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LOW-HEAT-LEAK CURRENT LEADS FOR INTERMITTENT USE"

G.F.Smoot and W. L. Pope

Space Sciences Laboratory

and Lawrence Berkeley Laboratory

University of California, Berkeiey

Berkeley, C a}lifo.rnia.
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ABSTRACT

Many cryogénic systems Have current leads oi)erating with a short duty
cycle. An example of this is é. éupérconducting rhagnet which is used in a
.persiétent current .mode for 1ong periods, the current jleads being used only
for shor‘tv periods for charging ér discharging the 'Supercbnducting magnet. .A
more economicai deéign- operates fhe c'urrentlieads-close to thermal instabilify
in order to minimize the dominant long terfn heat leak at zero current. When
system considerations .dictate the use of insulated leads, low-heat-leak design |
is pér'ticﬁlarl'y_ challenging. We have designed and tested a pvairv of tapereci,
cc;mpoéite, gas-cooiéd, insulated leads for thls mode of operation. A rela-
tively simple cbmputei‘ program accurately fits the test results,including

predictions of the instability current.

" This work supported byv.NASA contracts NAS 8-27408 and NAS 8-7801.

** An AEC-supported Laboratory..
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INTRODUCTION -

Cryogenic systems W‘i'th short duty cycles use less liquid helium if their.
current leads are operated at more than their optimum current. We have
des1gned and tested insulated gas-cooled leads whose zero current heat leak
is about five times less than a perfectly insulated lead [1] and is 40% less [2,3]
than an optirnal‘ uninsulated lead for the same -operating current.

Previous authors [2;4] have 'described'g'as"-cooled,. uninsulated, cryogenic
current lead‘sacapabl'e of carrying currents up to 10, ‘00‘0 ‘amperes. In most of
these systems, the leads Were de51gned to carry current cont1nuously, and
were - opt1m1zed to produce the 1owest total heat leak at the design current.
These optimization techniques are now generally accepted and computer pro-
grams have been written [5] which satisfactorily predict lead performance
for simpie confi'gu'ratio_ns. | | |

: Our'cryogenic‘ s.ystem is an, orbiting superconductin.g ‘rnagnetic spectro-
meter [6.;v see preceding paper]v intended to of)erate in spacefor one year. ‘The
satellit'e weight budget restricts .us to only about 430 kg of liquid heiiu_lm, so we
can tolerate a total heat leak of no more than a quarter w‘att. Obviously ’the
steady state heat le_ah for lead conduction must be limited to about 1/10 watt.
For reliability the spectrometer design requires two redundant insulated lead
pairs, »each capable of carrying 12'0“amper'es and each_pair restricted to a zero
current heat leak of 0'05 watt.

Such a low he.at--le'ak has not be'en achie.v'ed [5] even with uninsulated optimum
charge leads, slo we were forced to investigate alterations such as tapering
the leads, -adding superCOnductingv svections, and operating above the optimum
current. - - } _I ) | _ \o- | |

Off—optimum, insulated, tapei'ed, composite leads have not been covered .
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"-in the literature, so we developed the required analysis tools.

: CRYO_STAT-MAGN.ET SYSTEM DESIGN

Figure 1 is a schematic drawing of the éfyosta-t curr'ently‘being fabricated
by the.AliResearch I_)i\'/ision of Garrett. The insulated magnet éhvargiﬁg leads
are contained in the cryosta’ﬁ fill-vent line. During the approximately four
ho_ur's. of magnet charging, .a;n exfernally pb'v?ered heater maintains the helium
- gas flow necessary to cool the current leads. Once the magnet is charged, the
heater power is interrﬁpfed and the reduced gas flow cools only the innermost
end (1.55 meter‘s)‘ of the leabds and then diQertS»to the steady-state~-vent which
coils about the vapor-cooled shields of thlé.c'ryostat,

‘During the short charging periqd a relatively high flow rate (0.7. g/séc)
‘allows the leads to operate well above their optimal current and thus be

physically small for the éubsequent long zero-current steady state.

PHENOMENOLOGICAL BEHAVIOR

For .cry‘og'enic current llea.ds' of constant cross section constructed of
rélatively pure metals like copperr, whose resistivity in.creases with increé.sin.g
temperaturé,, thermal 'ins,tability occurs at or near the hot end of the. lead.’b
The zero current heat leak vis higher than ab.solutely necessary, since it can
be;redgced by tapering the leads with no loss in current capacity. [7] If the
lead cross section varies too abruptly, th.ermal instability will occur closer
to the cold enci of the lead. At témperatures £50°K and high current, thermal
instability occurs very rapidly because the resistivity increases approximately
as T4 and because of the lead's reduced heat capacity. This cold end insta-
4 bility can occur on all inéulated tapered le.adsv operating at hig.her than the

optimum current. The instability bbundary can be predicted with suitable

modelihg.



.
ANALYSIS
- Consider (as shown in Fig. 2) an element of a lﬂorigvinsulated current lead
in thermal contact with cryogénic gas flow.

If we define q ‘a.s' the net heat accumulating in the element per unit length
per unit time, then
T qdx = dQA - qde+qux.

Divide through by dx and this expression becomes.

dQ

_ _ A '
T 07 & "ty
: _ 2
_d dT 1 I
= 3= <kA dx)- R (T - Tgas) +-P-—-A

In steady state the net heat flow‘per unit léngth, q, int_:o‘the element must
be zero or it W111 heat up or cool &o%;vn due to its finite heat capacity. This
thermal equilibrium. (balance between heating _ahd cooling) Will be stable if
dq/dT~‘<. 0, so that if ’che"'temperaturvef of the element increases, heat will flow
out and the elem'ént will cool, or if the ter'nperature‘ decreases, heat will flo@

into the element and warm it.

: '_Criteriva ‘for a Stable Steady State:.
(a) equilibrium: q=0,

_ itite: 49
A (b) stab1.11ty. 3T <0,
where T =tempef¥ature and

q= heaf pei‘ unit length into lead.

In most cases the only significé.nt heat flow into the gas is from the wire
so that -
- C dm dTgas . C m dTgas
9, - *p"a& Tax P dx
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~ where CP is the specific heat of the gas and m is the mass flow. This

formula integrates to

Toas = To +5f c;rfl ax
X
- rI‘o +6f (T = Tgas)/"(RTCP.m) dx.

Thus if we have éxpfessions for the electrical resisfivity, p, the thermal
resistance per unit length, R, of tﬁe insulation and gas film and the thermal
conductivity, k, of the conductor, we can find the st'ea;dy state temperature
distributivon for the current lead by. setting q =0 and sol\;ing the fesulting

equation.

Electrical Resistivity - p

Mattiessen's rule states that the electrical resistivity of a metal may’

usually be written in the form [8]
p=pyt Pp(T)

where the residual resistivity, Py’ is independent of température and depends
on the concentration of impurity atoms and mechanical imperfections of the

sample; while p_T(-O) =0 and pT(T) is characteristic of the metal.

Griineisen [8] has fbund that the observed temperature dependence of the
resistivity is described quite well at all temperatures by the semi-empirical

fornﬁula

orim =(F) s

where 0 is a charactéristic_ temperatui‘é near the Debye temperature of the

6

metal. - For coppér we have used 6=333°K .é.nd pT(O) =2.1X fl_O"= -cm.  Figure .
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"3 is a plot of the resulting theoretical 'resist_ivity of copper. Note that, as

suggested by J. M. Lock [9], p= P, + .8,7°10f1,5T'4

is in good agreement with -
this theofy and the data below 50°K, especially since below about 25°K the
~residual resistivity of the -eopper masks the temperature dependence. Appendix

Ais a lisfing of the computer iarogram we use to evaluate pT(T).

Thermal Resistance Per Unit Length - RT

- The thermal resistance per unit length; RT’ is the sum of the resistance
due to the insulation and due to the gas film. ' The insulatien thermal resis-
tance per unit length is just

Tt 1
- i1
R; = k.

i C.
im i

where ‘ti is the,inSulatien- thickn-ess.,! Cim .is‘the mean insulation circumfer-
ence, and ki is the thermal conductivity of the insulati'on.' We did not knoW
the insulation coﬁductivitiee, so we estimated them from heat balance consid-
eration of ea,rl'y tests. Although the caicﬁleted insulation conductivities are
the same order e.s other plestic‘s rfo'r' these t'empere,ture's (ki =2.5X 10"4 watts /
cm-°K) we do not know how accurate they are.. Typieally the insulation re- ,
sistance is aleout half the total thermal impedance for our finalyl.ead design.
We calculated the resistance due to the gas film ﬁsing.the Iformula; for a

heated rod in a tube with turbulent flow:

R - —e )
gas C kH'eXNu
where
De‘ o= effective he.a.t transfer.diame'eer of the fube,
C. = outer perimetei‘- of the'insulation in centect with the gas,



-T=

ki—Ie = helium gas thermal conductivity22.4><1"0*5 (THe)O"I:_’j watts /cm- K,
‘ 0.8, 0.333(  Dggbe (033
Nu = Nusselt number = 0.02XRe "“XPr ’ : [10]
_ ' insulation
Re = Reynolds number, Pr = Prandtle number, _
- . : _ -6 0.647
VHe the viscosity of the gas = 5, 023><1O (T He) R [11].
The net result is that the thermal impedanee of the gas is approximately pro-

portional to 1=0-2 m -0.8,

Thermal Conductivity - k

At low temperatures most metals obey the Wiedmann-Franz law kpO =
| 2(kB \? -8 -
LT, where L, = 1/37w - = 2.445X 10" " watt-Q-cm/°K and Po is the
residual resistivity. Furthermore the temperature variation of kp/T = L(T)
= Lorenz number is relatively small (about a factor of 2) and known [9]. The

thermal co'nduc"civity’ of copper is typically 10 watts /cm-°K for our case.

Calculation of L.ead Performance

With fhese' e'xpressions we can then calculate, us~ing numerical techniques,
the steady state temperature proflle and other parameters for a lead carrying
current. For example, we could use e1ther the Runge -Kutta method as sug=-
gested by N.Inai [12] or the boundary values and the method of finite d1fferences..

However, i‘n the caee of our charge leads we note two conditions.:. (1) ‘The

T

is typically about 2 to 5 cm. Our lead sections are on the order of 100 cm;

characteristic distance \ = NKA'R,, over which thermal conduction is important

therefore, lateral conductlon dominates ax1a1 conduction for reasonable mass
flows. (2) We have flnned tube heat exchangers at the warm end of the
leads. For reasonable current and gas flows the ohmic heating and gas

cooling in the finned tubes dominates conduction from the electrical and mech-
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. anical contacts, thereby éffectivel’y therfnally divorcing the leads from the

outside world. We can neglect axial conduction except verjr. near the lead

section joints and our heat balance equation simplifies to

2
- pl- 1 _ 1 s .
q X T (T Tgas.),’ which is zero in steady state.

T

l

Thus, the tempe'ra"uire of the wire is
T = T +Rr. LI

which is a nonlinear equation in T and can be solved simply by iteration.
The heat balance is illustrated graphically in Fig. 4 for an arbitrary location

along the lead.

Lead Test Apparatus .

" The leads wefe.te‘sted in a 362 &:lrn long vacuum-insulat.ed section of 0.95-.
cm outef diamefer by 0.041 mm wall stainless steel tube which simqiat_es the
physical size of the fill-vent iine of the thermal model cryostat [6] Four leads
were contained in the tube - two leads were used to carry the test current and
i:w§ vvve,rer used as heater leads. For the tests the vaéuum—insulated lead tube
was inserted into the neck of a sfanda’rd 50 liter,"liquid—riitrog:en—c_:ooled,
liq'ui-d'helium déwar. Th.eAtv&.r-o current leads We_r_é simpiy sol‘déred tdgether_» »
and the vcold end vx.ra‘s kept irﬁm_erséd in liquid heliﬁm.' The two heater leads
were con_nectedtb a 14 waff carbon resiétahce‘heate.r (48 @ a't 4.2°K), aléov
kept in the liquid hélium. |

Figure 5 is a schematic drawihg of the-fest SetUP... The total length of
all leads between poin’é A énd_ B is 362 cm. Below point A, the éuperconducting
.portion of the cﬁrrent leads continued to the bottom of the dewar with a 60 cm

length.of #16 AWG Mylar tape insﬁlated annealed solid copper wire soldered
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in parallel to minimize aﬁy temperature rise and h_é;t disipation in that portion
'which‘ is..above the liquid level but not c;ool<ed by fpi‘ced convection.

Above point B in Fig. 5 ea-ch of the fquf leads were terminated with a 3.3
mm diameter by 15 _crﬁ long c_urrent—carryingvbrass ro‘d machined with 8.90
mm outer diameter by 0.5 mm thick external spiral fins with a pitch of 3.94
turhs per ¢m. This finned brass rod, which we cal'lra finned-tube heé.t

. .
exchanger was contained in a close-fitting 0.95 cm outer diameter by 0.025
mm thigk stainless steel tﬁbe. |

Dufihg testiﬁ'g,all of the heliﬁfn vapor flow was routed up in the lead tﬁbe
jco just the two finn\ed-tube heat—~ exchangers which tei‘minated the two high
current\'leaclls.,

This 'finnedé—tube‘ heat exchanger was designed to suit requiremeﬁts
specified by Bva’ll Brothers Reéeérch‘Corp-. (Boulder, -C'olorado) as a result
éf fheir earlier computer analysis. Their studies showed that high-current '
'stable operation gould be achieved with off-optimum small-diameter insulated
.c-cappér 1éads cob_l-ed by laminar flow in a tube if the hot ends were terminated
| with a.short section (\10 cm) of conductor with a significantly higher (factor of
.10) surface cooling‘ per unif length than the last section of lead.

‘Total pressulre drop through the simulated vent line with two finned-tube
heat -exchangers in parallel at the end is 2.5 psi at 130 amp with a helium
flow rate of 0.70 g/sec. This is of éourse turbulent flow; the significant

influence of a small amount of insulation on the leads was previously greatly

underestimated.

“First Test Lead '_Configur-'z.a_ttion

Table I is a description of the first tapered lead configuration tested.
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The residual resistivity of the -to.p and middle wire secfion_s_ was premeasured
using 2.0 m long samples of wire in a standard 50 liter liquidv helium dewar.
The resi.dual resistivity (Table i) éf the coppe>r matrix of the superconducting
section is approxlimately‘ correct. It Wasr‘calculated from the abrupt incremental
voltage changes rneasured.across that section of the actual lead as it transitioned
from the superconducting to the normal state under test, prior to compléte
thermal ins‘tability"férther up the lead. |

Volfage taps were p_lacéci"An the two current leads at the joints and at
either end of the finned~tube heat exchangers. The voltage sense leads were
#30 AWG T.eflon—,insulafedvcopper wire that exited the vent tube region through
a glass-sealed header in the c_ha:rge lead bayonet. Voltages were monit_ored on
a digital -;folt meter and two strip .cha;t reéorders. .

Figure 6 is a.plot of lead yolt‘age drop versus current for tests conducted _
on the'firét lead configuration .(Talble I). These dat;a were taken for various |
helium flow rates between 0.03 gv/s'e_c and 0.97 g/sec. The lihear current
voltage 's-olid linés are a good indication that the lead tempe rature distribution
(resistance) does no‘cj change sﬁbst’anfially_ with flow rate and also current if
the lower seétioﬁ is super_c.dnduct_ing. |

Two distinctly different operating modes can be noted fiom Fig. 6: “(1)
the solid line when the S\.Jpérconducting lower lead segrrient is mainté,ined below
‘about 10°K ‘and is, therefore, non-resistivé, aﬁd (2) wh—én the lower lead
section is above .t_he' transition temperature of 'Nb-Tio |

Eithef operating mode could be attained at will. If the initially esta;blished
helium mass flow was .rn»ailixtained at a high rate above currents of about 25 to
30 amps, the lower voltage ’cfajectory (solid lines) was followed up'uﬁtil about
100 to 110 amps, when the superconductor trapsitioned. About two secondé

later, the strip chart recorder voltage data showed that the temperature of
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" the middle seétion of #20 gage wire started fo risé- a.s complei:e thermal
runa,way set in. |

Con\}ersely, if the helium flow rate was init'ially 1ow, with a resistive
superconducting composite ‘seg,rr:levnt, the higher voltage trajectory (dashed
lines) was foll_owéd from about 25 to 30 amps ﬁnt‘il thé lead became thermally
unstable. | |

Figure 7 is a plot.of helium coolant maés flow rate \{efsus current for the
first lead configurafion tested. The éolid curve was plotted from computer

program output data using our stability criteria.

Final Lead Configuraﬁon

The first lead configurat'ion could not meet the minimum acceptable
des-ign cﬁrrént of 120 amps. An analysis of the daté._ and senéitivity stpdies
with the computer program indicated that the following three relatively minor
lead c;h'ahg'es‘v{/ovuld suffice. | | |

(‘1)‘ Reduce the insulation vthickness on the low.er‘and middle lead segmeAntsrw

' Use two .spii‘al wraps of 0.025 mm thick Mylar tape (max) | |

(2) Obtain lower res1dua1 res1st1v1ty #20 AWG copper wire for the rn1dd1e

lead segment. Sample testlng was required.

(3) Increase the lower leg superconductlng part fr<;m 0.762 mm diameter
1.8/1.0 Cu-SC ra’éio Nb-Ti wiré to 0.812 mm diameter wire 6f_ the
same tyﬁe. |

The new Wire Was on haﬁd, pui‘c‘hased from the same vendOr, but the c’ladding'
residual resiétivify was unknown. It.was assﬁmed to be the same as the old
wife. We‘meas‘ured the residual resistivity on twelve 2.0 m longA copper wire
éé.rnples. A sample of Formvar insulated #20 AWG solid annealed copper

-9

wire (LBL magnet wire) was found to have a residual resistivify of 8.1X10
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' Q-cm, {v_hi’ch would be ;c'cep'ta_ble, but this in'cr.evased 250% with as little as 15%
permanént strain. . It was ‘ve?-y divf.fi‘cult to hand-wr%’ip without bsome cold working,
so a spééial Mylar tape-wrapping deﬂvice was ‘rigged' oﬁ an engiﬁé lat}ie. After
a two-layer spiral wrap of tape was applied to the Mag'net wire, no change ‘
in residual res'istivit'y coﬁld be detected. Ta_ble'II liste the details of the fin__al
lead config’ur'a'tion. The final lead configuration was given three separate
current tests: | | . |

(1) current ﬁp to ’1;25 amps at m = 0.7 g/sec (3 fimes),

| (2) Curren;c up to 135 amps at ra = 0.7 g/sec at 5. amp/min,

(3) current up to 80 amps at m = 0.35 g/sec. |
The lower secti..on of lead Was kept in the sup.ercondﬁcting" state for the above
tHree tests. We‘took the lead to thermal instability two times at 129 and 127.5
amps in (1) above, which indicated the lead was not éxcessively Qver-fdesi»gned.
Figure 8 shows typi-cal.léad re-éistiye heating versus length belkila.vior' for seven
test currents up Ato>131; amps and four arbitrafily seléc%ed c.alculated conditions.
Very goéd agreement with the data can be noted. The final lead design mee:ts
the 120 ampere _d:esign objective if maintained with the _lowerv section super-
condﬁcting, ‘and thivs mode of operation is adequately modeled. With the lower
seétion resistive .w,e predict the levad- will carry a maximum current of about
135 an.nps' with a mavss flow of 0.70 g/sec. The final lead cohfiguratioﬁ is -
cléarly not optimized, vit simply s‘a‘Ltisfie.svt‘he 120 ampére'r'equirement in a
prédictable fashion and has a sufficieh_tly low sfeady sta.te_ heat le’ak: The
voltlage drop per lead is 'a,bdut 50 mV at the design current, not inéluding |

voltage drop through the finned-tube heat -éxchanger.

Steady! State Tests

After the current tests were concluded the lead-vent_sirr_iulation apparatus

was uséd-to determine the steady state (zero cufrent_) heat leak for the four



-13-

" charge leads when only the lower 15 m were cooled. ’I;hisi test was conducted
in two parts. First we rneasured the total fioW'ra-t"e‘out of the dewar resulting
from: (i) .Zzero c'urrent heat leak of the leads and lead vent, (2) parasitic
heat into the dewar, and (3) heat generated in the liquid helium frorn the
calibrated heater resistor. This total flow rat.e is shown in Fig. 9. We then
removed‘the lead-vent simulator and;.meas'ured the totel flow rate out of the
s'ame' dewar for various amounts of heat generated in the liquid helium by |
anothe'r calibrated hign resistance heater which was attached at the bottom of
a long 3. 1‘8'_mrn outside diameter by 0.152 mm thick stainless steel tube.. The
dewar heat leak was found to be 36 mW (1.07 SCF/H). | Finally, with an iterative
calculation procedure using our cryostat d-eéign program, we estimate the |
leads and lead Vent wi'lllr result in a net _heattlé_ak of 0,110 % 0;01 watts (4 leads)
~ into the Thermal Model Cx;yostat pressure veseel for the baseline ‘design vapor
expulsion mass flow rate of 0.011 g/sec (0.088 ib/h‘r).- |
This’cha,rvg’e.le.ad he_a'tvl'eak is .about 42% of the baseline total syete’nd yapor
expulsion heat lea‘k'of 0.2‘6 watts.. ‘Although this is a large part of the total
heat le»ak; the va'por-c.o,oled shielded cryostat ther_mai vprotection system [ 6 ]
(which has ‘been‘ optirnized for liquid expulsion) has a relatively flat optimum
for b'otn vapor end liquid expnvlsio‘.n. _ Increesing the direct pressure vessel
hea.tv leak improves shield cooling, which in turn reduces the heat le‘ak via the
multilayer insulation and shield shorted supports with only a modest total
heat leak increase_. We find that if we were to elinﬁnat'_e the four charge leads
and pres‘sure vessel instrumentation leads associated_.with the magnet (10 each
of #30 AWG copper wires), the total cryostat heet leak would only be reduced
about 20% »a'nd 14% respectively for liquid an‘d vapor é.qul'smn. Therefore with
the four charge leads connected as we have done in F1g 1,. we provide magnet

‘protection and mai_ntain acceptable overall system thermal performance..
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-

CONCLUSIONS

Thermally éfficient‘, insula:ted composite curreﬁt leads can be designéd ‘
for intermittent use. If'-t’he total system mavés‘ flow is used to cool the cold end
of the leads and. 1s subsequently used to reduce othei' parasitic heat into the
system, the overall system thermal perfo'rmaﬁcg is only slightly affected by
the ’pres‘e’nce of the leads. - |

| , Opérating the insulatedv-léa‘ds at well above their optimum current for
short periods at high mass bﬂow presents no insurmou-ntable‘ difficulties, and -

instability behavior is predictable.
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APPENDIX A

Computer Program for Evaluating p(T)
The following program computes the.temperatufe%dependen.t cémponent of
the electrical resistivity, pT(T), for copper and other metals if the characteristic

- temperature, 9; (near the Debye temperature) and p(0) is known.

The resistivity can then be calculated using Matthiessen's rule;

P pr(T) e,
where pc; is the residual resistivity. .
The computer program equa.tiohs match the semi-empirical Griineisen

theory to within:'

0.1% for 6/T > 6.0, lo‘\';v-vtemperatulre regime;
0.3% for 6.0 > §/T > 3.0, intermediate temperatures;
- 0.145% for 3.0 > e/T , high temperature regime.

Details are contained in University of California, Space Sciences .Laboratory

Astrophysical Note No. 250 (2/20/74) available upon request.
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'FUNCTION RHOT (T)

'USE APPROXIMATION TO GRUNEISEN INTEGRAL FOR METAL RESTIVITY

PUT IN CHARACTERISTIC TEMPERATURE AND RESTIVITY FOR COPPER
COMMON/RESIST/DRHODT
DEBYE = 333.0 |

RHOD = 2.1 E -06

TD = T/DEBYE

1.0/TD

E

EXP (X)

SECOND = RHOD/0.23663/DEBYE*X%X*E/ (E~1.0)**2

I£(X.GT.6.0) GO TO 30

IF (X.LT.3.0) . GO TO 10
CONNECT THE TWO TEMPERATURE DEPENDENCE REGIONS TOGETHER

G = 50,275 + 21.343*(X - 5.0) - 0.648*% (X~5,0)**3
RHOT = TD**5*RHOD*G/0.23663
DRHODT = 5.0*RHOT/T - SECOND

RETURN

HIGH TEMPERATURE REGIME - RESISTIVITY PROPORTIONAL TO TEMPERATURE

CONTINUE

CAL = 0.25 - X**2/72.0 + X**4/1920.0 - X**6/60480.0
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1 + X*%8/2073600.0 - X**10/74511360.0 + X**12/2752636480.0
RHOT = TD*RHOD*CAL/0.23663 | |
. DREODT = 5.0*RHOT/T - SECOND

RETURN
LOW TEMPERATURE REGIME -~ RESISTIVITY PROPORTIONAL TO T TO THE FIFTH
30 CONTINUE

GT = 124.431

F

X**5 + 5, 0%X**4. + 20.0*X**3'+-60.0*i**2 + 120.0%x + 120,
G = GT - F*EXP(-X)

RHOT = iD**s*RHoD*G/o.23663
' DRHODT = 5,0*RHOT/T - SECOND

RETURN' |

END



10.

11.

12.

-18-

REFERENCES

R.McFee, Rev. Sci. Instrum. 30: 102 (1959).

P. Thullen, "A New Criterion for the Design of Gas-Cooled Cryogenic

 Current Leads, ''in: Advances 'in'Cryogenic Engineering, Vol. 16,

Plenum Press, New York (1971), p. 292.
J. M. Lock, Cryogenics 9 (6): 442 (1969).
V.E.Keilin and E. Yu. Klimenko, Cryogenics 6 (4): 222 (1966).

C.D. Henn-ing., in: Proceedings of the Brookhaven National Laboratory

Study on Superconducting Devices and Accelerators, Upton, New York

(1968).

W. L. Pope et.al., "Superconducting Magnet and Cvr'yost'at for a Space

. Application,' in: Advances in Cryogénic Engineering, Vol. 20, Plenum

Press, New York (1974), p. .

D.Eckert,  M.Endig, and F. Lang, _erroge.nicsv» 10 (2): 138 (1970).

J.Bardeen, J. Appl. Phys. 11: 88 (1940).

J. M. Lock, Cvryogenics' 9 (6): 438 (1969).

M.Jacob, Heat ‘Transf'er, Vol. I, John Wiley & Sons, New York (1949),
pP- 552, :

R.B. Scott, Cryogenic Engineering, D. Van Nostrand Co., New York

' (1959), p. 314

N.Inai, Cryogenics 9 (2): 115 (1969).-

€



-19.

Table I. First Lead Configuration

Section | "~ Top © Middle | Bottom
Material type - Insulated Insulated Insulated>k*~
(gage) : ' 19 strand 19 strand Nb-Ti, Cu clad -

- ETP copper - OFHC copper 1.8/1 Cu-SC ratio
(#16 AWG) . (#20 AWG) '
Diameter (mm) 4291 . 0.812 ~ 0.608 (copper

effective dia.)

Approx. length (cm) 132. : 153, 717.
Measured residual 1.63x1078 1.44x1078 1.4x1078
resistivity, p_(Q-cm). -
Insulation type Kapton/FEP " Kapton ' Kap’;on**

Insulation . 0.280 . 0.478 1 0.178
thickness (mm) ' ' ' : o

Joints 1n the leads are 2.0 inch long overlaps made with 50/50 Pb-Sn solder
and wrapped with two layers of 0.002 inch thick Mylar tape.

*Calculated from test data voltage change when bottom section transitioned.

2

**Removed from the #20 AWG wire and slipf)'éd on the superconducting wire.
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Table II. Final Lead Configuration.Details

Lead Section - Top ‘ - Middle  Bottom
Material type 19 strand ETP Solid annealed Nb-Ti, Cu-clad
(AWG) copper (#16) . magnet wire - 1.8/1 Cu-S.C.

' C(#20) o ratio o

Diameter (mm) 1.291  0.812 . 0.651 (Cu effec-
' - * tive diameter)

Approx. length 147. S 153, ' 62.

(cm) ' - ' . '

Source cFrw* - - LBLstock MCA™

Measur'ed .8 ' 8 . -8

residual resis- - 1.6X10 0.81X10°° 1.4 X10

. tivity, po(Q-cm) - (assumed)

Insulated type Kaptéh/FEP. Mylar tapex_ . Mylar tape

Insulation S - ' 'I ‘

thickness (mm) . 0.280 _ : =0.076 : =0.051

: }.‘Includes 0.025 mm of Formvar. -

California Fine Wire Corporation. .

>‘A als
e

Magnetic Corporation of America.
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FIGURE CAPTIONS

Fig. 1. A schematic drawing of the vcryosta'.t. Note the plumbing and route
: of four charging current leads. .

—

Fig; 2. Heat productlon and flow for an element of an insulated current lead.

qux = volume heat production = -E—-dx ) ‘
qde = lateral heat flow from the element = -l—%-— (T-T ) dx ,
I o dT T gas - -
QA = axial heat flow = kA T
where - : , ' .

T = lead temperature

1 = lead current
p = lead resistivity
A = lead cross-sectional area
k- = lead thermal conductivity

: RT = thermal resistance between lead and gas

Fig. 3. Resistivity of copper as a function of temperature. The solid curve
(Griuneisen theory) was plotted using the computer program in Appendix A.

Fig. 4. Heat flow per unit length as a function of temperature. At T, there is
‘ stable equilibrium while at T, there is unstable equilibrium of heating
and cooling. The gas temperature is found by integrating up from the

liquid v
| .‘ ) | <T = T +f _B_];_Zé__>

gas

Fig. 5. Schematic drawing of current lead test apparatus. At high flow rates
the vacuum-~insulated finned-tube heat exchangers operate well below
ambient temperature, 31gn1f1cantly reducmg the resistivity of the
current leads.

. Fig. 6. First lead configuration test results voltage vs, current for various
' mass flow rates. -

Fig. 7. First lead eonfiguratiorl test results. Instability boundary was computed
assuming constant insulation thermal conductivity for each lead segment
and the Nusselt equation (text p. 7) for turbulent flow. .

Fig. 8. Second lead configuration results. Resistive .heating for one le,ad..

" I(amps) - m (gm/sec)
< 60. 0.75
® 80. 0.75
o. 100, 0.72 .
A 110. 0.75
0 120. 0.70
v 125. 0.72 " . .
B - 131. 0.68 ‘
®  all tests ' ' '

Fig.. 9. Second lead configtiration zero current tests. (four leads)
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Fig. 1 : ' XBL 743-2695
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Gas flow—s q, dx

/Insula'rion

— 7 e

qux <
_ Y / QatdQy
X X+dx
_ X

Conductor

Fig. 2 . XBL 743-2720
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* Current test
| flow measuring
system

Current lead -
'voltage taps

50 volt
dewar heater

Finned tube
heat exchanger

power supply

bayonet

“Thermal model
- cryostat

lead /vent
simulator

50 Li LN, cooled
~ liquid-He dewar

Zero current test
flow measuring
system

0794 cm O.D.

- —-C X406mm wall

stl.st.tube _ -
~a|

CA-

T ANAAAAAANH

—A
Kapton insulated
Nb-Ti{cu-clad)

Kapton insulated
Nb-Ti (cu-clad)
current lead

Mylar tape insulated
#16 awg copper -

AANAANS

"heater lead

48 OHM (4.2° K)
heater

Fig. 5

| BANRARRAAR RS

1L-1.11¢cm 0.D.

brass tube

XBL 743-2694
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. FIRST LEAD CONFIGURATION
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'SECOND LEAD GONFIGURATION

Predicfed |

L

100 200 300

~ Distance along leads (cm) —

. ‘Fig. 8 XBL 743-269!
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SECOND LEAD CONFIGURATION
-’ A

24 Hour steady state test

6.0¢- |

T+ N (Letters indicate data taking sequence)
40} | |
2.0 - -
o.or N R N I B R B B R B

00 ol 02 0.3

Dewar heater power (watts) —

F‘ig. 9" XBL743-2692



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. '
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