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Abstract-- This paper presents a numerical analysis
of transient magnetic diffusion in a melt-cast-processed
BSCCO-2212 tube subjected to sinusoidal applied fields. The
nonlinear E-J relation obtained by experiments in liquefied
N; is used to find the magnetic diffusion coefficient. The
magnetic flux density, shield current density and p-F loss are
considered. According to the result of this study, the
shielding current density is varied with external applied field
and coordinate in the superconductor tube. The result of
analysis can be used to explain the response of a Supercon
-ductor-Shield-Core-Reactor subjected to sinusoidal applied
fields.

1. INTRODUCTION

SSCR(Superconductor Shield Core Reactor) is one of
the leading candidate of FCL(Fault Current Limiter) that
protects electric power system. from an accidental current.
SSCR consists mainly of a closed iron core inside a
superconductor tube and a copper coil wound on the
outside of superconductor tube. Under fault condition, the
high current in the copper coil exceeds the shielding
capability of superconductor tube and the magnetic field of
copper coil penetrate into the superconductor tube.
Therefore, in order to understand the behavior of SSCR, it
is necessary to study about the magnetic diffusion mn
superconductor [1-4].

However, we do not understand how the superconductor
tube behaves both magnetically and thermally during a
fault. Furthermore, it has been known that the Bean's
critical state model is not approached subjected to a
periodic applied field with a frequency of 50~60 Hz [4 -5].
In recent years, a study has focused on the linear magnetic
diffusion to qualitatively explain the magnetic diffusion
under AC steady state field. However, the linear diffusion
model cannot predict the actual situation because of the
constant magnetic diffusion coefficient [6-7].

In this paper, we use the nonlinear E-J relation obtained
by experiments on 77 K of liquefied N to find the shield
current density and magnetic diffusion coefficient. The
nonlinear magnetic diffusion equation is solved by finite
difference method. The results of analyses are compared

with the experimental observation of Ref [5]. After
verifying the numerical method, the shield current density,
penetration time, and time delay are considered. Finally,
we discuss the limitations of this study and the effect of
p-J* loss.

2. GOVERNING EQUATION

A magnetic diffusion equation of a magneto -quasi-static
state is developed with an assumption that the p-J2 loss is
quite smaller than the hysteresis loss in fault condition [6].
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A magnetic diffucivity Dy, is a function of an electric
resistivity as below.
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Although the electric resistivity of superconductor is a
function of the current density, temperature, and mag netic
field density, we assume the electric resistivity as a
function of current density only [5].
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In (3), unit of current density .J is [A/cf] and [(V-cm] for
electric field intensity E. The current density J are obtained
by Ampere's law.
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The electric resistivity of superconductor is obtained as
following by p=dE/dJ relation.
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The superconductor tube is heated significantly during
fault condition, and its recovery is usually much longer
than that of an inductive device because heat must be
removed after fault is ended. Therefore, in order to
understand the behavior of SSCR in fault condition, it is
necessary to consider the effect of the temperature. The
effect of coolant temperature on the F-J relation has been
studied extensively. However, the iofluences of
temperature in superconductor tube needs more study. In
this study, we assume that the SSCR as an isothermal
system.

3. NUMERICAL ANALYSIS

The analysis model consists of copper coil and
BSCCO-2212 cylindrical tube made by a melt-cast process.
The copper coil is 70.5 mm long and 13,4 mm inside radius,
24.3 mm out side radius. And the superconductor tube is
74.8 mm long and has a wall thickness of 5.5 mm and 25.6
mum outside diameter.
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Fig.1. Schematic diagram of BSCCO-2212 tube and exciting coil.

Fig. 1 shows the schematic of the analysis model. The
superconductor tube and exciting coil are cooled by the
liquefied N, to be 77 K. The gap between copper coil and
superconductor tube is maintained to allow coolant flow so
the temperature of superconductor is minimally affected
by resistive heating in the copper coil. It is assumed as
axisymmetric system. The magnetic diffusion equation can
be simplify as
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The sinusoidal magnetic field with a frequency of 60Hz
are applied on the outside of a superconductor tube.

B = B, sin(ot) )]

The amplitude of magnetic field, By at the central point
of copper coil is obtained by (8) and (9). In (8) and (9),
a:Rco:o/Rconia ,Bcho/(ZRch) and YELCO/Z(Rcmo'Rcmi) [8]
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In numerical analysis, the discretization equation with
fully implicity FDM method is used. Under AC applied
fleld, internal magnetic field density shows rapid change.
Therefore, we should use very small grid space and time
step: 0.0275 mm grid space and about 0.02 ns minimum
time step.

4. RESULTS OF ANALYSIS

4.1.

To verify the validity of nonlinear magnetic diffusion
model, we compare the numerical results with experiment
of Ref. [9].

Fig. 2 is the result of experiment Ref. [9], and Fig. 3 is
the numerical results of nonlinear magnetic diffusion
model with the same condition. / is a penetration field
density, measured by a ball probe inside the
superconductor tube, and 7, is the induced current,
measured by Rogowski coil.

Comparison with the experiment
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Fig.2. Test result of magnetic field H, induced current J; with
NIy=5383A.
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Fig.3. Analysis result of magnetic field H, induced current I, with  Nlgar=
5383A.

Induced current Z; is decrease to -4000 A until 10 ms and
then increase to 2000 A and after 80 ms there is no
remarkable change. Those phenomena are well predicted
by numerical work as shown in Fig. 3. Consequently, Fig.
3 tells us that nonlinear magnetic diffusion model is well
describes the variation of shield current density in fault
condition.

The penetration flux density H that is measured by 0.47
k-Gauss at 100 ms, however, the actual flux density is
about 0.35 k-Gauss because of 0.12 k-Gauss background
flux. The numerical work calculates it as 0.414 k-Gauss.
According to experimental result, penetration flux density
has maximum value at 50 ms and is dwindling. But, those
tendencies do not appear in Fig. 3. One possible
interpretation of this difference is the ignorance of hieating
effect. The thermal effect and p-J loss will be examined
later again.

4.2.  Flux density

Fig. 4 presents the result of linear diffusion model that is
proposed by Ref. [7], and Fig. 5 shows the result of
nonlinear diffusion model. Fig. 4 and Fig. 5 are the results
of the same condition with N/pn,=3000 A. The linear
diffusion model by Ref. [7] assumes a constant magnetic
diffusion coefficient. The dimensionless c oordinate 77 and
dimensionless time 7 are defined as below.
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Fig.4. Analysis result of linear magnetic diffusion model for J=Jc,
Nimax=3000 A.

0.6 -
‘ n=1.0
04t NN EAY =08
n=06
- n=04
0.2 /- n=02
n=00

0.0

K-gauss, H

0.2+

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Dimensionless coordinate, ¢

Fig.5. Waveform of magnetic flux density at different value of » with
Nlx=3000 A.

There is a distinguishable difference of Fig. 4 and 5. The
flux wave of Fig. 5 is deformed to a saw -tooth shape near
the inside of tube. However, the linear diffusion model
shows the sinusoidal shape through the tube as shown in
Fig. 4. The major reason of the wave deformation is
considered that ignorance of p-J* loss. It is impossible to
explain the p-F loss without including the shield current
density.

Fig. 6 shows that the nonlinear analysis result for high
exciting current NI;,,,=25000 A. In high exciting current,
nonlinear and linear diffusion model show the similar
results. It means that shield current density is lower than
critical current density when exciting current NI,,=3000
A, and as exciting current increases, shield current density
and diffusion coefficient increases. Therefore, contrary to
Bean's critical state model, the shield current dens ity is not
constant value.
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Fig. 6. Waveform of magnetic flux density at different value of  with
NIw=25000 A.

4.3.  Shield current density

The Bean's model assumes that current density in
penetration range as a critical current density. According
to Been model, the amount of induced current has a fixed
value that multiply critical current density and cross
sectional area after penetration is completed. However, it
was pointed out in the previous section that the induced
current changes after penetration, and the shield current
density are also varied with the exciting current.

Fig. 7 represents the amplitude of shield current density
for different NI, and #.
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Fig. 7. Amplitnde of shielding current density for different Nljpay.

The amplitude of shield current density increases as
exciting current. For the exciting current below 5000 A,
the shield current density of whole superconductor is
smaller than the critical current density. For NI,,.,=30000
A, about 80 percent of superconductor is in over critical
state of which shield current density is greater than critical
current density. Also, Fig. 7 shows that the maximum
shield cumrent density appears on the outer surface of
superconductor tube, and the minimum value inside
surface.

In actual condition, the superconductor tube surface is
cooled by liquefied N,. Therefore, the maximum
temperature may not happen on the surface but interior of

superconductor. The elevated temperature increases the
magnetic diffusion coefficient. Therefore, it is supposed
that the magnetic diffusion coefficient of superconductor
interior is higher than the analysis result.

44.

The penetration time is varying with the out side
magnetic field size and it's change rate. Fig. 8 shows the
relation of the dimensionless penetration time (2 nt,/o) and
the exciting current. In Fig. 8, the notation J=J/, represents
the penetration time when the shield current density is
critical current density.
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Fig. 8. Vanation of penetration time with dimensionless coordinate # for
different M.

In small exciting current (Nuw<3000 A), the
penetration is not completed to inside surface. The
penetration time increase exponentially with penetration
depth. The penetration time decreases and approaches to
the case of J=J, as increasing of NI,

Through this figure, two interesting features are
investigated. One is that the penetration depth is finite even
if time passes infinitely. The other one is that the
penetration time of high exciting current is similar to that
of J=J, case.
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Fig. 9 shows the dimensionless time delay, 2 wAt/m, at
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various locations in the superconductor for six values of
Nlx. The time delay increases with penetration depth.
According to linear model, the time delay proportionally
increases with penetration depth in the small exciting
current. But in nonlinear model, Fig. 9 shows that the time
delay and penetration depth have not linear relation.
4.5.  Joule heat generation

The p-J* loss per unit length of tube is calculated as the
following equation.

0 =["2mprar (12)

Fig. 10 shows that the loss as a function of time. The
maximum loss occurs when the change rate of outside
magnetic field is high. The time delay appears for the small
exciting current. As exciting current increases, time delay
decreases rapidly and can be neglected for high exciting
current.
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Fig. 10. Variation ol iotal p-./* loss, Q*, with dimensionless time 7 for six
NImmv

The p-J*loss; i.e. Joule heating, rises temperature and
magnetic diffusion coefficient. The volumetric heating
makes rapid increase of temperature, however, it's
recovery time is much longer than rising time because the
heat must be extracted via surface of tube. Therefore, the
actual change of Joule heat generation is somewhat
different from Fig. 10. More research is needed to include
the Joule heat generation and temperature variation inside
supercon -ductor.

5. SUMMARY AND CONCLUSION

In this study, we analyze a magnetic diffusion of high Tc
superconductor under AC fault condition with a nonlinear
E-J relation obtained by experiment result of Ref. [5] and
FDM method. The conclusion of our study is as following.

(1) Penetration magnetic flux and the behavior of
induced current on experiment result of Ref. [5] are
successfully described with nonlinear diffusion model.

(2) When outside magnetic field permeate into the
inside of superconductor tube, the waveform of flux
density does not keep a sinusoidal wave form but changes
in gradually to saw-tooth form.

(3) Shield current density distribution is not uniform in
the superconductor, and outer surface current density are
greater than that of the inside surface. As the exciting
current increases, the current density in the tube also
increases.

(4) The penetration depth of magnetic field in
superconductor tube is finite even if time passes infinitely.
And, as increase the exciting current, penetration time is
decreased. The time delay of the peak B is gradually
increases with penetration depth.

(5) The p-F loss shows the maximum value at outer
surface of superconductor tube, and it shows the minimum
value at inner surface of tube. Total p -J2 loss increase as
the outside magnetic flux change rate, and it's time delay
can be neglected in high exciting current.

(6) In this study, we do not include thermal effect, so
future study is needed to include the effect of inside
high-T¢ superconductor teraperature variation.
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