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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 
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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 



FIRE Fiscal Year 2000  
Status Report 

Page 5.1-3 

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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5.3  Vacuum Vessel  
 
5.3.1  Introduction 
 
The vacuum vessel, shown in Fig. 5.3.1-
1,  provides the vacuum environment for 
the plasma as well as the first 
confinement barrier for radioactive 
materials.  The vessel also serves as the 
support structure for all in-vessel 
components, provides the first level of 
nuclear shielding, and helps provide for 
the passive stabilization of the plasma.  
The vessel system includes the torus, the 
ports and port extensions, the gravity 
supports, the supports for internal 
components, the passive stability plates, 
the internal control coils, and the 
integrated coolant/bake-out lines.  

 
5.3.2  Vessel Concept 
 
The vessel torus is a double wall 
sandwich structure consisting of 15 mm 
thick inner and outer facesheets attached 
to poloidal ribs.  The space between the 
facesheets, which varies from 20 mm on 
the inboard side to 540 mm on the 
outboard side, is filled with radiation 
shielding material and coolant. Water at 
20-50 C and 1 MPa is used to remove 
nuclear heating during normal operation. 
The water temperature is raised to 150C 
for heating the vessel and internals 
during bake-out.  The shielding material 
can be single sized stainless steel balls 
with a packing fraction of about 60% or 
stacked plates with a similar packing 

Figure 5.3.1-1  Vacuum vessel with port extensions and internal components 
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fraction.  The vessel parameters are 
summarized in Table 5.3.2-1. 
 
The primary advantages of the double 
wall structure include higher bending 
stiffness (for a given total material 
thickness) and better integration of 
cooling and shielding. Most vacuum 
vessel designs in use (JET, JT60, DIII-
D) and most designs on the drawing 
board (ITER, KSTAR) use full or partial 
double wall vacuum vessels.  Figure 
5.3.2-2 shows a cutaway of the vessel 
and pertinent dimensions. 
 
There are 16 sets of  access ports around 
the torus, which are used for RF heating, 
remote maintenance, diagnostics, and 
internal cooling. There are large, 1.3 x 
0.7 m midplane ports, upper and lower 
trapezoidal ports approximately 0.15 x 
0.5 m, and upper and lower oblong 
vertical ports approximately .08 x 0.15 

Table 5.3.2-1  Vacuum Vessel 
Parameters 
 
Dimensions and Weights 
Vol. of torus interior 35 m3 
Surf. area of torus 
interior 

89 m2 

Facesheet thickness 15 mm 
Rib thickness 15 to 30 mm 
Wt. of structure , 
incl ports 

50 tonnes 

Wt. of torus shielding 80 tonnes 
Power  
Direct neutron heating: ~200 MW 
Indirect first wall load < 40 MW 
Cooling  
Coolant Water  
Pressure  ~ 1 Mpa 
Normal oper. temp. 
Bake-out temp. 

< 100C 
~150C 

Materials  
Torus, ports and 
structure 

316L ss 

Shielding 304L ss 

Figure 5.3.2-2  Vessel and port dimensions 
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m in size. The sets of port openings are 
identical at each toroidal location to 
provide structural and design symmetry, 
but the port extensions may be varied to 
match their specific purpose. The port 
extensions are required to extend the 
vacuum boundary past the TF coil legs 
and through the cryostat region.  
 
 
5.3.3  Vessel  loading and analysis 
 
The vessel is subjected to large gravity, 
seismic and electromagnetic loads, as 
summarized in Table 5.3.3-1. The total 
vertical load is estimated to be about 20 
MN, while the net lateral load is about 7 
MN. To react these loads, the vessel is 

supported near the midplane on the 
outboard side via vertical and lateral 
links to the TF coil structure. The 
vertical links are attached to the radial 
ribs to spread the applied loads vertically 
into the vessel. This minimizes the local 
bending stresses in the vessel and 
provides a means for adjusting the vessel 
location globally relative to the TF coils.  
Lateral supports are located near the 
vertical links, and are tied to the top of 
the midplane ports.  
 
The vessel must support all internal 
components, including the divertor 
assemblies, the passive stability 
structure, the poloidal limiters and the 
first wall tiles. The outboard divertor 

Table 5.3.3-1Vacuum Vessel Loading Conditions 
 

Load Value Unit Comment 
Gravity load ~ 3.5  

 
MN Vacuum vessel = ~130 tons 

FW tiles and divertor= ~tbd ton  
Port mounted equip = ~100 - 150 tons 

VDE load 
Vertical 
Lateral, net 

 
16-32 
6-11 

 
MN 
MN 

 

 
 [ref. J. Wesley, “Disruption, VDE, and 
runaway electron conversion: physics 
basis and issues for FIRE”, May 1, 
2000] 

Seismic load 
Vertical acceleration. 
Lateral acceleration 

 
0.2 (tbd) 
0.2 (tbd) 

 
g 
g 
 

 
 

Max total vertical load  ~ 42 
 

MN Gravity + VDE*1.2 dyn. factor  
 

Max total lateral load ~ 13 
 

MN VDE*1.2 dyn factor + seismic 
 

Max local EM load  
Local pressure on vv 
From internal components 

 
~ 8 

 
MPa 

 
Local pressure on inboard wall due to 
halo currents, peaking factor of 2 

EM load from TF field ramp 
 

~ 0.3  MPa Assumes 20 s ramp to or from full field 
Max load at inboard midplane 

Coolant pressure 
          Normal operation 

Bake-out 

 
< 10 
< 10 

 
atm 
atm 

 
Water assumed as coolant 
and for bake-out 
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modules are actively cooled via pipes at 
each of the upper and lower auxiliary 
ports.  The two poloidal limiters are also 
actively cooled via piping located in the 
midplane ports. The first wall, inboard 
divertor, and passive stability structures 
are cooled by conduction to the vacuum 
vessel. All components must have robust 
supports to react the electromagnetic 
loads from a plasma disruption.  
 
Preliminary structural analysis of the 
vessel indicates that the present 
dimensions are acceptable to support the 
various loads.  A finite element model 
was developed for an earlier version of 
the vessel geometry, and the stresses and 
deflections obtained are summarized in 
Table 5.3.3-2.  As seen in the table, there 
are some peak stresses around the port 
openings and at the top of the vessel that 
must be mitigated with additional 
structure.  These reinforcements have 

already been incorporated in the vessel 
design, but the analysis has not been 
repeated. Details of the stress and 
deflection analysis are contained in 
Appendix D of this report. 
 
5.3.4  Passive plates and internal coils  
 
As indicated in Section 2, Physics, a 
system of highly conducting and actively 
cooled passive plates and a set of 
internal control coils must be 
incorporated into the vacuum vessel.  
The passive plates consist of 25 to 30 
mm thick copper sheets that are bonded 
directly to the surface of the vacuum 
vessel. The sheets are actively cooled via 
internal water passages connected 
through manifolds into the vessel 
cooling system.  A bonded connection is 
thought to be the most straightforward 
approach, since cooling can be provided 
directly by the copper plates to both the  

Preliminary Von Mises stress estimates for vacuum vessel  
 

Torus Ports (unreinforced values) 

 
 

Load condition 
General stress 

(Allow. stress= = 
195 Mpa) 

Peak local stress 
(Allow. stress= 
390 Mpa) [note 

1] 

General stress 
(Allowable stress  

= 195 Mpa) 

Peak local stress 
(Allow. Stress = 

260 Mpa) 
 [note 1] 

Vacuum load 
 

< 60 ~ 170 < 100 ~ 170 

Coolant pressure  
(1 Mpa ) [note 2] 
 

< 150 ~500 < 250 ~ 500 

VDE [note 3] 
 

< 400 ~ 480 < 50 ~ 400 

Thermal stress from 
nuclear htg  [note 4} 

< 150 ~ 340 < 150 ~ 340 

TF ramp-up [note 5] 
 

< 30  TBD TBD TBD 

Notes: 1.  Estimated demarcation between general and peak local stress, peak primary + secondary = 3 x Sm 
 2.  Stress values reduced  from App. D calculations by ratio of applied pressure (1.0 / 2.7) 
 3.  VDE loads applied in simplified manner as described in Appendix D, supports on outside 

      Latest design has 50% thicker section at top / bottom, stress reduction should be factor of >2  
 4.  Temperature gradient of ~ 60 C based on 10 second full power pulse, preliminary geometry 

      Allowable secondary stress = 390 MPa 
 5.  Stress estimate based on hand calculation of hoop stress in inboard facesheets 

 
Table 5.3.3-2  Von Mises Stress Analysis Summary for the FIRE Vacuum Vessel 
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first wall tiles and the vessel, and 
continuous structural support can be 
provided to the passive plates by the 
vessel. The method of bonding has not 
been decided, but hot isostatic pressing 
(hipping) is one possibility. The 
geometry of the passive plate system is 
shown in Figure 5.3.4-1.   
 
In addition to the passive plates there are 
a pair of control coils located between 
the outboard walls of the vessel above 
and below the midplane ports.  Multiple 
turns of conductors are run in permanent 
pairs of conduits that are routed directly 
through the outboard wall. The 
conductor will receive a moderately high 
radiation dose (>109 Rad) and will be 
insulated with either MgO or a 
polyimide insulation system.  Redundant 
turns are being considered to mitigate 
one of the failure modes.  Each coil is 
designed to carry up to 75 kA. 
 
 

 

 
5.3.5  Fabrication and assembly  
 
The vessel is fabricated in octants, as 
shown in Figure 5.3.5-1 Each octant 
consists of the torus, associated gravity 
and internal supports, short reinforcing 
stubs around the major port openings 
and the active and passive stabilizer 
systems. At assembly, each vessel octant 
is rotated into the bore of a preassembled 
TF coil pair and connected via the 
support links. The TF/VV subassemblies 
are then positioned relative to each other 
with the mating joints located at radial 
planes between TF coils, through the 
center of the ports.  
 
When all the octants are in place and 
positioned, they are welded together 
from the plasma side of the torus.  The 
field joint for the double wall structure 
uses splice plates on the plasma side to 
provide a means for accessing the coil-
side facesheet from the plasma side of 

 

Fig. 5.3.4-1.  FIRE Passive Stabilizer and Active Control Coils   
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the torus. This type of joint has 
undergone significant, full scale testing 
using remote welding equipment as part 
of the ITER R&D program. After the 
vessel is welded, the gaps in the passive 
stabilizers are filled with plasma sprayed 
copper to complete the upper and lower 
stabilizing circuits. After the torus is 
welded, the port extensions are fitted and 
welded to the port stubs. This completes 
the vessel assembly. 
 
 

 

 
 

TF / VV octant assembly VV field assembly joint connecting
two octants with splice plates
(TF coils not shown)  

 
Figure 5.3.5-1  Vacuum Vessel Assembly Via TF/VV Octants 
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5.4 Plasma Facing Components 
Design Description 

5.4.1 Divertor Design Requirements  
The FIRE device is designed for high power 
density and advanced physics operating 
modes.  The divertor must accommodate the 
high elongation and high triangularity 
plasma needed for advanced physics modes. 
The range of triangularity, internal 
inductance and plasma beta are TBD. This 
section describes the initial divertor design 
based on a single plasma shape. Some 
design issues still remain to be resolved.  
The divertor geometry is forced to be quite 
open due to the short distances from the x-
point to the plate and the spreading of the 
field lines. The connection lengths are short 
and the scrape-off layer (SOL) thickness is 

small.  It may be hard to achieve a radiative 
divertor with such an open divertor.  
Without a radiative divertor the heat loads 
are high (~25 MW/m2). While there are 
designs for actively cooled divertors having 
the capability of removing such a heat load, 
those designs are not yet fully qualified. 
 
The divertor plate geometry is shown in 
Figure 5.4.1-1.  The outer divertor plate is at 
an angle of 30° with respect to the flux lines.  
This is driven by the flux surface spreading 
close to the X-point. The inner divertor plate 
is nearly normal to the field lines. The 
divertor is relatively open and may not be 
suitable for radiative operation. The slot 
between the outer divertor plate and the 
baffle provides for pumping plasma exhaust 
particles. 

 
Figure 5.4.1-1.  Cross Section Through Actively-Cooled Outer Divertor Module and Baffle. 
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The FIRE device is a very compact machine 
with high current and high magnetic field. 
The connection length along the field lines 
from the outer mid-plane to the divertor 
plate determines how much time is available 
for plasma energy to diffuse across the field 
while being transported to the divertor. The 
shorter the connection length, the narrower 
the scrape-off length.  Using the magnetic 
field data from the equilibrium code, the 
connection length is 13.1 m for FIRE.  Of 
that length, 7.4 is from the mid-plane to the 
divertor throat and 5.7 m in the divertor.  
These distances are to be compared to 125 m 
total length in ITER. We thus expect a 
narrower SOL in FIRE. 

5.4.1.1 Power Flows and General 
Thermal-hydraulic Design 
Divertor component power flows are 
summarized in Table 5.4.1.1- for three 
cases: (1) the baseline D-T operating mode 
(10 T, 6.6 MA, 10 s) with a plasma exhaust 
power of 67 MW; (2) an advanced physics 
D-D operating mode (4 T, 2 MA, 200 s) 
with a plasma exhaust power of 21 MW; and 
(3) a long-burn D-T mode (8 T, 5.5 MA, 50 
s) with a plasma exhaust of 52 MW.  The 
following assumptions are made concerning 
the distribution of these total exhaust 
powers: 20% is radiated from the main 
plasma, 20% is radiated from the scrape off 
layer with all being deposited on the baffle, 
20% is deposited on the inner divertor plate, 
and the remainder goes to the outer divertor 

plate.  These assumptions lead to the total 
power distribution given in the first row of 
Table 5.4.1.1-1 for the three operating 
modes.   
 
There are 32 modules of each type (16 upper 
and 16 lower). For a uniform power 
distribution over these modules, each must 
handle the average power loads given in row 
two of the table.  Assumptions used to arrive 
at the peak module power loads summarized 
in row three of the table include: (1) 1.2 for 
roof-tile shadowing of the module leading 
edges, (2) 1.2 / 1.5 for toroidal asymmetries 
in exhaust power on the inner plate and 
baffle / outer plate, and (3) 1.2 for up-down 
asymmetries in exhaust power distribution.  
Based on proposed pulse lengths, the total 
energy that must be dissipated in each 
component is calculated in row 5 of the 
table.  This shows that the most challenging 
of the three cases for the passively-cooled 
inner plate and baffle is the long pulse D-D 
mode. Passively-cooled component 
temperatures at the end of the pulse are 
estimated in the last two rows of the table, 
based on proposed module sizes and 
weights. This highlights that it is 
advantageous to combine the inner plate and 
baffle into a single component, assuming 
that both are copper which provides a good 
thermal conduction path.  The large mass of 
the baffle helps dissipate the inner plate 
power deposition and keeps final 
temperatures at a more manageable level.   
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Table 5.4.1.1-1  Divertor Module Power Flow Summary. 
 

10 T Baseline (52 MW, 18 sec) 12 T Mode (66 MW, 12 sec)
Divertor Module Parameter  Inner Baffle Outer Inner Baffle Outer

Total Power Distribution  (MW) 8.3 10.4 33.3 10.6 13.2 42.2
Avg Power to Module  (MW) 0.26 0.33 1.04 0.33 0.41 1.32

Peak Power to Module  (MW) 0.45 0.56 2.25 0.57 0.71 2.85
Pulse Length  (sec) 18 18 18 12 12 12

Max Total Energy Input  (MJ) 8.1 10.1 40.4 6.8 8.6 34.2
Module Volume  (m³) 0.0076 0.0476 0.0437 0.0076 0.0476 0.0437

Module Mass  (kg) 67.7 339.2 388.5 67.7 339.2 388.5
Initial Temperature  (°C) 30 30 30 30 30 30

Average Final Temp  (°C) 122 105 – 101 93 –
Front (W) Surface Temp  (°C) 220 250 – 193 193 –

Rear Surface Temp  (°C) 92 – – 75 – –
Long Pulse (17 MW, 215 sec) Long Burn (44 MW, 31 sec)

Divertor Module Parameter  Inner Baffle Outer Inner Baffle Outer
Total Power Distribution  (MW) 2.7 3.4 11.0 7.0 8.8 28.2

Avg Power to Module  (MW) 0.09 0.11 0.34 0.22 0.28 0.88
Peak Power to Module  (MW) 0.15 0.18 0.74 0.38 0.48 1.90

Pulse Length  (sec) 215 215 215 31 31 31
Max Total Energy Input  (MJ) 31.8 39.8 159.1 11.8 14.7 58.9

Module Volume  (m³) 0.0076 0.0476 0.0437 0.0076 0.0476 0.0437
Module Mass  (kg) 67.7 339.2 388.5 67.7 339.2 388.5

Initial Temperature  (°C) 30 30 30 30 30 30
Average Final Temp  (°C) 100 325 – 146 139 –

Front (W) Surface Temp  (°C) 153 >700 – 251 350 –
Rear Surface Temp  (°C) 80 – – 112 – –  

Using the same power loading conditions, 
module cooling channel design parameters 
and flow rates have been estimated. The 
results of this are summarized in Table 
5.4.1.1-2. Based on the ITER vertical target 
design and manufacturing development, the 
FIRE divertor modules are divided into 24 
copper “finger” plates across the front 
surface. This modular design configuration 
is described in the next section. It provides a 
simple part for initial fabrication and 
tungsten-armor joining / acceptance testing, 
and reduces electromagnetic loads by 
breaking up eddy current loops in the front, 
copper structure.  The Critical Heat Flux 
(CHF) margin is provided by 10-m/s flow in 
the 8-mm-diameter cooling channels with 
swirl-tape inserts. Each copper finger 

includes 2 cooling channels for a total of 48 
across the heated surface. All channels are 
supplied in parallel giving an 18 liter/s inlet 
flow rate for each module and an estimated 
0.4 MPa pressure drop in the module. The 
recommended inlet water conditions of 30°C 
and 1.5 MPa pressure give a minimum exit 
subcooling of 124°C for the peak heat 
loading condition. Remote cutting and 
welding operations for module removal are 
simplified by using a coaxial supply pipe 
layout.  The inner coaxial pipe diameter of 
80-mm accommodates insertion of remote 
cutting / welding equipment down the 
supply pipe, and also gives a supply pipe 
flow velocity of 3.6 m/s, which keeps 
pressure drops manageable in this portion of 
the cooling system.  
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Table 5.4.1.1-2   Outer Divertor Module Thermal-Hydraulic Design Summary. 
Divertor Module Parameter  Value

Avg Power to Module  (MW) 1.07
Peak Power to Module  (MW) 2.32

Number Cooling Channels 48
Cooling Channel Dia  (mm) 8.0

Flow Area, 25% SWT  (mm²) 37.7
Water Flow Velocity  (m/s) 10.0
Module Flow Rate  (liter/s) 18.1

Water Inlet Temperature  (°C) 30
Inlet Pressure  (MPa) 1.5

Pressure Drop  (MPa) 0.4
Exit Pressure  (MPa) 1.1

Exit Saturation Temp  (°C) 184.3
Nominal Temp Rise (°C) 14.2
Nominal Exit Temp  (°C) 44.2

Nominal Exit Subcooling  (°C) 140.1
Maximum Temp Rise (°C) 30.7
Maximum Exit Temp  (°C) 60.7
Min Exit Subcooling  (°C) 123.6

Inlet pipe flow velocity  (m/s) 3.6
Inlet pipe ID  (mm) 80.0

Coaxial pipe OD  (mm) 122.7  
 
 

5.4.1.2 Disruption Heat Loads 
 
Using the disruption conditions specified in 
the Physics Design Document, the energy 
deposition on the divertor plates and first 
wall can be estimated. Two phases have 
been identified for disruptions; the thermal 
quench phase when the plasma stored 
energy is lost to the divertor and the current 
quench phase when the plasma current 
decays and the magnetic stored energy is 
lost to the first wall. We have assumed a 
plasma-stored energy of 33 MJ. There is a 
wide range of possible parameters 
describing disruption energy deposition, so 
the energy deposition is specified as a range 

of possible values. The wide range arises 
because of incomplete understanding of 
disruption deposition on existing devices, 
variation in the deposition observed, and 
uncertainties in the extrapolation to FIRE 
conditions. The values specified for the 
disruption analysis are shown in Table 
5.4.1.2-1. 
 
During the current quench phase of a 
disruption, the plasma is very cold and 
highly radiative. The magnetic stored energy 
is radiated to the first wall during the current 
decay. The stored magnetic energy in the 
FIRE reference plasma is 35 MJ. The 
expected minimum current decay time is 2-6 
ms. The average energy deposition on the 

Table 5.4.1.2-1 Disruption energy deposition on the divertor plates 

 Low End Most Likely Reference High End 
Inner Divertor 8 MJ/m2 31 MJ/m2 13.4 MJ/m2 96 MJ/m2 
Outer Divertor 4MJ/m2 16 MJ/m2 6.8 MJ/m2 48 MJ/m2 
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first wall is 0.5 MJ/m2. If we assume a 
toroidal peaking factor of 2:1, the peak 
energy deposition is 0.67 MJ/m2. This is 
enough energy to melt 0.12 mm of Be if all 
the energy goes into melting. Thermal 
conduction and radiation will reduce the 
amount of melting. This should give an 
adequate lifetime for the first wall but 
further modeling is required. 

5.4.1.3 Halo Current Loads 
 
The halo current specifications from the 
Physics Design Document were used to 
estimate the halo currents flowing through 
the divertor and first wall components. Since 
the product of the maximum halo current 
fraction and the toroidal peaking factor is a 
constant for the worst case halo currents, the 
halo current in the worst location is constant. 
The maximum current flowing through a 
divertor module is 200 kA. The longest 
current path through the outer divertor is 0.4 
m and the longest path through the inner 
divertor is 0.14 m. The calculated force on 
the outer divertor is 0.77 MN while that on 
the inner divertor is 0.3 MN. These forces 
are one of the requirements for sizing the 
supports for the divertor and the thickness of 
the support plates. 
 
 

5.4.1.4 Disruption Eddy Current 
Loads 
 
The duration of the current disruption 
specified in the Physics Design Document 
was used to estimate the eddy currents 
induced in the divertor structures for the 
case of a stationary plasma disruption. The 
maximum current decay rate is 3 MA/ms. 
This implies that a 6.5 MA plasma will 
decay in 2.2 ms. The only disruption case 
available is for a plasma that disrupts 
without moving. Both a radial inward 

motion case and a vertical displacement 
event need to be calculated before the 
disruption analysis is complete. The divertor 
plates have been modeled assuming they are 
independent of the rest of the machine 
structure (i.e., assuming no vacuum vessel 
or protective plates. The outer divertor plate 
is 0.73m by 0.63m and is 0.06m thick. The 
L/R time for the outer divertor plate is 30 
ms. Similar values are obtained for the inner 
divertor plate. Since the L/R time is much 
longer than the disruption time, the purely 
inductive solutions for the eddy currents are 
taken. The induced currents are 300kA for 
the outer divertor and 750 kA for the inner 
divertor. The force on the divertor modules 
is then 1.9 MN (outer divertor) and 2.8 MN 
(inner divertor). These loads will determine 
the size of the divertor supports and 
backplate. 
 

5.4.2 Outer Divertor Module Design  
 

5.4.2.1 Design Description and 
Tungsten Armor Concept 
The actively-cooled, outer divertor module 
design is shown in Figure 5.4.2.1-1 which 
can be used in conjunction with the Figure 
5.4.1-1 cross-section to describe the module 
design features.  The design concept builds 
on fabrication technologies developed for 
the ITER divertor and consists of 24, 
modular, copper-alloy “finger” plates that 
are mechanically attached to a stainless-steel 
support structure that spans the toroidal 
width of the module.  The support structure 
includes machined distribution and 
collection manifolds that route coolant to the 
individual finger plates and features for 
remotely attaching the modules to the 
vacuum vessel. 
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Figure 5.4.2.1-1.  Outer Divertor Module Design  
 
 

The Figure 5.4.1-1 cross-section depicts the 
coolant flow path in the module.  Coolant 
enters through the outer annulus of the 
coaxial supply pipe.  It is distributed across 
the module toroidal width in the upper 
supply manifold and then flows upward 
through gun-drilled holes in the steel 
backing plate to curved, welded pipes that 
feed the front copper finger plates.  Flow 
then passes down each finger plate in two 
parallel 8-mm-diameter channels, and exits 
at the bottom into the lower return manifold.  
A machined slot at the toroidal center of the 
return manifold routes coolant back to the 
inner return pipe.  The 8-mm front-plate 
channels include swirl-tape inserts over the 

upper straight section for heat transfer 
enhancement. 
 
 

5.4.2.2 Module Fabrication and 
Assembly 
Figure 5.4.2.2-1 illustrates further design 
features of the module using a toroidal 
section view.  The copper alloy finger plates 
have a T-shaped back surface that fits into 
machined slots in the stainless structure as 
indicated.  Press-fit pins are then inserted 
into angled holes to attach the copper front 
plates to the support structure.  Over the 
upper section of the plate, where surface 
heat fluxes are highest, machined slots are 
used in place of the angled holes to allow 
the pins to slide axially relieving some of the 
stress build-up from thermal expansion in 
the highly-heated copper front plate.  The 
upper looped-pipes provide a flexible 
cooling attachment to the backing structure 
to accommodate this motion.  These features 
are not needed at the lower end of the target 
where surface heat fluxes are much lower.  
Finger plates are identical except at three 
locations in each module where one of the 
two axial holes is eliminated.  This provides 
poloidal slots, as indicated in Figure 5.4.2.2-
1, for insertion of remote handling grippers 
near the module outer edges and diagnostic 
access at the module centerline. 
 
 

Alternating colors denote copper-
alloy finger plates. Left-most plate 
is separated from backing plate 
for clarity. 
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Figure 5.4.2.2-1.  Angled Press-Fit Pins Attach Finger Plates to Stainless-Steel Backing Structure. 

 
The copper fingerplates include tungsten-
brush armor similar to the mock-ups 
depicted in  Figure 5.4.2.2-2.  This armor 
geometry has been shown to survive 
incident heat fluxes of 25 MW/m² for 1,000 
cycles in testing at Sandia Labs [Ref. ] using 
several different joining procedures.  All of 
the brush armors use small-diameter 
tungsten (W) weld electrodes (3-mm 
preferred based on testing) that are fixtured 
in thin welded metal honeycomb for joining 
to the heat sink.  The rod assembly can be 
direct-bonded (vacuum hot press or Hot 
Isostatic Press – HIP) to the heat sink or 
embedded in a layer of plasma sprayed 

copper and then HIP-bonded or e-beam 
welded.  Work is currently planned to down-
select two of the W-brush-armor joining 
approaches for the fabrication of armored 
copper finger plates that are comparable in 
size to those proposed for the FIRE divertor.  
These mock-ups will include a heat-transfer 
enhancement mechanism in the cooling 
channel (swirl tape or helical wire insert) 
and be HHF tested under similar exit CHF 
conditions.  This will complete a full-scale 
demonstration of critical heat sink 
fabrication and armor joining procedures for 
advanced, actively-cooled divertor concepts 
like FIRE. 

 

Copper-alloy 
finger plates 

Stainless 
Support 

Structure 

Press-Fit 
Pins 
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Figure 5.4.2.2-2.  Two of the Tungsten Brush Armor Configurations Tested at 25 MW/m². 

5.4.2.3 Vessel Attachment and 
Remote Handling 
The divertor modules are mounted to the 
vessel using the lug and shear-pin 
arrangement indicated in Figure 5.4.2.3-1. 
To accommodate remote insertion and 
removal operations, the primary module-
positioning feature involves two 42-mm-
diameter vertical pins that are attached to the 
vessel as shown in Figure 5.4.2.3-2.  The 
large mounting brackets shown in Figure 
5.4.2.3-1 engage these conical-ended pins as 
the modules are raised or lowered into 
position by the in-vessel handling system. 
Final mounting holes in the modules are 
individually machined based on an in-vessel 
survey of the pin locations so the plasma-
facing surface is correctly positioned in the 
magnetic field geometry. The upper section 
of these large pins are cylindrical allowing 
the module vertical position to be adjusted 
until the lower, locking pins can be inserted.  
The two locking pins are activated by radial 
drive shafts that extend out the vacuum port 

adjacent to the cooling pipe as indicated.  
These pins are offset so each can retract into 
the solid lower portion of the inlet piping 
interface connection. 
 
The module mounting hardware shown in 
Figure 5.4.2.3-1 was sized based on 
preliminary guidelines for halo current 
loading conditions. These guidelines 
assumed 240 kA for the maximum current.  
For the reference toroidal field strength of 
10 T, and module poloidal length of 0.63 m, 
this implies a peak module halo current 
loading of 1.5 MN that must be reacted in 
the support structure. Assuming this load is 
distributed among the four module attach 
points with a peaking factor of 1.5, the 
design load on any one attachment is 0.56 
MN. Using Inconel 718 pins, which have a 
structural allowable of 393 MPa at 200°C, 
the pin diameter must be 42 mm for a single 
shear-interface attachment. The lower 
locking pins use multiple shear interfaces to 
reduce the pin diameter to 20-mm. These 
halo currents are slightly larger than the 

1/16-inch dia W-rods with 
plasma-sprayed copper  
layer HIP-bonded to 
Cu-alloy heat sink 

1/8-inch dia W-rods 
 vacuum hot pressed to 
Cu-alloy heat sink with 

explosion-bonded copper 
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physics specification (see Sections 1.1.3 and 
1.1.4), but the range of disruption eddy 

current loads, yet to be analyzed will likely 
require a larger pin. 

Pins Retract into Solid
Lower Half of Annular
Coolant Line Interface

Fixed Brackets
Engage Pins that
Attach to Vessel

Vacuum Port
Envelope

Radial Drive
Shaft Locations

 
Figure 5.4.2.3-1  Outer Module Vessel Attachment and Remote Handling Features. 

 
Figure 5.4.2.3-2.  Divertor Module In-Position to Engage Vessel Attachment Hardware. 

 
Additional divertor module design and 
handling constraints are illustrated in the 
Figure 5.4.1-1 cross section view.  Copper 
passive plates are required near the X-point 

for plasma stability, as indicated in the 
figure.  These plates are mounted to the 
vacuum vessel for cooling and form a low-
resistance toroidal loop.  The outer divertor 
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modules must clear the upper end of these 
passive plates during vertical installation 
and removal operations.  This severely 
limits the space envelope for attachment and 
cooling interface structure at the lower end 
of the module.  The cooling interface must 
remain at its present elevation in the vacuum 
port envelope because the upper section of 
the ports is reserved for cryo-pumps and 
diagnostic access.  Finally, the attachment 
structure must not interfere with the finger 
plate cooling supply tubes and manifold 
channel cover plates, yet be stiff enough to 
react disruption electromagnetic loads.  
Detailed loading conditions have not yet 
been calculated for the FIRE modules, but it 
appears that the general attachment layout 

shown in Fig. 5.4.2.3-1  can be adapted to 
meet these design constraints. 

5.4.3 Inner Module, Baffle and First 
Wall Design 

5.4.3.1 Inner Plate and Baffle 
Design and Armor Concept  
The inner divertor plate and baffle are 
expected to require minimal cooling for the 
reference FIRE power loads and pulse 
lengths. The baffle structures are passively 
cooled elements that fill the flux space 
between the inner and outer divertor 
channels.  The baffle configuration is shown 
in Figure 5.4.3.1-1 for reference. 

 

 
Figure 5.4.3.1-1  Baffle configuration and attachment concept. 

The first wall consists of passively-cooled, 
mechanically attached tiles that line the 
inner and outer vessel surface between mid-
plane ports. They are made from 40-mm 
thick formed/machined CuCrZr plate 
covered with 5-mm of plasma-sprayed Be 
armor. The plates fit between wedge-shaped 
vertical rails that are bolted to the vacuum 

vessel as indicated in Fig. 5.4.3.1-2.  The 
rails are segmented to facilitate local tile 
removal.  The gaps allow for easy insertion 
and differential tile thermal growth during 
operation. Armored copper cover plates 
secured by washer-loaded quarter-turn 
fasteners hold the tiles against the vessel 
during normal operation 

. 
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Figure 5.4.3.1-2  First-wall tile attachment concept. 

 
Passive inner plate and baffle temperature 
excursions for the proposed FIRE operating 
conditions are summarized in Table 5.4.1.1-
1.  This table shows that the low field, long 
pulse operating mode is the most 
challenging one for passive cooling.  As is 
summarized in Table 5.4.1.1-1, these plates 
appear to have sufficient energy storage to 
survive anticipated heat loads without 
excessive temperature excursions. They are 
then slowly cooled between pulses by 
conduction to the vacuum vessel.  When 
more definitive power flow distributions and 
design concepts are available, 2-D thermal 
models will be developed to determine 
temperature distributions in these 
components and verify that temperature 

excursions are acceptable for all operating 
modes. 
 
The design requirements call for a 10 sec 
pulse length.  Since the heat soaks into the 
plasma-facing component during the pulse, 
the back surface temperature where the 
material is attached to the heat sink will 
likely be the most limiting factor (not the 
surface temperature). Figure 5.4.3.1-3 shows 
the allowed pulse duration for various heat 
fluxes assuming the temperature at the 
connection does not exceed 700°C. Heat 
loads on the first wall are low compared to 
the divertor.  Beryllium on the first wall can 
be used up to about 3 MW/m2 for 10 sec.  
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Figure 5.4.3.1-3. Allowed pulse duration to not exceed 700°C on the back face of a 3 cm thick tile. 
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5.4.3.2 First Wall Design 
Considerations  
Figure 5.4.3.2-1 shows the temperature 
increase a 5-mm tungsten / 30-mm copper 
first wall structure experiences, under 30 
W/cm2 incident heat flux, for different 
thermal cooling assumptions at the rear 
surface.  The upper curves assume no rear 
surface cooling.  The middle curves assume 
a 0.14 W/cm2-K interface conductance at the 
rear surface, which is representative of 
limited-area mechanical attachments.  The 
lower curves assume a 1.4 W/cm2-K 
interface conductance at the rear surface, 
which is representative of active cooling 
over ~10% of the rear surface area. The 
30 W/cm2 incident flux is derived for the  
 

long pulse D-D operating mode assuming 
that all 21 MW of exhaust power is radiated 
uniformly to the first wall.  Figure 5.4.3.2-1 
shows that active cooling is likely to be 
required for the long pulse operating modes.  
Mechanical attachments could possibly 
accommodate a 2-min pulse, but the vessel 
must provide a 30°C heat sink at the 
mechanical attach points.  This would 
require special cooling of these attachments 
to assure that large temperature gradients are 
not induced in the 15-mm thick, stainless-
steel vessel shell.  
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Figure 2. First Wall Temperature Increase at 1.0 MW/m2 Incident Heat Flux  

for 1 W/cm2 °C heat transfer at the Rear Surface. 
 



FIRE Fiscal Year 2000 
Status Report 

Page 5.4-13 

It therefore appears that active cooling of the 
first wall should be considered to provide 
more robust long-pulse operation. This 
could be accommodated by incorporating a 
cooling header between the two vessel shells 
at the top and bottom of the machine that 
feeds water to the baffle.  The water would 
then flow through the first wall modules in a 
limited number of cooling channels to keep 
the copper temperatures under control and 
exhaust into the vessel at the mid-plane. 
Non-uniform radiative loading effects must 
also be evaluated to determine appropriate 
local peaking factors for the 30 W/cm2 
incident flux. 

5.4.4 Performance Assessments  

5.4.4.1 Edge Plasma Modeling For 
Attached Divertor Conditions 
 

The UEDGE code was used to calculate the 
expected edge conditions in FIRE. For all 
cases considered the power into the scrape-
off layer was 28 MW and the separatrix 
density was 1.5 x 1020 /m3 with a wall 
recycling coefficient of 1.0. Three different 
values of the particle and heat diffusivity 
were considered. The parameters in Case C 
duplicate edge plasma data from existing 
machines the best and were the conditions 
used for the ITER design. The divertor plate 
was kept perpendicular to the field lines for 
most cases. Case D is the same as Case C 
with the divertor plate tilted as in the 
baseline design and with 1021 particles/sec 
pumping. The conditions for the various 
cases are shown in Table 5.4.4.1-1.

 
Table 5.4.4.1-1 Plasma transport parameters used for modeling the FIRE edge plasma. 

Case Description Thermal diffusivity (m2/s) Particle diffusivity (m2/s) 
A High Conductivity 1.5 1.0 
B ITER Conductivity 0.5 1.0 
C Bohm like diffusivity 0.5 Dbohm + 0.1 
D Tilted plates and pumping 0.5 Dbohm + 0.1 

Note: Dbohm = Te/16 eB 
 
The results are shown in Table 5.4.4.1-2. 
The peak heat flux is less than 25 MW/m2 
for all cases. The outer divertor is not 
detached under any of the conditions 
considered. Additional gas will have to be 
added to the model to get the outer divertor 
to detach. Table 5.4.4.1-3 shows the ratio of 

the power to the divertor plates to the power 
in the scrape-off layer. The power radiated 
to the first wall (Pwall) and the power 
radiated by hydrogen are also shown. It can 
be seen that the inner divertor is detached 
for all cases considered.  

 
Table 5.4.4.1-2 Results of UEDGE modeling of the FIRE edge plasma 

Case Tem (eV) λm (cm) Tep (eV) nep (1021/m3) Qp (MW/m2) λp (cm) 
A 106 0.8 1.5 61 5.7 6.5 
B 152 0.6 15 44 25 1.8 
C 138 0.7 14 43 23 2.3 
D 138 0.7 13 52 19 2.5 

 



FIRE Fiscal Year 2000 
Status Report 

Page 5.4-14 

 
Table 5.4.4.1-3 The ratio of power to the divertor plates and the wall to the power in the scrape-off layer 

for the various cases. 
Case Pin/Psol Pout/Psol Pwall/Psol Phrad/Psol 

A 0.003 0.24 0.34 0.42 
B 0.002 0.53 0.12 0.35 
C 0.005 0.58 0.11 0.31 
D 0.09 0.57 0.10 0.24 

 
 
 
 

5.4.4.2 Edge Plasma Modeling for 
Detached Divertor Conditions 
 
The UEDGE Code has been used to study 
the effect of adding Beryllium and Neon to 
the edge plasma to stimulate detachment of 
the plasma in the outer divertor channel. The 
divertor plates were placed at the proper 
angle relative to the field lines for these 
calculations. The particle diffusivity and 
thermal conductivity had to be reduced on 
the small radius side of the plasma to 
achieve a single solution. One expects that 
the transport will be reduced on the small 
radius side of the plasma because of the 
good curvature in that region (this is 
consistent with the observations of less 
power transport to the inner divertor in a 
double null configuration). 
 
The inner divertor is easily detached from 
the plate. With no impurity addition to the 
inner divertor the heat flux to the plate is 
about 1 MW/m2 from particle transport and 
1.8 MW/m2 from hydrogen radiation. We 

used 3 MW/m2 for the heat flux on the inner 
divertor. 
 
The results for the outer divertor with the 
angled plates are very similar to the results 
for the plate normal to the field lines (26 
MW/m2). When Be is added to the divertor 
region, the peak heat flux is reduced to 20 
MW/m2 with about 5 MW/m2 of radiated 
power located at a different location from 
the peak particle heat flux. There was no 
detachment with the addition of Be alone. 
With Neon injection, the plasma could be 
detached from the divertor plate. For 4.1 Pa 
m3/s (31 Torr l/s) Ne injection there was no 
detachment but the peak heat flux was 
reduced to 15 MW/m2. With 4.7 Pa m3/s (35 
Torr l/s) Ne injection, the plasma did detach 
from the divertor plate but the solution 
evolved toward an x-point MARFE (see 
Figure 5.4.4.2-1. Note that the radiated 
power is 80 MW/m3 in the MARFE region. 
It is clear that the amount of Ne injected into 
the divertor needs to be controlled, but the 
range of injection that is needed is TBD. A 
scheme for feedback control of the Ne 
injection will have to be developed. 
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Figure 5.4.4.2-1  Detached outer divertor solution calculated by the UEDGE code 

 

5.4.4.3    Particle Pumping 
Requirements 
 

The loss of particles from the plasma can be 
estimated by considering the total number of 
particles in the plasma and the particle 
confinement time. The total number of 
particles in the plasma (NV) is 1 x 1022. The 
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energy confinement time is 0.5-0.8 s (we 
will use 0.65 s). Typically we take the 
particle confinement time to be 2-10 τE. This 
yields a required fueling rate of 3.1 x 1021/s 
(1.25-10 x 1021/s). If we assume the fueling 
efficiency is 50%, the required fueling rate 
is 6.2 x 1021/s (23 Pa m3/s; range 10-75 Pa 
m3/s). We recommend 75 Pa m3/s as the 
maximum fueling rate (net with equal D 
and T). 
 
We have also estimated the particle 
pumping rate required for He removal. The 
fusion burn rate (helium generation rate) is 
1 x 1020/s (200 MW). If we assume the He 
fraction in the divertor is 0.02 and the wall 
recycling coefficient 0.5, the required 
divertor pumping is 1.4-2.7 x 1022/s (50-
100 Pa m3/s). This result is very similar to 
the previous estimate of fueling required. In 
order to have some excess capacity in the 
pumping system, we recommend providing 
pumping for up to 100 Pa m3/s. 

5.4.4.4 CHF Assessment 
As described in Section 5.4.2, each outer 
divertor module consists of 24 segments, 28 
mm in width and 550 mm in length.  There 
are two coolant channels of 8 mm ID per 
segment. The flow direction is poloidal so 
that power input to each channel is equal.  
The maximum power flow to a divertor 
module is 2.32 MW.  Since the peak heat 
flux is estimated to be 20 to 25 MW/m2, a 
heat transfer enhancement method will be 
used to achieve the necessary critical heat 
flux (CHF) with moderate velocities and 
flows. A review of enhancement methods 
shows that a swirl tape insert is an attractive 
option due to available performance data 
and extensive fabrication experience for this 
geometry. 
 
Figure 5.4.4.4-1 shows CHF at the coolant 
channel wall (WCHF) calculated for the 
divertor module at three different inlet 

pressures and a range of inlet flow velocities 
for an inlet temperature of 30 C.  This plot 
includes the effect of coolant temperature 
rise and pressure drop and calculates the 
CHF at the worst location, i.e.  the exit 
where the pressure is lowest and coolant 
temperature is highest.  

 
 
For the conditions described above, an inlet 
pressure of 1.5 MPa and a flow velocity of 
10 m/s should be adequate for the divertor 
cooling.  The ratio of the incident heat flux 
to wall heat flux for a 28 mm wide Cu-Cr-Zr 
module with two 8 mm channels is 
estimated to be 1.33, based on previous 
analysis done for ITER.  Thus, the cooling 
will permit an incident critical heat flux of 
34.6 MW/m2, allowing a sufficient safety 
margin.  The estimated pressure drop in the 
module is 0.45 MPa, including the effect of 
the swirl-tape insert. 
 
A 3-D finite element analysis with axial heat 
flux profile will be undertaken in the future. 
 

 
Figure 5.4.4.4-1.  Predicted Wall CHF for the Proposed 
FIRE Divertor Module Cooling Channel Design Concept 
and Exit Coolant Conditions 
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5.4.4.5 Erosion Due to Normal 
Plasma Operation 
The erosion of the W and Be plasma facing 
materials due to normal plasma operation 
has been assessed using a combination of  
the DEGAS2, REDEP/WBC and BPHI  
codes. The plasma conditions calculated by 
UEDGE, were used as input to the DEGAS2 
code to determine the charged and neutral 
particle fluxes to the divertor plates. An 
example of the results of the DEGAS2 
modeling for the attached outer divertor case 
is shown in Figure 5.4.4.5-1. The plasma 
temperature and density profiles from 
UEDGE were then used to calculate 
thedetailed characteristics of sputtered 
tungstentransport using the WBC code. The 
code includes the sputtered atom velocity 
distribution, electron impact ionization, 
Lorentz force motion, magnetic and Debye 

dual structure sheath, impurity-plasma 
charge changing and velocity changing 
collisions.  
The WBC redeposition parameters were 
used as input to the REDEP code that 
computes self-consistent gross and net 
erosion rates over the entire outer divertor 
region. The results predict zero net erosion 
of the divertor plate and no plasma 
contamination (see Figure 5.4.4.5-2). This is 
mostly due to the short mean-free path for 
ionization for W (2.4 x 10-5 m). The gross 
sputtering is mostly due to impurity 
sputtering (due to 0.1% O impurity) and 
self-sputtering. The effect of  Be and Ne 
impurities in the edge plasma need to be 
added to the calculation. The detached 
plasma solution will also have to be 
analyzed. 
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Fig. 5.4.4.5-1.  Particle flux on the outer divertor plate from DEGAS2 
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Figure 5.4.4.5-2. Results of the REDEP/WBC analysis of gross and net erosion on the outer divertor 

 
 

5.4.4.6 Assessment of Disruption 
Damage to the Divertor Plasma 
Facing Surfaces 
 
The HEIGHTS computer code package was 
used to model the damage of plasma facing 
components due to disruption energy 
deposition. The code package includes the 
effect of plasma-target interactions, plasma-

debris interactions, photon radiation and 
transport, and plasma-melt layer interaction. 
A typical result for 10MJ/m2 deposition in 1 
ms is shown in Figure 5.4.4.6-1. It can be 
seen that melting starts about 10 µs after the 
disruption thermal quench starts. 
Vaporization starts about 20 µs later. Once 
vaporization starts there is a strong reduction 
in the heat flux because of interaction 
between the plasma and the atoms in the 
vapor (vapor shielding). Because of vapor 
shielding, the amount of melted and eroded 
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material is only weakly dependent on the 
energy deposited. A comparison of 100 
MJ/m2 and 10 MJ/m2 is shown in Figure 
5.4.4.6-2. It can be seen that the amount of 
vaporized material increases by about a 
factor of two due to the ten-fold increase in 
energy deposition. This insensitivity of the 
amount of melted or vaporized material to 
the energy deposition eliminates much of the 

variation due to the uncertainty in the 
disruption energy deposition. The analysis 
of divertor lifetime is therefore easier to 
estimate. The melt layer is predicted to be 
150 to 200 µm thick and 2-4 µm is predicted 
to evaporate due to a disruption. 
 

 

Figure 5.4.4.6-1.  Calculation of the effects of disruption energy deposition on the divertor. 
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Sudden melting of a tungsten surface can 
cause splashing of the melted layer. 
Analysis of the amount of splashing has 
started. The droplets of splashed material 
will also interact with the incoming plasma 
(droplet shielding). The lifetime of the 
divertor depends strongly on the fraction of 
the melt layer that is lost on each disruption. 
If no melted material is lost, the lifetime of 

the divertor tungsten is a few thousand 
disruptions (or nearly the life of the machine 
since only 3000 full power pulses are 
planned). Loss of the melt layer (or even as 
little as a quarter of the layer) will result in a 
lifetime of only a few hundred disruptions. 
Replacement of the divertor a few times 
during the life of the machine is expected if 
part of the melt layer is lost.

 

5.4.4.7 Thermal Analysis of 
Divertor Components 
 

Temperature distributions for the divertor 
components have been calculated with a 
thermal analysis code for normal operation. 
The analysis assumed a CuCrZr heat sink 

with 5 mm W rods on the surface. The water 
inlet temperature was 30°C at a pressure of 
1.5 MPa.  Both the outer divertor plate and 
the baffle plate were analyzed. The peak 
heat flux was 20 MW/m2 on the outer 
divertor (attached plasma case) and 6 
MW/m2 on the baffle plate (detached plasma 
case). The effect of 13-16 W/cm3 nuclear 
heating was included. The outer divertor 

Figure 5.4.4.6-2.  The effect of the size of the energy deposition on the amounts of material melted 
and vaporized in a disruption. 
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heat sink was assumed to have a swirl tape 
in the coolant channel to enhance the heat 
removal while the baffle plate was assumed 
to have smooth tubes. The flow velocity in 
the outer divertor was 10 m/s while the 
baffle was 3 m/s. The coolant exit 

temperatures were 95 and 73°C, 
respectively. The temperature profiles are 
shown in Figure 5.4.4.7-1 and Figure 
5.4.4.7-2. 

 

 
Figure 5.4.4.7-1.  Temperature distribution in the actively cooled outer divertor plate with 20 MW/m2 
heat flux. 

 
Figure 5.4.4.7-2  Temperature Distribution in the actively cooled baffle plate with 6 MW/m2 heat flux. 
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5.4.5 Materials Selection 
 
We recommend the following selection of 
materials for the plasma facing components: 
 
Divertor high heat flux areas: tungsten rods 
3 mm in diameter attached to actively 
cooled copper alloy heat sinks.   
 
Divertor heat-sink structure: CuCrZr alloy, 
Elbrodur-G for copper-alloy heat sinks 
based on ITER fabrication experience. 
 
First wall: plasma sprayed beryllium 10 mm 
thick attached to copper heat sinks that are 
passively cooled. 
 
Tritium retention in redeposited carbon 
material has been identified as a major R&D 
issue to be investigated in the extension of 
the ITER project. This is due to the 
experimental data from both JET and TFTR 
that showed the retention to be 
approximately 50% of all the tritium 
injected into the machine.  There is no 
satisfactory method for removing this 
trapped tritium from the machine. This issue 
argues strongly for avoiding carbon-based 
materials in a burning plasma device. 
 

5.4.6 On-going Design and 
Fabrication Issues 
Active cooling of the first-wall, inner 
divertor plate and baffle components will be 
needed for the longer pulse lengths 
proposed. More detailed designs and 2-D 
analyses are needed to verify design 
concepts and establish pulse limits for these 
parts. 
 
Finite element analyses of the proposed PFC 
designs are needed under projected 
disruption and thermal loading conditions to 
assure that the structures and attachments 
are sufficient.  Proposed sliding pin concepts 

for relieving thermal stress must also be 
evaluated. 
 
Mitigation of the eddy current loads on the 
divertor plates may require that a toroidally 
conductive path be provided between the 
outer divertor modules. This would 
significantly complicate the module design 
and associated remote installation and 
removal operations. 
 
In general, reliable, yet easily detachable 
electrical contact must be provided between 
the plasma facing components and the 
vacuum vessel. Grounding straps and 
Multilam® contacts were proposed for this 
in ITER, since each of these can 
accommodate thermal cycling and relative 
motion.  Similar design concepts must be 
developed and tested for FIRE. 
 
When design analyses are completed, 
armored, medium-scale hardware needs to 
be fabricated and tested to verify the module 
manufacturing / assembly operations and 
performance models.  
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 5.5  Thermal Shield  
 
5.5.1  Introduction 
 
The main function of the thermal shield 
system is to provide the required thermal 
environment around the coils, which 
operate at cryogenic temperatures. To 
maintain this environment, the nitrogen 
gas inside the shield must be contained 
(not allowed to leak out) and the air on 
the outside of the shield must not be 
allowed to leak into the shield. The main 
reason to exclude air from the inside of 
the enclosure is to prevent the 
accumulation of ice on the cold surfaces.  
In addition to maintaining the required 
thermal environment on the inside of the 
shield, it is also important to maintain 
the exterior surfaces of the shield at a 
high enough temperature to prevent 
water condensation, which can result in 
corrosion and operational and safety 
problems.  
 
The basic design concept for the thermal 
shield is to have a stainless steel 
structure (channel beams) on the inside 
of the shield that can support panels 
made of insulating materials (Figure 
5.5.1-1). The SS structure will be 
covered with a thin SS shell, which will 
form part of the sealed boundary for the 
shield. Insulation will be sprayed 
directly onto this shell.  Penetrations will 
be sealed with rubber or fabric bellows 
that accommodate the relative motion 
between the VV and thermal shield. 
      
5.5.2  Requirements 
 
The most important requirements for the 
thermal shield relate to maintaining the 
80 K thermal environment inside the 
shield. To do this efficiently, the 
maximum heat loss through the shield 
has been set at 15 kW. To prevent 

condensation on the exterior of the 
shield, the surface temperature must be 
maintained above the dew point for air 
with a relative humidity of 50%. In 
addition, the constraint has been 
imposed to maintain the shield exterior 
within 10 °C of the test cell ambient 
temperature. 
 

 
Figure 5.5.1-1   Thermal Shield Design 

Concept 
 
Another important requirement pertains 
to pressure loads on the shield. If we 
have an open LN2 system, interior 
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pressure will be due to N2 gas flow 
through the system and out the vent.  
The maximum ∆p across shield wall 
(maximum pressure on inside) has been 
set at 0.8 kPa (0.12 psi or 3 inches of 
H2O). A higher pressure on the outside 
of the system could occur during cool 
down of the system if N2 flow is not 
maintained.  In this case, the maximum 
∆p across the shield wall (maximum 
pressure on outside) has been set at 0.1 
kPa. 
 
Requirements related to the flexible 
joints that accommodate the relative 
motion between the VV and thermal 
shield include a maximum integrated 
leak rate for all seals of 1 l/s (at 1 atm 
exterior pressure) with a ∆p across the 
joint of 0.8 kPa. The joints must 
accommodate relative motions between 
the components up to + 25 mm. 
 
The requirements for the thermal shield 
are summarized in Table 5.5.2-1. 
 
5.5.3 Description 
 
The thermal shield has three basic parts, 
(1) the SS structure and shell which 
support the insulation and form part of 
the sealed boundary for the shield,  (2) 
the insulation itself, and (3) the flexible 
joints that accommodate the relative 
motion between the VV and thermal 
shield.  The shield is semi-cylindrical in 
shape (formed by 16 flat facets) with a 
flat top and bottom.  Its OD and height 
are 11.2 and 11.5 m, respectively.   The 
total wall thickness of the structure and 
insulation is 0.65 m. 
 
Table 5.5.2-1  Thermal Shield Design 
Requirements – Summary 
 

Design Parameter Value 
Thermal  
1. Condensation on surfaces of the shield. None 
2. Max. temp. difference between shield 
exterior and test cell temp. 

10 °C 

3. Max. heat flow through the shield 
assembly 

15 kW 

4. Minimum gas temp. contained by the 
shield 

80 K 

5. Max. gas temp. contained by the shield 
(during VV baking) 

150 °C 

6.  Max. temp. around feedthroughts 200 °C 
Structural  
1.  Max. ∆p across shield wall (max. 
pressure on inside) 

0.8 kPa 
(0.12 psi) 

2.  Max. ∆p across shield wall (max. 
pressure on outside) 

0.1 kPa 

Mechanical  
1.  Max. integrated leak rate of all seals 
(between penetrations and thermal shield 
wall panels) 

1 l/s at 1 atm 
(∆p- 0.8 kPa) 

2.  Seals must accommodate relative 
motion between penetrations and thermal 
shield panels (Initial Design Values) 

Vertical - + 25 mm 
Toroidal - + 10 mm 
Radial - + 18 mm 

 
Sixteen (16) flat panels that are centered 
on each row of ports form the vertical 
sides of the thermal shield.  Bolting the 
panels together forms the complete 
cylinder (each panel spans 22.5 degrees). 
Each panel consists of a perimeter 
frame, which is made with 10-inch 
channels.  A thin SS skin is welded to 
the frame to form part of the barrier for 
the shield.  Insulation is sprayed directly 
onto this skin. Holes are provided 
through the skin and insulation where 
the vacuum vessel ports, buswork, 
cooling and other services pass through.  
Clearance is provided between the ports 
and the hole in the thermal shield to 
allow for the relative motions of the VV 
and the shield.  The maximum relative 
motion (+ 25 mm) results from the 
condition when the VV and thermal 
shield are at normal operational 
temperatures and simultaneously are 
under seismic conditions.   
 
The seal around the ports is provided by 
a flexible joint (similar to a bellows) that 
is attached to the VV port and the SS 
sheet part of the structure. The joint is a 
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single layer of silicone rubber on a fabric 
base that is ~ 12 inches long (in the 
direction of the port axis).  It can flex 
and buckle to accommodate the relative 
motion.   
 
The insulation is the most important part 
of the shield. Several types were 
considered and compared before making 
a selection.  The candidates are shown in 
Table 5.5.3-1. As can be seen, the 
thermal conductivity and cost of the 
cryo-lite and the polyurethane foam are 
similar. The solimide polyimide foam 
has a higher thermal conductivity and 
cost. Due to the ease of application of 
the polyurethane foam, (which is 
sprayed on) this insulation has been 
selected for the thermal shield. This 
material can be sprayed directly onto 
stainless steel to any desired thickness.  
A rubber vapor barrier can then be 
sprayed onto the exposed surface, which 
also enhances its abrasion resistance. 
 
Table 5.5.3-1 Insulation Comparison 
 

Mtl Name k  
(W/m-K) 

Cost  
($/m3) 

Polyurethane Foam  
(Manufactured by  
Foam Enterprises)  
(Spray foam for tank 
insulation.) 

0.033 ~400 

Cryo-Lite  
(Manufactured by Johns 
Manville) 
(Used to insulate LN2 
over-the-road tanks. 

0.033 
 

~320 

Solimide Polyimide 
Foam (TA-301) 
(Manufactured by 
Laporte plc) 

0.042  
 

~1150 

 
The top and bottom of the TS are the 
same basic construction as the vertical 
sides.  The structural frame consists of 
10 inch channels positioned side by side 
and spaced ~ 0.5 m apart. The thin SS 
skin will be welded to the frame and 

insulation will be sprayed on as 
described above.  
 
Several important thermal characteristics 
of the shield have been estimated. These 
include the total heat loss through the 
shield and the inner and outer surface 
temperatures. The nitrogen gas tem-
perature in the shield was assumed to be 
90 K and the air temperature in the room 
was assumed to be 300 K (27 °C).  
Given these temperatures, the natural 
convection heat transfer coefficients 
were estimated for both the inside and 
outside of the shield. The insulation 
thickness was adjusted so that the out-
side surface temperature would be high 
enough to avoid condensation during 
operation. The resulting inner and outer 
surface temperatures are 100 K and 290 
K (17 °C) respectively, for an insulation 
thickness of 0.4 m. The outer surface 
temperature is comfortably above the 
dew point of 283 K (10 °C) (for air at 21 
°C with a relative humidity of 50 %), so 
condensation is not expected. The total 
heat flow through the insulation is ~11 
kW which is below the requirement limit 
of 15 kW. 
 
The basic parameters for the thermal 
shield are shown in Table 5.5.3-2.   
 
 
 
 
 
 
 
Table 5.5.3-2   Thermal Shield Design 
Parameters 
 

Parameter Value 
Size  

Outside Diameter 11.2 m 
Outside Height 11.5 m 
Total Wall Thickness   
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Structure 0.25 m 
Insulation 0.4 m 

Inside Surface Area 375 m2 
Weight  

Insulation (0.4 m thick) 2400 kg 
SS Structural Frame (10 inch channels) 24000 kg 
SS Shell Around Insulation (0.5 mm 
thick) 7100 kg 

Thermal Characteristics  
Nitrogen Gas Temp. Inside Thermal 
Shield (assumed) 90 K 

Shield Inside Surface Temp. (with 
natural conv.) ~100 K 

Shield Outside Surface Temp. (with 
natural conv.) ~290 K 

Air Temp. in Room Outside of 
Thermal Shield (assumed) 300 K 

Dew Point for Air at 21 C (75 F) and 
50 % humidity 283 K 

Condensation Expected  None 
Total Heat Flow Through Shield ~11 kW 
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5.6  Ion Cyclotron Heating 
 
5.6.1 Introduction 

 
Ion cyclotron waves will be used to heat 
the plasma. Based on calculations of 
plasma transport, 30 MW of heating 
power will be required.  

 
A design that can deliver this power 
consists of four two-strap antennas 
mounted in main horizontal ports, as 
shown in Fig. 5.6.1-1.  

 
The amount of power that can be 
delivered to the plasma depends on 
several items that are not yet well-
quantified, such as: 

 
� Distance between the first wall and the 

plasma separatrix at the outer midplane � 
a smaller distance allows higher power 
per antenna.  

 
� Maximum voltages that can be 
sustained in the antenna and 
transmission line � 30 kV is a relatively 
conservative number; 40 kV has been 
used on some experiments and would 
provide considerably higher power per 
antenna (P ~ Vmax

2). 
� The density and density profiles (both 
inside the separatrix and in the scrape-
off region) of the plasma.  

 
We have concentrated on the antenna 
configuration and the coupling of the 
antenna to the plasma, as these are the 
most critical parameters for initial 
system design. Power sources, along 
with tuning and matching equipment and 

Fig. 5.6.1-1 � Cutaway view of one two-strap antenna in main horizontal port. 
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