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Abstract— We have been investigating the electrical
breakdown (BD) characteristics of liquid nitrogen (LN,) with a
transient thermal stresses to simulate the quench conditions of
resistive-type superconducting fault current limiters (SFCL). We
call such BD of LN, with the transient thermal stress as
“dynamic BD”, and discriminate it from that with a continuous
thermal stress. In this paper, we investigated the dynamic BD
characteristics of LN, for different LN, pressures, electrode sizes
and terms of transient thermal stress input. In addition, we
obtained the BD characteristics of LN, with the continuous
thermal stress, and compared them with the dynamic BD
characteristics. Furthermore, we analyzed the statistical
scattering of the time from the thermal stress input to the
dynamic BD occurrence and discussed the dynamic BD
mechanisms of LN,. We also proposed a flowchart of rational
and reliable electrical insulation design of resistive-type SFCL
based on the dynamic BD characteristics of LN,.

Index Terms— superconducting fault current limiters, quench,
liquid nitrogen, bubble, breakdown, insulation design

I. INTRODUCTION

UPERCONDUCTING fault current limiters (SFCL) are
regarded as key devices for reliable power transmission
and distribution in a large-capacity and high-density electric
network, because SFCL may offer a rapid and effective
current limitation at a fault condition. The resistive-type SFCL
has been mainly developed and tested around the world [1]-
[3]. In order to develop the practical and reliable resistive-type
SFCL, electrical breakdown (BD) characteristics of liquid
nitrogen (LNy) under the fault current limiting operation are
quite important.

When a quench occurs in the resistive-type SFCL under the
fault current limiting operation, a transient thermal stress with
bubbles is superposed on a high electric field stress under the
operating voltage of SFCL. As the result, the breakdown
strength of LN, may be reduced, and BD of LN, may be
induced in the bubble disturbance. Thus, such quench-induced
“dynamic BD” characteristics of LN, are critical and peculiar
to the insulation design of the resistive-type SFCL.
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Most researchers have investigated the BD characteristics of
LN, with the thermal stress using the continuous thermal
stress [4]-[6]. However, the quench and the subsequent bubble
disturbance in the resistive-type SFCL are the transient
phenomena under the fault current limiting operation.
Therefore, the BD characteristics of LN, with the continuous
thermal stress should be discriminated from those with the
transient thermal stress, i.e. dynamic BD characteristics of
LN,.

From the above background, we have been investigating
the dynamic BD characteristics of LN, with the transient
thermal stress [7]-[10]. In this paper, we discussed the
dynamic BD characteristics and their mechanisms for different
LN, pressures, electrode sizes and terms of transient thermal
stress input. Moreover, in consideration of the dynamic BD
characteristics of LN,, we proposed a flowchart of electrical
insulation design of resistive-type SFCL.

Il. EXPERIMENTAL SETUP AND METHODS

Figs. 1 and 2 show the experimental setup and the test
samples. A high electric field stress and a high thermal stress
can be simultaneously applied to the test samples in the
cryostat. The cryostat has a FRP capacitor bushing, which is
PD free at 150 kV s in LN,. The test samples are composed
of a high voltage sphere electrode with the diameter ¢ = 6-50
mm and a grounded nichrome sheet electrode with the gap
length of 2 mm, i.e. under a quasi-uniform electric field with
the field utilization factor of 0.950-0.674. The nichrome sheet
electrode is used to apply the transient thermal stress with
bubbles into the gap space exposed to the high electric field
stress. The nichrome sheet is cut into a meander shape with
the resistance of 2 Q in LN,.

Using the above electrode system, we carried out three
kinds of BD tests for different electrode diameters, LN,
pressures P = 0.1-0.2 MPa at the LN, temperature of 77 K
[6].

1. Intrinsic BD test without thermal stress

AC high voltage V, of 60 Hz was applied to the high
voltage electrode and increased at 1 kV./s until BD
occurred in LN, without the thermal stress from the
nichrome sheet electrode. This test was repeated 20 times
and 50% BD voltage (Vimwinsic) Was calculated by the
Weibull analysis. Vininsic Was converted to 50% BD electric
field strength (Eininsic) at the tip of the sphere electrode.


mailto:kojima@nuee.nagoya-u.ac.jp
mailto:Kuwata_Minoru@nissin.co.jp

>3LPolE-03 <

Applied voltage: F,
0~100 KV s

Shielding electrode

FRP capacitor bushing
(150 KV, PD free in LN,)

It

Pulse
generator

LN, outer vessel

LN, inner vessel

Observation
window \l il
Vacuum High-speed
layer T video camera
~__ 7
Fig. 1. Experimental setup

Sphere electrode
4= 6—50@)

Nichrome sheet Thyristor
electrode switch
v L
Pulse
generator

ooy

60 Hz
1

Fig. 2. Test sample configuration

2. BD test with continuous thermal stress
After the nichrome sheet electrode was continuously
energized with the current I, = 8 Ay, Va Was increased
at 1 kVi/s until BD occurred in LN, under the
continuous bubble disturbance. As well as the intrinsic
BD test, 50 % BD electric field strength (Econtinuous) Was
obtained.

3. Dynamic BD test with transient thermal stress
V, was kept at a constant value below Vipyinsic. Next, a
thermal stress was superposed by energizing the nichrome
sheet electrode with I;, = 8 A,y during the term t, = 0.25-1
s, which is consistent with the ohmic energy level to be
generated at the quench of superconducting tapes for
SFCL. This test was repeated 20 times at the same V, and
ty, and counted the number of the dynamic BD occurrence
in LN, to get the BD probability at each V,. Owing to the
linearity between the BD probability and V,, 50 % BD
electric field strength (Eaynamic) Was evaluated.

I1l. EXPERIMENTAL RESULTS AND DISCUSSION

A. Breakdown strength with transient thermal stress

Fig. 3 shows the pressure dependence (P = 0.1-0.2 MPa)
of 50% BD electric field strengths Einginsic: Econtinuous @Nd Edynamic
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Fig. 3. Pressure dependence of BD strength (t, = 1s)

att, =1 s for (a) ¢ = 6 mm and (b) ¢ = 50 mm, respectively.
Egynamic increased with the increase in P and approached
Einrinsic at P = 0.2 MPa. This is attributed to the reduction of
the number and size of bubbles in the pressurized LN,. Thus,
the pressurization of LN, is an effective method to prevent the
dynamic BD occurrence in LN,. At P > 0.12 MPa for ¢ = 6
mm and at P > 0.15 MPa for ¢ = 50 mm, Egyamic becomes
higher than Econtinuous-

Figs. 4 and 5 show the heater energizing time dependence
(th = 0.25-1 s) of 50% BD electric field strength at ¢ = 6 mm
and ¢ = 50 mm, respectively, for different pressures. At P >
0.1 MPa for ¢ = 6 mm and at P > 0.15 MPa for ¢ = 50 mm,
Egynamic increased with the decrease in t,, and approached
Eintrinsic at the shorter t,. Egynamic @lSo approached Econtinyous at
the longer t,. The electrode diameter dependence of 50% BD
electric field strength in Figs. 4 and 5 is attributed to the size
effect or the volume effect [6][11], i.e. the BD strength
decreased with the increase in the electrode diameter with the
larger LN, volume of high electric field strength.
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B. Discussion on dynamic BD mechanisms

In order to discuss the dynamic BD mechanisms, we
focused on the time from the thermal stress input to the
dynamic BD occurrence, which is defined as the dynamic BD
time tgp. We introduced the Weibull statistics for the
evaluation of the statistical scattering of tgp. Fig. 6 shows the
Weibull plots of tgp for (a) t, = 0.25 s and (b) t, = 1 s,
respectively, at ¢ = 50 mm, P = 0.1 MPa and V, = 35 KV peax.
In the case of t, = 0.25 s, the Weibull plots of tgp are
expressed by an approximate line with the inclination (shape
parameter) of a = 7.12, which means that the dynamic BD was
based on a single mechanism. On the other hand, in the case of
t, = 1 s, the Weibull plots have two shape parameters of a; =
10.5 and a, = 1.07, which suggests that two different
mechanisms are mixed in the dynamic BD.

Fig. 7 shows the shape parameters of tgp for different
parameters of ¢, P, t, and V,. The shape parameters of tgp
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were classified into two categories; a < 2 for the slow slope
and a > 3 for the steep slope. According to the Weibull
statistics, a = 1 indicates that the failure rate (BD probability)
is constant, i.e. “random process”. On the other hand, a > 1
indicates that the failure rate increases with time, i.e. “aging
process”. The dynamic BD with a < 2 corresponds to the
random process, where the BD probability is almost constant
in the bubble disturbance after the LN, gap space is filled with
the bubbles, similar to the BD with the continuous thermal
stress. On the other hand, the dynamic BD with a > 3
corresponds to the aging process, where the BD probability
increases with time in the transient generation and propagation
of bubbles before the LN, gap space is filled with the bubbles.
The latter BD process with a > 3 is peculiar to the dynamic
BD under the transient bubble disturbance.

C. Insulation design of resistive-type SFCL

The experimental results in the previous sub-sections mean
that the insulation design of resistive-type SFCL based on the
BD characteristics of LN, with the continuous thermal stress
can be considered to be conservative or pessimistic. Therefore,
in order to make the most use of the resistive-type SFCL, a
rational and reliable insulation design can be expected based
on the dynamic BD characteristics of LN, with the transient
thermal stress.

Fig. 8 shows a flowchart of the insulation design for
resistive-type SFCL based on the dynamic BD characteristics.
The electric power system concerned with SFCL gives the
rated current, voltage and prospective fault current, etc. of
SFCL. The fault current limitation design of SFCL will be
done with the coil specifications (diameter, length, etc.) and
tape specifications (width, critical current, etc.) of SFCL as
well as the requirements (limitation rate, fault clearance time,
recovery time, etc.) of the power system. The initial or
fundamental insulation design of SFCL can be done based on
the intrinsic BD characteristics of LN, without the thermal
stress, which can determine the LN, pressure, the gap lengths

Electric power system
(Rated current & voltage,
prospective fault current, etc.)

l

Fault current limitation design
(Coil & tape specifications,
power system requirements, etc.)

l

Insulation design
based on intrinsic/dynamic BD characteristics
(LN, pressure, gap lengths, etc.)

Dynamic BD ?
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Fig. 8 Flowchart of insulation design for resistive-type
SFCL

between the SFCL coils or between the SFCL coil and the
grounded tank, etc. Then, supposing the quench occurrence of
SFCL at the fault condition, the possibility of dynamic BD
occurrence should be discussed, e.g. using the data in Fig. 3. If
the dynamic BD can occur, the fault current limitation design
and/or insulation design of SFCL should be modified. Such a
design and operation scheme of SFCL is expected to be
coordinated with the other SFCLs to be introduced in the
power system.

IV. CONCLUSION

This paper described the BD characteristics and mechanisms of
LN, for resistive-type SFCL under the fault current limiting
operation. The main results can be summarized as follows:

1. Dynamic BD strength Egynamicincreased at the shorter heater
energizing time t, and approached the intrinsic BD strength
Eintrinsic- Eaynamic decreased at the longer t, and approached
the BD strength Econinuous With the continuous thermal stress.

2. Weibull statistics of the time tgp from the thermal stress
input to the dynamic BD occurrence suggested that the
dynamic BD mechanisms can be classified into two
processes; random process and aging process.

3. The insulation design based on Egntinuous TOr resistive-type
SFCL may be conservative or pessimistic. A rational and
reliable insulation design based on Egyamic Was proposed
with a flowchart.
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