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Abstract

The influence on the propagation velocity of the
normal zone of four phenomena was investigated:
1} The temperature dependence of the specific heat and
the thermal conductivity, 2} The current-sharing zone,
3) The electromagnetic diffusion of current through a
possible super-stabilizer, and 4) The thermal diffusion
through a possible insulator. At the beginning, these
influences were studied independently of each other. In
all cases, after creating a model of the particular
phenomenon, the equations of thermal and electromag-
netic behavior were solved analytically and the expres-
sions for the propagation velocity obtained. These
expressions were then put into nondimensional forms,
which have allowed us to define four correction factors
taking into account the studied influences, depending
only on one or two nondimensional parameters.
Subsequent studies were made to investigate how to
combine these correction factors in order to obtain general
formulas for the velocity, taking into account a part or all
of these influences. A review is presented here of these
formulas, which are of interest for the superconducting
windings, where the heat transfer to helium can be
neglected on the time scale of the quench process.

Introduction

Hypothesis of adiabaticity

The study of the propagation of the normal zone
along the superconducting windings has already been the
object of many publications.1-33 However, all these
publications have one point in common: they are all
concerned with conductors immersed in helium baths,
and their authors direct their efforts primarily toward
modelization, calculation, and measurement of thermal
exchanges between the conductors and the helium.

In this study we are more specifically interested in
indirectly-cooled magnets, such as the layer of conductors
representative of the ALEPH solenoid34 presented in
Figure 1.

In this configuration, the annular ring and
especially the layer of insulation (between the annular
ring and the layer of conductors) introduce important
thermal resistance. In more precise terms, a characteristic
time Ty of thermal diffusion across the width Ly of the
layer insulation is given by:

Lg?
Ta=p; ® m
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Figure 1. Cut away view of the ALEPH solenoid.

where Dy is the thermal diffusivity of the layer insulation
(m2s-1). Typically:

D4 =106 m2s1
Ta=1s

Ly=103m
Hence:

In addition, a characteristic time Tp of the propagation
phenomenon is given by:

D
3 @ @

where D;is the equivalent longitudinal thermal diffu-
sivity of the elementary winding pattern (m2s1) and v is
the longitudinal propagation velocity (ms1). Typically:

Dy=0.1m32s1 p=10ms!

Hence: Tp=103s

It appears that Ty is small in comparison to T3.
During 7, the thermal diffusion will be limited to a small
width of the layer insulation. What follows in particular
is that at the scale of propagation, the heat flux transferred
to the annular ring and to the helium is negligible.



Consequently, we see that the layer of insulated

conductors—or, as the case may be, the elementary
winding pattern—is thermally decoupled from the
exterior and thus shows an ideally adiabatic behavior.

Adiabatic propagation velocity, with but one
exception,?> has only been regarded, in terms of theory, as
a limiting case of the propagation velocity when
immersed in a helium bath, with the coefficient of
exchange with helium tending towards zero.l. 2 28

Different aspects of the problem

A complete study of the propagation of the normal
zone along the layer of conductors of Figure 1 must take
into account the following four influences:

* Influence of the current-sharing zone

* Influence of the temperature dependence of the specific
heat and of the thermal conductivity of materials.

* Influence of eleciromagnetic diffusion in the super-
stabilizer. In effect, the conductor used by the ALEPH
solenoid consists of a conventional multi-filament
composite enclosed in a large section of aluminum.
When such a conductor switches to the normal
resistive state, the current, initially confined to the
composite, needs a certain amount of time to be
diffused in the super-stabilizer. The propagation
front thus carries with it a wake of electromagnetic
diffusion along which the dissipated power density
per unit volume varies. Thus the question is posed
of the role played by this power in calculating
propagation velocity.

* Influence of thermal diffusion in the layer insulation.
During a transition of the layer of conductors in
Figure 1, most of the dissipated power serves to
heat the conductor and to make it switch to the
normal resistive state and the residue is transferred
to the layer of insulation. As we have described in
Section 1.1, given the weak thermal conductivity of
the insulator, the heat, like the current, needs a
certain amount of time to be diffused in the
insulation. The propagation front carries with it a
wake of thermal diffusion. Thus the question is
likewise posed of the role played by the insulation
layer in calculating propagation velocity.

Method

The above review of influences on propagation
velocity shows that the latter is a blend of thermal and
electromagnetic phenomena, mainly non-linear, and that
these phenomena occur on different scales. The
difference between scales renders all numerical
approaches to the problem difficult. We have thus
adopted an entirely different method of which we present
here the principal results. This method consists, first, of a
study of each of the aspects of the problem independently
from each other, and, second, of an attempt to reconstitute
the mechanics of the entirety. Sections 1I-V present the
conclusions of the studies of each of the previously
described influences. In each case, we have analytically
solved the equations of thermal and electromagnetic
behavior and we have established an implicit equation for

propagation velocity. This implicit equation was then put
into dimensionless form, which has allowed the
reduction of the numerous related parameters to one or
two, as the case may be. It is this dimensionless form that
we present here. In Section VI, we finally show how to
combine these parameters to estimate the propagation
velocity along the layer of conductors in Figure 1. The
details of all these studies can be found in Reference 36.

Influence of the current-sharing zone

Let us consider the current-sharing phenomenon.
First, we introduce an average power density per unit
volume Pj, variable in relation to temperature T, and

defined” by:

Pj=0 VT, T<Tq

VT, Teis T <Te (3)

YT, T, <T

where:

T¢ is the critical temperature at the given field and
zero current (K.

T.jis the critical temperature at the given field and
the given current (K).

Pjt is the average power density per unit volume
dissipated by the elementary winding pattern in the
normal resistive state (WmJ).

Let us call the dimensionless parameter mj the
current-sharing parameler, defined by:

AHg

my=4 AH; {dimensionless) (4)

where:

AHg is the variation between Tg and T of the
enthalpy per unit volume of the elementary
winding pattern {Jar3),

AH; is the variation between T and T, of the
enthalpy per unit volume of the elementary
winding pattern (Jm3).

Ty is the operating temperature (K)

We thus establish, for all values of m}, the existence
of a constant-velocity asymptotic shift of the temperature
profile, for which the velocity vis given by:

_De
= v;(m;) P]'[AHf (ms-]) (5)

where:

AH; is the variation between Tg and Ty = (T +T¢)}/2
of the enthalpy per unit volume of the elementary
winding pattern (Jm3).

D; is the equivalent longitudinal thermal
diffusivity of the elementary winding pattern, at T}
(m2s77).



v; is the current-sharing corrective factor,
determined versus ntr by the system of equations:

r N 2,2
. i m+2 Vi T
r sin z—-11n 7 (| = mr+7 -1
L v mlv; Vi
r 2
J , MEz— (mp2\ | 2vr
cos ——-1 ln(ﬁ-J 1- Py &)
124 mivy

myp+2
0 < ——-1 Inf—5| <=
V! m,v,

The curve vp = f(m)) is presented in Figure 2.
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Figure 2. Curve vy =f(m))

Influence of the temperature dependence gf physical
characteristics

Let us consider the temperature dependence of the
characteristics of the elementary winding pattern. First,
we introduce a specific heat Cy and a thermal conductivity
ky, variables in relation to T and defined3® by:

Cp =BT + T

ki =5, T V)]

where By, i, and k; are real, positive constants,
determined so as to obtain the best approximation of the
real curves C; = {T) and k¢ = f{T) alongside T}.

Let us call the dimensionless parameter my the
temperature dependence parameter, defined by:

43,2 AH;

my = "—C _(Tf)z

: (dimensionless) (8)

where Cy(Ty) is the specific heat per unit volume of the
elementary winding pattern at Ty (Jm3K-1).

We thus establish, for all values of myp{0<mp<1),
the existence of a constant-velocity asymptotic shift of the
temperature profile, for which the velocity vy is given by:

Dy Pi'z

AT, (ms1) ©

oy = Vir(my)

where vy is the temperature-dependence corrective factor
determined versus my; by the implicit equation:

k |1 (1""11)3/2 2

133 my
= 3/2 T ='\!1‘m‘” (10)

X 1 (mg)2

2/33  my U

Kg being the modified Bessel function of the second kind
and of order £.

The curve vy = fimy;) is presented in Figure 3.
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Influence of electromagnetic diffusion in the super-
stabilizer

The model we have developed in order to examine
this influence is presented in Reference 39; here we are
satisfied with a reexamination of the principal results,
generalized to any conductor geometry.

Let us call the dimensionless parameter my; the
first super-stabilization parameter, defined by:

(dimensionless) (11)

P1 (p2respectively) is the equivalent longitudinal
resistivity of the composite in the normal resistive
state (of the super-stabilizer, respectively)(£2m).

A1 (A3 respectively) is the composite section (the
super-stabilizer, respectively)(m?).



A criterion of super-stabilization is given by:
mpyr << 1 (12)

Let us call the dimensionless parameter pyy the
second super-stabilization parameter, defined by:

L
pir = ”‘]’er (dimensionless) (13)
where:
Lz, is the equivalent depth of the super-stabilizer
defined by:
A
Lie =T (m) (14)

Py is the composite perimeter in contact with the
super-stabilizer (m).

D, is the equivalent diffusivity defined by:

D, =\ 2DmDy (m2s1) (15)

Dm = % is the electromagnetic diffusivity of
the super-stabilizer (mys1).

vg is the propagation velocity calculated assuming
that the current remains confined to the composite:

DyP i0

v0="\ Zq, (msT1) (16)

Pjg is the average power density per unit volume
dissipated by the elementary winding pattern
assuming that the current is confined to the
composite in the normal resistive state (Wm-3).

We thus establish, for all parameter values, the
existence of a constant-velocity asymptotic shift of the
temperature profile and of the magnetic induction profile,
for which the velocity vy is given by:

Upr = Vi vg (ms ™) 17)
where Vyjy is the super-stabilization corrective factor, for

which the result changes depending of the geometry
studied.

For a layer of conductors such as that presented in
Figure 1, viir is determined versus myj and pj; by the
implicit equation:
= MInpIi

tank(pprvan + mmpmvin

vin (18)

Curves of vy = f(my1 p1y1) are presented in Figure 4.

Influence of thermal diffusion in the layer insulation

General features

In a layer of conductors such as that in Figure 1, we
distinguish two types of insulation: the insulation
between conductors, of typical width e; = 100 ym, and the
layer insulation, which surrounds the layer of conductors.
A characteristic time of thermal diffusion in the
insulation between conductors is given by:

2

Ti= Ds™ 10 ms 19)
It seems therefore that T; is of the same order as Tp,, but is
smaller than Ty, where Ty and Ty are the characteristic

Vige = fimpnpinn)
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times previously defined. During Tp, the heat is thus
largely diffused in the insulation between conductors, but
only penelrates a small portion of the layer insulation.
For the calculation of velocity, we therefore suppose that
temperature is constant through each cross-section of the
system {conductor and insulation between conductors},
which we regard as a homogeneous, isotropic medium.

In the following, we designate by medium 3 the
system (conductor and insulation between conductors)
and by medium 4 the layer insulation. We have
conducted a separate study for the layers of insulated
super-stabilized conductors, in which both
electromagnetic and thermal diffusion phenomena
interfere.

Case of a layer of insulated multi-filament
superconductive composites

Let us call the dimensionless parameter mjy the first
insulation parameter, defined by:

A jkaCa D3
"V =NTaCs  vgls

where:

(dimensionless) {20}

C3 (C4 respectively) is the equivalent specific heat
per unit volume of medium 3 (medium 4
respectively) at Ty (Jm3KT).

k3 (kg respectively) is the equivalent longitudinal
thermal diffusivity of medium 3 (medium 4
respectively) at Ty (Wm1K-1).

D3 = k3/C3 (L3 respectively) is the equivalent
longitudinal thermal diffusivity (half-width,
respectively) of medium 3.

Vo is the propagation velocity calculated assuming

that the layer of conductors is bare (without layer
insulation):



0. {ms) 1

AH3

Pjp is the average power density per unit volume
dissipated by the elementary winding pattern
without the layer insulation (Wm-3).

AHj3 is the variation between Ty and T; of the
enthalpy per unit volume of medium 3 (Jm3).

Let us call the dimensionless parameter pjv the
second insulation parameter, defined by:

oy = Dole
ND3Dy

where Dy = k4/Cy4 {Lq respectively) is the thermal
diffusivity (the width, respectively) of medium 4.

(dimensionless) (22)

We thus establish, for all values of myy and of pyy,
the existence of a constant-velocity asymptotic shift of the
temperature profile, for which the velocity vy is given

by:

my = vp  (ms) (23)

\/ anh(glv Viy)
viy

where Vryis the insulation corrective factor, determined
versus mjy and pry by the implicit equation:
tanh(pry VIV)+[ 2 _]]

piv Viv mypv

tanhX(pry viy) +3

= —— (24)
mpypIvviv?

Curves of vy = f(mv, p1v) are presented in Figure 5.
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Case of a layer of insulated super-stabilized conductors

We designate by medium 1 the multi-filament
superconductive composite, by medium 2 the super-
stabilizer, by medium 3 the system {composite + super-
stabilizer + insulation between conductors}, and by
medium 4 the layer insulation.

Let us reintroduce the parameters mjy, pi1, myv,
and prv:

mpr = pP2A1 _Uglae
P14z pm D,
Uglg

- A /F 4Cs D3 _Pole
miv = k3C3 T)GL3 Iv_‘\}D3D4

in defining the equivalent diffusivity D, by:

D, = \}2 D, D3 (mm2s°1) (25)

and in taking for vy the velocity calculated assuming that
the layer of superstabilized conductors is bare (without
layer insulation) and the current is confined to the
composite:

D3 Py

AH3
where Pjp is the average power density per unit volume
dissipated by the elementary winding pattern without the
layer insulation and assuming that the current is confined
to the composite in the normal resistive state.

vo. (ms1) (26

We thus establish, for all values myy, puy, mjy, and
piv. the existence of a propagation velocity for the normal
zone Uy given by:

\/

where vy is the super-stabilization and insulation
corrective factor determined versus myr, piyt, mry, and

piv, by the implicit equation:
tanh {(prvwy) +[ 2 1]
mrvpiv
m
=92 pal 1 (28)

pivvy
MIVPIV vy [tanh(pmvy) + mupivy)

7o (ms1) (27)

anh(EIV V)

tanh2(ppy V) + 3

General method of calculating propagation velocity

After having presented the results of the studies of
each of the four influences, it remains to explain how to
integrate these individual studies in order to arrive at a
general method of calculating propagation velocity. Let us
proceed in progressive steps.

Case of a layer of multi-filament superconductive
composites_without layer insulation

In this case, only two influences must be taken into
account: the current-sharing zone and the temperature-
dependence of the physical characteristics.




We must remember that for the current-sharing
zone;

vr =V (mp) vy

where vgis the velocity calculated neglecting the current-
sharing zone.

To consider the temperature-dependence of the
physical characteristics, it seems logical to replace vgby the
velocity calculated taking into account this influence.
Thus we see that the velocity vy along a layer of
composites without layer insulation is given by:

Dy Pj
ULy =Vi{mip vz2(m3) —z:ﬁ:- (29)

Case of a layer of super-stabilized conductors without layer
insulation

Now three influences must be taken into account:
the current-sharing zone, the temperature-dependence of
the physical characteristics, and the electromagnetic
diffusion in the super-stabilizer.

We must remember that for the electromagnetic
diffusion:

v = vy (myLpup vo

where vgis the velocity calculated assuming that the
current is confined to the composite.

To consider the influence of the current-sharing
zone and the temperature-dependence of the physical
characteristics, it seems logical to replace g with the
velocity calculated taking these influences into account.
Thus we see that the velocity Uiy along the layer of
calculations is given by

Dy P; ‘
oLy = vilmpvy(mp vip(mrpun) ﬁ:ﬁ (30)

where mj my and myare the parameters defined by
Equations (4), (8), and (11), respectively, and ppj is the
second super-stabilization parameter generalized in:

PilLa
pim = vilmpvplm) ‘\/ 2—,%" (31)

The other definitions remain the same.

To illustrate these results, we present, in Figure 6,
the curve ¥ = f (I} calculated along a layer of bare ALEPH
conductors {without fayer insulation), and in Figure 7, the
curves V= f(I} for each of the influences.

Case of a layer of insulated conductors

Through reasoning similar to the above, we see
that the propagation velocity along a layer of insulated
composites is given by formula (23), and along a layer of
insulated super-stabilized conductors by formula (27). by
replacing vp with the velocity calculated taking into
account the current-sharing zone and the temperature-
dependence of the physical characteristics (¥gis also to be
replaced in the definitions of pyr and prv).
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Figure 6. Propagation velocity along a bare layer of
ALEPH conductors.,
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Figure 7. Comparison of the different influences.

Conclusion

The previous equations allow us to consider all
cases of indirectly-cooled windings, where the heat
exchanges with helium are negligible at the scale of the
propagation phenomenon. However, our modelization
has a weakness. We see that all the interface resistances,
either electrical (between the composite or the super-
stabilizer) or thermal (between the layer of conductors and
the layer of insulation) equals zero. It can occur that in
certain configurations these become dominant.
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