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Summary

This paper gives un update on stability and protection of CICC’s, with a main focus on simple analytical
formulae to be used for cable design purposes. The status of the present understanding is reviewed, collecting the
main results as far as possible into a consistent notation. Various additional aspects of present interest are briefly
discussed, such as special cable configurations (hybrid cables, cables with additional cooling channels) and
operation in superfluid helium. Some considerations on cable current distributions, and its effect on cable
stability, are given

1. Introduction

Stability and protedion are two fundamental aspeds of the physics of supercondicting cables
that have deserved much attention since the first pradicd applicaion d supercondtctors in
magnets] 1]. Both are still of major concern for today’s designer: cable stability is one of the
fadors determining the reliability and avail ability of the magnetic system, while protedionin
case of quench is of paramount importance in magnetic systems of large stored energy. The
natural outcome of this concern is the eff ort towards the definition d a design code that gives
an optimised cable design, satisfying stability and protedion constraints. Some examples of
how this has been trandated into pradice for force-flow coded, cable-in-condut conductors
(CICC's) can be foundin Refs. [2-4]. Simple analyticd models of the stability margin and
quench evolution were used there to deduce the cdle design with the maximum operating
cable space crrent density, i.e. the minimum cable @oss dion for agiven operating current.
In the meanwhil e understanding of both processes has improved, and rew conductor operating
condtions (superfluid helium) and layouts (hybrid cables with co-wound stabili zer, parallel
coadling channel) are mnsidered. This paper starts with a summary of design procedures
commonly used for stability and protedion o CICC's and drealy reviewed in Ref. [4]. The
aim isthen to updite these results based onthe latest evolution d knowledge and cesigns. All
symbals used are wlleded in Table 1 for clarity. In addition most of them are wherent with
the notation d Ref. [4].

2. Stability

2.1  Limiting current and helium heat sink



We wish as the first step to design the CICC that will operate & maximum current density
withstanding a given energy deposition over a given duation and length. This last is indeed
nothing else but the definition d the energy margin AE of the cale. Usually, for reasons of
safety margins and simplicity, the energy inpu is assumed to take placeover along (infinite)
length and a short (infinitesimal) time duration. This is representative, for instance, of the
energy depasition through AC loss caused by eledromagnetic transients such as plasma
disruption in a fusion experiment. In redity the perturbation spedrum covers a wide scde of
lengths and times, a fad that must not be forgotten in the detailled analysis of the cale
stability. However, the dhoice of along lenth and a short time is a worst case and therefore
appropriate for design purposes.

The basic todls for the design of a stable CICC are the two concepts of the limiti ng current
and d the hea sink provided by the helium. In the original ideas developed by Dresner [5] the
stability margin of a CICC is approximately equal to the total hea sink for operation below a
limiting current, aregime dso cal ed well-coded after Schultz and Minervini [6]:

AE ~ AE,_, (1)

where AEq.x is the maximum hea sink between the operating and current sharing
temperatures:
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Abowe the limiti ng current, in the ill -cooled regime, the stability margin is of the order of the
strands hea cgpadty plus the energy transferred to the helium during the hea pulse z and the
recovery time z [7]:
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where we note for completenessthat the secondintegral abowve is usually small (negligible in
our asuumption d instantaneous energy depasition). The definition d the limiti ng current is a
dired consequence of the balance of Joule hea generation and hea removal, oltained after
Stekly [8] as:
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or, using the materia fradions in the cale to oltain an expresson d the cdle space crrent
density [4]:
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The power balanceimplied by Eq. (4) expresses a condtionfor recvery, andisreferred to the
end d the heda pulse. In the interpretation d Dresner[5] and Schultz and Minervini[6] below
lim the full hea sink o the cdle can be used becaise the strands can recover from an arbitrary
temperature excursion, while aowe |y, recovery is condtiona. Hence the hea sink provided
by the helium is efficiently used only in the well-cooed regime, which is therefore
charaderized by an energy margin much larger than in the ill-coded regime. This ided
situation hes been schematicdly represented in Fig. 1. The sharp rise in stability margin
locaed at the limiti ng current is obviously the optimal design pant because & the limiting
current the best possble use is made of the helium available. The cdle is designed fixing a
tentative value of the material fradions and wsing Eq. (2) to determine the T that provides the
necessry hea sink. A vaue of T corresponds to an operating current density in the
superconduwctor and thus, at fixed materia fradions, in the cale space This current density
must be matched to the limiting current density of Eg. (5). Scanning the range of feasible
materia fradions the optimum seledion can be found.

The main unknavn of this procedure is the value of the hea transfer coefficient h. As
discussed by Dresner [5] the heaing induwced flow in helium affeds the formation and
evolution d the boundry layer. The determination d h becomesin principle cougded with the
external and Joule hea input. The gproach proposed in [5] and [9] is to use ascding law
empiricdly fitted to data. The limitation d this methodis that an extrapolation beames risky
in the regions where we ladk experimental data on the cdle wnfiguration. A less rigorous
approad is to design wsing a value of h diredly derived from a data base of experiments.
Typicd values for h over awide range of cables and operating condtions have been compil ed
by Lue [10]. They range from 400 W/m? K to 1400W/m? K, with an average of the order of
1000W/m* K.

The simple procedure outlined abowe is very useful for design and ogimisation. It is however
much simplified and shoud be used with caution. In particular this model makes two basic
asumptions that we wish to chall enge:

e the remvery condtion Eq. (4), originally developed for bath cooled magnets, implicitly
states that the helium temperature has not changed during the transient;

e the cdle properties are ssumed to be homogeneous, and in perticular the aurrent
distributionis taken uniform in the cdle aoss dion.

The assumption d constant helium temperature can be waved at the st of littl e alditional
complicaion as $iown in the next sedion. Current distribution in pused field experiments
has been proven to have a serious impad on the cale stability and its current carrying
cgpadty. Here we will addresscurrent distribution effeds only from the point of view of the
influenceon the energy balancein the cdle aoss gdion.

2.2 Helium bath temperature changes

The anount of helium present in the cdle space of a CICC is limited, and any energy
depositionwill cause the bath temperature to increase. During the thermal transient the helium
and strand temperatures will foll ow complex trgjedories, bu in case of recvery we know that
the end condtion is of equal temperatures, bah below T We cdl this fina value the
recovey temperature Trec[11].



As dated previoudly, the reamvery condtion implied by the power balance of Joule hea
production and hea remova used to derive Eqg. (4) must hod at the end d the thermal
transient. At this time the helium temperature is arealy approximately T, becaise littl e extra
energy flows into the hea sink duing the last phase of the recovery. Hence the power balance
to be satisfied for recovery to take placeis the foll owing:
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which evidences the fad that hea transfer at the strand surfacetakes placeunder a reduced
temperature difference This gives the foll owing value for Tec
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Asevident from Eq. (7), the recovery temperature varies as afunction d the operating current.
In fad at the limiti ng current given by Eq. (4) we have that T,e=Top Which demonstrates that
the helium is nat alowed to absorb any significant hea otherwise the power balance cana
be satisfied. At currents below |, a small er temperature differenceis necessary to satisfy the
power balance @ndtion and T,ec increases above Top, thus giving room for using the helium
hea sink duing the transient. Optimal usage of the helium hea sink is obtained when the
recovery takes place @en in case of helium temperature increase up to Tes, the maximum
possble value. This condtion, which we can express as Tre—=Te, Can be @nveniently
tranglated into a definition d alower limiting curr ent:
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We stressthat the full hed sink in the cdle adoss £dion AE .« is completely used orly at a
current equal or below 1%, A transition takes placebetween |/** and |;im, Where the energy

lim lim
margin deaeases gradually from the maximum value AE. . to the ill -cooled value given by
Eq. (3). In the transition regime AE deaeases propationaly to the square of the operating
current, as hown in [11]. Figure 1 shows a mmparison d this behaviour to the simpler well -

coaled/ill -cooled model discussed in the previous sdion.

The interest for the designer is that the value of the lower limiting current and d the energy
margin in the transition region can be expressed using the cdle fradions and the cdle space
operating current density. After [4] and [11] we write that the cdle spaceoperating current
density at the lower limiti ng current is:
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As demonstrated in [11], if we take into acourt the energy margin transition between 1,2
and |, the cdle design with maximum cable space cirrent density is obtained operating
exadly at the lower limiti ng current. This can be intuitively understood as a mnsequence of
the fad that below 1,%" we have an excessof stabili zer compared to the one necessary to use

lim
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the maximum hea sink, while &owve 1" the stability margin is lower than the maximum
avail able, and the helium inventory is not properly used for stabili zation. In summary, Eq.(9)
shoud be used in the placeof Eg. (5) of the previous dion. A cable designed using Eq. (9)
will have more @pper than the one obtained from Eq. (5), bu will aso take into proper
acoun the remvery condtion, thus requiring no safety fador.

A fina result of this analysis is that we can derive a limit for the maximum useful ratio of
stabili zer to supercondtctor in the strand. This maximum ratio is reated when the lower
limiting current is equal to the operating current correspondng to the minimum requested
temperature margin AT=Tes-Top. Using Eq. (9) we can write this condtion as:
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Adding stabilizer above the ratio given by Eq. (10) will have the detrimental effed of
reducing the supercondtctor fradion and recessarily the operating current density in order to
maintain the speafied temperature margin. As an example the limit abowe is of the order of 2
for aNb3Sn strandin a12 T field with a temperature margin of 2 K, avalue which isin any
case dowe the typicd manufaduring range. For a NbTi strand, operated ina7 T field with the
same temperature margin, the typica maximum useful copper:NbTi ratio isabou 5.

2.3 Current distribution effects

Current distribution is nat necessarily, posshbly never, unform in a superconducting cable. A
current imbalance can have severa origins, such as a differencein the series resistance in the
cable (joints or high field behaviour of the strands), or a difference in the inductive voltages
on the strands during ramping (field variations along the cale length or transposition errors).
We can describe the aurrent distribution wsing the density of strands of(i) carying a
normali zed current i=I/l;, afunction defined such that its zero-th order moment with resped to
i is the number of strands and the first moment is the average normalised current carried by
the cale iop= lop/lc. The density function must necessarily be zero at the aiticd current. In
fad aiszerofor any i > i, the normalised current carried by the most overloaded strand.

Thefirst and obvous effea of a non-uniform current distribution is that the strands carrying a
current abowve i, have less margin, compared to the average, and thus are more prone to
guenching. During a thermal transient these strands are the first to start Joule heding, while a
current transfer processtakes placewith a dharaderistic time 7. We can identify two limiting
condtions determined by the comparison d the aurrent transfer time scde 7 and the recovery
time scde 7. In the cae 7 >> 7 the normal strands can produce Joule hed for a very long
time, eventually driving the whole c&le normal. In the oppasite cae, when 7 >> 7, the
current transfer can be mnsidered instantaneous and the cale ads as if it had a uniform
current distribution. In pradicein the first case, 5 >> 7, the cdle energy margin is equal to



the energy margin o the strand that is carying the largest current AE(inx), While in the
oppasite cae the energy margin is the same & for a cdle with uriform current density, i.e.
AE(iop). These two limiting cases provide minimum and maximum bounds for the cédle
energy margin. A non unform current distribution and a finite arrrent transfer time aways
result in an energy margin below the maximum value, becaise of the increased Joule heaing
produced duing the current transfer process The adua locaion d the energy margin
between the two bound depends on the detail s of the aurrent distribution (the function «), and
onthe aurrent transfer and recovery process

This stuation hes been sketched in Fig. 2, where we show an hypotheticd current distribution
function (i) and the @rrespondng upper and lower boundfor the energy margin. At a given
operating fradion iop the energy margin (dashed line) must be between the upper boundgiven
by the coll edive energy margin and the lower boundgiven by the worst strand energy margin.
As own there, the lower boundis obtained from the wlledive energy margin by a shift of
imax-lop N the aurrent fradion. Note that this shift is not necessarily a constant throughou the
operating current range, but can vary as afunction d time and current. A behaviour similar to
the one depicted in Fig. 2 was indeed olserved experimentally[11a] on a CICC with formvar
insulated NbTi strands used in the Demonstration Poloidal Coil DPC-U1. The energy margin
reported there was diff erent by one order of magnitude depending on whether the stability test
was performed before or after a sequence of short heaing pulses, and the difference was
attributed to the fad that a limited namalcy can contribute to a better current distribution
among strands.

As we stated previoudly, the aurrent distribution is generaly not known in a CICC. Hencethe
design must be made tolerant to an arbitrary current distribution through the caability to
redistribute the aurrent excess from overloaded strands. To demonstrate that this is possble
we must first derive an estimate of the time scdes 7 and 7. A good approximation d the
charaderistic recmvery time is given by the time wnstant of the temperature difference
between strands and helium:

T~ fstasztab + fS::CS:
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andfor atypicd CICCwe havethat 7 ~ 1.5ms. The aurrent transfer time is determined by the
geometry of the cdle as well as by the transverse and longitudinal resistances. An estimate of
the arrent transfer time from a quenched length L is[12]:
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where L’ and M’ are the self and mutual inductance per unit length of the strands, R’ is the
strand resistance per unit length. The aurrent transfer length L; is given by:
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where we introduced the interstrand conductance per unit length G’. Following our previous
discusson we must make the aurrent transfer time @& small as possble so that the energy
margin approaches the colledive, unform current density limit. After Eq. (12) this
corresponds to a negligible aurrent transfer length compared to the quenched length. The only
freeparameter in EQ. (13) is the interstrand condictance, which we neal therefore to make &
large & possble compatibly with the requirement of low losses. In fad, we can use Eq. (13)
to compute the minimum value necessry to design a CICC with the fastest current
redistribution:
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If we take typicd values for the self and mutual inductance and longitudinal resistance of a 1
mm tick, copper stabilized strand in a large CICC bunde (2(L’-M’) = 1 uH/m,
R ~2mQ/m), and we take an estimate of the minimum concevable normal length Lq = 15
cm, of the order of the minimum propagating zone (MPZ) for a large size CICC, we obtain
that the minimum value of the interstrand condwctance per unit length is of the order of 30,000
O*/m. Typica values obtained in CICC cebled with coated strands range widely, also becaise
of the randam definition d the number and geometry of the interstrand contads. Values
measured by Takayasu [13] on Cr coated Nb3Sn strands are of the order of 100,000Q/m and
sean to provide abottom estimate, indicaing that a CICC can inded fulfill the condtion Eq.
(14) onthe aurrent transfer length when the strands are not insulated. The aurrent transfer time
is then given by the second d Eq. (12), i.e. with the dhoice of parameters above 7 ~ 0.5ms.
We seethat 7 and 7z are of the same order, indeed making the estimate of the cdle energy
margin a difficult task. However both values are small, so that in the energy balance we can
negled the Joue hea produced duing the airrent transfer and recvery phases when
compared to the hea sink available. Therefore for a single event the energy margin of the
cable is close to the ided homogeneous value AE(iop) discussed previously, the upper bound
for the energy margin in Fig. 2 We stressagain that this is true only if the condtion onthe
transverse coonduwctance, Eq. (14) is stisfied. A striking cournter-example was given by the
DPC-U coil s dready mentioned above, wound wsing a CICC with formvar insulated strands
[14]. Owing to the very low interstrand condictance the aurrent transfer time was extremely
long (up to severa hous), so that the energy generated by the Joule heaing of a single strand
was aufficient to eventually quench the whole cdle.

So far we have examined the dfed of current distribution from a coll edive pant of view, i.e.
in terms of the overal cable energy margin against a uniform energy inpu in the cale aoss
sedion. However, colledive behaviour is not the only asped to be cnsidered in a cdle with
nortuniform current distribution, espedally when deding with pused magnets. The aurrent
distribution function « can change in time, for instance during aramp o the operating current.
In this case we exped both the average value iqp and the width imex-iop to Vary. Eventually a
single strand can hit the aiticd surfaceor reat condtions where its energy margin is
small that the natural perturbation spedrum induces alocdised transition. A behaviour of this
type was shown by the US-DPC solenoid, that demonstrated an unexpeded ramp-rate
limitation when operated above the limiti ng current [15]. Based on these results, on cedicaed



subsize experiments and on a much simplified model[16], Takayasu showed that cables
operated in average below their limiting current do nd suffer from severe ramp-rate
limitation.

In summary, we can conclude that a CICC shoud be designed below the limiti ng current (Egs.
(5) or (9)), taking care that the interstrand resistance is sufficiently small (Eq. (14)) to
guaranteefast current distribution. Provided that these two condtions are satisfied, we exped
that the full cable hea sink is used for stabili zation.

2.4 Hybrid CICC’s

For large scde gplicaions the stabili zer fradion reeded for protedion can be larger than the
one necessary for stability. A cost-attradive dternative to the use of high stabilizer to
supercondictor ratio is then the use of co-wound stabili zer strands. In this case an hybrid
cable CICC is obtained. For such a @nfiguration we can ask ourselves how much the extra
strands will contribute to stability, and in perticular in the balance of power generation and
removal. This issue, depending in principle on the aurrent redistribution length and times
discussed in the previous ®dion, can have asignificant cost impad on magnet construction.

Experiments performed by Mill er [9] using aresistive heaer in asmall size CICC have shown
that additional copper strands are nat efficient in the initial current sharing to deaease the
Joule hedaing and thus displacethe power balance The limiti ng current for the cales tested
agread with the value obtained taking the @pper cross ®dionin the strand oy, and ignoring
the m-wound strands. Nozawa & al. [16a] performed similar experiments subjeding two
small size (12 strands) CICC's with and withou copper strands to large field variations (2 T
in approximately 10 ms). Their results canna be cnsidered as conclusive, becaise the cdles
had different criticd currents owing to the fad that supercondicting strands were replaced by
pure opper wires. In addition bah cables showed excdlent stability thus restricting stability
transients to a narrow range dose to the aiticd current. In spite of these caveats, plotting their
results as afunction d the operating density in the supercondicting strands, and assuming that
the energy deposited in the cdle must be propationa to the square of the field variation,
shows that the presence of additional copper strands has no significant effed on the energy
margin.

In the light of these results it seams obwvious that co-wound stabili zer strands doud be
negleded for stability design. An intuitive justificaion was suggested by Miller [9]. He
remarked that the balance recmvery condtion ketween hed generation and removal must be
fullfilled at the limiting current as on as the strand is norma and thus carying the full
current. A delay, as would be nealed to transfer the aurrent to co-wound stabili zer strands,
would cause aditional hea and thus perturb irreversibly the delicae hea baance, pushing
the transient towards a quench. This quaitative explanationis based onalimited experimental
database, and ladks a sound amonstration. Although the negled of segregated stabili zer
strands is a mnservative choice the potential for cost saving does justify further experimental
and modelli ng eff orts

2.5 CICC with additional cooling channel

CICC's are known to have alarge impedance to the helium flow, a property related to their
large wetted perimeter and indead beneficia for stability. This has however a detrimental



effed on the presaure drop recessary to circulate the helium. This limitation can be overcome
by the aldition d a maling channel with alarge diameter compared to the hydrauli c diameter
of the cale itself. This low impedance @adling channel can be delimited by a physicd wall
[15,17,18, or simply be aspaceleft in the cdle [19]. As for co-wound stabili zer strands, we
ask ourselves whether this additional helium volume cntributes sgnificantly to the cdle hea
sink. Few avail able experimental data [20] seem to indicate that when the channel is delimited
by aphysicd wall with small perforationits effed on stability is negligible.

The question d the dfed on stability produced by a wadling channel with large perforationis
so far unresolved. In principle we must exped effeds both onthe hea sink and onthe hea
transfer coefficient. This last is caused mainly by the split of the induced flow between
channels, tending to deaease the hea transfer in the cadle bunde, and by locd transverse
flow patterns, tending instead to increase heda transfer. Simulations were performed in the
case of large perforation, taking into acourt the split of the flow but negleding hea transfer
modificaions that could be caised by transverse flow[20a]. The results confirm that in the
case of large perforation the energy margin of a cale with a separate @aling channel is
systematicdly lower than the value that would be obtained distributing the same helium
amount uniformly in the cdle space Furthermore, they show that conservative results are
found regleding the alditional cooling channel. It seems therefore gpropriate in the design
phase to negled the alditional coaling channelsin the acourting of the hea sink.

2.6 Operation in superfluid helium

Superfluid helium has been propcsed as a @dling alternative in CICC to avoid forced-flow
coaling and thus also circunvent the problem of the large hydrauli c impedance of the cdle. In
addition superfluid helium has excealingly high hea transfer charaderistics, compared to
norma helium, and therefore has the potential for operation a higher current density still
satisfying the hea removal condtions expressed by Eq. (5) or EqQ. (9). In fad the physics of
hed transfer in superfluid helium is rather involved [21] resulting in a peauliar behaviour of
stability. In simplified terms a CICC operated in superfluid helium exhibits a seaond well
cooled regime éter the first drop locaed at the limiti ng current. In this regime the helium is
cgoable of absorbing hea remaining in the superfluid state, i.e. below the transition
temperature T,. Therefore the stability margin in the second well-cooled regime is given by
the hea sink between operation Top and T,, and can be significant, upto 200to 300 KIm® of
helium volume. This hea sink is available & long as the hea flux removed from the strands
during Joule hedingq} is well below a aiticd limit g/, determined by the superfluid hea

transport properties and the geometry of the cdle and surroundng helium:
qy << g (15).

An empiricd design criterion, developed by Dresner [22], gives an estimate of the maximum
hea flux that can be suppated by the superfluid helium. For design pupaoses it is useful to
simplify and rearange the terms in the original expresson, so to oltain the foll owing limiti ng
value for the operating current density:
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below which the cdle operates in the sesaondwell-cooled regime.

3. Quench propagation and protection

The study of the protedion d a CICC in case of quench invalves mainly the foll owing three
items:

¢ maximum (hot-spot) temperature, which shoud be below a value Ty to limit thermal
stresesin the il;

e maximum presaure, which is boundd to a vaue prax to limit medhanicd stresses on the
conduit;

¢ maximum induced ouflow, to be used to size venting lines.

In addition the initial propagation d the quench, mostly the voltage growth rate, is of interest
to dedde onthe gpropriate detedion scheme, sensitivity, threshold and dcelay.

The power generated by Joule hea, and thus, in last analysis, the anourt of stabili zer, is the
main parameter determining quench behaviour. Note that because of the large times involved
in guench propagation and current dump, the issue of current distributionin the cdle does not
play arole. For this reasson we asaume that the complete stabili zer cross dionis effedivein
the transient, including co-woundstabili zer strandsin hybrid cables.

Finally, quench propagation in CICC's operated in superfluid helium is a field where both
experimental data and theory are ladking. Simulations suggest that the influence of superfluid
hea transport on guench propagation is negligible, mainly becaise the quench front is at a
temperature well above the superfluid transition T;. In this sdionwe diocse simplisticdly to
negled operation in superfluid helium.

3.1  Hot-spot temperature

The hat-spat temperature in a CICC is determined by the locd hea balance of hea generation
and hea cgpadty, and orly marginaly affeded by hea transport in the winding pad. It is
therefore posdble to predict acarrately the maximum temperature withou a detailed
knowledge of the quench propagation. We write the locd adiabatic hea balance as foll ows:

d_T_ 1 JZ (17)
dt — f . p(T) "

where 1T) is a function d the material fradions in the cdle and d their temperature
dependent volumetric heda cgpadty and resistivity:
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with the index i running over all comporents in the cable. Once the geometry of the caleis
given, the function y only depends on the temperature T. In Eq. (17) the adual size of the
cable disappeas, and it is customary to write the following universal expresson for the
maximum cable space acrrent density correspondng to the spedfied maximum temperature:

T
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which provides an immediate design criterion when the behaviour of current is known as a
function d time. We can speaalize Eq. (19) for the ided case of constant current before the
quench detediontime tqe, foll owed by an exporential dump with time constant tqump:
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where the integra of the aurrent deca is equivalent to a mnstant current transient with an
effedive duration:

B Tdump
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Two aspeds need some cae in the hea balance namely the dfed of helium and o structural
comporents. In the definition d the function 7" we have implicitly asuumed that all
comporents included have the same temperature. Although thisis true for the strands, it is not
the cae for either helium or condut. Significant temperature gradients can develop in the
cable aoss gdion, which make the definition o " inacairate. Luckily the dfed of helium is
only marginal (typicdly of the order of 10 %), bath as a cnsequence of the helium expulsion
out of the normal zone and becaise the hea cgpadty of strands and structures becomes largely
dominant at increasing temperature. On the other hand the @mndut can have asignificant
impad, typicdly up to a fador 2 in the total hea cgpaaty. A safe dhoiceis to negled the
condut in the hea balance with the cnsciousnessthat the results will be mnservative. At
present only dired simulation gives insight on the dfed of the temperature gradients in the
cable aoss &dion.

3.2 Helium driven quench propagation and the g-l diagram

Miller et a. investigated presaure rise in CICC's and gave expressons for the maximum
presaure dter asudden and complete il quench [23]. The maximum pressure can be written
using the material fradionsin the cdle as:

0.36

L

3
p z065f 0.36 (zj i fStab+ fSC 2 J4

d f2 f3 stab“ op

stab ' he (2 1)
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which is used to derive the maximum allowable cdle space cirrent density for a spedfied
presaure increase and cable layout [4]. This expresson agrees well with experiments
reproducing this limiting case, bu has been foundto largely overestimate the values to be
foundin pradice The reason is that presaure incresse, as well as helium expulsion, is a
process dgrictly determined by the charaderistics of quench propagation. The asumption o
sudden and complete @il quench, implying instantaneous propagation, is rather unredistic
and seldom foundin redity. As reamgnized by Dresner [24], the main quench propagation
mechanism in CICC is haot helium expulsion. The helium in the initial normal zone is heaed
by the cale, its temperature rises and it expands in the (still ) supercondicting region diving
it into the normal state through convedion hea exchange. Dresner postulated that

"..the veocity of normal zone propagdion equds the local vdocity of exparsion d the
helium'[24].

The result of this approximationis that

"..the normal zone engufs no rew helium, or in other words that the heated helium comprises
only the atoms originaly present in the initial normal zone. We are thus led to the picture of a
buble of hat helium expandng aganst confinement by the cld helium on either side of

it"[25]

This gatement has been the basis for the largest part of the analyticd work on guench
propagationin CICC's.

At present the most complete model of a quenching CICC is the one that has been devel oped
by Shajii and Freidberg [26] who have derived approximate expressons for quench
propagation speed and presaure increase based onthe negled of inertia in the equation o
helium motion, taking perfed gas properties for the helium, asauming that the cale has a
perfead therma cougding to the helium (i.e. equal temperature in helium and cable) and
constant current throughou the transient. They diff erentiated among four regimes of quench,
depending on the quench strength (low and hgh presaure rise regimes), and onthe dfed of
the @il boundry (short and long coil regimes).

Any given quench condtion can be locaed in the gpropriate regime using a universal
diagram derived in [27]. This diagram can be obtained introduwcing the two following
dimensionlessvariables

| o 22
= (22
L J:/?)
q= a9 (23)
n
where the two namalization parameters 4 and 7 are given by:
RT c?
1= 17(/00 max]( opoj (24)
Po Po
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26( p f, , 2|’
U R(ﬁgﬁ@y4Kﬁ(gw+f$)ﬂm% (29)

and subscript “0” stands for initial condtions. Once the material fradions are fixed, and the
initial condtions of the quench are given the two variables | and q can be cdculated.
Depending on their values the quench will evolve in ore of the four possble regimes. The
boundiries of the four regimes are reported in Tab. 2 from Ref. [22]. Each regime is
distinguished by diff erent asymptotic expressons of the propagation velocity and the presaure
rise, also given in Tab. 2in terms of material fradions. These expressons can be used diredly
to determine the presaure rise and the helium expulsion duing a quench. Note that because of
the assumptions made in the derivation d the model the perfed gas equation must be used
consistently to compute the initial density in Egs. (24) and (25) andin Tab. 2.

3.3  Quenchback

In recent experiments [28,29, quench propagation in CICC's has been observed to rapidly
acceerate from an initial conventiond phese, with propagation velocity of the order of 1 to 10
m/s, upto velocities excealing 100 m/s. The reason for the accéeration is the heaing of the
dense helium column in front of the propagating norma zone through compresson and
friction work. When the helium temperature reades the aurrent sharing limit T, the strands
bewmme resistive and suddenly large lengths of conductor transit to the normal state. The
propagation speeds up, with an upper limit set only by the sound speed in helium - a
thermohydrauli c quenchback (THQB) has taken pace

Shajii and Freidberg have extended the quench propagation model discussed in the previous
sedionto the cae of THQB [30]. They have introduced a new quantity M:

1 4 Tcs - To
M :_(pOCOJ[ p] 26)
¢0 Po Top

useful to identify the region in the g-1 diagram where aTHQB takes place The quenchbadk
boundiries written as a function d M are reported in Tab. 2. A quench initiated within these
boundiries will eventually evolve into a THQB before the arrent dump is finished. Note that
no genchbadk takes placein the long coil andlow presaurerise regime.

THQB onset time and speal have been computed and are given in detail in Ref. [30]. In the
most relevant case of long coil and small temperature margin (compared to the initial
temperature) their values are given by:

3 5
f dc 1 f 1T-T,
t,, = 8.4[ he0Co ]( stag70] [_ pJ 27)
2K, f(fam + f)\RL, 32 ) gy T,
f..d JB(PstachZ:sjs( Top JB
Vy, = é 28).
* {ZKpf(fstab + fsc)po fstabfhe Tcs_Top ( )
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We ndtice the extreme sensitivity of THOB onset time tq, with resped to the temperature
margin, a fifth power in Eq. (27). This means that small randam uncertainties (in the cale
design o manufaduring) will produce alarge scadtering in the quench evolution, a fad that
has been drealy evidenced in simulations and experiments.

A guenchbad has beneficial effeds on gquench detedion and onthe spread of the energy in
the wil, as it causes an acceeration d quench propagation. Nonetheless when considering
temperature and vdtage evolution for design pupaosesit is sfer to negled THOB because its
onset is boundto a large uncertainty. On the other hand a quench evolving into a THQB will
cause alarger presaure increase than in anormal case, of the order of the maximum presaure
estimate provided by Eq. (21). It is therefore safer to take THQB into acaunt when designing
for presaurerise.

3.4  Cable conduction at the normal front

In the previous ®dions we have asumed that the helium expansion, with its complexity, is
the only medhanism causing quench propagation. In dang this we have stated that the hea
flux aong the cale length, resporsible for the quench propagation, is exclusively due to
helium convedion. In redity CICC's often neal a large anourt of stabilizer to provide
stability and protedion. The stabili zer has good thermal condLctivity, hence it can provide a
significant contribution to the hea flux at the quench front by means of thermal condtction.
This can be asignificant effed for short initial normal zones, where the propagation through
conduction can indeed be the dominating mode urtil the normal length becomes sufficiently
large to drive astrong helium flow [31]. The dfed of conduwction can be evaluated, in first
approximation, as a front advance, i.e. an additional spead of the normal front with resped to
the expanding helium bublde. The front advanceis given by [31]:

ij Kstab 1
Vae \/ 7/02 Pstab Tcs - Top (29)
and modifies, as an additional term, the propagation speed expressons reported in Tab. 2.
Note that this corredion is only approximate, as it does not take into acourt the fad that
owing to the front advance the helium massin the expanding buble is no longer constant. It
can be shown that this phenomenon leads to a further accéeration d the quench front which
we negled here.

3.5 Normal voltage

A final parameter of interest for the design o the protedion system of a CICC based cail is
the voltage in the normal zone. As CICC are mainly used in large scde gplications, the il
discharge relies on an externa resistor which daminates the voltage drop duing dump.
Therefore the maximum voltage is usuall y attained at the @il terminals and is known from the
charaderistics of the discharge system. Here the main concern is rather on the detedion o the
guench through a measurement of the normal voltage in the @il operating in a system that can
be pulsed or subjed to large dedromagnetic perturbation. For this purpose we can give here
an estimate of the normal voltage development based onthe results of the previous sdions.
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From the expressons presented till now it is easy to verify that for a typicd CICC both the
temperature growth rate (seeEqg. (17)) and the quench velocity (seeTab. 2) are goproximately
constant or we&kly dependent on time. The @nsequence is that a quench initiating over a
length Lq will develop an approximately piecavise linea temperature profil e. The temperature
is flat in the initial quenched length and linealy deaeasing over the remaining length. The
total normal length at a time t after the quench initiation will be gproximately Lg+2vqt, a

situation schematicaly depicted in Fig. 3.

The voltage drop V(t) (afunction d time) can be foundintegrating the dedric field along the
length of this zone, or:

Jop
f

V(t) = J.pstab(T( X't)) dx

stab

In general the éowe integral requires the detail ed knowledge of the temperature & a function
of space ad time. If we take the linea temperature profile of Fig. 3, with maximum
temperature Ty, in the initial quenched length and temperature Top in the supercondicting
region, we can approximate the voltage & foll ows:

V(t) ~ o Paan(To) [ Ly + (T, ) 20, (30)

f stab

where, acording to Eq. (17), the cantral temperature T, is approximately given by:

2

JO
T()~T, +——t (31)
fsan?o

and the function (XT.) gives a measure of the weight of the new normal length 2 vq t
compared to the initial length L, taking into acourt the differences in the cdle temperature
anditsdistribution. The definition o 2 and a suitable goproximationfor copper are:

Tm

J‘p stab(T )dT T 47

O )= ~1-031+—m" (32)
pstab(Tm )(Tm - TOD) { \/289+ (Tm o 47)2 ]

Equations (31) and (32) can be substituted into Eq. (30) providing the explicit relation for the
voltage & a function d time that can be used to estimate the initial development of normal
voltage once the quench velocity has been computed from Tab. 2 and the corredion for cable
condttion.

3.7  Parallel cooling channel
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As mentioned ealier in the discusson on stability, cables with additional codling channel
offer a better stealy state flow charaderistic because of their reduced hydraulic impedance
Thiseffed isremarkable dso duing quench, because the low-impedance @adling channel ads
as a preferential relief line. We can take into acourt this effed using the homogenised
hydraulic properties of the channels. Asauming that the flow is incompressble, it can be
shown that the parallel of two channels (subscripts “1” and “2”) is equivalent to a single
channel (subscript “eff”) with the same total area(i.e. cable spacefradion):

33

fhe,eff = fhe,1+ fhe,2 ( )
and an effedive frictionfador:

Kp fstab+f [ Frea & Fre. & } 34

\/ fhe,eﬁ f 1 fhe,eff f 2 ( )

The two expressons above dlow to adapt the equations given so far for quench propagation
to the cae of a CICC with coadling channel.

4. An example of cable optimization

As an example of applicaion d the equations colleded in this paper, we have performed an
optimisation d the stabili zer fradion in the cae of a Nb3Sn CICC at 12 and 13T maximum
field. The main parameters chasen for this case study are reported in Tab. 3.A strand dameter
of 0.8 mm was chasen, and an upger limit of 2.5 was assumed for the copper:noncopper
ratio. Finaly, the cdle design was performed for a void (helium) fradion d 40 %. The
copper fradion was anned from the minimum to the maximum paossble values (i.e. 0 to
0.6), computing for eat value of the wpper and supercondwctor fradions the maximum
allowed current density defined by Eq. (5) for the limiting current, Eqg. (9) for the lower
limiti ng current and Eq. (20) for the maximum hot-spot temperature. All curves are increasing
functions of the copper fradion urtil the limit onthe mpper:non-copper ratio is readied. Note
the slope change for the limiting current density and lower limiting current density at the
maximum copper:norcopper ratio, due to the fad that abowve this limit any additional copper
fradion canna be used for stabili zation. Equation (2) was used to cdculate the aurrent sharing
temperature that gives the requested hea sink, ramely 500 mJcm® as given in Tab. 3. This
corresponds to a aurrent sharing temperature of Tes ~ 5.5K, that is a temperature margin of
approximately 1 K. The cale space arrent density correspondng to this temperature margin
is propartional to the superconductor fradion, and is plotted as a solid line in Fig. 4. Finaly,
becaise of the nonlineaity of the quench equations reported in Tab. 2, the maximum
presaure limit cdculation requires some gproximation. The procedure followed here was to
use the expressons in Tab. 2 to compute the quench regime, quench velocity and presaure
correspondng to the arrent density at the maximum temperature (hot-spot) limit. It was
found that for the condtions used here the quench would develop in the short cail, low
presaure rise regime. The ratio of the quench presaure wmputed in this way to the maximum
allowable spedfied prax Was then used to extrapolate the airrent density to the maximum
presaure aurrent density limit, based onthe power scding laws also reported in Tab. 2. Note
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that this is only an approximation, kecaise a tange of cable space arrent density could
result in a change of quench regime.

The results of the scans are reported in Fig.4. At afield of 12 T the best seledion o copper
fradion is found at 43 % of the cdle space right at the maximum allowable wpper:non
copper ratio of 2.5. The optimal cable space airrent density is approximately 65 A/mn?, and
the cdleislimited by protedion (maximum temperature limit). At a higher field of 13 T the
temperature margin limit deaeases considerably, while the other limits are pradicdly
unchanged. This difts the optimal intersedion towards lower copper content. The optimal
copper fradion at 13 T is around 36 %, for a cpper:non-copper ratio of 1.5, and the
maximum cable space airrent density is 62 A/mn?. Note that in this particular condition the
copper fradion reeded for stability is identicd to the one needed for protedion, resulting in
the best posdgble use of the stabili zer.

5. Conclusions

This paper colleds formulaefor CICC design, as they have been developed duing the last 20
yeas, bringing them into a uniform notation. It includes, as far as posdble, the evolution d
the understanding of CICC stability and protedion, and addresses new feaures of CICC
layout (codling channel, hybrid cables) and operation (superfluid helium). The formulae
presented here can be used as a platform for a @st-based ogimization at guaranteed stability
and protedion performance With resped to ealier work, the improved knowledge dlows to
deaease safety margins and to predict better the adual cable behaviour. Open questions
remain mainly in the field of synergistic interadion d cable airrent distribution and stability.
Here both analyticd and experimental work is requested before valid design criteria can be
propacsed and confirmed.
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Acs=Anet Asc+ Asab [m7]
Ave , Asc , Adab [m?]

c [m/g]
Che , Csc , Catab [IKm?]
d [m]
AE [Im?]
Dn [m]
AT [K]

f [-]

¢ [-]

fhe ) fSC ) fstab [']

7 [JOmM*K]
r [JOm?]
G [QY/m]
h [W/K m?]
n [A4/3/m5/3]
| [A]

J [A/m?]
K [W3m>K]
Kp [-]
Kstab [W/m K]
I [-]

A [-]
L,Lq [m]

L' M [H/m]
Li [m]

M [-]

p [Pa]
Pw [m]

0 [rad]

q [-]

R [JKg K]
p [Kg/m’]
R [Q/m]
Pstab [W m]
T (K]
Te, T, T, Tdet » Tdump [s]

\Y; [m/g]
\Y [V]

cable space

cross ®dions of helium, supercondictor, stabili zer
soundspedl in helium

hea capadty of helium, superconductor, stabili zer
strand dameter

energy margin

hydrauli c diameter

temperature margin

frictionfador

Gruneisen parameter for helium

fradion d helium, supercondictor, stabili zer

haot spot heding rate function

hot spot integral

interstrand condictance per unit length

hed transfer coefficient

guench strength scding parameter

current

current density

superfluid helium conductivity function

wetted perimeter reduction fador

stabili zer thermal condctivity
dimensionlessquench length variable

guench length scding parameter

coil l'ength, initial quenched length

strand self and mutual inductances per unit length
current transfer length

dimensionlessquenchbad parameter

presaure

wetted perimeter

average caling angle

dimensionlessquench strength variable

helium gas constant

helium density

strand resistance per unit length

stabili zer resistivity

temperature

charaderistic time of energy depasition, recovery, current
transfer, detedion, dunp

velocity

voltage

Table 1. List of symbadls
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operating temperature Top [K] 4.5
operating presaure p [bar] 5
detediontime Tdet [g] 1
current dump time Tdump [g] 15
coil length L [m] 300
initial quenched length Lq [m] 1
minimum energy margin AE [mJem?] 500
maximum quench temperature Trax [K] 150
maximum quench presaure Prax [bar] 150
Table 3. Main parameters used for the optimization scans reported in Fig. 4
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strand + helium
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transition

Energy margin (arbitrary units)
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[ strand heat capaciy™~~-
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i limiting current
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0 0.2 04 0.6 0.8 1
lop/lc (-)
Figure 1. Schematic representation d the stability margin for a CICC with uriform

current distribution. The upper and lower dashed lines are the minimum (strands) and
maximum (strands + helium) hea sinks. The gproximation d the stability margin after the
well-codled/ill -cooed model has a discontinuity locaed at the limiting current. A more
redistic gpproximation is obtained using the remvery temperature model, with a @wntinuows
transition from the upper value a the lower limiti ng current to the lower value & the limiti ng
current.
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Schematic representation o the dfed of nonuniform current distribution on
the stability of a CICC. For the abitrary current distribution function (top) with average value
iop @nd maximum value imax (worst strand) the CICC energy margin (bottom, dashed line) has
an uppr boundgiven by the energy margin o the cale with uriform current distribution
(upper solid line) and a lower boundgiven by the energy margin o the strand carrying the
normali sed current iy (lower solid line).




temperature (arbitrary units)

position (arbitrary units)

Figure 3. Schematic temperature distribution along a cdle at two times (t; and t) during
a quench, used to approximate the initial normal voltage evolution. The initia quenched
length L is assumed to propagate & constant speed v,
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Figure 4. Sample optimizations for a Nb3Sn based CICC at 12 and 13T, oltained using
the procedure described in this paper. The @nductor is protedion daninated at 12 T, and
bemmes gability dominated at 13 T. The optimal deisgn pant is marked with a drcle in the
plots.
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