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ENHANCED HEAT TRANSFIR COMPUTATIONS FOR
INTERNALLY COOLED CABLE SUPERCONDUCTOR

John D, Rogere

Los Alsmos Nagtional ladoratory

Los Alamos, ™

Abstract

Superconducting magnets are built with conductors
that are pool bath cooled, ipoternslly cooled with the
superconductor cabled and contajuned within a conduit,
or conduction cacled. The first tvo aembody
superconductors in direct contact vith l1iquid helfues.
Prectical designs of (finternally cooled cable
superconductor (ICCS) are not cryostable. Such
supercooductors have shown wsultiple regions of
stability and iastability. A computational method of
sdjusting the heat transfer coefficlent of & one
diwensiousl eystem uf equations to eshance joule hast
resoval, primarily 1o the ceotral region of a pulse
heated wmodel of 1ICCS, has been wused to asttempt
simulation of tha wultiple etadility/instability
experiment.

Introduction

Stabi{lity mesasurements on internally cooled cadle
supercooductor (ICCS) by Lue, MWiller, and Dreener!
vith additions of pulped heat to drive the
superconductor tut> 1itp resistive eotste (mormal)
shoved recovery to the @euperconductiug etate
(stabllicy) to have multivalued regions depandent upon
magnetic fleld, current density, helium wmess flov
rate, and pressure. In that experiment, amsbient
temperature helius gas was introduced {fate the
experiment rhrough &a hest exchanger osyetes that
provided liquid helium to the osuperconducting test
sectior and the pulse hented extensions thereto, The
exhaust helium vas returned *o ambient temparature Dby
cooling the f1ucoming heliuw through the counter flow
heat exchanger. This experimental errasugement crsated
& test section with appreciadle volu,-! N of
compreasible helfum on both ends. Exveriments™*“' on
satursted two-phase and suver-criticsl hydrogen
indicate that fluid compressibility and the end
conditions of @& test section are important fastures
that affect pressure oscillations and heat transfer.

The ctpcrlnant‘ shoved pressure oscillatfona over
time apans, not equated to scountic pressure vaves,
such that alternating raversed and forvard helius flev
occurred to anhance hest transfar and stabdlility under
some conditions. Although dual {netability regines
vere observed st essentially sero flow velocity, the
slse of the lower {netability regime decresses with
incrassing flov wuntil 1t dissppears at oeufficiently
high flov wvelocity. This 1s attridbuted to the
sugzented heat tranafer ard fluid heat capecity with
increased flow that supplemente any enhanced heet
removal avisting from bulk heliums oeclilatory flov et
lov flov rates.

Consideration of this behavior led to an fnquiry
sbout _ emperiwents with different aend condittons.
Miller findicated that experiments condurted with the
tert osection {isolated at the ends did not show the
dual instablility, Thus, one might conclude that the
phenomsenon does indeed depend upon the end conditions
and flov oscillatione that are suplified by coupling
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to more compressibdle 2'5““ regione not unlike the
hydrogen experiments.“’*”*

:  Turner and Shindler® were adle to sfwulate the
multiple stability/instability regions of the Lue,
Miller, Dresner experimant vith s computer model thet
spproximsted that vork. The haster leogth for the
mode]l was wmarkedly shorte: in the sisulation to save
computar tise.. The duration of the heat pulses wvas
redured to reproduce the multivalued regimes. The
successful computer simulation was mnot resliced 1f
pressure oscillstions wvere permitted to occur before
the heat pulse vas terminated. Both of these wmodel
variatione from the experimental counditions may have
produced a syetes unique tc the calculatifon that was
vot sctuslly cheracteristic of the experiwent. Turner
aud Shindler also found that the successful simlation
required highly esymmetric eod condi{tions for the
model and that symmetric end conditions thvarted the
simulation, VWhether or mot the sctual expariment wes
highly ssymmetric 18 difficult to sscertain frosm the
literature.

Experimant snd model

The physical parameters of the test section for
the experiment are those of reference ! and are listed
in Table 1. The wmodel, used in this computational
effort, attemps to accommodate the actusl heated
length of the resl experiment, the same hea: pulse
energy and durasticn, snd to permit preseure
oscillattions, a8 computed, to occur Jduring the heat
pulse duration. These conditions sre listed in Tadle
11. Figure 9 of reference ! plots the heat pulse
input to the conductor versus flov rate of the helius.
The woultivalued stabdility/instadility regiwe exists
{rom sero to about 0,13 g/s flov rate. Tor this rors
an intersediste value of 0,05 g/o was chesen for most

TABLE 1
1CCS TEST SECTION
Superconductor T
Streand disweter, s s 00
Langth, = 1.
Cu/NbT1 49
Sheath inside diameter, m 2,61
¥lutd fraction 0.5
Conductor croes eection, wm? 2,36 (10)7¢
Crictical current, A st 7 T, 4.2 K 400

®Table 1 of reference | gives & value of Q.44 that s
fnconsiatent with the atrand end osheath dimensions

except that the solder of the superconductor triplex

probably accounte for the difference.

TABLE 11
CONDITIONS FOR THE EXPERIMEINT AND COMPUTATION
Current, A
Fleld, T

&
[}
Hellum inlet tempersture, K A
Helium inlet pressure, ats !

~



of the celculations and the hest pulse input vas used

a9 the priacipal wvarlable paramster of the
couputations,
Results
As fer the calculations performed by Turner and

Shindler, recovery from the normal conducting state
did not occur vhen highly eymmetricsl heat transfer

profiles exiscted about the center of the hested test
section. A number of wodel changes wvere used for
atlempts to simulsta the exparisentasl wmultiple
stability/instadbliity obeervations. The lengthe of

the flov path vere adjusted on the ende of the test
section. These were trested as adisdatic flow
channels. A limited urbalance to creastr a significant
asymnetry had {ntitislly been investigated by reducing
the exit flcv impedance to reproduce the multiple
phenomenon vith no success. This approsch was then
extended to reduce the exit flov impedance greatly in
a manner simtlar to the vork of reference ), again to
no avail. Vor all cases, inherent (n the one
dimensional equations upon which the computer code f{e
based, the patterns remained highly symmetric with
wary lov heat tranafer st or near the center of the
test section, Although pressurs oscillations with
relaied alterations of helium properries snd conductor
temperatures vere observed to have been generated, the
gene sl pattern vas firet for & reduction 1in joule
heating avey from the central portioo of the test
section, theo s narrow peaking of heat generation at

the center, all folloved by a runawvay conditfon with
increased heat goneration and lengthening of the
tesistive 20ua.

The computer progrlu‘ usad 1in cthis wvork hae
options for modifying thq heat tranafar as & function
of the velocity gradiént. Because of :he symmetry,
the velocity at the center cf the heated section
teverses and goes through szero with the velocity
dependent portion of gh’ heat transfer coefiicient
golng to eEeto. Arp ’’ discusses the limftations of

the one dimensiotal systems of aguations and wsugpests

the wuee of & code option to eohance the heat transfer
coeffi{cient {n the =zaro velocity region. This {s
accomplished by an aedditi{ive term to the Reyoolds
sumbar, used to calculate the  heat transfer
coafficient. The term contains the product of the
velocity gradtent, the Reynolds numbar, sand an

arbitrary wultiplier availadle to the codea user ae an
adjustabdle paraseter.

The probles vith the one dimensional treatment {9
that 1t cannot teproduce any turbulence or fluid
mixing that certainly wsust occur throughout the
contained conductor cable interstices. Although the
term, added to the Reynolds number, does not remove
the one disensional nature of the analysis, nor
elisinates the basic symmetrical heat patterm, it does
sccouplish an enhancemant of the hest transfer
coafficient 1in the regions where the velocity gradfant
s large. The paraseter, the wmultiplier of the
valocity gradient, vas explored as an adjustadle value
in & nusber of cosputations to investige-e the model
vith heated length and hest pulse cnnr,y and duration
the wame as for the real experiment’ while allowing
pressure oscillations to occur during the heat pulse.

Clesrly, the cowputations] manipulation used here
is an arcifice to sscertsin the limitscions of the one
dimensional code and the ismplications of enhanced heat
transfer vhere the velocity gradient is largeat in
regions vhere three dimensional effects would ba
expected to be pronounced. The definitive succens of
Turnar snd Shindler to slnulate the sultiple
stabdility/instebility regimes for conditions somewhat
d{esimilar ¢to those of the sxperiment vas not achieved

here. A nusber of cosparative results are presentad
tn Table lI! with flov rate, hest (input, and the
sultiplier used to aenhance the heat tranesfer
coefficlent as paramsters of the study.

The results are noted as havirg returied te the

superconducting state, MR=recovered, or not, NR=not
recovered. The time designates the e¢imulated real
tiwe lapse after initiatioo of the 7.14 ms duratier

heat pulse when recovery occurred. Por the actual
clporl-cntn.‘ recovary occurred {n sowe cases after 70

to 140 ms. In every case for vhich recovery vas
indlcated in the calculations, the pariods wers
subsctantislly less. Racovery to ihe superconducting
state for & heat pulee of 40 wJ/ca? requires heat

transfer scchancesent with a Reaynolds number wmultijle

of 0.12, Sensitivity to the sultiplier is low with
the value increased to only D0.13 for recovery ac B3
ul/cal. At 102 wJ/eca’ the value for recovery
increased sudbstantially to O0,18. At pulsed energy
fnputs of 128 and 171 wt/ca) recovery vas not

observed, even with multipliers up to 0.30 and naearly
doubled flow rates. Recovery st these heat levels

would require even grester flow ratas. The
sensitivity betveen recovery sad nonrecovery for
pulsed enargy inputs frouw 40 to 102 al/ce? vas lass

TABLE III

RESULTS OF ICCS CALCULATION ENHANCED HEAT TRANSFER
Heated length= 3,23 m, Heat pulse duration= 7.l4 as

Pulse Energy Velocity Reynolds No. Time To Rerecovared

ot/cwd 2/ Multiplier Recover, ms NRenot recovered
40 0.0% 0.12 14 R

A0 0.0% 0.11 - NR

63 0.09% 0.12 16 R

(1 0.0% 0,12 -— NR

68 0,0% 0.12 - NR

68 0,06,0.09,0.1) 0.12 - NR

63 0,09 0.1} 16 L}

(1] 0.0% 0.1) 2 R

[ }} 0.0% 0.12 -- MR

102 0.05 0.18 16 )

102 0.0% 0.17 -— NR

118 0.09 0.18 to 0.)0 - NR

171 0.03 ro 0.09 0.1) to 0.2% - NR



than 0.01, the Incremental limit used i{n changing the
multiplier. If smaller increments had been used, the
calculation would converge on ¢ precisely determined
multiplier for the boundary condition between recovery
and nonrecovery.

Comment

Many other calcula‘ions wveie performed. The
unususl aspect of wultiple stability for the
conditions of Table II was not found. 'l'he6 nr;-ent
state of development of the available codes” ' *” for
calculating the performance of ICCS 1is such that they
have not been shown to simulate the results of
ctperll-ntll vhen the inputs to the codes are like the
test conditions of those experiments. The codes are
essentially the nape because the SSICC code
incorporates the code of Arp® with modifications. The
codes give useful trends in 1CCS periormance, can be
msade to simulate the multiple stability conditions if
certain inputs are used in the cllcuhtlonl,s and can
be used to infer information about the hest transfer
performance required for recovery under some
conditions, with psuch performance not fundamentally
apparent in the one dimensional structure of the
sequations upon vhich the coden are built. As such,
the codes are good disgnostic tools dut should be uced
with ecaution for aenginearing denign. For deaign
purposes lbh’ ’,pirlcll correlations of Llue and
covorkers' * 1, should be used to svoid the wultiple
stabilicy/Instability regicie.
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