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A Simple and Versatile Evaluation Method of
Thermal Stability of NI HTS Magnets

Takanobu Mato and So Noguchi, Member, IEEE

Abstract—In this paper, a simple and versatile method of
thermal stability evaluation for no-insulation (NI) high-
temperature superconducting (HTS) magnets is proposed.
Thermal stability is fundamental to superconducting magnets.
The evaluation of coil temperature is an essential part of magnet
design even though NI HTS magnets exhibit high thermal
stability. Already proposed methods with complicated equivalent
circuits, such as a partial element equivalent circuit (PEEC)
model and a network model, require a long computation time
and complication in coding. Hence, a simple way to evaluate the
thermal stability of NI HTS coils is strongly desired; e.g., for a
preliminary-design purpose. A method proposed in the paper is a
simple analytical formula derived from an equivalent RL-parallel
circuit model of an NI HTS coil. The formulation considers a
cooling effect with a simple assumption and Joule heating on
radial (turn-to-turn contact) resistances. For a trial of the
proposed simple evaluation, the thermal stability investigation is
presented comparing the temperatures of the sudden discharge
and ramp down. The results of the proposed analytical method
are also compared with the PEEC model.

Index Terms—HTS magnet, no-insulation winding technique,
simple evaluation, thermal stability.

I. INTRODUCTION

HE performances of high-temperature superconducting

(HTS) magnets are increasing steadily [1]. It is

attributed to the improvement of conductor
performances, mechanical integrities, and  magnet
technologies. In particular, the no-insulation (NI) winding
technique [2] plays a significant role in drastically increasing
thermal stability. A key function in the NI winding technique
is attributed to the capability of current sharing between turns
on low-critical current regions, i.e., the currents avoid the low-
critical current (/;) regions by flowing into adjacent turns
through the turn-to-turn contact surfaces [3]-[6]. The current
behavior of NI HTS magnets is complicated, and it is not easy
to estimate the thermal stability.

The partial element equivalent circuit (PEEC) method [7]-
[10] is often used to simulate the current and thermal
behaviors to evaluate the thermal stability of NI HTS magnets.
The PEEC method is well established, and it has demonstrated
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its capability of thermal stability estimation during normal
operations and several scenarios such as discharge, ramp
down, and normal-state transition [3], [10]-[15]. Its ability to
simulate the coil behaviors is powerful in magnet research and
design; however, the PEEC method has a couple of
disadvantages: e.g. (1) code-implementation complexity and
(2) a long computation time for large-scale magnets. When
designing an NI HTS magnet as a preliminary stage, it is
necessary to evaluate its thermal stability against hundreds of
scenarios, such as different coil conditions, operating currents,
magnetic fields, quench event cases, and so on. For the
thermal estimation, a thermal simulation method (e.g. thermal
finite element method) must be coupled with the complicated
electric simulation method, which makes the program more
complicated. We need a simple analysis method with a short
calculation time but not a complicated one like the PEEC
method [16].

Therefore, in the paper, we propose a simple analytical
formula to estimate the thermal stability of NI HTS coils. The
simple expression can be widely used in a preliminary design
stage for a variety kind of magnets because of its versatility,
simplicity, and very short computation time. First, the
analytical coil current is formulated, followed by the coil
temperature for two cases: 1) sudden discharge and 2) ramp
down. The magnet de-energization scenarios after the
detection of local normal zone are important for one of safe
operations. To check the usage of the derivations as the first
trial, the azimuthal current and the maximum temperature are
analyzed for a test NI REBCO single pancake coil during
sudden discharge and ramp down. An assumption of cooling
effect is considered in the formulation. The analytically
obtained results are validated with the PEEC method. The
comparison of sudden discharge and ramp down is also
presented.

II. FORMULATION OF CURRENT AND TEMPERATURE

A. Sudden Discharge
An NI HTS coil is simply modeled with an RL circuit as

Radial resistance R,

L
I | /VV\

Coil inductance L
Fig. 1. NI HTS coil and its electrical equivalent circuit.
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shown in Fig. 1 [8]. The turn-to-turn (radial) resistance R and
the coil inductance L are connected in parallel. The initial
operating current of I, flows in the azimuthal direction. Now,
we derive the azimuthal current on L after the power-supply
current is suddenly set to zero att = 0. Here, the effect of
hysteresis loss is neglected since the Joule heat on the turn-to-
turn resistances are much higher [9]. The governing equation
of the equivalent circuit is shown below:

dI,
L+ Rl =0 )

where [}, and I, are the currents flowing on the coil inductance
L and the contact resistance R, respectively. It is noted that
I;, = —I during the discharge. By solving (1) under I}, = I, at
t = 0, we get the current exponentially decays at a speed of

the time constant 7, = L/R,:
¢

I, = I,e Te. )

Next, the temperature of the NI HTS coil is formulated.
Here, it is assumed that the coil with heat capacity C is
immersed in coolant of temperature T;. The coil heat is
transferred according to Fourier’s law with heat transfer
coefficient H [W/K]. The governing equation of coil
temperature is

dT(t)

CT = errz - H(T(t) - Tl) (3)

Equation (3) is solved under T(0) = T; and we get
T(t) = ot ( e _%) +T, )

T C1e— 21y ¢ ¢ r

Note that 7}, is the time constant related to cooling, defined as
C/H.
Now we may derive the time when the temperature reaches

1 t<t, | tyst
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Fig. 2. Operating current pattern for ramp down discharging.

TABLE 1
COIL SPECIFICATIONS AND OPERATION PARAMETERS
Parameters Values
[.D.; O.D.; Height [mm] 50, 90, 4.0
Number of turns 200
Number of single pancakes 1
Initial operating current [A] 268.6
Coolant temperature [K] 4.2
Magnetic field [T] 7 (background 5 T)
Stored energy [J] 125
Magnet heat capacity [J/K] 15.8
Heat transfer coefficient [W/(K-m?)] 100

Ramp down rate [A/s] 1, 10, 100, 1000

maximum temperature t,,,,. Equation (4) is differentiated and
T'(tmax) = 0 is solved for t,.4:
2t

In T
tmax = 2 1 (5)

Te Th

Looking at (4), the time-transient temperature is defined
with the sum of two exponentials with different time
constants: 7,/2 and t,. The balance of the cooling timescale
and Joule heat timescale determines the temperature rise as
well as the maximum temperature. The contact resistance
R, changes the electrical time constant 7., and it would non-
linearly affect the thermal stability, as mentioned later.

B. Ramp down

The current and the temperature during ramp down are
derived in this section. Fig. 2 shows an operating current
pattern. The operating current /,;, decays at a constant rate of
r [A/s] from I, defined as the following equation:

In—1t  (0<t<ty)
lop = {0 (tg<t) (6)
It is noted that I, = I,, — I.. The governing equation of
current is the same as (1), and we get the analytical solutions:

t
TTe (1 - e'i> +1p (0<t<ty)
_t=to _L
TTe (e Te —e Te)

t
-7, (1 - e_i) 0<t<ty)
I, = t—to t . (8)
—TT, (e_ Te — e_i) (tp <t)
The radial current exponentially changes, and its maximum is
determined with the ramp-down rate and the electrical time
constant. A large contact resistance and a slow ramp-down
rate prevent the coil from large Joule heating on the contact
resistance. Incidentally, the formulation of the -current
behavior for ramp up to charge NI HTS pancake coils, found
in [17], is similar to (7), (8).
By substituting (8) into (3) and solving it, we get the
temperature expression:

t
(£ = F@e ™ +1,
t—to
”ﬂ={mo+gua—ng€?T ©)

¢
\  —f)e ™ +T.
The functions f(t) are given as

R 2T, -t T
f = Er%g (1 -— e T4 ——

I, = ™

(to <)

0<st<ty

(to <)

e_%> (10)

Te — Th Te — 2Tp
O =m—e 1 (a
9=y Te— 2Ty |
Similarly, tp,.y is derived by solving T'(t) = 0in t, < t:
ln%
tmax = 57 (12)
Te Th

where

to
A=f(0) - (f(to) - g(to))@ﬁ
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Fig. 3. Critical current and load line of investigated NI HTS
coil.
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For both cases of sudden discharge and ramp down, the

thermal stability can be easily investigated with the maximum

temperature Trax = T (tmax)-

III. THERMAL STABILITY INVESTIGATION

As explained above, we derived the formula of the
analytical coil current and the analytical temperature. We
tested these formulas applying to an arbitrary NI HTS single
pancake coil. The specifications of the NI HTS single pancake
coil investigated are listed in Table I. The single pancake coil
is wound with REBCO tapes with 200 turns. It generates 2 T
with the operating current /,, = 268.6 A under a background
field of 5T. A critical current and a load line of the NI
REBCO coil are shown in Fig. 3. The critical current model in
[18] is used. The operating current is 268.6 A at the initial
state. It is assumed that the NI REBCO coil is immersed with
liquid helium, cooled through the coil surfaces. Here, the heat
transfer coefficient of 100 W-K-''m™ is used as a constant,
referred from [19].

A. Thermal stability with different contact resistances

First, the decaying currents and temperatures are analyzed
in both cases of sudden discharge and ramp down, with the
different contact resistivities of 0.07, 0.7, and 7 mQ-cm?,
which corresponds to the contact resistances of 1.63, 16.3, and
163 mQ, respectively. Fig. 4 shows the azimuthal current by
(2) and the radial one, and the coil temperature obtained from
(4) in the case of sudden discharge. The Joule heat is also
shown in Fig. 4. Once the NI REBCO pancake coil is shut off
from the power source at ¢+ = 0, the azimuthal current
exponentially decays. In the case of high contact resistance,
the current decay speed is fast. The Joule heat is very high at
the beginning of shutting-off, and then it immediately drops to
zero. Contrarily, in the case of low contact resistance, the
Joule heat occurs for a long time.

Using (4), the temperature transient is easily analyzed as
shown in Fig. 4. The coil temperature slowly increases in the
case of 0.07 mQ-cm? due to the slow decaying speed of the
current, exhibiting the slow decrease by cooling. In the case of
the higher contact resistance, the coil temperatures steeply
increase, and its maximums are higher than 0.07 mQ-cm?. The
thermal behaviors are easily and simply clarified using the

——0.07 mQ-cm?
- =-=07mQ:cm

Joule heat [kW] Rad. cur. [A] Azim. cur. [A]

Temp. [K]

Time [s]
Fig. 4. Azimuthal current, radial current, and coil temperature
in case of sudden discharge.
300
200
1001

—0.07 mQ-cm?
- - - 0.7 mQ-cm? 1
...... 7 mQ-cmZ
S Iop

Joule heat [W] Rad. cur. [A] Azim. cur. [A]

Temp. [K]

Time [s]
Fig. 5. Azimuthal current, radial current, and coil temperature
in case of ramp down.

analytical solution.

Fig. 5 is the case of ramp down analyzed with (7) for the
azimuthal current, (8) for the radial current, and (9) for the coil
temperature. The azimuthal current is almost identical to the
operating current in the case of 7 mQ-cm? meanwhile, the
azimuthal current decays in long time at 0.07 mQ-cm? The
radial current gradually decreases down to the value defined
with r7,, and then it is back to zero. Almost zero radial
current flows when the contact resistance is high. The high
contact resistance obviously prevents the current from flowing
in a radial direction. Meanwhile, the low contact resistance
allows the current to flow in the radial direction. The large
radial current results in the generation of large Joule heat in
the NI REBCO pancake coil for a long time. The radial
current increases until ¢ = #p, maintaining generating the large
Joule heat. Even after #, the pancake coil is heated up due to
the long decay time of the radial current.
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From the above current behaviors, it is obvious that the high
contact resistance results in lower temperature rise. The lower
the contact resistivity is, the higher the maximum temperature
is. It is the opposite tendency to the sudden discharge.

The above-mentioned behaviors are commonly seen in NI
pancake coils. The presented formulations are sufficient to
preliminarily evaluate the thermal stability. It is possible to
roughly but easily estimate the temperature rise and the
maximum temperature in ideal cases.

B. Comparison of sudden discharge and ramp down

The maximum temperatures are compared in the cases of
sudden discharge and ramp down. Fig. 6 plots the maximum
temperature as a function of the turn-to-turn contact resistance
(the radial turn-to-turn contact resistance) obtained from the
simple formula and the radially divided PEEC method using the
same thermal condition [20]. The result from the proposed
simple method and the PEEC method obviously agree well. The
validation of the proposed analytical method is confirmed.

For the sudden discharge, the maximum temperature
monotonously increases with the contact resistivity, because the
NI HTS coil is rapidly heated up due to the large Joule heating
after the sudden discharge.

Whereas, for ramp down, not only the contact resistivity but
also the ramp-down rate determines the maximum temperature.
The slow ramp-down rates result in low maximum temperatures
at an arbitrary contact resistance because a low voltage is
induced and the radial leakage current through the turn-to-turn
surface is small. The maximum temperature decreases as the
contact resistance increases further. That is, a small radial
current carries due to the high contact resistance. The low
maximum temperature at the low contact resistivity is caused by
the cooling effect because the cooling effectively appears due to
the slow ramp-down rate. Here, Fig. 7 is the maximum
temperature like Fig. 6, but with an adiabatic thermal condition.
The maximum temperature monotonously decreases as the
contact resistance increases. It is clearly shown that the cooling
effect significantly affects the maximum temperature rise in the
low contact resistance region from a comparison of Figs. 6 and
7.

When the contact resistance is high to prevent the charging
delay, the ramp-down rate should be slow for any cooling
condition to achieve high thermal stability, but not sudden
discharge.

III. CONCLUSION

In this paper, we presented the simple expressions of
temperature in case of sudden discharge and ramp down. The
simple expressions can be used easily in a preliminary design
stage. It takes a very short computation time.

In addition, the thermal stabilities are compared between
sudden discharge and ramp down. The comparison results
show that the ramp down is better than sudden discharge from
the viewpoint of maximum temperature, proving that sudden
discharge is the worst case to de-energize magnets. The effects
of ramp down speed and contact resistances on maximum
temperature are investigated as well. The lower the ramp

down rate is, the higher the thermal stability is. In terms of
resistance, the high contact resistance results in low-
temperature rise because the high contact resistance prevents
current from flowing in turn-to-turn contact resistances. The
NI HTS coil with very low contact resistance also showed
high thermal stability because the magnetic stored energy is
dissipated gradually for a long time. Meanwhile, the NI HTS
coil must be cooled sufficiently.

The simple expression presented in this paper is for the
target of a preliminary evaluation. The calculations for all the
cases in this paper took less than 2 s in total, therefore it is
clear evidence for its simplicity, while it maintains the
accuracy. Since the electromagnetic phenomenon and the
cooling effect are much more complicated, precise behavior
simulation is desired for a final design stage with a
sophisticated simulation method such as the partial element
equivalent circuit or the network model with a thermal
simulation.

In the proposed formulation, HTS resistances due to local
normal zones are not taken into account. The consideration of
local-normal-zone or fully-normal-transition resistance is a
future task. Furthermore, the stability of HTS coils during
enegization will also be formulated analytically.

Radial resistance [mQ]
1 10 100

T T
black: proposed i
red: PEEC

sudden discharge_

10

0.01 0.1 4

Contact resistivity [mQ-cm?]
Fig. 6. Maximum temperature as a function of contact
resistivity with cooling effect. Black lines show the results of

the simple estimation formula. Red ones are calculated with
the PEEC method.
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Fig. 7. Maximum temperature as a function of contact
resistivity with adiabatic condition.
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