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Cycle Design for a Cryogenic Refrigeration System for FED

with Forced Flow Superfluid Helium through Internally Cooled Conductors

by Joel H. Schultz

M.I.T. Plasma Fusion Center

O.R.N.L. Fusion Energy Design Center

ABSTRACT

A cryogenic refrigeration system has been designed for the specifications of the magnet system of the

Fusion Engineering Device (FED). The unusual specification of an internally cooled cabled niobium titanium

superconductor at a maximum field of 10 tesla, coupled with high ac losses and high neutron and gamma

heating in the toroidal field coils led to the selection of a cooling system with superfluid helium at the inlet to

the toroidal field coils. While highly unusual as a coil-cooling concept, the implications for the refrigeration

system were not unfavorable and showed several features of interest. Among the favorable comparisons with

"conventional" supercritical flow systems were reduced entropy generation in the coil due to pressure drops.

However, the low inlet temperature and the high losses combined to require 63 MW of room temperature

work on the helium, about 4 times that of the Isabelle refrigeration system, which the FED system resembles.
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A. Cryogenic Refrigerator System Function Summary

The cryogenic load for the Fusion Engineering Device is complex, consisting of losses removed by

circulating superfluid and supercritical helium through the toroidal field windings , circulating supercritical

helium at different temperatures through the inside of the toroidal field coil cases and the intercoil structures,

and by pool-boiling of atmospheric pressure helium in the poloidal field coils and cases. A summary of the

loads is presented in Table I. The refrigerator design is determined by the loads for the 10 tesla extended

performance case which are larger than those for the 8 tesla scenario for all systems. Since the coolant has

significantly different inlet and outlet thermodynamic states for each of the cryogenic loads, the only common

basis for comparison of the loads is the rate of entropy generation [SM80}, which is shown in the table. The

single largest load is that generated in the winding of the TF coils, but the winding losses, case losses and

intercoil structure losses of the toroidal field system are all significant. The entropy generation of the FED

system load is several times higher than that of any existing or planned cryogenic refrigeration facility in the

world, being 3.3 times larger than that projected for the ISABELLE intersecting storage ring accelerator at

Brookhaven [SC80, which is currently the largest planned refrigeration system.

The largest single heating load is 46.3 kW of ac losses into the intercoil structure. While this load is

half of the total cryogenic losses, it only constitutes 20 % of the load entropy generation, because the heat is

removed at moderately high temperatures. Further design iterations should be able to'identify appropriate

lower stress regions in which more thermal or electrical insulation breaks could be added, in order to eliminate

the significance of this load. The second largest load is that taken by the inner case channels. These channels,

between the coil case and the winding pack, are similar to those proposed for Tore Supra. They intercept

losses in the hotter case and prevent the requirement to remove them through the cooler winding pack. Losses

in the case include ac pulsed magnetic field losses, neutron and gamma heating and conduction from the

hotter outer case channels and intercoil structure. These losses can only be substantially reduced by significant

changes in the design structure. Neutron and gamma losses can be halved by adding a sufficient amount of

boron to the shield, as explained in section ... Further reductions require increases in the shield thickness and

machine size. AC losses in the case can only be decreased substantially by laminating the case or by the use of

an internal bolted plate construction, as used in the Westinghouse LCP concept, which removes the need for a

thick external case.
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The most unusual aspect of the load of the reference design is the use of a forced-flow, NbTi conductor

with a superfluid inlet and a supercritical fluid outlet coolant. The mission of enhanced plasma performance

at 10 T can be achieved by the use of Nb3Sn in a graded conductor or inserts or by the use of pool-boiling

subcooled or superfluid helium. Insufficient analysis, experiment or development work has been done to jus-

tify the specification of the reference concept described above. In fact, we know of no magnet, however small,

that employs it. In contrast with an all supercritical helium system, this concept should have the disadvantage

of a requirement for a complicated inlet headering system with many independent feeds in order to avoid

large flow instabilities due to uneven heating of different coolant channels. However, the concept does have

an attractive rationale which justifies its exploration. All of the alternatives have disadvantages which can

be argued outweigh the expense of a complex headering system. A forced-flow, jacketed conductor allows a

fully insulated conductor concept which can eliminate the most common cause of magnet failure, electrical

breakdown due to tracking or metal chips. This topology also allows the use of high surface area cable without

any stress concentrations or risk of creep indentation of the conductor against the insulation. The use of NbTi

eliminates the need for Nb3Sn, which has higher cost, has yet to establish adequate mechanical properties in a

large magnet and may not be capable of establishing high strength joints to NbTi in a jacketed cable. The use

of a superfluid bath is limited to a steady-state heat removal rate, through a long vertical channel the height of

the FED TF coils, of about 1 W/cm 2 of helium. This appears to be inadequate for the FED heat load, if either

the General Dynamics or General Electric LCP conductors are used, although it should be adequate for the

General Electric 12 tesla conductor, considered earlier for the Engineering Test Facility [ST80].

The use of a forced-flow conductor with a maximum outlet temperature of about 3.0 K has the one

major limitation that, at the lower pressure limit of about 2.25 atmospheres for supercritical fluid behaviour,

the specific enthalpy of helium is only 6.3 J/g. This contrasts with a specific enthalpy of 30 J/g for helium

vapour at 4.2 K or 31.3 J/g at 2.3 atmospheres and 5.5 K, such as has been proposed for high performance

forced-flow magnets using NbaSn. Thus a much higher mass flow is required for the same amount of cooling

capacity. Furthermore, since the Joule-Thomson coefficient is unfavourable in this regime, raising the fluid

temperature as pressure drops, there is an absolute limit on the amount of heat that can be removed through

a given channel for a given desired outlet state. In the reference design, by using an inlet in the superfluid

regime, 1.85 K and 4.0 atmospheres, a conservative design is possible from the standpoint of steady-state heat
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removal. The inlet enthalpy is 3.7 J/g, while the outlet enthalpy at 3.2 K and 2.3 atmospheres is 6.8 J/g, so 3.1

J/g can be removed, with a pressure drop of 1.7 atmospheres. If the average pressure drop, integrated over a

hydraulic channel, is half that at the outlet, we calculate that a mass flow of 5.8 g/s could be achieved, allowing

the removal of 18 W per channel, or 8.5 W/cm2. Since the average loss per turn is 2.0 W and there are 3 turns

per hydraulic channel, this allows a peaking factor of 3 for the hottest channel. By contrast, a 1.7 atmosphere

drop with an inlet of 2.5 K supercritical helium would not permit removal of any heat at all in the range of 2.3

to 20 atmospheres outlet pressure, and there would be no benefits from lower pressure drops in the superfluid

region.

The low, although not really zero, viscosity of helium in the superfluid regime allows the possibility that

the refrigeration load in the TF coil using a superfluid inlet may actually be lower than if a higher temperature

inlet fluid were used. The largest term in the entropy generated by the assumed drop from 4.0 atmospheres

to 2.3 atmospheres is that due to isenthalpic throttling, the Joule-Thomson effect. If the entire externally

imposed heat load were removed through boiling at 2.0 K, the entropy generation would only be 4,625 W/K.

The calculation that the entropy generation of the TF system in the reference design is 9,892 W/K assumes

that the pressure drop from the inlet to the outlet header is that of the worst case channel. However, in fact,

the cooler channels will remain superfluid longer and will have a lower pressure drop. Independent circuits

will be necessary to prevent the superfluid channels from shunting flow from the supercritical channels at the

outlet header. However, during the normal operating conditions at 8.0 T where neutron and gamma heating,

the second largest terms, are reduced by a factor of 2.5, all channels should remain superfluid with entropy

generation rates far lower than a channel moving 5.8 g/s of all supercritical helium at 3.0 K through the TF

winding with no external heat generation at all. If the concept of forced-flow heat removal with a superfluid

inlet is retained, an attempt should be made to investigate whether the desirable feature of low pressure drop

for high mass flow can be included in the design for most of the channels for all modes of operation. If this can

be accomplished, it would reduce the room temperature power requirements for TF winding refrigeration by

at least the factor of two calculated above.

B. Refrigerator Line Diagram

The refrigerator concept examined for FED is derived from the refrigeration system for the ISA BELLE
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intersecting storage ring accelerator, to be built at Brookhaven [BR811. A line diagram of the refrigeration

system is shown in Figure I. A table of the entropy generated by each component in the refrigeration system is

given in Table II. A table of temperatures and pressures at all of the labeled interface points is given in Table

III. A variant of the ISABELLE refrigerator was selected because of several similar features in the two systems,

including the use of subcooled, forced-flow supercritical helium and the enormous size. Significant features

include:

(1) a high pressure closed coolant loop for the TF coils, cooled by baths at 3 different temperatures.

(2) separate loops for the PF coils and the TF case,

(3) return of the outlet fluid from the inside of the TF cases through the outside and intercoil structures.

(4) the use of cold compressors to interface the return stream with a high pressure counterflow heat exchanger

chain, and

(5) the absence of any nitrogen loops from a closed loop helium system.

Two expansion stages are used in the heat exchanger chain, with a third expander for the forced-flow TF

case loop and a Joule-Thomson valve for the main helium feed to the 3 baths cooling the cold high pressure

loop for the TF windings.

Almost all of the components in the refrigerator design will have been previously tested in ISABELLE

and other large refrigeration systems, such as the Fermilab Energy Doubler, MFTF-B and LCP. However, the

compressor C4, with an inlet of 1.85 K and .016 atmospheres would require a separate development program.

A similar development program is being sponsored by the ISA BELLE program for the 2.65 K cold compres-

sor in their design. If the assumed efficiency of the compresssor in the reference design can be achieved, cold

compressor C4 contributes less than 1 % of the total system entropy, so there should be considerable tolerance

for a less efficient compressor design, if necessary.

C. Design Selection and Alternate Concepts

The refrigerator design presented here is the first cut at a self-consistent design and does not represent

any attempt to optimize or to justify selection of a topology from among different alternatives. Work is in

progress on a refrigeration systeins analysis and sizing code, for which most of the component models have

been completed. G iven the complexity of the refrigerator specification, quantitative comparison between alter-
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native approaches is not attractive without automated numerical design aids. As will be discussed in section

E, a study of the entropy generation table reveals two obvious improvements for the reference refrigerator

topology. Certain design considerations, however, did lead to the reference topology.

The major component trade-offs in the design included the use of cold compressors vs. the use of larger

heat exchangers and transfer lines and the use of wet expanders vs. the use of Joule-Thomson valves. A

topological consideration was whether to use a high pressure, warm circulator system for the forced-flow

coolant, as is done for LCP, or a cold circulator with cooling by low pressure baths. Cold compressors were

chosen over oversize helium transfer components because of the extremely large sizes of heat exchanger return

paths and cryogenic transfer lines required at 0.016 atmosphere. If the compressors work with an isentropic

efficiency of 70 %, which is the design goal of the ISA BELLE cold compressors, much less space and materials

will be required for the refrigeration system, and presumably less money. Bejan [BE77] studied a similar cycle

and concluded that cold compressors would be preferred over warm recirculators if the isentropic compressor

efficiency was greater than 41 % Since the FED refrigeration system, as currently defined, is slightly larger than

all the other cryogenic refrigerators in the world put together, it is unlikely that a component development

program, even if it were unsuccessful, would add significantly to the total cost of the system.

Wet expanders, as proposed for a helium liquefaction.cycle by Minta [M1811 and as used in the Fermilab

Energy Doubler satellite refrigerators [C079] might increase the efficiency of the bath generation by Joule-

Thomson valve JT3, which requires an entropy addition of 1.78 kW/K, or only about 1.4 % of the total

system entropy generation. While it might be good to test out wet expanders to gain more knowledge of their

long term reliability on noncommercial systems, such as FED, their use does not seem to make a sufficient

difference in this design to bother supplementing the work at Fermi.

From the fundamental considerations of environmental safety and magnet shielding requirements, it is

undesirable to have large, low pressure transfer lines penetrating the nuclear island. This problem is avoided

in the reference design, which employs a closed high pressure loop, with all low pressure 1.85 K streams in a

separate building. This is much more of a problem with pool boiling superfluid helium, where low pressure

pool boiling requires penetrations on the order of 1 m diameter. Stagnant, pressurized 1 atmosphere helium,

such as is proposed for the Tore Supra tokamak [AY801 has no really plausible pathways to conduct heat to a

nearby external reservoir for the case of the FED TF system, with its combined high heat load, tall stack and
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cluttered surroundings.

D. Refrigerator Sizing

Since the refrigerator system for the enhanced performance 10 tesla option has been designed, it does

not need to be sized. Cooldown should not be a dominant factor for sizing FED refrigerator components as

it was in a previous sizing exercise [SC81]. This study attempted to take advantage of a proposed very low

annual integrated duty cycle (.02 % ) by running the load from a liquid helium storage dewar. The method was

evaluated [SC811 to save about 25 % over a refrigerator rated for steady-state removal of the heat generated

over a single cycle. For the current design this approach was not reevaluated, since the increase by nearly a

factor of 10 to a 17 % duty factor, coupled with the selection of forced-flow cooling, made it highly unlikely

that any significant economies could be achieved by attempting to reduce refrigerator power in exchange for

extra helium storage. Using a larger refrigerator, instead of larger storage, would also allow considerably more

flexibility to allow experiments over more extended periods, if this became feasible. In the present design, the

main compressor performs work on the helium at a rate of 63 MW, which is 4.5 times the main compressor

power of the ISABELLE refrigerator, while the cold mass is only 2/3 that of the ISA BELLE magnet system.

The operating plan of ISABELLE is to achieve cooldown in only 360 hours, while the reference scenario

for FED allows 4 weeks for cooldown. The current design will almost certainly be limited by thermal stress

considerations in the large cold structural components, rather than by any lack of capacity in the refrigeration

system. The previous sizing exercise [SC81I calculated that a helium flow of 4,000 1/hr would be adequate for

cooldown from 100 to 20 K in two weeks and that only 1,000 1/hr would be needed for final cooldown and fill

in 1 week.

E. Refrigerator Design Analysis

The principal tool used in evaluating the refrigerator design is the component entropy inventory table,

Table II. The total work done on the helium by the room temperature compressor system equals the product

of the entropy generated by the rest of the components and the temperature of the working fluid in the room

temperature compressor. Put another way, in a system such as this one with no nitrogen, the room temperature

compressor is the only component that decreases the entropy of the helium passing through it, and in a closed
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system this decrease must equal all the entropy increases of the other components. Entropy generation is the

only measure that can put the refrigeration requirements of heat loads at different or distributed temperatures,

vaporization, liquefaction and isenthalpic pressure drops on a common basis. [SM81]

The total entropy generation of all the components in the system is 138 kW/K. This is 5.4 times the

entropy generated in the load. By comparison, the ISABELLE system required 4.0 times the entropy gener-

ated in the load. The difference reflects the fact that the FED design is only a first cut, while the ISABELLE

design is final. There may also be a second-order unfavourable dependence on the lowest temperature in the

system, which is 1.8 K for FED and 2.65 K for ISABELLE. Of the 138 kW/K generated in the FED system,

41.1 kW/K is generated by the heat exchangers, 39.6 kW/K by the expanders, 16.7 kW/K by the Joule-

Thomson valves and 12.5 kW/K by the cold compressors. These numbers imply that a reasonable balance has

been achieved between cooling by heat exchange and cooling by expansion, and that the cold compressors are

only increasing the system refrigeration requirements to the second-order.

A detailed look at the entropy generation of the individual components, however, does reveal two errors

in temperature and mass flow selection. In the inner cold forced-flow loop, the entropy generated by Joule-

Thomson valve, JT5, feeding heat exchanger HX13, is only 0.36 kW/K and the entropy generated in HX13

is only 0.83 kW/K. By contrast, the entropy generated in JT4, feeding HX12, is 10.9 kW/K and the entropy

generated in HX14, the 1.8 K heat exchanger, is 3.85 K. The implication is that HX13 is not contributing

enough to the three stage cooldown and that it should cool the high pressure stream to a lower temperature

than 2.5 K. Similarly, at the end of the high temperature heat exchanger chain, HX1O generates an entropy of

8.27 kW/K, while the heat exchanger preceding it, HX9, is loafing along at 0.27 kW/K. The cause of this is

the mass flow imbalance in the two legs of HX10. This suggests that entropy generation could be reduced by

passing the inlet to expander EX4 through heat exchanger HX9, allowing the exhaust of EX4 to be returned

through the cold side inlet of HX10. These two fixes might reduce the ratio of refrigerator entropy generation

to load entropy generation to below 5.0.

F. Future Work

Future work in the cryogenic refrigeration system design should include cooperating with magnet struc-

tural designers and nuclear shielding designers to reduce the cryogenic load, completing a refrigerator analysis
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code to more rapidly evaluate different topologies and investigating refrigerator concepts that might simplify

overall machine design. One such concept mentioned above is a more detailed design of the flow in each

channel to minimize the entropy generation due to pressure drops, which is the domimant refrigeration re-

quirement of the TF windings. Another new concept would be to investigate the possibility of suspending

superinsulation from the vacuum dewar wall, with no actively cooled thermal radiation shield. This would

greatly simplify the internal plumbing of the cryostat, while increasing total radiation losses, which are a trivial

fraction of the total load, by less than an order of magnitude. A similar recognition of the dominance of pulsed

ac and nuclear radiation loads would be to reexamine an early design decision to use internal cold structure

for the support of out-of-plane forces. The major motivation for cold structure is to avoid excessive heat leaks

through structural support members. In the reference design, ac losses in the cold supports are over 2,000

times greater than thermal conduction losses through structural support members. The use of stacked G-10

pads recommended for gravitational load support is a possible candidate for interface with a warm support

structure.
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Table I

Cryogenic Loads on the FED System

and Helium Coolant Flows

Helium Flow Properties

Load

(kW)

Ti. T..t Pi. P0.t th A

(K) (K) (atm) (atm) (g/s) (W/K)

TF Winding

Hot channel 0.018

Average winding load header-to-header 9.25

TFjoints 1.1
TF inner case channels 37.2

TF + OOP supports outer case channels 46.3

PF Windings 1.2

PF Cases 8.0

Cold-case to shield-radiation

Shield to vacuum dewar-radiation

Cold mass supports-conduction

magnet + instrument TF leads

magnet + instrument PF leads

0.12

1.81
0.02

1.85 3.2 4.0
1.85 2.3 4.1

2.3 2.35 2.25
5.0 8.2 2.4

8.56 10.5 2.4

4.3 4.2 1.07

4.3 4.2 1.07

8.56 10.5 2.4

40 69.5 15.0

8.56 10.5 2.4

255 kA 2.35 300 2.25

450 kA 4.2 300 0.98

2.3

2.25

2.25
2.3

2.3

0.98

0.98

2.3

9.67
2.3

5.8 -

8,700 9,892
8,700
990 6,272
4,100 5,285

59 286
390 1,905

10.6 13

11.7 42

1.0 30.7 881

0.95 54 1,252

Total rate of entropy

generation by load

Source

25,828
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Table II

Entropy Inventory - FED Refrigerator

A (kW/K)

1) Heat Exchangers

HX1

HX2

HX3

HX4

HX5

HX6

HX7
HX8

HX9
HX10

HX11

HX12

HX13

HX14

HX15

Total, heat exchangers

2) J-T Valves

JT1

fT2

JT3
JT4

JT5
JT6

Total, Joule-Thomson valves

5.3
1.7
5.0

5.3
3.1
1.3
1.6
3.2
0.27
8.27
0.07
0.69
0.83
3.85

0.12
41.1 kW/K

0.01
0.04

1.78
10.96

0.36
3.50
16.7 kW/K
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Entropy Inventory - FED Refrigerator

A (kW/K)

3) Expanders

EXI 0.67
EX2 2.49

EX3 1.88
EX4 5.34

EX5 3.07
EX6 5.91
EX7 0.86

Total, Expanders 39.58 kW/K

4) Compressors

C2 0.49

C3 0.84
C4 0.93
C5 1.09
C6 0.93
C7 8.18

Total, compressors, excl. of Cl 12.46 kW/K

5) Mixing 2.61 kW/K

6) Loads
TF Winding 9.89
TF cases, inner channels 6.27

TF cases, outer channels 5.29
PF coils and cases 2.19

Radiation shield 0.05
Leads 2.13

25.83 kW/K

Total entropy generation, refrigerator 138.3 kW/K
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Table III

Temperatures and Pressures in the

FED Cryogenic Refrigeration System

Node

(See Figure 1)
1
2

3
4
5
6
7
8
9
10
11
12

13
14

15
16
17
18
19
20

21

22

23
24

25
26
27
28
29

30
31

32

Temperature

(K)

305

185

154

154

69.5

68.0
69.5
39
39.7

25

20.2

20.2

12.4

12.4

9.9

7.1

7.5

6.28
8.0

5.14

4.3

6.1

2.4

4.3

4.3

3.76
4.3

8.2

4.2

3.37

2.6

1.85

15

Pressure

(atm)

17.3
16.3

9.0
16.2
8.86
16.0

9.67
1.3
15.7
15.64

8.0
15.61
7.92
15.58
15.56

1.42

15.54

15.53

2.5

2.5

1.1

4.25
2.3

1.1
1.1

4.2

1.1
2.4

0.97

4.15

4.1

4.0



Temperatures and Pressures in the FED

Cryogenic Refrigeration System-continued

Node

(See Figure 1)

33
34

35
36
37
38
39
40
41

42

43

44
45

46
47

48

49

50
51
52

53
54
55

56
57
58
59
60
61
62
63

Temperature

(K)

2.35
2.45

8.5
10.5

8.9
3.9

3.27

3.27
2.5

2.5

1.8

1.8

4.4

8.13
15.8

2.49

4.54

9.13

4.2

4.2-

4.6

7.1
9.13

10.8

20

23.4

39

64.9

151.6

178.7

302

16

Pressure

(atm)

2.3
2.25
2.4

2.3

1.4

1.05
0.35

0.35
0.1
0.1
0.016

0.016
0.1

0.35
1.35

0.1
0.35

1.39

0.97

0.97

1.41

1.4

1.39

1.35
1.33

1.32

1.29

1.24

1.17

1.14

1.05
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