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Abstract—There in an increasing trend in the use of the
direct oil cooling in electric motors for automotive because of
the increasing demand of high power/torque density as well
as overload capability. One of the most immediate solution is
to fill the housing with some oil level and benefit of the heat
transfer from the oil splashing. The mechanical losses coming
from the rotor rotation are well known and they represent a
significant challenge, especially at high speed and high oil level.
Therefore, the derivation and prediction of these losses have
not been properly investigated leading to a lack in the current
literature. Moving Particles Simulation (MPS) method is used
in Particleworks to calculate the mechanical losses caused by
the oil viscosity and convective heat transfer coefficients (HTC)
are extracted for a 250 kW Electrically Excited Synchronous
Machine at different speeds and oil levels.

Index Terms—Electric Motors, Direct Oil Cooling, Hairpin,
Electrically Excited Synchronous Machine (EESM),Traction
Motors, E-mobility, Automotive, Thermal, Heat Transfer Co-
efficient (HTC).

I. INTRODUCTION

TRACTION motors for automotive demand very high

power/torque density as well as wide speed range while

keeping high efficiency along the whole driving cycle [1]–

[5]. Since the motors require to be miniaturized, considering

to keep constant the efficiency, the area of heat exchange

decreases while the heat density increases [6]. This makes

the temperature inside the motors rising with the increase

of the power density of the machine and, therefore, better

cooling performance are needed. The maximum temperature

tolerated by the system is usually imposed by the thermal

class of the coil insulation in the stator and/or the maximum

operating temperature of the magnets inside the rotor in the

case of PMSMs. Commonly, the windings cannot tolerate a
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higher temperature than 180°C [7] to avoid insulation dam-

age, whereas the Nd magnets have 150°C temperature limit

because of demagnetization [8]. Inefficient cooling system

causes faster insulation degradation reducing the expected

life of the machine [9]. Typically, a useful indication is that

the temperature rise of 10°C over the material data sheet

threshold is expected to reduce the insulation life of half

[10]. In order to ensure the temperature below the limits, a

good thermal strategy should solve the main challenges from

all aspects including the reduction of the heat sources, the

choice of optimal materials and the use of high performance

cooling system. Electrical machines can be cooled down

in approximately 4 ways [6]: (1) air-cooling were the air

is moved by an external blower or a shaft-mounted fan

[11], [12]; (2) water-cooling [13], [14] in which the water

inside ducts at the interface between stator and housing (e.g.

water jacket) and kept below certain temperature through an

heat exchanger; (3) direct oil-cooling [15] where the high

insulation properties of the oil are used to wet directly the

conductors enhancing the heat transfer; (4) combined oil-

and water- cooling [8] in which the water with the highest

thermal conductivity is used to indirectly cool down the oil

inside the motor. The best cooling performance are generally

attributed to the combined oil- and water- cooling followed

by direct oil-cooling, indirect oil-cooling and air-cooling.

Although, the presence of two coolants requires more costs

related to the installation and pressurization of two different

cooling circuits. Direct oil cooling presents, instead several

advantages:

• Oil is already used in automotive to lubricate rotating

parts (e.g. bearings, gearbox), so the same oil circuit can

be used to supply coolant to the motor and lubricants to

mechanical rotating parts such as in Tesla motors [16].

• Oil is a good electric insulator and can be used in direct

contact with electric active parts where water cooling

is not sufficient due to the high thermal resistance

between the winding and the water. In addiction, oil

can enhance insulation where insulants are damaged

due to manufacturing process, e.g. hairpin bending for

end winding realization [17], preventing problems like

partial discharges.

• The boiling point of oil is higher than water and this

allows applications at more than 100°C.



• Cooling water should include corrosion inhibitor since

can be corrosive to the machine parts and insulation,

whereas oil spontaneously prevents corrosion [18].

There are different direct-oil cooling strategies that can

be applied in order to cool down separately o conjointly

the stator and rotor. In [8] an internal permanent magnets

motor (IPM) is oil-cooled providing ducts in the housing

for the stator cooling and hallow shaft for the rotor cooling.

Compared with more traditional air cooling and water jacket,

a 50% and 38% decrease respectively of the coil temperature

is showed after 80 min of operation, whereas the temperature

decreases by 42% and 10%. This cooling method is not

mainly dependent from speed as the coolant is forced by

pump pressurization through ducts. In [19] and [20], the

spray cooling is investigated where oil is forced through

tight orifices resulting in small droplets or thin film liquid

which settle on the conductors surfaces [20]. Pais et al. [21]

investigated about how the effectiveness of the spray is due

to the molecules of droplets or film liquid that evaporate

removing a large amount of heat at low temperature because

of the latent heat of evaporation. This amount of heat is

hard to quantify and it becomes larger the more the droplets

are reduced in size. In [22] oil inside the rotor hollow

shaft is investigated and an increase of the convective heat

transfer coefficients (HTC) up to 600W/m2K is observed

increasing the speed up to 5000 rpm with 3 l/min flow rate

or increasing the flow rate up to 5 l/min with 3000 rpm. All

the methods above mentioned consider direct cooling for the

stator conductors whereas the rotor is cooled down decreasing

the temperature of the lamination since they mostly take into

consideration PMSMs. In this paper, 250 kW Electrically

Excited Synchronous Machine for long haul transport is

taken into account where active conductors are inserted

in both stator and rotor. Since the rotor is not stationary,

direct oil cooling can be challenging for the need of rotary

junction in case of hallow shaft and because of the significant

mechanical loss. Applications with flooded rotors at relatively

high speed are main studied for pump applications and based

on experiments [6] [23]. Simulations on oil splashing are

usually not conducted since expensive and time consuming

transient simulations using Finite Element Method (FEM) or

Finite Volume Method (FVM) can take unreasonable times in

the order of weeks to simulate some seconds of the oil path,

especially at high speed. This leads to a void in the current

literature for motor applications while the popularity of the oil

direct cooling is largely increasing. The aim of this paper is to

use Moving Particles Simulation (MPS) method to compute

the oil particles tracking and evaluate the mechanical loss due

to the hight viscosity torque applied to the rotor. In addition,

the average convective heat transfer coefficient (HTC) along

the surfaces of all the motor parts is calculated to evaluate

the heat dissipation.

II. CALCULATION METHOD

The Moving Particle Simulation (MPS), formerly Moving

Particle Semi-Implicit method, is a numerical method which

deals with incompressible flow by discretizing continuum

mechanics. The discretization of governing equations is han-

dled with particle interaction models; therefore, mesh gener-

ation is not required and geometries are directly imported to

the model for the creation of Distance Funcions.

A. Governing Equations

MPS method is governed by the Continuum Equation

and Navier-Stokes equations respectively described by the

following equations:

∂ρ

∂t
= 0 (1)

∂−→u

∂t
= −

∇P

ρ
+ ν∇2−→u +−→g (2)

where −→u , P, ρ, ν and −→g are the velocity, pressure, density,

kinematic viscosity and gravity acceleration respectively. The

Heat Transfer equation is derived by the energy conservation

law:

∂e

∂t
= −∇(−λT∇T ) (3)

where e is the internal energy density, λT is the thermal

conductivity, T the absolute temperature and −λT∇T repre-

sents the heat flux. A summary of the algorithm steps of the

MPS method is illustrated in Fig.1.

Fig. 1. Algorithm steps of the Moving Particles Simulation (MPS) method.

B. Effective Radius and Kernel (Weight) Function

In the MPS method particle interaction is defined with a

certain distance called effective radius.



Fig. 2. Representation of effective radius.

In Fig. 2, red circle depicts the interaction region of

the red particle which is the center point. Since orange and

yellow particles are placed inside the interaction zone, they

are called neighboring particles. On the other hand, black

particles have no influence on the red particle due to the

distance which is greater than effective radius. Therefore,

as a referred particle, the red particle keeps information

about neighboring particles only. In this manner, effective

radius can be considered as sphere of influence calculated

for every single particle in a 3-D simulation. The neighbor-

ing particles have quantitatively different influence on the

reference particle. As the distance between red and one of

the neighboring particles increases, the influence decreases

exponentially. This phenomenon is represented by Kernel

function. The interaction between the particles is weighted

in accordance with the distance between two particles. The

equation below is used for the weight function.

ω(|−→rij |) =

{

re
|−→rij |

− 1 0 ≤ |rij | < re

0 |rij| ≥ re
(4)

Subscripts of i and j represent particle numbers. re is the

effective radius; in addition,
−→
rij = −→ri −

−→rj , where −→ri is the

position vector of particle i.

C. Particle Number Density

Particle number density is a unique and dimensionless

parameter to the MPS method and it expresses the density of

particle placement. This parameter is defined by:

ni =
∑

j 6=i

ω (|~rij |) (5)

The particle number density satisfies incompressibility

condition and it represents the density of the fluid. The

particle number density at the initial state, represented as n0,

is a fixed value of 54.32 for a 3-dimensional simulation and

the particle placement at the initial state is arranged in an

orthogonal grid with an initial distance of particle size.

D. Laplacian and Gradient Models

Viscosity and pressure terms are solved by Laplacian

differential operator which is discretized as follows:

〈

∇2φ
〉

i
=

2d

λn0

∑

j 6=i

(φj − φi)ω (|~rij |) (6)

λ =

∑

j 6=i |~rij |
2
ω (|~rij |)

∑

j 6=i ω (|~rij |)
(7)

where d is the number of spatial dimensions. For example,

in a 3-dimensional simulation, this number is taken as 3.

The variables of particle i contribute to the other neighboring

particles such as particle j by the Laplacian model. Quantity

transfer is conserved since the quantity lost by particle i is just

obtained by particle j [24]. The other differential operator is

the gradient model which is used for calculating the velocity

correction. As the Laplacian model, the gradient model is

represented by using the weight function:

〈∇φ〉i =
d

n0

∑

j 6=i

(φj − φi) |~rij |

|~rij |
2

ω (|~rij |) (8)

E. Viscosity Calculation

The effect of viscosity is calculated by the Laplacian

model, and is time-integrated as shown below:

~u∗
i = ~uk

i +
2d

λn0
∆t

∑

j 6=i

vij
(

~uk
j − ~uk

i

)

ω
(∣

∣~rkij
∣

∣

)

(9)

where νij is the kinematic viscosity coefficient. Super-

script k indicates the time step. Superscript * is indicative of

a physical quantity at the stage where the explicit calculation

has been completed.

F. Velocity and Pressure Calculation

Except pressure term, all terms in the Navier-Stokes

equations are solved explicitly in the MPS method. Explicit

calculation is shown below:

~u∗ − ~uk

∆t
= v∇2~uk + ~g (10)

As velocity and viscosity terms are solved explicitly,

Poisson equation for pressure is solved implicitly in order

to satisfy incompressibility. Poisson equation is defined as

follows:

∇2P k+1 = −
ρij
∆t2

n∗ − n0

n0
(11)

From the calculated pressure, the pressure gradient is

determined, and the velocity is corrected by the following

equations:

~uk+1 − ~u∗

∆t
= −

∇P k+1

ρ
(12)

Correction of particle position and velocity by the pres-

sure gradient is the final sub-step of an iteration in the MPS

method.



G. Torque Calculation

A fluid particle, i, is accelerated by a rotating component

of the geometry and this interaction creates a resistive force

on the rotating component. The right-hand side of the Navier-

Stokes equation, which is shown below, expresses pressure

gradient force, viscous force and surface tension, respectively.

D~ui

Dt
= −

∇Pi

ρi
+ vi∇

2~ui + ~Si (13)

Force acting on the rotating component is defined as

~Fi = −mi

(

−
∇Pi

ρi
+ vi∇

2~ui + ~Si

)

(14)

where mi is the mass of the fluid particle. The torque T is

calculated as follows.

T =
∑

i

~ri × ~Fi (15)

where ~ri is the relative position vector of the contact

point between fluid particle and the rotating component with

respect to the geometrical center of the rotating component.

H. Heat Transfer Coefficient Calculation

In the MPS method heat transfer coefficient is calcu-

lated by forced convection.Local Nusselt number Nux, local

Reynolds number Rex and Prandtl number Pr are expressed

as follows.

Nux = hx/λ (16)

Rex = ux/v (17)

Pr = ρvcp/λ (18)

Where h, x, λ, u, v, ρ, cp, v represents heat transfer coef-

ficient, distance from the beginning of the plate, thermal

conductivity, average velocity, fluid density, specific heat and

kinematic viscosity, respectively. The relation between the

local Nusselt number and Reynolds number is defined by the

following equations for both laminar and turbulent flow.

Nux =

{

0.332Pr1/3 Re
1/2
x Laminar flow

0.0296Pr1/3 Re
4/5
x Turbulent flow

(19)

III. COOLING AND MODELING STRATEGY

The aim of this study is to investigate the mechanical

losses produced by the interaction between the rotor and oil

flow as well as the heat transfer derived by the oil motion. For

this aim, a model of the motor is imported in Particleworks

and computational fluid-dynamic simulations are executed at

different speed and oil levels using MPS method.

A. Case Study Machine

The motor considered in this study is an high power

density 250 kW Electrically Excited Synchronous Machine

(EESM) for truck application. The rotor field winding are

wounded around the 8 salient poles whereas the stator

winding are made of 4 layers hairpin. The coolant used is

oil provided by ExxonMobil. The machine dimensions and

the oil properties are summarized in Table I and Table II

respectively.

TABLE I
MACHINE PARAMETERS.

Parameter Value Unit

Stator Outer Diameter 230 mm

Stator Inner Diameter 170 mm

Rotor Outer Diameter 168 mm

Machine Length 130 mm

Number of Stator Hairpin Layers 4

Number of Rotor Poles 8

Machine Maximum Power 250 kW

Machine Maximum Torque 500 Nm

TABLE II
OIL PROPERTIES.

Parameter Value Unit

Density 800 kg/m3

Thermal Conductivity 0.145 W/mK

Specific Heat 1845 J/kgK

Kinematic Viscosity 0.00000128 m2/s
Surface Tension Coefficient 0.03 N/m

Machine Maximum Power 250 kW

Machine Maximum Torque 500 Nm

B. Model Strategy

Given the geometric symmetry, only half of the motor

is imported in the model and used for the simulations.

As consequence, all the results presented should take into

account a factor of 2. The case study motor is filled with

different oil levels: 0.200 L, 0.300L, 0.500 L, 0.700L and

1.100 L as shown partially in Fig.3. The influence of the air

is considered to affect the oil path mostly at high speed and

low liquid level, for this reason the air is simulated for the

cases with 0.200 and 0.300 oil liters only. At high oil level

(more than 0.300 liters), when the oil is touching a larger

part of the rotor and field winding surface, the oil motion is

mostly dependent by the rotation of the solid rotating parts,

as demonstrated and shown in Section IV. The model does

not require the meshing of the solid parts, for this reason

the complexities of the real motor, in particular the shape of

the hairpin end windings, can be imported directly. In order

to reduce the computational time, the explicit solvers are

activated for both pressure and viscosity calculation. For the

pressure prediction, the speed of sound should be estimated

and can be considered about five times the rotor tangential

velocity.



Fig. 3. Oil levels inside the machine considered for the computations: a)
0.200L of oil + air; b) 0.300L of oil + air; a) 0.500L of oil; d) 1.00L of oil

C. Time step estimation

For all the simulations, a particle size of 1.2 mm is

considered to allow all the particles to pass inside the space

between the hairpin layers. In order to avoid divergence,

the velocity limiter is activated during the simulations and

a proper initial time step is set. The maximum velocity of

the particles can be calculated as the maximum tangential

velocity of the rotor obtained multiplying the rotor radius rr
and the angular speed of the rotor ωr:

Umax = ωr rr (20)

Considering the oil properties, three different time steps

can be defined that are essential for the simulation stability:

ve =











∆t = l
Umax

, Inertial time step

∆t = l2

2v , V iscous time step

∆t =
√

ρl3

2πσ , Surface Tension time step
(21)

where ρ is the oil density, σ is the surface tension

coefficient, ν the kinematic viscosity and l the particle size.

The global time step should be lower or equal to the lowest

of the time steps in (31) in order to have numerical stability.

IV. AIR VENTILATION

With the aim to understand the effect of the air ventilation

on the oil splashing and, as consequence, on the mechanical

losses and dissipation of the heat, simulations are conducted

at 1000 rpm and 0.500 liters comparing three cases:

• only oil splashing calculated with MPS method;

• multi-phase simulation with both oil and air using MPS

method.

• multiphase simulation with both oil and air combining

MPS and Finite Volume Method (FVM): the Moving

Particles Method is used for the oil calculation instead

the FVM is used for the air simulation.

In Fig. 5 it is possible to observe that no significant differ-

ences are emerged from the study in terms of oil path since

the effect of the air ventilation on the oil is not notable.

In addition, in Fig. 6 very similar values are obtained for

the viscosity torque applied by the oil to the rotor for the

three cases. As results, the air will be taken into account for

the simulations only for very low oil level, where the rotor

lamination and the field winding partially touch the oil and

the ventilation affects has a huge part in the oil spreading.

Fig. 4. Oil splashing at 1000 rpm considering three different scenarios: a)
only oil simulation with MPS; b) both oil and air simulated with MPS; c)
oil simulated with MPS and air with FVM.

Fig. 5. Viscosity Torque applied to the rotor for three scenarios: 1) with
no air simulated; 2) air simulated using FVM; 3)Air simulated with MPS
method.

V. SIMULATION RESULTS

The results for 2 s of simulation are presented for a speed

range from 500 rpm up to 10000 rpm and for oil level from

0.200 liters to 1.00 liters in Fig. 6, Fig.7 and Fig.8. In Fig.

7, the oil splashing is illustrated at 1000 rpm, 5000 rpm and

10000 rpm from the left to the right and for increasing oil

level from the top to the bottom. In case of very low oil

level (0.200 L), the oil is standing mostly at the bottom of

the housing whereas it starts reaching the hairpin winding

at higher speed (5000 rpm and 10000 rpm). Increasing the

rotor speed, the turbulence increases enhancing the diffusion

of the oil along the stator lamination and hairpin layers. It

can be noticed that the centrifugal forces produced by the



Fig. 6. Results of convective Heat Transfer Coefficients for the different
parts of the motor.

Fig. 7. Oil Splashing inside the motor at three rotor speeds 1000 rpm, 5000 
rpm and 10000 rpm (from left to right) and different oil levels: a) 0.200 L; 
b) 0.300 L; c) 0.500; L d) 0.700L; e) 1.00 L.

Fig. 8. Viscosity Torque due the interaction between rotor rotation and oil 
at different speed and for several oil levels.



rotor tangential acceleration at high speed lead the oil to

the stator outer diameter also at very low level, bringing

benefit for the heat dissipation also with only 0.2 liters. In

Fig. 6 the values of the convective heat transfer coefficients

are plotted for all the motor parts. Observing the HTC for

shaft, field winding, rotor and stator lamination, a pseudo-

linear trend can be observed reaching in some cases a slight

saturation. This means that increasing the oil level and the

rotor speed, the dissipated heat rises. The only exception

is noticed for the stator winding and housing since similar

values are obtained at both low and high oil volume. This can

be explained considering that for all the different levels of oil,

the coolant is anyway mostly accumulated in the peripheral

area of the machine due to the centrifugal forces due to the

rotor rotation. In Fig. 8 the torque produced by the viscosity

of the oil is shown for values of the machine speed from 500

rpm to 10000 rpm and oil volume from 0.200 L to 1.00 L. As

confirmation, this cooling strategy demonstrates the drawback

of very high mechanical losses at high speed following a

parabolic curve increasing the rotor angular velocity. For

values of speed under 1000 rpm, the mechanical losses can

be considered acceptable for almost all the oil level since

no significant load torque is applied to the rotor lamination.

Increasing the speed above 1000 rpm, a significant difference

is noticed between the different amounts of coolant reaching,

at maximum speed of 10000 rpm and oil level of 1.0L, a

viscosity torque equal to the 32% of the maximum torque.

VI. CONCLUSION

In this paper, the effect of the oil splashing on the heat dis-

sipation and the mechanical losses for an Electrically Excited

Synchronous Machine are considered. MPS has demonstrated

high calculation performance and fast computation time com-

pared to Finite and Volume Element Methods moving the

computation time of transient fluid-dynamic from days to

hours with a commercial GPU. The effect of the oil splashing

can lead to significant advantages in terms of dissipation of

heat whereas the mechanical losses can be very high. For

this reason, a proper cooling strategy considering an active

control of the liquid depending on the machine speed should

be implemented.
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