
Quench protection models at TUT

1. Code for Heater Delay Analysis (CoHDA)

2. Code for Current decay analysis based on know protection efficiency

(Coodi)

3. Adaptive Hybrid Code for The Study of Quench Protection of 

Superconducting Devices (HOSTED) – Under development

– Heat diffusion in entire coil, using coupled 1-D FEM (and FD) models with adaptive

meshing
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For high-field Nb3Sn accelerator magnets
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CoHDA: Code for Heater Delay Analysis
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Figures: Protection heaters in LARP high-field Nb3SN quadrupoles.
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• Compute heat generation in heater and diffusion to cable

• Quench when cable temperature reaches a threshold value

• One coil turn is simulated independently:

– 2D thermal model along the cable length

CoHDA: Idea
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PH period / 2

H e a t

Quench when
Tmax,cable =
Tcs (I, B)



CoHDA: Model
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Input: Heater parameters, coil parameters, operation conditions, critical surface,…

Output: Temperature evolution, delay to reach Tcs in cable

Governing equations:

2-D heat balance eq.:

With internal heat source
(in heater*): 

Boundary cond. and init.
values:
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*Can be used also for Joule heating in cable

)()(),( 2

, tJTTtf ssssssgen 

T (z,H, t) =T (z, 0, t) =Tbath

q ''z (y, 0, t) = q ''z (y,PerPH / 2, t) = 0

T (z, y, 0) =Tbath

t = time [s], T = T(t, y, z) = Temp. [K], cp, m(B,T) = Specific heat [J/K/kg], 

γ = Mass density [kg/m3], km(B,T) = Thermal conductivity [W/K/m],

fgen,m(t,T) = Internal heating [W/m3], q’’ = heat flux [W/m2],

ρss (T) = Electrical resistivity of ss in Ωm,  Jss = Current density in ss x-sect. in A/m2



CoHDA: Implementation

T. Salmi @ Darmstadt 21/9/2017 6

fgen(t,T ) = rss(T )Jss
2 (t)

T (z,H, t) =T (z, 0, t) =Tbath

q ''z (y, 0, t) = q ''z (y,PerPH / 2, t) = 0

T (z, y, 0) =Tbath

T. Blomberg,  “Heat Conduction In Two And Three Dimensions”, PhD Thesis
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Analogy with electrical network:
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Conductance (W/m/K):

Qi-1/2,j
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• ”Home made” code with Fortran 90

• Thermal network method for numerical solution

ki,j



CoHDA: Input file 1/3
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Text file, with parameter

values in certain rows



CoHDA: Input file 2/3
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Geometry is defined as 

thicknesses of the layers

(and heating station length(s))



CoHDA: Input file 3/3
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Other functions provided in CoHDA:

- 5 different Jc fits

- Different boundary conditions, and constant

material properties

- Joule heating and quench propagation

- Automatized sensitivity analysis to mat. props.

- File for cable internal heat source (vs. time) to 

simulate AC-loss / CLIQ 

- Varying field profile in cable cross-section

- Heater geometry optimization…

- Simulation of transversally cut coil block…
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Changing the domain to be a transversal cut of coil block
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CoHDA: DEMO

Heating Station (HS)
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CoHDA: DEMO

1. The Example run with the work-in-progress-towards-a-releasable-

version
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CoHDA: Validation

1. Checked with analytical and in comparison with Comsol (ok)

- COMSOL model by J. Rysti, CERN, 2014

2. Validation with experimental data.. (reasonable for outer heaters)
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At high magnet current: 
Accuracy is ~20%
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CoHDA: Use

1. Analysis of experimental data

2. Heater design for MQXF magnet

3.    Quench protection analysis for the FCC magnets

- Simulated delays have been used as input to other quench simulation

software
- Quench analysis for MQXF with QLASA (collaboration with INFN-Milan)

- To Coodi

- To STEAM??



Coodi: Code for Current decay analysis 

based on know protection efficiency 
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Figure: Simulation results in a EuroCirCol 16-T-dipole.



Compute the coil resistance development and current decay after heater

activation

Assume a single magnet de-coupled from the 

circuit

The heater delays and quench

propagation velocities are input. 

Neglect AC-loss

 No computation of heat diffusion, fast calculation, good for initial

quench analysis
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Coodi: Idea

𝑖 𝑡
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Coodi: Input
Input: 

• For each turn: 

– Heater delay, heating station length and period

– Normal zone propagation velocity (between heating stations)

– Magnetic field (can read an output file from ROXIE)

– Cable parameters

– ”Mutual inductance matrix” for turns

• Magnet length, inductance vs. current (from roxie), operating conditions

• Coil geometry – (coordinates from Roxie field map)

• Initial normal zone length and location

• Detection time, switches delays and external dump resistor

• Coils turns were heaters fail
– (otherwise all coils are symmetric)

Text file with similar format

than for CoHDA



QH delay = 0.09628B2 - 4.50387B + 54.00626

QH delay = 0.05896B2 - 3.27030B + 43.66339
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CoHDA+Coodi: Work-flow

Turn# QH B (T) QH delay (ms)

1 - 16.95 25.4

2 - 16.95 15.4

3 QH1 16.90 5.4

4 QH1 16.78 5.5

5 QH1 16.75 5.6

6 - 16.89 15.6

7 - 16.97 25.3

8 - 17.01 15.3

9 QH1 17.00 5.3

10 QH1 16.89 5.4

11 QH1 16.97 5.3

12 - 16.88 15.3

1. Heater design

2. Heater delays preparation to Coodi

With heater delays with CoHDA

Example of ECC Cosθ, at 105% Inom, 
with 10 ms turn-to-turn propag., 20 ms det. 

Note, these are delays under the heating station.

Incl. HS lenght, power, 
insulation, etc…
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Coodi: Simulation

Turn# B 
(T)

QH +det.
delay
(ms)

T (K)
Nz1

T (K)
Nz2

R (Ω)
=RNZ1+

RNZ2

Vres
(V)

Vind
(V)

1 17.0 55.4

2 17.0 40.4

3 16.9 25.4

4 16.8 25.5

5 16.8 25.6

6 16.9 40.6

…

INZ (61) 17.0 0.0 - -

HS HS

NZ1 NZ1NZ2 NZ2

TNZ1 TNZ2 TNZ2 TNZ1

At each time step, for each turn

∆𝑇𝑁𝑍 =
𝐼𝑚𝑎𝑔
2 𝜌𝐶𝑢

𝐴𝑐𝑎𝑏𝑙𝑒
2 𝑓𝐶𝑢

∆𝑡
1

𝐶𝑣

Adiabatic temperature calculation*

*While normal front propagating: 

𝑇𝑁𝑍2 =
1

2
(𝑇𝑁𝑍1 + 𝑇𝑐𝑠)

Input

Resistance of the entire magnet:

𝑅𝑚𝑎𝑔 𝑡 =
𝑖=1

𝑁𝑡𝑢𝑟𝑛𝑠∗2

𝑅𝑖(𝑡) +𝑅𝑒𝑥𝑡 +𝑅𝐼𝑁𝑍

Exponential current decay between each time step

𝐼𝑚𝑎𝑔(𝑡 + ∆𝑡) = 𝐼𝑚𝑎𝑔(𝑡)𝑒
൯−Δ𝑡𝑅𝑚𝑎𝑔(𝑡 Τ) 𝐿(𝐼
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Coodi: Output

• Current decay
• Hotspot temperature
• Temperature distribution
• Voltage distribution (max V to gnd, btw turns, btw layers…)

Figure: Simulation results in a EuroCirCol 16-T-dipole.

340 K
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Coodi: Validation
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In the adiabatic computation translates to 25-40 K

 Simulated temperatures were 190-240 K
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Experimental data from tests at CERN, Thanks to H. Bajas, G. Willering, and S. Izquierdo-Bermudez
In the tests all heaters are fired to induce the current decay. No initial normal zone.
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Coodi: Use

1. Study of the impact of different heater designs

2. Quench analysis for the EuroCirCol dipole option (conceptual design)

3. The computation method also applied into a spreadsheet for magnet 

designers to get fast-feedback on protectability

– In the spreadsheet the coil is desicretized in block level, and voltage calculation is not

included

– Estimated average ”heater delay” is provided in advance



T. Salmi @ Darmstadt 21/9/2017 23

Summary

1. Codes for heater delays and current decay

2. Simple, seem to work ok, useful in the first phase of quench analysis

3. Need documentation

4. Missing component: Quench propagation and AC-losses

5. Gladly interface them to the STEAM environment

Note: At CERN the CoHDA heater delay model is built with COMSOL (Juho 

Rysti, Susana Izquierdo-Bermudez). Interesting collaboration?



Thank you.

– Contact:
Tiina.salmi@tut.fi
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Appendix
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QP spreadsheet: Demo
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Cable parameters

Coil blocks: #of  turns, cable, field

”heater” 

delay

Iop, induct., det. 

delay, ..
Worst case hotspot 

updates in  seconds when 

changing the input.

Tcs calculated 

based on the 

agreed Jc-fit.

Cable parameters
2
6

QP spreadsheet



Effective self-inductance normalized to 
the maximum one
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Coodi: Voltage calculation 1

Turn voltages computed based on Ohms law.

Distribution of the inductive voltage among turns based on ”mutual inductance
matrix”.

V1

V2 V3

R1

R2

R3

R4
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Coodi: Voltage calculation 2

• Potential to ground is obtained by summing the turn voltages (in the order of 
current flow).

V1

V2 V3

0 V (gnd)U2 = V1+V2

U3 = V1+V2+V3

U1 = V1

Vtot,turn (V)

IN

OUT
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Coodi: Voltage calculation 3

• Critical peak values are defined from the potential: 

Voltage to 
ground

Voltage 
between 
turns

Voltage 
between 
layers



Experimental heater delay 
measurement

1. Magnet current constant
2. Fire one heater strip
3. Wait for quench to initiate
4. Let the quench propagation 

trigger the protection 
(excluding the heater that is 
already fired)

5. Determine heater delay 
from voltage tap signals
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LARP HQ01 outer layer heater delay measurement at 14 kA, and 
1.9 K (quench ID qh088) • The quench onset usually clear at high 

current but at low current the rise is slower 
and the onset less clear



HOSTED: Adaptive Hybrid Code for The Study of Quench Protection of 
Superconducting Devices

• New, still evolving, code has resulted from our research on combining adaptive 
meshing to front-tracking

•

• Assumes isothermal cable cross-section

• Propagation along turns is modelled with finite element method (1-D)

• Turn-to-turn propagation is modelled with finite difference method (no need to 
represent complex modelling domains, only connections between points of lines)

• Adaptive meshing taking advantage of the front-tracking is under development 

• Solves only for the heat diffusion equation and circuit model, magnet flux density 
distribution etc is input, AC-losses are not computed
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