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3.0 General Design Requirements & 
Plan for FY00 
 
The basic set of machine parameters and 
features given in Table 3.0-1 were 
chosen as a starting point for the FIRE 
engineering evaluations while the 
physics and trade studies proceed in 
parallel with pre-conceptual design of 
the device to assure feasibility.  These 
parameters are expected to change and 
expand as the evaluations and studies 
proceed and as they provide feedback 
into the iterative design process.  The 
table will ultimately serve as the basis of 
the formal General Design Requirements 
Document (GDRD) which will be 
completed prior to a Conceptual Design 
Review (CDR).   
 
 
Table 3.0-1.  Basic Parameters and 
Features of FIRE-I 
 
Parameter Value 

R, major radius, m 2.0 

a, Minor radius, m 0.525 

Bt, Tesla 10 (12)* 

No. TF coils 16 

Fusion power, MW 200 (250)* 

Max. TF ripple 0.3% (edge) 

Pulse rep. Time, hr. ~3 at full power 

TF and PF coil type LN2 cooled copper and 
BeCu 

Plasma current ~6.5 MA (7.7 MA)* 

Flat top, s >18.5  (12)* 

Triangularity, δ95  

δx 

~0.4 

~0.8 

Elongation, κ95 , 

κx 

~1.8 

~2.0 

Neutral beam Power None planned 

ICRF Power, (MW) 30 

FWCD None in baseline-
possible later option. 

LHCD None in baseline-
possible later option. 

Vacuum level 10-8 torr 

Bake out temp. 350 °C 

Life pulses at full field 3000 (min.) 

Coil initial temp. 80  °K  

Coil max. temp. 373  °K 

First wall materials Beryllium 

First wall 
replacement/maint. 
times 

Single unit: 3wks; 
limiter: 6wks.; entire 
system 12 mos. 

Total Fusion Energy 5 terajoules - DT 

+ 0.5 terajoules - DD 

Limiters For start up 

First wall life Machine lifetime 

VV pressure 
suppression system 

No 

FW heat flux TBD 

First wall cooling Inertial 

VV operating temp.  100 °C 

Divertors Double null; actively 
cooled outer  W plate, 
inertially cooled 
elsewhere, possible 
upgrade to active 
cooling for longer 
pulses 

In-vessel RH 
requirements. 

Must be able to 
replace/repair all 
components 

Ex-vessel RH 
requirements 

Classification system 
& maintenance similar 
to ITER. 

TF support 
arrangement 

Wedged with 
compression rings  

  

 
( )*  values for operation at 12 T 
 

Page 3.0-1 
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4.0 Design Configuration/Integration   
 
The general arrangement of the FIRE 
experimental device is shown in Fig. 4.0-1 
(a) and (b). The main design features 
include: 
• High plasma triangularity (0.4 δ95) is 

provided for improved performance.   
• Double null gaseous divertors. 

Gaseous divertors have been shown to 
be effective in radiating most of the 
power going to the divertor regions 
throughout the first wall rather than 
depositing it in a localized toroidal 
stripe in the divertor.  They are also 
easier to engineer. 

• Divertor module maintenance through 
horizontal ports.  
This enables the extraction of larger 
divertor components and fewer pieces.  

• A double walled vacuum vessel with 
integral shielding. 

. This design approach provides 
improved vessel structural stiffness 
and makes double use of the cooling 
jacket as nuclear shielding. Locating 
shielding between the walls reduces 
nuclear heating in the TF coils and 
the dose level external to the vessel.  
The reduced nuclear heating permits 
longer flat top times and higher 
current densities than would 
otherwise be possible.  This "close 
in" shielding arrangement reduces 
the dose outside the vessel and 
activation of nitrogen that is in the 
thermal shield. 

• Wedged TF coils aided by a pair of 
large compression rings to support 
torsional shear at the inner corners 
of the TF.  

 
 
 
 
 

 
4.1  Design Features 
 
Figures 4.0 (a) and (b) illustrate the 
design features of the reference design.  
The major components and features are: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a)  Cross-Sectional View  of FIRE Through Its 
Insulation Enclosure 
 

 
 
 

(b) Cross Section View of the FIRE Tokamak 
Fig. 4.0-1.  Cross-sectional Views of FIRE 
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Fig. 4.1-1.  FIRE Plasma Facing Components 
 
 
 

• 16 wedged TF coils, inertially LN2 
cooled with coil windings located in 
a partial coil case. High strength 
BeCu C17510 is used in the inner 
legs and OFHC copper in the 
remainder of the coil. Compression 
rings girdle the TF coils to suppress 
"dewedging" in the upper and lower 
inside corners of the coils.    

• Two pairs of divertor coils (up-down 
symmetric). These coils are inertially 
LN2 cooled, strip wound OFHC 
copper coils.  

• Two pairs of external ring coils (up-
down symmetric). These are similar 
in construction to the divertor coils. 

• A free standing segmented central 
solenoid (CS) that will be made of 
LN2 cooled, BeCu water jet cut 
discs.   

• A double wall vacuum vessel.  The 
inner space is filled with steel and 
water for nuclear shielding. 

• Internal plasma facing components 
(shown in Fig. 4.1-1). The Be coated 
Cu first wall and tungsten pin-type 
inner divertor module AR inertially 
cooled through the vacuum vessel; 
the tungsten pin-type outer divertor 
module and baffle is actively cooled. 
is designed for a high triangularity, 
double-null plasma with a short inner 
null point-to-wall distance and a near 
vertical outer divertor flux line. 

• Two outboard poloidal limiters, 
spaced 90 degrees apart, enclose the 
ICRH quadrant.  

• A passive stabilization system 
consisting of an inboard pair of ring 
coils and an outboard saddle coil. 

• An active control coil system 
consisting of a pair of coils located 
within the outboard vessel jacket. 

• A thermal enclosure similar to the 
design used for C-Mod (i.e., 
polyimide foam insulation with 

fiberglass inner and outer 
protective/structural skins).   

 
 

4.2  Design Choices 
 
 Sixteen TF coils were selected as the 
number of coils to provide reasonably 
large openings between coils for in-
vessel access.  The radial position of the 
coil back leg is set by a number of 
considerations, including access, ripple, 
and shield thickness requirements; 
FIRE's design has good balance between 
these considerations.  The inner leg of 
the TF coil, where the stress is highest, is 
made of high strength, high conductivity 
variant of C17510 BeCu.  This alloy  
was developed for BPX, and 
commercialized since then by its 
developer, Brush-Welman.  The variant 
we propose to use has a 0.2% yield 
strength of 720 Mpa and an electrical 
conductivity of 68% IACS.  The stress in 
the outer regions of the coil is low 
enough to permit less costly oxygen free 

Be coated 
Cu FW 

Tungsten Divertor 
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copper (C102) to be used.  Large rings 
located outside the TF coils are used to 
obtain a load balance between wedging 
of the intercoil case structure and 
wedging at the upper/lower inboard 
corners of the TF coil winding.  
 
The design of the baffle and outboard 
divertor was revised by integrating the 
two components into a single module.  
This was done to increase the baffle heat 
load capacity by providing coolant to the 
baffle, a component not actively cooled 
in the earlier design. The reconfigured 
baffle-outboard divertor module can be 
extracted through the horizontal ports in 
a maintenance scheme that provides for 
component rotation and a vertical lift. 
 
4.3  Machine Assembly 
 
The assembly sequence is illustrated in 
Fig. 4.3-1.   FIRE is assembled from (8) 
45-degree sectors consisting of two TF 
coils and a 45-degree vacuum vessel 
octant.   
 
A vacuum vessel octant is rotated into 
the bore of two TF coils at assembly. 
Sixteen large, “straight-in” view ports 
are equally distributed along the vacuum 
vessel mid-plane.  Sixteen upper and 
lower auxiliary ports are provided, 
angled in a position to allow diagnostic 
view of the divertor region. Small 
circular ports are also located at the top 
and bottom of the vacuum vessel, 
passing through the region between the 
TF coil winding.   
 
The horizontal ports will provide access 
to the ancillary systems outside the 
device.   Three ports are assigned to RF 
heating, and the remaining ports 
allocated between diagnostics, vacuum 
pumping and a pellet injection system.   

 

 
 
 

 
 

Fig. 4.3-2. The FIRE Vacuum Vessel is 
assembled from 45-degree Octants. 

 
 

 
 

Fig.  4.3-1  45-degree Octants Assembly 
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Some port space will also be used for in-
vessel PFC coolant routings.  The 
electrical feed connection to internal 
control coils are located above/below 
two horizontal ports located 180° apart. 
The angled auxiliary ports located in the 
upper and lower vessel regions 
accommodate cryopumps, the divertor 
cooling lines and diagnostics.   
     
The radial build dimensions listed in 
Table 4.3-1 identifies the space allocated 
to the components in the confined region 
inboard of the plasma center.  
 
 
 
 
 

 Table 4.3-1   FIRE Radial Builds 
 

  COMP BUILD  COMP TOTAL 
   mm mm mm 
 Machine Center   0.0 
 gap 410  410.0 

CS Insulation  10.0   
 Nom winding thk  380.0   
 CS enclosure 10.0 400.0 810.0 
 gap 10  820.0 
inbd TF CS side case  0.0   
 Ground insul  12.0   
 winding pack 464.0   
 ground insul  12.0   
 plasma side case  0.0 488.0 1308.0 
 Trapezoidal Effect 0.0  1308.0 
 TF TPT 5.0   
 MinTF/VV gap 5.0   
 VV TPT 5.0   
 Thermal Shield 12.0 27. 1335. 
inbd VV VV shell thk 15.   
 Shield material 20.0   
 VV shell thk 15.0 50.0 1385. 
 TPT 5.0   
 Alignment space 0.0 5.0 1390. 

PFC    Water cooled Cu 25.0   
 gasket 2.0   
 Cu tiles 18.0   
 Be PFC 5.0 50.0 1440.0 
 Plasma SO 35.0   
 Plasma minor 

radii 
525.0   

Plasma 
R0 

   2000.0 

 

 



FIRE Fiscal Year 2000 
Status Report 

Page 5.0-1 

5.0 Engineering Systems 
 
Sections 5.1 to 5.15 which follow 
describe the engineering systems of the 
FIRE device.  This includes the TF coils 
and Structure, the Central Solenoid and 
PF coils, the Vacuum Vessel, Plasma 
Facing Components,  Thermal Shield 
which encloses the LN2 cooled device, 
the Ion  Cyclotron Heating System, 

Fueling and Pumping System, Tritium 
System, Neutronics and Shielding, 
evaluation of Activation, Decay Heat 
and Radiation Exposure, Remote 
Maintenance Systems, Magnet Power 
Supplies, the Cryoplant, Facilities and 
Siting, and Safety evaluation.  
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5.1 TF Coils & Global Structure  
 
5.1.1 TF Coil Stresses and Fault 
Conditions 
 
   Selected characteristics of the TF coils are 
listed in Table 5.1.1-1. 
 
Table 5.1.1-1 Characteristics of FIRE TF Coils 

Number of TF Coils 16 
Bt, Tesla 10 
Flat-top, s 21 (minimum) 
Life Pulses at Full Field 3000 (minimum) 
Time between Pulses,hr 3 
Coil Initial Temp, K 80  
Coil Max Temp, K 373 
 
    The TF coil arrangement for FIRE is a wedged 
or vaulted design with a free-standing CS. A 
bucked and wedged configuration is being 

carried as an alternate, but the difficulties of fit-
up and manufacture currently weigh on the side 
of the wedged design. TF wedging pressures and 
CS hoop tensions have determined the basic 
sizing of the machine, but support of torsional 
shear in the inner legs has had an important 
influence on the evolution of the FIRE structural 
design.   To support this shear, friction between 
the wedged segments of the coil is all that is 
available. With torsional shears between 30 and 
50 MPa, and friction coefficients of .3, 160 MPa 
wedge compression is needed on the plasma side 
of the TF where the torsional shear is at a 
maximum. Wedge pressures from a pair of large 
compression rings shown in Figure 5.1.1-1, 
provide the required load in the upper and lower 
inner leg corners. Centering forces supply the 
wedge pressure at the equatorial plane.   

 
     

 

Figure 5.1.1-1 

12 segment Symmetry Expansion (left) of 1/16 cyclic symmetry model (right)
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    Figure 5.1.1-2 shows the distribution of Von 
Mises stress, wedging pressure and vertical stress 
in the TF inboard leg for 10T operation. A 
variety of Beryllium Copper is the present 
material for the inboard legs of the TF coils, 
whereas the outboard sections will use OFHC 
(C102) copper. Peak stress in the FIRE TF is 
about 469 MPa at the CS side of the inner leg for 
10 T operation, at precharge. 
 
The stress criteria for conductor and structure 
are: 

Conductor: Sm=2/3 yield and adequate 
ductility;  
Structure:  Sm=2/3 yield or ½  ultimate 
and adequate ductility.  

Table 5.1-2 gives the properties of conductor and 
structural materials.  Table 5.1-3 summarizes 
stress conditions and allowables for TF Coil and 
case at 10T and 12T. 
 
    

Table 5.1.1-2.  FIRE Conductor and Structural Materials Properties 
68% IACS BeCu 

Cond. 
60% CW OFHC 

Cond. 
Cast 304SST 50%CW 304 SST 

Sm=483 MPa at 
RT 

Sm=200 MPa at 
RT 

Sm=154 MPa at 
RT 

Sm=620MPa at 
RT 

Sm=497 MPa at 
77K 

Sm=233 MPa at 
77K 

Sm=188 MPa at 
77K 

Sm=834MPa at 
80K 

 
Table 5.1.1-3 

Stress Summary for Operation at 10T and 12T 
 
 Material TF 

Field 
Primary 
Stress (1) 

Allowable F.S Membrane 
Plus Bending 

Allowable F.S 

TF Inner Leg BeCu 10 249(1) 480 1.9 469 724 1.5 
TF Inner Leg BeCu 12 358(1) 480 1.3 689 724 1.05 
TF Outer Leg OFHC 10 155(2) 233 1.5    
TF Outer Leg OFHC 12 223(2) 233 1.0    
TF Case at 
Outer Leg 

  200 188     

(1)(Average Wedge Pressure, Vertical load assumed supported by the Outer TF and Case) 
(2) Hand Calculations with the case contributing 200 Mpa 
 
To demonstrate that the "adequate ductility 
criteria" was satisfied, the machine was analyzed 
with a 13T TF field with elastic-plastic TF 
material properties. A stress-strain curve with a 
600 MPa elastic limit was used for the inner leg. 
This conservatively brackets the properties of the 
BeCu conductor which has a .2% offset yield of 
724 MPa. A .6% strain resulted from the 13T 
loading, and the structural response remained 
bounded for this over-loaded condition. The .6% 
strain was then conservatively imposed on the 
insulation as though it all was in-plane in the turn 
to turn insulation. The resulting insulation stress 
was within the allowable tensile stress for the 
conductor. The plastic strain for a first loading to 
13T is plotted in Figure 5.1.1-3 which indicates 
that it would be localized in the inboard leg for 
this extreme load condition (not a design load 
condition). 
 

 
Figure 5.1.1-2  

Stress Distribution for 10T Operation 
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During the BPX design effort, cyclic fatigue for 
BeCu limited the allowed tensile stress to 60 ksi 
(413 MPa). Fracture mechanics calculations were 

the basis for this with Paris Law constants 
measured for BeCu as a part of the CIT/BPX 
projects.  The design number of full field pulses 
for FIRE is 3000 which is much less than BPX.  
TF stresses are predominantly compressive in 
FIRE and the vertical tensile component in the 
inner leg is about 120 MPa. This indicates 
margin in the fatigue behavior of BeCu for FIRE, 
but a test program for material properties is 
required for confirmation. 

     Survivability in off-normal or under fault 
loads is also a measure of design margin.  A 180 
degree model was built to begin investigating the 
sensitivity of the TF system to these unusual 
loads. A plot of an asymmetric condition is 
illustrated in Figure 5.1.1-4.   
 

 
Table 5.1.1-4 compares the peak stress in the 
fault condition to the peak stress for the nominal 
10T operating condition and shows acceptable 
excursions for the two fault cases considered thus 
far. 
 

 

    
5.1.2 FIRE Pulse Lengths 
 
A zero D integration scheme was used to 
estimate the flat top times for various toroidal 
field and nuclear heat levels. This was done in 
parallel with a more rigorous ANSYS coupled 
thermal-current diffusion analysis. Results are 
given in Table 5.1.2-1 for several field levels, 
with and without nuclear heating. At 10T, the 

allowable flattop time is 18.5 s, which exceeds 
the initial FIRE requirement of 10s. At 12 T, the 
allowable flattop time is 12 s. The total thermal 
energy to be removed for several peak 
temperatures following a pulse are given in Table 
5.1.2-2.  An example of the temperature profiles 
in a TF coil at 5 s and 48s during a pulse is 
shown in Figure 5.1.2-1 

 
Figure 5.1.1-3 

Plastic Strain after 13 T loading 

 
Figure 5.1.1-4 

Single Coil 10% over Nominal 10T Current - 533 
MPa VM 

Table 5.1.1-4 Preliminary Fault Analysis Results 
Model and Current/Loading Peak TF Stress Ratio 

Nominal 10T Condition 1.0  
Fault Model:  Single Coil 10% Over Nominal 1.02 

Fault Model:  Single Coil 20% Over Nominal-  the 
Rest 20% Under 

0.84 
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Table 5.1.2-1 
TF Flat Top Times for FIRE Options 68%IACS BeCu TF  

(Feb 3 Dimensions, TF Central Column OR=1.308,IR=.820),Simplified Calculations using Packing 
Fraction=.9 Nonuniformity=1.0, 80° Start, 370°K Temp Limit 

TF Field 4T 8T 8T 10T 10T 12T 12T 
Nuc Heat 
MW/m3 

0.0 7.5 0.0 11 
 

0.0 11 
 

0.0 

Time, s 214 31 46 18.5 26 12 15 
 

Table 5.1.2-2 
Thermal Energy of 16 coils after each Pulse, 80°°°° Start. (Energy to be removed during cool-down) 

Peak Temp after Pulse 292° 313° 370° 
TF Coil Thermal Energy 9.96GJ 11.1 GJ 14.1GJ 

 
Sub cooling of the coils to 65 °K was considered but does not offer substantial improvement.  
 
 

 
Figure 5.1.2-1 .  Temperature Distributions in the FIRE TF, 77% IACS., Packing Fraction=.9,~28 sec 

Flattop 

 
5.1.3  Global Structural Modeling 
 
Both linear and non-linear models have been used. 
The TF winding pack is connected to the external 
case with links that model zero sliding friction. 
Tensions develop in the links when gaps would have 
opened. This is adjusted at some locations by 

removing  the gaps/links which open for the load cases 
where this is necessary. 
    The non-linear model used gaps at the wedge face 
and simulates the frictional capacity of the inner leg to 
resist out-of-plane torsion. Gaps also are used at the 
case segment to segment interface. It is intended that 
the case to case mechanical connections be minimized, 
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as these must sustain large local pressures, but be 
insulated. The non-linear analysis has confirmed that 
a compression ring size of .5m X .75 m, stressed to 
an average hoop stress of 500 MPa, provides 
adequate centering force for frictional restraint of 
the TF inner leg and of the case segments. 
The relation between the current-thermal diffusion 
analysis and the structural calculation is done 
outside ANSYS. An algorithm is used to assign 
temperatures to the structural model from the 
current/thermal diffusion model. A typical 
temperature distribution for a “hot” TF coil in its 
case is shown in Figure 5.1.3-1 and out of plane 
displacements for the system are shown in Figure 
5.1.3-2. There is a separate CS/PF model which is 
fully structurally non-linear. This has been used to 
investigate support structures for the CS and PF1 
and 2. Since a wedged TF is used, the CS stack can 
be modeled independently.  

 
Support of the TF coil out-of-plane (OOP) loads is 
statically indeterminate and changing structural 
support concepts changes the magnitude and 
location of the torsional shear in the inner leg of the 
TF. The wedged configuration has better 
performance with respect to the out-of-plane shear 
than a bucked and wedged concept. The upper and 
lower inner corners of the TF tend to de-wedge due 
to the expansion of the TF coils. 

 
 
     In Figure 5.1.3-3, the TF corner stresses at 
assembly are shown. The wedging pressure achieved 
with the rings in the corner is between 60 and 90 
MPa at assembly. This increased to 150 MPa 
compression when the coil is energized, as shown in 
Figure 5.1.3-4 This level is sufficient to support the 

45 MPa peak torsional shear. The results are based on 
the linear models and some localized slippage is likely, 
but the non-linear model showed this to be a small 
effect. 

Figure 5.1.3-2 
 Out-of-Plane Displacements of the 

FIRE Structural Model 

 
Figure 5.1.3-1 

Typical temperature distribution input 
to the structural model 

 
Figure 5.1.3-3 TF Inner-Upper Corner Stress Results for the 
“With-Ring” Model 
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The results of shear margin calculations are shown 
in Figure 5.1.3-5 and indicate the improvement in 
the extent of the region that can frictionally support 
the torsional shear at the wedge faces. The region 
having adequate frictional support of the OOP loads 
is shown in red. There is a small difference in extent 
of this region between the cases but the added area is 
important because it includes the area of largest 
torsional shear.   
 
   Loads in the compression rings are quite large. At 
assembly the average ring hoop stress is about 500 
Mpa. This increases by about 100 Mpa at EOF. 
Initial ring loading can be applied with a number of 
mechanisms. In the history of this concept, which is 
used on IGNITOR and was used on early CIT 
designs, hydraulic jacks and mechanical jack 
systems have been employed. IGNITOR currently 

uses a mechanical system which has been prototyped, 
and supports similar pressures as would be required for 
FIRE. It is illustrated in Figure 5.1.3-6. 
 

 
Figure 5.1.3-6  Wedge Jack Concept 

Case stresses are highest near the local bearing 
locations of the ring. Elsewhere, case stresses are 
below 620 Mpa. Much of the case stress at the 
equatorial plane relates to thermal expansion of the 
TF, and occurs later in the pulse. Even though the 
largest fraction of the stress is thermal, a high strength 
material is needed to eliminate the possibility of plastic 
strains in the case. Equatorial plane stresses are 
summarized in Table 5.1.3-1 and are too high for cast 
material (80K Yield=282 MPa,41 ksi).  There is about 
228 MPa from Lorentz loading and 362 MPa from 
thermal. Cold worked plate is suggested for the case 
sidewalls. 
   The rings are strip wound and are sized to provide 
wedge pressure for both the TF and Case.  
 
 

 
Figure 5.1.3-4 

TF Inner-Upper Corner Stress Results for the 
“With-Ring” Model 

 

Figure 5.1.3-5  Frictional Shear Margin is Extended into the Corner 
of the TF by Using the Compression Ring 

Table 5.1.3-1 
Case Equatorial Plane 

Stresses,12T Run#52 Results: 
 
Time  Peak Stress 
PRE  228 MPa 
SOF  448 MPa 
EOB  585 MPa 
EOF  617 MPa 
EOP Hot 362 MP 
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5.2  Central Solenoid and PF Coils  
 
The Central Solenoid (CS) is an OFHC 
copper coil. It is a free-standing coil in the 
baseline design. A bucked and wedged 
arrangement is being considered as an 
alternate. The CS is a pancake wound coil 
with turns that are water jet cut from plate. 
Radial coolant grooves are used between 
double pancake assemblies. The central 
solenoid is segmented into 5 coils with a 
large mid section coil, CS1, and two smaller 
coils on either end of the stack. Coil current 
densities vary among the coils in the CS 
assembly, and thus the coil segments 
experience different Lorentz forces, 
temperatures, and radial strains. Radial 
grooved plates at the interfaces between coil 
segments maintain concentricity.  
 

 

 
The CS and PF coils are analyzed in both 
the global model and in a more detailed 
model of the free-standing CS/PF1 and PF2 
coil system with their case/structure. Typical 
stress results at precharge and end of flattop 
are shown in the 1/16th model of the Central 
Solenoid in Figure 5.2-1.  The arrangement 
of coils near the machine center is shown in 
Fig 5.2-2 and the dimensions of the PF and 
CS coils are given in Table 5.2-1.
 

Table 5.2-1 CS and PF Coil 
Dimensions, (m) 

 
Coil R Z DR DZ 

CS1U .61 .398 .39 .791 
CS2U .61 1.035 .39 .44 
CS3U .61 1.475 .39 .43 
PF1 0.786 1.975 0.325 0.380 
PF2 1.211 2.211 0.325 0.380 
PF3 3.00 2.6463 .4 .3 
PF4 4.400 1.000 0.400 0.300 
PF5 4.400 -1.000 0.400 0.300 
PF6 3.00 -2.6463 .4 .3 
PF7 1.211 -2.211 0.325 0.380 
PF8 0.786 -1.975 0.325 0.380 

CS3L .61 -1.475 .39 .43 
CS2L .61 -1.035 .39 .44 
CS1L .61 -.398 .39 .791 

Plasma 2.0 0.0 1.0 2.0 
 

5.2.1 CS Joints 
Sizing of a reactor during the conceptual 
phase needs to include an allowance for the 
local details of the coil design. Stress 
analysis is initially based on “smeared” 
properties to which multipliers are applied to 
account for insulation, cooling and joint 
details. In the evaluation of FIRE “smeared” 
CS and PF stresses, the packing fraction due 
to insulation and cooling channels is taken 
as .85 and the stress multiplier for the inner 
joint is taken as 1.0.  It is important to 

Figure 5.2 – 1 
Typical CS Stress Results from the Global Model 

 
Figure 5.2 –2 

Inner Corner of Global Model showing the 
upper CS segments and PF1 and PF2 
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achieve these factors for the size limits of 
FIRE to be realized.   

  
Pancake to pancake joints may have a stress 
multiplier associated with them which is 
usually quite a bit larger than 1.0. There are 
two major sources of the multiplier. The 
geometry of the connection including the 
effects of the offset adds local stresses at the 
mechanical connection details. This usually 
requires the addition of material to bring the 
stresses within the levels experienced by the 
rest of the turn. The increase in metal 
produces a stiffer region embedded in the 
coil and picks up more load than a single 
turn would normally take, adding further 
stresses to the mechanical details of the 
joint. The increase in metal also causes the 
stress to increase because the larger mass of 
metal runs cooler in an inertially cooled coil 
and they don’t expand with the rest of the 
coil. The result is additional tensile stresses 
in the vicinity of the joint.  It is, therefore, 
necessary to use a special configuration to 
maintain the stress multiplier at unity.   
 
The joint shape in Figure 5.2.1-1 was 
developed for BPX after investigating many 
pinned or bolted or hooked joint concepts. 
The scarf/transition joint is a constant cross 

section design that eliminates both the 
stiffness and thermal anomaly. There is no 
void left by the joint, and no turn loss.  In 
BPX the joint was to be soft soldered over 
large lapped areas. A better connection is to 
use electro-deposit joining at the butt ends 
of the scarf. Use of this detail means that the 
stress in the joint is the same as that 
computed for the larger models of the coil. 
This is especially advantageous at the ID of 
the coil. If some other joint concept is 
chosen, the coil stress allowable must be de-
rated by the stress multiplier for the ID joint. 
This joint concept has similar advantages 
when used on the OD, but because the OD 
stresses in the CS are much lower than the 
ID, more conventional mechanical  joints 
might be considered. For example, the 
double pancakes could be made an assembly 
with the scarf at the ID,  then stacked and 
assembled mechanically at the OD. Since 
the coil segments are small enough the scarf 
could be used at the OD as well. This would 
require electro-deposit forming at the coil 
assembly, but C-Mod has shown that this is 
feasible. 

 

Figure 5.2.1-1 
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5.2.2  CS/PF Stress Analysis Summary 
 
Three analysis models have been used, the global 
model, an axisymmetric model and a 3D model 
derived from the global structural model.  There 
are significant stresses in the PF 1 coil. This 
stress however has a large component relating to 
“roll-over” of its cross-section resulting from the 
structural over-hang of PFs 1 and 2. A stiffer 
structure would improve this. Other significant 
stresses typically occur in CS1 and CS2. These 
are enhanced by self loads appearing as hoop 
stresses.  The worst stresses should be biased to 
occur earlier in the pulse when the temperatures 
would be low and the physical properties of the 
candidate materials are better.  The CS and PF 
coils are wound conductors and if 1.5 Sm is 
allowed for these, the ID turns will be operating 
close to yield.  For 3000 full power pulses, 
fatigue is not expected to be a problem but this 
will need confirmation through material testing.  
Stress states in the coils are acceptable for all the 
PF Scenarios proposed for FIRE, but with a 
slight negative margin for the high performance 
12T 7.7 MA scenario. Further adjustments to the 
high performance scenario will be considered. 
 

5.2.3   12T TF, 7.7 MA, 15 second PF 
Scenario 
 
The scenarios available for this case produce 
stresses that are either too large early in the pulse 
or too large later in the pulse, but at different 
locations. Estimates based on an intermediate 
flux state also produce stresses slightly above the 
allowable, but further adjustments are under 
consideration.  Typically in these scenarios, 
either CS2 is highly stressed at precharge or  
CS1 is highly stressed at EOB. Temperature 
effects on the allowable favor higher Precharge 
currents. 
 
To evaluate the potential for a workable 
scenario, the effects of the flux shift was 
estimated by weighting the stress states of the 
two 12T 7.7 MA scenarios. A rigorous stress 
evaluation needs to consider a packing fraction 
(taken as 85% to allow for cooling channels) and 
temperature effects on the stress allowable. The 
FIRE criteria set the primary membrane 
allowable at 2/3 yield for conductor. If the 
conductor is also primary structure, the 
calculation of Sm should be the lesser of 1/3 ult 
or 2/3 yield. For 60%CW OFHC the ultimate 
stress criteria governs and the Sm values are 235 
at 80K and 167 at RT. The peak stress of the 
FEM analyses has been compared with 1.5 Sm, 
as being similar to a bending stress. This 
assumes that the distribution of stress in the coil 
is linear from ID to OD. In actuality it is peaked 
at the ID, and the linearized “bending” stress that 
should be compared with 1.5 Sm, will be 
somewhat lower than the peak stress from the 
FEM analysis. However, this effect is only about 
10 MPa. The thermal effect on the reduction of 
the allowable stress is: 1.5Sm=350-100*(T-
80)/212. 
 
Figures 5.2.3-1 and 5.2.3-2 show results at 
Precharge and EOB for one of the scenarios. 
Table 5.2.3-1 shows results estimated by 
weighting the scenarios to estimate the effect of 
an adjusted flux state. Since the resulting 
margins are slightly negative relative to the 
criteria, further adjustment of the scenario will 
be considered. 
 

 
Figure 5.2.3-1 
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Table 5.2.3-1 
Results of Weighted Scenarios 12 T 7.7 MA scenarios, Packing fraction=.85 

Weight  
New -  shifted, flux, state, 
everywhere, back by,5,V with CS2 
Precharge adjustment 

Weight 
Old 
12 T 7.7 MA scenario 

PRE EOB 

3/4 1/4 CS2 PRE  
VM=354 
Temp=85 
1.5Sm=347 
F.S.=.98 

CS1 EOB  
VM=332  
Temp=176 
1.5Sm=305 
F.S.=.92 

 
 
 
 

 
 
 
 

 
Figure 5.2.3-2 

Typical EOB Stress Result 
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5.2.4  10T TF, 6.4 MA, 21 Second PF 
Scenario 
 
Stresses are acceptable for the long pulse for the 
baseline requirement using OFHC. The peak 
stress for all coils and all times is 294 Mpa 

which is less than the 1.5 Sm allowable of 350 
Mpa for work hardened OFHC Copper. The 
highest peak temperature is 182°K in PF2 ( for a 
packing fraction of .8). Results are given in 
Table 5.2.4-1 
 

 
Table 5.2.4-1 
CS/PF Peak Von Mises, MPa, (Kessel with 21 second PF Scenario, kcs4,pic Scenario, Upper Number is 
“Smeared”, Lower Number is for Packing Fraction=.85 ,No Preload) 
 PRE SOD SOF SOB EOB EOC EOD 
CS1 209 

246 
164 
192 

164 
182 

127 
149 

164 
214 

109 
128 

5.6 
6.6 

CS2 265 
311 

208 
244 

208 
244 

28.7 
33.7 

164 
193 

50.9 
60 

6.6 
7.7 

CS3 133 
156 

107 
126 

105 
120 

101 
119 

56 
66 

131 
154 

3.3 
3.9 

PF1 180 
212 

131 
154 

144 
170 

169 
199 

132 
155 

86 
101 

4.4 
5.2 

PF2 135 
159 

107 
126 

127 
149 

90 
106 

71 
84 

45 
53 

3.9 
4.6 

PF3 1.07 
1.26 

.84 

.98 
.8 
.94 

36 
42 

39 
46 

20 
24 

~0 

PF4 .5 
.65 

.4 

.47 
.4 
.47 

120 
141 

120 
141 

54 
64 

~0 

 
 

5.2.5 CS and PF Coil Temperatures  
Coil temperatures throughout a pulse for three different scenarios are given in Tables 5.2.5-1 to 5.2.5-3
 
 

Table 5.2.5-1 
CS and PF coil Temperatures, 15 second 12T TF, 7.7 MA PF Flux Shifted 5V 

Copper IACS=100%, Packing Fraction=.85 (pfk7.inp) 
Time 
(sec) 

CS1 CS2 CS3 PF1 PF2 PF3 PF4 

0 80 80 80 80 80   
4.64 84.8 87.7 82.1 82.4 86.3 80.1 80.0 
5.00. 85.7 89.0 82.5 82.8 87.4 80.1 80.0 
12.00 93.3 99.9 87.3 103 115 85.4 84.1 
14.5 102 102 89.0 113 126 87.6 90.1 
24 142 108 95.6 145 163 89.6 120 
27 155 111 98.0 157 178 90.9 127 
31 161 112 98.9 162 182 91.7 129 
35 161 112 99.0 162 183 91.7 129 
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Table 5.2.5-2 
CS and PF coil Temperatures, 250 second 4 TF, 2MA PF Scenario [7] 

Copper IACS=100% Packing fraction = .85 (pfk5.inp) 
Time(sec) CS1 CS2 CS3 PF1 PF2 PF3 PF4 
0 80 80 80 80 80 80 80 
4.6 80.9 81.4 80.4 80.4 81.2 80.0 80.0 
5 81.0 81.6 80.4 80.5 81.4 80.0 80.0 
7 81.2 82.2 80.7 80.8 81.9 80.0 80.2 
10 81.7 82.6 80.9 81.6 82.6 80.0 80.9 
255 144 86.8 87.9 119 125 80.2 170 
257 145 86.8 87.9 119 125 80.2 170 
260 145 86.8 87.9 119 125 80.2 170 
 

 
 

Table 5.2.5-3 
Coil Temperatures, °K, Kessel June 8 1999 21 second PF Scenario, 6.44 MA, 10T, kcs3,kpf4 Copper 

IACS=100%,  Packing Fraction=.85 
Time(sec) CS1 CS2 CS3 PF1 PF2 PF3 PF4 
 0 80 80 80 80  80 80 80 
4.64  83.5 85.5 81.5 81.7 84.5  80.1 80.0  
10  88.0 92.0 84.0 92.4 98.8  82.8 82.1  
12.5  93.6 92.8 84.7 99.6 106  84.8 86.3  
31  141 96.8 88.6 151 162  90.2 129  
34  150 98.1 90.0 159 170  90.9 135  
38  153 99.4 91.1 162 174  91.0 136  
42    153  99.4 91.1 162 174  91.0 136  

 
 
5.2.6 PF Supports 
 
The PF coils are self-supporting with respect to their radial Lorentz Loads. The coils must be 
allowed to grow thermally and elastically in the radial direction, but must be constrained to move 
concentrically with  respect to the machine centerline.  Vertical loads must be supported against 
the case.  In FIRE, PF1 and PF2 are included in the CS stack.  PF 3-6 require out of plane 
supports. Radially grooved plates, as illustrated in Figures 5.2.6-1 and 5.2.6-2 are 
being.considered.   
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Figure 5.2.6-1 

Structural Model PF 
Supports 

 
Figure 5.2.6-2 
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