. The best
configuration was extending the inlet upwards and dividing the flow chamber halfway
through the batteries on top. It yielded 8% better cooling with 25% more uniform
temperature distribution than the base design. Na et al. [53] documented the cooling
improvement with two inlets placed on various sides of the module whose air domain was
divided into two parts with a grid, as shown in Figure 2.8 b. Results showed that inlets at

opposite sides decreased temperature difference by 47% and maximum temperature by
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2.7°C. Jiaqiang et al. [22] studied different inlet and outlet placements and the addition
of baffles in a battery pack with cylindrical cells shown in Figure 2.8 d. They reduced the
maximum temperature by 26% after placing the inlet and outlet on opposite sides and
locating the baffles. Jilte et al. [55] placed each module in a discrete channel to compare
its cooling performance with the base design without channels. They reduced the
maximum temperature by around 18%. However, as channels reduce the temperature of
the first cell more than the base design, they did not improve the temperature uniformity.
Zhou et al. [56] developed a novel design in which they located perforated pipes between
the cylindrical cells and injected the air through the holes in the pipes. They managed to

keep batteries in a safe temperature range even under a 5C discharge rate.
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Figure 2.9. The diagram of inline (a) and staggered (b) designs of cylindrical batteries
[57].

2.3.2.1.3. Battery Arrangements

Cell arrangements are necessary for acquiring volumetric power efficiency and
cooling improvements. Also, while changing cell layouts, the pressure drop is another
variable that needs attention. Gocmen et al. [19] optimized the mass flow rates between
batteries using constructal theory [58] and compared the results with natural convection
conditions. As a result, while forced air convection yielded 42% lower maximum
temperature and 15% better temperature gradient than natural convection, the design with
relocated batteries reduced the maximum temperature by 60% and temperature gradient
by 97%. Yang et al. [18] evaluated the cooling performance of stagger and inline

alignments and found the best spacings for both. The representative diagram for staggered
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and inline alignments are displayed in Figure 2.9. They documented that the best design
of inline kept the batteries in 0.9°C range with 34.55°C maximum temperature, that of
staggered design yielded 33.8 maximum temperature with 1.2°C maximum difference.
Lu et al. [59] investigated the cooling performance of a battery pack involving 252 cells
cooled down with axial airflow. Increasing the Reynolds number reduced the maximum
temperature by around 26%, while cell distance optimization decreased by 35%. Yang
et al. [60] assessed the cooling effectiveness of a battery pack cooled with axial airflow
by changing the flow rate and battery distances. The system acquired a 47% better
temperature gradient and 16% lower maximum temperature with a loss of 27% space
efficiency, and this design consumed 95% less parasitic power. Han et al. [49]
numerically investigated the required volume flow rate of the battery pack in various
scenarios, and they documented the effect of winglet parameters on the cooling of
prismatic cells. As a result, they explained the limitations of air-cooling systems and the
effectiveness of winglet vortex generators. Also, winglet placements on the cells can be

seen in Figure 2.8 c.

2.3.2.2. Liquid Cooling

Liquid cooling is generally adopted by EVs having long-range and high power
output due to coolant liquids' high heat capacity and thermal conductivity [12]. Liquid
cooling methods have two categories based on the battery-coolant interface: direct and
indirect. Direct contact cooling involves dielectric coolants, which directly touch the
battery surface. Since there is no extra layer between coolant and battery, the cooling
performance of dielectric liquids is 2.5-3 times more effective than cold plate techniques
[61]. Also, dielectric liquids are far safer than water-glycol mixtures, as water can lead to
disastrous results in case of leakage, and dielectric liquids are less contaminating than the
water-glycol mixture. As for the disadvantages of dielectric fluid immersion cooling
(DFIC) systems, their corrosive effects necessitate additional material research for sealing
components, tubes, and casing. In addition, dielectric coolants used in direct cooling
methods can be contaminating and flammable, and they are also expensive and heavy
when compared to indirect liquid cooling.

On the other hand, indirect liquid cooling uses water as a coolant, and its thermal

performance can be increased by additives, such as glycol, ethylene, and nanoparticles.
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Also, indirect cooling methods offer outstanding efficiency due to water's high heat
capacity and thermal conductivity. Nevertheless, they suffer from leakage problems, low

thermal conductivity, and parasitic power consumption [62].
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Figure 2.10. DFIC setup for battery pack with cylindrical cells (a)[61], cold plate cooling
mechanism for the same pack (b)[61], the diagram of immersion liquid and
air cooled tabs combined system (c)[63], indirect water-glycol system with
wavy channels between cylindrical batteries (d)[64], cold plate cooled pouch

type battery diagram (e)[65].

The direct liquid cooling literature has many gaps, such as the longevity of coolant
liquids, the most proper coolant for EV applications, safety issues and mitigation
methods, and design improvements for EVs [41]. Dubey et. al [61] numerically
investigated the cooling efficiency of a battery pack consisting of cylindrical cells that
cooled with dielectric liquid by comparing it with the cold plate cooling performance of
the same pack. The pack designs are displayed in Figure 2.10 (a-b). According to their
results, even though immersion cooling demonstrates good cooling performance in
maximum temperatures, it cannot provide good uniformity. However, by optimizing the
flow path of the coolant, this condition can be prevented. Besides, Suresh et. al [63]
studied the thermal performance of immersion cooling combined with an air-cooled tab

region, and they stated that DFIC combined with air cooling executes 46% better
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performance than natural convection. Figure 2.10 (c) shows the diagram of the
experimental setup used in the study.

Similarly, Sundin et al. [66] experimentally compared a prismatic Li-ion cell's
cooling performance under forced air cooling and DFIC. They discovered that DFIC
provides 5°C lower temperatures than air, and the temperature fluctuation range over a
cycle of DFIC and air-cooling methods were 5°C and 16°C, respectively. Ultimately,
while designing a DFIC system, several objectives, including material investigation,
effects of different coolants, design options and improvements, and cost and production
investigations, should be considered.

Alongside air cooling and direct liquid cooling methods, there are various
examples of indirect water-cooling methods in both the literature and EV market. Due to
its remarkable thermal performance, water cooling methods are of general interest to
BTMS applications for EVs and HEVs. Panchal et al. [67] investigated the performance
of the cold plate water cooling mechanism of a prismatic Li-ion cell for different
discharge rates, and as a result, the highest temperature profile is observed while inlet
temperature is 35°C and 4C is discharge rate, which is approximately 45 °C at tab region.
Another study done by Patil et. al [65] involves cold plate cooling method optimizations
for various discharge rates. The front and side views of the cold plate system are shown
in Figure 2.10 (e). As a result, they found a flow pattern that can keep the maximum cell
temperature and temperature difference below 40 °C and 1 °C respectively.

Additionally, Zhao et. al [64] investigated the thermal behaviour of wavy channels
between cylindrical cells, resembling the system used in Tesla cars (Fig. 2.10 d), and
results demonstrated that the system could keep the maximum temperature and
temperature difference below 40 °C and 5 °C for 5C discharge, respectively. However, as
it can be interpreted from these studies, despite the effective cooling performance and
uniform temperature distribution of water-cooling mechanisms, they have safety issues
caused by the electrical conductivity of water. Also, water-cooling mechanisms require

additional structures to avoid fluid leakage, which increases system complexity and cost.

2.3.3. Hybrid Methods

Generally, BTMS literature involves many examples of thermal performance

enhancements done by design improvements, as explained in the former sections.
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Another technique of such enhancement is combining the methods to overcome each
one’s downsides. This hybridization can be made by combining two active systems or
active and passive systems; the active-active combinations are ineffective as the parasitic
power consumption increases. However, active-passive combined systems are the focus
of the literature. For instance, although PCMs have good features, their applications are
not viable without enhancing the thermal conductivity and heat dissipation [68]. Qin et
al. [69] experimentally documented the thermal performance of active air and PCM
cooled battery packs, as shown in Figure 2.11 (a). Compared with the passive method,
the hybrid system decreased the maximum temperature and temperature gradient by 16°C
and 1.2°C, respectively. Also, they created a numerical model of the same design to
improve its parameters, and they suggested that Smm is the optimum cell-to-cell distance.
Wu et al. combined PCM and heat pipes cooled by forced airflow, and they
experimentally investigated its cooling performance. Figure 2.11 (b) shows the diagram
of this study. They compared the results of modules with only heat pipe, only PCM, and
PCM-heat pipe combination. As a result, under a 5C discharge rate, while only heat pipe
or PCM designs exceeded 50°C, the heat pipe and PCM combination kept the temperature
under 50°C.

Downwind

[0 Aluminum [ Paraffin wax

Figure 2.11. Forced air-PCM combined cooling design (a)[69], heat pipe assisted PCM
BTMS (b)[70].

In conclusion, battery applications for EVs and HEVs require thermal
management systems to operate safely and efficiently, and there are several methods for
supplying thermal management. On the one hand, there are some goals all BTMSs
methods must achieve in common, such as providing uniform temperature, offering

sufficient heat dissipation, being lightweight and cheap, involving safety precautions in
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case of accident or thermal runaway, and having less complexity. On the other hand, each
novel technique designed for thermal management has typical problems that must be

resolved.
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CHAPTER 3

MATERIALS AND METHOD

In air-cooled BTMS literature, many studies focus on cooling improvements by
optimizing cell arrangements, flow characteristics, and manifold designs. However,
cooling improvements by additional structures were not assessed by many studies. Hence,
this paper assessed the effect of several flow-disturbing structures, including vortex
generators, on the cooling performance of a module consisting of 12 cylindrical Lithium-
ion batteries. This study aimed to acquire a reliable simulation for a battery module
including a dozen cells to enhance the cooling performance. For this purpose, experiments
were conducted to validate both the battery model and battery module simulation. In the
experiments, six batteries connected with the 2P3S layout were placed in a plexiglass
module whose air was supplied by an AC fan. The simulations comprise 3D turbulent
airflow and heat transfer coupled with 1D electrochemical-thermal battery model. While
the stationary solver solved the flow field, the time-dependent solver solved the heat
transfer and battery parameters in COMSOL Multiphysics 5.5. Inlet velocity and
temperature were set to 1.6 m/s and 20 °C, and the initial temperatures of each component
were same as the inlet. The cell is commercially available 21700 cylindrical Lithium-ion
cell (capacity= 4200 mAh, maximum voltage=4.2V, and minimum voltage=2.5V) [71].

The battery dimensions are given in Table 3.1 with descriptions.

Table 3.1. Structural properties of the battery.

Parameter Value [m]
Radius of battery (73,q¢¢) 1.05 x 1072
Radius of mandrel (7,,4n4) 3x1073
Height of battery (hpger) 7 x 1072
Battery casing thickness (d.qn) 2.5x 107%
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Batteries were placed in staggered and inline alignments with 7mm and 15mm
cell-to-cell distances. Also, different types of baffles (cylindrical, diamond, triangle,
winglet) were placed between the cells for inline design. The design layouts of inline and

staggered designs are illustrated in Figure 3.1.

Figure 3.1. Illustration of simulations for (a) staggered design and (b) inline design.

3.1. Battery Thermal Model

Designing an accurate heat generation model for the cell is vital for BTMS studies.
Therefore, an electrochemical-thermal coupled model was used. The electrochemical
model of the battery comprises mass conservation, charge balance, heat generation, and
electrochemical kinetics equations, which were defined by Fuller, Doyle, and Newman
[24]. The work scheme of the multiscale P3D battery model is shown in Figure 3.2. The
electrochemical part of the cell is designated as a 1D domain where 1on flux occurs in x-
direction, whose equations and boundary conditions are explained in Appendix A. To
create a 3D model of the battery, an approach, namely pseudo-3D, was used. In the P3D

model, the battery's internal structure is treated as a single material whose thermodynamic
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properties are calculated by averaging all properties of battery materials as in Equations

6,7, 14, and 15.

3D Model P2D Model

x=0
Charge Discharge Liquid
' L ' State

Separator

Solid
Negative Electrode Positive Electrode State

Lneg Lsep LpOS

Average heat generation

Average temperature

Figure 3.2. Illustration of P3D battery model with 1D and 3D domains.

Also, in the P3D model, heat generation is calculated as an average heat rate of
the cell's active layers (anode, separator, and cathode), which was applied in the 3D
model. Then, the volumetric average temperature of the 3D model was used as the
temperature of the 1D model, as illustrated in Figure 3.2. The cell involves graphite
anode, NCA cathode, and LiPFs solved in 3:7 EC/EMC as electrolyte. Aluminium and
copper are the materials of negative and positive current collectors, respectively. All the

material properties are given in Appendix A.

3.2. Governing Equations

The flow was designated as incompressible turbulent since the Reynolds number

exceeded 4000 in the inlet region (Re =

irUogD i . .
Pair 0%y dm”lw/u ). The earlier studies used

air
the k-¢ turbulent model, and it showed good compatibility with simulations and
experiments [18], [22], [60]. Hence, the k-¢ turbulent model was adopted in this study.
The governing equations are defined in the User’s Guide section of COMSOL
Multiphysics 5.5 [72]. The model is calculated as follows:
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Where ¢ and k stand for the dissipation rate and turbulent kinetic energy
respectively. The turbulent viscosity (uy) is calculated as in Equation 3, and the

turbulence production (Py) is calculated by Equation 4.

k2
ur = pCy— ()
&
2 2
P = iy [vu; (VU + (V0)) =5 (V- 0)?| = 5 pkv - U )

The boundary conditions (BCs) and initial conditions (ICs) of the problem can be
described as follows:

e Inlet: The air properties are: Uy, = 1.66 m/s and Tj;,,;. = 20 °C.

e Outlet: The temperature gradient in the flow direction and pressure are zero at
the outlet region.

e Walls: No-slip boundary condition at walls, and top and bottom walls are
insulated.

e Initial Conditions: The temperature of the entire system is 20°C initially.

e Symmetry: Symmetry boundary conditions were attained to the side surfaces, as
shown in Figure 3.1.

The model constants for turbulent flow are given in Table 3.2. The energy balance

of a cell is described as:

aT
PbattCPbatt E = (kVT) + Qor (5)

The first term in the right-hand side of Equation 5 defines the heat rejection

between batteries and ambient. Where VT stands for the difference between battery
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surface and coolant temperatures. The parameter k is the conjugate heat transfer

coefficient. Heat transfer of the single battery model was designated as free convection,

w
m2K’

whose value is 6 Forced convection was the heat transfer method of battery module

simulations, and its heat transfer coefficient was changing based on the flow
characteristics near the cells. Also, ppqee and Cppqer are the bulk properties of active

material, which are calculated as follows:

2. LiCp;
CPpact = % (6)
batt
Ppatt = ﬁ (7
a

Where the subscript i changes for current collectors, anode/cathode, and
separator. There are distinct sources of internal heat generation of a battery, and they can

be divided as in Eq. 8.

Table 3.2. Model constants of the turbulent flow model.

Constant Value
Cy 0.09
Cer 1.44
Ceo 1.92
O¢ 1.3
Ok 1.0
U, 1.66 m/s
Po 0
Qtot = Qrev + Qirr + Qonm )

Reversible heat generation (Q,,) stems from the potential change of electrode
with temperature, also called entropic heat generation. Irreversible heat generation (Q;y--)

occurs due to the over-potential demand of chemical reactions. Ohmic heat (Q,p,) is
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generated due to the potential differences between solid and electrolyte domains. All heat

generation terms are described in the following equations:

Qrer = 147218 ©)
Qirr = J"* (s — 1 — Eeq) (10)
Qo = 11 (00) 41, (22 (an
- (e I oo (1Y) o
. _ Geff& (13)

ls s ox

Where i; and i; correspond to current density in solid and liquid phases
respectively. Also, the thermal conductivity of jelly roll (the active part that generates

heat) is calculated as in Equations 14 and 15.

k. = Lbatt
T Z'ﬁ (14)
lki
Lk
kz=k9=Zl i (15)
Lbatt

The heat generation term is corrected as in Equation 16 before attaining it to the
model. On the right-hand side of Equation 16, the first term describes the average heat
generation of anode, separator, and cathode. Therefore, the second term represents the
fraction of heat-generating layers and total cell length. The third term expresses the ratio

between the jelly roll and total battery volume.

Lneg + Lsep + Lpos [(rbatt - dcan)z - 7"rgland] [hbatt - chan]

2 2
Lpaee + LAl,cc + LCu,cc [rbatt - 7"mand]hbatt

(16)

Qtot,3D = Qtot,lD
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3.3. Experimental Setups

Two experiments were conducted in this study. Initially, a single battery was
discharged with 0.1C, 1C, 3C, and 5C by an electronic load (BK Precision 8614), where
the battery was in natural convection conditions with an ambient temperature of 20 +1
°C. Temperature (by k-type thermocouples) and voltage data were collected with a data
logger (Hioki HILOGGER LR8431). With the data of the single battery experiment, a 1D
electrochemical-thermal model of a cylindrical Li-ion battery with NCA cathode,
graphite anode, and liquid electrolyte (Molicel 21700 INR P42A) was created by adopting
some parameters from the literature and fitting several parameters based on the single
battery discharge data acquired from experiments.

Another experiment was carried out to validate the module cooling simulation.
First, a module was manufactured from plexiglass, and three layers of honeycomb
structures were placed to mimic the air manifold characteristics in the application. In the
experiment, 120mmx>120mm AC fan supplied air to the 120mmx*70mm module. The

experimental setup is shown in Figure 3.3.

Velocity measurement points: Outlet, P2, P1, and Inlet

Figure 3.3. (a) Computer for data interpretation, (b) power supply (GW Instek PSH
2018a), (¢) electric load (BK Precision 8614), (d) the module with fan, (e)
data acquisition center (Hioki HILOGGER LR8431), (f) experimental setup

without connections.

In Figure 3.4, the distancing and how the batteries were located can be seen. For
experiments and the simulation, the distances between batteries were set to Sy =

S;=10mm. During the experiments, batteries were discharged with 3C for 1086 seconds,
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where the cut-off voltage was 2.5V. Both the pack voltage and a single cell voltage were
measured and recorded during the experiment. Temperature values were measured from
the middle surface of batteries with k-type thermocouples. In addition, the inlet air

temperature was also measured during the experiment, and it was 20 +0.5 °C.

5 <h |
B4 —L, @ BS B6 _ UBE
- - E 1 - 3y 1’_155‘
: B3
[Sr - T & B4 B2
B1
B1 B2 B3 3 = -
Flirws Dveection TJ

= -

Figure 3.4. Design layout and dimensions, and air velocity measurement points.

3.3. Numerical Models

All numerical solutions were solved by COMSOL Multiphysics 5.5. The
convergence criteria of turbulent flow were 10, and that of battery simulation and heat
transfer was 10 and 106, respectively. While designing the pack simulation, turbulent
flow k-¢, heat transfer in solids and fluids modules were coupled with the 1D Lithium-
ion battery module in COMSOL Multiphysics 5.5. Electrochemical and thermal models
were simulated in a time-dependent manner, whereas fluid flow was solved as a steady-
state due to time-independent characteristics of the fluid flow in COMSOL Multiphysics
5.5[73].

The single battery simulation was used to validate the battery thermal model, and

it involves a cylindrical cell with busbars, as shown in Figure 4.1 (b). While solving the

WK of heat transfer coefficient was attained to the cell surface,

single battery model, 6 —
which is an approximated value for natural convection on vertical cylinder surfaces [74].
The time step was taken as 1s while solving heat transfer and battery models with a
segregated solver, which solves the battery equations given in Appendix A firstly and

energy equations secondly.
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The simulation of battery module validation had the same design parameters as
the experiment. Six batteries were in the middle of the cooling channel of 120mm in width
and 70mm in height. The inlet and outlet ports of the model were extended by 20mm and
150mm, respectively, to acquire developed flow characteristics during the solution. In

Figure 3.5 simulation model and designated mesh structure are shown.

Figure 3.5. (a) 3D simulation model, (b) mesh structure (clipped for a clear view of

internal mesh).

Lastly, all heat transfer enhancements were performed on a battery module
simulation consisting of 12 batteries connected in a 2P6S arrangement. To save
computational cost, symmetry boundary conditions were used. The design parameters of

inline and staggered designs are illustrated in Figure 3.6.

Sy ! Symmetry Planes

S%L---f||\):@ﬁﬁ%l|ﬁ®:@ﬁ

Figure 3.6. Spacings and alignments for both layouts.
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The simulations were run for several alignments, spacings, and flow-disturbing
and base design.

was 25°C in this simulation. In Figure 3.7, mesh structures and placements of spoilers are
Flow Direction

structures, and their results are demonstrated in the results section. Inlet air temperature
Figure 3.7. (a) top view of simulation with spoilers, (b-c) mesh structures of baffled layout

shown.

type spoilers from top view. (g) Dimensions of winglet structure.

Placements of (c) diamond, (d) triangular, (e) cylindrical, and (f) winglet
The centroid of cylindrical, triangular, and diamond shaped spoilers was located

Figure 3.8. The illustration of (a) cylindrical spoilers and (b) winglets in 3D view.
equidistantly from adjacent cells. In figure 3.8, spoiler shapes and their placements are




illustrated. All designs illustrated above involve 12 batteries in total, and the inlet velocity
of air was 1.65 m/s. Their volumetric power densities were compared to compare their
efficiency, which was calculated as in Equation 17, where Ny, represents the number

of batteries.

po 12 x 4.24h 17
vot Sy X hbatt X (Nbatt - 1) X Sx
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CHAPTER 4

RESULTS AND DISCUSSION

Simulation results and validation processes are documented in this section.
Besides, the cooling performance of various designs for Lithium-ion battery modules with
12 batteries is documented and compared. The module discharge rate was 3C, and design
improvements were made by changing cell-to-cell distances and adding spoilers. To
understand the effect of spoilers on thermal efficiency, first, the module simulation was
solved for several cell distances without baffles. Then, several cylindrical structures with
6mm diameter were placed between the batteries, especially near those with relatively
higher average temperatures. There were several sizes of cylindrical baffles, and the most
effective one was the spoiler with a 15mm diameter. Therefore, escribed circle diameters
of triangular and diamond-shaped spoilers were set to 15mm as well. Also, winglets were
located on the top and bottom walls symmetrically, and their lengths and angles were
changed to find the best option. The range for angles was 15°-75°, and winglet lengths

were changed between 10mm and 35mm.

4.1. Experimental and Numerical Validation

As expressed in Appendix A, some battery parameters were fitted to the battery.
For this reason, a single battery experiment and its simulation were used to validate the
battery thermal model. Also, the single battery model was simulated with COMSOL
Multiphysics 5.5, and it was subjected to a mesh refinement study. However, since there
was no significant dependency on a mesh structure, a mesh structure with 48000 elements
was used, as shown in Figure 4.1 (a-b). After setting up the model in COMSOL 5.5, the
cell was discharged with 0.1C, 1C, 3C, and 5C. In numerical studies, the battery cell's
average surface temperature was compared with the average of three distinct points in

experiments at the top, middle, and bottom.
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Figure 4.1. (a) mesh dependency curve of surface temperature, (b) mesh structure of the

model.

In Figure 4.2, the temperature and voltage curves of different C-rates are given. It

can be seen from the figure that the discrepancies between simulation and experiments
increase as the discharge rate increases. While the maximum temperature and voltage
differences between the simulation and experiment were 3.14°C and 0.25V for the 3C

discharge rate, 5.6°C and 0.6V were the maximum errors for the 5C. Therefore, the model

was used up to 3C.
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As for the module simulation, batteries were in a channel of the exact dimensions

as the experiment. First, a mesh independency test was conducted by varying the mesh

sizes to uncover how many numbers of mesh elements were required for mesh

independent simulation results. The errors of various mesh elements are given in Table

4.1. According to the results of grid independence, the mesh with 3.7 x 10> elements was

used, as it yields acceptable relative error with the minimum number of mesh elements.

The pack was discharged with 3C (25.2 A) for 1120 seconds.
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Figure 4.3. Temperature curves of different points on Battery 3.

Temperature and voltage curves of simulations show a similar trend with
experiments by few errors, as shown in Figures 4.3, 4.4, and 4.5. In Figure 4.4, the

temperature curves of all batteries can be seen, and Figure 4.5 displays voltage curves.

Table 4.1. Velocity measurements of simulation and experiment.

Measuring Point Simulation (m/s) Experiment (m/s)
Inlet 1.629 1.65
Outlet 1.63 1.61
P1 (Fig. 4) 3.55 3.83
P2 (Fig. 4) 3.2 3.58
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Table 4.2. Effect of the number of mesh elements on surface temperatures.

Number Taverage,l Taverage,z Taverage,3 Taverage,4 Taverage,S Taverage,6
of °C °C °C °C °C °C
Elements

158936 37.685 40.875 41.290 37.717 40.801 41.283

217448 36.881 40.138 40.946 36.906 40.053 40.919
304627 36.754 40.391 41.021 36.794 40.330 40.994
371380 37.193 40.237 40.634 37.175 40.245 40.597

1148084 37.248 40.118 40.516 37.252 40.123 40.492

Number Errory Errory Errory Errory Errory Errory
of % % % % % %
Elements

158936 - - - - - -
217448 2.13 1.80 0.83 2.15 1.83 0.88
304627 0.344 0.63 0.18 0.30 0.69 0.18
371380 1.19 0.38 0.94 1.03 0.21 0.96
1148084 0.148 0.294 0.29 0.20 0.30 0.26

Also, the air velocity was measured at several points in experiments by a hot wire
anemometer (Testo 435). Its probe was kept at specific points for 1 minute to measure
time-averaged velocities. The velocity comparisons between simulation and experiment

are given in Table 4.2.
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Figure 4.4. Voltage curves of (a) single cell and (b) battery pack.
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Figure 4.5. Temperature curves of experiments and the same point on simulations for all

batteries.

The results show that the battery model and flow simulation are viable for pack

simulations. For this reason, the cooling performance of larger battery packs will be

investigated and enhanced for the rest of this study. As for the larger modules, another

mesh refinement study was conducted for the module with 12 batteries, and it is tabulated

in Table 4.3. Since its errors were acceptable, the mesh structure around 7 X 10° elements

were used.

Table 4.3. Grid independence results of battery module with 12 cells.

Number of Taverage,l Taverage,7 Taverage,lz Taverage,outlet
Elements

°C °C °C °C
632410 34.190 36.206 38.256 32.502
704124 34.182 36.411 38.291 32.442
1021844 34.366 36.283 38.344 32.470
1337197 34.366 36.283 38.344 32.477
Number of Errory Errory Errory Errory
Elements %% % % %
632410 - - - -
704124 0.022 0.567 0.092 0.181
1021844 0.538 0.351 0.138 0.085
1337197 0 0 0 0.021
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4.2. The Effect of Battery Spacing

Cell-to-cell distances (6..;;) were investigated for both staggered and inline
layouts. As the distance between cells increases, temperature uniformity improves, but it
does not affect the maximum temperature significantly, as shown in Figure 4.6. Even
though spacious design contains more volume flow rate than congested designs, they

cannot provide better cooling because of dead air regions.
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Figure 4.4. Temperature contour (in °C) of inline and staggered alignments for different

spacings.

The temperature contours are generated from the cross-section plane located 35
mm above the battery tabs. It can be interpreted from this section that air cooling
mechanisms require improvements that increase the heat transfer coefficient between the
battery and air. Many unused cold air regions can be found even in the 7mm designs.
Since this cold air leaves the cooling channel without absorbing heat, those designs have

the potential for cooling improvement by mixing the coolant.

4.3. The Contribution of Flow Disturbing Structures

In Figure 4.6, for the design with a 7mm cell distance (base design), the average
temperature of the air after sixth battery is higher than the entrance. The heat transfer can
be increased by changing the flow characteristics after sixth battery. For this purpose,
cylindrical blocks were placed between adjacent cells, as shown in Figure 4.7. Since a

cylindrical spoiler of 15mm diameter yielded the best results in terms of the temperature
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profile, other shapes were fitted inside a 15mm cylinder. Figure 4.7 shows cross-sectional

temperature contour of various spoiler designs.

42 40 38 36 34 32 30 28 26 24
EENTT 7T

D =6 mm

D =9 mm
D =15 mm

Square

Triangle

Figure 4.5. Temperature (in °C) contours of the designs with spoilers.

4.4. The Effectiveness of Winglets

Winglet design optimizations were done based on the angle of attack and winglet
height. Since equal sizes of winglets were placed on both walls (top and bottom), its
height could not exceed 35 mm (half of cell height). However, 70 mm winglets were
placed on only one side for observation purposes. Figure 4.8 shows the angle of attack
dependency of fan power consumption (Equation 18), maximum temperature, and

temperature gradient. Additionally, fan power consumption was calculated with Equation
18.

Pfan = Uin X hpqee X Sy X (Pin = Pout) (18)

The optimum angle was designated as 45°, and the efficiency of different heights
was evaluated for this angle. Figures 4.9 and 4.10 show the temperature contours of

different angles and heights, respectively.
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Figure 4.7. Temperature (in °C) contours of different angles of 20 mm winglets.
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Figure 4.8. Temperature (in °C) contours of 45° winglets with various heights.

4.5. Comparison of Optimal Designs

In this section, the results of all optimization studies are compared. To keep it
short, the designs with reasonable thermal performance are considered. Therefore,
winglets with 45° angle of attack; triangular, diamond, and cylindrical spoilers; and base
designs (8..;; = 7 mm) are evaluated. Table 4.4 covers the optimal designs' cooling
parameters and fan power consumption. Triangle spoilers yielded the best cooling
performance with a significant increase in parasitic power, which is 0.72 W higher than
the base design. Also, square and 15 mm cylinders offer a moderate cooling option. In
addition, winglet type vortex generators yielded efficient cooling performance with
negligible surplus power consumption. Stagger aligned battery packs offer the highest
volumetric power density with better cooling performance than the inline alignment, as
shown in Figure 4.11 and Table 4.4. It offered 10% better cooling than the best design of
the inline alignment. The stagger-aligned pack's volumetric power density was 328 W/I,
approximately 17% better than inline alignment. Also, the stagger-aligned design's fan
power consumption was relatively low (0.33 W). Figure 4.12 images the surface

temperature profiles at the last step of the aforementioned optimal designs.
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Figure 4.9. Comparison of staggered and baffled designs with the best designs of inline

alignment and base design (7x7).

Table 4.4. Outcomes of various designs.

Design Pion (W) | Thax (°C) | ATpax (°C) Power
Density

Sy =5,=28mm 0.27 38.3 4.12 281 W/l

8cert = 7mm

Sy =5§,=36mm 0.095 38.2 2.54 172 W/l

Oceyy = 15mm

Staggered 0.23 35.51 2.7 328 W/l

8cert = 7mm

Cylinder D = 15 mm 0.89 37.14 2.92

Square 0.82 36.91 2.75

Triangle 0.98 36.6 2.5

Winglet 10mm 45° 0.33 38.2 3.98

Winglet 15mm 45° 0.37 37.8 3.6 281w

Winglet 20mm 45° 0.39 37.7 3.5

Winglet 26mm 45° 0.45 37.8 3.6

Winglet 35mm 45° 0.46 38.75 4.53
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Figure 4.10. Temperature profiles of (a) inline without spoiler, (b) winglet, (c)
rectangular, (d) triangular (e) stagger aligned.

It is evident from Figure 4.12 and Table 4.4 that the spoiler structures improve
temperature uniformity and reduce the maximum temperature since the heat transfer
increases as the baffle structures and winglets create vortices and increase mixing in the

hot regions.

4.6. Heat Transfer Performance Parameters

Each design can be clearly compared by adopting a performance parameter used
in the heat exchanger literature. Ghobadi et al. [75], used a performance parameter

involving the Nusselt number and fanning friction factors, given in Equation 19.
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Nub/N
T Nu

1/3 (19)
(/)

While Nuy, and f;, describe Nusselt number and friction factor of baffled designs,
variables without subscripts stand for design without baffles. In this study, the average
heat transfer coefficient was put in place of the Nusselt number, and pressure drops were
used instead of the friction factor. The performance of all enhancements was compared
with the base design (Figure 14 - §..;=7mm). In Figure 19, the maximum temperature,
maximum temperature difference, and heat transfer performance parameters of each
design are given. Based on the graph, even though triangular baffles yield the best results,
the heat transfer parameter of the triangular design is relatively low due to the high
pressure drop of the design. On the other hand, winglet design layouts offer moderate
cooling with heat transfer parameters closer to the base design than the triangular layout.
Staggered battery alignment provides the best cooling performance with the lowest peak

temperature and temperature difference.
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CHAPTER 5

SUMMARY AND CONCLUSION

This thesis highlights the cooling improvement of air-cooled battery modules with

additional flow-disturbing structures by conducting numerical studies validated with

experiments. The simulation has been done with 3D heat transfer and turbulent flow

simulations coupled with a 1D multiscale electrochemical battery model for 21700

cylindrical Lithium-ion cells. Two experiments were performed to confirm the accuracy

of the battery model and air-cooling model. Batteries were discharged under a 3C rate

while being cooled down by airflow of 1.6 m/s velocity and 25°C temperature. Spoilers

were placed in the module without changing cell-to-cell distances to make comparisons.

Mainly four types of spoilers, namely cylindric, triangular, diamond, and winglet vortex

generators, were used, and their fan power consumptions, maximum cell temperatures,

and temperature gradients were documented. The analyses reached to following results:

(1)

(i)

(iii)

(iv)

As battery distances increase, the temperature gradient improves, but the
maximum temperature is not changed. That happens because of stagnant air
regions in the cooling channel.

The cooling performance can be improved by adding spoilers, which mixes
the air and increases the heat transfer coefficient between the battery and air.
Since spoiler structures can double the fan power consumption, careful
optimizations are needed for applications.

Winglet type vortex generators effectively improve cooling by slightly
increasing power consumption. They can be optimum improvement options.
Staggered layouts are superior to inline arrangements as their positions lead
to wavy airflow formation, which increases heat transfer. Also, since the flow
path does not change aggressively, pressure drops of staggered systems are

moderate.
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APPENDIX A

GOVERNING EQUATIONS FOR BATTERY MODEL

In the multiscale battery model, lithium ions are transferred in 1D, the path
between two electrodes, since there is a significant length scale difference between other
directions [76]. However, the phase change of ions between the solid and liquid states is
defined in the 2D spherical domain, and ion transfer occurs in a porous media.

dcs  Dg 0 [, 0c
_Ss_5- 3 Al
ot r2or (r 61‘) A1)

Equation A.1 defines the solid-state mass transfer in porous electrodes. The
boundary conditions are given in Equations A.2 and A.3.

dcs
?%: . = 0 0&2)
r=
aCS jLi+
O lyer, ~ aF (&.3)

Where a, stands for effective surface area, which is:

as =

3&g
— (A4)
T

The phase change occurs on the surface of spherical particles as much as the

current density (jL”). Liquid-state ion transfer is defined by Equation A.5 with the
boundary conditions Equations A.6-A.11.

aglcl 6 aCl 1-— to s
o= 3 (O ) (A-3)

Equations A.6 and A.7 are called no-flux boundary conditions since current

collectors do not contain ions, and Equations A.8-A.11 define electrode-separator
interfaces [77].

aCl
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Also, there are charge balance equations identifying the balance between the
number of Lithium ions transferred and the amount of charge transfer, coupled with mass
transfer equations and electrochemical kinetics equations. The potential in the solid phase
is defined with Ohm’s law, which is given in Equation A.12 with its boundary conditions
Equations A.13- A.16.
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The charge balance in the liquid phase is expressed with Equation A.17, and its
boundary conditions are defined in Equations A.18-A.21:

d L) 0 (2RTk¢ T dl a1l .
(e ) 4 (T"uﬂ—n(u “fi) “Cl)=—j“+ (A.17)

dx 0x ax dinc;/ O0x
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@y (Lpeg + Lsep 1 t) = P1(Lneg + Lsep » ) (A.21)

Ultimately, the relation between the total current and potentials is described by
the Butler-Volmer equation, which is given in Equation A.22.

Lik _ % F )_ <_“CF )] A22
J aslo[exzo<RTn exp (= o7 (A.22)

The equivalent voltage for the cathode is a polynomial, whose parameters were
fitted with the polynomial regression method based on the 0.1C discharge curve and
anode equivalent voltage curve from the literature [78]. Cathode voltage polynomial
coefficients are given in Table A.l, and equivalent voltage functions are given in
Equations A.23 and A.24.

22
Eeqpos = ZAixi (A.23)
i=0
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Eogneg = 0-6379 + 0.5416exp(—305.5309 X y)

+0.044 t h( Y- 0'1958) 0.1978 t h(y _ 1'0571)
. anh| ——] — 0. anh | ————
0.1088 0.0854 (A.24)
0.6875 tanh (y al 0'0117) 0.0175 tanh (y _ 0'5692)
- 0. anh|{————— ] — 0. anh |—————
0.0529 0.0875
Table A.1. Polynomial coefficients for cathode equivalent voltage.
Coef. Value Coef. Value Coef. Value
Ap 398.01336013198392 | Ag 496823.58244024246 | A4 31493.18267972166
Ay -6296.1076950394308 | Aq -421106.34179412422 | A1 -1084234.1893559622
A, 41959.219071580315 | Aqg 354200.00761110592 | Aqg 02159.424582747262
A; -147857.02171270244 | Aqq -490432.27097464772 | Aq9 819007.96409683058
Ay 287870.02690709516 | Aqo 356826.47806278308 | Aqyp 197218.48943382909
As -295327.71817991912 | Aq43 -295625.16819127946 | Ayq -778437.66013222793
Ag 180105.05120692172 | Aqy 138640.00521595744 | A,y 285035.16062089079
A, -271903.1222659052 | Aqs 509484.82719697087

Material properties of the cell are given in Table A.3. Equations A.25-A.27 define
the solid-state diffusion coefficient of the cathode, liquid state diffusion, and liquid state

electronic conductivity, respectively [76].

The active layer thicknesses and reaction rates (iy) were changed based on the
experimental data by adjusting them for battery capacity and overpotential heat

3.3x10713
Dspos = 00202
—| 243+ 54 +0.22-5L

Dl= 10

— 93063 x 10(*10607) + 8.069 x 10(~*7065"")

+0.22002 (1000

(r-(229+5(5555)))

0 = <—8.2488 +0.053248T — 2.9871 x 10(-5T) 4+ 0.26235 (

C

1000

(A.25)

(A.26)

x 107*

c
1060)

—1.765 X 10(‘4(15%)%))2 ( G )

10000

generation. The fitted reaction rates for each discharge rate are given in Table A.2.

Table A.2. Reaction rates for anode and cathode.

C-rate Anode Cathode
0.1 0.5 3

1 0.015 0.07

3 0.0063 0.013

5 0.0008 0.0008

(A.27)
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Table A.3. Battery parameters.

*Fitted parameters based on the single battery experiment.

Parameter Anode Separator Cathode CC- | CC+ Ref.
Length 17 16 13 15 10 *
(um)

& 0.3825 0.47 0.3382 - - [76]
& 0.5802 - 0.4483 - - [76]
a, & a. 0.5 - 0.5 - - [76]
ct 28200 - 49195 - - [76]
(mol/m?)

c? 0.65 X ¢J*** - 0.41 X cJ*** - - [79]
(mol/m?)

05 & 0y 16700 cf. Eq. 0.04 - - [76]
§/m) (A.27)

Ds & D, 1x1073 cf. Eq. cf. Eq. - - [76]
(m?/s) (A.26) (A.25)

p (kg/m?) 2500 1200 3000 - - [76]
C, (J/kg/K) 800 800 1000 385 | 875 |[76],[80]
k(W/m/K) 1.04 1 2 398 | 200 | [76],[80]
cl 1150 1150 1150 - - *
Clref 1000 - 1000 - - *
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