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Introduction

Numerical Modelling of the Quench Propagation Phase 

in the JT-60SA TF Coils Tested in CTF

TF Coil: D-shaped solenoid wound along two opposite
directions, clockwise (CK) and anticlockwise (ACK)

Cross-section of the coil: Winding Pack (WP) of 6
Double-Pancakes (DP) stack; Casing in Stainless Steel
(SS); Insulation impregnated in G10

Each pancake: 113 m long CIC conductor wound in 6
turns (NbTi/Cu strands of 18 mm x 22 mm; SS jacket of
2 mm; G10 insulation of 1 mm)

ACK CK

The following figure shows the main heat sources involved in the 1D heat transport equation solved by
THEA for each component:

𝑞𝑙𝑖𝑛 is estimated by a system of heat balance (2)~(4) on the Winding Pack
 Analytical distribution (W/m):

(P12; P7) = (0.0732; 0.0523)

THEA solves the partial differential equations system for components.
o Time discretization based on multi-step finite difference algorithm:
 Time step: 1 µs ~ 1 s or 1 µs ~ 10 ms

o Space discretization based on finite element method:
Mesh size: 0.25 m vs maximal critical value of 0.49 m

o 𝑞𝑐𝑜𝑛𝑑∥: Longitudinal heat conduction 

o 𝑞𝐽𝑜𝑢𝑙𝑒: Joule heat when strands quenched 

o 𝑞𝑐𝑜𝑛𝑣: Heat exchanged by helium forced flow convection

o 𝑞𝑙𝑖𝑛: External linear power heating on the insulation 

o 𝑞𝑐𝑜𝑛𝑑⊥: Transverse heat conduction from turn to turn, written below

𝑞𝑐𝑜𝑛𝑑⊥ =
ℎ𝑖𝑛𝑡𝑒𝑟𝑡𝑢𝑟𝑛

(𝑒/𝜆)𝑗𝑎𝑐+𝑖𝑛𝑠𝑢𝑙
⋅ [ 𝑇𝑖−1 − 𝑇𝑖 + (𝑇𝑖+1 − 𝑇𝑖)]𝑠𝑡𝑟𝑎𝑛𝑑𝑠 (1)

In the framework of the European-Japanese project JT-60SA, quench tests are performed for each one of
the 18 NbTi superconducting Tokamak Toroidal Field Coils (TFC) in the Cold Test Facility (CTF) at CEA
Saclay. In order to better understand the experimental analyses on coils’ quench dynamics, a quasi-2D
model has been developed, combining the computation code THEA (Thermal Hydraulic and Electric
Analysis of superconducting cables) for quench modelling along the CIC (Cable-In-Conduit) conductor and
an additional inter-turn thermal coupling model for transverse heat flux. All the following computations
are based on one typical quench test results (TFC 03), for which the analyses will focus on the linear
power’s impact on quench initiation, the quench propagation dynamics, and the reverse flow effect.

Model Description

MT25 ID: #Thu-Af-Po4.02-16

Experiment Description

 𝑚𝐻𝑒𝐶𝑝𝐻𝑒 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 =  𝑄𝑐𝑎𝑠𝑖𝑛𝑔 +  𝑄𝑓𝑒𝑒𝑑𝑒𝑟𝑠 (2)

 𝑚𝐻𝑒,𝑝𝐶𝑝𝐻𝑒,𝑝 𝑇𝑜𝑢𝑡,𝑝 − 𝑇𝑖𝑛 =  𝑄𝑐−𝑝 +  𝑄𝑝−𝑝 (3)

 𝑄𝑝−𝑝 =
𝜆𝐺10⋅𝑙𝑖𝑛𝑡𝑒𝑟𝑝

𝑒𝐺10
 𝑥=0
𝐿

𝑇𝑝−1 𝑥 − 𝑇𝑝(𝑥) + (𝑇𝑝+1 𝑥 − 𝑇𝑝(𝑥)) 𝑑𝑥 (4)

Temperature margin test (quench test):
o 𝐼𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 25.7 𝑘𝐴 vs 𝐵𝑠𝑒𝑙𝑓 𝑚𝑎𝑥 = 3.19 𝑇

o  𝑚𝐻𝑒 = 24 𝑔/𝑠  Steady state ~4.7 𝐾 o Detection  𝑉𝑡ℎ = 100 𝑚𝑉; 𝜏𝑑𝑒𝑡/𝑎𝑐𝑡 = 100 𝑚𝑠

o 𝑇𝑐𝑜𝑖𝑙 𝑖𝑛𝑙𝑒𝑡 increased progressively up to quench 
 Tcs measured ~7.5 𝐾

o Fast Discharge (FD) triggered by main breaker 
 𝑅𝑑𝑢𝑚𝑝 = 6.2 𝑚Ω & 𝜏𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 8.2 𝑠

Results & Analyses

 Quench Propagation with experiment
corresponding 𝒒𝒍𝒊𝒏 distribution
(0.0631; 0.0597)

 Impact of the Inter-turn
Thermal Coupling Model
on Hydraulics

 Linear Power’s Influencing 
Quench Initiation

In the following figure:
o A 850 s delay of increasing

between 𝑇𝑜𝑢𝑡𝑙𝑒𝑡 and 𝑇𝑖𝑛𝑙𝑒𝑡
without inter-turn model
 𝑣𝐻𝑒 = 0.13 𝑚/𝑠 (~ Exp)

o An immediate increasing (~ 8 s) 
with inter-turn model
 𝑞𝑐𝑜𝑛𝑑⊥ is a predominant 

physical phenomenon 

o 𝑞𝑙𝑖𝑛 distribution is studied as a
dominating factor on the
different quench initiation
behaviors (side pancake P12 vs
central pancake P7).

o A same quench moment at
critical distribution (0.0623 ;
0.0602)

o P12 quenched 2 s earlier than
P7 (~ Exp) at experiment
corresponding distribution
(0.0631; 0.0597)

The experimental data used for computations and comparisons
were kindly provided by CTF at CEA Saclay. The source of inter-
turn thermal coupling model is kindly shared by B. Lacroix from
CEA Cadarache.

Quasi-2D modellings (THEA + Inter-turn thermal coupling
model) give a more comprehensive knowledge on different
quench dynamics. A more realistic temperature profile is
obtained along the conductor. 15% variation of 𝑞𝑙𝑖𝑛 on side
pancakes is enough to change the coils’ quench position.
Reverse flow effect is confirmed as a determinant for the
central pancakes’ quench. Our modelling perspectives are the
addition of inter-pancake heat flux, the connection of the
pancake joint areas and the coupling with hydraulic tubes
model to compute the reverse flow effect.
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o Top figure focuses on the side pancakes’
transit resistance with three ways deducing
the numerical results.

o Top figure shows a null numerical transit
resistance on the central pancakes, i.e. DP4
non-quenched without reverse flow.

o Bottom figure shows the reverse flow effect
on DP4 with better fit at 0.3 s inflow.
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