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The effect of an unbalanced current distributioh in & conductor consisting
of chrome plated strands on stability was investigated using a cable-in-conduit
conductor (CICC) consisting of 27 NbTi chrome-plated strands. In addition,
the quench behavior when a non-uniform current distribution was produced in the
conductor was studied from the experimental results. Morecver, impedance of the
chrome-plated strands was measured using the sample conductor. The results
show that the stability is determined by the largest strand current when it is
sufficiently large ctherwise by the transport current when it is ont high
enough. Tt was found that it took a long time to make the conductor quench from
the cnset of the normal transition of the strans carrying the large current.
This is explained by the good diffusivity of the coclant temperature in the
conductor's cross section. Since the ramp-rate limitation cannot probably take
place if the coolant temperature is diffused well in the conductor's cross
section, it is expected the ramp-rate limitation can be prevented using this
effect. It is also shewn that the chrome-plated strands come inte contact with

cne another with uniform transverse cecnductance on the order of 10% &/m
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1. Introduction

The superconductor for pulse operation Iis generally composed of twisted
multistrands to reduce AC losses. In addition, the strands are insulated from one
another or coated with a hard surface such as chrome plating to reduce the contact area
between the strands for reduction of coupling AC losses among the strands.

Tt was however reported that a non-uniform current distribution was produced in the
conductor if the conductor consists of insulated strands. The conductor results in
.instabilityl'5 . In addition, the experimental results of US-DPC® and DPC-EX’ showed
that the large cable-in-conduit conductor (CICC) whose strands were plated by
chromium exhibited the instability, so-called ramp-rate limitation, such as the quench
current decreasing as result of increasing of the ramping rate of the magnetic field.
Vysotsky ef al® experimentally showed that a non-uniform current distribution was
produced in the conductor consisting of chrome-plated strands.  Authors theoretically
showed that the ramp-rate limitation was attributable to the current imbalance in the
conductor’.

The effect of current imbalance on the stability was experimentally investigated using
a 6.3 m long CICC consisting of 27 NbTi chrome-plated strands. The current
imbalance was forcibly established using two power suppliesm and initial normalcy was
obtained using an inductive heater''2.

It is thought that the conductor quenches as a result of the coolant temperature’s rise
due to Joule heating of the strands carrying large currents when the unbalanced current
distribution is produced in the conductor consisting of the insulated strands’. The
quench behavior in case the non-uniform current distribution is produced in the
conductor consisting of the chrome-plated strands is studied to clarify the quench
process. From these investigations, we consider the method to prevent a ramp-rate
limitation.

The deterioration of the stability can be prevented if the current in a normal-state
strand, which initially is in the normal state as a result of its large current, can transfer to
the adjacent superconducting strands in a sufficiently short time'®. The impedance
between the strands is the most influential determining factor of the capability of the
current transferring among the strands. The impedance between the chrome plated

strands was then investigated using the sample conductor.

2. Major Parameters of the Sample

Table 1 shows the main parameters of the sample conductor. Figure 1 shows the
cross-sectional view of the sample conductor. The 6.3-m long sample conductor was
wound into a solenoid 18 cm in diameter and impregnated with epoxy resin for

reinforcement and thermal insulation from the surrounding helium.
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Table | Main parameters of sample conductor 9.61mm ]
Strand

Superconducting material NbTi

NbTi : Cu : CuNi 1:3.88:1.07

Strand diameter L.T15 mm

Thickness of chrome plating 5um

Critical current at 4.2 Kand 7T 155A
Conductor

Number of strands 27 (3%

Conductor length 6.3m

Coolant cross sectional area 15.52 mm’

Hydraulic diameter 0.3776 mm

Residual resistance ratio of copper 53

Conduit matenal 55304

Conduit thickness 1.l mm

Fig. 1. Cross-sectional view of the sample conductor

3. Impedance between Chrome-plated Strands

The impedance between the chrome plated-strands were measured using the sample
conductor.  After the stability experiment, which will be described later, all strands
were removed from the current terminals and the impedances between the strands in the
same triplex and in a different third twisting stage were measured by applying AC
current between these strands at one end of the conductor. All the strands were
electrically separated at the other end. The schematic configuration of the
experimental setup is shown in Fig. 2.

Figure 3 shows the measured impedance between the strands in the same triplex,
z,1£2], and in the different third twisting stage, z,[€2], as a function of the frequency of
the applied AC current, f [Hz]. The impedance calculated by the following equation by
assuming G = 10°S/m and AL =03 and 0.7 pH/m for z, and gz, respectively, are
shown in Fig. 3.

6.3 m
= 22—
S=—— = nglzloém
Vi T—
n tor
Equivalent circuit

Fig.2. Schema of the sample preparation for impedance measurement.
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6.3m
= 2——
S = vﬁl:lge"“”
paw -
n tor
2. T
Equivalent circuit

Fig.2. Schema of the sample preparation for impedance measurement.
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Fig. 3. lmpedance as a function of the frequency of the applied AC current. Solid and dash lines show the z; and
z; calculated from Eq. (1),

z =1/2"7;AL coth(X 2nfGAL) | (1)

Where 7z [€2] denotes the impedance between the strands, AL [H/m)] the inductance of a
unit length loop consisting of the two strands, G [S/m] the transverse conductance and

X [m] the conductor length. The calculation and experimental results are in good
agreement as can be seen in Fig. 3. This indicates the transverse conductance between
the chrome-plated strands is uniform along the conductor'®. In addition, it is shown
that the transverse conductance is in the order of 10° S/m"?.

More detail about the experimental method and theory has been described in Refs. 13

and 15.

4. Stability Experiment
4.1 Experimental method

It has been reported a large current in a strand as a result of an asymmetric strand
transposition cannot decrease to zero at a normal transition during a pulse charge’.
This situation was simulated by electrically separating the strand conducting the large
current from the others at the current terminals. The cable was consequently separated
into a single strand, hereinafter referred to as ‘strand 1’ and 26 strands excluding strand
| at the current terminals at both ends of the conductor.  Since they could be charged
individually using two current supplies, current i_mbalahce could forcibly be produced

using these power supplies. Figure 4 shows the electrical scheme of the experimental

73_,
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agreement as can be seen in Fig. 3. This indicates the transverse conductance between
the chrome-plated strands is uniform along the conductor'®. In addition, it is shown
that the transverse conductance is in the order of 10* S/m".

More detail about the experimental method and theory has been described in Refs. 13
and 15.

4. Stability Experiment
4.1 Experimental method

It has been reported a large current in a strand as a result of an asymmetric strand
transposition cannot decrease (o zero at a normal transition during a pulse Charge
This situation was simulated by electrically separating the strand conducting the large
current from the others at the current terminals. The cable was consequently separated
into a single strand, hereinafter referred to as ‘strand 1° and 26 strands excluding strand
| at the current terminals at both ends of the conductor.  Since they could be charged
individually using two current supplies, current imbalance could forcibly be produced

using these power supplies. Figure 4 shows the electrical scheme of the experimental

73_
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setup.
The ratio of the current supplied to strand 1 and the average current of the others is

hereafter called the ‘initial current imbalance ratio’, n,,. Thus, n, is defined by,

Il
R = 2
1, /26 | )

Where I,[A] and I,[A] denote the currents supplied to strand | and the others,

respectively.

The sample was placed in the bore of a backup coil and subjected to magnetic fields
of 4 and 7 T. The stability experiment was performed by immersing the sample into
liquid helium. The heat diffusion length, defined by Jxr | is evaluated to be 0.6 mm
for the temperature of 4 K and time of 10 ms, which is perturbation period in the
stability experiment as will be described later. Where « [m%s] denotes the thermal
diffusivity of the epoxy resin'®.  The heat generated in the conductor can move to the
thin layer of the epoxy resin around the conductor surface until 10 ms. It is therefore
expected that the conductor is thermally insulated from the surrounding liquid helium
during the heat input. In addition, the specific heat of the epoxy resin 1s smaller by two
orders of magnitude than that of the helium at 4 K. Consequently, the heat leak to the
epoxy resin is negligible in the stability experiment. On the other hand, after a few
seconds, the heat diffusion length becomes in the order of centimeter. The heat

moving to the epoxy cannot be neglected in this case.

6.3m
Current Current
terminals (+ - . terminals (-

Strand 1

26 strands except strand 1 V2

]\Inductive heater

| )
Power supply 2
y pply )

A

-< {Powersupmy1]

Fig. 4. Electrical schema for the stability experiment. The cable consisting of 27 strands were twisted in a conduit.
V1-¥2 and VL1-VL2 indicate the voltage taps to measure the normal voltage generated in strand 1 and the others,
respectively.
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Supercritical helium (SHe) was forcibly flowed in the conductor. The temperature,
pressure, coolant flow rate were 4.2 - 4.3 K, 0.6 MPa, 0.5 g/s, respectively,

Voltages of normalcy generated in strand 1 and the others were observed by the
voltage taps of V1-V2 and VL1-VL2, respectively, each of which were attached on the
current terminals of strand 1 and others, as shown in Fig. 4.

The stability was measured as follows: First, sufficiently small heat energy so as
not to make the conductor quench was deposited on the conductor (o obtain the
maximum energy which does not make the conductor quench. The input energy was
raised step by step until the sample conductor quenched. The stability margin is
defined as the boundary between the energies which make the conductor quench or
otherwise. This process was repeated at various transport currents and for various
initial current imbalance ratios.

The heat energy was deposited on the conductor by applying ! kHz and 10 ms
sinusoidal current pulse to the inductive heater. The length of the inductive heater is
about 8 cm and its center is 2.15 m downstream from the inlet of the coolant as shown
in Fig. 4. The input energy by the inductive heater was previously calibrated by a

calorimetric method''.

4.2 Results
4.2.1 Stability

Figures 5 and 6 show the stability margin measured at 4 and 7 T, respectively, as a
function of the transport current of the conductor and the current supplied to strand 1.
The stability of the conductor is determined by the current of strand | when it is
sufficiently large, as shown in Figs. 5 (b) and 6 (b). This shows that the stability
deteriorates when a large current imbalance is produced in the conductor consisting of
the chrome-plated strands. However, the stability margin is still larger than the one in
case of n,, =1. This verifies that the current transferring among the strands improves
the stability. On the other hand, the stability is determined by the transport current in

case the current of strand 1 is small as shown in Figs. 5 (a) and 6 {a).

4.2.2 Voltage behavior

Figure 7 shows the typical voltage behaviors at the quench when the initial current
distribution was not uniform. The magnetic field and initial current imbalance ratios
were 4 T and 2 and 4. The currents supplied to strand 1 and the others were 196 and
2414 A in case of n,, =2 and 187 and 1213 Aincase of n,, =4.
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(a) and (b) show the stability margin as a function of the transport current and
The input energy was calibrated at 7 T.
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(a) and (b) show the stability margin as a function of the transport current and

It took a long time from the initiation of the normaley in strand ] until the conductor

quench., The elapse of time until the conductor quench became longer as the current

imbalance was larger, as can be seen in Fig. 7.
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Fig. 7. The voltage profile of strand 1 and the others. (a) The currents supplied to strand 1 and the others were

196 and 2414 A, resulting in n=2. (b) The currents supplied to strand 1 and the others were 187 and 1213 A,

resulting in rnp=4.

The resistive voltage of strand 1 occurs just before the conductor quench took place

between the ones shown in Fig. 7 {a) and {(b). This indicates that the current of strand

1 is the same between the cases shown in Figs. 7 (a) and (b} before the conductor
quench. Since the current supplied to strand 1 is almost the same (186 and 187 A), this

shows that the same current transfers to the other strands from strand 1 during mere

strand 1 transits to the normal state. Tt is therefore thought that the transverse

conductance has no dependence on the magnetroelectrical force in our experiment

although Takayasu et al."” reported the transverse conductance was a linear function of

the magnetroelectrical force.

5. Considerations
51 Calculation of current of strand 1 after normal fransition

Tt is investigated in this and following sections how the conductor quench took place
in the sample conductor when the unbalanced current distribution was produced in it
The current in strand 1 is calculated from the measured voltage to evaluate the coolant

temperature rise by the Joule heating from strand 1.

5.1.1 Transient-state model
When the normal zone length varies in terms of time, we cannot obtain the analytical

solution of the circulation current using the transient model®.  On the other hand, if the

transient term of the circulation current decays in a sufficiently short time after a normal

77_
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196 and 2414 A, resulting in n,=2. (b) The currents supplied to strand 1 and the others were 187 and 1213 A,

resulting in r=4.

The resistive voltage of strand 1 occurs just before the. conductor quench took place

between the ones shown in Fig. 7 (a) and (b). This indicates that the current of strand

| is the same between the cases shown in Figs. 7 (a) and (b) before the conductor
quench. Since the current supplied to strand 1 is almost the same (186 and 187 A), this

shows that the same current transfers to the other strands from strand 1 during mere

strand 1 transits to the normal state. It is thercfore thought that the transverse

conductance has no dependence on the magnetroclectrical force in our experiment

although Takayasu et al.'” reported the transverse conductance was a linear function of

the magnetroelectrical force.

5. Considerations
51 Calculation of current of strand 1 after normal transition

It is investigated in this and following sections how the conductor quench took place
in the sample conductor when the unbalanced current distribution was produced in it.
The current in strand 1 is calculated from the measured voltage to evaluate the coolant

temperature rise by the Joule heating from strand 1.

5.1.1 Transient-state model
When the normal zone length varies in terms of time, we cannot obtain the analytical

solution of the circulation current using the transient model®. On the other hand, if the

transicnt term of the circulation current decays in a sufficiently short time after a normal

_"('i
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transition, the circulation current is approximately calculated using a steady model.
The current of strand 1 after its normal transition is calculated to know if this
assumption is valid.

The distributed circuit should be used for the analysis of the current distribution in
the conductor consisting of the chrome-plated strands since the strands electrically come
into contact with one another in the conductor. We use a two-parallel distributed
strand model shown in Fig. 8, for simplicity.

The current of strand 1 at the heated zone is calculated since the coolant is heated
most here. This current can be evaluated if the current upstream or downstream from
the heated zone is calculated. This calculation follows.

When the normalcy appears, the governing equation should include the terms
concerning to the normal resistance’. However, this makes analytical solution using
the transient model to be impossible. The normal resistive voltage is then substituted
by the voltage difference, V, [V], due to the normal resistance at the heated zone™'>. In
this case, the governing equation is,

i, 1 JAi -0 )
o GAL x*

Where Ai [A] shows the circulation current in the loop composed of strand | and the

others. Thus, A, satisfies the following equatibn:
i =i, + AL,
L @
12 = Imz - Al(, .
Where i,,[A] and i,,[A]} show the currents of strand 1 and the others in case of a
uniform current distribution, respectively.

The boundary condition at the heated zone, x =0m, is as follows:

Heated zone , Coolant inlet
1
1 | .
- fUO'\ L Strand 1
(1~0) VnT % % Other
00 < l, strands
?
x=0 X=q X

Fig. 8. A two-strand distributed model circuit.
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1 GAIL,
G |,
"Where R[Q/m] and X, [m] denote the normal resistance per a unit length strand and

normal zone length, which is assumed to be a constant for simplicity; and o is the ratio

=R(1-0)X, (Al +ip ) ={1-a)V,. (5

of the distance from the center of the heated zone to the coolant inlet and outlet as
shown in Fig. &.

The boundary condition at the end of the conductor (coolant inlet) is as follows since
strand 1 and the others are electrically separated at the ends of the conductor

Ai| _ . = Dig. (6)

Where Ai,[A] denotes the circulation current at the end of the conductor and o equals
0.34 (2.15/6.3) in our sample conductor. Al can be calculated from Eq. (4) since we
know i, which is identical to /; at the current terminal, and i, which is calculated
from I,/n,; .

The initial condition is as follows since there is no current transferring between the

strands before the normal generation.

Ai| o =iy (7
The solution of Egs. (3)-(7) is as follows: o

Ai. =Ai, +A,. (8)
RGx+ 1)Ai, — RG(X —x)i

AI’CY — ( ) c0 ( ) ml (9)

) RGX +1

o _ &

Biy =Y s,e G sin(€,x). (10)
n=0

Where,

_ AN+ i )cOS(E, X)
T x —sin{2€, X )
g, +RGtan(E,X)=0 (nm <&, <n(r+1)) (12)

Ai, is independent from time and Af, decays as time elapses. The current of

(11)

strand 1 does not therefore become zero as expected.

Figure 9 shows the current imbalance ratio », , defined by /i > at x=0m after the
normal transition as a function of time in case of n,, =4. In the calculation, R, X, and
AL were setat 7.75x 107%€/m, 10, 20 and 40 cm, and 0.5 pH, respectively.

The circulation current is convergent to Ai, after a few milliseconds from the
normal generation, as shown in Fig. 9. Since the normal resistance changes much
slowly in comparison with this decay time as shown in Fig. 7, we can conclude that the

circulation current is approximately calculated using a steady-state model .
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Fig. 9. Calculated current imbalance ratic at the heated zone after normal generation in the stability experiment.

3.1.2 Steady-state model
The current of strand 1 after the normal transition is evaluated taking into account the

variation of the normal zone length by using the steady-staté model. The following
equation therefore governs the current of strand 1 providing the strands excluding strand

1 is in a superconducting state.

d’i, _
i -GRi, =0. (13)
The normal resistance, R; [€2/m], is assumed to satisfy the following equation for
simplicity.
R Osx<X,
g, = [Ro ( 1) (14
0 (an < x)

Where X, [m]and R ,[€2/m] denote the normal zone length upstream the center of the
heated zone and normal resistance of the unit length of strand 1, 0.775 m{¥/m, at the
fully normal state at 4 T.

The current of strand | is the same as the current supplied form the power source at
the end of the conductor and minimum at the heated zone. The boundary conditions
are consequently as follows: At x=0m,

4 =0. (15)
dxi _,
At the end of the conductor,

i =10 (16)



JAERI—Research 97002

Thus, the current of the strand 1 at x= 0m is calculated as follows:
t[’ -2 Il

i = , = (17)
' cosh(VRGX, ) | 1+JRG(aX - X, )tanh({R GX, )
Where X, [m] satisfies the following equation.
I -
Xn1=aX-_(l i) (18)

GV/
Where V' [V] denotes the normal voltage on the region of x>0m and is calculated
from,

V/=(l-a)V, (19)
The transverse conductance is set at 10° S/m. Figure 10 (a) shows the calculated
current of strand 1 for the measured resistive voltage shown in Fig. 7 (b). The current
of strand 1 in case of the quench shown in Fig. 7 (a} is the same as that shown in Fig. 10

(a) as has been described previously.

5.2 Coolant temperature rise by Joule heating from strand 1

The coolant temperature rise from strand ] transits to the normal state until the onset
of the conductor quench is evaluated for the current of strand 1 which in turn is
calculated as shown in Fig.10 (a). The coolant temperature rise in case of Fig.7 (a)
can also be estimated since the current of strand 1 in case of Fig.7 {a) is the same as that

in.Fig.10 (a) as is mentioned previously.

200

11 - T " P
180

160

X
[w)
Conductor temperature T {K)

Current of strand 1 i, (A)
N
[aw]

e

(=3

(o)
T

Fig.10, Calculated current of strand 1 at x=0 m, {a)}, and coolant temperature, (b), for the case shown in Fig. 7 (b).
Those for the normal voltage shown in Fig. 7 (a) are the same as the ones in these figures.
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The strands excluding strand | arrive at the normal state after a long elapse from the
normalcy origination in strand 1. Reynolds number is calculated to be 3000 for the
initial coolant flow. It is therefore expected the temperatures of the strands excluding
strand 1, condutt and coolant are almost the same because of good thermal diffusivity
due to the coolant convection in the turbulent state. The conductor temperature, 8 [K],
is therefore calculated from the following equation,

2

Y e = = o (19)
Where ¥ [me3K] denotes the volumetric heat capacity, $ [mz] the cross-sectional areg
and r [Qm] the electrical resistivity of copper stabilizer, respectively; and subscripts
con and Cu are for the conductor and copper in strand 1. The heat capacity of unit
volume conductor is defined by the following equation:

VeonScon =YcuSa +VssSss +V 1eS e (20)
Where subscripts s¢, $§ and He indicate the values for the strands, conduit and coolant,
respectively.  The heat capacity of the strand is substituted by the one for copper in Eq.
(20), for simplicity. During the normal propagation, the coolant pressure would be
raised as a result of a large induced coolant flow due to Joule heat gencration.
However, the Joule heat generation is not large when only strand 1 is at the normal state.
The pressure rise is therefore small before all of the strands transit to the normal state.
The volumic heat capacity of the coolant is therefore calculated by assuming a constant
coolant pressure.

Figure 10 (b) shows the calculated conductor temperature. The current sharing
temperature of the strands excluding strand 1 are evaluated to be 6.6 and 7.1 K for the
cases shown in Figs. 7 (a) and (b) by linearly interpolating the critical current and
critical temperature, which is derived from the formula studied by Spencer'®. The
calculated conductor temperature is almost the same as the current sharing temperatures
of the strands excluding strand 1 in case of n,, =2. However, it exceeds the current
sharing temperature of the 26 strands by 4 s when the conductor quench began to take
place in case of n,,=4. One possible explanation of this is heat leak from the
conductor to the epoxy since the thermal insulation of the epoxy is not effective for long
heating periods.  Also, lack of a sufficient model is another reason for the error because
the thermal diffusion by the coolant convection was neglected in our model. However,
we can say that the conductor temperature sufficiently rises by the Joule heating from
strand 1 after the long elapse of time from the initial normal transition until conductor
quench. It can be therefore concluded that the conductor quench is attributable to the

coolant’s temperature rise.
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5.3 Prevention of ramp-rate limitation

When the coolant temperature is diffused well in the conductor’s cross section, it
takes a long time to make the conductor quench as a result of the current imbalance. If
it takes a long time to initiate the conductor quench, it is difficult to make the conductor
consisting of chrome-plated strands quenchg. The diffusion of the coolant temperature
is good in case the coolant flow is in a turbulent state. On the other hand, there may
appear a laminar flow region during a pulse charge due to the induced coolant flow by
heat generation due to AC losses’. It was thought that the ramp-rate limitation takes
place from this region. It is consequently expected that the instability due to current
imbalance, ramp-rate limitation, in the conductor consisting of chrome-plated strands
can be prevented by avoiding the generation of the laminar flow region, i.e., keeping the

coolant flow in a turbulent state.

6. Conclusions
The effect of current imbalance on stability was experimentally investigated using
conductor consisting of chrome-plated strands.  The results are:

1) The stability deteriorates when the current distribution is not uniform in the
conductor. The stability is determined by the largest strand current if it is
sufficiently large.

2) If the strand flowing the large current transits to the normal state, the conductor
quenches due to the coolant temperature rise by the Joule heating of the strands in
the normal state. It took a long time, ie. a few seconds, to make the conductor
quench by the coolant temperature rise since the coolant temperature was diffused
well in the conductor’s cross section in case the coolant flow was turbulent.  Such
a long elapse of time makes the conductor difficult to quench in a pulse charge.
Using this effect, the ramp-rate limitation can possibly be prevented.

3) The transverse conductance between the chrome-plated strands was in the order of

£0* $/m and uniform along the conductor7s axis.
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Appendix

The voltage in the case of quench under a uniform current distribution is shown in

Fig. Al as areference. The voltage of strand 1 and the others are in good agreement.

60 T T Y T T T t

50 n
VL1-VL2 1

40
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Fig. Al. The voltage profile of strand | and the other strands. The currents supplied to strand ! and the others
were 52 and 1348 A, resuiting in ng=1.



