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STABIL1TY-OPTIMIZED, FORCE-COOLED, MULTIFILAMENTARY SUPERCONDUCTORS*

Lawrence Dresnert

ABSTRACT

A numerical program has been written to calculate
the temperature-time history of a uniformly pulse-
heated composite superconductor cooled by super-
critical helium in forced couvection. The program
determines the maximum sudden temperature rise from
which the conductor can still recover the supercon-
ducting state. The program includes the effects of
(1) current sharing, (2) the temperature variation of
the specific heat of both the matrix and the super-
conductor, and (3) the temperature variation of the
heat transfer coefficient. Using this program, one
may optimize force~cooled conductors with respect to
stability by simultaneously varving the copper~to-
superconductor (Cu/SC) ratio and the metal-to-helium
ratio. Use of stability-optimized conductors allows a
given stability level to be maintained for a particular
field and bath temperature and the pressure drop and
pumping losses to be reduced.

INTRODUCT1ON

In 1975, Hoenig and co-workers reported
development of a novel cryostabilized superconductor
consisting of a bundle of multifilamentary Cu/SC
strands cooled by supercritical helium flowing in the
interstices betwcen the strands.! In one concept, the
strands are fluted to increase the available area for
heat transfer. 1n another concept, the heat transfer
area is increased by twisting three substrands to make
each strand. B

Hoenig et al. have studied the recovery of the
superconducting state in a long conductor following a
sudden uniform temperature rise. Whether or not the
conductor recovers depends on competitior between
transfer of heat from the wmetal to the helium and the
Nine different
design parameters determine the details of this com~
petition, namely: the total cross-sectional arca of
the conductor, A; the volume fraction of metal in the
conductor, £.,; the volume fracticn of copper in the
metal, f; the cooled perimeter of the metal, F; the
resistivity of the copper, p; the transport current in
the conductor, I; the helium bath temperature, Tp: the
magnetic field, B; and the heat transfer coefficient,
h.' Given these nine factors, it is possible to calcu~
late the greatest heat per unit volume of metal, H,
that can be deposited instantancousiy in the conductor
and still allow it to recover the superconducting
state.

We should like to survey the behavior of H as a
function of 1ts nine arguments, but this task {s too
extensive to be undertaken easily. We can reduce the
nine to seven by some simple cvensiderations. First,

P and h always occur in the product Ph. Second, for

£ given arrangement of strands of a given shape, the
stability of a portion of the conductor is the same

as that of the entire conductor. That means, for
example, that if the original conductor is imagined to
be composed of two smalier conductors inm parallel, each
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of which has half the number of strands, half the
cross-sectional area, and half the cooled perimeter of
the original, then each half will have the same H as
the original. Thus M can only depend on P/A and on
I/A = J, the current density. Our original list of
nine arguments can thus be reduced to the following
seven: Ty, B, p, J, PhiA, f, and f_,.

Seven arguments are still too many, and in this
paper we deal with the more restricted problem of how
ii behaves as a function of the three variahles Ph/A,
f, and f o* the remaining variabies (Th, B, p, and J)
being fixed.

THE RESTRICTED PROBLEM

The analysis of the restricted problem {s based
on the observation that H has a maximum value H,.,. as
a function of £ and f__, all other parameters being
held fixed. To see thgs consider what happens when
f.o is held fixed and f is varied. If f is small,
there is little copper, and vhen the superconduc:or is
driven normal, the jouvle heat production is high.
Such a conductor can only recover from a small ex-
cursion above the current sharing theshold temperature
T.. At the other extreme, if f it mnear 1, there is
little superconductor, and the currant density in the
superconductor is close to the critical current
density. Then the threshold temperature T, is only
slightly larger than the bath temperature T,, and the
heat the conductor can absorb and return below T, is
small. Some intermediate value of f is therefore best

1f fcc is low, the total amount of metal is low,
and at temperatures above T., the joule heat produc-
tion is high. If f_  is near 1, the helium inventory
is lew, and the heat the conductor can absorb is again
low. An intermediate value of f., is best.

Let us imagine R plotted in three dimensions as a
function of £ and fco The argument given above says
that 1f we hold either f or f,; constant and vary the
other, H goes through a maximum. This means that if
we cut the surface of H with any plane perpendicular
to either the f or the £ axis, the curve of inter-
section 1s concave downwards. We expect, therefore,
that H has a single peak above the f-f., plane, at
which H = Hp

If so, tﬁe contours of constant H in the f-f
plane should be closed loops, and that is what is
found by direct calculation. Shown in Fig. 1 are con-

‘tours of H for the conductor shown in the imset.

The values of Ty, B, p, J and Ph/A used are ﬁhown in
the figure. For the geometry sgoun in Fig. 1, P/A =
1630 m-1, so that h = 1500 W m (Since h
depends on both the metal and heliLm temperatures in a
complicated way, the value quoted here is for the
heiium at T, and the metal infinitesimally higher.)
The value o? h corresponds to a flow velocity of the
helium in the interstices of 1 m 8”1, The contours
are labeled with the values of N expressed in mJ cm™
of metal.

The location of the maximum changes as the
parameter Ph/A ch . for ple, as the helium
velocity chaages. TFigure 2 shows the coordinates of
the maximum £, .., and x 8s functions o Ph/A for
the given values of Tpe By 04 and J.

If a lower limit Ho 1s prescribed for H before-
hand, then the smallest value of Ph/A we can attaln is
for the optimized conductor for which Hoax = Hy
Consider the following argument: Suppose we have a
conductor with a given £ and f., for which 1 > H,. We
can reduce Ph/A by reducing the helium flow velccxty
until H ~ H Then, using the reduced value of Ph/A,
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Fig. 1. Contours of H (mJ en~3 of metal) in the f~foq
plane. The inset shows the details of the conductor
geometry. The volume fraction of copper in the metal
is f, and £ is the volume fraction of the metal in

the conductor.
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Fig. 2. Variatfon of “max’ £, and £ with Ph/A.

we can optimize, i.e., increase R by appropriately
choosing £ and £.,. We continue this procedure until
the optimized vaiue of ‘H, H,xs equals Ho. If the
reduction in Ph/A has been substantial, this procedure
may result in a substantial reduction in pressure drop
and pumping power.

ILLUSTRATIVE EXAMPLE

For the geometry shown in Fig. 1, £ = 0.63;
let us consider a conductor for which £ = 0.83 (Cu/SC
= 5). With a helium velocity of 1 m s~1, H = 200 mJ
em~3d, the pressure drop 1s 2.0 atm per 100 meters, and
the pumping power is 0.27 kW km~l, 1f we ckoose H_ =
200 mJ em™”, we find from Fig. 2 that Hp;y = H, when
f = 0.80, fo, = 0.56, and Ph/A = 1.47 x 106 ¥ m-3
K-l. This value of Ph/A is about 60% of what {t was
for the original conductor. W¥e can achieve the vol-
ume fraction of metal f., = 0.56 by deepening the
fluting grooves irom 0.058 cm in diamcter to 0.071 cm
in diamcter. This increases the cooled perimeter by
about 5%, and allows h to be reduced from 1500 to
860 W m’é Kfl. corresponding to a reduction in the
helium velocity from 1 m s=1 to 0.52 m s=1. The
pressure drop is now 0.5% atm per 100 meters and the
pumping power is 0.045 kW km-l, equivalent to a reduc-
tion by a factor of 6.

The superconductor inventory is proportional to
(1 - £)f.,. Using this formula, we find that the
changes in f and foo needed to reduce the pumping
power increase the supcrconductor inventory by about
about 7%, 1If we do no! wish to pay the cost of the
extra superconductors we can carry out the optimization
under the constraint of constant superconductor inven-
tory, f.e., under the constraint of constant (1 ~ f)f_,
Doing this, we find thot £ = 0.81, f., = 0.55; the
flute dfameter must be increased to 0.073 cm; the
helfum flow velocity is 0.54 m s-1; the pressure drop
is 0.56 atm Eer 100 meters; and the pumping power is
0.049 kW km™1,

We see from this example that large reductions in
punping power can be achieved with no sacrifice in
stability by using optimized conductors.

EFFECT OF BATH TEMPERATURE

The bath temperature used in the above iilustra-
tion is low, and the lower the bath temperature the
more stable the conductor. For fixed ﬂo. the lower the
bath temperature, the lower the pumping power. How-
ever, since the pumping losses appear as heat at the
helium bath temperature, they must be removed by the
refrigeration system. One unit of heat removed ac
temperature Ty, requires approximately 500 x (4.2/Ty)
units of work at room temperature, Although the pump-
ing power decreases with decreasing Ty, the total room
temperature work required could eventually increase
vith decreasing 7j,. To test this possibility, the
calculations described above were repeated for T, =
1.9 K and 3.5 K. It should be noted that 1.9 K is very
close to the lambda point for supercritical helium in
the 3-5 atm pressure range. The pumping power at bath
and room temperatures are shown in Table I.

TABLE I
Pumping Power vs Bath Temperature

Pumping Power at Bath  Pumping Power at Ruom

T, (K) Temp (kW km~1) Temp (kW km~1)
1.9 0.025 28
2.7 0.045 35
3.5 0.18 110

Raising the bath temperature to 3.5 K increases
the pumping power requirement at room temperature by
a factor of 3, while reducing the refrigeration power
required for all other heat inputs by only about 251,
Unless the pumping power is less than about 10Z of the
total refrigeration power, this is a bad bargain. If
the bath temperature is lowered to 1.9 X, the pumping
power required at room temperature is decreased by 187
and the rest of the refrigeration power is increased
by 30Z. Unless the pumping power is more than about
65% of the total refrigeration power, this is also a
bad bargain.

KUMERICAL PROGRAM

The numerical program is based on a simple Runge-
Kutta intepration of the heat balance cquations,
assuming the temperature distributions in both the
supercenductor and the helium to be uniform. The
physical parameters used in the program are as follows.
Regarding (1) the details of current sharing, (2) the
temperature dependences of the resistivity of copper
and the specific heats of copper and XbTi, and (3) the
critical data for NbTi, the assumptions made here are
exactly those made in Ref. 2. For the sake of brevity,
they will not be repeated here. Giarratano's modifi-
cation of the Dittus-Boclter eqation is used fer the
heat transfer coefficient.3 In the pressure range
3-5 x 105 N m=2 and the temperature range 2.5-4.5 K,
Giarratano’s cquation can be approximated by

Az




he= 1,06 (rue)i-S (1.“)-0. 76 0.8 0.2 .,

vhere h s the heat transfer coelficjent in oW en~2
K™%, Ty, s the helium tenperature, Teo Is the xotal
temperature, v Is the heljum flow velocity in the
interstices fa cm sec™, and D 1s the hydraulic
dioncter dn o, In the same temperature and pressure
range the specific heat per unit volure of heliua fs
vithin 20X of 2.75 x 10”7 J m=3 k-1, and this value fs
assumed throughout.

In order to understand tie operation of the
program, it is uscful to consider the trajecrories in
the T, -T  plane. This plane s shown in Fip. 3.

Ve arc"onfy interested in the octant below the liae
Teo = Tjio since the metal tempersture T, is always
2the he fum temperature Ty.. Also shiouvn is the line
Tco = Tes the current saaring threshold cospersture.
Below this line on the Teo #xi% there s no joule heat
production, ac indicated in Fig. 3. The origin of
Fig. 3 is at the point (TyaTypde
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Fig. 3. Trajectorics in the plane vhose coordinates

are the m-La) temperature (T.o) and the hielium tempera-

ture (Tlle"

We start by raiaing the netol to a temperature
Tea > Te > T, while the heliun remains initfally at
the temperatuce Ty- These fnitial conditions are
represented by a point (T orTy) on the T  -~axis. The
temperature~time history §8 s?ven by a curve in the
Tc ~Tie plane coergiog from the point representing the
:ln?ziul conditfons. Five typical curves are shown,
marked with arrows pofuting up and to the } 7. The
sixth curve, with an arrow petnting Jownm a¢ o the
right , will be discossed later.

The only cquilibrium points of the system, l.e.,
the only pofnts at which dT.q/dt = dTy,/dt = 0, are
thoge paints on the line T in the square whose

co = Tie
corners are (T),,Tp), (T),.T S. and (TeWT). and (T..7)).

The leftmost trajectory 1s‘shown ceading on this line

scgment and represeats recovery of the superconducting
state. The rightmost trajectory shows thr behavior 4n

a case fn which the conductor does not recover. ¥e see

that 1{ the metal temperature falls below T, the con-
ductor recovers, whilte ff the helfum tomperature rises
above T, the conductor does not recover, and that
these ate the only two peszibilitfes,

We shoul? 1ike to keov the fafcfal mctal zempera-
ture T, . above which the conductor dees not recover
and belod whileh tt does. This temperature can be
found by trial and error usiag the dircet intepration
just dencviticd,  Howuover, such a procedure (s tino-
consuming. It 15 poszihle to start the intogratisn ag
8 point mrar the point (T.,T.) and fnteprate basi-ir 'y
An tire. A trajectory of this type fs showm croroin,,
from 2w puint (T, + 2T,T.) with an arrow pofncin:
dowm ard 1o the righ:. 1f ar s small enough, this
trajectory will cross the Tpo 8xi8 very close to the
temperature 7, o’ Only a single Integration of the
difierential cquatfons representing the heat balasce
is necessary, and the computing time can be kept withe
in tolerablc limits.
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