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ABSTRACT

The design of the 4.5 K primary cooling system and higher
temperature shield cooling systems for the SSC are described. Typical
flow diagrams for the magnet piping systems are presented. Estimated
heat loads are given. The systems have been designed to accomodate the
great distances, 90 km and up, over which the load will be distributed.
Provision has been made for cooldown, warmup, quench recovery and magnet
replacement, as well as for steady-state operation.

INTRODUCTION

The SSC Reference Designs Study* contains designs for three magnet
systems, each with a cryogenic system designed to suit the particular
magnet system. Only the most general of specifications fthe machine
energy) was put forth at the beginning of the preparatory work for that
publication. As the outlines of the three systems began to come into
focus, a peer critical review process began to shape the cryogenic
system design. Several weeks of frequent discussions in the spring of
1983 led to redesign and recalculation. Since the publication of the
Reference Designs Study, the magnet designs have been modified as have
the cryogenic system designs. In various workshops and other forums the
cryogenic system designs have been discussed. In the end, there has
developed a de facto Cryogenic System Performance Specification which
the two currently advocated designs (C and D) satisfy. This is not
"the" specification for SSC, which can come only when the design has
progressed far beyond its present conceptual design stage.

The two magnet styles (C and t>) which are actively advocated today
are each accompanied by a cryogenic system design.2 These two designs
are ao similar in concept, that they can be presented as a single
generic design. The few significant differences will be mentioned in
passing.
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DISCUSSION

Cryogenic System de Facto Specification

The performance required by the SSC Cryogenic System ia determined
by examining «ach system to determine what boundaries would include all
systems. The points included in such a specification are summarized in
Table 1.

Both systems have heat loads of approximately 6D kW when allowance
is made for liquefaction load (for cooling magnet power leads). The
nominal maximum operating temperature for all systems is 4.5 K to 4.6 K.
A narrow temperature range (0.2 to 0.3 K) is desirable to limit possible
variations in magnet field shape due to variations in eddv currents in
the conductors.

A cooldown time of less than two weeks is deemed acceptable.
Shorter times would be advantageous. Cooldown time for this exercise
does not include the time required to liquefy helium to fill liquid
helium storage tanks. The piping ?.s arranged so that relatively short
sections of magnets can be isolated for warm-up and cooldcwn. When
magnet replacement or other 'maintenance and repair activities are re-
quired, only the ailing section will be warmed and recooled. Therefore,
full ring cooldowna should occur only rarely. Magnet replacement has
been estimated to require about 7.5 days.

The equivalent of about one to three (depending on the design)
million litres of liquid helium are required to fill the magnets and the
system piping. Means must be provided for long-term storage of the
entire inventory.

Magnet quenches will occur quite frequently during commissioning of
the SSC and with significant frequency during subsequent operation.
Quench recovery time for simple quenches (i.e., one quench module)
should be less than one hour without loss of helium. Extensive quenches
will be much less common and recovery specifications were not formulated
for them.

Table 1

SSC CRYOGENIC SYSTEM DE FACTO SPECIFICATION
1. The nominal heat load (including allowance for liquefaction)

totals ̂ 60 kW.

2. The load which must be cooled has a characteristic cross-section
dimension (diameter or diagonal) for the 4.5 K vessel which is 28
cm and a length (both rings) of 170 km.

3. Cooldown weight is >̂ 70 x 10^ kg. Desired cooldown time <2 weeks.

4. Means must be provided for long-term storage of the helium in the
magnets and piping whose mass is equivalent to about one to three
million litres of liquid.

5. Recovery from simple magnet quenches must be possible in a short
time (<1 hour) without loss of helium.

6. The system design should be compatible with a tilted-plane ring.

7. The design must be compatible with tunnel depths of 6 to 125 a
below the surface.



Many proposed sites for the SSC will require tunneling or deep
burial and/or tilting the plane of the machine to reduce site
preparation coats. To be universally acceptable, the cryogenic system
proposed must be compatible with these site conditions.

Generic System Design

To meet the conditions in this specification, the proposed systems
are conceptually similar. The main features of the generic design are
summarized in Table 2.

Each system is divided into many parallel cooling loops. The
coolant in each of these loops is single phase (compressed liquid)
helium which is forced to flow through many magnets in aeries. This
coolant stream is periodically recooled by heat exchange with boiling
liquid helium. This basic pattern is shown in Figure 1. An important
feature of the design is that there is no place in the system where
two-phase helium flows. This makes the design compatible with a
tilted-plane site and greatly simplifies helium inventory control.

Twelve refrigerators are spaced around the ring. The distance
between them is ̂ 13 km for Magnet C and J7 km for Mf.gnet D, The
pressure drop in the return line to the refrigerator is a major
consideration in determining the distance between refrigerators. In
Design C, the refrigerator spacing is twice that of D, and C has been
designed for a higher operating temperature than D, 4.6 K va 4.5 K. The
accelerator is designed with a sixfold symmetry, so the refrigerators
are spaced in a multiple of that symmetry. The refrigerator size, <̂ 8
kW, concommitant with this spacing is small enough to permit factory
assembly of cold boxes and shipment to the site.

Two heat shields are provided to reduce the heat influx to the low
temperature region. No systematic study has been made of the economics
of more than two shields. The lower temperature shield operates on a
separate loop at temperatures of 10 K to 20 K.

Table 2

THE GENERIC SYSTEM DESIGN

1. Single phase (compressed liquid) helium flows in the magnets.

2. This single phase stream is periodically recooled by heat exchange
with boiling liquid helium.

3. Twelve refrigerators are equally spaced around the ring.

•+. Two heat shields surround the low temperature vessel.

5. Total installed refrigeration capacity at helium temperature is 90
to 100 kW to provide a 50Z margin.

6. Long-term storage of inventory is in liquid helium storage dewars.

7. Overall system reliability is enhanced by design to permit cross-
coupling between adjacent refrigerators.
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Fig. 1. Basic pattern of magnet cooling circuit.

Typical System Flow Diagram

The flow diagram for a typical magnet cooling loop is ahown in
Figure 2. Outbound flow from the refrigeration station is provided at
three temperature levels: helium at >^4.5 K and «/U5 K and nitrogen at
^80 K. All this piping is contained within the vacuum tank of the
magnet. Another line, a warm helium return line (not shown), is
required to carry sat from the gas-cooled magnet power leads to
compressor suction.

The 4.5 K helium stream is the main coolant flow through the
magnets. This helium increases in temperature as it absorbs heat from
the magnets. When it reaches the maximum allowed temperature (4.5 K or
4.6 K, depending on the design) it is recooled to near its original
temperature by heat exchange with boiling liquid at low pressure. The
flow rate through the magnets and the spacing of the recooler heat
exchangers are design variables for which values are selected to
minimize overall costs. The recooler spacing selected varied from 200
to 300 m. The length of a loop varied from 3400 m to 6500 m.
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Fig. 2. Flow diagram of typical magnet cooling loop.

After this flow passes through the magnets in the loop it enters
the recooler suppiy header which provides a flow path to the level
control valves of the recoolers. If there is any flow which is not



required by the recoolers, it is returned to a liquid collection vessel
in the refrigerator.

Gas exiting from the recoolers enters the helium return piping and
flows to the low pressure) low temperature side of the refrigerator heat
exchanger train.

The second helium stream produced is at a temperature of ̂ 15 K and
provides cooling for the lower temperature heat shield. Details of the
return piping varies with each magnet design. The piping of this shield
serves a second function in Designs D, that of a buffer volume for gas
evolved from the magnets during a quench. This is an important function
as it provides the means to prevent loss of helium by venting during a
magnet quench. Gas is evolved at temperatures up to 20 to 30 K and it
is much more economical to hold the gas at that temperature than to
provide equivalent room temperature storage dispersed around the ring.
Valves which connect the magnets to the heat shield are opened
automatically as required to limit pressure rise during quenches. The
piping provided permits the shield line of one sector to be made common
with those of all other sectors in the ring. By this means, additional
refrigeration capacity can be made available for recooling after a
quench. Design C has a lower quench energy per magnet and is able to
manage gas from a quencti by venting into the return line.

The third output from the refrigeration station is liquid nitrogen
to refrigerate the warmer of the two shields. This shield operates at
a nominal temperature of 80 K. The nitrogen is maintained above its
equilibrium vapor pressure in a closed; pumped loop so that only single
phase nitrogen is handled in the loop. The nitrogen in the loop is
cooled by heat exchange with boiling liquid nitrogen.

The sheer quantity of helium required for this system (equivalent
to 1 to 3 million liquid litres) is impressive. The estimated heat leak
in the magnet system is very low, mainly because of the use of the low
temperature shield. Because of this, the "natural" flow rate from a
refrigerator sized to handle that load is relatively small. For
instance, in Design D the magnets alone in one of the 48 cooling loops
will contain over 4 x 10*> g of helium. The nominal helium flow rate
through the magnets is only 67 g/s. About one hour will be required for
a unit of helium to pass through the magnets from one recooler heat
exchanger to the next, a distance of 200 m. Any temperature transients
introduced into the helium by heat load transients will, depending on
their position relative to the nearest recooler, be removed in one hour
or less. A unit of helium will require about 17 hours to reach the far
end of the magnet loop and about the same time to return to the
refrigerator. These long time constants present interesting problems
when considering the controls, helium inventory management, etc., for
this system. If for any reason, these times introduce undesirable
effects into the system, a cold pump could be used to increase the loop
flow rate. Tests of SSC magnet prototypes in a ̂ 1 km long string have
been proposed so that possible problems such as this can be studied.
These tests will also be the mechanism for a final check that the magnet
and piping will meet the heat load specifications for them.

The number of components used in this system will be large and this
increases the probability of helium losses to the atmosphere. In order
to bring helium losses to an acceptably low level great care must be
exercised. The system must be designed with a minimum of seals and
those used must be of proven, reliable design. The system must be
designed so that it can be easily leak-checked. During operations it
must be possible, by means of sampling at many points, to calculate the



helium inventory accurately on a continuous basis. . A continuous program
of leak-hunting during operations must be part of the plans. Careful
attention to detail at all stages will be required to produce a system
with low helium losses.

Some Unresolved Questions

There are some aspects of the system designs proposed which have
not coverged to a common solution. The electric power rate structure,
which cannot be known until the SSC site is chosen is the driving
parameter in the operating coat studies which should allow decisions to
be made in many areas. In addition to site characteristics and the
electric power rates, other important parameters which cannot be fixed
are cryogen availability and personnel safety issues.

One system design characteristic which has not converged is the
method of production sad the extent of usage of liquid nitrogen in the
system. It has been proposed to build on-site nitrogen reliquefiers or
air separation plants and to provide liquid nitrogen preceding for the
helium refrigerators. On the other hand, it has also been proposed to
use a loop off the helium refrigerator to recondense liquid nitrogen for
the heat shield loop. This design has neither liquid nitrogen
precooling nor nitrogen (air) plants. Based on different assumptions
for the electric power rate structure, both claim lowest operating
costs. The choice, in this case, is further complicated by a safety
issue - that of possible asphyxiation in the tunnel due to leaks of
cryogens. If it is decided that all liquid nitrogen in the tunnel must
be at a temperature below the atmospheric equilibrium boiling point to
reduce the evolution of nitrogen vapor in case of a large leak, this may
favcr the helium-condensing-nitrogen system which can more easily
accomodate to lower temperatures.

Another unresolved question is whether equipment options (for
initial or future use) for lower magnet operating temperatures should be
included in the design. This would introduce considerable technical
complication for both magnet and cryogenic systems, and the cost-to-
benefit ratio must be carefully examined.

CONCLUSION

Equipment of the type and size required for this application is
available today. Details of this system must still be addressed, but
enough design has already been completed so that any major problems
should have surfaced.

The requirements for the SSC Cryogenic System are well within the
state-of-the-art.
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