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ABSTRACT

A slightly reinterpretationof the Cryogenic Stability Criteria brings about

a. close exjression to calculate the copper to superconductingratio neededto

satisfy thesecriteria. This ratio dependson the fraction of perimeterin contact

with the Helijun, the power generatedby the normal zone and the stationary

temperatureof the conductor. This approachis applied to the proposedbus bar

conductorfor the SSC.
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1. Introduction

The superconductorbusbar cablecan makethe connectionof every magnets

alongthechainof the collider ring accelerator.1This cablehasavery long exten

sion and it suffers of severalperturbationsduring the operation of the machine.

When a normal zone appearsin the conductor the heat may be transferredto

andremovedby the Helium gas or/and liquid dependingon its thermodynamic

state flowing on its surface. This mechanismis the only meansfor the cable

to recover its superconductorstate, consequently,it can be protectedfrom large

disturbancesusingapropercopperto superconductings.c. ratio with passages

where the Helium can flow on its surface,or, turning the power supply off al

lowing the current to decayfast enoughthrough a dump resistance. This last

methodrequiresthe monitoring and detection of a normal zone incursionof bus

bar cable and to turn off the power supply any time there is a large disturbance

on this cable,making the operation of the acceleratorlessreliable. On the other

hand, becauseof the very small spaceavailable inside the magnet is difficult to

makepassagesinside or aroundthe bus bar conductorfor the Helium flow, mak

ing difficult to assurea cryogenic stabilization of this conductorandrequiring a

good estimationof the copperto s.c. ration winch takes accotuit the fraction of

perimeterin contact with the Helium.

Once a normal zone appearsin a superconductingbus bar cable, we want

that this normal zoneshrink itself under the action of the heat transferredto the

Helium. If the normal zone is large, the recovery of its superconductingstate

will be possibleif the copperto s.c. ratio, A, is big enough and there is Helium

flowing on the surface of the conductor which takes away the heat generated.

At this time, there are two cryogenic criteria to choosethis ratio; the first

onewas formulated by Stekly and Zart2 and Stekly. Thome and Strauss;3 the

second one was formulated by Maddock, Janiesand Morris4 which is called

"The Equal-AreaTheorem."
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A very brief discussionof both criteria will be given and with a slight rein

terpretation of them, the copperto s.c. ratio will be given as a function of the

fraction of the conductorperimeterin contact with the Helium.

2. Reviewof the CryogenicCriteria

Supposethat a normal zoneappearsin a superconductingcablebecauseof a

largedisturbanceon it, then,most of the current will flow into the matrix copper

becauseof the very high resistivity value that the NbTi has in its normal state.

Let us calculate the relative current density flowing in the NbTi. Becausethe

voltage acrossthe normal zonewill be the samefor the copperas well as for the

NbTi, then the following relation is satisfied

LpcuIi = LpacI2
1

where Ii and 12 arethe currentsflowing in the copperand the NbTi elements;L

is the lengthof the normal zone;Pcu andPsc arethe resistivities of theseelements;

acu andasc are their respectiveareas. The density of current flowing in the NbTi

is given by

= PcuJi
2

Psc

The total heat generatedper unit time will be that onegeneratedby the copper

and NbTi elements,using the relation 2, it can be expressedas

PcuJ?+Psc4PcuJ?[1+] , 3
Psc

but the ratio pcu/Psc is of the order iO, so, we can neglect the contribution of

the heat generatedby the NbTi. The equationthat governsthe temperatureiii

the conductorcan he written as

Sc7 = V k9V8 + pP
- 8 -80hP

where pP is the rate of heat density generatedby the copper matrix; óc is

the averageoverall the conductorcomponentsof the density, 6, times the specific
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heat, c; k6 is the thermal conductivity; P is the perimeterof the conductor; h

is the heat transfer coefficient; 8 is the batch temperatureassumedconstant;

V is the gradient and V is the divergentof the space;and A is the total cross

sectionareaof the cable,given by

A=a+a3. . 5

First Criterion

This onecan be state grossly in the following way, assumethe temperature

doesnot dependon the coordinatesthe first term of the tight hand sideof 4 is

zero and assumethat the variation of the temperaturewith respectthe time is

negativeshrinkagecondition wheneverthis one is lessor equalthan the critical

temperatureof the superconductor,9, then the equation4 transformin the

following relation

j2

-80hP
<1, 6

the copperto s.c. ration, A, canbe obtainedfrom this relation.

SecondCriterion

In the criterion 6 we ignored the complicatedbehaviorthat function "8 -

80ii" has with respect the temperatureas it is shown in the Figure 1. Let us

now take account this behavior and considerwe have an stationary state the

temperatureof the conductor does not change with time, then defining the

vector function S as

§o = kOV8 7

and using the aboveconsiderations,the expression4 is written as

1 dS2 8-80hP

2k0d82 4 -p 1
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Figure 1. Heat transfer function betweenconductorand helium.

where S is the magnitudeof the vector 7. Multiplying 8 by k8 and inte

grating with respectthe temperature,we have

[S28i 529] =1 [8 - 90hP/4 - pJ2]k8d8 9

Assuming now that the flow of heat is constant along the conductorS& =

we get

9’

- 80hP/A - pJ2]k8d8 = 0 10

furthermore, the function k9 is a positive function of the temperature,so the

relation 10 is equivalent to the expression

f[8 - 80hP/A - pJ2]d8 = 0 11

aK
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which is called "the equal-areatheorem" becauseit expressesexplicitly the fact

that the areageneratedby the heatingprocessis the sameas the areagenerated

by the cooling process. This, in turn, implies that the conductor will have a

stationary condition where its temperaturewill not dependon the location on

the conductor. In practice,however,the thermal conductivity spreadthe heat of

the normal zonealong the conductorreturning into a superconductingstate.

In what follows it will be assumedthat the Pool-boiling heat transfer

function, plotted in the Figure 1, will be valid during the time that the Helium

is flowing on the surfaceof the conductor.

3. Calculationof A usinga modified First Criterion

According to the equation4 if the temperaturein the conductordloes not

dependon the position, the evolution of the temperaturewith respectto time is

given by

6c = p9J2 -8 - 80Ph8 - 80/A, 12

wherewe have written the dependenceof the resistivity andheat transfer with

respectthe temperature.Figure 2 showsthe qualitative values of the joule heat

ing term pP with respectthe temperature.From this figure we see that above

the temperatureax cm = 9rnax - 9 the joule heatingremainsconstant.hut

for higher values than this one it starts to grow very fast and the consideration

about havingaconstantbatchtemperature8 becauseof the Helium flow may

not be valid. For this reasonwe will restrict ourselvesto consider the casewhere

the temperatureof the conductoris not higher than it is ahotit 20K for

copperwith a residual resistivity ratio, R R R, less than 300.
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- Figure 2. Temperaturedependenceof the joule heating.

Let 8 be the temperaturereachedby the conductorafter a largedisturbance.

This temperatureis between8 and 8max, and we want that this temperature

decreasesas the time evolves, that is, we want the relation 12 be negative

for any temperaturein that interval. This condition is expressedthrough the

following relation

where a is given by

pP - ahaP/A <0, 13

a = 9- 14

andthe relation betweenbatchtemperature,9, generatingtemperature,89, and

critical temperature,8, is shownin Figure 3.

I I I I I I I . I . . I I I
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Figure 3. Critical current density as a function of temperatureshowingthe

temperatureat which the ohmic heatgenerationstarts,O:

Assuming we have a cylinder conductor, its perimeter can be expressedin

terms of its crosssection area as

P=2ev, 15

where is the fraction of the perimeterin contactwith the Helium. If thecopper

area is given in terms of the copper to s.c. ratio, A, as

= Aasc

we can usetheserelations in 13 to obtain the following expression

A4 - q2A - q2 0

Oo Og OcB

16

17
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where q is defined by

12
/ 183/ 2

2easc /ahc

being I the current flowing in the conductor. The left hand side of the rela

tion 17 representsa polynomial of fourth degreewith respect to A, it has two

complex roots, one negative root and its positive root which has the physical

meaning,is given by

/R2/3 - 4q2/3 I 2 2R1/2
Aia, e

= 2R116 [ + V’ +
R2/3 4q2/3312] 19

where R is defined as

- R=ç[1+l+$2]. 20

The relation 17 tell us that the allowed values for A are any higher or equal

than A1 as it is shown graphically in the Figure 4. The behavior of A1 with

respect to a- is shown in the Figure 5 for the inner cable of the SSC dipole

magnet asc = 5.1383 mm2, I = 6500 A, p = 2 x 10101?mand for several

values. As we can seefrom theseplots. , the naive applicationof the criterion 6

for e = 0.25 and ac = 2.8, give us the value of A1 = 66 which is unneededtoo

high. However, taken the more flexible condition 17, we are able to allow the

conductor to have higher stationary temperaturesreducing, consequently,the

amount of copperwe needto put into it. A safe selectionis any value such tlia.t

a < 121K. For the values e = 0.25 and a = 9.2K, we haveA1 = 15.
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Figure 4. Allowed A values.
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Figure 5. A1 valuesas a function of the fraction of perimeter in contactwith the helium, .

4 p2 p2

11



4. Calculationof A using a Modified SecondCriterion -

Using the expressions5, 15 and 16 in 11, the equal-areatheorem is

expressedby the following relation

p12 - 2aha
dO = 0 21

J aA ,/a301 + A

but becausethe first term inside the integral is constant, this relation can be

transformedin the following expression

A-qA-q=0, 22

where q is defined by

p12
,* 23

2a2C [urni_g
famax ahada]

a and a-ma,, and are given by

24a

and

= °fllaX - o 241

The solution of 22 has the sameform as 19 has, that is

= -

1 + , 1 +
2q2R2

25
2RY6 N Rj - 4q2/3312

with the substitutionof q by q wherever it appearsin 20.
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Let us apply this expressionto the inner bus bar conductorfor the SSC

using the following values E = 0.25, a-9 = 1.5K and a-ma2 = 13K in the rela

tions 23,24 and 25, the copper to s.c. ratio obtainedis A. = 14. Figure 6

shows the variation of A, with respectfraction of perimeterin contact with the

Helium, e for this particular example.
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Figure 6. A valuesas a function of the fraction of perimeter in contact with the helium, e

5. Conclusions

Becauseof the reducedspaceavailable in the magnets,to use the cryogenic

stability criteria to calculated the copper to s.c. ratio neededfor the bus bar

conductor in acceleratorrings, is required the considerationof the fraction of

perimeterin contact with the Helium This restriction was consideredusing the

first and secondcriteria, the assumption15 and the slight modification 13

bringing about the expressions19 and 25. As we can seefrom the Figures 5

and6, thecopperto s.c.ratio increasevery rapidly as the fraction of theperimeter

in contact with the Helium decrease,in fact, this rapid increasecorrespondto

* umax = 13K 1

& umax 20K

0.2 0.4 0.8 0.8 1

E
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the increaseof the "q" value, relation 18 or 23 it is not difficult to see that

A1 q when q >> 1, thus, given the operating currentand the fraction of

perimeterin contactwith the Helium, we may choosethe copperwith the highest

residualresistivity ratio RRR as possibleto reduce the A1 value. Although a

cylindrical shapehas beenconsideredhere, these results can be applied to any

closed connectedcross section shape with the same area and perimeter as a

cylinder has equivalent shape.

A poor heat transferprocessis equivalent to a small fraction of perimeterin

contactwith the Helium, then,especialattentionmust be takento the form of the

heat transferfunction as shownin the Figure 1. If the fraction of the perimeter

in contact with the Helium is closeto zero, the above considerationscan not be

applied,consequently,the bus bar conductorhasto be protectedagainstnormal

zonegrowing quench, oneway to do this is selecting the copperto s.c. ratio in

sucha way that, once anormal zone is detectedand the power supply is turned

off, the maximum temperatureof the normal zone is not allowed to exceedmore

than a selectedvalue6 dependingon the characteristiccurrent-time-decayof

the circuit.
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