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Abstract

This paper review some recent developments in the field of stability of

superconductors. The main topics dealt with are (i) hydrodynamic phenomena in cable-in-

conduit superconductors, namely, multiple stability, quench pressure, thermal expulsion,

and thermal hydraulic quenchback, (ii) traveling normal zones in large, composite

conductors, such as those intended for SMES, and (iii) the stability of vapor-cooled leads

made of high-temperature superconductors.
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Introduction

In 1983,1 wrote a review of this subject with the same title except for the year1. At

that time I said, "When I began to write this review, my first thought was to make a

thorough coverage of every paper that had been written on stability in the last few years. I

had not completed this when the manuscript began to grow unmanageably large. I

therefore decided to restrict myself to subjects in which I am experienced and to discuss

them from my own point of view. If this will not provide an encyclopaedic review, it will,

I hope, provide one that is still entertaining and informative." The situation with regard to

this review is the same.

Some parts of this review are updates of topics in the earlier review. Prominent

among these updates is work on hydrodynamic phenonemena in cable-in-conduit

conductors (CICC), especially thermal hydraulic quenchback (THQ). Thermal hydraulic

quenchback is a phenomenon that causes extremely rapid growth of normal zonss, and was

first noticed in numerical simulations of thermal expulsion from the CICC of a magnet

intended for superconducting magnetic energy storage (SMES)2. There has been a

suggestion that the anomalously high propagation velocities observed in the 17-m SSC

dipoles are caused by THQ, but this issue is still clouded3.

Another topic dealt with in the review of 1983 and deserving of an update is the

stability margins of superconductors cooled with subcooled He-II. This topic, too, has

become quite important because of the attention currently being paid to SMES, in which

cooling by He-II is nearly canonical. However, I reviewed it last year in an article

published in the same journal as these proceedings4, and so no update will be undertaken

here.



A new phenomenon discovered in the design of SMES magnets is the existence of

normal zones that do not grow, but travel along the conductor without change of shape.

Such traveling normal zones (TNZ) occur in large conductors in which the superconductor

and matrix are disjunct. Their origin is to be found in the long time tahen for the current to

fill the matrix uniformly after an element of conductor has been driven normal.

It has been suggested that high-temperature superconductors can be profitably be

used as vapor-cooled leads5 because in this application they are neither exposed to large

Lorentz forces nor do they need to carry extremely high current densities. If the leads are

short enough, they are cryostable, but if they ar? too long, they can sustain a partly normal

state in which the temperature near their upper end can become intolerably high. This

topic, too, is reviewed here.

Hydrodynamic Phenomena, Especially
Thermal Hydraulic Quenchback

Stability

The stability of CICC, and more generally any internally cooled conductor, is

strongly influenced by the motion induced in the helium during recovery. Once an initial

normal zone has been created, most of the Joule heat it produces is transferred to the helium

adjacent to it. The helium, being confined laterally by the conduit, expands longitudinally

because of the Joule heating. The velocities it attains as a result of such heating can be

quite high, tens of m/s or more being possible. Such high velocities of flow over the

surface of the conductor substantially augment the transfer of heat from the conductor to the

helium and thereby strongly influence the stability of the conductor.

The effect of the induced flow on the stability of CICC is a complicated story

involving a sometimes multivalued stability margin. Much of this story has been told in my

earlier review, so I will restrict myself to the briefest description of the phenomenon of

multiple stability. The stability margin of a CICC is defined as the largest sudden, uniform



heat deposition in the strands of the cable (units J/m3) from which recovery of the

superconducting state is still possible. It is limited by the available heat capacity of the

helium between the bath temperature and the current sharing threshold temperature. This is

because recovery from a thermal excursion takes only tens of ms, whereas the residence

time of the helium in the coil is typically tens of minutes. So for the purpose of deciding

the issue of stability, the helium inventory can be considered limited.

The stability margin has been measured by introducing a heat pulse to the conductor

and observing whether the conductor subsequently recovered or quenched. The

expectation when these experiments were done was tliat as the energy deposited by

successive pulses increased, the outcome would eventually switch from recovery to

quench, thus bracketing the stability margin. In some of these experiments, this

expectation was confirmed. But in other experiments, instead of the simple sequence

recovery-quench, the double sequence recovery-quench-rccovery-quench was observed.

In other words, sometimes the conductor recovered from small pulses, quenched for larger

pulses, recovered for yet larger pulses, and again quenched for the largest pulses. The

situation is summarized in the sketch of Fig. 1. The flow referred to on one of these axes

is the steady flow imposed externally by a pump or the refrigerator, not the transient,

thermally induced flow. Outside the shaded triangle in the base plane, the sequence

recovery-quench is observed as successive thermal perturbations increase. The surface

represents the division between recovery and quench; its height is the stability margin.

Inside the shaded area that lies below the fold in the surface, the sequence rccovery-

quench-recovery-quench is observed. I wish to emphasize at this point that the situation

summarized in Fig. 1 is an experimental one and multiple stability has been repeatedly

observed in the laboratory6'7.

In the simplest terms, what happens in the shaded area under the fold is this: When

the initiating heat pulse is small, transient heat transfer is sufficient to remove the heat pulse

and the attendant Joule power and promote recovery. When the heat pulse is somewhat



larger, the transient heat transfer is no longer sufficient When the heat pulse is yet larger,

heating-induced flow augments the heat transfer enough to again promote recovery. For

the largest heat pulses, the heat capacity available from the helium is insufficient and the

conductor quenches even though the flow-augmented heat transfer may be good. Outside

the shaded area, the bookkeeping changes. A more comprehensive but entirely qualitative

argument in reference 6 shows why the stability margin is sometimes single-valued and

sometimes multivalued.

Multiple stability is important in magnet design because the ratio of the upper

stability margin (sheet ADCF in Fig. 1) to the lower stability margin (sheet GEBF) is often

as much as a factor of 10. Since we generally do not know the extent of the thermal

perturbations in a magnet we must take the lower stability margin as the margin of safety in

the region of multiple stability. The current at point B thus sets an upper limit to the region

of operation in which the margin of safety is the upper stability margin.

For further information on this topic the reader should consult my earlier review1

and the references contained therein.

Quench Pressure. Thermal Expulsion.
and Thermal Hvdraulic Ouenchback

The events that occur when the normal zone does not recover have been

summarized as follows in reference 3:

"When a nonrecovering normal zone appears in a CICC, the pressure in the

conductor rises, helium is expelled from its ends, and the normal zone grows in size. A

variety of coupled physical processes, each simple in itself, underlies these three

manifestations of the nonrecovering normal zone. Thus, heating of the helium by the

normal conductor causes its pressure to rise, but the rise in pressure is limited by the

expansion of the of the helium. The expansion of the helium is restrained by inertia and by

turbulent friction with the walls and the wires of the conductor. This partially restrained



expansion determines the rates of pressure rise and thermal expulsion. These rates are also

determined by the power input to the helium, which in turn depends on the size of the

normal zone. The normal zone grows with time, spreading because of heat transfer from

the normal part of the conductor to the part that is still superconducting. Such heat transfer

takes place by conduction through the matrix and by the action of the expanding warm

helium.

The problem[s] we face [are] further complicated by the fact that the helium and the

metal are not in thermal equilibrium, so that interfacial heat transfer between these two

phases may need to be taken into account. Furthermore, the helium, being in a state close to

its critical state, may exhibit rapid density changes. Finally, the specific heat, thermal

conductivity, and normal-state resistivity of the metal are strong functions of the

temperature.

This brief summary shows the reader that a complete calculation of quench

pressure, thermal expulsion rate, and propagation velocity can only be carried out on a

large computer, and even then it is a rather daunting task. A useful preliminary, having

considerable value in its own right, would be the discovery of simple, easily solved

problems that describe roughly but reliably what happens."

Several such problems are reviewed below. The key to solving them is the very

large length-to-diameter (L/D) ratio of the helium volume inside the conductor (in the

Westinghouse LCP coil, this ratio is about 3 x 105; L = 120 m, D = 0.4 mm). In a

quenching conductor, the helium tries to relieve the rising pressure by expanding, but this

expansion is opposed by friction and by the inertia of the fluid. Because of the very large

L/D ratio, the pressure gradient is almost entirely expended in overcoming friction and

hardly at all in accelerating the fluid. Accordingly, we neglect the inertia of the fluid by

dropping the acceleration term in the momentum equation. This simplification enables us to

solve explicitly a number of interesting problems.



Basic Equations (symbols listed and defined at the end of the paper).

The flow equations (continuity, momentum, energy) for heated pipe are

(la)

where F, the frictional force per unit mass, is given by F = 2fv2/D. The frictional force

appears in the momentum equation (lb) just as any external force would, but not in the

energy equation (lc) because the work done by the fluid against the frictional force is not

removed from the fluid (as it would be if the work were against an external force) but is

returned to it as heat

If we multiply Eq. (1b) by v and subtract it from Eq. (lc), we find, after using Eq.

(la) and the second law of thermodynamics, T ds = de + p dx, that

(2)

The term Fv on the right-hand side of Eq. (2) represents entropy production due to

irreversible conversion by friction of kinetic energy to internal energy. Had the term - PFv

been present on the right-hand side of Eq. (lc), as it would have been if F were an external

force, then the term Fv would not appear in Eq. (2).

The basic assumption of this method is that the frictional forces greatly dominate

inertial forces in a long, narrow tube. This means that the left-hand side of Eq. (lb) is very

much less than either term on the right. In other words, the pressure gradient expends



itself in overcoming friction, not in accelerating the fluid. Hence, we set dv/dt = 0 in Eq.

(lb). We can eliminate the derivative of P from Eq. (la) using the therroodynamic identity

dP = dp/c2 - (BPCp)T ds so that

( + F v l
p dt p c 2 dt Cp (p f ( 3 )

Using Eqs. (la), (lb), and (3), we find

dz p c 2 9 t C ( 4 )

Finally, consulting NBS-631, we find that Bc2/Cp is always close to 1.

Maximum Quench Pressure^

In this problem, we assume that an entire hydraulic path of the CICC has gone

normal all at once. The ends- of the hydraulic path are assumed to intrude into large,

constant-pressure plenums so that there is no pressure rise at the ends of the hydraulic path.

According to Eq. (lb) (with dv/dt = 0), the pressure rise is largest at the central element,

where it equals

We now assume that the velocity has a linear profile, being zero at the center and a

maximum vm at the open ends. Then Eqs. (la) and (5) become

o ^ ^ ; A P o pviU
P d t h D 3 ( 6 a > b )

In deriving Eq. (6b), we have exploited the fact that for a linear velocity profile, the

density of all fluid elements is the same. With the help of Eqs. (6) we can now write



Eq. (3) for the central fluid element as

dt Cp y h \ 2fhp ( )

When the pressure rise reaches a maximum, d(Apoydt - 0. Then, according to Eq. (7),

Ap0 max = if
PC2

PJ

Q 2 h 3

D (8)

For pressure above a few atmospheres, the thermodynamic group B2/pC^ depends only weakly

on density and can be approximated roughly by 0.45p "18 in mks units. Substituting this

expression into Eq. (8), we obtain the following formula for pm^ :

) ( f t )

The last tenn varies slowly with the ratio Pmax/Pamb and can be set equal to a constant For

values of the pressure ratio between 3 and 20, the last tenn varies between 1.16 and 1.02;

we choose a mean value of 1.09. Experimental results for the friction factors of CICC 1 0 ' 1 1

indicate that it is about 0.02 and determined largely by the roughness of the cable.

Substituting these numbers into Eq. (9), we get the approximate formula:

/max = 0.17
D I

(mks units)
(10)

At different epochs in the past, the constant in Eq. (10) has been different, depending on

the state of our knowledge. In the original work9, it was 0.10, in a somewhat later work12

it was 0.14, and we have found 0.17.

Reference 12 compares the estimate of Eq. (10) with experimental data using the

values 0.10 and 0.14 of the constant (see Fig. 2). The agreement is good, so that Eq. (10)

can be used quite confidently for design purposes.



Thermal Expulsion: Entire
Hydraulic Path Normal13

In this problem, the conceptual setup is the same as for the calculation of the

maximum quench pressure. When the elapsed time is short, the pressure-relief waves

penetrating the conductor inwards from each end plenum have not yet reached the center.

Thus for short times the assumption of a linear velocity profile is no longer accurate. Now,

before the pressure-relief waves reach the center, the expanding helium near each end

behaves as though the hydraulic half-length h were infinite. So for early times, we do not

expect the expulsion velocity to depend on h.

To find the expulsion velocity, i.e., the flow velocity at z = 0, we must solve the

partial differential equations (la), (lb) (with dv/dt = 0) and (4) subject to the boundary and

initial conditions p(O,t) = 0, v(oo, t) = 0, p(z, 0) = p0 , v(z,0) = 0. (Here we have taken z =

0 to be the open end of the conductor and t = 0 to be the instant the hydraulic path goes

normal; the positive direction of z is into the conductor.) In addition, we must take into

account the equation of state of the helium. As I said in an earlier paper14, a frontal assault

promises great difficulties, so we begin, as we did there, by seeing what the symmetry

properties of these differential equations tell us. The three equations mentioned above as

well as the equation of state and the boundary conditions are invariant to the group of

transformations

, -\ t 1-1/2 , ,
Z = A.Z, V = A. V, P = p, C = C

C P = C P (11)

t' = X . 3 \ Q' = X"3/2Q, p ' = p, B' = B

where X. is any positive number. This means that if we have a solution, i.e., values of v,

p, and P as functions of z and t for a particular Joule power input Q, we can obtain another

i ,•>



solution corresponding to another value of Q, namely, Q\ by transforming the variables of

the first solution according to Eq. (11).

Now the expulsion velocity v(0, t) can only depend on Q, t, and the variables p o

and Po of the initial thermodynamic state: v(0, t) = F(Q, t, p 0 , Po). This formula must hold

for any solution obeying the boundary and inital conditions given above and so it must be

invariant to transformation by Eq. (11). Thus vr (0, t') = F(Q', t\ po , Po) o r • F r ° m this

X"1/2v = F (X'3/2Q, k3/2t, p o , po). From this identity in X, it follows that the most

general relation between v, Q, and t must have the form vt1/3 = G(Qt, p0, po)- This means that

if we plot the quantity vt1/3 against Qt, all profiles of v versus t for different Q should

collapse to a single universal curve.

Figure (3a) shows profiles of the expulsion velocity v versus the elapsed time t for

various hearing rates for the same cable12. The decline of the expulsion velocity for

elapsed times longer than 2 s shows that by then most of the helium has been blown out of

the conductor. For times as late as 2 s, then, it is no longer possible to assume that the

pressure-relief waves from the ends have not yet reached the center. On the other hand, we

may expect this assumption to hold for times less than, say, 1 s. Figure (3b) shows the

data of Fig. (3a) for times less than 1 s plotted using the variables vt1/3 and ^ ~ Ql. The

four velocity profiles of Fig. (3a) do seem to collapse fairly well to a single curve, as

expected.

Now we assume further that (i) the thermophysical properties of helium, namely,

P, Cp, c, and B, are constant, and (ii) the second term on the right-hand side of Eq. (4) can

be neglected, i.e., the rate of conversion of mechanical energy into heat by friction can be

neglected compared with the production of joule power. Both of these assumptions restrict

us to early times, the first because constancy of P means not much helium has been

expelled, and the second because the frictional heat will only be small early on when the

velocity is small. However, when we make these assumptions it is possible to explicitly

11



solve Eq. (lb) (with dv/dt = 0) and Eq. (4) for the pressure p and the flow velocity v13.

This explicit solution gives the following result for the expulsion velocity v(0,t):

Eq. (12) has been plotted in Fig (3b) for comparison with the experimental points.

The overall trend of the experimental points matches the theoretical slope of 2/3 fairly well,

but the line is too low by a factor of 2. This is doubtless due to assuming the helium

density remains constant and to neglecting the frictional heat The effective helium density

is certainly lower than the initial helium density due to the ongoing expulsion, and the

effective Joule heat production is larger if we include frictional heating. As we can see

from Eq. (12), a decrease in P and an increase in Q will both raise the line. Shown in Fig.

(3b) is a perturbation correction to the similarity solution that shows the initial trend at

least of the contribution of friction heating.

Thermal Expulsion into an Unheated
Part of the Conductor13

A problem very closely related to thermal expulsion from an entire normal hydraulic

path is thermal expulsion from a normal zone into an unheated part of the conductor. The

conceptual setup is this: an infinite pipe is envisioned; the part to the left of the origin is

producing Joule heat, the part to the right is not. The heated helium expands to the right.

We seek the velocity at which it crosses the origin, i.e., we seek the velocity of efflux of

the hot helium into the cold helium. Since we treat the helium as though it were in an

infinite pipe, the model we are treating is only valid for times so short that the disturbance

does not reach the ends of the hydraulic path. Again we make the assumption of constant

thermodynamic properties. Explicit solution of Eqs. (1b) and (4) now gives the same

result as Eq. (12) save the constant 0.952 must be replaced by 0.600. This result can be

used to estimate the initial rate of expansion of a newly created normal zone. For short

1 2



times, the normal-superconducting front should then move with a velocity proportional to

the cube root of the time. Luongo and his coworkers have reported that the modified Eq.

(12) agrees well with their numerical simulations2.

Similarity Solutions

When partial differential equations are invariant to a group of transformations such

as the stretching transformations of Eq. (11), certain of their solutions, called similarity

solutions, can be calculated with no more computational effort than solving an associated

ordinary differential equation. The solution that leads to Eq. (12) is such a similarity

solution, and so, too, are the solutions that underlie the results in the next two sections.

The technique of calculating similarity solutions is well established but too complicated to

summarize here. A good general description can be found in reference ^.

Quench Detection by Hydrodvnarnic Means^

Thermal expulsion of helium from the ends of a hydraulic path offers a non-

electrical means of detecting nascent quenches. The formula (12), however, is not suitable

for calculating the thermal expulsion velocity because it corresponds to the initial condition

that the entire hydraulic path go normal all at once. In quench detection, we suppose that a

small normal zone is created somewhere in the hydraulic path and look for an indicator that

will tell us that it is there.

The pressure in the normal zone grows and causes the zone to expand. As it does

so, it pushes the cold helium adjacent to it in both directions away from the site of the inital

zone. In this problem it is the motion of the cold helium that interests us. A suitable model

that admits a similarity solution is one in which the cold helium is assumed to lie in a semi-

infinite pipe, the front face of which is exposed to a pressure that increases as a power of

the elapsed time. The equations that we must solve are again (lb) with dv/dt = 0 and (4),

13



this time subject to the boundary and intial conditions p(z,O) = v(z,O) = 0, p(oo,t) =

v(oo,t) = 0, and p(O,t) = potn. Since we are interested in the motion of the cold helium, Q

= 0, and again we ignore the conversion of mechanical energy to heat by friction; thus the

right-hand side of Eq. (4) is zero. Finally, we again take the thermophysical properties to

be independent of temperature.

For short enough times, the expulsion velocity is given by

2 fL2 (13)

where L is the length to the nearest end of the hydraulic path. The conditions by which we

can judge what times are short enough are given in the original work on this subject16. The

interesting thing about Eq. (13) is that it is independent of po and n, for these quantities

only enter into the conditions on the time.

In reference 16, a numerical example based on the Westinghouse LCT coil is

worked out The time in this example must be less than 1 s for a disturbance at the center

of a hydraulic path (L = 60 m). The time must also be longer than 0.2 s, since this is the

time it takes for a sonic signal to reach an end of the hydraulic path from the center. At t =

0.S s, the outward mass flow calculated from Eq. (13) is 9.3 g/s, nearly five times the

ambient flow of 2 g/s. This is certainly great enough to detect unambiguously. Even if we

monitor only the total flow of all 48 paths, the increase will be 10% after 1 s, which ought

to be noticeable.

The Piston Problem and Thermal
Hydraulic Qucnchback^

Thermal hydraulic quenchback (THQ) is a new phenomenon first noticed by

Luongo and his coworkers in a numerical simulation of thermal expulsion2. They saw cold

fluid elements far from a nonnal zone being driven through the interstices of a CICC by the

expansion of the helium in the normal zone. Because of the compression of these fluid

1 4



elements and their friction with the wires of the cable, their temperatures rose. When their

temperatures reached the current-sharing threshold, the wires wetted by mem became

resistive. Then, quite suddenly, very long segments of conductor became normal, causing

the propagation velocity of the normal front to jump to very large values.

In order to study the motion of the cold helium analytically, we treat the die

expanding normal zone as though it were a piston pushing the cold helium downstream; the

displacement of the piston is taken to be proportional to a power of the elapsed time. Again

we must solve Eq. (1b) (with dv/dt = 0) and Eq. (4), this time with Q = 0 and subject to the

boundary conditions p(z,0) = v(z,0) = 0, p(oo,t) = v(oo,t) = 0, and v(Z,t) = dZ/dt, where

Z, the displacement of the piston, is proportional to the n-th power of the elapsed time.

Again, die solution is a similarity solution, die details of which are given in another paper

presented at this conference8-

The main results of the calculations based on the similarity solution are formulas for

the following three quantities of interest: (1) the pressure rise in the cold helium just in

front of the piston, (2) the time of onset of THQ, i.e., the time at which the temperature of

the initially cold fluid element just in front of the piston reaches the current sharing

threshold temperature, and (3) an upper bound to the time of completion of THQ, i.e., die

time at which the entire hydraulic path becomes completely normal.

The similarity solution is based on the assumption that the hydraulic path can be

treated as though it were infinitely long. Mathematically, this means that results based on

the similarity solution are valid only as long as the flow velocity induced by the motion of

the piston in the cold helium at the end of die hydraulic path is small compared with the

velocity of the piston. It is important to observe this condition when using the results given

in reference8, and failure to do so may lead to absurd conclusions. It turns out that one

may use the flow velocity given in Eq. (13) above for the induced velocity at the end of die

hydraulic path17; it must be small compared with dZ/dt for the similarity theory to be valid.

15



This condition limits the time for which the similarity theory is valid. For much longer

times, the cold helium is in slug flow18.

Since the details of the similarity theory are given in another paper in this

conference, they will not be quoted here.

The experimental situation with respect to THQ is still clouded, as mentioned

earlier. Two rather similar experiments have recently been performed in which THQ might

possibly have occurred, one by Ando et al.1^ and one by Lue et al.^0. In both

experiments, the condition of validity mentioned above was not fulfilled at either the time of

onset or the time of completion of THQ, so that these rimes cannot be calculated from the

similarity theory. According to the much simpler slug flow theory, the onset of THQ in

Ando's experiments s lould have occurred after about 3 s elapsed time and the completion

of THQ should have occurred about 1.5 s later. Ando's experiments, as well as those of

Lue, show only a smoothly accelerating normal front from which it is not possible to infer

the existence of THQ. Since the numerical calculations of Luongo2 for 4.2-K helium also

show a smoothly accelerating normal front, one should not be hasty in assuming that THQ

did not occur in the experiments of Ando et al. and Lue et al. The question at this moment

is unfortunately moot.

In the SSC 17-m dipoles, the Joule heating in the normal state is two orders of

magnitude greater than in the experiments of Ando et aland Lue et al., about 10 kW/g-He.

As a result, the entire time scale of THQ is compressed, and the similarity theory is the

correct one to use. A detailed analysis of the SSC experiments based on the similarity

theory3 led to the following conclusions: (1) the onset of THQ in the SSC dipoles is

extremely rapid and may be considered instantaneous for all practical purposes; (2) the

average velocities of propagation along the straight section of the dipoles are very large,

exceeding substantially those predicted by the classical conduction theory. (Because the

theory gives an upper bound for the time of completion of THQ, it only gives a lower bound

for the average propagation velocity along the straight section of the magnets. These bounds

16



are quite large and exceed substantially the velocities predicted by the classical conduction

theory.) The measured propagation velocities are between 75 m/s and 225 m/s, depending

on the current, but in all cases far exceed the values expected from the conduction theory.

The lower bounds calculated from the similarity theory exceed substantially those from the

conduction theory and are somewhat less than the experimental values, as they should be. In

spite of all the theoretical work, however, about all we can presently conclude is that THQ

seems to be a promising explanation of the very high propagation velocities observed in the

SSC dipoles.

Traveling Normal Zones in Large
Composite Conductors

Very large, composite superconductors have been considered for use in SMES

magnets. A conductor studied by Waynert et al.21 consists of a 6.0-cm-diam aluminum

(RRR = 500) cylinder with superconducting filaments on the outer surface. The conductor

is rated at 230 kA. If such a conductor is normalized, the current leaving the filaments and

entering the aluminum is at first tightly confined to the outer surface of the cylinder. The

Joule power is then very high. Thereafter, the current diffuses radially, tending toward a

state of uniform current density in the aluminum. In this uniform state, the Joule power

may be quite low and the conductor may be cryostable.

The relaxation time of the current redistribution is ta = |ioR2/0CiP (cti = 3.832).

During redistribution of the current from the outer surface to uniformity, an excess heat

density Qa = 6.333 x 103 y^fi/R2 is produced. If Qd is large enough, it can

sustain a normal zone of finite size.

Because the current redistribution energy is released over a short interval of

approximate duration td following normalization of the filaments, current diffusion is

complete far behind the propagating front. If the steady Joule power is low enough, the

normal zone may recover far behind the front. At the front, on the other hand, the normal
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zone advances and normalizes additional lengths of superconductor. Thus we are led to

expect normal zones of finite size that propagate at velocities that cannot be arbitrarily

small.

Boom and his coworkers were the first to recognize that the stability of large SMES

conductors would be adversely affected by the excess energy produced during the

redistribution of die cunent in the aluminum22. A little later, Christianson23 and Devred

and Meuris24 studied the increase of the propagation velocity by current redistribution, but

neither seems to have considered the possibility of traveling normal zones. To my

knowledge, die first ones to hint at the existence of traveling normal zones were Luongo,

Loyd, and Chang22, but, ironically, after a lengthy and essentially correct discussion, they

decided that the superconductor would not recover far behind the front But they, like their

predecessors, did understand quite correctly that the minimum propagating current would

be depressed by the excess energy produced during the redistribution of the current in the

aluminum.

The first to state explicitly die possibility of traveling normal zones of finite size

were Huang, Eyssa, and Hilal26, from whom I learned of this phenomenon in private

conversation in 1989. In their first publication cited above, these authors presented results

on the depression of the minimum propagating current, and in a later publication27, they

studied the enhancement of the propagation velocity. My own contribution to this subject

was the formulation of a simplified model in which current redistribution led to the

formation of traveling normal zones28. The model was simple enough to permit analytic

solution, although the final result is slightly opaque owing to ihe appearance in it of a

transcendental equation. The model predicts a threshold current below which the conductor

is cryostable and above which traveling normal zones exist At this threshold, the

propagation velocity jumps to a finite value rather than rising smoothly from zero. At
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sufficiently high currents, of course, recovery behind the nonnal front is no longer

possible, and the two traveling normal zones are replaced by a single, expanding normal

zone.

I showed in this paper that it should be possible to see traveling normal zones in

millimeter-size superconducting wires of appropriate construction, so that the experimental

demonstration of their existence need not have been done on the very large SMES

conductors. But as it turned out, large SMES conductors were used. Pfotenhauer and his

coworkers performed a proof-of-principle experiment on a 2.5-cm, SO-kA NbTi/aluminum

SMES conductor29. They demonstrated the existence of traveling normal zones and saw

die jump to a finite velocity of propagation at the threshold current. Furthermore, the

numerical calculations of Huang and Eyssa27 agreed rather well with the measurements,

confirming the adequacy of the latter's model.

It might seem from what has just been said that this is the end of this problem. But

that is not my view, and I think we have only arrived, to use Churchill's words, at the "end

of the beginning." As I pointed out above, it should be possible to study traveling normal

zones with small conductors of appropriate construction, and this seems like an excellent

bench-scale problem that I recommend be undertaken.

Vapor-Cooled Leads Made of High-Temperature
Superconductors

Recently, Hull5 published a paper analyzing the use of vapor-cooled leads (VCL)

made of high-temperature superconductors (HTSC) operating between the boiling points of

liquid nitrogen and liquid helium. In the superconducting state, such a lead does not

produce Joule heat, so that the heat leak into the cryostat is due entirely to conduction down

its length. If we make the leads long enough, we can make the heat leak into the cryostat

arbitrarily small. Unfortunately, if the length of the lead exceeds a certain critical value, the

lead can exist not only in the superconducting state, but also in a state in which the upper
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part of its length is normal. In the partly normal state, the temperature rises to a maximum

just below the top of the lead, and this maximum temperature can be intolerably high for

very long leads.

In the superconducting state the heat leak of leads made of YBCO HTSC is given

by the formula qL = 16.4 W/m, where q is the heat leak into the cryostat (W/m2) and L is

the length of the lead (m). Now if we consider a superconductor with a critical current

density j of only 100 A/cm2, we find that q/j = 0.082 W/kA for a lead 20 cm long. This is

a substantial improvement over an optimized VCL made of a metal obeying the

Wiedemann-Franz law (q/j = 1.1 W/kA). Of course, the ratio q/j for the superconducting

lead is too small because the superconductor needs to be supported by some kind of

structure, e.g., stainless steel (the thermal conductivity of austenitic stainless steel is

comparable to that of YBCO). The rise in q/j could be offset by an improvement in j or an

increase in L. If stability were no problem, VCL made of HTSC would certainly be better

than those made of copper.

How long can such a VCL be and still remain cryostable? An apptoximate but

useful answer to this question can be obtained by a simple analytic solution to the heat

balance equation if we make the assumption introduced long ago by Williams30, namely,

that the thermal conductivity is independent of temperature and the resistivity is

proportional to temperature, the proportionality being such that the material obeys the

Wiedemann-Franz law. If we also take the specific heat Cp of the helium to be temperature

independent, we can solve the heat balance equation without much difficulty and find that

the condition of cryostability is that b = jhiTZflc < 4.99. Here LQ is the Lorenz constant

(2.45 x 10*8 V2/K2) and k is the thermal conductivity (roughly 2 W/m-K). When j = 100

A/cm2, L must be less than 6.38 cm for the lead to be cryostable. Such a short lead is still

better than an optimized metal lead, but the advantage is slight at best

If we make the lead longer it will not be cryostable, but we may inquire if the lead

can endure the partly normal state should it assume it The properties of the
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superconducting and partly normal states are summarized in Fig. 4, where the abscissa is

the quantity b given above and the ordinate is the quantity a = (qL/k)(Cp/CL). Here C L is

the latent heat of vaporization of liquid helium and the other symbols have the meaning

assigned to them above. Shown in Fig. 4 is a horizontal line marked "superconducting

state" and two curves marked "partly normal states." The horizontal line, the

superconducting state, corresponds to a value of the dimensionless heat leak a of 2.97.

(This dimensionless heat leak corresponds to a value of qL = 23.7 W/m instead of the

smaller value of 16.4 W/m given earlier. The reason is that the larger figure is based on the

assumption that the thermal conductivity is temperature independent at the value 2 W/m-K,

whereas the smaller figure is based on more realistic, temperature-dependent values of k

quoted by Hull and due to Kirk et al.31) Below the value b = 4.99, the superconducting

state is the only one that exists, as has already been noted. Attached to the line that

represents this state is the value ymax of its largest dimensionless temperature y = C P T/CL-

Dimensionless temperatures may be roughly converted to absolute temperatures by

multiplying by 4.

Above the line at b = 4.99, two partly normal states can exist, one characterized by

large values of the heat leak and the other by small values of the heat leak. Attached to

various points on the curves representing these two states are numbers representing the

maximum dimensionless temperature y. The lower state is one in which the heat leak and

maximum temperature decrease as the lead grows longer, we surmise this state is unstable

and not realizable in practice. The upper state, for which the heat leak and the maximum

temperature increase with increasing length, is presumably stable.

The maximum temperature of the upper, stable partly normal state rises sharply as

the lead length increases. A modest increase in lead length of only 40% from b = 4.99 to b

= 7 causes the maximum temperature of the partly normal state to reach about 2900 K! So

we reluctantly conclude that if transitions to the partly normal state can occur, we cannot

reap great advantage from non-cryostable leads.
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W e can judge the stability of the superconducting state when b > 4.99 by examining

the difference between it and the lower, unstable partly normal state. As b increases, these

two states increasingly resemble one another as w e can judge by their heat leaks a and their

maxiirunTi temperatures y. So we expect the superconducting state to become increasingly

less stable as b increases.

The existence of the partly normal state and the decreasing stability of the

superconducting state is only part of the story. W e do not know if the perturbations

existing in a practical lead will be sufficient to destroy the superconducting state. This

question can only be answered experimentally, and f i r thennore the answer may depend

strongly on the design of the lead.

The helium boil-off from a YBCO vapor-cooled lead is

J <-;? l<" *«>' (14)

This flow rate is rather modest and suggests that it migh be possible to force recovery of a

non-cryostable lead that is quenching by temporarily increasing the flow of helium vapor

through it. Figure 5 shows the dimensionless external flow c = mCpL/k, where m is the

actual externally imposed mass flux (kg/m2-s), that is required to stabilize a lead of

dimensionless length b . One way to provide the extra flow when needed would be to

enclose the lower end of the lead in a closed plenum containing helium and an external

driven heater. T o increase the vapor flow the heater would be activated. If quenches did

not occur often, the extra heat load to the refrigerator could be ignored. The practical utility

of such a lead protection scheme would depend on the thermal inertia of the lead and the

speed of detection of a normal transition.

It is clear from this cursory survey that this research is just at its beginning and that

much interesting work remains to be done.

22



References

1. Dresner, L., "Superconductor Stability, 1983: A Review," Cryogenics (1984) 24:

283-292.

2. Luongo, C. A., Loyd, R. J., Chen, T. K., and Peck, S. D., "Thermal Hydraulic

Simulation of Helium Expulsion from a Cable-in-Conduit Conductor," JE'ZE Trans.

Magn. (1989) 25:1589-1595.

3. Dresner, L., Lue, J. W., and Lubell, M. S., "Report on the Analysis of the Large

Propagation Velocities Observed in the Full-Length SSC Dipoles," 1990, to be

published as an SSC Laboratory Report

4. Dresner, L., "Stability Margins of Superconductors Cooled with Subcooled He-II,"

Cryogenics (1989) 29:668-673.

5. Hull, J. R., "High Temperature Superconducting Current Leads for Cryogenic

Apparatus," Cryogenics (1989) 29:1116-1123.

6. Lue, J. W., Miller, J. R., and Dresner, L., "Stability of Cable-in-Conduit

Superconductors," J. Appl. Phys. (1980) 772-783.

7. Lue, J. W. and Miller, J. R., "Parametric Study of the Stability Margins of Cable-in-

Conduit Superconductors: Experiment," IEEE Trans. Magn. (1981) 17:757-760.

8. Dresner, L., "Thermal Hydraulic Quenchback in Cable-in-Conduit Superconductors,"

this conference, paper C3-1.

9. Miller, J. R., Dresner, L., Lue, J. W., Shen, S. S., and Yeh, H. T., "Pressure Rise

During the Quench of a Superconducting Magnet Using Internally Cooled

Conductors," Proceedings of the Eighth International Cryogenic Engineering

23



Conference (ICEC-8), Genoa, Italy, June 3-6,1980, (ed.: C. Rizzuto), IPC Science

and Technology Press, Guildford, Surrey, pp. 321-329.

10. Lue, J. W., Miller, J. R., Lottin, J. C, "Pressure Drop Measurement on Forced-Flow

Cable Conductors," IEEE Trans. Magn. (1979) 15:53-55.

11. Daugherty, M. A., Huang, Y, and Van Stiver, S. W., "Pressure Drop Measurement

on Supercritical Helium Cooled Cable-in-Conduit Conductors," IEEE Trans. Magn.

(1989) 25: 1512-1515.

12. Lue, J. W., Miller, J. R., Dresner, L., and Shen, S. S., "Simulation of the Quenching

of an Internally Cooled Superconducting Magnet," Proceedings of the Ninth

International Cryogenic Engineering Conferer.ce (ICEC-9), Kobe, Japan, May 11-14,

1982, (ed.: K. Yasukochi), Butterworths, Guildford, Surrey, pp. 814-818.

13. Dresner, L., "Thermal Expulsion of Helium from a Quenching Cable-in-Conduit

Conductor," Proceedings of the Ninth Symposium on the Engineering Problems of

Fusion Research, Chicago, EL, Oct. 26-29, 1981, IEEE Pub. No 81CH1715-2

NPS.

14. Dresner, L., "Protection Considerations for Force-Cooled Superconductors,"

Proceedings of the Eleventh Symposium on Fusion Engineering, Austin, TX, Nov.

18-22, 1986, IEEE Cat. No. CH2251-7, pp. 1218-1222.

15. Dresner, L., "Similarity Solutions of Nonlinear Partial Differential Equations,"

Research Notes in Mathematics #88, Pitman Advanced Publishing Program, Pitman

Books Ltd., London, 1983; see also, Dresner, L., "Similarity Solutions of Nonlinear

Partial Differential Equations Invariant to a Family of Affine Groups," Mathematical

and Computer Modelling (1988) 11:531-534.

24



16. Dresner, L., "Quench Detection by Fluid Dynamic Means in Cable-in-Conduit

Superconductors," Advances in Cryogenic Engineering (1988) 33: 167-174.

17. Dresner, L., "Asymptotic Behavior of Solutions of Diffusion-Like Partial Differential

Equations Invariant to a Family of Affine Groups," ORNL/TM-1159.

18. Dresner, L., "Quench Pressure, Thermal Expulsion, and Normal Zone Propagation in

Internally Cooled Superconductors," IEEE Trans. Magn. (1989) 25:1710-1712.

19. Ando, T., Nishi, M., Kato, T., Yoshida, J., Itoh, N., and Shimamoto, S.,

"Propagation Velocity of the Normal Zone in a Cable-in-Conduit Conductor," paper

presented at the 1989 Cryogenic Engineering Conference, Los Angeles, My 24-28,

1989.

20. Lue, J. W., Schwenterly, S. W., Dresner, L., and Lubell, M. S., "Quench

Propagation in a Cable-in-Conduit Force-Cooled Superconductor—Preliminary

Results," paper presented at the 1990 Applied Superconductivity Conference,

Snomass, CO, September 24-28, 1990.

21. Waynert, J., Eyssa, Y., and Huang, X., "The Transient Stabilityof Large Scale

Superconductors Cooled in Superfluid Helium," Advances in Cryogenic Engineering

(1988)33:187-194.

22. Christianson, O. and Boom R. W., "Transition and Recovery of a Cryogenically

Stable Superconductor," Advances in Cryogenic Engineering (1984) 29: 207-214.

23. Christianson, O., "Normal Zone Evolution and Propagation in a Cryogenically Stable

Superconductor," Advances in Cryogenic Engineering (1986) 31: 383-390.

24. Devred, A. and Meuris, G, "Analytical Solution for the Propagation Velocity of

Normal Zones in Large Matrix-Stabilized Superconductors," Proceedings of the Ninth

25



International Conference on Magnet Technology (MT-9), Zurich, Switzerland,

September 9-13,1985, (eds.: Marinucci, C. and Weymuth, P.), SIN, Villigen, pp.

577-580.

25. Luongo, C A., Loyd, R. J., and Chang, C. L., "Current Diffusion Effects on the

Performance of Large Monolithic Conductors," IEEE Trans. Magn. (1989) 25:1576-

1581.

26. Huang, X., Eyssa, Y., and Hilal, M., "Dynamic and Transient Stability of He-Il

Cooled Conductors," Advances in Cryogenic Engineering (1990) 35:155-163.

27. Huang, X. and Eyssa, Y., "Stability of Large Composite Superconductors," paper

piesented at the 1990 Applied Superconductivity Conference, Snomass, CO,

September 24-28,1990.

28. Dresner, L., "Propagation of Normal Zones of Finite Size in Large, Composite

Superconductors," Proceedings of the Eleventh International Conference on Magnet

Technology (MT-11), Tsukuba, Japan, Aug. 28 - Sept 1, 1989, (eds.: Sekiguchi, T.

and Shimamoto, S.), Elsevier Applied Science, New York, 1990,1084-1089.

29. Pfotenhauer, J. M., Abdelsalam, M. K., Bodkcr, F., Huttleston, D., Jiang, Z.,

Lokken, O. D., Sherbarth, D., Tao, B., and Yu, D., "Test Results from the SMES

Proof of Principle Experiment," paper presented at the 1990 Applied

Superconductivity Conference, Snomass, CO, September 24-28,1990.

30. Williams, J. E. C, Cryogenics (1963) 3: 234-238.

31. Kirk, W. P., Kobiela, P. S., Tsumura, R. N., and Pandey, R. K., Ferroelectric

(1989)92:151-157.

26



Figure Captions

Fig. 1. Schematic representation of the stability margin as a function of imposed

helium flow and transport current (not to scale). The fold in the stability

surface is connected with die occasional multivalued nature of die stability

margin. Points under die surface correspond to recovery, points above it

correspond to a quench.

Fig. 2. Comparison of die simple formula (10) widi experimental data for die values

0.10 and C.14 of die constant

Fig. 3 (a) The measured velocity of propagation as a function of time reported in

reference 12. (b) The same data plotted using die similarity variables vtl& and

Fig. 4. A state diagram showing die steady states of a superconducting vapor-cooled

lead. The figures attached to die curves are values of die dimensionless

temperature y.

Fig. 5. The dependence of die stability parameter b as a function of die dimensionless

flow c for a superconducting vapor-cooled lead.
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SYMBOLS

a = (qIVk)(Cp/CL)

b=jLVL7/k

B = volume coefficient of thermal expansion M—UK"'

c = sonic speed (m/s)

C L = latent heat of vaporization (J/kg)

Cp = specific heat at constant pressure (J/kg-K)

D = hydraulic diameter (m)

e = specific internal energy (J/kg)

f = Fanning friction factor

F = 2fv2/D

h = half-length of a hydraulic path (m)

I = current (A)

j = current density (A/m2)

k = thermal conductivity (W/m-K)

L = length of a vapor-cooled lead (m)

Lo = Lorenz constant, 2.45 x 10'8 V2/K2

p = pressure (Pa)

Ap0 = pressure rise at the center of a hydraulic path (Pa)

q = heat leak through a vapor-cooled lead (W/m2)

Q = Joule power density in the helium (W/m3)

s = specific entropy (J/kg-K)

t = time (s)
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T = temperature (K)

v = flow velocity (m/s)

y = CPT/CL

z = distance (m)

X = a positive number

p = density (kg/m3)

t = 1/p, specific volume (m3/kg)
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