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Abstract:
Improving the performance and safety of electric vehicles (EVs) requires efficient thermal management of Li-ion batteries. Although a liquid cooling system with a mini-channel heat sink (MCHS) is an efficient and viable common approach, it makes the eventual battery pack complex, heavier and expensive. To address this problem, this study proposed the application of air as a coolant for an MCHS by adding intermittent porous zones inside the mini-channel. A numerical study was performed to understand the cooling performance of the mini-channel employed with intermittent porous zones. The results showed that the addition of intermittent porous zones in a mini-channel made the air efficient enough to maintain the battery temperature well below the operating limit. However, it was found that the position of porous zones inside the mini-channel significantly impacts the cooling performance. So, a novel approach was proposed for identifying the best locations of porous zones within a mini-channel, and its effectiveness is studied numerically. Results showed that the proposed method can give a very close to the optimum solution at the least expense.
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Nomenclature
	
	Forchheimer’s constant

	
	Specific heat capacity (J/kg.K)

	d
	Wall thickness between two channels (mm)

	F
	Faraday number (K/mol)

	h
	Height of each channel (mm)

	I
	Battery current (A)

	i
	Battery current per unit volume (A/m3)

	
	Permeability (m2)

	
	Thermal conductivity (W/m.K)

	
	Effective thermal conductivity (W/m.K)

	
	Fluid thermal conductivity (W/m.K)

	
	Thermal conductivity of solid phase material (W/m.K)

	L
	Length of the channel (mm)

	
	Pressure (Pa)

	 
	Rate of heat generation in the battery (W)

	 
	Rate of heat generation per unit volume of the battery (W/m3)

	
	Battery internal electrical resistance per unit volume (Ω.m3)

	
	Temperature (K)

	t
	Time (s)

	U
	Open-circuit voltage (V)

	V
	Cell voltage (V)

	
	Velocity vector (m/s)

	w
	Width of each channel (mm)

	
	

	Greek characters and symbols

	
	Operator

	
	Entropy change (J/mol.K)

	
	Density (kg/m3)

	
	Porosity

	
	Viscosity (kg/m.s)

	
	

	Subscripts

	b
	Battery

	
	Effective

	
	Fluid

	
	Solid phase material

	
	

	Abbreviations

	BTMS
	Battery thermal management system 

	BTR
	Battery thermal runaway 

	CFD
	Computational fluid dynamics

	EV
	Electric vehicle

	IC
	Internal combustion

	Li-ion
	Lithium-ion

	LIB
	Lithium-ion batteries

	MCHS
	Mini-channel heat sink

	PCM
	Phase change materials

	PPI
	Pores per inch

	SEI
	Solid electrolyte interface 

	SOC
	State of charge





1. Introduction
Electric vehicles (EVs) are considered a sustainable alternative to traditional internal combustion (IC) engines [1] and a remedy for global warming in the transportation sector. Lithium-ion batteries (LIBs) have been widely used as the optimal storage for EVs because of their significant advantages, such as relatively low self-discharge rates, long cycle life, no memory effect, light weight, compactness, and high power and energy density [2, 3]. However, LIBs are prone to temperature variation in terms of performance, life, and safety [4-6]. It can operate reliably within a temperature range of 15 °C to 35 °C, with a maximum temperature deviation of less than 5 °C between the modules in the battery pack [4]. At high temperatures, lithium plating significantly reduces the battery's performance when it is being used at high rates of charging/discharging [7, 8]. According to Bandhauer et al. [9], the battery performance significantly drops at temperatures above 50 °C, and the cells are damaged irreversibly as the temperature exceeds 80 °C [10]. At higher temperatures (>120 °C), the solid electrolyte interface (SEI) may undergo decomposition, resulting in an internal short-circuit and battery thermal runaway (BTR) [11]. Eventually, the battery may fail, resulting in the release of toxic gases, fire, jet flames, and explosions. As the battery system costs about three-quarters of the total price of an EV power train, it is crucial to manage the battery thermally and consequently improve battery performance and its lifespan [12, 13]. 
Due to the exothermic nature of the electrochemical reaction during charging/discharging, the battery temperature rise is inevitable [14, 15]. However, it is possible to control the temperature of the battery within the operating range by utilizing an efficient battery thermal management system (BTMS). A common method in battery thermal management systems (BTMS) is using external devices such as fans, blowers, pumps, etc. to enhance the convective heat transfer in active cooling-based BTMSs (Air cooling and liquid cooling).
In commercial EVs, liquid cooling with mini-channel cold plates has been widely studied [16-27]. A mini-channel cold plate is a metal heat exchanger consisting of several small channels carrying a liquid coolant to exchange heat with a hot source [15]. Usually, low-viscosity fluids such as water and glycol are used as a coolant to not only transfer heat but also impose less pressure drop (less power consumption) in the system [28]. As the metallic plate of the cooling channel is in direct contact with the batteries, the MCHS offers a high surface area to volume ratio which significantly improves the heat absorption rate and temperature uniformity [29].
Despite the high heat transfer rate of liquids, the major drawback of a liquid active cooling system is its heavy weight, which is mainly due to the use of relatively high-density liquids such as water and the need for an additional cooling package to cool down liquid inside the channels [30]. Additionally, a closed loop is required to circulate the liquid between the min-channels and the cooling package to avoid leakage issues, making the system more complex [31]. On the other hand, air-based active cooling with cold plates can overcome the proposed shortcomings of liquid cooling cold plates. Furthermore, BTMS with air circuits is broadly considered in commercial applications due to its low cost, lightweight, simple structure, and lower parasitic power consumption rates [29].
The main flaw of the air-cooling method is the low heat transfer of air which makes it suitable only for low-density batteries [31]. Although utilizing a mini-channel can overcome this weakness to some extent, embedding porous media in the mini-channel can enhance the heat transfer of a battery by improving the contact area with the cooling medium. Open-cell metal foams are a type of porous media with exciting properties such as high heat transfer area per volume, intensified fluid mixing, energy absorption, temperature tolerance, lightweight, low density, high mechanical strength, and high thermal conductivity [32]. A limited number of studies have used porous media to enhance the heat transfer rates in the BTMS. Recently, Heyhat et al. [33] investigated the thermal performance of a hybrid BTMS that couples the PCM with the metal foam, fins, and nanoparticles and found that the metal foam-PCM composition was the most efficient among them, and it could reduce the mean temperature by about 4-6 K than in the case with a pure PCM. Similarly, Liu et al. [34] developed a hybrid BTMS that couples the PCM-copper foam composition with helical liquid channels and reported a decrease of 30 K temperature drop than the natural convection case. Mohammadian et al. [35] studied the thermal behavior of a battery using an air-cooling method with metal foams embedded in the cooling channel. They compared the cases of cooling channels without the porous media with 30%, 70%, and 100% porous media within the channels. The results showed a significant decrease in the maximum temperature and the standard deviation of the temperature inside the battery using the porous media. Giuliano et al. [36] designed an air-cooled thermal management system with metal-foam-based heat exchanger plates to cool lithium-titanate batteries. They compared the obtained results with a conventional liquid cooling system and found that the proposed design was more efficient as it requires less parasitic power for the operation. In 2020, Bazkhane and Zahmatkesh [37] performed a sensitivity analysis of hydrodynamics and heat transfer of a nanofluid in a microchannel heat sink embedded with vertical/horizontal porous substrates. They used a 3-D solid-fluid conjugate model coupled with the two-phase mixture model for the nanofluids and Darcy–Brinkman–Forchheimer model for the porous substrate. By using the Taguchi method and analysis of variance (ANOVA), they found that adding vertical/horizontal porous substrates reduced the temperature, overall thermal resistance, and the required pumping power simultaneously.
The main challenge in adding porous metal to an MCHS is its high cost and weight. Even though the porous metals are light in weight, a channel fully filled with the porous metals makes the system heavier. Also, the addition of porous metals causes a significant pressure drop within the channels, leading to the additional power requirement [38]. So, it is proposed to use the intermittent porous zones within the channels to attain the benefits of enhancing heat transfer and reducing the weight and pressure drops of the cooling system. In this context, this study proposes mini-channel cold plates with intermittent porous zones within the channels for the thermal management of Li-ion batteries. The major challenge of this idea is to locate a proper place for the porous media. The main aim of this study is to propose a fast and straightforward method for identifying the proper locations of the porous zones within the cooling channel to reach the same cooling rate obtained for a fully porous channel, with a weight and pressure drop closer to the empty channel.
2. Model Description

2.1 Physical Problem
The schematic of the batteries and MCHSs is shown in Fig. 1a. Each prismatic cell is sandwiched by two aluminum MCHSs with base plate thickness of 0.1 m. The lightweight and high thermal conductivity of aluminum make it a suitable material for the MCHS used for battery thermal management [39]. The geometric detail of the mini-channel is shown in Fig. 1b. The height of each channel is h = 3 mm, the width is w = 7 mm, the length is L = 50 mm, and the wall's thickness between the two channels is d = 0.1 mm. Due to the symmetry of channels, only half of one channel, as displayed in Fig. 1b, is considered for all the simulations to reduce the computational time and effort. This geometry will be used later for optimization as well as battery thermal management. In this study, it is considered to use sintered porous metal foam, inside each channel to increase the heat transfer and, consequently, decrease the maximum battery temperature. To reduce the cost and also the weight of used metal foam, only a limited volume of the mini-channel is to be filled with metal foam. Fig. 1b shows a schematic arrangement of metal foams inside the mini-channel. It is clear that the minimum length of each foam is limited by manufacturing restrictions. However, the main question is locating the proper position for each metal foam piece. To specify the possible positions for each metal foam, the channel is divided into 20 equal zones along its length to incorporate the porous metals into the mini-channel. The thickness of each zone is 2.5 mm, which will be considered as the thickness of the porous metals inside the channel. To focus on the heat sink design, battery has not been simulated in this stage and the generated heat inside the batteries is considered as heat flux boundary condition on the base of the mini-channel.
According to the experiments performed by Garrity et al. [38], which are used for validating the present model, aluminum foams with 40 PPI (Pores Per Inch) and with a porosity of 0.918 are used inside the mini-channel. Due to their large specific surface areas and high thermal conductivities, aluminum foams can transfer a large amount of heat from the battery, which makes them a perfect material for thermal management [38]. Air with a steady flow and constant properties is used as the coolant for the MCHSs. The detailed properties and parameters of the materials used in this study are listed in Table 1.
[bookmark: _Ref112237815][image: ]
(a)
[image: ]
(b)
[bookmark: _Ref127894228]Fig. 1. a) Schematic of the batteries and MCHSs, b) Geometry of a mini-channel in MCHS and the schematic arrangement of metal foams inside it
[bookmark: _Ref120306559]Table 1:  Thermo-physical properties of the materials
	[bookmark: _Ref112238321]Thermo-physical properties
	Aluminum
	Air 

	Density,  (kg/m3)
	2719
	0.995

	Specific heat capacity,  (J/kg.K)
	871
	1009

	Thermal conductivity,  (W/m.K)
	202.4
	0.03

	Viscosity,  (kg/m.s)
	--- 
	2.08E-05



2.2 Governing Equations
The energy conservation equation of the mini-channel cold plate is given as [26]:
	
	[bookmark: _Ref127395215](1)


The governing equations for the free channel are as follows [26]:
Continuity equation:
	
	(2)


Momentum equation:
	
	(3)


Energy equation:
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where,  and  are fluid density and specific heat, respectively.  and  are fluid viscosity and thermal conductivity, respectively.
For the porous zone, the Forchheimer-Brinkman-Darcy model is employed [40]. It is assumed that the metallic foam used in this study is isotropic in nature. So, the governing equations will be:
Continuity equation:
	
	(5)


Momentum equation:
	
	(6)


where  is the permeability and  is Forchheimer's constant. Based on the experiment [38] used for the validation,  and  are 6.98e-10 m2 and 0.04, respectively.
Energy equation in the porous zone:
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where    and  are the effective thermal conductivity and the heat capacity of the porous media, respectively. , , and  are density, specific heat, and conductivity of solid phase material. 
2.3 Boundary Conditions
The inlet flow velocity of air was taken as 1.5 m/s. It is assumed to have a uniform and constant velocity and temperature for the coolant at the flow inlet. Due to the symmetry, only half of one cooling channel, shown in Fig. 1b, was modeled. Based on the model, the top wall of the channel was considered adiabatic, vertical walls were considered symmetric, and the generated heat was dissipated into the air via the bottom of the mini-channel. Finally, at the outlet of the cooling channel, the gauge pressure was set to 0 Pa.
2.4 Numerical Method
The governing equations were numerically solved based on the finite volume method by using a commercial CFD solver, Ansys Fluent. A steady-state analysis with a laminar flow model was adopted to simulate the design model. The pressure-velocity coupling was done using a SIMPLE (Semi-Implicit Method for Pressure Linked Equations) scheme, and a second-order upwind method was applied for the space discretization of momentum and energy equations. An under-relaxation factor of 0.3, 0.7, and 1 were applied to the pressure, momentum, and energy equations, respectively, for a better convergence solution. Also, convergence criteria of 10-6 and 10-8 were applied for the flow and energy equations.
The hexahedral mesh was used to discretize the domain. The results of the mesh independence study for fully porous and non-porous channels are presented in Table 2, respectively. As clear in this table, the maximum temperature decreased only by 0.09 % and 0.01% for the fully porous channel and the non-porous one, respectively, as the number of mesh elements increased from 2.6E+5 to 4.7 E+5. This study shows that 2.6E+5 elements are generous enough to conduct the CFD simulation of this study.
[bookmark: _Ref127905923]Table 2:  Grid study for two limiting cases, i.e. fully porous and non-porous channels
	
	Max. Temp. in channel

	Number of elements (105)
	1.0
	1.7
	2.2
	2.6
	3.4
	4.7

	fully porous channel
	315.74
	315.53
	315.44
	315.35
	315.22
	315.06

	Non-porous channel
	339.9
	339.88
	339.86
	339.85
	339.84
	339.81



2.5 Model Validation
Before proceeding with the detailed simulations, it is necessary to validate the reliability of the present simulation model. Garrity et al. [38] conducted an experimental study to find the thermal performance of aluminum foams in a channel. The foam sample was 15.24 × 15.24 cm with a height of 2.54 cm. The lower wall of the foam sample in the channel was heated by an electric heater and the upper wall temperature was measured with an uncertainty of ±0.5 °C. They also located seven pressure taps, axially along the foam sample to measure the pressure variation along the channel. The duct was simulated and results were compared against experimental data. As shown in Fig. 2, at the different air velocities the simulated pressure drop perfectly agrees with the experimental results while the obtained wall temperature agrees acceptably with experimental data. The figure shows that at low velocities such as at 1.5 m/s, the maximum deviation between the two results is nearly 5%, and for velocities over 2.8 m/s, both are almost identical. This study shows the reliability of the simulated model for this investigation.

[bookmark: _Ref112240589]Fig. 2. Comparison of simulation and experimental results [38].

3. Results and Discussion

3.1 Impact of porous media and its positions on the temperature of cooling channels
The properties such as high thermal conductivity and high heat transfer area per unit volume of open-cell metal foam can improve the heat transfer rate of the air flowing through the cooling channel. However, it is essential to know whether this addition of porous metals to the cooling channel is efficient enough to maintain the temperature of the batteries within the safe operating range. To understand the effectiveness of metal foam in a mini-channel, simulations were performed for the non-porous and fully porous channels. Dimensions of the channel were as shown in Fig. 1b and the inlet flow velocity of air was taken as 1.5 m/s. The used metal foam for validation (aluminum foams with 40 PPI and with a porosity of 0.918) was utilized in simulations. For this configuration, Re=301.4. Consequently, laminar flow regime could be assumed inside the channel.
From Table 2, it can be seen that the maximum temperature obtained for an empty channel was 339.85 K, which exceeds the maximum operating temperature limit (333 K) of the Li-ion batteries [41]. Therefore, it is clear that the simple channel cooled with air is inefficient for battery thermal management. However, for a fully porous channel, the maximum temperature was reduced to 315.35 K (Table 2), which is well below the maximum operating limit of the battery. So, from the above results, it is clear that the addition of porous metals can make the air an efficient coolant for the MCHS.
It is noteworthy that, the fully porous channels not only make the cooling system heavier and more expensive but also significantly increase pressure drop (from 4.3 Pa for the non-porous channel to 268.14 Pa for the fully porous channel, according to the conducted simulation) and consequently requires additional power for the operation. So, to overcome these challenges with the fully porous channel and make the air an efficient coolant for the MCHS, it is proposed to use the intermittent porous zones within the cooling channel. However, different arrangements and configurations of metal foam within the channel will impact the performance of intermittent porous zones (e.g. temperature distribution and uniformity of the batteries).
In that regard, a simulation study was conducted with 10% of the channel filled with aluminum foams to understand the importance of porous zone positions within the channel. To simulate, the channel was divided into twenty equal zones. So, for a 10% volume fraction of the porous zone, porous media (aluminum foams) can occupy two zones. It was found that 190 different arrangements are available to fill 10% of the cooling channel with aluminum foams. For higher volume fractions, there will be many more possibilities to meet. Therefore, it is crucial to have a robust and straightforward method to find the best arrangement. As the initial attempt in introducing the robust approach and to show the importance of metal foams arrangement, all 190 cases for 10% porosity were simulated and sorted based on the maximum recorded temperature. The results of this study are displayed in Fig. 3. As shown, with the same amount of metal foam inside the channel (10% metal foam inside the channel), the maximum temperature obtained within the channel varied from 317.45 K to 332.05 K. This significant difference in the temperature confirms the impact of metal foam arrangements within the cooling channel, as discussed earlier. To explain the reason for this significant difference in the temperature, one should note that there are two main factors contributing to the heat transfer enhancement in the porous area inside the mini-channel. The first factor is the considerable increase in heat transfer area and the second one which is mostly ignored is the considerable increase in thermal conductivity. The second factor is very important in a mini-channel with an intermittent porous zone.


[bookmark: _Ref112244887]Fig. 3.  Maximum temperature corresponding to the different arrangements of a channel filled with 10% porous zones. The labeled points (1, 146, and 187) are selected arrangements that will be discussed later.  For the sake of comparison, in this figure, the maximum temperature for non-porous and fully-porous cases is also presented.
To explain more, the temperature contour plot at several cross-sections along the mini-channel is shown in Fig. 4.a. Each cross-section belongs to one-half of the channel area. Critical examination of the contours shows that due to the low thermal conductivity of air, the fresh air in the core remains intact and cold. So, only the hot air flows in the vicinity of the channel wall. It is worth noting that the channel thicknesses were not shown in this figure. Also, the temperature variation along the centerline of the mini-channel is shown in Fig. 5. This figure shows that from the beginning of the channel up to its end, for the non-porous mini-channel, the temperature in the center of the channel does not change significantly. However, the presence of a porous zone with high thermal conductivity can change this stratified pattern and makes the temperature, uniform. So, the growth of the thermal boundary layer is intercepted and heat transfer increases. To compare, contour plots of three more cases are presented in Fig. 4. These cases were marked up in Fig. 3. For case no. 187, two consecutive porous zones are located at the beginning of the channel, while for case no. 146, consecutive porous zones are placed at the end of the channel. For case no. 1 which is the optimum case, zone 11 and zone 19 are filled with metal foam as shown in Fig. 4. 
For case 187 (porous zones at the beginning of channels), as displayed in Fig. 4.b, there is a sharp change in the heat transfer from the solid wall into the fluid, because the porous zones increase the heat transfer area. However, the increase in the effective thermal conductivity is not beneficial, since the boundary layer thickness at the beginning of the channel is very small and the fluid is approximately at a uniform temperature close to ambient. For this reason, only one of those mentioned factors is effective and adding porous media is not associated with much superiority. Fig. 5 also shows that in this case, after a sharp change at the beginning of the channel, the temperature along the centerline remains approximately constant.
For case no. 146 (porous zones at the end of channels), as displayed in Fig. 4.c, the condition is slightly better. Because at the end of the channel, the thermal boundary layer is thickened. So, adding porous zones at the end of the channel not only increases the heat transfer area but also makes the average temperature uniform and colder. So, both factors are effective. However, porous zones at the end of the channel cannot affect heat transfer in the previous zones. So, as can be seen in Fig. 5, the centerline temperature for this case is much similar to the non-porous channel at the beginning of the channel.
	[image: ]
	[image: ]

	
	(a)

	[image: ]
	[image: ]

	(b)

	[image: ]
	[image: ]

	 (c)

	[image: ]
	[image: ]

	(d)


[bookmark: _Ref112268875][bookmark: _Ref112400638]Fig. 4.  Temperature contour: 
(a) at cross-sections along the mini-channel (non-porous channel);
(b) at symmetry plane for case no. 187 (porous zones are at the beginning of the channel as highlighted);
(c) at symmetry plane for case no. 146 (porous zones are at the end of the channel as highlighted);
(d) at symmetry plane for case no. 1 (optimum porous zone arrangement as highlighted)
For the optimum case (case 1), the contour plot is basically different. Based on Fig. 4.d, the thermal boundary layer grows continuously up to the middle of the channel. The boundary layer thickness is large enough to cause a considerable reduction in heat transfer. At this point, adding the porous zone triggers both factors, and heat transfer increases considerably. Moreover, the thermal boundary layer is interrupted, and it starts again from the middle of the channel. So, the thermal boundary layer is thinner in the second half of the channel in comparison with other cases. In zone 19 (penultimate zone), the porous zone increases the heat transfer area and consequently the cooling effect. Based on Fig. 5, for this case, the temperature at the centerline is something between the non-porous and fully porous channels.


[bookmark: _Ref112358535]Fig. 5.  Temperature variation along the centerline of the mini-channel for different cases

It is noteworthy that besides these two factors, conjugate heat transfer (conduction in the solid wall along the channel length) can affect the heat transfer and makes it difficult to explicitly predict the proper location for porous zones. In micro- or mini-channels, the effect of axial conduction cannot be ignored easily [42]. 
3.2 Method to find the best locations of porous zones within a mini-channel 
To identify the best arrangement of porous zones within the channel, especially in a design with a higher number of possibilities (e.g. having more zones and or higher volume fractions of porous zones). Indeed, the simulations of all the possible arrangements are not practical as it is time-consuming. So, it is essential to find a novel approach that is fast and effective in identifying the best arrangement of porous zones within the channel, which can provide either an optimum or close to the optimum value for the temperature.
In this context, this paper proposed a new method to identify the proper locations of porous zones within the cooling channel. The main steps involved in this method are as follows:
Initial Guess:
i. As an initial guess, allocate all the porous zones at the beginning of the mini-channel and simulate to find the maximum temperature corresponding to each zone as well as the channel maximum temperature.
Arrangement Modification Procedure:
ii. Rearrange the zones by moving the porous media from the coldest porous zone to the hottest non-porous zone (as captured in the previous step). Simulate for the new arrangement to find the maximum temperature of each zone as well as the channel maximum temperature.
iii. Repeat the above step if the channel maximum temperature is decreasing. However:
· If the arrangement zones got repeated: stop the process and report the optimum solution.
· If the channel maximum temperature increases: record the previous channel maximum temperature as Tref.  Follow the Correction Procedure.
· If the hottest zone is a porous zone, follow the Tuning Procedure.
Correction Procedure:
iv. If the channel maximum temperature got increased (which could be due to conjugated heat transfer attributions), put the porous zone in the middle of the captured positions in the last two steps.
v. Simulate the new arrangement and find the maximum temperature of each zone as well as the channel maximum temperature.
vi. Do the above two steps until the channel maximum temperature decreases below the Tref.
vii. Once the temperature gets reduced, continue the Arrangement Modification Procedure.
Tuning Procedure:
viii. If the hottest zone is porous, start the tuning process by gradually moving the coldest porous zone towards the hottest porous zone.
ix. Continue the above step until the maximum temperature of the hottest zone increases.
For further clarification on the proposed approach, its flowchart is presented in Fig. 6.
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[bookmark: _Ref114090197]Fig. 6.  The flowchart for finding the optimum locations of porous zones within a mini-channel

As a practical example, let’s consider the application of this method in a mini-channel filled with 10% porous zones. Table 3 shows the steps involved in finding the best locations of the porous zones. It is to be noted that in the table 0s indicate the non-porous zones, and 1s indicate the porous zones. The coldest porous zone is highlighted in blue and the hottest non-porous zone in yellow.
From Table 3, the arrangement modification procedure is continued up to the 3rd try and the maximum temperature of the channel decreases in each of these tries with the movement of the porous zones. However, after the 3rd try, when the coldest porous zone (zone 7) is moved to the hottest non-porous zone (zone 16), the maximum temperature increases from 319.36 K to 322.04 K. This shows the excess movement of the porous zone and therefore it needs to be corrected by bringing back towards the previous position. While analyzing the temperature distribution of the channel corresponding to the 3rd try, it is clear that to reduce the maximum temperature the porous zone must be placed somewhere between zone 7 and 16. Therefore as a corrective step, the porous zone is moved backward, to zone 12 which is halfway between zones 7 and 16 (closer to zone 16). This movement has reduced the maximum temperature to 317.79 K, which is even lower than the maximum temperature obtained on the 3rd try. Therefore, the arrangement modification procedure can be continued. However, the temperature increases again when the coldest porous zone (zone 12) moved to the hottest non-porous zone (zone 5). So, in the correction procedure, the porous zone needs to be moved halfway between the current zone and zone 12 as the 7th iteration, i.e. zone 8. This reduces the maximum temperature to 318.99 K, which shows that the porous zone movement is on the right way. However, the maximum temperature at this stage is still higher than the value corresponding to the 5th try; so, the correction process is continued by moving forward the porous zone towards zone 12. By the end of the correction procedure, the same arrangement of try 5 is repeated; therefore, the whole process can be stopped as no more possible movement is available for the porous zone using the proposed approach. So, the arrangement corresponding to the 10th try is obtained as the best arrangement with a maximum temperature of 317.79 K. 
Table 4 lists the first 12 arrangements out of 190 cases sorted ascendingly based on the maximum temperature of the channel, captured in section 3.1. As listed, the maximum deviation of results from the optimum solution (the first solution in the list) is about 0.5 K. By comparing Table 4 and Table 3,  one can see that the arrangement proposed by the approach discussed in section 3.2 (zones 12th and 20th as porous media) is very close to the optimum arrangement (zones 11th and 19th as porous ) reported in Table 4 based on simulating 190 cases. 
Indeed the optimum locations of porous zones within the channel from the proposed approach are captured in 10 tries while without using this approach, it requires simulating all 190 cases. It means 94% saving in computational cost and effort (simulating 11 cases against 190 cases), with less than 0.4K deviation from the optimum goal. In summary, the proposed method can be considered an efficient and effective approach for identifying the best locations of the porous zones within the cooling channel.
	[bookmark: _Ref114677435]
Table 3: Steps involved in identifying the best locations of porous zones for the mini-channel filled with 10% porous media
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[bookmark: _Ref114677449]Table 4: The first 12 arrangements (out of 190 cases sorted ascendingly based on the maximum temperature of the channel, captured in section 3.1) with 10% porous media.
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3.3 Further discussions  
This section discusses the effects of using higher percentage of intermittent porous zones in a mini channel. Fig. 7 shows the simulation study results on the mini-channel filled with different amounts of metal foams. The optimum locations of porous zones for various porous volume fractions are also presented in Appendix I.
Since the location of porous zones plays a crucial role in the cooling performance, all the results shown in the figure are obtained with the arrangement found using the proposed method in section 3.2. The figure shows that a fully porous channel reduces the maximum temperature by 25 K compared to an empty channel. However, the fully porous channel causes a significant pressure drop of 268 Pa, which in turn increases the parasitic power consumption of the cooling system. On the other hand, it can be seen that a maximum temperature comparable to a fully porous channel can be attained by using the intermittent porous zones with a much lower pressure drop. This shows the effectiveness of using intermittent porous zones in cooling the batteries. From the graph, the maximum temperature remains almost constant with the increase of porous zones from 10% to 80%. Thus, the mini-channel filled with 10-20% porous zones is the best solution for cooling the batteries as it is 80-90% lighter and cheaper than a fully porous channel and can reach a maximum temperature comparable to a fully porous channel while maintaining a pressure drop, comparable to a non-porous channel. For this reason in continuation of this investigation, the 10% porous channel is chosen for the battery thermal management at the cell level.

[bookmark: _Ref112399308]Fig. 7.  Simulation study of intermittent porous zones employed in the mini-channel

4. Battery Thermal Management at Cell Level 
To study the effect of the proposed arrangement of porous media in cooling a battery at the cell level, a LiPol pouch battery cell (model number: LPHDA034050) was added underneath the designed channel. Dimensions of the considered cell are 10 x 34 x 50 mm (LiPol Battery Company). Therefore, it was assumed that each battery cell is cooled by two heat sinks (one on each side see Fig. 8a). Each heat sink consists of five mini-channels and half the thickness of the battery cell was considered in the simulation. Dimensions of each channel were shown in Fig. 1b. It is the same geometry used for optimization in Sec. 3.2. To mimic the heat generation inside the battery cell, the following volumetric heat generation was imposed on the modeling [35]. The proposed equation is based on the thermodynamic energy balance inside the battery cell which takes into account heat generated by chemical reactions, the heat produced by resistive dissipation, the reversible entropic heat, and mixing heat due to the relaxation of concentration gradients in the cell. The simplified version of the equation is:
	
	[bookmark: _Ref127362427](8)


where  is the rate of heat generation and  is the electric current in the unit cell.  and  are unit cell open-circuit voltage and cell voltage, respectively. The first term on the right-hand side of Eq. (8) is the over-potential irreversible heat generation due to Ohmic losses in the cell, charge-transfer over-potentials at the interface, and mass transfer limitations. The second term on the right-hand side of the equation is the reversible entropic heat due to electrochemical reactions. Only one electrochemical reaction was assumed to occur in the battery in normal operation. Mixing and phase change effects are neglected in Eq. (8). By considering Faraday number (=96485 K/mol) and rewriting Eq. (8) per unit volume of the cell [43, 44]:
	
	(9)


where ,  and  are heat generation, internal resistance and discharge current all per unit volume of the cell. 
Based on the experimental measurement [45],  and  can be presented as follows,:
	
	(10)


for  and  K.  
	
	(11)


At the temperature between 293 K and 313 K, the entropy change is almost independent of temperature [45] while,  depends on both state of charge (SOC) and temperature. SOC is also defined as:
	
	(12)


=1.8 Ah is the electric capacity of the battery. 

The governing equations are as presented in sub-section 2.2, but the energy equations (Eq. (1), Eq. (4) and Eq. (7)) are modified to: 
Energy equation in the porous zone:
	
	(13)


Energy equation in the fluid zone:
	
	(14)


Energy equation in the heat sink solid zone:
	
	(15)


Energy equation in the battery:
	
	(16)


Boundary conditions and the simulated geometry are shown in Fig. 8b. Equations were solved numerically with the same strategy described in sub-section 2.4.
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	(a)
	(b)


[bookmark: _Ref127958431]Fig. 8.  a) The schematic of one battery cell with MCHSs, b) The simulated geometry and boundary conditions

For this study, the simulation was performed with an initial temperature of 300 K, a discharge rate of 3C and 20% cut-off state of charge. For a battery, C-rate is defined as the charge / discharge current divided by the nominally rated battery capacity. In other words, it takes 1/C hr for a battery to get fully charged or discharged. The effective total heat capacity  of the battery under the experiment was 1.83 MJ/(m3 K) [45] and the thermal conductivities in the thickness direction and normal to the thickness direction were =1.09 W/(m K) and = 3.82 W/(m K), respectively [45]. Please note that three different cases were considered for the thermal management of the battery at the cell level: 
- Case 1: The non-porous channel.
- Case 2: The 10% porous channel (located at zones No. 12 and 20 per Table 3)
- Case 3: The fully porous channel.
For these three cases, the battery average temperature and maximum recorded temperature versus SOC are presented in Fig. 9. According to these figures, the temperature rise for the channel without metal foam is about 24.6 K. While for the enhanced channel with metal foam, the temperature rise is controlled and about 12.1 K. The interesting result is that by using only 10% metal foam (but in proper positions) the average temperature is only 3.4 K more than a channel fully filled with metal foam. 

(a)

(b)
[bookmark: _Ref127391381][bookmark: _Ref127391376]Fig. 9.  The battery average temperature for 3 proposed cases. Case 1: non-porous channel, Case 2: 10% porous channel (located at zones No. 12 and 20) and Case 3: fully porous channel.

Another interesting result is revealed in Fig. 9b. The maximum temperature for case 2 is very close to case 3. Because the optimization scenario in this study is based on reducing the maximum temperature. So, the maximum temperature in case 2 is very close to case 3. It shows the importance of selecting the correct position for metal foam in dealing with channels with intermittent metal foam.
The weight of a pair of MCHSs is approximately, 2.4 gr and the weights of 10% porous and fully porous MCHSs are 2.39 and 2.81. This shows that the weight of 10% porous MCHS is only 2% more than non-porous MCHS while the average temperature rise is less 9.1 K with a reasonable pressure drop. Table 5 shows a brief comparison between non-porous, 10% porous and fully porous MCHS. The number in parenthesis shows the ratio of the item value to the value of non-porous MCHS. For example by using 10% porous MCHS, the average temperature is 0.64 of average temperature for the non-porous MCHS.
[bookmark: _Ref127912388]Table 5:  Comparison between non-porous, 10% porous and fully porous MCHS
	Item
	Weight
(gr)
	Max. temp. rise
(K)
	Ave. temp. rise
(K)
	Pressure drop
(Pa)

	Non-porous MCHS
	2.34
	27.5
	24.6
	4.3

	10% porous MCHS
	2.39 (1.02)
	16.7(0.61)
	15.5 (0.63)
	30.5 (7.1)

	Fully porous MCHS
	2.81 (1.2)
	15.8 (0.57)
	12.1 (0.49)
	268.14 (62.4)

	Note: number in parenthesis indicates the ratio to non-porous MCHS value



5. Conclusion
Thermal management of Li-ion batteries is the main challenge for EV manufacturers. Even though many battery cooling systems have been introduced, it is still looking for an efficient and cost-effective cooling method for widespread application. From the literature study, it was found that liquid cooling with MCHS is a common method in commercial applications. In addition to the high heat transfer capacity of the liquids used, the MCHS will further improve the heat transfer rate with a reasonable pressure drop, which makes this method a preferable choice for manufacturers. However, this cooling system is heavier and more complex due to the high density and leakage issues of the used liquids. In this context, this study proposed using air as a coolant for MCHS by adding porous zones inside the channel. This significantly reduced the channel's temperature by about 25 K, which is efficient enough to maintain the battery within its operating temperature limit. However, it was found that a fully porous duct causes a pressure drop of 268 Pa, which considerably increases the parasitic power consumption of the system. So, it was proposed to use intermittent porous zones within the cooling channel. The simulation results indicate that the mini-channel with intermittent porous zones is as light as an empty duct and can provide a heat transfer similar to a fully porous duct, with a pressure drop closer to an empty duct. However, the challenge of this idea was to locate the porous zones correctly within the cooling channel. To overcome this challenge, a novel approach was proposed to identify the best locations of porous zones within the channel. It is an iterative method that works by moving the coldest porous zone towards the hottest non-porous zone. It was found that using the proposed method, a solution very close to the optimum value can be obtained within a few steps, which significantly reduces the computational time and effort. Finally, from the simulation study performed, it was found that the mini-channel filled with 10-20% porous zones was the best case for cooling the batteries. This can reduce the battery's temperature by 15.8 K with a reasonable pressure drop of 30.5 Pa (~11% of a fully porous channel) and 18% saving in weight in comparison with a fully porous channel.
Appendix I
The optimum location for porous zones for different porous volume fractions is shown in Table I. Based on this table, at a higher volume fraction, almost all the end of the duct shall be filled with porous metal foam.
Table I: Optimum location for porous zones for different porous volume fractions
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Duct Center Temperature (K)



Maximum temperature	0	0.1	0.2	0.4	0.60000000000000064	0.70000000000000062	0.8	1	339.85226000000432	317.79217999999508	316.81686000000002	316.81322999999969	316.82242000000002	316.83499	316.84798999999998	315.34841999999969	Pressure drop	0	0.1	0.2	0.4	0.60000000000000064	0.70000000000000062	0.8	1	4.2718223000000712	30.527384999999999	57.255699	109.90774	162.63405999999998	189.11238	215.57064	268.14405000000232	Amount of porous zones

Maximum Temperature (K)

Pressure drop (Pa)



Case 1	T=324.6

1	0.97500000000000064	0.95000000000000062	0.92500000000000004	0.9	0.87500000000000211	0.85000000000000064	0.82500000000000062	0.8	0.77500000000000235	0.75000000000000211	0.72500000000000064	0.70000000000000062	0.67500000000000271	0.65000000000000235	0.62500000000000211	0.60000000000000064	0.57500000000000062	0.55000000000000004	0.52500000000000002	0.5	0.47500000000000031	0.45	0.42500000000000032	0.4	0.375000000000001	0.35000000000000031	0.32500000000000112	0.30000000000000032	0.27500000000000002	0.25	0.22500000000000001	0.2	299.99999999999699	303.19109539680102	305.89561833003	308.19715315727746	310.16113310795896	311.84059363864401	312.65533994335698	313.22851265484923	313.72555833880386	314.15825317908701	314.92245092005101	315.69609293382302	316.40091283260023	317.04693089110299	317.64271515777	318.19557148791699	318.71171990278674	319.19645159713195	319.65428100187006	320.089021528393	320.50391124294293	320.90170891287795	321.28475507515469	321.65503360870701	322.01422415335685	322.36374679833204	322.70480025952008	323.03839459728795	323.36537940387763	323.68646831493902	324.00226069072306	324.31326140455138	324.61989995185002	Case 2	T=315.5

1	0.97500000000000064	0.95000000000000062	0.92500000000000004	0.9	0.87500000000000211	0.85000000000000064	0.82500000000000062	0.8	0.77500000000000235	0.75000000000000211	0.72500000000000064	0.70000000000000062	0.67500000000000271	0.65000000000000235	0.62500000000000211	0.60000000000000064	0.57500000000000062	0.55000000000000004	0.52500000000000002	0.5	0.47500000000000031	0.45	0.42500000000000032	0.4	0.375000000000001	0.35000000000000031	0.32500000000000112	0.30000000000000032	0.27500000000000002	0.25	0.22500000000000001	0.2	299.99999999999699	302.99869860595896	305.24485005020802	306.93630059404194	308.215697754514	309.18768369467006	309.34395931473625	309.36285838185802	309.39284251883902	309.43158303472597	309.83740850861886	310.25769142775408	310.62213714859928	310.94521260935431	311.23776889476915	311.50788856690701	311.76165142787193	312.00363646178693	312.23729715523223	312.46525128065269	312.68949825639493	312.91158290345896	313.13271954188593	313.35388689306245	313.57590175646698	313.79947765683301	314.02527345210063	314.25393617455302	314.48614213417	314.72264062827696	314.96430570634396	315.21220385407696	315.46769032410498	Case 3	T=312.1

1	0.97500000000000064	0.95000000000000062	0.92500000000000004	0.9	0.87500000000000211	0.85000000000000064	0.82500000000000062	0.8	0.77500000000000235	0.75000000000000211	0.72500000000000064	0.70000000000000062	0.67500000000000271	0.65000000000000235	0.62500000000000211	0.60000000000000064	0.57500000000000062	0.55000000000000004	0.52500000000000002	0.5	0.47500000000000031	0.45	0.42500000000000032	0.4	0.375000000000001	0.35000000000000031	0.32500000000000112	0.30000000000000032	0.27500000000000002	0.25	0.22500000000000001	0.2	299.99999999999699	302.80179166445498	304.74376420976625	306.08337493349899	307.00778596100395	307.64939982263701	307.55208606992915	307.39295061156702	307.29958337430702	307.25399084102696	307.57775409838399	307.91114726357125	308.18916331193202	308.42896366372702	308.64330812583938	308.84096844147564	309.02796453449002	309.20849039315215	309.38544115672232	309.56083300420499	309.736097599831	309.91228536347131	310.09020568365901	310.27052474724758	310.45383565665003	310.64071124684301	310.83174722285003	311.02760161528499	311.22903591925399	311.43696364703294	311.652513657052	311.87711925231446	312.11265134775732	SOC

Mean T (K)



Case 1	T=327.5

1	0.97500000000000064	0.95000000000000062	0.92500000000000004	0.9	0.87500000000000233	0.85000000000000064	0.82500000000000062	0.8	0.77500000000000269	0.75000000000000233	0.72500000000000064	0.70000000000000062	0.67500000000000293	0.65000000000000269	0.62500000000000233	0.60000000000000064	0.57500000000000062	0.55000000000000004	0.52500000000000002	0.5	0.47500000000000031	0.45	0.42500000000000032	0.4	0.37500000000000111	0.35000000000000031	0.32500000000000123	0.30000000000000032	0.27500000000000002	0.25	0.22500000000000001	0.2	300	303.34373938127277	306.28126553587799	308.84554980985666	311.06632221170003	312.98133909952958	313.97542890651664	314.67668747839269	315.26816280311999	315.77413264824435	316.61654778576002	317.47532120513364	318.26594712369098	318.99433722651077	319.66739948623899	320.29208520724694	320.87484976882502	321.42144664462103	321.93691433306975	322.42556871133695	322.891083475958	323.33661215639569	323.764830949854	324.17800419896298	324.57804197390698	324.96654961309264	325.34486989800524	325.71411865338899	326.07521448713669	326.42890323235599	326.77577744768416	327.11629104728138	327.45076869513508	Case 2	T=316.7

1	0.97500000000000064	0.95000000000000062	0.92500000000000004	0.9	0.87500000000000233	0.85000000000000064	0.82500000000000062	0.8	0.77500000000000269	0.75000000000000233	0.72500000000000064	0.70000000000000062	0.67500000000000293	0.65000000000000269	0.62500000000000233	0.60000000000000064	0.57500000000000062	0.55000000000000004	0.52500000000000002	0.5	0.47500000000000031	0.45	0.42500000000000032	0.4	0.37500000000000111	0.35000000000000031	0.32500000000000123	0.30000000000000032	0.27500000000000002	0.25	0.22500000000000001	0.2	300	303.20163730782195	305.640453245098	307.48075917256369	308.87245593532401	309.92941184650869	310.11160934007393	310.13295446150369	310.16471658868369	310.206067793611	310.63893591317765	311.09392697250553	311.48912422022869	311.83927077894896	312.15618276668363	312.44862218758897	312.72321006012351	312.98494385723723	313.23758360623469	313.48397512976231	313.726289330398	313.96620134281875	314.20502580215299	314.44382002967001	314.68346395978705	314.92472359252599	315.16830339148299	315.41489222977202	315.66520718460202	315.92003976846047	316.18031029254195	316.44713851353993	316.72194367004403	Case 3	T=315.8

1	0.97500000000000064	0.95000000000000062	0.92500000000000004	0.9	0.87500000000000233	0.85000000000000064	0.82500000000000062	0.8	0.77500000000000269	0.75000000000000233	0.72500000000000064	0.70000000000000062	0.67500000000000293	0.65000000000000269	0.62500000000000233	0.60000000000000064	0.57500000000000062	0.55000000000000004	0.52500000000000002	0.5	0.47500000000000031	0.45	0.42500000000000032	0.4	0.37500000000000111	0.35000000000000031	0.32500000000000123	0.30000000000000032	0.27500000000000002	0.25	0.22500000000000001	0.2	300	303.21086501977902	305.76628599828223	307.65529978210469	308.998524090751	309.93994235971701	309.97923771215369	309.82806324339396	309.70733470499363	309.63610659768187	309.989272859518	310.40640373359969	310.776924685263	311.10137612790999	311.38993013283908	311.65422330658998	311.90253438927363	312.14061287448538	312.37260383714232	312.60143132657993	312.82916162214678	313.05728334277904	313.28690894729993	313.51891677219743	313.75405181955324	313.99299950456697	314.23644296068773	314.48511200394699	314.739830514517	315.00156879188899	315.27150856518369	315.55113138381398	315.84234749493498	SOC

Max. T (K)
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image11.emf
1 1 306.26 0 307.59 0 318.41 0 312.20 0 319.81 0 316.83 0 310.24 0 313.18 0 315.08 0 315.97 0 316.83

2 1 307.70 1 308.51 0 318.86 0 312.33 0 320.33 0 317.20 0 310.28 0 313.36 0 315.36 0 316.30 0 317.20

3 0 310.37 0 310.74 0 319.28 0 312.35 0 320.85 0 317.51 0 310.27 0 313.43 0 315.55 0 316.56 0 317.51

4 0 312.79 0 312.71 0 319.62 0 312.32 0 321.30 0 317.72 0 310.12 0 313.43 0 315.61 0 316.69 0 317.72

5 0 315.01 0 314.45 0 319.85 0 312.13 0 321.67 0 317.79 1 310.45 0 313.32 0 315.61 0 316.70 0 317.79

6 0 317.04 0 315.98 0 319.94 0 311.73 0 321.92 0 317.79 0 312.44 0 313.02 0 315.50 0 316.67 0 317.79

7 0 318.92 0 317.32 0 319.94 1 311.65 0 322.03 0 317.69 0 314.18 0 312.49 0 315.20 0 316.48 0 317.69

8 0 320.65 0 318.47 0 319.87 0 313.46 0 322.04 0 317.42 0 315.68 1 312.22 0 314.69 0 316.09 0 317.42

9 0 322.23 0 319.43 0 319.62 0 315.01 0 322.00 0 316.94 0 316.95 0 313.93 0 313.95 0 315.48 0 316.94

10 0 323.68 0 320.21 0 319.19 0 316.31 0 321.79 0 316.24 0 318.01 0 315.38 1 313.30 0 314.63 0 316.24

11 0 325.01 0 320.79 0 318.55 0 317.38 0 321.41 0 315.29 0 318.86 0 316.57 0 314.78 1 313.80 0 315.29

12 0 326.20 0 321.18 0 317.67 0 318.22 0 320.82 1 314.28 0 319.51 0 317.52 0 316.00 0 315.17 1 314.28

13 0 327.27 0 321.37 0 316.54 0 318.83 0 320.02 0 315.52 0 319.93 0 318.24 0 316.96 0 316.26 0 315.52

14 0 328.21 0 321.39 1 315.20 0 319.22 0 318.98 0 316.48 0 320.14 0 318.72 0 317.66 0 317.08 0 316.48

15 0 329.02 0 321.34 0 316.12 0 319.36 0 317.67 0 317.16 0 320.15 0 318.96 0 318.10 0 317.64 0 317.16

16 0 329.69 0 321.08 0 316.79 0 319.36 1 316.15 0 317.57 0 320.10 0 318.99 0 318.29 0 317.94 0 317.57

17 0 330.23 0 320.58 0 317.16 0 319.25 0 316.57 0 317.70 0 319.82 0 318.95 0 318.29 0 317.98 0 317.70

18 0 330.63 0 319.83 0 317.24 0 318.88 0 316.89 0 317.70 0 319.29 0 318.66 0 318.20 0 317.96 0 317.70

19 0 330.88 0 318.79 0 317.22 0 318.23 0 316.93 0 317.53 0 318.47 0 318.10 0 317.82 0 317.68 0 317.53

20 0 330.96 1 317.49 1 316.94 1 317.28 1 316.85 1 317.04 1 317.36 1 317.23 1 317.13 1 317.09 1 317.04
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