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INTRODUCTION

The superconducting magnets for the ISABELLA storage
ring/accelerator are designed to be operated at 3.8°K using a
forced-flow supercritical helium coaling system.1 The 1SA3ELLE
refrigerator has been designed subject to these special
requirements. The design output is 13.65 KW of refrigeration
below 4.2°K (for cooling the magnet and distribution system), 55
KW at 55°K (to cool heat shields for the whole system) and 100
g/s of liquefaction (for magnet power leads cooling). The sys-
tem incorporates a subcooler section that produces liquid helium
at 5.3 atm and 2.6K and circulates it through' the loads, and a
Claude-type main refrigerator section. The main refrigerator
section has five stages of cooling, with four of them below liq-
uid nitrogen temperature. Liquid nitrogen precooling is not
used. With 60Z isothermal compressors the efficiency of Che re-
frigerator system will be about 267. of Carnot.

*Work performed under Che auspices of Che U.S. Department of
Energy.
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CYCLE OVERVIEW AND LOAD DESCRIPTION

The cycle schematic for the ISABELLE Refrigerator with a
simplified load is gives in Figure 1. The load and the
subcooler section are connected by the supply and return
headers. A circulating compressor in the subcooler section is
used to pump helium through the headers and deliver cooling to
the magnets. In addition, liquid helium is supplied for lead
cooling and for cooling of the magnets in physics experiments
set-up in the six intersection regions of ISABELLE. Hence, the
load is a combination of refrigeration and liquefaction.

The nominal operating pressure for the ISABELLE load has
been chosen1 as 5 a on. This will be the minimum pressure
permitted. Higher pressures will be allowed during cooldown and
other periods of high heat loads when the temperature of the sys-
tem rises above the design level. The control system will be
set to maintain essentially constant helium density at the inlet
to the circulating compressor. Minor adjustments in the
rotational speed of the circulating compressor will then be used
to trim for constant flow rate to the load. This method of oper-
ation is intended to reduce the need for venting of helium and
subsequent "reliquefaction."

Based on theoretical and experimental results, the loads
for four possible conditions have been estimated. The perfor-
mance requirements in terms of forced flow are described in
Table 1. For the base design mode, the refrigeration is 13.7 KM
and the liquefaction rate is 100 g/s. The heat shield load is
55 KW, provided by 350 g/s of helium flowing jetween 40°E and
70°K, for all conditions.
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SOBCOOLER SECTION

The Jiubcooler section of the refrigerator, shown in the
lower half of Figure 1, incorporates some unique features. It
consists of cold vacuum compressors, a circulating compressor
and heat exchangers/pots. The vacuum compressors are designed
to pump the intermediate pot to 0.35 atm (3.2°K) s.md the low pot
to 0.1 atm (2.5°K). Cold vacuum compressors were selected
rather than using a subatmospheric suction in the main warm com-
pressor, to minimize system power input, tc avoid the risk of
leaking air into the system, and to reduce the cross section
area of the heat exchangers. The circulating compressor pumps
approximately 4,000 g/s of helium through the load. This is sev-
eral times Che flow rate that could be provided by the cold end
of the refrigerator and is comparable to the main compressor
flow.

A performance summary for the cold compressors at baae de-
sign mode is given as part of Figure 2. These three units con-
tribute approximately 10 KW heat load at 4.5°K and 20 KW between
4.6°K and 9°K. As a result, the ISABELLE refrigerator must gen-
erate substantial amounts of refrigeration between 4.5°K and
10°K in order to satisfy the requirement to operate below 4.2°K.

The addition of heat exchanger HX-15 between the high pot
and the intermediate pot has been found to increase the plant ef-
ficiency by approximately 51.

MAIN REFRIGERATOR

Ths ISABELLE refrigerator uses a Claude-type cycle. Be-
cause of its large capacity, features have been incorporated
that are not customary in smaller refrigerators.

The efficiency of a helium refrigerator increases with che
number of expanders and has been reported to level off at
five.2*3 Numerical studies of three and five expander cycles
were performed as part of the studies leading to the ISABELLE
cycle. These verified the economical advantages of using the
five expander cycle which has been selected (see Figure 1).

Expansion stages 1 and 2 and stages 3 and 4 are connected
in series between the high and low pressure streams. The series
arrangement allows a higher flow rate across a lower expansion
ratio for each turboexpander, as compared to individual units
arranged in parallel, and makes possible higher turbine
efficiencies.*
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Fig. 2. Summary on the performances requirements of ISAHEM.E refrigerator



No liquid nitrogen precooling is used because the system is
primarily a refrigerator (as opposed to a liquefier). This is
due to the extra load from compressors power input in the
subcooler section. The use of the warm expansion stage to
substitute for liquid nitrogen precooling can also be justified
on the basis of economic and operational considerations.

The heat shield circuit parallels h*at exchanger 4 and ex-
pansion stage 2, with the return helium from the circuit provid-
ing about 35Z of the flow into the expander.

DETAIL DESIGN

With Loads and cycle configuration defined, the state vari-
ables at each process point can be determined from basic
thermodynamic relationships. Iteration is required until compo-
nent efficiencies, pressure drops and heat leaks are consistent
with the hardware design. A computer program utilizing the NBS
helium properties^ was developed by BNL to accomplish the neces-
sary computations. The program first calculates the circulating
flow requirement for a given load, and the cooling reauired at
the three pots in the subcooler. The interface condition be-
tween subcooler and refrigerator is then obtained from vacuum
compressor performance projections. Finally the sizing of tur-.
bines and heat exchangers for the refrigerator are performed. A
typical summary describing the load conditions, performance re-
quirement of turbines, compressors and heat exchangers, and the
state at each process point is is given Figures 2 and 3.

At base design condition, the pressure in the low pot of
the subcooler is chosen to be 0.1 atm corresponding to 2.49°K.
This is Che lowest temperature in the system. The pressure in
the intermediate pot is chosen to be 0.35 atm, corresponding
to 3.27°K.

The inlet temperatures for the expansion stages have been
chosen'Co optimize the cycle, given the load and subcooler sec-
tion requiremtnta. All expansion stages but the first are below
liquid nitrogen temperaturs. The outlet pressure of expander S
is set at 2.5 atm to avoid liquid formation, although in prac-
tice, this may not be necessary. The total power extraction
from the expansion stages is around 350 KW. The turboexpanders
all have variable inlet nozzles to permit achieving near optimum
efficiency over a wide flow rate range. This is particularly im-
portant during cooldown.

High effectiveness heat exchangers are used. Temperature
differences across heat exchangers have been adjusted so that
most of heat exchangers have effectiveness higher than 0.94, but
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none exceed 0.98. The total UA for heat exchangers is about
2100 KW/°K.

The high and low pressure screams is the refrigerator are
at 16.4 atn and 1.1 atsi. The mid pressure between series-
connected expansion stages is about 8 atm. The choice of 1.1
aCm as the lowest pressure is to avoid 3ubatmospheric suction in
the main compressors. Ho significant cycle improvements were
observed for high pressures greater than 16.4 atm. The total
compressor flow required is about 4,000 g/s. It is estimated
that 12 MW to 15 MH of input power will be required depending on
Che efficiency of the compressors which are used.

REMARKS

In order to enhance the reliability and flexibility of this
plant, redundant heat exchangers (1-2) and expanders, (1, 2, 3
and 4) will be provided. The redundant expanders 1 and 2 serve
in a way similar Co liquid nitrogen precooling to increase Che
cooling capacity of the system significantly during cooldown. An
analysis of Che cooldown process is given in Sex. 6. With
redundant expanders 1 and 2 operating, the ISABELLE plane can be
operated as a liquefier which will be capable of producing
11,000 1/hr liquid helium at 4.6°K.

The refrigerator is now under construction and is scheduled
for completion and testing in 1983.
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