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Opportunities and Challenges

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 project (2018–2024) was part of the Electric Drive Technologies Consortium and 
focused on the National Renewable Energy Laboratory’s (NREL’s) role. The research enables 
compact, reliable, and efficient electric drives.

• Partnered with Oak Ridge National Laboratory (ORNL), Sandia National Laboratories, 
Ames Laboratory, Georgia Institute of Technology, and the University of Wisconsin–
Madison.

• ORM design was pursued to target the U.S. DRIVE roadmap [1].

• Electromagnetic, power electronics, and mechanical design for the ORM drive was 
accomplished by ORNL.

• A thermal management solution for the ORM drive was provided by NREL and will 
be the focus on this discussion.

[1] U.S. DRIVE. 2017. Electrical and Electronics Technical Team Roadmap. 
www.energy.gov/sites/default/files/2017/11/f39/EETT%20Roadmap%2010-27-17.pdf.

Outer-Rotor Motor (ORM) Drive: Motivation

Outer-Rotor Motor (ORM) Drive: Motivation

http://www.energy.gov/sites/default/files/2017/11/f39/EETT%20Roadmap%2010-27-17.pdf
http://www.energy.gov/sites/default/files/2017/11/f39/EETT%20Roadmap%2010-27-17.pdf
http://www.energy.gov/sites/default/files/2017/11/f39/EETT%20Roadmap%2010-27-17.pdf
http://www.energy.gov/sites/default/files/2017/11/f39/EETT%20Roadmap%2010-27-17.pdf
http://www.energy.gov/sites/default/files/2017/11/f39/EETT%20Roadmap%2010-27-17.pdf


NREL    |    3

• The work focused on supporting the Electric Drive 
Technologies Consortium to develop a thermal 
management solution for the ORM drive.

• A conjugate heat transfer (CHT) model was 
developed for the ORM drive.

• The model includes the following aspects for 
assessment:
o Moving rotor at 6,666 and 20,000 RPM.
o Considered electromagnetic and windage losses.
o Power electronics cooling—liquid water-

ethylene glycol (WEG) coolant at 70°C.
o Stator heat exchanger cooling—liquid WEG 

coolant at 70°C.
o Rotor/rotor magnets cooling—with air, forced 

(rotor spin and/or with a fan), and natural 
convection.

o Heat loss via natural convection to surrounding 
atmosphere air at 25°C.

ORM: Thermal Management Approach

ORM: Thermal Management Approach

Integrated ORM drive
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Material Properties Used in CHT Models

Material Properties Used in CHT Models

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 v3 The whole slot 167 0.448 1,430 1,091
Inline: kCu*35.3%, across: FEA, 
Cp & ρ: XCu*FF_Cu+Xepoxy*(1-FF_Cu)

Neodymium Axially laminated magnets 13.0 3.7 a 456 7,010 www.matweb.com/search/DataSheet.aspx?MatGUID=61dbbf5b1f34464984735709ef1ee38c 
A6061-T6 Aluminum 167 896 2,700 www.matweb.com/search/DataSheet.aspx?MatGUID=b8d536e0b9b54bd7b69e4124d8f1d20a&ckck 
410 SS Stainless steel 24.9 460 7,800 www.matweb.com/search/DataSheet.aspx?MatGUID=e5556cce22794269972d2718806a8bc7&ckck 

PEEK (carbon fiber filled) Frame and sleeve 1.06 1,210 1,450 www.matweb.com/search/DataSheet.aspx?MatGUID=e0993de8cfa74798876b7883382af4dd&ckck 
Nomex Slot liner/ϕ separator 0.155 2,000 1,800 NREL/ORNL
Alumina-HX ϕ separator cooler 29 b, c 896 3,900 Density: MatWeb

Varnish Magnet retaining 0.11 2,000 1,200 Typical
Potting CoolTherm SC-324 4 1,300 3,200 4 W/m·K: Parker/Lord SC-324, 5 and 6 W/m·K Momentive BN Enhanced, density Parker/Lord SC-324

Known/measured values
Calculated values
Assumptions

a Calculated using the procedure in [1] using an assumed surface roughness of 1.2 µm and microhardness of 343 MPa. Microhardness from periodictable.com/Properties/A/VickersHardness.
b [2].

Other contact resistances used:

1. Power electronics to shell: DuPont Temprion[4], k = 0.7 W/m·K at 30 µm, 𝜌 = 1,100 𝑘𝑔/𝑚3, 𝐶𝑝 = 1,150
𝐽

𝑘𝑔−𝐾

2. Stator heat exchanger to stator winding: SC-324 at 0.5 mm thick
3. Stator heat exchanger to stator lamination: SC-324 at 0.5 mm thick
4. Stator winding to stator lamination: Nomex slot liner at 0.5 mm thick

Fluids Air [ANSYS Fluent Database] WEG [3]

𝜌 (kg/m3) 𝑃𝑚

𝑅𝑇
, 𝑃 − 𝐴𝑏𝑠 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑡 𝑟𝑒𝑓

1,060

𝜇 (N·s/m2) 25°C 1.837 × 10−5 0.00154

300°C 2.928 × 10−5

Cp (J/kg·K) 1,006.43 3,500

K (W/m·K) 0.0242 0.41

[1] 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.

[2] W. Sixel, M. Liu, G. Nellis, and B. Sarlioglu. 2019. “Ceramic 3D Printed Direct Winding Heat Exchangers for Improving Electric Machine 
Thermal Management.” Presented at the 2019 IEEE Energy Conversion Congress and Exposition (ECCE), 769–776. doi: 
10.1109/ECCE.2019.8913234.

[3] MOKON Datasheet (WEG): https://www.mokon.com/products/fluids/glycol-solutions/pdf/Ethylene-Glycol-Technical-Data.pdf
[4] DuPont Temprion Datasheet: https://www.dupont.com/content/dam/electronics/amer/us/en/electronics/public/documents/en/K-

29293-Temprion-AT-Adhesive-Thermal-Tape-Data-Sheet.pdf

http://www.matweb.com/search/DataSheet.aspx?MatGUID=61dbbf5b1f34464984735709ef1ee38c
http://www.matweb.com/search/DataSheet.aspx?MatGUID=b8d536e0b9b54bd7b69e4124d8f1d20a&ckck=1
http://www.matweb.com/search/DataSheet.aspx?MatGUID=e5556cce22794269972d2718806a8bc7&ckck=1
http://www.matweb.com/search/DataSheet.aspx?MatGUID=e0993de8cfa74798876b7883382af4dd&ckck=1
https://periodictable.com/Properties/A/VickersHardness.html
https://periodictable.com/Properties/A/VickersHardness.html
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Heat Loss Values and Windage Losses

Heat Loss Values and Windage Losses

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

J. Vrancik. 1968. “Prediction of windage power loss in 
alternators.” NASA Technical Note.

Simplified windage losses (assuming parallel flow 
between two cylinders moving relative to each other): 

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

Volumetric heat loss values provided by ORNL; about 7% total heat losses for combined motor and power electronics for 6,666 RPM. Total heat losses 
almost double at similar power and 20,000 RPM due to windage losses.

Method 1 Method 2 (CHT Model)

For turbulent flows: 𝜇 is effective viscosity (𝜇𝑚𝑜𝑙 + 𝜇𝑡𝑢𝑟𝑏)

(Used in CHT model) 

Windage Loss Calculation Methods
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ORM: Baseline (6,666 RPM, 58 kW) With Casing Allowed Air Passage

ORM: Baseline (6,666 RPM, 58 kW) With Casing 
Allowed Air Passage

Maximum temperature in 
power electronics ~150°C

Maximum temperature in 
magnets ~91°C

4-mm radius openings in end plates and central channel

Air flow driven by rotor spin + natural 
convection (~48-LPM air)

Power electronics junction temperatures
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Exploring Extremities: 6,666 RPM, 58 kW, Open Rotor (Removed Light Yellow Part)

Exploring Extremities: 6,666 RPM, 58 kW, Open 
Rotor (Removed Light Yellow Part)

Maximum temperature in power 
electronics ~150°C

Maximum temperature in 
magnets ~61°C

Some asymmetries because of 
surrounding box not being 

round (it is a cuboid)

Open rotor is very well cooled, and a bit of radial outward spread of outside windage losses 
(although total windage losses are higher due to colder air exposed to rotor now)

Air flow driven by rotor spin + natural 
convection
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Ventilated Design: Motor Casing on Circumferential and Sides of the Motor With Openings

Ventilated Design: Motor Casing on Circumferential 
and Sides of the Motor With Openings

• 8-mm radius opening in casing and end plates.
• 30-mm radius middle opening—central channel power electronics to motor.
• Extended rotor casing gap from ~4.11 mm to 18.11 mm.
• This design may be a bit noisy!
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ORM Ventilated Design (6,666 RPM, 58kW): Casing, End Plates, and Middle With More Openings

ORM Ventilated Design (6,666 RPM, 58kW): Casing, 
End Plates, and Middle With More Openings

Maximum temperature in power 
electronics ~150°C

Maximum temperature in 
magnets ~69.84°C

Air flow driven by rotor spin + 
natural convection

Note: Flow has periodic boundary conditions (calculations consider half domain); however, results 
are shown with symmetric planes. This behavior may be noticed in the air wakes across holes.
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 ORM: Ventilated/Updated Design With Fans (6,666 RPM, 58 kW)

ORM: Ventilated/Updated Design With Fans 
(6,666 RPM, 58 kW)

Maximum temperature in power 
electronics ~150°C

Maximum temperature in 
magnets ~59.43°C

Air flow driven by fan (∆𝑝 = 1,562.5 Pa) + rotor spin 
+ natural convection

Fan locations created 
with pressure jump

Pumping 
direction
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Comparison of Maximum Magnet Temperature

Comparison of Maximum Magnet Temperature

Key Learnings
• Magnets are running hot around 90°C–91°C 

in enclosed motor.
• 5 times air flow increase (~48 LPM to 266 

LPM) through motor with fans in enclosed 
rotor does not help much (5°C–10°C).

• Opening rotor cools down magnets.
• Ventilated design brings magnet temperature 

down; however, may pose challenges with 
noise and reliability. 

• It seems running ORM drive above 10,000 
RPM may need more advanced liquid cooling 
for the rotor. 

Air flow through motor is mainly 
controlled by three drivers: 

1. Rotor spin
2. Natural convection
3. Fans, if any.

6,666 RPM, 58 kW 6,666 RPM, 100 kW 20,000 RPM, 50 kW
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Windage Losses in Baseline and Ventilated ORM Drive Concepts

Windage Losses in Baseline and Ventilated ORM 
Drive Concepts

Windage losses in the ventilated concept ORM for 
continuous and peak performance operations

Baseline concept: Comparison between 3D 
model and 1D approach of Vrancik

• Windage loss predictions from 3D model are aligned with simple 1D analytical model (J. Vrancik).
• Windage losses increases significantly with RPM, reaching around 2.3 kW (~36% of total motor losses) at 20,000 

RPM in baseline design—more surface area per width (inner and outer surfaces).
• Windage losses almost double in ventilated design (3.6 kW vs. 2.3 kW)—real issue with noise and reliability.
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Stator Winding Temperature

Stator Winding Temperature

6,666 RPM, 58 kW 6,666 RPM, 100 kW 20,000 RPM, 50 kW

• The stator winding is hottest for the 
higher-power (100-kW) case, 
primarily due to higher heat losses.

• The stator winding temperatures at 
higher RPM of 20,000 deviate a bit 
between ventilated and open rotors 
versus baseline concepts. This trend 
highlights the impact of direct cooling 
by atmospheric air/ventilation under 
high windage loss scenario.

• Under lower RPMs, when windage 
losses are small, the stator winding 
temperatures show smaller variability 
among concepts. 
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Stator Lamination Temperature

Stator Lamination Temperature

6,666 RPM, 58 kW 6,666 RPM, 100 kW 20,000 RPM, 50 kW

• The trend in stator lamination 
temperature is different from 
the stator winding temperature 
and is primarily governed by 
heat losses in the laminations.

• At higher RPM, the stator 
lamination losses increase, 
resulting in higher temperature.

• Similar variability among 
concepts is seen at higher RPMs, 
signifying direct air cooling in 
open and ventilated concepts.
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Maximum Junction Temperature

Maximum Junction Temperature

6,666 RPM, 58 kW 6,666 RPM, 100 kW 20,000 RPM, 50 kW

• With increase in power and RPMs, 
peak junction temperature 
increases, mainly due to higher 
heat losses in the stator lamination 
and thermal coupling between 
components of the ORM (assumed 
conservative 2,500-W losses in 
power electronics—2.5% to 5%).

• Across ORM drive operating points 
and concepts, power electronics 
junction temperature is within 
limits <160°C.
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Summary and Conclusions

Summary and Conclusions

• A 3D high-fidelity CHT model was developed to investigate thermal design and coupling aspects of the ORM drive 
being developed by ORNL.

• Three operating/design points (58 kW and 6,666 RPM, 100 kW and 6,666 RPM, and 50 kW and 20,000 RPM) of the 
ORM drive were investigated under different cooling options.

• The following key conclusions from the high-fidelity CHT model results and analysis are drawn:

o The modeling results showcase the importance of integrated thermal solutions and cross cooling between components for 
ORM drives.

o The rotor, particularly at higher RPM, experiences uniquely higher windage losses due to higher surface area per unit width 
in the outer rotor configuration.

o These losses might become even more critical for non-round rotors or manufacturing tolerance issues (i.e., a nonuniform 
rotor-stator gap). This area may require additional attention and perhaps will require more restrictive rotor manufacturing 
tolerances if the ORM drive is pushed to higher RPMs. 

o Ventilated casing and end plates with holes (or opening case completely) and increasing rotor-casing gap helps cool down 
the rotor significantly. Installing fans further adds to the improved cooling. 

o Although the ORM drive, if designed optimally, is expected to offers higher power density due to unique integration of 
different components, at higher RPMs such as >10,000 RPM, the rotor and magnets of the ORM drive might need liquid 
cooling through the shaft. Oil- or WEG-based concepts to cool down the rotor may be explored in the future. 

• The ORM drive is still being tested at ORNL. ORNL is expected to align the learnings from high-fidelity modeling work 
with test results in the future. 



www.nlr.gov
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