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Abstract: In this paper, the overall performance of an electric machine cooling system was examined 

in terms of heat transfer and fluid flow. The structure of the cooling system was based on the cooling 

jacket method. The cooling jacket contains spiral channels surrounding the stator and end-windings 

of the electric machine. Al2O3-water nanofluid is used inside the channels as the cooling fluid. The 

concentration of nanoparticles and the geometric structure of the cooling system have special effects 

on both aspects of heat transfer and fluid flow. Therefore, in this paper, the overall performance of 

the cooling system was evaluated by considering these effects. This study compared the importance 

of heat transfer and fluid flow performances on the overall performance of the cooling system. Nu-

merical analyses were performed by 3D computational fluid dynamics and 3D fluid motion analy-

sis. The analyses were carried out based on the 3D finite element method using the pressure-based 

solver of the Ansys Fluent software in steady mode. 

Keywords: electric machine cooling system; heat transfer; fluid flow; nanofluid 

 

1. Introduction 

Manufacturing cost is one of the barriers to the widespread use of electric vehicles 

(EVs). As the electric motor is one of the most important components in the powertrain 

structure of EVs, their cost can play an important role in the production cost of EVs. There-

fore, maximum utilization of the electric motor torque production capability is desired for 

EV applications [1]. This becomes more important when considering the power/torque 

demand profile of an electric motor used in electric vehicles, which is due to the highly 

dynamic nature of the power/torque demands, which is, in turn, a function of the driver’s 

behavior and the number of frequent stops and starts, so peak torque can be several times 

the rated torque of the electric motor. 

One of the factors that is effective in sizing the electric motor is the ratio of peak 

power to rated power. On the other hand, the most important factor involved in the abil-

ity of the electric motor to produce a peak torque several times greater than its nominal 

torque is the ability of the electric motor cooling system [2,3]. Thus, for a given peak 

power and rated power, the electric motor size can be reduced if the electric motor cooling 

system possesses a high performance. 

In addition to the effect of the cooling system on the sizing of electric motors, the 

performance of the electric motor can be negatively affected by the increase in tempera-

ture if the cooling system is incapable of controlling the temperature by dissipating the 

heat flux generated by the electric motor [4–6]. Therefore, the cooling system is key to 

satisfying the performance and reliability of electric motors. 

Conventional cooling systems for electric motors commonly employ air or water as 

their coolant media [7–10]. As a solution to increase the heat transfer capability of air-

cooled electric motors, fins attached to the body of the electric motor are employed [11], 
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which, in some cases, is not a practical solution, due to space constraints. As air is a rela-

tively poor coolant, for compact powertrains, employing cooling systems with a liquid 

coolant is a superior choice [12–15]. In the case the fluid is used for cooling, the tempera-

ture of the electric motor can be reduced by increasing the heat transfer coefficient of the 

coolant. In [16], an empirical investigation of an enclosed cooling system for an electric 

motor was performed. 

One of the most common cooling methods for electric motor applications is the use 

of cooling jackets, in which a coolant absorbs the heat flux generated by the electric motor, 

avoiding the excessive rise in temperature [17–20]. Reducing the thermal capacity of the 

coolant fluid and increasing the speed of the coolant fluid are common methods for im-

proving the heat transfer of a cooling system [21]. 

Regarding enhancing the heat transfer capability through increasing the velocity of 

the coolant, vortex generators were used in cooling channels to increase the heat transfer 

capability of the cooling system [22]. Vortex generators increase the heat transfer coeffi-

cient by changing the fluid velocity profile, changing the boundary layer arrangements, 

and generating the secondary flow. In [23,24], the use of the winglet vortex generator, 

triangular barrier, and rib-roughened channels was investigated. In [25], the performance 

of a half-coiled jacket with a delta winglet vortex generator was examined. The results 

showed that the heat transfer is unpredictable in the case where the angle of the delta 

winglet is 25 to 30°. 

Employing advanced coolants such as nanofluids with high heat transfer coefficients 

and good fluid flow performance is an effective way to improve the heat transfer perfor-

mance of cooling systems [26]. Recently, the usage of adding nanoparticles to coolant flu-

ids has attracted much research attention due to its advantage of increasing the heat trans-

fer capability of cooling systems [27]. Nanoparticles, due to their high thermal conductiv-

ity coefficients, increase the heat transfer rate and improve the performance of the cooling 

system. 

The heat transfer performance of SiO2-water nanofluid with different nanoparticle 

concentrations in an automotive radiator consisting of flattened tubes was experimentally 

studied in [28]. It was reported that the maximum increment in convection heat transfer 

was noticed for the highest nanoparticle concentration of SiO2-water nanofluid. However, 

fluid flow performance was not considered. Thermal performances of Al2O3/CNC and 

Al2O3/TiO2 nanofluid coolants for radiator applications were studied in [29]. According to 

the experimental results, it was shown that heat transfer parameters such as the heat trans-

fer coefficient have a proportional relationship with the volumetric flow rate. The heat 

transfer improvement in thermoelectric-based automotive waste heat recovery systems 

by using nanofluid was studied in [30]. The analyses were carried out based on mathe-

matical models. It was shown that employing nanofluids can effectively improve the heat 

transfer performance of the waste heat recovery system, and the increase in the nanofluid 

concentration has a positive effect on the output performance of the system. However, in 

this study, the effect of increasing the concentration of nanoparticles from the point of 

view of fluid flow has not been investigated. In [31], the application of nanofluid in the 

electric motor cooling system has been studied from both aspects of heat transfer and fluid 

flow using Ansys Fluent CFD analysis. However, the concentration range of nanoparticles 

has been limited and only the positive effect of adding nanoparticles to the base fluid has 

been investigated, and its negative effect on the temperature gradient at the channel walls 

and the increase in diameter of the boundary conditions have not been investigated. 

It is worth noting that, although adding nanoparticles to coolants leads to the increase 

in heat transfer capability of the coolant, due to the increase in the density and viscosity 

of the fluid because of the addition of nanoparticles, the pressure drops, and the required 

pumping power in the fluid increases. This is not a desirable fluid flow phenomenon. 

Therefore, to justify the performance of cooling systems employing nanofluid coolants, 

both thermal and fluid flow performance analyses are necessary [32]. 
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In this paper, the thermal performance of an indirect cooling system of the electric 

motor employing a cooling jacket and Al2O3-water nanofluid coolant was investigated. 

Modeling approaches were described and used to establish a numerical model of the cool-

ing system. Effects of various heat transfer and fluid flow parameters on the heat transfer 

performance of the cooling system were investigated. The dual effect of adding nanopar-

ticles to the base fluid on heat transfer performance was investigated. Apart from evalu-

ating the overall performance of the cooling system based on both heat transfer and fluid 

flow aspects, as one of the main contributions of this study, the beneficial level of increas-

ing nanoparticle concentration was investigated. To examine the overall performance of 

the cooling system, a performance evaluation index was defined that is able to determine 

the pros and cons of using nanofluids in different conditions. 

2. Modeling 

Physical, mathematical, and numerical modeling approaches were employed to es-

tablish a model of the problem and provide a platform for the cooling system performance 

analysis. 

2.1. Geometry 

The designed cooling system in this paper consisted of a cooling jacket with spiral 

cooling channels. Figure 1 shows a schematic of the meshed model of the studied cooling 

system and solid and fluid domains of the cooling system with different turns numbers. 

The cooling jacket was designed with spiral channels extracting heat from stator and end-

winding surfaces. The diameter of the electric machine was 190 mm. The diameter of the 

cooling jacket was 210 mm. The thickness of the cooling jacket was 10 mm. In this study, 

three different models of cooling systems with 4, 6, and 8 channel turns were developed. 

The cooling channels were filled with Al2O3-water nanofluid. Cooling channels carrying 

nanofluid were made of aluminum and the material of the electric motor body was steel. 

Geometric values of the cooling system and electric motor models are listed in Table 1. 

Table 1. Model dimensions. 

 Cooling Jacket Electric Motor 

Length (mm) 240 240 with coils 

Diameter (mm) 210 190 

Thickness (mm) 10 ― 

Coil pitch (mm) 26 ― 

Channel dimensions (mm) 6 × 6 ― 

2.2. Mathematical Model 

A mathematical model was employed to solve the fluid flow and heat transfer. In 

fact, the mathematical model was the basis of the numerical model and numerical analy-

sis. Therefore, in this section, required equations for the calculation of the physical prop-

erties of nanofluids are presented. 
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(a)        (b) 

  
(c)        (d) 

Figure 1. Schematic of the cooling system: (a) meshed, and with (b) 4 channel turns, (c) 6 channel 

turns, and (d) 8 channel turns. 

Using valid empirical relationships for parameters such as density, specific heat ca-

pacity, thermal conductivity coefficient, and nanofluid viscosity, the determination of 

thermophysical properties to determine the flow behavior and heat transfer at different 

volume fractions of the nanofluid was implemented as follows. 

The density of the nanofluid is expressed as: 

𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑓𝑏 + 𝜑𝜌𝑝 (1) 

where ρnf and ρp are the density of the base fluid and nanoparticles, respectively. φ refers 

to the volume fraction of nanoparticles. 

The specific heat of the nanofluid is: 

(𝜌𝐶𝑝)
𝑛𝑓

= (1 − 𝜑)(𝜌𝐶𝑝)
𝑓𝑏

+ 𝜑(𝜌𝐶𝑝)
𝑝
 (2) 

where Cpnf, Cpfb, and Cpp are the specific heat of the nanofluid, base fluid, and nanoparticles, 

respectively. 

The effective thermal conductivity of the nanofluid is calculated as [33]: 

𝑘𝑒𝑓𝑓,𝑛𝑓

𝑘𝑓𝑏
=

𝑘𝑝+2𝑘𝑓𝑏+2𝜑(𝑘𝑝−𝑘𝑓𝑏)

𝑘𝑝+2𝑘𝑓𝑏−𝜑(𝑘𝑝−𝑘𝑓𝑏)
  (3) 

where keff,nf is the effective thermal conductivity of the nanofluid. kp and kfb are the thermal 

conductivities of the nanoparticles and base fluid, respectively. 

According to the numerical model of dynamic viscosity obtained from experimental 

studies in [34], viscosity is given by: 

𝜇𝑛𝑓 = 𝜇𝑓𝑏(123𝜑2 + 7.3𝜑 + 1) (4) 

where μnf and μfb are viscosities of the nanofluid and base fluid, respectively. 

The Reynolds number is defined by 

𝑅𝑒 =
𝜌𝑛𝑓𝑢𝑖𝑛𝐷ℎ

𝜇𝑛𝑓

 (5) 
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where uin is the inlet velocity and Dh is the hydraulic diameter. In this study, cooling chan-

nels were rectangular with cross-sections of 6 × 6 mm. Therefore, Dh in this study was 6 mm. 

The heat transfer coefficient (h) is derived by 

ℎ =
𝑞𝑤

(𝑇𝑤 − 𝑇𝑏)
 (6) 

where qw is the wall heat flux. Tw and Tb are wall and bulk temperatures, respectively. In 

this study, qw was considered constant and its value was 3500 W/m2. 

Tb and Tw are calculated as follows: 

𝑇𝑊 =
1

𝐴𝐶

∬ 𝑇𝑑𝐴𝑐 (7) 

𝑇𝑏 = 𝑇𝑚(𝑥) =
1

�̅�𝐴𝐶

∬
𝐴

𝑢𝑇𝑑𝐴𝑐 (8) 

where Ac is the cross-sectional area and �̅� is the mean velocity. T and u are temperature 

and velocity profiles, respectively. 

The Nusselt number is expressed as: 

𝑁𝑢 =
ℎ ∙ 𝐷ℎ

𝑘𝑛𝑓

 (9) 

The fanning friction factor (f) is defined by 

𝑓 =
(∆𝑃/𝐿) ∙ 𝐷ℎ

2 𝜌𝑛𝑓 𝑢𝑖𝑛
2  (10) 

where ∆P is the pressure drop and L is the length of the channel. 

2.3. Numerical Model 

The electric machine and the cooling jacket were meshed and analyzed by CFD sim-

ulations. Simulations were run for different volume fractions of nanoparticles. Heat trans-

fer and fluid flow parameters such as the heat transfer coefficient, Nusselt number, Reyn-

olds number, fanning friction factor, and pressure drop were calculated for each volume 

fraction of nanoparticles. Using the single-phase modeling approach that is commonly 

used for the heat transfer analysis of nanofluids, the resulting nanofluid was considered 

as a homogeneous single-phase fluid with enhanced thermophysical properties [35,36]. 

Thermophysical properties of the resulting nanofluid for various nanoparticle concentra-

tions can be estimated by (1) to (4) based on the thermophysical properties of the base 

fluid and nanoparticles. The estimated nanofluid thermophysical properties are presented 

in Section 2.3.3. 

As the single-phase modeling approach was adopted in this study, thermophysical 

properties of the nanofluid were taken as temperature-independent. This is the most com-

monly employed modeling approach in the heat transfer study of nanofluids [35,36]. In 

[36], the accuracy of the single-phase homogenous fluid model for the heat transfer study 

of nanofluids was compared with two-phase and discrete phase modeling approaches. It 

was found that the single-phase model offers the fastest simulation with results that are 

in good agreement with the experimental test results. 

2.3.1. Grid Independence Validation 

As the accuracy of the obtained numerical results is strongly affected by the number 

of nodes in the meshed model, as a preprocessing step, the accuracy and independence of 

the results from the number of mesh nodes must be investigated. Different simulations 

were performed at a Reynolds number of 2000 for the cooling jacket with 8 turns using 

water as the coolant. An inflation layer with y+ < 5 was used near the channel walls that, 

according to [35] and [37], was in a range with fine accuracy. The computed heat transfer 
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coefficients versus the number of nodes are listed in Table 2. As can be seen, as the number 

of nodes exceeded 6 × 106, the variation in the computed heat transfer coefficient was only 

0.11%. Therefore, 6 × 106 nodes provided satisfactory numerical accuracy. According to 

the density of meshes, to overcome the high volume of calculations, a computer server 

with 48 cores and 124 GB of RAM was employed. 

Table 2. Grid sensitivity analyses. 

Number of Nodes 
Computed Heat Transfer  

Coefficient 
Percentage Variation 

2 × 106 119.93 — 

4 × 106 133.52 11.33 

6 × 106 131.92 1.2% 

8 × 106 131.78 0.11% 

2.3.2. Validation of the Numerical Model 

Simulation results were compared with an empirical correlation proposed in [38] for 

the Nusselt number derived from experimental results as follows: 

𝑁𝑢 = 0.7068 𝐻𝑒
0.514 𝑃𝑟

0.563 𝜑0.112 (11) 

where Pr and He the are Prandtl and spiral coil number, respectively, which are defined as 

follows: 

Prandtl: 

𝑃𝑟 =
𝜇 ∙ 𝐶𝑝

𝑘
 (12) 

Spiral coil number: 

𝐻𝑒 = 𝐷𝑒 [1 + (
𝑏

2𝜋𝑅
)

2

]

1
2

 (13) 

where b is the coil pitch and R is the radius of curvature of spiral channels. De is the dean 

number and is defined as: 

𝐷𝑒 = 𝑅𝑒√
𝐷ℎ

2𝑅
 (14) 

In the validation model, the nanoparticle concentration was 0.01, the hydraulic diam-

eter was 6 mm, the coil pitch was 26 mm, and the radius of coil curvature was 103 mm. 

The validation was carried out for the cooling system with a turns number of 8. The results 

obtained from the simulation and the results obtained from the calculation of the Nusselt 

number using the correlation are listed in Table 3. As can be seen, the simulated Nu values 

were in good agreement with the calculated Nu values with an average error of 5.77%. 

Table 3. Validation results. 

Re 1000 1500 2000 

Simulated Nu 16.7615 21.5649 24.5844 

Calculated Nu by the correlation proposed in [38] 16.226 19.986 23.171 

Deviation 3.3% 7.9% 6.1% 

2.3.3. Boundary Conditions 

At the inlet, the thermal boundary condition was a constant temperature of the inlet 

fluid at 70 °C. At the outlet, a zero temperature gradient was applied as the outlet thermal 

boundary condition. The stator, cooling jacket, and channel solid walls were considered 
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to be under a constant heat flux of 3500 W/m2. The outer surface and side surfaces of the 

cooling jacket were assumed to be adiabatic. Regarding the inlet fluid velocity, the inlet 

Reynolds numbers were 500, 1000, 1500, and 2000 corresponding to four different inlet 

velocities. Shear conditions at the walls were considered as no-slip. 

The employed nanofluid was Al2O3-water. The effects of adding nanoparticles on the 

fluid flow and thermal performance of the cooling system were studied for different vol-

ume fractions of the nanoparticles. Thermo-physical properties of the nanofluid and the 

base fluid (water) are listed in Table 4 [39]. 

Table 4. Thermo-physical properties of Al2O3-water [39]. 

φ ρ (kg/m3) Cp (J/kg K) k (W/m K) μ (Pa s) 

0.01 1026.8 4047 0.6408 9.13 × 10−4 

0.02 1056.6 3922.4 0.6691 9.37 × 10−4 

0.04 1116 3693.2 0.7014 9.86 × 10−4 

0.05 1140.15 3466.95 0.7205 9.96 × 10−4 

Al2O3 3970 765 40 — 

Water 997.1 4179 0.613 8.91 × 10−4 

3. Results 

The cooling system was analyzed by 3D CFD simulations. Numerical simulations 

were performed under the boundary conditions described in the previous section. The 

effect of different geometries of the cooling jacket and concentrations of nanoparticles 

were studied. The applied heat flux was constant. Thermophysical properties of the 

nanofluids were considered temperature-independent and are listed in Table 4. It should 

be mentioned that in all simulations, the inlet temperature considered was 70 °C. The fluid 

flow, thermal characteristics, and performance of the cooling system for different given 

concentrations of nanoparticles and different geometries of the cooling jacket are dis-

cussed, and the computed results were compared with the results obtained from the use 

of water as the coolant. The CFD simulations were carried out for different values of Reyn-

olds number, nanoparticle concentration, and channel turns number. The Reynolds num-

bers ranged between 500 to 2000 with steps of 500 (500, 1000, 1500, and 2000). In addition, 

the cooling systems with various combinations of channel turns numbers (4, 6, and 8) and 

nanoparticle concentrations (0, 1%, 2%, 4%, and 5%) were studied. In total, 60 cases were 

studied. 

3.1. Heat Transfer Characteristics 

Figure 2 shows a contour plot of heat transfer coefficient variations against the vari-

ation in pumping power (Reynold number) and nanoparticle concentrations for nanoflu-

ids flowing in cooling channels with 8 turns. This figure shows the variation in heat trans-

fer coefficient for Reynolds numbers of 500, 1000, 1500, and 2000 and nanoparticle con-

centrations of 0, 1%, 2%, 4%, and 5% (20 cases). The contour plot shows that the heat trans-

fer coefficient increases with the Reynolds number. In addition, at any pumping power, 

increasing the concentration of nanoparticles increases the heat transfer coefficient. 

To better illustrate the effect of the Reynolds number and the concentration of nano-

particles on changes in the heat transfer coefficient, relative heat transfer coefficient 

changes to water are plotted in Figure 3 for φ = 2%, φ = 4%, and φ = 5%. According to the 

results, compared to water, the maximum enhancement percentage of the heat transfer 

coefficient occurs at a Reynolds number of around 1000 and its values are 39.1%, 66.02%, 

and 67.7% for nanoparticle volume fractions of 2%, 4%, and 5%, respectively. 
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Figure 2. Contour plot of heat transfer coefficient versus volume fraction and Reynolds number for 

nanofluids flowing in cooling channels with 8 turns—results were obtained from 20 simulations. 

  

Figure 3. Relative heat transfer coefficient changes for nanofluids with 2%, 4%, and 5% volume frac-

tion with respect to water. 

The increase in heat transfer coefficient due to the addition of nanoparticles in the 

base fluid results from the fact that the addition of nanoparticles to the base fluid increases 

its thermal conductivity. This improves the thermal penetration depth of the coolant fluid. 

In addition, according to Table 4, the presence of nanoparticles in the base fluid leads to a 

reduction in the specific heat capacity of the base fluid. As the specific heat capacity is 

defined as the amount of thermal energy required to raise the temperature of the coolant 

by one degree Celsius, the reduced specific heat capacity causes the coolant temperature 

to rise faster due to the exposure to heat flux. Therefore, according to (6), as the specific 

heat capacity of the coolant decreases, the temperature difference between the spiral chan-

nel wall and the coolant (the denominator of Equation (6)) decreases and the heat transfer 

coefficient increases. In other words, the decreased special heat capacity increases the 

amount of the absorbed heat flux by the coolant fluid. Therefore, the nanofluid with the 

nanoparticle concentration of 5% shows the largest heat transfer coefficient increase. How-

ever, the increase in the relative heat transfer coefficient enhancement for increasing the 

volume fraction from 4% to 5% is much smaller than the case of increasing the volume 

fraction from 2% to 4%. In fact, adding nanoparticles to a base fluid affects the heat transfer 

coefficient in two different ways. While the increase in nanoparticle concentration en-

hances the heat transfer coefficient by increasing the thermal conductivity of the 
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nanofluid, increasing the nanoparticle concentration can lead to a reduction in the tem-

perature gradient at the wall of the channels (increasing thickness of the boundary layer). 

Therefore, there are two factors that positively and negatively affect the heat transfer 

coefficient enhancement. Here, in the case of using the nanofluids with 5% volume frac-

tions in a cooling jacket with 8 turns, the wall temperature gradient reduces significantly, 

leading to a small heat transfer coefficient improvement. 

As it was mentioned, the maximum enhancement percentage of heat transfer coeffi-

cient occurs at a Reynolds number of around 1000. This is because, by the increase in 

Reynolds number, friction resistance reduces, leading to the improvement of convective 

heat transfer. On the other hand, from a specific Reynolds number onward, due to viscos-

ity, the slope of the friction resistance changes decreases. Therefore, the heat transfer co-

efficient increases with the Reynolds number, but at higher Reynolds numbers, the slope 

of the increasing heat transfer coefficient decreases. 

The effect of different channel turns numbers (4, 6, and 8) at Reynolds numbers of 

500, 1000, 1500, and 2000 on the heat transfer coefficient for a cooling system using water 

as the coolant is shown in Figure 4. As it is shown in Figure 5, due to the increase in the 

cooling cross-sectional area, increasing the turns number of the channel improves the heat 

transfer from the electric motor to the coolant fluid, thus increasing the heat transfer coef-

ficient. 

 

Figure 4. Contour plot of heat transfer coefficient versus channel turns number and Reynolds num-

ber for a cooling system using water as the coolant—results were obtained from 12 simulations. 

To compare the amount of the increase in heat transfer coefficient due to the increase 

in the turns number of channels, Figure 5 shows the relative increase in heat transfer co-

efficient for channels with 6 and 8 turns compared to the channel with 4 turns. According 

to Figure 5, as the Reynolds number increases, the heat transfer coefficient increases for 

both cases (6 and 8 turns), but in the case of the channel with 8 turns, this increase for 

larger Reynolds numbers is greater than in the case of the channel with 6 turns. This dif-

ference in the amount of improvement in heat transfer coefficient at larger Reynolds num-

bers is due to the fact that the pitch of the channel with 8 turns is smaller than that of the 

channel with 6 turns. The smaller pitch of spiral channels causes the friction factor to de-

crease further by increasing the Reynolds number [40]. The further reduction in the fric-

tion factor at larger Reynolds numbers further enhances the convective heat transfer. 
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Figure 5. Relative increase in heat transfer coefficient for channels with turns numbers of 6 and 8 

with respect to 4. 

The effects of nanoparticle concentration and turns number of channels on the heat trans-

fer coefficient at different Reynolds numbers have been illustrated separately in Figures 2–5. 

Figure 6 shows the effect of these factors on the heat transfer coefficient for nanoparticle 

concentrations from 0 to 5% (where φ = 0 refers to the base fluid, water) and channels with 

turns numbers of 4, 6, and 8 at different Reynolds numbers. 

  
(a)             (b) 

 
(c) 

Figure 6. Heat transfer coefficient versus Reynolds number, nanoparticle volume fraction, and channel turns number: (a) 

4 turns, (b) 6 turns, and (c) 8 turns—results for each subfigure were obtained from 20 simulations. 

According to Figure 6, from the heat transfer perspective, it can be concluded that 

the highest heat transfer improvement at all pumping powers was obtained for the case 

of using the channel with 8 turns and employing the nanofluid with a higher nanoparticle 

concentration. 

3.2. Fluid Flow Characteristics 

This subsection discusses the effect of geometry and fluid characteristics from the 

fluid flow perspective. Variations in the coolant pressure drop in the channel with 8 turns 

at different Reynolds numbers (500, 1000, 1500, and 2000) for nanofluids with different 
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nanoparticle concentrations (0, 1%, 2%, 4%, and 5%) are shown in Figure 7. As can be seen, 

increasing the concentration of nanoparticles increases the viscosity and increases the 

pressure drop. The percentage of the increase in pressure drop relative to the base fluid at 

different Reynolds numbers is depicted in Figure 8. According to the plot, at a smaller 

Reynolds number, the effect of increasing the nanoparticle concentration on the pressure 

drop is much greater than that at large Reynolds numbers. The reason for this phenome-

non is that at small Reynolds numbers, the friction factor is high, and at large Reynolds 

numbers, the friction factor decreases; especially, this reduction in the friction factor is 

greater for nanofluids with higher nanoparticle concentrations. 

 

Figure 7. Variation in the pressure drop at different Reynolds numbers for nanofluids with different 

nanoparticle concentrations flowing in channels with 8 turns—results were obtained from 20 simu-

lations. 

  

Figure 8. Relative increase in pressure drop with respect to water. 

The contour plot of pressure drop variations versus Reynolds number (500, 1000, 

1500, and 2000) due to different channel turns numbers (4, 6, and 8) for a cooling system 

using water as the coolant is shown in Figure 9. This figure illustrates that for all Reynolds 

numbers, increasing the turns number of channels increases the pressure drop because 

the channel length increases. The percentage of the relative increase in pressure drop for 

channels with turns numbers of 6 and 8 with respect to the pressure drop of the coolant 

flowing in the channel with 4 turns is shown in Figure 10. Due to the smaller pitch of the 

channel with 8 turns, at larger Reynolds numbers, the friction factor decreases more than 



ChemEngineering 2021, 5, 53 12 of 18 
 

 

in the channel with 6 turns, so the percentage of the relative increase in pressure drop 

decreases at larger Reynolds numbers for the case of the channel with 8 turns. 

To illustrate the effect of channel turns number and nanoparticle concentration, Fig-

ure 11 shows 3D plots of pressure drop variations with respect to different channel turns 

numbers and different concentrations of nanoparticles at Reynolds numbers from 500 to 

2000. 

 

Figure 9. Variations in pressure drop at different Reynolds numbers for channel turns numbers of 

4, 6, and 8 for a cooling system using water as the coolant—results were obtained from 12 simula-

tions. 

 

Figure 10. Relative increase in heat transfer coefficient for channel turns numbers of 6 and 8 with 

respect to 4. 

 

  
(a)             (b) 
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(c) 

Figure 11. Pressure drop versus Reynolds number, nanoparticle volume fraction, and channel turns number: (a) 4 turns, 

(b) 6 turns, and (c) 8 turns—results for each subfigure were obtained from 20 simulations. 

3.3. Overall Performance Evaluation 

As the addition of nanoparticles affects both the heat transfer and fluid flow charac-

teristics, the performance of the system should be evaluated from both aspects. In this 

study, the enhancement of heat transfer and friction factor are considered as evaluation 

factors. In other words, the cooling system performance is evaluated based on the ratio of 

heat transfer improvement to the increase in the required pumping power. Therefore, the 

best performance is achieved when the maximum amount of heat transfer improvement 

is obtained in exchange for the minimum need to increase the pumping power. To evalu-

ate the performance of the cooling system based on the results obtained from the CFD 

analysis and considering both the heat transfer and the fluid flow performances of the 

cooling system, the Performance Evaluation Criteria (PEC) is defined as [41]: 

𝑃𝐸𝐶 =
(

𝑁𝑢𝑛𝑓

𝑁𝑢𝑏
)

(
𝑓𝑛𝑓

𝑓𝑏
)

(1/3)
 (15) 

where Nunf and fnf are the Nusselt number and Fanning friction factor computed for 

nanofluids, respectively. Nub and fb are the Nusselt number and Fanning friction factor 

of the base fluid, respectively. In (15), the Nusselt number represents the heat transfer 

performance factor and the Fanning factor signifies the fluid flow performance of the cool-

ing system. 

In order to provide a clear picture of the cooling system performance based on the 

heat transfer and fluid flow indices, the numerator value changes of PEC versus the de-

nominator value changes for nanoparticle concentrations of 2%, 4%, and 5% for the chan-

nel with 8 turns are plotted in Figure 12. According to the plot, for the case of using the 

nanofluid with 2% volume fraction, the performance of the cooling system at Reynolds 

numbers equal to or smaller than 780 and larger than 1700 is worse than its performance 

when water is used. A similar condition occurs for the nanofluid with a 4% volume frac-

tion when the Reynolds number is smaller than 700 or larger than 1700. In the case of the 

nanofluid with 5% volume fraction, worse performances are noticed for Reynolds num-

bers smaller than 780 and larger than 1575. Therefore, compared to water, the use of the 

nanofluid with a volume fraction of 4% in more cases improves the performance of the 

cooling system. In other words, with the increase in concentration of nanoparticles, the 

rate of heat transfer improvement exceeds the rate of increase in pressure losses. However, 

the excessive increase in nanoparticle concentration (here 5%) leads to decreased heat 

transfer and fluid flow performances. 
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Figure 12. Numerator value changes of PEC versus the denominator value changes for nanoparticle concentrations of 2%, 

4%, and 5%. 

As mentioned before, the heat transfer performance is impaired due to the dual effect 

of increasing the nanoparticle concentration, which increases the thickness of the channel 

wall boundary layer. 

Figure 13a–c show PEC index values for nanofluids with nanoparticle concentrations 

of 2%, 4%, and 5%, respectively. For all cases, the highest value of the PEC index is ob-

tained at a Reynolds number of 1049. As can be seen in Figure 13, it can be concluded that 

the greatest improvement in the overall performance of the cooling system, for all nano-

particle concentrations, is obtained in the situation where the heat transfer performance 

enhancement due to the addition of nanoparticles is almost at its maximum value, while 

the increase in pressure drop is moderate. This demonstrates that the key factor in the 

overall performance of cooling systems employing nanofluids is the amount of heat trans-

fer enhancement. This finding demonstrates that the main factor in improving the overall 

performance of the cooling system is improving its heat transfer performance. Therefore, 

the key factor that causes nanofluids with excessive nanoparticle concentrations to have a 

lower overall performance is the dual effect of adding nanoparticles on heat transfer ra-

ther than the negative effect of increasing pressure drop. 

 

(a) 
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(b) 

 

(c) 

Figure 13. PEC values (a) for φ = 2%, (b) for φ = 4%, and (c) for φ = 5%. 

4. Conclusions 

The effect of the structural geometry of the cooling system and volume fraction of the 

Al2O3 nanofluid on the heat transfer and fluid flow performances of the cooling system 

for electric machine applications were analyzed in this paper. The effect of adding nano-

particles to the base fluid and different geometries were examined on a cooling system 

based on the cooling jacket method. The core idea was to demonstrate these relationships 

so that the best combination of structural geometry and nanofluid volume fraction can be 

chosen to design a high-performance cooling system. In addition, this study aimed at 

demonstrating and comparing the importance of two factors of the heat transfer and fluid 

flow on the overall performance of the cooling system. The main conclusions are as fol-

lows. 

(a) For the same structural geometry, the heat transfer coefficient increases with the in-

crease in Reynolds number. In addition, at any pumping power, the increase in the 

concentration of nanoparticles increases the heat transfer coefficient. 
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(b) In reference to (a), from a specific Reynolds number onward, due to the viscosity, the 

slope of the friction resistance changes decreases. Therefore, the heat transfer coeffi-

cient increases with the Reynolds number, and at higher Reynolds numbers, the 

slope of the increasing heat transfer coefficient decreases. 

(c) Adding nanoparticles to a base fluid affects the heat transfer coefficient in two differ-

ent ways. While increasing the nanoparticle concentration enhances the heat transfer 

coefficient by increasing the thermal conductivity of the nanofluid, increasing the na-

noparticle concentration can lead to a reduction in the temperature gradient at the 

wall of the channels. In this study, numerical results for the nanofluid with a volume 

fraction of 5% in the cooling jacket channels with 8 turns show a very small heat 

transfer coefficient enhancement resulting from a significant decrease in temperature 

gradient at the channel walls. 

(d) Due to the increase in the cooling cross-sectional area, increasing the turns number 

of the channel improves the heat transfer from the electric motor to the coolant fluid, 

thus increasing the heat transfer coefficient. 

(e) Increasing the turns number of channels leads to a greater enhancement of heat trans-

fer coefficient at larger Reynolds numbers. This is due to the fact that the pitch of the 

channel decreases with the turns number. As the smaller pitch of spiral channels 

causes the friction factor to decrease further by increasing the Reynolds number, a 

greater enhancement of the heat transfer coefficient is achieved. 

(f) Due to the smaller pitch of the channel with a higher number of turns, at larger Reyn-

olds numbers, the friction factor decreases more than in the channel with a lower 

number of turns, so the percentage of the relative increase in pressure drop decreases 

at larger Reynolds numbers for spiral channels with a higher number of turns. 

(g) According to the results and discussions, it was demonstrated that the main factor in 

improving the overall performance of the cooling system is the increase in its heat 

transfer performance. Therefore, the key factor that causes nanofluids with excessive 

nanoparticle concentrations to have a lower overall performance is the dual effect of 

adding nanoparticles on the heat transfer rather than the negative effect of increasing 

pressure drop. 
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