3 Single Strand Tests

In the previous chapter, we observed that the polyimide tape wrapped on the cable
for insulation influenced the quench propagation velocity, especially at the current above
about 2900 A. In order to examine whether the influence of the polyimide tape would
_ élppear ouly in the Rutherford cable, we measured the quench propagation velocity of a.

single strand cable,

3.1 Apparatus

The overview of the experimental setup is shown in Fig. 3.1. A strand was removed
from an eight-strand Rutherford cable, and it was about 2 m in length. This strand
is wound with essentially no overall inductance along a narrow channel grooved on a
GFRP bobbin, whose diameter and height ave 50 mm and 30 mm, respectively, The
pitch of the gl'odve is 3 mm and the total number of turns on the bobbin is 10. This
sample holder is fixed in a solenoid so that the center of the bobbin coincides with the
magnetic center of the solenoid. The solenoid has the diameter and height of 74.3 mm
and 142.5 mm, respectively. The solenoid can be excited up to 5.5 T at the magnetic
center. The whole sample is vertically mounted in a 1.3 m long vertical cryostat made
of GFRP, and cooled at 4.2 K with pool boiling liquid helium.

For comparison, the quench propagation velocities were measured under three cooling

conditions as follows:
e condition A: strand without thermal insulation,

o condition B: strand covered with epoxy for thermal insulation from liquid helinm,

and
o condition C; strand wrapped with a polyimide tape of 50 g in thickness and 8
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i in width with 50% overlap.

IF lf.’, 3.2 shows the arrangement of the three conditions and the positions of voltage
taps and heaters. The heaters are carbon paste lheaters similar to those used in the
Rutherford cable tests. Under each cooling condition, the index of the voltage taps arc
assigned to the numbers from | to 5 in the order of the current flow. The nuwmbers in
parentheses are the relative distances from heater HT1 or HT3. The measured lengths
of the strands of conditions A, B and C are 316 mun, 264 mm and 250 mm, respectively.
The magnetic field uniformity of the solenoid in these measurement regions is bettor
than 1%.

The test procedure and data-taking system were almost the same as those for the
Rutherford cable tests. The quench propagation velocity was calculated in the same
way as in the cable tests, namely, from the difference of the take-off time of voltage tap

signals and the distance between voltage taps.

3.2 Test Results

The quench propagation velocities were measured as a function of strand eurrent and
external magnetic field produced by the solenoid. We measured the velocities at three
magnetic fields; a constant field of 4 T (B4), the maximum field on the cable (B4}
and the minimun field on the cable (Byin). Binae and By, are defined in Egs. (2.3)
and (2.4), respectively. The test results are shown in Fig. 3.3, The lower horizontal axis
is the strand current, and the upper horizontal axis is the estimated cable current from
the strand current. The vertical axis is the average of the quench propagation velocity
between voltage taps No.l and No.5. The heater used was HT'1 in condition A, HT3
in condition B and HTS in condition C. The shapes of symbols represent the magnetic
ficld applied to the strand. The open, closed and gray symbols represent the cooling
conclitions A, B and C, respectively. As can be seen in this figure, the velocities in
conclitions A and B woere approximately parallel to each other at any magnetic field. On
the contrary, in condition C, although the velocities at ., and B4 were alinost parallel,

the velocities at 13, increased in the strand current range above 325 A compared with
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the other cooling conditions.

Figure 3.4 shows the quench propagation velocities at Biner 88 a function of distance
from the heater to the center of voltage tap pair. The circle and square symbols are the
average velocity at the strand current of 394 A and 325 A, respectively. In conditions
A and B, the quench front propagated with almost a constant velocity, although the
velocity in condition B at 394 A changed slightly due to the field non-uniformity of the
solenoid, However, in condition C, the velocities were different at every position at the
strand cuirent of even 325 A. At 394 A, the spread of the velocity at every position
became quite large.

The velocities on every pair of voltage taps in condition C at By, are shown in
Fig. 3.5, The closed and open circles represent the velocities measured for the quenches
induced by heaters HT'5 and HT'4, respectively. In the case of the opposite direction of
quench propagation, the velocities are almost the same at each section.

As described above, the quench propagation in the strand wrapped with a polyimide
tape was different from that in the other two cooling conditions, This result is almost

the same as in the Rutherford cable tests,

3.3 Influence of Polyimide Tape on Quench Propa-

gation Velocity

From the test results described in the previous section, we can think of the following
mechanism about the influence of the polyimide tape. Fig. 3.6 shows the schematic
view of the cable cross section in the longitudinal direction. There is a cooling channel
hetween the cable and the polyimide tape, and this cooling channel is filled with liquid
helium as shown in Fig. 3.6(a).

In the case of the cable without polyimide tape, ouce the quench occurs and the
tewperature of the cable increases, the cable is cooled by liquic helium around the cable.
However, in the case of the cable wrapped with polyimide tape, helinm gas evaporated

near the normal region is hard to be removed, and it will expand in the cooling channel.



Il the spreading veloeily of helium gas in the cooling channel is higher than the quench
propagation velocity, as shown in.Fig. 3.6, the cooling chanmel is filled with helinm gas.
The temperature of helium gas is always higher than the temperature of liquid heliwn,
aud the thermal conductivity of the polyimide tape is very low. Therefore, the cobling
effect. by heliumn cannot be expected, and in the worst case the cable is heated up by
wari helivm gas.

The quench propagation velocity of the cable in an adiabatic condition or surrounded
with the warn gas is higher than the velocity of the cable cooled by liquid helium. The
spreading velocity of helium gas is decided by the size of cooling channel, the flow rate
of liguid helim into the cooling channel, the amount of the Joule heat generation in
the normal region, and so on.

In the single strand tests, above the strand current of 325 A, the spread of the quench
propagation velocitics at cvery position became large, However, in the Rutherford cable
tests, the spread of the velocities at every position became large at the current of one
strand of 362.5 A (the cable cufrcnt was 2900 A). This discrepancy of the threshold
currents also seems to be caused by the difference of the cocling channel size, and so on.

A similar phenomenon has been reported as a thermal hydmulz'-c quenchback phe-
nomenon [34)-[36] in a cable-in-conduit force-cooled superconducting cable (CIC cable),
which is used in a superconducting magnetic energy storage (SMES) systemn and a
magnet for nuclear fusion, ete.

In order to examine whether this hypothesis is true or not, more detailed experiments

arc necessary.
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Fig. 3.1: Overview of the experimental setup for the single strand tests.
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conditions as a function of strand current.



70 [, B A S P S L S T T
|| —e— Condition A, 394A
| —B8-—Condition A, 325A
-| —@—Condition B, 394A 1
60 I{ —m— Condition B, 325A e .
— | ~&- Condition C, 394A “ :
e | ~#-Condition C,325A| ..~ ;
E‘ 50 . "’/ .—.
I3 - Wie .
L W 4
% ! o~ ]
s L
g40r ]
?n /
% -
f. 30 |- - . .//J ]
g o
20 [ B L] 7
i W
3 = & —F]
| 0 i [N WOV VR TN NN SN W SV TN NS TV TR T S NN S SUN SN SN N SN SN S N | ) i
0 50 100 150 200 250

Distance from Heater [mm]

IFig. 3.4: Quench propagation velocities as a function of distance from the heater to the

center of voltage tap couple at Byez.



60

Quench Propagation Velocity[m/s]

30 L

55 |
50 |
45 |
40 |

35 |

] I
® ]
‘\ Heatar )
[ e using HTS i
o] \ O using HT4 1
o ]
¢ i
. ]
© ]
Directionof i
quenchpropagation *
1 b 1 1
(-2 2-3 3-4 4-5

Section

Fig. 3.5: Quench propagation velocities ou every pair of voltage taps in condition C at

the strand current of 394 A at Bz



Polyimid Tape
Cooling Channel

Cable

Current *

(a)

Spread of Gas Helium

(b)

Liquid Helium ( = 4.22 K)

’ZZ Gas Helium (> 4.22 K)

Fig. 3.6: Ilustration of helium in a cooling channel around the cable. (a): before

quench, (h): during quench propagation,

L
by |



