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Intfroduction

Work Package 7 of EUCARD

13 T dipole, 100 mm aperture, | = 10.5 kKA
Nbs;Sn Rutherford cable,

Made of 4 double - pancakes
Associated with 6 T HTS insert

SYMMETRIC END
(RETURN)

2D section

ASYMMETRIC END
(LEAD)

Circular end

Straight section

\ Layer jumps

]_ double-

pancgke 1 pole
v full dipole

1500 mm
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Some figures

Energy
Cold mass 293 kg and Energy 5.4 MJ
l.e. energy density 18.4 J/g

Uniform dissipation (SMES # 20 J/g )
e Allmagnet [0.118J/mm3] T, .o, = 126 K

» 1 pole — Thean = 182K

» '/, pole = Tean =276 K
Adiabatic hot spof criteria

T : temperature,
C t:time

P e
—dT = | j2(t)dt p:overdlresistivity,
p

C, : specific heat.

Tmax too

To 0 j : overall current density
Vinax = 1000V, 1= 10.5 kA - Rgyre = 95 mQ
— 00x =228 K

— Iimportance of the detection
— Heaters will help to expand the internal resistance

N~
~
™
)
O
o0
ﬁ
O
L
)
o
Q2
E
o
N
<
O
(V0]
LLl
04
L
©
C
Q
—-—
O
)
-
2
o
)
o
N
~~
~
~O
)
o
N
®)
O
(0]
>
<
=



N~
~
~
)
O
o0
ﬁ
O
L
)
o
Q2
E
o
N
<
O
(V0]
LLl
04
L
©
C
Q
—-—
O
)
-
2
o
)
o
N
~~
~
~O
)
o
N
®)
@)
(0]
>
<
=

Electrical protection circuit

v' Protection principle based on the extraction of the magnetic
stored energy into a dump resistor,

v Internal resistance, benefit of guench heaters,
v' Grounding circuit =V, /2 to ground,
v Inductances computed with ROXIE.

dump switch

N »
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Facing the computations
QTRANSIT (QUENCH like) code or CAST3M* (FEM) code ?

1. After the detection time
= Opening of the contactors, heaters activation,

= 2D problem, assuming the heaters are located all along the
dipole, transverse propagation

= FEM code do not need transverse propagation velocities

2. Before the detection time
= 3D problem
= FEM code more dedicated

= Use of the FEM code, CAST3M

*p. Verpeaux, T. Charras, A. Millard, “CASTEM 2000 une approche moderne du calcul des structures”, Calcul
des structures et intelligence artificielle (Fouet J.M., Ladeveze P., Ohayon R., Eds), Pluralis, 1988, p. 261-271.
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2D FEM computations

J:maxmdg - f:}z(t)dt =J;tder]02dt +fm J2(0)de

A taet
\

/
amperes/ \
%00 \ Curve (1 > 1 4)
\ determined by

— 2D FEM
computations
#000 t= tae
* opening of contactors
2000 * heaters activation
0 It = tdIet T T T T T T T mS 1
0 100 200 300 400 500 600 700 800 900 1000

The 2D FEM study gives the evolution of the current decrease vs time fort > t ;.

The maximal temperature of the hot spot can then be calculated directly by
taking into account the detection fime (nominal current during ty.) and the
curve mentfionned (current decrease for fort >t ).
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2D FEM m
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Dump resistor and 2D heaters

v The value of the dump resistoris 95.4 mQ (V = 1 kV).

v The code computes its temperature and value with fime
(adiabatic computation) ; its volume has been set so that the
voltage af ifs terminals remains maximum as long as possible.

= This leads to a total volume of 2.63 liters.

v We expect a heaters power of 50 W/cm? and the more uniform
distribution.

v’ But we decided to decrease this power for computations,
considering the real spatial distribution of the heaters will not be
uniform : it was then set at 25 W/cm?.

v' The pulse of power has been set to 50 ms.
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2D results - 4 heaters

gquenched volume and current

The delay time is 20 ms, between the
activation of the heaters and the quench
ignition in the dipole.

The evolution of the quenched volume is
represented in the adjacent figure.

It takes 45/ ms to fotally quench the
dipole.

Current (Ampéres)

MAXIMUM : 0.10
x1.E4 MINIMUM : 113
1.10 T

50E+05
9.

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10 L L . |
0.00 0.20 0.40 0.60 0.80 1.00

Time (s)

Volume (m3)

x1.E-3 MAXIMUM : 0.6310E-02
7.00 MINIMUM : 0.000
: T

6.00

5.000
4.00
3.00 /

2.00L /

1.00- /

0.00 /

1 1 1 1
0.00 0.20 0.40 0.60 0.80 1.00
Time (s)

This figure shows the current
decrease vs time.

The time constant (I/e) is 520 ms.



2D results - 4 heaters
dump resistance

&

S

(:35 Resistance (Ohms) vaxTuoM = 91238 Temperature (K)

3 | | | i 0:38doe-o1 W 8
%‘ T T T T

2 [ 6.00 /”
) 0.12 _— i :

Q 5.50 i
Q

E . 5.00 i
~ Its value increases - ]
§ by 30 % during |
. the discharge. : ]
“'6 3.00 i
- 0.09

o 0.00 0.20 0.40 0.60 0-80 100 00 0.20 0.40 0.60 0.80 1.00
g Time (s) ' ' ) ' Time (s)
— Voltage (volts)

Je woEs | | R NP The temperature of the
) tool ] resistance at the end of the
S N — discharge is 622 K, which is an
3 [ \\ ] acceptable value.

) 0.60 \\ B

é 0.50L \\ u

O Y - The voltage remains maximum at

2 . the beginning of the discharge

%( 0.10_ ‘ ; ‘ . T (nU| S|Ope).

Time (s)



Temperature field evolution
2 and 4 heaters

WL L= VR o
» 4. 1BE40D0 = . 19FE400
= E.BUE40D < E.4BE4+0D
L oinrene L.20et02
Loatmroe 1.10E+02
1.20E+02
L.ooE+02
1.10E+02
ag.
1.00E+02 )
I 0. I £l
-
20. 20,
10. 10,
ime (=i or 1.220008 02 Time (53 @ 1.22000E 02

The use of 4 heaters decreases the maximal temperature in the
dipole and helps to distribute more uniformely the temperature
(lower temperatures gradients).

WAMSDO 2013, 16/1/2013, Protection of FRESCAZ2, Philippe Fazilleau, 11/17
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2D results

adiabatic hop spot criteria

From the current evolution (right side of
the equation), the adiabatic hot spot
temperature IS calculated and
compared to the maximum temperature
computed by the FEM code.

Temperature (K)

x1.E2 MAXIMUM : 125.2
MINIMUM : 4,210
1.40 T

Tmax +co
CP )
—dT = | j(t)dt
P
To 0
| Y ]\ Y )
Conductor 2D results
properties

1.20 - ———

1.00

— 2D computations

hot spot calculation

1.00
Time (s)

The good accordance
between both curves
allows us to compute
directly (i.e. from the
current evolution)  the
maximal temperature
taking into account the
detection time.
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2D results
maximal tfemperature

The following figure gives the hoft spof temperature in the dipole,
taking info account the detection fime f ;.

The detection must be lower than 40 ms if we want a
maximal temperature below 150 K (4 heaters case).

300

275
250
225
200 -
175 -
150 e

125 -

100

----- 2 heaters

—4 heaters

ms

[ [ [ [ I
0 25 50 75 100 125 150

Nevertheless, we
expect a f ., # 100
ms : the maximal
temperature is # 200
K for 4 heaters.

The max temperature
difference is around
30 K between 2 and
4 heaters.

It takes 27 ms to
reach the resistive
voltage of 100 mV in
the high-field region.



3D computations
benchmark of CAST3M

The heat equation for the 1D 5 High-Field Zone (B = 13,5T) I,p; = 5 mm
static case without helium cooling

leads to the MPZ formula : > Low Field Zone (B = 0,5T) Iyp; = 26,5 mm
I — A(Tc _ Tcs)
MPZ = D)7
" Length(m) MPZ = 26,5 mm " Lengthm)

0,025 MPZ = 4,45 mm

0,004

0,02

0,003

—QUENCH - E=107,8

Low-Field Zone High-Field Zone

—RECOVERY - E=4,58 mJ

—QUENCH - E= 4,59 mJ
—RECOVERY - E=107,7 J

0,002

0,01

0,001 -
0,005

Time (s) Time (s)

0 0
0,00E+00 5,00E-03 1,00E-02 1,50E-02 2,00E-02 0 0,0001 0,0002 0,0003 0,0004 0,0005 0,0006 0,0007

= Results of simulation are consistent with the formula
(less than 10 % deviation)
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3D computations
propagation in the low field zone

We simulate the 3D propagation of a quench in the low field region by
injecting in an unitary volume an energy larger than the MQE (so that
the quenched zone extends more than the MPZ computed).
= We have access to several parameters during the first instants of the
propagation :

= Resistive voltage,

= Temperature within the conductor,

= Quenched length,

= Propagation velocity.

Length (mm)
140

Velocity (mm/s) Longitudinal propagation VEIOCity

Quenched length

Viongi = 0,7 m/s

Time (s) Time (s)
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3D computations
voltage and temperature

4
Voltage (mV)

10

Resistive internal voltage

Time (s)

0
Temperature (K)

Maximal temperature within the conductor

Time (s)

It takes 159 ms to reach a resistive voltage of 10 mV.
The maximal temperature within the conductor is then 31 K.

By injecting this value in our hot spot calculation, we can estimate the
maximal temperature within the conductor at the point of ignition of the
quench : the value is 131 K.
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Conclusions

The quench study has been splitted in two parts :

% Before the detection : quench ignition and longitudinal propagation

= CAST3M 3D has been benchmarked with very good approximation of the MPZ,
= The 3D computations in the low field zone show that the propagation is slow (v g =

0,7 m/s) but so is the femperafure elevatfion; with a detection threshold of 10 mV, the
magnet is not endangered (maximal temperature of 131 K).

* After the detection : heaters and dump resistor, transverse propagation

= Problem solved with to 2D compufations,
= 4 heaters are needed to reduce thermal gradients,

= Defection time should be in the range 40 fo 100 ms (150 to 200 K, threshold voltage >
100 mV) in the high field zone : consistent with the results of the 3D LFZ computations.
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