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This presentation was produced when the laboratory operated 
as the National Renewable Energy Laboratory (NREL). The 

laboratory is now the National Laboratory of the Rockies (NLR).
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• The National Renewable Energy Laboratory (NREL) is collaborating 
with Oak Ridge National Laboratory (ORNL), Sandia National 
Laboratories, and Ames Laboratory to develop a motor design free 
from heavy rare-earth magnets for medium-duty, heavy-duty, and off-
road applications to avoid long-term supply chain issues.

• Thermal management is the key to maintain motor performance and 
avoid demagnetization in heavy-rare-earth-free motors.

• The NREL side of the NEXT-DRIVE project is exploring advanced 
thermal management approaches and coolant configurations, along 
with novel interface materials, while benchmarking their performance 
for medium- and heavy-duty applications.

• High-fidelity models are being combined with system-level modeling 
and optimization approaches with thermal interface material 
performance benchmark measurements to realize such a drive with 
desired performance (to operate <80°C–90°C).

Vehicle Technologies Office NEXT-DRIVE Program: Motivation

Vehicle Technologies Office NEXT-DRIVE 
Program: Motivation

The NEXT-DRIVE project’s key idea/takeaway: High-fidelity multiphysics modeling, 

working with artificial intelligence and machine learning, enables more reliable, 

longer-lifetime medium- and heavy-duty vehicles by developing high-voltage and 

high-torque electric-drive components that achieve a million-mile/25,000-hour 

operational life, enhancing efficiency, reducing costs, and increasing asset utilization.
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• At baseline design, a conjugate heat transfer (CHT) 
model has been developed to explore advanced 
thermal management for a non-heavy rare-earth 
magnet motor.

• Model includes:

o Moving rotor at 5,000 RPM.

o Water-ethylene glycol (WEG) cools stator, and 
automatic transmission fluid (ATF) cools rotor/rotor 
magnets, both coolants entering at 70°C.

o Natural air flow (ideal gas) induced by rotor spin 
drives heat exchange between rotor and stator 
while adding windage losses.

o Range of heat transfer coefficients (HTCs) for stator 
with initial aluminum finned WEG stator cooling is 
explored.

o Rotor cooling with embedded ATF channel concept 
is conceived and analyzed. 

Interior Permanent Magnet (IPM) Motor: Thermal Management (Baseline Design Stage)

Interior Permanent Magnet (IPM) Motor: 
Thermal Management (Baseline Design Stage)

Novel non-heavy rare-earth IPM 
motor being developed at ORNL
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Vertical section of IPM machine
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Baseline stator cooling 
concept with central WEG 

inlet

Baseline Motor Specifications

Stator outer diameter (mm) 256

Rotor outer diameter (mm) 185

Rotor-stator gap (mm) 1

Stack length (mm) 293

Number of slots 72

Number of poles 8

Stator current density (A/mm2) 12–13

Base speed (RPM) 5,000

Power output (kW) 380

Dy-free NdFeB magnets

Hairpin winding
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• Stator cooling with WEG at 70°C 
with aluminum finned jacket

Novel Dual-Coolant Thermal Management Approach for Stator and Rotor Cooling

Novel Dual-Coolant Thermal Management 
Approach for Stator and Rotor Cooling

• Rotor cooling with ATF at 70°C with 
channels through rotor lamination

WEG outlet 1

WEG inlet at 70°C WEG outlet 2

ATF inlet 1 at 
70°C

ATF outlet 1

ATF outlet 2

ATF inlet 2 at 
70°C

Stator Fin Jacket Details

Fin width, mm 2.46

Gap between fins, mm 2.26

Fin height, mm 10

WEG headspace above fins, 
mm

2

Aluminum base thickness, mm 3

Rotor Channel Details

Channel thickness, mm 1.5

Channel width, mm 5.14

With middle inlet and side outlets 

Finned jacketFinned jacket Rotor ATF channels 
– middle slice

Rotor ATF channels 
– middle slice
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Design Point and Heat Losses From Electromagnetic Modeling

Design Point and Heat Losses From Electromagnetic Modeling

H. H. Winter. n.d. “Viscous Dissipation Terms in Energy Equations.” University of Massachusetts Amherst.

Actual windage losses (viscous losses) in a complex Newtonian 
flow (cross-flow impacts windage losses, and sides of rotor need 
to be included in accurate estimates)

Where for turbulent flows: 𝜇 is effective viscosity (𝜇𝑚𝑜𝑙 + 𝜇𝑡𝑢𝑟𝑏); 𝑉𝑥 , 𝑉𝑥, 
and 𝑉𝑥 are x-, y-, and z-direction velocities, respectively; and V is the 
velocity vector with these components. 

Windage loss calculations in CHT model 
(rotor-stator gap of 1 mm in IPM motor)
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~2.78% losses, excluding windage and bearing losses

Energy/Power Budget

Total heat loss in components, including 
windage losses (kW)

10.6 % Heat Loss

Heat loss in stator windings (W) 5,579.4 52.4

Heat loss in stator laminations (W) 4,583.3 43.0

Heat loss in rotor laminations (W) 314.3 2.9

Heat loss in rotor magnets (W) 94.4 0.9

Windage loss (W) 34.2 0.3

At 5,000 RPM in IPM baseline concept, windage 
losses are relatively small.
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Material Properties Used in CHT Model

Material Properties Used in CHT Model

Material Name Description

k Cp ρ

Source

[W/m·K] [J/kg·K] [kg/m³]

In-Plane Across

HF-10 (10 mil) Stator/rotor laminations 20.6 1.2 456 7,180 2015 Laminations Tech Report

Windings The whole slot 385 385 385 8,960
Dense Cu

Sintered neodymium-
iron-boron magnets (N45)

Magnets 6.16 6.74 460.54 7,600
Arnold Magnetic Technologies

410 SS – rotor shaft Stainless steel 24.9 460 7,800 www.matweb.com/search/DataSheet.aspx?MatGUID=e5556cce227
94269972d2718806a8bc7&ckck=1 

Nomex Slot liner/ϕ separator 0.155 2,000 1,800 NREL/ORNL

Known/measured values
Calculated values
Assumptions

Calculated using the procedure in in the paper below using an assumed surface roughness of 1.2 µm and microhardness of 343 MPa:

• J. Emily Cousineau, Kevin Bennion, Douglas DeVoto, and Sreekant Narumanchi. 2019. “Experimental characterization and modeling 
of thermal resistance of electric machine lamination stacks.” International Journal of Heat and Mass Transfer 129: 152–159.

Microhardness from periodictable.com/Properties/A/VickersHardness

▪ MOKON Data Sheet (WEG): https://www.mokon.com/products/fluids/glycol-solutions/pdf/Ethylene-Glycol-Technical-Data.pdf

Fluids Air (Rotor-Stator Gap) 
[ANSYS Fluent Database]

ATF [NREL Internal 
Database]

WEG [MOKON 
datasheet]

𝜌 (kg/m3) 𝑃𝑚

𝑅𝑇
, 𝑃 − 𝐴𝑏𝑠 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑤𝑖𝑡ℎ 𝑃𝑜𝑝𝑡 𝑎𝑡 𝑟𝑒𝑓

808 1,050

𝜇 (N·s/m2) 25°C 1.837 × 10−5 0.009 0.001538

300°C 2.928 × 10−5

Cp (J/kg·K) 1006.43 2,242 3,499

K (W/m·K) 0.0242 0.13 0.4108

http://www.matweb.com/search/DataSheet.aspx?MatGUID=e5556cce22794269972d2718806a8bc7&ckck=1
http://www.matweb.com/search/DataSheet.aspx?MatGUID=e5556cce22794269972d2718806a8bc7&ckck=1
https://periodictable.com/Properties/A/VickersHardness.html
https://periodictable.com/Properties/A/VickersHardness.html
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Baseline Design: Thermal Assessment

Baseline Design: Thermal Assessment

• ATF flow rate in rotor has smaller impact, slightly more 
impact on rotor magnet temperature.

• No improvement in stator and rotor temperatures 
beyond effective stator jacket HTC of 10,000 W/m2·K.

Operating point: 5,000 RPM, 380 kW

• Finned stator jacket could only achieve effective HTC of 3,800 
W/m2·K at 40 LPM, which is a bit low with such high flow rate. 

• Rotor has much lower HTC primarily due to oil, as well as area, 
but still seems reasonable for the motor.

Model estimated effective HTC inside 
stator jacket and rotor channels

Acceptable for baseline 
design—further fine-
tuning needed on both 
stator and rotor side. 

5LPM 40LPM

Stator effective HTC sweep for 
extreme rotor channel ATF flow rates

Target to lower both during 
next design iteration


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Thermal Resistance Across Stator Components in Baseline Motor Design

Thermal Resistance Across Stator Components in 
Baseline Motor Design

𝑅𝑡ℎ𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑆𝑙𝑜𝑡𝐿𝑖𝑛𝑒𝑟 +
1

1
𝑅𝐿𝑎𝑚1

+
1

𝑅𝐿𝑎𝑚2

+ 𝑅𝐴𝑙𝑆𝑖𝑛𝑘

• In current design, slot liner contributed almost 71% in thermal resistance between stator winding and stator coolant.
• Next stage improvements will be attempted:

o By bringing coolant closer to stator winding (either by cutting down on lamination or with jackets/channels inside 
lamination).

o Reduce slot liner resistance by exploring and testing novel contact materials.
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Thermal and Flow Fields in Baseline Concept

Thermal and Flow Fields in Baseline 
Concept

Middle section–thermal field

Temperatures on the surface of rotor flow channels

40-LPM stator flow rate (WEG)
40-LPM rotor flow rate (ATF)

Baseline design could achieve:
• Stator winding <160°C
• Rotor magnets <92°C
Opportunity exists for future refinements to reduce stator and 
rotor thermal resistances, thereby improving performance. 
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Summary and Conclusions

Summary and Conclusions

• A 3D high-fidelity CHT model was developed to establish an early thermal management solution for a power-
dense, non-heavy rare-earth IPM motor being developed at ORNL. 

• A dual-coolant (WEG and ATF) approach is being explored for a 380-kW and 5,000-RPM continuous performance 
machine for medium- and heavy-duty vehicles. 

• The following key conclusions from CHT model analysis may be drawn:

o The developed thermal management solution for the proposed IPM machine for the operating point can sustain winding 
temperature (158°C) and rotor magnet temperature (92°C) below their target operating limits (<160°C and <95°C, 
respectively). The suggested flow rate of 40-LPM WEG/ATF is slightly higher than optimum. The scope exists to lower both 
stator and rotor thermal resistances.

o The stator WEG coolant carries away almost 88%–90% of total heat generation from the motor. 

o At 5,000 RPM, windage losses are small, approximately 0.32% of the total losses. The assessment of windage losses at 
higher RPMs and other configurations of rotor-stator gaps needs to be performed in the next iterations.

• Future analysis on both the electromagnetic and thermal side needs to include motor end components (e.g., end 
winding, rotor ends) to refine a thermal solution for the machine. 

• In addition to exploring other cooling approaches, the novel thermal solutions for end winding (such as spray/jet 
cooling) liquid cooling will also be explored.

• The design and analysis presented focuses on thermal management aspects. The mechanical design of the motor 
will also be undertaken at ORNL.
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