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Abstract

:

Designing an effective cooling system for high-power-density in-wheel motors of electric vehicles is required to avoid the irreversible demagnetization of the permanent magnet due to a rise in its temperature. In this study, a water-cooling channel was used between the stator and housing to evaluate the cooling performance of a 25 kW in-wheel motor utilizing the commercially available software Ansys Fluent 19.2. Initially, cooling channels with a single or pair of vortex generators have been used with varying heights for pressure drop evaluation considering the allowable pressure drop of 0.7 bar for a water pump. The results indicates that both a single and a pair of vortex generators satisfy the limit of a pressure drop at the height of 4 and 3 mm, respectively, and the cooling performances of two vortex generators were evaluated at these heights. It has been found that the cooling performance of a permanent magnet is enhanced by 4.1% and 6.5% using a single and a pair of vortex generators, respectively, compared to the cooling channel without a vortex generator. Furthermore, considering the ram air effect on water-cooling channels of in-wheel motors under high-speed conditions, the temperature of the permanent magnet is decreased by about 2.1 °C and was found to be 148.8 °C under the temperature limit of demagnetization of the permanent magnet.
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1. Introduction


In recent years, following the increase in worldwide awareness towards environmental issues such as climate change, stringent regulations have been established for greenhouse gas standards to achieve carbon neutrality. Accordingly, the development and commercialization of environmentally friendly electric vehicles have been accelerating, and the need for the research and development of core technologies for environmentally friendly power sources in electric vehicles has increased [1]. However, compared to the batteries used in internal combustion engines, the batteries used in electric vehicles are not sufficiently developed to produce large outputs; one of their limitations concerns battery thermal management for consistent performance [2,3]. Additionally, there is a decrease in mileage due to factors such as the weight of added parts. The in-wheel motor technology, which can reduce the vehicle weight, can be used to solve this problem. In an in-wheel motor, the suspension, steering, and braking components as well as the drive motor of the vehicle are built into the wheel; each motor is independently driven through distributed actuation [4]. In the case of the conventional inline motor method, significant power loss occurs when the power is delivered from the engine to the wheel. In contrast, the in-wheel motor method can reduce power loss with a minimized power delivery system and is advantageous for saving internal space. Furthermore, better steering performance compared to that of the inline motor method, which controls the drive shaft, can be achieved [4]. It is argued that the use of in-wheel motors increases the unsprung mass, leading to more discomfort of the passengers compared to the conventional powertrain system. Separate research is ongoing to eliminate the unsprung mass from the in-wheel motor for the sustainable development of in-wheel motors [5]. Considering the above facts, for the sustainable development of in-wheel motors, an effective thermal design is also necessary to regulate the temperature, which significantly affects the performance and durability of the in-wheel motor [6,7].



Cooling methods used for regulating the in-wheel motor temperature in electric vehicles are classified as air-cooling, oil-cooling, or water-cooling methods. In the air-cooling method, the heat generated by the motor is radiated through direct contact with external air. While driving, the heat generated from motor operation is dissipated through the heat exchange between the external housing surface encompassing the in-wheel motor and the surrounding air. A cooling groove on the housing surface, which is used for maximizing the heat exchange with the ram air, is crucial for these cooling methods, in which the air acts as a heat transfer medium [8]. The air-cooling method, which is the simplest among the three cooling methods, is adopted when the motor power is small or when there are difficulties in connecting the coolant pipes. However, the air-cooling method has limitations in controlling the amount of generated heat, which rapidly increases when the in-wheel motor rotates at a high speed as the vehicle drives. The oil-cooling method utilizes the pump with the oil as a cooling medium to circulate the oil inside and outside of the motor and reduce the heat. Oil has a higher convection coefficient than air. Therefore, the oil-cooling method demonstrates a higher thermal performance than the air-cooling method. It also enables direct spraying on the exothermic component [9]. Concurrently, cooling oil can be used for lubrication, which allows for an integrated module design with a reduction gear and increases the lifespan of the motor. However, the viscosity of the cooling oil may significantly vary according to the temperature at which a coolant is used to reduce the heat generated by the motor. The water-cooling method can use coolants with a higher convective heat transfer coefficient. Compared to other cooling methods, the water-cooling method exhibits a superior performance. When a coolant is used for the heat dissipation of the motor, the temperature of the permanent magnet and the winding temperature decrease by approximately 26% and 32%, respectively, compared to the case when a coolant is not used [10].



Various experimental and numerical studies have been carried out using water-cooling channels utilizing different configurations of the heat exchanger. Fasquelle and Laloy [11] used a water-cooling system applied in a permanent magnet synchronous motor and obtained the desired cooling performance of the synchronous motor. Another three-dimensional numerical study by Rehman and Seong utilized the cooling water jacket for the housing for a three-phase induction motor [12]. A higher cooling performance was reported for a six-pass cooling jacket with two-port configuration at a flow rate of 10 LPM for the safe operation at the maximum motor output. The oil-cooling channel with three cooling positions was studied for a traction motor of a hybrid electric vehicle in a numerical investigation by Huang et al. [13]. The authors reported that direct cooling methods were found to depict the smaller temperature rise of the stator. A water loop placed at the bottom of the teeth with two parallel flow paths by Li et al. [14], unlike the conventional water cooling in their experimental investigation, was found to be a promising method of end-winding cooling for an electric motor. In a numerical analysis, different shapes of cooling ducts such as spiral, U-shaped (one duct), U-shaped (bifurcated), and an axial water jacket were used between the housing and stator to investigate the cooling performance of the induction machine by Satrustegui et al. [15]. The authors reported a higher pressure drop for the axial water jacket than the spiral water jacket for the same heat transfer. Studies have also been carried out using water–ethylene glycol in the spiral cooling channel of an electric motor by Deriszadeh et al. [16]. The authors reported that the cooling performance of the motor increased with the increase in ethylene glycol concentration and number of turns for the spiral channel, and the heat transfer coefficient subsequently increased. Furthermore, the increase in the heat transfer coefficient was more significant than the increase in the pressure drop. Yang et al. [17] tested and simulated oil jacket cooling for an electric motor. It was suggested that the cooling performance of the motor was better at a smaller height and width of the channel but at the cost of a higher pressure drop.



It is evident from the above literature that numerous designs of the cooling channel have been used at different locations of the electric motor. However, more designs need to be identified that deliver a higher cooling performance for an electric motor. In addition, there have been no studies utilizing the different turbulence enhancers (vortex generator) for a water-cooling channel. A higher cooling performance is expected when the coolant proceeds in a turbulent flow by joining the different passages of the water channel with multiple corners, compared to the case when the coolant proceeds via a plain water channel in a laminar flow [18]. Moreover, to avoid problems associated with insulation or corrosion, direct contact between the motor components and the coolant should be prevented. Therefore, a separate water-cooling channel is thus necessary. In addition, water mixed with ethylene glycol lowers the freezing point of water. The heating of the permanent magnet in the motor leads to its demagnetization and therefore, the magnetic force of the motor decreases. When the temperature exceeds 180 °C, irreversible demagnetization occurs, wherein the magnetic force is no longer restorable [19,20]. In addition, the coil insulator melts when its temperature exceeds the temperature corresponding to heat resistance; subsequently, the stator core and coil directly come into contact, which results in serious problems such as motor operation failure. Considering the safety factor according to the various operating conditions of the in-wheel motor, which is the target object of this study, the maximum temperature for the rotating and fixed unit components must be set to 150 °C or lower.



Following the above reasons for the requirement of the cooling of in-wheel motor and considering the aforementioned limitations in the literature, a water-cooling method was applied to a 25 kW interior permanent-magnet-type in-wheel motor for effective heat dissipation in the present study. Furthermore, two types of vortex generators modified from a trapezoidal vortex generator were designed, and their thermal performances were compared and evaluated through a computational fluid dynamics (CFD) analysis. Initially, the cooling channel is designed with single vortex generator for enhancing the turbulence intensity inside flow regime. Later, considering the higher turbulence intensity, the cooling channel is designed with pair type vortex generator. Further, the investigation has been made to evaluate the cooling performance of the water channel considering the ram air effect under high-speed operating conditions of an actual in-wheel motor.




2. Numerical Analysis Method


2.1. Physical Model


In this study, a 25 kW in-wheel motor for electric vehicles was designed as an enclosed structure for protection from the external environment and for the adoption of the water-cooling method. The in-wheel motor is mainly composed of fixed and rotating units. The rotating unit located inside the motor is composed of the rotor core, permanent magnet, shaft, and other parts, and the external fixed unit is composed of the housing, coil, insulator, stator core, and other parts. As shown in Figure 1, the in-wheel motor consists of the shaft, rotor core, permanent magnet, insulator, stator core, and housing in the order moving from the core towards the outside. The reduction gear is attached at the front along with the front cover.



As shown in Figure 2, the water channel for water cooling used in this study was installed between the stator core and the housing. The external portion of the water channel was designed with a 10 mm height and a 50 mm width to allow the channel to be installed between the stator core and the housing. Laminar flow could proceed in a spiral-type water channel with multiple layers. Thus, the water channel was designed as an elbow type to increase the turbulent flow and the thermal performance. If the cross-sectional width decreases to 10 mm or less, water channels with a rectangular cross-section experience a sudden pressure loss; to prevent such a pressure loss, the model was designed as a 15 mm, three-pass structure [21]. Therefore, the external thickness and inner height of the cross-section were set as 2 and 6 mm, respectively, excluding the thickness of the external shape. The rectangular-shaped flow cross-section corner was rounded to reduce the unnecessary pressure loss. The coolant was injected through the inlet; after the heat exchange process within the motor, it was discharged through the outlet.



Of the two selected models, one was a simple, single-type vortex generator, and the other was a pair-type vortex generator. These models were chosen to examine the cooling effect of the in-wheel motor according to the application of the vortex generator in the water channel. As shown in Figure 3a, the trapezoidal vortex generator was installed at an angle of attack of 27° in the water channel with a single-type vortex generator, which generated hairpin vortices to sustain the turbulence. The pair of counter-rotating vortices, due to the trapezoidal shape, increased the flow mixing effect, from which a greater turbulence effect could be expected [22,23]. The angle of attack did not significantly affect the thermal performance; however, to obtain manufacturing margin considering a pressure drop for water pump specifications, it was set at 27°. In addition, better thermal performance can be expected because the trapezoidal vortex generator shows a flow similar to that installed in a complex type of vortex generator [24]. The base of the trapezoidal shape was 6 mm, and the side angle β was 10°. Flow analysis was performed to determine the height, h, corresponding to the pressure drop conditions. The base of the trapezoidal shape was 6 mm, and the side angle β was 10°. Flow analysis was performed to determine the height, h, corresponding to the pressure drop conditions. As shown in Figure 3b, the vortex generator was installed inside the cooling channel at a 40° angular pitch, and a total of 27, with nine for each pass. As shown in Figure 3c, a pair of trapezoidal vortex generators with height, H, were arranged in the water channel with a pair-type vortex generator. Flow analysis was performed to determine the suitable H for the pressure drop conditions. To increase the turbulence effect, the angle γ between the pair, with reference to the opposite direction of the flow, was determined as 60°. The optimal heights of the vortex generators under the pressure drop conditions were determined from the flow analysis. The corresponding results are presented in Figure 4. Based on these results, the optimal heights for the models with the applications of a single-type vortex generator and a pair-type vortex generator were determined to be 4 and 3 mm, respectively. As presented in Table 1, the values presented in the 25 kW air-cooled in-wheel motor for electric vehicles were used for the major components of the motor, excluding the water channel [8], and 6061 aluminum was used for the 30 kW water-cooled in-wheel motor for the water channel [20]. In addition, a fluid mixed with 1:1 ethylene glycol and water was used as the coolant flowing within the water channel to prevent freezing at low temperatures and to minimize internal corrosion.



The base speed and maximum speed of the in-wheel motor under the conditions of continuous rating were set as 1250 and 5000 RPM, respectively. As shown in Table 2, the external conditions were natural convection at room temperature, and the temperature of the working fluid coolant, which was injected at 7 LPM, was 65 °C in summer. Considering the pump performance at 7 LPM, the permitted pressure drop was set at 0.7 bar for the water pump for the coolant supply. The values of generated heat from the motors due to loss during operating conditions at 1250 and 5000 RPM are presented in Table 3.




2.2. Mathematical Background


The numerical analysis of the base and maximum speed conditions of the in-wheel motor was performed using Fluent (ver. 19.2). Three dimensions, a normal state, and an incompressible turbulent flow were the conditions assumed for the analysis. When effectively expressing the flow inside a water channel, there are some limitations in computation power; hence, the commonly used k-ε turbulent model was used for analysis. The k and ε values of this model were obtained through the following equations.


   ∂  ∂ t   ( ρ k ) +  ∂  ∂  x j    ( ρ k  u j  ) =  ∂  ∂  x j      ( μ +    μ t     σ k    )   ∂ k   ∂  x j      +  G k  +  G b  − ρ ε +  S k   



(1)






   ∂  ∂ t   ( ρ ε ) +  ∂  ∂  x j    ( ρ ε  u j  ) =  ∂  ∂  x j      ( μ +    μ t     σ ε    )   ∂ ε   ∂  x j      + ρ  C 1   S ε  − ρ  C 2     ε 2    k +   v ε     +  C  1 ε    ε k   C  3 ε    G b  +  S ε   



(2)




where Gk denotes the source term of the turbulent kinetic energy due to the average velocity gradient, and Gb denotes the turbulent kinetic energy generation due to buoyancy. The parameters σk and σε denote the turbulent Prandtl number, and μt denotes the turbulent viscosity. C1, C1ε, and C2 are the turbulence constants, and C1 is calculated using Equation (3). The parameter  η  in Equation (3) is defined as the function of the turbulent kinetic energy k and the turbulent dissipation rate ε as shown in Equation (4). The parameter S in Equation (4) is expressed as the function of the average strain rate Sij as shown in Equation (5).


   C 1  = max [ 0.43 ,  η  η + 5   ]  



(3)






  η = S  k ε   



(4)






  S =   2  S  i j    S  i j      



(5)







The moving reference frame technique was applied to simulate the rotational force of the rotating unit of the motor, and a coupled algorithm and pseudo-transient were used to increase the residual convergence. In addition, the enhanced wall treatment was used to ensure the validity of the analysis near the wall.



To shorten the duration of the analysis and improve convergence, the coil part wound with copper wires was simplified as a single solid shape, and the shape of the hole, which was used for fastening, was omitted. As shown in Figure 5, the mesh for analysis was structured as a tetrahedron so that the in-wheel motor model shape was comparable to the actual one. A prism mesh was used for the fluid area of the water channel to improve the accuracy of the analysis near the wall. The grid independence test was performed, and the optimum number of mesh elements was found to be 40 million.



The present numerical model was used to evaluate the performance of the 25 kW in-wheel motor for the evaluation of the cooling performance with modified grooved housing under ram air effect without using cooling channel in our previous study [8]. Using modified motor housing, the coil temperature was found to be 132.7 °C and 131.4 °C in numerical and experimental analyses, respectively [8], which depicts the good agreement between the experimental and numerical results and therefore, the present numerical model was deemed to be validated for use in the present analysis.





3. Results and Discussion


3.1. In-Wheel Motor with Simple Water Channel


Table 4 shows the volumetric average temperature for each main component under a base speed of 1250 RPM and maximum speed of 5000 RPM in the analysis model for the in-wheel motor with a simple water channel. Figure 6 presents the temperature distribution in the motor shaft center cross-section with respect to rotational speed. The analysis results were considered to converge when the residual energy value was less than 10−6 and the residual value of the rest was less than 10−3. At a base speed of 1250 RPM, the temperatures at the fixed unit coil and rotating unit motor shaft were relatively high but significantly lower compared to the target temperature.



The heat generated by the coil travels through the stator and is delivered to the water channel and then to the housing, as shown in Figure 6a. Subsequently, it is released mainly through the coolant and partially through the external air through natural convection. In contrast, the heat generated from the rotor dissipates inside the motor due to the rotation, or it propagates to the shaft for discharge into the external air, where the cooling effect is relatively insignificant. As shown in the temperature distribution in Figure 6b, an overall higher temperature was observed at maximum-speed compared to that at base-speed conditions. Based on the properties of the interior permanent magnet motor, the amount of heat generated from iron loss and eddy current core loss under maximum-speed conditions was considerably higher than that under base-speed conditions. Thus, high-temperature distributions were observed at the rotor core and permanent magnet. In particular, the volumetric average temperature of the permanent magnet was 156.9 °C, which was associated with risks of irreversible demagnetization and motor performance degradation. Therefore, the cooling performance of the water channel needs to be improved for effective dissipation of motor heat.




3.2. In-Wheel Motor with Enhanced Water Channels


High temperatures were observed under the maximum-speed conditions of the in-wheel motor with a simple water channel; therefore, vortex generators were employed to decrease the temperature of the rotating unit, including the rotor core and permanent magnet. The average temperatures of the various components of the improved models with the single-type vortex generator and the pair-type vortex generator are summarized in Figure 7, and the temperature distribution of each model is provided in Figure 8. Compared to those in the simple model, the temperatures of (1) the stator core, which is in contact with the inner surface of the water channel and is the main cooling path of both the improved models, (2) the fixing unit insulator that successively cools down along with the stator core, and (3) the coil decreased in the improved models. The temperatures of the permanent magnet in the rotating unit are 153.1 and 150.9 °C, respectively. They decreased by 3.8 °C and 6.0 °C in the models with a single-type and a pair-type vortex generator, respectively. Table 5 shows 4.1% and 6.5% improvements in the in-wheel motor thermal performance, as defined based on the coolant entrance temperature, were achieved in the enhanced models with single-type and pair-type vortex generators, respectively. The areas of the heat transfer surfaces at the water channels of the models with the single-type and pair-type vortex generators were 0.0380 m2 and 0.0381 m2, which were 0.0015 m2 and 0.0016 m2 greater than that of the model without the vortex generator, respectively. Moreover, as vortices were intentionally generated and wake flows sustained, the convection heat transfer coefficients in the models with the single-type vortex generator and the pair-type vortex generator increased by 598 Wm−2 k−1 and 1511 Wm−2 k−1, respectively.




3.3. In-Wheel Motor Considering Ram Air Effect


Until now, the external air of the in-wheel motor was assumed to flow according to natural convection, which led to an overestimation of the temperature. While the vehicle is running, ram air affects the cooling performance of the in-wheel motor drive. Under high-speed conditions, the housing is cooled by forced convection under the ram air effect, resulting in a higher convective heat transfer coefficient. Owing to the ram air stream observed in actual high-speed driving conditions, the in-wheel motor discharges heat through forced convection, which is considered to contribute to the motor exhibiting a lower temperature than estimated. In the maximum-speed conditions of 5000 RPM in a previous study that interpreted the impact of ram air on an in-wheel motor, the ram air entered the in-wheel motor at 13.2 m s−1 and 35° [9]. These were the average flow velocity and flow direction of the air around the housing when the vehicle was traveling at 120 km/h, which is similar under conditions wherein the rotation speed of the in-wheel motor is 5000 RPM. By setting the boundary conditions as 13.2 m s−1 and 35°, which are the ram air data corresponding to the high-speed condition of the in-wheel motor, and performing a precedence interpretation, the motor housing convection heat transfer coefficient of 31.2 W m−2 k−1 was obtained.



Among the enhanced models, for the model with the pair-type vortex generator, the convection heat transfer coefficient of 31.2 W m−2 k−1 obtained under maximum-speed conditions was applied when proceeding with the thermal flow analysis of the motor. This reflected the ram air effect under high-speed driving conditions. The average temperature of each component in the model with the pair-type vortex generator under the conditions of forced convection due to ram air is provided in Figure 9. The housing and shaft are cooled by forced convection owing to the ram air effect, and this effect cools the permanent magnet sequentially. Therefore, the temperature of the in-wheel motor was attained at a maximum permanent magnet temperature of 148.8 °C after a 2.1 °C decrease. A similar observation for the ram air effect as made by Kim et al. [8] in our previous work.





4. Conclusions


In this study, a water channel was designed to water-cool an in-wheel motor, and thermal flow analyses were performed at base and maximum speeds to determine the durability and performance of the in-wheel motor for electric vehicles. Accordingly, the thermal performance and temperature of each component were estimated. A vortex generator was installed inside the water channel to generate coolant vortices and induce wake flows to improve the thermal performance of the in-wheel motor.



(1) The in-wheel motor without a vortex generator, which only possessed a simple water channel, showed high temperatures at the permanent magnet and rotor core under maximum-speed conditions. In particular, the volumetric average temperature of the permanent magnet was 156.9 °C, which involved risks of irreversible demagnetization of the magnet and motor performance degradation. Therefore, the cooling performance of the water channel must be improved to effectively discharge the motor heat.



(2) Upon using vortex generators placed inside the water channels of the in-wheel motors, the temperature of the permanent magnet of the rotating unit in the models with a single-vortex generator and pair-type vortex generator decreased by 3.8 °C and 6.0 °C, corresponding to 4.1% and 6.5% improvements, respectively, in the in-wheel motor thermal performance based on the coolant entrance temperatures.



(3) Under high-speed driving conditions of the vehicle and maximum speed conditions of the in-wheel motor, upon considering the ram air effect, the maximum temperature of the permanent magnet decreased by 2.1 °C. The resulting maximum temperature of 148.8 °C satisfied the design limit of the in-wheel motor temperature.
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Nomenclature




	k 
	Turbulent kinetic energy



	ε
	Turbulent dissipation rate



	μ
	Viscosity



	ρ
	Density of a fluid or a solid



	t
	Time



	  u  
	Velocity



	  x  
	Distance



	  v  
	Dynamic viscosity
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Figure 1. Geometry of 25 kW in-wheel driving motor. 
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Figure 2. Inlet, outlet, and section of simple water channel model with flow mechanism. 
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Figure 3. Flow mechanism and variables of enhanced models with vortex generators: (a) Front view and side view of single-vortex generator; (b) side view of water channel with single-vortex generator; (c) Front view and top view of pair-type vortex generator. 
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Figure 4. Flow results according to height of enhanced models with vortex generators: (a) single type (h = 2 mm); (b) single type (h = 3 mm); (c) single type (h = 4 mm); (d) pair type (H = 2 mm); (e) pair type (H = 3 mm); (f) pair type (H = 4 mm). 






Figure 4. Flow results according to height of enhanced models with vortex generators: (a) single type (h = 2 mm); (b) single type (h = 3 mm); (c) single type (h = 4 mm); (d) pair type (H = 2 mm); (e) pair type (H = 3 mm); (f) pair type (H = 4 mm).
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Figure 5. Grid model of whole configuration. 
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Figure 6. Temperature contour of in-wheel motor with simple water channel: (a) Base speed; (b) maximum speed. 
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Figure 7. Comparison of average temperature of major parts of in-wheel motor with enhanced water channels. 
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Figure 8. Temperature contour of enhanced models with each type of vortex generator: (a) Single-type vortex generator; (b) pair-type vortex generator. 
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Figure 9. Comparison of average temperature of major parts of in-wheel motor considering the ram air effect. 
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Table 1. Thermal properties of the in-wheel motor parts.






Table 1. Thermal properties of the in-wheel motor parts.





	
Parts

	
Density

	
Specific Heat

	
Thermal Conductivity




	
kg m−3

	
J kg−1 K−1

	
W m−1 K−1






	
Bearing

	
7805

	
460

	
27




	
Coil

	
8900

	
376

	
388




	
Housing

	
2698

	
896

	
180




	
Insulator

	
1090

	
1840

	
0.41




	
Permanent magnet

	
7700

	
440

	
9




	
Rotor core

	
7600

	
4700

	
24




	
Stator core

	
7600

	
470

	
24




	
Reduction gear

	
7861

	
473

	
42.6




	
Water channel

	
2700

	
903

	
166.9
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Table 2. Boundary conditions.






Table 2. Boundary conditions.





	Parameter
	Value





	Ambient temp.
	20 °C



	Ambient heat transfer coefficient
	13 W m−2 k−1



	Coolant temp.
	65 °C



	Flow rate of coolant
	7 LPM



	Motor power
	25 kW



	Motor speed
	1250 RPM, 5000 RPM
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Table 3. Values of generated heat.






Table 3. Values of generated heat.





	Speed
	Iron Loss (W)
	Copper Loss (W)
	Eddy Current Loss (W)
	Mechanical Loss(W)
	Reduction Gear (W)
	Torque (N-m)





	1250 RPM
	94.9
	257.4
	15.2
	38.9
	268
	76.5



	5000 RPM
	566.6
	262.9
	192.7
	295.9
	262
	200
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Table 4. Average temperature of each part of in-wheel motor with simple water channel.
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Parts

	
Temperature (°C)




	
1250 RPM

	
5000 RPM






	

	
Housing

	
69.4

	
75.7




	

	
Stator core

	
73.7

	
85.3




	
Fixed parts

	
Coil

	
90.2

	
107.3




	

	
Insulator

	
83.9

	
99.8




	

	
Reduction gear

	
89.9

	
113.1




	

	
Shaft

	
91.7

	
146.2




	
Rotating parts

	
Rotor core

	
86.4

	
156.6




	

	
Permanent magnet

	
86.5

	
156.9
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Table 5. Comparison of the thermal performance of the simple and enhanced models.






Table 5. Comparison of the thermal performance of the simple and enhanced models.





	Parameter
	Simple Model without Vortex Generator
	Enhanced Model with Single-Type Vortex Generator
	Enhanced Model with Pair-Type Vortex Generator





	Water channel inner surface area (m2)
	0.0365
	0.0380
	0.0381



	Heat transfer coefficient at inner surface of coolant (Wm−2 k−1)
	6527
	7125
	8038



	Thermal performance (%)
	-
	4.1
	6.5
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