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1. Cryogenic System Description

The layout of the collider facility showing the positions of the various
parts of the system is given in Fig. 1.1. The system is divided into 10
cryogenic sectors of more or less equal length, 8.06 km, each with a
refrigeration plant, helium storage, and four loops of cryostats. There are
in the ring eight arc sectors and two IR sectors. Except for liquid nitrogen
supply, each of these sectors is capable of independent operation at the rated
heat loads. The capability of passing refrigeration from one sector to
another and sharing load when required by equipment failure or other
non-standard condition is crucial,however, to achieving high system

availability. A1l of the arc sectors are nearly the same sjze and have
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Fig. 1.1. SSC collider ring layout. East and west clusters are joined by
arcs of 11.7 km radius. The east cluster consists of four interaction regions
separated by 2.4 km. The west cluster has two interaction regions and two
utility straight sections (open rectangles) for injection and abort and for
acceleration (rf). The cascade of synchrotrons that form the injector is
inside the main ring at the utility straight sections. There are 10
refrigeration and power units around the ring (black diamonds).
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the same cryogenic loads. The IR sectors have less synchrotron radiation load
but more heat leak and a larger liquefaction load, resulting in a tota)
refrigeration capacity requirement within 15% of that of each arc sector.

Each of the ten refrigeration plants is oversized. The extra capacity
provides for cooldown, for capacity decline during service periods, and most
important, for plant maintenance and plant failure.

A block diagram of the cryogenics of a typical arc sector is shown in
Fig. 1.2.

In this figure a refrigeration plant is on the left, providing and
accepting flow. Single-phase helium at 4.15 K and 2-4 atmospheres is forced
out into the magnet string of each ring upstream and downstream from the
refrigerator for a distance of 4 km. It flows through the magnets in series
and is recooled periodically to maintain the superconducting windings at or
below the specified 4.35 K. At the end of the 4 km string, the flow is
returned toward the refrigerator. This fluid is flowing as a subcooled
1iquid, so in a1l parts of the circuit only a single phase is possible. Along
this 1ine small flows are withdrawn and expanded into pool-boiling recoolers
spaced at intervals of one cell, 192 meters. The saturated gas from the
recoolers is collected and returned to the refrigerator in a third line.

These low-temperature parts of each ring are enclosed in separate vacuum
insulated cryostats containing shields at 20 K and at 84 K with multilayer
insulation. The helium gasflow cooling the 20 K shield is passed out from the
local refrigerator in one ring and is returned in the other ring. Heat is
removed from the 84 K shield by subcooled 1iquid nitrogen that is produced at
two central air separation plants. It is passed around the accelerator ring
through the shield piping and subcooled and circulated by pumps and heat

exchangers at each refrigerator location. Liquid helium can also be passed



around the ring from refrigerator station to refrigerator station through the
cryostat piping. Except for a warm header for the collection of power lead

cooling flow, all of the system is contained within the magnet cryostats.
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Fig. 1.2. A conceptual representat1on of the SSC collider rings cryogen1cs
system. In each of the two rings the collider magnets are cooled in series by
a flow of single-phase helium. This stream is recooled at cell intervals by
heat exchange with boiling helium. The cryostat of each ring contains cooled
shields at 84 K an 20 K.



2. Required services for the magnet system

2.1 Liquid helium (Refer to Fig. 2.1).

Subcooled 1iquid will be supplied by the refrigerator to a 30000-60000
gallon capacity storage tank. The tank vapor space will be connected to the
refrigerator through a cold vapor return line equipped with a control value.
This control valve will be modulated by a pressure sensor driven controller,
to maintain liquid storage tank pressure within a pressure range of 25-30
psi. Lines 1 and 2 represent the interface between the 1iquid helium system
of the refrigerator and the magnet system. Lines 1 and 2 are both equipped
with pressure and temperature indicators and totaling flow meters. Line 3
represents the supply of liquid helium from the refrigerator to the storage
tank. The liquid is to be supplied to the bottom of the tank in a subcooled
condition. Line 4 represents return of cold vapor from the storage tank to
the refrigerator. Lines 5 and 6 provide the means to pump liquid helium to
the magnet system and return excess 1iquid helium to the tank. Speed and
throughput of the pump typically will be chosen to maintain a constant

pressure of the liquid helium inventory of the magnet system.
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2.2 4 K refrigeration system (refer to Fig. 2.2)

Stream 7 represents liquid helium flow to the magnet. Stream 8 carries
cold vapor from the magnet system for reliquefaction. Typically mass flow
rates of streams 7 and B are equal under magnet steady state operating
conditions. Fluid conditions and totalling flow meters will indicate the

amount of refrigeration supplied at all times.
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Fig. 2.2 Magnet System Interface



2.3 20 X refrigeration system (refer to Fig. 2.3).

Stream 9 carries helium gas of approximate 2.5 ata and 17 K to the magnet
system.” Stream 10 returns vapor of approximately 1.5ata and 23 K to the
refrigerator. Typically, under steady state conditions, streams 9 and 10 are

equal in mass flow rate.
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2.4 Number of refrigerators.

There will be 10 refrigerators located around the ring at roughly equal

distance from each other.
3 Transport of cryogenic fluids around the ring.

3.1 Liquid helium

The supply of liquid helium from the refrigerators (stream 2 Fig. 2.1 and
stream 7 Fig. 2.2) will be added to the liquid helium supply headers located
in the vacuum space of the cryostats. There are two parallel supply headers,
one for each magnet ring. Liquid helium may be transferred from refrigerator
to refrigerator station. The maximum amount which can be transported without
i1l effects on the magnets ié 1000 liters per hour per header. This means,
that liquefaction from warm gas return by any refrigerator may be suspended
for periods of time. During this non operating period, liquid helium may be
supplied from adjacent refrigerators. The gas storage facility at each
refrigerator is large enough to store warm gas from lead flow for a period of

24 hours.

3.2 Ambient temperature helium gas.

Gas flows from the current lends of the magnets into a common 6 inch 1IPS
Sch 5 header located in parallel with the magnets in the tunnel. Pressure in
this header is allowed to vary some. (+ 0.2 ata). The header connects at each
refrigerator station to the warm end of the refrigerator. Under steady state
conditions 15 g/sec of warm helium gas (stream 1 or Fig. 2.1) flows to each

refrigerator for reliquefaction. The header can transport the equivaient of



1000 1iters/hour of liquid helium from refrigerator to refrigerator station.
This means that flow to any one refrigerator station can be stopped
altogether, during which time warm gas may be distributed to adjacent

refrigerators for religquefaction.

3.3 4 K saturated vapor.

Saturated vapor from the recoclers of the magnet system collects in a 7.0
cm diameter line, located in the vacuumspace of the magnet cryostats. Under
steady state conditions the 1ine collects approximately 2 g/sec from each
recooler. This gas flows as stream 8 of Fig. 2.2 to the helium refrigerator.

The 1ine may be used for transport of gas from refrigerator to
refrigerator. This, however, has a nondesirable effect on the magnet system
operation. Figure 3.1 shows the rise of temperature in the warmest recooler
along a string of magnets, when flow is directed from one refrigerator to
adjacent refrigerators. In the extreme case of zero output by a refrigerator,
warmest recooler temperature increases by 200 mK. This is based on the
assumption that the pressure in the 4 K vapor header at the operating
refrigerators remains constant.

Because of the effects shown in Fig. 3.1, each refrigerator will be
required to provide at all times a minimum of 2400 W of refrigeration to the

magnet system.

3.4 20 K shield helium gas.

Helium gas of approximately 17 K temperature flows into the magnet system
(stream 9 of Fig. 2,3) and returns as stream 8 of approximately 23 K
temperature Fig. 2.3 to the refrigerators. The shield systems of adjacent
magnet systems are interconnected and valves allow the flow to a refrigerator
to be stopped altogether, with adjacent refrigerators each taking up 50% of

the Tload.
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4. Steady state loads.

Steady state loads are given in Table 4.a. The loads are characterized by
the fluid conditions for streams 1 and 2, (Fig. 2.1), streams 7 and 8 (Fig.

2.2) and streams 9 and 10 of Fig. 2.3.

Table 4.a
Process points for interface between refrigerator and magnet system.
Press Temp Enthalpy Flowrate
Stream ata K J/gram grams/sec
1 1.2 300.0 1573.00 15.0
2 2.5 4.5 11.29 15.0
1 2.5 4.5 11.29 170.0
8 0.87 4.079 30.15 170.0
9 2.4 17.0 101.00 142.0
10 1.6 23.0 133.40 142.0
The refrigerator is required to provide a maximum output as given in
Tabie 4.b.
Table 4.b
Process points for interface between refrigerator
and magnet system at maximum output
Press Temp Enthalpy Flowrate
Stream ata J/gram grams/sec
1 1.2 300.0 1573.0 24.0
2 2.5 4.5 11.29 24.0
7 2.5 4.5 11.29 255.0
8 0.8 3.995 30.15 255.0
9 3.5 17.0 101.0 213.0
10 2.1 23.0 133.4 213.0
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5. Magnet system cooldown.

A string of magnets will be cocled in three stages.

In general, the cooling will be carried out by sending a wave of cold-gas
into the magnet string at one end and remove warm gas at the other end of the
string. This gas is then returned to the refrigerator for recooling or
reliquefaction.

The temperature wave front in the magnets is a function of the temperature
level of the magnets. At low temperature {(below 40 K) specific heat of the
solid mass of the magnet decreases rapidly with temperature while the specific
heat of the coolant is nearly constant. This will make the temperature wave
deviate strongly form a square wave and complicates the picture of stage three
of the cooldown materially. Alse, during the final stage of cooldown filling
of the magnets occurs at the same time. As a result, flowrate in will be

considerably larger than flowrate out.

5.1 Stage one.

High pressure helium gas will flow as stream 7 (Fig. 2.2) to the magnets.
Warm helium gas of low pressure will be returned as stream 1 (Fig. 2.1) to the

refrigerator. Fluid conditions for this stage are given in Table 5.a.

Table 5.a
Stage one cooldown
Press Temp Enthalpy Flowrate
Stream ata K J/gram grams/sec
7 14.0 55 301.8 400
1 2.0 300 1573.0 400

In order to supply the flowrate of Table 5.a, the refrigerator will make use

of liquid nitrogen for precooling of stream 7 to 80 K.

12



5.2 Stage Two,

During stage two high pressure gas at a temperature of 39 K will flow to
the magnets as stream 7 (Fig. 2.2) and vapor at a temperature of 55 K will
return to the refrigerator as stream 10 (Fig. Z2.3). Fluid conditions for this

stage are given in Table 5.5.

Table 5.b
Stage Two Cooldown
Press Temp Enthalpy Flowrate
Stream ata K J/gqram grams/sec
1 4.0 39 217.0 245
10 2.3 55 300.5 245

5.3 Stage Three

During stage three liquid helium will be used to simultaneously cool and
fi11 the magnet system. Liquid will flow as sfream 2 (Fig. 2.1) to the
magnets. Vapor of 39 K will return as stream 10 (Fig. 2.3} to the

refrigerator. Fluid conditions for this stage are given in Table 5.c.

Table 5.c
Stage Three Cooldown
Press Temp Enthalpy Flowrate
Stream ata K J/gram grams/sec
2 2.5 4.5 11.29 50.0
10 2.0 39.0 217.0 24.0

5.4 Stages one, two and three will be carried out over periods of time shown

in Table 5.d.
Table 5.d
Time required to cool (in hours)
Stage One 260
Stage Two 70
Stage Three 100
Total Time 430 hours = 18 days

13



6. Helium storage facility

6.1 Liquid Storage.

Each refrigerator station will be equipped minimally with a 120000 l1iter
(31750 gallon) 1iquid helium storage tank. This tank will have piping
instruments and control as indicated in Fig. 6.1%.

Subcooled 1iquid will be supplied to the tank through line €. Temperature
of this Vigquid shall be 4.5 K. Vapor flow form the vapor cooled shield shall
be 0.5 grams/sec. This vapor will be returned to the refrigerator at ambient
temperature and with a pressure of 1.2 - 1.6 ata (1ine A). Line B will be
used to requliate pressure in the tank not to exceed a value of 1.8 ata.

Liquid flow to and from the magnet system will be through 1ine D.

The specification of the storage tank is as follows:

Volume 33000 gallons
Liquid volume 31750 gallons
Normal operating pressure 1.8 ata
Maximum operating pressure 3.0 ata

Boil off through shield 0.5 g/sec

Heat penetration into bottom

half of tank 3w
Total heatleak of tank 10 W
Heat leak to vapor cooled shield 200 W

Temperature rise of liquid in bottom

half of tank 6 mK/day

14
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Fig. 6.1. (A) Warm gas to refr; (B) Cold gas to refr; (C) Subcooled liquid
from ref; (D) Liquid to ring.
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6.2 Gas Storage Facility

Each refrigerator station will be equipped with an ambient temperature gas
storage facility of a capacity of 2.77 x ]06 grams (600,000 scft) at a
pressure of 16 ata. This means that the equivalent of 20000 1iters of liquid

may be stored as warm gas.
7. Refrigerator requirements after a quench.

7.1 Magnet system behavior during and after a guench.

During a quench magnets of a half cell (approximately 96 meters long)
discharge energy into the liquid helium and solid mass contained in the half
cell. A total of 6 x 106 Joules is deposited. As soon as the guench is
detected, a vent valve at each end of the half cell opens and connects the
magnet liquid helium system with the 20 K shield pipe. Liquid and cold
gaseous helium is discharged into the 20 K shield system at a rate of
approximately 50 liters per second for 20 seconds. The vent valves close and
1iquid heljum is added to the magnet system for cooldown and refill. The
"warm® heljum of 30 K is added to the gas of the 20 K shield 1ine. A total of
500 1iters of 1iquid is vaporized to refill the magnets.

Figure 7.1 shows the temperature as a function of time of the helium vapor
returning as stream 10 (Fig. 2.3) to the refrigerator after the quench. Time
of arrival at the refrigerator is dependent on where the quench occurs.

Mass flowrates to the compressor of the 20 K refrigerator system during the
events of Fig. 7.1 wilil be nearly constant, except for possibly a 10%
increase during the time when 26 K gas flows to the refrigerator. The
refrigerator is required during the events of Fig. 7.1 to deliver gas to the

20 K shield at a temperature of 17 K. (Stream 9 of Fig. 2.3).

16
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Fig. 7.1. Temperature of gas flowing to 20 K refrigerator after a quench.

7.2 Helium vented to 20 X shield system.

During and after the quench a total of 180000 - 200000 grams of helium is
added to the 20 K shield circuit. The refrigerator is required to remove this
extra vapor over a period of 1.5 hours and deliver this vapor to warm gas

storage for later reliquefaction.

7.3 Reliquefaction of the warm vapor may be accomplished over a period of 6-8
hours. The reliquefaction may be done by 2 or 3 refrigerators through
transport of gas or redistribution of lead flow gas between adjacent

refrigerators.
8. Refrigerator capacity
8.1 Production of liquid from ambient temperature gas

8.1.1 Supply of ambient temperature gas will be available at a pressure of
1.0 - 1.4 ata and will primarily come from a ring header of 6" IPS Sch. 5 pipe
of 52 miles length. Each refrigerator, at steady state of the system, will

take an equal amount of gas from this line.

17



Each refrigerator station will be equipped with an ambient temperature
helium gas storage facility, consisting of pressure vessels holding a total of
600,000 scft of gas at 16 atm pressure. The refrigerator will be equipped
with a control system, capable of drawing gas from this storage facility at

the rate compatible with the liquefaction capability of the refrigerator.

8.1.2 Purification: The refrigerator shall be equipped with a dual set of
purifiers operating at 80 K, to remove contaminants from the warm gas to be
Tiquefied. Level of contamination will not exceed 20 ppm. Contaminants are

N.,, O0,, CO

2’ 72 2
The refrigerator purification system is not required to purify the turbine

and H20 in a ratic as occurs in ambient air.

and J - T loop recycle gas.

8.1.3. Capacity: The refrigerator shall be capable of producing liquid
helium at a maximum rate of 700 1iters per hour. This capacity is realized,
when supplying helium gas at ambient temperature and a pressure of 1.0 ata.

Liquid produced shall have the following properties.

Pressure (min) 2.0 ata
Temperature (max) 4.5 K
Specific volume (max) 8.026 cc/gram

The liquid helium will be deposited in a 33000 gatlon liquid helium storage
tank. Under system steady state operation, the storage tank will not return
cold vapor to the refrigerator. However, the vapor space of the storage tank

is connected to the cold end of the refrigerator through a control vailve.
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At zero liquid helium consumption by the magnet system, the refrigerator
will receive 4.6 grams per second of cold vapor, displaced in the storage tank

by 1iquid, of the following condition:

Pressure 1.6 ata
Temperature 5.0 K
Specific volume 41.92 cc/gram

8.1.4 Turndown capability: The refrigerator shall operate efficiently at an
output of 16 grams of 1iquid He per second. This means, that it is preferable
to make power consumption over the range of 67 - 100 % of capacity
proportional to output.

It shall be possible to vary the rate form 100 to 67% and vice versa in a
period of 15 minutes.

The ambient temperature gas distribution header around the ring makes it
possible to move gas around the Eing at a rate of 35 grams per second. This
permits some refrigerators to produce no tiquid helium for extended periods of
time, while adjacent refrigerators produce at 67 - 100% of full capacity.

Each refrigerator is required to start from zerovliquefaction rate to 67 -
100% of full capacity in a pér1od of two hours. Iﬁ order to meet this
schedule, it may be assumed that the heat exchangers of the refrigerator are
maintained at 80 K during the zero liquefaction period.

One refrigerator shall also be capable to produce 1iquid helium in a period

of 4 hours from an ambient temperature start.

8.2 4 K refrigeration capacity

19



8.2.1 The refrigerator shall supply a maximum of 4700 watts of refrigeration

with the following input and output:

Input

Pressure 0.8 ata
Temperature 3.995 K

Enthalpy 30.12 Joules/g
Output

Pressure 2.0 ata
Temperature 4.5 K

Enthaipy 11.21 Joules/grams

Flowrate in and out of the refrigerator shall be 248.55 grams/sec. The
refrigerator shall supply the liquid to two parallel headers, operating at
approximately 2.0 ata pressure. The cold vapor will be supplied to the
refrigerator fro two parallel cold vapor headers, which are maintained at a

pressure of 0.8 ata.

8.2.2 Turndown capability: The refrigerator normaliy supplies 3200 watts of
refrigeration to the magnet ring. The refrigerator shall be designed to
operate efficiently at this output level for extended periods of time.

A second steady state operating level of the magnet system requires an
output of 1200 watts of refrigeration. This refrigeration may be supplied
equaily by all 10 refrigerators or half of the refrigerators may be turned off
altogether with the other half operating at 50% of full load.

In case refrigerators are turned off, standby will be maintained at 80 K

for fast restart.

8.2.3 Start from warm conditions: A refrigerator shall be capable to start

making refrigeration from ambient temperature start in a period of 4 hours.

8.3 20 K refrigeration capacity.

20



8.3.1 Capacity: The refrigerator shall be capable of supplying a maximum of
6900 watts of refrigeration to the 20 K cooled shield of the magnet systems.

The input and output of the refrigerator will be as follows:

Input

Helium gas of following properties

Pressure 1.6 ata
Temperature 23 K

Enthalpy 333.4 Joules/g
Flow rate 210.4 grams/sec
Output

Pressure 3.0 ata
Temperature 17 K

Enthalpy 100.6 Joules/grams
Flow rate 210.4 grams/sec

8.3.2 Turndown capability: The refrigerator is normaliy expected to operate
at 67% of maximum load. Power used at this level of operation shall be
70% or less of power consumed at 100% capacity.

It is desired that at 67% of capacity fluid temperature conditions in and
out of the refrigerator will be maintained. Only flowrate and pressures shall

be varied.

9. Refrigerator redundancy

9.1 Operating cycle of the magnet system.

There are a number of operating cycles which provide for the capability of
doing maintenance work on the refrigerators. The shortest cycle consists of a
14 day period, in which there will be 24 hours available for maintenance
operations requiring 24 hours or less. It is required, that the following can

be accomplished.

3.1.1 A complete defrost and recooling of the heat exchangers of the cold
boxes for removal of frozen impurities. The compiete operation should be

accomplished in 12 hours or less.
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9.1.2 Replacement of an expander and/or turbine wheel assembly in a period of
8 hours or less. For this purpose, expanders and turbines need to be equipped

with shut-off valves (upstream and downstream).

9.2 Availability of liquid helium and ambient temperature helium gas in
storage.

To supplement refrigeration at the 4 K temperature level, stored liquid
helium is available in amounts of up to 10000 liters for any occasion. The
refrigerator needs to be designed to make use of stored liquid helium in the
case of a malfunction of some components. With use of extra liquid helium
comes the requirement of compression of the helium gas into the gas storage
facility.

Components, whose failure needs to be handled are the following:

a) Loss of a wet expander for the period required to replace the faulty

machine with a spare unit.

b) Some loss of vacuum insulation of the refrigerator due to a vacuum leak.

c¢) Partial plugging of heat exchangers and a general loss of UA.

(u

overall heat transfer coefficient)

(A = surface area of the exchangers)

9.3 Transport of cryogenic fluids around the ring (including ambient
temperature gas) in accordance with section 3 may be relied upon to provide

redundancy in the refrigeration system.

9.4 Loss of compressor and/or turbines.

The vendor shall discuss the means available to offset the loss of a
compressor and/or turbine of that part of the plant providing 4 K
refrigeration to the magnet system. It is required that at all times at Jeast

50% (2350 watts) is available from each refrigerator.
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9.5 Loss of instrumentation.

It is required that the refrigerator will operate, whether an instrument
and/or control malfunctions. If necessary, a dual sensor will be provided in
the cold box with the possibility to switch input from the faulty to the spare

sensor.

8.6 To provide redundancy for the 20 X refrigeration, transport of
refrigeration (or heat) to adjacent refrigerators through the piping of the
magnet system may be relied upon. When all refrigerators are in operation,
load on each refrigerator is 4600 watt. One refrigerator may go down; in that
case the adjacent refrigerators each will take care of 2300 W of the load of
the non operating refrigerator and provide a total of 6900 watts of

refrigeration.

10. Future expandability.

It is desired that in the future extra refrigeration may be added to the
overall system. For this reason it is desirable that the following measures
be taken at this time.

a) Piping in the coldboxes and connecting cold boxes to compressors should

be large enough to handle an extra 33% of flow.

b) Turbine installations will be such that change to a larger turbine is

possible.

¢) Reciprocating expansion engines will either have the capacity for an

increase of speed or cold box piping will be provided for the installation

of a parallel machine at a later date.

d) The oil removal system(s) used for the refrigerator shall be large

enough to permit 33% extra flow.
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11. Utilities
The vendor shall supply a complete listing of all utilities required for

operation of the refrigerator at full and partial outputs. Included are:

11.17 Power

11.2 Cooling water, flowrate and temperature and pressures in and out.

11.3 Cold nitrogen vapor available at 80 K, 1.2 ata pressure up to 150 g/sec

per refrigerator.

11.4 Consumption of helium gas due to leaks in the system.

11.5 Floor space and height requirements

11.6 Instrument air (available at 80 psig pressure, free of oil and water).

12. Description of refrigeration plant studied by the CDG.

Figure 12.1 shows the basic flow diagram of the refrigerator for the SSC.
There will be 10 units of this type around the ring. Process points for the
maximum capacity of the system are given in Table 12.a.

Vendors are not obligated to quote a refrigerator of the type pictured in
Fig. 21.1. However, all refrigerators proposed by vendors will be compared

with the cycle shown in Fig. 12.1.

12.1 Features of the process of Fig. 12.1.

There are three separate trains of heat exchangers. These exchangers may
all be located in the same vacuum insulated cold box, or could be in separate
boxes.

The separation of the heat exchangers provides the means to optimize the
cycles for liquefaction of warm gas, refrigeration at 4 K and refrigeration at

20 K.

24



The requirements of the SSC are different for these. For instance:

12.1.1 Liquid production: At steady state it is approximately 2/3 of the
maximum production capability. More or less liquid will be consumed during of
the following events:
a) During and after a half-cell quench, some 1500-2000 liters of liquid are
vaporized rapidly and need to be reliquefied.
b) During cooldown of either a part of all of the ring.
¢) During ring standby conditions, 1iquid consumption will be considerably
less than during steady state. These periods may occur for periods in

excess of 24 hours.
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The liquefier portion of the refrigerator may not have to operate for some
time, because the magnet cryostats contain a liquid helium distribution
header, which makes it possible to move liquid from refrigerators to
refrigerator station at a rate of < 1500 Titers per hour at all times.

Also, at each refrigerator station, liquid and gaseous helium storage
permits movement of inventory around the ring at all times.

This then means, that liquefaction at any refrigerator station can be
stopped for indefinite periods of time and that liquefaction redundancy is
satisfied by adjacent liquefiers backing up each liquefier,

The operational modes of the liquefier are then either operating at maximum
capacity or turned off. The result is minimized power consumption and power

for liquefaction will truly be proportional to liquid used.

12.1.2 4 K Refrigeration: The refrigeration cycle has been sized to produce
150% of the anticipated maximum load of the system. Furthermore, roughly

70% of the maximum load is represented by synchrotron radiation, which only
occurs in appreciable quantities at or near full energy levels of the
collider. This means, that in a standby condition, with everything cold,
refrigerators are only loaded to roughly 20-25% of their maximum capacity.

With regard to transportation of refrigeration around the ring it should be
noted, that roughly 1500-2000 W can be moved from station refrigerator to
refrigerator without creating undesirable effects on the magnet system.

The net result of the above is, that all refrigerators need to be operating
during collider operation with beam at or near full energy, although
individual contributions may vary.

Therefore, shutting off individual refrigerators will only be allowed

during maintenance days, when demand for refrigeration is Tlow.
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Since the refrigerator has to function all the time, redundancy needs to be
provided for failure of coldbox components. It is permissible and desirable
to make use of liquid helium as a supplemental refrigerant, in case of
component failures. In that case, the vaporized liquid helium, warmed to
ambient temperature, needs to be compressed by the refrigerator compressors

and deposited in ambient temperature gas storage.

12.1.3 20 K refrigeration: At maximum capacity, the refrigerator delivers
150% of the anticipated requirement. The cycle of Fig. 12.1 indicates that
all 20 K refrigeration is made by turbine T 3 (with second and spare unit for
cooldown of the magnet string). Also, the refrigeration is transported by
compressor W 7 to the ring.

It should be noted, that the absolute temperature level of the 20 K shield
is not critical. It may vary between 15 and 30 K without much effect on the
4 K magnets. As a conseguence, it is permissible to shut down a 20 K
refrigerator and have the adjacent refrigerators take up 50% each of the
load of the non working refrigerator.

Variations in load of the 20 K system don't occur generally. However,
during a quench, the 20 K shield system experiences a major perturbation. It
is essential that the 20 K refrigérator handles this upset and restores
stability. For that reason, temperature of the gas flowing to the shield
shall always be 17 + 0.5 K.

A feature of the 20 K refrigeration system is the proportionality of power
and refrigeration supplied. This is achieved by allowing compressor suction
level to vary as a function of load. Also turbine T3 output will be
proportional to pressure level of its circuit. This means that with a closed
small inventory system, as indicated in Fig. 12.1, refrigeration output of T 3

may be varied rapidly, by adding or removing gas from the circuit.
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12.1.4 General: A1} three refrigeration circuits will make use of
refrigeration supplied in the form of cold nitrogen vapor. Quantity available

per refrigerator station is 130 g/sec at 1.0 ata pressure and 78 K.
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