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Reduction of the Hot Spot Temperature in HTS
Colls

Holger Witte, William B Sampson, Robert Weggel, Robert Ralmnd Ramesh Gupta

Abstract—A potential future Muon Collider requires high field  voltage triggers a fast energy extraction via an exterraster
solenoids (30 T) for the final cooling stage; the Magnet Divi- [10]. It was noticed that the current in individual pancakes

sion at Brookhaven National Laboratory (BNL) is undertaking \va|l as the coils initially decayed much faster than antitégl
the task of demonstrating feasibility using High Temperatue from the time constant — L/R

Superconductors (HTS). The aim is to construct an all HTS
dual-coil system capable of delivering more than 20 T. Recely

a new record for an all HTS solenoid has been established with 1.0 e 5o
a field of 15 T on-axis. In coil tests it was noticed that duringa e, —
fast energy extraction the current in the solenoids decaysabter 0.0l 0.9
in comparison to the expected exponential decay. This paper ' '
describes the effect and shows how it can be simulated using
commercial finite element code. The faster current decay hps 0-8¢ . 0.8
to lower the integral current density squared with time by about 3 R =
10% and is therefore beneficial for quench protection. 5 071 1o * 0.7 3
~ : )
Index Terms—Accelerator magnets, electromagnetic analysis, = o6l 08 OGE
electromagnets, superconducting magnets. MR '
0.5 S 04 0.5
I. INTRODUCTION 0.21
. 0. Y
T present various efforts are underway to demonstrate 04} 822623 20323436 04
the technical feasibility of a potential future multi-TeV 2.50 2.55 2.60 2.65 2.70 275
Muon Collider. An important technology of a muon collider t(s)

is ionization cooling, which is the only method known fasf:ig. 1. Current and field decay during fast energy extractibn = 2.5 s.

enough to reduce the divergence of the short-lived muorse figure shows normalized values.

Suggestions for cooling lattices exist and in general athefn

require high field, large bore solenoids. The required magne This is shown in Fig. 1, which shows measured data of

flux density, which is in excess of 30 T, dictates the use tiie current and magnetic flux density (measured by a hall

high temperature superconductors. probe). The magnetic flux density as well as the current are
Currently Brookhaven National Laboratory is undertakingormalized to their maximum values &t 0 s to allow easy

an experimental program to demonstrate the feasibilityrof @omparison. As shown in the figure, the current decays very

all-HTS solenoid which can produce 20 T or more usinguickly whereas the magnetic flux density decreases much

(rare earth)-Ba-Cu-O tape [1]. The magnet system consigt®re slowly.

of two HTS coils (insert and midsert), which are planned It was speculated that the initial current drop is caused

to be extended by a low-temperature superconducting dutdsy the mutual coupling with the copper discs, that is a

to produce about 30 T. The midsert and insert coils haypart of the energy of the coil is transferred to the copper

both been constructed. Both coils employ REBCO tape frogiscs. A multiphysics finite element simulation was set-oip t

SuperPower Int verify this, which is described in this paper. An earlier pap
Previous experience showed that pancakes made of this HJéscribes a similar model for individual pancakes, whereas

tape do not respond well to thermal shocks and gradients. Aere we focus on the insert coil [2]. The next section dessrib

mitigate this, copper discs were installed between eacbldeu the geometry of the coil and discs.

pancake, which leads to a more uniform cool-down. Individua

pancakes as well as the entire coils were tested using a

novel quench detection system, which at the onset of resisti Il. GEOMETRY

Manuscript received July 16, 2013. Work supported by Brasien Science  The insert coil consists of seven double pancakes which

Associates, LLC under Contract No. DE-AC02-98CH10886 vifie U.S. have an inner and outer radius 2.5 mm and45.5 mm
Department of Energy. . . )

H. Witte, W.B. Sampson, R. Palmer and R. Gupta are with Bravkh res_pec_tively. Each pa_ncake_ consists of 260 turns of HTS tape
National Laboratory, P.O. Box 5000, Upton, NY 11973, USArfesponding which is co-wound with stainless steel tape. The HTS tape is
author: Holger Witte, e-mail: hwitte@bnl.gov, phone: +316344.7829). ; ; ;

R. Weggel is with Magnet Optimization Research Engineerit®y South 4 mm wide. The coppe_r discs have th.e Same inner and outer
Street, Reading, MA 01867, USA. radius; each copper disc &75 mm thick. Fig. 2 shows a

LSuperPower Inc., 450 Duane Avenue, Schenectady, NY 12304 US ~ schematic of the coil geometry.
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Fig. 2. Geometry of the HTS solenoid. Fig. 3. Schematic of the electrical circuit.
TABLE |
I1l. FINITE ELEMENT MODEL MUTUAL INDUCTANCESCoIL/Discs(uH)

A. Governing Equations _
Disc No. 1 2 3 4 5 6 7 8

The model is solved using COMSOL Multiphysi&s as- 38 51 58 60 60 58 51 383
suming axial symmetry, which involves three coupled appli-
cation modes for the electromagnetic, thermal and elegénit
of the problem (circuit). The following PDE is solved for the
electromagnetic part of the problem:

TABLE Il
INDUCTANCE MATRIX DiScs(nH)

Disc No. 1 2 3 4 5 6 7 8
1 55 33 21 14 92 64 46 33
33 55 33 21 14 92 64 46
21 33 55 33 21 14 9.2 6.4
14 21 33 55 33 21 14 9.2
9.2 14 21 33 55 33 21 14
64 92 14 21 33 55 33 21
46 64 92 14 21 33 55 33
33 46 64 92 14 21 33 55

OA
aEJrvX(ugleA)JravszE. (1)

Ais the magnetic vector potential the electrical conductivity,
V an electrical potential and® an externally applied current
density. To calculate the magnetic flux density the average
current density in the HTS pancakes is used.

It is assumed that heat transfer by radiation or convection
does not play a role due to the short timescales involvedt Hea
transfer is modeled using the heat equation:

0N O WDN

oT
pC— —V - (kVT)=Q. (2)
ot Lcoyn and M are the self and mutual inductances of the coil

p is the density of the material; the specific heat capacity,and the discs; similarly/c.ii and Ip;s. denote the currents
T the temperaturey the thermal heat conductivity and a of the coil and a particular disc. The values for the self
heat source or sink. and mutual inductances were evaluated in separate static
The electrical circuit, shown schematically in Fig. 3, isimulations using the magnetic energy [4]. Tables | and II
solved using COMSOL'’s SPICE interface. Two electrical conshow the values for the mutual inductance between coikdisc
ponents have been omitted in the simulation: the magnetipovagd disc/disc.
supply and a diode, which is in series with the magnet. TheFor the electromagnetic problem a rectangular background
power supply can be omitted as it is disconnected in realifplume is chosen large enough so that the field lines near the
when a quench is detected. The diode is operated alwayscdil are not distorted. For the thermal simulation it is ased
forward mode (the current in the magnet never reverses) ahdt the discs heat up adiabatically.
therefore does not alter the simulation results.
In order to allow for an initial condition of the current ineh ,
circuit we use a similar approach to the one described in [ﬁ: Couplings
The inductances of the coil and the discs are included as ‘UThe current in the HTS coil is used in the eletromagnetic
versus I' blocks; the voltages across each inductance is evapplication mode to calculate the magnetic flux density. The
uated using a separate differential algebraic equationE)DA electromagnetic and thermal simulation are directly cedpl

For example, for the voltage across the coil is evaluatenigusithe temperature in the discs is used to calculate the rasisti
thermal conductivity and specific heat of the copper disbe T

induced current density in the copper discs is used as a heat

dr oi dr; isc dr; isc
CI+M1 D1+"'+M8 D8'(3)

Voi =1L oi
Coil = HCoil =3¢ dt dt
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sourceQ in the thermal module: 70
J?

Q="nd (4) 6oy
g

The resistance of each disc is calculated using Ohm’s Law 50t
and used in the DAEs for calculating the voltages across eact
inductance in the circuit. 40f

T (K)

30

C. Material Properties

The electrical resistivity of copper as a function of tem- 5ol — Disc1 |
perature and residual resistivity ratio (RRR) is includsthg --- Disc 2
an expression from NIST (as cited in [5]). Magnetoresistanc 10} Disc 3 |
is included using the Kohler plot from [6]. The thermal Disc 4
conductivity is evaluated based on the Wiedemann-Franz law 0 0.0 03 0 0.6 08 10

2
as described in [5]. The specific heat capacity is evaluated t(s)

using data from [7]. The RRR value of the copper discs is . _ _
Fig. 5. Average temperature of the discs. Disc 1 is the fsttlagvay from

assumed t.O be 50. . . . . the coil center, whereas Disc 4 is the closest.
In practice the material properties are implemented in the

COMSOL simulation using a C-library. The expressions are
either evaluated directly (for example the resistivity)imer- C. Current in Discs

p_olated using a cubic spline algorithm of the GNU Scientific The disc currents are shown in Fig. 6. The figure shows that
Library [8]. oo ; .

the currents in discs 2-4 are approximately equal and iserea
almost linearly up to a peak current of 27 kKA. For disc 1
) the peak current is lower with 15 kKA. After the peak current
A. Coil Current has been reached at approximately 5 ms the current decays

Fig. 4 shows the simulated coil current and the expemxponentially to zero within 1 s.

mentally obtained data. The figure shows that the simulation

IV. SIMULATION RESULTS

predicts accurately the sharp initial current drop from 230 30
about 200 A. The measured data shows a feature similar to ¢ . — Disc1
plateau around.1 s, which does not occur in the simulation. 25} l --+ Disc 2 |
The exponential decay far > 0.1s is similar for both the £ <.+ Disc 3
simulation and the experimentally observed values. 20t F w Disc 4 ]
e —— T T T
Ei 25} ;“/”’;, ]
300 , , 3 H [N
— Measurement = 15 20 H N
250! --- Simulation - 15 1
L i
300 10 o
2 =
2001 260/ 5
240t Sf N 1
- < 220 10 20 30 40 50
< 150 = 200¢ ] t (ms)
~ 180f 0 . . : "
160r 0.0 0.2 0.4 0.6 0.8 1.0
100} ‘ ) ) | | t (s)
.05 0.00 0.05 0.10 0.15
t (s) Fig. 6. Current in the discs. Disc 1 is furthest away from tbé center.
50} .
%0 0.2 0.4 0.6 0.8 1.0 V. DISCUSSION ANDCONCLUSION

The simulation shows that the mutual couplings between
Fig. 4. Comparison of the measured and simulated coil ctrren the copper discs within the coil and the solenoid itself are
large enough to explain the initial sharp current drop. At th
) beginning of a fast energy extraction currents are induoed i
B. Temperature of the Discs the copper discs, so a part of the energy is transferred from
Fig. 5 shows the simulated temperature of the discs for h#iffe coil to the discs. The currents in the discs increase, but
of the coil. The figure shows that the temperature of the coppe eventually limited by their rising resistance due to @hm
discs increases quickly, which slows down for- 10 ms. heating and decay exponentially. The negatifgdt in the
Discs 2—4 reach a final temperature of about 60 K, wherediscs causes the current in the solenoid to remain at the same
disc 1 (the outermost one) heats up to about 50 K. value for a brief period of time, until it decreases furthire



2P0OCJ-02 4

decrease of the slope of the temperature in the discs cesicid9] P. D. Noyes, W. D. Markiewicz, A. J. Voran, W. R. Sheppard,

approximately with the peak current in the discs. K. W. Pickard, J. B. Jarvis, H. W. Weijers, and A. V. Gavrilin,
“Protection Heater Development for REBCO CoillEZEE Transactions

The ﬁnal temperatur.es of th_e copper fjiSC_S are apprOXimately on Applied Superconductivitwol. 22, no. 3, pp. 4704 204-4704 204,
equal with the exception of disc 1, which is the one furthest Jun. 2012. [Online]. Available: http://ieeexplore.ie@g/lpdocs/epic03/

away from the coil center. The lower temperature of this dlj%’ | wrapper.htm?armumber=6153351
]

b lained by the | tual ling to th | S. Dimaiuta, G. Ganetis, R. Gupta, P. Joshi, and Y. $hinagi, “Novel
can be explained by the lower mutual coupling to the solen Quench Detection System For HTS Coil€onf.Proc, vol. C110328,

itself as well as the other copper discs. pp. 1136-1138, 2011.
300 . ‘
--- Exponential
250} — Simulation
200y /ngpdt: 72594° s
< 150l /If)mdt:6388A2 s
~
100f
50t
%2 00 0.2 0.4 0.6 0.8 1.0

t (s)

Fig. 7. Comparison of simulation results with expected @&quial decay.

The concept of copper discs as described in this paper is
not sufficient to provide complete quench protection by its
own. However, copper discs have the advantage of reducing
the integral of the current squared with time right after the
detection of a quench. Other methods such as quench heaters
can take a significant amount of time before they become
effective. For example, quench heaters discussed in [Fatue
an HTS coil only aftert > 0.3s, at which the maximum
permissible I?dt could already have been reached.

Further work should be done on improving the effectiveness
of the copper discs. For the present coil design fHédt is
lowered by about 10% as shown in Fig. 7. Thicker copper
discs can be expected to decrease fHédt further.
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