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Electromagnetic Acoustic MRT Simulation B DE
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Electromagnetic Acoustic MRT Simulation B D

1. Introduction, Motivation

Kaltkopf-Aktivitat Gradienten-Resonanz Wirbelstrome

The noise level in an MRI is high and unpleasant for the patient.

Acoustic measurements are time-consuming and inflexible.
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A simulation model is therefore to be developed for future optimiia
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The model must simulate the electromagnetic fields of the
main components and convert them into mechanical
forces. These are then used as excitation in an acoustic simulation.

The model must be calibrated with measurement results at arbitrary positions. The
deviations of the first two peaks should not be greater than a limit value.

The finished model is handed over to the customer as a Simcenter data set. Special
training and further support ensure success.

What is new about this work is the complete 3D FEM simulation of both the electromagnetic
and the acoustic system. High accuracy and high detailing is therefore possible.

MRI (Nuclear Magnetic Resonance; NMR) is often referred to as magnetic resonance imaging or nuclear spin for

short. It is an imaging procedure for examining the internal organs. .
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Electromagnetic Acoustic MRT Simulation

2. MRT Key Components

Section of MR-Scanner
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Magnet
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Electromagnetic Acoustic MRT Simulation

3. MRT Key Components, Lorentzforces

Important for acoustics:

[ i
Magnet windings
immersed in liquid helium

« Gradient coils (x,y,z)
- Main magnet windings

*  Housing

| Bl
Ladung F i Magnet windings
.) Lorentz immersed in liquid helium

B\I;N

L orentz forces

Strom

»  F = vector cross product of electric current /
and magnetic flux density B

- arises on the x,y,z colils at each point

- arises indirectly in the housing due to
induced eddy currents

Image: [RadiologyKey]
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= b} Simplified MRI showing the three main components:
main coils, gradient coila and radiation shields.
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Electromagnetic Acoustic MRT Simulation B D
4. Lorentz forces of x,y,z coils and sound generation

Depending on the direction of the coil winding, Lorentz forces arise in different directions.
Difficult to predict due to geometric complexity - simulation required!

Cross section of an unshielded Y gradient coil

Ir secondary

primary

images: [Schmitt], [Ott]
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Electromagnetic Acoustic MRT Simulation B DE
5. Gradient Coil Wires B2 Engincring

Three coil systems X,Y,Z generate the gradient fields required for the process.

Simplified images:
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An alternating current signal with
a basic frequency of approx.
700 Hz excites the coills.

electric current (A)
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Electromagnetic Acoustic MRT Simulation B D
8. Eddy currents and their Lorentz forces

In addition, the switching of gradients leads to time-varying magnetic fields in the
environment. This change in the magnetic flux in conductive parts of the MRI system
leads to the induction of eddy currents (Faraday's law). The induced eddy currents
generate an additional Lorentz force due to the magnetic field.

There are therefore two causes of Lorentz forces: these are the radial Lorentz forces due to
the gradient currents and the Lorentz forces due to induced eddy currents.

In the first approach, the eddy currents were neglected in the simulation. This is also
possible for the first volume peak. For the second, however, it is no longer possible.

800
600

-600-

-XUUD 0237 05 0711 1 1184 1.5 1.658 1.895
vms

Coil current Eddy currents due to X-coil excitation Lorentz forces due to X-eddy currents
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Electromagnetic Acoustic MRT Simulation B D E

/. Effect of frequency doubling S

The Lorentz forces on the housing are doubled in frequency.

Example of principle: AC coil with aluminum plate, transient simulation

Geometry and FE mesh iInduced currents on plate
Coil current, 700Hz Lorentz force on plate shows double freq. and
e | * R /\_ transient response

Time (s)

Reason: 90 degree phase shlft of the mduced Current (Faraday) and F=Cross[/, B]

This must be correctly taken into account in all frequency-domain simulations!
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Electromagnetic Acoustic MRT Simulation B D
8. Acoustic measurement P P T w1 5 Ergincering

The volume was measured at 5 different positions in the MRT. In each case separately for
the X, Y and Z coil excitation.

This results in 15 spectra, in which 2 peaks always appear at approx. 700 and 1400 Hz. So
there are 30 numerical values that are compared with the simulation.

The differences must all be smaller than a limit value for the simulation to be accepted.

Measurement setup

——

Typical measurement result [Ott]

Kaltkopf-Aktivitat Gradienten-Resonanz Wirbelstrome

——esign & Engineering GmbH: alle Rechte vorbehalten. All rights reserved.
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Electromagnetic Acoustic MRT Simulation B DE
9. Measurement of the eigenmodes of the gradient coil ™" e Bt

The material properties density and modulus of elasticity have a major influence on the
result of the acoustic simulation. The stiffness of connecting parts and the installation
also have an impact. To gain more clarity about these parameters, the eigenmodes of
the gradient coil were measured.

The simulation model was calibrated to these measured eigenmodes. |.e. Nastran Solutions
103 at dlfferent modulus of elastlc:lty, density, etc. were performed f

SIEMENS

fha,wuf!rﬁv Uife
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Electromagnetic Acoustic MRT Simulation B D
10. Requirements for the project

1. Simulate the Lorenz force on XY and Z coil wires caused by Magnet coils
Perform a transient magnetic simulation with 1D elements for the CG wires and 3D for the remaining parts.
Main results are the Lorentz forces on the wires

2. Mapping the force to the gradient coil (GC) 3D geometry
Perform a deformation simulation with these forces.
The transient forces would be fourier-transformed into frequency domain for further processing in Nastran

3. Simulate the vibration and acoustic noise of GC
Simulate the vibration and acoustic noise of GC, GC would consider as a whole body with resin casted

4. Compare the noise with real test value
Perform the adaption to match the real test value to achieve within a given dB tolerance.

5. Writing a tutorial for the setup of such a model and technique report for the analysis
6. Training by this tutorial (about the half for magnetics, half for acoustics)

7. Support: technique support until the expert in SSMR understand and repeat all the steps
In the simulation

Seite 12
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Electromagnetic Acoustic MRT Simulation B DE
1 1 . S Oftwa re a N d SO I Ve I u Sed Dr. Binde Ingenicure Design & Engineering

Electromagnetic software: NX-MAGNETICS (Dr. Binde)
Reasons: « Solution w Solution

Mame MagneticsSolution1| MName AcousticsXYZ_MagPreloadedFreq
Solver MAGMNETICS Solver Simcenter Nastran

® 1 D eleme ntS pOSSi b I e (COi IS) . Analysis Type | 3D Electromagnetics Analysis Type | Vibro-Acoustic
Solution Type | Magnetodynamic Transient Solution Type | 50L 111 Modal Frequency Response

Entire Part Entire Part
L] L] L]
¢ I nteg rat|0n In S I mcenter 3 D,  Magnetodynamic Transient + SOL 111 Modal Frequency Response
Output Requests = Plot
. L Time Steps . . - -
Y AI I frequenCIeS are pOSSIble nitial Conditions Eagnet!c Ffuxdenmty [ Incompressible Fluid
agnetic Fieldstrength General b Title

. . Coupled Thermal ) ) -

(h Ig h/m ed I u m/l OW) Coupled Elasticity u Electrfc F?uxdenyty File Ménagement Fercing Frequencies (0)
Coupled Mation [ Electric Fieldstrength Executive Control

Coupled Particle Current Density Case Control

[ Eddy Current Losses Density Bulk Data + Modal Parameters

« Customization by software ) MagneticPotentl -t

. . [ Electric Potential (phi-Pot)
manUfaCtu rer eaSIIy pOSSIbIe [~] Modal Force - entire (virtual)
] Medal Moment - entire (virtual)
[] Forcedensity - entire (virtual) Eigenvalue Method for Fluid
I " - Lorentz Force (jx b)) .
ACOUStIC SOftwa re - SC NASTRAN ] Poynting Vector Exclude Modes for Fluid Response
] Material Properties

= Damping for Structure
Reasons: -

Total Force - entire (virtual) Modal Damping (per Mode)
[ Total Moment - entire (virtual) Structural Damping

- Best performance in acoustics and dynamics ~ Zrio st g P (e

[] Total Lorentz Mement

Output Requests

RDMODES for Structure

Exclude Modes for Structure Response

Residual Vectors

» Damping for Fluid
¥ Additional Options

 Tool of choice at Siemens
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Electromagnetic Acoustic MRT Simulation B D
12. Coupling the domains - two possible methods

The domains are coupled by
transferring the electromagnetic forces to the acoustics

1. current signal 2. simulation model 3. acoustic spectrum

Reat

ARENEEE Ve

| 1 T s 1 1

electric current (A)

. (a) MRI
time (s)

Method 1: Magnetic transient + Fourier + acoustic frequency

Method 2: Magnetic frequency (preloaded) + acoustic frequency

Seite 14
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Coupling the Domains - Method 1 B DE
12.1 Magnetics transient + Fourier + Acoustics frequency = ke

1. The electromagnetic simulation is carried out in the time domain. This results in
electromagnetic Lorentz forces at each node

2. the Lorentz forces are Fourier-transformed at each node.

1. For this Fourier transformation, we used a pre-solver tool available in Simcenter 3D called
"Model and Load Preprocessing" in combination with an operation called "Time Signal
Processing".

2. This tool reads a result file in unv format with transient nodal forces as output by the Magnetics
solver. It performs the Fourier transform for each node and writes out a file in a format that can
be used as a load in a Nastran acoustic simulation.

3. The feature is called from the NX user interface as follows:

NX EJ ‘—'~, r = E £ %EWindnwv: MX - Pre/Post SIEMENS - O X

File Home Results Acoustics and Vibration View Application Developer Magnetics AN ON:

3 =] ’ = ; @ Mapped Panel
E e -|||||||-? % %
. @ L — &) Automatic Panel Generation
Model and Load | Random VATY Load Potential Principal Sound Processing Load Energy o o
Pre-processing |Forced Response ldentification Flow Component and Auralization Recipes Distribution Table "a‘ Directionality Field
Solutions T Alternate Represent...™ Litilities - -

3. The acoustic simulation is performed in the frequency domain. The forces are
automatically read in by the tool. Seite 15
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Coupling the Domains - Method 1 B DE
12.1 Magnetics transient + Fourier + Acoustics frequency = ke

Advantages of this method

Safe, because the transient magnetics simulation takes all effects such as non-linearity,
doubling of frequencies, reluctance forces, ... into account.

The tool for the Fourier transformation works very quickly and reliably.
Disadvantages

Complex: It takes a long time to simulate even one period transiently.

Transient transient effects can possibly lead to large periods (many periods) having to be
simulated until the result has settled.

See next page
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Coupling the Domains - Method 1 B D
12.1 Magnetics transient + Fourier + Acoustics frequency = ke

In our simulations, transient effects occurred as soon as the housing was in the model.
13 periods were calculated and the last 3 were used.

Lorentz force curve over 13 periods
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Coupling the Domains - Method 2

12.2 Magnetics frequency (preloaded) + Acoustics frequ. > "

1. Current signal Fourier transformation

B DE

Design & Engineering

Only the transient current signal is converted into a frequency spectrum by Fourier transformation.
This results in the contained frequencies and their respective components. These are quite
precisely the frequencies that are also dominant in the measurements.

Real

i Redl (f\[/\'

AT

-

‘L--JVV

v

1

FFT

¥
I

\VJ\V‘\/\/ Mh\xf\?\/\fm\/ﬂvﬁ

electric current (A)
electric current (A)

;=

time (s)

2. Magnetics simulation

Frequency (Hz)

The magnetic simulation is carried out in the frequency range with the first two of these
frequencies. The resulting spatial Lorentz forces (Re/Im) are stored as a node ID field.

3. Acoustic simulation

The Lorentz forces are applied separately as a force field with Re and Im components.
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Coupling the Domains - Method 2 B DE
12.2 Magnetics frequency (preloaded) + Acoustics frequ. " bt

Special features of the magnetic simulation

* In addition, it is necessary to carry out a static pre-calculation in
order to take the external magnetic field through the main coils
into account. This must be added to the Lorentz forces in the
Freq. calculation. A few lines of additional code are inserted
into the solver input for this purpose.

Special features of the acoustic simulation

« This method also requires the previously described effect of frequency doubling to be
taken into account. This means that the previously calculated Lorentz forces on the
housing are applied at twice the frequency in the acoustic model.

Advantages of this method: Magnetics simulation is very fast, only one calculation step is
required Transient response: The steady-state result is obtained immediately. This became
the method of choice for us.

Disadvantages: The method is more complicated to set up for the first time

Seite 19
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Electromagnetic Acoustic MRT Simulation B D e
13. Magnetics model (simplified representation) PeReS e

Modellsize

* Elements: 5.185.880 nodes: 768.618 1D Elements: 158.362

+- [/ Palygon Geometry
;----."M sh Controls

- Degrees of freedom: P ook

4.620.322 + R Coi X Pr3
' ' + [ Coil_X_Secl
+ [ Coil_X_Sec2
+ [ Coil_¥_Prit
Cha”enqe + (718 Coil_v_Pri3
) + [ Coil_V_Sect
+ [ Coil_v_Sec3

* Insert many 1D elements f::.'.:‘; e
in Air inside the 3D mesh gioci

(nOd e-to-nOde) +== EUPdERCth::?COILG

+ SUPER COND COIL H
+ SUPER COND COIL A

ComDUtlnq tlme J%--SUPERCONDCOILF
a - +-[/IfE SUPER COND COILB
+ /I SUPER COND COIL C
+[]BE] SUPER COND COIL D

« 2.5 h (Freq. calculation)

. é---AIR:III\IF

- days (trans. calculation
with many periods) 3 Sction s

"G oups

View of a similar model

Flx Fields

Image source [Wanqgq] | Beseing o Seite 20
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Electromagnetic Acoustic MRT Simulation B DE
14. Acoustics model (simplified representation)

Numbers

 Elements: 5.647.392 nodes: 989.352 mass elements: 2.848

- Beam-Elements: 158.362 spring-Elements: 74

Simulation-navigator View of a similar model
B[] MRI_MagAcoustics_fem1_sim3.sim =
- @ :MRI_MagAcoustics_femE.fem

ﬁ:r\ﬂF{I_MagAcu:uustics_femLi.prt

+- [y Polygon Geometry - %5 AcousticsXYZ_MagPreloadedFreq
Mesh Controls [/1%, Temperatures
+ |:L°° 00 Collectors - D% Simulation Objects
+ dfq 10 Collectors D.Automaticall}f Matched Layer(1)
+-[w/]4*= 2D Collectors = Dﬁ Censtraints
+ [l 3D Collectors V1@ Fixed(1)
+ Flx Fields Do Fixed Supe-rCc'nds
+ (7= Csvs [fﬁFDrcmg Frequencies
= : _ - - CoilX atPeak
DEE Selection Recipes
- éLDEdS
+- | #| Groups : == E— ) -
. e Frequency Excitation Set - Applied Load X Re
-7 Faelets + m.éFre uency Excitation Set - Applied Load X Im
. . fes; TTEQ ¥ PP
T Ga Modeling Objects - [ﬁﬁ Forcing Frequencies
+ [ Regions ForcingFreq Peakl
+ D% Simulation Object Container +- &7 Coil¥ atPeakl
+ I:Hﬁ Constraint Container +- &P CoilZ atPeak]
+ Dé Load Container +- & CoilX atPeak? 3
+- [/ Solver Sets + g CoilY atPeak2 I age source [Wan ]
+- %5 Acoustics¥YZ_MagTrans +- & CoilZ atPeak? l I l g g
- -%g AcousticskYZ_MagPreloadedFreq + 57 Results
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Electromagnetic Acoustic MRT Simulation

15. Typical acoustics result

Dr. Binde Ingenieure

B D

Design & Engineering

The illustration shows a typical acoustic result as it can occur at a result position.

Scalar Acoustic Pressure - Nodal(dBA,Peak}

100

a0

i %
(=3

=

s
=

2o
=)

-120

-160

Magnitude | ?
X =700 A
Mag= 96.598079 X =1390
Mag= 71.388379
/\/ \\\h \ j
/ \/ U
N |
————[S6 111
Acoustic Pressure across Frequency At Node 1528403
0 250 500 750 1000 1250 1500 1750 2000
Frequency(Hz)
Page 1 of 1

Seite 22

© Dr. Binde Ingenieure, Design & Engineering GmbH: alle Rechte vorbehalten. All rights reserved.



Electromagnetic Acoustic MRT Simulation B DE
16. Result plots of the sound pressure

Acoustic sound pressure in dB(A), top (from left to right): Coil x,y,z Peak1 , bottom: peak 2
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Electromagnetic Acoustic MRT Simulation B D
17. Adaptation to the measurements

Approximately 100 simulations were carried out with the aim of adapting the simulation
model to the 30 acoustic measurement results. Here are some examples of variations:

« Reducing/increasing the acoustic frequency sampling rate

* Adding/removing mass

- Changing the modulus of elasticity of the coil windings and the resin

« Changing the spring stiffness of the connections from gradient coils
to the housing or from housing to ground

«  Without housing or with housing

* Reading points close to the actual measuring point

« Changing the parameters of the Fourier transformation

- Changing the FEM element orders: Center node on/off, as well as the element size

« Magnetics: with/without impedance boundary condition on the housing

* Nastran: Modal reduction (Sol111) or direct solution (Sol108)

*  More or less damping for acoustic simulation
Seite 24

© Dr. Binde Ingenieure, Design & Engineering GmbH: alle Rechte vorbehalten. All rights reserved.



Electromagnetic Acoustic MRT Simulation B DE
1 8 . the ratu re , sources Dr. Binde Ingenieure Design & Engineering

[Wang]
PhD Thesis of Yaohui Wang, University of Queensland in 2017

[Zeitler]
KERNSPINTOMOGRAPHIE, Einflihrung fiir Arzte und Medizinstudenten, E. Zeitler, Deutscher Arzte-
Verlag Koln, 1984

[Ott]
Lautstarkereduzierte Magnetresonanztomographie, Dissertation von Martin Ott, Julius-Maximilians-
Universitat Wurzburg, 2015

[Schmitt]

An Attempt to Reconstruct the History of Gradient-System Technology at Siemens Healthineers,
Franz Schmitt; Stefan Nowak; Eva Eberlein
https://marketing.webassets.siemens-healthineers.com/e2c5760b1e45c80e/ 475135ba0982/siemens-
healthineers_magnetom-world-ISMRM_2022 Pioneers_of Gradient Systems.pdf

[RadiologyKey]
https://radiologykey.com/principles-of-magnetic-resonance-imaging/
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