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Abstract 

Phase I I of the Tokamak Ignition/Burn Experimental 
Reactor (TIBER I I ) study describes one option for a 
small, economical, next-generation tokamak [1 ,2 ] . 
Because of I ts small size, minimum shielding is used 
between the plasma and the toroidal- f ield (TF) 
col ls . Consequently, a large cryogenic system 
(approximately 70 kW at 4.5 K) capable of delivering 
forced-flow helium is required. This paper describes a 
cryogenic system that meets this requirement and 
Includes TIBER-II requirements. 

Introduction 

The proposed TIBER-II cryogenic system uses well 
developed components and systems, similar to those of 
the Mirror Fusion Test Facil ity (MFTF) at Lawrence 
Livermore National Laboratory (LLNL). The use of 
proven hardware provides a sound cost basis requiring 
only a minimum of engineering development and other 
costs. The cryogenic system for TIBER I I is not 
optimized but is complete and workable. Given time for 
further study, improvements could be made. However, a 
f i rs t -cut design for the cryogenic system has been 
established. This report describes: 

• Analysis of steady-state heat load. 
• Analysis of stability margin 1n the TF colls. 
• Flow and thermal stability of the TF colls. 
• Refrigerator design, Including cold-box heat 

balances and a selection of compressor 
equipment. 

• Sizing and layout of the cryogenic systems 
building and facility. 

Heat Loads 
Steady State 

An analysis of heat loads without the presence of 
a plasma, i.e. loads to the cryogenic system from room-
temperature and nitrogen-temperature surfaces has been 
completed. In summary, this load is approximately 
5 kW (approximately 10S of the total heat load during 
operation) despite the minimum use of shielding on the 
Inside leg of the TF coils to save space. 

TF Coils - Neutron Heat 

Present TIBER design results 1n approximately 
55 kW total (neutron load is discussed below). This 
load 1s divided between the coil bundle and coll case, 
32 kW going to the coil bundle and 28 kW to the case. 
These numbers could vary by as much as a factor of two 
due to present limited knowledge of tungsten cross 
section and the large attenuation factor required of 
this tungsten shielding. Future testing of tungsten 
shields should reduce this uncertainty considerably and 
should be done prior to construction of the tokamak. 

The philosophy here is to design the TF coils to 
handle the highest possible neutron loads because the 
redesign of these coils at a later date would be 
difficult and could seriously impact other aspects of 
the TIBER core. As presently designed, the TF coil 
cooling system can remove 72 kW (somewhat more than a 
factor of two over the normal 32 kW) [3]. Active case 
cooling could be used for these higher heat loads. 
Conversely, the cryogenic system is designed for the 

nominal 55-kW TF coil neut n load. If subsequent 
testing shows higher loads, :ryogentc plant size can 
easily be scaled up since ti cryogenic plant is remote 
from the TIBER core where real estate Is available for 
expansion. 

PF Colls—Neutron Heat 

A lower view factor and more effective shielding 
from the plasma results in much less neutron heating to 
the poloidal-fteld (PF) coils than to the TF colls. 
This heat load has been estimated at 900 W. Because 
the neutron heat load to the PF r-1 Is is a small 
percentage of the total, this est mate is sufficiently 
accurate for cryogenic system des }n. 

PF Coil AC Losses 

The proposed cryogenic system s for a steady-
state (current-drive) tokamak. During pulsed operation 
(ohmic drive), ac losses would Introduce substantially 
higher cryogenic loads. 

In summary, these loads could be as high as 
100 kW. During a 200 s burn, losses to the winding 
packs total 9 MJ. While losses in the cases total 
11 MJ. The 100 kW Is an average load over the 200-s 
burn-time, but peak loading will be higher. 
Consequently, helium flow paths in the PF coils must be 
large enough and have sufficient thermal capacity to 
absorb the peak heating. This may or may not Increase 
coil size. Dwell time of helium 1n the highly heated 
TF coils is approximately twice the 200-s burn time. 
Because a large thermal capacity exists 1n the present 
coil design, substantial Increases in coil size are not 
anticipated. 

Scaling-up of cryogenic capacity to meet pulsed-
operatlon loads simply Involves paralleling additional 
cryogenic refrigerators similar to the one proposed. 

Conductor-Lead Cryogenic Loads 

The transition of the magnet current leads from 
cryogenic temperature to room temperature 1s brought 
about by counter-flowing helium along the leads. Thus, 
the refrigeration system must also serve as a Hquefier 
to replenish helium returned to room temperature by way 
of the magnet leads. Experience with MFTF-A and B has 
shown the required flow rate to maintain conductor lead 
stability is 0.11 g/kA per pair of leads. TIBER 
current-lead-stream-flow requirements are shown in 
Table 1. Such helium-flow requirements are easily 
satisfied by conventional refrigerator design. 

Table 1. Lead stream flow requirements. 

Current each Lead stream flow 
Magnet Quantity (kA) (g/s) 

TF 
PF 

16 
24 

35 
variable 

Total 

61.6 
35.1 

96.7 

MASTER i 
V 5 < . ' 



Table 2 summarizes the total TIBER cryogenic 
requirements that form the basis of the following 
cryogenic system design. Reserve capacity here is 
relatively small; 20 or 30% reserve capacity should be 
considered, depending on future testing and accuracy of 
load analysis. 

TF Coil Thermal Design 

Computer analysis of the TF coll cooling showed 
that high stability margins (about 300* mj»cm~ ) could 
be obtained by flowing helium from the Inside turn of 
each pancake outward. A plot of coll current-sharing 
temperature and coll temperature at 72 kW total TF coil 
heat load is plotted vs distance along the flow path 
(Fig. 1). The plot of current-sharing temperature 
rises because the magnetic field Is less at the outside 
of the coll. Htnlmum stability occurs 1n the third 
turn of the 14-turn pancake. Cryostability throughout 
the remainder of the coll is substantially greater. 

Table 2. A tabulation of loads. 

kW 
Steady state 5 
TF neutron 55 
PF neutron 11 
Lead stream 7 (kW equivalent) 
Cryogenic system reserve 4 

Total 

18 

-Point of minimum stability margin 
(300 mJ/cm* helium) 

0 
Inlet 

50 100 150 ZOO 

Distance along channel (m) 

250 300 
Outlet 

F ig . 1 . TF co l l temperature versus distance along flow 
path. Total heat to TF co i l s = 72 kW; 
Pressure 1n = 20 atm; Pressure out = 6.5 atm; 
Temperature 1n = 4.5 K; Temperature out = 
8.2 K; Flow - 3740 g/s to ta l hot to co ld . 

Figure 2 shows ou t le t pressure vs flow 1n the TF 
c o l l s . The negative slope of these curves Implies f low 
s t a b i l i t y of the 192 para l le l TF-coll flow paths 
(12 pancakes/coil X 16 c o i l s ) . A minor decrease in 
flow due to blockage in one path w i l l tend to dr ive the 
ou t le t pressure up and restore f low. Examination of 
the p lot shows approximately a 35% decrease of flow in 
one path can be tolerated before c r yos tab i l i t y Is l o s t . 
S imi la r l y , curves for a 72-kW and 80-kW load show a 
single flow path can easi ly to lera te a 10% load 
Increase. 

A single flow path per pancake in the present 
design Is s u f f i c i e n t , e l iminat ing the added complexity 
and connections that would be required of a two-1n-hand 
winding. Add i t iona l ly , the present system and analysis 
are based on passive case cool ing, e l iminat ing the need 
for f low-path connections to the magnet cases. 
Themiostresses should not be a problem because analysis 
has shown that the outside of the case w i l l not exceed 
about 16 K with passive cool ing. Further study and 
neutron load tests are required to ensure adequate 
passive case cool ing. 

A pract ica l consideration is the p o s s i b i l i t y of 
par t i cu la te matter blocking flow paths between the 
strands of the c o l l . A 20- to 50-micron f i l t e r element 
should be located at the In le t of e?ch TF co l l f low 
path. This f i l t e r , 1n conjunction with cleanliness 
procedures during fabr ica t ion of the conductor, should 
el iminate any p o s s i b i l i t y of conductor blockage due to 
par t i cu la tes . 

Helium Refr igerator 

The helium re f r ige ra to r presented here is capable 
of de l i ver ing 72 kW at 4.5 K with a flow rate of 3740 
g /s , 20 atm supply, and 6.5 atm re turn , which matches 
TIBER-I1 co i l requirements. The 68-kW load of Tiber I I 
resul ts in a reserve capacity of 4 kW. Add i t iona l ly , 
two compressor skids in each stage can be shut down fo r 
maintenance, while operating at 72 kW. Figure 3 shows 
a schematic of the re f r i ge ra to r , including on-cycle 
temperatures, pressures, and flows and the 
corresponding temperature/entropy (T-S) diagram. State 
point number? on the T-S diagram correspond to numbers 
on the schematic. A s u f f i c i e n t l y accurate heat balance 
was done to ensure the system would operate as shown 
wi th the approximate flow rates shown. Three stages of 
compression are used for two reasons. F i r s t , we must 
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Fig. 3. (a) TIBER refrigerator (lower end), (b) TIBER refrigerator (upper portion), (c) TIBER cryogenic cycle 
temperature/entropy diagram, 70 kW at 4.5 K. 

limit the compression ratio per stage to 4 to 1. 
Experience with higher ratios in MFTF-B has indicated 
oil breakdown occurs, resulting in oil carryover to the 
cold box and eventual contamination. Second, the 
maximum pressure differential across a single stage of 
a screw compressor must be limited for reliable 
operation, thus requiring three stages to reach 20 atm. 

Cryogenic Plant Layout 

The cryogenic plant building and layout permit 
locating all machinery at ground level with a maximum 
building height of 30 to 40 feet (Figure 4). All 
cryogenic machinery could be located in a building up 
to several hundred feet from the TIBER core without 
significant piping losses. Liquid-helium supply and 
return piping to the TIBER core would be small (7- to 
10-cm inside diameter), thus cryogenics would require a 
minimum of space at the experiment. 

The layout also shows liquid nitrogen storage and 
a subcooler pump skid. Nitrogen provides shielding of 
helium surfaces within the TIBER core, with the 
exception of the TF coil inner leg where space is at a 
premium. Estimated total nitrogen load is 30 kw. 
The nitrogen system design is conventional and will not 
be covered in more detail here. The oil separation 
skid consists of three stages of coalescers having low 
face velocities (less than 12 ft/min) and a final stage 
of charcoal absorbent. Previous experience with large 
cryogenic systems indicates that this is adequate for 
long-term operations. The layout shows two spare 
compressor skids per stage. 

130 It. 

Cryogenic Load Fluctuations 

f l u c tua t i 
During operation of TIBER, large cryogenic load 
:uations w i l l occur, resul t ing from plasma startup 
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F ig. 4. Layout of the TIBER cryogenics bu i ld ing . 
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and shutdowns and possible plasma quenches. A change 
of 40 kW over a few seconds could occur. 

Effects on the refrigerator have not been fully 
analyzed. Modern turbine design will most likely 
eliminate turbine failures from pressure fluctuations. 
However, experience with other large cryogenic systems 
Indicates that large load fluctuations would destroy 
cycle efficiencies up to a few hours because 
refrigerator efficiency is seriously affected by small 
temperature variations and thermal imbalances within 
heat exchangers near the cold end of the cold box. 

One workable and reliable solution to this problem 
is to provide a second load 1n the form of an in-Hne 
electrical heater in the helium return line. The 
heater Is automatically controlled to ensure a steady 
load on the refrigerator. Response time of the heater 
Is amply fast, because of the very low heat capacity at 
4.5 K of the heater element and the fast response of 
small temperature-indicating diodes located In-stream. 
Although this appears to be an inefficient way to solve 
the problem, the heater would most likely Improve 
efficiency by keeping the refrigerator on cycle. 
During long periods of steady load, the system could be 
adjusted so the heater Is off or nearly off. Such a 
low-cost heater 1s recommended regardless of the 
refrigerator's ability to handle load fluctuations. 

Conclusions 

detail is included to form a basis for a request for 
proposal and subsequent building by a number of 
existing subcontractors. 

More work is needed to determine potential fF-
coil-quench pressures so that conductor conduit design 
might be re-examined. 

The use of single-flow paths in each pancake of 
the TF coils, the use of passive-case cooling, and the 
remote location of cryogenic equipment help simplify 
the TIBER design. 
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