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Abstract. In this paper, properties of flow and heat transfer of nanofluid in the spiral channel 

used in the cooling system of an electric motor are numerically investigated. The finite element 

method is used to solve the governing equations. The flow regime is considered as laminar and 

the base fluid is water. In addition to pure water flow, the effect of adding Aluminium-Oxide 

nanoparticles in the base fluid on the heat transfer performance of the cooling system is 

studied. The Reynolds number of the fluid, turns number of the spiral channel, volume fraction 

of the nanofluid, and pressure drop of the coolant are the most important evaluation parameters 

of this study. Heat transfer analyses are performed based on computational fluid dynamics and 

3D fluid motion analysis. 

1. Introduction 

Energy conversion process in electric motors generates heat flux and increases the temperature. The 

function of electric motor can be influenced by this increase in temperature. Reducing the operating 

temperature will increase the efficiency and the lifetime of the electric machine. Therefore, the cooling 

of electric motors, which sometimes their temperature increases up to 180 ° C, has always been of 

particular importance. Generated heat in electric motors is because of ohmic losses of windings (Joule 

losses), iron losses, mechanical losses, and stray load losses [1]. 

Air or water are the most commonly used cooling fluids in the cooling system of electrical motors. In 

order to increase the heat transfer, fins attached to the body of electric motor are also used, which in 

some cases is not practical due to space constraints. In case a fluid is used for cooling, the temperature 

of the electric motor can be reduced by increasing the heat transfer coefficient of the coolant. In [2], an 

empirical investigation of an enclosed cooling system for electric motor has been performed.  

Cooling jackets are among the coolant methods of electric motors in which the cooling fluid absorbs 

the heat flux generated by the electric motor and causes the engine to cool down. Increasing the 

thermal capacity of the coolant fluid and increasing the speed of the coolant fluid are methods for 

improving heat transfer of a cooling system [3-4]. Vortex generators are also used in the cooling jacket 

to increase heat transfer capability of the cooling system. Vortex generators increase the heat transfer 

coefficient by changing the fluid velocity profile, changing boundary layer arrangements, and by 

generating the secondary flow.  In [5] – [9], the use of the winglet vortex generator, triangular barrier, 

and rib-roughened channels were investigated. 

 



 
 

37th UIT Heat Transfer Conference 

Padova, 24-26 June 2019 

 
 (c) 

 
 (b) 

 
 (a) 

Figure 1. schematic of the cooling system with (a) 4 turns, (b) 6 turns, and (c) 8 turns. 

In designing of electric motor cooling jackets, the exact prediction of thermal behaviour is an 

inevitable need. In [10]-[15], temperature analyses of fan-cooled machines have been investigated in 

order to properly understand the heat transfer of electric motor and to identify the effective parameters 

on achieving high efficiency and optimal robust design. 

In the designing of the cooling system, it must be ensured that the maximum temperature does not 

reach maximum allowed temperature of the electric motor. In [16], performance of a half-coiled jacket 

with delta winglet vortex generator was examined. Results show that the heat transfer is unpredictable 

in the case where the angle of the delta winglet is 25 to 30 degrees. 

Recently, usage of nanoparticles in coolant fluids has attracted much attention of researchers due to its 

advantage of increasing heat transfer capability of cooling system [17]. Nanoparticles, due to their 

high thermal conductivity coefficients, increase the heat transfer rate and improve the performance of 

the cooling system [18].  

It is worthwhile noting that, although using nanofluid 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 required pumping power in the fluid increase. This is 

not a desirable fluid phenomenon. Therefore, for cooling systems employing nanofluid coolants, both 

thermal and fluid performance analyses are necessary [19]. In [20], the effect of vortex generators and 

aluminium-oxide nanoparticles in the water base fluid was investigated and compared to pure water 

coolant. It was concluded that the use of nanofluid and vortex generates improve heat transfer 

capability of the cooling system up to 2.7 times than using pure water coolant. 

In this paper, the thermal performance of indirect cooling system of electric motor using cooling jacket 

and nanofluid coolant is investigated using finite element method. First, effect of turns number of 

spiral pipes and the flow rate (Reynolds number) of the coolant on heat transfer performance of the 

cooling system are investigated; then, in the case of maximum obtained heat transfer, the effect of 

employing Aluminium-oxide nanoparticles in the base fluid is studied.  

2. Problem and Boundary Conditions 

The designed cooling system in this paper consists of a cooling jacket with spiral cooling channels. 

Fig 1 shows schematic of the cooling system. Cooling channels carrying nanofluid are made of 

Aluminium and material of electric motor body is steel. The applied boundary conditions are shown in 

Fig 2. As can be seen, boundary conditions are the inlet velocity of fluid with temperature of 343 K 

and the outlet pressure. Stator and its cooling jacket are under heat flux of 3500 W/m2. The wall 

where the channels are inside it is considered as insulated. 

To improve heat transfer of the cooling system, Aluminium-oxide nanoparticles are added to the base 

fluid. Effects of adding nanoparticles on flow and thermal performance of the cooling system are 

studied for three different volume fractions of the nanofluid. 
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Figure 2. Applied boundary conditions. 
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Figure 3. Calculated heat transfer coefficient versus number of nodes. 

The number of nodes in the meshed model has a significant effect on the accuracy of obtained 

numerical results.  To investigate the effect of number of mesh nodes on the accuracy of obtained 

numerical results, different simulations were performed and the heat transfer coefficient versus 

number of nodes is presented in Fig 3. As can be seen, as the number of nodes exceeds 6 × 104, the 

heat transfer coefficient does not change. Therefore, 6 × 104 nodes are considered in the simulations. 

Due to density of meshes, a computer server with 48 cores and 124GB of RAM is used. 

3. Governing equations 

Governing equations in the Cartesian coordinates and in steady state are as follows [21]. 

3.1. conjugation equation 

Conjugation equation is given as: 

 
𝜕(𝑢)

𝜕𝑥
+

𝜕(𝑣)

𝜕𝑦
+

𝜕(𝑤)

𝜕𝑧
= 0 (1) 

where u, v, and w are fluid velocities along x-, y-, and z-axis, respectively. 
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3.2. Momentum equation 

The Momentum equation in x-axis direction is as follows. 

 𝑢
𝜕(𝑢)

𝜕𝑥
+ 𝑣

𝜕(𝑢)

𝜕𝑦
+𝑤

𝜕(𝑢)

𝜕𝑧
= −

1

𝜌𝑛𝑓

𝜕𝑃

𝜕𝑥
+ 𝜈𝑛𝑓(

𝜕

𝜕𝑥
(
𝜕𝑢

𝜕𝑥
) +

𝜕

𝜕𝑦
(
𝜕𝑢

𝜕𝑦
) +

𝜕

𝜕𝑧
(
𝜕𝑢

𝜕𝑧
)) (2) 

where 𝜌𝑛𝑓 is density of nanofluid and p is pressure. vnf is coefficient of Kinematic viscosity. 

The Momentum equation in y-axis direction: 

 𝑢
𝜕(𝑣)

𝜕𝑥
+ 𝑣

𝜕(𝑣)

𝜕𝑦
+𝑤

𝜕(𝑣)

𝜕𝑧
= −

1

𝜌𝑛𝑓

𝜕𝑃

𝜕𝑥
+ 𝜈𝑛𝑓((

𝜕

𝜕𝑥
(
𝜕𝑣

𝜕𝑥
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𝜕

𝜕𝑦
(
𝜕𝑣

𝜕𝑦
) +

𝜕

𝜕𝑧
(
𝜕𝑣

𝜕𝑧
)) (3) 

The Momentum equation in z-axis direction: 

 𝑢
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))  (4) 

3.3. Energy equation: 

 𝑢
𝜕(𝑇)

𝜕𝑥
+ 𝑣

𝜕(𝑇)
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where 𝛼𝑛𝑓 is thermal diffusivity of the nanofluid and T is temperature.  

3.4. The governing equations for calculating the properties of nanoparticles and calculated 

parameters  

Determination of thermophysical properties to discover flow behaviour and heat transfer at different 

volume fractions of nanofluid are implemented by using valid empirical relationships for parameters 

such as density, specific heat capacity, thermal conductivity coefficient and Nanofluid viscosity are 

given as follows. 

 𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑓 + 𝜑𝜌𝑝 (6) 

 (𝜌𝐶𝑝)𝑛𝑓 =
(1 − 𝜑)(𝜌𝐶𝑝)𝑓 +𝜑(𝜌𝐶𝑝)𝑝 (7) 

 
𝑘𝑒𝑓𝑓

𝑘𝑓
=

𝑘𝑝+2𝑘𝑓+2𝜑(𝑘𝑝−𝑘𝑓)

𝑘𝑝+2𝑘𝑓−𝜑(𝑘𝑝−𝑘𝑓)
 (8) 

 𝜇𝑛𝑓 = 𝜇𝑓(123𝜑
2 + 7.3𝜑 + 1) (9) 

where φ, 𝜌𝑓, and 𝜌𝑝 are volume fraction of nanofluid, density of fluid, and density of nanoparticles, 

respectively. Cp is specific heat capacity and K is thermal conductivity. Keff is effective thermal 

conductivity. 𝜇𝑛𝑓 and 𝜇𝑓 are coefficient of dynamic viscosity of nanofluid and fluid, respectively. 

In calculation of the Reynolds number, the channel inlet diameter and nanofluid properties are used as 

follows. 

 𝑅𝑒 =
𝜌𝑛𝑓𝑢𝑖𝑛𝐷

𝜇𝑛𝑓
 (10) 

In (10), uin is fluid inlet velocity and D is hydraulic diameter.   

Fluid displacement heat transfer coefficient is expressed as follows. 

 ℎ =
𝑞𝑤

(𝑇𝑤−𝑇𝑏)
 (11) 
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Table 1. Characteristics of Aluminum-oxide nanoparticles for different volume fractions [22]. 

k (W/m K) Cp (kg/m3) ρ (J/kg K) () 

0.613 4182 998.2 0 = 

0.6691 3922.4 1056.6 0.02 = 

0.7296 3693.2 1116 0.04 = 

40 765 3970 Al2O3 

 

 

where h is heat transfer coefficient. Tw and Tb are wall and bulk temperatures, respectively. qw is wall 

heat flux. 

 To calculate the Nusselt number, the following equation is used. 

 𝑁𝑢 =
ℎ∙𝐷

𝑘𝑛𝑓
 (12) 

To calculate the Nusselt number, the following equation is used. 

 𝑁𝑢 =
ℎ𝐷

𝑘𝑛𝑓
 (12) 

To evaluate the overall thermal and fluid performance of the cooling system, an evaluation parameter 

(PEC) is defined as follows. 

 𝑃𝐸𝐶 =
(
𝑁𝑢𝑎𝑣𝑒
𝑁𝑢𝑎𝑣𝑒,𝑠

)

(
𝑓

𝑓𝑠
)
(1/3)  (13) 

where, Nuave,s and fs are base parameters and are defined for the base fluid (pure water). Indeed, PEC 

indicates the ratio of the increase in heat transfer and the increase in the pressure drop of the nanofluid 

in comparison with the base fluid. 

According to empirically validated relationships, thermophysical properties of solid Aluminum-oxide 

nanoparticles [22] and Aluminum-oxide-Water nanofluid such as density, thermal capacity, thermal 

conductivity coefficient, and dynamic viscosity for different volume fractions of the solid 

nanoparticles are listed in Table 1. 

4. Results 

In order to investigate the effect of cooling channels turns number on heat transfer performance of the 

cooling system, the average temperature of motor in terms of Reynolds number at different turns 

numbers is shown in Fig 4. According to Fig 4, for all the turn numbers, under a constant heat flux, as 

the Reynolds number increases, the average temperature of the channels’ wall decreases. For example, 

the cooling system with 8 turns number at Reynolds number of 500, the average temperature of the 

channels’ wall is 387 K and at Reynolds number of 2000, the average temperature is 377 K; which 

shows that with 4 times increase of the flow rate of the fluid passing through the 8 turns spiral 

channels, the average temperature has decreased by 10 K. Improvement of the heat transfer is because 

of the increased heat absorption capacity due to the increase of the flow rate of the coolant fluid. This 

leads to a more heat flux absorbed by the fluid and the fluid temperature is lowered. 

Investigating the effect of turns number of cooling channels on heat transfer performance of the 

cooling system under a constant Reynolds number indicates that by increasing the turns number, due 

to the increase in the cooling cross-sectional area, the heat transfer from the motor to the coolant fluid 

increases. Therefore, the average wall temperature decreases. For example, the fluid with Reynolds 

number of 2000, in turns number of 8, 6, and 4, the average wall temperature of channels is 377 K, 

380 K, and 386 K, respectively. 
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 Figure 4. Average temperature of motor in 

terms of Reynolds number at different turns 

numbers. 
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 Figure 5. Effect of Reynolds number and 

turns number on heat transfer performance of 

the cooling system. 
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Figure 6. Pressure drop versus the Reynolds number for three different turns numbers. 

For further investigation of the effect of Reynolds number and turns number on heat transfer 

performance of the cooling system, the heat transfer coefficient in terms of three different Reynolds 

numbers is shown in Fig 5. As can be seen in Fig 5, with the increase of the Reynolds number, heat 

transfer coefficient increases.  This is due to an increase in temperature difference between channels 

walls and fluid resulted from increase in fluid flow and an increase in the heat absorption capacity of 

the flowing wall. As mentioned above, at 8 turns, the increase of the Reynolds number from 500 to 

2000 decreases the wall temperature by 10 degrees. The heat transfer coefficient analysis also shows 

that with increase of the Reynolds number from 500 to 2000, the heat transfer coefficient increases 

from 67 to 140 W/m2-k. 

In addition to checking the cooling performance of the system, it is necessary to examine its properties 

from the fluid dynamic perspective too. For this purpose, the pressure drop in terms of the Reynolds 

number in three different turns numbers is shown in Fig 6. As can be seen, at constant Reynolds 

number, the pressure drop increases with increasing of the turns number. The increase in the pressure 

drop is due to changes of the flow path of the fluid, the increase in turns number, changes of the 

velocity gradient, and the change of the arrangement of the boundary layer, cause the drop in fluid 

pressure. By increase of the Reynolds number at constant turns number, as expected, the pressure drop 

has also been increased. The increase of pressure drop by increasing the Reynolds number leads to 

more power needed for pumping the increased inlet fluid flow. 
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 Figure 8. The effect of nanoparticles volume 

fraction on increasing of pressure drop. 
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 Figure 7. The effect of nanoparticles volume 

fraction on increasing of heat transfer. 

Heat transfers of nanofluids with volume fractions of 2% and 4% are shown in Fig 7. As can be seen, 

by increasing the volume fraction of nanoparticles in the fluid, the heat transfer from channel’s walls 

to the cooling fluid increases and the motor temperature decreases. The improvement in cooling due to 

the use of nanoparticles in the base fluid results from the fact that the addition of nanoparticles to the 

base fluid increases its conduction heat transfer coefficient. This improves thermal penetration depth 

of the coolant fluid. Also, the presence of a nanoparticle in the base fluid leads to a reduction in 

specific heat capacity of the base fluid. This increases amount of the absorbed heat flux by the coolant 

fluid. These two factors reduce the operating temperature of the motor and improve heat transfer 

performance of the cooling system. Fig 8 shows increase of pressure drop caused by increase of 

Reynold number and volume fraction of nanoparticles. 

5. Conclusion 

Using a 3D Finite element method, a cooling system of an electric motor has been simulated in this 

paper. To increase the heat transfer capability of the cooling system and to reduce operating 

temperature of the electric motor, a nanoparticle of Aluminium-oxide has been added to the base fluid 

(pure water). The effect of nanoparticle volume fraction on the flow and heat transfer properties of the 

nanofluid coolant has been investigated. Also, the effect of the flow rate of the cooling fluid and turns 

number of spiral channels on heat transfer capability of the cooling system have been studied. The 

studied results include heat transfer coefficient, pressure drop and average temperature. The numerical 

results show that with increasing Reynolds number, the operating temperature of the electric motor 

decreases and the pressure drop increases. According to the simulation results, adding nanoparticles 

with volume fraction of 4%, increases the heat transfer capability of the cooling system up to 40%. 

The performance coefficient test shows that the increase in the pressure drop due to the addition of 

nanoparticles in fluids with a low Reynolds number (500) is significand while increase in heat transfer 

capability is very limited. Also, in Reynolds number of 2000, addition of nanoparticles with volume 

fraction of 2% and 4% almost lead to a same performance. Therefore, it can be concluded that by 

considering thermal and fluid performance of the system with Reynolds number of 2000, the use of 

Aluminium-oxide nanoparticle with 2% volume fraction shows better heat transfer performance and is 

more cost-effective. Finally, according to the results, in case of using fluid with Reynolds number of 

1000 for both volumetric 2% and 4% and with channel turns number of 8, improvement in heat 

transfer capability is more remarkable compare to the increase of pressure drop. 
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