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Abstract


Due to advancements in thermal engineering and nanotechnology, nanofluids—base fluids containing dispersed nanoparticles (1–100 nm)—have emerged as promising high-performance coolants. Their enhanced thermal properties make them attractive for application in hybrid-electric aircraft, which require efficient Thermal Management Systems (TMS) to dissipate significant heat loads. This study employs a dynamic TMS model to assess the influence of key nanofluid features, including nanoparticle type, volume fraction, particle diameter, and base fluid. Metal nanoparticles provided the greatest thermal improvement (up to 19%). Increasing concentration enhanced cooling efficiency, with 0.5%, 1%, and 2% volume fractions reducing mean temperature by 14%, 19%, and 24%, respectively. Smaller particles performed better, as 20 nm nanoparticles achieved a 21.3% temperature reduction compared to 17.5% for 60 nm. Water-based nanofluids exhibited the best overall thermal behaviour, although they remain unsuitable for aeronautical applications.
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1. Introduction


The term nanofluids was introduced by Choi in 1995 to describe engineered suspensions of nanoparticles in conventional heat-transfer liquids [1]. Due to their enhanced thermal conductivity and heat dissipation, the use of nanofluids has been investigated in applications such as electronics cooling, energy systems, and heat exchangers [2].



Their performance depends on particle material, size, concentration, and base fluid, and recent reviews further highlight their potential and limitations. In aeronautics, interest in nanofluids is growing due to the high heat loads of More-Electric and Hybrid-Electric Aircraft. Weight and volume are key constraints; Caggese et al. [3] report that nanofluids can reduce the size of a liquid–liquid heat exchanger in a TMS for hybrid-electric aircraft, achieving a 15% volume reduction and 10% weight reduction compared to a baseline system without nanofluids. Experimental and numerical studies have also shown that nanofluids can enhance cooling system performance: they improve thermal behaviour in high-power aircraft electric motors [4], and experimental investigations on UAV radiators confirm measurable gains in heat transfer efficiency with various nanoparticle formulations [5]. Additionally, comprehensive reviews highlight the potential and limitations of nanofluids in advanced thermal systems [6].



Despite these advances, most studies focus on components or laboratory-scale systems under steady-state conditions, and a systematic assessment of nanoparticle type, concentration, size, and coolant choice in a full aircraft-scale TMS is lacking. This study addresses this gap with a dynamic simulation of a hybrid-electric aircraft TMS (26 kW heat load), evaluating nine nanoparticles, the most prevalent in the state of the art [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24], (Al2O3, CuO, Ag, SiO2, Cu, ZnO, TiO2, Fe2O3, SiC), and quantifying the effects of volumetric fraction, particle size, and base fluid on heat-source temperature and system pressure drop. The aim is to determine whether nanofluids can reduce operating temperatures without modifying the TMS design, and to identify the most effective nanoparticle features for aeronautical cooling.




2. Materials and Methods


Several theoretical, empirical, and computational approaches have been proposed to capture the intricate interplay of factors influencing the thermal properties of nanofluids [1,8,9,10,11,13,16,17,18,20,21,22]. Recent advancements have extended beyond the simplistic assumptions of Maxwell’s model to consider the size, shape, and concentration distribution of nanoparticles within the fluid.



Nanofluid models are based on base fluid thermal properties, nanoparticle concentration, and temperature dependence [1]. The fundamental properties to analyze are density, thermal conductivity, specific heat, and viscosity. Throughout the manuscript, the subscripts   n f  ,   n p  , and   b f   are used to refer to nanofluid, nanoparticle, and base fluid, respectively. The volume fraction will be defined by the φ symbol.



Nanofluid density,     ρ   n f     [kg/m3], is modelled by the sequent equation:


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



(1)







Nanofluid specific heat,       c   p     n f     [J/kg/K], is modelled as


      c   p     n f   =   ( φ   ρ   n f       c   p     n p   + ( 1 − φ )   ρ   b f       c   p     b f   )  /    ρ   n f      



(2)







Nanofluid thermal conductivity,     k   n f     [W/m/K], is characterized by the Brownian motion of nanoparticles, with Brownian velocity,     u   B   [ m / s ]  , and can be expressed as


    u   B   = 2   K   B   T / π   μ   b f     d   n p   2        



(3)




where     K   B     is the Boltzmann constant,   T   is the fluid temperature, and     d   n p     is the nanoparticle diameter. Thermal conductivity can be expressed as


    k   n f   =   k   b f     1 + 4.4   [ ( 2   ρ   b f     K   B   T ) /   (  π   μ   b f   2   d  ) ]   0.4       P   r     b f   0.66          T     T   f          10            k   n p       k   b f          0.03     φ   0.66        



(4)




where     T   f     is the freezing base fluid temperature,     P   r     is the Prandtl number, and   d   is the nanoparticle diameter.



Finally, the nanofluid dynamic viscosity,     μ   n f     [  k g / m / s  ], is modelled by the following equation:


    μ   n f   =   μ   b f       1 − φ     2.5    



(5)







The model is developed in a Python environment. The Python script calculates the base fluid properties thanks to the CoolProp library.



2.1. Test Case Application


The electrification of aircraft propulsion introduces significant challenges in managing the thermal power generated by high-performance electric equipment. The proposed TMS model simulates the cooling of a 26 kW heat source, representative of an electric motor or power electronics unit, and can be adapted to different thermal loads.



Dynamic Simulation Setup


The TMS is modelled in Simcenter™ Amesim™ software as an air–liquid cooling architecture [25], where mass, momentum, and energy balances are solved across all components using ready-to-use multi-physics libraries (thermo-hydraulic, heat, signal, and mechanical domains). The main system elements are summarized here:




	
An air-to-liquid crossflow heat exchanger, sized to reject heat to the external airflow.



	
A heat source, simplified as a thermal mass with constant thermal power and a switch-off logic to emulate electric-motor shutdown.



	
A piping network for coolant distribution, modelled as compressible cylindrical pipes with frictional losses, distributed thermal capacities, and four 90° bends to reproduce a representative layout.



	
A centrifugal pump driven by a torque-controlled electric motor, with constant efficiency and torque/speed limits; the shaft is assumed frictionless, and the pump is regulated to provide the required mass-flow rate.



	
A pressure-cap and expansion tank to compensate thermal expansion and prevent pressure surges; a dead-band logic avoids over- and under-pressurization, while the pressure cap manages coolant exchange with the overflow tank during heating and cooling phases.



	
An overflow tank, modelled as a thermo-hydraulic accumulator, which temporarily stores and reintegrates coolant as a function of system pressure.



	
A control unit, regulating coolant flow and system pressure to track the target heat-source temperature.








The external air stream is computed from the flight conditions of a reference mission using the ISA standard atmosphere. The dynamic model captures transient temperature evolution during climb, cruise, and descent.



Nanofluids are implemented in AMESim using the Media Property Assistant (MPA), by importing thermophysical properties—density, specific heat, viscosity, and thermal conductivity—computed via Python v3.11 according to the nanofluid models described in Section 2. This ensures thermodynamic consistency and allows parametric variations in nanoparticle type, concentration, and size. The baseline coolant is an ethylene glycol/water mixture (EG20W80) with spherical nanoparticles of 40 nm diameter.



The simulation results are compared against two reference coolants (EG20W80 and pure water). In all figures, the dashed yellow curve shows the thermal power generated by the heat source, while the dotted grey line indicates mission altitude.






3. Results


The investigation of nanoparticle types aims to identify the most suitable one. The model assumes the same nanoparticle diameter (40 nm), the same base fluid (EG20W80), and the same volume fraction (1%).



Table 1 compares the benefits for the heat source mean temperature due to the adoption of different types of nanoparticles in the TMS test case.



Figure 1 shows a close-up representation comparing the heat exchanger coolant outlet temperature reached by each studied nanoparticle. The red line represents the EG20W80 case, without nanoparticles. The blue line, the pure water scenario, exhibits lower temperatures due to its superior thermal properties compared to the mixture. According to the literature [7], metal nanoparticles perform better due to their thermal conductivity.



The green and magenta lines depict two nanofluids, namely the Fe2O3-EG20W80 nanofluid and Cu-EG20W80 nanofluid, representing the least and most favourable cases. Despite meeting the operating requirements, the application of nanofluids results in a significant improvement over the baseline model. The powertrain equipment temperature reaches a 14.8% reduction for the Fe2O3 nanoparticle and 19.3% for the Cu nanoparticle. The comparison across all nanoparticles allows for the identification of the best case, on which subsequent investigations will be focused.



Key Feature Sensitivity


This section assesses the impacts of the key features related to the study of nanofluids: volume fraction, base fluid comparison, nanoparticles’ size, and impact on pressure drop.



The volume fraction strongly affects nanofluid thermophysical and heat transfer properties, according to [26,27,28]. However, increased viscosity and nanoparticle agglomeration at high concentrations can reduce efficiency.



Figure 2 shows the trends in the mean temperature of the heat source at three different concentrations of Cu-EG20W80 nanofluid. Increasing the volumetric fraction improves thermal exchange in the TMS, leading to a reduction in temperature of the heat source by 24%, compared to 19% and 14% for 2% for 1% and 0.5% volume fractions, respectively.



Various base fluids, such as water, ethylene glycol, propylene glycol, and oil-based fluids, have been explored in the state of the art [1,2,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24]. Water-based nanofluids are widely studied due to their excellent heat transfer characteristics. However, the environmental incompatibility with flight scenarios makes it an unattractive choice for aircraft TMS. Ethylene glycol-based nanofluids offer improved stability and anti-corrosive properties, making them suitable for automotive and thermal management applications.



The dynamic simulation compares pure water-based nanofluids and 20:80% and 50:50% of ethylene glycol and water mixtures: EG20W80 and EG50W50, respectively. The heat source mean temperature, shown in Figure 3 displays a reduction of 2% at EG50W50, 19% at EG20W80, and 29% for water-based nanofluids compared to the EG20W80 baseline without nanoparticles. Comparing the 1% Cu-EG50W50 with the nanofluid-free base fluid results in a reduction of 30%. Comparing the pure water with 1% Cu-water nanofluid reveals a 17% reduction.



The size of the nanoparticles directly influences their surface area-to-volume ratio, affecting their ability to absorb and dissipate heat. Smaller nanoparticles, having larger surface area-to-volume ratios, increase interaction with the host fluid and enhance Brownian motion [29], resulting in better performance in cooling applications. As expressed by Equation (3), Brownian motion is mainly affected by four factors: temperature, particle size, particle number, and viscosity [30,31].



Figure 4 compares three dimensions with diameters of 20 nm, 40 nm, and 60 nm, assuming a spherical shape for all three analyses. It was found that using 20 nm diameter nanoparticles reduced the mean temperature by 2.5%, while 60 nm diameter nanoparticles increased it by 2.2%. When compared to the nanofluid-free coolant, EG20W80, the smaller 20 nm diameter nanoparticles resulted in a 21.3% reduction in heat source mean temperature, compared to the 17.5% reduction obtained by 60 nm nanoparticles. The results fit the literature review prediction.



Nanofluids generally increase pressure drop and pumping power due to the increase in viscosity with higher nanoparticle volume fractions [10,24]. While this effect is common in mono-nanofluids, hybrid nanofluids can enhance heat transfer while mitigating pressure drop by balancing individual nanoparticle effects [16]. Studies in the literature [10,12,18,19] show conflicting findings regarding thermal and hydraulic performance. Figure 5 depicts the impact of the analyzed key features on pumping power. The most promising conditions in terms of nanoparticle type (metallic) and volumetric fraction (higher values) result in an increased pressure drop. In contrast, variations in nanoparticle size do not lead to any significant change. As for the host fluid, water consistently proves to be the best option, as it causes the smallest increase in pressure drop.





4. Conclusions


This paper introduces a new type of fluid called nanofluids, consisting of nanoparticle suspensions with superior thermal properties compared to conventional base fluids. The primary benefits of nanofluid technology include lowering operating temperatures and minimizing the size of the cooling system.



This study focuses on nine widely used nanoparticles and their impact on cooling, a critical factor in maintaining the performance of aircraft equipment. They are introduced as a cooling medium in the Thermal Management System (TMS) of a hybrid-electric aircraft with a thermal heat of 26 kW to simulate the dynamic performance of the coolant.



The results indicate that nanofluids can reduce recorded temperatures with the same TMS design. Metal nanoparticles provide the largest thermal improvement, consistent with SoTA, due to their high thermal conductivity. In the best case, the heat source temperature is reduced by 19.3% compared to the baseline simulation without nanofluids. Each key feature of the nanofluid theory is evaluated, including particle type, volumetric fraction, coolant, particle size, and the effect on system pressure drop and pump power. Thermal conductivity increases with nanoparticle concentration, and smaller nanoparticles dissipate heat more effectively due to Brownian motion. Water-based nanofluids show the best cooling performance, although they are not suitable for aeronautical applications.



While experimental validation of the TMS model is beyond the scope of this study, the simulations are based on well-established physical principles and consistent with trends reported in the literature. Future research should include experimental studies to further validate the results and explore additional nanoparticles, while also considering environmental sustainability, human health impacts, and long-term stability, including sedimentation, agglomeration, and corrosion investigation.
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Figure 1. Heat exchanger: close-up of coolant outlet temperature (The dashed yellow curve shows the thermal power generated by the heat source, while the dotted grey line indicates mission altitude). 
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Figure 2. Volume fraction effect on heat source mean temperature. 
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Figure 3. Base fluid effect on heat source mean temperature. 
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Figure 4. Size effect on heat source mean temperature. 
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Figure 5. Effect of nanoparticle type (a), effect of volume fraction (b), effect of size (c), and effect of base fluid (d) on pressure drop. 
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Table 1. Percentage reduction in heat source (HS) mean temperature due to nanofluid application.






Table 1. Percentage reduction in heat source (HS) mean temperature due to nanofluid application.





	Type
	   HS     T   m e a n      Reduction
	Type
	   HS     T   m e a n      Reduction
	Type
	   HS     T   m e a n      Reduction





	Fe2O3
	   − 14.8 %   
	Ag
	−18.3%
	TiO2
	   − 17.2 %   



	Cu
	−19.3%
	CuO
	−17.3%
	SiO2
	   − 16.9 %   



	Al2O3
	−17.0%
	ZnO
	−17.5%
	SiC
	   − 17.8 %   
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