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Abstract

:

It is important to consider the thermal management of lithium-ion batteries to overcome their limitations in usage and improve their performance and life cycles. In this study, a novel cooling system for the thermal management of lithium-ion battery packs is proposed by using an inner cylinder in the cooling channel and different-shaped nanoparticles in the base fluid, which is used as the cooling medium. The performance improvements in a 20 Ah capacity battery are compared by using a water–boehmite alumina (AlOOH) nanofluid, considering cylinder-, brick-, and blade-shaped nanoparticles up to a solid volume fraction of 2%. The numerical analysis is conducted using the finite element method, and Reynolds numbers between 100 and 600 are considered. When the efficacy of the coolants utilized is compared, it is apparent that as the Reynolds number increases, both cooling media decrease the highest temperature and homogenize the temperatures in the battery. The utilization of the cylinder in the mini-channel results in a 2 °C temperature drop at Re = 600 as compared to the flat channel. A boehmite alumina nanofluid with a 2% volume fraction reduces the maximum temperature by 5.1% at Re = 200. When the shape effect of the nanofluid is examined, it is noted that the cylinder-shaped particle improves the temperature by 4.93% as compared to blade-shaped nanoparticles and 7.32% as compared to brick-shaped nanoparticles. Thus, the combined utilization of a nanofluid containing cylindrical-shaped nanoparticles as the cooling medium and a cylinder in the mini-channel of a battery thermal management system provides an effective cooling system for the thermal management of the battery pack. The outcomes of this work are helpful for further system design and optimization studies related to battery thermal management.
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1. Introduction


The need for alternative energy sources is growing due to environmental concerns and increasing energy prices [1]. In this aspect, lithium-ion batteries (LIBs) are considered the ideal energy source that can be used instead of internal combustion engines due to their high specific energy and power density, as well as their long cycle life and status as a green energy source. However, a single lithium-ion battery cell does not have enough power and voltage to move a vehicle. Therefore, this technology is possible with battery packs (BPs), which are formed by connecting a large number of lithium-ion cells in series or parallel to obtain the required power and voltage [2]. Lithium-ion batteries have various thermal limitations, such as capacity/power fade, self-discharge, and thermal runaway [3]. In addition to these limitations, Li-ion batteries generate heat during the charge/discharge cycle, which leads to an increase in the temperature of the unit cells. If the battery cell indicates performance at an operating temperature higher than the recommended operating temperature range, this may result in shortened battery life, damage to unit cells, and even the firing/explosion of the battery pack. Therefore, the thermal management of electrochemical products such as Li-ion batteries is vital [3,4]. Ensuring an appropriate operating temperature (20–50 °C) for lithium-ion batteries and uniform temperature distribution between battery cells are two essential factors for these products to perform at the desired efficiency [5,6]. There are two basic cooling methods to control the temperature generated during the charge/discharge cycle of batteries: active (air cooling and liquid cooling) and passive (PCM and heat pipe) [7]. Active methods require some external power input to achieve an advancement in the heat transfer rate [8]. The equipment required for this method increases the cost, weight, and complexity of the system. Passive methods generally intend to increase heat transfer by using techniques such as accommodating secondary structures in the flow, aiming to extend surfaces with addition fins, and providing surface roughness [8], while in the literature, many active and passive methods have been offered for different thermal engineering applications [9,10,11,12,13,14,15,16,17,18].



There are various studies related to thermal management in the literature to ensure the efficient operation of batteries. Deng et al. [19], to maintain effective cooling for prismatic lithium-ion batteries, designed a cooling plate with a serpentine channel in the shape of a U-tube. They examined many parameters, including the number of channels, their placement, and the fluid inlet temperature. As a result, they noted that the increase in the number of channels provides effective cooling, and the channel placement affects the thermal performance. Behi et al. [20] considered three dissimilar cooling methods for efficient cooling of an LTO (lithium-titanate-oxide) battery. As a result, the most effective one at high discharge was noted as the straight heat pipe-assisted technique. This method reduced the highest temperature on the LTO battery pack by 32.6% when compared to the air-cooling technique. Xie et al. [21] used two different vortex generators for the performance enhancement of pouch-type Li-ion batteries while numerical simulations were performed. It was observed that the vortex generators improved the performance. Wang et al. [22] explored the effects of the number of mini-channels and mass flow rate on the temperature distribution of the battery module by utilizing a single-factor analysis method. They noted that the cooling structure design had profound impacts on the peak temperature factor in the battery pack. They also observed that the peak temperature decreases as the mini-channel number in the cooling system (CS) increases. Chen et al. [23] compared different cooling techniques for battery thermal management systems. Power consumption, refrigerant, maximum temperature value, temperature difference in the battery pack (BP), and extra weight on the module were analyzed. It was noted that the air CS needed more energy to have the same average temperature. They also noted that fin CS added additional weight to the system compared to other methods. Lan et al. [24] designed a CS for batteries that accommodated mini duct tubes. In their study, cooling performance was examined for different discharge rates, different flow rates, and different tube systems. As a result, they noted that the system effectively reduced the maximum temperature that occurred on the battery cell and the temperature difference that took place. Zhao et al. [25] included a mini-channel liquid-cooled cylinder for cylindrical batteries. The impacts of the channel number, mass flow, and inlet size on the performance of the CS were explored. By using more than four channels, the temperature of the BP was kept within the optimum operating range.



The thermal performance of LiBs can be enhanced by introducing nanofluids into the liquid CS. Nanofluids are formed by dispersing nano-sized particles in the cooling fluid [26]. Nanofluids have a greater specific surface area compared to standard working conditions, and their transport properties can be adjusted by altering the particle composition, concentration, size, and shape [26]. Nanofluids outperform typical working conditions in heat management systems. Many aspects of nanofluids, including the shape effects of nanoparticles, using more than one particle in the base fluid (hybrid nanofluids), non-Newtonian nanofluids, and single and multi-phase approaches to modeling, have been considered in various thermal systems.



There are various studies in the literature on the effect of nanofluids as a cooling medium on the thermal performance of batteries. Kiani et al. [27] experimentally investigated the CS for pouch-type LiB modules. It was shown that the thermal efficiency of the system by using nanoparticles in the cooling medium increased significantly. Sefidan et al. [28] used a cylindrical Li-ion battery of type 18650 in a narrow cylindrical tank filled with alumina–water nanofluid, which was used as a cooling medium. The generated heat during discharge was transported to the nanofluid while it was dissipated from the tank surface by airflow. By using this technique, the maximum temperature was reduced by 16-24 K. Chen and Li [29] performed an efficient CS for lithium-ion batteries by using pulsing heat pipes. Various effects on the efficiency of the system, such as ambient temperature and working conditions, were analyzed. The working environment was compared to a nanofluid containing TiO2 nanoparticles. It was reported that the PHP with TiO2 nanofluid delivered more effective thermal performance.



The aim of this article is to investigate the nanoparticle shape effect in the thermal management of LiBs and to examine the effect of cooling plates, including channels with cylinders. Cooling channels with and without cylinders are compared in terms of their thermal performances on the BP. Then, the thermal performances of alumina–water nanofluids containing three different particle shapes (cylinder, brick, and blade) at different volume ratios (between 0% and 2%) are compared at different Reynolds numbers. In the literature, nanofluids have been used in the thermal management of BP systems, while the combined utilization of nanoparticle shape effects and a cooling plate with an inner cylinder has never been considered. As many aspects of nanofluids, including non-Newtonian fluid behavior, shape effects, utilization of hybrid particles in the base fluid, and many more, have been considered in the thermal management of different energy systems, this is the first work that uses nanoparticle shape effects and the installation of a cylinder in the mini-channel for the LiB thermal management system. As the CS design for LiB packs and installed systems is important for the efficient utilization of those devices and thermal management, the outcomes of the present work will be beneficial for further performance improvement and optimization studies.




2. Model Definition


The battery pack used in this study consists of three unit cells and a flow field. A unit cell consists of two battery cells and an aluminum cooling plate with dimensions of 100 × 100 × 2 mm. In the CS, five U-type pipes of 1.5 mm diameter inside the cooling plate are utilized. The cooling is provided by passing the coolant through these pipes. In order to increase the thermal performance of the cooling plate, 0.5 mm diameter cylinders were added to these pipes. Figure 1a represents the unit cell of the BP, Figure 1b shows the BP, and Figure 1c shows a U-type channel with cylinders. The capacity of the prismatic battery is 20 Ampere-hour (Ah). In this work, the battery module with LiPF6 electrolyte in ethylene carbonate (EC): ethylmethyl carbonate (EMC) (3:7 by volume) for liquid electrolyte, the graphite electrode LixC6 mesocarbon microbeads (MCMB) for anode, and the lithium manganese oxide (LMO) electrode LiMn2O4 spinel for cathode are utilized. The numerical studies are carried out using a discharge current of 100 amps and a discharge period of 180 s.



2.1. Thermal Model


Heat is generated in the BM as a result of the electro-chemical thermal reaction, while the heat is dispersed by the cooling plate. The heat produced (HP) by a single battery cell is specified by using the energy conservation equation [30] as follows:


   ∂  ∂ t      ρ b   C  p , b    T b    = ∇ .    k b  ∇  T b    +   Q ˙   g e n    



(1)




where     Q ˙   g e n    (W) represents the HP,    T b   (K) denotes the average temperature,    ρ b    (kg·m−3) represents the density across the cell,    C  p , b     (J·kg−1·K−1) represents the specific heat capacity, and    k b    (W·m−1·K−1) represents the thermal conductivity. Electrochemical processes and cell internal resistance generate heat in a battery cell. The amount of heat created by the battery during discharge is defined as follows [30]:


    Q ˙   g e n   =   Q ˙   e c   +   Q ˙  j  =  1  n F     − T Δ S   + I   E − V    



(2)




where   Δ S   indicates the entropy change, F indicates the Faraday’s constant, n indicates the number of electrons in the electrochemical reactions, I represents the current that travels through the battery, V denotes the battery’s operating voltage, and E denotes the open circuit voltage. The thermal conductivity of the battery is improved by assuming an anisotropic thermal conductivity [30]. The thermal conductivity calculations for a single cell based on the directions (x, y, and z) are as follows [30]:


   k  T , x   =   ∑  L i  ∗  k  T , i     ∑  L i     



(3)






   k  T , y   =   ∑  L i    ∑  L i  /  k  T , i      



(4)






   k  T , z   =   ∑  L i  ∗  k  T , i     ∑  L i     



(5)




where    L i    is the thickness of a single cell’s layer in a specific direction and    k  T , i     denotes the thermal conductivities of the layers in that direction. The density and specific heat of a single cell are calculated as follows based on the qualities of the materials utilized [30]:


   ρ b  =   ∑  L i  ∗  ρ i    ∑  L i     



(6)






   c  p , b   =   ∑  L i  ∗  c  p i     ∑  L i     



(7)







The exterior walls of the BP are subjected to a convective boundary condition. The following is the heat emitted from the BP to the medium    q a    (W·m−2), as calculated using Newton’s cooling law:


   q a  =  h a     T  b m   −  T a     



(8)




where    T  b m     is the average temperature and    T a    denotes the ambient temperature. Furthermore, the heat transfer coefficient    h a    is assumed to be 5 (W·m−2·K−1). For the fluid moving through the pipes in the heat sink, the conservation equations are [30]:


   ρ w   c w    ∂  T w    ∂ t   + ∇ .    ρ w   c w   v →   T w    = ∇ .    k w  ∇  T w     



(9)






  ∇ .  v →  = 0  



(10)






   ρ w      ∂  v →    ∂ t   +    v →  .   ∇    v →    = − ∇ P + μ  ∇ 2   v →   



(11)







The density of the fluid flowing through the coolant plate (kg·m−3), the specific heat capacity (J·kg−1·K−1), the thermal conductivity (W·m−1·K−1), the temperature (K), and the velocity (m.s−1) are indicated by    ρ w   ,    c w   ,    k w   ,    T w    and   v →  , respectively.




2.2. Nanofluid Model


The nanofluid used in this study was obtained by adding nano-sized boehmite alumina particles in different shapes (brick, cylinder, blade) to water, which is the base fluid. Table 1 lists the thermophysical properties of the base fluid and the nanoparticles.



The thermophysical properties of nanofluids using different nanoparticle shapes can be calculated with the following formulations: Equations (12) and (13) are used to calculate the density and specific heat of nanofluids for all particle forms, respectively [32]:


   ρ  n f   =  ρ f    1 − φ   +  ρ  n p   φ  



(12)






       c p      n f   =     1 − φ       ρ  c p     f  + φ     ρ  c p      n p      ρ  n f      



(13)







The subscripts nf, np, and f denote the nanofluid, nanoparticle, and base fluid, respectively, and the nanofluid concentration is denoted by  φ . Equations (14) and (15) are used to calculate the thermal conductivity and viscosities of nanofluids with cylinder-, brick-, and blade-shaped nano-sized particles [33,34]:


     k  n f      k f    = 1 +    C k  s h a p e   +  C k  s u r f a c e     φ = 1 +  C k  φ  



(14)






   μ  n f   =  μ f    1 +  A 1  +  A 2   φ 2     



(15)




where    C k  s h a p e     denotes the influence of the nanoparticle shape on the thermal conductivity and    C k  s u r f a c e     represents the surface resistance impacted by the solid/liquid interface, which has a negative impact on nanofluid thermal conductivity. Table 2 lists the values of    C k    for various nanoparticle geometries [34]. Table 3 also includes constants A1 and A2 for various particle shapes [34].




2.3. Numerical Method


The efficiency of the CS built for the thermal management of the LiB, as well as the efficiency of the nanofluid shape effect on temperature, are investigated in the present study using the Comsol Multiphysics 5.5 software package. In the simulations, first the electrochemistry of the battery cell is solved utilizing a 1D cell model, and then the HP in the battery module and temperature profiles are predicted utilizing a 3D model. In the Comsol Multiphysics 5.5 program, the laminar flow and heat transfer features are integrated with the non-isothermal flow subsystem, and the average heat generation value is obtained as in Ref. [35]. The battery pack density is 2055.2 (kg·m−3), the specific heat capacity is 1399.1 (J·kg−1·K−1), and its thermal conductivity is diagonal (x: 29.55, y: 0.89724, z: 29.55 (W·m−1·K−1)).



Boundary Conditions


During the simulations, the discharge operated in the battery is assumed to be 180 s constant and 5C. In addition, the cooling medium is regarded as having a fully developed laminar flow. The volumetric flow is applied in the inlet zone of the intended model, while the atmospheric boundary condition in the outlet zone is preserved. A convective boundary condition is applied to the outer walls of the battery pack, and the heat transfer coefficient is assumed to be 5 (W·m−2·K−1). Here, the ambient temperature is taken as 30 °C. This temperature value is the same for the battery cells, cooling plate, and fluid inlet temperature. Moreover, the contact resistance and radiation effects between the battery and the cooling plate can be neglected. For the inner walls of the channels, no-slip boundary conditions are imposed. Furthermore, for the fluid flowing through the channels, Reynolds numbers ranging from 100 to 600 are considered.





2.4. Mesh Independence


In computational fluid dynamics, the outcomes can vary according to the number of grids and their quality. The grid independence investigation on a battery pack was carried out utilizing a cooling plate with channels and cylinders at a Reynolds number of 200 and a constant discharge rate of 5C. In the battery model, which is built by the combination of 3 unit cells, 5 solution meshes varying between 3,809,799 and 11,852,718 elements were generated, and the average skewness quality of these grid structures was 0.6585. Figure 2 shows that the greatest temperature value changes based on the mesh number. A total of 11 million elements seemed to be sufficient for this examination. The grid structure on the battery pack is shown in Figure 3. Figure 4 depicts the mesh structure’s quality in terms of geometry.




2.5. Code Validation


The validity of the code utilized for the results’ reliability is evaluated by referring to the work of Siruvuri and Budarapu [35]. They utilized the symmetry condition to evaluate the thermal efficiency of a cooling system designed for a 1.5 Ah battery pack at a constant discharge rate and a discharge current of 90 A. With an environment and entrance temperature of 37 °C, they utilized a fully developed laminar flow boundary condition. A comparison of maximum temperature versus different flow rates is given in Figure 5a. At the lowest flow rate, the discrepancy is 9.04%, while in other cases the deviation is below 2%. In another validation test, the effects of using a cylinder on the convective heat transfer in a differentially heated cavity are explored, as in the study available in Roslan et al. [36]. In the work, different nanoparticles were used for further thermal performance enhancement, while the impacts of cylinder rotation and size were also examined. Figure 5b shows the comparison of the average Nusselt number for two different cylinder sizes (R = 0 and R = 0.4) by using Cu–water nanofluid at 5% nanoparticle loading. The deviations between the results are 4% without the cylinder and 4.6% with the cylinder.





3. Results and Discussion


This section compares the thermal efficiency of a cooling plate with cylinder-containing mini-channels designed for LiB thermal management against a flat-tube cooling plate. Furthermore, the effect of nanoparticle loading on the thermal management of batteries is explored at various volume ratios and Re.



At four different Re, the effect of cooling plates in the mini-channel with or without cylinders on coil temperature is explored. Cylinders with a diameter of 0.5 mm are added to the mini-channels on the cooling plate. Simulations are carried out for the case where the cooling medium is a boehmite alumina (AlOOH) nanofluid at a constant discharge rate of 5C, an inlet temperature of 30 °C, and a 2% nanoparticle loading in the base fluid of the cooling medium. Figure 6 shows the effect of the cylinders added to the mini-channels on the maximum temperature formed in the battery. As the Re value increases, the influence of the cooling plate of the mini-channels with cylinders on the maximum temperature in the battery becomes more prominent. It is noted that, at Re values of 100 and 600, the maximum temperature is further reduced by 0.5 and 2 °C, respectively, compared to the mini-channels without cylinders on the cooling plate. This is attributed to the increase in local velocity in the channel caused by the insertion of the cylinders, while thermal transport is enhanced. This is effective at higher fluid inlet velocities, and the findings of this investigation show that adding cylinders inside the mini-channels has positive impacts on cooling effectiveness and overall thermal performance improvements.



In this part, the influence of two distinct coolants (water and boehmite alumina nanofluid) flowing through the mini-channel with cylinder on the battery’s thermal performance is explored at four different Re. The simulations are carried out at a constant discharge rate of 5C and an inlet temperature of 30 °C. For the efficient operation of the LiBs, they must perform in an ideal operating temperature range (20–50 °C) [5,6]. The effect of temperature on the battery pack with increasing Re of the cooling medium is shown in Figure 7, while its impact on the maximum temperature is presented in Table 4.



The heat absorption capability of the fluid flowing through the pipe increases as the value of Re rises. Thus, it keeps the battery pack from overheating and maintains a consistent temperature distribution. As a result, the battery’s life is extended by limiting the occurrence of thermal runaways. The homogenization of the temperature distribution on the BP is a necessary factor for these energy storage devices to work efficiently. It has been observed that a more uniform temperature distribution is achieved on the battery pack as the Re is increased.



It is observed that the highest temperature measurement in the BP decreased with increasing Re, which is due to the higher thermal transport and increased cooling effectiveness with higher fluid velocity. The highest temperature produced in the battery is observed when Re is equal to 100 in both cooling media. In this operating case, the temperature value is greater than the ideal operating temperature. However, when the Re number increases, the maximum temperature in the battery drops below 50 °C. Boehmite alumina (AlOOH) nanoparticles are added to the cooling medium to enhance the thermal performance of the battery, so that the maximum temperature is further reduced by 3.87, 2.357, 1.235, and 0.856 °C when the Re number is equal to 100, 200, 400, and 600, respectively. As a result, it clearly shows the effect of the cooling environment on the thermal performance of the BP.



Brick-, blade-, and cylindrical-shaped particles are loaded in the base fluid while the simulations are performed at 5C constant discharge rate, 2% volume ratio, and Re = 200. Figure 8 shows the impact of increasing Re and different particle shapes on the temperature in the battery. While Re remains constant, the amount of nanofluid velocity is mostly determined by its viscosity [23]. The nanofluid with cylindrical particles has a higher viscosity at a constant volume ratio than the nanofluid with spherical solid particles. As a result, the nanofluid including cylindrical-shaped solid particles has high viscosity, resulting in faster velocities as compared to the nanofluid including brick- and blade-shaped solid particles. The heat transfer rate is also affected by using different-shaped particles [23]. For the reasons stated above, the most effective cooling is obtained when the particle shape is cylindrical. Similar trends were observed when convective heat transfer performance was explored in different studies available in the literature by using different-shaped nanoparticles. Bahiraei and Monavari [33] analyzed the impacts of nanoparticle shape on the thermohydraulic performance of nanofluids in the microplate heat exchanger, and their findings confirm the results presented here. Additionally, Nguyen et al. [37] indicated that greater heat transfer amounts were observed for platelet, cylinder, and brick particles. Vanaki et al. [38] showed that the highest heat transfer rates in the channel considering different-shaped nanoparticles were obtained by using platelet-, cylinder-, and blade-shaped solid particles. As it is shown in Figure 8, a temperature drop of 8.9 °C is achieved when using cylindrical-shaped nanoparticles in water at Re = 100, while this value is 5.2 °C for blade-shaped and 3.3 °C for brick-shaped nanoparticles in water. As the value of Re is increased, there is only a 2 °C drop in maximum temperature at Re = 600 by using cylindrical-shaped nanoparticles. The potential of using different-shaped nanoparticles for thermal performance improvement is higher for lower values of Re.



Figure 9 depicts the influence of the shape effect of a 2% volume ratio boehmite alumina nanofluid on the temperature difference in the BP. For the batteries to function properly, the temperature difference should be lower. The temperature difference is lowest when the solid nanoparticle shape is a cylinder, followed by the blade-shaped nanoparticle. The temperature difference drops from 10.6 °C to 9.7 °C when using cylindrical-shaped particles instead of pure water at Re = 100, while it drops from 4.64 °C to 3.30 °C at Re = 600.



In Figure 10, the influence of boehmite alumina nanofluid shape using a brick, blade, and cylinder with a solid volume fraction of 2% on the temperature distribution is seen at Re = 200. A battery with a homogenous temperature distribution not only improves efficiency and longevity, but it also decreases the possibility of thermal leakage. When cylinder-shaped nanoparticles are utilized, the temperature transition on the battery is slower and more uniform. Furthermore, the battery’s maximum and minimum temperature range is lower than that of other nanoparticle forms.



The influence of cylindrical boehmite alumina (AlOOH) nanoparticles in the base fluid on the thermal efficiency of the cooling environment is explored in this part. Four different (0%, 0.5%, 1%, and 2%) solid particle volume fractions are used for this purpose, and simulations are performed at Re = 400. The impact of the solid volume fraction in the base fluid (water) on the temperature distribution on the battery module is demonstrated in Figure 11. The highest and lowest temperature values in the battery pack become closer to each other as the cylindrical-shaped nanoparticle loading amount increases. This results in a reduction in the temperature difference in the battery pack. Furthermore, it is seen that increasing the solid volume fraction has a positive impact on the temperature distribution in the battery.




4. Conclusions


In this paper, a novel cooling system design for a battery with a capacity of 20 Ah is proposed by combining the utilization of inner cylinders in the cooling channels with different-shaped nanoparticles in the base fluid, which is used as the cooling medium. The important findings can be summarized as:




	
It is observed that inserting cylinders into the channels has an influence on thermal performance, especially at higher values of Re. At Re = 600, the maximum temperature is reduced by 2 °C by using the cylinder in the channels of the CS.



	
As the value of Re increases, the temperature of the BP decreases. Moreover, the incorporation of boehmite alumina nanoparticles into the base fluid enhances and accelerates the heat absorption of the cooling medium. It is observed that the case where the cooling medium is utilized as boehmite alumina (AlOOH) nanofluid performs better than the case where the coolant is water.



	
When the effects of nanofluid shape on battery thermal performance are explored, cylindrical-shaped particles have better thermal efficiency as compared to solid particles in the shape of bricks and blades.



	
When various shapes of solid particles in the nanofluid are compared at Re = 200 and a solid volume fraction of 2%, the cylinder-shaped particle outperforms the blade- and brick-shaped nanoparticles over the highest temperature by 4.93% and 7.32%, respectively.



	
By using the cylinder-shaped nanoparticles and increasing the nanoparticle loading amount in the base fluid, more uniform temperature distributions are achieved.



	
When the number of solid nanoparticles in the base fluid increases, the temperature difference in the BP decreases. The largest improvement is achieved at a solid volume fraction of 2%, where a maximum-temperature enhancement of 7.2% is achieved compared to the pure water case.








The present work can be extended to include an exergy analysis and a cost analysis of using nanofluids and different base fluids. The stability and performance degradation of using nanofluids after some time can be considered a future extension of the present work. As significant progress has been made in the field of material science, which may be applicable to the thermal management of the batteries [39,40,41,42], future studies should consider all relevant aspects, including material selection, operating conditions, and geometric factors, for the development of efficient battery cooling systems. Different nanoparticle types and channel configurations can be considered, which will increase the applicability of the present work towards the development of thermal management systems for BPs.
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Nomenclature








	cp
	specific heat capacity



	F
	Faraday’s constant



	h
	heat transfer coefficient



	  I  
	current



	k
	thermal conductivity



	L
	length



	p
	pressure



	Qg
	heat generation



	S
	entropy



	T
	temperature



	t
	time



	q
	heat flux



	   v →   
	velocity vector



	V
	voltage



	x,y,z
	x,y,z-coordinate



	Greek letters
	



	ρ
	density



	μ
	dynamic viscosity



	φ
	solid volume fraction



	Subscripts
	



	a
	ambient



	bf
	base fluid



	nf
	nanofluid



	max
	maximum



	min
	minimum



	Abbreviations
	



	BP
	battery pack



	CS
	cooling system



	HP
	heat produced



	LIB
	lithium-ion battery
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Figure 1. (a) Unit cell of the battery pack, (b) battery pack, and (c) U-type channel with cylinder. 
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Figure 2. Grid independence for battery model. 
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Figure 3. The grid structure on the battery model. 






Figure 3. The grid structure on the battery model.



[image: Energies 16 03966 g003]







[image: Energies 16 03966 g004 550] 





Figure 4. Quality of the mesh generated on the battery. 
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Figure 5. Confirmation test based on battery thermal management, as in the results of Siruvuri and Budarapu [35], where maximum temperature is given for different flow rates (a). Average Nu comparisons at two different cylinder sizes for the study analyzing the effects of using cylinders on convective heat transfer with Cu–water nanofluid at 5% solid volume fraction are available in Roslan et al. [36] (b). (a) Results of Siruvuri and Budarapu [35]. (b) Results of Roslan et al. [36]. 
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Figure 6. The effect of with-cylinder and without-cylinder mini-channels on the maximum temperature of the battery. 
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Figure 7. Effects of the cooling environment on the temperature distribution on the battery module: (a) effect of water on the temperature distribution on the battery pack; (b) effect of boehmite alumina (AlOOH) nanofluid, which has a 1% volume fraction and a cylindrical particle shape, on the temperature distribution on the battery pack. 
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Figure 8. Impact of nanoparticle shape on battery temperature. 
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Figure 9. The influence of the geometry of a nanofluid with a volume fraction of 2% boehmite alumina on temperature differences in a battery. 
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Figure 10. Shape effect of nanofluid on the temperature distribution of the battery. 
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Figure 11. The influence of solid particle ratio on temperature dissipation on a battery module at Re = 400. 
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Table 1. Boehmite alumina nanoparticles and base fluid thermophysical properties [31].
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	Thermophysical Properties
	ρ (kg·m−3)
	Cp (J·kg−1·K−1)
	k (W·m−1·K−1)
	μ (Pa.s)





	Boehmite Alumina (AlOOH)
	3050
	618.3
	30
	N/A



	Water
	996
	4178
	0.615
	7.98 × 10−4
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Table 2. For estimating the thermal conductivity of a dispersion comprising various particle geometries, the parameters used in Equation (14) and the aspect ratio of various particle forms are used [34].
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	Nanoparticles
	Aspect Ratio
	     C k     
	     C k  s h a p e      
	     C k  s u r f a c e   =  C k  −  C k  s h a p e      





	Cylinder
	1:8
	3.95
	4.82
	−0.87



	Brick
	1:1:1
	3.37
	3.72
	−0.35



	Blade
	1:6:1/12
	2.74
	8.26
	−5.52
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Table 3. The coefficients used to calculate the viscosity of dispersions with varying particle geometries [34].
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	Constants
	Cylinder
	Brick
	Blade





	A1
	13.5
	1.9
	14.6



	A2
	904.4
	471.4
	123.3
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Table 4. Effect of cooling medium on maximum temperature.
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Reynolds Number

	
Water

	
Nanofluid




	
Max Temperature (°C)

	
Max Temperature (°C)






	
100

	
58.983

	
55.106




	
200

	
46.105

	
43.748




	
400

	
38.707

	
37.472




	
600

	
36.148

	
35.292
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