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A large superconducting dipole cooled by forced circulation of two-phase helium is
described. Details are given of the magnet design and construction. A short discussion of
sarre ¢ ryogenic problems are presented together with the first results of the dipole’s

operation.

A large superconducting dipole cooled by forced
circulation of two phase helium

M. Morpurgo

A superconducting dipole cooled by forced circulation of
two-phase helium has been constructed. Fig. 1 shows a
general view of the magnet, which is installed at CERN in a
high-energy particle beam of the 300 GeV Proton
Synchrotron. The main characteristics of the dipole are
given in Table 1.

Table 1. Characteristics of the dipole

Central maximum field 19T
Free warm bore 1.6 m
Over-all length 3.56m
Weight of the cold part of the magnet =40t
Over-all weight 230t
Maximum current 6000 A
Stored energy == 20 MJ

The magnet is wound with a hollow composite
superconductor, through which two-phase helium is
circulated by means of cold reciprocating pumps.

The dipole was designed at CERN. Also the composite
hollow superconductor and pump circulating system were
manufactured at CERN. The iron yoke, refrigerator, and
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Fig. 1 General layout ot the dlpole and of the cooling system

The author s at CERN, Geneva, Switzerland. Received 24
January 1979,

coils were manufactured respectively by the firms

Thyssen (Germany), Sulzer (Switzerland), and Ansaldo
(Italy). The cost of the dipole, not including the
refrigerator, was = 5 MSF. It was put into operation in
June 1978 and has worked since, almost with intérruption.

Magnet description

General. The dipole consists essentially of two saddle-
shaped coils, which are mounted inside a cylindrical bore
in the iron yoke (see Fig. 2). The iron yoke has the double
pmrpose of enhancing the central field and reducing the
external stray field. The geometry of the saddle-shaped
coils is relatively simple, yet it gives a fairly uniform field
distribution in the useful region of the magnet. The field
variation in the central plane of the magnet is
approximately + 5%

Conductor and coils. The two coils are wound with a
hollow composite superconductor of square cross-section

18 x 18 mm with a central bore of diameter 10 mm (Fig. 3).
The composite superconductor consists of a central copper
pipe on which a number of standard superconducting

Nb-Ti wires [produced by the firms IMI (Great Britain)

and BBC (Switzerland)| are cabled. The cable is sandwiched
between two copper profiles (Fig. 4) and the resulting
composite is solt-soldered, in a single operation, by means
ol a tin-silver alloy. The manufacturing process is very
similar to the one described in an earlier paper.'
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Fig. 3 Composite suDerconauetos s seCnon

fig. 4 Lxplodea - ..

Fach saddle-shapea oo frbovers of 30 turns.
The conductor densrio o o setween 240 and
270 moper layer b s on top of the

ather, on a cylindr. . sendred s free to
ascillate around i Sl eomounted on a
turning table windo o 0 0] axds. The

a1}

conductor i msulated by wrapping over its entire length
two hall-overlipped plass tapes. Electrical connections
between layers are made by overlapping, mechanically clamping,
and soft-soldering the end sections of adjacent layers. After
having wound the ten lavers, cach coil was piven its e xact
{inal shape by tiphteming it into a mould which was subse-
quently used to smpregnate the coill in a vacuum, with an
CPOXY Tesin.

Coilsupporring structure. The twa saddle-shaped coils
(item 1 on Fig. 5) are mounted onto an inner stainless steel
cylinder (2}, onto which they are clamped by means of two
outer half-cylinders (3) and tic bolts (4), The combination
ol the inner and outer cylinders and of the coils results in @
structure capable of withstanding the very considerable
electromagnetic forces acting on the windings. The complete
assernbled coil is suspended in a soft steel evlinder (5)
(which also acts as a vacuum tank and part of the iron yoke)
by means of 8 titanwum atloy rods (7}, These rods should
suppott only the coil weight if the coil is perfectly centred
with respect to the iron yoke. In practice the rods must

also be designed o withstand the stresses arising from a
possible eccentricity in the coil positioning. Horizontal
tanium tads (6] are used o withstand horizontal forees.

Dipole cryogenics

General, Fig. 6 shows a schemate diggram ol the helium
flow. In normal operation two reciprocating pumps ¢nsure
a total flow of approximately 150 g ™' of two-phase

Fig. & Dipole cross-section
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felium through the twenty paratle! circutts into which the
magnet is subdivided. The two pumps are connected in
parallel by means of cold non-return valves to make sure
that, i’ one pump {aiis, the second ane will maintain a
certain helium fow through the magnet. A description of
the pump is given in an carlier paper * The pressure drop in
the magnet is approximately 180 g and the corresponding

helium velocity in the hollow superconductor is 2 0.75m st

Choice of the cooling scheme. it was considered desirable
1o make the dipole operation independent of the
relnperator plant, This justifics the use of pumps
circulate the helium. However, pumps introduce in the
magnet system an e xtra cryogenic loss W= fAp [y, where
£, Ap. and 7 are, respectively, the volumetric helium flow,
the pressure drop, and the pump efficiency. For a given
flow /. the only possibility to reduce the losses is 10 keep
the pressure drop, 4, small. However, a small &p corres:
ponds, generally, to small helium velocity, which yields, in
the case of supercritical helium, a poor heat e xchange
coetficient between heliem and the conductor wall, On the
contrary, in the case of two-phase helium, where nucleate
boiling ¢a3n occur, the hieat e xchange is good even at very
low or zero helium veloaty . A more detailed analysis of the
hetivm thermodynamic eycle (Fig. 7) shows that, in the
scheme used, subcooled helium is circulatedin the Nrst
section ol the cou (between points A and B), whilc 1wo-
phase helium is circulated only in the sccond section of the
coil (between points B and C). Measurements® have shown
that the heat e xchange coefficient is also high in the case
of subcoaled helium at zero velocity.

A serious problem with two-phase helium arises from the
possibility of liquid and vapour separation. In this case it
could happen that sections of conductor, cooled only by
vapour, would cause a coll quenching. Baker's diagram®
should allow the flow regime in the magnet circuit to be
determined. However, results given by this diagram should
be taken with some caution. The {irst operation of the
dipole Has shown evidence of phase ¢eparation, althoiigh
the operiating point was well insude the bubble or froth
region. Apparentiy, a certain amount of helivm vapour was
stowly accumulating somewhere in the magnet. Alter some
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time. the accumulated vapour was suddenly discharged,
causing the magnet to quench. The phenomenaon was

cyclic with a period of several hours. To avoid phase sepaa
tion i was necessary to increase the helivm velocity in the
conductor from the original design tigure of 0.5 ms™ up
100.75ms™" .

A secand problem, which should be considered in the case
ol several paralicl circuits cooled by two-phase helium, iy
the possibility of instabilities in the {low distribution,

it is commonly claimed that instabilities are orsginated by
the fact that the hydraulic impedance of a circuit is a
rising function of the hellum quality (ie the higher the
vapour content in the circulating helium, the higher the
circuit impedance).

A heat source in one of the circeyits will raise the helium
quality factor. This will decrease the Mow, apain raising the
quality factor and leading, eventually, to a situation where
cnly vapour circulates in the heated circuit. In practice, we
lave not e xperienced any dilficulties due 1o flow
instabilitics, which, in our opinion, can be avorded by a
proper design.

Fip. 8 shows an experimental curve (full line), where the
helium flow in o given pipe lor a given pressure drop is
plotted against the vapour quality . Flow becomes unstable
when X = 0.75. The experimental curve corresponds {airly
well with the curve caleulated according to a modified
version® of Martinelli's theory. The dotted curve in Fig. 8
represents the power which can be generated at the pipe
inlet, assuming that the pipe is fed by liquid helium (X =0).
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This curve has a maximum Wy, tor X = 0.75. To avoud

flow instabilities in parallel circuns. i1s necessary 10
evaluate the maximum heating power which is generated

in each circuit and make sure that this heating power is much
lower than W,.

Cooling down. The initial cooling down of the magnet from
room temperature is made by circulating the helium coming
ait {rom the refrigerator directly through the col. This
requires setting the double valve ¥ (Fig, 6} ins the approp-
riate position. During cooling down, the temperature
difference between the coldest and the warmest points of
the coit was always < 30 K. When the magnet 15 cold, liquid
helim i produced in the crvostat, When thus s nilled, valve
V is switched onto i1s second position and the pumps are
started. The refrigerator liguefies dircetly in the cryostat,
and pumps provide the helium circulation through the
magnRet.

The cooling-down time, starting lrom roon: lemperature, is
approximately 10 davs. This time mayv appeus very long but,
in practice, it is not @ serious inconvenience because this
operation is repeated very rarelyv. Whens the mapnet 15 not
used and the relvigerator stopped. the warming up rate of
the cotls s very low. Theretore after an operation
interrupuon ol 33y, one month, the masgnel lemperatare
will only rise up to 100 Kand recooling o1 the magnet from
that temperature will be Tairiv 1ast

Conclusions™ —~ =

The construction of this dipole has shown the {easibility of
magniets cooled by forced circulation of two-phase helium.
The major design difficulty of this technique seems to be
predicting when phase separation occurs, Phase separation

depends on many parameters, such as helium velocity,
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The advantages oi two-plase helium are the fugh e xchanpe
coefficient, the hiph heat-absorbing capacity without temp-
efature varation, and the simplicity of the system.

arcu grome v, and heat mputn the viienn.
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