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ÅMotivation & Background:

ÅDigital Twin & Its Applications

ÅThe Bases & Timeline of QWED Research

ÅComputational Physics-Based Modeling of Microwave Heating

ÅExperimental Acquisition of Material Parameters

ÅConclusions

Outline
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Digital Twin

/ƻƳǇǳǘŜǊ !ƛŘŜŘ 5ŜǎƛƎƴ ƻŦ ƳƛŎǊƻǿŀǾŜ ǇƻǿŜǊ ǎȅǎǘŜƳǎ ǊŜǉǳƛǊŜǎ ƘŀǾƛƴƎ ŀ άǘǿƛƴέ ƻŦ ǘƘŜ ǇƘȅǎƛcal reality:

Physics Equations

(PE)

Maxwell, heat flow, fluid flow, load movement, 
Χ

Material relations

(MR)

literature data or own measurements

Our team has been active in both areas for over 26 years!

QuickWave TM software GHz-resonator-based instruments
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Modeling of MW Heating: 
Our Early Days

EMB-1998, Linkoping, Sweden

IEEE IMS 2014, Tampa, FL

IEEE IMS 1999, Anaheim, CA

QuickWave as part of Cobham CONCERTO
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Modeling of MW Heating: Approach
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Modeling of MW Heating: Recognition
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From EM to Multiphysics Modeling

The time-domain approach allows us 
to dynamically and naturally modify during the heating:

- positions of objects,

- material parameters of  heated objects,

- excitation (e.g.solid-state computer-controlled sources).
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Example: Thermally-Dependent Foods

media parameters 
@ -20degC

media parameters 
@ +20degC

enthalpy-dependent 
media parameters 

ƳŀǘŜǊƛŀƭǎΩ Řŀǘŀ 
courtesy P.O.Risman
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QuickWaveTM Software Overview 

Key modules & functionalities:

Full 3D EM solver with a range of 

unique models.

Vector 2D (BoR), ultra fast solver 

applicable to the analysis of 

axisymmetrical devices. Almost 

instantaneous convergence!

BHM Heat Module, heating 

analysis including loads rotation 

and translation, frequency tuning, 

heat flow and material parameters 

modification.

QProny module for high Q -factor 

structures analysis.

OptimiserPlus multiobjective

optimiser which allows to finding an 

optimal solution in an automatic 

way.

Multiprocessor/multicore and 

MultiGPU computing ensures 

maximum performance of your 

computer's resources

QW-AddIn for Autodesk® Inventor® Software

and more...

Advanced Electromagnetic & Mutliphysics Simulation Software for Industrial and Research Applications
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Benchmarking & Applications

We focus on two modeling scenarios όά9ƭǎŜǾƛŜǊ a² .ƻƻƪέ нлнлύ:

1. a simple representative oven (Risman, Microwave World, 1998)

2. a complex commercial Whirlpool Max oven.

QWED team contributed 3 chapters.
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A Simple Benchmark (1)

[2] 

QuickWavev2022 (FDTD) COMSOL Multiphysics5.6 (FEM)

MicrowaveOvenParameters
The oven has: 

- a width of 267 mm,
- a depth of 270 mm,
- a height of 188 mm. 

The waveguide's dimensions are:
- 50 mm in width, 
- 78 mm in depth, 

- and 18 mm in height. 

The glass plate has:
- a radius of113.5 mm, 

- a height of 6 mm, 
- and a base of 15 mm. 

The potato has a radius of 31.5 mmand its initial temperature is 8°C.

Intel i7-3820 CPU @ 3.6 GHz, 4 Core(s)

RAM: 64 GB

GraphicCard: NVIDIA GeForceGTX 660 Ti

Relativepermittivity of potato isequalto 65and its conductivityto 2.722 S/m.

Intel Corei7-8700 3.2 GHz, 6 Core(s) 

RAM: 16 GB

GraphicCard: AMDRadeon Pro WX 3100
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COMSOL Multiphysics5.6 (FEM)QuickWavev2022 (FDTD)

Simulationtime: 00:01:05 (h:min:sec)Simulationtime: 00:00:42 (h:min:sec)

Electricfield distribution

Temperaturedistribution

A Simple Benchmark (2)
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A Simple Benchmark (3)

COMSOL Multiphysics5.6 (FEM)

QuickWavev2022 (FDTD)

Simulationtime: 01:04:12 (h:min:sec)

RAM: 4220 MB

Cells: 60 004

Simulationtime: 00:05:03 (h:min:sec)

RAM: 364 MB

Cells: 3 614 128

Simulationinfo

For both methods, a Frequencystep 

of 0.001 GHz was chosen.
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A Simple Benchmark (4)
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Note on Hardware Acceleration

Quadro GV100 cards have been provided by Servodata Elektronik Sp. z o.o., Poland

Popular hardware acceleration options 
include:

1. moving from CPU to GPU
2. dividing the computation region 

into subregions, 
simulated on separate processors.

A comination of both options ς MultiGPU ς 
is especially powerful.
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Max Oven - EM Model (1)
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Max Oven ςEM Model (2)
Dissipated power density distribution in the cross-section of the load heated from in Whirlpool Max.

HFSS package v11 (values given in W/m3) QuickWave-3D v2018 package (values given in W/mm3)
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Max Oven ςMultiphysics Model (1)

Thermally dependent load parameters 
ςeffect of parameterisation 
of the nonlinear heating process

X

X

X

Å same total heating time
Å ƛƴŎǊŜŀǎŜŘ ƴǳƳōŜǊ ƻŦ άǘƘŜǊƳŀƭέ ŎƻƳǇǳǘŀǘƛƻƴŀƭ 

iterations, at which material parameters are 
automatically updated based on current temperature 
reached in a given FDTD cell

converged 
results
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Max Oven ςMultiphysics Model (2)

HEAT FLOW

HEAT FLOW + 
MAGNETRON PULLING

HEAT FLOW + 
LOAD ROTATION
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bƻǘŜ ƻƴ άwŜŀƭέ tǊƻōƭŜƳ {ƛȊŜ

C5¢5 ƛǎ ǇŀǊǘƛŎǳƭŀǊƭȅ ŀŘǾŀƴǘŀƎŜƻǳǎ ŦƻǊ ǇǊƻōƭŜƳǎ άōƛƎέ ǿǊǘ ǘƻ ǿŀǾŜƭŜƴƎǘƘΣ 
which are too big for running FEM simulations on available computers

FDTD cell size ² 1.3mm
Problem size: several wavelength

FDTD model of 9.4 million cells
RAM: 779 MB

Simulation time: 26 seconds

Example: applicator for heating bituminous surfaces (with a safety system including chokes to block leakage)
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NEW: New-Field Imaging Function
Separation of incident and diffracted fieldsfor biomedical research applications (request of P.O.Risman, Malardalen Univesity)
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New: 
Multiphysics Modeling of BoR Scenarios (1)

Distribution of the angular magnetic fieldand electric field of 
the TM011 mode, in a 270 degree view of the cylinder.

ÅTheTE110 mode cannotexist in the resonator; the lower
mode of the TEfamily is TE111, and its eigenfrequency
dependson the lengthof the resonator.
ÅMicrowaveheating applicatorsthat support TM modes
can use both electric field components - normal and
tangential to a flat load placed in parallel to the
resonator'sbottom andcover.

MicrowaveApplicatordimensions[3]
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Multiphysics Modeling of BoR Scenario (4)

- Beefcase

Distribution of final temperature in beef after heating for 

120 seconds, including heat flow phenomenon ï

parameterised simulations using different heating steps.

Distribution of final temperature in beef after heating for 

120 seconds (heat flow neglected) - parameterised 

simulations using different heating steps.
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Thebattery being consideredhasa collector at its
center, which acts as a perfect electric conductor
(PEC)in the simulation. At the starting point of the
systemlies a sourcethat is excited at a sinusoidal
frequencyof 1 or 10 GHz. A 10 mm air separatoris
alsopresent,with its referenceplanesituatedin the
middle. Followingthis is the electrolyte,which is a
lossy material that terminates with a special
symmetricalboundary condition of magnetic type
design known as a perfect magnetic conductor
(PMC).

New: Application to Batteries (1)
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New: Application to Batteries (2)
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New: EM+Thermal + Radiation Model

80 °C

20 °C

HeatFlowwith radiation HeatFlowwithout radiation

1 second

HeatingTime

5 seconds

10 seconds

15seconds

20 seconds

- Beefcase
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Exploring Synergies between 
Computer Modeling & Material Measurements
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Example of 
Twinned Modeling + Characterisation

2D scanner designed with a modified 10 GHz SPDR

Finalist of the European Innovation Radar Prize 2021

ü Originally designed for organic 
semiconductors (for solar cells)

üWidely used for various electronic 
materials (high-resistivity)

ü Applicable to food packaging, glass, 
other materials relevant to MW 
heating systems
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Scan of MW Susceptor after Heating
Example: unpopped & popped popcorn bag 

from ConAgra after Wikipedia

presented at:
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Other 2D ImagingInstruments

2 GHz SPDR manual scanner 
for MW oven glass panes

10 GHz SiPDR automatic scanner 
for conductive sheets
Surface resistance image of a battery anode 

before & after cycling

85ς160ώʍκsq.] 110ς340ώʍκǎǉ.]based on request by
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Basic Units for Material Measurement

QuickWave

Modeller

Split Post Dielectric 
Resonator 

Single Post Dielectric 
Resonator

SPDR

SiPDR
Single-Post 
Dielectric 
Resonator

Split-Post 
Dielectric 
Resonator
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The Portfolio
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Round-Robin Industrial Validation (1)

Note: the iNEMI banchmarking was aimed at 5G technologies, at higher than popular ISM frequencies, 
ōǳǘ ƛǘǎ ǊŜŦŜǊŜƴŎŜ ǿŀǎ млDIȊ {t5wΣ ǿƘƛŎƘ ƛǎ ƻŦ ǘƘŜ ǎŀƳŜ ŦŀƳƛƭȅ ŀǎ v²95Ωǎ {t5wǎ ŎƻǾŜǊƛƴƎ фмрaIȊΣ нΦпр DIȊ ŀƴŘ рΦуDIȊ ōŀƴŘǎΦ
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Round-Robin Industrial Validation (2)

Note: the iNEMI banchmarking was aimed at 5G technologies, at higher than popular ISM frequencies, 
ōǳǘ ƛǘǎ ǊŜŦŜǊŜƴŎŜ ǿŀǎ млDIȊ {t5wΣ ǿƘƛŎƘ ƛǎ ƻŦ ǘƘŜ ǎŀƳŜ ŦŀƳƛƭȅ ŀǎ v²95Ωǎ {t5wǎ ŎƻǾŜǊƛƴƎ фмрaIȊΣ нΦпр DIȊ ŀƴŘ рΦуDIȊ ōŀƴŘǎΦ

A small but representative subset of the bencharking results, (out of tens of thousands of measurement points)

All data sets are 
available to 
iNEMI members
www.inemi.org 

presented at:

http://www.inemi.org/


WMG-4 34

Measurements of Liquids & Powders

For more details, come to MicroAPPS:

TUMA21
Tuesday, 14:30-14:45
MicroApps Theater, Booth 2447

or QWED Booth 2537 any time!
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A Complete Design Cycle: Example 1
Solid-State Computer-Controlled Experimental Domestic Microwave Oven
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A Complete Design Cycle: Example 2
2.45GHz Aplicator for Road Repair (with Chokes & Full Safety System)

presented at:


