Optimized Thermal Management of Lithium-Ion Batteries Using Compact Hybrid Cooling Systems
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Abstract: Efficient thermal management is very critical for the performance, safety, and longevity of lithium-ion batteries in high-demand applications such as electric vehicles. This paper proposes a compact hybrid battery thermal management system that incorporates nanofluid-based cooling, phase change materials, and novel pulsed flow function to increase heat dissipation. The proposed system is composed of U-shaped microchannels with the incorporation of PCM/aluminum foam to achieve compactness with efficient thermal regulation. A validated model of thermal-fluid dynamics evaluates the effect of coolant type and flow rate, channel dimensions, and cooling direction on thermal performance. Results show that NC+PCM+EC hybrid cooling reduces maximum battery surface temperature by as much as 3.44°C relative to conventional liquid cooling, with only a 5% penalty in power consumption. The system also increases battery charge cycles by up to 6% to 15%, therefore boosting energy efficiency and safety of the vehicle tremendously. This study forms the foundation of next-generation cooling solutions for advanced battery applications.
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I. Introduction 
The primary energy source for new energy electric cars (EVs) is rechargeable batteries.  Lithium-ion batteries are widely used among the various kinds of electrochemical batteries due to their low self-discharge rate, high power, high capacity, and energy density [1]. Lithium-ion batteries produce a substantial amount of heat during charging and discharging. The large number of cells in an EV battery pack are typically discharged at a high rate [2]. Without adequate thermal management, this can cause overheating and damage to the battery, thereby reducing capacity, power, life, and safety [3-5]. However, low temperatures outside the operating range also affect battery quality and safety in driving [6][7]. A battery thermal management system (BTMS) solution was proposed to maintain the stable operation of a new energy electric vehicle's power battery; BTMS is crucial for controlling the temperature of lithium-ion batteries.  In general, BTMS fall into one of three categories: hybrid cooling systems, active cooling systems, or passive cooling systems.  In order to run the many mechanical components (fans, pumps, etc.), the Systems with active cooling consume more energy.
 With the aid of these mechanical mechanisms, the system then moves the cooling medium close to the heat source [10].  Liquid cooling [13] and air cooling [11][12] are common examples.  The most popular active cooling technique among them is liquid cooling.  This is because water is more cost-effective and has superior heat-dissipating qualities.  Water serves as the coolant in the majority of liquid cooling systems.  To counteract the temperature gradient effect brought on by high localized battery temperatures, Luo et al. [14] created a center-dispersed square spiral ring (SSR) microchannel liquid-cooling plate for power batteries.  The findings demonstrated that, in comparison to the current serpentine channel, the battery's maximum temperature under the thermal management of the SSR channel is lower. Bao, et.al. [15] investigated ultra-thin wide DC channel cold plates (WCP) and compared them with serpentine, bifurcated, and U-channel cold plates. The test results indicate that the standard deviation of temperature of WCP was reduced at maximum by 47.51 %, 45.40%, and 65.08%. However, due to recent advancements in the nanotechnology of materials, a new heat transfer liquid cooling technology, which is referred to as nanofluids, has been developed and used for practical purposes. Nanofluids are prepared by suspending nanoparticles in the range of 10-50 nm in diameter in classical heat transfer fluids [16][17]. Numerous researchers have performed theoretical and experimental analytical studies of enhanced heat transfer using nanofluids [18]. Consequently, the battery temperature declined. As shown in the above curve, at higher Reynolds number values, the heat transfer is enhanced, however at the cost of pumping power. Cooling effect for the given nanofluid SiO2, the optimal value is described by the Reynolds number of 18000. Unlike this, however, a passive cooling system requires no additional supply of energy.
Passive cooling systems comprise PCM [21] and heat pipe cooling [22]. The material properties and fill volume impact the ability of PCM, which is the most prominent passive cooling technique, to dissipate heat. This is because PCM absorbs heat in the latent form of heat. The process of phase changes like melting or solidification involves significant amounts of energy stored in the form of latent heat. In lithium-ion BTMS,; under this condition, hybrid BTMS has optimal thermal management. Ultimately, the hybrid cooling system synergizes well with liquid and phase change cooling methods, especially for heat dissipation and energy storage, thereby maintaining good thermal performance without hindering battery effectiveness. Hybrid liquid cooling systems combining active liquid cooling with passive PCM cooling provide an effective solution to the lithium-ion battery thermal management problem. On the other hand, reviewing many studies on the concept of hybrid cooling systems in achieving battery thermal management shows that at high discharge rates, the fill volume of coolant and PCM in hybrid cooling is limited by the size and weight of the BTMS.
These restrictions speed up the PCM's rate of liquefaction, reduce the amount of convective heat transfer from the coolant during the discharge operation, and decrease the passive cooling period.  From the perspective of practical application, EVs with high performance and a long range need a small hybrid cooling system.  In this study, we propose a novel HBTMS coupling between PCM/aluminum foam and multi-inlet U-shaped microchannels.  PCM/aluminum foam is used to embed the space between channels in order to achieve compactness.  The battery module is devoid of cooling plates since the staggered microchannel/PCM layers are positioned in between rows of battery cells.
Improved thermal conductivity is achieved through the use of nanofluid cooling (NC) technology.  For improved cooling (EC) with lower power consumption, a pulsed flow function is further developed.  In order to optimize working circumstances, such as coolant type, cooling direction, channel height, inlet flow rate, and cooling scheme, a thermal-fluid dynamics model was created and verified by experiments.  According to the data, the maximum temperature on the Li-HBTMS surface has, on average, dropped to 38.87°C using the novel upgraded approach of NC+PCM+EC.  Compared to the traditional liquid cooling method, which yields a maximum surface temperature of 42.31°C, it is still 3.44°C lower.  There is just a 5% increase in the system pumping power usage.This conclusion allows transforming the heat dissipation performance of the cooling schemes into the number of battery charges. The proposed hybrid cooling method of NC+PCM+EC is demonstrated to elevate the number of battery charges from around 6% to about 15% of a traditional liquid cooling method.
II. Methodology
A. System Design: U-Shaped Microchannels and PCM/Aluminum Foam Integration 
To address the thermal management challenges of lithium-ion batteries, this study proposes a hybrid battery thermal management system (HBTMS) incorporating U-shaped microchannels and PCM/aluminum foam integration. The U-shaped microchannels are designed for efficient liquid cooling, while the gaps between the channels are filled with phase change materials (PCM) coupled with high-conductivity aluminum foam to ensure compactness and optimal heat dissipation. It staggers the arrangement of the microchannels and the layers of the PCM, thereby uniformizing cooling throughout the module without any extra cooling plates and further minimizes the system's size and weight. The 18650 cylindrical cells are used within the pack, and every cell is put in a conductive aluminum shell to have greater thermal conductivity.
B. Nanofluid Selection and Properties 
Nanofluids, prepared by dispersing nanoparticles into a base fluid, have better thermal properties as compared to conventional coolants. Thus, the present work selected aluminum oxide (Al₂O₃) nanofluid because of its improved thermal conductivity and stability. At a minimum point for pressure drop, the further optimization of the nanofluid concentration was to ensure heat dissipation performance and viscosity. Thermophysical properties such as density, specific heat, thermal conductivity, and viscosity were included in the computational model. These kept the nanofluid suitable for effective heat transfer at any flow rate and temperature.
C. Development of Pulsed Flow Function for Enhanced Cooling 
A pulsed flow was, therefore, developed to enhance cooling efficiency by inducing a step change in coolant flow rate to eliminate the thermal boundary layer hastening conjugate heat transfer. It consists of three stages: an initial phase of steady flow, a Gaussian pulse initiated during the PCM transition, and a plateau phase at reduced temperatures with a minimum power draw for pumping. The pulsed flow amplitude, frequency, and timing were simulated and optimized with respect to minimizing energy cost while maximizing temperature reduction.
D. Experimental Validation and Simulation Framework 
The system design and cooling strategies as proposed were validated via experimental testing and computational simulation. The thermal-fluid dynamics model for simulating heat transfer characteristics and flow behavior of the HBTMS was constructed using COMSOL Multiphysics, incorporating realistic boundary conditions such as battery heat generation rate, coolant flow dynamics, and PCM phase change characteristics. Various experimental setups were manufactured and assembled to investigate cooling performance under varying flow rates, types of coolant, and discharge rates. Validation was done by cross-checking simulation results against experimental data, with maximum deviations within an acceptable range. This validation provided a solid basis for optimizing the design and operation of HBTMS.
III. RESULTS & DISCUSSION 
A. Effect of Coolant Types on Thermal Performance
Different coolants were used in the study which included nanofluids and standard fluids like water and glycol. Experimental outcomes showed aluminum oxide (Al₂O₃) nanofluids to possess wonderful thermal performance by reducing maximum battery surface temperature to 40.32°C with minimal power consumption. Kerosene and ethanol were found to be less effective in heat dissipation with lower thermal conductivities compared to nanofluids and standard fluids.
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Figure 1: Maximum battery temperature and system pumping power for different coolants.
Table 1: Thermophysical properties of different coolants.
	Coolants
	( Kg.m-3)
	(J.Kg-1.K-1)
	(Pa.s)

	Cu (Nf)
	1008
	4135
	0.00131

	Ti (Nf)
	1003
	4154
	0.0009

	Al (Nf)
	1002
	4157
	0.0009

	Water
	998
	4182
	0.001

	Glycol
	1071
	3300
	3.39

	Kerosene
	785
	2100
	2.21



The maximum battery surface temperature and pumping power consumption were depicted for the six coolants in Figure 1. Among these coolants under test, the aluminum oxide (Al₂O₃) nanofluid displayed the best performance regarding heat dissipation: it achieved the lowest battery temperature at 40.32°C with moderate power consumption. 
If you want effective heat dissipation, then use aluminum oxide (Al₂O₃) nanofluid among these tested coolants. Pumping medium is moderate with relatively low battery temperature of 40.32 degrees Celsius. In contrast, kerosene and ethanol showed higher battery temperatures due to their low thermal conductivities. Table 1 presents the thermophysical properties of these coolants, which indicate a wide range of thermal conductivity and viscosity values that significantly affect their performance.
B. Impact of Cooling Direction and Channel Dimensions
The U-shaped design was used to test the six cooling directions. The minimum maximum battery temperature of 40.34°C was for the fourth direction, positioned with inlets on either of the two outer sides; this is because the convective heat transfer is enhanced. For channel height variations, optimal cooling efficiency was obtained for a height of 7 mm, and minimal increase in power.
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Figure 2: Maximum battery temperature and pumping power for different cooling directions.
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Figure 3: Battery temperature and power consumption for varying channel heights
Figure 2 shows the effect of cooling direction. For the fourth cooling direction, the maximum battery surface temperature achieved was the lowest at 40.34°C, because it has optimized convective heat transfer. Figure 3 illustrates how channel height affects thermal performance. The best balance between the cooling efficiency and power consumption is achieved at a height of 7 mm. The configuration reduces thermal resistance but does not compromise on reasonable energy efficiency.
C. Influence of Inlet Flow Rates and Pulsed Cooling Methods
It demonstrated the effectiveness of increasing the inlet flow rate in lowering the temperature of the battery surface; however, beyond 0.6 g/s, returns diminish. The pulsed flow method outperforms constant flow rates in terms of breaking the thermal boundary layer, allowing better heat transfer, and also a reduction in the rate of PCM liquefaction during the phase transition.
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Figure 4: Maximum battery temperature and power consumption for different inlet flow rates.
Figure 4 illustrates the flow rate vs. battery surface temperature vs. power consumption relationship. The higher the flow rate, the lower the battery temperature, but this is achieved at the expense of a higher power consumption. This trade-off is addressed in the pulsed cooling technique, which is shown in Figure 5. It maintains the PCM liquefaction rates during phase transition lower, and thus the overall system efficiency is improved.
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Figure 5: Liquid phase volume fraction of PCM for different cooling methods.
D. Comparative Analysis with Conventional Liquid Cooling Systems

The hybrid NC+PCM+EC system reduced maximum battery surface temperature by 3.44°C compared to the conventional liquid cooling for enhanced thermal management, with only a 5% increase in power consumption. The hybrid approach extended battery lifecycle by 6-15% as well, keeping it more energy-efficient and safe for high-performance applications.
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Figure 6: Comparison of battery temperature and power consumption for different cooling methods.
Figure 6: Hybrid NC+PCM+EC vs. traditional cooling methods Hybrid system lowered the average battery temperature by 3.44°C while increasing power consumption only by 5%.
IV. Conclusion 
This article introduces a compact hybrid battery thermal management system (HBTMS) that integrates U-shaped microchannels, phase change materials (PCM), and aluminum foam, augmented with a nanofluid cooling solution and pulsed flow functionality. The key results are:
· Aluminium oxide (Al₂O₃) nanofluid showed better thermal conductivity and achieved the lowest battery temperature of all the coolants tested.
· The fourth cooling direction combined with a 7 mm channel height had the best thermal performance with minimal energy consumption.
· It allowed the pulsed cooling method to reduce battery surface temperatures as it optimizes the PCM phase transitions and maintains energy efficiency.
· Compared to the liquid cooling, the NC+PCM+EC hybrid system decreased maximum battery temperatures by 3.44°C with an increase in only 5% power consumption, increasing charge cycles of a battery by 6-15%.
These developments suggest promising futures for hybrid cooling of lithium-ion batteries for both higher safety, efficiency, and lifetime in high-power applications. Future studies include optimization of pulsed cooling parameters in additional simulations and further experiments based on physical models over wide ranges of operating conditions.
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