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Study Obijectives

ANSYS
=  Self-protectability studies: -
*  no quench protection devices I
* magnet heats up and discharges by its
own rise in resistivity
« thermal 3D study required
=  Heat Balance Equation in 3D Skew 29 layers
* necessary fine/adaptive mesh for high quadrupole
temperature gradients
«  high computing power required 26 layers
=  What if we knew how the quench propagates
in time outside the numerical simulation?
. mesh relaxation in coil longitudinal direction
e convergence in larger time steps 754 windings

810 meters of cable
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Modelling Approach

In brief:
» Quench front velocity is known based on analytic equations describing the phenomenon
separately
> ltis explicitly solved; numerical models can compute thermal propagation more efficiently

Vquench Vquench
— e
Not Quenched Quenched Not Quenched

Work inspired by ITER’s Magnet Division approach to quench modelling [1,2]
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Simulation Goals

Model 1:
3D thermo-electric analysis

T, cp, @
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quench position in time

Model 2: 810-meter cable

1D quench velocity analysis ——)
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Python-ANSYS interaction

v

Coupling method

v

Quench velocity calculation
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Quench detection

v

3D geometry mapping
onto 1D cable

v

Magnet analysis in 2D/3D




Python-ANSYS interaction

Interaction of Python with ANSYS

v
Coupling method
v
Quench velocity calculation
» Python compilation with ANSYS environment v
Quench detection
from ansys_corba import CORBA - imports library for ANSYS compilation y -
os.chdir(directory) - sets analysis directory 3D geometry mapping
with open(‘aaS_MapdIID.txt', 'r') as f: onto 1D cable
aasMapdlKey = f.read() - opens APDL analysis v
mapdl = CORBA.ORB_init().string_to_object(aasMapdIKey) - creates mapd! object Magnet analysis in 2D/3D
mapdl.executeCommandToString("/prep7") - exemplary command

» Python framework launches ANSYS which runs in “-aas” mode

» ANSYS writes .txt files at each time step which are then uploaded to Python as numpy arrays
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Coupling Method — weak Coupling

quench velocity _L V. v >
analysis ' XZ j Xz, j+1
X,, R X, i T, X, j+1
electro-thermal Sz v Ty Ty =
Tj_1 Tj Tj+1

1. assume initial quench position x1,j-1

2. forj=1,2,..,.Ndo

solve temperature distribution at time Tj
extrapolate ANSYS results x2,j to Python step Tj-1
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Python-ANSYS interaction

v

Coupling method

v

Quench velocity calculation

v

Quench detection

v

3D geometry mapping
onto 1D cable

v

Magnet analysis in 2D/3D

estimate new quench position x1,j for each existing quench front
assign quench position (resistivity) x1,j to new nodes for ANSYS time step




Coupling Method — Material Assignment

Python-ANSYS interaction

v

Coupling method

v

Quench velocity calculation

v

Quench detection

v

;I |4
> <

resistivity = 0 resistivity # 0 resistivity = 0

A 4

A

cable domain

a
v

» One domain is created in ANSYS.

* Non-quenched zone is characterized by zero-resistivity.

3D geometry mapping
onto 1D cable

v

Magnet analysis in 2D/3D

* Inthe quenched zone, nonlinear material properties of a superconductor are assigned.

CERN
\\
S




Coupling Architecture

executive script — launches and controls the ANSYS simulation
ansys — rewrites Python to APDL scripting commands

Python-ANSYS interaction

v

Coupling method

v

Quench velocity calculation

v

Quench detection

v

3D geometry mapping
onto 1D cable

v

Magnet analysis in 2D/3D

geometry — imports ANSYS meshed geometry as arrays
guench velocity — assigns new quench fronts and calculates propagation
algorithms — assigns nodes to calculated quench fronts
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Multiple Quench Propagation in 1D

Geometry & Mesh:

Coil length: 500 m

Electro-thermal element: LINK68

Number of elements: 25 000 longitudinal propagation

Nodes density: 50 nodes/m i'\_"a"“‘”“* ropagation 10 windings 50m-long each
Solver settings:

Quench velocity: v=10m/s

Initial temperature: T=19K

Inflow current: | =100 A

Total simulation time: t=5s

Python time step: t=0.005s

No helium effect included
Transverse propagation each 0.5 s
Initial quench position: 25" meter
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Multiple Quench Propagation in 1D

Quench position, x(t)

0 100 200 300
position [m]

Quench Occurrence, qlt)

400

500

0 100 200 300
coil length [m]
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400

500

> Initial quench appears in the middle of the 15t coil winding
» New quench spots occur every 0.5 s
» Initial quench is merged with the neighboring fronts

At this stage of the project, the framework can be a useful tool if the
time delay of transverse quench propagation is known thanks to
experiments.
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Multiple Quench Propagation in 1D

Quench position, x(t)

Quench position, x(t)

. t=0.005s | _ t=4.0s
o t=0.005s
. » Initial quench appears in the middle of the 1%t
D coil winding
200 Quench Occurrence, q(t) - Quench Gecurrence, a(t) t=4.0s
» New quench spots occur every 0.5 s
» Initial quench is merged with the neighboring
fronts

coil length [m]
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coil length [m]
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Next Steps — Turn to turn heat transfer Pyion ANSYS ieracr

v

Coupling method

v

Quench velocity calculation

*  Mapping quench velocity onto 3D geometry -

- Domain is divided into strand (blue), insulation (violet) and resin (red) S

3D geometry mapping
onto 1D cable

v
Magnet analysis in 2D/3D

Quench detection
in neighboring
windings

9 windings in
full geometry
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Next Steps — Turn to turn heat transfer Pyion ANSYS ieracr

v

Coupling method
v

Quench velocity calculation
*  Mapping quench velocity onto 3D geometry -

. .. . . . . . h detecti

- Domain is divided into strand (blue), insulation (violet) and resin (red) Quench deterton

3D geometry mapping
onto 1D cable

v
TT quench detection Magnet analysis in 2D/3D

Quench detection
in neighboring
windings

Teritical

»

Il 17 22 3 4 (.Y 754 windings
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Next Steps — Quench detection

* Check nodal temperature outside the quenched zone
* If Tnode > Teritical, Create new quench front
* This module is necessary for 2D and 3D thermal analysis

T4 quench detection

Teritical

Python-ANSYS interaction

v

Coupling method

v

Quench velocity calculation

v

Quench detection

v

3D geometry mapping
onto 1D cable

v

Magnet analysis in 2D/3D
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Next Steps — Quench velocity

v" Quench velocity is currently assumed constant

* In next steps, it will be possible to:
» Set it constant
» Impose it based on available measurements
» Calculate it analytically, e.g. using Wilson’s formula for
superconducting accelerator magnets [3]

6 — critical temperature
6, — coolant temperature

] pk p — resistivity averaged over the conductor volume
v n= J — current density averaged over the conductor volume
quenc yC GS — 60 k — thermal conductivity averaged over the conductor unit cell

C — specific heat averaged over the conductor unit cell
y — conductor density
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Summary

1. Solution of heat balance equation in 3D is
impractical due to high temperature gradients and
nonlinear material properties

2. Quench velocity model allows one to apply a
coarser mesh and should assure the faster
convergence of 3D thermal problems

3. Quench velocity modelling will be used to conduct

self-protectabilty studies in HL-LHC corrector
magnets
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Python-ANSYS interaction

v

Coupling architecture

4

Quench velocity calculation

v

Quench detection

v

3D geometry mapping
onto 1D cable

v

Magnet analysis in 2D/3D
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