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Abstract

:

This study presents the experimental results of the effects on base oils after thermal and electrical aging to determine key parameters of next-generation fluids for thermal management in electric vehicles. The test fluids selected were a mineral base oil API G-III, an API G-IV Polyalphaolefin (PAO), a diester, and a polyolester, all of which had similar kinematic viscosity (KV100 = 4 cSt). All were initially characterized with measurements of density, viscosity, thermal conductivity, specific heat capacity, breakdown voltage, resistivity, and dissipation factor. They underwent two separate aging processes, one thermal, heating the test fluid at 150 °C for 120 h with a copper strip as a catalyst; and the second one an electrical aging process, with the application of 1000 breakdown voltage discharges. The same properties were measured again after each aging process and compared to the initial ones. It was found that the thermal properties ranged with similar values and did not suffer major changes after the aging processes, unlike electrical properties, which vary between samples and after thermal and electrical stress. The insights gained from this study have implications for both the development of next-generation e-thermal fluids and the future standardization of these fluids for EV thermal management applications. The findings of this study underscore the significance of formulating and selecting a suitable dielectric fluid for EV thermal management. By leveraging the insights provided, researchers and engineers can advance in the development of efficient and reliable e-thermal fluids while working towards future standardization to enhance the performance and safety of EV battery systems.
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1. Introduction


The global transition towards decarbonization and sustainability has seen a significant shift towards the electrification of the transport sector. This shift is driven by concerns over climate change and the need to reduce greenhouse gas emissions. Projections show that electric vehicle (EV) sales are growing faster than expected, with forecasts indicating that by 2030, over 30% of new cars sold worldwide will be electric [1]. This rapid growth in EVs presents challenges that need to be addressed, particularly in terms of battery thermal management (BTM).



BTM is critical for the performance, safety, and lifespan of EV batteries. The efficient management of heat generated during battery charging and discharging cycles is vital to prevent damage to battery cells and ensure optimal battery performance. Therefore, researchers and engineers are exploring various methods to manage battery temperature, including passive and active cooling systems [2,3,4].



Passive cooling systems are a good energy-efficient approach for BTM, since they help to reduce noise and power consumption given the lack of pumps or fans; however, concerning the thermal loads that can be produced during fast charging or during EV operation, this type of system might not be enough to ensure the adequate temperature range of the battery pack [5]. Active cooling systems might offer an enhanced cooling capacity and faster heat dissipation over passive cooling [6].



One promising approach to active cooling is immersion cooling, where battery cells are submerged in a dielectric fluid that extracts heat from the cells. Immersion cooling offers several advantages over traditional passive cooling systems, including higher cooling capacity, improved battery lifespan, and reduced risk of thermal runaway. Furthermore, it allows for faster charging rates and longer driving distances [7,8].



To fully realize the potential of immersion cooling, the selection of the right dielectric fluid is crucial. The fluid must have high thermal conductivity, low viscosity, and good dielectric properties. Researchers are exploring various e-thermal fluid properties, including resistivity, heat transfer, and lubrication [9,10]. For instance, Jonathan Hägerbrand conducted measurements of resistivity in transformer insulation liquids [11], while Z. Mu, Z.D. Wang, and Q. Liu measured the DC resistivity of insulating oils [12]. Both studies provide insights into the electrical properties of dielectric fluids and their potential for use in EV battery thermal management. Additional studies, such as those by Sharin Ab Ghani et. al [13] and L. Safiddine Oumert [14], investigate the effect of repeated electrical breakdown voltage discharges on dielectric fluids.



Other authors have discussed the importance of BTM in fast-charging EVs [15,16]. They highlighted the need for immersion cooling to manage battery temperature during fast charging, and noted that the selection of the fluid is essential in determining the cooling efficiency and battery lifespan.



Overall, the implementation of immersion cooling with the right fluid selection can greatly benefit the performance and longevity of EV battery packs, and since this is an emerging technology (in the EV transport sector), there are currently no standards that can be followed to develop, study, and select the proper e-thermal fluid. In this sense, this study uses available standards to measure important properties of candidate fluids in order to determine an approach for e-thermal fluid characterization and selection, attending to their advantages and drawbacks.




2. Materials and Methods


There were four base oils selected as the candidate fluids: API Group III mineral (GIII), API Group IV polyalphaolefin (PAO), diester, and polyolester. These are fluids with different molecular structures but with similar kinematic viscosity at 100 °C (between 3 to 5 cSt), as low-viscosity oils present better thermal properties [17]. Selecting four different base oils with similar kinematic viscosity broadens the scope of the analysis, as base oils from the same group might show similar results since the base structure is the same. The mineral GIII was taken into account due to its major use as dielectric fluid in transformer oils, and the synthetic PAO and esters have shown enhanced thermal performance in recent studies [18,19].



All the fresh fluids were fully characterized with measurements of their physical, thermal, and electrical properties following international standards shown in Table 1.



The sections below describe the experimental methodologies used to degrade the base oils and to measure their thermal, electrical, and physical properties to characterize the effects of the degradation. Regulations and testing for e-thermal fluids are yet to be fully standardized, and therefore, where possible, the methodologies follow relevant standards for conventional oils and lubricants.



2.1. Thermal Aging


To simulate the potential degradation of e-thermal fluid throughout its operating lifetime, accelerated thermal aging was performed on the test fluids. A large conical flask was filled with approximately 500 mL of fresh oil samples, and a pure copper strip was added to the flask. The copper acted as a catalyst to accelerate the thermal aging process, promoting oxidation of the oil sample [20,21]. The conical flask, containing the oil sample and copper strip, was then placed in a thermal bath set at 150 °C for 120 h. This thermal aging method was adapted from the ASTM D130 standard [22], which evaluates the corrosiveness of petroleum products to oil. Once removed from the thermal bath, the samples were allowed to cool to room temperature before being transferred to air-tight containers to prevent water absorption from humidity in the air.




2.2. Electrical Aging


The ‘Huazheng HZJQ-X1 Transformer Oil BDV Tester’ was used to perform electrical aging on the base oils. This equipment comprises a small oil cup with hemispherical electrodes submerged in the oil sample and operates at room temperature. The electrodes were separated by a conventional gap width of 2 mm, consistent with the ASTM D1816 [23] standard for breakdown voltage (BDV) testing. The voltage applied through the electrodes was gradually increased at a rate of 5 kV/s until charge was carried through the oil between the electrodes, resulting in a breakdown discharge. To achieve electrical aging of the base oils, 1000 breakdown discharges were performed [14]. The electrical discharges were performed at room temperature, where the mean relative humidity was 65% RH. Oil temperature was monitored during the entire process.




2.3. Breakdown Voltage


The ‘Huazheng HZJQ-X1 Transformer Oil BDV Tester’ was also used to measure the breakdown voltage of the base oil samples in accordance with the ASTM D1816 standard. This equipment had an accuracy of   ± 3 %  . Each of the base oils was tested for their BDV in fresh, electrically aged, and thermally aged states. Each sample underwent five measurements, with a 2 min wait time between each breakdown test, while being maintained at room temperature between 15–25 °C, as required by the ASTM D1816 standard.




2.4. Resistivity and Dissipation Factor


Following the IEC 60247 [24] standard, oil resistivity (volume resistivity) and dissipation factor were measured using the DF9010 system manufactured by APT Power Technology Co. The oil sample cup was filled with 90 mL of the oil, which filled a small test cell. The small test cell was filled and drained three times with the sample to clean the equipment by displacement of any previous residual oil. The test procedure was then initiated, with the sample heated to 90 °C and measurements taken automatically by the equipment. The equipment generated a DC voltage and measured the current through the test circuit to calculate the resistance and resistivity of the sample. Up to eight readings were taken for each oil sample. The accuracy for resistivity measurements was   ± 10 %   and for dissipation factor was   ± 1 %  .




2.5. Thermal Properties


Measurements of thermal conductivity and heat capacity were performed using the Thermtest THW-L1 system with an accuracy of   ± 2 %  . This equipment used the transient hot wire (THW) method to directly measure thermal properties of liquids, following the ASTM D7896 [25] standard. The measuring instrument utilized a thin platinum wire that was submerged in a measuring cell containing approximately 20 mL of the oil sample. Before testing, the instrument was calibrated using distilled water at 20 °C to ensure accuracy of the results. The sample cell was then prepared with the oil for testing and inserted into the temperature controller, and a schedule of measurements was set up in the Thermtest software. For each sample, the schedule was set to take measurements at 10 °C intervals from 20 to 120 °C. At each temperature step three readings were recorded, with a 10 min delay between tests to ensure isothermal conditions were maintained.




2.6. Viscosity and Density


Viscosity and density of the samples were measured using the Anton Paar SVM 3001 Viscometer, with an accuracy of   ± 1 %  , which conforms to the ASTM D7042 [26] standard. Readings of kinematic viscosity, dynamic viscosity, and density were recorded at 10 °C intervals from 20 to 120 °C. The sample to be tested was prepared in a 20 mL syringe. To begin testing, the temperature was set to 20 °C, and approximately 1.5 mL of the sample was injected into the inlet nozzle to fill the sample cell. When prompted by the equipment, a further 1 mL of the sample was injected prior to the reading at each temperature step to refill the sample cell. Between the testing of different oil samples, the equipment was cleaned by injection of 10 mL of toluene and 10 mL of methanol, then dried using compressed air to ensure there was no cross-contamination that could interfere with the measurements.




2.7. Water Content


The water content of the oil samples was measured to parts per million (ppm) by implementing the Karl Fischer Coulometric (KFC) titration method [27] using the Metrohm 917 Coulometer equipment with an accuracy of   ± 3   ppm. The KFC method involves the consumption of water contained in the sample by reaction with iodine. Pure iodine reagent is produced electrochemically by the equipment for high-precision dosing. The endpoint of the titration is detected voltametrically by applying a current between two platinum electrodes. When a trace amount of unreacted iodine is present in the solution, the voltage difference between the platinum wires drops significantly and signals that all of the water has been consumed by the reaction.





3. Scope and Limitations


This study focuses on investigating the effects of thermal and electrical aging on different types of base oils with similar kinematic viscosity. The selected fluids included an API G-III mineral base oil, an API G-IV Polyalphaolefin (PAO), a diester, and a polyolester. Various properties such as density, viscosity, thermal conductivity, specific heat capacity, breakdown voltage, resistivity, and dissipation factor were initially measured and compared. The fluids then underwent separate aging processes: thermal aging at 150 °C for 120 h with a copper strip catalyst, and electrical aging with 1000 breakdown voltage discharges. Subsequent measurements of the properties were taken after each aging process.



The limitations of this study should be considered. First, the study focuses on a specific set of base oils with similar kinematic viscosity, and the results may not be directly applicable to other types of fluids or lubricants used in battery thermal management systems. Additionally, the study does not provide an in-depth analysis of the performance or long-term effects of the fluids on battery temperature management. It primarily focuses on the changes in properties before and after aging processes, without exploring the impact on battery performance or thermal management efficiency. Furthermore, the study does not compare the selected fluids to standards or benchmarks against other potential e-thermal fluids.




4. Results and Discussion


From the physical point of view (viscosity and density), the fluids did not suffer any significant changes after thermal and electrical aging, as shown in Figure 1 and Figure 2. These effects, as well as their impact on their thermal performance are discussed in the next section.



4.1. Thermal Performance


Although thermal conductivity and specific heat capacity are important in determining the rate at which heat is transferred through the fluid, there are additional properties that also play a key role in thermal performance, such as density and viscosity, which dominate the heat transfer in a turbulent flow of a system [28]. To include these additional properties, a figure of merit (FOM) known as the Mouromtseff number (Mo) is used [29]:


  M o =    k a   ρ b   c p d    μ e    



(1)




where k is the thermal conductivity,  ρ  is density,   c p   is specific heat capacity, and  μ  the dynamic viscosity. The exponents vary depending on the type of flow, as shown in Table 2.



Figure 3 compares the thermal properties of the BO vs. temperature, and Figure 4 shows the Mo in a laminar and a turbulent flow in the same temperature points.



It can be inferred that although the polyolester has higher thermal conductivity and the PAO has higher specific heat capacity, the diester has better thermal performance in both laminar and turbulent flow.



After the thermal aging process, the most affected property, was viscosity as shown in Table 3, increasing to more than 1% and up to 9% on average for the PAO and to less than 3% for the others, which consequently caused the Mo to decrease down to 5.9% for the PAO and to less than 1% in the rest. The other properties remained relatively stable.



Following the electrical aging process, the same properties suffered negligible changes, with less than 1% variation.




4.2. Electrical Performance


E-thermal fluids must have electrical properties that ensure the safety of passengers and the performance of the battery and electronic components and endure thermal and electrical loads that they might suffer. Figure 5, Figure 6 and Figure 7 show the measurements of the most relevant electrical properties and their variation after thermal and electrical stress.



The dielectric dissipation factor shown in Figure 5 indicates the effectiveness of a dielectric fluid’s insulation properties by measuring the ratio of its resistive properties to its capacitive properties. An ideal dielectric fluid would have high capacitive properties and low resistive properties, resulting in zero conduction through the fluid and a dissipation factor that approaches zero. However, the degradation of the dielectric fluid can introduce impurities and oxidation products that allow current to flow through the fluid, leading to losses due to ohmic resistance. A higher dissipation factor is linked to greater dielectric losses, resulting in the loss of electrical energy to the insulating fluid.



The PAO oil has the most effective insulating properties, with the lowest dissipation factor remaining relatively unaffected by degradation. The GIII mineral oil has the next lowest dissipation factor, but it increases slightly after thermal degradation due to the formation of oxidation products. The diester and polyolester, on the other hand, have a higher dissipation factor than the GIII, which can be attributed to their higher polarity and water content.



For e-thermal fluid applications, high resistivity and a low dissipation factor are desirable to fully insulate the battery cells in immersion cooling systems. If the fluid’s resistivity is too low, this increases the likelihood of electrical conduction through the fluid during high-voltage applications, which would lead to short-circuiting. Resistivity is also closely related to the dissipation factor, shown in Figure 6, and generally, as the dissipation factor decreases, resistivity will increase.



Ester oils have lower resistivity compared to traditional hydrocarbon-based oils such as GIII mineral oil and polyalphaolefin, which have significantly higher resistivity. The chemical polarity of ester oils, attributed to the presence of C=O and C–O bonds in their structure, allows them to carry charge more efficiently, resulting in lower resistivity. While both PAO and GIII oils are nonpolar, the results indicate that PAO’s resistivity is more than triple that of GIII mineral oil. This is due to PAO’s synthetic nature, with its highly regular monomer units and absence of impurities contributing to its high resistivity.



The electrical discharges performed were not enough to cause a reaction on GIII, given its short duration and low power (compared to transformer discharges), and with no formation of byproducts, the impact on resistivity was minimal. Although PAO shows an increase in resistivity and dissipation factor after electrical degradation, this result is inconclusive, as it falls within the uncertainty range of the readings. This increase in resistivity could be attributed to the slight reduction in water content during electrical stress. After thermal degradation, GIII oil undergoes oxidation, resulting in a decreased resistivity due to the increased polarity of the molecules. A similar trend is observed in PAO, the diester, and the polyolester after thermal degradation, but the resistivity decreases to a lesser extent due to a lower degree of oxidation. The electrical properties of oils are highly influenced by the amount of water present, with even a minor increase in water concentration causing a significant decrease in resistivity. Thus, it is essential to take into account the alteration in water content during degradation, as it affects the ability of the oil to maintain high resistivity levels that are crucial for immersion cooling applications. Figure 8 shows the variation of the water content of each base oil after each aging process.



The analysis revealed that ester oils that have been electrically degraded exhibit a substantial rise in water content, most likely caused by absorbing moisture from the air during their two-day degradation period in the breakdown voltage sample cup. Ester oils have a polar nature, making them highly susceptible to absorbing water, particularly in high-humidity environments [30]. In contrast, thermally degraded ester oil samples demonstrate a minor decrease in water content, as the high temperatures cause any absorbed moisture to evaporate.



The breakdown of oils under high voltages is a complex process that is affected by impurities, moisture, viscosity, and temperature. Gas dielectric breakdown is the most commonly observed mechanism, wherein high voltage energy causes the oil molecules to collide and generate free ions and electrons that form a conductive chain between electrodes. As current flows through the chain, the fluid heats up and eventually boils, creating a gas channel, through which an electric discharge occurs. Although it is very unlikely that a BDV occurs during battery charging or discharging in e-thermal fluid applications, a high breakdown voltage is preferred as a safety measure. Figure 7 shows the values of BDV of the base oils before and after the aging processes.



In general, the ester oils exhibit higher breakdown voltages than GIII and PAO oils. This can be explained by the gas dielectric breakdown theory, which suggests that the energy required to boil the fluid and form a gas channel for spark breakdown is partly responsible for the BDV. The polar nature of ester molecules results in stronger intermolecular forces and higher boiling points, requiring more energy to boil the fluid and form the gas channel, leading to a higher BDV. The BDV of GIII and PAO remain relatively constant after degradation, whereas the diester and polyolester exhibit a significant decrease in BDV after electrical degradation. This is possibly due to an increase in water content after degradation, which promotes the formation of conductive chains and breakdown discharge at lower applied voltage.





5. Conclusions


The degradation processes tested had a minimal effect on the thermal and physical properties of the base oils. According to the analysis of the Mouromtseff number, the diester had slightly better heat transfer capabilities compared to the other base oils.



In terms of resistivity, the PAO outperformed the other base oils by a significant margin and remained relatively constant, even after degradation. Alternatively, the resistivity of the GIII, diester, and polyolester decreased after electrical aging. The ester oils had significantly lower resistivity compared to the hydrocarbon-based oils. A similar trend was observed for the dissipation factor, with the PAO showing the lowest value and the ester oils showing significantly higher values, which could be attributed to the presence of moisture in the fresh samples and then increasing after electrical aging due to the water absorption and the oxidation suffered after thermal aging.



It can be inferred, from the increasing pattern of the Mo with temperature, that the test fluids are more efficient at higher temperatures. Furthermore, for a BEV operating in extreme cold weather (−20 °C), an idle time before operating the vehicle should be considered. However, further research and modeling is needed in order to determine proper idle times (if necessary).



From the thermal and electrical point of view, it can be concluded that the PAO is the most suitable base oil for e-thermal fluid applications, due to its high resistivity, low dissipation factor, and effective heat transfer properties, which make it better in comparison to the other base oils, as seen in Table 4. Nonetheless, it is important to note that this conclusion is drawn solely based on analysis of the thermal, physical, and electrical properties, and considering that the test fluids are base oils, it leaves room for additivation that can modify some of these properties. Other factors such as material compatibility, cost, biodegradability, and sustainability have yet to be considered in this study, and these aspects could greatly influence its suitability. The findings of this study not only contribute to the development of next-generation e-thermal fluids for electric vehicle thermal management applications, but also offer valuable insights for future standardization efforts in this field. Understanding the effects of thermal and electrical aging on different base oils provides crucial information for formulating requirements for e-thermal fluids. The stability of thermal properties suggests that future fluids should maintain consistent thermal performance even after aging processes, enabling efficient heat dissipation and temperature control in EV battery systems. This highlights the need for e-thermal fluids with high thermal conductivity, specific heat capacity, and low thermal degradation rates. The variation observed in electrical properties after aging processes emphasizes the importance of electrical performance in e-thermal fluids for EV thermal management. Developing fluids with enhanced electrical insulation properties will contribute to improved electrical safety and reliability in EV applications.



Furthermore, the results presented can serve as a basis for future standardization efforts in the field of e-thermal fluids. Establishing standardized testing methods and performance criteria based on the measured properties, both before and after aging processes, will enable consistent evaluation and comparison of different fluids. This will facilitate the development of industry-wide standards for e-thermal fluids, ensuring compatibility, reliability, and optimal performance in EV thermal management systems.
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Figure 1. Kinematic viscosity of fresh, thermally aged, and electrically aged samples: (a) G-III, (b) PAO, (c) diester, (d) polyolester. 
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Figure 2. Density of fresh, thermally aged, and electrically aged samples: (a) G-III, (b) PAO, (c) diester, (d) polyolester. 
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Figure 3. Thermal properties of fresh samples. (a) Thermal conductivity; (b) specific heat capacity. 
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Figure 4. Mouromtseff number of fresh samples in (a) laminar flow; (b) turbulent Flow. 
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Figure 5. Dissipation factor of fresh, electrically aged (E_Aged), and thermally aged (T_Aged) base oils. 
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Figure 6. Resistivity of fresh, electrically aged (E_Aged), and thermally aged (T_Aged) base oils. 
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Figure 7. Breakdown voltage of fresh, electrically aged (E_Aged), and thermally aged (T_Aged) base oils. 
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Figure 8. Water concentration of fresh, electrically aged (E_Aged), and thermally aged (T_Aged) base oils. 
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Table 1. Equipment and standard used for measurements.






Table 1. Equipment and standard used for measurements.





	Properties
	Equipment
	Standard





	Viscosity and density
	SVM 3001 Viscometer, Anton Paar
	ASTM D7042, D4052, D287, D1298



	Water content
	Coulometric Karl Fischer titration, Metrohm
	ASTM D6304



	Breakdown voltage
	HZJQ-X1, Huazheng
	ASTM D1816



	Resistivity, dissipation factor
	Oil Tan Delta & Resistivity DF9010 system, APT Power Technology Co
	IEC 60247



	Thermal conductivity and specific heat capacity
	THW-L1, Thermtest Instruments
	ASTMD7896
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Table 2. Mouromtseff number exponents.
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	Exponent
	Laminar Flow
	Turbulent Flow





	a
	0.33
	0.80



	b
	0.67
	0.67



	d
	0.33
	0.33



	e
	0.17
	0.47
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Table 3. Average variation of thermal and physical properties after thermal and electrical stress (T_AGED and E_AGED respectively) in the temperature range of 20 °C to 120 °C.






Table 3. Average variation of thermal and physical properties after thermal and electrical stress (T_AGED and E_AGED respectively) in the temperature range of 20 °C to 120 °C.





	
Property

	
Status

	
G-III

	
PAO

	
Diester

	
Polyolester






	
Thermal conductivity

	
T_AGED

	
0.28%

	
−2.32%

	
0.61%

	
0.67%




	
E_AGED

	
0.20%

	
−0.98%

	
−0.42%

	
−0.48%




	
Specific heat capacity

	
T_AGED

	
0.31%

	
−3.07%

	
0.31%

	
0.08%




	
E_AGED

	
0.28%

	
−0.90%

	
−0.14%

	
−0.37%




	
Kinematic viscosity

	
T_AGED

	
0.65%

	
9.09%

	
2.20%

	
2.05%




	
E_AGED

	
−0.25%

	
−0.43%

	
−0.65%

	
−0.89%




	
Density

	
T_AGED

	
0.12%

	
1.71%

	
0.21%

	
0.18%




	
E_AGED

	
0.06%

	
0.07%

	
0.05%

	
0.05%




	
Mo

	
T_AGED

	
0.02%

	
−5.92%

	
−0.44%

	
−0.42%




	
E_AGED

	
0.36%

	
−0.73%

	
0.01%

	
−0.01%
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Table 4. Decision matrix for the base oils suitability as an e-thermal fluid.
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	Property
	G-III
	PAO
	Diester
	Polyolester





	High thermal conductivity
	+
	++
	+++
	++++



	High specific heat capacity
	+++
	++++
	++
	+



	High Mouromtseff Number
	+
	+++
	++++
	++



	High resistivity
	+++
	++++
	+
	++



	Low dissipation factor
	+++
	++++
	+
	++



	High breakdown voltage
	++++
	+++
	+
	++



	Low moisture absorption
	+++
	++++
	+
	++
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