OISCLAIMER

This e e LIRS 38 30 KTOTT 0 WEFR LTl Ly ARGy L e L e?
Netme e Usited Stalet Hourenmert me @ty adetey et i gty S e e

mateanty exprey o OTGAd 0 mwews 3™y O CaDdTL DY TEOTIE T E
Compietenes 0 uAeTaines f gy 7t Tatnr s S bl
repretents T T LR WOULS AOT ANTEgE D 11 Beteonr neen Loate e
e PRI Y i Wit Ty BAW MeTe rralrmah e teture e S

-t

Goaren Govwrament 0 any, wpenry Temmnt T v B8
o gL 1y Mate T 1M T TN OF TR LR States Conernment 2 sy B g Tt

[ e by ST O Dl 1y EARETAT TeIITIIendat T

PARAMETRIC STUDY OF THE STABILITY MARGINS OF CABLE-IN-CONDUIT

By & antance ot tha att.-le the
DTN sTE: OF +€0 1D enT Av anduieatges
e LS Carernment & tign, 1o

SUPERCONDUCTORS :

EXPERIMENT*

P

3. W, Lue and J. R. Millew EURSY - SOCHsC - - [ (
R G Dak Ridge Narional Laboratory
(e e Oak Ridge, Tennessee 37830

Summary

In a previous experiment on the stability of
cable-~in-conduit superconductors, we sometimes observed
mulrivalued stability margins, which we attributed to
strong heating-induced transient flows. We proposed a
schematic theorvy from which we derived a scaling rela-
tion for tha limiting current below which the stability
margin is always singlevalued. Measurements at differ-
ent magnetic fields are used to test the scaling with
critical temperature and resistivity. We also examine
the scaling with hkeated length and heat pulse duratiea.
The results of these experiments ave given and compared
with theory.

Introduction

In a previous experiment on cable-in-conduit NbTi
superconductor, we observed that the stabiliry margin
is sometimes multivalued.! There is an upper stability
margin of the order of hundreds of millijoules per
cubic centimeter of conductor, zbove which there can be
no recovery of the ccnductor. For a range of heat
input lower than this margin, recovery 1Is obrained
within tens of milliseconds after the ceonductor has
gone normal, Ac somewhat lower heat input a second
instability zone appeared. The conductor cannct re-
cover from these lower valueg of heat deposition. A
slower drop in the conductor resistive voltage is
observed, which is followed by a turnacound and even
slower quenching of the conductor. Finally, there is
2 lower stability margin (on the order of 30-30 mJ/cm?)
below wnich no quenching of the conductor was observed.
This is accompanied by lictle resistive voltage during
heat pulse.

Figure 1 is a typical plot of stability margin vs
transport current showing multip’e stabilities in a
certain range of current values. Similar curves have
been obtained from stability maryjin vs helium pressvre
plots.! Plots of stability margin vs imposed heliux

flow, though different in appearance, also have muit{ple
stability r:egi.ons.:l

Scaling Relationships

A qualitative model based on the idea that heating
induces local flow was successfully used to explain the
complex multivalued stability margin.! At the oaset of
heat input there is a high conductive hear cransfer
from conductor to helium; the surface temperature
remaining low. After a short while the surface goes
into film boiling (or wore precisely for supercritical
helium — a blanketing with low~density helium) and the
surface temperature rises. This is responsible “or the
low gcability margin. The time for the temperature to
takeoff depends on the interfacial heat flux. The
transferred heat causes the helium in the tube to
undergo a thermoacoustic vibration. The time and space
average of the induced velocity turns out to be propor-
tional to the heating rate. Induced flow on the order
of 1-10 m/s is reached for heat input of 100 wi/cm? or
more. A local heat transfer proportional to tke induced
flow is produced. 1If this induced heat transfer is
large enough, the conductor can recover. Since the
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helium inside the tube cannot be replenished in the
time required for recovery, available heatr capacicty is
linited, which determines the ultimate linmit to sta-
bilicy.

From the magnet designer's point of view, one of
the most important points in Fig. 1 is the limiring
current Ilim' below which oniy the upper stabilicy

margin prevails. If we could know how this current
scales with various parameters. we can then desisa 3
conductor to operate below Ilim and ensure hich sta~
bility for the magnet. Based on the above model, 2
sealquantitative theory® has been developed thar re~
sults in a scaling relationship for the limiring cure-

ent density of the conducror J111 as:
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where
ECO = volume fraction of metal in the cable space
fCu = volume fraction of copper in the mecal
TC = critic~- ™mperature of the supercoiductor
Tb = amb. =i he.: . Ctemperature
o = resis. : Tt copper including magneto-
resistance
Ty, = heat pulse duration

2 = heated zone length
D = hydraulic diameter of the void in the cabie
space.

The tirst three facrors reflect the balance of heat
transfer and the joule heating of the conductor, with
the heatr transfer coefficient derived from induced flow
governed by rhe last three factors. (More precisely, D
came from bath groups.) The validity of Eq. (1) can
thus be tesred by these two separate grours.-

Derail Testing of the Scaling Law

Detail testing of the scaling law given by Eq. (1)
was performed on an experimental setup similar to that
reported in Ref. 1. A single triplex of NbTi strands
was sheathed in a stainless steel tube to form the
internally cooled conductor. Pulse heating was accom~
plished by passing current through the heater wire
embedded inside the interstice of the triplex. With a
fixed external field, transport curreat, and helium
pressuve and flow, heater pulses of a given duration
were applied to che conductor. The resistive voltace
of the conductor was monitored to determine whether the
conductor is stable against the applied heater pulse.

Stability margins of the conductor at different
transport currents were mapped to generate 3 stability
margin AH vs current Is curve typified by Fig, 1 To

test the scaling on critical temperature and resis-
tivity, a3 series of 2H vs I_ curves at different nag-

Mulciple stability margins are prasent at every field
value. The data-taking on the high current side of

netic fields was produced. These are shown in Fig. 2
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eoeh carve was arbitrarile terminated arter only the

lower stabitity margin was apparent. e Jata-taking
on the low current side was terminated when the bheater
power supply linit was reached. At
length the maxiram heater input was
ror a sample lensth ot

g 1o Tems o pulse
thout 313 =t/ em”
1.3 noas shawn,

The limicing currents L for vach ticld can bhe

lim
. Thev are plorted asainste B in
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vbtained from Fig. 2
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Fig. 3 for three Ji
curves, which have the form I2

ferent run condjtions,
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are drawn to it the data at § = 6 T, The very good
agreement here gives confidence in the validity of the
{irst sroup factors in Eq. (1).

For different heat pulse durartions, Jdifferent
heater power is used to obtain a given lwat input.
Higher heater power at siorter pulse length induces
higher helium flow. Thus a high stabilitv margin can be
reached more easilv., Figure 4 is a plot of i vs Iq

at four different heat pulse lengths. The data on the
low current side again represent a heater power suppls
limic, The ftimiting currents for the different heater
pulse durations compare favorablw with the scaling law
in Fig. 5.

Testing was begun with a 4.8-m~long sample. aAfter
a Jdara set like that described above was taken. the
sample was cut short and the cads reconnected to the
curreat-hyvdraulic junceions. A new set of stabilitey
data was then taken. This process was repeated until a
minimum sample length of 1.3 m was tested. To illus~
trate the effect of dirfferent sample lengths, a sta-
bility margin vs sample current plot for all the loengths
tested is shown in Fig. b, Though all curves show
multiple stabilities over some current rvange, there is
a vast difference in the ben ‘or of the upper stabi. -
ty margin. Also significanr is the fact that the lowe.
stability margin Is wssentiall - invariant with sample
length. This confirms our hepothesis that the lower
stability margia is due te the conductive transient
heat transfrr, which is independent of the variable
induced flow.
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Fig. 1. A typical stabilitv margin
vs transport current plot,
Multiple stahilities are
. .-
apparent. - im
242 <o
Fig. 2.

fields.

When plotted aganst samnle leagths, L ittsay

currents from plots like Via, o cleariv do ot gree
)

with the <i=miv woalis ven ioag. n-
stead, they show a periodic bebnnvior.s  Ih carent
diser-paney s successfully Vladned in Lt

fact that the present experiment was pertoraed on
samples of such short length that acoustic waves ra-
verse the sample several times before the coenducter
recovers,  The space-time averave of the induced rlow
for a given et pulse woes through periodiv peaks as
the sample leagth is varicd.  This also gives o simitar
hut uot s prominent periodivity in tine as can be seen
by carciul serutinv of the data of Fig. O,

Other wrimental Results

Plots of stability margin vs helium pressure:
showed exactly the same characteristics as Figo L.
Al thonsh thermodvnamically it might aot be advantageous
{especially for hicher critical temperature 5n

Ry

supvrconductor) to operate Al lower pressures.’ the
higher compressibi

lends ftself to east N upper stabili
gin. A dramatic contrast can be seen in Fig.
3H is plotted va 1 for 3.0-atm and L.0-atn 1e

limiting current was increased from 2260 A to
dropping the pressure from 3.0 atm te 1.0 a<na.
nuch higher "lower™ stabiliry margin at 1.0 atm indi-
cates a higher transient heat transfer at this pressure
than at supercritical pressures.”™ Ar up to 937 of the
critical current, a stability margin of nearle 200
mi/cm? was observed at 1.0 arm helium. The extra break
in the curve corresponding to the l.3-m—long sample is
not understond,

A stability margin vs sample current man for
h g i

different imposed helivm {lows vr is shown in Fiz. 8.
s3nd

Imposel helium flow pushes the limiting curreant to
pigher and hivher valuces and finally washes out the
boundary between the upper and lower stabjility margius.
A slice through the curves at a current that shows
multiple stabilitv ar zero flow will result in a R vs
Vi Curve with 4 smooth and continuous upper stability

margin above a shrinking instability zone, as was shown
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Fig. 3. Limiting current vs magnetic
s field plot. Scaling curves
Ty . are drawn to fit the data at

T B=#h0T.
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Stability rirgin vs trans-
port currents at dirfferent




Larger Conductor Tests

Several other experisments on conductors larger
than a sinzle triplex have also been performed.  Al-
thouth they Jid not generate data as clean and copious
as that described above, no contradiction to the exist-
ence and form of the multipie stabilicy margins and
scaling relationships was observed.

Several attempts were made to measure the stabili-
ty margin of conductors made of 19 triplex strands
similar to those used in the above experiments. Be-
cause of the complexity of bringing out 13 heaters, one
from each of the triplex<s, and the high current capa-
city involved [1C(6 T) ~ 10 ka], problems persisted in

the current-hvdraulic junctions. Leakage, shorted
heaters, and deteriorated current junctions roreshort-
cned the tests. However, on one occasion an upper
stability margin of about 200 mi/em? was observad at

IS = 53300 A, B = 6.0 T with 5> atm of stagnant helium.

The lower stability margin was found to be 30 mJ/em3.
The boundary between the upper stable zone and the
lower unstable zone was not pinned down. The observed
upper stability margin is low compared to the single
triplex data. This could be the results of hot current
junction and uneven current distributiun of the non-
fully transposed 19 x 3 cable. 1t was also observed
that a higher stability margin was achieved by using
fewer number of heaters. This indicated thar the
current in the cable redistributed when only some of
the strands went normal, thus reducing the joule
heating.

a

Another experiment was performed on a 4 < 3 cable
with a smaller strand size 0.7 rmm as compared to 1.0
mn in the above experiments). With 49% void in a
conduit of 3.66 mm ID, it had a hydraulic diameter of
0.904 mm (as compared to 1.02 mm for the above single
triplex). A single heater wire was cabled inside the
interstice of the four triplexes. The stability mar-
gins vs transpert currents at 6 and 7 T are shown in
Fig. 7. Oaly the upper stability margin was observed

tor this sample.

Usine Fgo (1) and stande triplex

data, the sealed timiting currents are 300 A at 7 7 and

1950 A at o T,
cal cuyrrents 4t these ficlds. Thas

Both values are hisher than the cricvi-
o lower stabilite

margin should be observed, and none was observed.

Similar results were found earlier”

in our test of a

mulcirilamentary Hh35n internally vooled superconductor

smaller (1/3 in scale) to that to he usad in the Wesp-

inghaise Large Coil Propram coil.

In Figs. 9, b, 8, and 9, curves ot ;U_p, which
K

represent the available helium heat absorprion capa-
citv between bath temperature and superconductor
current-sharing temperature in 1 constant pressure

process are drawn for comparison.

Upper stabilicy

margins of this magnitude or bigher were observed in

various cases.
gin being higher than Aﬂ‘p

The possibility of the stabilicty nar-
was accounted far in Rer. |

on the fact that helium went through a process of

pressure huildup and release.

Conc lusion

Scaling relationships of a limiting current below
which there is only upper stability margin in an in-
ternally cooled cable-in-conduit superconductor has
been extensively tested in a single triplex experiment.
Although not every factor was tested the validity of
the relationships is verified by the tests of factors

in two distincrive groups.

The factors in a group are

derived from a (istinct phvsical phenomenon. The
correctness of wost of the facrors in a group caw be
used to infer the correctness of the untested factors

in the same group.

The existence and scaling of multi-

valued stability were also tested in several cabled
conductors larger than a single triplex without con-

tradictory results.

We have, therefore, concluded that

the relationships developed can be confidently used by

magnet designers.
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Fig. 9. Stability margin vs transport current for
a 4 « 3 cable conductor.




