OVERVIEW

Timeline

+ Project start: October 1, 2024

+ Project end: September 30, 2027

« Percent complete: 15%.

Budget

+ Total project funding: $225,000

+  U.S. Department of Energy (DOE) share: $225,000
+  Funding for FY 2025: $225,000.

Barriers Addressed

+ Cost, power density, reliability, and lifetime.

RELEVANCE

Objectives

+  Our goal is to identify thermal management technologies enabling
heavy-rare-earth-free electric motors for medium- and heavy-duty
vehicles to achieve 1 million miles of operation.

Contrary to conventional approaches that optimize the motor for
power density, our focus will be to identify motor designs that
achieve the best trade-off between motor power density and
durable operation.

Project Impact

+ Enable high performance and reliable operation of medium- and
heavy-duty vehicle electric motors for more than 1 million miles.

SUMMARY

Motor Thermal Model With Rotor Windage
Losses

+ Initial version of conjugate heat transfer (CHT) thermal model with
stator jacket cooling has been developed to identify optimal
thermal management solutions for Oak Ridge National
Laboratory’s (ORNL’s) novel internal permanent magnet (IPM)
motor design.

Several initial cooling scenarios have been investigated under a
typical operating condition to understand the performance and
evaluate cooling requirements for this motor.

Maximum temperatures exceed desired threshold temperatures
for both stator and rotor, indicating the need for more effective
direct winding or lamination cooling approach.
Identification, Evaluation, and Measurement
of Motor Interface Materials

+ Key high thermal resistance pathways in IPM motors have been
identified.

« Experimental characterization of baseline contact resistances has
been planned for FY 2025.

FY 2025 Milestone

+ Compile a database with publicly available thermo-physical
properties for automatic transmission fluid/oil and other fluids
commonly used for motor cooling.

High-Torque Heavy-Rare-Earth-Free Electric Motor Thermal Management

Bidzina Kekelia (PI), Rajneesh Chaudhary, Emily Cousineau, and Jeff Tomerlin (National Renewable Energy Laboratory);
Vandana Rallabandi (Oak Ridge National Laboratory)

APPROACH

This joint effort of collaborating research teams from the participating
national laboratories (Oak Ridge National Laboratory, National
Renewable Energy Laboratory, Sandia National Laboratories, Ames
Laboratory) i e of high-fidelity multi-ph
models of electric molors for medium- and heavy-duty vehicle
ions that will predict key of the motors’
performance, including operating of key motor
+ NREL’s current project team will support NEXT-DRIVE project Task 4:
High-Torque Heavy-Rare-Earth-Free Elecric Motors with identifying
thermal and a motor thermal
model incorporating rotor windage losses.
Lsbs Tasks

.
e

Multiphysics High AMES
Fidelity Models for

Tosk. Bl
Components

Al Design NEXTDRIE
Optimization .

Digital Twins for
Diagnostics snd ORNL
Prognostics

o
Vatag Hih Power

VirtualDesignand .
Verfcaton I y

cartr
Erablng
Technologiee SN ek Oftt s
forDsgnosicand
Overall outline of Next-Generation Reliable Electric Drive Systems
for Medium- and Heavy-Duty Vehicles (NEXT-DRIVE) project. Image
by Vandana Rallabandi, ORNL

ACCOMPLISHMENTS AND PROGRESS
Motor Thermal Model With Rotor Windage Losses

An initial conjugate heat transfer (CHT) model with axial ATF flow
surrounding the stator has been developed for an IPM motor for
evaluating cooling concepts and optimizing in the future iterations of
the model.

For the initial evaluation, the following conditions were used:
o Rotor speed at 6,000 RPM

o ATF at 20 L/min and 40 L/min with coolant inlet temperature
0f 70° C used to cool stator

o Rotor/rotor magnets cooled with forced and natural air flow
(ideal gas) induced by rotor spin

o Range of heat transfer coefficients (HTCs) applied to the
stator shell

o No end-windings cooling
o No rotor face cooling.

Windage loss calculations in motor thermal model
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Where for turbulent flow:

effective viScosiy (ot + ). Vi Vy, and V; are x
Y- and z- direction velocities, and V is the velocity vector with these components.

Components of the dissipation function of a Newtonian fluid for

calculation of windage losses in rotor-stator gap in IPM motor model'

1 Morini, G. L. 2008. “Viscous Dissipation.” In Encyclopedia of Microfiuidics and Nanofluidics.
Edited by D. Li. Boston: Springer. https://doi.org/10.1007/978-0-387-48998-8_1669.
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Motor Thermal Model Incorporating Rotor
Windage Losses

+ NREL will compile a database with the thermo-physical properties for

automatic transmission fluid/oil and other fluids commonly used for
motor cooling.

+  NREL will develop high-fidelity thermal models for windage loss
estimation for an electric machine with an internal rotor for various
media (air, air-oil mixtures) and respective thermal impact on
motor components.

Initial thermal model of IPM machine

Cross section of IPM machine and al thermal model for
evaluation of stator jacket cooling performance with automatic
transmission fluid (ATF). Image by Rajneesh Chaudhary, NREL

« Several initial cooling scenarios were investigated under typical

operating conditions to understand the cooling needs for this motor:

- 6,000 RPM, 380 kW, 11,450 W total component heat loss (with
additional 34-40 W as windage loss)
- Range of HTC values and coolant flows: 20 L/min and 40 L/min
(with simple annular jacket around stator)
+ Maximum temperatures of stator windings were above desired
operating values for centrally fed ATF, which suggests the need for
more aggressive cooling solutions such as direct-cooled concept

(getting oil/ATF closer to winding thus reducing thermal resistance) or

other similar approaches.
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lllustrative results of the motor thermal model incorporating rotor
windage losses for 380-kW IPM motor at 6,000 RPM operating point

for 20 L/min and 40 L/min coolant flow rates. Image by Rajneesh
Chaudhary, NREL

Identification, Evaluation, and Measurement
of Motor Interface Materials

« Identify suitable material interfaces with the highest
impact/potential on reducing thermal resistance from the heat-
generating areas to the coolant.

Conduct experimental on de lected interfaces
and materials to validate and calibrate the developed contact
thermal resistance models.

Explore thermally materials for mot heat
exchangers and electrically isolating interface materials.

Thermal pathways and interfaces in electric motors
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material interfaces. Image by Emily Cousineau, NREL

The plot below indicates no improvement in stator and rotor
temperatures beyond 10,000 W/m?-K.

+ Thermal resistance in motor solid components must be reduced to help

lower component temperatures below operating limits.

+ Other cooling concepts (e.g., stator jacket heat exchanger with
fins/extended surfaces, direct in-slot cooled stator windings or end-
windings) must be explored.
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FUTURE WORK

(Any proposed future work is subject to change based on
funding levels.)

Motor Thermal Model With Rotor Windage
Losses

« Evaluate various cooling strategies for most efficient heat removal
from key motor components.

Assess if additional cooling is needed for the rotor/magnets.

Explore realistic wedge and different rotor-stator gap
configurations for windage losses.

Include end part of the motor in analysis, particularly for rotor
cooling, and fine-tune material properties.

Investigate different operating points: power output and rotor
speeds for the IPM motor concept.

Establish an optimum thermal management solution for the motor.

Characterization of Motor Interface Materials
and Contact Resistances
« Experimental measurement of key contact resistances not
currently in the literature
Baseline measurements:
— Slot paper to copper (representative of bar wound motors)
—  Slot paper to stator laminations.

Literature review and identification of key thermal fatigue and
failure modes for electric machines.

Oven (for elevated temperature testing]
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COLLABORATION AND
COORDINATION

Collaborators

+ Oak Ridge National Laboratory (ORNL)

+ Ames Laboratory.

Project Lead

+ National Renewable Energy Laboratory (NREL).
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