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1.; Introduction > ' '

On* typ« of conductor under considera-
, tlo* for tokaaak toroidal field (TF) magnets
I s m eabls-in-condult cooled by supercritical
Barium In forced convection. The main prob- •
lea In designing such force-cooled conductors
(fee) la to Maintain adequate stability while
keeping the puaping power tolerably low.

The transit, tiac of the helium through
* coll la many minutes. Since recovery of
the conductor from a thermomechanical pertur-
bation takes on the order of tens of mllli-
secends, for purposes of calculation, the
inventory of heliua available to promote

, recovery is finite. ; This scans that a large
enough perturbation will quench the conductor.
We can then judge the stability of a fee by
the maximum perturbation of some specified
type against which"the conductor Is stable.
I.e., can still return to the superconducting
state. The.- simplest type of perturbation is'
a sudden, uniform heat Input over the entire

' length of the conductor. We call the aaxlmum,
sudden, uniform heat Input per unit volume of
metal AH the "stability margin." Wft empha-
slztt that this definition of the stability
margin has been chosen not because we believe
a sudden, uniform heat Input is likely to
occur, but because (1) It provides:a basis
for comparison of different conductors, (ii)
It la relatively easy to calculate, and (111)
It la a lover limit to the specific energy
Input of any perturbation, i.e., the con-
doctor la stable; to any perturbation when the ••
specific energy input is less than A H .

2. Design Pr'.-edurss •

In an' earlier paper,* a systematic
method was developed for finding the fee with
* fixed stability margin that consumes the

• least pumping power> ,- The stability margin is
determined by ten data: T.-, B, I, p, J , A,
T, h., f, and f . (There is an alphabetic
H a t of symbols 2nd theii definitions at the'
sad of this article.) We can reduce these
tea to eight as follows. First, P »nd h.
always occur la the product Ph. . Second, for,
a, given arrangement of strands of a.given
shape, the stability aargin of a part of the
conductor Is the sane as. that of the whole.
Tfela means that if the-original conductor is.
lataglned to be composed of two smaller con-
ductors in parallel, each ef which has half
the wnsber of strands, half the area, and :
half the cooled perimeter of the original;
then each half will have the same stability
margin as the original. Thus AH can depend
only on P/A and on I/A - J, the overall
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current density. Our original list of ten ', •
arguments can thus be reduced to the follow-
ing eight: Tfc, B, p, J, Jfi; Pl^/A: f, -f^.

We have separated the eight Independent
variables Into three groups-of five, one, and
two, respectively.: These will aid in describ-
ing our design procedure. • It consists of the
following six steps:-. '

Step 1

Step 2

/Values of T.,
fixed; b

B. Pi J, and Jfi are

For several values of ?h,/A, we
maximize AH by variation of f and
f . (It Is shown in- Ref. 1 that
such a maximum always exists.)

Step 3 We plot (AH) and the corre-
d l f f

We plot (AH) and the cor
sponding values of f and f against

Step 4

Step 5

We choose.some 'suitable stability
margin AH and find the corresponding
values of Ph. /A, f, and f from .
the plot made* in Step 3. c o

Keeping Ph./A fixed, we increase
P/A and decrease h., but only until
the Reynolds number Re falls to
5000. A Reynolds Dumber of 5000
sbould-bc sufficient to maintain
fully developed turbulence. This

' .. step has Che effect of further
reducing the pressure drop and
pumping power while maintaining AH
fixed.

Step 6 We seek a cabling pattern that will
conveniently realize the values of
f and P/A found above,
co

These steps can be made more comprehen-

sible If we note that

pumping- power per unit volume of con- .
ductor-v (Phb/A)

i (Re)*5"1", (1)

and

pressure drop per unit length of
conductor * (P^/A) 3' 1 ( R e ) " / " (2)

These scaling relations can be derived by
taking h. *V» v**# D*"*** (Dittus-Boelter equa-
tion) and using Blasiua'a equation for the
friction factor. Steps.1-4 minimize Ph. /A
'for a given AH, and Step 5 reduces Re to the
lowest tolerable value.

The numerical program will not be de-
scribed here in detail, but a few words will

, be said about its capabilities' and what it
' takes Into account. It can be run either in
a cese-by-case•interatlve mode using all
eight Input variables and returning AH; or it
can perform the maximization of Step 2 auto-
matically. The superconductor can be either
NbTi or RbaSn; the matrix can be either Cu or
Al. Currant.sharing Is taken Into account,
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as are the temperature variations of th«
•pacific heats of matrix and, superconductor.
Also included is the latent heat of the
•uperconducting-rtsistive transition in a
magnetic field. Beat transfer is described
by Giarratano's modified Dlttua-Boeltar s

aquation.' The theraodynaaic variables of
heliua can be chosen to correspond cither to
constant-pressure or to constant-volume
operation.

3. jfumerical

3.1. WbTl Magnet

As an example; let us consider.the
design of a 15-fcA NbTl/Cu fee operating at
4.0 K and 8.0 T using a superconductor the
critical current of which is normalized to
5.6 x 10* A* * at 4.2 K and 8.0 T. Let us
strire for a current density over the cable
space of 3730 Aca"V This'aeans a cross-
•ectlonal area of 4.0 cm*. Let us further
•oppose that the residual resistance ratio of
tba copper at **ro field .is 160. At 8.0T,
«>• resistivity of the copper w U l be 5.35 x
10 " oh* •. (Due to the.- effect of aagneto-
resistanca, values close to this one will be
obtained for a wide choice of residual
resistance ratios at zero field.)

Figure 1 shows the results of the first
flVe steps of our procedure: AH is plotted
against puaping power per .unit length of the
conductor. The Reynolds number.has already
been reduced to 5000. For all the optiaized

conductors represented here, f lies between
about 0.7 and 0.8, while f lias between
about. 0.4 and 0.5. Noteworthy i». the auch
larger stability aargln in-constant-pressure
operation than In constant-volume'operation,
.The difference is due to the larger specific,
heat of heliua at constant pressure then at
constant voluae. The constant-pressure curve
applies to aabient pressures between 3 and

• 7 atas. AH does not depend on,pressure
'because in this pressure range and in the
range of temperatures b«£v*en the bath tem-
perature (4.0 K) and the current sharing
threshold (<5.0 K), the specific heat of
heliua at constant pressure is nearly pres-
sure Independent (see Fig. 2). AH is not
always pressure independent, and'later we '
shall discuss a NbjSn conductor in which AH
shows a strong dependence on aabient pressure.

NBTI m c« :

MTH TEMPERATURE .
.•MIMETIC FIELD
*•»
CUMEHT
ftEMUU. RESISTIVITY
(IfKL MA6NET0-RESIST.)
CRITICAL CURRENT DENSITY
(4.1 K, ».OTJ
RCYNCIDS NUMKR

OHHL-OWO 77-HSO*

4.0 X
8.0 T

5.39»«"§ol<m-e«

5000
I I

«P Z 9 • 10*
HCUUM TEMWUTtME (Kl

«P I 9 */
NEUOWTEMFCIurWCin*

MMMN* *OWER K R UMT LENGTH IW/kml •

Maximum Stability for Given Pumping Powtr or Minimum Pump-

ing Power for Givtn Stability.

, fig. 1. Results of eh* first five steps
iof th*- design procedure.

fig. 2.' Physical properties-of heliua
as a function of pressure and temperature. -
Th* points ar* from NBS-631; the Unas are
fits used la to* computer program.

Let us assume consCant-pressure operation
and choos* AS - 300 aj ca~» of metal as an
acceptable stability margin. Th* conductor so
selected is shown In rig. 1 as th* baa* case;
AH - 300 mJ/ca' corresponds to a temperature
rls* *o 18 K. This conductor Is about 51Z
aaral Mid 49Z helium by volume; tn* copper-to-
su|*trc«\w;uctor ratio is 3.5. Th* heUua
wloclty in th* interstices is 23 cm sec"*,
corresponding to a aaas flow of 7 g sec"*
.through the entir* 4.0-ca1 cross section. Th*
VFtf* &**—*" *• l-45,m; the puaping power,
12 w «• «** th* pressure drop 0.27 atm/100 m.

Zt should be reaaabcred Chat th* puaping
power and th* pressur* drop have been calcu-
lated using smooch tub* friction factors ap-
proprlftts to th* given hydraulic dlamatar.



ftecent experiments by Hoenig*.have shown that
In cables wound of twisted triplesi,the ,
friction factor is about three tlMf.'that in
* smooth tube. To get * Bore realistic im-
pression 01 the performance of the base-case
conductor,- we ought to Multiply the pumping

' power and pressure'drop by a factor of three.'
Since the pumping power is dissipated as heat
"In the, heliua, it wist be gotten, rid of by
refrigeration. To calculate the rooa-'tempera-

' ture work required to do this, we multiply by,
300; thus we get a refrigeration work load, of
12 x 3 x 300 • 1.8X 10? W/km of conductor. A
'typical tofcaaak T? coll 'system might contain
250 km of conductor altogether, so .that the

" total refrigeration work load due -to pumping
would be 4.5 MW.

3.2 Cabling Patterns

..-.• Kext we look for a cabling pattern by
which'we' can realize the specifications
-calculated so far. We discuss two possi-
bilities, tier*, one needing little compaction

' and the other needing considerable compaction.
In both cases, the basic unit is a soldered
triple of composite wires each of which Is
0.46 mm in diameter. Because of the solder-
lag, the interstice is assured to b* filled
with solder, and the .part of the surface
Inside it is assumed .unavailable for heat

_ transfer;--One cabling pattern- is- to-win*--.-
tfiese triples 2~ layers around a central core.
Alternate layers twist in. opposite directions -
and therefore do not interpenetrate; the
triples.are.also twisted so that adjacent
triples' do not interpenetrate.' To 'attain the
required cooled perimeter, we .shall need about
1200. such wires.'. El«v?a layers around the
central core will contain about 405 triples
(the exact number depends on the twist pitch).
The cross-sectional area; is 4.0 cm1 as' re- '
quired, and.the helium volume fraction is 502
at tha beginning; For this reason, this
conductor .will, require only.slight compaction.
The cabling pattern,is shown in the bottom
part of Fig. 3. V

. CMMUDWQ/FCO-77K

X 3 : wiradiam«w<M6mAi
comfcfenbl* compaction rMMM

1— tutor, compaction - £ 3 J cm*
-, *M*fMr companion-4.00 o r ?
tbout«27x3units =

The second cabling pattern uses wires of
the same size, but the basic unit is!a single
layer of triples wound around » central triple
(7 x 3 uiMt) . Fifty-eight such units will

' provide the requisite number of .wires; four
, layers, around a central core wiil contain
about 62 such units. Uncompacted, such an
arrangement will have a helium fraction of 622
and a cross-sectional area of 5.32 cm2.'.
Compaction to 4.0 cm1 will bring the helium
fraction to 50Z. This cabling pattern is • .
shown In tbe top part of Fig. 3. ••

3:3 Hb»Sn Maftnct

Th* aext problem is related to the first
la that again we design a 15-kA. 4.0-ca*
conductor. This time the conductor is com-
posed of NbjSn/CuSn/Cu. ' We choose as 'our
operating point a helium temperature Of
6.0 K, a helium pressure of 7.0 atmy' and a
magnetic field of 12.0 T. Because the sta-
bility margin will depend on pressure, it is
tiecessary to specify the helium pressure in
this example, whereas in th* first example it

1]lty*nx3:
onlyilighteonipKiioo
*b*ut406tripfw : i,c

Fij;. 3. Two cabling patterns by which
the NbTl/Cu conductor found using our design
procedure may bo realized. '

was not. Th* resistivity of the copper in a
12-T field is 6.79 x 10"1* ohm m (RRR - 160,
as before). The critical current density of
the NbiSn is taken to be 1.2 x 10' A m~* at
12 T and 4.2 K., Finally, the CuSn/NbsSn
'volume ratio is fixed at, 3.

After the first five steps of our design
procedure, we again arrive at a curve of AH
versus"pumping power for constant-pressure
operation. This curve has a fairly pronounced
"knee" in it, the bend in the "knee" being
located near the point AH * * 365 mJcm"' and •
• a pumping power of 6.0 Wkn"1. Th* correspond—
Ing pressure drop is 0.4.9 atro/100 m. The
conductor is 582 metal, 42% helium by volume;
the metal 1* 50Z copper and 50Z CiiSn + NbiSn
by volume. The cooled perimeter Is 1.22 m.
AH " 365 mJ/cm1 corresponds to a temperature
rise to 20 K for this, conductor.

If v* examine Fig. 2, we see that th*
operating point 6.0 K, 7 atm is close to; the
point at which'the specific heat of-helium and
th* heat transfer coefficient have reached .
their maxima. At 7 atm, the specific heat and
heat transfer coefficient.should have nearly
reached their.maximum values in the range of
helium temperatures between the bath tempera-
ture (6.0 K) and the current sharing-threshold
(<7.0 K). ' But if the' amblet.t pressure of th*
helium were less, than 7 atm, say 5 atm, then
the specific heat and heat transfer coefficient
would be considerably reduced. "Consequently,
we expect a decrease la stability margin with



decreasing pressure for this conductor) the
- results of detailed calculations are shown in
, Table 1.

. Table 1. Dependence of stability margin
on.ambient pressure for
base-case NbjSa conductor

I
10s

OWL/MM/ FtO-TTJTT

Pressure
(atrt

Stability
aargln

(aJ/ca'-aatal)
7
6-
3
4

365
290,
150
26

20
19
16
9.

Since tSe enthalpy of heliua is about two
orders of Magnitude higher than that of the
conductor *t heliua temperatures* the second
tent dominates. '-. - • ' \ '

The heat transfer coefficient of heliua
varies as the flow changes. This determines
the recovery tiae and thus the stability
aargln. As is stated in Sect. 2, the"beat
transfer coefficient depends on'the velocity
sad hydraulic diameter, as , ..' !

= i 11 Him i 11mm

BASE

Temperature
•00

4. Scaling Relationship
The flowing helium in a forc«-cool«d

magnet fulfills two,functions: it is a heat
•ink for the conductor, and it transfers the
heat away fro* the conductor.' In a large
aegnet, the heliua is stagnant as far as the
heat sink function is concerned. This has
been the basis of our zero-rdlmenaional analy-
sis* .The ultimate cooling power Is Halted by
the:enthalpy change froa the-initial-hcliua
bath teaperature to the current sharing ' '
teaperature. Per unit conductor, volume, it -is
g i v e n b y • • • • . - • • ' , , '

£'•.* ••<•)

Assuming smooth tube friction factors,
eon also finds the following relationship
between the puaplng power and the flow
velocity. i

(3)

' Th* functional dependence of AH on P
for the two base cases derived in Sect. 3°ls
shown In Fig. 4. It is lhterestlng to note
'that AH changes sharply only in a range.-of P
•about an order of aagnitude wide. At very p

high puaping power the heat transfer coef-
ficient will be high enough to transfer heat
froa conductor to heliua laaedlately. The
aaount of heat that the conductor can take is

»•

4.0K -

i i mini i i mini i i nnm i i nun
W4 » ; IOT w

UNIT PUMPWC POWER, fp (W/ff l)

Fig. 4. Stability narQin versus puaplng
power for the two base-case conductors.

limited by the heliua inventory.' The sta-
bility aargin approaches that given By Eq. (3).
The kink in. each of the curves ° corresponds to
the conductor being heated to T Initially.
For-initial thermal disturbances less than •
this value, the conductor does not go COM- *
pletely normal; This region is not of prac--

^ t l c a l I n t e r e s t . " * ''.'•• - :.,•'.' \, . \

t Above the kink all current flows in the
subotrate initially. Joule heating becomes a
coctitant. A; small Increase in h, or P will
allow a substantial Increase "ia SB. Htnce,
betwiten' the 'shoulder and kink of the curve, AH
is vtiry sensitive to P . The recovery cap.i-
-bility of"a conductor In this region can be
•inferred by comparison of the heat,transfer
and the power density of.joule heating in the
conductor .- •"

(6)

For a given initial conductor temperature, T-',
'correspordihg to a stability margin AH,.one
can find Rhe parametric scaling by holding

'» constant.

4.1 J-Dcpendenc*

, , One Interesting question is what will be
the changes In the stability limits and
pumping power requirements by running a
conductor at. different current densities.
With a linear relationship between the super-
conductor critical current density and the
teaperature, one finds froa Iq. (3) that ,

.c
the ultimate'gradual heat input limit In-
creases linearly as the current density de-
creases. In the range of heliua flow where ••
the stability aargln depends str&acly on the



% heat transfer coefficient, Eqs. (4), (5), and
(7) give • , •"

The pumping power requirement is a very
strong function of current density. Thus,

- reducing operating currant density not only
Increases the ultimate heat "capacity but also
Substantially reduces the required pumping
power.* Numerical examples of this scaling a •
relationship for a 20-mm-IO conductor are
shown in Fig. 5. One finds that Eq. (8)
applies to the vertical shifts at ths right
and gq. (9) applies to regions between the
shoulder and tha kink.

-
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Fig. S. Current density dependence of the
stability cwgln and pumping power. The '
constant-volume specific heat of helium was '

A - 3.14 cm*.

4.2 o-Pependence

tadlation damage to the conductor Of a
fusion magnet will gradually increase the
resistivity of the substrate. Thus the sta-
bility of the magnet will be degraded. One
earn warm up the magnet periodically to anneal
the conductor or degrade the magnet by oper-
ating- .at a reduced current in accordance with
I * l/»f to maintain the same stability. Xbe
force-flow cooling scheme, offers another
choice. -From Eqs.
fiade

possible difficulties in manufacture and
possible flow instability. Since Pr.is- roughly
proportional to the square root of the number
of strands, JET , one finds from Eqs. (4),
(5),' aad (7) Mat

4.4 B- and T-Pependenca

No simple scaling'relationships, however,
can be found for the dependence on field and r
. temperature. < The field, the helium tempera- .
ture, the criticel current density, and the
critical temperature enter in more than one
place. Numerical, calculation* is required for
these cases. Table 2 summarizes all the
scaling relationships discussed.

. Table 2. Scaling relationships

Physical entity Scaling factor

Ultimate gradual heat
input limit

AH-OJ/cm-'-cond) .-...

"n.

TJnit puaping power

•ps.«*
?*»• • • •

5. Other Considerations

'5.1 Comparison with, MIT Experiment' '

Experiments on fha stability of the
force-cooled cable superconductors have been
performed at FKML-MIT by M. 0. Hoenlg et al.s

(4), (S), and (7) again one As a test of our computer analysis we calcu-
lated the maximum recovery current' of the
conductor for several different initial heat
Inputs. An example of the comparison between
this analysis and the data is shown in Fig. 6.
The experiments were performed on a 19-strand

„ "27-0 triplex cable in a 10.2-mm-ID aluminum conduit.
r T T * " w The initial heat input was supplied by eddy

" currant heating over a period of 20 msec, .'
while the analysis assumed the heat was added
Instantaneously. Maximum recovery currents
for several different helium mass fxpw velod-

,i; As Is noted in Sect.'2, P and h. always .ties (1 g/sec corresponds to 0.15 m/««c) are ,
occur in tha product Ph..* Lower h. and thus plotted against ambient magnetic fields. It '
lower pumping power can be realited by in- can be seen that the data/and the analysis

,fcrossing P or having a large number of strands.agree with each other very well. -Rote that
T h i s , however, cannot gq too far.because of tha 'constant-pressure specific heat of helium

power in this

will not affect AHw

4.3 Itrand Number Dependence

• * • '
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The larger the void, the higher the helium,
flow and the larger the waste. The tots),
pimping power requirement is calculated by
the summation

*- -

. Examples of this treatment Cor an ̂extreme
case, of 1/8 of the cable -space being opened
«re shown In Fig. 7. Note *%st the contri-
bution of'the heliua flowing through the void
to the ultimata heat capacity still exists
end* was added .Co the curves above the.ahoul-
der. It ii seen that depending on how badly
the compacted part Is smashed, i.e., how such
the cooled perimeter is reduced, a. factor of
2 to 3 Increase in pumping power 1» required
to regainthe sane stability margin. It
Is Judged that nonuniform cooling in the
proposed cabl*> will not cause any alarming,
difficulties. '

.•MM M-IUM

^ cm»-CON0.
TMJUt»«3.3K
T,-4.34 k- :

£(ST,4.S4K>-4430>

W0^

' /• '• • / -.. ' ' . /• ..• • MAGNETIC rato m

M g . (5. Comparison of the present
analysis arid the FMJML-MIT experiment. The
maximum recovery current is plotted against
magnetic fields. _'L\._.

was used in the analysis. Hence this sore
advaneagoous mode of operation was realized In
the experiment. '

5.2- Kontiniform Cooling
One concern about the cable-in-conduit

conductor is that the interstices of the cable
where.th« helium flows may not be uniformly
distributed. Furthermore as the conductor Is
energixed In a magnet, the Lorentz force may
push the cable toward one- side, thus reducing
th« cooling of the strands. To treat these
problems in the sero-dlmensional analysis, we
consider the latter case of the cable being
shuffled to one side.with s big void left
behind. ' The helium flowing through this void
is considered to be wasted Insofar as'Its heat
transfer function Is concerned.

-' The conductor with the depleted helium
wes analyzed as usual first. Namely, Che flow
velocity, v, and the pressure drop, dp/dx, \
required for a given acabllity 'iargin were
calculated. Since the big void and the
remaining cooling channels have parallel flow,
dp/dx is the same for all Che channels, "vtte '
finds that ' • . •

Fig. 7. Effects of nonuhlform cooling due
to strands being pusad to one side. Extreme
caso of 1/8 of the cable space being opened
is shown.

""3.3 Frodudng Higher fields
• The force-flow cooling scheme offers

very valuable flexibility In that it can be
operated at different temperatures and pumping
speeds. The inlet helium temperature and
pressure is set.by the refrigerator and the
pump, both of which-can be outside the mag-
net., As is well known, lower coolant tempera-
ture will increase superconductor critical
"current density'. A superconducting magnet -
can presumably produce higher fields: at lower
operating temperatures. The engineering com-
plexity of'oalntaihing lower temperacure and
che uncertainty of the magnet stability at
subatmbspheric pastures for a pool-boiling
cooled magnet are big obstacles, but this
will not be che case In a force-flow system. -



Assuming the asgnet structure ha* enough
safety Martin, we consider ways of achieving .
higher fields in a given Magnet with no
sacrifices in the stability Margin. For the,

.'•asm magnet to produce a higher field, a
higher current density is required. At •
higher fields, the magnetoreslstance of the
stabiliser (Cu) increases. ' As! is discussed
la Sect. 4, the' stability margins and the.
required pumping powers depend' on the current
density, fields resistivity, and Che tielium .
temperature in it complicated way. First, the '
hel'lf* temperatu.-a to maintain the same
ultimate heat capacity was determined. .The
.mdt'ten h< »e input limit *m a function of the
pumping power was, the*: =«lcul«i?<l for this ,

'particular temperature and field. Figure 8 '
•bam the results of one of these calcula-
tions. In order to-maintain the same sta-
bility aargin:*ac higher fields', lower "helium
•temperatures and higher pumping powers are
required. ' - * -

aRequlred bath temperature for obtaining AH.'
173 eJ/cm*. ^ . u

*For ML- 1/2 AH and relative to 1 - 8.0 t
field output. B

CO

0
f

f co

UMT PUMPING POWER. V % C w / m )

Fig. 8. Operating temperature and
pumping power requirement to produce higher
magnetic fields In .a given magnec.

AH -

*c -

Hco "
I -
J

P

Is

.Selecting the stability'margin as half of the
ultimate gradual heat.input limit, AH - (1/2)
AB-, the results are survarlzed in Table 3. *,
Because of the different helium bath tempera'
tures, the Carnot factor, (T_ - T. )/T.., v*s
Included la calculating the relative pumping -
. power shown In the' list column. Note that in
_thi» calculation, the constant-volume specific'
"heat of helium was used.

Table 3. Operating"temperature end
- ' pumping, power for higher fields'

• ' •

(tt

s.o8.5
9.0

10.0

4300
4569
4838

. 5106... ••:
5913.

4.0
3.68
3.36

..3.02
2.68

•;• —

1.0.
1.8
4.6

-..7..*..
16.4

total area within the conduit (»*)
conductor (metal).area (m?)
heUum area (a*)
magnetic field (T)

tqrdraullc diameter (m)
volume fraction of copper in metal
volume fraction of metal inside *
Conduit

beat transfer coefficient when metal
temperature is inflniteainally
Ugher_than helium temperature

stability margin (mi cm"1)
ultimate-gradual heat input limit - •
(mJ cm"*)

enthalpy of helium
enthalpy of metal (J a"')

• transport current (A)
- overall current density (Am"1)
• critical current density of supercon-

ductor (Am"').

» number, of strands
- cooled perimeter (m)
- Raynolds cumber

- helium bath temperature (K)
- critical temperature,(K)
- current sharing threshold (K)

- Initial metal temperature (K)
T r » .room temperature ,(K)

V . - helium velocity in the Interstices'
(a sec"1)

p -- matrix resistivity (including mag-
neto resistivity, fl-m)
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