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THERMAL EXPULSION OF HELIUM FROM A QUENCHING CABlt-lN-CONDUIT tONUUCTOR
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When a magnet wound with a cable-in-conduit con-
ductor quenches, the pressure in the conduit rises and
helium is expelled from the ends of the conductor. The
worst case imaginable is the sudden normality of an
entire hydraulic path. The pressure rise may damage
the structure, but that is not the only hazard: the
rapid expulsion of helium from the conductor back into
the refrigeration system may also cause damage. To
judge whether this happens, we need to know the rate of
efflux of the helium; it is probably sufficient to know
it for the first few tenths of a second only because
thereafter the refrigeration system may be protected by
valves that control the flow. This restriction to
short times is fortunate because then the helium flow
can be described by a similarity solution to the
equations of compressible flow.

Three problems are solved in this paper, all by
similarity solutions. The first is described above:
thermal expulsion from an entire Hydraulic circuit
initially unpressurized but uniformly heated by the
Joule power of the normal conductor. The second
problem is expulsion from an unheated but initially
pressurized conductor. In both of these problems, the
ends of the conductor are imagined to intrude into
constant-pressure chambers. The second problem has
less practical importance in applied superconductivity
than the first, but it teaches us some useful things
that aid in the solution of the third problem. In the
third problem, the ends of the heated part of the
conductor intrude into unheated parts of identical
construction rather than constant-pressure chambers.
This problem sheds some light on normal-zone prnpagation
in cable-in-coi^duit conductors.

If we multiply (lb) by v and subtract it from (lc),
we find, after using (la) and the second law of thermo-
dynamics, T ds = du + p d-r, that

ds
3t

q + Fv (2)

The term Fv on the right-hand side of (2) represents
entropy production due to irreversible conversion by
friction of kinetic energy to internal energy. Had
the term -Fv been present on the right-hand side of
(lc), as it would have been had F been an external
force, then the term Fv would not appear in (2).

The basic assumption of this work is that the
frictional forces greatly dominate inertia! forces in
a long, narrow tube. This means that the left-hand
side of (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 (1b). Me can
eliminate the derivatives of P from (la) using the

thermodynamic identity dp dp/c2 - (BP/C )T ds so that

(3)

Using (la,b) and (3), we find

PC BC

Finally, consulting NBS-631, we find that Be /c is

always close to 1, so the bracket on the right-hand side
of (4) is always close to Z,

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

dp. +
rit vf = 0

dV _
dt "

_ 3P r

" " ax ' p Fax

(la)

(lb)

Expulsion from a Quenching Conductor

In this problem, we imagine a constant q to be
turned on at t s 0; initially the pressure rise is zero
everywhere. In the early stages of fluid expulsion,
when v has not risen too high, o mav be >> Fv; the

condition for this is v3 « qD/2f. When this is ful-
filled, (4) takes the form

(u + j-) = - fj- (pv) + pq
3V _L M = £3

2 at c
PC p

(5)

where F, the frictional force per unit mass, is given

by F = 2fv /D. (A list of symbols and their definitions
is given at the end of the paper.) The frictional force
appears in the momentum equation (lb) just as any
external force would, but not in the energy equation
(1c) 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 confine our attention to early enough stages of
fluid expulsion, we can neglect changes in p, c , 3,

and c. Then p can be eliminated from (5) to give

V
41 v Hv at (6)

Since the pressure rise p is zero at x = 0, the open
end of the pipe, we have from (5) the boundary condition
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(7)



Associated with (6) and (7) is the initial condition
v(x,0) = 0. note that the •positive direction of x is
in the direction of v, namely, out of ;he pipe.

Similarity Solution

If we introduce the dimensionless variables

V = v/c, X = -6qx/cc , T = DB*q2t/4fcc2 then (6)

and (7) take the form

32V
—2

3V
3T

(8a)

Expulsion from a Pressurized Conduit

In ths problem q = 0 but the initial pressure
rise p0 is large. Now we cannot neglect the Fv-term

in (4). If we eliminate p from (4), we get

3 2 V .

Dc

The boundary conditions are

dx
p

fr v(-) - 0
(11)

V(X,O) = 0; V(»,T) = 0 (8b)

The system (8a,b) has a similarity solution1 V =

T 1 / 3 Y(X/T1/3/3) which has the property Y(0) =

-A[Y(0)]3/2 where A = 0.932. It follows that Y(0) =

-/3 and Y(0) = (/3"/A)2/3. in terms of the original
variables we then have

W0.t, - (£)
2/3 2/3 1/3

(9)

the latter being obtained because the pressure rise at
x = 0 for t > 0 is zero. To obtain (11) we have
already made the assumption of constant material
properties.

If we introduce the dimensionless quantities V, X,
and T defined by v - cV, x = -DX/4f, and t = DT/4fc
(10) and (11) become

32V ,, 3V , ,,2 3V

^ 2 = V 3T " 3 m V 3X

f dX = --) = 0

(12a)

(12b)

Limitations Imposed by Conditions of Validity

If we substitute (9) into the conditions

v3 « qD/2f, we find that (9) is satisfied for

t « (2A2/3)(c /6c2)-(c /sq) ° cp/Bq because the

product of the first two factors is of the order
of unity.

The second condition the similarity solution must
satisfy is that we can neglect changes in p. c , s,

and c. Using the similarity solution for v, we find

after some calculation do/dt = (pBq/c /3) Y(X/T1/3/3).

Here we must not forget that X = X(T,X0) is the

instantaneous position at time T of the fluid element
initially at the point X = Xo- In ref. 1, it is shown

that the largest slope of the function Y occurs at the
-„-•_ ..i iln\ - m T i . . . e — lj./j*l . -~~i~

U l l y i l t f i l i a l V. < \ V / " • * > . I l l V l t - I W I k . | U H | U V | - » ' . - * ! / * .

so that the fractional change in the density will
be small if again t « c /iq.

The final condition for validity of the similarity
solution is that frictional forces dominate inertial
forces. The heating-induced flow when inertial forces
dominate has already been calculated,2 and from the
results we can determine when the inertial theory
begins to fail. According to the inertjal theory, the
induced velocity in the fluid is v = (eq/2c )(x + ct)

when 0 < -x < ct. The acceleration of the fluid
element at x,t is then dv/dt = (eq/2c )c(l + (iqt/2c ) +

xsq/2c . For the similarity solution to be valid,

eqt/2c must be « 1. Then at x = 0, dv/dt = eqc/2c .

The inertial theory will apply when dv/dt » F =

2fv2/D, i.e., when Bqc/2cp » (2f/D)-(Bqct/2cp)
2.

When this inequality is reversed, the inertial theory
will fail and the frictional theory must apply.
Reversing the inequality and rearranging we get

t » (c p/5q)
1 / 2 (D/fc)1/2.

where m = (1 + ec /c )/2. Eqs. (12a,b) are invariant

to the group of transformations x1 = AX, T' = x ' T,
-1/2

V = X 'V. An invariant solution must have the form
V = T" 1 / 3Y(xr 2 / 3) where Y is a function yet to be
determined. Substitution into (12a) gives

if + j(Y2 + 2ZYY) + 3mY2Y = 0 (13a)

where Z = XT' 2 / 3 and Y = dY/dZ. Substitution into
(12b) gives

o PC

Eq. (13a) can be integrated to aive

Y + jZY2 + mY3

(13b)

(14)

The constant ofjntegration has been chosen as zero
because Y(») = Y(«) = 0. The velocity of expulsion is

v(0,t) = cV(0,T) = cT'1/3Y(0), so we must determine

Y(0) in terms of 2po/pc
2.

If p0 « PC

Small Initial Pressure

2 (̂ 35 aim for 5-atm, 4-K helium), then

we expect Y « 1. In such a case, the Y3-term in (14)

should be small compared with the ZY2-term except very
close to the origin. It should not greatly affect

either Y(0) or J Y2 dZ so we ce,n calculate them in

this limit without the Y -term. Without this term, we

can integrate (14) at once to get Y = 6/(Z2 + b?.'



where b is a constant of integration. It follows

then that jQ Y2 dZ = 9n/b3 so that Y{0) = 6/b2 =

6f2po/9npc
2) . Then, in ordinary units we get

vfO.t) . 6 / p o \ 2 / 3 / D \ 1 / 3

" T273 (-?J (fTJT273 PC
fcTJ (15)

Shown in Fig. 1 is the quantity I Y dZ plotted

against 1(0). The points have been calculated for
m = 1 by numerical integration of (14). Values for
other choices of m can be obtained using the

transformation Y1 = x"2Y, Z1 = XZ, m1 = x3m, j Y'2

dZ' = x'3 f Y2 dZ, to which (14) is invariant. The

invariant line / Y2 dZ = (9TT/6V^)[Y(O)]3/2 obtained

from Y = 6/(Z' + b') is the asymptote for small Y(0)
as expected. It represents a reasonable approximation
up to, say, Y(0) = 0.3, which corresponds to pQ = 11

atm. Above that it underestimates Y(0) for given

2po/pc ; thus (15) underestimates the velocity of

efflux for pQ » 11 atm.

10'
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Fig. 1. The quantity / Y2 dZ plotted vs Y(0)
for m = 1. o

Expulsion into an Unheated Part of the Conductor

In the problem just done, we saw that when the
initial pressure was low enough, the m = 0 approximation
was accurate. In other words, even when m = 0, the last
term in (12a) was very small compared with either of the
other two terms. In the first problem we did, the same
term could be neglected for small enough times compared
with the q-term. What this means is that for small
enough velocities (short times, low pressures) the
third term in (10) can be neglected. If we do this,
we can solve the problem of a heated section of con-
ductor joined at its ends not to a large, open chamber
of constant pressure, but no unheated conductor of
identical construction.

According to the foregoing discussion, the velocity
and pressure are governed by the following equations:

32V 4f
3t

(16a)

Pc
2

Sq/c , x < 0 (heated section)

0, x > (unheated section)
(16b)

We only need (16b) to obtain the boundary condition at
x = 0. Since ap/at is continuous there, we n.ust have

fc3X
X=0-

f*l) .01] =19. (17)

If we introduce the variables V = v/c, X =

-Bq/cc , T = D62q2t/4fcc 2 into (16a) and (17), we

get

_ .,sv = -1M\ /av\
; Wx.0+" Wx=o-' "

) using the sim

V = T1/3Y(X/T1/3/3) X > 0

(13)

We can solve (18) using the similarity solution of the
first problem:

V = T 1 / / 3 Y ( - X / T ' / 3 / 3 " ) X < 0

(19a)

(19b)

It follows from (18) that r(0) = -^3/2, so that the
velocity of efflux from the heated to the unheated
section of the conductor is smaller by a factor of

2'2/3 = 0.630 than the value given in (9).
For the Westinghouse coil of the Larg* Coil Program

estimates of the velocity of efflux into an open

chamber based on (9) give about 21 t1^3 m/sec (t in sec);
the velocity of efflux into an unheated portion of the

pipe should then be about 13 t1/3 m/sec. Thus after
only 10 msec the velocity of efflux is more than
1 m/sec. Since the helium being expelled soon becomes
warm (it takes only about 0.2 sec for the helium to be
heated to the current sharing threshold), after a short
initial pause, a non-recovering normal zone should
begin to grow with a velocity approximating the
expulsion velocity, i.e., a velocity that is in the
range of meters per second. To see whether this
expectation is fulfilled we shall have to wait for an
experiment.
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Symbols

A constant equal to 0.932

b constant of integration

c specific heat (J kg"1 K"1)

c speed of sound (m s )

D hydraulic diameter of helium-filled part of the
conductor (m)

f Fanning friction factor

F frictional force per unit mass (N g )

m (1 + Bc2/cp)/2

p pressure (Pa)

q heating ra.e per unit mass of helium (W g" )

s specific entropy (J kg K )

t time (sec)

7 temperature (K); later dimensionless time

u specific internal energy (J k g )

v flow velocity (m sec )

Y dimensionless flow velocity

x distance (m)

X dimensionless distance

Y function appearing in similarity solution

Y derivative of Y

$ volume coefficient of thermal expansion,

A parameter in transformation group

P density (kg m" ); T = specific volume = p


