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   This dissertation focused on prismatic pouch cell lithium ion battery cooling system for Electric vehicles. Instrument studied for measurement and charge the battery cell to fulfil the safety procedure before the experiment. Experiment for a discharge of single cell is made in different discharge C-rate, and looked the temperature and voltage drop over the cell. 3D geometry of the battery was made for thermal model Ansys Fluent. Thermal model (CFD) was studied thermal parameters of the cell during a discharge operation of single cell, cell group and battery module without cooling. A liquid cooling system applied to a cell group battery pack, and investigated thermal result using CFD. A correlation was made for CFD result of cell group without and with cooling.  
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[bookmark: _Toc39434700]1. INTRODUCTION 

  Nowadays, the development in an industrial company for clear energy into various industrial departments is giving a step forward to tackle for the serious energy crisis and environmental pollution in the world. In automotive industry the Electric vehicles would replace as a road transportation which is the Lithium ion battery could play as the power source instead of internal combustion engines (ICE). Electric vehicles are great advantage over conventional ICE vehicles based on their efficiency of drive, environment, maintenance cost and smooth drive. Efficiency of energy converting to drive a vehicle is more productive in electric motors. The driving gear in electric vehicles can be gearless or single gear design to enables a smoother acceleration and braking in the system. Lithium-ion battery is widely used as an energy source in electric vehicles and other different applications in recent years because of its outstanding advantages, such as high specific energy, power densities, excellent coulombic efficiency, low memory effect, long cycle-life and low self-discharge rate. In electric vehicle or a stationary energy storage system the lifetime and reliability are the common factors to perform technical and economic success with the product.
   However, there are many challenges facing to the battery pack of electric vehicles, and these are mainly related to the battery pack, such as battery cost, driving range, reliability, safety, battery capacity, cycle life and recharge time. These most commonly challenges had indicated a need for temperature distribution control inside the battery pack during the operation time of discharging, charging and idling time. The performance of lithium-ion battery pack is significantly affected by the working temperature inside the pack. If the heat generated inside the battery pack is not rejected quickly, the temperature gradient of the battery pack increases and, affects the capacity, performance shortening the service life, and in worst case expose to thermal runway of the battery pack. The heat generated by cells, which are the basic units of the battery modules, need to dissipate for safety and reliability purposes of the modules. The capacity of the battery reduces rapidly at high temperature, while the lifetime and energy output decrease in a cold environment.
   The performance, reliability and lifetime of the Li-ion battery would be increase by controlling the temperature distribution, heat generated over the surface of a cell and designing a significant cooling system to the battery pack (battery thermal management system).
[bookmark: _Toc39434701]1.1 Reasons of battery cooling for electric vehicles

  Thermal management of lithium ion during discharge is critical concern due to lithium ion generate heat inside battery pack during operation. In electric vehicle cooling of a battery pack 
· To enhance the performance of the battery.
· To increase the green technology efficiency.
· To reduce maintenance service cost.
· To investigate the thermal management of the battery.
[bookmark: _Toc39434702]1.2 Aims of Electric vehicle lithium ion battery cooling plate 

The aim of cooling plate for electric vehicle are:
· To held experimental test of the temperature distribution of the pouch cell lithium ion during a discharge process.
· Ansys Fluent finite element analysis of temperature distribution, heat generation and current density of LiNiMnCoO2, cathode material (design a single cell, group of cells and battery module using CAE (Solidworks))
· To ensure the pack operates in the desired temperature range for optimum performance and working life.
· To reduce uneven temperature distribution in the cells.
· To eliminate potential hazards related to uncontrolled temperature like thermal runaway, risk of fire or explosion.
· To maximize the temperature control in the whole package during discharging period.
· To design an efficient cooling plate and reduce the temperature gradient in the battery pack.
· To increase the life span and service life of the battery by manipulating the optimum working temperature of the battery.
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[bookmark: _Toc39434704]2.1 Performance parameters of li-ion battery

  Since 1990s, lithium ion batteries have been used for different electronic devices like phones, cameras and laptops, however their rechargeable nature and high energy density behaviour makes them to use as power source for electric vehicles (Winslow & Laux, 2018).
There are six main terms of parameters for measuring the performance of Li-ion battery (The Boston Consulting Group, 2010):
1. Safety: is the first main issue to concern in electric vehicle batteries. Lithium ion battery is monitored based on the specification from the manufacturer which includes all the caution to be taken. Thermal runaway is caused by an overcharge battery, too-high discharge rates or a short circuit. Thermal runway reduced and monitors by a very efficient cooling system, precise state of charge monitoring and cell-discharge balancing. Comparing with Internal combustion engine battery is needs highly significant safety monitoring system, and it is very important to follow the safety precaution equipment during maintenance. 
2. Life span: life of battery can be measuring by two methods: cycle stability and overall age. Cycle stability is the number of times a battery can be fully charged and discharged before reduced from a full charge state. Overall age is the number of the years that the battery can be run usefully in a working process. The life of the battery depends on the energy storage and energy capacity. Life span can be improved by keeping battery temperatures within the optimum range and battery manufacturing technology.
3. Performance: Li-ion battery performance affects with the weather condition of the environment which is with the change of winter and summer. For these reasons there are heating and cooling for the battery pack, but the performance various with efficiency of the thermal management system.
4. Specific energy: specific energy is the battery capacity for storing energy per kilogram of weight. The specific energy of electric vehicles is very low comparing with gasoline vehicles, which is battery cell has 140 – 170 watt-hours per kilogram (Wh/kg) energy densities, but gasoline has 13,000 Wh/kg. 
5. Specific power: is the power of the battery can deliver output with respect its time of discharge specified. Specific power of the battery is depending on the specific energy of the battery to deliver power (Zhang, et al., 2018).
6.  C-rates: C-rates are parameters used to measure the charge and discharge rates of a battery. The most common charge rates of a batteries are from 0.1 to 1 C, but for discharge rates from 1 to 10 C. C-rates are measured according to the time of charge and discharge held on the battery (Zhang, et al., 2018). 
[bookmark: _Toc39434705]2.2 EFFECT OF TEMPERATURE IN BATTERY PACK

   Battery temperature is the first factor affecting the performance, life of the battery and the current density. This affects when the lithium ion is in operating state (charge or discharge state) which happens due to the electrochemical reaction the internal increases and temperature raises among the cells. The optimum working temperature range in a battery pack is from 20°C to 45°C inside the pack of the battery (Shang, et al., 2019). The temperature distribution difference among the cells inside the battery should be below 5°C (Chen, et al., 2018). The energy storage, cycle life and current density of the cell can be reduced massively when the cell is operated at temperature above 45°C or below 0°C (Saw & Tay, 2015).
  At low temperature which is below 0°C the specific power, energy and current density of a lithium ion reduces significantly. Low temperature affects to the property of electrolytes, the viscosity of the electrolytes increases, but the conductivity reduces (Maa, et al., 2018). Effects of high temperature is more serious than low temperature effects, when the temperature is high a heat generates over the battery pack which is more complicate even for the safety. Heat generation is stated due to the charging and discharging operation of the battery (Maa, et al., 2018).    
  Temperature and stability of a battery are a large influence on the availability of the charging and discharging, cell balancing and charge acceptance during regenerative braking. Performance of a battery pack can be reduced due if the charge and discharge rates were used in different rates and a large variation of temperature occur on the battery pack. Electrical unbalance can happen due to different charge and discharge in operation cycle.
   Battery temperature difference among cells should be kept between 5°C and 10°C but the variation of temperature across the battery pack or battery module should be between 3°C to 5°C (Saw & Tay, 2015). Based on the temperature difference among the module of the battery and cells the power capability can be reduce and unstable. The rate of the internal resistance of a cell depends on the cell temperature. 10°C to 15°C temperature raise among battery cells can be reduce the cell life by 30 to 50% (Kuper, et al., 2009). For reduce and monitor the percentage reduction of the cell life requires an effective cooling system.
[bookmark: _Toc39434706]2.3 BATTERY THERMAL MANAGEMENT SYSTEM

Battery thermal management system is a system which keeps the battery in its optimum working temperature in order to increase the efficiency of the battery capacity and energy density. Electric vehicles are also needed cooling system as the same as Internal combustion engine. Different types of cooling systems would influence the performance and cost of the battery pack thermal management system and the energy storage as well. Battery thermal management system classified in to three types: which are air cooling system, phase change material and liquid cooling system (Chen, et al., 2016).
   Air cooling system is the simplest and cheapest in terms design and price but comparing with liquid cooling system was not as effective as liquid cooling. The heat generated from the battery is removed by forced convection such as directing air-conditioned air or blowing air across the cells (Deng & Zhang, 2018). The disadvantage includes unstable flow rate of cooling air, low cooling performance, noise, non-uniform temperature distribution within batteries and risk of fouling. However, air cooling is most used for small-scale battery pack especially for hybrid vehicles (like Toyota Prius and Honda Insight) (Chen, et al., 2016).
   The phase change materials are expensive to use for battery cooling system as compared with air and water cooling. During the state change from solid to liquid state phase change material can absorb a large amount heat from the battery pack. A uniform temperature distribution can maintain among the battery cells when the temperature is close to the melting point of the phase change, but it has an insufficient thermal stability for long period working (Deng & Zhang, 2018). 
   Liquid cooling systems are more complex than air cooling and phase change material, due to structural design and manufacturing cost. Battery thermal management system of a liquid cooling system can be classified in to direct and indirect liquid cooling. Direct liquid cooling is applied direct cooling to the surface single, but indirect is used fins to remove the heat inside the surface. And can be flows the coolant through the channelled plate for heating or cooling the battery module through the whole section of the battery. The advantages of liquid cooling systems are higher average energy efficiency, higher cooling performance comparing with the other types. Liquid cooling technique is currently useful for lithium ion battery cooling system and used by Chevrolet Volt and Tesla Model S. A123 (Chen, et al., 2016).   
[bookmark: _Toc39434707]2.4 Manufacturing, classification and construction of lithium ion battery cells

  Lithium-ion batteries are classified according their shapes which are cylindrical and prismatic geometry, but prismatic geometry classified according to the housing stability into prismatic hard case and prismatic pouch cell (Schroder & Aydemir, 2016). The difference between prismatic hard case and prismatic pouch cell are the inner structure, separator compound in terms of the material dimension and manufacturing processes (Schroder & Aydemir, 2016).
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[bookmark: _Toc39260688]Figure 2. 1 Shapes of Lithium-ion Battery (a) Cylindrical, (b) prismatic pouch and (c) prismatic Hard-case, (Schroder & Aydemir, 2016).
  Manufacturing process of lithium ion cell is characterized according to the shape of the cell, inner cell structure, compound assembly and packaging (Schroder & Aydemir, 2016). A compound assemble for cylindrical and prismatic hard case consists of uncoiled strip electrode, but prismatic pouch cell consists of single sheets of electrodes. The assembling process for cylindrical and prismatic hard-case cell are by winding the electrode with separator. Prismatic pouch cells are assembled by cutting electrode and separator, folding them and stacking.
Electric vehicles battery (lithium-ion) production cycle steps: (The Boston Consulting Group, 2010).
1. Component production: is the manufacturing process of the anode and cathode active materials, binder, electrolyte and separator
2. Cell production: is the production of the outer shell of the cell which are the copper and aluminium shells, and assembling shells with positive and negative materials, electrolyte and separator to form single cell.
3. Module production: is a production for assembling batteries cells in a module with the electrical connecters. An integrated cell group formed a single battery module, the connection may be series or parallel between cell group depends on construction manufacturer.
4. Pack assembly: is a full battery pack and made by assembling battery modules together. The full battery pack is connected electrically. The full integration of the modules together with systems that manage power, charge and temperature.
5. Vehicle integration: the battery pack is integrated with power train system of the vehicle components, to transmit power to rotational.
6. Use: is the period of the battery in an operation life cycle. Battery capacity life during a charge and discharge cycle.
7. Reuse and recycling: battery can be recycled after the life cycle completed. It can be also reuse again for small scale gadgets.
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[bookmark: _Toc39260689]Figure 2. 2 Nissan leaf (a) Battery Module and (b) Battery Pack for pouch cells, (Greenwood, 2018)
[bookmark: _Toc39434708]2.5 Common lithium ion battery in Electric vehicles

   Lithium ion batteries are classified according to the chemistries of the negative electrode and positive electrode. The negative electrode is made from carbon graphite and the positive electrodes are made from lithium metal oxide. Electric vehicles lithium ion batteries are classified according to the positive electrode metal oxide:
[bookmark: _Toc39434709]2.5.1 Lithium Cobalt oxide (LiCoO2)

  Lithium cobalt oxide batteries are been used for most personal electronics, which was first manufactured by Sony in 1991 (BATTERY UNIVERSITY, 2019). Those batteries are high density and long-life cycle, but they are very reactive due to it reactivity lithium cobalt is poor thermal stability. Cobalt is too expensive, so it is very difficult to use it for electric cars, but Tesla uses them (BATTERY UNIVERSITY, 2019).
                           [image: ]
[bookmark: _Toc39260690]          Figure 2. 3 Lithium Cobalt Oxide specification (The Boston Consulting Group, 2010)


[bookmark: _Toc39434710]2.5.2 Lithium Manganese Oxide (LiMn2O4)  

  Lithium manganese oxide batteries were since early 1980’s, but those batteries are low internal resistance due to that they are fast charge and high current discharge (BATTERY UNIVERSITY, 2019).
  Comparing with lithium cobalt oxide battery, lithium manganese oxide is better thermal stability, but its lower capacity and lifetime. Lithium manganese improved its specific energy and life span by mixing with lithium manganese cobalt oxide (NMC). This battery is used by many Electric vehicle manufacturers such as Nissan Leaf, Chevy Volt and BMW i3 (BATTERY UNIVERSITY, 2019).
                           [image: ]      
[bookmark: _Toc39260691]     Figure 2. 4 Lithium Manganese Oxide specification (The Boston Consulting Group, 2010)    
[bookmark: _Toc39434711]2.5.3 Lithium Iron Phosphate (LiFePO4)   

  At the University of Texas in Austin in 1996, phosphate material was researched to use for positive electrode of lithium ion battery (BATTERY UNIVERSITY, 2019).
  Lithium iron phosphates are a good electrochemical performance with a low resistance, high current rate, long life span and low specific energy (The Boston Consulting Group, 2010). Lithium iron phosphate is a high thermal stability due to the it wide range of temperature operate between 60°C to -30°C, and it is a higher self-discharge, but it can cause a balancing issues with the battery aging (Miao, et al., 2019).
               [image: ]
[bookmark: _Toc39260692]Figure 2. 5 Lithium-ion phosphate specification (The Boston Consulting Group, 2010) 

[bookmark: _Toc39434712]2.5.4 Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2) 

   Lithium nickel manganese cobalt oxide electrodes are a high specific energy due to the nickel and manganese combined to it and high density. By mixing of manganese to the electrochemical electrode it gave a benefit of low internal resistance, but it occurs low specific energy (Miao, et al., 2019). 
   The advantage of combining nickel and manganese (NMC) with low percentage of cobalt to reduce its price, increases the strengths of the electrode and its more suitable for Electric Vehicle powertrains (Miao, et al., 2019). According to the high specific energy and excellent thermal characteristics is type of positive electrode lithium ions are used by many Electric Vehicle manufacturers, such as Nissan Leaf, Chevy Volt and BMW i3 (The Boston Consulting Group, 2010).
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[bookmark: _Toc39260693] Figure 2. 6 Lithium Nickel Manganese Cobalt Oxide specification (The Boston Consulting Group, 2010) 
[bookmark: _Toc39434713]2.5.5 Lithium Nickel Cobalt Aluminium Oxide (LiNiAlO2) 

  Lithium nickel cobalt aluminium oxide was available since 1999 for different electronic applications (Miao, et al., 2019). This type of lithium ion battery is a mix of Nickel, Cobalt and Aluminium, and it gives high specific energy, specific power and long-life span (BATTERY UNIVERSITY, 2019). Lithium nickel cobalt aluminium oxide is not as safe as the other lithium ion, so it recommends a special safety monitoring measurement. Manufacturing cost of lithium nickel cobalt aluminium oxide is expensive, and Tesla is the only Electric vehicle manufacturer company uses them with less percentage of cobalt mixed to produce the battery (Miao, et al., 2019). 
                      [image: ]
[bookmark: _Toc39260694] Figure 2. 7 Lithium Nickel Cobalt Aluminium Oxide specification (The Boston Consulting Group, 2010)

[bookmark: _Toc39434714]3. Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2)

[bookmark: _Toc39434715]3.1 Operation principles of Li-ion Battery

 Lithium-ion is high electrochemical potential which is high tendency to loss electron (lithium has one electrode in its outer shell). It is highly reactive metal even with water and air. A lithium-ion cell contains of three main electrochemical parts in the cell which are the negative composite electrode known as the Anode, separator (with electrolyte) and the positive composite electrode known as the Cathode. The anode is made from the graphite which had a layered structure the layers are bonded; therefore, the lithium ion can be stored easily in the graphite layer. The cathode is the positive side of the cell which was made from metal oxide (Nickel Manganese Cobalt Oxide) (NiMnCoO2). The electrolyte in the separator allowed the lithium-ion to pass through, but not allowed for the electrons.
 During the charging of lithium ion battery, electrons are moved from the metal oxide side (cathode) positive and attracted electrons, and then moved through the external circuit and trapped on the graphite layer. In a certain time, the lithium electrode moved to the graphite side through an electrolyte in this time the cell is fully charged. Which means both electrons and lithium are detached from the cathode. (Hannan, et al., 2018)
   During loading (discharge), electrons moved from a graphite through external circuit to a cathode and the lithium also moved back to a cathode, at this time electric current is flowing. In the process a graphite is just a storage medium for lithium ion (there is no chemical reaction with graphite). The graphite and metal oxide are coded, respectively in copper and aluminium. Both copper and aluminium are a current collect over a foil. Current collectors are easily connected with the negative and positive tab. (Hannan, et al., 2018)
               [image: ]
[bookmark: _Toc39103754]Figure 3. 1 Lithium-ion battery with Anode, cathode separator, liquid electrolyte and electrons during charge and discharge.


[bookmark: _Toc39434716]3.2 Current Flow in a parallel plate electrode of a battery

  A single cell of a lithium ion battery consisted two parallel plate electrodes which are positive and negative electrodes. The cell is an active electrode of the current flow during the charge and discharge among the cells, but the tabs are a passive which collects current from the cell to the external load. During the discharge the current flows perpendicular among the electrodes as shown in figure 3.2 and a current flow in to the negative tab and out from the positive tab to keep the current flow in the cell relative to the capacity of the cell (Kwan, et al., 2006).
         [image: ]
[bookmark: _Toc39103755]                  Figure 3. 2 Current flow in parallel plate electrodes
ip  and in are the linear current density along the length of the positive and negative electrodes respectively (Acm-1). J is the current density (Acm-2) which transfers current along the area of the electrodes through the separator from the negative to positive electrode. Ωp and Ωn are the domain of positive and negative electrodes, respectively, (Kwan, et al., 2006).   
[bookmark: _Toc39434717]3.3 Specification of the battery cell

 The lithium ion battery cell was made from Japan called Kokam cell with a model Number SLPB60255255HR2 pouch cell with net weight 800 g. The dimension of the pouch cell was measured with the tabs size and without the tabs, but the modelling considered including the tabs dimension which was 285 mm the height, 255mm width and 6 mm thickness of the cell.
              [image: ]               
[bookmark: _Toc39103756]             Figure 3. 3 Pouch cell dimension in mm
[bookmark: _Toc39103571]  
Table 3. 1 specification of the battery cell (BGA, 2018)
	Size for the cell body (mm)
Tabs size (mm)
	255*255*6 
30*80 

	Anode material
	Graphite

	Cathode material
	LiMnNiCoO2

	Nominal voltage (V)
	3.7 

	Working charge Temperature
	0 ~ 50°C

	Working discharge Temperature
	-20 ~ 50°C

	Storage Temperature
	-20 ~ 50°C

	Nominal Capacity
	32 Ah

	Recommend charge rate
	0.2 – 0.5 C

	Maximum charge rate
	1 C

	Recommend discharge rate
Internal Resistance 
	10 C
≤1.5 mΩ























[bookmark: _Toc39434718]4. Experiment setup of a pouch single battery cell

    The experimental test for a single pouch cell lithium ion battery was held to figure out the effect over the surface of the cell. The experimental test study took during a discharge of the lithium ion battery, so the task of the experiment was to study the battery temperature distribution and voltage drop during discharge state.
[bookmark: _Toc39434719]4.1 Instrumentation of the experiment

  In the experiment instruments were selected for measuring the temperature, voltage and charging the battery. For measuring temperature used an Infrared laser thermometer, Multimeter for voltage and Reaktor for charging lithium ion battery.  
  Infrared laser thermometer is use for measuring a temperature by detecting the energy emission into infrared spectrum and converts the reading into a temperature and displayed into a small digital LCD screen of the instrument. The infrared is a mode type “SEALEY VS900 Infrared laser digital thermometer”, and the instrument consists of laser pointer, data hold and auto power off. The range of temperature reading for this instrument is from -50 °C to 400 °C.
  Multimeter is an instrument used for voltage reading, this multimeter can be measures AC and DC voltage, resistance, DC current and diode test. In this experiment only need to measure DC voltage, and the range for measuring DC voltage 200 mV to 600 V. The model of the instrument is “Clarke Cdm10c Digital Multimeter”.
   Reaktor (model “Turnigy Reaktor 2 x 300W”) is used for charging different types of lithium ion battery, maximum charging can be up to 4.7 V. Reaktor had a powerful microprocessor which helps for setting different types of battery for charging. An internal cooling fan used in order to protect from overheated if the temperature reaches 55 °C the output power reduced by 25%, but above 60 °C the cycle paused. A reaktor can monitor the battery during charging process and can check internal resistance per-cell of the battery. It has also a reverse polarity, low input voltage, charging capacity and overrun time. (Hobby king, 2020)
[bookmark: _Toc39434720]4.2 Conversion of discharge C-rate of the battery cell

   In the experiment the discharge C-rates of the battery was calculated to determine the power of the pouch cell. Automotive headlight bulbs (NEOLUX H7 N499 12V 55W PX26d) are used to assesses the discharge experiment that a headlight is a voltage 12 V and power 55 W. The below table 4.1 is shown the calculation results of the conversion discharge rate. C-rate calculation depends on a lithium ion discharge rate from 1 C to 10 C and current discharge with respect time. Specification of the pouch cell lithium ion battery was in table 3.1. The determine number of bulbs in each discharge C-rate power would be divide by 55 W (power of the headlight bulb). For 1 C rate two headlight bulbs can be discharge the battery within one hour, 3 C with six number of bulbs and 19.8 minutes (0.33 hour), 5 C with eleven bulbs and 12 minutes (0.2 hour) and 10 with twenty two number of bulbs and six minutes (0.1 hour). The discharge powers in table below were calculated from the capacity of the battery, voltage rate and discharge time per hour. (Power Calculation, 2015)


    
[bookmark: _Toc39103411]Table 4. 1 conversion of discharge rate to number of bulbs
	Discharge C-Rate
	Discharge-Time (h)
	Power (W)
	Number of bulbs

	1 C
	1
	118.4
	2

	3 C
	0.33
	358.79
	6

	5 C
	0.2
	592
	11

	10 C
	0.1
	1184
	22



[bookmark: _Toc39434721]4.3 Experiment for temperature distribution and Voltage drop

   The experiment was carried out using the instruments and conversion of the discharge C-rate mentioned on sections 4.1 and 4.2. In each discharge rate the headlight bulbs are connected in parallel among each other in order to transfer the current equally through the connection. Before the discharge started the battery charged with Reaktor in each discharge rate up to 3.65V. 
   The room temperature during the discharge test was not constant as the experiment tested in an open environment, and it was influenced with ambient temperature and air flow. In the first experiment during 1 C discharge rate of the battery cell the headlight bulbs were connected in parallel to the battery cell, and the test recorded until discharge time one hour. The test recorded, temperature distribution over one side of the battery cell surface and voltage drop. Over one side of the battery cell, blue plastic tapes (shown in figure 4.1) are placed over the surface which were helped to took temperature reading from those surface points and easy evaluate the high region temperature over the surface of the battery cell. The reading for the temperature was used infrared laser thermometer and multimeter for voltage drop. 
  Discharge rate 3 C was followed the same procedure, but the number of bulbs connected in parallel are six and time of discharge 20 minutes. And the same procedure for 5 C and 10 C discharge rate of the battery, but the numbers of the bulbs and discharge time would be taken from the table 4.1. The reading for temperature and voltage was recorded until the specified discharge time of C-rate.
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[bookmark: _Toc39103787] Figure 4. 1 Discharge battery cell with headlight bulbs connected in parallel (a) 1 C (2 bulbs), (b) 3 C (6 bulbs), (c) 5 C (11 bulbs) and (d) 10 C (22 bulbs)
   During 1 C discharge rate, the battery cell discharged for 60 minutes among this time the temperature reading recorded. At the start of discharge temperature was recorded 17.6 °C and the reading carried out by gauging temperature over the surface of the cell in those blue plastic tapes. The maximum temperature was recorded 18.6 °C which was clearly showed the temperature range over the surface 1 °C. The test showed 1 °C temperature range with 1 C discharge that means there was a heat generation over the battery cell surface. The temperature raise during 1 C discharge is shown in the figure 4.2 and voltage drop in figure 4.3.
   Discharge the battery during 3 C, followed the same procedure of recording for over 20 minutes, but at the start of the recording temperature was 18 °C and maximum temperature 20 °C. Temperature range during 3 C discharge was 2 °C. Discharge a battery cell by 5 C recorded for 12 minutes, minimum recorded temperature 18.6 and maximum 21.8 °C. Temperature difference over the surface of the battery cell 3.2 °C. During 10 C discharge of the battery cell a reading for the temperature was for 6 minutes. Temperature during starting the record was 18.6 °C and completed with maximum temperature 24.2 °C, with a range of temperature 5.6 °C. 
   Based on the test, during the discharge test over the battery cell, the experiment looked which position of the battery cell surface would high temperature region, and high region was on top side below the taps on middle region of the taps. According, the test there was a heat generation over the surface of the cell, it requires a cooling for the cell to dissipate the heat from battery cell surface, and a cooling could improve the battery cell current density.   
Note that: the experiment was held on open air, there was an influence of air on the battery cell. Due that reason temperature during discharge was not high as expected, but clearly showed the temperature range.  
       
[bookmark: _Toc39103788]      Figure 4. 2 Temperature distribution during discharge period for single cell
   The experiment for voltage carried out at the same time on a side of temperature with a required discharge of the battery from 1 C to 10 C, and the time of discharge for each C-rate would be the same as temperature. In the experiment, the voltage of the battery cell drops relative to its discharge time. In each of the discharge battery voltage drop from 3.65 V, for 1 C voltage dropped up to 3.51 V, 3 C up to 3.43 V, 5 C up to 3.41 V and for 10 C up to 3.33 V during discharge with relative time. As the discharge rate increases from 1 C to 10 C voltage drops quickly.  
      
[bookmark: _Toc39103789]     Figure 4. 3 Voltage drop during discharge period for single cell



[bookmark: _Toc39434722]5. Governing Equations of thermal model

[bookmark: _Toc39434723]5.1 Transient temperature distribution on battery

  Transient temperature distribution of any cell calculated based on the temperature varies with time as well as position. The variation of temperature explained as T (x, y, z, t), where (x, y, z) showed as the variation in the x-, y-, and z-directions, and t shows the time variation (Cengel, 2015, p. 347).
  The CFD modelling of the battery cell is used the transient temperature distribution process. In transient heat conduction temperature distributed with respect time and position of the cell. The process computed by selection time step over the current flow in the battery cell and solving the temperature in each time step. The time step gives an accuracy to the resulting temperature, the transient calculated by the change in the energy content of the medium with respect to time. Temperature in every single position of the cell determined by the transient type of modelling. Charging and discharging process affected to the distribution of the temperature over the surface of the pouch cell according to electrochemical reaction of the Li-ion. 
[bookmark: _Toc39434724] 5.2 Heat generation for LiNiMnCoO2 Cathode material

The heat generation in the lithium-ion battery cell during electrochemical process during the charging and discharging process can be used by the equation (Abdul-Quadir, et al., 2014):
                				(1)
Where q is the heat generation in the lithium-ion cell, Vo – open circuit voltage, I- applied current over the cell, V – cell voltage and T -temperature of the lithium-ion cell.
  In the equation there were an ohmic heat transfer from the charging and discharging, current transfer, mass transfer shortage and entropic heat generation from the electrochemical reaction. The current flow created energy transfer, but this energy reduced due to the electrochemical polarization. The energy loss converted in to heat during the process.  is the heat generated from the reversible entropy change of the cell electrochemical reactions and  is a heating resulted from the ohmic and other irreversible effects over the battery cell.
 “Entropic heat generation occurred by the entropy change ΔS" (Viswanathan, et al., 2010):
                                          			      (2)
Where n is the number electrons in reaction during the process of charging and discharging, F is the Faraday’s constant number (9.648456*104C/mol), I - the current density (Am-2).
 The entropy change calculated based on the Li+ exchanged reaction during charging and discharging state, the Equation for entropy change (Viswanathan, et al., 2010):
                                     				       (3)
Where E is open circuit potential.
[bookmark: _Toc39434725]5.3 Thermal model of battery Parameters

The thermal model is built by the ANSYS Fluent CFD (finite element analysis) platform loaded by define battery module add-on to the model’s option from the Fluent addon modules. The selected option is ‘Dual-Potential Multi Scale Multi-domain (MSMD)’ battery model. A semi-empirical electrochemical model selected the dual potential of NTGK (Newman, Tiedemann, Gu, and Kim). The parameter in the modelling equations are energy, used defined scalar diffusion for positive and negative tabs (E, uds0 and uds1, respectively). (ANSYS, Inc, 2017, p. 965) 
The current transfer j is calculated by equation below in the model (Ranjbaran & Shojaeefard, 2018):
                                 				(4)
Where a- the surface area of the electrode sheet (cell), φ+ and φ- are the positive phase potential and negative phase potential electrodes. Y and U are the NTGK model parameters calculated by the voltage and current fitting curves of the battery test in the model (Ranjbaran & Shojaeefard, 2018).
                          	            (5)
                         		(6)
where C1 and C2 are constants for NTGK model, an and bn are coefficients along the cell surfaces, Trt is current temperature, Tref is reference temperature (300 K) and DOD is the depth of discharge.
DOD is calculated by: 				(7)
Where Vol is the volume of the pouch cell, and QAh is the nominal capacity of the cell 32 Ah.
















[bookmark: _Toc39434726]6. CFD simulation of lithium ion

[bookmark: _Toc39434727]6.1 Battery construction reference design

  The construction of the battery is taken from “Model 2017 Chevrolet Bolt”, battery pack construction. Battery pack of Chevrolet 2017 is classified into a cell group, battery module and battery section. Each cell group has three single cells connected, and battery module has ten cell groups which are 30 cells connected to each other. (Kelly, 2018)   
[bookmark: _Toc39434728]6.2 Battery cell modelling procedure

Ansys Fluent 19.2 simulation for a battery made of LiNiMnCoO2, cathode material and graphite, Anode material modelling procedure.
[bookmark: _Toc39434729]6.2.1 Solidworks Geometry and Fluent mesh 

1. With a 3D Solid works model is created with the actual size of the cell which is available in the workshop. The design held for single cell, cell group and module of the battery. The gap between each cell for the group cells and module are 7 mm. Single cell made with one active cell, two-tab zones (positive zone and negative zone) and two terminal tabs (positive and negative) (Kelly, 2018). The active zone is the cell wall of the battery and the passive walls are the tab zones.  
Group of battery cell is created with three single cells, six-tab zones (three negative and three positive), two terminal tabs positive and negative, respectively, and two busbars (busbar one connected the first cell negative tab with second cell positive tab, busbar two connected second cell negative with third cell positive) (Kelly, 2018).
Battery module is created with thirty single cells, sixty-tab zones (thirty negative and positive, respectively), two terminal tabs positive and negative, and twenty-nine busbars connected for the full module tab-zones (Kelly, 2018).
[image: ]   [image: ]
	(a)
	(b)



[bookmark: _Toc39103833]   Figure 6. 1 (a) single cell with the parts (n-negative and p-positive terminals indicated) and (b) group cell (three cells in one group cell) and indicated the busbars. 
         [image: ]

[bookmark: _Toc39103834]                  Figure 6. 2 battery module
2. All the parts of the cell are created a 3 D solid geometry for the material.
3. The mesh strategy of the Ansys, the size of the element over all parts of the geometry is 0.002 m. The total number of the element for single cell (52,752) and the nodes (71,812) for the entire geometry. For a group cell the number of the elements and nodes increased due to the size of the geometry increased and the element size is the same as single cell which is 0.002 m (number of elements- 160,176 and number of nodes – 218,388). The mesh size for battery module is also 0.002 m, number of elements – 1,610,400 and number of nodes – 2,197,164. 
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[bookmark: _Toc39103835]Figure 6. 3 (a) single battery mesh, (b) cell group mesh and (c) battery module Mesh
[bookmark: _Toc39434730]6.2.2 Ansys Fluent setup Procedure 

  Setup steps for Ansys Fluent (ANSYS, Inc, 2017, p. 964):
1. The mesh file is the set to step to the Fluent setup based on the input mesh file. The energy and the multi-Scale Multi-Domain (MSMD) are active, with the solver pressure base type, absolute velocity formulation and transient temperature distribution. The selected semi-empirical electrochemical NTGK model method is used for the solver. The nominal cell capacity of the is 32 Ah for the entire modelling and the specified C-rate is used for difference model test to see the parameter output of the cell in single cell, group cell and the entire battery module. The minimum and maximum voltage setup between 3 V to 4.3 V for single cell to see the voltage drop among those values for discharge process.
2. The modelling held during discharge of the battery in all geometry of the process by chosen the C-rate. The recommend C-rate for this lithium ion is 10 C, but the modelling includes from 1 C to 10 C discharge C-rates.
3. Model parameter setting, initial is set zero for the discharge modelling and the data type polynomial method. Y and U coefficients are determined using parameter-estimation-tool by defining the method NTGK and temperature level (300 K). NTGK method files are C-rate curve files which is found in the director of the simulation.
4. Conductive zones are classified in three which are active, tab and busbar components. Active components are the cell body of the battery, tab components are the tab zone of each cell and the busbars are the connectors for each cell negative to positive or positive to negative to flow the current and voltage among them. Both the tab and busbar components are passive zones.
5. Electric contact is the setup of the external connectors and the cell surface contact which are the external connectors set under the negative (tab_n) and positive tab (tab_p). 
6. Material setup- used to select the material for the active cells, tab zones and busbars component. The active components (inside the cell) are assigned from the Aluminium material and, the tabs and busbars are from the copper.   


[bookmark: _Toc39103454]           Table 6. 1 Material properties for Active cell (ANSYS, Inc, 2017, p. 970) 
	Density (kg. m-3)
	2092

	Specific heat capacity (J. (kg)-1. K-1) 
	678

	Thermal conductivity (W. m-1. K-1)
	18.4

	Electrical conductivity (Siemens.m-1)
	3.541*107

	Uds-0 coefficient (kg. m-1. s-1)
	1190000

	Uds-1 coefficient (kg. m-1. s-1)
	983000



[bookmark: _Toc39103455]              Table 6. 2 Material properties for the passive zones (ANSYS, Inc, 2017, p. 971)
	Density (kg. m-3)
	8978

	Specific heat capacity (J. (kg)-1. K-1)
	381

	Thermal diffusivity (W. m-1. K-1)
	387.6

	Electrical conductivity (Siemens.m-1)
Emissivity 
	1*107
0.9



7. Boundary conditions – is the setting up of the thermal properties of the pouch cell battery which is the active cell wall, positive and negative zones walls and busbars walls. The thermal condition is based on the heat transfer coefficient (5 Wm-2K-1) for each wall, the heat transfer along the wall is convection. The heat generation rate is assumed as zero, but the free stream temperature is 300 K (26.85 °C). 
8. The solving initialization is standard method for the entire simulation, with initial temperature 300 K. Running the calculation is set with time step size 30 sec. in each number of time steps, but the number of time steps varies according the input discharge C-rate.
[bookmark: _Toc39434731]6.3 Discharge C-rate simulation for single pouch cell

[bookmark: _Toc39434732]6.3.1 Temperature distribution during discharge C-rate for single cell

 The modelling is during the battery discharging which was during the loading process of the battery. The battery is in a loading time setup with C-rate from 1 C to 10 C, to evaluate the parameters of the cell, but the recommended discharge rate of the battery is 10 C. The minimum stopping voltage is 3 V and the maximum stopping voltage is 4.3 V for a single cell battery and the capacity of the cell 32 Ah. The set of the time step size for the entire model is 30 sec in a single number of time-step (Ranjbaran & Shojaeefard, 2018).
            
[bookmark: _Toc39103836]Figure 6. 4 C-rate discharge model for temperature distribution over the cell
  The figure 6.4 explains the temperature distribution over the surface of a single pouch cell based on the discharge C-rate setup. In 1 C discharge rate the ANSYS model is held at 100 number of time-steps with 30 s. each which means in 3000 seconds the temperate increased by 2.4 °C shown in figure 6.5, so the figure 6.5a shows the temperature over the surface of the cell is in a range between 302.2 K (29.05 °C) to 302.4 K (29.25 °). 
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[bookmark: _Toc39103837] Figure 6. 5 Contour of the temperature distribution over cell surface (a) 1 C and (b) 3 C
  In 3 C discharge rate a peak temperature reached after 38 number of time-steps (1140 s), the maximum temperature was 314.126 K (40.97 °C) which was increased by 14.126 K, but the range of the temperature over the surface of the cell is between 312.3 to 314.1 K. With 5 C discharge rate the maximum temperature reached after 23 number of time-steps (690 s.) and temperature reached 326.01 K that shows increased by 26.01 K. The temperature range among the surface of the cell in 5 C is between 321.7 to 326 K.  Discharge rate 10 C is the recommended C-rate for this battery cell and the temperature maximum reached after 12 number of time-steps (360 s.) and that was 354.87 K (increased by 54.87 K) that means the temperature reached over the discharge working temperature range. The distribution of the temperature over the surface of the cell is ranged between 341 to 354.9 K, that shows the temperature gradient among the cell 13.9 K between the high and low. According, the Ansys modelling the temperature over the surface of the cell varies based on the discharge loading to the cell. At 10 C-rate the temperature required cooling to keep the range of the temperature to its recommended values. The table 6.3 shows the maximum temperature in each C-rate with respect the time in seconds.
	Discharge time (s.)
	C-rate
	Temperature (°C)

	3000
	1 C
	29.254

	1140
	3 C
	40.98

	690
	5 C
	52.86

	360
	10 C
	81.71


[bookmark: _Toc39103456]                     Table 6. 3 Maximum temperature in each discharge rate       
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[bookmark: _Toc39103838]Figure 6. 6 Contour of the temperature distribution over cell surface (a) 5 C and (b) 10 C
[bookmark: _Toc39434733]6.3.2 Voltage Drop during discharge C-rate for single cell

  The voltage of the cell drops during the discharge process, which reduced from the maximum 4.3 V to the minimum 3 V stopping setup. The cell drops its voltage due to losing voltage in discharge process, but this drop depends on the C-rate of discharge. As the temperature increased during a discharge the voltage drops figure 6.7 shows the drop in each C-rate (Ranjbaran & Shojaeefard, 2018). 
             
[bookmark: _Toc39103839]        Figure 6. 7 C-rate discharge model for Voltage drops over the single cell
  The table 6.4 shows voltage drop in 1 C at 100 number of time-steps (3000s.) the voltage dropped to 3.479 V from 4.3 V. By using 3 C, 5C and 10 C the voltage dropped to 3.128 V (in 1140 s.), 3.10 V (in 690 s.) and 2.972 V (in 360 s.), respectively. 
[bookmark: _Toc39103457]            Table 6. 4 Voltage drop with respect time by C-rate            
	Discharge time (s.)
	C-rate
	Voltage (V)

	3000
	1 C
	3.479345901

	1140
	3 C
	3.128164145

	690
	5 C
	3.101054752

	360
	10 C
	2.972026409



  The voltage drop range over the surface of the cell can be vary according to the discharge C-rate the figure 6.8 shows the voltage drop and range of voltage in each C-rate. The voltage of the cell measured in the positive tab zone of the cell.
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[bookmark: _Toc39103840]          Figure 6. 8 Voltage drop contours, over the surface of cell (a) 1 C, (b) 3 C, (c) 5 C and (d) 10 C

[bookmark: _Toc39434734]6.4 Discharge C-rate simulation for pouch cell group

  The discharge rate Ansys modelled in a cell group, there are three cells connected in series and formed group cell (ANSYS, Inc, 2017, p. 1005). 
[bookmark: _Toc39434735] 6.4.1 Temperature distribution during discharge C-rate for Cell Group

  Temperature for a cell group is the temperature distributed over the three cells which are designed in a one cell group. The procedure is the same as the single cell modelling but in group cell the maximum stopping voltage is 12.9 V and the minimum is 9 V. The temperature over the surface of the cells are raises parallel with the loading discharge C-rate, the time size and number time-steps are the same as the single cell. The temperature of the cells increased by a small number over the surface comparing with single cell surface temperature, this is due to the cells increase the variation of the temperature among those cells’ changes. The C-rate discharge measured with a constant amount for single and group cells, that the C-rate specified the temperature distribution over the surface based on the time size is in the same range.
  In figure 6.9 shows the temperature end of the discharge in each C-rate, for 1 C in 3000 s (302.44 K), 3 C in 1140 s (314.39 K), 5 C in 690 s (326.77 K), 10 C in 360 s (357.15 K). Those are the maximum temperatures over the surface of the cells.  
      
[bookmark: _Toc39103841] Figure 6. 9 Temperature distribution during discharge C-rate  
[bookmark: _Toc39103458]  Table 6. 5 Maximum temperature in each C-rate for cell group    
	Discharge time (s)
	C-rate
	Temperature (°C)

	3000
	1 C
	29.29

	1140
	3 C
	41.25

	690
	5 C
	53.623

	360
	10 C
	84



The temperature gradient in the group cell for 1 C is 0.2 K, 3 C (1.8 K), 5C (4.3 K) and 10 C (13.5 K), it is clearly show in figure 6.10 contour temperature distribution figures. 
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[bookmark: _Toc39103842] Figure 6. 10 Temperature contours for group cell discharge (a) 1 C, (b) 3 C, (c) 5 C and (d) 10 C
[bookmark: _Toc39434736]6.4.2 Voltage drops during discharge C-rate for Cell Group

   In a discharge rate the voltage of the battery drops due to the loading perform to the discharge process. The voltage of the group cell is between 12.9 V to 9 V, three cells with 4.3 V maximum and 3 V minimum are connected in series.
   With 1 C discharge rate the voltage drops to 10.44 V in 3,000 s (100 number of time-steps), the voltage reduced by 2.46 V. By 3 C discharge rate the voltage dropped to 9.385 V in 1,140 s (38 number of time-steps), using 5 C voltage dropped to 9.305 V in 690 s (23 number of time-steps) and 10 C voltage dropped to 8.91 V in 360 s (12 number of time-steps). In 10 C the voltage is below the minimum stopping range is happened due to the tolerance of the voltage setting.
    
[bookmark: _Toc39103843]Figure 6. 11 Voltage drop with respect number of time steps
[bookmark: _Toc39103459]   Table 6. 6 Voltage drop with respect time by C-rate     
	Discharge time (s)
	C-rate
	Voltage (V)

	3000
	1 C
	10.43795996

	1140
	3 C
	9.385493647

	690
	5 C
	9.305254597

	360
	10 C
	8.912440353



[bookmark: _Toc39434737]6.5 Discharge C-rate simulation for Battery Module 

   Battery module is a connected of ten group cells which means there are thirty cells connected in number of battery series stages (30) and the number of batteries in parallel per series stage of one (Liu & Liao, 2019).
[bookmark: _Toc39434738]6.5.1 Temperature distribution during discharge C-rate for Battery module

   Temperature of the battery module increase relative to the number of time-steps with the increase of the discharge rate (C-rate) setting from 1 C to 10 C. The position of the high temperature on each cell on the module depends on the geometry of the module and individual cell. Maximum temperature in every discharge rate modelling is very close in a single, group and module, because C-rate calculate the temperature distribution using transient which depends on the number of time-steps to reached temperature raise. But there is small variation temperature among that happened due to the irreversible effect of the heat generated on the cell. 
     
[bookmark: _Toc39103844]Figure 6. 12 Battery module temperature distribution with number of time-steps
In figure 6.13 shows the temperature gradient over the surface of the entire battery module. The range of the temperature increase as the discharge rate increase from 1 C to 10 C.
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Figure 6. 13 Temperature contours for discharge rate battery module (a) 1 C, (b) 3 C, (c) 5 C and (d) 10 C
[bookmark: _Toc39434739]6.5.2 Voltage drops during discharge C-rate for Battery module

There are thirty pouch cells connected with busbars in a series stages which raises the voltage to 129 V maximum voltage and 90 V minimum voltage. The voltage drops during a discharge process from 129 V to 90 V minimum relative to the C-rate and number of time-steps in the process of discharge.    The drop depends on the discharge of the C-rate in 1 C the voltage dropped to 100.89 V after 100 number of time-steps, in 3 C dropped to 90.7 V after 38 number of time-steps, 5 C dropped to 89.97 after 23 number of time-steps and in 10 C dropped to 89.91 V after 12 number of time-steps.   
        
[bookmark: _Toc39103846]        Figure 6. 14 Battery module voltage drop during discharge rate
[bookmark: _Toc39103460]                         Table 6. 7 Voltage drop with respect time in seconds with C-rate    
	Discharge time (s)
	C-rate
	Voltage (V)

	3000
	1 C
	100.89

	1140
	3 C
	90.7

	690
	5 C
	89.97121

	360
	10 C
	89.91



[bookmark: _Toc39434740]6.6 Ansys Fluent Heat generation during discharge of the pouch cell

   The amount of the heat generation calculated on a single cell, group cell and battery module, according the discharge C-rate setup on the model. The heat in the model is calculated based on the total active zone volume of the cell. The temperature of the free stream of the model is 300 K which is the same setting as the above data.
   Ansys calculated the heat generation, heat transferred per volume of the battery. The values in the table below was changed to watt (W), and the heat generation values were in a range of heat generate over the battery. As the discharge rate increased from 1 C to 10 C heat generation range on the surface of the cell increases. Heat generation increases on the cells as number of cells increased, so heat generation raises with increasing discharge rate and cells chain. 
[bookmark: _Toc39103461]Table 6. 8 Heat generate during discharge for single cell, group of cells and battery module 
	C-rate
	Heat generate single cell (W) 
	Heat generate Group of cells (W)
	Heat generate battery module (W)

	1 C
	1.241 - 14.084
	0.808 - 35.1
	0.804 - 42.53

	3 C
	3.043 - 34.892
	1.975 - 49.95
	1.964 - 60.03

	5 C
	8.454 - 93.327
	1.493 -94.282
	1.478 - 102.45

	10 C
	9.21 - 97.44
	5.971 - 94.557
	5.93 - 78.99














[bookmark: _Toc39434741]7. Battery Cooling Plate CFD Ansys Fluent

[bookmark: _Toc39434742]7.1 CFD Thermal Model

   In a battery cooling plate CFD model a group of cells was carried out in order to simplify the iteration of a simulation. A cooling plate designed with same rectangular dimension of the battery with 1 mm thickness, and they were placed in between the battery cells. Heat from the battery cells transferred to sides of cooling plates then from the plate to coolant flow through the channel. In the cooling plate there was one liquid-water cooling channel with one inlet pipe and outlet pipe on each cooling, cooling plates were sandwich-type structure between cells of the group. 
  The model was in one cell group (three batteries connected in a series), in one group cell. There are four cooling plates, showed in figure 7.1. Element size for meshing set 2 mm, number of mesh elements (422,320) and nodes (551208) for cell group including cooling plate.
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[bookmark: _Toc39103855] Figure 7. 1 The cooling channels in cell group (a) Geometery and (b) Mesh 
[bookmark: _Toc39434743]7.2 CFD Thermal Analysis

   Ansys Fluent solver, CFD, was used for analysis the cooling plate of the battery. After designed the geometry of the group cell of battery with cooling plate, boundary condition applied inlet fluid velocity, battery wall heat transfer coefficient, inlet fluid temperature 300 K (26.85 °C), outlet fluid temperature and outlet pressure to the solver. Inlet velocity of the fluid was kept constant through the flow in order to control thermal balance. Table below shows the values of cooling plate parameters, coolant fluid properties (calculated by interpolation method using low 25 °C and high 30 °C values) and boundary conditions. Material property was selected Aluminium for cooling plate, and coolant liquid-water.  
   

[bookmark: _Toc39103472]   Table 7. 1 Cooling plate parameters and coolant properties at 26.85 °C (Cengel, 2015, p. 920), (Cengel, 2015, p. 910)
	Material properties
	Value

	Coolant fluid (Cengel, 2015, p. 920)
	Liquid water

	Coolant conductivity (W .m-1. K-1)
	0.604

	Coolant dynamic viscosity (kg .m-1. s-1)
	0.00092541

	Coolant specific heat (J .m-1. K-1)
	4179.26

	Coolant density (kg .m-3)
	996.63

	Cooling plate material (Cengel, 2015, p. 910)
	Aluminium

	Plate conductivity (W .m-1. K-1)
	237

	Plate specific heat (J. kg-1. K-1)
	903

	Plate density (kg. m-3)
	2702

	Dimensions of cooling plate
	

	Plate length (m)
	0.255

	Plate width (m)
	0.255

	Plate thickness (m)
	0.001

	Boundary conditions 
	

	Heat transfer coefficient (W. m-2. K-1)
	5

	Inlet fluid velocity (m. s-1)
	1

	Inlet temperature (°C)
	26.85

	Outlet pressure (pa)
	0

	Outlet fluid temperature (°C)
	36.85



  The Ansys fluent, CFD, thermal model was simulated for cell group 10 C discharge rate, in the previous section 6.3.1. battery thermal model with outcooling suggested a cooling for 10 C discharge. On that section temperature over the surface of the batteries raised 343.6 K (70.45 °C) to 357.1 K (83.95 °C) from 300 K with temperature gradient 13.5 K (°C). This temperature gradient affects for the battery reliability and current density of the battery. 
  In order to keep the battery efficiency, the cooling plate was simulated during discharge of the cell group with parameters on the table 7.1. The velocity of the inlet fluid was flowed constantly through 10 C discharge. In figure 7.2 shows temperature distribution on the battery cell group with water cooling system, temperature range of the cooling was 300 K (26.85 °C) to 303.37 K (30.22 °C). Temperature gradient of the batteries was 3.37 K over the surface of batteries. (Liu & Liao, 2019)
 
	(a)
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	(b)
	


[bookmark: _Toc39103856]Figure 7. 2 (a) Temperature distribution with cooling (b) temperature contour


















[bookmark: _Toc39434744]8. Discussion of the Results 

 In section 4.3 an experimental test examined for a single cell during a discharge operation, and the experiment represent the expected temperature raise in figure 4.2 and voltage drop in figure 4.3. Depending on this experiment a CFD (Ansys Fluent) model carried out, but the experiment was held in an open environment air affect for the temperature distribution on the cell. In that reason the comparison would be on Ansys Fluent model only.  
[bookmark: _Toc39434745]8.1 Thermal model temperature comparison 

   For the thermal model of battery (dual potential multi-scale multi-dimensional battery model), they were modelled single, group of cells and battery module during a discharge C-rate 1 C to 10 C without cooling, with 32 Ah capacity lithium ion battery. The temperature on the modelling of battery without cooling system showed a high temperature which recommends a cooling system. The lithium ion battery in the model LiNiMnCoO2, recommended a discharge rate 10 C, so for 10 C discharge rate CFD model without cooling temperature distribution over the batteries for cell group was 343.6 K (70.45 °C) to 357.1 K (83.95 °C) from stream temperature 300 K. Temperature gradient reached 13.5 K, but the target was to keep the battery temperature range up to 5 K and working temperature between 20-45 °C.
  Water cooling system was applied for the cooling system of the battery pack. In order to reduce the iteration time and computation one group of battery was studied for the thermal model of the battery and cooling. The thermal model was applied for 10 C for cell group battery discharge rate, with an aluminium cooling plate. Temperature distribution over the batteries after cooling, temperature dropped to 303.37 K (30.22 °C) maximum temperature. With cooling channels batteries temperature gradient was 3.37 K (°C), wall temperature of battery and inlet fluid temperature of 300 K. During a discharge of the batteries without cooling temperature was 357.1 K that temperature reduced to 303.37 K. The working temperature inside the battery pack with cooling was between 26.85 °C – 30.22 °C range which was very reasonable and expected values for cooling plate.     
        
[bookmark: _Toc39103882]   Figure 8. 1 Temperature distribution comparison with and without cooling for 10 C
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[bookmark: _Toc39103883]Figure 8. 2 (a) Temperature distribution over surface of cell group (a) with cooling (b) without cooling 
[bookmark: _Toc39434746]8.2 Magnitude of Current density comparison

   During discharge of the batteries keeping high range for current density over surface of batteries can be increase the reliability of the battery. In the figure below shows the magnitude of current density of the discharge battery without and with cooling for 10 C cell group. During a discharge of the batteries without cooling the magnitude of current density range over the surface of the batteries cells was low, but after cooling the range increased. Increasing magnitude current density with cooling plate increased battery performance during a discharge of the battery.   
[image: ]
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Figure 8. 3 Magnitude of current density over the surface of cell group (A. m-2) (a) with and (b) with out cooling.















[bookmark: _Toc39434747]9. Conclusion

  The study was investigated over a lithium ion battery (LiNiMnCoO2, cathode material, and graphite, Anode material). This prismatic pouch cell was found in (UWTSD, automotive workshop), an experiment was presented to this single cell battery. The experiment was carried out during a discharge of the battery from 1 C to 10 C, and the test was an influence of ambient air, however showed expected result of temperature and voltage drop. The experiment was a clear image for thermal model of the battery.
   A 3D geometry was model for a single cell battery, cell group and battery module with same dimension of battery on workshop by a solidworks (version 2019) and imported to an Ansys Fluent (CFD) (version Ansys 19.2) for thermal model. Governing equations was presented for thermal model of a battery CFD model. CFD model was done over a single cell, cell group and battery module to determine thermal parameters during discharge rate 1 C to 10 C. The battery model on those discharge rates was studied temperature effect on the surface of a cell, voltage drop, current density and heat generation. At 10C discharge rate the battery required a cooling system based on temperature raise and temperature gradient on surface of cell. Battery wall of the temperature set at 300 K (26.85 °C), and after discharge by 10 C temperature raise to 357.1 K (83.95 °C) for cell group and temperature gradient was 13.5 °C. However, the aim is to keep the working temperature between 20 °C to 45 °C, and temperature gradient below 5 °C.
   Due to thermal battery model, required a cooling system for 10 C discharge rate, thermal model was carried out for battery thermal management. 1 mm Aluminium cooling plate was designed for water cooling system to the battery pack. CFD thermal model was presented and determined solution to battery pack. For thermal balance constant inlet velocity of fluid was flowed to the channels of the plate. Results for battery cooling thermal model was much more expected results. Water cooling plate was dissipated the heat from the batteries surface and kept the pack in optimum working temperature. The cooling plate was performed the reliability of the battery and avoids the degradation of the cell.














[bookmark: _Toc39434748]10. Further work

  On the research, there are some areas to expanded for further study. So far have been done the experiment for single cell in an area influenced by the surrounding air, but it was a very clear picture on raise of the temperature during a discharge of the cell. However, further experiment would be suggesting in a closed space without air disturbance by keeping the batteries in a protection cases inside a temperature chamber and the result will be a very tangible.
  In addition to that, the cooling plate was done for cell group with a cooling plate among each battery, the reason was to reduce simulation time. However, for future optimisation of cooling plate by reducing the boundary conditions restriction will be more effective. A research like this would play a massive impact for environmental climate change.   
 
[bookmark: _Toc39434749]11. Pandemic Impact  
      
 With all anexpected happened this dissertation was affected with the pendemic. On the experiment section, it was not done much experiment all the plan for that section affected. With lack of information and material, experiment started in March and carried out first experiment in that period. The plan was to continue experiment in a controlled area rather than open air, and to correlate the experiment with a model.  
 A computitional application for this dissertation was CFD, Ansys Fluent only avaliable in university systems. Basically, the aim was to optimise a cooling plate that means to study number of cooling plate and invesitgate a result. Unfurtunatly, with impact of software the title of the dissertation changed to cooling plate instead of optimisation of cooling plate.
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	Time-steps
	1 C
	3 C
	5 C
	10 C
	Time step
	1 C
	3 C
	5 C
	10 C

	0
	26.85
	26.85
	26.85
	26.85
	0
	4.1219
	4.1219
	4.1219
	4.1219

	1
	26.85
	26.85
	26.85
	26.85
	1
	4.088991
	4.023172
	3.957353
	3.792807

	2
	26.93124
	27.58113
	28.88092
	34.97369
	2
	4.080039
	3.987267
	3.883972
	3.604719

	3
	27.00655
	28.30147
	30.99514
	44.35185
	3
	4.071847
	3.954963
	3.824758
	3.579558

	4
	27.07131
	28.96537
	33.01441
	52.61985
	4
	4.063824
	3.925785
	3.784736
	3.576686

	5
	27.1299
	29.60023
	34.91582
	59.00366
	5
	4.055945
	3.900815
	3.762878
	3.557117

	6
	27.1853
	30.22854
	36.69144
	64.04327
	6
	4.04822
	3.880548
	3.751449
	3.554915

	7
	27.23968
	30.85127
	38.30171
	68.30608
	7
	4.040663
	3.86464
	3.742958
	3.513316

	8
	27.29389
	31.45591
	39.74014
	72.19996
	8
	4.033291
	3.852134
	3.733068
	3.469533

	9
	27.34823
	32.03091
	41.03103
	75.70902
	9
	4.026117
	3.841871
	3.719941
	3.4282

	10
	27.40266
	32.57072
	42.21019
	78.39266
	10
	4.019156
	3.832805
	3.703042
	3.370228

	11
	27.45715
	33.07355
	43.3135
	80.11989
	11
	4.012418
	3.824133
	3.682485
	3.264097

	12
	27.51163
	33.54081
	44.37014
	81.724
	12
	4.005913
	3.815301
	3.658792
	2.972026

	13
	27.56595
	33.9765
	45.40029
	 
	13
	3.999645
	3.805952
	3.632867
	 

	14
	27.61992
	34.38545
	46.41204
	 
	14
	3.993617
	3.795865
	3.605871
	 

	15
	27.67341
	34.77227
	47.39808
	 
	15
	3.987825
	3.784908
	3.578831
	 

	16
	27.72622
	35.14213
	48.33526
	 
	16
	3.982265
	3.773009
	3.551972
	 

	17
	27.77816
	35.49926
	49.19252
	 
	17
	3.976927
	3.760142
	3.524206
	 

	18
	27.82907
	35.84755
	49.94294
	 
	18
	3.9718
	3.746317
	3.493205
	 

	19
	27.87879
	36.19004
	50.57808
	 
	19
	3.966869
	3.731585
	3.455967
	 

	20
	27.92723
	36.52868
	51.11775
	 
	20
	3.962119
	3.716035
	3.409099
	 

	21
	27.97423
	36.86443
	51.61214
	 
	21
	3.957534
	3.699795
	3.347869
	 

	22
	28.01975
	37.19709
	52.14496
	 
	22
	3.953096
	3.683014
	3.261406
	 

	23
	28.06368
	37.52512
	52.86039
	 
	23
	3.948788
	3.665838
	3.101055
	 

	24
	28.10602
	37.84579
	 
	 
	24
	3.944594
	3.648378
	 
	 

	25
	28.14673
	38.15532
	 
	 
	25
	3.940498
	3.63066
	 
	 

	26
	28.1858
	38.44939
	 
	 
	26
	3.936485
	3.612596
	 
	 

	27
	28.22327
	38.72378
	 
	 
	27
	3.93254
	3.593959
	 
	 

	28
	28.25916
	38.97492
	 
	 
	28
	3.928652
	3.574399
	 
	 

	29
	28.29352
	39.20091
	 
	 
	29
	3.924807
	3.553472
	 
	 

	30
	28.32641
	39.40169
	 
	 
	30
	3.920995
	3.530671
	 
	 

	31
	28.35787
	39.5795
	 
	 
	31
	3.917206
	3.505457
	 
	 

	32
	28.38797
	39.73915
	 
	 
	32
	3.913431
	3.477246
	 
	 

	33
	28.41681
	39.88764
	 
	 
	33
	3.909661
	3.445351
	 
	 

	34
	28.44445
	40.03432
	 
	 
	34
	3.905889
	3.408836
	 
	 

	35
	28.47095
	40.19164
	 
	 
	35
	3.902109
	3.366161
	 
	 

	36
	28.49641
	40.37667
	 
	 
	36
	3.898313
	3.314211
	 
	 

	37
	28.5209
	40.61782
	 
	 
	37
	3.894496
	3.244976
	 
	 

	38
	28.54449
	40.97657
	 
	 
	38
	3.890653
	3.128164
	 
	 

	39
	28.56726
	 
	 
	 
	39
	3.886778
	 
	 
	 

	40
	28.58926
	 
	 
	 
	40
	3.882868
	 
	 
	 

	41
	28.61056
	 
	 
	 
	41
	3.878917
	 
	 
	 

	42
	28.63124
	 
	 
	 
	42
	3.874921
	 
	 
	 

	43
	28.65133
	 
	 
	 
	43
	3.870877
	 
	 
	 

	44
	28.6709
	 
	 
	 
	44
	3.866782
	 
	 
	 

	45
	28.69
	 
	 
	 
	45
	3.862631
	 
	 
	 

	46
	28.70867
	 
	 
	 
	46
	3.858421
	 
	 
	 

	47
	28.72696
	 
	 
	 
	47
	3.85415
	 
	 
	 

	48
	28.74492
	 
	 
	 
	48
	3.849815
	 
	 
	 

	49
	28.76258
	 
	 
	 
	49
	3.845413
	 
	 
	 

	50
	28.77997
	 
	 
	 
	50
	3.840941
	 
	 
	 

	51
	28.79713
	 
	 
	 
	51
	3.836398
	 
	 
	 

	52
	28.81409
	 
	 
	 
	52
	3.831782
	 
	 
	 

	53
	28.83087
	 
	 
	 
	53
	3.827089
	 
	 
	 

	54
	28.84749
	 
	 
	 
	54
	3.82232
	 
	 
	 

	55
	28.86398
	 
	 
	 
	55
	3.817473
	 
	 
	 

	56
	28.88035
	 
	 
	 
	56
	3.812546
	 
	 
	 

	57
	28.89661
	 
	 
	 
	57
	3.807539
	 
	 
	 

	58
	28.91277
	 
	 
	 
	58
	3.80245
	 
	 
	 

	59
	28.92883
	 
	 
	 
	59
	3.79728
	 
	 
	 

	60
	28.94479
	 
	 
	 
	60
	3.792027
	 
	 
	 

	61
	28.96065
	 
	 
	 
	61
	3.786692
	 
	 
	 

	62
	28.97639
	 
	 
	 
	62
	3.781274
	 
	 
	 

	63
	28.99201
	 
	 
	 
	63
	3.775773
	 
	 
	 

	64
	29.00748
	 
	 
	 
	64
	3.77019
	 
	 
	 

	65
	29.02276
	 
	 
	 
	65
	3.764523
	 
	 
	 

	66
	29.03785
	 
	 
	 
	66
	3.758772
	 
	 
	 

	67
	29.05269
	 
	 
	 
	67
	3.752937
	 
	 
	 

	68
	29.06725
	 
	 
	 
	68
	3.747017
	 
	 
	 

	69
	29.0815
	 
	 
	 
	69
	3.74101
	 
	 
	 

	70
	29.0954
	 
	 
	 
	70
	3.734916
	 
	 
	 

	71
	29.10889
	 
	 
	 
	71
	3.72873
	 
	 
	 

	72
	29.12194
	 
	 
	 
	72
	3.722452
	 
	 
	 

	73
	29.1345
	 
	 
	 
	73
	3.716077
	 
	 
	 

	74
	29.14652
	 
	 
	 
	74
	3.709601
	 
	 
	 

	75
	29.15796
	 
	 
	 
	75
	3.703019
	 
	 
	 

	76
	29.16879
	 
	 
	 
	76
	3.696327
	 
	 
	 

	77
	29.17898
	 
	 
	 
	77
	3.689518
	 
	 
	 

	78
	29.18848
	 
	 
	 
	78
	3.682584
	 
	 
	 

	79
	29.19728
	 
	 
	 
	79
	3.675519
	 
	 
	 

	80
	29.20536
	 
	 
	 
	80
	3.668315
	 
	 
	 

	81
	29.21273
	 
	 
	 
	81
	3.660963
	 
	 
	 

	82
	29.21936
	 
	 
	 
	82
	3.653454
	 
	 
	 

	83
	29.22528
	 
	 
	 
	83
	3.645779
	 
	 
	 

	84
	29.23048
	 
	 
	 
	84
	3.637928
	 
	 
	 

	85
	29.235
	 
	 
	 
	85
	3.62989
	 
	 
	 

	86
	29.23885
	 
	 
	 
	86
	3.621657
	 
	 
	 

	87
	29.24211
	 
	 
	 
	87
	3.613217
	 
	 
	 

	88
	29.24478
	 
	 
	 
	88
	3.604559
	 
	 
	 

	89
	29.24693
	 
	 
	 
	89
	3.595674
	 
	 
	 

	90
	29.24861
	 
	 
	 
	90
	3.586549
	 
	 
	 

	91
	29.24986
	 
	 
	 
	91
	3.577175
	 
	 
	 

	92
	29.25074
	 
	 
	 
	92
	3.567537
	 
	 
	 

	93
	29.25134
	 
	 
	 
	93
	3.557626
	 
	 
	 

	94
	29.25172
	 
	 
	 
	94
	3.547428
	 
	 
	 

	95
	29.25195
	 
	 
	 
	95
	3.53693
	 
	 
	 

	96
	29.25213
	 
	 
	 
	96
	3.526116
	 
	 
	 

	97
	29.25237
	 
	 
	 
	97
	3.51497
	 
	 
	 

	98
	29.25273
	 
	 
	 
	98
	3.503475
	 
	 
	 

	99
	29.25335
	 
	 
	 
	99
	3.491608
	 
	 
	 

	100
	29.25435
	 
	 
	 
	100
	3.479346
	 
	 
	 




	[bookmark: _Toc39434755]Appendix-C Temperature (°C) for discharge group of cells: section 6.4.1
	[bookmark: _Toc39434756]Appendix-D Voltage (V) Drop for group of cells: section 6.4.2



	time-steps
	1 C
	3 C
	5 C
	10 C
	 Time -steps
	1 C
	3 C
	5 C
	10 C

	0
	26.85
	26.85
	26.85
	26.85
	0
	12.3657
	12.3657
	12.3657
	12.3657

	1
	26.85
	26.85
	26.85
	26.85
	1
	12.26711
	12.06904
	11.87275
	11.37681

	2
	26.99656
	27.60379
	28.90509
	35.20791
	2
	12.24002
	11.96136
	11.65136
	10.81269

	3
	27.05688
	28.33154
	31.02515
	44.54964
	3
	12.21538
	11.8644
	11.47343
	10.73907

	4
	27.11117
	28.99741
	33.03506
	52.72198
	4
	12.19131
	11.7769
	11.3535
	10.72979

	5
	27.16376
	29.6389
	34.96953
	59.26537
	5
	12.16767
	11.70205
	11.28817
	10.67033

	6
	27.21585
	30.28226
	36.79357
	64.53671
	6
	12.1445
	11.64132
	11.25412
	10.66577

	7
	27.26944
	30.92036
	38.45324
	69.05627
	7
	12.12184
	11.59367
	11.22886
	10.54173

	8
	27.32584
	31.53983
	39.94452
	73.22115
	8
	12.09973
	11.55624
	11.19938
	10.41108

	9
	27.382
	32.13054
	41.29067
	77.00599
	9
	12.07822
	11.52552
	11.16017
	10.28685

	10
	27.43796
	32.68654
	42.52634
	79.96459
	10
	12.05734
	11.49839
	11.10964
	10.11128

	11
	27.49368
	33.20585
	43.68589
	82.01855
	11
	12.03714
	11.47243
	11.04813
	9.791342

	12
	27.54909
	33.69032
	44.79629
	84.0042
	12
	12.01763
	11.44599
	10.97723
	8.91244

	13
	27.60417
	34.14332
	45.87667
	 
	13
	11.99884
	11.41799
	10.89962
	 

	14
	27.6592
	34.56931
	46.93384
	 
	14
	11.98076
	11.38778
	10.8188
	 

	15
	27.71387
	34.97281
	47.95932
	 
	15
	11.96339
	11.35495
	10.73779
	 

	16
	27.76784
	35.35868
	48.93106
	 
	16
	11.94672
	11.31929
	10.65724
	 

	17
	27.82091
	35.73066
	49.81955
	 
	17
	11.93071
	11.28073
	10.57388
	 

	18
	27.87301
	36.0921
	50.59802
	 
	18
	11.91534
	11.2393
	10.48073
	 

	19
	27.92392
	36.44584
	51.26024
	 
	19
	11.90055
	11.19514
	10.36886
	 

	20
	27.97349
	36.79397
	51.82859
	 
	20
	11.88631
	11.14854
	10.2282
	 

	21
	28.02166
	37.13727
	52.35296
	 
	21
	11.87256
	11.09985
	10.04459
	 

	22
	28.06833
	37.47564
	52.90966
	 
	22
	11.85925
	11.04954
	9.78552
	 

	23
	28.11346
	37.80776
	53.62275
	 
	23
	11.84633
	10.99804
	9.305255
	 

	24
	28.15698
	38.1312
	 
	 
	24
	11.83375
	10.94568
	 
	 

	25
	28.19887
	38.44249
	 
	 
	25
	11.82147
	10.89253
	 
	 

	26
	28.23913
	38.73763
	 
	 
	26
	11.80943
	10.83833
	 
	 

	27
	28.27779
	39.0127
	 
	 
	27
	11.7976
	10.78241
	 
	 

	28
	28.31485
	39.26442
	 
	 
	28
	11.78594
	10.7237
	 
	 

	29
	28.35039
	39.49104
	 
	 
	29
	11.77441
	10.66088
	 
	 

	30
	28.38443
	39.69289
	 
	 
	30
	11.76298
	10.59245
	 
	 

	31
	28.41701
	39.87227
	 
	 
	31
	11.75161
	10.51678
	 
	 

	32
	28.44823
	40.03403
	 
	 
	32
	11.74029
	10.43213
	 
	 

	33
	28.47812
	40.18484
	 
	 
	33
	11.72898
	10.33644
	 
	 

	34
	28.50677
	40.33312
	 
	 
	34
	11.71767
	10.22691
	 
	 

	35
	28.53425
	40.49025
	 
	 
	35
	11.70633
	10.09891
	 
	 

	36
	28.56062
	40.67163
	 
	 
	36
	11.69494
	9.943136
	 
	 

	37
	28.58595
	40.90371
	 
	 
	37
	11.68349
	9.73557
	 
	 

	38
	28.61029
	41.24598
	 
	 
	38
	11.67196
	9.385494
	 
	 

	39
	28.63371
	 
	 
	 
	39
	11.66034
	 
	 
	 

	40
	28.6563
	 
	 
	 
	40
	11.64861
	 
	 
	 

	41
	28.67811
	 
	 
	 
	41
	11.63675
	 
	 
	 

	42
	28.69919
	 
	 
	 
	42
	11.62477
	 
	 
	 

	43
	28.71958
	 
	 
	 
	43
	11.61264
	 
	 
	 

	44
	28.73941
	 
	 
	 
	44
	11.60035
	 
	 
	 

	45
	28.75868
	 
	 
	 
	45
	11.5879
	 
	 
	 

	46
	28.77739
	 
	 
	 
	46
	11.57527
	 
	 
	 

	47
	28.79561
	 
	 
	 
	47
	11.56245
	 
	 
	 

	48
	28.81339
	 
	 
	 
	48
	11.54945
	 
	 
	 

	49
	28.83076
	 
	 
	 
	49
	11.53624
	 
	 
	 

	50
	28.84778
	 
	 
	 
	50
	11.52283
	 
	 
	 

	51
	28.86448
	 
	 
	 
	51
	11.5092
	 
	 
	 

	52
	28.8809
	 
	 
	 
	52
	11.49535
	 
	 
	 

	53
	28.89707
	 
	 
	 
	53
	11.48127
	 
	 
	 

	54
	28.91303
	 
	 
	 
	54
	11.46696
	 
	 
	 

	55
	28.92879
	 
	 
	 
	55
	11.45242
	 
	 
	 

	56
	28.9444
	 
	 
	 
	56
	11.43764
	 
	 
	 

	57
	28.95985
	 
	 
	 
	57
	11.42262
	 
	 
	 

	58
	28.97516
	 
	 
	 
	58
	11.40735
	 
	 
	 

	59
	28.99035
	 
	 
	 
	59
	11.39184
	 
	 
	 

	60
	29.00541
	 
	 
	 
	60
	11.37608
	 
	 
	 

	61
	29.02035
	 
	 
	 
	61
	11.36007
	 
	 
	 

	62
	29.03519
	 
	 
	 
	62
	11.34382
	 
	 
	 

	63
	29.0499
	 
	 
	 
	63
	11.32732
	 
	 
	 

	64
	29.06448
	 
	 
	 
	64
	11.31056
	 
	 
	 

	65
	29.07893
	 
	 
	 
	65
	11.29356
	 
	 
	 

	66
	29.09319
	 
	 
	 
	66
	11.27631
	 
	 
	 

	67
	29.10724
	 
	 
	 
	67
	11.2588
	 
	 
	 

	68
	29.12104
	 
	 
	 
	68
	11.24104
	 
	 
	 

	69
	29.13455
	 
	 
	 
	69
	11.22302
	 
	 
	 

	70
	29.14773
	 
	 
	 
	70
	11.20473
	 
	 
	 

	71
	29.16054
	 
	 
	 
	71
	11.18618
	 
	 
	 

	72
	29.17294
	 
	 
	 
	72
	11.16734
	 
	 
	 

	73
	29.18487
	 
	 
	 
	73
	11.14821
	 
	 
	 

	74
	29.19631
	 
	 
	 
	74
	11.12878
	 
	 
	 

	75
	29.20721
	 
	 
	 
	75
	11.10904
	 
	 
	 

	76
	29.21754
	 
	 
	 
	76
	11.08896
	 
	 
	 

	77
	29.22725
	 
	 
	 
	77
	11.06853
	 
	 
	 

	78
	29.23633
	 
	 
	 
	78
	11.04773
	 
	 
	 

	79
	29.24473
	 
	 
	 
	79
	11.02653
	 
	 
	 

	80
	29.25245
	 
	 
	 
	80
	11.00491
	 
	 
	 

	81
	29.25949
	 
	 
	 
	81
	10.98285
	 
	 
	 

	82
	29.26583
	 
	 
	 
	82
	10.96033
	 
	 
	 

	83
	29.27147
	 
	 
	 
	83
	10.9373
	 
	 
	 

	84
	29.27648
	 
	 
	 
	84
	10.91374
	 
	 
	 

	85
	29.28088
	 
	 
	 
	85
	10.88963
	 
	 
	 

	86
	29.28463
	 
	 
	 
	86
	10.86492
	 
	 
	 

	87
	29.28774
	 
	 
	 
	87
	10.8396
	 
	 
	 

	88
	29.29024
	 
	 
	 
	88
	10.81363
	 
	 
	 

	89
	29.29216
	 
	 
	 
	89
	10.78697
	 
	 
	 

	90
	29.29356
	 
	 
	 
	90
	10.75959
	 
	 
	 

	91
	29.29447
	 
	 
	 
	91
	10.73146
	 
	 
	 

	92
	29.29496
	 
	 
	 
	92
	10.70255
	 
	 
	 

	93
	29.29508
	 
	 
	 
	93
	10.67281
	 
	 
	 

	94
	29.29493
	 
	 
	 
	94
	10.64222
	 
	 
	 

	95
	29.29457
	 
	 
	 
	95
	10.61072
	 
	 
	 

	96
	29.29408
	 
	 
	 
	96
	10.57828
	 
	 
	 

	97
	29.29357
	 
	 
	 
	97
	10.54484
	 
	 
	 

	98
	29.29316
	 
	 
	 
	98
	10.51035
	 
	 
	 

	99
	29.29296
	 
	 
	 
	99
	10.47475
	 
	 
	 

	100
	29.29312
	 
	 
	 
	100
	10.43796
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	Time-steps
	1 C
	3 C
	5 C
	10 C
	Time-steps
	1 C
	3 C
	5 C
	10 C

	0
	26.85
	26.85
	26.85
	26.85
	0
	123.657
	123.657
	123.657
	123.657

	1
	26.85
	26.85
	26.85
	26.85
	1
	118.5734
	116.6499
	114.7276
	109.9176

	2
	27.02969
	27.62402
	28.96754
	35.33797
	2
	118.3145
	115.611
	112.603
	104.4748

	3
	27.0878
	28.34026
	31.08886
	44.70799
	3
	118.0772
	114.675
	110.8873
	103.7536

	4
	27.14422
	29.00146
	33.08988
	52.90556
	4
	117.8447
	113.8292
	109.7273
	103.6685

	5
	27.19918
	29.64212
	35.01769
	59.44023
	5
	117.6162
	113.1054
	109.0945
	103.0988

	6
	27.25349
	30.28649
	36.83947
	64.70875
	6
	117.3923
	112.5181
	108.7641
	103.0416

	7
	27.30746
	30.92544
	38.49906
	69.23552
	7
	117.1732
	112.0572
	108.5188
	101.8393

	8
	27.36127
	31.54579
	39.9903
	73.39847
	8
	116.9595
	111.695
	108.2329
	100.5735

	9
	27.41499
	32.13707
	41.33667
	77.18375
	9
	116.7515
	111.3978
	107.853
	99.37394

	10
	27.46862
	32.69362
	42.57272
	80.13844
	10
	116.5497
	111.1352
	107.3637
	97.68384

	11
	27.52214
	33.21359
	43.73227
	82.1953
	11
	116.3544
	110.884
	106.7684
	94.59842

	12
	27.57546
	33.69851
	44.84269
	84.18882
	12
	116.1658
	110.6282
	106.0821
	89.91

	13
	27.62853
	34.15188
	45.92285
	 
	13
	115.9841
	110.3573
	105.3312
	 

	14
	27.68124
	34.57806
	46.97979
	 
	14
	115.8094
	110.065
	104.5492
	 

	15
	27.73348
	34.98198
	48.00469
	 
	15
	115.6415
	109.7474
	103.7655
	 

	16
	27.78515
	35.36782
	48.97583
	 
	16
	115.4803
	109.4026
	102.9867
	 

	17
	27.83613
	35.73982
	49.86312
	 
	17
	115.3256
	109.0296
	102.181
	 

	18
	27.88631
	36.10126
	50.64029
	 
	18
	115.1769
	108.6289
	101.281
	 

	19
	27.93559
	36.45508
	51.30151
	 
	19
	115.034
	108.2019
	100.2002
	 

	20
	27.98386
	36.80313
	51.86873
	 
	20
	114.8963
	107.7511
	98.84073
	 

	21
	28.03104
	37.1463
	52.39167
	 
	21
	114.7634
	107.2803
	97.06574
	 

	22
	28.07705
	37.48453
	52.94723
	 
	22
	114.6347
	106.7938
	94.55968
	 

	23
	28.12182
	37.81651
	53.66068
	 
	23
	114.5098
	106.2958
	89.97121
	 

	24
	28.1653
	38.13976
	 
	 
	24
	114.3883
	105.7895
	 
	 

	25
	28.20744
	38.45087
	 
	 
	25
	114.2695
	105.2757
	 
	 

	26
	28.24824
	38.74581
	 
	 
	26
	114.1532
	104.7517
	 
	 

	27
	28.28764
	39.02066
	 
	 
	27
	114.0388
	104.2111
	 
	 

	28
	28.32566
	39.27218
	 
	 
	28
	113.9261
	103.6436
	 
	 

	29
	28.3623
	39.49861
	 
	 
	29
	113.8146
	103.0365
	 
	 

	30
	28.39758
	39.69998
	 
	 
	30
	113.7041
	102.375
	 
	 

	31
	28.43151
	39.87911
	 
	 
	31
	113.5942
	101.6436
	 
	 

	32
	28.46412
	40.04035
	 
	 
	32
	113.4847
	100.8254
	 
	 

	33
	28.49546
	40.1908
	 
	 
	33
	113.3754
	99.90033
	 
	 

	34
	28.52555
	40.33878
	 
	 
	34
	113.2661
	98.84145
	 
	 

	35
	28.55445
	40.4954
	 
	 
	35
	113.1564
	97.60391
	 
	 

	36
	28.58219
	40.67666
	 
	 
	36
	113.0464
	96.09767
	 
	 

	37
	28.60883
	40.90908
	 
	 
	37
	112.9357
	94.09045
	 
	 

	38
	28.63443
	41.25189
	 
	 
	38
	112.8242
	90.70458
	 
	 

	39
	28.65903
	 
	 
	 
	39
	112.7119
	 
	 
	 

	40
	28.68269
	 
	 
	 
	40
	112.5985
	 
	 
	 

	41
	28.70546
	 
	 
	 
	41
	112.4839
	 
	 
	 

	42
	28.7274
	 
	 
	 
	42
	112.368
	 
	 
	 

	43
	28.74856
	 
	 
	 
	43
	112.2508
	 
	 
	 

	44
	28.769
	 
	 
	 
	44
	112.132
	 
	 
	 

	45
	28.78878
	 
	 
	 
	45
	112.0116
	 
	 
	 

	46
	28.80793
	 
	 
	 
	46
	111.8895
	 
	 
	 

	47
	28.82651
	 
	 
	 
	47
	111.7657
	 
	 
	 

	48
	28.84457
	 
	 
	 
	48
	111.64
	 
	 
	 

	49
	28.86215
	 
	 
	 
	49
	111.5123
	 
	 
	 

	50
	28.8793
	 
	 
	 
	50
	111.3826
	 
	 
	 

	51
	28.89607
	 
	 
	 
	51
	111.2509
	 
	 
	 

	52
	28.91247
	 
	 
	 
	52
	111.117
	 
	 
	 

	53
	28.92855
	 
	 
	 
	53
	110.9809
	 
	 
	 

	54
	28.94436
	 
	 
	 
	54
	110.8426
	 
	 
	 

	55
	28.9599
	 
	 
	 
	55
	110.702
	 
	 
	 

	56
	28.97523
	 
	 
	 
	56
	110.5592
	 
	 
	 

	57
	28.99034
	 
	 
	 
	57
	110.4139
	 
	 
	 

	58
	29.00526
	 
	 
	 
	58
	110.2664
	 
	 
	 

	59
	29.02001
	 
	 
	 
	59
	110.1164
	 
	 
	 

	60
	29.03459
	 
	 
	 
	60
	109.9641
	 
	 
	 

	61
	29.04902
	 
	 
	 
	61
	109.8094
	 
	 
	 

	62
	29.0633
	 
	 
	 
	62
	109.6522
	 
	 
	 

	63
	29.07742
	 
	 
	 
	63
	109.4927
	 
	 
	 

	64
	29.09138
	 
	 
	 
	64
	109.3308
	 
	 
	 

	65
	29.10517
	 
	 
	 
	65
	109.1664
	 
	 
	 

	66
	29.11878
	 
	 
	 
	66
	108.9997
	 
	 
	 

	67
	29.13217
	 
	 
	 
	67
	108.8304
	 
	 
	 

	68
	29.14535
	 
	 
	 
	68
	108.6587
	 
	 
	 

	69
	29.15827
	 
	 
	 
	69
	108.4845
	 
	 
	 

	70
	29.17092
	 
	 
	 
	70
	108.3078
	 
	 
	 

	71
	29.18325
	 
	 
	 
	71
	108.1284
	 
	 
	 

	72
	29.19524
	 
	 
	 
	72
	107.9463
	 
	 
	 

	73
	29.20686
	 
	 
	 
	73
	107.7614
	 
	 
	 

	74
	29.21807
	 
	 
	 
	74
	107.5736
	 
	 
	 

	75
	29.22883
	 
	 
	 
	75
	107.3827
	 
	 
	 

	76
	29.23911
	 
	 
	 
	76
	107.1886
	 
	 
	 

	77
	29.24889
	 
	 
	 
	77
	106.9911
	 
	 
	 

	78
	29.25812
	 
	 
	 
	78
	106.79
	 
	 
	 

	79
	29.26679
	 
	 
	 
	79
	106.5851
	 
	 
	 

	80
	29.27486
	 
	 
	 
	80
	106.3762
	 
	 
	 

	81
	29.28233
	 
	 
	 
	81
	106.1629
	 
	 
	 

	82
	29.28917
	 
	 
	 
	82
	105.9452
	 
	 
	 

	83
	29.29537
	 
	 
	 
	83
	105.7226
	 
	 
	 

	84
	29.30092
	 
	 
	 
	84
	105.4948
	 
	 
	 

	85
	29.30584
	 
	 
	 
	85
	105.2617
	 
	 
	 

	86
	29.31012
	 
	 
	 
	86
	105.0229
	 
	 
	 

	87
	29.31378
	 
	 
	 
	87
	104.7782
	 
	 
	 

	88
	29.31683
	 
	 
	 
	88
	104.5271
	 
	 
	 

	89
	29.3193
	 
	 
	 
	89
	104.2694
	 
	 
	 

	90
	29.32123
	 
	 
	 
	90
	104.0047
	 
	 
	 

	91
	29.32263
	 
	 
	 
	91
	103.7328
	 
	 
	 

	92
	29.32357
	 
	 
	 
	92
	103.4534
	 
	 
	 

	93
	29.32409
	 
	 
	 
	93
	103.1659
	 
	 
	 

	94
	29.32424
	 
	 
	 
	94
	102.8701
	 
	 
	 

	95
	29.32409
	 
	 
	 
	95
	102.5657
	 
	 
	 

	96
	29.3237
	 
	 
	 
	96
	102.252
	 
	 
	 

	97
	29.32318
	 
	 
	 
	97
	101.9288
	 
	 
	 

	98
	29.32258
	 
	 
	 
	98
	101.5954
	 
	 
	 

	99
	29.322
	 
	 
	 
	99
	101.2513
	 
	 
	 

	100
	29.3216
	 
	 
	 
	100
	100.8956
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	Time (minutes)
	Temperature (°C) With cooling 10 C

	0
	26.85

	0.5
	26.85

	1
	28.73834812

	1.5
	29.57599151

	2
	30.20712308

	2.5
	30.21361044

	3
	30.10896528

	3.5
	30.10535279

	4
	30.22743913

	4.5
	30.34647579

	5
	30.41818502

	5.5
	30.25915496

	6
	30.21688261


 

Experimental temperature distribution over discharge single pouch cell

1 C	0	1.5	3	4.5	5	6	9	10	12	15	20	30	45	60	17.600000000000001	17.600000000000001	17.600000000000001	17.62	17.64	17.66	17.68	17.7	17.760000000000002	17.8	17.86	18	18.3	18.600000000000001	3 C	
0	1.5	3	4.5	5	6	9	10	12	15	20	30	45	60	18	18.2	18.399999999999999	18.5	18.600000000000001	18.8	19	19.2	19.399999999999999	19.600000000000001	20	5 C	
0	1.5	3	4.5	5	6	9	10	12	15	20	30	45	60	18.600000000000001	19	19.8	20	20.2	20.399999999999999	21	21.4	21.8	10 C	
0	1.5	3	4.5	5	6	9	10	12	15	20	30	45	60	18.600000000000001	19.8	22	23.2	23.6	24.2	Discharge time (minutes)


Temperature (°C)




Voltage drop for single cell

1 C	0	1.5	3	4.5	5	6	9	10	12	15	20	30	45	60	3.65	3.65	3.64	3.64	3.63	3.62	3.62	3.61	3.61	3.6	3.58	3.56	3.54	3.51	3 C	0	1.5	3	4.5	5	6	9	10	12	15	20	30	45	60	3.65	3.64	3.63	3.62	3.6	3.58	3.54	3.51	3.48	3.46	3.43	5 C	0	1.5	3	4.5	5	6	9	10	12	15	20	30	45	60	3.65	3.58	3.53	3.52	3.51	3.49	3.45	3.43	3.41	10 C	0	1.5	3	4.5	5	6	9	10	12	15	20	30	45	60	3.65	3.51	3.46	3.4	3.35	3.33	Discharge time (minutes)


voltage (v)




Single cell discharge temperature distribution C-rate

1 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000068007	26.931236882410019	27.006547585286	27.071309952445006	27.129902180219005	27.185295948947044	27.239675714490033	27.29389385679201	27.348233622990051	27.402661525148005	27.457148178791044	27.511627520934042	27.565947180595003	27.619920891912045	27.673406053648023	27.726215090228038	27.778156098548038	27.829065892727044	27.878793698897027	27.927227929688001	27.974233984923046	28.019751645310009	28.063682166500996	28.106021035134006	28.14672689131703	28.185801609085047	28.22326906193905	28.259161716888002	28.293523326337038	28.326407055580034	28.357868788727046	28.387974953497007	28.416811885952029	28.444445215666008	28.470948988806015	28.496409630642006	28.52090227088604	28.544490144563042	28.567256096638005	28.589261916742998	28.610560122512027	28.631239615192044	28.651331574262031	28.67090013601802	28.69000020081404	28.708667590684001	28.726963369282032	28.744915802919024	28.762582240707047	28.779971592235995	28.797132646208013	28.814094095018049	28.830872123872041	28.847493194575009	28.863978737162995	28.880345187350997	28.896607231229041	28.91276687553102	28.928827235905999	28.944788843255026	28.96064810672101	28.976394748703001	28.992011065387999	29.007476023091044	29.022763527313032	29.03784603176905	29.052688094006044	29.067253367491048	29.081503422660035	29.095397511260046	29.108893865979041	29.121942506554035	29.134499419549002	29.14652000632401	29.157961402558044	29.16879124496603	29.178976511419023	29.188481861376033	29.197284680526025	29.205362826452017	29.212733245022036	29.219362695024017	29.225275293549998	29.230475538442022	29.234996274971024	29.238854369067042	29.242111057237025	29.244784706112	29.246931535129022	29.248607649830035	29.249857272202007	29.250744260956026	29.251344987046025	29.251719422180031	29.251952757277024	29.252134916648004	29.252367234611029	29.252732414643049	29.25334937037502	29.254351597383049	3 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000068007	27.581131942162017	28.301466558577033	28.965365404505008	29.600225843298006	30.228538511560998	30.851268633025029	31.455910240654021	32.030912144176	32.570720832185032	33.073547973018037	33.54080999604605	33.976503799241016	34.385450065642999	34.77226722195303	35.142127294832051	35.499258715833037	35.847551260260047	36.190042034605995	36.528675679177013	36.864434913015998	37.197087469083044	37.525117930458009	37.845785669967995	38.155321047508039	38.449393635869001	38.723779473436025	38.974923391642051	39.200907308185037	39.401685643099029	39.57950334109205	39.739153681820028	39.887643352213047	40.034317679261051	40.191636496560022	40.376673643608001	40.617815276238048	40.976567199292049	5 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000068007	28.880922061920046	30.995144025428999	33.01440641753203	34.915822223008036	36.691436494530024	38.30170601797704	39.740140582593995	41.031025276234004	42.210194923603012	43.313495615638033	44.370139369067999	45.400288572221996	46.412035262272013	47.398083367291008	48.33525667174905	49.192516191267032	49.942936822206036	50.578079343857041	51.117745459766013	51.61213633112601	52.144956755823046	52.86038727168102	10 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000068007	34.973688248802034	44.351854630898004	52.619851958272022	59.003662534779039	64.043272092036034	68.306079923855009	72.199963888263028	75.709022723091039	78.392660802430044	80.119889275992023	81.724002849188025	Number of time-steps


Temperature (°C)




Single cell Voltage drop for C-rate discharge

1 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	4.1219000946858602	4.0889907652312001	4.0800388302453401	4.0718467785124197	4.06382401326234	4.0559447803141397	4.0482197844332299	4.0406633946270496	4.0332910070187804	4.0261172218639096	4.01915582485407	4.0124181289177203	4.0059128191115496	3.9996452612815401	3.9936166675555498	3.98782527036676	3.9822651878374602	3.9769273589020702	3.97180002056357	3.9668690958526498	3.9621191840621099	3.9575336792476201	3.9530955052223198	3.9487877599705699	3.9445937916284901	3.94049778703996	3.93648463762228	3.9325402718605398	3.92865157909839	3.9248066004753399	3.9209948581140202	3.91720575412117	3.9134305115483699	3.9096610291664202	3.90588939912123	3.9021087353089099	3.8983127669297999	3.8944960901536501	3.8906529371601102	3.88677825593237	3.8828677252625101	3.8789166329656002	3.87492117859576	3.87087741756923	3.86678181388042	3.8626308148560802	3.8584213625827801	3.85415044863145	3.8498151235226001	3.8454129676773001	3.8409414563474802	3.8363982520239399	3.8317816278532302	3.8270894589306299	3.8223203042700198	3.8174729670978702	3.8125459909067301	3.8075386334797199	3.8024501109629898	3.79727963557729	3.79202700906926	3.7866919393539602	3.7812741068806801	3.7757734218354799	3.7701898132171601	3.7645227176271798	3.7587721602533501	3.7529372451470899	3.7470170234377602	3.74101043319419	3.7349155628217798	3.72873029836465	3.72245175532619	3.7160766297932102	3.7096008973844099	3.7030193388849701	3.6963271121871202	3.6895176790498998	3.6825841507175201	3.6755194210342599	3.6683150610254098	3.6609630959325199	3.6534540795711599	3.64577889041903	3.6379277451315	3.6298901156882999	3.6216566135439998	3.6132167099511898	3.6045592424183499	3.5956736493859802	3.5865494128436999	3.57717472579322	3.5675373052223298	3.5576264270252298	3.5474281221834301	3.5369295442328799	3.5261157182246099	3.51497036730099	3.50347474752403	3.49160820869939	3.47934590132515	3 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	4.1219000946858602	4.0231721062935097	3.9872665136009999	3.95496306151556	3.9257849201294199	3.90081462784162	3.8805484848038798	3.8646396689336502	3.8521337039559	3.8418712808022399	3.8328054711438799	3.8241331252886699	3.81530105222321	3.80595222787553	3.7958651388323998	3.7849083859408301	3.77300944425938	3.76014204968893	3.74631711057526	3.7315846739996101	3.7160354363016102	3.6997953503374701	3.6830136675667702	3.6658379073368499	3.64837760781043	3.6306603658382102	3.6125955862403201	3.59395921214883	3.5743992202804802	3.55347217199669	3.5306711422089299	3.5054569363750598	3.4772457018282998	3.4453514116474899	3.4088362570326001	3.3661610965112398	3.3142107432983399	3.2449764589342598	3.1281641453692499	5 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	4.1219000946858602	3.9573534473558598	3.8839720785654599	3.82475767636158	3.7847360959129599	3.7628777063139802	3.7514486738520501	3.7429577614710201	3.7330681244333701	3.7199405884976899	3.7030424327682798	3.6824848770006602	3.65879162858444	3.6328666546155799	3.6058707018479401	3.5788307182483998	3.5519724482579802	3.5242061808616101	3.49320456511713	3.4559666453254798	3.40909941914162	3.3478693246924101	3.2614061386215298	3.10105475194894	10 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	4.1219000946858602	3.7928068000119599	3.60471911818862	3.5795584113215502	3.5766859491575	3.55711687335722	3.5549145693767299	3.51331555821554	3.4695328952184599	3.42820007970125	3.3702275633163801	3.2640970109182401	2.97202640858898	Number of time-steps


Voltage (V)




Cell group  discharge C-rate temperature distribution  

1 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000002012	26.996563431344043	27.056881932009048	27.111169841212018	27.163757831872999	27.215847541172025	27.269439439494022	27.325839809158026	27.381998768629046	27.437959003817014	27.493676368748027	27.54909121166304	27.604168522194016	27.659202315432026	27.713870072736029	27.767835639259999	27.820911760421041	27.873010839249048	27.923916488100019	27.973486286638035	28.021655191924026	28.068331145776995	28.113458181016995	28.156976554355026	28.198867284130017	28.239132630279016	28.277785194120042	28.314851293507047	28.350389957962022	28.384425794652032	28.417008720615001	28.448231929264011	28.47812126293303	28.506767952471023	28.534254959256998	28.560622930351997	28.585952757988025	28.610292129466018	28.633714164546006	28.65629555492103	28.678109778836017	28.699185537474023	28.71958188232901	28.739413997745032	28.758677390033029	28.777392222680021	28.795614615547038	28.813385339578019	28.83076213083001	28.847776015050044	28.864476084214004	28.880896848540999	28.897071448462043	28.913030008830049	28.928794619604048	28.944395501875022	28.959846916405013	28.975160955524018	28.990346438104041	29.00540607175401	29.020354431759017	29.035188989429003	29.049903746532038	29.064478931123006	29.07892520940004	29.093193884108018	29.107243503807013	29.121035115509017	29.134546865852997	29.147731578582011	29.160540407538008	29.172935696032027	29.184872906933037	29.196311481573048	29.207212793420013	29.21753828333101	29.227252854819994	29.23632746644904	29.244734220170017	29.252453415311038	29.25949476504104	29.265825672851008	29.271471682733022	29.276481361011008	29.28088408137404	29.284634734894041	29.287743804803995	29.29023835716805	29.292164167281044	29.293556492755044	29.294470752985035	29.294956157529043	29.295082832264995	29.294928427102036	29.29456682152005	29.294079321574031	29.293567758105041	29.293155860613012	29.292959646867018	29.293117896375009	3 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000003035	27.603789969088041	28.331535179516038	28.997410748441041	29.638901560868021	30.282263625808014	30.92036146216401	31.539829992220007	32.130535127702046	32.686536401423041	33.205852543941035	33.690323206819016	34.143322534565016	34.569312538182999	34.972805952884016	35.358683582063009	35.730655137658005	36.092104038004038	36.445842540678029	36.793967846797045	37.137269323162002	37.475641400276004	37.807764221531045	38.131199562782001	38.442489680383005	38.737629608447037	39.012697209402006	39.264417868712997	39.491044952199047	39.692893823887005	39.872265522013038	40.034032364188022	40.184842871872036	40.333119019430001	40.490251598597013	40.671632670486019	40.903707282823007	41.245984077327023	5 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000002012	28.905085485005998	31.025152093577049	33.035057957911022	34.969532058410039	36.793565169876047	38.453239715340999	39.944521239212008	41.290666447390038	42.526343577706029	43.685886190147016	44.796291361233045	45.876668237130048	46.933835622756021	47.959320883932037	48.931059321289013	49.819554330724031	50.598015739455036	51.260241168746006	51.82859302780605	52.352964498391032	52.909662902592004	53.622754409934998	10 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000003035	35.207906522667031	44.549636361913997	52.721981637270005	59.265368613117005	64.536709594617037	69.056265837057026	73.221150992153014	77.005990515527003	79.964585779328047	82.018546590667995	84.004195437280032	Number of time -steps


Temperature (°C)




Cell group voltage drop discharge C-rate 

1 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	12.3657033691688	12.267112551318	12.240020300281101	12.2153807512457	12.1913085492105	12.1676730072037	12.144504788626101	12.1218426615951	12.099733588068499	12.0782191235581	12.057342929734	12.0371389210764	12.017629920202401	11.9988355347443	11.980759170095199	11.963391871232499	11.9467196505749	11.9307135617669	11.915338221048	11.9005523215954	11.886308276598299	11.872557484922201	11.859248688740401	11.846330061767199	11.833753198116201	11.8214690700809	11.8094333751982	11.797603316098201	11.7859408923125	11.7744092656057	11.762975766828999	11.7516108302075	11.740287056484	11.728979742297501	11.717665929641701	11.706325211767901	11.6949391125821	11.6834892897124	11.6719603117779	11.660336619904101	11.648605528252901	11.636752794818401	11.624766616905299	11.6126354003018	11.600348528085901	11.587895766329201	11.5752668915508	11.562454359468299	11.549447947568099	11.5362414269869	11.5228261324334	11.5091967000702	11.4953462472371	11.4812693969848	11.466962277950801	11.4524191431702	11.4376375953766	11.422615155620701	11.4073488316793	11.3918376626686	11.3760776586745	11.360072315195801	11.343818074794999	11.327315673646501	11.310563282597	11.2935621464605	11.2763084400541	11.258802696290401	11.2410410069284	11.223019591290701	11.204733898887101	11.1861763342333	11.167339547759701	11.1482127645238	11.128783200215301	11.109037037412399	11.088958042007301	11.068527542308599	11.0477252259551	11.0265284497987	11.004913136313	10.9828547153604	10.960325484796	10.937296933296199	10.913740943886101	10.8896269011399	10.864923541206901	10.839600553497	10.8136260753492	10.7869674422438	10.7595909744128	10.731464056039901	10.702551058590201	10.6728142973191	10.642218894227501	10.610720595238901	10.5782771078634	10.5448383368009	10.510349640217299	10.474747281728799	10.437959956055	3 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	12.3657033691688	12.069036158214599	11.961362503318901	11.864396018762699	11.776895945395401	11.702048284203	11.6413212632943	11.5936735276495	11.5562352093709	11.5255207083099	11.498390250337	11.4724338571705	11.445991149891601	11.4179930949492	11.387776294462	11.3549476550542	11.319292115801501	11.2807312820434	11.2392969058329	11.195142511885001	11.1485352461878	11.0998532657184	11.049542227491999	10.998041111799401	10.945679329355199	10.892534215303501	10.8383330312087	10.782405728937199	10.7236990193626	10.6608832265873	10.592449583113099	10.5167800499744	10.432130889795401	10.336440393753801	10.2269096205371	10.0989117253204	9.9431359946686406	9.7355702280264609	9.3854936472700103	5 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	12.3657033691688	11.8727492797418	11.6513571945294	11.473432511944701	11.353503415150801	11.2881662122108	11.254119407760999	11.2288606192147	11.199381000676601	11.1601696237962	11.1096359877269	11.0481260255566	10.977225097558501	10.8996243261151	10.818800943638999	10.7377907564755	10.657243333204599	10.5738753447758	10.480726260445101	10.368861439239399	10.228197414630101	10.044590253356599	9.7855204948609806	9.3052545971593101	10 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	12.3657033691688	11.3768126658852	10.812686043176299	10.739070192944901	10.7297903380117	10.670326101670501	10.665767030113299	10.5417253188422	10.411076041603801	10.2868535845303	10.1112812861886	9.7913424976072196	8.9124403526681206	Number of time-steps


Voltage (V)




Battery module Temperature distribution - discharge C-rate

1 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000028047	27.029687405033997	27.087801865835047	27.144217961224001	27.199183874140999	27.253486106116043	27.307461730119996	27.36127079822802	27.41498987467304	27.468622422349995	27.522135864819006	27.575463860848004	27.628528194997045	27.681236788315005	27.733475391411048	27.785146562049022	27.836128995057038	27.886308760337045	27.935586609498046	27.983860947678011	28.03104211172905	28.077045398356006	28.121815573286995	28.165296985037003	28.207442627500029	28.248236457772009	28.287638691402037	28.32565937686104	28.362301439079999	28.397578178768015	28.431510011130001	28.46412464687603	28.495459553821036	28.525551951787008	28.554446233131046	28.582188430885026	28.608831047883029	28.634425686686029	28.659028564713026	28.682688565781007	28.705459143387031	28.727400281255029	28.748564315052022	28.769004711972002	28.788778872319028	28.807930424472033	28.826509623934044	28.844567894516047	28.86215122155005	28.879304777822028	28.896065795245022	28.912469197088001	28.928554406782041	28.944359321672039	28.959903617586008	28.975228217752033	28.990337417660044	29.005261460882025	29.020010022380006	29.034591105029051	29.049021727807997	29.063300789044035	29.077422156932016	29.091380504267022	29.105170232727005	29.118778946177031	29.132170047130046	29.14534502925801	29.158265916295022	29.170915216994047	29.183246648302031	29.195242141402048	29.206860999330047	29.218065935319999	29.228827518151036	29.23911205960502	29.24888896672104	29.258122182122008	29.266788627998039	29.274864702726006	29.282330443414025	29.289167545325995	29.295366063781046	29.300924303149031	29.30583954872202	29.310120516754012	29.31377582943901	29.316829065509012	29.319298668373051	29.32122691691103	29.322633646040003	29.323572705878007	29.324088834537008	29.324236562827025	29.32408760167101	29.323704494650997	29.32318016172502	29.322576541439048	29.32200205533303	29.321603359411995	3 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000028047	27.624019115303042	28.340258220170028	29.001455931620001	29.642123884437012	30.286485495959028	30.925444376482005	31.545789733301035	32.137065414938036	32.693622499273999	33.213591095824029	33.698514155751013	34.151882844423028	34.578062321611014	34.981984173517048	35.367822920699041	35.739815044662009	36.101255230175013	36.455083898051043	36.803129361067022	37.146304378824027	37.484532374140997	37.816508556514009	38.13975798168201	38.450868761129016	38.745814419715032	39.02065995798705	39.272179170713002	39.498614679553043	39.699980903261007	39.879114438144029	40.04034962409105	40.190795869936039	40.338777159083008	40.495403287875035	40.67665700963903	40.909076365803003	41.251886815394016	5 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000028047	28.967541300812002	31.088859560303035	33.089881319097003	35.017685445450013	36.839469292838032	38.499064545077999	39.990297623401034	41.336674326566026	42.572718152185018	43.732271705803043	44.842688952754031	45.92284645333001	46.979794924486043	48.004689851839032	48.975832994401003	49.863121704611046	50.640287417268041	51.301506600422044	51.868733782181039	52.391670022021003	52.947232489122996	53.660681979656999	10 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	26.850000000000023	26.850000000028047	35.337970876380041	44.707987193486019	52.905562621593049	59.440233896720031	64.708747073558015	69.235523761872003	73.398473774443005	77.183754563283003	80.138437873068028	82.195295225620043	84.188819430655997	Number of time-steps


Temperature (°C)




Battery module Voltage drop- Discharge C-rate

1 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	123.657	118.573381847262	118.31449591785299	118.077234350696	117.844655431834	117.61622068017699	117.39225374292801	117.17319508908599	116.95946532531001	116.751501517303	116.54969170851101	116.354377986958	116.16580090267099	115.984110537772	115.809365058042	115.64148234952999	115.480305159819	115.325576193152	115.17694077149601	115.03400540601299	114.896311404537	114.763385491188	114.63472483875	114.50984129132	114.388256628664	114.269499961479	114.153159898765	114.03880348497999	113.926059789635	113.814585344899	113.704061056407	113.59419782991	113.48473118724699	113.37542600862901	113.266058806684	113.156433593145	113.046363958501	112.93568468785	112.824233216415	112.711876324751	112.59847456414499	112.483899443526	112.36803559103799	112.250768339129	112.131992758194	112.01161947243899	111.88954715099	111.765690066375	111.639966967969	111.512300902387	111.38262398643499	111.250875766218	111.116992367102	110.980915341209	110.842613955055	110.702030965088	110.559150361684	110.413929790781	110.26635772594101	110.116419206137	109.964087893287	109.80936026721101	109.652238764644	109.492712727393	109.330778971077	109.16642530175	108.999659112296	108.830427881467	108.658734549288	108.484523037937	108.307766271383	108.128376148752	107.946286017521	107.761393847839	107.573575389032	107.382699295872	107.188599552103	106.991107682563	106.79001805738	106.585118039807	106.376174634554	106.162944238921	105.945160510818	105.722555571051	105.494845969718	105.26174174240199	105.02294984327401	104.778162688344	104.52707976840099	104.269375917285	104.00474462290499	103.73284424635899	103.453353401546	103.16590502351799	102.87014479960899	102.565662535806	102.25203120453	101.928804019015	101.595429157499	101.25126655825299	100.89564227551401	3 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	123.657	116.64988040484999	115.611033433182	114.67500759666	113.829152423774	113.10542521541799	112.518086347721	112.057210868986	111.69496740224299	111.397760668676	111.13520822300499	110.88402614599801	110.62816944268801	110.357292879315	110.06498469766299	109.74744499031	109.402588731241	109.029623620536	108.628890353643	108.20186001179999	107.75112636956599	107.28032928002099	106.793786260216	106.295793953931	105.78948931974099	105.27567561794	104.751706835018	104.21106516328	103.643624792785	103.03647806468901	102.37502661949701	101.643636187311	100.825373683438	99.900334946130897	98.841454914292299	97.603914887384803	96.097668383458597	94.090452910381003	90.704576795023101	5 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	123.657	114.727583103678	112.603044461751	110.887303533683	109.72726814245701	109.09446181429	108.76414185265	108.518844693988	108.23290555658799	107.85297282112001	107.36371198791301	106.768353677402	106.08214996235	105.331215933303	104.549158144763	103.765523583229	102.986684817662	102.180969988359	101.281036973119	100.200211534777	98.8407346403567	97.065738694707704	94.559679622736198	89.971209999999999	10 C	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	123.657	109.917625356443	104.474766172758	103.753581965802	103.668521356852	103.09883717074599	103.04156227785801	101.839283997165	100.573466428717	99.373936311176394	97.683835702661497	94.598415104840896	89.91	Number of time-steps


Voltage (V)




Temperature (°C) With cooling Discharge rate for group of cells 10 C

Temperature (°C) With cooling 10 C	0	0.5	1	1.5	2	2.5	3	3.5	4	4.5	5	5.5	6	26.850000000000023	26.850000000000023	28.738348120362048	29.575991505769025	30.207123084385046	30.213610443203038	30.108965275332025	30.105352792307997	30.227439132791005	30.346475793672028	30.418185021124998	30.259154957947032	30.216882610661003	Discharge time (minutes)


Temperature (°C)




Temperature with and without cooling for 10 C Cell Group 

Temperature (°C) Without cooling 10 C	0	0.5	1	1.5	2	2.5	3	3.5	4	4.5	5	5.5	6	26.850000000000023	26.850000000003035	35.207906522667031	44.549636361913997	52.721981637270005	59.265368613117005	64.536709594617037	69.056265837057026	73.221150992153014	77.005990515527003	79.964585779328047	82.018546590667995	84.004195437280032	Temperature (°C) With cooling 10 C	0	0.5	1	1.5	2	2.5	3	3.5	4	4.5	5	5.5	6	26.850000000000023	26.850000000000023	28.738348120362048	29.575991505769025	30.207123084385046	30.213610443203038	30.108965275332025	30.105352792307997	30.227439132791005	30.346475793672028	30.418185021124998	30.259154957947032	30.216882610661003	Time (Min.)


Temperature (°C)




Time Plan

Start date 	
Intrduction	Background Research	Lithium Nickel Manganese Cobalt Oxide	Experiment setup of a pouch Single battery cell	Governing Equations of thermal Model	CFD Simulation of Lithium-ion	Battery cooling plate CFD Ansys Fluent	Discusion of the Results	Conclusion 	Further work	Experiment test	Report writing	Poster 	43746	43764	43797	43875	43827	43860	43900	43926	43941	43946	43892	43748	43936	Days	
Intrduction	Background Research	Lithium Nickel Manganese Cobalt Oxide	Experiment setup of a pouch Single battery cell	Governing Equations of thermal Model	CFD Simulation of Lithium-ion	Battery cooling plate CFD Ansys Fluent	Discusion of the Results	Conclusion 	Further work	Experiment test	Report writing	Poster 	17	30	22	20	23	29	14	7	4	1	11	200	16	
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