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2Outline

• Introduction
• s
• Multi-region electromagnetic solver with mesh motion

• Mesh generation and simulation example

• Cooler modeling: micro and macro scale simulation
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3Introduction and background

Increasing electrification introduces new 
opportunities of the application of CFD:

• Complex thermal systems: materials with 
different optimum operating temperature 
ranges and thermal limits combined. Various 
heat source and heat exchange mechanism.

• Liquid thermal management system: cooling 
jackets and shaft cooling

• Heat losses: Iron losses, magnet losses, 
Joule losses, mechanical losses

• Cooling unit must comply with compactness 
and lightweight requirements
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4Lib-ICE : engines (and more...) in OpenFOAM

• Internal combustion engine simulations
• After-treatment systems
• Thermal management
• Fluid machines
• Porous media

IC Engine Simulations

• CI and SI combustion chamber
optimization;

• Mixture formation optimization;
• Engine pre-calibration;
• Alternative fuels (H2, DME, 

Methanol, Ammonia, CNG, LNG,...)
• Dual-fuel combustion;
• Advanced combustion modes

(HCCI, RCCI, PCCI, ...)
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Thermal Management

Fluid Machines Micro-scale analysis

After-treatment systems
• Full simulation of the ATS line including state-of-the-

art technologies (TWC, DOC, SCR, PF, …)
• Advanced multi-domain conjugate heat transfer 

approach coupled to gas/catalytic reaction model
• Modeling of: catalytic reactions, UWS injection, wall

film, heating strategies

• Detailed micro-scale analysis including conjugate heat
transfer and reaction modeling

• Geometry reconstruction from micro-CT scans
• Available for: catalytic substrate optimization, oil&gas

rock characterization, innovative porous media 
development

   machines, pumps, 
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Electromagnetic analysis

𝜵𝜵 × 𝑯𝑯 = 𝑱𝑱 +
𝜕𝜕𝑫𝑫
𝜕𝜕𝑡𝑡

𝜵𝜵 � 𝑩𝑩 = 0

𝜵𝜵 × 𝑬𝑬 = −
𝜕𝜕𝑩𝑩
𝜕𝜕𝑡𝑡

Ampere Maxwell law: magnetic fields can be generated by electric currents in a 
closed circuit, it is proportional to the current flowing in it.

• H = magnetic field intensity
• B = magnetic flux density
• E = electric field intensity
• D = electric flux density
• J = current density
• A = magnetic vector potential 
• V =  electric scalar potential

Gauss law for magnetic field: the magnetic field is always generated by a magnetic 
dipole. The flux of magnetic field B around a closed surface is always null, B is a 
solenoidal vector field

Faraday-Maxwell law: describes the electromagnetic induction. It shows how the
variations of magnetic field in time induce an electric field.

𝑫𝑫 = 𝜎𝜎𝑬𝑬

𝑩𝑩 = 𝜇𝜇𝑯𝑯

𝑱𝑱 = 𝜎𝜎𝑬𝑬

𝛁𝛁 × 𝑯𝑯 =
1
𝜇𝜇
𝛁𝛁 × 𝛁𝛁 × 𝑨𝑨 = 𝑱𝑱

𝛁𝛁 × 𝛁𝛁 × 𝑨𝑨 = 𝛁𝛁 𝛁𝛁 � 𝑨𝑨 − ∆𝑨𝑨
𝛁𝛁 � 𝑨𝑨 = 0

𝜵𝜵 � 𝑫𝑫 = 𝝆𝝆 Gauss law: The electromagnetic flux around a closed surface is proportional
to the value of the charge density
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Steady state assumption
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Electromagnetic quantities computed from magnetic vector potential: 𝑩𝑩 = 𝜵𝜵 × 𝑨𝑨

−
1

𝜇𝜇0 𝜇𝜇𝑟𝑟
𝛻𝛻2𝑨𝑨 = 0 Solid regions:

ferromagnetic or diamagnetic materials

Magnet regions 
permanent magnets   

1
𝜇𝜇0 𝜇𝜇𝑟𝑟

𝛻𝛻2𝑨𝑨 = −
𝑩𝑩𝑩𝑩
𝜇𝜇0 𝜇𝜇𝑟𝑟

Fluid regions
fluids in the motor

−
1

𝜇𝜇0 𝜇𝜇𝑟𝑟
𝛻𝛻2𝑨𝑨 = 0

Solid regions:
ferromagnetic or diamagnetic materials−𝜎𝜎𝛻𝛻2𝑉𝑉 = 0 𝑱𝑱 = −𝜎𝜎𝜵𝜵𝑉𝑉

1
𝜇𝜇0 𝜇𝜇𝑟𝑟

𝛻𝛻2𝑨𝑨 = −𝑱𝑱 Non Magnetic regions 
stator winding

Iron losses:

𝑃𝑃𝑓𝑓𝑓𝑓 = 𝛼𝛼𝐵𝐵2

Jule losses:
𝑃𝑃𝑗𝑗 = 𝜌𝜌

𝛾𝛾
𝐽𝐽2

Electromagnetic analysis

Solid regions
ferromagnetic or 

diamagnetic materials

𝑯𝑯 =
𝑩𝑩 − 𝑩𝑩𝑩𝑩
𝜇𝜇0 𝜇𝜇𝑟𝑟

𝑯𝑯 =
𝑩𝑩

𝜇𝜇0 𝜇𝜇𝑟𝑟
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Solver structure 
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9Test case: Permanent Magnet Sincronous Motor

Stator
Rotor

Air

Shaft internal duct
Permanent magnets

Shaft

Cooling channel
Stator windings

PMSM parameters: 
• Four poles 
• Six concentrated windings
• Four  interior permanent magnets
• Rotational speed 1500 rpm
• Shaft liquid cooling system 3.6 Kg/h
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10Mesh generation procedure

Rotor blockMesh Stator blockMesh Shaft blockMeshStator mesh after  
snappyHexMesh process

Shaft mesh after  
snappyHexMesh process

• Mesh based on blockMesh utility
• Parametric meshes according to number of magnets and windings
• Flexible mesh procedure for machines with different number of poles and sizes 
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11Complete mesh

• Mesh based on blockMesh utility.
• Parametric meshes according to number of magnets and windings. 

• Flexible mesh procedure for machines with different number of poles and sizes. 
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12Magnetic flux density
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13Electromagnetic losses
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14Thermodynamic results

• Correspondence of regions with high loss concentration and 
high temperature 

• Heat traversed by conduction 

• Effect of rotation on water flowing in shaft cooling channel

Tmax

Tmin
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15Cooler Multi-scale CFD model

Micro-scale (μm – mm) Macro-scale (cm – dm) Full-scale (cm – dm)

Design and optimization of oil-cooler is performed at different levels:

Choice / optimization of 
the turbulator geometry

Design of the single 
heat exchanger layer

Design and optimization 
of the overall device
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16Methodology Multi-scale CFD model

Methodology consists of three main steps:

1. Micro-scale characterization of the REV of the 
offset-strip fins / dimple turbulator:
• Pressure drop
• Heat transfer

2. Upscaling of micro-scale properties to derive macro 
scale correlations:
• Post-processing of micro-scale simulations
• Creation of a database of correlations for different 

turbulators

3. Simulation of the full-scale heat exchanger:
• Turbolators are modelled by means of a porous 

media approach based on correlations
• Possibility to include in the model every significant 

geometrical detail of the heat-exchanger
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17Methodology Micro-scale CFD characterization

Computational domain
• One single representative 

elementary volume
• Two regions: fluid and solid

Offset-strip fins Dimple-type

Geometry definition:

• Fully parametrized 
geometrical model

Fully automatic mesh generation
Offset-strip fins: 
• block-structured hexaedral mesh
• addition of boundary layers

Dimples: 
• predominately 

hexaedral mesh
• with boundary layers
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18Methodology Micro-scale CFD characterization

Simulation setup

• Boundary conditions: 
 Cyclic boundary conditions for REV simulation
 Mapped boundary conditions for conjugate 

heat-transfer between fluid and solid domain
 Fixed temperature condition on top/bottom 

solid wall

• Source terms, on fluid domain:
 Momentum source to establish (angled) flow
 Heat source to establish heat flux from fluid 

to solid domain

• Thermophysical properties: to characterize fluid 
/solid properties

• Operating points: flow rate and flow angle

Cyclic-XY1

Cyclic-XY0

Cyclic-YZ0

Cyclic-YZ1

WallWall

Fixed Tw

Mapped T @ 
fluid – solid
interface

Fixed Tw
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19Methodology: Micro-scale CFD characterization

Simulation setup

• Operating conditions: 
 Different flow regimes: from laminar to 

turbulent
 Different flow angles

U
 [m

/s
]

T 
[K

]

360

820

0

0.035

Offset-strip fins
Laminar regime
Uavg = 0.01 m/s

Around 100 simulations are needed to 
fully characterize the turbulator
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20Methodology: Micro-scale CFD characterization

Simulation setup

• Operating conditions: 
 Different flow regimes: from laminar to 

turbulent
 Different flow angles

• Turbulence modeling:
 iLES: for offset strip fins
 RANS: for dimples

U

T

U
 [m

/s
]

T 
[K

]

t = t0 + 0 ms t = t0 + 0.5 ms 

328

335

0

11

Offset-strip fins
Turbulent regime
Uavg = 2 m/s
Flow direction α=0°

t = t0 + 1.0 ms 
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21Methodology: Micro-scale CFD characterization

Offset-strip fins
Turbulent regime
Uavg = 0.5 m/s

0

1.4

325

300

U
 [m

/s
]

T 
[K

]

Simulation setup

• Operating conditions: 
 Different flow regimes: from laminar to 

turbulent
 Different flow angles

• Turbulence modeling:
 iLES: for offset strip fins
 RANS: for dimples
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22Methodology: From micro-scale to macro-scale
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23Methodology: From micro-scale to macro-scale

Micro-scale model

Macro-scale model

Micro-scale model

Macro-scale model
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24Methodology Full-scale model

Full-scale model of the heat-exchanger consists of:

• Two fluid regions: oil and coolant
• One solid region: metal walls

Agglomeration procedure:
• generation of 2D mesh in turbulator 

zones

Base grid

Base grid
+

Aggl. grid

Final grid
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25Application Cooler with offset-strip fins turbulators

Oil-cooler offset-strip fins 
configurations:

• Cooler A: 11 oil + 11 coolant
Cooler A

Coolant
Oil

Mesh cell count (w agglomeration)
• Coolant: 1.79 MLN 
• Oil: 1.45 MLN 
• Solid: 16.6 MLN

Mesh cell count (base mesh)
• Coolant: 15.79 MLN 
• Oil: 13.45 MLN 
• Solid: 16.6 MLN
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26Application Coolers with offset-strip fins turbulators

Solid

Oil

Coolant

Tin, oil

Tin, cool

T

Cooler A: Qoil = 40%, Qcool = 60% 

Computational Time:
• 6 h on 6 processors
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27Application Coolers with offset-strip fins turbulators

Cooler A: Qoil = 40%, Qcool = 60% 

Tin, 
oil

Tin, cool

T
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28Application Coolers with offset-strip fins turbulators

Pressure drop
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29Application Coolers with offset-strip fins turbulators

Heat transfer
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30Conclusion and future developments

Future developments: 

• Electromagnetic phenomena such as back EMF and skin effect
• Discontinuity condition introduced in boundary condition of 𝑨𝑨
• Correct representation of wires system of stator windings

• Coupled thermodynamic and electromagnetic solver under the OpenFOAM

• Multiregion and CHT along with moving mesh architecture

• Evaluation of losses computed based on material behaviour and inclusion in energy equation

• Different machine configurations thanks to parametric mesh

• Multiscale CHT analysis for the optimization of the cooler
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Materials characterization for thermal analysis

Solids

Fluids 

36

Characterized by thermophysical models used and physical properties.
Solved with a RAS methodology and 𝑘𝑘𝜀𝜀 turbulent model.  

rotor core magnets stator  core windings shaft

material steel NdFeB steel copper aluminium

𝝆𝝆
𝑘𝑘𝑘𝑘
𝑚𝑚3

7800 7500 7800 8900 2700

𝒌𝒌
𝑊𝑊
𝑚𝑚𝑚𝑚

25 12 25 350 237

𝒄𝒄
𝐽𝐽

𝑘𝑘𝑘𝑘 𝑚𝑚
445 400 445 380 900
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Materials characterization for electromagnetic analysis 37

Magnetic and electric properties

Sinusoidal variation of 𝑉𝑉 imposed. Chosen to reach reasonable 
value of current density 𝑱𝑱 and

reproduce the correct behavior of current variation

rotor core magnets stator core windings shaft air water

𝝁𝝁𝑩𝑩 2000 1.05 2000 0.999 1.002 1 0.999

𝑩𝑩𝑩𝑩 0 1.5 𝑇𝑇 0 0 0 0 0

𝜶𝜶 3.5 2 3.5 - 0 - -
𝝆𝝆
𝜸𝜸

- - - 2.4 Ω - - -

𝝈𝝈 - - - 1.72𝑒𝑒8 𝑆𝑆
𝑚𝑚

- - -
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t = 0.0048s t = 0.0183s

Stator and windings

t = 0.012s

38
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