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ÖZET 

 

 

LİTYUM İYON PİLLERİN ISIL MODELLEMESİ 

 

 

Emre GÜMÜŞSU 

Yüksek Lisans, Makina Mühendisliği Bölümü 

Tez Danışmanı: Yard. Doç. Dr. Özgür EKİCİ 

Mayıs 2017, 135 Sayfa 

 
 

Bu çalışmada, doğal taşınım altındaki bir lityum iyon bataryanın ısıl davranışının 

benzetimi için, probleme özel deneysel yöntemlerle birlikte, 3 boyutlu bir hesaplamalı 

akışkanlar dinamiği modeli (ANSYS Fluent 14.5 hesaplamalı akışkanlar dinamiği 

programı kullanılarak) geliştirilmiştir. Bu model, pilin içindeki ısı iletimini ve pilin 

etrafındaki bütün akış alanını çözebilmektedir. Ayrıca, ana model yapısına –

literatürde sıkça kullanılan- bir pil ısı üretim modelinin de yerleştirilmesiyle pilin 

içerisindeki ısı üretimi doğrudan model içinde hesaplanabilmektedir. Geliştirilen 

model, ısıl açıdan tam kestirim gücüne sahip olduğu için pilin boşaltılması sırasında 

pil sıcaklığını sadece elektriksel performans verilerini kullanarak 

hesaplayabilmektedir. Bu model kullanılarak pilin geniş ölçekli ısılfiziksel 

özelliklerindeki değişimin ve ısı üretimi alt modelinde kullanılan entropik terimin, pilin 

ısıl benzetimine etkisi detaylı bir şekilde incelenmiştir. Sonuçlar göstermiştir ki, özgül 

ısı, benzetim hesaplarını etkileyen çok önemli bir unsurken, ısıl iletkenlik, sonuçlar 

üzerinde sadece kısıtlı bir etkiye sahiptir. Diğer taraftan entropik terim kullanılmadan 

koşulan benzetimlerde de deney verilerine oldukça yakın sonuçlar elde edilmiştir. 

Geliştirilen modelde koşulan benzetimlerde hesaplanan pil yüzey sıcaklıklarının, 

deneysel verilerle arasındaki fark -pilin kullanım geçmişine bağlı kalmaksızın- 3 
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⁰C’den daha azdır. Geliştirilen model daha ileri seviyelerde değişik paketleme 

düzenleri içerisinde bulunan pillerin doğal veya zorlamalı taşınım altında ısıl 

davranışlarının incelenmesi ve benzetimi için de kullanılabilecek potansiyele sahiptir. 

 

 

Anahtar Sözcükler: Li-iyon piller, ısıl modelleme, ısılfiziksel özellikler, entropik terim, 

doğal ısıyayım, ısı iletimi, elektriksel preformans  
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In this study, a 3-D computational fluid dynamics model (based on ANSYS Fluent 

14.5 CFD program) was developed along with a problem specific experimental 

procedure for investigating the thermal behavior of lithium ion batteries under natural 

convection. The model solves the complete flow field around the battery as well as 

conduction inside the battery using heat generation model widely used in the 

literature. The model is thermally fully predictive so it requires only electrical 

performance parameters of the battery to calculate its temperature during 

discharging. Using the model, detailed investigation of the effects of the variation of 

the macro-scale thermophysical properties and the entropic term of the heat 

generation model was carried out. Results show that specific heat is a critical property 

that has a significant impact on the simulation results, whereas thermal conductivity 

has relatively minor importance. Moreover, the experimental data can be successfully 

predicted without taking the entropic term into account in the calculation of the heat 

generation. The difference between the experimental and predicted battery surface 

temperature was less than 3 ⁰C for all discharge rates and regardless of the usage 

history of the battery. The developed model has the potential to be used for the 
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investigation of the thermal behavior of Li-Ion batteries in different packaging 

configurations under natural and forced convection.  

 

 

Keywords:  Li-ion batteries, thermal modeling, thermophysical properties, entropic 

term, natural convection, conduction, electrical performance  
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CHAPTER 1 
 

INTRODUCTION AND LITERATURE REVIEW 
 
 

1.1 Introduction 

 
Lithium ion (Li-Ion) batteries are one of the most potent sources of energy, which are 

used to produce and back up electrical energy. Their high energy and power densities 

make them ideal to power high performance machines and devices [1]. Li-Ion 

batteries are already used in modern electrical vehicles, cellphones, laptop computers 

and many other devices [2]. However, substantial safety issues were faced during the 

operations of systems using Li-Ion batteries [3]. These issues were generally related 

to thermal behavior of these batteries [3, 4].  

 

In the near future it can be expected that these batteries will have minimum five times 

as much higher energy and power density as a result of rigorous research aiming to 

make them sufficient enough to satisfy the power requirements of the future machines 

and equipment [5]. On the other hand, while even today’s Li-Ion batteries cannot be 

used as completely safe equipment, the higher performance batteries of the future will 

possibly create more safety problems due to their higher energy and power densities. 

Therefore, understanding and modeling of thermal behavior of Li-Ion batteries is 

essential. 

 

1.2 Structure of Li-Ion Batteries 
 

A typical Li-Ion battery structure is composed of anode, cathode, solid electrolyte 

interphase, electrolyte and current collectors [6]. Anode material of Li-Ion batteries is 

generally composed of carbon based composites, while most of the cathodes consist 

of metal oxides [2]. Today, most common cathode materials are LiCoO2, LiFePO4 and 

Nickel based Cobalt oxide solutions. As electrolyte, Li salt in a non-aqueous solvent is 

widely preferred in Li-Ion batteries [6, 7]. Materials of current collectors, copper and 

aluminum [6], are nearly the same for all types of Li-Ion batteries. Copper is used at 
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the anode side, whereas aluminum is utilized at the cathode. Having the same basic 

structure, geometrical layout of a Li-Ion battery can vary with respect to its external 

shape, as shown in Fig. 1.1.  

 

 a) b) 

 

Figure 1.1: Structure of a Li-Ion battery: a) cylindrical cell, b) pouch cell [8]. 

 

In Li-Ion batteries, lithium ions are stored in the host structures (anode and cathode) 

and this process is called as Li insertion/intercalation [9]. The main mechanism 

producing electrical power is the transportation of lithium ions between anode and 

cathode while electrons move on a closed external circuit [10], Fig. 1.2. During 

discharge, lithium ions are inserted into the positive electrode and extracted from the 

negative electrode [11, 12]; while the same process takes place in the reverse order 

during charge. Reactions of one of the most widely used types of Li-Ion batteries -

LiCoO2 (cathode) and graphite (anode) based battery- are represented below as an 

example from the technical document issued by Panasonic [13], (see Appendix A):  
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Figure 1.2: Working principle of a Li-Ion battery [8]. 

1.3 Thermal Behavior of Li-Ion Batteries   
 

Thermal behavior of Li-Ion batteries is an important element in operations of these 

batteries and it is strictly related to both battery performance and safety, as stated 

above. It is a complex phenomenon depending on many factors. 

 

The foremost reason behind thermal behavior of a Li-Ion battery is heat generation in 

the battery. During operation of the battery some of its energy is lost through heat 

generation. The heat generation decreases energy efficiency of the battery in terms of 

energy conversion from chemical to electrical energy [14]. Main factors causing heat 

generation in the battery are ohmic resistances, charge transfer over potentials, mass 

transfer limitations, phase changes, mixing and entropic heating [15]. Among these 

charge 

 discharge 

 
charge 

 discharge 

 charge 

 discharge 
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factors, effect of mixing can be neglected assuming that the battery is not large 

enough to have spatially non-uniform reaction rates causing concentration gradients 

in the battery [3]. In addition, phase changes are usually ignored by assuming that 

material phases do not change in the battery during its operation [15].  

 

Once heat is generated, it is dissipated through conduction in the battery and heat 

transfer to the surrounding medium via convection or conduction [14]. Therefore, 

environmental conditions are also important for understanding the thermal behavior of 

a Li-Ion battery. As long as heat generation is compensated through heat dissipation 

so that the critical temperature limit is not exceeded, the battery will be reliable in 

terms of its thermal behavior. However, if the heat generation increases 

disproportionally with respect to heat dissipation, that might cause the battery to 

reach critical temperatures at which the battery will lose its thermal stability leading 

thermal runaway [16, 17]. In addition to heat generation, environmental conditions 

could also cause thermal runaway of the battery, when the environment temperature 

is high enough to increase the battery temperature to the critical level. After such a 

temperature increase, a series of events preceding thermal runaway take place in the 

battery [17]. 

 

Although, in theory, main reactions in secondary Li-Ion batteries are reversible [9], 

they are not and batteries lose capacity and power due to some irreversibilities in real 

life. Since these batteries were initially preferred in low power demanding applications 

having relatively short lifetime, ageing was not a serious concern for these batteries 

[18, 19]. However, increasing efforts to use these batteries in new areas -such as 

high performance and durable machines- bring ageing to the stage as a critical and 

determinant parameter to enable the utilization of these batteries in the new 

applications [18, 20]. Therefore, investigating thermal behavior of contemporary Li-Ion 

batteries, effect of ageing should also be considered regarding its possible and 

important effects on the battery’s thermal behavior.  
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Ageing of Li-Ion batteries depends on their usage history and calendar life [18, 20]. 

Ageing can change the structure of a battery through several mechanisms. Solid 

electrolyte interface (SEI) growing or dissolution, electrolyte decomposition, structural 

changes in electrodes, Li-plating on the anode and loss of active materials in the 

electrodes through secondary reactions are some of these ageing mechanisms [19]. 

One of the possible consequences of these ageing mechanisms is an increase in the 

internal resistances of the battery which can cause drastic changes in thermal 

behavior of Li-Ion batteries as well as in their electrical performance [18]. 

1.4 Literature Review 
 

Chen and Evans, Newman and Tiedemann, Evans and White and Al Hallaj and his 

research group carried out extensive research on thermal behavior of Li-Ion batteries 

[21–31]. These studies comprise a large area of research from cell level to cell stack 

(battery) and even battery pack levels. Effect of material properties [22, 23], 

geometrical assumptions [26] and dynamic power profiles [25] were investigated in 

some of these studies. In addition, thermal management and cooling methods have 

been among the topics under investigation especially in recent years [27–30, 32–42] 

including forced convection in a specified layout or in a battery package [32, 34, 35, 

37], variable patterns of forced convection [33, 42] and usage of phase change 

materials for cooling instead of air [27–30, 36, 40].  

 

Broadly, thermal modeling of a Li-Ion battery includes the heat generation problem 

inside the battery due to electrochemical reactions and heat transfer problem as 

conduction inside the battery and free or forced convection between the battery 

surface and the surrounding medium. Therefore, the thermal models of Li-Ion 

batteries can be classified based on the methods to handle the heat generation and 

solution approaches used for the heat transfer problem. In the literature, there are 

various approaches for handling the heat generation inside the battery and the heat 

transfer problem during the course of thermal modeling.  

 

As seen in Fig. 1.3(a), the heat generation in the battery can be specified either 

based on direct experimental measurements or based on calculations, which in turn 
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may use empirical data. Models using direct measurement techniques [27–30, 36, 37, 

40, 41] usually employ accelerated rate calorimeter or a similar experimental set up to 

measure heat generation of the battery. Models calculating heat generation can be 

generally discussed in two major groups. In the first group [6, 43–46] heat generation 

is calculated via electrochemical reactions. These reactions can be utilized for 

calculation of heat generation [6, 43, 44, 46] or for calculation of electrical properties 

of the battery [45], as preferred. In the second group [45], specified electrical 

properties are used in a model calculating heat generation separately. 

Electrochemical models are generally based on concentrated solution theory 

proposed by Newman [47]. These models have intrinsically high accuracy obtained at 

the expense of simplicity; hence, they are not suitable to investigate characteristics of 

more complex systems such as a battery (cell stack) or a battery pack from practical 

point of view. They require quite a high number of parameters (>50) as they consider 

all the details of a battery operation such as anode and cathode reactions, transport 

of Li ions etc. Therefore, these models are generally used to analyze electrical 

performance and thermal behavior of a single cell.  

 

Models based on experimentally measured electrical properties of the battery [11, 12, 

21–26, 31–35, 38, 39, 42, 48–50] calculate the heat generation using the equation of 

Bernardi et al. [15] or ohmic law. These models are relatively simple compared to 

electrochemical models and they are suitable for more complex systems like battery 

packs. The equation of Bernardi et al. [15] is one of the most popular relations used in 

these kinds of studies [51] and it demonstrates a good agreement with experimental 

results [14]. It consists of two parts; irreversible heat generation and reversible heat 

generation. In the literature there are different approaches about the usage of this 

equation. Evans and White [26] completely neglected reversible heat generation by 

assuming zero entropic term, while Chen and Evans [22–25] used constant entropic 

term which indeed demonstrates significant change with respect to depth of discharge 

(DoD) [52]. In addition, open circuit voltage (OCV) is assumed constant in some 

studies [22, 23, 25, 26, 31] during the calculation of irreversible heat generation, 

although it is known that OCV has a substantial variation during discharge similar to 
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the entropic term [21]. On the other hand, Al Hallaj et al. and Rad et al. considered 

variable OCV and entropic term with respect to DoD in their studies [21, 49]. 

 

The classification of thermal models of Li-Ion batteries based on the solution 

approach is given in Fig. 1.3(b) and can be discussed in two groups. One of these 

groups includes models focusing only on conduction inside the battery by introducing 

convection just as a boundary condition with a specified convection coefficient [6, 11, 

12, 21–26, 28–31, 35, 38–41, 43–45, 48–50], while the other group of models solves 

both conduction throughout the battery and convection around the battery [27, 32–34, 

36, 37, 42, 46]. The convection solution inherently involves in the solution of the flow 

field around the battery under free or forced convection conditions.  

                         a)                                                                                      b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Classification of literature about modeling of thermal behavior of Li-Ion 
batteries. a) Methods to handle heat generation, b) Solution approaches for heat 

transfer problem 

 
 
 
 
 
 
 
 
 
 
 

Methods to handle heat generation 

Direct measurement 

of heat generation 

Calculation of 

heat generation 
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[27–30, 36, 37, 40, 41] 

[11, 12, 21–26, 31–35, 38, 39, 

42, 48–50] 

[6, 43–46] 

Solution approaches for heat transfer problem 

Models solving 

only conduction 

Models solving 

conduction and convection 

[6, 11, 12, 21–26, 28–31, 

35, 38–41, 43–45, 48–50] 

[27, 32–34, 36, 

37, 42, 46] 
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1.5  Aim and Scope of the Thesis 
 

Understanding and predicting the thermal behavior of Li-Ion batteries is one of the 

most crucial aspects of this technology for realizing its widespread usage. Although a 

considerable research volume on thermal behavior of Li-Ion batteries has been 

accumulated in the literature, there is still a need for reliable and fully predictive 

models for analysis and design of systems using Li-Ion batteries. Furthermore, as far 

as the CFD based models are concerned, the systematic investigation of the effects 

of the operating conditions and design parameters on the model results are still 

lacking in the literature. A reliable modeling approach can only be developed by a 

direct investigation of the effects of these parameters related to battery operation.   

 

Therefore, the aims of the current study are:  

 

 To develop a reliable CFD based model for the thermal behavior of Li-Ion 

batteries,   

 To validate the accuracy of the model through rigorous experimental 

testing,  

 To  analyze the effects of design parameters and operating conditions on  

the model results,  

 

The scope of the study was limited to a cylindrical battery standing horizontally. 

Moreover, modeling and investigation of related parameters were performed for 

discharge operations and under the conditions of natural convection.   
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CHAPTER 2 
 

THEORY AND MODELING 
 

The thermal behavior of Li-ion batteries during discharge is modeled using a 3D CFD 

approach. The model, composed of a cylindrically shaped battery with internal heat 

generation and the surrounding air, solves the fundamental mass, momentum and 

energy equations as required. Internal heat generation occurs as a result of 

electrochemical reactions taking place during charge or discharge of batteries. 

Schematic definition of the thermal problem is shown in Fig. 2.1.  

 

 

Figure 2.1: Schematic definition of the thermal problem. 

𝛻. 𝑉𝑎 = 0                                                               (1) 

𝜌𝑎
𝐷𝑉𝑎

𝐷𝑡
= 𝜌𝑎𝑔 − 𝛻𝑝𝑎 + 𝜇𝑎(∇2𝑉𝑎)                         (2) 

𝜌𝑎𝑐𝑝,𝑎
𝜕𝑇𝑎

𝜕𝑡
+ 𝜌𝑎𝑐𝑝,𝑎𝛻. (𝑇𝑎𝑉𝑎) = 𝛻. (𝑘𝑎𝛻𝑇𝑎)          (3) 

 

Due to low velocities, flow is assumed incompressible and as a result of that 

continuity equation can be written in the form of Eq. (1). Conservation of momentum 
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for an incompressible flow is represented with Eq. (2) whereas conservation of energy 

is shown in Eq. (3). Buoyancy forces due to temperature difference in the air should 

be incorporated in the momentum equation and this is accomplished by employing 

Boussinesq approximation as shown in Eq. (4). 

𝜌𝑎 ≅ 𝜌∞[1 − 𝛽(𝑇𝑎 − 𝑇∞)]                        (4) 

𝜌𝑏𝑐𝑝,𝑏
𝜕𝑇𝑏

𝜕𝑡
= 𝑘𝑏𝛻. (𝛻𝑇𝑏) + �̇�                     (5) 

 

Eq. (5) shows the energy transport equation for the battery. Source term for heat 

generation in this equation is modeled using the well-known equation of Bernardi et 

al. [15]: 

      𝑞 = 𝐼[(𝑂𝐶𝑉 − 𝑉) − 𝑇𝑏
𝑑𝑂𝐶𝑉

𝑑𝑇
 ]                  (6) 

In Eq. (6), the first group of terms in parenthesis represents irreversible heat 

generation (Joule heating) while the second term stands for reversible heat 

generation in the battery. In this study, all of the terms (OCV, V, I and 
dOCV

dT
) in Eq. (6) 

with the exception of temperature are experimentally determined as a function of DoD 

specifically for the battery used in this work, which can be also expressed as a 

function of time as required. Although the battery temperature is measured and 

recorded during discharge tests, predicted temperature values by the model are 

preferred to be used in the simulations for the calculation of reversible heat 

generation term in order to provide a self-consistent model.  

 

Based on initial tests that were performed, the OCV variation with respect to 

temperature was found to affect the irreversible heat generation at most %2, so this 

dependency on temperature is neglected for the calculation of the irreversible heat. In 

the equation of Bernardi et al. [15], any change in OCV is multiplied only by current 

for the calculation of the irreversible heat. Consequently, -contrary to the reversible 

heat- temperature dependent OCV variation does not have an important impact for 
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the irreversible heat. Neglecting this variation, the irreversible heat is determined only 

as a function of DoD. 

 

In this study, galvanostatic discharge is applied so that DoD varies linearly as a 

function of time. Therefore, for each discharge rate, Eq. (6) can be written in terms of 

time and this time dependent equation can be used to calculate the heat generation 

within the battery in the model.  
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CHAPTER 3 
 

EXPERIMENTAL SET-UP AND METHODOLOGY 
 

The experimental part of the study involves the measurement of the performance of 

Li-ion batteries (Panasonic NCR18650B type) with a battery testing system 

(MACCOR model 4300) as well as the measurement of battery surface temperature 

during discharge. A natural convection oven (Nüve FN300) was used to carry out the 

measurements at higher temperatures than the ambient. A platform was employed to 

hold the battery from its tips and the contact between battery and battery holder was 

small enough that the battery was treated as being fully exposed to air without any 

contact. Experimental equipment including Maccor battery test system, Nüve natural 

convection oven, Panasonic battery and its connections during a test can be seen in 

Fig. 3.1.  
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a) b) 

   

 
C) 

 

 

Figure 3.1: Experimental equipment. a) Maccor battery test system b) 

Demonstration of a battery during a test c) Nüve natural convection oven 
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 The battery was placed horizontally on the holder. In order to measure the surface 

temperature of the battery a capillary J type thermocouple was used.  The acquisition 

and processing of temperature data were carried out with a data acquisition system 

(NI USB 6341). Surface temperature values were collected from the top surface of the 

battery. 

3.1 Charging and Discharging of Li-Ion Batteries 
 

Battery operations should be carefully planned regarding operational features of Li-

Ion batteries for charging and discharging in order to utilize these batteries safely and 

efficiently. Otherwise, serious problems can take place in the battery such as quick 

capacity fade, lithium plating, over-charge, over-discharge, short circuits, thermal 

runaway and structural degradation of the battery [18, 19, 53–55].  

 

Two important factors should be explained before introducing the details of Li-Ion 

battery charging and discharging, namely, battery cycle and battery cycle life. A basic 

battery cycle can be defined as one sequential procedure of complete charging and 

discharging of the battery, whereas battery cycle life is generally assumed in the 

literature as the time of cycling until the battery’s capacity reduces below 70% of its 

initial value [56]. As long as battery’s features are well known, maximum cycle life of 

the battery can be easily achieved. On the contrary, uncontrolled cycles will decrease 

the cycle life substantially. 

 

The first operational feature of a Li-Ion battery is charging pattern of the battery. A 

suitable charging pattern for the battery should be employed to have a long battery 

cycle life [56]. There are numerous patterns which can be employed to charge a Li-

Ion battery [53]. Among these patterns constant current-constant voltage is probably 

the most preferred and traditional method [53, 56]. This method is adopted for 

charging of batteries in this study.  
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Electrical and thermal limits of the battery, such as highest and lowest values of 

voltage and ambient temperature, are also important. Electrical performance 

demanded from the battery and environmental conditions in which the battery will 

perform should be adjusted regarding these limits. 

 

Throughout this study, operations were carefully planned with respect to the correct 

charging pattern and limits of the battery for both charging and discharging by 

referring to the specification sheet issued by the producer [57] (see Appendix B). 

According to this sheet, the battery’s charging pattern should be kept at constant 

current until 4.2 V after which the topping charge step (constant voltage) starts until 

current decreases to 0.065 A, as shown in Fig. 3.2. It is worth noting that the time 

consuming part of the charging process -topping charge or constant voltage step- 

corresponds to relatively small part of the charging in terms of battery’s state of 

charge. In the specifications sheet limits for discharge are stated as 2.5 V cut off 

voltage and ambient temperatures of -20 ⁰C and 60⁰C, while limits for charging are 

explained as maximum charging rate of 0.5C where C-rate represents the applied 

current in terms of battery’s nominal capacity (see Table 3.1 for details), highest 

potential of 4.2 V and ambient temperatures of 0⁰C to 45⁰C. In all test procedures 

performed in this study these limits and charging pattern were strictly followed.  
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Figure 3.2: Charging process of Li-Ion battery 

 

3.2 Determination of OCV, V and Entropic Term 
 

3.2.1 Operating Voltage Measurements 
 

Voltage measurements were performed during galvanostatic discharge (constant 

current) via Maccor battery testing system showing operating voltage of the battery. 

Before the galvanostatic discharge, the battery was fully charged and rested for 14 

hours to become electrochemically stable. This duration was determined 

experimentally by recording the variation of the OCV after charge and discharge 

processes and observing the electrochemical behavior of the battery during this time 

interval. The next step after charging the battery is the determination of discharge 

rate. Since the operating voltage changes with respect to discharge rate, tests were 

conducted separately for each discharge rate modeled in this study, as seen in Fig. 
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3.3. Considering Panasonic NCR18650B type battery’s nominal capacity, current 

values at galvanostatic discharge process are specified for each discharge rate as 

shown in Table 3.1. Defining a discharge rate, the battery was discharged to its cut off 

voltage at galvanostatic discharge by recording operating voltages and temperatures 

at the same time. The test procedure is explained in Fig. 3.4 step by step. 

Implementation of these procedures in the Maccor battery test system software is 

demonstrated in Fig. 3.5.  

 

Table 3.1: Corresponding currents at each discharge rate for Panasonic NCR18650B 

type battery 

Discharge Rate Current (Ampere) 

0.5C 1.625 

1.0C 3.25 

1.5C 4.875 
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Figure 3.3: Variation of the voltage with time during discharge for different discharge 

rates. 
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Figure 3.4: Test procedure of the operating voltage measurement. 

 

 

Figure 3.5: A screenshot from the battery tester program written for the operating 

voltage test procedure.  

It is worth noting that test procedure obtained in the Maccor includes some extra 

sequential commands that were not stated in the test procedure shown in Fig. 3.4. 

The first step provides the last check to observe if everything is working properly at 

the very beginning of the test. Charge procedure is divided into two parts because of 

the logic of the test system software according to which the system needs to be given 

the first input without any limitation in order to reach a continuous charge process with 

the determined boundary conditions. The rest of the sequential commands in the 

 charge the battery to 1.0 SOC 

 wait for 14 hours for the battery to 

become electrochemically stable  

 

 
Reset the battery Specify the discharge rate 

 discharge  the battery up to reaching the cut off 

voltage  which is 2.5V 

 

 

Measure the voltage  

and temperature 
Galvanostatic discharge 

 0.5C, 1.0C, 1.5C 
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Maccor battery test system software are the same as the test procedure stated 

above. 

3.2.2 OCV Measurements 
 

The variation of the OCV with respect to DoD was determined with a set of 

experiments in which battery’s OCV was measured in 0.1 DoD intervals. In 

preparation of each test the battery was reset in order to relieve it from any possible 

effects of the self-discharge. In reset procedure the battery was discharged at 1.0C to 

consume remaining charges from previous test and then it was completely charged 

again. After each step, the battery was allowed to cool to ambient temperature. 

Following reset it was discharged to the specified DoD at 1.0C and rested for 14 

hours to become electrochemically stable. The recorded value after the rest was 

taken as the OCV value corresponding to the specified DoD. All tests were performed 

in ambient conditions. The results of the tests show an almost linear relationship 

between OCV and DoD as depicted in Fig. 3.6. Detailed test procedure and 

sequential commands obtained in the Maccor battery test system can be seen in Fig. 

3.7 and Fig. 3.8.   



21 

 

 

Figure 3.6: Variation of OCV with DoD. 
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Figure 3.7: Test procedure of the open circuit voltage measurement. 

 

 

Figure 3.8: A screenshot from the battery tester program written for OCV test 

procedure.  

 

 discharge  the battery up to reaching the 

cut off voltage being equal to 2.5V 

 wait for surface temperature to reach 

the ambient temperature  

 charge the battery to 1.0 SOC 

 wait for surface temperature to reach 

the ambient temperature  

 discharge the battery to the determined 

DoD at 1C 

 wait for 14 hours for battery to become 

electrochemically stable  

 

Measure the OCV 

 

Reset the battery 
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3.2.3 Entropic Term (
𝑑𝑂𝐶𝑉

𝑑𝑇
) Measurements  

In order to calculate the reversible heat generation in the battery, the entropic term 

should be determined experimentally as a function of DoD. Test procedure for 

entropic term measurement is the same as the OCV measurement test in terms of 

preparatory test procedures. The same reset procedure was applied and the battery 

was adjusted to the specified DoD using the same way. Then, it was rested for the 

stabilization as done in the OCV measurement test. After these preparatory 

procedures the battery was placed in an oven kept at 55 ⁰C. The oven temperature 

was set considering the operating range of the battery in this study. The battery was 

kept inside the oven for five hours to provide an isothermal temperature distribution 

throughout the battery while being connected to the battery tester in open circuit 

state. In this duration, the variation of OCV was recorded and compared with the 

values measured at the ambient temperature. Using these data, the entropic term 

was calculated by employing a finite difference approximation for the first order 

derivative as shown below. Test procedure is illustrated in Fig. 3.9, while sequential 

commands developed for this test in the battery tester software are shown in Fig. 

3.10. The test program contains two different parts; first one is the preparatory step or 

reset of the battery which is the same as the OCV measurement test, while the 

second one is the entropic term measurement in the oven.  

 

Entropic term=
𝑑𝑂𝐶𝑉

𝑑𝑇
≅  

𝑂𝐶𝑉(𝑇2)−𝑂𝐶𝑉(𝑇∞)

(𝑇2−𝑇∞)
          (7) 
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Figure 3.9: Test procedure of the entropic term measurement. 
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a) 

 

b) 

 

 Figure 3.10: A screenshot from the battery tester program written for entropic term 

test procedure.  

a) Reset of the battery, b) Test in the oven.  
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Figure 3.11: Variation of the entropic term with DoD. 

 

The variation of the entropic term with respect to DoD is nonlinear in the entire range 

of the discharge as shown in Fig. 3.11. A similar entropic term behavior was also 

observed by Bandhauer et al. [51]. Considering the nonlinear behavior of the entropic 

term, a piecewise linear approximation was initially specified to approximate the 

reversible heat generation in this study. This approximation is discussed in section 

5.3 in detail.  
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3.3 Repeatability of Surface Temperature Measurements   
 

Repeatability tests were conducted at 1.0C discharge rate under ambient temperature 

of 31°C. All of these tests were performed with a fully charged battery rested for 

stabilization. In total, five tests were completed in consecutive days. Results of these 

tests are shown in Fig. 3.12. The test procedure can be seen in Fig. 3.13 in detail. 

Commands in the Maccor battery test system for this test are the same as the 

operating voltage measurement test. 

 

Figure 3.12: Variation of surface temperature in different tests during discharge at 

1.0C. 
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It is seen that results of repeatability tests exhibit a set of curves which are quite 

similar to each other, qualitatively and quantitatively. The mean of the standard 

deviation of all results was found to be 0.2 ⁰C with a maximum of 0.5 ⁰C. Therefore 

the test procedure and results are confirmed to be repeatable.  

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Test procedure of the temperature measurement. 
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CHAPTER 4 
 

CFD MODELING OF THERMAL BEHAVIOUR OF LI-ION 
BATTERIES 

 
4.1 Selection of Computational Tool 

 

Two different computational tools, OpenFOAM 2.3.0 and ANSYS Fluent 14.5, were 

considered in this study. Selection between them was made with respect to their 

specifications, appropriateness to the study and potential for further improvements in 

the model.  

 

OpenFOAM is an open source CFD software mainly operated in Linux based 

systems, whereas ANSYS Fluent is a commercial software which can be employed in 

several operating systems but usually in Microsoft Windows. In order to compare both 

programs several simulations were performed before designing the main model. 

Results of these performed simulations were used to reveal detailed characteristics of 

these programs and evaluate their potentials for this study. 

 

In order to be able to assess features of both programs in detail, the selection 

process was conducted with a step by step approach. Simulations were designed in a 

sequence in which their complexity increases. Initially, basic flow simulations were 

performed and they were followed by flows including transport of energy. Then, solid 

region was included in the solution -representing the battery- along with constant heat 

generation. Time dependent heat generation was utilized later to obtain a more 

realistic case closer to the real battery operation. Regarding that the nature of the 

battery operation is transient, mainly transient simulations were performed in both 

programs. 

 

The first criterion for the selection is the structure of the program. Software having an 

open source structure is advantageous in scientific research projects, because they 
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allow researchers to improve directly the software, if required. In this respect, as 

opposed to ANSYS Fluent, OpenFOAM provides a flexible structure to improve and 

modify.  

 

In terms of geometry and mesh design ANSYS Fluent provides a visual interface, 

while OpenFOAM has nothing visual in preparation of mesh and geometry, so that 

coordinates of geometry and details of mesh structure must be obtained as computer 

codes in C++ language. This system needs to proceed from coordinates of vertices to 

blocks of geometry with right handed orientation of vertices. Indeed, designing a 

geometry in the three dimensional planar coordinate system by only writing their 

coordinates in the system is a very tedious process to overcome. Therefore, 

geometries and meshes obtained in the ANSYS Fluent were later preferred to be 

used also in OpenFoam for the multiple region case (solid and fluid). 

 

 Calculation time is another critical factor in this study. Simulations should be 

completed in a timely manner in order to evaluate results and to determine required 

analyses for a reliable thermal model. In basic flow problems OpenFOAM completes 

the simulation usually faster than ANSYS Fluent. However, a major drawback, which 

can cause serious problems as the study proceeds, was noticed for OpenFOAM 

during these preliminary simulations. While solving transient flows, OpenFOAM is 

very sensitive in solution stability and due to this oversensitivity it requires very small 

time steps for a stable solution. In basic transient flow simulations, small time steps in 

OpenFOAM can be compensated with its fast calculation procedure at each time step 

ending up with a relatively short solution time. However, in case of more complex 

flows, as in this study, calculation speed of OpenFOAM at each time step decreases 

substantially. On the contrary, considerably larger time steps can be used in ANSYS 

Fluent solution with an acceptable error level even for flows with high complexity. 

Therefore, in terms of solution time OpenFOAM becomes inferior to ANSYS Fluent 

regarding its sluggish transient solution procedure for complex flows. During 

investigations, a trial simulation of a complex flow was run and solution time for 
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ANSYS Fluent was received as approximately 2-3 days. On the other hand, 

OpenFOAM could not complete even half of the solution after 10 days of running due 

to a maximum time step of 0.001 seconds.  Consequently, ANSYS Fluent requires 

considerably less time for the investigated flow case in comparison with OpenFOAM.  

 

Furthermore, another set-back was encountered while working with OpenFOAM 

regarding the modeling of the density change and the associated free convection 

flow.  

 

In the operation of the battery, natural flow over the battery surface is slightly 

compressible due to the density change induced by temperature gradients. Initially, 

the flow was modeled using the compressible flow solvers of both programs which 

resulted in erroneous flow directions and unreasonable flow velocities and 

temperatures. As an example, vectors of the calculated velocities can be seen in Fig 

4.1 clearly demonstrating that the directions of the vectors are downwards which in 

fact should be upwards due to the temperature increase occurred at the proximity of 

the battery. After careful investigation of the related literature, it was decided that 

compressible flow solvers of CFD programs are more suitable for high speed flows in 

which density change is induced by velocity change. Therefore, it was decided to use 

an incompressible flow solver with Boussinesq approximation to consider the density 

change due to temperature gradient and related free convection flow. Unfortunately, 

unlike ANSYS Fluent, OpenFOAM did not have an incompressible multi-region solver 

at the time of the study.  
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a) b) 

  

Figure 4.1: Velocity vectors calculated with compressible flow solvers of both 

programs. a) OpenFOAM b) ANSYS Fluent. 

 

Regarding all of these factors ANSYS Fluent was preferred as the computational tool 

for this study at the expense of open source structure, the unique advantage of 

OpenFOAM. It is more user friendly in terms of mesh and geometry design, it solves 

the flow faster and it has an incompressible flow solver in which Boussinesq 

approximation can be utilized, as required. Results of comparison made between 

OpenFOAM and ANSYS Fluent is summarized in Table 4.1. 

Table 4.1: Comparison of OpenFOAM and ANSYS Fluent for the investigated flow 

case in the thesis 

 OpenFOAM (version 

2.3.0) 

ANSYS Fluent (version 

14.5) 

Open source structure + - 

Geometry and mesh 

design 

- + 

Solution speed - + 

Solver options - + 



33 

 

4.2 Solution Parameters 
 

The model is implemented with CFD approach employing a commercial CFD 

software, ANSYS Fluent 14.5. A pressure based, laminar, incompressible, transient 

solver is used in the simulations. The effect of buoyancy forces as a result of density 

differences due to varying temperature of the air is modeled using Boussinesq 

approximation in the incompressible solver. Second order upwind scheme is 

preferred for the momentum and energy equations. The SIMPLE algorithm is selected 

for pressure and velocity coupling. 

 

Heat generation in the battery -determined as a function of time- is integrated into the 

solver via a user-defined function (UDF) developed for this study. This UDF takes the 

battery temperature from the main solver and employs Eq. (6) to calculate the heat 

generation during the discharge process.  

 

4.3 Domain, Mesh, Boundary and Initial Conditions 
 

In order to obtain a reliable mesh structure, mesh dependency analysis was 

performed with four different meshes. In Fig. 4.2, along with temperature variations, 

calculated convection coefficients on the top surface of the battery are shown 

graphically in order to examine their mesh dependency. The convection heat transfer 

coefficient was determined from the surface energy balance equation given in Eq. (8) 

using the battery surface temperature obtained from the CFD solution.  A first order 

approximation was used to evaluate the temperature gradient at the battery surface.  

ℎ = −
𝑘𝑎(

𝑑𝑇𝑎
𝑑𝑛

)
𝑠

(𝑇𝑠−𝑇∞)
           (8) 

As seen in Fig. 4.2, all meshes result in similar temperature profiles. However, 

calculated convection coefficients exhibit substantial variations depending on the 

mesh structure. Only after mesh 3, the convection coefficient becomes nearly 

invariant with respect to mesh, so that any further increase in the number of cells 

does not result in an important difference. On the other hand, despite of giving similar 

results, solution time of mesh 3 was considerably less than mesh 4. Therefore, Mesh 
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3 was selected as the mesh structure in this study. Mesh structure of the model was 

efficiently designed by employing a mesh grading to have a higher mesh density in 

the proximity of the battery. Other parts of the domain have a coarser mesh so that 

any unnecessary computational effort was prevented during simulations. As a result 

of that, a mesh structure having 326708 cells was obtained with the smallest cell 

height of 1e-4 m just above the battery and with the maximum cell volume of 

3.002438e-6 m3. Using this mesh structure the model runs approximately 2 days on a 

HP Z640 workstation to obtain a converged solution. The mesh structure of the 

battery surface at the symmetry plane can be seen in Fig. 4.3.  

  

Figure 4.2: Mesh dependency analysis. k = 28.05 W/mK, cp = 1300 J/kgK, discharge  

rate = 1.0C. 
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                           a)                        b) 

 

 

Figure 4.3: Mesh Structure. a) 2D view of the region, in the vicinity of the 

battery, at the middle plane b) 3D view of the region close to the battery 
 

 

The specified boundary and initial conditions are shown in Table 4.2. The total 

pressure and temperature at the domain boundaries are always equal to atmospheric 

pressure and temperature.  No slip condition is valid on the solid surface. As an initial 

condition, temperature of the whole domain, including the battery, is equal to ambient 

temperature. At the beginning of the simulation, air pressure also equals to 

atmospheric pressure and velocity of the air is zero.  

Table 4.2: Boundary and initial conditions 

Boundary Conditions 

Battery Surface No slip condition 

Flow Domain Boundary 𝑝𝑡𝑜𝑡𝑎𝑙,𝑎 = 𝑝∞,  𝑇𝑡𝑜𝑡𝑎𝑙,𝑎 = 𝑇∞ 

Initial Conditions 

Battery  𝑇𝑏 = 𝑇∞ 

Flow Domain 𝑇𝑎 = 𝑇∞, 𝑉𝑎 = 0, 𝑝𝑎 = 𝑝∞, 

𝑝𝑡𝑜𝑡𝑎𝑙,𝑎 = 𝑝𝑠𝑡𝑎𝑡𝑖𝑐,𝑎 +
1

2
𝜌𝑎𝑉𝑎

2  

 𝑇𝑡𝑜𝑡𝑎𝑙,𝑎 = 𝑇𝑠𝑡𝑎𝑡𝑖𝑐,𝑎 (based on incompressible flow assumption) 

𝑝∞=90.8 kPa, 𝑇∞ = 25 ⁰𝐶 
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4.4  Evaluation of the Thermophysical Properties 
 

Temperature dependent air properties are incorporated in the simulations using their 

corresponding values at standard atmospheric pressure. Physical properties of the 

battery were determined using the values from the literature.  

 

In the literature, thermal conductivity of the Li-ion batteries varies substantially. In 

some studies it was specified assuming the battery as an isotropic material [21, 28, 

58, 59] while in some other studies anisotropy was taken into account [1, 27, 60–62]. 

In studies with anisotropic battery approximation, thermal conductivity values range 

from 0.219 W/mK to 3.40 W/mK in radial direction while the range is in between 20 

W/mK and 30 W/mK in the axial one [1, 27, 60–62]. For isotropic batteries, thermal 

conductivity varies between 0.219 W/mK and 3 W/mK in the literature [21, 28, 58, 59].  

Specific heat is also a controversial property in the literature. It was presented in the 

range of 814 J/kgK and 2400 J/kgK [1, 21, 27, 28, 58–62].  

 

The density of the battery was assumed to be uniform and calculated by dividing its 

mass to its volume. All thermophysical properties of the battery are presumed to be 

independent of temperature. Properties of the battery are shown in Table 4.3.  

 

The surface of the battery includes an aluminum sheet and a protective plastic 

coverage. Thermophysical properties of PVC were used as the material properties of 

the protective plastic. These aluminum sheet and plastic coverage are assumed as a 

unique composite material having 0.4 mm thickness and its properties were derived 

by averaging the properties of aluminum and PVC. It is modeled with a shell 

conduction approach in the simulation without creating any mesh for the shell itself. 

Properties of the resultant composite material are also shown in Table 4.3. 
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Table 4.3: Thermophysical properties 

Thermophysical 

Properties 

Battery Shell 

𝜌 (kg/m3) 2939 2059 

𝑐𝑝(J/kgK) 814-2400  875 

𝑘(W/mK) 0.219-28.05 0.638 
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CHAPTER 5 
 

RESULTS AND DISCUSSIONS 
 

5.1 Effect of thermophysical properties  
 

5.1.1 Specific Heat 
 

Thermophysical properties of a battery are one of the most important parameters for 

the development of a computational model to predict the thermal behavior. Due to a 

wide range of materials used in the composition of Li-ion batteries, these properties 

are found to be highly diversified in the literature so that the determination of 

properties of a specific battery is a difficult task. Moreover, their effects on a 

computational solution have not been systematically investigated. In order to 

elaborate the problem systematically, a range of values from the literature for each 

thermophysical property is specified, and their effects on the computational solution 

are examined. Additionally, comparing the results against the experimental data 

provides a means to quantify their effects.  

 

As has been shown in Table 4.3, specific heat values range from 814 J/kgK to 2400 

J/kgK for Li-ion batteries in the literature. Four different values of specific heat were 

chosen within this interval and used in the model with 3 W/mK thermal conductivity. 

The model was run at various discharge rates of 0.5C, 1.0C and 1.5C and results are 

compared with the corresponding experimental data. 
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Figure 5.1: Variation of surface temperature with time for different specific heats at 

various discharge rates. k = 3 W/mK. 

 

All model results are comparable with experimental data in terms of error and trend 

as shown in Fig. 5.1 and Table 5.1. However as seen in Table 5.1, the lower two 

specific heat values (1300 J/kgK and 1600 J/kgK) result in higher errors for all 

discharge rates  compared to 1900 J/kgK and 2400 J/kgK. Among the higher two 

specific heat values, 2400 J/kgK gives the most accurate result for all discharge rates, 

so it is preferred to be used as the nominal specific heat value of the battery for the 

rest of the study. 
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Table 5.1: Root mean square errors (⁰C) for different specific heats at different 

discharge rates 

              Specific   

               heats                  

              (J/kgK) 

Discharge  

rates  

 

 

1300 

 

 

1600 

 

 

1900 

 

 

2400 

 

0.5C 3.4  2.8  2.3  1.6 

1.0C 5.1 3.4  2.2  1.1  

1.5C 6.0 3.2 1.8  3.0  

Average 4.8 3.1 2.1 1.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 

 

5.1.2 Thermal Conductivity 
 

Following the selection of the specific heat value a similar procedure is applied to 

determine the effects of the thermal conductivity. Six different thermal conductivity 

values, ranging between the minimum and the maximum values given in Table 4.3, 

are chosen from the literature to investigate. The computational model is run 

separately with each of these thermal conductivity values at 1.0C discharge rate. In 

addition to different thermal conductivities, anisotropic battery assumption is also 

investigated by defining axial and radial thermal conductivities separately in one of 

the simulations.  

 

Figure 5.2: Variation of surface temperature with time for different thermal 

conductivities. cp = 2400 J/kgK, discharge rate = 1.0C. 
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Fig. 5.2 shows that the choice of a thermal conductivity value has a minor impact on 

the predicted temperature values. It is seen that an increase in the thermal 

conductivity causes a slight decrease, which is less than 2°C, in the calculated 

temperatures. It is also important to note that a non-isotropic approach by assigning 

different thermal conductivity values in axial and radial directions has negligible effect 

on the results. Similar results are obtained for 0.5C and 1.5C discharge rates and 

consequently, it is found that an isotropic material approach in thermal modelling 

seems to be accurate enough for the regular discharge rates investigated in this 

study.  

 

The relatively small effect of thermal conductivity values in the thermal behavior can 

be further investigated by considering both the convection and conduction heat 

transfer processes during a discharge. During a typical discharge, the average 

convection coefficient around the battery is numerically calculated and plotted along 

with the results of the well-known free convection empirical correlations proposed by 

Churchill and Morgan, as cited in Incropera et al. [63] in Fig. 5.3. Except the very 

early times of discharge, a good agreement is obtained especially with the correlation 

of Morgan. It is important to note that, the main reason of discrepancy at early times 

is due to different initial conditions, i.e., the battery or cylinder is assumed to be 

heated from the beginning of the process in the correlations whereas its temperature 

is the same as the environment temperature at the beginning in the numerical 

calculation as in the case of experiments.  

 

In order to quantify the relative importance of the conduction heat transfer compared 

to the convective heat transfer the Biot number is also calculated. According to Fig. 

5.4, Biot number is below 0.1 for all of the thermal conductivity values except for 0.3 

W/mK. It means that majority of the suggested thermal conductivity values in the 

literature result in a nearly uniform temperature distribution inside the battery. As a 

result, while most of the thermal conductivity values give almost identical  results, only 

values close to the lowest limit of the literature create a slightly different temperature 
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profile, still less than 2°C compared to the others, during a regular discharge. 

Therefore, the thermal conductivity value of 3 W/mK, a widely used value in the 

literature, is chosen as the nominal value for the simulations conducted in this study. 

 

Figure 5.3: Variation of the calculated convection coefficient with time in comparison 

with correlations in the literature.  k = 3 W/mK, cp = 2400 J/kgK, discharge rate = 

1.0C. 
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Figure 5.4: Variation of the Biot number with time for different thermal conductivities. 

cp = 2400 J/kgK, discharge rate = 1.0C. 

 

5.2 Effect of Discharge Rate 
 

Electrical response of a battery changes with a discharge rate as shown in Fig. 3.3 

before. This variation in electrical response affects thermal behavior of the battery as 
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while the variation of the irreversible part constitutes a larger portion in magnitude and 

dominates the overall increase. As it is presented in Fig. 5.5, the irreversible heat 

generation increases with an increasing discharge rate, whereas the reversible one 
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Hallaj et al. and Bandhauer et al. [21, 51]. UDFs developed for the model to calculate 

heat generation can be seen in Appendix C. 

0 10 20 30 40 50 60
0

0.05

0.1

0.15

0.2

0.25

time (minutes)

B
io

t 
n
u
m

b
e
r

 

 

k = 0.3 W/mK

k = 1 W/mK

k = 3 W/mK

k = 15 W/mK

k = 28.05 W/mK



45 

 

 

Figure 5.5: Variation of heat generation in the battery with time for different discharge 

rates. 
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Figure 5.6: Variation of the surface temperature with time for different discharge rates. 

k = 3 W/mK, cp = 2400 J/kgK. 
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the model results for all of the three discharge rates. The maximum average error of 

the model results is obtained at 1.5C discharge rate as 3.0C as presented in Table 

5.1.  

 

5.3 Effect of the Entropic Term 
 

As mentioned in earlier sections, the entropic term is used to calculate the reversible 

heat generation in the battery. On account of being a parameter requiring significant 

efforts to measure, the entropic term should be investigated to understand its effect 

on the process and on the reliability of the model. This is accomplished through 

employing four different approaches to model discharge test at 1.0C rate. The first 

approach uses piecewise linear equations to obtain an entropic term function with 

respect to DoD. The second approach mimics the main trend of the entropic term 

which increases before 0.7 DoD and then shows a decrease. Therefore, it employs 

two linear equations fitted to the experimental data set. The third approach considers 

the whole data set as a linear equation and the fourth approach assumes zero 

entropic term in the whole discharge process neglecting the reversible heat 

generation in the battery completely. These approximations are presented graphically 

in Fig. 5.7. 
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Figure 5.7: Various approximations for the entropic term. 
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Figure 5.8: Variation of the surface temperature with time for different entropic term 

approximations. k=3 W/mK, cp=2400 J/kgK, discharge rate = 1.0C. 
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5.4 Effect of Usage History 
 

As explained before, usage history or cycling is one of the two ways of battery ageing 

and during experimental studies it is noticed as an important parameter affecting both 

electrical performance and thermal behavior of the lithium ion batteries. In order to 

reveal the effects of usage, five different batteries, having various operational 

backgrounds depicted in Table 5.2, are used to discharge at 1.0C discharge rate. 

During these tests both electrical and thermal responses of these batteries are 

measured and corresponding temperature variations are shown in Fig. 5.9. 

Table 5.2: Usage details of five different batteries 

 B1  B2 B3 B4 B5 

Usage (Charge + Discharge) >36×2 29×2 10×2 3×2 2×2 
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Figure 5.9: Variation of surface temperature with time using batteries of different 

usage history. Discharge rate = 1.0C. 
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The developed model was run to simulate temperature behaviors of a used and a 

new battery. As seen in Fig. 5.10, the model gives accurate results regardless of the 

battery usage history as long as the corresponding electrical data for each battery are 

provided to the model. UDF codes developed for the calculation of heat generation in 

the old battery can be seen in Appendix C. 

 

Figure 5.10: Model and experimental results for a new and old battery. k = 3 W/mK, 

Cp = 2400 J/kgK, discharge rate = 1.0C. 
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5.5 Temperature Distribution and Velocity Profile at the End of the 
Discharge 

a)    

  
 

b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: Temperature distribution (⁰C) and velocity profile (m/s) at the end of 

discharge.  k = 3 W/mK, cp = 2400 J/kgK, 1.0C discharge rate. a) Temperature 

distribution b) Velocity Profile. For 0.5C, 1.0C and 1.5C discharge rates. (from left 

to right) 
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As seen in Fig. 5.11(a), temperature increase of the battery affects air temperature in 

the proximity of the surface. In addition, above the battery a thermal plume is 

observed at all discharge rates as a result of natural convection. As expected, the 

symmetry plane at the upper side of the battery has higher temperature compared to 

lower side and end points. Temperature distribution throughout the battery is nearly 

uniform; only small temperature differences occur in the battery, as seen in Table 5.3. 

At the lowest discharge rate temperature variations are lower due to smaller heat 

generation and longer discharge duration. Higher discharge rates cause higher 

temperature differences in the battery especially in axial direction. In radial direction, 

no variation in temperature difference is observed at 1.0C and 1.5C discharge rates. 

It can be argued that, temperature variation in radial direction reaches a stable 

condition at higher discharge rates but the difference in axial direction continues to 

increase. 

 

In Fig. 5.11(b) velocity vectors are shown graphically. Flow velocities around the 

battery are low and symmetrical with respect to vertical axis of battery’s cross section 

as expected. At 1.5C discharge rate, the highest velocity is observed due to the 

highest temperature increase but the difference in velocity values between discharge 

rates is not significant.  

Table 5.3: Maximum temperature variation in the battery at the end of the discharge 

                        ΔTmax 

Discharge rates 

Radial Direction 

(ᵒC) 

Axial Direction 

(ᵒC) 

0.5C 0.2 0.5 

1.0C 0.5 1.1 

1.5C 0.5 2.0 
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CHAPTER 6 
 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 

 
6.1 Conclusions 

 

Supply and utilization of clean and safe energy is one of the most important problems 

of 21st century affecting our lives and civilization. New methods of energy generation 

are being continuously investigated and storage of the energy becomes more critical, 

especially when one of the most prominent methods of the future energy production 

strategy, renewable energy is considered [5, 64]. Fluctuations and unpredictable 

nature of the renewable energy can be tolerated only with an appropriate storage 

capability [5, 9]. In this respect, batteries are considered to have the potential to  

address the storage problem of the renewable energy [64].  

 

In addition to energy back up, such a capability gained with efficient battery systems 

may provide cleaner transportation replacing internal combustion engines [5], 

because energy storage is also the main obstacle ahead of the full electric  

transportation [7].  

 

Among all other battery technologies, Li-Ion batteries are one of the most potent 

battery types [7]. Their high energy and power densities make them ideal to power 

high performance machines and devices [1]. However, safety is a substantial problem 

impeding widespread usage of these batteries [3]. Safety issues of these batteries are 

generally related to their thermal behavior [3, 4]. Therefore, in order to solve the 

safety problem, thermal behavior of these batteries must be well understood and 

modeled.  

 

In the thesis, modeling and experimental studies were conducted to investigate 

thermal behavior of Li-Ion batteries. A 3D CFD model was developed to predict the 
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temperature variation of a Li-ion battery subjected to natural convection during 

discharge using electrical performance data of the battery.  

 

Selection of the computational tool was based on a detailed investigation in which a 

commercial software ANSYS Fluent 14.5 and an open source software OpenFOAM  

2.3.0 were analyzed with respect to their suitability for the thesis. During this 

investigation, ANSYS Fluent was observed as a more advantageous tool regarding its 

simpler geometry and mesh design elements as well as its faster solution time for the 

flow problem studied in the thesis. Consequently, although OpenFOAM has an 

advantage of open source structure, ANSYS Fluent was preferred as the 

computational tool of the study.  

 

The developed model solves both the conduction heat transfer in the battery and 

convection heat transfer between the battery surface and the surrounding medium 

along with the fluid flow around the battery. Comparison of the model results with the 

in-house experimental data shows that the model can predict the battery temperature 

with an average error of 2⁰C considering all of the three discharge rates (0.5C, 1.0C, 

1.5C) tested in this work.  

 

The model was employed to investigate the effects of the thermophysical properties 

of the battery on the computational solution. A wide range of specific heat values 

were tested and results showed that it was a major parameter affecting battery 

temperature. Therefore, an accurate prediction of battery temperature requires the 

usage of the correct value of specific heat in the simulations. On the other hand, 

thermal conductivity was found to have a minor impact on the results. Furthermore, 

no considerable difference was obtained in the results of isotropic and anisotropic 

battery models.  
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The heat generation in the battery was modeled using the equation proposed by 

Bernardi et al. [15], which is comprised of irreversible (Joule heating) and reversible 

(entropic) terms. The Entropic term is the most intractable parameter for the 

calculation of the heat generation. The entropic term was calculated based on 

experimental OCV measurements and it was shown that battery temperature can be 

successfully predicted by only taking the irreversible term into account in the 

calculation of the heat generation. The entropic term slightly affects the time evolution 

of the temperature only during a limited part of the discharge process.  

 

6.2 Recommendations for Future Work 

 
Based on the results of the thesis, research about Li-Ion batteries can be further 

expanded. Thermal behavior of Li-Ion batteries in various packaging options can be 

studied using the same modeling approach developed in this thesis. On the other 

hand, battery operations can be analyzed under different and adverse environmental 

conditions, such as cold or hot environments close to the operational limits of the 

battery. Effect of the battery orientation on its thermal behavior and modeling can also 

be studied simply by investigating a battery standing vertically. 

 

Another area of study in the future could be modeling of these batteries in high 

performance demanding applications including variable load patterns, such as electric 

vehicles etc. Thermal behavior of these batteries under such kinds of conditions can 

be investigated by further developing the current model and experimental procedures.  

 

Battery chemistry is an ongoing concern substantially affecting thermal behavior of 

the battery. Regarding that, different battery chemistries can be tested under similar 

conditions and the comprehension about battery chemistries could be enhanced.  

 

Finally, thermal abuse of these batteries and modeling the abuse conditions will be an 

important challenge for the future. The thesis can also be a stepping stone for future 

investigations related to thermal abuse studies. 
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APPENDIX A 

Panasonic General Overview about Li-Ion Batteries 
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APPENDIX B 

Panasonic Specification Sheet for NCR18650B Type Battery 
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APPENDIX C 

UDF Codes 

Heat generation at 0.5C with 1st approximation for entropic term 

/************************************************** ********************* 

UDF for time dependent volumetric heat generation of 18650 cell 

************************************************** **********************/ 

#include "udf.h" 

//qirreversible 

//....................................................................... 

 

//0-1 

#define  p1_0  4126.2 

#define  p2_0  9726.1 

 

//1-130 

#define       a1_1   1.458e+004   

#define       b1_1        160.1   

#define       c1_1        57.86   

#define       a2_1   1.554e+004   

#define       b2_1        72.21   

#define       c2_1        64.09   

#define       a3_1         1937   

#define       b3_1        50.99   

#define       c3_1        18.92   

#define       a4_1        209.9   
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#define       b4_1         49.9   

#define       c4_1        6.818   

#define       a5_1        899.2   

#define       b5_1        39.72   

#define       c5_1           10   

#define       a6_1         5355   

#define       b6_1        23.95   

#define       c6_1        17.05   

#define       a7_1        63.11   

#define       b7_1        108.8   

#define       c7_1        6.531   

#define       a8_1         8506   

#define       b8_1      -0.3125   

#define       c8_1           19    

 

//130-1270 

#define       a1_2     1.4e+004   

#define       b1_2        4.337   

#define       c1_2        398.2   

#define       a2_2         1920   

#define       b2_2        403.1   

#define       c2_2        266.2   

#define       a3_2   1.573e+004   

#define       b3_2        795.8   
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#define       c3_2        603.3   

#define       a4_2         4230   

#define       b4_2         1170   

#define       c4_2        209.7   

#define       a5_2         2302   

#define       b5_2         1277   

#define       c5_2        105.9   

#define       a6_2         9056   

#define       b6_2         1440   

#define       c6_2          140   

#define       a7_2          144   

#define       b7_2        901.8   

#define       c7_2        109.9   

#define       a8_2          331   

#define       b8_2         1170   

#define       c8_2        81.38   

//1270-3200 

#define       a1_3         1576   

#define       b1_3         2950   

#define       c1_3        243.1   

#define       a2_3   1.686e+004   

#define       b2_3         2579   

#define       c2_3         1246   

#define       a3_3         1200   



70 

 

#define       b3_3         2016   

#define       c3_3        310.5   

#define       a4_3         4016   

#define       b4_3         1620   

#define       c4_3        384.6   

#define       a5_3   1.212e+004   

#define       b5_3        975.8   

#define       c5_3        530.1   

#define       a6_3         3980   

#define       b6_3         3301   

#define       c6_3        244.2   

#define       a7_3       -118.9   

#define       b7_3         1435   

#define       c7_3        68.26   

#define       a8_3         43.9   

#define       b8_3         1799   

#define       c8_3        109.2   

 

//3200-5321 

#define       a1_4   2.038e+004   

#define       b1_4         5690   

#define       c1_4         1189   

#define       a2_4        444.4   

#define       b2_4         5027   
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#define       c2_4        171.8   

#define       a3_4          311   

#define       b3_4         4765   

#define       c3_4          188   

#define       a4_4   1.169e+004   

#define       b4_4         4165   

#define       c4_4        816.5   

#define       a5_4   1.449e+004   

#define       b5_4         3066   

#define       c5_4        640.5   

#define       a6_4         1296   

#define       b6_4         3877   

#define       c6_4        294.6   

#define       a7_4        187.5   

#define       b7_4         3712   

#define       c7_4        86.73   

#define       a8_4        195.7   

#define       b8_4         3484   

#define       c8_4        98.45   

 

//5321-6664 

#define       a1_5   3.343e+004   

#define       b1_5         7073   

#define       c1_5        357.4   
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#define       a2_5        51.99   

#define       b2_5         6626   

#define       c2_5        38.45   

#define       a3_5         3199   

#define       b3_5         6566   

#define       c3_5        228.1   

#define       a4_5        670.4   

#define       b4_5         6315   

#define       c4_5          175   

#define       a5_5        45.13   

#define       b5_5         6137   

#define       c5_5        71.25   

#define       a6_5        495.9   

#define       b6_5         5752   

#define       c6_5        125.4   

#define       a7_5        14.55   

#define       b7_5         5934   

#define       c7_5        34.28   

#define       a8_5   2.464e+004   

#define       b8_5         7386   

#define       c8_5         4586   

 

//6664-7049 

#define       a1_6   1.842e+004   
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#define       b1_6         7076   

#define       c1_6        48.56   

#define       a2_6         5583   

#define       b2_6         7019   

#define       c2_6        38.57   

#define       a3_6         8007   

#define       b3_6         6971   

#define       c3_6         56.8   

#define       a4_6         2255   

#define       b4_6         6903   

#define       c4_6        38.59   

#define       a5_6        691.5   

#define       b5_6         6864   

#define       c5_6        25.36   

#define       a6_6          191   

#define       b6_6         6838   

#define       c6_6        8.124   

#define       a7_6         1870   

#define       b7_6         6835   

#define       c7_6        72.78   

#define       a8_6   1.447e+005   

#define       b8_6         8785   

#define       c8_6         1796   
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//....................................................................... 

//reversible 

 

//0-719 

#define p11 0.03826 

#define p21 -27.51 

//719-2881 

#define p12 0 

#define p22 0 

//2881-3599 

#define p13 0.02189 

#define p23 -63.08 

//3599-4321  

#define p14 0 

#define p24 15.72 

//4321-5039 

#define p15 0.01095 

#define p25 -31.58 

//5039-5041 

#define p16 0 

#define p26 23.58 

//5041-5759 

#define p17 -0.03284 

#define p27 189.1 
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//5759-7049 

#define p18 0 

#define p28 0 

 

//....................................................................... 

 

DEFINE_SOURCE(heat_gen_0_5C2,cell,thread) 

{ 

 

real entropic_term, rev, irrev, source; 

real time; 

time = CURRENT_TIME; //taking time value; 

 

 

//................................................... 

 

if (time < 719)      

entropic_term = p11*time + p21; 

else if (time <= 2881)    

entropic_term = p12*time + p22; 

else if (time < 3599) 

entropic_term = p13*time + p23; 

else if (time <= 4321) 

entropic_term = p14*time + p24; 
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else if (time < 5039) 

entropic_term = p15*time + p25; 

else if (time <= 5041) 

entropic_term = p16*time + p26; 

else if (time < 5759) 

entropic_term = p17*time + p27; 

else   

entropic_term = p18*time + p28; 

 

rev=-(C_T(cell,thread))*entropic_term; 

 

//................................ 

//irreversible 

//irreversible=I(OCV-V)/volume 

if (time <= 1)   

   irrev =p1_0*time + p2_0  ;    

else if (time <= 130)    

   irrev = a1_1*exp(-pow(((time-b1_1)/c1_1),2)) +  a2_1*exp(-pow(((time-

b2_1)/c2_1),2)) + a3_1*exp(-pow(((time-b3_1)/c3_1),2)) + a4_1*exp(-

pow(((time-b4_1)/c4_1),2)) + a5_1*exp(-pow(((time-b5_1)/c5_1),2)) + 

a6_1*exp(-pow(((time-b6_1)/c6_1),2)) + a7_1*exp(-pow(((time-b7_1)/c7_1),2)) 

+ a8_1*exp(-pow(((time-b8_1)/c8_1),2)); 

else if (time <= 1270) 

   irrev = a1_2*exp(-pow(((time-b1_2)/c1_2),2)) +  a2_2*exp(-pow(((time-

b2_2)/c2_2),2)) + a3_2*exp(-pow(((time-b3_2)/c3_2),2)) + a4_2*exp(-

pow(((time-b4_2)/c4_2),2)) + a5_2*exp(-pow(((time-b5_2)/c5_2),2)) + 
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a6_2*exp(-pow(((time-b6_2)/c6_2),2)) + a7_2*exp(-pow(((time-b7_2)/c7_2),2)) 

+ a8_2*exp(-pow(((time-b8_2)/c8_2),2)); 

else if (time <= 3200) 

   irrev = a1_3*exp(-pow(((time-b1_3)/c1_3),2)) +  a2_3*exp(-pow(((time-

b2_3)/c2_3),2)) + a3_3*exp(-pow(((time-b3_3)/c3_3),2)) + a4_3*exp(-

pow(((time-b4_3)/c4_3),2)) + a5_3*exp(-pow(((time-b5_3)/c5_3),2)) + 

a6_3*exp(-pow(((time-b6_3)/c6_3),2)) + a7_3*exp(-pow(((time-b7_3)/c7_3),2)) 

+ a8_3*exp(-pow(((time-b8_3)/c8_3),2)); 

else if (time <= 5321) 

   irrev = a1_4*exp(-pow(((time-b1_4)/c1_4),2)) +  a2_4*exp(-pow(((time-

b2_4)/c2_4),2)) + a3_4*exp(-pow(((time-b3_4)/c3_4),2)) + a4_4*exp(-

pow(((time-b4_4)/c4_4),2)) + a5_4*exp(-pow(((time-b5_4)/c5_4),2)) + 

a6_4*exp(-pow(((time-b6_4)/c6_4),2)) + a7_4*exp(-pow(((time-b7_4)/c7_4),2)) 

+ a8_4*exp(-pow(((time-b8_4)/c8_4),2)); 

else if (time <= 6664) 

   irrev = a1_5*exp(-pow(((time-b1_5)/c1_5),2)) +  a2_5*exp(-pow(((time-

b2_5)/c2_5),2)) + a3_5*exp(-pow(((time-b3_5)/c3_5),2)) + a4_5*exp(-

pow(((time-b4_5)/c4_5),2)) + a5_5*exp(-pow(((time-b5_5)/c5_5),2)) + 

a6_5*exp(-pow(((time-b6_5)/c6_5),2)) + a7_5*exp(-pow(((time-b7_5)/c7_5),2)) 

+ a8_5*exp(-pow(((time-b8_5)/c8_5),2)); 

else 

   irrev = a1_6*exp(-pow(((time-b1_6)/c1_6),2)) +  a2_6*exp(-pow(((time-

b2_6)/c2_6),2)) + a3_6*exp(-pow(((time-b3_6)/c3_6),2)) + a4_6*exp(-

pow(((time-b4_6)/c4_6),2)) + a5_6*exp(-pow(((time-b5_6)/c5_6),2)) + 

a6_6*exp(-pow(((time-b6_6)/c6_6),2)) + a7_6*exp(-pow(((time-b7_6)/c7_6),2)) 

+ a8_6*exp(-pow(((time-b8_6)/c8_6),2)); 

 

source=irrev+rev;//W/m^3 
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   return source; 

} 
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Heat generation at 1.0C with 1st approximation for entropic term 

 

/************************************************** ********************* 

UDF for time dependent volumetric heat generation of 18650 cell 

************************************************** **********************/ 

#include "udf.h" 

//qirreversible 

//....................................................................... 

 

//0- 

#define        p1_0  13493 

#define        p2_0  37529  

 

//1-130 

#define        a1_1   4.882e+004   

#define        b1_1        45.27   

#define        c1_1        98.75   

#define        a2_1   5.231e+004   

#define        b2_1        190.8   

#define        c2_1        108.2   

#define        a3_1         2394   

#define        b3_1        33.16   

#define        c3_1        13.04   

#define        a4_1         1853   

#define        b4_1        25.33   
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#define        c4_1        9.029   

#define        a5_1         1344   

#define        b5_1        17.95   

#define        c5_1        7.062   

#define        a6_1         2053   

#define        b6_1        45.36   

#define        c6_1        22.04   

#define        a7_1         4022   

#define        b7_1          210   

#define        c7_1        28.79   

#define        a8_1         9287   

#define        b8_1        5.245   

#define        c8_1        15.45   

//130-1500 

#define        a1_2    6.17e+004   

#define        b1_2         3205   

#define        c1_2         1727   

#define        a2_2   8.454e+004   

#define        b2_2        -1601   

#define        c2_2         2889   

#define        a3_2         5013   

#define        b3_2         1502   

#define        c3_2        209.9   

#define        a4_2         3094   
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#define        b4_2         1906   

#define        c4_2          240   

#define        a5_2         7360   

#define        b5_2         1180   

#define        c5_2        390.7   

#define        a6_2         1292   

#define        b6_2         1677   

#define        c6_2        99.46   

#define        a7_2        848.8   

#define        b7_2        853.5   

#define        c7_2        134.6   

#define        a8_2         1006   

#define        b8_2        585.4   

#define        c8_2        155.4   

//1500-1800 

#define        a1_6   5.904e+004   

#define        b1_6         1468   

#define        c1_6         1094   

#define        a2_6         8962   

#define        b2_6         1976   

#define        c2_6        168.7   

#define        a3_6        657.2   

#define        b3_6         1717   

#define        c3_6        46.18   
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#define        a4_6        493.2   

#define        b4_6         1649   

#define        c4_6        53.48   

#define        a5_6        284.1   

#define        b5_6         1763   

#define        c5_6         26.8   

#define        a6_6        58.39   

#define        b6_6         1582   

#define        c6_6        25.35   

//1800-2500 

#define        a1_5   6.429e+004   

#define        b1_5         2637   

#define        c1_5        704.6   

#define        a2_5         5090   

#define        b2_5         2244   

#define        c2_5          179   

#define        a3_5         2677   

#define        b3_5         2144   

#define        c3_5        112.7   

#define        a4_5         6226   

#define        b4_5         1990   

#define        c4_5          126   

#define        a5_5   4.929e+004   

#define        b5_5         1595   



83 

 

#define        c5_5        457.7   

#define        a6_5         1149   

#define        b6_5         1859   

#define        c6_5        70.83   

#define        a7_5       -327.3   

#define        b7_5         1816   

#define        c7_5        55.14   

#define        a8_5        591.3   

#define        b8_5         2087   

#define        c8_5        64.99   

//2500-3500 

#define        a1_3   9.549e+004   

#define        b1_3         3650   

#define        c1_3        129.1   

#define        a2_3   1.191e+004   

#define        b2_3         3471   

#define        c2_3        73.51   

#define        a3_3         5554   

#define        b3_3         3392   

#define        c3_3        72.98   

#define        a4_3         6298   

#define        b4_3         3335   

#define        c4_3        130.1   

#define        a5_3   1.705e+006   
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#define        b5_3   1.253e+004   

#define        c5_3         4211   

#define        a6_3         1459   

#define        b6_3         2880   

#define        c6_3         70.2   

#define        a7_3        287.6   

#define        b7_3         2796   

#define        c7_3           25   

#define        a8_3   6.782e+004   

#define        b8_3         5402   

#define        c8_3         7180   

//3500-3570 

#define        a1_4   2.517e+004   

#define        b1_4         3629   

#define        c1_4        69.24   

#define        a2_4    1.66e+005   

#define        b2_4         3816   

#define        c2_4          531   

 

 

//....................................................................... 

//reversible 

 

//0-360 
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#define p11 0.1528 

#define p21 -55.02  

//360-1440 

#define p12 0 

#define p22 0  

//1440-1800 

#define p13 0.08733 

#define p23 -125.8 

//1800-2160 

#define p14 0 

#define p24 31.44  

//2160-2520 

#define p15 0.04367 

#define p25 -62.88   

//2520 

#define p18 0 

#define p28 47.16 

//2520-2880 

#define p16 -0.131 

#define p26 377.3  

//2880-3570 

#define p17 0 

#define p27 0 

//....................................................................... 
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DEFINE_SOURCE(heat_gen_1C2,cell,thread) 

{ 

 

real entropic_term, rev, irrev, source; 

real time; 

time = CURRENT_TIME; //taking time value; 

 

 

//................................................... 

 

//reversible+entropic_term 

//entropic_term is equal to I*entropic_term/volume so only multiplication with T must 

be done to calculate qreversible 

if (time < 360)      

entropic_term = p11*time + p21; 

else if (time <= 1440)    

entropic_term = p12*time + p22; 

else if (time < 1800) 

entropic_term = p13*time + p23; 

else if (time <= 2160) 

entropic_term = p14*time + p24; 

else if (time < 2520) 

entropic_term = p15*time + p25; 

else if (time == 2520) 
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entropic_term = p18*time + p28; 

else if (time < 2880) 

entropic_term = p16*time + p26; 

else   

entropic_term = p17*time + p27; 

 

rev=-(C_T(cell,thread))*entropic_term; 

 

//................................ 

//irreversible 

//irreversible=I(OCV-V)/volume 

if (time <= 1)   

   irrev =p1_0*time + p2_0 ;    

else if (time <= 130)    

   irrev = a1_1*exp(-pow(((time-b1_1)/c1_1),2)) +  a2_1*exp(-pow(((time-

b2_1)/c2_1),2)) + a3_1*exp(-pow(((time-b3_1)/c3_1),2)) + a4_1*exp(-pow(((time-

b4_1)/c4_1),2)) + a5_1*exp(-pow(((time-b5_1)/c5_1),2)) + a6_1*exp(-pow(((time-

b6_1)/c6_1),2)) + a7_1*exp(-pow(((time-b7_1)/c7_1),2)) + a8_1*exp(-pow(((time-

b8_1)/c8_1),2)); 

else if (time <= 1500) 

   irrev = a1_2*exp(-pow(((time-b1_2)/c1_2),2)) +  a2_2*exp(-pow(((time-

b2_2)/c2_2),2)) + a3_2*exp(-pow(((time-b3_2)/c3_2),2)) + a4_2*exp(-pow(((time-

b4_2)/c4_2),2)) + a5_2*exp(-pow(((time-b5_2)/c5_2),2)) + a6_2*exp(-pow(((time-

b6_2)/c6_2),2)) + a7_2*exp(-pow(((time-b7_2)/c7_2),2)) + a8_2*exp(-pow(((time-

b8_2)/c8_2),2)); 

else if (time <= 1800) 
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   irrev = a1_6*exp(-pow(((time-b1_6)/c1_6),2)) +  a2_6*exp(-pow(((time-

b2_6)/c2_6),2)) + a3_6*exp(-pow(((time-b3_6)/c3_6),2)) + a4_6*exp(-pow(((time-

b4_6)/c4_6),2)) + a5_6*exp(-pow(((time-b5_6)/c5_6),2)) + a6_6*exp(-pow(((time-

b6_6)/c6_6),2)) ; 

else if (time <= 2500)    

   irrev = a1_5*exp(-pow(((time-b1_5)/c1_5),2)) +  a2_5*exp(-pow(((time-

b2_5)/c2_5),2)) + a3_5*exp(-pow(((time-b3_5)/c3_5),2)) + a4_5*exp(-pow(((time-

b4_5)/c4_5),2)) + a5_5*exp(-pow(((time-b5_5)/c5_5),2)) + a6_5*exp(-pow(((time-

b6_5)/c6_5),2)) + a7_5*exp(-pow(((time-b7_5)/c7_5),2)) + a8_5*exp(-pow(((time-

b8_5)/c8_5),2)); 

else if (time <= 3500) 

   irrev = a1_3*exp(-pow(((time-b1_3)/c1_3),2)) +  a2_3*exp(-pow(((time-

b2_3)/c2_3),2)) + a3_3*exp(-pow(((time-b3_3)/c3_3),2)) + a4_3*exp(-pow(((time-

b4_3)/c4_3),2)) + a5_3*exp(-pow(((time-b5_3)/c5_3),2)) + a6_3*exp(-pow(((time-

b6_3)/c6_3),2)) + a7_3*exp(-pow(((time-b7_3)/c7_3),2)) + a8_3*exp(-pow(((time-

b8_3)/c8_3),2)); 

else 

   irrev = a1_4*exp(-pow(((time-b1_4)/c1_4),2)) +  a2_4*exp(-pow(((time-

b2_4)/c2_4),2)); 

 

source=irrev+rev;//W/m^3 

 

   return source; 

}  
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Heat generation at 1.5C with 1st approximation for entropic term 

 

/************************************************** ********************* 

UDF for time dependent volumetric heat generation of 18650 cell 

************************************************** **********************/ 

#include "udf.h" 

//qirreversible 

//....................................................................... 

 

//0-1 

#define       p1_0  28197 

#define       p2_0  87240 

 

//1-60 

#define       a1_1   1.311e+005   

#define       b1_1        87.43  

#define       c1_1        149.3   

#define       a2_1        546.6   

#define       b2_1        34.41   

#define       c2_1        4.599   

#define       a3_1         2379   

#define       b3_1        18.77   

#define       c3_1        6.095   

#define       a4_1         3501   

#define       b4_1        11.06   
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#define       c4_1        5.161   

#define       a5_1   1.992e+004   

#define       b5_1        11.71   

#define       c5_1        45.48   

#define       a6_1         2921   

#define       b6_1        2.149   

#define       c6_1        2.754   

#define       a7_1         2986   

#define       b7_1        6.019   

#define       c7_1        3.295   

#define       a8_1         1036   

#define       b8_1        26.98   

#define       c8_1        4.901   

 

//60-1700 

 #define      a1_2    1.39e+005   

#define       b1_2         2208   

#define       c1_2         1992   

#define       a2_2   6.957e+004   

#define       b2_2       -5.428   

#define       c2_2        217.4   

#define       a3_2         7580   

#define       b3_2         1006   

#define       c3_2        191.9   
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#define       a4_2         2078   

#define       b4_2         1328   

#define       c4_2        103.1   

#define       a5_2   4.405e+004   

#define       b5_2        507.2   

#define       c5_2        525.1   

#define       a6_2        973.7   

#define       b6_2        411.2   

#define       c6_2        71.37   

#define       a7_2        613.2   

#define       b7_2        545.3   

#define       c7_2        60.94   

#define       a8_2   1.847e+004   

#define       b8_2        269.8   

#define       c8_2        181.8   

        

//1700-2170 

#define       a1_3   5.371e+005   

#define       b1_3         2735   

#define       c1_3        232.8   

#define       a2_3   1.436e+005   

#define       b2_3         2491   

#define       c2_3         1267   

#define       a3_3        636.7   
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#define       b3_3         1919   

#define       c3_3        22.01   

#define       a4_3         3605   

#define       b4_3         1915   

#define       c4_3        127.4   

#define       a5_3        251.3   

#define       b5_3         1725   

#define       c5_3        45.33   

#define       a6_3        303.9   

#define       b6_3         1680   

#define       c6_3        24.53   

#define       a7_3   4.682e+004   

#define       b7_3         1381   

#define       c7_3        534.3   

#define       a8_3        665.7   

#define       b8_3         1926   

#define       c8_3        50.39   

 

//2170-2392 

#define       a1_4   2.877e+005   

#define       b1_4         2527   

#define       c1_4        85.48   

#define       a2_4   9.816e+004   

#define       b2_4         2482   
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#define       c2_4        132.1   

#define       a3_4   4.494e+004   

#define       b3_4         2375   

#define       c3_4        197.1   

#define       a4_4   1.354e+005   

#define       b4_4         2017   

#define       c4_4        565.1   

 

 

//....................................................................... 

//reversible 

 

//0-240 

#define  p11  0.3438 

#define  p21  -82.52 

 

//240-960 

#define  p12  0 

#define  p22  0 

 

//960-1200 

#define  p13  0.1965 

#define  p23  -188.6 
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//1200-1440  

#define  p14  0 

#define  p24  47.16 

 

//1440-1680 

#define  p15  0.09825 

#define  p25  -94.32 

 

//1680-1920 

#define  p16  -0.2948 

#define  p26  565.9 

 

//1920-2392 

#define  p17  0 

#define  p27  0 

 

 

//....................................................................... 

 

DEFINE_SOURCE(heat_gen_1_5C2,cell,thread) 

{ 

 

real entropic_term, rev, irrev, source; 

real time; 
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time = CURRENT_TIME; //taking time value; 

 

 

//................................................... 

 

//reversible+entropic_term 

//entropic_term is equal to I*entropic_term/volume so only multiplication with T must 

be done to calculate qreversible 

if (time < 240)      

entropic_term = p11*time + p21; 

else if (time <= 960)    

entropic_term = p12*time + p22; 

else if (time < 1200) 

entropic_term = p13*time + p23; 

else if (time <= 1440) 

entropic_term = p14*time + p24; 

else if (time <= 1680) 

entropic_term = p15*time + p25; 

else if (time < 1920) 

entropic_term = p16*time + p26; 

else   

entropic_term = p17*time + p27; 

 

rev=-(C_T(cell,thread))*entropic_term; 
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//................................ 

//irreversible 

//irreversible=I(OCV-V)/volume 

if (time <= 1)   

   irrev =p1_0*time + p2_0  ;    

else if (time <= 60)    

   irrev = a1_1*exp(-pow(((time-b1_1)/c1_1),2)) +  a2_1*exp(-pow(((time-

b2_1)/c2_1),2)) + a3_1*exp(-pow(((time-b3_1)/c3_1),2)) + a4_1*exp(-pow(((time-

b4_1)/c4_1),2)) + a5_1*exp(-pow(((time-b5_1)/c5_1),2)) + a6_1*exp(-pow(((time-

b6_1)/c6_1),2)) + a7_1*exp(-pow(((time-b7_1)/c7_1),2)) + a8_1*exp(-pow(((time-

b8_1)/c8_1),2)); 

else if (time <= 1700) 

   irrev = a1_2*exp(-pow(((time-b1_2)/c1_2),2)) +  a2_2*exp(-pow(((time-

b2_2)/c2_2),2)) + a3_2*exp(-pow(((time-b3_2)/c3_2),2)) + a4_2*exp(-pow(((time-

b4_2)/c4_2),2)) + a5_2*exp(-pow(((time-b5_2)/c5_2),2)) + a6_2*exp(-pow(((time-

b6_2)/c6_2),2)) + a7_2*exp(-pow(((time-b7_2)/c7_2),2)) + a8_2*exp(-pow(((time-

b8_2)/c8_2),2)); 

else if (time <= 2170) 

   irrev = a1_3*exp(-pow(((time-b1_3)/c1_3),2)) +  a2_3*exp(-pow(((time-

b2_3)/c2_3),2)) + a3_3*exp(-pow(((time-b3_3)/c3_3),2)) + a4_3*exp(-pow(((time-

b4_3)/c4_3),2)) + a5_3*exp(-pow(((time-b5_3)/c5_3),2)) + a6_3*exp(-pow(((time-

b6_3)/c6_3),2)) + a7_3*exp(-pow(((time-b7_3)/c7_3),2)) + a8_3*exp(-pow(((time-

b8_3)/c8_3),2)); 

else 

   irrev = a1_4*exp(-pow(((time-b1_4)/c1_4),2)) +  a2_4*exp(-pow(((time-

b2_4)/c2_4),2)) + a3_4*exp(-pow(((time-b3_4)/c3_4),2)) + a4_4*exp(-pow(((time-

b4_4)/c4_4),2)); 
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source=irrev+rev;//W/m^3 

 

   return source; 

} 
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Heat generation at 1.0C with 2nd approximation for entropic term 

 

/************************************************** ********************* 

UDF for time dependent volumetric heat generation of 18650 cell 

************************************************** **********************/ 

#include "udf.h" 

//qirreversible 

//....................................................................... 

 

//0- 

#define        p1_0  13493 

#define        p2_0  37529  

 

//1-130 

#define        a1_1   4.882e+004   

#define        b1_1        45.27   

#define        c1_1        98.75   

#define        a2_1   5.231e+004   

#define        b2_1        190.8   

#define        c2_1        108.2   

#define        a3_1         2394   

#define        b3_1        33.16   

#define        c3_1        13.04   

#define        a4_1         1853   

#define        b4_1        25.33   
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#define        c4_1        9.029   

#define        a5_1         1344   

#define        b5_1        17.95   

#define        c5_1        7.062   

#define        a6_1         2053   

#define        b6_1        45.36   

#define        c6_1        22.04   

#define        a7_1         4022   

#define        b7_1          210   

#define        c7_1        28.79   

#define        a8_1         9287   

#define        b8_1        5.245   

#define        c8_1        15.45   

//130-1500 

#define        a1_2    6.17e+004   

#define        b1_2         3205   

#define        c1_2         1727   

#define        a2_2   8.454e+004   

#define        b2_2        -1601   

#define        c2_2         2889   

#define        a3_2         5013   

#define        b3_2         1502   

#define        c3_2        209.9   

#define        a4_2         3094   
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#define        b4_2         1906   

#define        c4_2          240   

#define        a5_2         7360   

#define        b5_2         1180   

#define        c5_2        390.7   

#define        a6_2         1292   

#define        b6_2         1677   

#define        c6_2        99.46   

#define        a7_2        848.8   

#define        b7_2        853.5   

#define        c7_2        134.6   

#define        a8_2         1006   

#define        b8_2        585.4   

#define        c8_2        155.4   

//1500-1800 

#define        a1_6   5.904e+004   

#define        b1_6         1468   

#define        c1_6         1094   

#define        a2_6         8962   

#define        b2_6         1976   

#define        c2_6        168.7   

#define        a3_6        657.2   

#define        b3_6         1717   

#define        c3_6        46.18   
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#define        a4_6        493.2   

#define        b4_6         1649   

#define        c4_6        53.48   

#define        a5_6        284.1   

#define        b5_6         1763   

#define        c5_6         26.8   

#define        a6_6        58.39   

#define        b6_6         1582   

#define        c6_6        25.35   

//1800-2500 

#define        a1_5   6.429e+004   

#define        b1_5         2637   

#define        c1_5        704.6   

#define        a2_5         5090   

#define        b2_5         2244   

#define        c2_5          179   

#define        a3_5         2677   

#define        b3_5         2144   

#define        c3_5        112.7   

#define        a4_5         6226   

#define        b4_5         1990   

#define        c4_5          126   

#define        a5_5   4.929e+004   

#define        b5_5         1595   
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#define        c5_5        457.7   

#define        a6_5         1149   

#define        b6_5         1859   

#define        c6_5        70.83   

#define        a7_5       -327.3   

#define        b7_5         1816   

#define        c7_5        55.14   

#define        a8_5        591.3   

#define        b8_5         2087   

#define        c8_5        64.99   

//2500-3500 

#define        a1_3   9.549e+004   

#define        b1_3         3650   

#define        c1_3        129.1   

#define        a2_3   1.191e+004   

#define        b2_3         3471   

#define        c2_3        73.51   

#define        a3_3         5554   

#define        b3_3         3392   

#define        c3_3        72.98   

#define        a4_3         6298   

#define        b4_3         3335   

#define        c4_3        130.1   

#define        a5_3   1.705e+006   
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#define        b5_3   1.253e+004   

#define        c5_3         4211   

#define        a6_3         1459   

#define        b6_3         2880   

#define        c6_3         70.2   

#define        a7_3        287.6   

#define        b7_3         2796   

#define        c7_3           25   

#define        a8_3   6.782e+004   

#define        b8_3         5402   

#define        c8_3         7180   

//3500-3570 

#define        a1_4   2.517e+004   

#define        b1_4         3629   

#define        c1_4        69.24   

#define        a2_4    1.66e+005   

#define        b2_4         3816   

#define        c2_4          531   

 

 

//....................................................................... 

//reversible 

 

//0-2520 
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#define p11 0.03197 

#define p21 -33.4  

//2520-3570 

#define p12 -0.03926 

#define p22 131.9  

 

//....................................................................... 

 

DEFINE_SOURCE(heat_gen_1C3,cell,thread) 

{ 

 

real entropic_term, rev, irrev, source; 

real time; 

time = CURRENT_TIME; //taking time value; 

 

 

//................................................... 

 

//reversible+entropic_term 

//entropic_term is equal to I*entropic_term/volume so only multiplication with T must 

be done to calculate qreversible 

if (time <= 2520)      

entropic_term = p11*time + p21; 

else     

entropic_term = p12*time + p22; 



105 

 

rev=-(C_T(cell,thread))*entropic_term; 

 

//................................ 

//irreversible 

//irreversible=I(OCV-V)/volume 

if (time <= 1)   

   irrev =p1_0*time + p2_0 ;    

else if (time <= 130)    

   irrev = a1_1*exp(-pow(((time-b1_1)/c1_1),2)) +  a2_1*exp(-pow(((time-

b2_1)/c2_1),2)) + a3_1*exp(-pow(((time-b3_1)/c3_1),2)) + a4_1*exp(-pow(((time-

b4_1)/c4_1),2)) + a5_1*exp(-pow(((time-b5_1)/c5_1),2)) + a6_1*exp(-pow(((time-

b6_1)/c6_1),2)) + a7_1*exp(-pow(((time-b7_1)/c7_1),2)) + a8_1*exp(-pow(((time-

b8_1)/c8_1),2)); 

else if (time <= 1500) 

   irrev = a1_2*exp(-pow(((time-b1_2)/c1_2),2)) +  a2_2*exp(-pow(((time-

b2_2)/c2_2),2)) + a3_2*exp(-pow(((time-b3_2)/c3_2),2)) + a4_2*exp(-pow(((time-

b4_2)/c4_2),2)) + a5_2*exp(-pow(((time-b5_2)/c5_2),2)) + a6_2*exp(-pow(((time-

b6_2)/c6_2),2)) + a7_2*exp(-pow(((time-b7_2)/c7_2),2)) + a8_2*exp(-pow(((time-

b8_2)/c8_2),2)); 

else if (time <= 1800) 

   irrev = a1_6*exp(-pow(((time-b1_6)/c1_6),2)) +  a2_6*exp(-pow(((time-

b2_6)/c2_6),2)) + a3_6*exp(-pow(((time-b3_6)/c3_6),2)) + a4_6*exp(-pow(((time-

b4_6)/c4_6),2)) + a5_6*exp(-pow(((time-b5_6)/c5_6),2)) + a6_6*exp(-pow(((time-

b6_6)/c6_6),2)) ; 

else if (time <= 2500)    

   irrev = a1_5*exp(-pow(((time-b1_5)/c1_5),2)) +  a2_5*exp(-pow(((time-

b2_5)/c2_5),2)) + a3_5*exp(-pow(((time-b3_5)/c3_5),2)) + a4_5*exp(-pow(((time-
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b4_5)/c4_5),2)) + a5_5*exp(-pow(((time-b5_5)/c5_5),2)) + a6_5*exp(-pow(((time-

b6_5)/c6_5),2)) + a7_5*exp(-pow(((time-b7_5)/c7_5),2)) + a8_5*exp(-pow(((time-

b8_5)/c8_5),2)); 

else if (time <= 3500) 

   irrev = a1_3*exp(-pow(((time-b1_3)/c1_3),2)) +  a2_3*exp(-pow(((time-

b2_3)/c2_3),2)) + a3_3*exp(-pow(((time-b3_3)/c3_3),2)) + a4_3*exp(-pow(((time-

b4_3)/c4_3),2)) + a5_3*exp(-pow(((time-b5_3)/c5_3),2)) + a6_3*exp(-pow(((time-

b6_3)/c6_3),2)) + a7_3*exp(-pow(((time-b7_3)/c7_3),2)) + a8_3*exp(-pow(((time-

b8_3)/c8_3),2)); 

else 

   irrev = a1_4*exp(-pow(((time-b1_4)/c1_4),2)) +  a2_4*exp(-pow(((time-

b2_4)/c2_4),2)); 

 

source=irrev+rev;//W/m^3 

 

   return source; 

} 
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Heat generation at 1.0C with 3rd approximation for entropic term 

 

/************************************************** ********************* 

UDF for time dependent volumetric heat generation of 18650 cell 

************************************************** **********************/ 

#include "udf.h" 

//qirreversible 

//....................................................................... 

 

//0- 

#define        p1_0  13493 

#define        p2_0  37529  

 

//1-130 

#define        a1_1   4.882e+004   

#define        b1_1        45.27   

#define        c1_1        98.75   

#define        a2_1   5.231e+004   

#define        b2_1        190.8   

#define        c2_1        108.2   

#define        a3_1         2394   

#define        b3_1        33.16   

#define        c3_1        13.04   

#define        a4_1         1853   

#define        b4_1        25.33   
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#define        c4_1        9.029   

#define        a5_1         1344   

#define        b5_1        17.95   

#define        c5_1        7.062   

#define        a6_1         2053   

#define        b6_1        45.36   

#define        c6_1        22.04   

#define        a7_1         4022   

#define        b7_1          210   

#define        c7_1        28.79   

#define        a8_1         9287   

#define        b8_1        5.245   

#define        c8_1        15.45   

//130-1500 

#define        a1_2    6.17e+004   

#define        b1_2         3205   

#define        c1_2         1727   

#define        a2_2   8.454e+004   

#define        b2_2        -1601   

#define        c2_2         2889   

#define        a3_2         5013   

#define        b3_2         1502   

#define        c3_2        209.9   

#define        a4_2         3094   
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#define        b4_2         1906   

#define        c4_2          240   

#define        a5_2         7360   

#define        b5_2         1180   

#define        c5_2        390.7   

#define        a6_2         1292   

#define        b6_2         1677   

#define        c6_2        99.46   

#define        a7_2        848.8   

#define        b7_2        853.5   

#define        c7_2        134.6   

#define        a8_2         1006   

#define        b8_2        585.4   

#define        c8_2        155.4   

//1500-1800 

#define        a1_6   5.904e+004   

#define        b1_6         1468   

#define        c1_6         1094   

#define        a2_6         8962   

#define        b2_6         1976   

#define        c2_6        168.7   

#define        a3_6        657.2   

#define        b3_6         1717   

#define        c3_6        46.18   
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#define        a4_6        493.2   

#define        b4_6         1649   

#define        c4_6        53.48   

#define        a5_6        284.1   

#define        b5_6         1763   

#define        c5_6         26.8   

#define        a6_6        58.39   

#define        b6_6         1582   

#define        c6_6        25.35   

//1800-2500 

#define        a1_5   6.429e+004   

#define        b1_5         2637   

#define        c1_5        704.6   

#define        a2_5         5090   

#define        b2_5         2244   

#define        c2_5          179   

#define        a3_5         2677   

#define        b3_5         2144   

#define        c3_5        112.7   

#define        a4_5         6226   

#define        b4_5         1990   

#define        c4_5          126   

#define        a5_5   4.929e+004   

#define        b5_5         1595   
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#define        c5_5        457.7   

#define        a6_5         1149   

#define        b6_5         1859   

#define        c6_5        70.83   

#define        a7_5       -327.3   

#define        b7_5         1816   

#define        c7_5        55.14   

#define        a8_5        591.3   

#define        b8_5         2087   

#define        c8_5        64.99   

//2500-3500 

#define        a1_3   9.549e+004   

#define        b1_3         3650   

#define        c1_3        129.1   

#define        a2_3   1.191e+004   

#define        b2_3         3471   

#define        c2_3        73.51   

#define        a3_3         5554   

#define        b3_3         3392   

#define        c3_3        72.98   

#define        a4_3         6298   

#define        b4_3         3335   

#define        c4_3        130.1   

#define        a5_3   1.705e+006   
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#define        b5_3   1.253e+004   

#define        c5_3         4211   

#define        a6_3         1459   

#define        b6_3         2880   

#define        c6_3         70.2   

#define        a7_3        287.6   

#define        b7_3         2796   

#define        c7_3           25   

#define        a8_3   6.782e+004   

#define        b8_3         5402   

#define        c8_3         7180   

//3500-3570 

#define        a1_4   2.517e+004   

#define        b1_4         3629   

#define        c1_4        69.24   

#define        a2_4    1.66e+005   

#define        b2_4         3816   

#define        c2_4          531   

 

 

//....................................................................... 

//reversible 

 

//0-3570 
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#define p11 0.0033572 

#define p21 5.0006 

 

//....................................................................... 

 

DEFINE_SOURCE(heat_gen_1C3_1,cell,thread) 

{ 

 

real entropic_term, rev, irrev, source; 

real time; 

time = CURRENT_TIME; //taking time value; 

 

 

//................................................... 

 

//reversible+entropic_term 

//entropic_term is equal to I*entropic_term/volume so only multiplication with T must 

be done to calculate qreversible 

   

entropic_term = p11*time + p21; 

 

rev=-(C_T(cell,thread))*entropic_term; 

 

//................................ 

//irreversible 
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//irreversible=I(OCV-V)/volume 

if (time <= 1)   

   irrev =p1_0*time + p2_0 ;    

else if (time <= 130)    

   irrev = a1_1*exp(-pow(((time-b1_1)/c1_1),2)) +  a2_1*exp(-pow(((time-

b2_1)/c2_1),2)) + a3_1*exp(-pow(((time-b3_1)/c3_1),2)) + a4_1*exp(-

pow(((time-b4_1)/c4_1),2)) + a5_1*exp(-pow(((time-b5_1)/c5_1),2)) + 

a6_1*exp(-pow(((time-b6_1)/c6_1),2)) + a7_1*exp(-pow(((time-b7_1)/c7_1),2)) 

+ a8_1*exp(-pow(((time-b8_1)/c8_1),2)); 

else if (time <= 1500) 

   irrev = a1_2*exp(-pow(((time-b1_2)/c1_2),2)) +  a2_2*exp(-pow(((time-

b2_2)/c2_2),2)) + a3_2*exp(-pow(((time-b3_2)/c3_2),2)) + a4_2*exp(-

pow(((time-b4_2)/c4_2),2)) + a5_2*exp(-pow(((time-b5_2)/c5_2),2)) + 

a6_2*exp(-pow(((time-b6_2)/c6_2),2)) + a7_2*exp(-pow(((time-b7_2)/c7_2),2)) 

+ a8_2*exp(-pow(((time-b8_2)/c8_2),2)); 

else if (time <= 1800) 

   irrev = a1_6*exp(-pow(((time-b1_6)/c1_6),2)) +  a2_6*exp(-pow(((time-

b2_6)/c2_6),2)) + a3_6*exp(-pow(((time-b3_6)/c3_6),2)) + a4_6*exp(-

pow(((time-b4_6)/c4_6),2)) + a5_6*exp(-pow(((time-b5_6)/c5_6),2)) + 

a6_6*exp(-pow(((time-b6_6)/c6_6),2)) ; 

else if (time <= 2500)    

   irrev = a1_5*exp(-pow(((time-b1_5)/c1_5),2)) +  a2_5*exp(-pow(((time-

b2_5)/c2_5),2)) + a3_5*exp(-pow(((time-b3_5)/c3_5),2)) + a4_5*exp(-

pow(((time-b4_5)/c4_5),2)) + a5_5*exp(-pow(((time-b5_5)/c5_5),2)) + 

a6_5*exp(-pow(((time-b6_5)/c6_5),2)) + a7_5*exp(-pow(((time-b7_5)/c7_5),2)) 

+ a8_5*exp(-pow(((time-b8_5)/c8_5),2)); 

else if (time <= 3500) 

   irrev = a1_3*exp(-pow(((time-b1_3)/c1_3),2)) +  a2_3*exp(-pow(((time-
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b2_3)/c2_3),2)) + a3_3*exp(-pow(((time-b3_3)/c3_3),2)) + a4_3*exp(-

pow(((time-b4_3)/c4_3),2)) + a5_3*exp(-pow(((time-b5_3)/c5_3),2)) + 

a6_3*exp(-pow(((time-b6_3)/c6_3),2)) + a7_3*exp(-pow(((time-b7_3)/c7_3),2)) 

+ a8_3*exp(-pow(((time-b8_3)/c8_3),2)); 

else 

   irrev = a1_4*exp(-pow(((time-b1_4)/c1_4),2)) +  a2_4*exp(-pow(((time-

b2_4)/c2_4),2)); 

 

source=irrev+rev;//W/m^3 

 

   return source; 

} 
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Heat generation at 1.0C with 4th approximation for entropic term 

/************************************************** ********************* 

UDF for time dependent volumetric heat generation of 18650 cell 

************************************************** **********************/ 

#include "udf.h" 

//qirreversible 

//....................................................................... 

 

//0- 

#define        p1_0  13493 

#define        p2_0  37529  

 

//1-130 

#define        a1_1   4.882e+004   

#define        b1_1        45.27   

#define        c1_1        98.75   

#define        a2_1   5.231e+004   

#define        b2_1        190.8   

#define        c2_1        108.2   

#define        a3_1         2394   

#define        b3_1        33.16   

#define        c3_1        13.04   

#define        a4_1         1853   

#define        b4_1        25.33   
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#define        c4_1        9.029   

#define        a5_1         1344   

#define        b5_1        17.95   

#define        c5_1        7.062   

#define        a6_1         2053   

#define        b6_1        45.36   

#define        c6_1        22.04   

#define        a7_1         4022   

#define        b7_1          210   

#define        c7_1        28.79   

#define        a8_1         9287   

#define        b8_1        5.245   

#define        c8_1        15.45   

//130-1500 

#define        a1_2    6.17e+004   

#define        b1_2         3205   

#define        c1_2         1727   

#define        a2_2   8.454e+004   

#define        b2_2        -1601   

#define        c2_2         2889   

#define        a3_2         5013   

#define        b3_2         1502   

#define        c3_2        209.9   

#define        a4_2         3094   
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#define        b4_2         1906   

#define        c4_2          240   

#define        a5_2         7360   

#define        b5_2         1180   

#define        c5_2        390.7   

#define        a6_2         1292   

#define        b6_2         1677   

#define        c6_2        99.46   

#define        a7_2        848.8   

#define        b7_2        853.5   

#define        c7_2        134.6   

#define        a8_2         1006   

#define        b8_2        585.4   

#define        c8_2        155.4   

//1500-1800 

#define        a1_6   5.904e+004   

#define        b1_6         1468   

#define        c1_6         1094   

#define        a2_6         8962   

#define        b2_6         1976   

#define        c2_6        168.7   

#define        a3_6        657.2   

#define        b3_6         1717   

#define        c3_6        46.18   
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#define        a4_6        493.2   

#define        b4_6         1649   

#define        c4_6        53.48   

#define        a5_6        284.1   

#define        b5_6         1763   

#define        c5_6         26.8   

#define        a6_6        58.39   

#define        b6_6         1582   

#define        c6_6        25.35   

//1800-2500 

#define        a1_5   6.429e+004   

#define        b1_5         2637   

#define        c1_5        704.6   

#define        a2_5         5090   

#define        b2_5         2244   

#define        c2_5          179   

#define        a3_5         2677   

#define        b3_5         2144   

#define        c3_5        112.7   

#define        a4_5         6226   

#define        b4_5         1990   

#define        c4_5          126   

#define        a5_5   4.929e+004   

#define        b5_5         1595   
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#define        c5_5        457.7   

#define        a6_5         1149   

#define        b6_5         1859   

#define        c6_5        70.83   

#define        a7_5       -327.3   

#define        b7_5         1816   

#define        c7_5        55.14   

#define        a8_5        591.3   

#define        b8_5         2087   

#define        c8_5        64.99   

//2500-3500 

#define        a1_3   9.549e+004   

#define        b1_3         3650   

#define        c1_3        129.1   

#define        a2_3   1.191e+004   

#define        b2_3         3471   

#define        c2_3        73.51   

#define        a3_3         5554   

#define        b3_3         3392   

#define        c3_3        72.98   

#define        a4_3         6298   

#define        b4_3         3335   

#define        c4_3        130.1   

#define        a5_3   1.705e+006   
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#define        b5_3   1.253e+004   

#define        c5_3         4211   

#define        a6_3         1459   

#define        b6_3         2880   

#define        c6_3         70.2   

#define        a7_3        287.6   

#define        b7_3         2796   

#define        c7_3           25   

#define        a8_3   6.782e+004   

#define        b8_3         5402   

#define        c8_3         7180   

//3500-3570 

#define        a1_4   2.517e+004   

#define        b1_4         3629   

#define        c1_4        69.24   

#define        a2_4    1.66e+005   

#define        b2_4         3816   

#define        c2_4          531   

 

 

//....................................................................... 

 

DEFINE_SOURCE(heat_gen_1C4,cell,thread) 

{ 
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real entropic_term, rev, irrev, source; 

real time; 

time = CURRENT_TIME; //taking time value; 

 

 

//................................ 

//irreversible 

//irreversible=I(OCV-V)/volume 

if (time <= 1)   

   irrev =p1_0*time + p2_0 ;    

else if (time <= 130)    

   irrev = a1_1*exp(-pow(((time-b1_1)/c1_1),2)) +  a2_1*exp(-pow(((time-

b2_1)/c2_1),2)) + a3_1*exp(-pow(((time-b3_1)/c3_1),2)) + a4_1*exp(-

pow(((time-b4_1)/c4_1),2)) + a5_1*exp(-pow(((time-b5_1)/c5_1),2)) + 

a6_1*exp(-pow(((time-b6_1)/c6_1),2)) + a7_1*exp(-pow(((time-b7_1)/c7_1),2)) 

+ a8_1*exp(-pow(((time-b8_1)/c8_1),2)); 

else if (time <= 1500) 

   irrev = a1_2*exp(-pow(((time-b1_2)/c1_2),2)) +  a2_2*exp(-pow(((time-

b2_2)/c2_2),2)) + a3_2*exp(-pow(((time-b3_2)/c3_2),2)) + a4_2*exp(-

pow(((time-b4_2)/c4_2),2)) + a5_2*exp(-pow(((time-b5_2)/c5_2),2)) + 

a6_2*exp(-pow(((time-b6_2)/c6_2),2)) + a7_2*exp(-pow(((time-b7_2)/c7_2),2)) 

+ a8_2*exp(-pow(((time-b8_2)/c8_2),2)); 

else if (time <= 1800) 

   irrev = a1_6*exp(-pow(((time-b1_6)/c1_6),2)) +  a2_6*exp(-pow(((time-

b2_6)/c2_6),2)) + a3_6*exp(-pow(((time-b3_6)/c3_6),2)) + a4_6*exp(-

pow(((time-b4_6)/c4_6),2)) + a5_6*exp(-pow(((time-b5_6)/c5_6),2)) + 

a6_6*exp(-pow(((time-b6_6)/c6_6),2)) ; 
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else if (time <= 2500)    

   irrev = a1_5*exp(-pow(((time-b1_5)/c1_5),2)) +  a2_5*exp(-pow(((time-

b2_5)/c2_5),2)) + a3_5*exp(-pow(((time-b3_5)/c3_5),2)) + a4_5*exp(-

pow(((time-b4_5)/c4_5),2)) + a5_5*exp(-pow(((time-b5_5)/c5_5),2)) + 

a6_5*exp(-pow(((time-b6_5)/c6_5),2)) + a7_5*exp(-pow(((time-b7_5)/c7_5),2)) 

+ a8_5*exp(-pow(((time-b8_5)/c8_5),2)); 

else if (time <= 3500) 

   irrev = a1_3*exp(-pow(((time-b1_3)/c1_3),2)) +  a2_3*exp(-pow(((time-

b2_3)/c2_3),2)) + a3_3*exp(-pow(((time-b3_3)/c3_3),2)) + a4_3*exp(-

pow(((time-b4_3)/c4_3),2)) + a5_3*exp(-pow(((time-b5_3)/c5_3),2)) + 

a6_3*exp(-pow(((time-b6_3)/c6_3),2)) + a7_3*exp(-pow(((time-b7_3)/c7_3),2)) 

+ a8_3*exp(-pow(((time-b8_3)/c8_3),2)); 

else 

   irrev = a1_4*exp(-pow(((time-b1_4)/c1_4),2)) +  a2_4*exp(-pow(((time-

b2_4)/c2_4),2)); 

 

source=irrev;//W/m^3 

 

   return source; 

} 
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Heat generation at 1.0C for the new battery 

/************************************************** ********************* 

UDF for time dependent volumetric heat generation of 18650 cell 

************************************************** **********************/ 

#include "udf.h" 

//qirreversible 

//....................................................................... 

 

//0-1 

#define       p1_0       5829.9 

#define       p2_0        35957 

//1-130 

#define       a1_1   3.991e+004   

#define       b1_1        67.55   

#define       c1_1        94.58   

#define       a2_1   4.782e+004   

#define       b2_1        215.1   

#define       c2_1        116.3   

#define       a3_1        237.7   

#define       b3_1        66.02   

#define       c3_1        6.578   

#define       a4_1         1155   

#define       b4_1        55.04   

#define       c4_1        12.87   
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#define       a5_1   1.223e+004   

#define       b5_1        23.59   

#define       c5_1        31.16   

#define       a6_1         1422   

#define       b6_1        74.57   

#define       c6_1        18.35   

#define       a7_1        162.1   

#define       b7_1        20.41   

#define       c7_1        1.361   

#define       a8_1         8816   

#define       b8_1       -0.376   

#define       c8_1        18.55   

//130-1500 

#define       a1_2   3.876e+004   

#define       b1_2         1607   

#define       c1_2        393.9   

#define       a2_2   5.062e+004   

#define       b2_2        63.57   

#define       c2_2        471.7   

#define       a3_2   4.723e+004   

#define       b3_2        967.5   

#define       c3_2        535.3   

#define       a4_2         6916   

#define       b4_2          551   
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#define       c4_2        158.4   

#define       a5_2         2653   

#define       b5_2          770   

#define       c5_2        137.6   

#define       a6_2        630.3   

#define       b6_2        646.6   

#define       c6_2        64.85   

#define       a7_2   1.341e+004   

#define       b7_2         1818   

#define       c7_2        175.9   

#define       a8_2         2587   

#define       b8_2        372.2   

#define       c8_2        130.2   

//1500-1800 

#define       a1_6   5.167e+004   

#define       b1_6         1424   

#define       c1_6        304.4   

#define       a2_6         5905   

#define       b2_6         1654   

#define       c2_6        115.3   

#define       a3_6   4.876e+004   

#define       b3_6         1939   

#define       c3_6        282.1   

#define       a4_6         1559   
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#define       b4_6         1746   

#define       c4_6        74.76   

#define       a5_6   1.464e+004   

#define       b5_6         1219   

#define       c5_6        118.2   

#define       a6_6        367.4   

#define       b6_6         1554   

#define       c6_6        57.19   

//1800-2500 

#define       a1_5   5.477e+004   

#define       b1_5         2649   

#define       c1_5        383.3   

#define       a2_5   2.339e+004   

#define       b2_5         2253   

#define       c2_5        235.5   

#define       a3_5   1.499e+004   

#define       b3_5         2054   

#define       c3_5        175.3   

#define       a4_5         6587   

#define       b4_5         1923   

#define       c4_5        133.2   

#define       a5_5   4.604e+004   

#define       b5_5         1511   

#define       c5_5        560.7   
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#define       a6_5        409.9   

#define       b6_5         1864   

#define       c6_5        48.58   

#define       a7_5   1.114e+004   

#define       b7_5         1749   

#define       c7_5        211.4   

#define       a8_5        86.98   

#define       b8_5         2056   

#define       c8_5        34.21   

//2500-3500 

#define       a1_3   7.167e+004   

#define       b1_3         3609   

#define       c1_3        99.48   

#define       a2_3   1.897e+004   

#define       b2_3         3487   

#define       c2_3        106.9   

#define       a3_3   6.175e+004   

#define       b3_3         3377   

#define       c3_3        279.8   

#define       a4_3   2.736e+004   

#define       b4_3         2806   

#define       c4_3        141.8   

#define       a5_3   4.697e+004   

#define       b5_3         2992   
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#define       c5_3        237.2   

#define       a6_3         5742   

#define       b6_3         2735   

#define       c6_3        80.41   

#define       a7_3   2.784e+004   

#define       b7_3         2642   

#define       c7_3        113.1   

#define       a8_3   5.223e+004   

#define       b8_3         2469   

#define       c8_3        160.1   

//3500-3601 

#define       a1_4   6.376e+007   

#define       b1_4         4281   

#define       c1_4        248.4   

#define       a2_4   2.517e+005   

#define       b2_4         4489   

#define       c2_4        967.9   

 

 

//....................................................................... 

//reversible 

 

//0-360 

#define p11 0.1528 
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#define p21 -55.02  

//360-1440 

#define p12 0 

#define p22 0  

//1440-1800 

#define p13 0.08733 

#define p23 -125.8 

//1800-2160 

#define p14 0 

#define p24 31.44  

//2160-2520 

#define p15 0.04367 

#define p25 -62.88   

//2520 

#define p18 0 

#define p28 47.16 

//2520-2880 

#define p16 -0.131 

#define p26 377.3  

//2880-3601 

#define p17 0 

#define p27 0 

//....................................................................... 
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DEFINE_SOURCE(heat_gen_1C5,cell,thread) 

{ 

 

real entropic_term, rev, irrev, source; 

real time; 

time = CURRENT_TIME; //taking time value; 

 

 

//................................................... 

 

//reversible+entropic_term 

//entropic_term is equal to I*entropic_term/volume so only multiplication with T must 

be done to calculate qreversible 

if (time < 360)      

entropic_term = p11*time + p21; 

else if (time <= 1440)    

entropic_term = p12*time + p22; 

else if (time < 1800) 

entropic_term = p13*time + p23; 

else if (time <= 2160) 

entropic_term = p14*time + p24; 

else if (time < 2520) 

entropic_term = p15*time + p25; 

else if (time == 2520) 

entropic_term = p18*time + p28; 
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else if (time < 2880) 

entropic_term = p16*time + p26; 

else   

entropic_term = p17*time + p27; 

 

rev=-(C_T(cell,thread))*entropic_term; 

 

//................................ 

//irreversible 

//irreversible=I(OCV-V)/volume 

if (time <= 1)   

   irrev =p1_0*time + p2_0 ;    

else if (time <= 130)    

   irrev = a1_1*exp(-pow(((time-b1_1)/c1_1),2)) +  a2_1*exp(-pow(((time-

b2_1)/c2_1),2)) + a3_1*exp(-pow(((time-b3_1)/c3_1),2)) + a4_1*exp(-

pow(((time-b4_1)/c4_1),2)) + a5_1*exp(-pow(((time-b5_1)/c5_1),2)) + 

a6_1*exp(-pow(((time-b6_1)/c6_1),2)) + a7_1*exp(-pow(((time-b7_1)/c7_1),2)) 

+ a8_1*exp(-pow(((time-b8_1)/c8_1),2)); 

else if (time <= 1500) 

   irrev = a1_2*exp(-pow(((time-b1_2)/c1_2),2)) +  a2_2*exp(-pow(((time-

b2_2)/c2_2),2)) + a3_2*exp(-pow(((time-b3_2)/c3_2),2)) + a4_2*exp(-

pow(((time-b4_2)/c4_2),2)) + a5_2*exp(-pow(((time-b5_2)/c5_2),2)) + 

a6_2*exp(-pow(((time-b6_2)/c6_2),2)) + a7_2*exp(-pow(((time-b7_2)/c7_2),2)) 

+ a8_2*exp(-pow(((time-b8_2)/c8_2),2)); 

else if (time <= 1800) 

   irrev = a1_6*exp(-pow(((time-b1_6)/c1_6),2)) +  a2_6*exp(-pow(((time-
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b2_6)/c2_6),2)) + a3_6*exp(-pow(((time-b3_6)/c3_6),2)) + a4_6*exp(-

pow(((time-b4_6)/c4_6),2)) + a5_6*exp(-pow(((time-b5_6)/c5_6),2)) + 

a6_6*exp(-pow(((time-b6_6)/c6_6),2)) ; 

else if (time <= 2500)    

   irrev = a1_5*exp(-pow(((time-b1_5)/c1_5),2)) +  a2_5*exp(-pow(((time-

b2_5)/c2_5),2)) + a3_5*exp(-pow(((time-b3_5)/c3_5),2)) + a4_5*exp(-

pow(((time-b4_5)/c4_5),2)) + a5_5*exp(-pow(((time-b5_5)/c5_5),2)) + 

a6_5*exp(-pow(((time-b6_5)/c6_5),2)) + a7_5*exp(-pow(((time-b7_5)/c7_5),2)) 

+ a8_5*exp(-pow(((time-b8_5)/c8_5),2)); 

else if (time <= 3500) 

   irrev = a1_3*exp(-pow(((time-b1_3)/c1_3),2)) +  a2_3*exp(-pow(((time-

b2_3)/c2_3),2)) + a3_3*exp(-pow(((time-b3_3)/c3_3),2)) + a4_3*exp(-

pow(((time-b4_3)/c4_3),2)) + a5_3*exp(-pow(((time-b5_3)/c5_3),2)) + 

a6_3*exp(-pow(((time-b6_3)/c6_3),2)) + a7_3*exp(-pow(((time-b7_3)/c7_3),2)) 

+ a8_3*exp(-pow(((time-b8_3)/c8_3),2)); 

else 

   irrev = a1_4*exp(-pow(((time-b1_4)/c1_4),2)) +  a2_4*exp(-pow(((time-

b2_4)/c2_4),2)); 

 

source=irrev+rev;//W/m^3 

 

   return source; 

} 
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