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Estimates of Pressures and Temperatures Generated
during Quenches of SSC Magnets

Summary

Helium pressurés and temperatures occurring during a magnet quench are
estimated by means of a procedure which is much simplified, employing only
ordinary differential equations rather than sets of partial differential equations.
A purpose of this calculation was to obtain early indications as to whether,
during a quench, design pressures for the helium containment vessel and for
the beam tube may be exceeded with the long, high field SSC magnets. It
is found that, without providing a fair amount of venting (or other means)
in order to reduce maximum pressures, design pressures could indeed easily
be exceeded by as much as a factor of 3. Additional problems are presented
by the large pressure drops occurring along the long beam tube, exposing
the latter to perhaps unsustainable external pressures. These results have
justified a more extensive effort to perform much more detailed calculations
which, besides vents, take into account the possibility of, all along the magnet,
venting the helium passage around the beam tube into the helium bypass
tubes. Initial results look promising. Derivations and results will be discussed
in later Notes. In this Note we present some basic thermodynamic facts, also
pointing out the large (~ 10atm) pressure difference (at low temperatures only)
between unmixed and mixed states of heliurn masses at originally different
temperatures. We show that results for pressures and temperatures depend
essentially on 10 different pararneters, such as the amount of helium present in
cavities between the superconducting wires forming a cable {pressure = 370atn
during quench if no escape for helium possible!), the quenched fraction of the
magnet length, quench duration, vent operating times, etec.

Many thanks are due Kurt Jellett who, including mich advice, provided

and operated the computer program needed to obtain the results presented in
this Note.
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1. Introduction.

When a superconducting magnet ceases to be superconducting — when it
quenches — at some Jocation in the magnet coil, heat is generated. While
the quench propagates longitudinally, azimuthally, and radially in the coil,
more heat is generated. Since this heat is due to the energy stored in the
magnet, the current decreases until the stored energy has been dissipated.
By that time the generated heat will be distributed over some region of the
coil, whose size depends on parameters which determine the spatial quench
propagation velocity. The temperature distribution will have a maximum at
the quench origin and decrease to magnet operating temperature at the limits
of the quenched region or to some other temperature at the coil boundaries.

Superconducting magnets are generally cooled with helium in its liguid
(<€ 2.24¢tm pressure) or supercritical {> 2.24ctm) phase. The SSC magnets are
to be operated at an average pressure of 4.3ctm and average temperature of
4.24°K. Forced-flow cooling is to be used. During normal operation a small
amount of helium (~ 1g/sec mass flow) is to fiow through a passage between
coll and trim coil-beam tube assembly, and a much larger amount {1009/ sec) is
bypassed through holes in the iron yoke laminations. The average helium flow
velocity in the coil passage is then only about 6 cm/sec.

The coil windings consist of cabled strands. Between the strands remain
spaces (cavities) whose size depends on the amount of compression of the
strands due to the cable-shaping process and on the coil prestress which acts
on the cable insulation. These cavities are filled with helium which remains
mostly stagnant during normal operation because the cables are wound with
two layers of Kapton tape and then bonded with epoxy-filled fiberglass tape.
If the pressure in the cable should rise, the helium would most probably not
remain completely trapped but leak out more or less rapidly, depending on the
available pressure difference and the “porosity” of the coil assembly.

For the SSC magnets the duration of most of the dissipation of the stored
_energy is expected to be as short as 0.3 sec. Since the magnet coils are well-
insulated on the outside and surrounded by stainless steel collars - and thus
are imbedded in low heat conductivity materials - these components, as well as
the yoke, will receive little heat during the mentioned short quench duration.



Therefore most of the energy has to be dissipated by the coil material and by
the helium in the cable voids and coil passage.

Since the helium in the cable voids (mass m,) is distributed over a multitude
of small spaces, the surface area for heat exchange is very large. In addition,
this helium is not insulated from the coil material. In contrast, the helium in
the coil passage {m;) is insulated from the coil and also, since here the surface
area is only that at the inside of the coil, heat exchange can be expected
to be much smaller. Thus, if enough helium can leak out of the cable voids
during the quench time, its temperature will mainly inﬂuence the pressure
developed in the magnet, besides, of course, various other influences such as
number of magnets quenched, vent lines provided, and the amount of helium
(ms) contained in the magnet interconnection (magnet end) volumes.

The mass (m.) of the coil is large enough that, in spite of the small heat
capacity of the coil material at low temperature, one must expect that a sub-
stantial fraction of the energy stored In the magnet will be absorbed by the
cable. Since, as mentioned above, helium mass m; is thermally very closely
coupled to the coil, its temperature should rise about as that of the coil. At
low temperature the heat capacity of the coil material rises approximately
exponentially with temperature, starting at very small values. Therefore the
temperature of m; will rise rapidly, and therefore also its pressure. Of course,
one must take into account that the heat capacity of helium (per gram) is very
large compared to that of the magnet.

A fraction of the helium warmed up in the coil passage {m;) and cable voids
(m3) will iow into the cold magnet end volume. Although the exit low velocity
is high (20 to 60 m/sec), mixing of m;, ms, m; may require considerably more
time than the quench time. Therefore the unmixed case should be assumed
first, and after that only mixing of the three fluid masses. We shall show
that, for helium at low temperatures, pressure differences between mixed and
unmixed states can indeed be expected.



2. Unmixed and Mixed States,

Assume that n helium masses m, have respective temperatures 7, and com-
mon pressure p. The m, are confined in a common volume V. Thus

Y Mufoam)y mava=V (1)

where the p, are densities, or the v, their reciprocals. When mixing the m,,
without adding or subtracting energy:

Y My (dUn+pdua) =0  : (2

according to the *first law of thermodynamics” (energy conservation). The U,
are internal energies (per gram) defined by
Tn
Up = 112 (Ps_rn) dT, (20)

where ¢y (p,T.) is the heat capacity per gram at constant volume. According
to eq. 1:

2 mydv, =0
Therefore, from eq. 2
E madUy =0

and, summing,

Y malUn=Un ) ma

Un = U (PmsTm) = (3 mala) /3 ma (3)

Um,Pm,Tm are internal energy, pressure, a;}d temperature, respectively, of the
mixed state whose density is

or

pm = 0 (Pm, T} = (3 ma) IV. 0

Generally, eqs. 8 and 4 can be solved for p, and T,, at least numerically if
U(p,T) and p(p,T) are given by tables or functions, and there is no reason to
expect the pressures p for unmixed and p, for mixed states to be equal. Let us
now assume that ¢y (p,T) is constant. Then according to eqs. 2a and 3, simply;

Ta= (T matn) /3 ma (5)



The assumption that cy = const applies to gases whose tempertures are well
above those of their liquid phases. Such states would be described by the “ideal
gas law”

Pva = p/pa = RTW /M

and {6)
Pm¥m = Pm/pm = RITm[/M

where R is the “gas constant” and M the molecular weight. In addition to eq.
1 we can also write

(Em) fom=V =T (mafon) (10)
Making use of eqs. la, 5, 6, we obtain

Pn=Dp . (7)

for pressures of unmixed states of “ideal gases” that become mixed. Thus there
is no pressure difference between unmixed and mixed states for this case. For
helium at cryogenic temperatures cy is not constant and the ideal gas law is
far from applicable. For these reasons we shall ind substantial pressure differ-
ences between unmixed and mixed states. At low temperatures and elevated
pressures, unmixed states can persist for considerable times (many seconds to
minutes) because of the relatively large density differences at different initial
temperatures before mixing. '

3. Diffusion Times and Illustration of Dynamic Calculation.

As mentioned in the introduction, we shall here restrict ourselves to the
¢oil region since during the short quench duration very little heat will leak into
collars or, especially, the iron yoke. According to J. G. Cottingham, overall
stored energy dissipation times of 0.3 sec were predicted and indeed observed
in recent measurements. In Magnet Division Note 134-20, page 5, a diffusion
time of r = 16 sec was estimated for heat passing from coil into iron, simply
using the well-known expression

T= Tk,

where



8 = distance from heat source
D, = density of material

¢, = heat capacity

k, = heat conductivity

The cited value for r = 16 sec was calculated for temperatures not far from
4.5°K. At higher temperatures ¢, usually increases faster than k,. Therefore
r increases further. The contribution to r by the stainless steel collars alone
was 6 sec which is > 0.3 sec. If aluminum collars were used heat would more
readily pass into the yoke. If only a thick-walled plastic sleeve were used, as
in the CBA magnets, r would increase. In any éase, here we will let all of
the stored energy be dissipated by coil and helium, especially since there is
a multitude of other parameters to be considered. If or when necessary, the
present calculations can easily be extended to include other components.

The diffusion time for heat through the insulation between inner coil and
" helium passage is only 0.02 sec (<« 0.3 sec). Therefore the helium in this
passage, whose flow is turbulent, can indeed absorb heat during the quench
time of 0.3 sec.

Below we shall estimate the size of the cavities, containing helium, in the
cable. There the diffusion time is again only 0.02 sec so that the helium can
readily absorb heat.

During a magnet quench we are obviously dealing with a dynamic process
which can be described by partial differential equations for helium flow and
heat diffusion through solids. Helium flow 'through a passage can be described
by a set of three simultaneous equations in location x and time t. Three equa-
tions are required because the x- and t- dependent variables are, for instance,
pressure, temperature, and velocity. If several passages are involved, such as
coil and yoke bypass passages, as well as heat diffusion through coil and yoke,
etc., a computer time-consuming system of equations results. Nevertheless,
the needed equations were derived and an existing program (“PDECOL”) was
applied approximately in 1978 for ISA magnets and later for CBA magnets.
For illustration, only of the process, we show Figures 1 to 3, obtained from
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these early calculations. Figure 1 shows the coil passage velocity as it builds up
toward the magnet ends. In these calculations it was assumed that the stored
energy is dissipated uniformly over the magnet. V; = 50 liters was the volume
in each of the ends of the helium vessel for these magnets. These volumes were
closed (not vented) for the illustrations. Figure 2 shows the velocity build-up
as a function of elapsed time at the ends of both the coil passage and the
bypass in the yoke. The maximum velocity of almost 60 m/sec is substantial
(~ 200 kilometers/hour). Sound velocities in helium in the temperature (and
pressure) region of interest vary between 100 and about 500 m/sec. Figure 3
gives helium temperatures at ends of coil passage and bypass.

The above-mentioned dynamic calculations for the SSC magnets are now
being attempted, especially since, becanse of their great length, large pressure
differences may be encountered between magnet center and ends. However,
in this Note we shall restrict ourselves to the simpler calculation in order to
try better to understand the effects of the many parametei-s affecting helium
pressures and temperatures during quenches. Special attention will be focused
on the effect of the helium located in the cable cavities.

4. Heat Exchange in Cable Cavities

Since the cable strands are not insulated from each other, the helium in the
cavities is thermally very closely coupled to the strands and therefore will turn
out to be the most important contribution to the pressure in the magnet vessel
after a quench. Unfortunately, there is a fair amount of uncertainty about how
much of the helium can actually leave the cavities, by what route, and in what
time. If the helium remained trapped, a very large pressure would have to be
expected which is unlikely to be sustainable by the insulation around the cables.
The Kapton insulation is overlap-wrapped around the cables which then are
single-wrapped with B-stage-impregnated fiberglass-epoxy tape and cured to
form the wound coils. The insulation faces the helium passage only at the inside
of the inner coil. Here it passes around the inner cable edge with a “radius”
of only 0.026”. The total Kapton tape thickness is 0.002” (and the fiberglass-
epoxy tape ~ 0.003"). Assuming that most of the pressure is supported only by
the Kapton, one would find a tensile stress of 19,000 psi per 100 atm pressure
difference across the tape. The fiberglass epoxy-tape might, at least partially,



act to seal the Kapton tape overlap. The ultimate tensile strength of Kapton
tape is about 35,000 psi at cryogenic temperatures where the yield point is not
far below the ultimate strength. Therefore the helium pressure that might be
sustained could be still higher than 100 atm. Breakage of the insulation at the
inner coil edges, that could have been due to large pressure differences, has
apparently not been observed. One can conclude then that much of the helium
from the cable cavities exits through the tape overlaps and through gaps and
pores through the fiberglass-epoxy tape. Exiting of helium from the outer coil,
however, is more inhibited because this coil is surrounded by multiple layers
of Kapton and Teflon. Both inner and outer coils are rather well encapsulated
at the ends by various supports.

The helium in the cavities can very probably fiow quite freely along the cable
strands although the strands run from cable edge to edge, and the inner edge
has been highly compressed and deformed. The strands at the outer (thicker)
. edge, however, are rather loosely packed. If the helium could not flow along
the cables, a locally occurring quench, resulting in very large (< 800°K) local
temperatures could still result in very high local pressure even if most of the
helium could escape through the insulation layer. Note that with increasing
temperatures the Kapton loses its strength rapidly. ‘

If a certain amount of pressure is sustained by the lnsﬁlation during the
stored energy dissipation time (quench time), this pres.sure would then be
relieved by belium continuing to leak from the cables. Thus, without venting,
the pressure rise in the helium vessel could continue after the quench time has
passed.

The shape of the cross section of the cable cavities is very irregular. We can
determine their average size from the initial (circular) strand size, the number
of strands, and the final cable dimensions. Calling n the ratio of total cavity to
total of strand cross sections in cable, we find for the total cavity cross section
a3 in the SSC two-layer coil

a; = 187 (8)

For approximately circular cavity cross sections, the hydraulic radius (= 1/2
actual radius) would be
ry = 0.0195n%/2 (9)



The total mass of hellum in the coil cavities is
m = 2.45n¢ (10)

if £ is the length of the magnet. The heat exchange area along the cavity walls
is
A = 93591/%¢ (11)

a relatively very large number because of the large number of small cavities.
The actual value of n for our cables may be between 0.05 and 0.1.

For the heat exchange function we can, with good approximation, use the
well-known expression N
% po3pod
h = 0.023 mR" PP (12)

where k = belium heat conductivity, R = Reynolds number

4rypv

M (13)
with p = helium density, v = velocity, s = viscosity. P is the Prandt]l number
(= 32, with ¢, = helium heat capacity at constant pressure). An average for
the velocity can be obtained by dividing the mass of helium actually leaving
the cavities by a3, p, and quench time At. .

R=

The heat transfer from coil to coil cooling passage is impeded by the cable
insulation. A simple derivation here leads to the heat exchange function

=1/ (% + %) (14)

where d = thickness of the insulation and.k, its temperature-dependent heat
conductivity. We merely use k, as a function of (I!-}‘I!) for an average, with
T, and T} being the temperatures at the two sides of the insulation.

5. Quench Pressure Calculation for Unmixed State.

Call m, the mass of the coil, T. its temperature, and c.(T¢) its, at low
temperatures, strongly temperature-dependent heat capacity. Call g the rate
at which heat is generated in the coil, gs,; and ¢i., respectively, the rates at
which heat is transferred to the helium in the coil cooling passage and to the
hellum flowing out of the cable cavities. Finally, X is the product of heat
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capacity times the mass of helium left in the cable cavities. Then, due to
energy conservation:

(meee + K) dT. + (grer + qaea) &t = qdt (15)

where dt is a time element. Next, referring to eq. 2

my (ev1dT) + vpdvy) = qugy (16)
gms (evadly +9pdvs) = ques (17)
¢v3dls +vpdus =0 (18)

my,m3, ms are the helium masses in coil passage, cable cavities and helium
vessel end volumes, respectively, T\ 33 their temperatures, viss the density
reciprocals, ey; 23 the temperature-dependent heat capacities at constant vol-
ume, p the common pressure, and 4 a dimension-converting constant. g is a
fraction of m; determining the amount of helium leaving the cable cavities.
Corresponding to eq. 1,

m1vy + gmavy + mavs = V = const, (19)

V again referring to the helium vessel end volume (adding the substantial
volume of the bypass holes through the iron). Thus

mydvy + gmaydvy + mydvs =0 (20)

We wish to determine T;,T),T3,T3, and p. In order to eliminate v;,v3,vy, we
must know the equation of state for the helium. For this purpose we write

dvizs = a1,33dp + Pr,23dT1 23 (21)
where 1 /3
p

Q123 = ——3-— (—) : (22)

Pias ap Tias

1 dp -

Bras = = (522=) (29

A Pi;; Ty 33 »
The p1,23 = ;74~, again, are the helium densities. The ;33 and §; ;5 are obtain-

able through the National Bureau of Standards program on Thermophysical
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Properties of Helium, and thus eq. 21 will serve as the required equation of
state. Applying eqs. 21, 32, 38 to egs. 15 to 18, and 20, results in the five

differential equations
dT. = ¢ = Ghel — N2

@ " et K (24)

= (ma-n s (25)
St o
20w
e

where

Ay = my (ev1 +7981)
Az = ma (ev3 + 91PPa)
A3 = cys + 19Ps

b = ayrmyyp
0: = gaamap

0s = a3vp

o ¢ o’
£ = mbriT + gmabr— + myfs= — (myay + gmaas + myas)
Ay Ag As
We summarize all definitions and input data:
g = 8l f Watt = average rate of heat generation in coil during “quench”.
= coil length (can be varied).
At = quench time (can be varied).

{ = parameter to vary stored energy (0 < f <1) and, correspondingly, the
amount of conductor: a magnet for lower or higher field. Forf=1,¢=



12

1680 cm, At = 0.3s¢¢c, @ becomes = 3.6 x 10° Watt. Corresponding stored
energy is then 1.08 x 10° Joule as calculated by G. H. Morgan for the Design
D magnets.

qra = hiA; (Tc - T1) = rate of heat transfer from coil through insulation to -
helium in inner coil passage.

M=/ (g +4)
d = 0.02 ¢ = equivalent insulation thickness at inside of inner coil, taking
into account some local build-up of epaxy during curing of the coil.

ky % 4.54 x 1075 (T, + 11.4) (Watt/em°K) for T,, < 15°K
5 1.44 x 1073 (T,, + 68.5) for T,, > 15°K. Heat conductivity through insula-
tion.

T" = (n -+ T],) /2.
T, = coil temperature.
T: = helium temperature in coll passage.

hy = D.Ozsrf,‘:R{'-‘P{’-‘ (Watt/em?°K), heat exchange function from insulation to

(turbulent) helium flow in coil passage.
ky =k (p,71) = heat conductivity of helium
p = helium pressure in magnet vessel.

P, = P(p,T1) = Prandt]! number (= -‘-!,,‘—1"—‘)

ry1 = 0.064cm = hydraulic radius of coil cooling passage (= one-half of gap
width).

R = }:ﬁﬁ% = Reynolds number.

»

m' = 0.45m;aff = effective helium mass leaving coil passage at one end: factor
of 0.45 takes into account that helium can exit at both ends of coil and
assumes that, as an average, only 90% of m; will leave coil passage.

m, = 0.179¢ (gram) = helium mass initially in coil passage (at p = 4.5 atm and
T, = 4.4°K).

a = fraction of 90% of m; and m; flowing through quenched region of coil
passage during quench. (0 < a<1).
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§ = fraction of magnet length actually quenched and therefore dissipating
"stored energy. (0 <8 <1).

a; = 1.31em? = average cross section of coil passage.

1 = u(p,T1) = helium viscosity.

A; = 10.728 (cm?) = heat exchange area of coil passage.

Ghez = ghi Az (T, — T3) = rate of heat transfer from coil to hellum in cable cavities.

(0 < g < 1) = fraction of helium in cavities actually passing through insulation
assembly.

h} = 0.023.2-R33p}* (Watt/em*°K) heat exchange function from col to
(turbulent) helium flow in cable cavities.

ky=k (P: T3)°
P =P(p,Ty).

raz = 0.01959!/2 (em) = average hydraulic radius of cable cavities (see abave).

R = :msmﬁ .
n = fraction of insulated, assembled cable cross section consisting of cavities.
Usually n<0.1. (0<n <1).

m" = 0.45m3af.

my = 2.45nLf (gram) = helium rmass initially in cable cav%ties (p = 4.5atm,
T; = 44°K)

a3 =18nf (cmz)

#2 = p(p,T3) -

Az = 935{n*/2 {8 (cm?) = total heat exchange area in all cable cavities.

m3 = T6f3 + 3.63Z = helium mass in bypasses through yoke (3.632 = 6200gm for
¢ = 1660cm) added to mass in end volume (764;).

{3 = length of end volume (to be varied), ({3 is to be two times one-half the
length of the interconnection volume at each end of every magnet if one assumes
that several magnets in a string quench essentially simultaneously, which is
likely for active quench protection of, for instance, a complete half-cell. If only
one magnet should quench, one can use two full interconnection lengths for £3).



14

© me = 1232f8 = coil mass involved in quench
(= 2.04 x 10°gm for { = 1660, f = g = 1)

e (T.) = 9.27 x 10~3(0047Te) _ 1,001 x 10~? (Joule/gm* K) for T, < 80°K.
2 2,93 x 10~4 (T, — 80) + 0.2305 for T. > 80.
= heat capacity of cable material.

T. = coil temperature

K = (1 — g) maeys = correction for helium remaining in cable
cavities, to be added to m.c.. -

evias = ¢v (p,T1,23) = helium heat capacities at constant volume.
~ = 0.1013 joule/atm cm® = conversion factor.
ay2s, Pi23: see eqgs. 22, 23.
Of the parameters that have been defined above, we shall be able to vary

a for helium actually flowing through quenched region of coil cooling passage
and cable cavities.

g for helium leaving cable cavities (g = 0: no helium leaves).

n for fraction of cable ﬁ:ef.a.l cross section consisting of cavities.

¢ for length of magnet coil.

{3 for length of magnet end voluxhe of helium containment vessel.
B for fraction of magnet length actually quenched.

f for changing magnet quench field, including modification of conductor
quantity (lower or higher field magnet than SSC Design D).

At for quench duration.

Finally, we shall be interested in the total thermal energy carried off by the
helium which exits from the coil:

At
Qi = [ (Qner + qnes) dt

Initial conditions for solving eqs. 24 to 28 for I} 33, and p are here to be:
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tm0:T33. =T, =44°K
p=p, =435atm

For g = 0 (all of helium in cable cavities remains trapped) one easily cal-
culates the resulting pressure p;. In this case the helium density must remain
constant, namely equal to g, = p (T,,p,) = 1/v (T,,p,). Therefore eq. 21 becomes

azdpy + fdT3; = 0

e[l (&)

Due to the very close thermal coupling confirmed by the results we shall set
Ty = T, for the present purposes. One can write

d a
dp= (3—%) dT + (-él;-)rdp
y )

For constant pressure it follows that
@), (), (3).
a= (&), @).--G),

= (5) o

or

Therefore

and

Since (g-;) is contained in the above-mentioned NBS program, the integral
for py can ﬁe calculated. For g # 0, a more complicated expression could be
determined, but we have merely solved the equation

P (Pv Tms) =p (Pﬂ To)
for p by using the NBS Tables on Thermophysical Properties of Helium.
6. Adding Vent Lines at Magnet Ends.

It will be shown below that, depending on how much of m;, the helium in
the cable cavities, actually flows into the coil passage, pressure could become
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unacceptably high. Therefore one must consider addition of vent valves which
open when a magnet quench is sensed. These valves may have to be installed at
the ends of every dipole or perhaps less frequently, depending on the dynamics
of the helium Sow through the magnet passages. One will have to take into
account that the opening time for a vent valve cannot be zero.

Assume that from the two magnet end volumes (2 x } interconnection),
added to the total bypass line volume, a mass flow My exits through valves
into a (large) vent volume. Then we can write

dmj
My = & (30)

s0 that the remaining helium mass my (£) is

m () =ms (0) - [ My () dt (31)

Equation 19 is still valid, but instead of eq. 20 we have

mydv; + gmadvs + d (mavs) =0 . (32)
Therefore now s
My
Dyfﬂy (avdp + ﬁya‘y) = """—d (33)
=]l P2

instead of zero. ¢, = 1 for v = 1 and 3 and varied (=j3) for v = 2. My is
determined by the vent valve aperture 2ry and the available pressure difference
for which we can write

p—pv =10"" [(0.0014 + 93;72,,5-)

rd

M‘z,lv M‘z; ] (34)

rvewey | 2pmal
where py = vent volume pressure, assumed to vary slowly.
ay = 7ri,

fy = length of vent line.

Ry = Reynolds number = ﬂ“gﬂ (where s = viscosity).

pev = average density of helium in vent line.

n = number of velocity heads across valve and in connection of
length &y to vent volume.
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The term containing Ry varies very slowly with My. Some further estimating
then leads to

My =10%y [(p—pv)ps | (8 X 10°%¢ [ry +n)]*/? (35)

The first term in the denominator, with reasonable assumptions for & and ry,
is <« n which can be taken as n = 2.

Finally, to take venting into account with sufficient approximation, it fol-
lows from eqs. 28, 33 and 35 that now

~

d . 1
;tg = (mxixlna + me:‘?m -jwlp -Pv)m) : (36)

w = 10%y (p; (6 x 1073y /ry + n) '1)1,’

J = 0 before venting starts and =1 when it begins; if ¢; is the time at which
the vent valve opens: J=0 for ¢ < ¢; and j=1 for ¢t > ¢;. If t; equals the quench
duration time At, no venting occurs during this time.

7. Que Pressu culatio: ed State.

The derivations so far refer to the unmixed state of m;33. In Section 2
it was shown that for ideal gases there would be no difference between the
pressures of unmixed and mixed states. It was also stated that at temperatures
or pressures where the ideal gas law does not apply press'ures for these states
cannot be expected to be equal. It is unlikely that, during the short quench
time, the helium masses m;, ms, and ms will mix. However, since any possible
degree of mixing and therefore its effect on the pressure cannot be predicted
with certainty, we should calculate the fully “mixed pressure” in order to (1)
establish whether it could exceed the “unmixed pressure” and (2) establish a
range of uncertainty.

Assuming no venting, we are dealing with constant density of the mixed
gases, and therefore

P (Pm-Tm) =p (Pﬂro) = Mt f;z * ma (37)

where p,,7, are the given initial (t=0) values for pressure and temperature
and pm, T those for the mixed state. With venting one would have to specify
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whether only a fraction of the gas originally In the interconnection volume (and
bypass volume) escapes or whether the mixture of m,;, m;, and m; escapes.
Assuming that only a part of m; is vented (likely because m; represents most
of the helium in the magnet enclosure), leaving mass mj for mixing, we must
write

p(PmiTm) = T.&i’."ﬁﬂ (38)

The total internal energy is constant during the mixing process since the total
volume is constant. Therefore, as in eq. 3,

miU (9, T1) + gmalU (p, T3) + miU (p, T3

U(Pm.rm)= _'_)ml+g”(‘z+m§m§ ( )

where p was the pressure found for the unmixed states. Since p, T}, T3, T3, and

m} are now known for the unmixed state from the calculations in Sections 5

and 6, eqs. 38 and 39 can be solved for pm and Tn. If the “equation of state” for

helium, namely the mentioned NBS program, lists only the enthalpy H (p,T),
then, by definition, U is replaced by the expression B ~ vp/0.

(39)

Solution of eqs. 38 and 39 can be obtained by “trial and error” in a com-
puter or, more systematically, by expressing eqs. 38 and 39 in the form

do=0 (38a)

dU =0 . (39a)

Then, by again introducing expressions for partial derivatives of p with respect
toT and p, as in eqs. 22/23, and similar ones for the partial derivatives of U, one
can obtain two first order differential equations for dT/dp, one corresponding
to eq. 38a and the other to eq. 30a. Solution of these equations would result
in two functions T (p) which will intersect at the point pm,Tn. In more detail,

£ - _G(P!T’
dp ~ B(p,T) (40)

from eq. 38a. Imitial condition: p = “unmixed” pressure, I’ = temperature
found from eq. 38, setting pm = .
From eq. 39a:

dp & {(pT)p(p,T)
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Hare ¢, is the specific heat of helium at constant pressure. Initial condition: p
= *unmixed” pressure, T = T, found by means of eq. 39, setting pm = p.

8. Pressure Drop Along Coil Passage.

In addition to the general pressure build-up during a quench there is an
additional pressure increase around the beam tube - trim coil assembly which
is largest at the center of the magnet for a symmetrical quench. This pressure
increase is required to force m; and gms along the coil passage. Referring to
equations of the type of eq. 34, pressure gradients alc!ng pipes are approxi-

mately

e

dz
where p. is the pressure along the coil passage. The later calculations show
that for most of the time during a quench the pressure in the cable cavities is
much greater than that in the coil passage. Therefore, referring to equations
of the form eq. 35, the flow of helium from the coil cavities is distributed
appro:gimately uniformly over the quenched region, say, at the rate of x, (g/sec

cm). The flow along the coil passage also receives heat from the coil through
the insulation which also results in a gradual acceleration. We will then set

% = 3 &3 const (42)
and p
a0 _ _yap
2z kM (43)

where k = const. At the axial center of the magnet (x = 0), M = 0 during a
quench (symmetry assumed here). Therefore also dp./dz=0atx = 0. At x =
/2, at magnet ends, we use p. = p, the pressure found from eq. 28.

We obtain

2
pe=p+ k—‘;*‘ﬁ (1-8z%/8) (44)
and forx = 0
kud
Pemaz = P+ —’;%;li (45)

'-'gf is the total flow exiting from the coil cavities (0 < z < §) plus the total
accelerating flow of the helium originally in the coil passage: u;1¢ = 0.9m, +gm..
Therefore

Pemasz 5 P+ k(0.9my + gm3)? £/24 (46)
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which allows one to estimate peme: from the results found from eqs. 24 to 28.
Note that the total pressure drop along the coil passage is proportional to £
(pressure gradient ~ £2). If all of u;¢ originated near the center of the magnet,
one would find

Pemas = p+ k (my + gma)* £/8

or 3 times the pressure drop for the case with distributed m;. However, this
comparison is not particularly valid since, for a quench concentrated near the
magnet center, the resulting temperature distribution along the coil would
be quite different. Equation 46 will suffice for an estimate of the maximum
pressure build-up around the beam tube during a uniformly distributed mag-
net quench. The mentioned “dynamic calculation™ will contain the properly
calculated distribution of the pressure along the tube.

9. Results.

We proceed to discuss computer results making use of the parameters a, g,
n, At, B, i, & L, rv and f defined in Sections § and'6.

The computer program was arranged and operated by Kurt Jellett to whom
the author is very highly indebted.

Prior to presenting a number of Tables, varying essentially only one pa-
rameter at a time, we present 3 figures. Figure 4 shows the heat Q generated
in the coil during a quench as a function of time t. Quench duration At = 0.3
sec. Colil cavity fraction n = 0.1, parameter for helinum contact with quenched
region a = 0.5, fraction of helium exiting from coil cavities g = 1, helium mass
in magnet bypasses and end volumes my = 1.61 x 10*g magnet length ¢ = 1660cm.
Plotted, as functions of t, are the heat g),; transferred through the cable insu-
lation to the helium in the coil passage, g).; transferred to the helium in the
coil cavities, and Q,, = the sum of ¢, and g¢,.; integrated over ¢, or the total
amount of heat removed from the coil. The heat (per second), gi.3, transferred
to helium in the coil cavities is large at small ¢t because T, increases fast for
small ¢ (see fig. 6), the heat transfer area is very large and the helium is
not insulated from the conductor surfaces. g, starts at small values because
the heat transfer area is much smaller and there is insulation around the ca-
bles. The total heat Q,, removed by the helium during the quench in this case
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amounts to only ~ 13% of Q at t = 0.3 sec. Q,, rises very fast for ¢ < 0.05 sec to
almost half its value at ¢ = 0.3 sec.

Figure 5 shows the pressure p; that would be reached in the coil cavities if
the helium could not escape (¢ = 0). This pressure reaches half its final value
at 0.3 sec in only 0.04 sec. The final pressure of ~ 375atm probably would burst .
the cable insulation, at least inward, towards the coil passage. This has never
been observed. Omne can estimate that the exposed insulation at the edges
of the cables could sustain a p; of about 100atm. Therefore a major fraction
of the helium must be able to leak out from the cavities, through Kapton
- tape overlaps and through a multitude of small pores and cracks in the epoxy
bonding.

Figure 6, again for the same parameters, shows Ti, T3, Ts, and T, as well
as pressure p. p rises extremely fast, in 0.025 sec, from its original value of 4.5
atm to half of its value of 30 atm at t = 0.3. Half of the pressure difference
between 30 and 4.5 is reached in 0.04 sec. The coil temperature 7, reaches a
maximum value of 80° K at the end of the quench. Tj, the helium temperature
in the cable cavities deviates by at most 1° K from T, up to 0.08 sec and then
is essentially equal to 7,. The helium temperature T} in the coil passage (m;)
reaches 19° K, and the end volume temperature (mj, unmixed) rises to ~ 5.3°
K. Mixing (m) +gm3) and m; would result in p, = 19 atm and T, = 7° K. But it
is very unlikely that much mixing can occur in the short time available. It is of
interest that for all cases considered one obtains a value of about 10 atm for the
difference p — p,, between unmixed and mixed states at the low temperatures
considered here, somewhat less at lower p and more at the higher p.

In Table 1 we vary g for the unvented (t:,- = At = 0.3, At = quench duration)
and a vented case with ¢t; = 0.1 sec for the opening time of the vent valve.
The aperture of the valve is 2ry = 2.5 cm. The magnet length is £ = 1660cm
and interconnection length is {3 = 90 cm (this length has more recently been
decreased, but the helium bypasses add a large amount of volume, so that
the exact length £; used for these calculations is not particularly important).
We tabulate maximum pressures pm,: and pmmse:, maximum coil temperature,
and maximum mixed temperature. In this Table we also give psng: for the
maximum pressure in the coil cavities.



Table I

a g " B oty | e [ em | TR [ e | e

0.5 0 007 | 03 | 0.3 0.3 a3 5.4 128 4.6 374
0.3 17.2 9.5 122 5.4 218
0.5 23.3 13.4 122 6.2 135
0.7 28.5 17.4 123 7.0 74
1 35.7 23.3 124 82 36

0.5 0 007 | 63 | 03 0.1 6.7 34 128 45 .
0.3 13.4 5.4 122 5.1 -
0.5 17.9 7.8 122 5.8 .
0.7 21.8 10.5 122 8.6 .
1 27.1 14.7 "123 7.7 .

B = 0.3 was chosen for the fraction of the length of the magnet that is quenched
(passive quench protection). For 8 = 1 (active q.p.) we obtain about 3 atmo-
spheres less without venting, for n = 0.07. Venting decreases pm,; by substantial
amounts but not as much as one might have expected for the assumed rather
large aperture valves venting every interconnection. Varying g affects p,,. con-
siderably. As a matter of fact, the helium vessel design pressure of 20 atm is
exceeded between g = 0.3 and 0.4. Almost 36 atm can be reached for p,,. if g
= 1 without venting, and still 27.1 atm with venting. p3ma.: decreases fast with
increasing g. In order to obtain pyme; < 100 atm, g = 0.6 is required.

In the next Table we shall vary coil cavity size fraction 7.

Table I
a g n - at ty Pmas Pmmes Temas Tmas
0.5 0.5 0.05 0.3 0.3 0.3 20.0 112 128 5.8
0.07 23.3 134 122 6.2
0.10 ‘275 16.6 113 8.9
0.05 0.1 15.4 63 128 5.4
0.07 17.9 7.3 122 5.8
0.10 21.1 100 118 8.4

One sees that, as expected, pmas ihcreases with increasing n, but the depen-

dence is not very strong.
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Varying quench length ratio 8, we obtain the following Table.

Table II
a g n A at ty Pmas Pmmaen Tonas Tames
0.8 0.5 0.07 0.1 0.3 0.3 23.8 13.6 27 6.3
. 0.3 23.3 13.4 122 6.2
1 : 20.6 11.8 ™ 5.9
0.1 0.1 18.5 8.2 27 5.9
0.3 17.9 73 122 5.8
1 15.9 6.7 ™ 5.5

While coil temperature T.mss varies considerably with 5, pmmaes varies quite
slowly: higher coil temperature, but shorter quenched length, same stored
eanergy deposited. '

In Table IV we shall vary a which determines the amount of helium flowing
through the quenched region (see the definitions given above).

Table IV
a g n I ot ] Prmes Pmmas Temas Tomas
02 | 65 | 007 | 03 03 | 03 | 224 12.8 123 8.1
1 238 13.7 122 6.3
02 0.1 17.2 T4 122 5.7
1 18.1 79 121 5.9

Somewhat surprisingly dependences on a over the given large range are very
slight. Reason: less flow of helium can result in higher helium temperature and
therefore higher pressure, as was confirmed in the detailed computer output.

In Table V we vary the quench duration At.

Table V

a g n -2 At ¢y Pmes Pmmas Teomas Trmas
0.5 0.5 0.07 0.3 0.3 0.3 23.3 13.4 122 6.2
0.6 16.3 65 121 5.8
0.3 0.1 17.9 7.8 122 58
048 14.5 46 121 56
0.5 0.7 0.07 0.3 0.3 0.3 285 174 123 7.0
0.8 0.8 29.7 185 122 7.3
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For the case with At = 0.6, but ¢; = 0.3, the vent valve Is open for 0.3 < ¢t < 0.6,
while for At = 0.3, t; = 0.3, it is closed. Two cases for t; = At (no venting) are
given in the last rows of Table V, although here g = 0.7. It is seen that pm,.
depends very little on At without venting.

Although no very strong dependences oxi the parameters have been found
so far, we wish to present an extreme, although unlikely case, just to illustrate
that the pressure could become very high.

Tabls VI
a ) n - at ty Pmas Pmmas Temas Tmmas
0.5 1 0.1 0.1 0.3 03 593 42.5 218 1L.9
0.1 439 2.8 213 114

Here even pmmae; becomes quite large for the unvented case.

Finally, in Table VII, we have varied the magnet length ¢, the stored energy
represented by fraction f, and the valve aperture 2ry.

Tabls VII
a g n 2 at ¢ L v ! Pmes Prmman
0.5 0% 0.07 1 0.3 0.3 1660 25 1 20.6 11.8
830 163 8.8
1660 05 -] 181 8.9
0.1 1680 23 1 18.9 6.7
5.0 9.7 4.3

In these calculations, halving the magnet length has about the same effect as
halving the stored energy (lower field or single layer coil), and doubling the
vent aperture certainly lowers the pressure but not by as much as one might
expect from quadrupling the valve cross section.

In most cases discussed here pma: exceeds the 20 atm design pressure if no
venting is provided, and even by installing a rather large aperture (2.5 cm dia)
vent valve 20 atm is exceeded in some cases. The beam tube is exposed to an
even larger helium pressure due to the pressure drop along the coil passage.
From Section 8 we bhave estimated that this pressure drop can be at least 2§
atm’ (~ £8!) but could be much higher depending on the details of the mass flow



25

in the coll passage. Assuming now that by means of proper venting one has
limited the pressure in the interconnection and bypasses to the design pressure
of 20 atm, by adding the mentioned pressure drop, the beam tube could be
exposed to a maximum external pressure of >45 atm. Resulting effects on the
beam tube wall must be combined with effects due to the large eddy currents
induced in the beam tube copper plating during a quench.

Simple addition of the calculated overall pressure pma; to the pressure drop
in the coil passage is probably oversimplified. In fact, indications from early
results of a dynamic calculation employing partial differential equations with
independent variables for time and location show that pressures in the in-
terconnections tend to be lower than calculated here, but pressure drops in
the coil passage higher, so that the maximum pressure on the beam tube re-
maing high. It is also indicated that, even without venting, all pressures can
be reduced drastically by providing leakage paths between coil passage and
bypasses, enabling a fraction of the warm helium (m; + gm;) to mix with the
helium in the bypasses and for the mixture to deposit some of the heat in
the yoke iron. These resnlts will be discussed in later Notes. Generally, the
simplified calculations discussed here appear to result in plausible estimates.
However, the results of these estimates seemed to justify the more extensive
effort to undertake the above-mentioned new calculations.
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