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ABSTRACT This paper proposes a computationally-efficient electromagnetic (EM)-computational fluid
dynamics (CFD) coupling approach for a water-cooled Interior Permanent Magnet (IPM) motor. The
numerical simulation of multiple fluids and their interaction with solid parts can be challenging. The
proposed approach relies on the heat transfer coefficient (HTC) decomposition of different fluids/coolants
inside the machine to generate an HTC look-up table (LUT) as a function of the coolant inlet flow rate.
The HTC-LUT is then utilized as a surrogate model for the stationary coolant to decouple the fluid-
to-fluid interaction and, hence, expedite the iterative approach. This reduces the computational time by
almost two-thirds as compared to the multiple fluid approach while preserving the fidelity of the model.
Additionally, the proposed approach formulates the correlation between the rotor speed, coolant flow rate,
convective heat transfer coefficients, and the temperature rise, particularly for hot-spot locations in the end-
windings. This approach uses a two-dimensional EMmodel coupledwith a three-dimensional fractional CFD
model. Thus, it reduces the computational cost and retains the model simplicity. The viability of the proposed
coupling approach is also validated through lumped parameter thermal network (LPTN) analytical approach.
The results from both approaches under different cooling conditions, flow rates, and current densities are in
a good agreement.

INDEX TERMS Computational fluid dynamics (CFD), dual-three phase machine, finite-element analysis
(FEA), hairpin windings, interior permanent magnet (IPM), synchronous machine, lumped-parameter
thermal network (LPTN).

I. INTRODUCTION
Towards ameliorating and protecting the environment from
the harmful emissions that stems from gasoline vehicles,
automotive manufactures are putting numerous efforts to
develop and deploy an energy-efficient transportation focus-
ing on electric vehicles. In order to meet and fulfill the
stringent packaging constraints stimulated by the U.S. depart-
ment of energy (DOE) for the power electronics and electric
motors, increasing the power density has become a major
target. Since the electric motor is among the crucial parts
for enhancing the overall efficiency of the vehicle, its power
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density is anticipated to reach 50 kW/L by 2024 account-
ing for an 89% reduction of its current volume [1]. Oper-
ating at such high-power density translates directly into an
increase in loss density, meaning a smaller area for heat
dissipation [2], [3].

In IPM motors, design for a compact envelope without
having a rigorous and optimized cooling system results in
rapid temperature rise. This would accordingly result in poor
electromagnetic performance as the properties of magnetic
materials are temperature-dependent. Excessive temperature
is detrimental to the motor performance especially from
the structural standpoint since high temperature adversely
affects stresses acting on the rotor. In other words, the ther-
mal performance can be considered as the limiting factor
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for investigating the electric vehicle performance. Therefore,
accurate calculation of themotor temperature and its effect on
the electromagnetic performance is essential to determine the
motor’s throughput. In order to advance high-power traction
motor design, the machine’s thermal limits should be accu-
rately calculated for the given cooling approach. That still
remains a major challenge for motor design engineers due to
various factors. For example, there are different heat sources
in the motor with irregular geometries causing non-uniform
heat generation. Interaction between rotational flows (e.g. the
air flowing in the air gap region), and non-rotating flows
(e.g. coolant flowing in the motor frame through the cooling
jacket) is another factor that makes it challenging to analyze
the thermal limits. Finally, the choice of different thermal
exchange modes, such as conduction, convection, and radi-
ation should be taken into consideration in the modeling and
simulation of an electric motor [4].

In electric motor design, a pre-defined current density
is conventionally utilized as a surrogate to ensure that the
operation is below the permissible temperature limit [5]. This
method can be inaccurate and insufficient especially with
high-power high-speed traction motors. Different techniques
based on analytical and best practices have also been intro-
duced in the literature to determine the maximum current
density [6], [7]. Several papers adopted lumped parame-
ter thermal network (LPTN) for achieving a fast coupling
approach and to determine the maximum allowable wind-
ing current density for maximum torque production [6],
[8]–[10]. In [11], an improved LPTN EM-thermal coupling
approach encompassing stress constraints was implemented
for induction machines. Additionally, the design of a surface
permanent magnet motor using an analytical multi-physics
approach was investigated in [12]–[14]. A similar approach
was utilized to analyze an interior permanent magnet
motor [15], [16]. In these LPTN-based methods, several
assumptions have been made to simplify the analytical model
and make it computationally efficient. For example, the rotor
losses have been ignored in [14], [15]. Also, the saturation
in the magnetic core has been ignored in [16] which, in turn,
compromises the fidelity of the solution.

A more advanced non-linear multi-physics analytical
model has been developed in [17] that takes the local satu-
ration into consideration, especially near the rotor bridges.
However, the calculation of the thermal resistances used in
the thermal network had lower accuracy because an oversim-
plified technique was used to determine the HTCs. On the
other hand, a coupled EM-thermal finite element analy-
sis (FEA) model has been introduced in [18]. This method
proposes a new FEA-based coupling approach for EM and
thermal analysis, but it fails to include the rotational air
effect. Hence, speed-dependent convective HTCs, especially
for end-windings, are ignored.

In this paper, an EM-CFD coupling approach using a sta-
tionary coolant HTC-LUT as a surrogate is adopted. First,
an HTC-LUT is generated in the CFD model by utilizing
the loss data from the EM FEA model at a specified initial

TABLE 1. Heat sources of the machine at 1.00 p.u. current density.

temperature. By providing this HTC-LUT of the stationary
coolant, decoupling for the fluid-to-fluid interaction is estab-
lished. The Moving Reference Frame (MRF) technique is
then used to solve for the rotational effects in the airgap at dif-
ferent operating speeds. Another HTC-LUT is then obtained
as a function of the velocity of the local air passing through
the end-windings. The proposed approach is validated with
an LPTN analytical model. In the LPTN model, the thermal
resistances are calculated using the HTC derived from the
proposed EM-CFD coupling method.

II. MOTOR MODEL AND LOSSES
A 300 kW 96-slot 8-pole delta-shape IPMmotor designed for
a traction application is used for this analysis. Fig. 1 shows
the cross-section view and the main dimensional parameters
of the motor. The base speed of the motor is 6500 rpm and the
maximum speed is 17,000 rpm. The torque-speed and power-
speed characteristics of the motor for the maximum load
condition obtained from the electromagnetic FEA analysis
are shown in Fig. 2. The maximum torque at the base speed
is 450 N.m and the maximum torque at the maximum speed
is 95 N.m. In the proposed EM-CFD coupling approach,
a two-dimensional (2D) finite element model is used for
the electromagnetic modeling and analysis of the motor.
As shown in Fig. 1, the dual three-phase motor is designed
with hairpin wave winding. Since half set of the windings are
shifted by 30o electrical to implement the dual three-phase
operation, the winding distribution factor is 0.9659 while
it would be 0.9577 for its three-phase counterpart [19],
[20]. Thus, the dual three-phase winding is advantageous in
terms of a higher distribution factor for the same slot/pole
combination.

Fig. 3 shows two coils of phase A and Phase D with
their elementary windings. Layer 8 of slot 2 indicates the
beginning of the elementary winding of Phase Awhile layer 7
of slot 14 marks its first end. Then, it loops back to layer 8 of
slot 1 where a slot change occurs and moves forward again
to slot 13 at its 7th layer. A layer change denoted by a black
line in Fig. 3 is then appeared at this position for which the
winding shifts to slot 2 at its 6th layer. This pattern continues
until the first elementary winding completely ends at layer 1
of slot 13. The same procedure applies to other phases.
Different losses of the machine under study at the base
and maximum speed operating conditions are also outlined
in Table 1 [21].
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FIGURE 1. Cross section view and the main dimensions of the analyzed
dual three-phase 96-slot 8-pole IPMSM (stack length: 100mm, slot fill
factor: 0.709).

FIGURE 2. Torque-speed and power-speed characteristics of the traction
motor.

III. CFD MODELING FOR THE LIQUID-COOLED TRACTION
MOTOR CONSIDERING ROTATIONAL EFFECTS
A thermal CFD-based modeling approach is utilized to
develop a comprehensive thermal analysis considering rota-
tional effect of the rotor at different operating speeds.
CFD is used to calculate and predict the airflow and heat
transfer coefficients of the motor surfaces. It takes the tur-
bulent model and rotational effects into consideration to
have an accurate representation of the problem. As depicted
in Fig. 4, a 16-channel axial-rib water-cooling jacket is
applied to dissipate the heat generated in the dual three-phase
motor [22]–[24]. The cross-sectional view of the motor con-
struction is shown in Fig. 5. It highlights the main parts of the
motor including the water-jacket inlet and outlet, and the air
regions.

The three-dimensional model used in the CFD analysis is
for one-eighth of the circumferential geometry and the entire
length in the axial direction. Fig. 6 depicts the fluid regions
inside the machine model. The cooling medium is a water
jacket with Ethylene Glycol Water (EGW) (50/50) coolant in
the outer housing. Since the rotational influence at different
speeds is considered, the air region depicted by purple color

in Fig. 5 (rotating rotor air volume among the stator, rotor,
and the motor outer frame) is divided into two main regions:
stator air region and rotor air region as shown in Fig. 6. This
division is necessary to apply the moving reference frame
method. The stator air region in Fig. 6 is attached to the stator.
It is stationary in nature meaning that it does not move with
the rotor rotation. The rotor air region in Fig. 6 is the moving
air region which is associated with the rotor. It moves at the
same speed as the rotor rotation speed.

Fig. 7 shows the main stages of setting up the CFD model.
First, a detailed geometry with a pre-defined named-selection
in Ansys Spaceclaim platform is established and checked for
any overlapping surfaces. Then, the mesh module is used to
define the fluid/solid interfaces. A shared topology is used
for the water-cooling jacket to simplify the mesh. In a shared
topology, faces between touching or intersecting surfaces are
shared to achieve a conformal mesh. Then, the boundary
conditions such as the coolant inlet flow rate, initial coolant
temperature, and the periodicity of the model are defined.
The temperature-dependent material properties are then inte-
grated into the model. After running the model with the
proper viscous model/solver, the results are post-processed.

A. MESHING FOR CFD ANALYSIS WITH
ROTATIONAL DYNAMICS
The meshing is a crucial aspect in CFD simulation since var-
ious meshing parameters including the number of elements
and their shapes (tetrahedral, polyhedral, and hexahedral) as
well as the number of nodes have a significant impact on
the accuracy and the solution convergence. The unstructured
conformal mesh approach is adopted in this study. Fig. 8
shows the surface meshing of the housing cooling jacket
where the element types and their connectivity are not pre-
defined. This reduces the computational cost drastically. This
unstructured mesh consists of tetrahedral, hexahedral, and
arbitrary polyhedrals elements. This approach is preferable as
it allows using a semi-automated meshing. Besides, it helps
to resolve the boundary layers efficiently by using high aspect
ratio prism cells [25].

Fig. 9 shows how the volume polyhedral meshing is
applied to the housing water-jacket. As illustrated in Fig. 9,
the inflation layers should be applied at the inlet and outlet to
capture the physics near the wall. This improves the solution
accuracy of the turbulent coolant flow. Fig. 9 also shows the
solid-fluid volume meshing. It can be observed that the fluid
mesh area for the water jacket is denser than the solid area for
the housing to increase the solution accuracy of the turbulence
equations. Polyhedral mesh is used both for the fluid and solid
domains to maintain the conformal mesh [26]. For a viscous
flow bounded with solid boundaries, it is essential to cluster
a large number of small cells within the physical boundary so
that the actual flow physics is appropriately accounted [27].
Thus, the polyhedral mesh is selected for solids with a mesh
size of 4.0 mm and refinements at the surfaces is chosen as
the appropriate mesh settings. Mesh refinement is the concept
of a stretched grid in the vicinity of the domain walls.
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FIGURE 3. Winding configuration of the 96-slot 8-pole dual-three-phase motor (shown for two coils of phases A and D with the start and end
connections highlighted).

FIGURE 4. 16-channel axial-rib water-cooling jacket applied in the
dual-three phase motor (1/8th partial model is utilized to reduce the
computational cost).

FIGURE 5. Cross sectional view of the dual three-phase motor for CFD
analysis.

Orthogonality and skewness are themost importantmetrics
to evaluate and assess the quality of the generated mesh. The
proximity of the optimal angle, which is 90◦ for quadrilateral
faced elements and 60◦ for triangular faced elements, to the
adjacent element faces/edges is determined by calculating
the orthogonality. Therefore, a good mesh should have an
orthogonality value as close as possible to one. The similarity

FIGURE 6. Fluid regions inside the motor and decomposition of the
rotating rotor air volume into stator and rotor air regions.

FIGURE 7. CFD detailed setup workflow inside Ansys Workbench Fluent
module.

FIGURE 8. Surface polyhedral meshing of the housing water-jacket.

between a certain face or cell to its ideal shape is known
as skewness. Thus, skewness value of zero indicates that
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FIGURE 9. Volume polyhedral meshing of the housing water-jacket.

FIGURE 10. Mesh of the motor model for CFD analysis generated in Ansys
meshing module (600,718 mesh nodes and 2,720,312 mesh elements).

the cell matches to its ideal condition. For example, when
skewness is zero, an equilateral triangle would be constructed
with triangular-faced elements and a square would be con-
structed with quadrilateral-face elements. When skewness is
one, it indicates that a cell is completely degenerated. A good
mesh should have amaximum skewness value not higher than
0.95 (0.98 is the maximum admissible value in Ansys Fluent)
and an average skewness less than 0.25 [26].

Fig. 10 illustrates the numerical grid mesh generated for
the entire motor model. It can be observed that the mesh in
the fluid domain, highlighted with a blue square in Fig. 10,
is denser than the solid domains. This is essential to capture
the near wall physics [28], which is discussed next.

B. WALL TREATMENT APPROACH AND NEAR
WALL MODELING
The set of near-wall modeling assumptions for a turbulence
model is defined as the wall treatment. Since the friction
coefficients and HTCs are supposed to be accurately antic-
ipated near the walls, it is imperative to carefully select the
proper combination of the near wall mesh resolution and the
wall treatment to obtain a logarithmic boundary layer profile
which means that the wall functions correctly predict the
boundary layer. This section will discuss the assumptions and
the conditions that will lead to this proper selection.

Firstly, a no-slip condition is always assumed at the wall.
This means that, the velocity of the fluid relative to the wall
is almost zero. For the turbulence model, a boundary layer

FIGURE 11. Velocity boundary layer development near the wall in
convection heat transfer [30], [31].

is formed at a certain distance from the leading edge of the
surface where inertial forces are dominant. As indicated in
Fig. 11, the turbulent boundary layer consists of three main
sub-layers which are formed in the direction normal to the
wall: viscous sub-layer, buffer sub-layer, and log or fully-
turbulent sub-layer. In the viscous sub-layer, viscous stress
is dominant and the flow is mainly laminar in nature. The
buffer sub-layer is a transitional layer in between the viscous
sub-layer and the log sub-layer. In the buffer sub-layer, both
viscous and turbulent stresses exist. Hence, a fine mesh is
necessary in both layers to capture a steep flow-velocity
gradient near the wall. Since the turbulent stress is dominant
in the log sub-layer, it requires a course mesh to capture
smaller velocity gradient away from the wall.

There are generally two different approaches for solving
the near-wall boundary layer: the wall function approach
and the near-wall model approach. In the proposed CFD
model, the wall function approach and the near-wall model
approach are adopted in a hybrid way with inflation layers.
This improves the accuracy and solves the entire boundary-
layer. In order to quantify the accuracy of the near-wall
modeling, the y+ wall treatment approach is used [29]. This
approach is mainly used for turbulence models as the mesh
varies in quality depending on the component of the electric
machine. In the y+ wall treatment approach, the y+ value is
a non-dimensional distance. It is determined based on the
local cell fluid velocity. The y+ value is used to measure the
distance of the inner layer to the wall and, hence, it defines
the nature of the flow, either laminar or turbulent, according
to the wall adjacent cells. It is often used in CFD to describe
if the mesh is fine or coarse.

C. MODELING OF SOLID PARTS
The most crucial aspect of the solid parts meshing is how
to handle the interfaces between them. This means the way
that the nodes and elements across the interfaces are being
connected to each other. Therefore, there are two common
ways to create the meshing of the solid-to-solid interfaces;
the conformal meshing and the non-conformal meshing. The
conformal mesh adopted in the CFD model ensures proper
mapping of both surfaces. However, the downside appears
when a large body is in contact with a complex shape,
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FIGURE 12. Block diagram representation of the SST turbulence model:
shear-limited BSL model.

or a very small geometry. This causes the larger body get
re-meshed with a fine mesh similar to contacting a complex
shape or a small geometry. Hence, it leads to an increase in
the number of cells.

D. FLUID-SOLID HEAT TRANSFER
The Conjugate Heat Transfer (CHT) method is implemented
to account for the heat transfer between fluids and solids with
incorporation of the Shear Stress Transport (SST) turbulent
model. Fig. 12 illustrates the block diagram of the SST
turbulence model as a shear-limited Baseline (BSL) model.
The SST model is a blend of both k-ω and k-ε integrated
with shear-stress limiter. This approach fixes the over flow
predictions associated with the k-ω and k-ε models [32].
The motor can operate with different mass flow rates,

depending on the operating condition. For high mass flow
rates, the flow is usually turbulent. As depicted in Fig. 12,
a turbulence model is chosen for the cooling flow for all
flow rates, because the chosen k-ω SST model can calculate
the flow conditions both for laminar and transitional flow.
Another reason for choosing a turbulence model for laminar
conditions is that even though the flow may be laminar in
the straight channels of the water-cooling jacket, the jacket
has 180◦ bends as shown in Fig. 4, and the flow tends to be
turbulent.

IV. DEVELOPMENT OF HTC-LUTs AND MRF APPROACH
A. HEAT TRANSFER COEFFICIENT (HTC)
LOOK-UP TABLES (LUTs)
In order to confirm that the modeling of the housing
water-cooling jacket is adequate, residual plot generated by
Ansys CFD can be used [30]. The convergence of the solution
is confirmed since all the residuals were descending and they
all eventually settled, especially the continuity residual. The
velocity streamlines are shown in Fig. 14. The maximum
coolant velocity obtained is 4.72m/s for 12 LPM coolant flow
rate.

The main objective of simulating the water-jacket with-
out considering the rotational effect at first is to generate
the HTC-LUT as a function of the flow rate. The LUT
is then utilized with the main CFD simulation. Using the
HTC-LUT as a surrogate for the main CFD simulation helps
reducing the computational cost since it utilizes separate
simulations for the coolants and decouples the fluid-to-fluid
interaction. In order to generate the HTC-LUT, the first
step is to calculate the wall heat flux (Q̇conv) as shown in
Fig. 15. Then the wall surface temperature (Ts) and the fluid

FIGURE 13. Water-cooling jacket wall-temperature contour for 12 LPM
flow rate.

FIGURE 14. Water-cooling jacket velocity stream for 12 LPM flow rate.

FIGURE 15. Water-cooling jacket heat flux contour for 12 LPM flow rate.

TABLE 2. HTC-LUT for water cooling jacket.

temperature (Tf ) are calculated in Ansys Fluent. A look-up
table for the convective heat transfer coefficients is generated
by applying (1) between the moving fluid (coolant) and the

VOLUME 10, 2022 83697



A. S. Abdelrahman, B. Bilgin: Computationally Efficient Surrogate-Based Magneto-Fluid-Thermal Numerical Coupling Approach

solid (cooling jacket):

h = Q̇conv/(Ts − Tf ). (1)

In Fig. 15, the negative values of the heat transfer indicate
the existence of vortex or zone of re-circulation due to lower
values of Nusselt number as the fluid speed slows down.
However, this is seldom in our problem since the flow rate
is high.

Table 2 shows the HTC values calculated at different flow
rates for the water cooling jacket. Average values of HTCs
are considered in all calculations and LUT generation. It can
be observed that the HTCs for water-cooling jacket walls
increase with increasing coolant flow rate. This is due to
the advection effect. Advection means that the fluid particles
capture the heat and move forward leaving space for the
incoming fluid particles to occupy the same space and extract
the heat. Therefore, if the velocity of the fluid increases, the
rate of advection increases. This, in turn, increases the rate of
convection and the HTC.

B. INTERNAL ROTATING AIR AND MOVING REFERENCE
FRAME APPROACH
In order to model the air flow inside the motor as a steady
state problem, amoving non-inertial reference frame has to be
adopted. Hence, the unsteady problem, resulted from solving
with respect to the moving parts that is usually difficult to
converge, can be solved via a steady state stationary reference
frame for which the air flow problem can easily converge.
However, in this case, the governing equations of the air flow
have to be modified to account for additional acceleration
terms associated with the transformation process from the
stationary reference frame to the moving reference frame.
Since there is almost no significant outer air flow, there was
no need to have an outer air domain region and, hence, it has
not been modeled. However, the outer walls of the housing
have been identified and a free stream temperature boundary
condition with an initial heat transfer coefficient have been
assigned to all the outer housing walls.

For an electric machine, splitting the computational
domain into two regions provides simplicity in modeling and
solution convergence. The first domain rotates synchronously
with the rotor and the second domain is fixed with the stator,
as it was shown in Fig. 6. This is called theMoving Reference
Frame (MRF) approach. The steady state model of the air
flow is represented through the MRF approach where the
transient effects are ignored. Rotor rotation is considered
through centrifugal forces not with physical rotation. There-
fore, walls are not rotating physically in the CFD analysis.
TheMRF approach is computationally less expensive in com-
parison to the the sliding mesh method [33].

Fig. 17 shows the air velocity contour inside the machine
at the base speed and it illustrates how the computational
domain is separated into two regions. It can be observed
that the velocity in the stator air region in Fig. 16 is main-
tained at zero speed. The maximum velocity is attained in
small cross sectional areas in the flux barrier region. The air

FIGURE 16. Air velocity contour inside the machine at the base speed
operation.

FIGURE 17. y+ contour plots near the walls at the base speed operation.

TABLE 3. Correlation between motor speed, local air velocity, and
end-windings HTC.

velocity decreases gradually in the rotor air region as depicted
in Fig. 16.

As discussed earlier, y+ wall treatment approach has been
used in order to quantify the accuracy of the near-wall mod-
eling. Fig. 17 shows the y+ contour on a selected wall.
In order to indicate the effectiveness of the y+ approach,
the y+ values are calculated in the centre of the mesh cell
adjacent to the selected wall. y+ values greater than 30 can
be observed in the selected wall in Fig. 17. These high y+

values indicate that the governing equations of the turbulent
flow are correctly solved. The local air velocities, at different
motor speeds, are calculated around the end-windings in the
CFD analysis. A step size of 2000 rpm for the motor speed
is adopted to capture the increasing behavior of the HTCs.
The temperature contours of the IPM motor demonstrated
that the hotspot is consistently located in the end-windings.
Hence, estimating the HTC for the end-windings is crucial;
however, it is quite challenging as well. It was assumed
that the end winding outer surfaces are flat with no bending
regions [34]. Therefore, the empirical formula in (2) proposed
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FIGURE 18. Exploded view of the IPM machine geometry with a 16-channel housing water-jacket and a simplified end-winding geometry.

FIGURE 19. Flowchart of the proposed HTC-LUT surrogate-based model.

in [34] is considered here to estimate the HTC of the end-
windings. Table 3 shows the correlation between the motor
speed, local air velocity (v), and the HTC of the end-windings
(hEW ). It can be observed that the HTC of the end-windings
increases with speed. This indicates that, as the heat transfer
coefficient increases, the power that can be dissipated by the

end-windings to the local air also increases.

hEW = 13.29+ 1.693v. (2)

V. THE PROPOSED EM-CFD COUPLING WITH THE
HTC-LUTs AS SURROGATE MODEL
In this section, the developed HTC-LUTs are integrated in
the CFD model of the dual three-phase motor. The motor
parts used in the CFD analysis are shown in the exploded
view in Fig. 18. It can be observed that all motor parts are
included in the model. A simplified end-winding geometry is
used to facilitate the meshing process without affecting the
output temperature gradient. The CFD model is coupled with
the EM model of the motor via a two-way iterative feedback
connection and run for multiple iterations until a steady-state
temperature is reached. This enables calculating the motor
performance metrics, such as average torque, copper and
core losses, for nonhomogenous temperature distribution in
the motor core and windings for different coolant flow rates
and current levels. The results are then compared with the
ones from the EM model where a constant temperature was
applied.

A. COUPLED EM-CFD ANALYSIS FLOW CHART
The proposed EM-CFD flowchart is demonstrated in Fig. 19.
It is setup and simulated in Ansys Workbench. The initial
temperature of the motor for EM analysis is set to 100◦C. The
coolant temperature is set at 70◦C. Temperature-dependent
material properties are incorporated in the coupled model
and their initial temperature was also set as 100◦C. The
two-dimensional EM model is then executed for at least two
electrical cycles as this is the minimum requirement for the
core losses to reach to a steady-state. The average value
of the core loss waveform in the second electrical cycle is
used when mapping the losses to the CFD model. In the
proposed HTC-LUT decomposition approach, the core loss
is applied to two separate three-dimensional CFD thermal
models. The first model represents the water cooling jacket.
It is executed only once to generate the HTC-LUT for the
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TABLE 4. Material properties used in the machine model.

FIGURE 20. Temperature-dependent B-H curve of the magnet material.

cooling jacket surfaces, as discussed in Section IV. The rotor
is stationary in this case. The second model incorporates the
generated HTC-LUT with a moving rotor modeled with the
MRF technique.

The EM model is connected to the CFD model via a
two-way iterative feedback connection. After obtaining the
temperature gradient, the temperature is mapped back to
the EM model to update the material properties and calculate
the losses for the updated temperature gradient. Then the
calculated losses in the EM model are applied as inputs to
the CFD model. This approach continues in multiple itera-
tions until the convergence criterion is met. When the per-
formance criterion is achieved, the iterative loop terminates
and the final machine performance is obtained. This approach
includes only one fluid (e.g. rotating air) and models the
impact from the other coolant (e.g. cooling water) from the
HTC-LUT with a pre-determined range of coolant flow rates.
Thus, the proposed approach converges rapidly as compared
to the case where both fluids are modeled in CFD.

B. TEMPERATURE-DEPENDENT MATERIAL PROPERTIES
Since the physical properties of materials depend mainly on
the operating temperature, the EM-CFD coupling is estab-
lished based on temperature-dependent materials of the mag-
net (NdFeB), stator windings (copper), stator/rotor (steel)
and frame (cast-iron). These temperature-dependent charac-
teristics are incorporated in the EM model. The material
properties used in the analysis are outlined in Table 4, where ρ
is the mass density, cp is the specific heat, and λ is the thermal
conductivity. The initial temperature for all machine parts is
kept at 100◦C.
A scalable temperature-dependent B-H characteristics for

the magnet material is applied as shown in Fig. 20 and it is

FIGURE 21. Temperature gradient contour of EM-CFD coupling approach
at the current density of 1.5 p.u. and flow rate of 12 LPM.

FIGURE 22. Temperature distribution of EM-CFD coupling approach at the
current density of 1.5 p.u.

automatically updated based on the input feedback tempera-
ture obtained from the CFD analysis. As the magnet temper-
ature increases, both the magnet remanent flux density and
coercivity decrease which results in shrinking B-H curves.
This makes the magnets more prone to demagnetization.
As the magnet flux density reduces with temperature, the
air-gap flux density decreases accordingly. Since the motor
losses depend on the air-gap flux density, the corresponding
updated magnet B-H curve is then utilized to calculate the
new iron losses for the EM-CFD two-way coupled model.
Additionally, the conductivity of the copper and lamination
steel decrease with temperature.

C. RESULTS AND DISCUSSION
The proposed EM-CFD coupling method is carried out for
several current density values. The current density targeted
for continuous operation is defined as 1 p.u. The initial tem-
perature for all machine components is 100◦C. The ambient
temperature was defined as 25◦C. The coolant flow rate was
set at 12 LPM and initial inlet temperature of the coolant is
defined as 70◦.

Fig. 21 shows the temperature gradient in CFD
post-processing and Fig. 22 show the temperature con-
tour plot in the EM model after being updated with the
thermal feedback. Figs. 23–25 show the average torque,
iron loss, and copper loss at different current densities.
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FIGURE 23. Average torque versus current density for EM and EM-CFD
coupling models at the base speed and 12 liters/min inlet flow rate.

FIGURE 24. Core loss versus current density for EM and EM-CFD coupling
models at the base speed and 12 liters/min inlet flow rate.

The proposed approach calculates the non-homogeneous
temperature across the rotor and stator surface and it is
used to determine the current density that corresponds to the
maximum operating temperature.

As compared to the conventional method with a
pre-defined current density, new partial demagnetization and
winding insulation limits are set with the proposed coupling
method, as shown in Fig. 23. The new limits are higher than
the ones with the conventional method where a pre-defined
current density is used. From Fig. 23, it can be observed
that the average torque increases linearly with the increase
in the current density if a constant temperature is considered.
However, with a non-homogenous temperature distribution
calculated from the proposed coupling approach, the aver-
age torque starts to decrease when the temperature exceeds
100◦C. This is due to the partial demagnetization of the
magnets.

Fig. 24 shows the total iron loss as a function of cur-
rent density. At higher current density values, iron losses
calculated from the EM/CFD model is lower than the ones
calculated from the EM model with uniform temperature.
This difference is related to the occurrence of partial demag-
netization. As the temperature increases, the magnetic flux
density and, hence, the average torque drops due to partial
demagnetization. Lower magnetic flux density level results
in lower iron loss as depicted in Fig. 24.

FIGURE 25. Copper loss versus current density for EM and EM-CFD
coupling models at the base speed and 12 liters/min inlet flow rate.

FIGURE 26. Maximum temperature with respect to inlet flow rate at the
current density of 1.5 p.u.

FIGURE 27. Average torque versus inlet flow rate at the current density
of 1.5 p.u.

On the contrary, as demonstrated in Fig. 25, copper loss
increases as the current density increases. Fig. 25 shows
the copper loss at the base speed. Hence, dc copper loss is
the dominant loss component. At lower current densities, the
difference in copper loss is small since the current is small.
However, at higher current densities, the difference becomes
significant since the resistivity of the copper increases with
temperature.

Fig. 26 shows themaximum temperature of different motor
parts at different coolant flow rates. With the increase in
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FIGURE 28. Average iron loss versus inlet flow rate at the base speed at
the current density of 1.5 p.u.

FIGURE 29. Average copper loss versus inlet flow rate at the base speed
at the current density of 1.5 p.u.

TABLE 5. Comparison of temperature rise between EM-CFD coupling and
LPTN analytical approaches.

the inlet flow rate, the maximum temperature of the motor
components decrease steadily. However, beyond 10.3 LPM
flow rate, which is the intersection point between the stator
and rotormaximum temperature curves as depicted in Fig. 26,
the stator surface temperature starts to fall below the rotor
surface temperature. This indicates that at 10.3 LPM, the
convective HTC between the stator and the cooling jacket is
higher. That enables a higher dissipation rate of the power loss
and, hence, it results in a lower stator surface temperature than
the rotor. This is why the demagnetization limit, calculated
with the proposedmethod in Fig. 23, does not change asmuch
as the winding insulation limit. Figs. 27–29 show the aver-
age torque, iron loss, and copper loss at different inlet flow
rates at 1.5 p.u. current density. As the flow rate increases,
the temperature decreases and, hence, the average torque
increase. Copper loss reduces with the increase in flow rate,

FIGURE 30. Cross-sectional view of the LPTN model of the motor with the
maximum temperature of different components.

FIGURE 31. Axial view for the LPTN model of the motor with maximum
temperature of different components.

because lower temperature results in lower phase resistance.
The iron loss increases, as the flux density increases with
lower temperature.

VI. VERIFICATION WITH LUMPED PARAMETER
THERMAL NETWORK
The lumped parameter thermal network (LPTN) is an ana-
lytical way to determine the thermal response of electric
motors. An LPTN is analogous to an electric circuit where
the voltage is represented by the temperature difference, the
current by the heat transfer rate, and the electrical resis-
tance by the thermal resistance. However, the thermal time

83702 VOLUME 10, 2022



A. S. Abdelrahman, B. Bilgin: Computationally Efficient Surrogate-Based Magneto-Fluid-Thermal Numerical Coupling Approach

constant is denoted by a thermal capacitance to determine
how quickly the temperature rises based on the component’s
thermal energy storage. MotorCAD software is used for the
LPTN model of the motor. The heat transfer coefficients cal-
culated from the proposed EM-CFD coupling approach are
applied to the water jacket in the LPTN model to calculate its
thermal resistance. The results from the proposed EM-CFD
coupling approach and the LPTN analytical approach are
compared at a current density of 1.5 p.u. and an inlet flow
rate of 12 LPM. Fig. 30 shows cross-sectional view of the
motor with the maximum temperature of each component.
Fig. 31 shows the axial view for the LPTNmodel of the motor
to point out the maximum temperature of the end-windings.
Table 5 compares the temperature rise results calculated from
the proposed EM-CFD coupling approach and the LPTN
approach. The results from the two approaches are in close
agreement. The highest deviation is 29.53% and it is for the
frame.

It is worth mentioning that the bearings and their corre-
sponding bearing plates are automatically taken into account
when building the MotorCAD model as indicated in Fig. 31.
However, for the model simplicity, those components have
not been considered in the CFD modeling. Therefore, the
rotor temperature calculated inMotorCAD in Fig. 31 is lower
than the CFD results in Fig. 22. The bearing and the bearing
plates provide a direct thermal path between the rotor and the
motor housing and, hence, help reduce the rotor temperature.

The results from the LPTN analytical approach verify
that the proposed method show close agreement with the
EM-CFD coupling approach. From the thermal management
standpoint, for the analyzed motor, improvements on the
cooling system could be applied and the cooling channels or
additional cooling on the end turns could be applied to reduce
the temperature rise and avoid possible degradation of coil
and slot insulation.

VII. CONCLUSION
This paper presents a coupled electromagnetic-computational
fluid dynamics (EM-CFD) analysis methodology for an
electric motor application where a heat transfer coefficient
look-up table (HTC-LUT) is adopted for the water-cooling
jacket. This methodology enables decoupling of the fluid-
to-fluid interaction between the internal rotating air and the
cooling water and, hence, reduces the computational time.
The proposed EM-CFD coupling methodology facilitates a
way to design and improve the cooling methodology so that
the electromagnetic performance targets can be met and a
high power density can be achieved. Electromagnetic losses
and temperature-dependent material properties provide a link
between the EM and CFD thermal analyses. The gener-
ated HTC-LUT is utilized as a surrogate for the main CFD
simulation to determine the temperature rise of different
motor components and their HTCs. A correlation between
coolant flow rate, motor speed, local air velocity and heat
transfer coefficients has been established. It has been demon-
strated that the stator surface temperature starts to drop below

the rotor surface temperature when inlet flow rate exceeds
10.3 LPM. This means that the HTC of the stator surface
is capable of dissipating more losses as compared to the
rotor. The LPTN analytical approach is used to verify the
proposed approach and the results show close agreement with
the EM-CFD coupling approach.
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