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Electromagnetic Analysis 

1. Electromagnetic Analysis Models 

The electromagnetic analysis is mainly based on models built with 3-D 
electromagnetic software OPERA/TOSCA[l], by Vector Fields Limited. In the process of 
evaluating the software package, some models are also built with 3-D boundary element 
electromagnetic software AMPERES[2], by Integrated Engineering Software,. 
FORTRAN programs are also developed at B&W to perform Monte-Carlo simulations of 
the field error analysis to assist tolerance determinations. 

1.1 OPERA/TOSCA Models 

The majority of the electromagnetic analysis is based on the models built with 3-D 
OPERA/TOSCA, because the software has been proven for years to be very accurate in 
handling 3-D electromagnetic problems. The conductors built in the models are solid 
conductors. The software uses Biot-Savart law to calculate the magnet field contributed 
from current carrying elements. Since our emphasis is on the TF magnet, we have built 
TF magnet models with detailed conductor turns, while for PF coils, we have only built 
simplified models without details. This is appropriate for our analysis purposes, because 
the PF coils are far from the plasma region. We also have used a simplified one-turn 
plasma current model that has rectangular cross-section. 

The Single-conductor TF model is a simplified model in our analysis. This model 
uses a one-turn conductor to represent a TF coil winding pack. The whole TF magnet is 
modeled with 16 such single turn TF coils. Although simplified, this model turned out to 
be the most frequently used model for our analysis because of the short computation time 
and the good accuracy compared to other more detailed models. This can be seen in the 
discussions later. Each coil is divided into eight sections and there is a reflection 
symmetry about the mid-plane of the TPX assembly. Each upper or lower part of the coil 
model has four sections of conductors: one straight section representing the in-board leg, 
two curved sections representing the top (or bottom) part, and one slightly curved section 
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for the out-board leg of a TF coil. The cross-sectional area of the modeled conductor is 
represented by the areas occupied by CICC including the turn-to-turn insulation materials. 
Ground insulation materials are excluded in the conductor cross-sectional area. The 
current density used is uniform and is a smeared current density taking the total current in 
the coil divided by the cross-sectional area of the modeled conductor. The dimensions 
used in building this model are according to the drawing PPL.LM.TPX.E-9413101.P.4 (5-
24-94). 

The 84-conductor model is a detailed TF model that shows all 84 turns of the TF 
coil winding. Each turn is a loop representing one turn in the TF coil pancake winding. 
The transition between turn to turn and between pancake to pancake has been neglected. 
The cross-section of the conductor includes only the area inside the conduit, which is a 
smeared area of the superconductor strands and voids in the conduit. The conduit wall is 
not included. The current density of the conductors is the operating current of 33.5 kA 
divided by the cross-sectional area of the modeled conductor. This model is a more 
accurate representation of the TF coil than the single-conductor model. However, since 
the number of conductors in this model is so large, the computation time for magnetic 
field quantities is much longer than that for the single conductor model. This model is 
particularly important for the calculation of the peak field in the TF coils. 

The mixed conductor models represent a compromise between the simplified 
conductor model and the 84-conductor model. These models utilize 84 conductors in 
regions close to the areas of interest, for better accuracy and use one conductor in regions 
that are far away, which saves computation time. 

The PF coil models are built according to the Drawing 9414002A.DRW for warm 
coil dimensions and Drawing 9414002B.DRW for cool-down dimensions. Each PF coil is 
modeled with a single-turn conductor with a smeared current density. Due to the 
simplicity in the geometry of the PF coils, they are modeled with solenoid-like current 
loops. Because the PF coils are far away from the most crucial areas of TF magnet, the 
construction of detailed PF models was unwarranted. 

Although the TF coils are energized to a constant current for plasma operation, the 
PF coil currents have different values at different operating states. We have assigned 
different current values to PF coils to have different PF models for easy book-keeping. 
The current values for different operating states was consistent withPillsbury's memo[3]. 
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The plasma current model is also represented by a simplified current loop. The 
plasma is represented by a single turn of current with a rectangular cross-section, centered 
at the major radius of the TPX. The current density is assumed to be uniform in the cross-
section. The dimensions of the plasma current are the same as the one used by MIT 
group[4]. This type of simplified plasma current model is proven to have very small error 
in calculating TF loads[5]. 

Figure 1 shows a model with one-conductor TF coils. 

Room temperature dimensions were used to describe the TF coil models. The 
"cool-down" of the TF coils to the operating temperature is simulated by structural 
analysis using ANSYS. The cold TF coil dimensions are shared with other software 
models. For the cool-down coil, there are 84 data points at the central line of a TF coil 
winding pack. For the model in OPERA/TOSCA, we divided the data into 42 sets with 
each set having three data points (every other data point is shared by two sets). Each set 
of three points is fitted with a circular arc using Excel to find their radii, center of radii, arc 
angles, starting angles, etc. These 42 arcs for each coil are used to built a single-
conductor cold model. The energized TF coil after cool-down is not modeled. However, 
since the magnetic field calculated from cool-down model is not much different from the 
warm coils, and the energized coil dimension should be in between the warm and cold 
coils, we are expecting an energized coil model to have very close magnetic results as the 
cold TF model. 

The preliminary current lead design has been incorporated into our magnetic 
models. The leads have straight sections and circular arcs, and data obtained from the 
design engineer have all the parameters for manufacturer. For our analysis models, we 
converted the coordinates to the TPX global coordinates and re-calculated the parameters 
necessary for the software to build models. This lead model is connected with the single-
conductor TF models. In places where the leads overlap with the TF coil model, the 
excess current elements are subtracted from the TF coil models, so that the combination of 
the leads and the TF coils is smoothly connected and has no duplicate parts. The electric 
bus to the leads is not modeled yet, but as seen later in the discussions that the difference 
between the field quality with and without leads is very small. Since the buses are even 
farther away from regions of interest than the leads are, they should contribute even less to 
the field quality than the leads do. 
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For the field error sensitivity analysis, TF coils are displaced in different directions 
by certain amount in order to calculate the resultant field error. To maneuver an 
individual coil and break the symmetry of the assembly, the models discussed above 
utilizing the symmetry of the assembly to save computation time, can not be readily used. 
Thus models of individual coils are explicitly defined for performing field error studies. 

For the field error analysis, some of the displacements involve pitch, yaw, and roll 
(more detailed definitions are discussed in the sections for sensitivity analysis). These 
three types of deviation of the coils from their original location can not be easily achieved 
by rotating the global or local coordinate system. Models of these kinds of displacement 
operations are achieved through defining new parameters and variables for the arguments 
in the models. New models are defined by using the macro commands in the OPERA 
environment. 

1.2 The Boundary Element Models 

The boundary element models in AMPERES are used primarily for the self 
inductance, mutual inductance, and energy calculations because the inductance 
calculations are a built-in feature of the software. The models were also used to calculate 
the magnetic fields and they have confirmed the results in field calculations from 
OPERA/TOSCA models. 

Similar to what we have with OPERA/TOSCA models, the models in AMPERES 
are built with single-conductor sections with the same dimensions as discussed above. All 
30 coils are modeled, 16 for TF coils and 14 for PF coils. Each TF coil consists of eight 
sections and each PF coil has four curved sections. In most of the cases, 20 element 
divisions are assigned to the conductors along the length of each section, which is the 
maximum number of divisions allowed by the software. To calculate the mutual 
inductance among the TF coils, only 16 individual TF coils are used. When calculating the 
mutual inductance between TF and PF coils, the 16 TF coils are lumped together so as to 
save the total computation time. Individual PF coils are also modeled separately to check 
the consistency and accuracy. 



' I ' l I 

Electromagnetic Analysis 
i i 

j_Z4.0 j_Z4.0 
UNITS 

Length : m 
Flux density : T 
Magnetic field :Am' 1 

Scalar potential: A 
Vector potential: Wb m'' 
Conductivity : S m'1 

Current density : A m'2 

Power : W 
Force : N 
Energy : J 
Electric field :VnV' 

^ ^ 

^ 
> 

mm (ear 
* 7^ 

UNITS 
Length : m 
Flux density : T 
Magnetic field :Am' 1 

Scalar potential: A 
Vector potential: Wb m'' 
Conductivity : S m'1 

Current density : A m'2 

Power : W 
Force : N 
Energy : J 
Electric field :VnV' 

•*» W W! ~ . N l 

UNITS 
Length : m 
Flux density : T 
Magnetic field :Am' 1 

Scalar potential: A 
Vector potential: Wb m'' 
Conductivity : S m'1 

Current density : A m'2 

Power : W 
Force : N 
Energy : J 
Electric field :VnV' 

X-5.0 • ^ ^ M 

^ 4 
r 

i 

\ 

V 

« 

r 

4 

* 
:4.0 X5.0 
. _ L 

UNITS 
Length : m 
Flux density : T 
Magnetic field :Am' 1 

Scalar potential: A 
Vector potential: Wb m'' 
Conductivity : S m'1 

Current density : A m'2 

Power : W 
Force : N 
Energy : J 
Electric field :VnV' 

X-5.0 • ^ ^ M 

^ 4 
r 

i 

\ 

V 

« 

r 

4 

* 
:4.0 X5.0 
. _ L 

X-5.0 • ^ ^ M 

^ 4 
r 

i 

\ 

V 

« 

r 

4 

* 
:4.0 X5.0 
. _ L 

LOCAL COORDS. 
Xlocal =0.0 
Ylocal =0.0 
Zlocal =0.0 
Theta =0.0 
Phi =0.0 
Psi = 0.0 

X-5.0 • ^ ^ M 

^ 4 
r 

i 

\ 

V 

« 

r 

4 

* 
:4.0 X5.0 
. _ L 

^™~" 

V 

,_Z-4.0 

1 1 
1 

^™~" 

V 

,_Z-4.0 

1 1 21/F8WS517:13:50 Pags 57 | 

^™~" 

V 

,_Z-4.0 

1 1 ^OPERA-Sd 
Post-processor 2.4 

Figure 1. A view of a model with TF, PF, and plasma current. 



2. Performing Confirmatory Analysis of University Supplied Calculations 

2.1 Baseline Magnetic Field 

The baseline magnetic field was calculated at the major radius Ro = 2.25 m with a 
TF current of 33,500 A. The calculated field was averaged from 2500 points equally 
spaced along the circle. Or, for every 5.65 mm on the major radius circle, one field value 
is calculated for the average. Table 1 shows the average field at the major radius from 
two different models with solid conductors. The difference in average field between these 
two models is very small ~ 0.7 Gauss. If different current-turn value is to be used, the 
field can be scaled directly. The field calculated agrees with the design value of 4.0 
Tesla[6]. 

Table 1. Average Field at the Major Radius Ro = 2.25 m. 

Model One-conductor Model 84-conductor Model 

BatRo 4.00213 (T) 4.00206 (T) 

Field is also calculated in different cross-sections. Figure 2 shows a distribution 
map of the field amplitude in a cross-section through the middle of a TF coil at an 
operating state /.-{} = (1.2, 5.0). In the region within the TF coil, the field is dominated by 
the toroidal field. 

Figure 3 shows a detailed map of the field distribution excluding toroidal 
component in the vicinity of the plasma current above the mid-plane through the middle of 
the TF coil. The squared mapping area is one meter on each side, and the major radius is 
at the lower middle of the square. Besides the minimum in field at the center of the 
plasma at the major radius, there is field null point near the upper left corner of the map. 
This null point and the one (not shown) symmetrically about and below the mid-plane 
form a double null. 
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2.2 Peak Magnetic Fields 

The peak magnetic fields were calculated for several cases. For TF coils alone 
without the contribution of PF coil and plasma, this peak field is located at the inner turns 
of the center pancakes near the middle plane. When adding PF coil and plasma current, 
different currents in different state were considered. At the Start of Flattop state, the peak 
field is higher than those at other states. Table 2 shows the peak field value in TF coils 
with and without PF coils. At the SOF state, the peak field is 8.34 Tesla, which confirms 
the University's values of 8.3 (or 8.4) Tesla[7] (in p4 B p = 8.3 T, and in p3 B p = 8.4 T). 

The location of the peak field is shown in Figure 4 and Figure 5. 

Table 2. Peak Field in TF Coils with and without PF Coil and Plasma Current. 
Operating 

State 

TF 

(MAt) 

PFl 

(MAt) 

PF2 

(MAt) 

PF3 

(MAt) 

PF4 

(MAt) 

PF5 

(MAt) 

PF6 

(MAt) 

PF7 

(MAt) 

plsm 

(MAt) 

•**peak 

(T) 

TFonly 2.814 0 0 0 0 0 0 0 0 8.25 

4-p: 1.2, 5.0 2.814 -2.022 0.234 0.460 0.591 3.065 -0.649 -1.259 1.932 8.30 

SOF 2.814 -2.953 -0.679 0.115 0.319 3.348 -1.699 -0.202 2.000 8.34 

2.3 FieldPJpple 

The field ripple is defined as the ratio of the field deviated most from the average 
to the average field at certain radius. Using the 84-conductor model, the field ripple is 
calculated at the different radii in the mid-plane. The average fields are again taken from 
2500 points along the circles defined. Table 3 shows the field ripple at five specific 
locations and Figure 6 plots the ripple as a function of the location in the middle plane. 
From the data listed in the Table and plotted in the Figure, we see that the average field is 
not equal to the average of the maximum and the minimum, especially at large radii. At a 
radius (2.75 m) equal to the major radius plus the minor radius (Ro + a), the field ripple is 
less than 0.4%, meeting the requirement[6][7]. 
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Figure 2. A map of the field amplitude distribution at lx = 1.2, p = 5.0 through the middle of a TF coil. 
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Figure 3. Field map excluding toroidal component at the plasma region above the mid-plane. Ro is at the lower middle of the square 
which is 1 m2. The field null point at the upper left has a symmetric point (not shown) about the mid-plane, forming a double null. 
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Figure 4. Map of |B| at a cross-section in the mid-plane through a TF coil in-board leg, showing the peak field of the conductors, 
when only TF coils are energized. The peak location is marked by a red cross at the right edge of the lower right mapped conductor. 
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TPX 
center Symmetry line 

• • • • • • • • • • • • • • • • • • • • • 

not shown due to printing area limit 
and for enlarging the top half figure 

Figure 5. This figure shows, relative to the TPX center, the location of the mapped 
conductors shown in Figure 4. 

Table 3. Field Ripple at Different Radii 

Radius B a v e (T) B ^ T ) Bmin (T) Ripple 

2.25 4.00213 4.00266 4.00161 0.013% 

2.70 3.33511 3.34220 3.32805 0.212% 

2.80 3.21601 3.22811 3.20396 0.376% 

2.90 3.10514 3.12544 3.08498 0.654% 

3.00 3.00169 3.03520 2.96860 1.116% 

field values are mirror 
images of the top half 

about the symmetry line 
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Figure 6. Field ripple in the mid-plane as a function of the radius. The two ways of 
calculating field ripple have small differences. At a radius of 2.75 m, the field ripple 
is less than 0.4%. 

2.4 Inductances ofTPX Coils 

The self and mutual inductances were calculated for individual TF coils and for all 
16 TF coils. The self and mutual inductances of PF coils were also calculated. Since there 
is no direct way of calculating inductance with OPERA/TOSCA, the calculations were 
carried out using a boundary element method 3-D electromagnetic software AMPERE. 
The models built for the inductance calculations were discussed in the prior sections under 
Models. 

The accuracy of the software was checked. The magnetic field values were 
checked against OPERA/TOSCA and against direct hand-calculations using Biot-Savart 
law with simple geometry coils. The inductance calculations were checked against the 
calculations using the formula and tables from Grover's (D. VanNostrand Company, Inc., 
1946). With proper mesh densities (limited by 20 sub-divisions in any direction), the field 
calculation errors are usually in the order of 10"5 compared with the exact solutions using 
Biot-Savart law or OPERA/TOSCA. 
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Table 4 lists the self and mutual inductances for single TF coils. The numbering of 
the coils is such that TF2 and TF16 are closest neighbors of TF1, and TF9 is opposing 
TF1. 

Table 4. Self and Mutual Inductances of Single TF Coils, in Henrys. 

L M 1 2 M 1 3 M 1 4 M 1 5 Mie M 1 7 M 1 8 

5.07E-02 1.63E-02 7.43E-03 3.94E-03 2.32E-03 1.51E-03 1.09E-03 8.90E-04 

M 1 9 
M l , 1 0 Ml . i i M l , 1 2 M U 3 M U 4 

M l , 1 5 M l , 1 6 

8.29E-04 8.90E-04 1.09E-03 1.51E-03 2.32E-03 3.94E-03 7.43E-03 1.63E-02 

Table 5 lists the inductances of the TF magnet and the seven PF magnets. In this 
table, the TF magnet is the assembly of 16 TF coils and each PF magnet is the assembly of 
two matching upper and lower PF coils. For example, PFl represents the combined PFIU 
and PFIL coils. In general, mutual inductance should carry a sign. A negative sign of the 
mutual inductance for two central solenoid magnets (CS) denotes that the current in the 
two magnets flow in opposite directions. The values of mutual inductance listed in Table 
5 are absolute values. 

Table 5. Self and Mutual Inductances of TF and PF Magnets, in Henrys. 

M mn TF PFl PF2 PF3 PF4 PF5 PF6 PF7 

TF 1.90E+0 4.66E-10 1.12E-11 7.25E-10 5.22E-11 1.58E-09 2.67E-09 1.49E-10 

PFl 4.66E-10 7.87E-02 2.82E-02 8.96E-03 5.80E-O3 6.03E-03 1.30E-02 1.11E-02 

PF2 1.12E-11 2.82E-02 4.11E-02 1.43E-02 7.97E-03 6.11E-03 1.05E-02 8.68E-03 

PF3 7.25E-10 8.96E-03 1.43E-02 1.77E-02 9.96E-03 5.12E-03 6.62E-03 5.26E-03 

PF4 5.22E-11 5.80E-03 7.97E-03 9.96E-03 1.75E-02 6.82E-03 6.65E-03 5.09E-03 

PF5 1.58E-09 6.03E-03 6.11E-03 5.12E-03 6.82E-03 1.18E-01 3.07E-02 1.99E-02 

PF6 2.67E-09 1.30E-02 1.05E-02 6.62E-03 6.65E-03 3.07E-02 5.05E-01 1.93E-01 

PF7 1.49E-10 1.11E-02 8.68E-03 5.26E-03 5.09E-03 1.99E-02 1.93E-01 3.54E-01 
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2.5 Energy Stored in TF Coil(s) 

The energy stored in the TF magnet and in a single TF coil was derived directly 
from the inductance calculations. They are shown in Table 6. The total energy of 1.06 GJ 
agrees with the University's calculations[6]. 

Table 6. Energy Stored in a Single Isolated TF Coil and a TF Magnet. • 

Coil(s) Energy 

Single Isolated TF Coil 28.4 MJ 

Whole TF Magnet (16 coils) 1.06 GJ 

3. Determining loads from University-supplied Currents 

3.1 Worst Case Loads Determination 

The worst case loads on TF coils were considered to be the case that has the 
largest torque acting on the TF coils. To find out the worst case, torque on the TF coils at 
different operating scenarios was calculated. Table 7 lists the five scenarios that were 
likely to be the worst case candidates, because for these five scenarios PF6 and PF7 have 
higher current which should result in high torque on the TF coils. As seen from the Table, 
at the state /; = 1.2 p = 5.0, TF coils experience the highest torque. This state is 
considered to be the worst state for TF coil loading. Therefore, most of the loading 
calculations for structural analysis were based on this scenario. 
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Table 7. Worst Case Loads for TF Coils. 

State Current-turn (MA-t) T 2 

(/i~P) PF1 PF2 PF3 PF4 PF5 PF6 PF7 plasma (MNm) 

1.2,5.0 -2.022 0.234 0.460 0.591 3.065 -0.649 -1.259 1.932 10.08 

SOF -2.953 -0.679 0.115 0.319 3.348 -1.699 -0.202 2.000 5.96 

SOB -2.345 -0.635 0.040 0.214 3.085 -1.041 -0.905 2.000 8.10 

EOB -2.597 -1.079 -0.186 -0.008 2.465 -1.086 -0.914 2.000 8.09 

0.4,5.0 -1.290 -2.063 -0.874 -0.646 3.761 -2.320 -0.265 2.000 9.84 

3.2 Lorentz Load Calculations for Structural Analysis 

Since structural analysis is performed in ANSYS, there is an issue of transferring 
magnetic field and Lorentz load to the structural analysis models. We dealt with this issue 
in the following way. First, in ANSYS, we generate a set of coordinates that the Lorentz 
forces are to be applied to. These coordinates could be for nodal or for centroidal points. 
Then, the file that contains the coordinates is transferred and read by OPERA/TOSCA. 
OPERA/TOSCA reads the file as an input file and calculates the field values and magnetic 
force density at the locations specified by the coordinates. The calculated quantities are 
then output to an ASCII file. ANSYS reads this file that contains not only the original 
coordinates but also the field and force density values associated with the coordinates. 
This approach guarantees that the loads are applied at the exact locations of the nodes or 
centroids. The magnetic field values are not directly used for the structural analysis but 
they are included in the output file as a redundancy check and for other applications. 

To calculate the field and force density from an input file that specifies the 
coordinates, two macros in OPERA were built. The reason for using macros is that 
OPERA does not provide current density information as system parameters when no mesh 
is present. Current density vector is essential for calculating force density. This makes the 
calculation of the force density a little complicated. Using a macro to calculate current 
density can only be done point by point. However, with the new file handling commands 
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provided by OPERA, it is possible to calculate force density through a set of macro(s). 
For the two macros we have, one handles the file input and output, and the other 
calculates the current density vector. The macro handling the input/output also calculates 
the field point by point and crosses the current density vector with the field vector to 
obtain force density. In fact, the macro for current density acts like a subroutine of the 
other macro that computes force density and handles I/O. 

We have successfully carried out this process for numerous calculations of Lorentz 
loads for the 3-D global structural analysis as well as for some Lorentz loads for 2-D 
structural analysis. This success is also partly because that the transfer of the ASCII files, 
back and forth from ANSYS to OPERA and vise versa, were conveniently done through 
the network electronically, that does not need to use any floppy diskettes for swapping 
files. 

3.3 Field Calculations for Thermal Analysis 

For thermal analysis, magnetic field information is essential in the cases like quench 
calculations. The process described in the above paragraphs for structural analysis applies 
directly to the field calculations for thermal problems. We again used the two macros to 
calculate fields in the TF winding pack for thermal analysis. This time, however, the force 
density data are redundant. 

This way, we have used the same process for supporting both the structural and 
thermal analyses provided that the input file formats are the same. The field values 
calculated are directly applied to the locations of interest for thermal problems. 

4. Determining Misalignment Effects 

4.1 Field Ripple for Judging Misalignment Effects 

To determine the effects from misalignment of the TPX coils, one must first set up 
a criterion for magnetic field quality that meets the requirements in plasma physics for 
obtaining stable and high quality plasma. Sensitivity analysis of the field quality was 
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performed as functions of different coil displacements. Compared to the requirements, the 
sensitivity analysis results predict the effects of coil misalignments. 

The definition of the field quality in SDD[6] is such that the field ripple in the 
plasma region shall be less than 0.4%. According to this definition, a series of field ripple 
calculations was carried out for different displacements of different coils in TPX assembly. 
The results are shown in Table 8. 

Table 8. Field Ripple Resulting from Misalignments 

Coil State Disp. Ami A ' B '@225 |B|° |B|° AB r - p. a@2.75 

A11TF const I no 0 0.013% 0.28% 0.0058 T 

TF1 cc dR 0.25" 0.051% 0.31% 0.0112 T 

TF1 cc d<£ 0.1° 0.061% 0.35% 0.0111 T 

TF1 cc dZ 0.25" 0.013% 0.28% 0.0058 T 

ALL ///=1.2,5 no 0 0.0131% 0.269% 0.00907 T 

PF7U cc dR 0.25" 0.0166% 0.274% 0.00949 T* 

PF7U cc tilt 0.0413 o t 0.0165% 0.273% 0.00924 T 

PF6U cc dR 0.25" 0.0154% 0.272% 0.00917 T 

PF6U cc tilt 0.0471 o t 0.0144% 0.271% 0.00907 T 

PF5U cc dR 0.25" 0.0172% 0.272% 0.00922 T 

PF5U cc tilt 0.137 o t 0.0149% 0.270% 0.00920 T 

A11CS cc dR 0.25" 0.0137% 0.271% 0.00907 T 

A11CS cc dZ 0.25" 0.0132% 0.269% 0.00907 T 

As seen from the Table, the field ripple is not sensitive to some of the coil 
displacements. For example, for all CS coils, the radial displacement of 1/4" has almost 

mailto:ABr-p.a@2.75
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no effect on the field ripple at 2.75 m, compared to the case with symmetric coils. For TF 
coils, one TF coil shifted 1/4" in the z-direction has no effect and one TF coil shifted 1/4" 
in the radial direction has only 10% change in the field ripple at 2.75 m, relative to the 
baseline that all TF coils are symmetrically placed in their home positions. 

It seems that the coil misalignment is not a major problem in terms of field quality. 
However, when looking from a different view of a different definition of field quality, the 
results are quite different. Field ripple, as a criterion, may not reflect the intrinsic quality 
of the field. 

4.2 Definition of Fourier Field Expansion and Requirements. 

Another criterion of field error is the Fourier expansion of the magnetic field. In 
the analysis by La Haye[8], the m=2 and n=l coefficient of the Fourier expansion relates 
to a locked mode of plasma, which effects the stability of plasma. The field error 
definition we have used was according to Jardin's memo[9] (TPXSCJ95-01 dated January 
3, 1995) and lately ECP-37[10]. Wherever there is any discrepancy, for those results 
obtained before we receive ECP-37, changes to the results have been made according to 
ECP-37. For example, the constant term in the expansion was l/%2 in the first document 
and it was changed to l/(27c2) according to ECP-37. The results obtained before we 
received ECP-37 were modified with a factor of 2, so that they are consistent with the 
new definition. In some places, although the definitions may be slightly different, they do 
not affect the calculation of the amplitude of field errors that directly relates to the 
requirements. The expansion is defined as, 

B o 2* 2 B 0 J J 

on a surface defined parametrically by, 

R(0) = R0 + acos(© + £sin0) 
Z(©) = -/rasin© 

where Ro=2.25m, a=0.5 m, K=1.8, 5=0.5, and 0 is defined as a function of© by, 
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2tz Jf(©*)d©' 
0 = 2iz 

2«rjf(©,)d©' 

and, 

f(©) = -
cos(£ sin 6 +—sin(© + 5 sin ©) 

R(0) 

The requirements of the field error of Fourier expansion coefficients are, 

<5BrW 

B n 

SB 
rm,n 

B„ 

< l x l 0 

<2 x 10 , m=l, 3, 4, n=l, and m=4, n=2 

<5B rm,2 

B„ 
< 4 x l 0 , m=3and5. 

4.3 Notation 

Recognizing the stringent requirement of the field error being 10"4 of the main 
field, we have noticed the similarities between the field error definition and the multipole 
definitions, as well as the requirements in the amplitude of the field errors and the 
amplitude of the the multipoles in high energy accelerator magnets, where notations are 
commonly accepted by high energy physicists, magnet designers, and engineers. We have 
proposed and used the notations as following, similar to those used in accelerator 
magnets, 

10" 
2K2K 

B 0 2K 
— j f B r • cos(n^ - m0) • dtfdtfJ, 
77" * * 

104 

o o 

2n2it 

B 0 2K 
— \ \ B r • sin(n{£ - ra.8) • d0d$>, 
77* J J 

o o 
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= V a m , n + b m , n • 

In these definitions, the common factor 10"4 in the results of field errors is implicit, 
improved readability. The results of the field error quantities are also dimensionless and 
are so-called in 'units', and the word 'units' are often omitted. The significance of a^n and 
bm, n is to be seen in the following sections. With these notations, the requirements are re
stated, in simple forms, as, 

02,1 < 1 unit, 

Cm,,, < 2 units, m=l, 3, 4, n=l, and m=4, n=2 

Cmj. < 4 units, m=3 and 5. 

4.4 Field Error Calculations 

We have performed our Fourier expansion by using one of two macros that were 
developed in OPERA. The two macros read a text (ASCII) file that contains the 
parameter © that was transformed back from the intrinsic 9 of the D-shaped plasma 
surface using MathCAD. One macro uses point integration and the other uses line 
integration over the plasma surface. One macro does integration along the poloidal 
direction first and then the toroidal direction, and the other one does it in the opposite 
way. Both the changes of integration methods and the change of integration directions 
were for checking the accuracy and for checking the consistency. They do give the same 
results within a negligible tolerance. 

To verify that the results are reasonable, the macros were tested on a TF magnet 
model and the coefficients were calculated for n=16, m=0,1, 2, and 3. Since the TF 
magnet has 16 coils in the toroidal direction, the n=16 components should show up in 
large values to reflect the 16-fold symmetry of the magnet. In fact, the results showed 

c0,i6 = 6.018, 

c m „=10 • 
m,n 

SBr 

B„ 

ci.i6=1.342, 
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02,16 = 3.151, 

and 03,16=1.462. 

Another way to verify the calculation is to construct harmonic functions artificially, and 
perform the calculations to see if the results give the right harmonic coefficients with the 
right amplitude. The macros were tested with harmonic functions of n=l, m=l, 2, 3,'and 
4. The results showed only the right components with the right amplitude consistent with 
the definition. 

The integration on the D-shaped plasma surface was carried out with 360 points 
along either toroidal direction or poloidal direction, totaling 129,600 points. This density 
is parametrized so that it can be easily changed independently in both directions. This high 
density integration ensures the accuracy of the results. 

Figure 7 shows the D-shaped plasma surface where the integration is performed. 

4.5 Results of the Field Errors 

The results of the field error Fourier expansion are presented in Table 9 — Table 
13. Table 9 and Table 10 list the amplitude of the field errors, Cm,n, so that one can easily 
compare the results with the requirements to identify major contributors of the field error 
in the coil displacements. Table 11, Table 12, and Table 13 list the Fourier expansion 
components a^n and b,„,„ for superposition or addition of field errors for more than one 
coil displacement which is what would be in practical situation. 
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Figure 7. The D-shaped plasma surface where the field error Fourier components are integrated. 



(, 

Table 9. Field Error Amplitude vs. TF Coil Displacements 

Coil disp amnt Cn 021 C31 C 4 i C32 C42 C52 

TFl dR 1/4" 1.497 0.171 0.311 0.092 0.349 0.105 0.129 

TF1 dO 0.1° 0.088 0.005 0.014 0.007 0.009 0.008 0.008 

TFl dZ 1/4" 0.349 0.091 0.085 0.007 0.098 0.006 0.051 

TFl pitch 0.075°* 0.480 0.011 0.070 0.038 0.051 0.033 0.031 

TFl yaw 0.075°* 0.117 0.111 0.001 0.030 0.002 0.038 0.007 

TFl roll 0.119°* 0.875 0.000 0.189 0.032 0.181 0.038 0.007 

Angles correspond to tilts 1/8" on one side (upper-lower, or inner-outer) of a TF coil, and -1/8" on the opposite side. 
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Table 10. Field Error Amplitude vs. PF Coil Displacements 

Coil disp amnt Cn C 21 C 3 l C 4 i C32 C42 C52 

PF7U dR 1/4" 0.271 0.185 0.085 0.048 0.000 0.000 0.000 

PF7U tilt 0.0413 o t 0.202 0.146 0.056 0.018 0.000 0.000 0.000 

PF7U dZ 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

PF6U dR 1/4" 0.154 0.090 0.044 0.013 0.000 0.000 0.000 

PF6U tilt 0.047 l o t 0.062 0.057 0.030 0.010 0.000 0.000 0.000 

PF6U dZ 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

PF5U dR 1/4" 0.486 0.284 0.196 0.113 0.001 0.000 0.000 

PF5U tilt 0.137 o t 0.145 0.106 0.068 0.034 0.000 0.000 0.000 

PF5U dZ 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

PF1U dR 1/4" 0.519 0.673 0.332 0.099 0.002 0.001 0.000 

PF2U dR 1/4" 0.072 0.061 0.028 0.018 0.000 0.000 0.000 

PF3U dR 1/4" 0.134 0.100 0.054 0.034 0.000 0.000 0.000 

PF4U dR 1/4" 0.145 0.102 0.064 0.039 0.000 0.000 0.000 

A11CS dR 1/4" 0.892 1.472 0.727 0.058 0.004 0.000 0.000 

A11CS dZ 1/4" 0.000 0.000 0.000 0.000 0.000 0.006 0.000 

Angles correspond to tilts 1/8" on one side of a PF coil, and -1/8" on the other side. 
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Table 11. Field Error Components for TF Coil Displacements 

Configuration m=l, n=l m=2, n=l m=3, n=l m=4, n=l 
Coil disp amnt an bn a2i b2i a 3 i b3i a4i b 4 i 

TF1 dR 1/4" 0.000 1.497 0.000 -0.171 0.000 -0.311 0.000 0.092 

TF1 dO 0.1° 0.088 0.000 0.005 0.000 -0.014 0.000 0.007 0.000 

TF1 dZ 1/4" 0.349 0.000 0.091 0.000 -0.085 0.000 0.007 0.000 

TF1 pitch 0.075 o t 0.000 0.480 0.000 0.011 0.000 -0.070 0.000 0.038 

TF1 yaw 0.075 o t -0.117 0.000 0.111 0.000 0.001 0.000 -0.030 0.000 

TF1 roll 0.119 o t 0.875 0.001 0.000 0.000 -0.189 0.000 0.032 0.000 

Configuration m=3, n=2 m=4, n=2 m=5, n=2 
Coil disp amnt a32 b32 342 b42 a52 b 52 

TF1 dR 1/4" 0.000 -0.349 0.000 0.105 0.000 0.129 

TF1 d<£ 0.1° -0.009 0.000 0.008 0.000 0.008 0.000 

TF1 dZ 1/4" -0.098 0.000 -0.006 0.000 0.051 0.000 

TF1 pitch 0.075 o t 0.000 -0.051 0.000 0.033 0.000 0.031 

TF1 yaw 0.075 o t -0.002 0.000 -0.038 0.000 0.007 0.000 

TF1 roll 0.119 o t -0.181 0.000 0.038 0.000 0.073 0.000 

Angles correspond to tilts 1/8" on one side (upper-lower, or inner-outer) of a TF coil, and -1/8" on the opposite side. 
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Table 12. Field Error Components for Large PF Coil Displacements 

Configuration m=l, n=l m=2, n=l m=3, n=l m=45 n=l 
Coil disp amnt an bn a2i b2i a 3 i b 3 i 341 b 4 i 

PF7U dX 1/4" -0.247 -0.113 -0.160 -0.093 -0.084 0.018 -0.038 0.028 

PF7U tilt 0.0413 o t -0.181 0.090 -0.034 0.142 0.028 0.048 0.007 0.016 

PF6U dX 1/4" -0.150 0.035 -0.035 0.083 0.027 0.035 0.011 0.006 

PF6U tilt 0.0471 o t -0.023 0.057 0.029 0.049 0.029 -0.006 0.002 -0.010 

PF5U dX 1/4" -0.238 -0.423 -0.232 0.164 0.128 0.149 0.069 -0.090 

PF5U tilt 0.137 o t -0.069 0.128 0.082 0.068 0.044 -0.052 -0.030 -0.017 

Configuration m=3, n=2 m=4, n=2 m=55 n=2 
Coil disp amnt a 32 b32 342 b42 a52 b52 

PF7U dX 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 

PF7U tilt 0.0413 o t 0.000 0.000 0.000 0.000 0.000 0.000 

PF6U dX 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 

PF6U tilt 0.0471 o t 0.000 0.000 0.000 0.000 0.000 0.000 

PF5U dX 1/4" 0.000 0.001 0.000 0.000 0.000 0.000 

PF5U tilt 0.137 o t 0.000 0.000 0.000 0.000 0.000 0.000 

Angles correspond to tilts 1/8" on one side of a PF coil, and -1/8" on the other side. 
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Table 13. Field Error Components for Central Solenoid Coil Displacements 

Configuration m=l, n=l m=2, n=l 111=3, n = l m=4, n=l 
Coil disp amnt an bn a2i t>21 a 3 i b 3 i 341 b 4 i 

PF1U dX 1/4" 0.271 -0.443 -0.317 0.594 0.218 -0.250 -0.091 -0.038 

PF2U dX 1/4" -0.068 0.025 0.061 -0.005 -0.020 -0.019 -0.004 0.018 

PF3U dX 1/4" -0.134 0.002 0.081 0.058 0.015 -0.052 -0.033 0.008 

PF4U dX 1/4" -0.141 -0.030 0.051 0.088 0.047 -0.042 -0.035 -0.017 

A11CS dX 1/4" 0.000 -0.892 0.000 1.472 0.000 -0.727 0.000 -0.058 

A11CS dZ 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Configuration m=3, n=2 m=4, n=2 m=5, n=2 
Coil disp amnt a32 b32 a42 b42 a52 b52 

PF1U dX 1/4" 0.002 -0.002 -0.001 0.000 0.000 0.000 

PF2U dX 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 

PF3U dX 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 

PF4U dX 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 

A11CS dX 1/4" 0.000 -0.004 0.000 0.000 0.000 0.001 

A11CS dZ 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 



When comparing the field error of the Fourier expansion Cm.n with the field ripple 
in previous sections, we find many differences. For TF coils only, it seems that the 
angular shift of 0.1° gives the largest field error as seen from the field ripple at R = 2.75 
m. However, the Fourier coefficients showed that the radial shift of TFl gives larger 
coefficients in n=l, m=l and 2. Field ripple and Fourier coefficients showed different 
sides of field errors. When TFl is vertically shifted, it yields very little in field ripple, but it 
causes Cn to increase 0.091 units, about 9% of the limit, and C21 to increase 0.349 units, 
about 17% of the limit. In addition, the radial shift of one TF coil yield Cn «1.5 units, that 
is close to the required limit of < 2 units. When PF coils are involved, the configurations 
analyzed are based on the scenario that PF coils operated at a state 4=1-2 and (3= 5.0 
according to Pillsbury's memo[3] (TPX Number: 14-941007-MIT-RPillsbury-01). The 
n=l, m=2 coefficient is very sensitive to the radial shift of all the central solenoid (CS) 
coils together. If all CS coils had a radial shift of 1/4", then the amplitude of n=l, m=2 
term would be out of the spec limit. PF5 and PF7 also contribute largely to field error 
when displaced radially or tilted. The effects are more for a PF5 coil than a PF7 coil both 
for a radial shift and for a tilt (in higher order harmonics) that yields the same amount of 
linear shifts at the edges of the coils. On the other hand, for field ripple, a PF7 coil shift 
(either radial or tilt) contributes a little more to the field ripple than a PF5 coil shift. 

A TF coil is a rigid body. It has six degrees of freedom. In addition to the 
ordinary three degrees of freedom for the center of the mass in the global cylindrical 
coordinate system, R, <&, and Z, there are three more degrees of freedom in rotation 
around its center of mass. We have borrowed the terminology from airplane aviation 
describing the tilting angles of an airplane. For an airplane (or a vessel), a.pitch indicates a 
motion that the nosing of an airplane (vessel) moves up or down about its transverse axis, 
a. yaw describes a deviation from the straight course around its vertical axis, and a roll 
represents the rocking from side to side about its longitudinal axis. When it translates to a 
TF coil, let us imagine an airplane flying vertically upward and treat the radial axis in the 
mid-plane of the TPX assembly as the transverse axis of the TF coil, and so on. The 
longitudinal axis for a roll and the axis for a yaw are taken at the center of the geometric 
boundary. The two later axes may not go exactly through the center of mass of the TF 
coil. As a result, the two rotations may have involved slightly the motion of the center of 
mass. However, this effect should be very small and can be easily estimated and offset. 
Or, we may simply translate the motion of the coil around the new center that the three 
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rotational axes intercept. As seen from Table 9, a radial shift of a TF coil gives large field 
errors in all the seven Fourier coefficients. 

Table 10 lists different displacement configurations including the configurations for 
vertical (z-direction) displacements of large PF coils. As can be predicted, the vertical 
shift of the PF coils did not have large effects on the field errors interested. For CS coils, 
only the combined all CS coils were shifted vertically, because one could predict that 
individual CS coil would have very little effects on field error if it is shifted vertically 
individually. Similarly, since an individual CS coil can have very little freedom in tilting, 
the effects would also be very little compare to other displacements in other directions. 
However, the radial displacement of an individual CS coil generates sizable field errors. 
They are listed in the Table. One may have noticed that all the n=2 terms due to PF coil 
shifts are very small, nearly zero. 

The cosine and sine components amn and bmn for the configurations listed in Table 9 
and Table 10 are shown in Table 11, Table 12, and Table 13, except for the vertical shifts 
of PF5, 6, and 7 that contributed very little in field errors. The a^'s and bum's are listed so 
that one can perform superposition of the field errors that come from different coils or 
from different displacements of the same coil. More detailed discussion of the 
superposition is covered in the following section. 

4.6 Linearity and Superposition 

The displacements of the coils were chosen to be small 1/4" (6.35 mm), and the 
field disturbance due to the displacements should also be small. Therefore, the error field 
Fourier coefficients should be linear with respect to the displacements. To verify that, a 
very simple test run was carried out. The calculations were performed for the PF7U coil 
that was radially displaced by 1/8" which is one half of the normal 1/4" shift. The results 
shown in Table 14 conforms that the error fields due to the displacements are well with a 
linear region as the Fourier coefficients for an 1/8" shift are half of those of an 1/4" shift. 



Table 14. Field Error Linearity due to Small Coil Displacements 

Configuration m=l, n=l m=2, n=l m=35 n=l m=4, n=l 
Coil disp amnt an bn a2i b2i a3i b3i a4i b 4 i 

PF7U dX 1/4" -0.247 -0.113 -0.160 -0.093 -0.084 0.018 -0.038 0.028 

PF7U dX 1/8" -0.123 -0.056 -0.080 -0.047 -0.042 0.009 -0.019 0.014 

Table 15. Field Error Superposition for One PF Coil 

Configuration m=l, n=l m=2, n=l m=3, n=l m=4, n=l 
Coil disp amnt an bn a2i b2i a3i b3i a4i b 4 i 

PF7U dX 1/4" -0.247 -0.113 -0.160 -0.093 -0.084 0.018 -0.038 0.028 

PF7U dY 1/4" 0.113 -0.247 0.093 -0.160 -0.018 -0.084 -0.028 -0.038 

PF7U dX+dY l/4"+l/4" -0.134 -0.360 -0.067 -0.254 -0.101 -0.066 -0.066 -0.010 

Table 16. Field Error Superposition for Two PF Coils 

Configuration m=l, n=l m=2, n=l m=3, n=l m=4, n=l 
Coil disp amnt an bn a2i b2i a3i b 3 i an b 4 i 

PF5U tilt 0.137° -0.069 0.128 0.082 0.068 0.044 -0.052 -0.030 -0.017 

PF7U dX 1/4" -0.247 -0.113 -0.160 -0.093 -0.084 0.018 -0.038 0.028 

PF5&7U tilt+dX 0.137°&l/4" -0.316 0.015 -0.079 -0.025 -0.040 -0.034 -0.068 0.012 
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Table 17. Field Error Superposition for Two TF Coils 

Configuration m=l, n=l m=2, n=l m=3, n=l m=4, n=l 

Coil disp amnt an bn a2i b2i a3i b3i a4i b 4 i 

TF1 roll 0.119 o t 0.875 0.001 0.000 0.000 -0.189 0.000 0.032 0.000 

TF5 dR 1/4" -1.497 0.000 0.171 0.000 0.311 0.000 -0.092 0.000 

PF5&7U tilt+dX 0.137°&l/4" -0.622 0.001 0.171 0.000 0.122 0.000 -0.060 0.000 

Configuration m=3, n=2 m=45 n=2 m=5, n=2 
Coil disp amnt a32 b32 a42 b 42 a52 b52 

TFl roll 0.119 o t -0.181 0.000 0.038 0.000 0.073 0.000 

TF5 dR 1/4" 0.000 0.349 0.000 -0.105 0.000 -0.129 

PF5&7U tilt+dX 0.137°&l/4" -0.181 0.349 0.038 -0.105 0.073 -0.129 
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Table 18. Field Error Superposition for One TF Coil and One PF Coil 

Configuration m=l, n=l m=2, n=l m=3, n=l m=4, n=l 
Coil disp amnt an bn a2i b 2 i a3i b 3 i 341 b 4 i 

TF9 dR 1/4" 0.000 -1.497 0.000 0.171 0.000 0.311 0.000 -0.092 

PF6L dX 1/4" 0.150 0.035 0.035 0.083 -0.027 0.035 -0.011 0.006 

TF9&PF6L dR+dX l/4"&l/4" 0.150 -1.462 0.035 0.254 -0.027 0.346 -0.011 -0.086 

Configuration m=3, n=2 m=4, n=2 m=5, n=2 
Coil disp amnt a32 b32 a42 b42 352 b52 

TF9 dR 1/4" 0.000 -0.349 0.000 0.105 0.000 0.129 

PF6L dX 1/4" 0.000 0.000 0.000 0.000 0.000 0.000 

TF9&PF6L dR+dX l/4"&l/4" 0.000 -0.349 0.000 0.105 0.000 0.129 



To add the field errors from different sources, use the principle of superposition 
just like the superposition of fields. However, the superposition refers to the cosine and 
sine components, i.e., am„7s and bmn's. The amplitude of the resultant field errors of two 
independent displacements is given by the amplitude of the sums of their arran's and bm„'s. 

Care must be taken in counting the contribution to amn and bmn using the values in 
Table 11, Table 12, and Table 13. For example, the first data row listed in Table 11 
showed that the value for bn is 1.497 units and for an is 0 unit. These values are for TF1 
displaced radially by 1/4" in the x-direction. When the coil TF5 is radially displaced by 
1/4", although the amplitude Cn would be the same as for TF1, bn would be 0 unit and 
|an| would be 1.497 units, since the radial displacement of TF5 is iny-direction. Other TF 
coil radial displacements have different angles with respect to the x-direction, and the a^'s 
and b^'s should be adjusted according to their angle relative to the x-axis in the toroidal 
direction. 

For example, let us look at the results for PF7U that is radially displaced in the x-
direction by 1/4" as shown in the first data row of Table 15. If the radial displacement is 
in the y-direction, then the absolute values of a^i's and bmn's should be changed as shown 
in the second data row in Table 15. For a case that the PF7U coil has 1/4" displacements 
both in the x- and the y-directions, the resultant coefficients are the sums of the amn's and 
bmn's of the two individual 1/4" displacements in x- and y-directions, as confirmed from 
the results shown in Table 15. 

Other examples are the superposition of amn's and bmn's coming from displacements 
of different coils. Table 16 shows the calculated results for individual shifts of PF5TJ, 
PF7U, and the combined shifts of both PF5U and PF7U. Table 17 shows the results for 
shifts come from different TF coils and Table 18 shows the shifts coming from one TF coil 
and one PF coil. These tables showed that the superposition of the components is valid. 

In general, superposition applies to amn's and bmn's, and amn's and bmn's change with 
the direction of the displacements just like the components of a vector change in a plane as 
the vector rotates. 

To summarize, the sensitivity of the field errors due to an individual TPX coil 
displacements, either a TF coil or a PF coil, was studied. The field errors were presented 
in the forms of Fourier expansion coefficients defined in ECP-37. A radial displacement of 
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a coil, either a TF coil or a PF coil, results in large field errors. The errors are linear with 
the small displacements. The error due to more than one coil displacement can be 
superposed using the cosine and sine components, a™ and b^, from individual coil 
displacements. Field errors from a coil displaced at a different angle from the ones listed 
can easily be converted from the relative angle. Due to the fact that the components a^ 
and bmn carry signs, some displacements may cause certain components to increase and 
some other displacements may cause certain components to cancel each other. The 
overall field error shall be the combination of the errors from all coil displacements, plus 
contributions from imperfect coil shapes and contributions from leads and conductor 
transitions. 

4.7 Comparison of Field Error Results from Three Teams 

For the TPX magnetic field errors, three teams, B&W[11], MIT[12], and GA[13], 
have done analyses independently. Using the same field error definitions from PPPL, the 
analysis results should agree to within a reasonably small range. However, some of the 
results agree, but others do not. Although the results can not be directly compared 
because the coils' currents and displacements are usually different when analyzed by 
different teams, and the cases analyzed are not all the same, taking those common cases 
and by doing simple scaling using the linearity of the data, the scaled results can be 
compared. 

Different teams have analyzed cases of coil displacements that are not all the same. 
For example, for a TF coil shift, only B&W had analyzed all six cases that correspond to 
six degrees of freedom of a rigid coil. For PF coils, data for tilted PF coils are not 
available from GA. Therefore, the cases selected are for different coils having radial 
displacements that all teams had analyzed. 

For the same cases analyzed, different team had used different coil displacement 
amount and different coil current. To compare the results, both the amount in 
displacement and the coil current are converted to the same so that the results should 
agree. The data converted are in a dimensionless unit that had been divided by a toroidal 
field of 4.00213 Tesla and multiplied by a factor of 10,000 for easy reading. 
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Different team may have used slightly different models for analysis that could 
result in slightly different toroidal field. When using a common toroidal field for 
normalization, it may introduce a tiny error. Since the toroidal field variation should be 
very small, about < 0.1% (40 Gauss), at the major radius, the tiny error introduced should 
be about 0.-05%. This may not even be seen in the final results presented, because-it is too 
small. Table 19 lists the results from the data available from all three teams. 
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Table 19. Comparison of Field Error Results from Three Teams 

Cases n m B&W MIT GA 

PFIU 
dR=l/4" 

current-turn = 
-2.022 MAt 

1 0.519 0.517 0.455 PFIU 
dR=l/4" 

current-turn = 
-2.022 MAt 

2 0.673 0.669 0.643 
PFIU 

dR=l/4" 
current-turn = 
-2.022 MAt 

3 0.332 0.329 0.432 

PFIU 
dR=l/4" 

current-turn = 
-2.022 MAt 4 0.099 0.098 0.136 

PF2U 
dR=l/4" 

current-turn = 
0.234 MAt 

1 0.072 0.072 0.068 PF2U 
dR=l/4" 

current-turn = 
0.234 MAt 

2 0.061 0.061 0.059 
PF2U 

dR=l/4" 
current-turn = 

0.234 MAt 
3 0.028 0.027 0.030 

PF2U 
dR=l/4" 

current-turn = 
0.234 MAt 4 0.018 0.018 0.020 

PF3U 
dR=l/4" 

current-tum = 
0.460 MAt 

1 0.134 0.133 0.124 PF3U 
dR=l/4" 

current-tum = 
0.460 MAt 

2 0.100 0.099 0.096 
PF3U 

dR=l/4" 
current-tum = 

0.460 MAt 
3 0.054 0.054 0.052 

PF3U 
dR=l/4" 

current-tum = 
0.460 MAt 4 0.034 0.034 0.041 

PF4U 
dR=l/4" 

current-turn= 
0.591 MAt 

1 0.145 0.144 0.133 PF4U 
dR=l/4" 

current-turn= 
0.591 MAt 

2 0.102 0.101 0.098 
PF4U 

dR=l/4" 
current-turn= 
0.591 MAt 

3 0.064 0.063 0.061 

PF4U 
dR=l/4" 

current-turn= 
0.591 MAt 4 0.039 0.038 0.048 

PF5U 
dR=l/4" 

current-turn= 
3.065 MAt 

1 0.486 0.490 0.408 PF5U 
dR=l/4" 

current-turn= 
3.065 MAt 

2 0.284 0.286 0.240 
PF5U 

dR=l/4" 
current-turn= 
3.065 MAt 

3 0.196 0.198 0.179 

PF5U 
dR=l/4" 

current-turn= 
3.065 MAt 4 0.113 0.114 0.132 

PF6U 
dR=l/4" 

current-turn= 
-0.649 MAt 

1 0.154 0.156 0.170 PF6U 
dR=l/4" 

current-turn= 
-0.649 MAt 

2 0.090 0.091 0.088 
PF6U 

dR=l/4" 
current-turn= 
-0.649 MAt 

3 0.044 0.045 0.045 

PF6U 
dR=l/4" 

current-turn= 
-0.649 MAt 4 0.013 0.013 0.011 

PF7U 
dR=l/4" 

current-turn= 
-1.259 MAt 

1 0.271 0.274 0.339 PF7U 
dR=l/4" 

current-turn= 
-1.259 MAt 

2 0.185 0.188 0.170 
PF7U 

dR=l/4" 
current-turn= 
-1.259 MAt 

3 0.085 0.087 0.075 

PF7U 
dR=l/4" 

current-turn= 
-1.259 MAt 4 0.048 0.048 0.032 

TF1 
dR=l/4" 

current-turn= 
2.81 MAt 

1 1.497 0.930 1.484 TF1 
dR=l/4" 

current-turn= 
2.81 MAt 

2 0.171 0.013 0.390 
TF1 

dR=l/4" 
current-turn= 

2.81 MAt 
3 0.311 0.214 0.259 

TF1 
dR=l/4" 

current-turn= 
2.81 MAt 4 0.092 0.027 0.251 
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When comparing the three columns of data shown in Table 19, one may notice that 
for the PF coil radial shifts, B&W and MIT's data are very close to each other. In fact, 
the majority of the differences are less than 2%. Specially for PF2U, PF3U, and PF4U 
radial shifts, the data are almost identical, except that for some of them the last digit is off 
by only one that may be introduced from rounding off for keeping three significantrdigits. 
This agreement indicates that B&W and MIT are doing similar types of Fourier 
transformation and their magnetic models for PF coils are also close. GA's data are 
somewhat different from B&W's and MIT's. In some places the differences are small, 
only a few percents. But, in some other places, the differences can be as high as more 
than 30%. For example, for PFIU radial shift for n=l and m=4, GA's result is 37% 
higher that either B&W's or MIT's. This is an indication of a different type of calculation 
method. 

In contrary to PF coil shifts, the results for a TF coil radial shift are quite different 
among the results from three teams. The differences could be as high as more than 10 
times. This tells us that the TF coil models for three teams may be grossly different, 
specially between B&W's and MIT's, since their data for PF coils agree. However, later 
we found that MIT's data for TF1 radial displacement and for tilt seem to be the same. 
We believe one of the sets of data has typos, either the radial displacement data set or the 
tilt data set. 

The fact that B&W and MIT's data agree in the cases for PF coils proves that the 
models and the Fourier transformation that the two teams use are very similar, although 
completely different software was used in their analyses. However, GA's data do not 
agree very well with the other two teams. This lead to the hypothesis that GA may have 
used a different transformation that leads to different results than the other two teams. 
The models of PF coils are relatively simple that involve only ring or solenoid conductors 
that should not contribute to the large difference in results. 

We have received the integration locations from GA that they have used in the 
Fourier transformation to obtain their results. To test the hypothesis, we have taken the 
36 points in each toroidal cross-section for each of 36 such cross-sections in the toroidal 
direction to perform simulated Fourier transformation using our OPERA/TOSCA model. 
To start with, we did not convert the parameter © of a cylindrical coordinate system to G 
of the intrinsic D-shaped plasma surface coordinate system. The results for a PFIU radial 
shift are shown in the last column in Table 20. 
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Table 20. Comparison with Simulated Results for PF1U dR=l/4" 

Case n m B&W GA Diff: GA 
to B&W 

Simulated 
GA 

Diff: simu 
GA to GA 

PF1U 

dR=l/4" 

Current-turn 

=-2.022 MAt 

1 1 0.519 0.455 -12.3% 0.451 .-0.9% PF1U 

dR=l/4" 

Current-turn 

=-2.022 MAt 

1 2 0.673 0.643 -4.5% 0.648 0.8% 

PF1U 

dR=l/4" 

Current-turn 

=-2.022 MAt 

1 3 0.332 0.432 30.1% 0.393 -9.0% 

PF1U 

dR=l/4" 

Current-turn 

=-2.022 MAt 1 4 0.099 0.136 37.4% 0.133 -2.2% 

The results of the simulated analysis for PF1U showed good agreement with the 
results from GA. The differences of the simulated results and the results from GA are 
only a few percents off. These differences may come from the differences in models, that 
we are using OPERA/TOSCA with solid conductor and GA is using their codes with 
filament conductors. One thing needs to be emphasized is that the simulated analysis 
shown in Table 20 did not have the conversion of 0 to 0. This proves that the way of 
doing Fourier transformation from GA is different from the other two teams. 

The simulated results for other PF coil shifts (PF2U-PF7U) are listed in Table 21. 
In general, for PF1U, 2U, and 3U, the simulated results agree very well with the original 
results from GA, while for higher PF coils the data do not agree very well mainly due to 
difference in models. 

The simulation was also performed for the case that TF1 is radially shifted, 
although the original results among all three teams do not agree. Data column three in 
Table 22 shows the simulated results, which are closer to GA's original results than to 
B&W's original results, as expected. The reason that the simulated results still differ from 
GA's original results is mainly because of differences in the models of TF coils. The fact 
that TF coils are closer to the plasma surface than the PF coils and the TF coil geometry is 
slightly complicated than simple solenoid PF coils made the effects more obvious. 

To see if the conversion of the angles © to 0 helps reducing the differences of the 
results, more analyses were carried out for TF1 coil with integration using converted 
intrinsic angle 0. The results are shown in the last data column in Table 22. Surprisingly, 
the results are closer to the results from B&W! This is because of the angle conversion. 
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Table 21. Comparison of GA's and Simulated GA's Results for Other PF Coils 

Cases n m GA Simulated GA 

PF2U 

dR=l/4" 

current-turn = 

0.234 MAt 

1 0.068 0.064 PF2U 

dR=l/4" 

current-turn = 

0.234 MAt 

2 0.059 0.061 

PF2U 

dR=l/4" 

current-turn = 

0.234 MAt 

3 0.030 0.031 

PF2U 

dR=l/4" 

current-turn = 

0.234 MAt 4 0.020 0.019 

PF3U 

dR=l/4" 

current-turn = 

0.460 MAt 

1 0.124 0.124 PF3U 

dR=l/4" 

current-turn = 

0.460 MAt 

2 0.096 0.102 

PF3U 

dR=l/4" 

current-turn = 

0.460 MAt 

3 0.052 0.056 

PF3U 

dR=l/4" 

current-turn = 

0.460 MAt 4 0.041 0.034 

PF4U 

dR=l/4" 

current-turn= 

0.591 MAt 

1 0.133 0.139 PF4U 

dR=l/4" 

current-turn= 

0.591 MAt 

2 0.098 0.106 

PF4U 

dR=l/4" 

current-turn= 

0.591 MAt 

3 0.061 0.065 

PF4U 

dR=l/4" 

current-turn= 

0.591 MAt 4 0.048 0.039 

PF5U 

dR=l/4" 

current-turn= 

3.065 MAt 

1 0.408 0.498 PF5U 

dR=l/4" 

current-turn= 

3.065 MAt 

2 0.240 0.294 

PF5U 

dR=l/4" 

current-turn= 

3.065 MAt 

3 0.179 0.189 

PF5U 

dR=l/4" 

current-turn= 

3.065 MAt 4 0.132 0.107 

PF6U 

dR=l/4" 

current-turn= 

-0.649 MAt 

1 0.170 0.159 PF6U 

dR=l/4" 

current-turn= 

-0.649 MAt 

2 0.088 0.089 

PF6U 

dR=l/4" 

current-turn= 

-0.649 MAt 

3 0.045 0.041 

PF6U 

dR=l/4" 

current-turn= 

-0.649 MAt 4 0.011 0.007 

PF7U 

dR=l/4" 

current-turn= 

-1.259 MAt 

1 0.339 0.296 PF7U 

dR=l/4" 

current-turn= 

-1.259 MAt 

2 0.170 0.185 

PF7U 

dR=l/4" 

current-turn= 

-1.259 MAt 

3 0.075 0.085 

PF7U 

dR=l/4" 

current-turn= 

-1.259 MAt 4 0.032 0.044 
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Table 22. Comparison of GA's and Simulated GA's Results for TFl Coil 

Case n m B&W GA Simulated 
GA 

Simulated GA 
(angle x-form) 

TFl 
dR=l/4" 

current-turn= 
2.81 MAt 

1 1 1.497 1.484 1.477 1.504 TFl 
dR=l/4" 

current-turn= 
2.81 MAt 

1 2 0.171 0.390 0.274 0.174 
TFl 

dR=l/4" 
current-turn= 

2.81 MAt 
1 3 0.311 0.259 0.262 0.318 

TFl 
dR=l/4" 

current-turn= 
2.81 MAt 1 4 0.092 0.251 0.139 0.100 

To summarize, we have compared some of the TPX field error analysis results 
from three teams. For PF coils, B&W and MIT's results are in good agreement. This 
shows that both teams use similar transformation methods and similar models for PF coil. 
For a TF coil, results from all three teams are largely different. This is partly because all 
three teams have different TF coil models. The fact that the TF coil geometry is more 
complex than PF coils and the TF coils are closer to the plasma surface where field errors 
are calculated enhanced the differences in the results. More efforts may be needed to 
investigate the large differences in TF field error data. We also found that MIT's TF data 
may have typos since the data for radial shift and for tilt are identical. The simulation of 
the analysis of GA showed agreements in the simulated results and the original results. 
We believe that, B&W's results are more consistent with PPPL's field error definition. 

4.8 Sensitivity of Field Errors to TF Magnet Radial Position 

One of the puzzles discussed in the above section is that there is a large 
discrepancy in the results of field errors due to radial displacement for one TF coil. To see 
if this discrepancy is due to the difference in TF coil models from different teams, we have 
performed the sensitivity analysis of the field errors to the radial position of the TF magnet 
(not a single TF coil). 

The process of the analysis is as following. First, all the 16 TF coils are radially 
shifted outward by 1 mm, then TFl is radially shifted by another 1/4" in addition to the 1 
mm shift. The field errors are calculated. Since the results showed no significant 
difference between this configuration and the one analyzed before with only TFl shifted 
by 1/4", we took a more aggressive approach. This time, all the 16 TF coils are initially 
shifted by 1/4", and then TFl is shifted an additional 1/4" in the same direction, yielding a 
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total shift of 1/2" for TF1 in the radial direction. Again, the results are not very much 
different as shown in Table 23. 

This proves that the field error for one TF coil radial shift is not sensitive to the 
overall TF coils' radial position. 

Table 23. Sensitivity of Field Error to TF Magnet Radial Position. 

Field Error for Different Initial TF dR 

Initial 16 TF coil radial shift 0 1 mm 1/4" 

Additional TF1 radial shift 1/4" 1/4" 1/4" 

Cll 1.4965 1.4964 1.4959 

C21 0.1713 0.1713 0.1713 

C31 0.3107 0.3107 0.3106 

C41 0.0920 0.0920 0.0920 

C32 0.3487 0.3489 0.3501 

C42 0.1046 0.1047 0.1052 

C52 0.1287 0.1288 0.1291 

4.9 Field Error Sensitivity to TF Coil Model Fineness 

Since the field error is not sensitive to the initial radial position of the TF magnet, a 
different approach was taken for further investigating the field errors due to TF coil 
displacements. The previous field error calculations were based on the TF one-conductor 
model. As discussed before that this model should be very accurate for most of the 
calculations we have performed. However, we have not, so far, calculated the field errors 
based on the 84-conductor model because of the extremely long computation time. It is 
time to see if the fineness of the TF model affects the field error results. 

The results with the 84-conductor model are presented in Table 24. As seen from 
Table 24, there is no difference in field error up to 10"4 units in all the field errors 
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calculated. This proves that the field error calculations are not sensitive to the fineness of 
the TF conductor models. 

Table 24. Field Error Sensitivity to TF model Fineness. 

Misalignment for 

TF1 dR=l/4" 

Field Error for Different TF Models Misalignment for 

TF1 dR=l/4" One-cond. model 84-cond. model 

Cll 1.4965 1.4965 

021 0.1713 0.1713 

C31 0.3107 0.3107 

c 4 i 0.0920 0.0920 

C32 0.3487 0.3487 

C42 0.1046 0.1046 

C52 0.1287 0.1287 

4.10 Field Error from Cold TF Coil Misalignment 

The cool-down of the TF coil changes the geometry of the coil, therefore the 
magnetic field changes with it. To see if the cool-down has a significant effect on the field 
error which should be sensitive to small geometric variations in the coil, we have 
calculated field errors for a few cases that can be easily configured with a cold TF model. 
The results are shown in Table 25 in comparison with the warm coil data. 

As we see, the differences in field errors between warm coil and cool-down coil 
are very small, in the order of 10"3 units. This is mainly because that during cool-down, 
the in-board leg thermally contracts very little due to the structural constrain of the coil 
section, and the contraction in other dimensions is almost perfectly symmetric. 
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Table 25. Comparison of Field Error of TF Cool-down Model with Warm Model. 

TFl 

Coil 

dR=l/4" d(j)=0.1° dZ=l/4" TFl 

Coil Warm Coil Cool Coil Warm Coil Cool Coil Warm Coil Cool Coil 

Cll 1.497 1.498 0.088 0.090 0.349 0.351 

021 0.171 0.172 0.005 0.005 0.091 0.090 

031 0.311 0.311 0.014 0.014 0.085 0.086 

C 4l 0.092 0.092 0.007 0.007 0.007 0.007 

C32 0.349 0.348 0.009 0.010 0.098 0.098 

C42 0.105 0.104 0.008 0.008 0.006 0.006 

C52 0.129 0.129 0.008 0.008 0.051 0.051 

4.11 Field Error due to TF Coil Inter-connection Leads 

The TF coil-to-coil interconnection leads are modeled with a solid single 
conductor. This provides extra current in the inter-coil regions, which should change the 
magnetic field distribution. We did not expect this change to introduce any large effects 
on the field errors. The analysis has proven that. As shown in Table 26, there are 
basically no difference up to 10"3 units. 
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Table 26. Comparison of Field Error for TF Coils with and without Leads. 

TFl 

Coil 

dR=l/4" dci)=0.1o dZ=l/4" TFl 

Coil without with leads without with leads without with leads 

Cn 1.497 1.497 0.088 0.088 0.349 0.350 

c 2 i 0.171 0.172 0.005 0.005 0.091 0.091 

C31 0.311 0.311 0.014 0.014 0.085 0.085 

c 4 i 0.092 0.092 0.007 0.007 0.007 0.007 

C32 0.349 0.349 0.009 0.009 0.098 0.097 

C42 0.105 0.105 0.008 0.008 0.006 0.006 

C52 0.129 0.129 0.008 0.008 0.051 0.051 

5. Monte-Carlo Simulation of Field Errors for Tolerance Assessment 

5.1 Monte-Carlo Simulation of the Sensitivity Analysis Results 

The sensitivity analysis discussed above gives us the field errors for individual coil 
displacement from the baseline symmetric configuration. The overall field error from the 
whole system is a combination of the field errors contributed from all individual coils and 
from all degrees of freedom in displacements. This combination is not predetermined, 
therefore the overall field error can not be calculated to obtain definitive values before the 
system is assembled. However, the Monte-Carlo simulation method can help us to 
determine the probability of the field errors occurring within certain range once the 
tolerances in each dimension are given. This process would aid the assessment of the 
tolerances of the coil positioning and coil misalignment from the requirement of the field 
quality. 

We have developed a FORTRAN program for doing Monte-Carlo simulations for 
the TF coil field error analysis. Since the TF magnet has 16 coils and each coil has six 
degrees of freedom in displacements, the total number of degrees of freedom for the TF 
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magnet is 96. These 96 degrees of freedom constitute the basis of the simulations. The 
results from the TF coil sensitivity analysis are used for the simulation. Since the prior 
field errors were for TF1 coil only, we need to translate the information to different TF 
coils according to their relative toroidal position to TF1. The random numbers used for 
the simulations are normally distributed and have unity rms values. We have reserved 120 
sets of the numbers so that one can have a freedom to choose any mixed 96 or fewer sets 
from them. The numbers have a seed so that they are not too random to trace. 

There are many user input parameters that are placed in input files that allow the 
user to have the flexibility in changing the parameters. These parameters include the field 
error analysis results from the sensitivity analysis, the standard deviation for each freedom 
of displacement that can be use to derive the tolerances, the random number sets, the 
number of Monte-Carlo simulations, and the limits of the tolerances for plotting the output 
results, etc. For example, one can choose different random number sets for different 
displacements so that they are totally independent, or one can also choose one same 
number set for more than one degree of freedom so that these displacements are coherent. 

The output of the program gives the distribution of the field error amplitude Cn 
through C52 and the mean values of the field errors. Although the distribution is not a 
normal distribution, the rms values of the field errors are also given for references. Also 
included in the output are the mean and rms values of the Fourier components a™,,, and bm,,, 
and statistical data for the random numbers. 

Figure 8 — Figure 14 displays the field error distribution of a TF magnet. In this 
case, the standard deviation for each degree of freedom in displacement (rms tolerance) is 
chosen to be the same and chosen to be one millimeter. With this choice, if a 
manufacturer uses a process capability index Q, of 1, then the tolerances are ± 3 mm. Or, 
if a manufacturer has a better process control and uses an index C p of 1.333, then the 
tolerances could be ± 4 mm. Here, the values of tilt and rotational displacements are 
translated to be in linear dimensions referenced at the edges of the coils, for the 
convenience of addressing them. Since the results are linearly proportional to the input 
tolerances, one can easily scale the results if one needs the tolerances to be, say, 0.1 mm 
or less. The number of Monte-Carlo simulations was ten millions. This number is very 
large so that the statistical data shows very little fluctuation. 
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As seen from the Figures, the field error Cn term is a main problem for the TF 
magnet. For a standard deviation of 1 mm, the Cn error has a probability of 99.87% to be 
below 3.0 units. Or use a different word, to have a process control of a probability of 
99.87% for cn, the limit for en has to be raised to 3 units for 1 mm standard deviation in 
all the displacements, as shown in Figure 8. To scale, if we want to control the Cn-field 

SBr,, 5 

= 3x10 , which is 15% of the total tolerance in error to be less than 0.3 units (or r 1,1 

B n 

the field error m=l, n=l) with a probability of 99.87%, the tolerances for each 
displacement direction shall be no more than 0.3 mm (a = 0.1 mm)! 

From the Figures, we see that other field error terms are not nearly as large as c u . 
The control of the tolerances of the positioning of the TF coils or the tolerances of the 
misalignments is dominated by the field error en term. Once the tolerances meet the 
requirement for en, the tolerances are good for other field error terms. 

Probability of Field Error, en 

03573 

m=l, n=l 
mean at 1.022 units 

99.88% below 3 units 
10 million simulations 

0.5 1 1.5 2 25 3 3.5 4 4.5 5 
Field Error, en (unit) 

Figure 8. The probability of cu as a function of en. The smooth curve shows the 
distribution, and the column chart shows the integrated probability within the 
ranges shown. The data were obtained from 10 million simulations. 



Electromagnetic Analysis 48 

Probability of Field Error, C21 
0.6000 

0.5000 

0.4000*. 

a 
o 
u 

0.3000 

0.2000 

0.1000 

0.0000 

• • / 

0.4705 

0.0003 0.0000 
1 1 

m=2, n=l 
mean at 0.125 units 

98.92% below 0.3 units 
99.97% below 0.4 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 
i 1 1 1 

03961 

) 

0.0003 0.0000 
1 1 

m=2, n=l 
mean at 0.125 units 

98.92% below 0.3 units 
99.97% below 0.4 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 
i 1 1 1 

J ) 
\ l226 

0.0003 0.0000 
1 1 

m=2, n=l 
mean at 0.125 units 

98.92% below 0.3 units 
99.97% below 0.4 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 
i 1 1 1 

J ) A 0.0105 0.0003 0.0000 
1 1 

m=2, n=l 
mean at 0.125 units 

98.92% below 0.3 units 
99.97% below 0.4 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 
i 1 1 1 

0.1 0.2 03 0.4 0.5 0.6 0.7 
Field Error, C21 (unit) 

0.8 05 

Figure 9. The probability of c2i as a function of c 2i. 

Xi 
OS -a o 

Probability of Field Error, C31 

03437 

m=3, n=l 
mean at 0.211 units 

99.81% below 0.6 units 
10 million simulations 

0.0017 0.0002 0.0000 0.0000 
1— 

0.7 
— t — 
0.8 

— i — 
05 

Field Error, C31 (unit) 

Figure 10. The probability of C31 as a function of C31. 

file:///l226


Electromagnetic Analysis 49 

Probability of Field Error, C41 
0.6000 -I 

0.5000 - 0.4677 m=4, n=l 
mean at 0.061 units 

99.14% below 0.15 units 
0.4129 

m=4, n=l 
mean at 0.061 units 

99.14% below 0.15 units £ > 0.4000 • 

m=4, n=l 
mean at 0.061 units 

99.14% below 0.15 units 

«f 0.3000 • 
O 
•-< 

PH 0.2000 -

99.98% below 0.20 units 
10 million simulations «f 0.3000 • 

O 
•-< 

PH 0.2000 -
(\ll09 

0.1000 -

0.0000 -
r - ' 0.0083 0.0002 

: ^ a — , 
0.0000 0.0000 0.0000 0.0000 0.0000 

i 1 1 1 1 
0 0.05 0.1 0.15 0.2 0.25 03 035 0.4 0.45 0.5 

Field Error, C41 (unit) 

Figure 11. The probability of a» as a function of C41. 

03500 

Probability of Field Error, C32 

m=3, n=2 
mean at 0.226 units 

99.57% below 0.6 units 
10 million simulations 

0.0037 0.0005 0.0001 0.0000 
1 1 1 

03 0.4 0.5 0.6 0.7 
Field Error, C32 (unit) 

0.8 05 

Figure 12. The probability of C32 as a function of C32. 

file:///ll09


Electromagnetic Analysis 50 

Probability of Field Error, C42 
u.ouuu • 

0.5000 - o)l701 m=4, n=2 
mean at 0.68 units 

99.88% below 0.20 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 0.0000 
i 1 1 i 1 

X2 0.4000 - ' 0.3A82 

m=4, n=2 
mean at 0.68 units 

99.88% below 0.20 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 0.0000 
i 1 1 i 1 

43 
« 0.3000 • 

43 
O 
u 

PH 0.2000- o\i5% 

m=4, n=2 
mean at 0.68 units 

99.88% below 0.20 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 0.0000 
i 1 1 i 1 

0.1000 -

^ < i m 9 0.0012 

m=4, n=2 
mean at 0.68 units 

99.88% below 0.20 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 0.0000 
i 1 1 i 1 0.0000-

^ 
—~-—1 

m=4, n=2 
mean at 0.68 units 

99.88% below 0.20 units 
10 million simulations 

0.0000 0.0000 0.0000 0.0000 0.0000 
i 1 1 i 1 

0.05 0.1 0.15 0.2 0.25 03 035 
Field Error, C42 (unit) 

0.4 0.45 0.5 
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5.2 Monte-Carlo Simulation of Single Degree of Freedom in Displacement 

From the results and discussions in the section above, we see clearly that the worst 
field error for the TF magnet is the term en. The results shown above are from all six 
degrees of freedom in the displacements of TF coils. We need to know which one_of the 
six displacements contributes the most to the error cn and which one contributes the least. 
We know these directly from the results in Table 9. However, it helps to see the 
simulation results from each individual degree of freedom. This was achieved by giving a 
tolerance to only one displacement at a time and the rest have no freedom in 
displacements, or have zero tolerance. For example, if the radial displacement is given an 
rms tolerance of 1 mm (i.e., ± 3 mm if C p =1 or ± 4 mm if Q, =1.333 for tolerance), the 
displacements in other directions are fixed at their home positions. The process of the 
simulation is similar to that described in the prior section. The results are shown in Figure 
15-Figure20. 

We see from the Figures that the radial displacement gave the largest contribution 
to Cn, and the roll of the coils gave the second largest contribution. The displacement in 
the toroidal direction, do), contributed to en the least. 
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Figure 15. Distribution of field error en from radial displacement only with an rms 
tolerance equal to 1 mm. 
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Probability of Field Error en from d<j) (rms~lmm) 
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Figure 16. Distribution of field error Cn from displacement in toroidal direction 
only with an rms tolerance equivalent to 1 mm. 
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Figure 17. Distribution of field error en from vertical displacement only with an 
rms tolerance equal to 1 mm. 



Electromagnetic Analysis 53 

Probability of Field Error en from pitch (rms~lmm) 
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Figure 18. Distribution of field error en from pitch only with an rms tolerance 
equivalent to 1 mm. 
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Figure 19. Distribution of field error en from yaw only with an rms tolerance 
equivalent to 1 mm. 
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Probability of Field Error en from roll (rms~lmm) 
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Figure 20. Distribution of field error Cn from roll only with an rms tolerance 
equivalent to 1 mm. 

5.3 Monte-Carlo Simulation of Tolerance Variations 

We have learnt so far that the major field error to TF magnet is en and the major 
contributors to that term are the radial displacement and the roll of the TF coils around 
their vertical axes. To further verify that with simulated random processes, we have 
developed a simulation code to let the tolerances of each displacement vary in a random 
fashion within a pre-determined range and calculated the field error cn in the same way as 
discussed in the prior section. From a large number of tolerance variation simulations, we 
save only 100 minimum mean values of the term Cn and the corresponding rms tolerances 
of each displacement. 

Figure 21 shows the results of 100,000 tolerance variation simulations. The rms 
tolerances of each displacement are limited to vary within a range of 0.5 mm — 1.5 mm, 
started from a nominal value of 1 mm. There is a constraint: the sum of the six rms 
tolerances has to be equal to 6 mm. For each tolerance variation, there are 10,000 Monte-
Carlo simulation for calculating the mean values of Cn. Counting the variations of the 
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tolerances and the Monte-Carlo simulation for each tolerance variation, the total number 
of simulations for this Figure is one billion. 

In the Figure, each data set of six points show the rms tolerances of displacements 
and the corresponding mean field error Cn can be found on the horizontal axis. If we look 
at an example data set, it may help us to understand the plot. The six data points at the 
second leftmost in Figure 21 yield a mean field error en 0.603 unit. This data set is a 
representative set, because it falls well into the trend lines as shown by the six curves in 
the Figure. For this mean field error, the rms tolerances in displacements are: dR ~ 0.508 
mm, d<j> ~ 1.462 m, dZ ~ 1.133 mm, pitch ~ 0.914 mm, yaw ~ 1.465 mm, and roll ~ 0.518 
mm. The mean value 0.603 in Cn, in this particular case, translates to 99.85% below 1.75 
units. 

The Figure clearly shows, with the aid of the six trend lines, that in order for the 
mean field error Cn to have the minimal values, the radial displacement tolerance should be 
minimal and the roll tolerance of the coils should also be minimal. To linearly scale, in 
order to control the field error Cn to be less than 0.35 units, which is 18% of the total 
requirement for this error term for the whole TPX assembly, the radial displacement and 
the roll of the TF coils have to have a rms tolerance of 0.1 mm or a tolerance of ± 0.3 mm 
(± 0.4 mm if Cp = 1.333). In this case, other tolerances like the yaw and the displacement 
in the toroidal direction can be relaxed to ± 0.9 mm, or nearly 3 times the tolerance for 
radial displacement. Manufacturers and magnet assemblers should pay close attention to 
the radial and roll tolerances when manufacturing and assembling the magnet. 

6. Conclusion 

In summary, we have built 3-D electromagnetic models in OPERA/TOSCA and 
AMPERES for the electromagnetic analysis for the TPX TF magnet. The models include 
not only the TF coils but also PF coils and plasma current at different operating states. 
The TF magnet at low operating temperature and the leads connecting the TF coils were 
also modeled. For better accuracy for the TF models, all 84 turns of a TF coil were 
considered in some models for critical field analysis. We have performed confirmatory 
calculations of, for the TF magnet, the field in the plasma region, the peak field, the field 
ripple, self inductance, mutual inductance, and the stored energy. They have very good 
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agreement with the University/Laboratory's calculations. We have used the University 
supplied current to calculate the electromagnetic loads on the TF coils for 3-D and 2-D 
models to support the structural analysis and the magnetic fields in the coil windings to 
support thermal analysis. We have also performed sensitivity analysis of the field error 
Fourier expansion for evaluating both TF and PF rigid coil misalignment effects for all 
possible degrees of freedom in displacements. The various types of Monte-Carlo 
simulations we have performed assisted us in identifying the worst field error term en that 
a TF magnet would face most likely and the major contributors, radial displacement and 
roll, to the worst field errors. The results of the simulations also gave us quantitative 
values essential in the assessment of the manufacturer tolerances in the parts machining 
and coil positioning. 
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I. INTRODUCTION 

This document describes the results of preliminary design phase globaL structural calculations 
which were performed to provide general evaluation of the structural integrity of the TPX Toroid 
Field (TF) Magnet System components. Predominantly, these calculations were performed using 
finite element models that effectively represented the structure of the TF system. In addition to, 
structural integrity, the results of the global structural modeling have been used for input to other 
calculations such as magnetic field sensetivity to operating deflections, to define loadings for 
testing, and for definition of geometric envelopes for critical interfaces. 

This model was prepared to analyze the structural response of the system to loads which will be 
applied during manufacture, handling, installation, and operation. Loadings analyzed to date 
include cooldown to 4 deg. K and forces induced by magnetic field interaction. These loadings 
were used with variations of the finite element model geometry to evaluate several differant 
design configurations investigated over the course of the preliminary design phase. In the final 
design phase, more detailed analysis will be performed to address the effects of other loads, 
including deadweight, handling, seismics, as well as thermal gradients induced by eddy currents, 
neutronic heating, cooldown & heatup, etc., in accordance with the guidelines set forth in the 
TPX Structural and Cryogenic Design Criteria, TPX-STND-001 [1]. 

The displacements calculated from the above loadings on this model have been used as boundary -•" 
conditions on submodels of the structure to obtain some critical detailed stresses for the 
structural evaluation of the current design configuration. Although the global model mesh 
refinement is too coarse to calculate accurate peak stresses, it is useful in identifying structural 
areas which are highly stressed, and which will need further evaluation through the use of 
submodeling. The preliminary design phase stress evaluations were performed with 
consideration of the criteria guidelines found in [1], however the limited calculations performed 
can not be considered as a qualification of the design per those requirements. 

The FEA model of the TF structure was initially developed from the baseline conceptual design 
configuration given to B&W by Lawrence Livermore National Laboratory (LLNL) in the 
reference documents listed in Appendix A (see Figure 1). The TF magnet system design 
discussed herein* reflects changes implemented by B&W during the Preliminary design phase. 

The TPX Toroid Field magnet structure is assembled from eight virtually identical 45 degree 
modules, each containing two coils as shown in Figure 2. The eight 2-coil modules are joined 
together by a bolted joint with an eddy current insulating materials electrically isolating one side 
from the other. Unlike the current configuration, the initial conceptual design had only four 
bolted joints. The other four joints were to be welded in the field, assumming that the welding 
process would allow flexibility to align the segments during erection, but still provide a rugged 
interconnection for structural stability. Additionally, at those four portions of the Inter-Coil 
Structure (ICS) where this weld was to be located, the shell structure did not have the equatorial 

J 



The calculations documented herein include a summary of deflections, stresses and interface loads 
associated with two load cases - cooldown to 4K and application of the magnetic forces on the 
TF magnet coils in the operating mode that is believed to impose the greatest out-of-plane 
bending to the TF coil structure. With these loading conditions applied, several model variations 
have been analyzed to evaluate design options considered over the preliminary design phase. 
These design option calculations are also discussed herein. 

EDDY CURRENT BREAK 
a TF WEDGING FACE 

RIGHT HAND 2-COIL MODULE 

TF COIL LEAD BOX 

4-COIL MODULE • 
WELD JOINT 

EQUATORIAL 
ICS OPENING 

-4-COIL MODULE 
WELD JOINT 

(WITHOUT 
ICS OPENING) 

-BOLTED EDDY 
- LEFT HAND 2-COIL MODULE CURRENT BREAK 

Figure 1-Conceptual design TF structure octant assembly 
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Figure 2 Preliminary design TF structure arrangement 

II. THE FINITE ELEMENT MODEL 

Over the course of the preliminary design phase, the global structural model has been developed 
and modified to reflect the changes in the design being considered. The initial model was 
developed to reflect the geometry of one-quarter of the structure (figure 3) based on the 
conceptual design configuration. Modeling a quadrant of the TF structure allowed a realistic 
evaluation of the variations found in the structure between, and connecting the 16 TF coils. A 
one quarter symmetry was the smallest subdivision which could effectively model both the 
welded and bolted joint regions considering the overturning loads introduced by the PF/TF coil 
field interactions. 

5 



During the preliminary design phase, the design was revised to utilize bolted fasteners at all eight 
of the assembly joints, and implement equatorial openings at all 16 ICS locations. With these 
changes,it was possible to reduce the global model to represent one-eighth of the structure. Most 
of the analysis discussed herein is based on utilization of the one-eighth symmettry model. This 
model represents one-half of two adjoining TF octant structures (shown in Figures 2-2 and 2-3) 
with the bolted joint in the middle. This configuration was chosen (rather than a single octant) 
because of the more complex component relationships in the region of the bolted joint:— 

A. MODEL DESCRIPTION 

The global structural FE model was prepared utilizing revision 5.1 of the ANSYS finite element 
analysis software [2] running on a Hewlett-Packard UNIX workstation. The model was prepared 
parametrically to allow for modifications and/or parameter studies to be performed at a later date. 
Specific drawings used to obtain critical dimensions for the model are identified by references 
[3] - [7]. Several of the key structural dimensions utilized in the model are listed in Table 2-1. 
Although these dimensions were entered into the model input listing (see Appendix E) in inches, 
all dimensions were converted to meters by multiplying by a conversion factor of 0.0254, and all 
model construction and stress calculations were then performed using MKS units. All angles 
were specified, implemented and output with the units of degrees. 

The finite element model represents one eighth of the TF structure with the bolted joint in the 
middle and two halves of the adjoining octant assemblies on either side. The cyclic symmetry 
for magnetic loading cases was modeled by coupling the appropriate nodal degrees of freedom at 
the left and right ends of the model. For seismic analysis load cases (which are not cyclically 
symmetric), the structure will need to be expanded (potentially with superelement constructions) 
to reflect the half-symmettry which is appropriate to those loading conditions. 

For the purposes of consistent reference, several identification/nomenclature standards will be 
utilized in this document for the description of this structure: 

• The left and right sides of the structure will be based on viewing the structure from the 
outside, looking radially inwards; 

• The left coil in Figure 4 is the number 1 coil, with coil 2 on the right; 

• The global cartesian coordinate system utilizes an X-Z (i.e., RADIAL-VERTICAL) plane 
that is coincident with the midplane of the number 1 coil pack (see Figure 8) and the X-Y 
(i.e., RADIAL-TOROIDAL) plane is coincident with the equatorial plane of the structure; 

The model shown includes finite elements representing the portions of the system described 
below. Additional information regarding critical dimensions, material properties, etc. are listed 
in Tables 2-1 and 2-2 found in this section. For the most part, the model has been generated 
using solid brick elements (ANSYS SOLID45 elements) utilizing 8 nodes per element and 3 
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DOF per node. Where alternative elements were utilized, they are discussed in the detailed 
description below. 

1. TF COIL WINDING PACK 
The winding pack is modeled with smeared properties to represent the overall structural 
response of the superconducting cable, conduit and insulating materials between the conduits. 
It is meshed with two elements across, and two elements through the conductor paek-.- The 
smeared, orthotropic material properties utilized are those developed during the TPX *~ ' 
Preliminary design phase based on the new baseline insulation configuration. The calculated 
material properties utilized in the calculations documented herein are listed in Table 2-2. To 
properly orient the orthotropic material properties, The elements that form the coil winding 
pack are assigned element coordinate system numbers such that the element Y axis is aligned 
parallel with the conductor conduit axes, with the Z-axis aligned with the Global toroidal 
direction, and the X-axis aligned radially outward from the plasma region. It is important to 
note that the geometry of the winding pack ignores the vertical thickening of the pack in the 
transition region at the top of the toroid to be compatible with the magnetic model prepared 
for running with TOSCA (see Appendix C). 

2. WINDING PACK GROUND WRAP & POTTING MATERIAL 
Surrounding the winding pack is a layer of elements that represent the ground wrap insulation 
and the potting material between the winding pack and the coil case. The smeared, 
orthotropic material properties based on the properties of G-l 1 are listed in Table 2-2. To 
properly orient the orthotropic material properties, two sets of material properties have been 
developed to correspond with the vertical sides of the coil wrap (i.e., ±Toroidal sides) and 
inner/outer sides of the coil wrap. The elements that form the coil winding pack are also 
assigned separate element coordinate systems, as described with the coil winding pack. For 
most of the analysis discussed herein, the potting material between the coil and the coil case 
was assumed to be bonded to both interfaces. Although this modeling assumption is not 
conservative for some localized stress evaluations, the overall displacements were not 
significantly effected and the model solution efficiency was greatly improved. 

3. COIL CASE 
The coil case structure is modeled surrounding the winding pack with wall thicknesses as 
tabulated in Table 2-1. This stainless steel structure was modeled with a smooth transition 
from the rectangular cross section of the curved portions to the "keystone" shape of the 
straight vertical inboard leg, as shown in Figure 6. The coil case was modeled with one 
element through the wall, one element to form each of the case corners, and two elements 
across the face of the case. 

4. INTER-COIL STRUCTURE 
The structure connecting the coil cases to form the toroidal configuration is called the 
intercoil structure (ICS). The central ICS segment of the octant model contains the bolted 
eddy current break joint. All the ICS segments are penetrated by various sized ports at the 
equator and at the top for access by other systems. These ports are not explicitly modeled 
where they are not likely to be significant to the overall structural response of the system. 
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Specifically, with the ICS shells, the various pipe penetration and bolt access holes have been 
ignored in the global model, but not in the submodel of that portion of the structure shown in 
figure 18. 

Within those ICS segments not containing a bolting joint are located several reinforcing ribs 
between the inner and outer ICS shells, as shown in Figure 7. These ribs are modeled with 
shell elements with 6 DOF at each node (ANSYS element SHELL63). The inner-and outer 
shell segments are modeled using the solid brick elements. As a part of the cost reduction 
evaluations, many of the reinforcment ribs found in the conceptual design structural analysis 
have been removed with no significant impact on the rigidity of the structure. The structural 
model ICS shown herein is part of an investigation of further structural simplification, and 
has a few less reinforcement segments than defined in the preliminary design drawings. 

The flanges of the bolted joint are modeled with 8-node brick elements with the bolts 
represented by beam elements (ANSYS element BEAM4) which were defined with an initial 
strain to represent the preload of the bolt tensioning. Between the faces of the bolt joint 
flanges is located a layer of brick elements to represent the eddy current insulation materials. 

5. LEAD BOX 
Mounted on the top of the TF structure is a box-like feature that spans the tops of the two 
coils in a 2-coil module. Located within this structure are the splices and connections 
between these coils, along with the cooling helium flow entering and exiting the coils. These. 
details are not modeled since they are structurally insignificant. The lead box is modeled 
using plate/shell elements connected to the coil case and ICS elements. Inside the lead box, 
the top of the coil case shell and the upper shell of the ICS have been removed as in the 
baseline design (see Figure 5). The lead box walls were formed with ANSYS SHELL63 
elements, with the shell element structure overlapping the thickness of the coil case and ICS 
solid elements. 

6. POLOIDAL FIELD (PF) COILS & SUPPORTS 
Mounted to the exterior of the TF structure are a series of brackets to support the PF Coil 
windings. The global structural model includes elements and nodes representing the coils 
and coil supports. Although the PF coil geometry is explicity modeled, the analyses 
discussed herein have utilized artificially soft PF coil material properties. The PF coil 
responses are not incorporated since recent design modifications proposed by Westinghouse 
would result in a flexible interface connection which would not transfer the radial PF coil 
loads to the TF structure. 
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TABLE 2-1 
CRITICAL TF STRUCTURE MODEL DIMENSIONS 

DESCRIPTION- fdPUT VAU1E REFERENCE FOB DtfcggNgiQN 
fsae Appe&ax AI 

DESCRIPTION-
INCHES 

REFERENCE FOB DtfcggNgiQN 
fsae Appe&ax AI 

Coil case toroidal inner width 13.300 5 
Coil case radial inner width * 9.580 5 
Coil winding toroidal width 11.956 5 
Coil winding radial width * 8.416 5 
Coil case side wall thickness 1.5 5 
Coil case inner wrap wall thickness 1.0 5 
Coil case outer wrap wall thickness 1.5 5 
ICS shell wall thickness 1 n/a 
ICS reinforcement web thickness 1 n/a 
lead box wall thickness 1 n/a 
TF coil winding pack inside radii . 

outboard leg at equator 228.7 7 
upper/lower outboard leg 60.7 7 
upper/lower inboard leg 41.4 7 

TF coil curvature centers (X/Z) 
outboard leg at equator -75 .68 /0 .0 7 
upper outboard leg 90.2 / 26.6 7 
upper inboard leg 90.2 / 45.9 7 

PF6 inner radius 144.81 13 
PF6 outer radius 152.01 13 
PF6 top elevation 94.37 13 
PF6 bottom elevation 74.92 13 
PF7 inner radius 166.08 13 
PF7 outer radius 173.28 13 
PF7 top elevation 50.87 13 
PF7 bottom elevation 37.072 13 

* other than at top by coil winding transition 
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TABLE 2-2 
MATERIAL PROPERTIES UTILIZED 

1 H X t ' 1 •' . *tr 

— Material properties at 4K. == 

! material prope ! material prope 

mp.ex, l,29.e9 * radial conductor modulus ' 
mp,ey, l,91.e9 * longitudinal conductor modulus 
mp.ez, l,23.e9 * toroidal conductor modulus 
mp.gxy, l,4.e9 * radial-longitudinal cond. shear modulus 
mp.gyz, l,4.e9 * longitudinal-toroidal cond. shear modulus 
mp,gxz, l,0.4e9 * radial-toroidal cond. shear modulus 
mp.nuxy, 1,0.29 * poissons ratio 
mp.nuyz, 1,0.07 * poissons ratio 
mp,nuxz, 1,0.30 * poissons ratio 
mp,aIpx,l,7.4e-6 * radial thermal exp. coefficient (300k-4k) 
mp,alpy,l,6.3e-6 * long, thermal exp. coefficient (300k-4k) 
mp,alpz,l,7.6e-6 * toroidal thermal exp. coefficient (300k-4k) 

! Material #2 - Coil case ! Material #2 - Coil case 

mp.murx, 2,1 
mp.ex, 2,205e9 
mp.alpx, 2,10.3e-6 
mp.nuxy, 2,.265 

! Material #3 - Ground wrap orthotropic properties (inner/outer faces) G-10 

mp,murx,3,l * relative permeability 
mp.ex, 3,22.e9 !thru thk * radial conductor modulus 
mp,ey, 3,33.e9 !in-plane * longitudinal conductor modulus 
mp,ez, 3,33.e9 !in-plane * toroidal conductor modulus 
mp,gxy,3,ll.e9 * radial-longitudinal cond. shear modulus 
mp,nuxy,3,0.21 * poissons ratio 
mp,alpx,3,24.8e-6 Ithru thk * radial thermal exp. coefficient (300k-4k) 
mp,alpy,3, 8.4e-6 Ifa-plane * long, thermal exp. coefficient (300k-4k) 
mp,alpz,3, 8.4e-6 !in-plane * toroidal thermal exp. coefficient (300k-4k) 

! Material #4 - Ground wrap orthotropic properties (vertical/side faces) G-10 

mp,ex, 4,33.e9 !in-plane * radial conductor modulus 
mp,ey, 4,33.e9 !in-plane * longitudinal conductor modulus 
mp,ez, 4,22.e9 Ithru thk * toroidal conductor modulus 
mp,gxy,4,ll.e9 * radial-longitudinal cond. shear modulus 
mp,nuxy,4,0.21 * poissons ratio 
mp,alpx,4, 8.4e-6! in-plane * radial thermal exp. coefficient (300k-4k) 
mp,alpy,4, 8.4e-6 ! in-plane * long, thermal exp. coefficient (300k-4k) 
mp,alpz,4,24.8e-6 Ithru thk * toroidal thermal exp. coefficient (300k-4k) 

10 



TABLE 2-2 
CONTINUED 

Material #8 - EC break insulation properties 
material properties based on G-10 Insulation Sheets 

* radial insulator modulus 
* toroidal insulator modulus 
* vertical insulator modulus 
* radial-vertical cond. shear modulus 
* poissons ratio 
* toroidal thermal exp. coefficient (300k-4k) 
* radial thermal exp. coefficient (300k-4k) 
* vertical thermal exp. coefficient (300k-4k) 

i Material #10 - Bolt joint properties 

mp,ex, 10,205e9 
mp,aIpx,10,10.3e-6 
mp,nuxy,10,.265 

B. MESH DESCRIPTION 

The mesh refinement of the global TF structural model was constrained by the ability to 
accommodate in mass storage the files generated in the solution phase. Although additional 
mesh refinement would have resulted in more accurate stress calculations, the structural 
deflections were adequately captured for use as boundary conditions to be applied to more 
detailed submodels of the components. 

Prior to developing the detailed model of the TF structure, a mesh refinement study was 
performed as described in Appendix D. The results of this study indicated that the selected mesh 
refinement on the coil case would result in some under-prediction of stresses and deflections 
relative to models with more elements across the section. However, the deflections of the 
structure were within 3% of a very detailed model even though the calculated stresses were low 
by more than 15%. These observations provide corroboration that the deflections are sufficiently 
accurate to be used for submodel boundary conditions. Additionally, they also indicate that the 
level of submodel mesh refinement must be improved significantly to obtain adequate stress 
information. 

mp,ex, 8,33.e9 !in-plane 
mp,ey, 8,22.e9 Ithru thk 
mp,ez, 8,33.e9 !in-plane 
mp.gxy, 8,ll.e9 
mp,nuxy,8,0.21 
mp,aIpy,8,24.8e-6 Ithru thk 
mp,alpx,8, 8.4e-6 !in-plane 
mp,alpz,8, 8.4e-6 ! in-plane 
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C. BOUNDARY CONDITIONS 

TF STRUCTURE SUPPORTS 

The TF structure model is provided with constraints at four locations within the model. The 
toroidal motion of the TF strucuture is constrained at nodes that make up the two brackets 
modeled for the support of the lower PF6 coil. The vertical motion is constrained at nodes at the 
left and right boundary of the model, representing the middle of a TF octant assembly. The 
constraints restrict motion in the vertical and toroidal directions, but not in the radial direction. 
No attempt was made to model the actual support stand upon which the structure is to be 
mounted. Therefore, all nodal motions calculated are referenced to the support stand and TF coil 
interface. Any further stand deflections are additive to that calculated by this model. 

TF STRUCTURE SYMMETRY 

The cyclic symmetry for magnetic loading cases is modeled by coupling the appropriate nodal 
degrees of freedom at the two ends of the model. The nodes at these interfaces are rotated prior 
to coupling to align with the global cylindrical coordinate system, so that X-, Y-, and Z-axis 
DOFs were consistent globally on both faces. 

For future seismic analysis load cases (which are not cyclically symmetric), the structure will 
need to be expanded (potentially with superelement constructions) to reflect the half-symmettry 
which is appropriate to those specific loads. 

TF STRUCTURE TEMPERATURES 

The temperature of the materials in these load cases was uniform throughout the structure, 
without consideration of operating or cooldown transient temperature gradients and/or 
heating loads. The Preliminary Design temperature distributions associated with operational 
neutronic and eddy current heating and current coil case & ICS cooling has just been completed 
at the time of the completion of this report, and has yet to be evaluated with this structural model. 

D. LOADING CONDITIONS 

The TPX General Requirements Document [17] requires that the design of the TPX system shall 
allow for 30,000 pulses with up to 6,000 charge-discharge cycles of the TF coils. Further, the 
system shall allow for up to 300 cooldown-warmup cycles between room temperature and 
operating temperature for the superconducting magnets. In addition to these cyclic operating 
requirements, it is anticipated by that document that any pulse will terminate with a major 
disruption with up to a 49% frequency of occurrence. 

It is also recognized that the TPX system can be operated with the TF current flowing in a 
positive or negative direction with the plasma current flowing in either a positive or a negative 
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direction. As a result, the TF structure could be subjected to Lorentz force loadings which could 
result in some number of cycles of both positive and negative direction out-of-plane forces acting 
on the TF structure. Depending on the specific location and stress distribution within the TF 
structure, the evaluation of cyclic loadings shall consider both 100% of pulses in a single 
direction and 50% in each direction. 

Based on these requirements, the cyclic loadings can be defined as 300 cycles of an average 
cooldown-opearting-heatup cycle. This average cycle loading is based on the assumption that for 
each of the 300 cooldown-heatup cycles, there will be 20 TF charge-discharge cycles and" for 
each charge-discharge cycles, there will be 5 system pulses. For each system pulse cycle that is 
begun, half will terminate in a major disruption. 

The stresses within the TF structure were evaluated in the calculations documented herein only at 
points 2 and 4 of the four specific operating points that comprise the key points within the cyclic 
operating history: 

1. At room temperature with preload applied to the octant assembly joint bolts; 
2. At 4K with no magnet currents; 
3. At 4K with the TF current flowing at the design value; 
4. At 4K with TF, PF, and CS coils operating at the maximum Li-P of 1.5 and 5.0. 

Typical operating cycle for fatigue evaluation 

The specific TF/PF current scenario represented by cycle point number 4 is identified as case #13 
in the draft memo from R.D. Pillsbury [11]. This specific point is identified as q=3, Double 
Null corner point with Li-Beta = 1.2,5.0. Based on both B&W and MIT electromagnetic 
studies, this case will provide the greatest TF structure distortion, principally because the 
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resulting TF overturning moments were calculated to be largest for this case. As such, it alone 
will be considered the peak of the pulse operation in the cyclic loading evaluiations. 

In future calculations, a heatup cycle associated with the neutronic and eddy current heating 
should also be considered as point 5, and the disruption loads should be considered as point 6. 
Additionally, future calculations should also consider any dynamic transient effects that might 
result in localized stresses during the cooldown, warmup, and/or the operational heating-portions 
of the cycle. 
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Figure 3 - Quadrant Global Structural Model 
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Figure 4 
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Figure 5 

17 



Figure 6 
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III. RESULTS AND DISCUSSIONS 

A. DEFORMATIONS 

As the TPX system hardware is cooled to its operating temperature of 4K, the components of the 
TF magnet structure will contract. As it does so, there are several critical interfaces that need to 
be reviewed: 

• The impact of the coil geometry change on the magnetic field being generated within the 
toroid; 

• The clearance between the TF structure and the much warmer vacuum vessel located within 
the toroid; and 

• The motion of the PF coil supports and the interaction with the PF coil windings that 
surround the TF structure. 

In addition to the deformations of cooldown, the structure will deform as a result of the magnetic 
forces imposed during operation. These deformations may be critical to the evaluation and 
design of the PF Coil support interfaces. A series of figures and tables are included in this 
section to discuss the initial results of the TF structure deformations. 

Figures 10 through 13 are color coded plots indicating the amount of vertical and radial 
contraction (in meters) of the structure's exterior associated with cooldown to 4K. Note that the 
structure's vertical contraction is zero at the elevation of the structural supports, near the bottom 
of the TF structure. Looking at the inside wrap of the coil case, Figure 14 provides an indication 
of the general direction of contraction of the various nodes that make up the coil case structure. 

To support magnetic field calculations, the deformations of the TF coil winding pack centerline 
were obtained from the modeling results to allow calculations of the resulting magnetic field 
variations. They were processed to obtain the new coil pack radii and centers of curvature and 
incorporated into the TOSCA magnetic field senstivity studies performed during the preliminary 
design phase. 

When the TF coil is energized, the current in the TF coil windings interacts with the generated 
field to result in a net force on the coil conductors which is outward on the outbard leg, and 
inward on the inboard leg. In addition, when current is flowing in both the TF and PF coils 
during operation, the cross product between the TF coil current and the PF induced coil magnetic 
fields produce a resultant force that is perpendicular to the plane of the TF coil, resulting in a 
torque being generated on the top of the structure. The resultant deformations (with an 
exaggerated scale factor of 100) of the TF structure is displayed by Figurel5. 

To assist in the design of the PF coils, a set of nodes were identified which characterize the 
deflection of the PF coil/coil support structure interfaces. Table 3-1 provides a summary of the 
deflections of the PF coil supports attached to TF coil number 1. As stated in the model 
description, these deflections reflect only the TF magnetic forces with operation at 4K. They do 
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not reflect the stiffening effects of the PF coils, nor the impact of the magnetic forces acting on 
the PF coils themselves since it is anticipated that these coils will be attached with flexible 
mounts which will not transfer the radial loads into the TF structure. The vertical loads applied 
by the PF structure do not significantly impact upon these deflections. 

TABLE 3-1 
PF COIL SUPPORT DISPLACEMENTS 

DISPLACEMENTS AT COOLDOWN TO 4K 

UX (METERS) -.011 -.011 -.013 -.013 
UY (METERS) .000 .000 -.000 ..000 
UZ (METERS) -.011 .000 -.009 -.003 
ROTX(DEG) -.000 .000 .000 -.000 
ROTY(DEG) +.0015 -.0015 .000 .000 
ROTZ(DEG) .000 .000 .000 .000 

DISPLACEMENTS DURING OPERATION 

UX (METERS) -.0096 -.0106 -.0115 -.0115 
UY (METERS) -.0051 0.000 -0.0056 -0.0002 
UZ (METERS) -.0118 -.0002 -.0081 -0.0038 
ROTX(DEG) 0.000 0.000 0.001 0.001 
ROTY(DEG) +.003 0.000 -0.002 0.002 
ROTZ(DEG) -.001 0.000 -0.002 0.001 

NOTES: 
1 OPERATION AT DOUBLE NULL CORNER PT. Li/BETA=1.2/5.0 

2 BASED ON A CARTESIAN COORDINATE SYSTEM, WITH 
X BEING RADIAL DISTANCE IN METERS, 
Y BEING TOROIDAL DIRECTION DISTANCE IN METERS, 
Z BEING VERTICAL DISTANCE ALONG THE TOROID CENTRAL AXIS 

3 PDR RESULTS BASED ON ALL-BOLTED DESIGN WITHOUT 
PF STRUCTURE INTERACTIONS 

4 DEFLECTIONS CALCULATED AT FIRST COIL IN OCTANT 
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B. STRUCTURAL STRESSES 

The TPX Structural and Cryogenic Design criteria [1] defines a series of stress limits against 
which the TF structure must be evaluated. These stress limits must be evaluated for each point 
over the range of the operating cycle, for the whole structure, for the various service conditions 
defined. The calculations performed during the preliminary design phase did not attempt to 
address this huge analytical effort, but was sufficient to gain an insight for the general 
acceptability of the design. 

General Stress Distribution 

Several plots are provided which present a view of the external stresses on the inside and outside 
of the TF structure. Figure 16 shows the stress intensity (TRESCA stress) on the front/exterior 
surfaces of the outboard leg. Figure 17 shows a view of the inside surfaces of the outboard legs 
with the inboard legs removed for clarity. 

The maximum stress intensity observed in the outboard leg of the octant structure is located in 
several of the corners of the ICS equatorial openings. These stress levels are high as a result of 
the stress intensification effects associated with the differences in the stiffness of the coil case 
within the window vs. above the window region. Detailed evaluation of the stresses in this high 
stress region have been performed with a submodel of the ICS shell and a portion of the coil 
case, as shown in Figures 18 & 19. The peak stress intensity observed in a very localized region 
on the submodel is about 24% higher than found with the global model 

The maximum stress intensity observed in the inboard leg of the coil case material is located at 
the midplane of the vertical inboard leg, as shown on Figures 20 and 21. The peak Tresca stress 
value observed in this region of the global model is only 424 Mpa, which is significantly less 
than the 526 MPa documented in [9]. This difference is predominantly associated with modeling 
the ground wrap and potting as being bonded to the coil case. 

Since a bonded potting support is not likely to exist in operation, as assummed by Myatt in the 
conceptual design studies, additional calculations were performed with unbonded potting in this 
region. These calculations resulted in peak stress intensity values of 509 Mpa at the inner bore of 
the inboard leg at the equatorial elevation - quite comparable to that observed in the conceptual 
design studies. Other stresses and deflections within the TF structure were virtually unaffected 
by this model variation. 

Monotonic Stress Criteria Evaluations 

For the purpose of evaluating the primary loading monotonic stress limits (presented in Table 3-
3), the stresses within the TF structure were evaluated at the peak of the pulse combined with the 
thermal stresses associated with cooldown to a uniform temperature of 4K. As such, the 
membrane and membrane plus bending stresses consider the secondary as well as the primary 
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stresses associated with these conditions. The stress limits discussed below are based on the 
following structural material properties which were evaluated at a temperature 4K: 

TABLE 3-2 
MATERIAL PROPERTIES @ 4K FOR STRESS ALLOWABLES 

MATERIAL YIELD STRENGTH 
MPa 

ULTIMATE STRENGTH 
MPa 

316LNSS(BASE)[19] 815 1362 
316LNSS(WELD)[14] 674 1183 

INCONEL 625 (WELD) [20] 807 1013 

TABLE 3-3 
Monotonic Stress Summary for the TF Structure 

Critical Stress Conceptual Preliminary Stress 
Stress Locations Component Design Design Allowable 

Rev. 6 [9] (MPa) (MPa) 
Inboard Leg Membrane 387 394 500 
Equatorial Mem.+Bend 520 495 750 

Plane Total 530 509 1500 
Inboard Leg Membrane 381 305 500 
Upper/Lower Mem.+Bend 506 336 750 

Transition Total 526 336 1500 
Vertical Port Membrane 353 254 500 

Coil Case Mem.+Bend 546 277 750 
Total 581 277 1500 

Outboard Leg Membrane 258 398 500 
Equat. Port Coil Mem.+Bend 449 482 750 

Case Total 663 622 1500 
Vertical Port Membrane 243 217 500 

Corner Gusset Mem.+Bend 567 229 750 
Total 567 229 1500 

Outboard Leg Membrane 300 405 500 
Equat. Port Mem.+Bend 364 502 750 

Corner Gusset Total 364 502 1500 
* Local Primary Si xess Limit 
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C. EDDY CURRENT INSULATION STRESSES 

The preliminary design global model includes a layer of elements connecting the nodes at the 
interface between the two octants, both at the inboard leg nose region and at the bolted joint 
regions. The stresses on this interface in the nose region is an indication of the stresses applied 
to the insulating sheet materials which will form the eddy current break. In the outboard leg 
bolted region, the shear stresses will also be taken up by the keys and keyways, with a complex 
load and stress distribution. As a result, the discussion of the insulation stresses in the bolted 
joint are discussed in a separate report [16]. 

Between each pair of octant nose segments, there are thin sheets of fiberglass eddy current 
insulation bonded to each of the mating faces. For the general purposes of the baseline TF 
structural calculations, it is assummed that the insulator sheets on each face of the nose segments 
make contact with zero clearance and no preload at boltup. Realizing that this is a rather 
simplistic assumption with the complexity of assembling a large structure of this type, some 
independant studies should be performed to evaluate the impact of gaps and/or precompression at 
this joint. 

Figures 21 through 23 present plots of the stresses experienced by the nose interface insulator 
sheets in the baseline preliminary design at operating conditions. These plots show the normal 
stress (SY) clamping the insulator and the shear stress components (ie., Vertical-SYZ and 
Radial-SXY). Although there are large regions of the nose insulator which are in very 
substantial compression (negative values), it can also be seen that the compression is low in the 
region of high shear stress in the upper and lower regions of the inboard leg. Additionally, there 
are some regions away from the central bucking region where there is some tendency for the 
interface to separate indicated by an artificial tensile (positive) stress. 

Unless there is sufficient normal compression load in the joint, the insulator-to-insulator interface 
is likely to slip in response to the shear stresses. Such slippage could cause abrasion and, 
depending on the shear strength of the adhesive, it may be possible for some portions of the 
insulation to move in response to this slippage. This concern is confirmed by experiences with 
the TFTR fusion reactor system operation, where insulator sheets like these have shown a 
tendency to move out of position in these joints due to the cyclic loadings on the structure. 

Figure 24 was prepared to provide an indication of whether the compression stress during 
operation is sufficient to prevent insulator slippage, considering the shear stresses shown above. 
This figure plots the ratio of the shear stress magnitude divided by the normal stress magnitude 
for each element modeled in the interface. Since compressive normal stress values are negative, 
the acceptable ratios for non slippage would be zero to -0.3. Thus, the darkest blue and the grey 
areas do not meet these criteria, indicating a large part of the insulation will slip. 

Looking at these plots, it can be seen that the nose insulation is predominantly in compression 
during operation, with normal stresses ranging from +9 to -406 MPa. This compares well to 
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values reported by Myatt ranging from -1 to -417 MPa. In this region, these plots show the shear 
stress magnitudes generally range from about 0 to 20 MPa with a peak value of about 80 MPa at 
the upper end of the inboad leg. Although this maximum value is significantly greater than the 
maximum value of 43 MPa observed by Myatt, the preliminary phase design nose joint interface 
extends higher than the conceptual design. 

Similar evaluations performed with the coils turned off but cooled to 4K confirmed Myatt's 
observations of some through thickness tensile (normal) stresses at cooldown without coils *-
energized. Although through thickness tensile stresses would seem to be detrimental, they are 
not since the insulation would not to be bonded to both faces at this joint. It is important to note 
that seperation of these faces at some points in the operating cycle should be considered in the 
design of the nose insulation materials. 
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D. CONDUCTOR PACK STRESSES 

The conductor winding pack is crudely modeled since this model was initially intended for 
defining the general system stiffness and load application nodes. However, during the 
preliminary design phase, there was some interest in the stresses calculated therein. 

The loading of the compressive test pieces associated with the 5X5 conductor testing was * 
estimated based on loadings obeserved in the global structural model. 

The analysis of the structural integrity of the TF conductor winding pack has been totally 
performed with the use of 2-D FEA models. One question that has been raised is whether the 
coil pack stresses in the curved regions far removed from the equator can be effectively modeled 
with these methods. One test that has been proposed involves comparing the stress component 
magnitudes from the conductor elements (with smeared properties) of the global model. 
Comparisons were made between the stress components acting on a 2D cross section 
(perpendicular to the conductor axis) to the stress levels perpendicular to the section (along the 
axis of the conductor). If the axial stress components were small relative to the components in 
the cross section, then it could be reasonable that 2D plane stress or plane strain models could be 
reasonably accurate. 

Plots of the direct and shear stresses acting on the winding pack are shown in Figures 27 through 
32. Figure 33 plots the ratio of the axial to the cross sectional stress, indicating that the axial 
stress components are generally low, tending to support the continued use of 2-D analysis 
methods. 
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TPX-E-1301-010 Assembled 4-Coil Module 7-26-94/mtg3 
TPX-E-1301-011 v 4-Coil Module Assembly 7-26-94/mtg4 
TPX-E-1302-001 y TF 2-Coil Module Support Structure 7-26-94/tfsupt1 

V (sheet 2) 7-26-94/tfsupt2 
TPX-E-1302-002 ' Temporary TF Quadrant Support 7-26-94/tfpf5supt 
,TPV«c« i . io r t Lonn •7-2-6-94MkstiK*y.-M f R e m c ^ / C D 1 1 1 A " t " l«3U^r*UUiJ jN6uirQrDearTntyiBgnosuG ,"r'Qrr •7-2-6-94MkstiK*y.-M f R e m c ^ / C D 

/ r . n * •?«2e*94fob3-t-udv-h 2 »( •?«2e*94fob3-t-udv-h 2 »( 

TPX-E-1302-005 • Field Error Correction Coils Interface 7-26-94/feccmtg 
TPX-E-1302-007 \ / Eddy-Current Break Insulation 7-26-94/tf-insul 
TPX-E-1302-026 V Assembled 2-Coil Flanged Module 7-26-94/tf2coila 

• (sheet 2) 7-26-94/tf2coilb 
TPX-E-1302-027 v/ Winding Pack/Case Cross-section c-s2/158tf-rec_wp2 
TPX-E-1303-007 7 TF Conductor Comparison QD/tfcond_comp 
TPX-E-1303-011 J Type A,B and C conductor Shipping and Handling QD/tpxspool 
TPX-C-1312-001 v/ Demo Test Conductor - Type A,B or C Conductor c-s2/c-1312-001 
TPX-E-1315-002 y Terminations Voltage Taps and Fiber Optics QD-Terminations : 

• (sheet 2) QD-Diagram 
J (sheet 3) QD-LJDetailed 

• 

WBS 14, PF Magnets 
[ 

TPX-E-1400-002 Poloidal Field Magnet System 7-26-94/pfconfig ? 

(sheet 2) 7-26-94/pfconfig2 
1 1 A"L1* 1 *} IO"UU 1 ' f»-c».Q/n-1 A i 5-QQ1 P2.f="YT\f->v/P rri 1 1 A"L1* 1 *} IO"UU 1 ' 
TPX-E-1420-001 Central Solenoid Assembly r. C-S2/31066771 
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w s M2. ) rv^ucv 
.1 Taped Files b> rPX Number 

(sheet 2) C-S2/31066772 
TPX-E-1420-002 Central Solenoid Preload Structure C-S2/31066781 
TPX-E-1420-004 Central Solenoid Exploded Pictorial C-S2/31066801 
TPX-E-1420-005 Seismic Snubber C-S2/31066811 
TPX-E-1420-006 ,Cs to TF Mounting C-S2/31066821 
TPX-E-1421-003 PF 1-4 General Arrangement c-s2/pf-local1 

(sheet2) c-s2/pf-local2 
(sheet 3) c-s2/pf-local3 

TPX-E-1421-004 PF1-5 Conductor Comparison QD/pf 1 -5cond_comp 
TPX-E-1425-001 PF5 Coil Winding Geometry e-1425001sh1p3 

(sheet2) e-1425001sh2p1 
(sheet 3) e-1425001sh3p1 

TPX-E-1426-001 PF6 Coil Winding Geometry e-1426001sh1p3 
(sheet2) e-1426001sh2p1 
(sheet 3) e-1426001sh3p1 

TPX-E-1427-001 PF7 Coil Winding Geometry e-1427001sh1p3 
(sheet2) e-1427001sh2p1 
(sheet 3) e-1427001sh3p1 

TPX-E-1430-001 PF to TF Mount - TF Case 7-26-94/mtg1 

The following fll< 5s are integration drawings, and are to be used for reference purposes only. 

TPX-E-9413001 TF General Arrangement e-9413001p2 
TPX-E-9413100 TF Two Coil Module e-9413100p1 • 

TPX-E-9413101 TF Winding Geometry Definition e-9413101p4 
TPX-E-9413102 TF Case Geometry Definition e-9413102sh1p5 

(sheet 2) e-9413102sh2p4 
(sheet 3) e-9413102sh3p4 

TPX-E-9413103 TF Case Geometry Definition e-9413103sh1p0 t 
(sheet 2) e-9413103sh2p0 . I 

TPX-E-9414001 PF Coil Space Allocation e-9414001sh1p1 
(sheet 2) e-9414001sh2p1 

TPX-E-9414002 PF Coil Loactions @ room temp. , e-9414002sh1p1 
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Taped Files b> x JPX Number 

PF Coil Locations @ operating temp. e-9414002sh2p1 
TPX-E-9414003 PF General Arrangement e-9414003sh1p1ppllm 

(sheet 2) e-9414003sh2p1ppllm 
(sheet 3) e-9414003sh3p1ppllm 

TPX-E-9414101 CS Winding Geometry Definition e-9414101p1 
TPX-E-9414102 CS Winding Alignment Details e-9414102sh1 
TPX-E-9414103 CS Assembly Envelope e-9414103p1 

(sheet 2) 7 , e-94t4103sh1. A H ^ I M G ' ? 
TPX-E-9414201 PF5 Geometry Definition e-9414201sh1p1 
TPX-E-9414202 PF6 Geometry Definition e-9414202sh1p1 
TPX-E-9414203 PF7 Geometry Definition e-9414203sh1p1 

J 
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APPENDIX B 
MEMO DISCUSSING DIMENSIONAL DISCREPANCIES 



To: Dr. Timothy Antaya 

From: Timothy Brandsberg ^fCZ-^ Customer TPX 
or File: 

Subject: Design Baseline Drawing Discrepancies Date: 1/23/95 

Shortly after the Technology Transfer Meeting in August, 1994, B&W received a set of drawings from 
LLNL to be used to define the design baseline for the TPX TF component design. A number of drawings in 
the package were designated as Integration drawings, to be used for reference only. We noted shortly after 
receipt of these drawings, that there were some discrepancies between some of the baseline drawing 
dimensions regarding the dimensions of the coil pack. Although not large compared to the whole structure, 
they can adversely impact the clearances between the coil and the case as well as any TF magnetic sensitivity 
studies performed. 

As a result of statements made in the January TIM, there is some concern that dimensions used for the coil 
pack and case CAD, FEA and magnetics modeling may be in error. B&W and LLNL need to reach a 
common understanding of what are the correct dimensions to be used as a design baseline. 

The specific drawings which are of concern include the following: 

REF. NO. SOURCE DWG NUMBER DATE «-*' 

A: LLNL TPX-E-1302-026-P0 7/22/94 

«-*' 

B: PPPL TPX-E-941301-P4 5-24-94 
C: LLNL TPX-E-1302-027-P0 5-6-94 
D: PPPL TPX-E-9413102-SH2-P4 6-2-94 

A copy of reference A is attached and is marked to show four (4) key dimensions associated with the 
curvature of the TF winding coil. Below is tabulated the corresponding values for these dimensions for 
reference drawings A and B: 

DIMENSION ID • DWG A VALUE DWG B VALUE 

A 60.80" 60.7" 
B 41.50" 41.4" 
C 228.80" 228.7" 
D -75.68" -75.681" 

Note that the radii in reference drawing A from LLNL are consistently 0.1 inch larger than those found in 
reference drawing B from PPPL. The key question is which of these dimensions are correct. If indeed the 
LLNL dimensions are correct, then there are several conflicts to be found in the LLNL drawing set 
associated with other dimensions specified. These are discussed below: 

The coil pack centerline elevations at the top and bottom of the TF Coil, sections V-V and Z-Z of 
reference drawing C are not self-consistent with the specified radii. Both of the centerline elevations are 
in agreement with the PPPL values shown in reference drawing B. However, given the radius differences 
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between the two drawings, the centerline elevations can not be the same - the values in reference drawing 
B should also be 0.1 inch greater. 

Another problem noted involves the center-to-center dimension of the TF coil winding pack at the 
equator. Reference drawing C shows that dimension to be 112.700 and reference drawing B shows that 
dimension to be 112.6 inches. However, given the 0.1 inch increases in.radius dimensions C and B, the 
distance on ref. drawing A should be 0.2 inches greater than that found on ref. drawing B.. 

• Another problem noted involves the location of the winding pack centerline (at the inner-leg) noted on -
ref. drawing A as 44.580 inches. This dimension is noted to be based on the PPPL drawing (ref. 
drawing B, above). However ref. drawing B, does not explicitly define this dimension. Using other 
dimensions found on ref. drawing B, the location of the centerline of the inner leg of the winding pack 
can be calculated to be 44.592 inches. 

The inconsistencies between the reference and baseline drawings produced confusion which was compounded 
by the lack of self-consistency in the dimensions found within the LLNL drawing set. When these 
discrepancies were discussed with LLNL personnel, it was stated in a telephone conversation that the 
winding pack dimensions shown on the PPPL drawings should be utilized in lieu of those dimensions on the 
LLNL drawing. 

However, in the Technical Interchange Meeting (TIM) of January 12,1995, it was stated that the LLNL 
drawings shall take precedence over the PPPL drawings. If the LLNL dimensions are to be utilized, then 
B&W needs to be informed of which of the dimensions are correct and which are not (and to be ignored). 

nee the LLNL drawing set offered only a few coil case dimensions, and these were consistent with the 
PPPL dimensions, B&W has proceeded to develop our CAD models based on the dimensions found in PPPL 
drawing number TPX-E-13102-SH2-P4 dated 6-2-94. If we need to change the coil pack dimensions to 
reflect the LLNL radii, then the coil case dimensions must also change to allow the coil to be centered within 
the case. To facilitate the continuation of the program progress, it would be highly advantageous to have the 
PPPL coil pack dimensions take precedence over those from LLNL. Otherwise, there will need to be 
considerable readjustment of work done to date. 
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APPENDIX C 
TF MAGNETIC MODELING AND MAGNETIC FORCES 

To obtain the magnetic forces which act on the TPX TF Coil windings, the TF and PF 
coils were modeled using the TOSCA magnetic analysis software package. Given a listing 
of conductor structural element centroidal locations, a specially prepared macre-(written 
by Minfeng Xu) utilized TOSCA to calculate the magnetic field strength, and the magnetic 
force density resulting from the cross product of the current density and the magnetic field 
strength. 

The geometry and coil currents associated with the TF and PF coils were modeled utilizing 
the input file found in Listing C-l. This model represents the coil bundle as a single 
conductor of a uniform cross section. The dimensions of this cross section ignored the 
ground wrap insulation surrounding the coil bundle, but did include the conduit 
surrounding the superconducting materials. This model did not represent the expansion of 
the conductor bundle cross section in the transition region at the top curve of the TF 
winding. 

The ANSYS structural model (TOROID3) utilized an identical geometry for the conductor 
material to assure compatibility with the TOSCA model. From the ANSYS structural 
model, a data file was prepared for input to TOSCA with information regarding the X-, Y-,-
and Z- locations of the element centroids for those elements that simulate the conductor 
materials. This element centroidal data is tabulated in Listing C-2 and the ANSYS macro 
that created the data is shown in Listing C-3. 

TOSCA was run utilizing a macro (see Listing C-4) that read the coil geometry, current 
data and the element centroidal location information to calculate the magnetic field 
strength at each structural element centroid. Then the current density vector components 
were calculated by the macro and the cross product of current density and field strength 
were calculated to obtain a Lorentz force density vector for each element. 

Once calculated, the element field strength and force density components were written to a 
file (see Listing C-5 for a partial typical output) for input into the ANSYS model with a 
format as described in the memo from Minfeng Xu dated February 17,1995 (see 
Attachment C-l). 

As output from this TOSCA macro, this data could not be directly read into ANSYS as a 
loading condition since the forces are provided as force density values. An ANSYS macro 
was generated to read in this data file (once the ASCII text header was stripped off), and 
calculate the nodal forces associated with the force density applied to each element. This 
macro is shown in Listing C-6. 

The EFORCE.MAC macro obtained the element number and force density components 
from the input file. For each element, the force components were each multiplied by the 



element density obtained from the ANS YS database. The total elemental force was then 
divided by 8 to obtain the nodal forces (assuming that all the conductor elements utilize 8 
nodes and the element shape is approximately a rectangular solid in shape). As the nodal 
forces were collected from each element, the forces from adjacent elements acting on the 
same nodes were summed. This macro assumed that the magnetic forces are symmetric 
within each of the TF coils, so only the data for the first coil was read in, The calculated 
nodal forces for the first coil were then applied to the nodes of the other three coils in the 
quadrant with the nodal coordinate systems appropriately rotated about the global Z-axis. 

** 



LISTING C-1 
TOSCA TF/PF MODEL INPUT FILE 



$comi mode=cont 

COND 
DEFI STRA 
0.0 0.0 0.0 0.0 
1.132332 0.0 0.0 
0.0 0.0 -90.0 
0.292202 0.202286 
45.9*.0254 
-33.5e3*84/A/B 16 0.0 

-1 0 0 
DEFI ARC 
0.0 0.0 0.0 0.0 
1.132332 0.0 45.9*.0254 
0.0 0.0 -90.0 
0.292202 0.202286 
1.057300 90 
-33.5e3*84/A/B 16 0.0 

-1 0 0 
DEFI ARC 
0.0 0.0 0.0 0.0 
2.290775 0.0 2.324303 
90.0 0.0 -90.0 
0.292202 0.202286 
1.5475204 80.89 
-33.5e3*84/A/B 16 0.0 

-1 0 0 
DEFI ARC 
0.0 0.0 0.0 0 
3.993265 0.0 0.0 
0.0 0.0 90.0 
0.292202 0.202286 
5.814799 9.11 
33.5e3*84/A/B 16 0.0 

-1 0 0 

/PF1 
DEFI GSOL 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 
90.0 0.0 90.0 
29.122*.0254 0.5*.0254 29.122*.0254 19.324*.0254 
34.758*.0254 19.324* .0254 34. 758*.0254 0.5*.0254 
// 0.7396988 0.0127 0.7396988 0. .4908296 
// 0.8828532 0.4908296 0.8828532 0. .0127 
0.0 0.0 0.0 0.0 
2.022e6/(18. ,824*.0254)/(5.636*.0254) 1 0.0 

1 0 0 
0.001 
/PF2 
DEFI GSOL 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 
90.0 0.0 90.0 
29.122*.0254 20.324* .0254 29.122*.0254 35.38*.0254 
34.758*.0254 35.38*. 0254 34.758*.0254 20.324*.0254 
// 0.7396988 0.5162296 0.7396988 0.8986520 
// 0.8828532 0.8986520 0.8828532 0.5162296 
0.0 0.0 0.0 0.0 



-0.234e6/(15.056*.0254)/(5.6364*.0254) 1 0.0 
1 0 0 

0.001 
/PF3 
DEFI GSOL 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 
90.0 0.0 90.0 
29.122*.0254 36.38*.0254 29.122*.0254 45.784*.0254 
34.758*.0254 45.784*.0254 34.758*.0254 36.38*.0254 
// 0.7396988 0.9240520 0.7396988 1.1629136 
// 0.8828532 1.1629136 0.8828532 0.9240520 
0.0 0.0 0.0 0.0 
-0.460e6/(9.404*.0254)/(5.636*.0254) 1 0.0 

1 0 0 
0.001 
/PF4 
DEFI GSOL 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 
90.0 0.0 90.0 
29.122*.0254 46.784*.0254 29.122*.0254 56.188*.0254 
34.758*.0254 56.188*.0254 34.758*.0254 46.784*.0254 
// 0.7396988 1.1883136 0.7396988 1.4271752 
// 0.8828532 1.4271752 0.8828532 1.1883136 
0.0 0.0 0.0 0.0 
-0.591e6/(9.404*.0254)/(5.636*.0254) 1 0.0 

1 0 0 
0.001 
/PF5 
DEFI GSOL 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 
90.0 0.0 90.0 
44.07*.0254 85.272*.0254 44.07*.0254 100.328*.0254 
51.59*.0254 100.328*.0254 51.59*.0254 85.272*.0254 
// 1.119378 2.1659088 1.119378 2.5483312 
// 1.310386 2.5483312 1.310386 2.1659088 
0.0 0.0 0.0 0.0 
-3.065e6/(15.056*.0254)/(7.52*.0254) 1 0.0 

1 0 0 
0.001 
/PF6 
DEFI GSOL * 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 
90.0 0.0 90.0 
145.591*.0254 75.231*.0254 145.591*.0254 94.055*.0254 
151.227*.0254 94.055*.0254 151.227*.0254 75.231*.0254 
// 3.6980114 1.9108674 3.6980114 2.388997 
// 3.8411658 2.388997 3.8411658 1.9108674 
0.0 0.0 0.0 0.0 
0.649e6/(18.824*.0254)/(5.636*.0254) 1 0.0 

1 0 0 
0.001 
/PF7 
DEFI GSOL 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 
90.0 0.0 90.0 



166.863*.0254 37.384*.0254 166.863*.0254 50.556*.0254 
172.499*.0254 50.556*.0254 172.499*.0254 37.384*.0254 
// 4.2383202 0.9495536 4.2383202 1.2841224 
// 4.3814746 1.2841224 4.3814746 0.9495536 
0.0 0.0 0.0 0.0 
1.259e6/(13.172*.0254)/(5.636*.0254) 1 0.0 

1 0 0 
0.001 
/Plasma 
DEFI GSOL 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 
90.0 0.0 90.0 
2 -0.475 2 0.475 
2.5 0.475 2.5 -0.475 
0.0 0.0 0.0 0.0 
-1.932e6/0.6 1 0.0 

0 0 0 
0.001 
QUIT 

> 



LISTING C-2 
STRUCTURAL MODEL CONDUCTOR ELEMENT 

CENTROIDAL LOCATIONS 



ELEMENT X-COORD 
336 1.0824 
335 1.0824 
334 1.1828 
333 1.1828 
332 1.0824 
331 1.0824 
330 1.1828 
329 1.1828 
328 1.0824 
327 1.0824 
326 1.1828 
325 1.1828 
324 1.0824 
323 1.0824 
322 1.1828 
321 1.1828 
320 1.0824 
319 1.0824 
318 1.1828 
317 1.1828 
316 1.0824 
315 1.0824 
314 1.1828 
313 1.1828 
312 1.0824 
311 1.0824 
310 1.1828 
309 1.1828 
308 1.0865 
307 1.0865 
306 1.1866 
305 1.1866 
304 1.1027 
303 1.1027 
302 1.2014 

. 301 1.2014 
300 1.1348 
299 1.1348 
298 1.2309 
297 1.2309 
296 1.1826 
295 1.1826 
294 1.2747 
293 1.2747 

Y-COORD Z-COORD 
0.0727 -0.0833 
-0.0727 -0.0833 
0.0727 -0.0833 
-0.0727 -0.0833 
0.0727 -0.2498 
-0.0727 -0.2498 
0.0727 -0.2498 
-0.0727 -0.2498 
0.0727 -0.4164 
-0.0727 -0.4164 
0.0727 -0.4164 
-0.0727 -0.4164 
0.0727 -0.5829 
-0.0727 -0.5829 
0.0727 -0.5829 
-0.0727 -0.5829 
0.0727 -0.7495 
-0.0727 -0.7495 
0.0727 -0.7495 
-0.0727 -0.7495 
0.0727 -0.9160 
-0.0727 -0.9160 
0.0727 -0.9160 
-0.0727 -0.9160 
0.0727 -1.0826 
-0.0727 -1.0826 
0.0727 -1.0826 
-0.0727 -1.0826 
0.0727 -1.2358 
-0.0727 -1.2358 
0.0727 -1.2300 
-0.0727 -1.2300 
0.0727 -1.3748 
-0.0727 -1.3748 
0.0727 -1.3575 
-0.0727 -1.3575 
0.0727 -1.5110 
-0.0727 -1.5110 
0.0727 -1.4824 
-0.0727 -1.4824 
0.0727 -1.6426 
-0.0727 -1.6426 
0.0727 -1.6030 
-0.0727 -1.6030 



ELEMENT X-COORD 
292 1.2452 
291 1.2452 
290 1.3322 
289 1.3322 
288 1.3220 
287 1.3220 
286 1.4025 
285 1.4025 
284 1.3775 
283 1.3775 
282 1.4535 
281 1.4535 
280 1.4533 
279 1.4533 
278 1.5229 
277 1.5229 
276 1.5851 
275 1.5851 
274 1.6438 
273 1.6438 
272 1.7313 
271 1.7313 
270 1.7778 
269 1.7778 
268 1.8856 
267 1.8856 
266 1.9193 
265 1.9193 
264 2.0447 
263 2.0447 
262 2.0652 
261 2.0652 
260 2.2084 
259 2.2084 
258 2.2153 
257 2.2153 
256 2.3499 
255 2.3499 
254 2.3464 
253 2.3464 
252 2.4672 
251 2.4672 
250 2.4568 
249 2.4568 

Y-COORD Z-COORD 
0.0727 -1.7677 
-0.0727 -1.7677 
0.0727 -1..7177 
-0.0727 -1.7177 
0.0727 -1.8848 
-0.0727 -1.8848 
0.0727 -1.8250 
-0.0727 -1.8250 
0.0727 -1.9570 
-0.0727 -1.9570 
0.0727 -1.8913 
-0.0727 -1.8913 
0.0727 -2.0328 
-0.0727 -2.0328 
0.0727 -1.9608 
-0.0727 -1.9608 
0.0727 -2.1432 
-0.0727 -2.1432 
0.0727 -2.0619 
-0.0727 -2.0619 
0.0727 -2.2336 
-0.0727 -2.2336 
0.0727 -2.1449 
-0.0727 -2.1449 
0.0727 -2.3015 
-0.0727 -2.3015 
0.0727 -2.2071 
-0.0727 -2.2071 
0.0727 -2.3463 
-0.0727 -2.3463 
0.0727 -2.2482 
-0.0727 -2.2482 
0.0727 -2.3689 
-0.0727 -2.3689 
0.0727 -2.2689 
-0.0727 -2.2689 
0.0727 -2.3725 
-0.0727 -2.3725 
0.0727 -2.2722 
-0.0727 -2.2722 
0.0727 -2.3644 
-0.0727 -2.3644 
0.0727 -2.2645 
-0.0727 -2.2645 



ELEMENT X-COORD 
248 2.5837 
247 2.5837 
246 2.5664 
245 2.5664 
244 2.6986 
243 2.6986 
242 2.6745 
241 2.6745 
240 2.8275 
239 2.8275 
238 2.7958 
237 2.7958 
236 2.9689 
235 2.9689 
234 2.9288 
233 2.9288 
232 3.1049 
231 3.1049 
230 3.0567 
229 3.0567 
228 3.2343 
227 3.2343 
226 3.1786 
225 3.1786 
224 3.3563 
223 3.3563 
222 3.2933 
221 3.2933 
220 3.4698 
219 3.4698 
218 3.4001 
217 3.4001 
216 3.5795 
215 3.5795 
214 3.5034 
213 3.5034 
212 3.6832 
211 3.6832 
210 3.6009 
209 3.6009 
208 3.7730 
207 3.7730 
206 3.6854 
205 3.6854 

Y-COORD Z-COORD 
0.0727 -2.3481 
-0.0727 -2.3481 
0.0727 -2,2492 
-0.0727 -2.2492 
0.0727 -2.3239 
-0.0727 -2.3239 
0.0727 -2.2264 
-0.0727 -2.2264 
0.0727 -2.2858 
-0.0727 -2.2858 
0.0727 -2.1906 
-0.0727 -2.1906 
0.0727 -2.2316 
-0.0727 -2.2316 
0.0727 -2.1396 
-0.0727 -2.1396 
0.0727 -2.1650 
-0.0727 -2.1650 
0.0727 -2.0770 
-0.0727 -2.0770 
0.0727 -2.0866 
-0.0727 -2.0866 
0.0727 -2.0032 
-0.0727 -2.0032 
0.0727 -1.9969 
-0.0727 -1.9969 
0.0727 -1.9188 
-0.0727 -1.9188 
0.0727 -1.8968 
-0.0727 -1.8968 
0.0727 -1.8245 
-0.0727 -1.8245 
0.0727 -1.7797 
-0.0727 -1.7797 
0.0727 -1.7144 
-0.0727 -1.7144 
0.0727 -1.6457 
-0.0727 -1.6457 
0.0727 -1.5883 
-0.0727 -1.5883 
0.0727 -1.5020 
-0.0727 -1.5020 
0.0727 -1.4531 
-0.0727 -1.4531 



ELEMENT X-COORD 
204 3.8481 
203 3.8481 
202 3.7560 
201 3.7560 
200 3.9076 
199 3.9076 
198 3.8120 
197 3.8120 
196 3.9510 
195 3.9510 
194 3.8528 
193 3.8528 
192 3.9786 
191 3.9786 
190 3.8792 
189 3.8792 
188 3.9971 
187 3.9971 
186 3.8975 
185 3.8975 
184 4.0140 
183 4.0140 
182 3.9140 
181 3.9140 
180 4.0283 
179 4.0283 
178 3.9281 
177 3.9281 
176 4.0378 
175 4.0378 
174 3.9375 
173 3.9375 
172 4.0426 
171 4.0426 
170 3.9422 
169 3.9422 
168 1.0824 
167 1.1828 
166 1.0824 
165 1.1828 
164 1.0824 
163 1.1828 
162 1.0824 
161 1.1828 

Y-COORD Z-COORD 
0.0727 -1.3501 
-0.0727 -1.3501 
0.0727 -1..3102 
-0.0727 -1.3102 
0.0727 -1.1914 
-0.0727 -1.1914 
0.0727 -1.1609 
-0.0727 -1.1609 
0.0727 -1.0276 
-0.0727 -1.0276 
0.0727 -1.0068 
-0.0727 -1.0068 
0.0727 -0.8771 
-0.0727 -0.8771 
0.0727 -0.8624 
-0.0727 -0.8624 
0.0727 -0.7419 
-0.0727 -0.7419 
0.0727 -0.7294 
-0.0727 -0.7294 
0.0727 -0.5901 
-0.0727 -0.5901 
0.0727 -0.5802 
-0.0727 -0.5802 
0.0727 -0.4219 
-0.0727 -0.4219 
0.0727 -0.4148 
-0.0727 -0.4148 
0.0727 -0.2533 
-0.0727 -0.2533 
0.0727 -0.2490 
-0.0727 -0.2490 
0.0727 -0.0844 
-0.0727 -0.0844 
0.0727 -0.0830 
-0.0727 -0.0830 
0.0727 0.0833 
0.0727 0.0833 
-0.0727 0.0833 
-0.0727 0.0833 
0.0727 0.2498 
0.0727 0.2498 
-0.0727 0.2498 
-0.0727 0.2498 



ELEMENT X-COORD 
160 1.0824 
159 1.1828 
158 1.0824 
157 1.1828 
156 1.0824 
155 1.1828 
154 1.0824 
153 1.1828 
152 1.0824 
151 1.1828 
150 1.0824 
149 1.1828 
148 1.0824 
147 1.1828 
146 1.0824 
145 1.1828 
144 1.0824 
143 1.1828 
142 1.0824 
141 1.1828 
140 1.0865 
139 1.1866 
138 1.0865 
137 1.1866 
136 1.1027 
135 1.2014 
134 1.1027 
133 1.2014 
132 1.1348 
131 1.2309 
130 1.1348 
129 1.2309 
128 1.1826 
127 1.2747 
126 1.1826 
125 1.2747 
124 1.2453 
123 1.3322 
122 1.2453 
121 1.3322 
120 1.3220 
119 1.4025 
118 1.3220 
117 1.4025 

Y-COORD Z-COORD 
0.0727 0.4164 
0.0727 0.4164 
-0.0727 0.4164 
-0.0727 0.4164 
0.0727 0.5829 
0.0727 0.5829 
-0.0727 0.5829 
-0.0727 0.5829 
0.0727 0.7495 
0.0727 0.7495 
-0.0727 0.7495 
-0.0727 0.7495 
0.0727 0.9160 
0.0727 0.9160 
-0.0727 0.9160 
-0.0727 0.9160 
0.0727 1.0826 
0.0727 1.0826 
-0.0727 1.0826 
-0.0727 1.0826 
0.0727 1.2358 
0.0727 1.2300 
-0.0727 1.2358 
-0.0727 1.2300 
0.0727 1.3748 
0.0727 1.3575 
-0.0727 1.3748 
-0.0727 1.3575 
0.0727 1.5110 
0.0727 1.4824 
-0.0727 1.5110 
-0.0727 1.4824 
0.0727 1.6426 
0.0727 1.6030 
-0.0727 1.6426 
-0.0727 1.6030 
0.0727 1.7678 
0.0727 1.7177 
-0.0727 1.7678 
-0.0727 1.7177 
0.0727 1.8848 
0.0727 1.8251 
-0.0727 1.8848 
-0.0727 1.8251 



ELEMENT X-COORD 
116 1.3776 
115 1.4535 
114 1.3776 
113 1.4535 
112 1.4533 
111 1.5230 
110 1.4533 
109 1.5230 
108 1.5851 
107 1.6438 
106 1.5851 
105 1.6438 
104 1.7313 
103 1.7778 
102 1.7313 
101 1.7778 
100 1.8856 
99 1.9193 
98 1.8856 
97 1.9193 
96 2.0447 
95 2.0652 
94 2.0447 
93 2.0652 
92 2.2084 
91 2.2153 
90 2.2084 
89 2.2153 
88 2.3499 
87 2.3464 
86 2.3499 
85 2.3464 
84 2.4672 
83 2.4568 
82 2.4672 
81 2.4568 
80 2.5837 
79 2.5664 
78 2.5837 
77 2.5664 
76 2.6986 
75 2.6745 
74 2.6986 
73 2.6745 

Y-COORD Z-COORD 
0.0727 1.9571 
0.0727 1.8913 
-0.0727 1.9571 
-0.0727 1.8913 
0.0727 2.0329 
0.0727 1.9608 
-0.0727 2.0329 
-0.0727 1.9608 
0.0727 2.1432 
0.0727 2.0619 
-0.0727 2.1432 
-0.0727 2.0619 
0.0727 2.2336 
0.0727 2.1449 
-0.0727 2.2336 
-0.0727 2.1449 
0.0727 2.3015 
0.0727 2.2071 
-0.0727 2.3015 
-0.0727 2.2071 
0.0727 2.3463 
0.0727 2.2482 
-0.0727 2.3463 
-0.0727 2.2482 
0.0727 2.3689 
0.0727 2.2689 
-0.0727 2.3689 
-0.0727 2.2689 
0.0727 2.3725 
0.0727 2.2722 
-0.0727 2.3725 
-0.0727 2.2722 
0.0727 2.3644 
0.0727 2.2645 
-0.0727 2.3644 
-0.0727 2.2645 
0.0727 2.3481 
0.0727 2.2492 
-0.0727 2.3481 
-0.0727 2.2492 
0.0727 2.3239 
0.0727 2.2264 
-0.0727 2.3239 
-0.0727 2.2264 



ELEMENT X-COORD 
72 2.8275 
71 2.7958 
70 2.8275 
69 2.7958 
68 2.9689 
67 2.9288 
66 2.9689 
65 2.9288 
64 3.1049 
63 3.0567 
62 3.1049 
61 3.0567 
60 3.2343 
59 3.1786 
58 3.2343 
57 3.1786 
56 3.3563 
55 3.2933 
54 3.3563 
53 3.2933 
52 3.4698 
51 3.4001 
50 3.4698 
49 3.4001 
48 3.5795 
47 3.5034 
46 3.5795 
45 3.5034 
44 3.6832 
43 3.6009 
42 3.6832 
41 3.6009 
40 3.7730 
39 3.6854 
38 3.7730 
37 3.6854 
36 3.8481 
35 3.7560 
34 3.8481 
33 3.7560 
32 3.9076 
31 3.8120 
30 3.9076 
29 3.8120 

f-COORD Z-COORD 
0.0727 2.2858 
0.0727 2.1906 

-0.0727 2.2858 
-0.0727 2.1906 
0.0727 2.2316 
0.0727 2.1396 

-0.0727 2.2316 
-0.0727 2.1396 
0.0727 2.1650 
0.0727 2.0770 

-0.0727 2.1650 
-0.0727 2.0770 
0.0727 2.0866 
0.0727 2.0032 

-0.0727 2.0866 
-0.0727 2.0032 
0.0727 1.9969 
0.0727 1.9188 

-0.0727 1.9969 
-0.0727 1.9188 
0.0727 1.8968 
0.0727 1.8245 

-0.0727 1.8968 
-0.0727 1.8245 
0.0727 1.7797 
0.0727 1.7144 

-0.0727 1.7797 
-0.0727 1.7144 
0.0727 1.6457 
0.0727 1.5883 

-0.0727 1.6457 
-0.0727 1.5883 
0.0727 1.5020 
0.0727 1.4531 

-0.0727 1.5020 
-0.0727 1.4531 
0.0727 1.3501 
0.0727 1.3102 

-0.0727 1.3501 
-0.0727 1.3102 
0.0727 1.1914 
0.0727 1.1609 

-0.0727 1.1914 
-0.0727 1.1609 



ELEMENT X-COORD 
28 3.9510 
27 3.8528 
26 3.9510 
25 3.8528 
24 3.9786 
23 3.8792 
22 3.9786 
21 3.8792 
20 3.9971 
19 3.8975 
18 3.9971 
17 3.8975 
16 4.0140 
15 3.9140 
14 4.0140 
13 3.9140 
12 4.0283 
11 3.9281 
10 4.0283 

9 3.9281 
8 4.0378 
7 3.9375 
6 4.0378 
5 3.9375 
4 4.0426 
3 3.9422 
2 4.0426 
1 3.9422 

f-COORD Z-COORD 
0.0727 1.0276 
0.0727 1.0068 

-0.0727 1.0276 
-0.0727 1.0068 
0.0727 0.8771 
0.0727 0.8624 

-0.0727 0.8771 
-0.0727 0.8624 
0.0727 0.7419 
0.0727 0.7294 

-0.0727 0.7419 
-0.0727 0.7294 
0.0727 0.5901 
0.0727 0.5802 

-0.0727 0.5901 
-0.0727 0.5802 
0.0727 0.4219 
0.0727 0.4148 

-0.0727 0.4219 
-0.0727 0.4148 
0.0727 0.2533 
0.0727 0.2490 

-0.0727 0.2533 
-0.0727 0.2490 
0.0727 0.0844 
0.0727 0.0830 

-0.0727 0.0844 
-0.0727 0.0830 



LISTING C-3 
ANSYS MACRO TO GENERATE 

CONDUCTOR ELEMENT CENTROIDAL DATA 



*************************************************************************** 
filename: geomwrit.inp 
purpose: Writes the geometric information regarding a single 

TPX TF magnet coil to three files for input to TOSCA 
and the FORTRAN program TAMF to generate magnetic forces. 

*************************************************************************** 

finish 
/filname,meshl 
resume 
/prep7 
NAMEFILE=•tpxtf1' 
loopcnt=l 
allsel 
eplot 

esel,s,real,,12 
esel,s,element,,1,1999 
eplot 
nsle 
csys,0 

*cfopen,NAMEFILE, ecd 

*get,ELEMCNT,elem,,count 
*vwrite,ELEMCNT 
(f6.0) 

! If run interactively, returns to the Begin level 
! The name of the conductor model database 

! Filename prefix for the output 

! Select only the conductor elements 
! In the first coil 

! Open the element information file 

I How many elements of this type in model? 

•.LOOP 
*get,ELEMCNT,elem,,count 
*if,ELEMCNT,eq,0,:D0NE 
*get,ENO,elem,,num,max 

1 Loop once for each element selected 

! How many elements of this type left? 
! If no more, then finished 
1 Get the highest selected element number 

*get,ECENTX,elem,ENO,cent,x ! Get the centroid X-coordinate 
*get,ECENTY,elem,ENO,cent,y ! Get the centroid Y-coordinate 
*get,ECENTZ,elem,ENO,cent,z ! Get the centroid Z-coordinate 

! print the data to the output file 
! using the shell print command 

*vwrite , ENO , ECENTX , ECENTY , ECENTZ 
(f6.0,3E12.5) > 
esel,u,elem,,ENO 
*go,:LOOP 

! Deselect the element just printed 
! Loop through again with the next element 

:DONE 

*cfopen,thatsall ! Open a new file to close data file 



LISTING C-4 
TOSCA MACRO TO GENERATE 

LORENTZ FORCE DENSITIES FOR STRUCTURAL MODEL 

* 



$open 1 f-in.dat read 
$open 2 f-out.dat over 
$open 3 f-chck.dat over 
$form 1 string string=' ' 
$form 2 inte 5 
$form 3 fixe 9 6 
$form 4 expo 0 
$form 5 inte 10 
$form 6 fixe 7 4 
$form 7 fixe 6 1 
$form 20 char 70 

$assi 20 
$write 2 ' Node X Y Z fx 
$write 2 ' Bx By Bz' +output 
$write 3 • Node X Y Z fx 
$write 3 ' cond coil' +output 
$read 1 #n 
$do #i 1 #n 1 
$read 1 #nn #x #y #z 
point x=#x y=#y z=#z 
$comi j-calc 
$cons #fx #jy*bz-#jz*by 
$cons #fy #jz*bx-#jx*bz 
$cons #fz #jx*by-#jy*bx 
$ a s s i 2 1 3 1 3 1 3 1 1 5 1 5 1 5 1 6 1 6 1 6 
$wr i te 2 #nn x y z #fx #fy #fz bx by bz +output 
$ a s s i 2 1 3 1 3 1 3 1 1 5 1 5 1 5 1 2 1 7 
$wr i t e 3 #nn x y z #fx #fy #fz #cond #phic /# f rad +output 
$end do 
$c lose 1 
$c lose 2 
$c lose 3 

* 



$corai mode=cont 

$cons #j 33500*84/.292202/.202286 
/#j=47607467.78 
$cons #xc2 90.188*.0254 
$cons #zc2 45.9*.0254 
$cons #xc3 #xc2 
$cons #zc3 26.6*.0254 
$cons #xc4 -75.695952*.0254 

$para #r2 sqrt((x-#xc2)**2+(z-#zc2)**2) 
$para #r3 sqrt((x-#xc3)**2+(z-#zc3)**2) 
$para #r4 sqrt((x-#xc4)**2+z**2) 
$para #jy 0 

$if x LE 90.188*.0254 
$if abs(z) LE 45.9*.0254 
$para #jx 0 
$para #jz -#j 
$cons #cond 1 

$else 
$para #jx -(z/abs(z))*#j*(abs(z)-#zc2)/#r2 
$para #jz #j*(x-#xc2)/#r2 
$cons #cond 2 

$end if 
$else 
$if abs(z) GE #r4*sin(9.1l/l80*pi) 
$para #jx -(z/abs(z))*#j*(abs(z)-#zc3)/#r3 
$para #jz #j*(x-#xc3)/#r3 
$cons #cond 3 

$else 
$para #jx -#j*z/#r4 
$para #jz #j*(x-#xc4)/#r4 
$cons #cond 4 

$end if 
$end if 

* 



LISTING C-5 
PARTIAL TYPICAL OUTPUT OF 

TOSCA ELEMENTAL FORCE DENSITIES 

> 



Feb 28 11:28 1995 cae2:/users/cae2/tab/ansys/toroid3/tfleob Page 1 

d̂e X Y Z fx fy fz 
Bx By Bz 

336 1. .082400 .072708 -.083276 -80376424 -57867212 0 
1.2155 -1.6883 .9967 
335 1. .082400 -.072707 -.083276 -81066528 47588996 0 
-.9996 -1.7028 .9967 
334 1. .182800 .072708 -.083276 -276003264 -64027228 mD 1.3449 -5.7975 .8726 
333 1. .182800 -.072707 -.083276 -276533376 55404856 0 
1.1638 -5.8086 .8726 
332 1. .082400 .072708 -.249830 -79562648 -69983968 0 
1.4700 -1.6712 .9590 
331 1. .082400 -.072707 -.249830 -81880584 35472176 0 
-.7451 -1.7199 .9590 
330 1. .182800 .072708 -.249830 -275447040 -73077976 0 
1.5350 -5.7858 .8203 
329 1. .182800 -.072707 -.249830 -277089856 46354088 0 
-.9737 -5.8203 .8203 
328 1. .082400 .072708 -.416380 -78738976 -82246448 0 
1.7276 -1.6539 .8039 
327 1. ,082400 -.072707 -.416380 -82704328 23209630 0 
-.4875 -1.7372 .8039 
326 1. ,182800 .072708 -.416380 -274920544 -81643248 0 
1.7149 -5.7747 .6928 
•325 1. ,182800 -.072707 -.416380 -277616384 37788792 0 
.7938 -5.8313 .6928 

324 1. ,082400 .072708 -.582930 -78277424 -89118136 0 
1.8719 -1.6442 .5706 
323 1. ,082400 -.072707 -.582930 -83165944 16337883 0 
-.3432 -1.7469 .5706 
322 1. ,182800 .072708 -.582930 -274556448 -87567824 0 
1.8394 -5.7671 .5148 
321 1. ,182800 -.072707 -.582930 -277980672 31863908 0 
-.6693 -5.8390 .5148 
320 1. 082400 .072708 -.749480 -78049720 -92532408 0 
1.9436 -1.6394 .3717 
319 1. ,082400 -.072707 -.749480 -83397080 12921520 0 
-.2714 -1.7518 .3715 
318 1. ,182800 '.072708 -.749480 -274342240 -91096368 0 
1.9135 -5.7626 .3356 
317 1. ,182800 -.072707 -.749480 -278200320 28334036 0 
-.5952 -5.8436 .3354 
316 1. .082400 .072708 -.916030 -77949224 -94299872 0 
1.9808 -1.6373 .1696 
315 1. .082400 -.072707 -.916030 -83535440 11133076 0 
-.2339 -1.7547 .1681 
314 1. ,182800 .072708 -.916030 -274258368 -92906008 0 
1.9515 -5.7608 .1654 
313 1. .182800 -.072707 -.916030 -278339424 26516868 0 
-.5570 -5.8465 .1634 
12 1. .082400 .072708 -1.082600 -78308792 -92429872 0 

-.9415 -1.6449 .0120 
311 1. ,082400 -.072707 -1.082600 -83660408 12755628 0 
-.2679 -1.7573 -.0063 
310 1. ,182800 .072708 -1.082600 -274582752 -92865080 0 



LISTING C-6 
ANSYS MACRO TO READ 

TOSCA FORCE DENSITIES AND APPLY TO NODES 

> 



********************************************************************* 
! filename: eforce.mac 
! purpose: generates a load file for a single TPX TF magnet coil, based on 
! a magnetic analysis by ANSYS. The loads for this one coil are 
! then applied to the three other coils that make up a quadrant by 
! rotating the coordnate system to align with each coil and 
! appropriately indexing each ofe the first coils node numbers, 
i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

csys,1 
esel,s,real,,12 
/gre,top,vu -
eplot 
nsle 
nsel,r,loc,y, -360/32,+360/32 
esln,r 

*get,ECOUNT,elem,,count 
*get,NCOUNT,node,,count 

EFORCE= 
*dim,EFORCE,,ECOUNT,6 
NFORCE= 
* dim,NFORCE,,NCOUNT,3 

/syp,eforce.s, ' <', LOADFILE, ' >', 'EFORCES' 
/input,EFORCES -

*do,1,1,ECOUNT 
*get,EVOL,elem,I,volu 
esel,s,elem,,1 
nsle 
FX=EFORCE(1,4)*EVOL/8 
FY=EFORCE(1,5)*EVOL/8 
FZ=EFORCE(1,5)*EVOL/8 
*do,J,l,8,l 
NFORCE(nelem(I,J),1)=NFORCE(nelem(I,J),1)+FX 
NFORCE(nelem(I,J),2)=NFORCE(nelem(I,J) , 2)+FY 
NFORCE(nelem(I,J),3)=NFORCE(nelem(I,J),3)+FZ 
*ENDDO 

*ENDDO 

esel,s,real,,12 
nsle 
csys,0 

*do,K,l,NCOUNT 
csys,0 
f,K,fx,NFORCE(K,1) 
csys,3 0 
f,K+4000,fx,NFORCE(K,l) 
csys,50 
f,K+6000,fx,NFORCE(K,l) 
csys,70 
f,K+8000,fx,NFORCE(K,l) 

csys,0 
f,K,fy,NFORCE(K,2) 
csys,30 
f,K+4000,fy,NFORCE(K,2) 



csys,50 
f,K+6000,fy,NFORCE(K,2) 
csys,70 
f,K+8000,fy,NFORCE(K,2) 

csys,0 
f,K,fz,NFORCE(K,3) 
csys,30 
f,K+4000,fz,NFORCE(K,3) 
csys,50 
f,K+6000,fz,NFORCE(K,3) 
csys,70 
f,K+8000,fz,NFORCE(K,3) 
*ENDDO 

v 



ATTACHMENT C-1 
MEMO DESCRIBING INPUT/OUTPUT PARAMETERS 
FOR ACQUIRING LORENTZ FORCES FROM TOSCA 



Babcock & Wilcox 
To: Distribution 
From: Minfeng Xu 
Date: February 17,1995 
Subj ect: I/O File and Number Formats of OPERA Macro for Force Calculations 

This document is to describe the file and number formats of the input and output 
files of the OPERA macro for force density calculations. The OPERA macro provides an 
interface between ANSYS and OPERA/TOSCA files and determines the Lorentz loads (in 
force density) on the TF structure at any given location provided by an ANSYS file. 
Hopefully, the description will aid in the understanding of the output file structure. The 
formats described here have been used to calculate loads and fields for structural analysis, 
however they can be easily changed to accommodate other needs when necessary. 

Input File Format The input file has a format as showing in Table 1. 

Table 1. Input File Format. 

N * 

i Xi Yi Zi 

J X i Y-
Xj h * 

•** «*+ **» • * * 

n Xa Y n ^ U 

In the'table, i\fis an integer representing the total number of locations for load or 
field calculations, i is an integer for a node/centroid (a location) and it does not have to be 
in any particular order, and Xj, Yj, and Xx are real numbers (in meters) for the Cartesian 
coordinates of the locations in the TPX global coordinate system. The input file should 
have N+l rows and 4 columns of data. 

Output File Format The output file contains ten columns of data. They are the 
nodal/centroidal number (one column), Cartesian coordinates (3 columns), force density 
(3 columns), and field values (3 columns) as showing in Table 2. 
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Table 2. Output File Format. 

i X; Yi , Zx 4i % fa B« B y i B z i 

. J : • :jm ;SI fxj % % B * j B y j . B ^ j ' 

n • : ,^n •;•. xn": Z*f : C f" f S x n B y a Bzn 

In the table, fxj is the x-component of the volumetric force density and Bxj is the x-
component of the magnetic field for the r* node/centroid, etc. 

Number Format The output file number format is as following. The 
nodal/centroidal number is a 5-digit integer; the coordinates are fixed format real numbers 
with 9-digit 6-decimal places (in meter); the force density values are 10-digit integers (in 
Newton/m3); and the field values are in 7-digit 4-decimal places fixed number formats (in 
Tesla). Two numbers are usually separated by one space between them except that there 
are two spaces between Zt and %. The field formats are illustrated in Table 3 using the 
standard FORTRAN edit descriptors. The thin vertical bars represent spaces between 
numbers. 

The input file number format is the same as the first part of the number format for 
the output file, with the exception that the number of spaces between the numbers could 
be one or more and could be replaced with a comma or a combination of a comma and 
space(s). 

Table 3. Output File Number Format with Edit Descriptors 

15 F10.6 F10.6 F10.6 no no no F8.4 F8.4 F8.4 

> 



APPENDIX D 
MESH REFINEMENT STUDIES FOR THE TF MAGNET STRUCTURE 

To evaluate the sensitivity of the TF structure finite element model to mesh refinement, a portion 
of the coil case was modeled with several different mesh refinements to evaluate the impact on 
calculated deflections and stresses. The geometry evaluated was of the top half of a single coil 
case, as shown in Figure D-l. The results of the study showed that with 2 elements aefess the 
wall and one element through, as used in the global structural model, the deflections were within 
3% of that with the more refined mesh. The peak calculated Tresca stress (stress intensity) was 
within 15% of that with the more refined mesh. 

The case structure nodes at the TPX equator were fixed to simulate a cantilevered support. To 
load the structure, an arbitrary pressure was applied to one side face of the case. The mesh 
refinement alternatives which were considered included 2, 3 and 5 elements across the wall of the 
case (excluding the corners), and 1 and 3 elements through the wall. The results are tabulated 
below. The deflection value was the maximum deflection of any node within the structure. The 
stress intensity values were the maximum values within the structure, excluding those at the 
support nodes which were constrained at a discontinuity in the structure. 

It is interesting to note that the coil case mesh refinement utilized by Myatt in the conceptual 
design studies utilized three elements through the wall and two across (excluding the corners) as 
in the test labeled MESH2T3, below. Very little advantage is gained by the significant model 
size increase in refining the mesh from 1 element through the wall to 3 elements through. 

TABLE C-1 
STRUCTURAL MESH REFINEMENT STUDY 



APPENDIX E 
LISTING OF TOROID3 MODEL GENERATING 

INPUT FILE 



I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
! filename: toroid6.inp 
! purpose: generates the geometry for a single TPX TF magnet coil, 
! meshes it, and generates another coil and coil structures 
! to make up an octant. No loadings are applied by the actions 
! of this file. 
! revisions following May TIM mtg (as of 5/4/95) 
i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

/menu,off 
/vup,,z x. -
! ================ GENERATE THE TPX MAGNET CONDUCTOR =========================== 

!*go,:case ! Remove ! to bypass initial coil case creation 
!*go,:ics ! Remove ! to bypass all geometry creation 
!*go,:meshl ! Remove ! to bypass all geometry creation 
!*go,:mesh6p ! Remove ! to bypass all creation of 1st coil 
!*go,:mesh6f ! Remove ! to bypass all creation of 1st coil 

! ==================== SESSION SETTINGS ======================================== 

/clear 
/menu,off 
/filname,case 

/PREP7 
/pnum,real,l 
/number,1 

/view,ALL, 1, 1, 1 
/angl,ALL,0 

*afun,deg 
bopt,numb,off 

! ================ GENERATE THE TPX MAGNET CONDUCTOR =========================== 
! =================== GENERAL FACTORS & DIMENSIONS ============================= 

M=.0254 ! Convert inches to meters 
ABIT=.1*M ! A small distance 
BEYOND=1000*M ! a very large distance 

! ============== COIL & CONDUCTOR DIMENSIONS =================================== 
J ========= BASED ON PPL DWG E-9413101,P4, 5-24-94 ============================= 

C0ILDIMX=8.416*M ! Coil pack X-dir dimension 
COILDIMY=11.956*M ! Coil pack Y-dir dimension 
GNDWRAP=.226*M ! Coil pack Groundwrap thickness 
CONDWRAP=.027*M ! Conductor conduit wrap thickness 

C0NDX=C0ILDIMX-2*(GNDWRAP+CONDWRAP) ! Actual conductor conduit X-dir dimension 
C0NDY=C0ILDIMY-2*(GNDWRAP+CONDWRAP) ! Actual conductor conduit Y-dir dimension 

CENTX1=-75.68*M ! outboard leg coil pack center of curvature 
RAD1=228.7*M i inside radius of outboard leg of coil pack 

CENTX2=90.2*M ! upper outboard coil pack center of curvature 
CENTZ2=26.6*M ! upper outboard coil pack center of curvature 
RAD2=60.7*M ! inside rad of upper outboard coil pack curve 



TORANG2= 90 

TORANGl=atan(CENTZ2/(CENTX2-CENTXl)) ! Angle of intersection of outer case 
! curvature RAD1 with RAD2 

CENTX3=CENTX2 
CENTZ3=45.9*M 
RAD3 =CENTZ2 +RAD2-CENTZ3 
TORANG3=180 

upper inboard coil pack center of curvature 
upper inboard coil pack center of curvature 
inside rad of upper inboard coil pack curve 

CENTX4=CENTX2 
CENTZ4=47.0*M 
RAD4=51.9*M 

! center of expanded outer wrap of coil case 
! in region of pancake to pancake transition 
! COIL CASE outer wrap outer radius at trans. 

=============== COIL CASE DIMENSIONS ======== 
======== BASED ON LLNL DWG TPX-E-1302-027 P0 
======== AND PPL DWG E-9413102,SH2,P4 6-2-94 

COOLTH=.094*M 
CASEIDY=13.300*M 
CASEIDX=9.580*M 

! Coil case cooling panel thickness 
! Coil case inner cross width (Y dir) 
! Coil case inner radial width (x-dir) 

SIDETH=1.5*M coil case side wall thickness 

CASEINTH=1*M 
CASE0UTH=1.5*M 

! coil case inner wrap wall thickness 
! coil case outer wrap wall thickness 

CASE0DY=CASEIDY+2 * SIDETH exterior width of coil case (toroidal dir.) 

Dimensions related to buttress on outer leg 

BUTTHK=2.5*M-CASE0UTH 
BUTTHT=27*M 

! Extra thickness at buttress 
! Height of the outer leg buttress 

BUTANGLE=asin (BUTTHT/ (RAD1+ (CONDX/2) + (CASEIDX/2) +CASE0UTH) ) 

Dimensions related to hole elevation at ics equator 

HOLEHGHT=36.8*M 

Dimensions related to lead box interface on upper leg 

B0X1X=141.7*M 
BOX2X=109.6*M 
BOXWALL=1.0*M 
B0XT0PZ=113.0*M 

BOXANGl=acos((B0X1X-CENTX2)/(RAD2+(CONDX/2)+(CASEIDX/2)+CASEOUTH)) 
BOXANG2=acos((B0X2X-CENTX2)/(RAD2+(CONDX/2)+(CASEIDX/2)+CASEOUTH)) 

Dimensions associated with hole at top 



HOLE1X=100*M ! approximate location of the hole intersection with case 
HOLE2X=69.54*M 
HOLEDGE=106.48*M 

HOLElANG=acos((HOLE1X-CENTX2)/(RAD2+(CONDX/2)+(CASEIDX/2)+CASEOUTH)) 
H0LE2ANG=acos((HOLE2X-CENTX3)/(RAD3+(CONDX/2) + (CASEIDX/2)+CASEOUTH) ) 

Dimensions related to nose on inner leg 

RNOSEIN=37.314*M 

ORADI3=RAD3+(COILDIMX/2)-CASEINTH-CASEIDX/2 
ORAD03=RAD3+(COILDIMX/2)+CASE0UTH+CASEIDX/2 

TANGLEl=180-acos(ORADI3/ORAD03) ! angle for tangency point 
TANGLE2=.5*(180+TANGLE1) 

Dimensions related to INTER COIL STRUCTURE 

ICSTHK=1.5*M ! intercoil structure wall thickness 
RIBSPACE=13*M 

Dimensions related to PF COILS & SUPPORTS 

SUPTZ=-89.73*M ! TF Support elevation 
SUPTX=133*M ! TF Support radius 
SUPTH=2*M ! TF Support thickness 

th=1.5*M ! PF structure support thickness 

pf7zb=37.072*M 
pf7zt=50.87*M 
pf7ri=166.08*M 
pf7ro=173.28*M 

pf6zb=74.92*M 
pf6zt=94.37*M 
pf6ri=144.81*M 
pf6ro=152.01*M 

pf5zb=84.96*M 
pf5zt=100.64*M 
pf5ri=43.23*M 
pf5ro=52.44*M 

Mesh refinement paramaters 

MSHCR0SS=2 
MSHTHRU=1 
LGTHFACT=1 
MSHALONG=LGTHFACT*CASEIDY/MSHCROSS 



I ELEMENT TYPES FOR THE MODEL 

defetype,mac 

! ==================== MATERIAL PROPERTIES AT 4K =============================== 

defmatl,mac 

! ==================== MODEL COORDINATE SYSTEMS ================================ 

defcsys,mac 

! ==================== CREATE CONDUCTOR CROSS SECTION ========================== 

/prep7 
wpoffs,(CENTX1+RAD1+COILDIMX/2),0,0 
cswpla,30,0 
rectng,-CONDX/2,CONDX/2,-CONDY/2,CONDY/2 
aatt,,12 

! ==================== Create case cross section =============================== 

asel,none 
rect,(CASEIDX/2),(CASEOUTH+CASEIDX/2),(SIDETH+CASEIDY/2),-(SIDETH+CASEIDY/2) 
rect,-(CASEIDX/2),-(CASEINTH+CASEIDX/2),(SIDETH+CASEIDY/2),-(SIDETH+CASEIDY/2) ; 

rect,- (CASEINTH+CASEIDX/2) , (CASEOUTH+CASEIDX/2) , (CASEIDY/2) , (SIDETH+CASEIDY/2-) 
rect,-(CASEINTH+CASEIDX/2),{CASEOUTH+CASEIDX/2),-(CASEIDY/2),-(SIDETH+CASEIDY/2) 
aovlap,all 

i adjust outer corners for ICS thickness 
ksel,s,loc, x,+CASEIDX/2 
ksel,u,loc,y,+CASEIDY/2 
ksel,u,loc,y,-CASEIDY/2 
kmodif,all,((CASEIDX/2)+CASEOUTH-ICSTHK) 
aatt,,13 ! case materials 

i adjust inner corners for ICS thickness 
ksel,s,loc,x,-CASEIDX/2 
ksel,u,loc,y,+CASEIDY/2 
ksel,u,loc,y,-CASEIDY/2 
kmodif,all,((-CASEIDX/2)-CASEINTH+ICSTHK) 
aatt,,13 ! case materials 

asel,U,loc,x,-5*ABIT,+5*ABIT 
asel,u,loc,y,-5*ABIT,+5*ABIT 
aatt,,15 ! case corner materials 

asel,none 
rect,(CASEOUTH+CASEIDX/2),(BUTTHK+CASEOUTH+CASEIDX/2),CASEODY/2,-CASEODY/2 
rect, (CASEOUTH+CASEIDX/2) , (BUTTHK+CASEOUTH+CASEIDX/2) ,CASEIDY/2,-CASEIDY/2 
aovlap,all 
aatt,,14 ! buttress materials 

asel,none 
ksel,all 
a,2,21,23,1 
a,4,24,22,3 
aatt,,16 ! ground wrap materials (vertical faces) 

asel,none 



a,3,22,21,2 
a,1,23,24,4 
aatt,,17 ! ground wrap materials (inner/outer faces) 

asel,all 
aplot 

! ===================== Define mesh refinement on cross section ============== 

asel,s,real,,16,17 
lsla 
lsel,u,loc,x,0 
lsel,u,loc,y,0 
lesize,all,,,1 ! mesh refinement through ground wrap 

lsel,S,loc,X,-5*ABIT,+5*ABIT 
lsel,a,loc,y,-5*ABIT,+5*ABIT 

lesize,all,,,MSHCROSS 
lsel,invert 
lesize,all,,,MSHTHRU 
lsel,all 

lplot 

! ==================== GENERATE UPPER SECTION ======================= 

i 

*create,TOROID !*use,TOROID,NCSYS,ANG1,ANG2,REALNO 
j 

NCSYS=ARG1 
ANG1=ARG2 
ANG2=ARG3 
REALN0=ARG4 

csys,NCSYS 

asel,s,LOC,Y,ANGl 
asel,r,REAL,,REALNO 
lsla $ ksll 

vext,all,,,,(ANG2-ANG1),0 
ksel,r,loc,y,ANG2 
kmodif ,all 

asel,s,real,,REALNO $ vsla $ vatt,,REALNO $ aslv $ aatt,,REALNO 

*end 

•create,MESHLGTH !*use,MESHLGTH,NCSYS,ANG1,ANG2 
i 

NCSYS=ARG1 
ANG1=ARG2 
ANG2=ARG3 

! mesh refinement across wall 

! mesh refinement thru wall 

csys,NCSYS 



lsel,all 

cmsel,u,LINES 
lsel,u,loc,y,ANG1 
lsel,u,loc,y,ANG2 
lsum 
*get,LGTHTTL,line,0,leng 
*get,NUMLINES,line,0,count 
NUMESH=nint(.5+(LGTHTTL/(NUMLINES*MSHALONG))) 
lesize,all,,,NUMESH 

vsel,all 
vplot 
*end 

i 
i 

lsel,all $ cm,LINES,line 
*use,TOROID,11,0,BUTANGLE, 12 
*use,TOROID,11,0,BUTANGLE,13 
*use,TOROID,11,0,BUTANGLE,14 
*use,TOROID,11,0,BUTANGLE, 15 
*use,TOROID,11,0,BUTANGLE,16 
*use,TOROID,11,0,BUTANGLE,17 
*use,MESHLGTH,11,0,BUTANGLE 

lsel,all $ cm,LINES,line 
*use,TOROID,11,BUTANGLE,TORANG1,12 
*use,TOROID,11,BUTANGLE,TORANG1,13 
*use,TOROID,11,BUTANGLE,TORANG1,15 
*use,TOROID,11,BUTANGLE,TORANG1,16 
*use, TOROID, 11, BUTANGLE, TORANG1,17 
*use,MESHLGTH,11,BUTANGLE,TORANG1 

lsel,all $ cm,LINES,line 
*use,TOROID,12,TORANG1,BOXANG1,12 
*use,TOROID,12,TORANG1,BOXANG1,13 
*use,TOROID,12,TORANG1,BOXANG1,15 
*use,TOROID,12,TORANG1,BOXANG1,16 
*use,TOROID,12,TORANG1,BOXANG1,17 
*use,MESHLGTH,12,TORANG1,BOXANG1 

lsel,all $ cm,LINES,line 
*use,TOROID,12,BOXANG1,BOXANG2,12 
*use,TOROID,12,BOXANG1,BOXANG2,13 
*use,TOROID,12,BOXANG1,BOXANG2,15 
*use,TOROID,12,BOXANG1,BOXANG2,16 
*use,TOROID,12,BOXANG1,BOXANG2,17 
*use,MESHLGTH,12,BOXANG1,BOXANG2 

lsel,all $ cm,LINES,line 
*use,TOROID,12,BOXANG2,HOLEIANG,12 
*use,TOROID,12,BOXANG2,HOLEIANG,13 
*use,TOROID,12,BOXANG2,HOLEIANG, 15 
*use,TOROID,12,BOXANG2,HOLEIANG,16 
*use,TOROID,12,BOXANG2,HOLEIANG,17 
*use,MESHLGTH,12,BOXANG2,HOLEIANG 

lsel,all $ cm,LINES,line 



*use,TOROID,12,HOLE1ANG,TORANG2,12 
*use,TOROID,12,HOLE1ANG,TORANG2,13 
*use,TOROID,12,HOLE1ANG,TORANG2,15 
*use,TOROID,12,HOLE1ANG,TORANG2,16 
*use,TOROID,12,HOLE1ANG,TORANG2 ,17 
*use,MESHLGTH,12,HOLE1ANG,TORANG2 

lsel,all $ cm,LINES,line 
*use,TOROID,13,TORANG2,HOLE2ANG,12 
*use,TOROID,13,TORANG2,HOLE2ANG,13 
*use,TOROID,13,TORANG2,HOLE2ANG,15 
*use,TOROID,13,TORANG2,HOLE2ANG,16 
*use, TOROID,13,TORANG2,HOLE2ANG,17 
*use,MESHLGTH,13,TORANG2,HOLE2ANG 

lsel,all $ cm,LINES,line 
*use,TOROID,13,HOLE2ANG,TANGLEl-2,12 
*use,TOROID,13,HOLE2ANG,TANGLEl-2,13 
*use,TOROID,13,HOLE2ANG,TANGLEl-2 ,15 
*use,TOROID,13,HOLE2ANG,TANGLEl-2,16 
*use,TOROID,13,HOLE2ANG,TANGLEl-2,17 
*use,MESHLGTH,13,HOLE2ANG,TANGLEl-2 

lsel,all $ cm,LINES,line 
*use,TOROID,13,TANGLEl-2,TANGLE1,12 
*use,TOROID,13,TANGLEl-2,TANGLE1,13 
*use,TOROID,13,TANGLEl-2,TANGLE1,15 
*use,TOROID,13,TANGLEl-2,TANGLE1,16 
*use,TOROID,13,TANGLEl-2,TANGLE1,17 
*use,MESHLGTH,13,TANGLEl-2,TANGLE1 

lsel,all $ cm,LINES,line 
*use,TOROID,13,TANGLE1,TANGLE2,12 
*use,TOROID,13,TANGLE1,TANGLE2,13 
*use,TOROID,13,TANGLE1,TANGLE2,15 
*use,TOROID,13,TANGLE1,TANGLE2,16 
*use,TOROID,13,TANGLE1,TANGLE2,17 
*use,MESHLGTH,13,TANGLE1,TANGLE2 

lsel,all $ cm,LINES,line 
*use,TOROID,13,TANGLE2,TORANG3,12 
*use,TOROID,13,TANGLE2,TORANG3,13 
*use,TOROID,13,TANGLE2,TORANG3,15 
*use,TOROID,13,TANGLE2,TORANG3,16 
*use,TOROID,13,TANGLE2,TORANG3,17 
*use,MESHLGTH,13,TANGLE2,TORANG3 

lsel,all $ cm,LINES,line 
*use,TOROID,14,CENTZ3,0,12 
*use,TOROID,14,CENTZ3,0,13 
*use,TOROID,14,CENTZ3,0,15 
*use,TOROID,14,CENTZ3,0,16 
*use,TOROID,14,CENTZ3,0,17 
*use,MESHLGTH,14,CENTZ3,0 

/delete,MESHLGTH 
/delete,TOROID 

i Adjust buttress thickness 



csys,11 
vsel, s,real,,14 
aslv $ lsla $ ksll 
*get,BUTKPX,kp,0,mxlo,x 
lsel,r,loc,X,BUTKPX- ABIT,BUTKPX+ABIT 
ksll $ lslk 
csys,0 
*get,BUTKPX,kp,0,mxlo,x 
kmodif,all,BUTKPX,, 
vatt,,13 
vsel,s,real,,13 
aslv $ lsla $ ksll 
nummrg,kp, AB IT 

allsel 
vplot 

! ===================== Create volume sets (components) 

vsel,all 
vsel,s,real,,12 
cm,CONDVOL,volu ! Make a component - conductor volumes 

vsel,s,real,,13 
vsel,s,real,,14 
vatt,,13 
cm,CASEVOL,volu ! Make a component - coil case volumes 

vsel,s,real,,15 
cm,CRNRVOL,volu ! Make a component - coil case volumes 

vsel,s,real,,16 
cm,GNDWRAPY,volu ! Make a component - gnd wrap side volumes 

vsel,s,real,,17 
cm,GNDWRAPX,volu ! Make a component - gnd wrap in/out volumes 

i Adjust nose section tangency 

! select nose keypoints for curved nose 
csys,13 
ksel,s,loc,y,(TANGLE1+.1),(+270) 

csys,0 
KPTANl=kp(0,0,0) ! INNER MOST KP 
KPTAN2=kp(0,0,100*M) ! UPPER MOST KP 
csys,13 
ksel,r,loc,x,kx(KPTANl) ! Select outer pair of inner most kpoints 

csys,0 
ksel,a,loc,x,(kx(KPTANl)-ABIT),(kx(KPTANl)+ABIT) ! Inner pair of kpoints 
ksel,a,loc,z,kz(KPTAN2) 

cm, CURVEKP,kp 

i select nose keypoints for side faces 
csys,13 
ksel,s,loc,y,(TANGLE1-.1),(+270) 



csys,0 
ksel,r,loc,y,(+ABIT+CASE0DY/2),(-ABIT+CASE0DY/2) 
!ksel,u,loc,x,57.5*M,60*M 
cm,SIDElKP,kp 

csys,13 
ksel,s,loc,y,(TANGLE1-.1),(+270) 
csys, 0 
ksel,r,loc,y,-(+ABIT+CASEODY/2),-(-ABIT+CASE0DY/2) 
!ksel,u,loc,x,57.5*M,60*M 
cm,SIDE2KP,kp 

! Adjust nose side angle 
csys,1 
vsel,s,real,,13,15,2 
vsel,a,real,,18 
aslv $ lsla 

cmsel,s,SIDElKP 
kmodif,all, ,+360/32 

cmsel,s,SIDE2KP 
kmodif,all,,-360/32 

csys,13 
allsel 
ksel,s,loc,y,TANGLEl J 
kmodif,all 

cmsel,s,CASEVOL 
vatt,,13 
aslv 
aatt,,13 
vplot 

! Adjust nose curvature 
csys,1 
allsel 
cmsel,s,CURVEKP 
kmodif,all,RNOSEIN 
vplot 

! ================= CREATE BOTTOM HALF OF TOROID RING ========================== 
> 

csys,0 

vsel,s,real,,12 
aslv $ lsla $ ksll 
vsel,invert 
asel,invert 
Isel,invert 
ksel,invert 
nummrg,all 

vsel,a,real,,12 
vsel,u,real,,21 
vsymm,z,all 
vplot 

! ================= ADJUST THE TOP CURVATURE CENTER ============================ 



TANGLE3=180-acos(ORADI3/RAD4) ! new angle for upper tangency point 
TANGLE4=.5*(180+TANGLE1) 
csys,13 
allsel 
ksel,s,loc,y,TANGLE1-.1,TANGLE1+.1 
kmodif,all,,TANGLE3 
ksel,S,loc,y,(TANGLE1-2-.1),(TANGLE1-2+.1) 
kmodif,all,,TANGLE3-2 
ksel,s,loc,y,TANGLE2-.1,TANGLE2+.1 
kmodif,all,,TANGLE4 

csys, 13 
allsel 
ksel,S,loc,X,(RAD4-ABIT),(RAD4+ABIT) 
ksel,r,loc,y,90,TANGLE3 
csys,15 
kmodif,all,RAD4 !adjust the outer radius at center 13 
csys,13 
allsel 
ksel,S,loc,X,(RAD4-CASE0UTH-ABIT),(RAD4-CASE0UTH+ABIT) 
ksel,r,loc,y,90,TANGLE3 
csys,15 
'kmodif,all,RAD4-CASE0UTH ! adjust the inner radius at center 13 

csys,13 
allsel ^ 
ksel,S,loc,X,(RAD4-ICSTHK-ABIT),(RAD4-ICSTHK+ABIT) 
ksel,r,loc,y,90,TANGLE3 
csys,15 
kmodif,all,RAD4-ICSTHK iadjust the inner radius (outer corner) at center 13 

csys,12 
allsel 
RAD50LD=CENTZ3+RAD4-CENTZ2 
RAD5NEW=CENTZ4 +RAD4-CENTZ2 
ksel,s,loc,x,RAD50LD-ABIT,RAD50LD+ABIT 
cm,BOXKP,kp 
ksel,r,loc,y,88,B0XANG2 
kmodif,all,RAD5NEW ! adjust the outer radius at center 12 

csys,12 
allsel 
ksel,S,loc,X,(RAD50LD-CASE0UTH-ABIT),(RAD50LD-CASE0UTH+ABIT) 
ksel,r,loc,y,88,BOXANG2 
kmodif,all,RAD5NEW-CASE0UTH ! adjust the inner radius at center 12 

csys,12 
allsel 
ksel,S,loc,X,(RAD50LD-ICSTHK-ABIT),(RAD50LD-ICSTHK+ABIT) 
ksel,r,loc,y,88,BOXANG2 
kmodif,all,RAD5NEW-ICSTHK ! adjust the inner radius (outer corner) at center 12 

! Readjust top nose tangency flat 
csys,1 
allsel 
cmsel,s,CURVEKP 
kmodif,all,RNOSEIN 
vplot 



lplot 

finish 
/filnam,case 
save ! I!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!' 1!! 1 1 1 1 

*go,:jumpl 

:case 
/filnam,case 
resume 

:jumpl 
/prep7 
allsel 
l D l o t ' i i i i i i i i i i i i i i i i i i I i i i I i I i I i i i i i I i I I i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

CREATE lead box solid ====================================== 

csys,12 
allsel 

cmsel,s,BOXKP 
ksel,r,loc,y,B0XANG1-ABIT,B0XANG2+ABIT 
lslk,s,l 
asll,s,l 
cm,BOXKP,kp 

csys,0 
vsel,none 
vext,all,,,0,0,BOXTOPZ 
cmsel,u,BOXKP 

kmodif,all,,, BOXTOPZ ! adjust the leadbox top elevation 
vatt,,21 
aslv 
aatt,,21 
lsla 
lesize,all,, , 3 
allsel 

lplot > 

! ====================== Correct real number properties =============: 

csys,0 

vsel,s,real,,13 
aslv 
aatt,,13 

vsel,s,real, ,15 
aslv 
aatt,,15 

allsel 
*get,BUTKPX,kp,,mxloc,x 
ksel,s,loc,x,BUTKPX 



lslk $ asll $ vsla 
vplot 
vatt,,14 
aatt,,14 

! ===================== SELECT AREAS FOR ICS EXTRUSIONS ======================== 

csys,0 
vsel,none 
asel,s,loc,y,CASEODY/2 
asel,r,real,,15 
cm,ICS1AREA,area ! Area to extrude inner & outer ICS shells 

csys,0 
vsel,none 
asel, s,loc,y,CASEODY/2 
asel,r,real,,13 
cm,ICS2AREA,area ! Area to extrude volumes for ICS reinforcement 

csys,0 
vsel,none 
asel,s,loc,y,CASEODY/2 
asel,r,real,,21 
cm,BOXAREA,area ! Area to extrude lead box across ICS 
aplot 

! ===================== CREATE SOLIDS FOR ICS CASE ============================= 
allsel 
vsel,none 
lplot 

cmsel,s, ICS1AREA ! Create nose wedges of ICS 
csys,1 
asel,r,loc,x,0,HOLE2X 
asel,u,loc,z,-CENTZ3,+CENTZ3 
csys,25 
vext,all,,,,360/32 

vatt,,11 
aatt,,11 

j Create rest of ICS 

cmsel,s,ICS1AREA 
cmsel,a,BOXAREA 
vsel,none 
csys,1 
asel,r,loc,x,1000*m,HOLElX 
lsla 
ksll 
cm,EXTRUDKP,kp 

csys,26 
vext,all,,,,,-RIBSPACE/4 
vplot 
cmsel,u,EXTRUDKP 
kmodif,all,,,RIBSPACE/2 

vatt,,11 
aatt,,11 



asel,s,loc,z,RIBSPACE/2 
asel,r,real,,11 
vext,all,,,,,-RIBSPACE/2 
vatt,,11 

csys,0 
ksel,s,loc,z,B0XT0PZ 
lslk $ asll $ vsla $ aslv 
kmodif,all ! Straighten the sides 
vatt,,21 
aatt,,21 
vsel,s,real,,11 
aslv 
aatt,,11 
allsel 

csys,27 
vsel,r,loc,y,-TORANGl,+T0RANG1 
aslv $ lsla $ ksll 
ksel,u,loc,z,-CASEODY/2,+CASE0DY/2 
kmodif, all,,, 

allsel 
vplot 

! ===================== CREATE SOLIDS FOR ICS VERTICAL PLATES 

allsel 
vsel,none 
lplot 

cmsel,s, ICS2AREA ! Create nose wedges of ICS 
csys,1 
asel,r,loc,x,0,HOLE2X 
csys,25 
vext,all,,,,360/32 

vatt,,18 
aatt,,18 

i Create rest of ICS 

cmsel,s,ICS2AREA 
vsel,none 
csys,1 
asel,r,loc,x,1000*m,HOLElX 
lsla 
ksll 
cm,EXTRUDKP,kp 

csys,26 
vext,all,,,,,-RIBSPACE/4 
vplot 
cmsel,u,EXTRUDKP 
kmodif,all,,,RIBSPACE/2 
vatt,,18 
aatt,,18 

asel,s,loc,z,RIBSPACE/2 



asel,r,real,,18 
vext,all,,,,,-RIBSPACE/2 
vatt,,18 

csys,27 
vsel,r,loc,y,-TORANGl,+T0RANG1 
aslv $ lsla $ ksll 
ksel,U,loc,z,-CASEODY/2,+CASEODY/2 
kmodif,all,,, 
aatt,,18 

allsel 

! =============== ADJUST CURVATURE OF ICS SHELL FOR RADIUS 1 

csys,11 
vsel,s,real,,11,18,7 
vsel,r,loc,y,TORANGl,-TORANGl 
aslv $ lsla $ ksll 
ksel,r,loc,y,-.95*T0RANG1,+.95*T0RANG1 
csys,0 
ksel,u,loc,y,0,ABIT+CASEODY/2 
csys,11 
kmodif,all 
vsel,s,real,,18 
aatt,,18 
vsel,s,real,,11 
aatt,11 
vsel,s,real,,13 
aatt,13 

! =================== ISOLATE ICS SHELL RIBS 

allsel 
nummrg,all 
vsel,all 
vsel,u,real,,18 
aslv 
asel,invert 
aplot 
aatt,,18 

cm,ICSWEBS,area 

! =================== OPEN UP EQUATOR WINDOWS 

csys,1 
vsel,s,real,,11,18,7 
vsel,r,loc,Z,-BUTTHT,+BUTTHT 
aslv 
vdele,all,,,1 

windows 
verthole 

allsel 
vplot 



! ============== GENERATE LEFT SIDE ICS SECTIONS =============: 

csys,0 
vsel,s,real,,11,18,7 
vsymm,y,all ! Generate left half ICS segment 

allsel 
nummrg,all 
lplot 

! ================= REMOVE COIL CASE SHELL AT LEAD BOX ======== 

csys,12 
vsel,s,loc,y,B0XANG1,BOXANG2 
vsel,r,real,,13 
vsel,U,loc,X,0,RAD2+COILDIMX/2 
vdele,all,,,1 
vsel,all 

! ================= REMOVE UPPER ICS SHELL AT LEAD BOX ======== 

csys,22 
vsel,S,loc,y,BOXANG1,BOXANG2 
vsel,r,real,,11 
vsel,U,loc,x,0,RAD2+COILDIMX/2 
csys,1 
vsel,u,loc,y,0,-360/16 
vdele,all,,,1 
vsel,all 

i _______„„ REMOVE VOLUMES FROM LEAD BOX LEAVING SHELL AREAS 

csys,0 
vsel,s,real,,15 
vsel,r, loc,y,0,+CASEODY 
aslv 
aatt,,15 

vsel,s,real,,21 
aslv 
vdele,all 
aplot 

csys,0 * 
asel,u,loc,y,-CASEODY/2 
asel,u,loc,z,BOXTOPZ+5*M,BOXTOPZ-5*M 
csys,1 
asel,r,loc,x,(B0X1X-5*M),(BOX2X+5*M) 
adele,all 
allsel 

! ==================== REMOVE ICS GUSSETS FROM LEAD BOX REGION 

csys,1 
allsel 
vsel,s,real,,18 
vsel,r,loc,X,(B0X1X-5*M),(BOX2X+5*M) 
vsel,r,loc,y,0,360/16 
vsel,r,loc,z,0,100*m 
vdele,all,,,1 



! =================== ELIMINATE GUSSETS AT MIDDLE OF OCTANT 

csys,90 
asel,s,loc,y,0 
asel,u,loc,x,0,centx2 
aatt,,0 

I ==================== PUT LEAD BOX REGION ON OTHER SIDE ==•• 

vsel,s,real, ,12 
aslv $ lsla $ ksll 
vsel,invert 
asel,invert 
lsel,invert 
ksel,invert 
cm,SHELLVOL,volu 
csys,0 
vsymm,y,all,,,,0 
cmsel,s,SHELLVOL 
vdele,all,,,1 

asel,s,real,,21 
cm,CASEAREA,area 
arsymm,y,all,,,,0 
cmsel,s,CASEAREA 
adele,all,,,1 

allsel 
lplot 

finish 
/filnam,ics 
save ! ! ! 1 ! ! I 1 I I I I ! ! ! ! ! ! ! ! ! I I ! I ! ! 1 I I ! ! 1 I ! ! I!!!!11!! ! S ! ! ! ! ! ! I ! ! ! ! 
*go,:jump2 

:ics 
/filnam,ics 
resume 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

defetype 
finish 
/prep7 

vertholz ! Create fillets on vertical ports 

local,110,0 ! CS for centerplane of coil 1 
clocal,118,1 ! Rotated Cylindrical CS 

eshape,2 

• ================= mesh the coil conductor bundle elements =========== 

:jump2 
/prep7 
allsel 
lplot ! 

vsel,s,real,,12 



mat, 1 
type,l 
vmesh,all 
eplot 

! =========== mesh the gnd wrap/filler material elements ======================= 

vsel,s,real,,16 
mat, 4 
type,l 
vmesh,all 
eplot _ -

vsel,s,real,,17 
mat, 3 
type,l 
vmesh,all 
eplot 

cm,C0IL1NDS,nodes 
cm,COILELEM,elem 

! ======== ADJUST CONDUCTOR & INSULATION ELEMENTAL COORD. SYSTEMS ============== 

j 
•create,CSADJST !*use,CSADJST,NCSYS,ANG1,ANG2 
i _ ^ _ _ 

NCSYS=ARG1 
ANG1=ARG2 
ANG2=ARG3 

csys,NCSYS 

vsel,s,loc,y,ANG1,ANG2 
vsel,r,real,,12,17 
vsel,u,real,,13,15 
eslv 
nsle 
emodif,all,esys,NCSYS 

*end 
i 

> 
*use,CSADJST,11,0,BUTANGLE 
*use,CSADJST,11,BUTANGLE,TORANGl 
*use,CSADJST,12,TORANGl,BOXANG1 
*use,CSADJST,12,BOXANG1,BOXANG2 
*use,CSADJST,12,BOXANG2,HOLE1ANG 
*use,CSADJST,12,HOLE1ANG,TORANG2 
*use,CSADJST,13,TORANG2,HOLE2ANG 
*use,CSADJST,13,HOLE2ANG,TANGLE1-2 
*use,CSADJST,13,TANGLE1-2,TANGLE1 
*use,CSADJST,13,TANGLE1,TANGLE2 
*use,CSADJST,13,TANGLE2,TORANG3 
*use,CSADJST,16,CENTZ3,0 

*use,CSADJST,111,0,-BUTANGLE 
*use,CSADJST,111,-BUTANGLE,-TORANGl 
*use,CSADJST,112,-TORANGl,-BOXANG1 



*use,CSADJST,112,-BOXANG1,-BOXANG2 
*use,CSADJST,112,-BOXANG2,-HOLE1ANG 
*use,CSADJST,112,-HOLE1ANG,-TORANG2 
*use,CSADJST,113,-TORANG2,-HOLE2ANG 
*use,CSADJST,113,-HOLE2ANG,-TANGLE1-2 
*use,CSADJST,113,-TANGLE1-2,-TANGLE1 
*use,CSADJST,113,-TANGLE1,-TANGLE2 
*use,CSADJST,113,-TANGLE2,-TORANG3 
*use,CSADJST,16 ,-CENTZ3 , 0 

csys,0 
esel,s,esys,,16 
nsle 
nsel,r,loc,x,CENTX2,1000*M 
esln,r 
emodif,all,esys, 11 

=========== generate elements for the other coil ============== 
================= including conductor and wrap/filler material 
======== with node numbering increments of 3000 =============== 

csys, 1 
cmsel,s,COIL1NDS 
cmsel,s,COILELEM 
ngen,2,3000,all,,,0,1*360/16 
numstr,elem,3001 
egen,2,3000,all,,,, , ,20 
cmsel,u,COIL1NDS 
csys,30 
nrotate,all 

allsel 
eplot 

===== mesh the ICS rib shell elements 

numstr,elem,12000 
numstr,node,12000 

vsel,s,real,,11 
aslv 
aatt,,11 
lsla * 
cm,ICSLINES,lines 

csys,20 
cmsel,s,ICSLINES 
lsel,u,loc,x,0,centx2 
lsel,r,loc,y,0,-RIBSPACE/2 
lesize,all,,,2 

csys,90 
cmsel,s,ICSLINES 
lsel,u,loc,x,0,centx2 
lsel,r,loc,y,0,+RIBSPACE/2 
lesize,all,,,2 

csys,20 
cmsel,s,ICSLINES 



Isel,u,loc,x,centx2,0 
lsel,u,loc,y,0,-RIBSPACE/2 
lesize,all,,,4 

csys,90 
cmsel,s,ICSLINES 
lsel,u,loc,x,centx2/0 
lsel,u,loc,y,0,+RIBSPACE/2 
lesize,all,,,4 

csys,20 
cmsel,s,ICSLINES 
lsel,u,loc,x,centx2,1000 
lesize,all,,,2 

csys,90 
cmsel,s,ICSLINES 
lsel,u,loc,x,centx2,1000 
lesize,all,,,2 

mat ,2 
type,l 
vmesh,all 

! ================= mesh the ICS gusset elements === 

csys,0 
asel,s,real,,18 
asel,u,loc,y,CASEODY/2 
asel,u,loc,x,CENTX2,1000 
cm,GUSSETS,area 

asel,s,real,,18 
asel,u,loc,y,CASEODY/2 
asel,u,loc,x,CENTX2,0 
csys,20 
asel,u,loc,y,-ABIT,+ABIT 
csys,90 
a s e l ^ l o ^ y , -ABIT,+ABIT 
cmsel,a,GUSSETS 

mat, 2 
type,5 
amesh,all * 

esel,all 
eplot 

! ====================== mesh the coil case elements 

vsel,s,real,,13,15 
mat, 2 
type,l 
vmesh,all 

esel,all 
eplot 

finish 



/filname,meshl 
save ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

*go,:jump3 

:meshl 
/filname,meshl 
resume 

:jump3 
allsel 
eplot ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
/prep7 

defcsys,mac 

i ========= GENERATE PF COILS 5, 6 & 7 AND BRACKETS =========================== 

pfgen6,mac 

! ========= REPLICATE THE SINGLE COIL TO FORM OCTANT ========================== 

/prep7 
csys,20 
vsel,u,real,,12 
vsel,u,real,,16,17 
vsel,u,real,,22,28 
vsymm,y,all ! Generate left half of octant segment 
asel,s,real,,21 
arsymm,y,all 
eplot 

! ===============================================================: 
finish 
/filname,mesh6p 
save ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
*go,:jurap4 
:mesh6p 

/filname,mesh6p 
resume 

:jump4 
/prep7 
/gre,isol,vu 
allsel 
eplot ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

asel,s,real,,21 
lsla 
lplot 

mesh the lead box shell elements =========================== 

csys,20 
lsel,U,loc,y,-RIBSPACE/2,+RIBSPACE/2 
csys,60 
lsel,U,loc,y,-RIBSPACE/2,+RIBSPACE/2 



lesize,all,,,2 
cm,BOXLINES,line 

lsla 
cmsel,u,BOXLINES 
lesize,all,,,1 

lplot 

mat, 2 
type,5 
real,21 
amesh,all 

esel,all 
eplot 

! ================= mesh the ICS bolting ring elements 

vsel,s,real,,11,18,7 
csys,28 
vsel,u,loc,x,0,CENTX2 
csys,20 
vsel,r,loc,y,0,-RIBSPACE/2 
vplot 
vclear,all 

mat, 2 
type,l 
real,19 
vatt,,19 
vmesh,all 
eplot 

vsel,s,real,,11,18,7 
csys,28 
vsel,u,loc,x,0,CENTX2 
csys,20 
vsel,r,loc,y,0,+RIBSPACE/2 
vclear,all 

mat, 2 
type,l * 
real,20 
vatt,,20 
vmesh,all 

i Clear any gussets from bolt rings 

csys,20 
!asel,s,real,,18 
!asel,r,loc,y,-l.l*RIBSPACE/2,+l.l*RIBSPACE/2 
!asel,u,loc,x,0,CENTX2 
!aclear,all 

esel,all 
eplot 

Clear any gussets from next to bolt rings 



csys,28 
asel,s,real,,18 
asel,r,loc,y,-360/32,+360/32 
asel,U,loc,2,-HOLEHGHT-4*M,+H0LEHGHT+4*M 
asel,u,loc,x,0, H0LE1X+5*M 
aclear,all 

esel,all 
eplot 

! ================ MERGE NODES, ETC EXCEPT @ BOLT JOINT 

allsel 
csys,20 

nsel,u,loc,y,-M,+M 
nummrg,all 

! ======== MODIFY SS ELEMENT & NODAL CS TO GLOBAL CYL. = 

allsel 
csys,28 
esel,u,real,,12 
esel,u,real,,16,17 
nsle 
nrotate,all 
emodify,all,esys, 28 

/gre,top,vu 
eplot 

allsel 
eplot 
! ================= Save the FE model with solids ================== 

finish 
/filname,mesh6f 

allsel 
eplot > 

save ! !!!!!!!!! M !!!!!!!!!!!!!!!!!!!!!!!!!!!! I !!!!!!!!! 1 ! M M ! ! 

! ================= Save the FE model w/o solids =================== 

finish 
/filname,femesh6 
/prep7 
allsel 

modmsh,noch 

vdele,all,,,1 
adele,all,,,1 
ldele,all,,,1 
kdele,all,,,1 



modmsh,check 

finish 
save ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

/inp,finish,mac 

NOTE THAT THE FINITE ELEMENT MODEL WITHOUT THE SOLID MODEL DATABASE 
NEEDS FURTHER PROCESSING TO DEFINE CONSTRAINTS, LOADS AND 

INTERFACE DEFINITIONS COMPLETED. 

USE MACRO NAMED FINISH.MAC 
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I. INTRODUCTION 

Several key changes in the design of the Toroid Field (TF) magnet system components 
have been developed over the course of the preliminary design phase. This report 
discusses the TF structure bolted joint configurations which were evaluated during this 
period, predominantly focusing on the structural analysis issues considered. The 
conclusion of this report offers a suggestion for a bolted joint configuration which is likely 
to be more desirable than the two concepts developed to date. 

The Baseline Concep'tual design configuration of the TF structure consisted of four 
quadrant subassemblies which were to be joined by the use of welding the adjoining Inter-
Coil Structure (ICS) shells. This configuration, as shown in Figure 1, also had equatorial 
openings in the ICS shell at 12 of 16 locations between Coil Case assemblies. The four 
locations without equatorial windows were those ICS segments associated with the 
welded joints between quadrants. The quadrant assemblies consisted of pairs of mirror-
symmetry octant assemblies which were assembled with bolted flanges with eight (8) 
rectangular keys and keyways for alignment and shear restraint. 

EDDY CURRENT BREAK-
0 TF WEDGING FACE 

RIGHT HAND 2-COIL MODULE 

TF COIL LEAD BOX 

4--C0IL MODULE 
WELD JOINT 

EQUATORIAL ICS OPENING 

4-COIL MODULE 
WELD JOINT 
(WITHOUT ICS OPENING) 

-LEFT HAND 2-COIL MOOULE 
BOLTED EDDY 

CURRENT BREAK 

Figure 1 - Conceptual TF Assembly 

The current preliminary baseline design of the TF structure, as shown in Figure 2, has 
changed during the course of the preliminary design in the following respects: 



The current preliminary baseline design of the TF structure, as shown in Figure 2, has 
changed during the course of the preliminary design in the following respects: 

• There are now equatorial openings at all 16 of the ICS segments; 
• The four quadrant welded joints have been replaced with a bolted joint configuration 

identical to that anticipated for octant-to-octant assembly; and 
• The bolted joint configuration currently shown in the preliminary baseline utilizes a 

series of interlocking wedges (in lieu of rectangular keys) to align and constrain the 
joint. 

Figure 2 - Preliminary TF Structure 



II. GLOBAL STRUCTURAL RESPONSE 

Over the course of the preliminary design phase, the global structural response of the TF 
assembly with respect to proposed changes has been evaluated using finite element 
analysis methods. These analyses first modeled a quadrant of the TF assembly (see 
Figure 3), and later revisions of the model reflect an octant of the assembly as an all 
bolted configuration was adopted. This octant model is shown in Figure 4 and discussed 
in greater detail in the Preliminary Phase report on th TPX TF Structural Analysis [1]. 

Figure 3 - Quadrant FEA Global Model 

Some evaluation of the structural impact of these changes is possible by comparison of 
the outboard leg stress plots shown in Figures 5 through 7. The first of these figures 
reflects the design with the welded quadrant joint without a window. The second reflects 
a welded quadrant joint with a window, and the third represents a bolted quadrant joint 
with a window. Comparing these plots show the stress distributions to be somewhat 
similar, with the peak stress intensity values located at the corners of the equatorial 
windows. 



Figure 4 - Octant FEA Global Structural Model 

Introducing the windows at the quadrant joints resulted in approximately a 10 percent 
increase in the peak stress intensity and the deflections of the structure increased by about 
0.32 mm. Once the window was introduced, changing from the welded joint to the bolted 
joint did not make a significant difference to the structural response of the system. A 
direct comparison is not possible due to detailed model changes between the welded and 
bolted configurations. However, the peak stress intensities at the corner of the window is 
within a couple of percent of the welded model with windows. The maximum deflection 
for the all-bolted model is greater than the welded configuration by 0.53 mm. 

No significant changes in the stress intensities were identified elsewhere in the structure 
as a result of these changes from the initial baseline to the current configuration. 
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III. BOLTED JOINT DESIGN REQUIREMENTS 

To assist in evaluating the various bolted joint concepts, a number of detailed design 
criteria have been developed to allow objective comparisons. The criteria selected are as 
follow: 

Assembly/Maintenance Requirements 

• The bolted joint must permit field assembly of the octant TF structure segments. 
• Specific alignment, insulation and/or fastening components required for the joint shall 

be accessible with the TF structure installed on the supporting structures. 
• This assembly process should allow some degree of field adjustment to facilitate 

alignment of the TF magnets relative to each other. The misalignments to be 
accommodated shall include radial and vertical offsets of up to .05 inch. The ability 
to accommodate a variable flange spacing gap of up to .05 inch is desired. 

• Once aligned, the j oint should maintain that alignment throughout the operating life 
of the facility without need for adjustment, re-tightening, or other maintenance. 

• After the system has been placed in operation, the joint design should allow 
maintenance if needed. 

Operational Requirements 

• The bolted joint shall act as an electrical insulating barrier to prevent the flow of eddy 
currents circulating around the TF structure. 

• The joint shall maintain the component/assembly alignment throughout the operating 
cycle and life of the system. To this end, the joint shall not separate under operating 
load. The insulator materials shall not be allowed to slip or migrate out of the joint 
due to alternating or cyclic stress cycles. 

• The insulator materials shall withstand the stresses imposed upon them by the 
interfacing surfaces of the joint. Shear stresses shall be compared to allowable values 
which are consistent with the localized normal stresses applied to the insulator. 

• The interfaces between the insulator and the flange steel shall either preclude slippage 
or shall be compatible with repeated slippage without adverse effect on the eddy 
current insulation function. 

• Should insulator/flange slippage occur, the geometric relationship of the flange faces 
shall be maintained over the cyclic operation of the system — 

• The joint shall be effective in restraining the joint with shear from out-of-plane 
moments twisting the upper half of the toroid in either the positive or the negative 
toroidal direction. 



IV. BOLTED JOINT DESIGN LOADS 

To be effective, the bolted joint must maintain the alignment of the two flange faces 
without separating or slipping significantly under applied loads. To identify these loads 
and the related interface stresses, the global structural finite element model was utilized. 

The model was analyzed for operation at the 4K operating temperature with the worst 
case E/M loads (Li-0= 1.2/5.0) applied. To ensure that the flanges remain in contact at 
operation, the bolting preload was initially defined to resist the locally highest tensile load 
applied by the ICS. Results from initial calculations indicated that bolting preload value 
required to keep the joint from opening would be about 35 MN per octant joint. This can 
be accomplished with 40 bolts per joint, each 2.0" in diameter, and preloaded to 1 MN. 

Follow-on calculations incorporated beam elements linking the outside flange faces with 
an initial strain to simulate the bolt preload. Figures 8 through 13 display the distribution 
of stresses in the insulation between the joint faces. The normal stresses reflect the forces 
clamping the insulator and the shear stress components reflect those forces acting parallel 
to the interface attempting to cause interface slippage. 

OCTANT BOLT JOINT TOROIDAL STRESS, MPa (operation 8 4k) 
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Figure 8 - Normal Stress Clamping Insulator 
When the E/M loads are applied to the TF structure, the normal stress clamping the eddy 
current insulation is reduced by the tensile stresses developed in the ICS structure. The 
bolting flange insulator normal direction (i.e., global toroidal) stresses are shown in Figure 
8 after preload, cooldown, and application of the E/M forces. This plot shows that the 



insulator elements in the bolted joint are still predominantly in compression during 
operation. The key issue to address is whether there is enough clamping normal force to 
restrain the insulation slippage by friction. 

The shear and normal stresses calculated by the global model represent the average values 
spread over the faces of the flanges. Essentially, this represents a bolted joint with no 
shear restraint keys and a continuous sheet of insulator material between the flange-faces. 
The detailed stresses on the wedged key insulators are calculated separately below. 

The shear stresses acting on the flange/insulator interface are shown resolved in two 
possible coordinate system orientations - global cylindrical vertical and horizontal 
(Figures 9 & 10), local radial and poloidal directions (Figures 11 & 12), as well as the 
shear magnitude (Figure 13). These various results orientations have been provided to 
assist in identifying the needed shear restraint locations and orientations. 

Both the rectangular and wedge key concepts utilize alignment components which are 
aligned to directly restrain the poloidal direction shear strain. These designs both require 
the local radial shear stress to be restrained by the insulator through friction at the 
flange/insulator interface. Fortunately, the maximum local radial shear stress is of much 
lower magnitude than the local poloidal shear. It can also be seen that the highest 
poloidal shear stresses occur in the region adjacent to the equatorial openings in the TF 
structure. 



OCTANT BOLT JOINT VERTICAL SHEAR STRESS, MPa (operation 9 4k) 
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Figure 9 - Vertical Shear Stress on Insulator 

OCTANT BOLT JOINT HORIZONTAL SHEAR STRESS, MPa (operation 9 4k) 
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Figure 10 Horizontal Shear Stress on Insulator 
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Figure 11 - Poloidal Shear Stress on Insulator 
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Figure 12 - Radial Shear Stress on Insulator 
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Figure 13 - Combined Shear Stress Components 



V. EVALUATION OF THE CONCEPTUAL DESIGN JOINT 

One of the concerns regarding the conceptual design was that the joint is to be electrically 
insulated to prevent the flow of eddy currents throughout the structure. This means that 
the joint faces and the keys need to have an insulated layer separating the metal-to-metal 
interfaces. The conceptual design proposed utilizing a series of fiberglass insulator sheets 
between the faces of the flanges and the key/keyway to provide this insulation. 

Initial calculations of the structural response of the insulator materials addressed the 
potential of interlamihar shear failure of the fiberglass composite. In fact, the bolted joint 
interface shear stress levels identified in the global structural model (up to 20 MPa) are 
not likely to cause mterlaminar shearing failure of the insulation. 

However, unless there is sufficient normal compression load in the joint, the metal-to-
insulator interface is likely to slip in response to the shear stresses. Such slippage could 
cause insulator motion and/or abrasion since the insulation is not expected to be bonded 
to both (and probably neither) of the flange faces. This concern is confirmed by 
experiences with the TFTR fusion reactor system operation, where these insulator sheets 
have shown a tendency to move out of position in these joints due to the cyclic loadings 
on the structure. 

Considering a reasonable coefficient of friction between fiberglass and steel is about 0.3, 
the normal stress at operating conditions would need to be 3 times the maximum shear to 
prevent slippage. The ability to accommodate the shearing forces through friction at the 
interface is compromised by the fact that as the TF coil is energized, a tensile hoop load is 
developed in the outboard legs of the ICS. This tensile load will then tend to relieve the 
preload applied by the bolts in the joint at just the point in the operating cycle when the 
preload is needed most. 

Figure 14 was prepared to provide a clearer indication of whether the remaining normal 
clamping stress during operation is sufficient to prevent insulator slippage, considering 
the shear stresses shown above. This figure plots .the ratio of the shear stress magnitude 
divided by the normal stress magnitude for each element modeled in the interface. Since 
compressive normal stress values are negative, the acceptable ratios for non slippage 
would be zero to -0.3. Thus, the darkest blue and the grey areas do not meet these 
criteria, indicating a large part of the insulation will slip. — 

To prevent insulator-slippage at the joint interface, one or more of four options must be 
implemented: 

• the normal compression stress must be increased; 
• some means of direct shear restraint must be provided; 
• the shear stresses must be reduced; or 
• potential slippage must be accomodated. 



RATIO OF SHEAR TO NORMAL STRESS (FOR FRICTION) 

Figure 14 - Shear to Normal Stress Ratio on Insulation Elements 

Considering the required preload to prevent slippage, the maximum shear stress magnitude 
at operating conditions is about 20 MPa. To provide sufficient preload to prevent 
slippage (assuming a coefficient of friction of 0.3), then the required preload per joint 
would be more than 3 times greater than that required to keep the joint from opening. 
However, increasing the sizes and/or quantity of fasteners to that extent is not possible 
with the space available on the flange faces. 

Since it would appear that friction alone is insufficient to prevent flange slippage, it is 
appropriate to investigate the effectiveness of the square keys presented in the conceptual 
design. For the purposes of discussion in this report, the term "square key" shall refer to 
either a square or rectangular bar that reacts interface shear on surfaces that are located at 
a 90 degree angle to the shear plane. The conceptual design utilized 8 keys per octant 
joint, with each key consisting of a 3" by 3" block of steel sitting in a matching slot 

One of the concerns regarding the square keys was the ability to install the keys and an 
insulation wrapper with sufficiently small clearances to restrain the shear strain before the 
load is totally absorbed by the flange-to-flange insulator. As an indication of the allowable 
clearance between the key and the keyway, it was calculated that a 0.2 inch thick layer of 
G-ll (shear modulus of about 10 GPa) would develop a 50 MPa shear stress if one flange 
face were to shift 0.001 inch relative to the other. Thus, for the keys to be any better than 
no keys at all, they should have much less than .001 inch clearance. This would mean a 
very challenging installation process, which by itself would be likely to damage the key 
and/or keyway insulator. 
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Recognizing these shortcomings of the conceptual joint configuration, the alternative 
wedge key interface was developed. It was felt that the angles of the new wedged design 
would reduce the joint's tendency to slip by transferring some of the applied local 
poloidal shear stress into additional insulator compression, thus allowing improved shear 
stress and friction load handling capabilities without the need to significantly increase the 
joint preload. 

VI. EVALUATION OF THE WEDGE JOINT DESIGN 

To provide a detailed evaluation of the wedged joint's ability to handle the bolt preload 
and the operating loads, a 2-D model of a wedge/insulation interface was developed. 
This model (shown in Figure 15) represents a single wedge on one side of the joint and 
insulator interfaces on the opposing side. Also included in the model is a beam element 
linking the two flanges to represent the preloaded bolts. At the left and right sides, the 
insulation nodes interfacing the adjacent wedges are restrained from motion. 

This model was initially analyzed at a temperature of 4k with a bolt preload of 1 MN per 
bolt to observe the stress patterns associated with the bolt-up. A second and third case 
investigated the application of a local poloidal shear force representing 5 and 10 MPa 
shear stress on the bolting flange. The normal and shear stresses from these cases were 
evaluated for shear stress margin considering the localized compressive loadings. The 
results are as follow: 

1. At boltup, the shear stress allowable values are acceptable considering the amount of 
compression available. However, the ratio of shear to normal stress was for the most 
part in excess of 0.3 (see Figure 16). This means that there would be slippage between 
most of the insulator and the wedge interface unless some mechanical fastener and/or 
bonding is implemented. 

2. With 5 MPa shear stress, a small portion of the insulator fails the acceptable 
shear/compression stress criteria (Figure 17). This failure occurs on the side of the 
wedge which will be unloaded as the shear stress is applied. However, this portion of 
the insulator is likely to slip during preload and/or operation, so that the actual shear/ 
compression loads may be acceptable. Again, much of the insulator has a shear-to-
normal stress ratio that would tend to indicate slippage would occur (Figure 18). 

3. With 10 MPa applied, a larger portion of the insulation is shown to fail the shear 
/compression acceptance stress criteria (Figure 19). As before, it is on the side of the 
wedge which will be unloaded by the shear loads. Once again, this portion of the 
insulator is likely to slip during preload, so that the actual shear/ compression loads 
may be acceptable. Again, much of the insulator has a shear-to-normal stress ratio that 
would tend to indicate slippage would occur (Figure 20). 



2D MODEL OF A WEDGE KEY WITH INSOLATOR PADS AND BOLTS 

Figure 15 - ANSYS model of a wedge key in the preliminary design flange 
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Figure 16 - Plot indicating a tendency for insulator slippage. 



One observation from the above is that slippage is likely to occur before the 
shear/compression stress criteria is exceeded. If slippage between the insulator and the 
wedges are likely to occur, the design must also assure that the insulators do not have a 
tendency to "walk" out of the joint due to alternating shear stress conditions. This could 
be accomplished if the insulators were fastened to one face of one of the interfacing . 
wedges. 

This analysis did not explicitly evaluate the ability of the wedged design to accommodate 
the radial shear along with the poloidal shear, however the radial shear magnitude 
(predominantly 0 to 2.5 MPa) is significantly lower than that of the poloidal shear 
(predominantly 2.5 to 17 MPa). Although there is sufficient shear/compression margin to 
accommodate this additional shear, the interface shear to normal stress ratio indicates that 
some interface slippage is likely to occur. 

Although slippage in this joint configuration would appear to be just as likely in the 
wedged configuration as in the conceptual design, in fact the overall geometry is 
constrained better by the interlocking wedges acting to restrain the local poloidal shear 
stresses on the compressive side of the wedge. Thus, the overall geometry and structural 
rigidity are maintained. The preload can probably be distributed over the flange face 
more evenly with the wedged design since it has the capability for local field fit 
adjustments. 

One concern that has been expressed by reviewers is the tolerances which may be 
required for the appropriate alignment of the wedges. Results from this 2-D study 
indicate that the clearances need to be consistent within .001 inch to properly balance the 
loads on either side of each wedge. This would tend to indicate that these concerns are 
probably valid. 

> 
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Figure 17-Acceptable shear/compr. margin with 5 Mpa poloidal shear 
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Figure 18 Acceptable shear-to-normal ratio with 5 Mpa poloidal shear 
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Figure 19 - Acceptable shear/compression margin with 10 Mpa poloidal shear 
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Figure 20 - Acceptable shear-to-normal ratio with 10 Mpa poloidal shear 



VI. CONCLUSIONS 

One of the most important criteria for the selection of the assembly joint is the capability 
to very accurately align the coils relative to each other. This accurate alignment may 
require some small erection adjustment to achieve at installation and the wedged design 
allows for that adjustment. Another crucial criteria is the ability to restrain the relative 
motion of the coils during operation. If properly adjusted during erection, the wedged 
joint will be preloaded to restrain the shear forces imposed by the overturning moments. 
The conceptual design does not provide the adjustment for as accurate a restraint as that 
available with the wedged configuration. 

However, from the previous analyses, it can be seen that both the keyed and the wedged 
joint configurations would have difficulties preventing insulation surface slippage at all 
locations on the interface. Tokamac reactor operating experience indicates that insulation 
slippage and/or motion in these joints can be a maintenance problem. 

Considering the potential maintenance problems, but acknowledging the advantages of 
each of the above designs, another concept was developed late in the preliminary design 
phase. This concept utilizes fewer components which are easier to adjust but still provides 
the restraint offered by the wedges. 
Based on observations of the shear stress patterns within the joint insulation (Figures 9 
through 12), it can be concluded that the joint may only need keys in locations 
immediately adjacent to the ICS openings. Elsewhere in the joint, a reasonable preload 
value may leave sufficient normal stress to prevent insulation slippage from occurring 
during operation. Thus, it could be possible to simplify the design by reducing the 
number of keys and key ways. Below is described a concept for a conveniently adjustable 
joint that includes: 

1. An adjustable square key which can accommodate for some field installation 
mismatches of the opposing key ways, and provide a virtually perfect fit for shear 
restraint; 

2. An adjustable insulated spacer which can accommodate flange spacing variations while 
still allowing for sufficient insulation compression to restrain the remaining shear with 
friction with the flange faces, 

3. A fastener system which will allow accurate boltup preload, without the uncertainty of 
hydraulic seal reliability at disassembly, and 

4. Some adjustments to the geometry of the welds connecting the ICS shells to the bolting 
flange allows more of the compressive normal force to remain in the flange, thus 
improving the clamping of the insulation between the two keys. 

Since this new design can provide improved stability for the insulation materials in the 
bolt joint, it should be considered for implementation in the final design phase. 



VII. ADJUSTABLE BOLT JOINT CONCEPT 

The proposed alternative concept utilizes four (4) square keys per octant joint, with two 
in the upper joint segment, and two in the lower. As shown in Figure 21, one of the two 
keys per joint segment is located adjacent to the equatorial windows, and the other is 
located near the upper or lower port. These keys are configured with several features as 
described below to facilitate a tight fit at installation. Between the alignment keys, the 
joint is configured with a number of adjustable insulated spacers through which the 
bolting loads are applied from one flange to the other. 

ADJUSTABLE KEYS 

The adjustable keys are fit into square slots in the flange to effectively react the poloidal 
shear. They are designed to allow adjustment to accommodate small erection 
misalignments, but still maintain a virtually perfect fit to restrain the operational shear 
loads. 

This concept proposes that an adjustable key to fit these misaligned slots are fabricated in 
two halves, one for each face of the flange (as shown in Figure 22). These key halves are 
initially assembled loosely with two bolts and then installed into the keyways of the 
installed TF flanges. Once this assembly is snugly in place, the bolts are tightened to 
maintain the proper alignment for a virtually perfect fit, and then removed from the 
keyways. This key assembly can then either be doweled and welded to permanently 
maintain the optimum offset, or a new, permanent one piece key can be made to match 
the assembly. 

To facilitate removal of the keys, they are fabricated with a taper as shown. This taper 
angle will be matched by the keyway slots on the face of the flanges (Figure 23), with the 
larger dimension located on the outside of the flange. To provide further assurance of a 
tight fitting key at operating conditions, the permanent keys will be fabricated of an alloy 
(such as an Inconel alloy) which has a lower coefficient of expansion than the stainless 
steel flange in which the keyway is to be machined. Thus any remaining small clearance 
will be taken up as the assembly cools down to operating temperatures. 

To provide the electrical insulation barrier, the external faces of the operational key are 
flame/plasma sprayed with a coating of aluminum oxide prior to final machining-to the 
finished dimensions. 

INSULATING SPACERS 

During assembly in the field, the proposed bolted joint will initially have a gap of about 
two inches between the faces except at those locations where the keyways are located. It 
is proposed that this gap would be filled with several adjustable insulated spacers. These 
adjustable insulators, conceptually shown in Figure 24, will allow zero clearance to be 
obtained between the faces prior to preloading the joint fasteners. These spacers will 



have slotted holes matching the flange bolting pattern, and are adjusted by sliding one 
relative to the other. The flange bolts will apply their clamping forces directly through 
these spacers, eliminating bending loads on the joint flange. These spacers may be 
insulated with either an aluminum oxide coating, or a sheet of fiberglass material. 

FLANGE & ICS CONFIGURATION 

To be effective, this configuration must have sufficient clamping force in the joint during 
operation to avoid slippage of these insulating spacers. To evaluate the joint for 
sufficient clamping stress for friction restraint of the joint, the insulation elements of the 
global model were evaluated by calculating the ratio of the interface shear stress 
magnitude divided by the normal stress. Considering that a compressive normal stress on 
the insulator is negative, values of this ratio ranging from zero to -0.3 would indicate that 
a reasonable preload exists. 

Figure 14 showed that the baseline ICS joint configuration would not meet this criteria 
over a large part of the joint face. A number of design alternative configurations were 
evaluated and it was found that the load distribution would be improved considerably by 
reducing the extent over which the ICS shell is connected to the flange plate. The 
changes to the ICS shell shown in Figure 25 are sufficient to allow friction to work 
everywhere over the flange except at the locations where the alignment keys are to be 
placed to absorb the shear. Figures 26 and 27 demonstrate that the shear stresses have 
been isolated to the region around the keys, and the shear to normal stress ratio is 
acceptable elsewhere. 

To assure that the overall design of the TF structure was not being compromised by this 
change in structural connectivity, the stresses in the ICS and the overall deflections were 
evaluated and found to be acceptable. 

FLANGE BOLTING 

During the preliminary design of the TF structure, it was recognized that the preloading 
of the bolts at the joint would require some method other than applying a huge amount of 
torque to the nuts. It was also recognized that typical hydraulic tensioning devices would 
not fit into the space between the ICS plates. Recognizing this problem, it was proposed 
that a type of nut be utilized which had its own hydraulic cylinder built-in. Comments 
received during the review process identified potential problems regarding the 
compatibility of potential hydraulic fluids and the possible deterioration of the seals at 
cryogenic conditions. 

A continued search for other joint fastening and tensioning technologies resulted in the 
identification of a stud tensioning nut identified by the trade name of SUPERBOLT. 
These nuts, as shown in Figure 28, utilize 12 tensioning jack screws per nut to apply the 
needed bolting preload. Due to the reduced thread area per jack screw, the accuracy of 
preloading is greatly enhanced over normal bolt/nut torque application methods. This 



fastener is very appropriate for the access constraints which characterize the bolted joint 
assembly region since no external preload tensioning devices are required. 

It is believed that this method of fastening will result in a joint that will remain tight since 
the nut and its stud will not have a residual twisting moment which would result from 
normal torque installation. A similar fastener arrangement has been in operational use on 
B&W's commercial nuclear power plants for years in a very critical pressure boundary 
seal for Control Rod Drive Mechanisms. 

ALTERNATIVE CONCEPT SUMMARY 

The concept proposed as an adjustable bolted joint alternative combines the adjustability 
of the wedged joint with the shear restraint efficiency of square keys. This efficiency is 
obtained without concern for extremely tight assembly tolerance stackups, and allows the 
TF assembly to be adjusted slightly in the field, if so desired. The assembly process can 
proceed without concern over interference of the TF structure support stand, and can be 
disassembled for maintence if desired in the future. The improved shear to normal stress 
ratios should result in stable insulator positioning over the operating life of the structure. 

This concept appears to meet the requirements established earlier in this document, and 
should be considered in the final design of the TF structure. 
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Figure 21 - Adjustable Bolted Joint Key Locations 
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Figure 22 - Adjustable Split Key Assembly 
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Figure 23 - Flange Keyway Slots 



Figure 24 - Adjustable Insulating Spacer 



Figure 25 - Revised ICS Shell-Flange Interface 



OCTANT BOLT JOINT SHEAR STRESS MAGNITODE, MPa (84k-casel3) 
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Figure 26 - Revised Shear Stress Magnitude 
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Figure 27 - Improved Shear to Normal Stress Ratio 
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Introduction 

This is a report of the structural design of the TPX Toroidal Field magnet coil case and 
intercoil structures. The design issues and concerns are addressed as well as B&W's 
design choices for improving the conceptual design. The design of the coil case and 
intercoil structures encompasses a number of areas of concern including weld geometry 
coil alignment and also case cooling. 

This report not only addresses key structural design issues but also presents a design 
which is the result of a concurrent engineering effort with B&W's Large Component 
manufacturing facility which will be fabricating these structures. It is from this 
cooperative effort that many of the concepts presented herein arose. This means that 
B&W's design has been developed with manufacturing needs in mind as well as 
structural and thermal, which will result in a cost efficient, high quality and 
manufacturable product. 

Design Drawings 

The design drawings of the Intercoil Structure and its major sub-assemblies are provided 
in Attachment I. The intercoil structure final machining drawing (E-1334200) defines 
the primary interfaces with the bolting assemblies and the machining necessary for 
alignment and case cooling. B&W has also defined a weldment drawing (E-1334201) 
for the intercoil structures which provides preliminary weld configurations, locations of 
the interface assemblies, and installation of the ICS cooling lines. Some of the other 
pertinent drawings are also provided and are listed below: 

Drawing Title Drawing Number 

Inboard Leg Assembly D-1334300 
Intercoil Structure Sub-Assembly C-1334221 
Intercoil Structure Weldment E-1334201 
Machined Intercoil Structure Assembly E-1334200 
Left Bolting Flange D-1334100 
TF Octant Assembly E-1334000 
TF Magnet Bolted Joint Concept D-1333003 
Alignment Wedge C-1334801 
Stud B-1334802 
Insulating Sleeve B-1334804 
Superbolt Assembly C-1334805 

Coil Case Design 

The coil cases house and provide registration for the coil with respect to the other coils in 
the TF magnet field system. It is crucial that the coil cases be manufactured accurately to 
ensure the alignment and quality of the toroidal field. B&W's magnetic analysis 
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indicates that the position errors of the TF coil cannot exceed 0.04 inch in the radial 
direction nor 0.04 inch in the toroidal direction. This requirement must be met by 
accurate registration of the coil in the case and also precision manufacture of discrete 
case attributes so that the coil and TF octant assembly can be oriented with respect to the 
remainder of the Tokamak. 

The conceptual design of the TF cases and intercoil structures is one in which 316LN 
plates are welded with 316LN (or equivalent) filler metal. Austenitic stainless steel filler 
metal, although comparable in yield strength and toughness to that of the base metal 
tends to produce ferrite during the welding process which can result in a ferromagnetic 
structure in locations near the TF coils. This is undesirable since magnetic materials near 
the coil can have an adverse effect on the TF field quality. A special chemistry of 
316LN could be developed to be resistant the formation of ferrite but development and 
qualification of this filler metal could be costly and time consuming. Furthermore, 
welded structures of austenitic stainless steels are subject to distortion due to weld 
shrinkage. This will result in more machining time to form and correct the coil case 
geometry. 

B&W will weld the components of the coil case and intercoil structures with an Inconel 
625 filler metal. Inconel 625 has a higher tensile yield strength, slightly lower 
coefficient of thermal expansion and comparable fracture toughness to 316LN. A weld 
joint using an Inconel filler metal, however has a much higher resistance to the formation 
of ferrite which will result in a TF structure which will not degrade the quality of the 
magnetic field. A structure welded with Inconel 625 filler metal tends to exhibit less 
distortion than an equivalent structure using stainless steel. Section 4 will discuss, in 
greater detail, B&W's justification for selecting Inconel 625 for the ICS and coil case 
welds. 

Since the weld and base metals have different coefficients of thermal expansion at low 
temperatures, there will be a higher level of stress in the vicinity of the weld joints than if 
the joints were purely of 316LN. B&W estimates this increase to be 170 MPa greater 
than that of a 316LN weld. The increased stress in the welds is countered by a higher 
tensile strength in the weld and heat effect zones. B&W estimates the yield strength and 
fracture toughness of an Inconel 625 weld in 316LN base metal at 4K to be as described 
in Table 1. 

Table 1 - 316LN Base Metal/Inconel 625 Filler Strength Properties at 4K 1 ' 4 

Material Property Base Metal Weld 
Tensile Yield Strength 860 MPa 807 MPa 
Fracture Toughness 146 MPaVm 140 MPaVm 

The TF coil cases will be an assembly of 316LN plates which will be roll formed to the 
necessary radii and welded into the proper location and orientation. The assembly welds 
for the central coil case will all be full penetration ensuring quality of the joints in the 
corners of the case cavity. The plates forming the inner and outer wraps of the coil case 
will be rolled to a 0.25 inch overall profile tolerance and the overall case dimensions will 
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be controlled to +/- 0.25 inch ensure the minimum spatial envelope in which the TF coil 
will be installed. B&W Drawing D-1334201 depicts the welded coil case design and the 
manufacturing tolerances that are applied. 

The welds joining the bolting flange assemblies to the case will be partial penetration 
groove welds. The justification for this weld instead of a full penetration joint is that the 
partial penetration weld will tend to transfer less heat into the case structure and reduce 
the potential for damaging the region of epoxy near the corners of the case. 

For a partial penetration of 0.875 inch in a 316LN weld located on the plasma side of the 
coil case (1 inch thickness) the maximum allowable stress for a fatigue life of 20*30000 
PF pulse cycles is 200 MPa. A similar Inconel 625 weld in the coil case will result in a 
maximum tolerable stress of 150 MPa. The lower Inconel allowable stress is a result of a 
preliminary estimate of the fatigue life at 4K based on the properties of Inconel 718. S-N 
data for Inconel 600, on the other hand, indicate that the fatigue allowable stress for 
could be higher for Inconel 625 at low temperatures. B&W's global and sub-model 
estimates the maximum stress component acting on a coil case weld away from the 
inboard leg is approximately 110 MPa and is located at the outer shell of the outboard leg 
near the equatorial port. This means that the stress in the partial penetration welds in the 
coil case away from the inboard leg are within design limits for either material. 

Preliminary thermal fatigue analysis of the Inconel weld indicate that a penetration of 
0.93 inch is necessary due to the higher amplitude of the alternating stress intensity from 
the combined thermal and operating stress. B&W will perform further fatigue and crack 
growth analysis during the final design scope to better quantify these results. 

Coil Case and ICS Weld Filler Metal 

The TF case and intercoil structure is a large precision assembly made of 316LN 
stainless steel that must be economically fabricated, meet various integrity requirements 
and reliably support various components at cryogenic temperatures. Due to the 
geometric complexity, relatively thick sections, very tight tolerances for TF coil location 
and very tight tolerances for inter-quadrant connection, large amounts of welding and 
precision machining with contour machining may be required for fabrication. 
Development of predictable and low distortion welding and assembly techniques is 
needed to lower fabrication costs while meeting all the requirements. Also, for system 
operation reasons, no materials should have a magnetic permeability of more than 1.02. 

B&W has selected Inconel 625 as the weld metal for use in joining the various 316LN 
members of the TF case and intercoil structure. The selected joining method using this 
material for this application is the synergic GMAW process. The rationale for the 
selection of Inconel 625 is several-fold. 

Weld Distortion and Fabricability: 

In order to minimize machining and lower fabrication costs, a welding process is needed 
which minimizes welding distortion on the austenitic stainless steel base metal. 



Fabrication experiences with austenitic stainless steels have resulted in relatively large 
component movement and distortion compared to other engineering materials. This 
welding distortion is greatly reduced by using nickel alloys as they have a much lower 
coefficient of thermal expansion than austenitic stainless steel. The use of Inconel 625 
compared with an austenitic stainless steel weld metal is estimated to reduce welding 
distortion by a factor of about 2 to 3. This provides less structure movement, reduces 
machining time and reduces coil movement after installation in the case which must be 
minimized to maintain magnetic field quality. 

Weld Quality: 

High quality, crack free welds can be obtained with industrial welding procedures on the 
316LN base metal using Inconel 625 whereas austenitic weld metals are likely to exhibit 
weld metal cracking; resulting in costly repairs or reduced reliability. For austenitic 
stainless steel, years of experience has demonstrated that a few percent of ferrite is 
required in the weld metal to avoid hot cracking. This common and accepted approach 
cannot be used for this application as the resulting weld metal would exceed the magnetic 
permeability requirement due to the presence of ferrite. The use of fully austenitic weld 
metals without ferrite can be developed but extreme precautions need to be exercised 
during the welding process and strict control of the base metal chemistry is necessary. 
These precautions and controls will result in low productivity and higher fabrication 
costs and the low heat input methods necessary to produce crack resistant welds will 
result in reduced reliability. 

Furthermore, given the heavy section full penetration welds in the intercoil structure, the 
constraint on the weld joint from the remainder of the structure and the fixturing/restraint 
necessary to minimize distortion during welding, the propensity for weld metal cracking 
of a fully austenitic weld metal is very great. In short, the stainless steel weld metal will 
crack if its fully austenitic and will fail the permeability requirement if there is ferrite 
present. 

The lower coefficient of thermal expansion in the Inconel 625 filler metal will tend to 
lower the stress due to weld shrinkage. This, combined with the toughness contributed 
by the Inconel 625, increases the crack resistance of the weld significantly. Finally, 
B&W experience has shown that Inconel 625 in particular is tolerant of weld metal 
dilution from the base metal whereas other nickel based alloys show a greater propensity 
to crack. 

Material Properties: 

Inconel 625 has excellent mechanical properties at low temperatures, including strength, 
fatigue and toughness and these properties generally surpass those of austenitic stainless 
steels. Reduced risk of failure is obtained due to the superior mechanical properties. The 
alloy is fully austenitic and has excellent austenite stability at cryogenic temperatures. 
Many austenitic stainless steels have marginal austenitic stability and may present a risk 
of transformation at liquid helium temperatures. 
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Finally, B&W has a history of successfully depositing large amounts of nickel base 
alloys and Inconel 625 in particular. Special skills and techniques have been developed 
and commercially used for a number of years. 

Inboard Leg Sub-Assembly Design 

Analysis results from the global structural model indicate that the inboard leg exhibits the 
highest stress intensity in the TF structure (approximately 560 MPa). This high stress 
intensity at the inboard leg indicates that any welds located on the plates forming the 
central bore will not meet the design criteria under the operating loads of the TF 
magnets. This suggests the use of a central forging or rolled plate which eliminates the 
need for welds in this region. 

A central forging and plate welded together to form a "T" would provide uniform 
material properties at the inboard leg but will require a thick weld with the possibility of 
distortion or a partial penetration weld in a region of high stress. A thick weld in this 
region is undesirable given the need for accuracy of the geometry at the inboard. 
Therefore, B&W will use a "T" shaped forging which will include the geometry of the 
coil case in the central bore region and the keystone region between coils. Figure 1 
shows the inboard leg forging in its machined condition just prior to assembly with the 
remainder of the intercoil structure. The forging will be machined to form the coil case 
interior and the geometry at the top and bottom of the inboard leg. 

W.ldPrtp 

(MicNntdLatiO 

Figure 1 - B&W's central forging design for the inboard leg region 

Forgings made of 316LN have been reported to have a yield strength at 4K of 980 MPa 
and fracture toughness of approximately 195 MPaVm. The maximum stress intensity in 
the inboard leg is well below the yield strength of a forging. The allowable fatigue stress 
is higher for the forging because there are no welds in this location and B&W has 
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estimated the fatigue life in terms of crack growth rates for annealed base metal. Based 
on this analysis the maximum tolerable crack depth for a fatigue life of 20*6,000 cycles 
for a forging of the central inboard leg is 0.06 inch. Appendix A provides the fatigue and 
fracture mechanics analyses of the central forging. 

The maximum principle stress at the inboard leg, however, is 265 MPa and is located at 
the inner corner of the coil case. This alternating stress is located near a partial 
penetration seal weld and requires a specification of the minimum penetration of the 
weld. A weld of 316LN filler metal would require a minimum allowable partial 
penetration of 1.12 inch for a 120000 cycle fatigue life (See Appendix A for fatigue 
analysis documentation). B&W estimates that a partial penetration weld in the inboard 
leg region of the coil case with Inconel 625 filler metal will require 1.19 inch minimum 
penetration. The configuration of the weld in this region is shown in Figure 2. 

1.242 —' 

Figure 2 - Partial penetration weld joint at the inboard leg. 

In an attempt to reduce the amount of material in the inboard leg and to simplify the 
fabrication of the intercoil structure, the region forming the junction between the coil 
case outer wrap and the inboard leg forging will be formed with 2.5 inch thick plate 
which will be welded to the central forging. To enhance the material strength of this 
region the material will be forged material cut from the central forging itself and will be 
attached with a full penetration weld will be employed. Figure 3 shows the design of the 
inboard leg in this region. 
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Forging 

Figure 3 - Design of the upper and lower plate attachment to the central forging. 

The assembly of the plate structures between the vertical vacuum port locations and the 
inboard leg is spatially restrictive and producing a structure without the potential of 
virtual leaks will be difficult if the constituent parts are to be installed individually. 
Therefore, B&W will manufacture these structures as separate sub-assemblies which can 
then be attached to the inboard leg forging with full penetration welds. These 
subassemblies will include the plates which will form the inner walls of the coil case. 
The remainder of the case side walls will be butt welded in the vertical vacuum port 
region which has plenty of accessibility. Figure 4 shows the inboard leg sub-assembly 
and its constituent manufacturing subassemblies. 

Central Forging 

ICS Subassembly 

Figure 4 - The inboard sub-assembly enables a method to build the coil cases from the middle outward 
providing accessibility for later fabrication. 
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Case Machining and Coil Alignment 

Since the coil case and bolting flange assemblies are welded, there exists the potential for 
the structure to contain residual stresses which will impact the ability to efficiently 
machine the final geometry and interface features. As material within the structure is 
removed the overall stiffness changes and the residual stress resulting from the welding 
process will distort the structure's shape until an equilibrium state is achieved. This has 
an impact on the repeatability of the machining process and subsequent machining to 
correct distortion may create further distortion. With this in mind B&W will anneal the 
TF central case and bolting flange assemblies prior to final machining in preparation for 
coil installation. Since the final assembly weld occurs after coil installation and VPI 
process, stress relieving the structure at this stage is not feasible since damage to the 
winding pack could result. 

The coil cases will be manufactured to provide an overall clearance fit with the coils in 
the largest possible virtual condition. To ensure proper registration of the coils in the 
case, a series of stand-offs will be installed at discrete locations within the coil case and 
machined to a 0.01 inch tolerance of the centerline of the TF structure. The TF winding 
pack will also have a series of corresponding standoffs which will mate with those in the 
coil cases, resulting in a small clearance fit condition at assembly, providing accurate 
placement of the coil prior to the VPI process. Figure 5 shows method for locating the 
coil in the case and the alignment pad locations and machining tolerances necessary for 
accurate coil alignment. 

Figure 5 - Precisely machined alignment pads in the coil case provide an accurate registration surface for 
location of the TF coils. 

Registration holes will be machined into the inboard leg central forging and outboard 
legs at the earliest stage of manufacture to define the TF primary and secondary datums 
of the structure, to which the coils can be aligned, and will maintain these hole locations 
throughout the fabrication and final machining process. The primary TF structure datum 
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Figure 6 - Primary and secondary TF structure datums. 
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Case Cooling Design 
The amount of neutron irradiation on the TF coil, coil case and intercoil structures results 
in a heat load which must be intercepted so that the winding pack operating margin is 
maximized and the temperature distribution in the intercoil structures does not result in 
additional thermal stress. This calls for a design which not only keeps the coil cool but 
also minimizes the thermal gradient across the intercoil structures. 

The conceptual design for cooling the coil cases was a Mueller panel which was to be 
welded to the vacuum vessel side of the inner wrap of the coil case. Due to spatial 
limitations between the coil case and vacuum vessel LLNL proposed replacing the 
Mueller panel with a series of six cooling lines in the case side walls and inner wrap. 
Routing of the coiling lines to the inner wrap would be difficult since the outlets for the 
winding pack are on the opposite side of the coil case. Machining of the grooves on the 
inner wrap could be quite complex and expensive. Also, since the inner wrap will be a 
welded assembly of rolled plates, the grooves machined into the inner wrap would pass 
through these welds and potentially degrade the weld strength and reliability. 

A preliminary thermal analysis of the coil case and ICS demonstrated the effectiveness of 
incorporating cooling lines into the side walls but also identified that the ICS shells 
exhibited a much higher temperature than the coil case and winding pack. This higher 
temperature could result in a thermal stress across the ICS and add to the stress at the 
junction between the ICS and the coil case. 

B&W's approach to case cooling not only concentrated on cooling the winding pack but 
also on developing a design which could be manufactured. This meant minimizing 
complex machining operations and using concepts and components that are readily 
available. 

B&W will cool the coil case with a total of four coolant lines, each containing exiting 
helium from the winding pack at an approximate temperature of 6.2K and 2.5 ATM 
pressure. The coolant lines will be a copper tube which is pressed into a machined 
channel in the side walls of the coil case. This will deform the tube to conform to the 
channel and maximize the heat transfer between the tube and case wall. A 0.02 inch 
thick stainless steel strip will be tack welded over the tube to preclude the epoxy resin 
near the coil case wall from dislodging the tube from the channel. Figure 7 provides a 
detail of the coil case cooling design. 

O.0Z' Thick Cover 

Figure 7 - B&W's case cooling design. 
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To intercept heat from the ICS and minimize thermal stress at the case/ICS joint the lines 
proposed by LLNL for the case inner wrap will be routed through the intercoil structure 
along the vertical reinforcing ribs. These cooling lines will be thick walled stainless steel 
tubes which will be attached to the ICS shells and ribs according to Figure 8. The thick 
wall enables B&W to attach the tubes by welding them to the ribs and outer ICS shells 
while minimizing the potential for leaks. The tubes in the corners between the inner ICS 
shell and reinforcing ribs will also be welded to provide heat transfer. This scheme will 
provide a method of intercepting the ICS heat at the location in which the ICS is the 
hottest, thereby reducing its impact on the rest of the magnet structure. 

T-12^0.1 

CS Cool ing Tube 

Figure 8 - Intercoil structure cooling lines are attached to the ICS ribs removing heat from the hottest 
region of the structure. 

Bolted Joint Design 

The need for an additional diagnostic port (ECP038) at the equatorial plane in the 
welded joint region of the TF magnet system is the main impetus for developing an all 
bolted TF quadrant. This additional port would require that approximately one third of 
the welded joint be removed in addition to the intercoil structures adjacent to the joint. 
To accommodate the additional stress in this region the thickness of the weld joint would 
need to be significantly increased (Ref: 13-950216-BW-TBRANDSBER.G-01). Since 
the bolted joints in the conceptual design have large ports at the equatorial plane B&W 
will employ an all bolted TF quadrant design. The conceptual design for the TF bolted 
joint had limitations which would impact the assembly of the TPX cryostat, and did not 
present an effective method to resist the expected shear and toroidal loading conditions. 
One of these limitations is that the bolting flange, having pockets on both the cryostat 
and vacuum vessel, sides precludes assembly of the TF system with the vacuum vessel 
already in place. 

Design as of CDR: 

The TF structure as of CDR is one in which the individual TF quadrants are bolted 
together, then installed into the TPX cryostat as quadrants. These quadrants are then to 
be aligned to their adjacent counterparts and welded in place. This concept provides four 
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eddy current breaks (one at each quadrant bolted joint). A series of shear keys arranged 
polloidally provides some resistance to the shear loading conditions but does not provide 
the necessary resistance in all of the areas of concern. Specifically, the keys need to be 
installed with extremely tight tolerances to restrain the shear without damage to the 
insulator materials separating the flanges. 

Furthermore, with the welded/bolted arrangement, the TF quadrants are asymmetric and 
not interchangeable with each other. The weld joint imparts a plane of symmetry but the 
two different flange types (threaded and pocketed) require that a right and left handed 
octant be used for each quadrant. Also since the keys are metallic they are paths for eddy 
current conduction between quadrants and an insulated key system that takes the shear 
loads remains to be developed. 

B&W Design: 

The B&W concept for incorporating the additional instrumentation port is to replace the 
welded joint with a bolted joint having a full mid-plane port and the capability to be 
assembled from the outside. This will enable the assembly of the vacuum vessel 
components prior to final assembly of the TF structures if needed. 

B&W's design for the bolted joint is shown in B&W conceptual Design Drawing D-
1333003 (Attachment A). B&W will use an arrangement in which fasteners, acting in 
opposition provide the necessary reaction to the toroidal loads imparted on the TF 
structure during operation. The opposed arrangement enables the use of a flange that is 
generic and interchangeable and provides more room for the fastener/preload hardware. 
This is achieved by replacing the nut pocket design presented at CDR with a flange built 
directly into the intercoil structures adjacent to the bolted joint with access holes cut into 
the outer shells. This open design provides access to the inside of the structure for 
installation of join hardware. Global model results indicate that the new design does not 
result in higher stress than the CDR design. 

The flanges are separated by a series of opposed wedges which will react against the 
shear loads. These wedges are tapered in the polloidal direction which will provide a 
reaction surface in the direction appropriate for the shear load in a particular location. 
The eddy current break is established at the interface between the wedges with a 0.2 inch 
thick strip of G10. The studs are insulated with a flanged sleeve which encompasses the 
shank of the stud. 

This type of arrangement has the benefit of providing an eddy current break at each 
octant interface. It also enables, if desired, final alignment of the system at the octant 
level instead of the quadrant level since each octant can be shifted and carefully 
positioned individually to the inboard legs in the test cell in Princeton. 

Alignment of the quadrants is achieved by machining the mating surface of each wedge 
to a value established by a preliminary alignment which could be performed at the 
factory and verified prior to final installation. 

Preliminary results from the global model indicate that approximately 24 MN of net load 
needs to be transferred through the bolted joints. This means that the design load for the 
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bolted joint fasteners is approximately 1 MN and requires the use of a 2 inch diameter 
fastener. To avoid the introduction of additional shear stress on the joint hardware B&W 
will use studs instead of bolts. This will enable B&W to apply a preload on the joint 
without the need to increasing the fastener size to accommodate torsional stress during 
installation. The stud material is A-286 stainless steel. A-286 can be magnetic in certain 
conditions, therefore B&W is considering Inconel 718 as an alternate. Both of these 
materials have high yield strengths at 4K and will be able to withstand the anticipated 
loads imparted by the TF structure. 

The studs will be preloaded to overcome differential thermal contraction between 
components and also to counteract joint separation due to the toroidal loads. This preload 
and the tapered shape of the wedges assures that the eddy current insulation remains in 
compression throughout the loading cycle. 

The stud preload will be achieved with a nut which has a tensioning device built into it. 
This is similar to a nut runner design except that in a nut runner the tensioner is removed 
after use and requires additional threading at the end of the stud for the tensioning 
device. In the top and bottom regions of the intercoil structures a nut runner may not be 
feasible because of spatial restrictions, (only 10 inches of clearance is available for 
assembly in these regions). 

B&W has investigated the different nut tensioner designs and will employ a Superbolt. 
A Superbolt is a nut which applies the preload with a series of jacking bolts built into the 
nut body. The jacking bolts apply preload by reacting against a washer under the nut 
body. This has an advantage over designs like nut runners or hydraulic nuts in that the 
nut body is one piece, does not employ hydraulic fluid of any kind and can be installed in 
spatially restrictive areas. B&W drawing C-1334805 provides the details for the 
Superbolt design. 

The B&W bolted joint design will eliminate an expensive set of welded assemblies (or 
large machined parts) by incorporating the flanges directly into the side structures of the 
octant. The TF structures then become interchangeable which will enable any TF coil to 
be built to any TF structure, thereby reducing the need for selective assembly and 
additional logistics.. The use of studs and Superbolts enables the application of large 
preloads on fasteners in areas where space is restrictive. The B&W design will provide 
accurate registration of octants while providing the ability to withstand the loading 
conditions of the TF magnet system. 

15 



Summary 

The design presented herein represents a TF structure which not only meets the needs of 
the TPX magnet system but also one which can be manufactured efficiently and 
accurately. There are some deviations from the conceptual design but these are 
enhancements which will improve the performance, reliability and overall quality of the 
magnet system. B&W's design organization in cooperation with its Large Component 
Operations facility has developed a design and fabrication sequence which will provide 
accurate magnet alignment, maximize field quality and minimize the potential for 
structural distortion and adverse heat load. 
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Date: 8-15-95 
Filename: casobtuf.mcd 

Engineer: K. E. Grut 

Calculation of the Limiting Stress State for Outboard Leg Welds 
This calculation estimates the limiting initial crack length for a partial penetration for the final seal welds of 
the coil case. The candidate materials for this weld are 316LN and Inconel 625, both of which have good 
toughness and tensile strength at low temperatures. Inconel 625 is a possible candidate because it does 
not form ferrite during welding and will not undergo a martensitic transformation at low temperatures. The 
fatigue data for Inconel 625 at low temperatures is not readily available but an estimate has been made 
from similar materials. The lowest value has been used, therefore the actual fatigu performance of inconel 
625 at 4K may be better than reported herein. 

Define Units: 

N=kg- m mm=l-10~ -m lbnN-4.448 
sec 

Pa; N 

m 
psis6894.757-Pa MPanlO-Pa ksispsi-1000 

Material Properties: 

For 316 Stainless Steel at 4K the relavent material properties are: 

n :=3.26 
oys:=800-MPa C:=7.5610 10 

Fracture Toughness (Weld Metal via TIG process): 

Kc := ̂ - M P a - ^ Kc = 146 •MPa-^/m 

aanalysis := 110-MPa 

ncycles:=30000-20 

For a single edge notch specimen with freely rotating 
ends, the governing equation is given by 
the following relationship. 

W 

M-rmn 
W:=1.0-in 

rp:= 
1 Kc 

17.3-71 ays rp =0.613 •mm 

By varying "a" in increments of 0.1 inch the static and fatigue 
allowable stress in the welds can be determined as a function of 
crack depth. 

i:=1..25 aj:=.01-in-i 
W = l-in <ra. :=aanalysis ff™ 

For shallow cracks the stress intensity is the basic solution for a SEN. For deeper cracks a geometric 
correction factor Y(a/W) is necessary: 

HH+H 

aef. 
aw. aefj^aj-j-rp . . . . . w 

Y.:= 1.13- 0.23-aWj-f-10.55- aWj 2 - 2 1 . 7 2 - aw £

 3 + 30.39- aWj 4 

The allowable remote stress then becomes: 

Kc 
arem. := 

' ^ i - Y i 
For Static Loads the limit is defined by the fracture 
toughness. 



The fatigue crack propagation calculations are as follows: 

W - a . 
, , 1-mm 
dadn. := =— 

1 ncycles 

"da/dn" is the incremental crack advancement per cycle. 
The fatigue curves for 316LN material 

dadn. n 

AK;:= - g - i -l-MPavy/m Using the Paris equation for fatigue life the limiting 
alternating stress intensity can be obtained. 

afatigue. := 
AK. 

^ • Y . 
And the limiting stress determined from the 
stress intensity. 

Allowable Fatigue Stress vs Initial Crack Length for 316LN SS 
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" \ ^ 

^ ^ 

0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25 
a. 

l 

— Allowable Fatigue Stress (Pa) 
- " Max Principle Stress 

.0254 

This graph shows that for a penetration of 0.875 inch the allowable stress is 200 MPa. 

Inconel 625 Filler Metal 

For Inconel 625 at 4K the relavent material properties are: 

oys:=807-MPa 



Fracture Toughness (Weld Metal via TIG process): 

Kc:=151-MPa-^/m Kc = 151-MPa-A/m 

1 Kc 2 

rp :=-———• aer. :=a--j-rp * 17.3-7t ays » » ^ aw.: 

Y;:= 1.13-0.23-aw ;+10.55- aw. 2 -21 .72- aw;

 3 + 30.39- aw;

 4 

The allowable remote stress then becomes: 

Kc 
arem. :=-

The availability of da/dn data for Inconel 625 at 4K is not readily available therefore I will estimate this 
from data from similar metals (X-750, Inconel 718, etc). 

For da/dn: 

AKx750:=70-MPa-^/m 

AK718 :=20-MPa-J^i . t . AK718 v afatigue. := 

Estimate of Stress Rise in a Typical 316LN SS-Inconel 625 Weld 

In order to estimate the state of stress for the inconel 625 weld the additional stress due to dissimilar 
materials needs to be estimated. This calculation estimates the increase in stress in a weld consisting of 
316LN base metal and Inconel 625 filler metal due to differential thermal contraction to 4K. Since Inconel 
625 has a higher CTE and the majority of the material in the coil case is 316LN the additional tensile stress 
increase is expected to be located in the weld region at 4K. 

The material coefficients (CTE/thermal strain to 4K and Young's Modulus) are listed below for each material 

Material Property 316LNSS Inconel 625 3 

Thermal Strain (%@4K) ccss:=.3 ctin:=.223 

ccin = 0.223 
Young's Modulus Ess :=200- 103-MPa Ein :=32- 106-psi 

The additional stress is from the difference in thermal strain to 4K. From Hooke's Law: 

adiff :=(a in- ass)-0.01-Ein adiff=-169.887 -MPa 

atherm. := (cranalysis+- |o-diff|) aal =110*MPa 

293-400-^=70.778 . . . . 1 A g . - 1 - 2 
9 cyanalysis = l.l-10 *kg*m *s 



Allowable Fatigue Stress vs Initial Crack Depth for Inconel 625 

afntiguej 
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This shows that the maximum allowable stress for a penetration of 0.875 inch is 150 MPa. 



Thermal Cycle Fatigue: 

The Inconel 625 weld will see an additional stress due to the differential thermal contraction between it and 
the 316LN base metal. The number of operating cycles, however, is lower and requires a separate fatigue 
crack growth analysis. 

Number of Operating Cycles: ntherm :=300 

The criteria is based on the more conservative result of twice the operating stress at the number of 
operating cycles or 20X the cycles at the normal operating load. 

For the first case: 

W - a . 
, , 1-mm 
dadn. :=—r 1 ntherm 

AK718 :=60-MPa-7ni afatigue. := AK718 

l ' ltf 

9.467'108 

8.933' 108 

8.4' 108 

7.867* 108 

7.333* 10 8 

6.8* 10 8 

o&tiguej 6,267* 10 8 

2-athermj5_733.io8 

5.2* 108 
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Thermal Fatigue Results (2X Operating Load) 
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" ^ v 

V \ 
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.0254 

This indicates that the limiting stress for a partial penetration weld of 0.875 inch will tolerate a maximum 
thermal stress of 430 MPa for 300 cycles. This means that the minimum penetration is pecified by 
thermal fatigue and should be as follows: 

W-.075-in=0.925 -in 



Fatigue Addressing Operating Cycles: 
The calculations are similar but the crack growth rate changes, therefore the AK is lower. 

W - a . 

, 1-mm 
d a d n i : = i tEiST20 

AK718 :=50-MPa-^/m 
afatigue. := 

AK718 

Thermal Fatigue Results (20X Operating Cycles) 

lM0 y 
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Clearly the case with higher stress is the limiting condition. 



Date: 4-25-95 
Filename: casibfatmcd 

Engineer: K. E. Grut 

Calculation of the Limiting Stress State for Inboard Leg Welds 
This calculation estimates the limiting initial crack length for a partial penetration for the final seal welds of 
the coil case. The candidate materials for this weld are 316LN and Inconel 625, both of which have good 
toughness and tensile strength at low temperatures. Inconel 625 is a possible candidate because it does 
not form ferrite during welding and will not undergo a martensitic transformation at low temperatures. The 
fatigue data for Inconel 625 at low temperatures is not readily available but an estimate has been made 
from similar materials. The lowest value has been used, therefore the actual fatigue performance of inconel 
625 at 4K may be better than reported herein. 

Define Units: 

N=kg- m nuns 1-10" -m lbsN-4.448 
sec 

Pa4 
m 

psis6894.757-Pa MPaslO-Pa ksispsi-1000 

Material Properties: 

For 316 Stainless Steel at 4K the relavent material properties are: 

n :=3.26 
<rys:=800-MPa C:=7.56-10" 10 

ncycles:=20-6000 

Fracture Toughness (Weld Metal via TIG process): 

Kc := 146-MPa-^/m Kc = 146 •MPa-/y/m 

cranalysis :=265-MPa Maximum principle stress at the inboard leg is located in 
the innermost corners if the coil case. 

For a single edge notch specimen with freely rotating 
ends, the governing equation is given by 
the following relationship. 

•(H.25)-7t 
2 

rp:= 
1 Kc 

' 17.3-rc ays 

W:=1.24-in-cos 

W = 1.216 -in 

180 

W 

nmn 

i+mH 
By varying "a" in increments of 0.1 inch the static and fatigue 
allowable stress in the welds can be determined as a function of <7™ 
crack depth. 

i:=1..25 aj:=.01-in-i 
. . ' W = 1.216«in 

era. :=o"analysis 
For shallow cracks the stress intensity is the basic solution for a SEN. For deeper cracks a geometric 
correction factor Y(a/W) is necessary: 

aef. 
aef. :=a-H-rp a w i -=-w 

Y. := 1.13 -0.23-aWj+ 10.55- aw ;

 2 - 21.72- aw£

 3 +30.39- aw£

 4 



The allowable remote stress then becomes: 

Kc 
arem. :=-

' ^ i - Y i 
For Static Loads the limit is defined by the fracture 
toughness. 

The fatigue crack propagation calculations are as follows: 

W-aj 
. 1-mm dadn. := =— 1 ncycles 

"da/dn" is the incremental crack advancement per cycle. 
The fatigue curves for 316LN material 

dadn. n 

AK ;:= —^1 -l-MPa-^/m Using the Paris equation for fatigue life the limiting 
alternating stress intensity can be obtained. 

afatigue.: 
AK. 

•F-aef.-Y. i i 

And the limiting stress determined from the 
stress intensity. 

Allowable Fatigue Stress vs Initial Crack Length for 316LN SS 
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This graph shows that for the maximum stress calculated at the inboard leg a 316LN weld joint can 
tolerate a minimum penetration of: 

0.2-in 
W - ^ — = 1.116-in 

Inconcl 625 Filler Metal 

For Inconel 625 at 4K the relavent material properties are: 

ays:=807-MPa 

Fracture Toughness (Weld Metal via TIG process): 

Ko:=151-MPavy/m Kc = 151-MPa-^n 

1 Kc 2 

rp : = T = - ^ — aef. :=a--f-rp 
v 17.3-7U o-ys i l F 

(Half of allowable crack length shall be 
used per IPX Structual and Cryogenic 
Design Criteria) 

aw. := 
aef. 

i 

"W 

Y. := 1.13- 0.23-aw.+ 10.55- aw. 2 -21 .72- aw. 3 + 30.39- aw. 4 

i i • i i ' i 

The allowable remote stress then becomes: 

Kc 
arem. :=-

A / ^ ' ":-Y. 

The availabiUty of da/dn data for Inconel 625 at 4K is not readily available therefore I will estimate this 
from data from similar metals (X-750, Inconel 718, etc). 

For da/dn: 

AKx750:=70-MPa--v/ni 

AK718 :=40-MPa-^/m afatiguej := AK718 

Estimate of Stress Rise in a Typical 316LN SS-Liconel 625 Weld 

In order to estimate the state of stress for the inconel 625 weld the additional stress due to dissimilar 
materials needs to be estimated. This calculation estimates the increase in stress in a weld consisting of 
316LN base metal and Inconel 625 filler metal due to differential thermal contraction to 4K. Since Inconel 
625 has a higher CTE and the majority of the material in the coil case is 316LN the additional tensile stress 
increase is expected to be located in the weld region at 4K. 

The material coefficients (CTE/thermal strain to 4K and Young's Modulus) are listed below for each material 

Material Property 316LNSS Inconel6253 

Thermal Strain (% @ 4K) ass :=.3 ain:=.223 

Young's Modulus Ess:=207-103-MPa Ein:=32-106-psi 



The additional stress is from the difference in thermal strain to 4K. From Hooke's Law: 

adiff :=(a in- ass)-0.01-Ein 

aaj :=aanalysis-t- | adiff | 

adiff =-169.887-MPa 

a a x = 434.887-MPa 

Allowable Fatigue Stress vs Initial Crack Length for Inconel 625 
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The corresponding minimum penetration for the inconel 625 weld would therefore be: 

0.055-in 
W-. = 1.189-in 

6.2-10"6-520-100 =0.322 



Date: 8-7-95 
Filename: Fatlif.mcd 

Design Engineer: K.E. Grut 

Fatigue Life Estimates for a Central Forging of the Inboard Leg 
This calculation determines the limiting alternating stress intensity for a central inboard leg forging. B&W's TF coil case features 
a central forging at the inboard leg which eliminates welds in a region of high stress. Forgings are desireable because they 
generally have higher strength and uniformity of material properties. This calculation then uses the limiting stress intensity to 
calculate the fatigue life and allowable maximum initial defect depth for a component during manufacture. 

Setting units: 
N.kg- m

2 

sec mmsl-10" -m psis6894.757-Pa 

Pa-4 
m 

ksisl000-psi Pa-4 
m MPasM0 6 -Pa 

Parameters: 

Paris Law Constants for 
Annealed 316LN 1 : 

C :=7.56-10-10 

n :=3.26 
Reference 4 

Max Principle Stress crrem:=265-MPa 

Min Principle S2min:=435MPa 

Stress Intensity (max) Sint:=560-MPa 

Total number of Fatigue cycles: cycles :=4-30000 

Minimum thickness at the minthick :=2.5-in 
inboard leg region: 

Thickness of coil case at minwall:=1.24-in 

region of max. principle stress 

Material Yield Strength: ays:=930-MPa Reference 4 
Fracture Toughness: Kc :=210-MPa-^/m 

Per the TPX Structural and Cryogenic Design Criteria, for a fracture mechanics analysis, a linear elastic analysis can be performed, 
provided the stress in the region does not exceed 2/3 of the yield strength, therefore the stress at the inboard leg must first be 
compared to the yield strength. 

S2min 
ays = 0.468 

Since this is less this is less than 2/3 yield stress for the forging an LEFM analysis should produce an accurate estimate. 
Since, however, the minimum principle stress is about 50% of the yield strength future analysis shoul incorporate a finite 
element analysis to verify this result LEFM can be utilized to estimate the fatigue life with the Paris Law. The fatigue 
crack growth rate (da/dn) can be calculated and an allowable alternating stress intensity can be determined. For the 
inboard leg forging the fatigue crack growth rate is as follows: 

dadn :=-

minthick 
1-mm 
cycles dadn =5.292-10 mm/cycle 

AKlimit -
dadn •l-MPa-./m AKlimit = 62.082 -MPa- fm 



AKlimit Q 1 MPa „m AKlimit =62.082 MPa v m 

This limit can then be used to establish a maximum allowable defect depth for the central forging from the relationship for the 
stress intensity of an full length surface crack. To be conservative the maximum stress intensity at the inboard leg will be used 
to estimate the maximum allowable crack depth. 

KIC:=1.13-Sint--N/7?a 
AKlimit 2 

,. . 1.13-Sint 
alimit := 

alimit = 0.121-in 

The Structural and cryogenic design criteria specifies that the allowable crack depth be half that at the determined fatigue life tlierefore 
tlia maximum allowable detected defect shall be 0.06 inch for the central forging. 
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TF Winding Pack Modeling 

ABSTRACT 

A solid model of the TF winding pack was generated using I-Deas Master Series 1.3c and 

subsequently, 2.0 for Design purposes to verify lab drawings, optimize the_ winding pack 

configuration with the goal of making all 16 TF coils identical, section portions of the winding 

pack for 2D and 3D analysis, and ultimately, generate part and assembly drawings. 

DESIGN AND RESULTS 

The TF winding pack has been modeled primarily using drawing TPX-E-9413101 (Attachment 

A). At the start of the contract, the TF winding pack was modeled with the 0.070" gap between 

layers of the cable in conduit conductor (CICC). This gap contains the varied forms of insulating 

materials of the winding pack. The TPX PF coils have a 0.064" gap, thus two different types of 

insulating schemes were being used for similarly designed coils. Realizing economies of scale 

and going to a new insulation scheme, it was decided by B&W and TPX Project Management a 

number of months into the contract to change the 0.070" gap to 0.064" to minimize costs and use 

the same insulation scheme for both the TF and PF coils. As a result of this change, the entire 

winding pack was modified to accommodate the new insulation scheme. Whereas the 0.070" 

winding pack model (referred to as the "old" insulation scheme) contained not only the CICC, 

but also all the insulation (0.027" glass overwrap, 0.016" polyimide strip, 0.016" layer-to-layer 

insulation, and 0.226" groundwrap insulation) for analysis purposes, the current 0.064" winding 

pack model contains only the CICC and spacers. The remainder of this report will refer to the 

0.064" gap winding pack, utilizing the "new" or "current" insulation scheme. The centerline of 

the winding pack has remained the same such that the outside perimeter of the winding pack has 

moved inward to the centerline thus becoming slightly narrower (from 11.956" to 11.900 across 

the 12 layers and from 8.416" to 8.390" across the 7 turns). 

Each TF coil must consist of one continuous winding and in looking at drawing TPX-E-9413101, 

a few conclusions are drawn. There are 6 double layers for a total of 12'layers in the TF winding 

pack. A double layer consists of one layer wound from the outside to the inside, referred to as 

the out-to-in layer, and one layer wound from the inside to the outside, referred to as the in-to-out 

Page 3 of 10 



13-950425-BW-DSTUTZKI-01 

layer. To accommodate these layer-to-layer transitions, the CICC must transition from turn-to-

turn within both the out-to-in layer and the in-to-out layer as well as the transition from layer to 

layer. 

This transition area is defined in four quadrants, as shown in C-1333600 (Attachment B) where 

the three transition types occur without interfering with one another. To minimize the bending of 

the CICC and be within the constraints of the drawings, the transition region begins 45 degrees 

(half of the 90 degree arc) to the left of D vertical and ends 40.45 degrees (half of the 80.89 

degree arc) to the right of D vertical. D vertical is defined as the vertical centerline of the D 

shaped coil 90.2" from the tokamak centerline. These two quadrants are then divided in half to 

attain the four quadrants. Each layer has 7 turns throughout the D, however, an area must exist 

for the conduit to transition from layer to layer. For this to occur, there are eight areas for the 

turns in the transition region consisting of the seven turns for each layer and a spacer for the 

region which the same layer does not utilize. This area is on the inboard, or ID, of the D in the 

transition region for the out-to-in layers and on the outboard, or OD, of the D in the transition 

region for the in-to-out layers. The remaining 5 pairs of double layers are wound the exact same 

way except for layer twelve which after the last turn to turn, instead of an OD transition, the 

outlead is formed. The ID of the transition region is symmetric with the lower half of the D such 

that the centerline of the winding pack in region 2 of drawing C-1333600 in the transition region 

is 0.567" greater from the equatorial plane. In region 1 and 3, the centerline progresses between 

4.195" and 4.762". 

The dimensions on drawing TPX-E-9413101 are to the outside edge of the ground wrap insulation 

and the conduit cross section nominal dimensions came from TPX-E-1303006. The winding path 

is on the centroid of the conduit which is also the centroid of the CICC. Drawing C-1335101 

(Attachment C) provides a detailed description of the winding path and Attachment D (TF 

Winding Pack Path) provides the actual winding path coordinates as well as a listing of the 

entities which define the winding path. The distance between turns on each layer using the 

winding path centerline is 1.134". The distance between layers using the winding path centerline 

is 0.954". From the winding path, the cross section of the conduit was swept along the winding 

path. 
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The earlier drawings used in the RFP seem to indicate turn-to-turn transitions occur on one side 

of D vertical and layer-to-layer transitions occur on the other side of D vertical. This does not 

work as well as the transitions described above. In fact, it is not understood how the RFP 

drawings could be used to wind the TF coil. A point to note is Section D-D of drawing TPX-E-

9413101 is incorrect. The layer-to-layer transition should be staggered with respect to the core 6 

x 12 array. The correct representation of this cross section view is Section Z-Z on drawing TPX-

E-1302-027. 

As a result of the Technology Transfer Meeting, drawing TPX-E-9413101 was designated to be 

used as reference only, however, in subsequent discussion with LLNL (ref: Brandsberg to Antaya 

memo), the winding pack dimensions on PPPL drawings should be Utilized over the LLNL 

drawings. i ;-

SOLID MODELING DEFINITION 

The solid modeling of the winding pack consists of a number of parts created to form the winding 

pack assembly. The generation of each part is as follows: 

panout-in: This part is the out-to-in layers (i.e. #'s 1,3,5,7,9, & 11). All the conduit solids were 

generated by sweeping the centroid of the conduit cross section along wireframe geometry (the 

winding path). The winding path can be calculated from drawing TPX-E-9413101 and is defined 

in detail in Attachment D. Within each layer, the conduit must have turn-to-turn transitions for a 

continuous wind. For the out-to-in layer, this occurs between 20.23 degrees and 40.45 degrees 

from the vertical centerline (90.2" from the tokamak centerline) on the right side of the D. There 

are seven turns for each layer and each turn is offset 1.134"; the 1.07" CICC width along the 

major axis, the 0.004" polyimide overwrap and the 0.028" 3D S2 glass overwrap insulation. 

From the vertical centerline, the path follows an arc, then transitions inward (decreasing radius) 

until becoming tangent to the next turn which is on a smaller radius arc. This continues until the 

last turn on the inboard edge of the D at a point 22.5 degrees to the left of the vertical centerline 

at the top of the D. This is where the transition to the next layer begins. With the winding path 

generated in wireframe, the conduit solid was generated by sweeping the cross-section of the 

conduit along the wireframe path. As a side note, the 0.070" gap winding pack conduit was 

generated by cutting an ID solid from an OD solid (5 hrs to accomplish). I-Deas 1.3c was not 
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able to sweep both the ID and OD creating a hollow conduit (this was verified by the IDEAS 

hotline) such as one would in extruding a hollow object. The 0.064" gap winding pack was 

generated in I-Deas 2.0, which made significant enhancements to their sweeping operation and 

therefore was able to sweep the conduit cross-section. All the solid model conduit parts listed 

below were generated in the same fashion and will therefore only explain the creation of the their 

respective sweeping paths. 

panin-out: This part is the in-to-out layers (i.e. #'s 2,4,6,8,10, & 12). This part was generated 

in the same fashion as "panout-in". The turn-to-tum on the in-to-out layer begins 45 degrees and 

completes 22.5 degrees to the left of D vertical centerline. Similar to the turn-to-turns on the 

out-to-in layer only in reverse, the tangency of the smaller radius arc continues at 45 degrees and 

slowly merges with the next larger radius arc at 22.5 degrees. This continues until the last turn 

which moves outward in the transition area up to 22.5 degrees left of D vertical. This is where 

the transition to the next layer begins. 

inlead: The Mead path was created using the minimum bend radius of 9.0" along the major axis 

and 7.5" along the minor axis of the CICC. The 9.0" and 7.5" radii are to the inner radius of 

the bend such that values of 9.535" and 7.945" were used to generate the path. The inlead 

begins 2.2" from the start of panout-in, bends upward with a 2.0" line segment for the offset 

from the outlead and the proceeds to bend into the same plane as the outlead. 

outlead: The outlead was also generated in the same fashion as the inlead. After the panin-out 

completes the last turn-to-turn, instead of another transitionOD, the outlead begins and follows 

the panin-out plane. As the leadbox "window" opens, the outlead bends to a plane offset 2" 

from the inlead, weaves between two helium stub assemblies, and proceeds through the leadbox 

wall to mate with the inlead via the splice. 

transitionID: This part is the layer-to-layer transition between the out-to-in and subsequent in-to-

out layer on the ID of the transition area. The layer-to-layer transitions are centered at the top of 

the D and begin 22.5 degrees to the left of D vertical and complete the transition at 20.23 degrees 

to the right of D vertical. The path was created using a 3D spline with tangency at the two 

endpoints to the adjacent curves on the layers but not at the centerpoint to allow the crossover at 

the midpoint which is at D vertical midway between the layer planes or 0.477". The distance 
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between layers is 0.954". Thus the beginning of the transition is planar with the first layer 

whereas the end of the transition is planar with the second layer. 

transitionOD: This part is the layer-to-layer transition on the OD of the winding pack and was 

generated in the same fashion as the transitionlD. As the last turn is wound on the in-to-out 

layer, the conduit must begin the transition to the next layer without interfering with any of the 

previously wound conduit. To accomplish this, the conduit begins an 8th loop in the transition 

region and similar to the ID transition, begins 22.5 degrees to the left of D vertical, transitions 

over to the next layer, and completes the transition 20.23 degrees to the right of D vertical. The 

transition begins in the plane of the in-to-out layer and completes in the plane of the out-to-in 

layer, the same as the transition ID. The conduit must then immediately transition inward on the 

turn-to-turn to merge with the outbound winding on the subsequent layer. The winding then 

continues in the out-to-in layer. 

spacers: The volume between the transition conduit is filled with the spacer material, which 

comes into contact with the 3D S2 glass overwrap insulation around the conduit. In modeling the 

complex shape of the spacers, they were generated by stitching surfaces together created using the 

conduit wall (both the transition conduit and the 6 x 12 array conduit) and the ground plane 

insulation. There are six different types of spacers for a total of 13 spacers in the winding pack 

and they are numbered as follows: 

spacerl: This is the spacer at layer 1 ID. 

spacer2: These are the 5 spacers between the ID transitions. 

spacer3: This is the spacer at layer 12 ID. 

spacer4: This is the spacer at layer 11 OD. 

spacer5: These are the 4 spacers between the OD transitions. 

spacer6: This is the spacer at layer 1 OD. 

During the modeling of the 0.070" gap winding pack, the "old" insulation scheme, which 

included turn-to-turn, layer-to-layer, and ground wrap insulation was modeled to enhance analysis 
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capabilities. The original creation of this report included the modeling definition of these various 

levels of insulation. Since this "old" insulation scheme is not be used in the final design, the 

modeling definition has been omitted. 

Once the parts were created, assemblies were generated. The winding pack consists of a number 

of parts which are identical and created as instances; the layers, transitions, and spacers are prime 

examples. Drawing D-1335100 (Attachment E) shows the transition region of the CICC winding 

in Views D-G. Only the conduit cross-section is shown. Layer 1 with the inlead is on the right 

side and layer 12 with the outlead is shown on the left side. Notice the conduit transitioning from 

layer to layer. Drawing D-1335500 (Attachment F) displays the He stub placement. Placement 

of the He stubs was achieved by combining the leadbox and winding pack solid model assemblies. 

With this He stub configuration, all 16 TF coils utilize identical He stub placement as opposed to 

the two separate configurations per octant in the CDR design. Drawing D-1335000 (Attachment 

G) shows the complete winding pack geometry configuration. Beginning at the lower right in 

View D-D is spacer 1, the next 5 spacers between the ID transitions are spacer 2's, the spacer at 

the lower bottom is spacer 3, spacer 4 is in contact with the outlead, moving to the right at the 

OD of the transition region are the 4 spacer 5's, and the last spacer at the upper right is spacer 6. 

Detail Z provides a detailed summary of the current insulation scheme. 

ANALYSIS PREPARATION OF THE "OLD" INSULATION SCHEME 

Once the modeling of the winding pack with the "old" insulation scheme was completed, 

portions of the winding pack normal to the winding path were sectioned for 2D planar analysis. 

It was assumed I-Deas keeps part and material identity when planar sectioning a portion of an 

assembly. Therefore, when generating a mesh directly on the sectioned planar surface, the 

material properties would be associated to the mesh. Unfortunately, this concept did not work as 

planned. After sectioning an assembly consisting of various parts and materials, I-Deas creates a 

wireframe section without any part or material identity. The wireframe section must be prepared 

considerably to create the mesh needed for the 2D analysis within I-Deas. This includes creating 

planar surfaces from the wireframe and then stitching them all together so there is continuity in 

the mesh among the surfaces. Once the mesh is created, the material properties are assigned to 

the elements by picking the elements via the underlying part surface. A 2D cooldown analysis of 
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the 7 x 12 array and of the transition region at D vertical (midpoint of the layer-to-layer 

transition) has been completed. 

Plane cutting portions of the winding pack for 3D sub-model analysis also did not work as 

planned. It was assumed plane cut portions of the winding pack could be meshed and the 3D 

mesh transferred to Ansys or displacements from the global model transferred tq_ I-Deas for the 

sub-modeling task. A 3D mesh of one cell (conduit, glass overwrap, and G10 strip) was 

transferred from I-Deas to Ansys with no anomalies. However, plane cutting the winding pack 

assembly proved to be quite elaborate. Although I-Deas was able to plane cut the assembly on 

the equatorial plane for instance, plane cutting of the transition region or creating more than one 

plane cut of the winding pack assembly was too complex for I-Deas. 

SUMMARY 

Foremost, the winding pack solid model has been very effective in confirming and understanding 

the transition region. The CICC winding path, which is used to generate the conduit solid model, 

has been used to generate precise points along the path for the 3D thermal-hydraulic model, 

magnetics and field error analysis, and also data to be used by Manufacturing to program the 

winding machine. This data includes the x,y,z coordinates of the start and stop point of each 

entity (line, arc, splice) which defines the path as well as the entity length and cumulative length 

of the path. 

From the winding pack solid geometry, cross sections have been taken throughout the transition 

region to help understand this area as well as define the spacer geometry. With these transition 

region cross sections, 2D analysis was initiated in looking at the stresses during cooldown. In 

combination with the modeling process, it was anticipated all 16 TF coils could be made identical 

to provide uniformity and ultimately, reduce costs. The leads and He stubs of the TF coil haye 

been optimized, in conjunction with the solid modeling of the leadbox components, to develop a 

TF coil which is identical for the entire Tokamak. 

With the modeling completed, part and assembly drawings have been generated directly from the 

solid geometry. Any changes to the TF CICC winding, leads, and He stubs can be automatically 

updated on the drawings. 
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1. Winding pack transition area envelope dimensions ore to ground wrap exterior. 
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NOTES: 
1. 

D 

THE CICC PANCAKE WINDING PATH IS DEFINED AS THE CICC CENTERLINE FOR BOTH THE OUT-TO-IN PANCAKE (INCLUDING TRANSITION ID) AND IN-TO-OUTPANCAKE (INCLUDING TRANSITION OD) AT ROOM TEMPERATURE. THIS PATH DOES NOT INCLUDE THE LEADS. 
THE RADIAL DIMENSIONS ARE TO THE INNER AND OUTER TURNS. THE DISTANCE BETWEEN EACH TURN TO TURN IS 1.134*. 
THE OUT-TO-IN AND IN-TO-OUT PANCAKES ARE 
IDENTICAL EXCEPT FOR THE UPPER REGION 
WHERE THE PANCAKE TURNS AND PANCAKE TO 
PANCAKE TRANSITIONS OCCUR. 

LENGTH OF OUT-TO-IN PANCAKE: 285.36 FT (86.98 M) LENGTH OF IN-TO-OUT PANCAKE: 289.92 FT (88.37 M) LENGTH OF INLEAD: 5.76 FT (1.76 M) LENGTH OF OUTLEAD: 9.21 FT (2.81 M) LENGTH OF TF COIL: 3460.75 FT (1054.84 M) THESE LENGTHS REPRESENT THE TF COIL AT COMPLETION. THE LEADS REPLACE PORTIONS OF THE FIRST AND LAST PANCAKE. 
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ATTACHMENT D TF WINDING PACK PATH 13-950425-BW-DSTUTZKI-01 

Inlead 
X Y Z Curve Type Arc Radius Arc Angle Curve Length Cum. Length Curve* 

128.20430 95.21144 -36.99259 Line Segment 28.28968 28.28968 1 
116.53310 95.21144 -11.22269 Circular Arc 7.945 114.366 15.85870 44.14838 2 
123.77040 95.21144 0.00000 Circular Arc 9.535 90.000 14.97754 59.12592 3 
133.30540 85.67644 0.00000 Line Segment 2.00000 61.12592 4 
133.30540 83.67644 0.00000 Circular Arc 9.535 47.646 7.92916 69.05508 5 
136.61350 76.72030 0.00000 M 

Layer out-to-in 
X Y z Curve Type Arc Radius Arc Angle Curve Length Cum. Length Curve* 

134.51850 78.58203 0.00000 Circular Arc 68.310 40.440 48.21377 48.21377 1 
157.64830 37.41574 0.00000 Circular Arc 236.310 18.220 75.14772 123.36149 2 
157.64830 -37.41574 0.00000 Circular Arc 68.310 80.890 96.43965 219.80114 3 
90.20000 -94.91000 0.00000 Circular Arc 49.010 90.000 76.98473 296.78587 4 
41.19000 -45.90000 0.00000 Line Segment 91.80000 388.58587 5 
41.19000 45.90000 0.00000 Circular Arc 49.010 90.000 76.98473 465.57060 6 
90.20000 94.91000 0.00000 Circular Arc 68.310 20.225 24.11294 489.68354 7 

113.81530 90.69816 0.00000 Spline 23.94814 513.63168 8 
133.78270 77.71908 0.00000 Circular Arc 67.176 40.440 47.41338 561.04506 9 
156.52860 37.23619 0.00000 Circular Arc 235.176 18.220 74.78710 635.83216 10 
156.52860 -37.23619 0.00000 Circular Arc 67.176 80.890 94.83868 730.67084 11 
90.20000 -93.77600 0.00000 Circular Arc 47.876 90.000 75.20344 805.87428 12 
42.32400 -45.90000 0.00000 Line Segment 91.80000 897.67428 13 
42.32400 45.90000 0.00000 Circular Arc 47.876 90.000 75.20344 972.87772 14 
90.20000 93.77600 0.00000 Circular Arc 67.176 20.225 23.71265 996.59037 15 

113.42330 89.63408 0.00000 Spline 23.54781 1020.13818 16 
133.04700 76.85614 0.00000 Circular Arc 66.042 40.440 46.61300 1066.75118 17 
155.40890 37.05664 0.00000 Circular Arc 234.042 18.220 74.42649 1141.17767 : 18 
155.40890 -37.05664 0.00000 Circular Arc 66.042 80.890 93.23770 1234.41537 19 
90.20000 -92.64200 0.00000 Circular Arc 46.742 90.000 73.42216 1307.83753 20 
43.45800 -45.90000 0.00000 Line Segment 91.80000 1399.63753 21 
43.45800 45.90000 0.00000 Circular Arc 46.742 90.000 73.42216 1473.05969 22 
90.20000 92.64200 0.00000 Circular Arc 66.042 20.225 23.31235 1496.37204 23 

113.03120 88.57000 0.00000 Spline 23.14747 1519.51951 24 
132.31130 75.99320 0.00000 Circular Arc 64.908 40.440 45.81261 1565.33212 25 
154.28920 36.87709 0.00000 Circular Arc 232.908 18.220 74.06587 1639.39799 26 
154.28920 -36.87709 0.00000 Circular Arc 64.908 80.890 91.63673 1731.03472 27 
90.20000 -91.50800 0.00000 Circular Arc 45.608 90.000 71.64088 1802.67560 28 
44.59200 -45.90000 0.00000 Line Segment 91.80000 1894.47560 29 
44.59200 45.90000 0.00000 Circular Arc 45.608 90.000 71.64088 1966.11648 30 
90.20000 91.50800 0.00000 Circular Arc 66.042 19.878 22.91206 1989.02854 31 

112.63920 87.50592 0.00000 Spline 22.74714 2011.77568 32 
131.57560 75.13026 0.00000 Circular Arc 63.774 40.440 45.01222 2056.78790 33 
153.16950 36.69754 0.00000 Circular Arc 231.774 18.220 73.70525 2130.49315 34 
153.16950 -36.69754 0.00000 Circular Arc 63.774 80.890 90.03575 2220.52890 35 
90.20000 -90.37400 0.00000 Circular Arc 44.474 90.000 69.85960 2290.38850 36 
45.72600 -45.90000 0.00000 Line Segment 91.80000 2382.18850 37 
45.72600 45.90000 0.00000 Circular Arc 44.474 90.000 69.85960 2452.04810 38 
90.20000 90.37400 0.00000 Circular Arc 63.774 20.225 22.51177 2474.55987 39 
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ATTACHMENT D TF WINDING PACK PATH 13-950425-BW-DSTUTZKI-01 
X Y Z Curve Type Arc Radius Arc Angle Curve Length Cum. Length Curve* 

112.24720 86.44184 0.00000 Spline 22.34681 2496.90668 40 
130.83980 74.26731 0.00000 Circular Arc 62.640 40.440 44.21184 2541.11852 41 
152.04980 36.51799 0.00000 Circular Arc 230.640 18.220 73.34463 2614.46315 42 
152.04980 -36.51799 0.00000 Circular Arc 62.640 80.890 88.43478 2702.89793 43 
90.20000 -89.24000 0.00000 Circular Arc 43.340 90.000 68.07831 2770.97624 44 
46.86000 -45.90000 0.00000 Line Segment 91.80000 2862.77624 45 
46.86000 45.90000 0.00000 Circular Arc 43.340 90.000 68.07831 2930.85455 46 
90.20000 89.24000 0.00000 Circular Arc 62.64 20.225 22.11147 2952.96602 47 

111.85510 85.37776 0.00000 Spline 21.94648 "2974.91250 48 
130.10410 73.40437 0.00000 Circular Arc 61.506 40.440 43.41145 3018.32395 49 
150.93010 36.33844 0.00000 Circular Arc 229.506 18.220 72.98402 3091.30797 50 
150.93010 -36.33844 0.00000 Circular Arc 61.506 80.890 86.83380 3178.14177 51 
90.20000 -88.10600 0.00000 Circular Arc 42.206 90.000 66.29703 3244.43880 52 
47.99400 -45.90000 0.00000 Line Segment 91.80000 3336.23880 53 
47.99400 45.90000 0.00000 Circular Arc 42.206 67.500 49.72277 3385.96157 54 
74.04846 84.89326 0.00000 Spline 38.29990 3424.26147 55 

111.46310 84.31368 0.95400 

Layer in-to-out 
t 

X Y z Curve Type Arc Radius Arc Angle Curve Length Cum. Length Curve* 
111.46310 84.31368 0.95400 Circular Arc 61.506 60.665 65.12263 65.12263 1 
150.93010 36.33844 0.95400 Circular Arc 229.506 18.220 72.98402 138.10665 2 
150.93010 -36.33844 0.95400 Circular Arc 61.506 80.890 86.83380 224.94045 3 
90.20000 -88.10600 0.95400 Circular Arc 42.206 90.000 66.29703 291.23748 4 
47.99400 -45.90000 0.95400 Line Segment 91.80000 383.03748 5 
47.99400 45.90000 0.95400 Circular Arc 42.206 45.000 33.14851 416.18599 6 
60.35585 75.74415 0.95400 Spline 16.84701 433.03300 7 
73.61944 85.94298 0.95400 Circular Arc 43.340 22.493 17.01423 450.04723 8 
90.20000 89.24000 0.95400 Circular Arc 62.640 80.890 88.43478 538.48201 9 

152.04980 36.51799 0.95400 Circular Arc 230.640 18.220 73.34463 611.82664 10 
152.04980 -36.51799 0.95400 Circular Arc 62.640 80.890 88.43478 700.26142 11 
90.20000 -89.24000 0.95400 Circular Arc 43.340 90.000 68.07831 768.33973 12 
46.86000 -45.90000 0.95400 Line Segment 91.80000 860.13973 13 
46.86000 45.90000 0.95400 Circular Arc 43.340 45.000 34.03916 894.17889 14 
59.55399 76.54601 0.95400 Spline 17.29254 911.47143 15 
73.18561 86.99072 0.95400 Circular Arc 44.474 22.493 17.45941 928.93084 16 
90.20000 90.37400 0.95400 Circular Arc 63.774 80.890 90.03575 1018.96659 17 

153.16950 36.69754 0.95400 Circular Arc 231.774 18.220 73.70525 1092.67184 18 
153.16950 -36.69754 0.95400 Circular Arc 63.774 80.890 90.03575 1182.70759 19 
90.20000 -90.37400 0.95400 Circular Arc 44.474 90.000 69.85960 1252.56719 20 
45.72600 -45.90000 0.95400 Line Segment 91.80000 1344.36719 21 
45.72600 45.90000 0.95400 Circular Arc 44.474 45.000 34.92980 1379.29699 22 
58.75213 77.34787 0.95400 Spline 17.73806 1397.03505 23 
72.75177 88.03845 0.95400 Circular Arc 45.608 22.493 17.90459 1414.93964 24 
90.20000 91.50800 0.95400 Circular Arc 64.908 80.890 91.63673 1506.57637 25 

154.28920 36.87709 0.95400 Circular Arc 232.908 18.220 74.06587 1580.64224 26 
154.28920 -36.87709 0.95400 Circular Arc 64.908 80.890 91.63673 1672.27897 27 
90.20000 -91.50800 0.95400 Circular Arc 45.608 90.000 71.64088 1743.91985 28 
44.59200 -45.90000 0.95400 Line Segment 91.80000 1835.71985 29 
44.59200 45.90000 0.95400 Circular Arc 45.608 45.000 35.82044 1871.54029 30 
57.95027 78.14973 0.95400 Spline 18.18360 1889.72389 31 
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ATTACHMENT D TF WINDING PACK PATH 13-950425-BW-DSTUTZKI-01 
X Y Z Curve Type Arc Radius Arc Angle Curve Length Cum. Length Curve* 

72.31794 89.08618 0.95400 Circular Arc 46.742 22.493 18.34978 1908.07367 32 
90.20000 92.64200 0.95400 Circular Arc 66.042 80.890 93.23770 2001.31137 33 

155.40890 37.05664 0.95400 Circular Arc 234.042 18.220 74.42649 2075.73786 34 
155.40890 -37.05664 0.95400 Circular Arc 66.042 80.890 93.23770 2168.97556 35 
90.20000 -92.64200 0.95400 Circular Arc 46.742 90.000 73.42216 2242.39772 36 
43.45800 -45.90000 0.95400 Line Segment 91.80000 2334.19772 37 
43.45800 45.90000 0.95400 Circular Arc 46.742 45.000 36.71108 2370.90880 38 
57.14841 78.95159 0.95400 Spline 18.62913 2389.53793 39 
71.88410 90.13392 0.95400 Circular Arc 47.876 22.493 18.79496 "2408.33289 40 
90.20000 93.77600 0.95400 Circular Arc 67.176 80.890 94.83868 2503.17157 41 

156.52860 37.23619 0.95400 Circular Arc 235.176 18.220 74.78710 2577.95867 42 
156.52860 -37.23619 0.95400 Circular Arc 67.176 80.890 94.83868 2672.79735 43 
90.20000 -93.77600 0.95400 Circular Arc 47.876 90.000 75.20344 2748.00079 44 
42.32400 -45.90000 0.95400 Line Segment 91.80000 2839.80079 45 
42.32400 45.90000 0.95400 Circular Arc 47.876 45.000 37.60172 2877.40251 46 
56.34656 79.75344 0.95400 Spline 19.07466 2896.47717 47 
71.45027 91.18165 0.95400 Circular Arc 49.010 22.493 19.24014 2915.71731 48 
90.20000 94.91000 0.95400 Circular Arc 68.310 80.890 96.43965 3012.15696 49 

157.64830 37.41574 0.95400 Circular Arc 236.310 18.220 75.14772 3087.30468 50 
157.64830 -37.41574 0.95400 Circular Arc 68.310 80.890 96.43965 3183.74433 51 
90.20000 -94.91000 0.95400 Circular Arc 49.010 90.000 76.98473 3260.72906 52 
41.19000 -45.90000 0.95400 Line Segment 91.80000 3352.52906 53 
41.19000 45.90000 0.95400 Circular Arc 49.010 45.000 38.49236 3391.02142 54 
55.54470 80.55530 0.95400 Spline 19.52013 3410.54155 55 
71.01644 92.22938 0.95400 Spline 44.21021 3454.75176 56 

114.20730 91.76224 1.90800 Spline 24.34844 3479.10020 57 
134.51850 78.58203 1.90800 

Outlead 
X Y Z Curve Type Arc Radius Arc Angle Curve Length Cum. Length Curve* 

71.01644 92.22938 10.49400 Circular Arc 50.144 22.493 19.68532 19.68532 1 
90.20000 96.04400 10.49400 Circular Arc 69.444 15.391 18.65479 38.34011 2 

108.63120 93.55341 10.49400 Circular Arc 9.535 15.391 2.56139 40.90150 3 
111.16190 93.21144 10.49400 Line Segment ',4.00000 44.90150 4 
115.16190 93.21144 10.49400 Circular Arc 7.945 65.962 -9.14678 54.04828 5 
122.41790 93.21144 5.78528 Circular Arc 7.945 202.828 28.12547 82.17375 6 
135.10600 93.21144 14.81946 Line Segment 28.30500 110.47875 7 
114.45030 93.21144 34.17184 t-. 

; 

Notes: 
These values are to the CICC centerline 
Each point corresponds to the curve starting point (the subsequent point is the curve ending point) 
The xy plane lies on the same plane as the out-to-in pancake 
The xz plane lies on the equatorial plane 
For each subsequent layer, add 0.954 in the z direction 
For layer #1 , replace the first point with the last point of the inlead (decrease length by 2.2") 
For layer #12, the last point is curve ID #176 (decrease length by 68.56") 

I I I l l I I I 
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INTRODUCTION 

Extensive analysis has been performed on the insulation system of the toroidal field (TF) 

magnets of the Tokomak Physics experiment (TPX). These analyses have characterized the 

insulation system proposed at the conceptual design stage as unable the pass the failure criteria set 

forth by the project. The predicted failure modes have been observed in testing conducted by both 

potential magnet vendors. Based on the information gained from testing, and on the trends 

predicted by analyses, the magnet team began the task of identifying a new insulation system. 

Based upon predicted mechanical behavior of alternative insulation schemes from the 

analyses, a new baseline insulation for analyses and investigation was established. With the 

elimination of the barriers, this new baseline is the same as that presented as the tailored 3D 

insulation scheme, except for a polyimide overwrap between the conduit and glass fiber weave. 

The combination of the reduction of thermal contraction of 3D fiberglass weaves and their increase 

in through thickness strength are potentially the solution to many of the indicated mechanical 

problems of the TF insulation. As an added measure, the polyimide has been added for increased 

dielectric strength. An additional percieved benefit of the polyimide is a "slip plane" that will be 

established between the conduit and the fiberglass insulation. This slip plane is expected to reduce 

shear stresses and through thickness tension in the insulation. 

It is important to note that this new insulation scheme is established as a baseline for future 

analyses. The baseline at the conceptual stage is predicted by analyses to be inadequate, and 

subsequent analyses has suggested that 3D weaves present a possible solution. The large-scale 

insulation testing program must still determine which of several insulation schemes offers superior 

performance in the TPX configuration. 



MODEL DESCRIPTION 

A finite element model is used in the ANSYS program. This model is based off the 

techniques established in the previous investigations of the insulation behavior at the equatorial 

plane of a TF magnet. Additional features have been added to include the behavior of the 

polyimide slip plane. A series of contact elements are used at the interface between polyimide 

overwraps and the conduits. These contact elements behave like bi-linear springs; they provide no 

resistance to separation of two bodies, but provide a great stifihess to the interference of two 

bodies. These elements also have the capability to handle friction, both static and kinetic. This 

capability can be used to predict the stick-slip behavior that would be exhibited by the polyimide. 

Unfortunately, because of the number of elements involved, difficulty in obtaining a converged 

solution has been experienced. This is constant with experience of previous modeling and also 

reported by Myatt. Because of this difficulty, Myatt used an approach presented by Babcock & 

Wilcox at the December 1994 Technical Interchange Meeting, one of examining a single conductor 

using gap elements with stick-slip behavior. Comparing this with the results of frictionless slip 

around a single conductor, Myatt reported that the frictionless slip offers a conservative estimation 

of stresses. A converged solution can be reached in the winding pack model if frictionless slip 

elements are used. 

Additional modifications to the previous model include the use of midside-noded elements 

in the junction region. Previous modeling used only comer-noded elements. In the very extreme 

areas of the junction region, these elements degrade from quadrilaterals to triangles. Corner-noded 

triangular structural elements are typically very stiff in bending. Because the high stresses are 

observed in these areas of the degradation of the elements, a less stiff element, the midside-noded 

elements are used. These elements should also have the added benefit of better defining the peak 

stresses in this area. 

This model also has a reduced insulation thickness. Previous insulation was .070 in. 

between conduits. This design has been changed to be .064 inch. This has been done in order to 

create a uniform insulation system for both the TF and PF coils, and to simplify the testing 

required to qualify the insulation system. The model now conforms to the dimensions specified on 

B&W drawing D-1335000 (see Attachment A). 

The model is subjected to two loading conditions. The first is the magnet cooldown from 

room temperature to 4 Kelvin. The second load set is the combination of the cooldown to 4K 



combined with the Lorentz loads caused by the 4 Tesla field. As is previous analyses, the magnetic 

field is calculated using TOSCA, and the Lorentz loads are calculated by i x B. 

Material properties have been updated to those compiled by Roach in early June. These 

properties are shown in the table of Attachment B. It is interesting to compare the properties cited 

for the 3D Glass Fiber Reinforced Composite's and 2D GFRC's. Contrary to intuition and other 

work, the 3D materials show higher through-thickness contraction than 2D materials, and show 

little improvement in stiffness. 

RESULTS AND DISCUSSION 
It is very interesting to note that with the addition of a slip plane, that the deformation of 

the conduits and the insulation is quite different from that seen in previous analyses of the 

equatorial plane. This difference can be seen by comparing Figures 1 and 2. Gone is the familiar 

meniscus shape. In its place, the conduit now deforms as a parallelogram. This change in 

deformation directly results in a change in the stress state. The state is no longer the familiar state 

seen in the previous equatorial analyses. 

In the overall results, the state of the winding pack seems to remain in fairly good order. 

Stresses in cooldown, and in cooldown with magnetic load are generally within the range seen in 

previous analyses of the 3D materials. These stresses are summarized in Table 1. Again, in the 

case of this 3D insulating material and slip plane, all of the failure criteria are not met. There has 

been, however, yet another gradual step in solving the stress problems in the winding pack. The 

current insulation system is predicted to be close to meeting the structural goals. The addition of 

the polyimide should ensure the electrical insulating properties of the system. 

During the analysis development of this insulation system, as the analysis investigated new 

material properties to apply to the conduit overwrap, these properties were also used in analysis as 

materials in the ground plane insulation of the winding pack. As previous analysis has shown, the 

desire is to go to a less contractile material in the ground plane insulation. This result was based 

on an insulation system without slip. To determine if this line of thought remained true in the case 

of an insulation system with slip planes, a trade study was performed placing material properties of 

the conceptual baseline 2D ground plane material back into the ground plane of this model. The 

comparison of the results is shown in Table 2. These results confirm the previous assertion of 

selecting low CTE materials for the ground plane and potting used to secure the coil in the case. 



Figure 1: Deformation Shape, No Slip Planes 
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Figure 2: Deformation Shape, Slip Plane Insulation 
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High CTE materials used as potting and ground wrap material tend to place an overall tension on 

the winding pack, as described previously. 

Table 1 
Winding Pack Component Stresses 

Sx Sy 
(In Plane) (Thru-thick) 

Cooldowm a«d Beetrorsagaetlc iLoads w^- -

Sxy 

Conduit -701 
144 

-85 
20 

<1 

Kapton Layer -198 
66 

-150 
20 

10 

3D Overwrap -301 
254 

-150 
23 

80 

Corner Fill 

Cooldowfi O&ly '*'*«" 

-212 -260 
160 60 

75 

Conduit -325 
40 

-50 
34 

<1 

Kapton Layer -107 
43 

-52 
24 

11 

3D Overwrap -350 
150 

-70 
60 

50 

Comer Fill -56 
70 

-160 
24.3 

23 

* Stresses in MPa 



Table 2 
Stress Comparisons: Detailed Equatorial Model with 2D Ground Plane to 

Detailed Equatorial Model with 3D Ground Plane (Cooldown and EM loads) 
Sx Sy 

(In Plane) (Thru-thick) 
Sxy Sz Sint 

Conduit -701 
144 

-85 
20 

<1 81 
320 

760 

Kapton Layer -198 
66 

-150 
20 

10 -167 
56 

3D Overwrap -301 
254 

-150 
23 

80 -51 
167 

Comer Fill -212 
160 

-260 
60 

75 1 
100 

Ground Plane -265 
68 

-160 
18 

49 

f*S$-' A A «"V V 

Conduit -657 
140 

-66 
25 

<1 90 
324 

740 

Kapton Layer -170 
70 

-197 
23 

10 -140 
56 

3D Overwrap -300 
214 

-225 
37 

88 -30 
187 

Comer Fill -272 
50 

-113 
144 

86 -7 
115 

Ground Plane -279 
63 

-170 
18 

46 

* Stresses in MPa 

Conclusions 

The current insulation scheme for the TPX TF magnets is a much improved design over 

the conceptual insulation scheme. Analysis of the insulation now indicates far less failure than the 

previous insulation design. 

There has been much discussion over the material properties of the potential insulation 

system. The latest estimation has placed the properties of the 3D materials very close to the 

properties of 2D materials. This is counter-intuitive and contrary to the reasoning that focused 

attention on the 3D materials. The current analysis still indicates that with these properties, the 

current insulation system still functions much better than the conceptual design. If analysis is 

chosen to continue to spearhead the design of the insulation system, much more defined properties 

must be established. 

It is seen to be desirable not only to have the characteristics of the 3D material in the 

insulation around the conduits, but also in the ground plane as well. The conceptual design of the 



case and coil system was intended to place the coil into compression upon cooldown. As can be 

seen from previous analysis, and from the trade study in this analysis, a 2D material in the ground 

plane, coupled with a high contraction epoxy potting place the winding pack into tension. Keeping 

the winding pack in compression is desirable to address the concerns over the tension and shear 

strengths of Glass Fiber Reinforced composites 

Though the stress criteria can be applied successfully to the current system, the strain state 

is now different than the behavior seen in all the previous models, due to the introduction of slip 

planes. This new mode has not been as intensely studied as the previous form. Care must be taken 

when making assumptions based on the body of knowledge accumulated from analyses of the 

previous model. 
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Materials Properties Table assembled by L. Myatt, MIT/PFC on 03/15/ya 
Revision 4 by J. F. Roach, WEC on 06/05/95 

Present State of the TPX Material Property Data Base (4K) for use in Finite Element Modeling 
(Superscripts are refer to references) 

Material Ex 
fGPa] fGPal [GPal 

<*x 

JaOSL 
ay «Z 

ML 
Gxy 

fGPaj 
Gxz 

[GPaj 
uyz 

[GPa) 

Jxy Vxz ->yz 

316LNISS 207 207 207 10.4 10.4 10.3 81 0.282 0.282 0.282 

Incoloy 908 185 185 185 5.92" 5.9216 5.92" 71 71 71 0.299 0.299 0.299 

Conduit Wrap 19.7' 29.61 29.61 19.91 6.71 6.7' 7.63 7.63 10.73 0.264 0.264 0.26^ 

Ground Wrap 19.71 29.6' 29.61 19.91 6.7' 6.7' 7.63 7.63 10.73 0.264 0.264 0.264 

Roving Corner Fill 19.7' 19.7' 29.6' 19.91 19.91 6.7' 7.64 7.64 7.64 0.264 0.264 0.264 

HP Laminate (Gil) 24.0' 35.0 37.0 24.9J 8.31 8.3 * 8.2" 9.7" 11.63 0.264 W$P 0.263 

Resin 8.0" 8.0" 8.0" 40' 40 ' 40' 2.9" 2.9" 2.9" 0.4" "M& 0.41 

3D Weave 

(See notes 14,15) 

3S3Ai 
*&J-3£« $i 

If wmm 
.vY°.^s--

Av zy&yz 

0.26 •0.37. 
^;5(zx).; 

0.35(zy) 
. 0.25(yz) 

3D Corner Fill 

(See notes 14,15) 
fit sm tf7'.56v" 8.5 

.11 
9 

fa) 
8 

Av zy&yz 

0.26 0.38 0.23(zy) 

0.36(yz) 

Araldite at 296K 18§ 108 108 10* 6.95 6.95 6.95 0.3 0.3 0.3 

Kapton 4.8 
12 

5.5 .12 5.5 
12 

43.2 
13 13.0 

10 
15.8 0.37 0.37 

10 
0.37 

10 
0.349 0.34 0.34 

SC Cable 0.6 7 0.67 60 7 7.24 7 7.24 7 7.24 7 0.235 0.235 0.235 0.3 4 0.3 4 0.3' 

Notes: a. Values come from the references listed below, and are open to discussion. They do not come from PPPL's material property committee, 
b. Local coordinate system: x is thru-thick, y is parallel to wrap direction, z is parallel to conductor axis. 
3. Higlighted materials are being used in the Kapton/3-D weave baseline insulation system. All other material properties for reference only. 

J. F. Roach, WSTC, Electrical Systems, E-Mail address: roach@epsvax.pgh.wec.com 
TPX Program 
6/5/95 

mailto:roach@epsvax.pgh.wec.com
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Executive Summary 
Previous analyses have indicated potential problems in the insulation system of the Tokamak 

Physics experiment (TPX) toroidal field (IF) superconducting magnets. The problems indicated by 

analyses are a prediction of exceeding stress criteria established by the program. The consequences of 

exceeding the stress criteria are a mechanical failure of the insulating material. Such a failure may create 

voids, which in turn could compromise the electrical insulating capabilities of the system. 

In order to better understand the mechanical behavior of the insulating system, and the potential 

tradeoffs to be made for improvements, several trade studies were conducted using Finite Element Analysis 

techniques to predict this behavior. Trade studies were also conducted to better understand the 

implications, capabilities, and limitations of the finite element model used for analyses. 

The analyses verified two of the modeling techniques handling the interface between the 

superconducting strands and the conduit walls. The analyses also brought out several aspects of the 

behavior of the overall system. The analyses suggest that the coil case, which is made of a high contraction 

steel, does not provide the overall compression to the winding pack that was intended. The analyses 

suggest the selection of the potting material and the winding pack ground wrap material affect compression 

on the winding pack moreso than does the coil case. The analyses also indicate that under a cooldown 

loading, that the stresses seen in sections of the curved regions of the TF magnet are roughly the same as 

those seen in the inboard leg. The series of analyses also indicate a class of Glass Fiber Reinforced 

Composite materials that show promise in alleviating the indicated problematic stress regions. 



Introduction 

This report documents the Babcock & Wilcox analyses efforts of the Tokomak Physics 

experiment (TPX) toroidal field (TF) magnet insulation system as of March 1995. These efforts are built 

upon previous efforts, particularly those of Markham, from October 1994 to December 1994, and Myatt, 

prior to October 1994 

In previous work, Myatt has raised the question of potential mechanical failure in the insulating 

system of the TF magnets. Myatt showed that the regions exhibiting high stresses exceed the failure 

criteria established by the TPX program. The failure exhibited is predicted to be a mechanical failure, but 

implies that a compromise may be made in the electrical insulating abilities of the Glass Fiber Reinforced 

Composite (GFRC). The electrical failure would then cause either a turn-to-turn short in the wound 

magnet, or a pancake-to-pancake short. 

Finite element analyses of the baseline insulation confirms the behavior reported by Myatt. The 

baseline GFRC shows high through thickness tensions and high shears that exceed the failure criteria 

established by the TPX project The major contributor to the high stresses in the insulating material are the 

thermal contraction mismatch between the insulating material and the surrounding conduits. The very 

nature of the GFRC offers the flexibility to solve this problem. The fibers in the composite may be aligned 

in the direction of the high stresses. In this case, since the high stresses are in the through thickness 

dimension of the composite, addition of fiber for strength purposes has the added benefit of decreasing the 

coefficient of thermal expansion, which should in turn further reduce the observed stresses. 

Previous work in Japan has identified a class of GFRC materials with improved material properties 

for similar applications. Using this information, a series of material properties were calculated. These 

properties were then used in a series of finite element analyses to determine if these improved materials 

could potentially improve the stress state inside the winding pack, and pass all the TPX failure criteria. 



Model Definition 

A two-dimensional finite element ANSYS model is used for analysis. The equatorial plane of the 

TPX toroidal field (TF) magnet inboard leg is modeled. This region is modeled because it is here that the 

in-plane magnetic forces are highest, the in-plane stresses are high, and the geometry and magnetic 

symmetry allow for simpler 2D calculations. The smallest unit of radial symmetry is one-half of a TF 

magnet coil, corresponding to a 1/32 slice of the assembled 16 coil structure, and it is this symmetry that is 

modeled. This geometry is shown in Figure 1. 

Figure 1: Finite Element Model 

All dimensions of the model are in accordance with drawing TPX-E-1302-027 PO (attached). The model 

itself is built up from the geometry of a single turn and its insulation. This "unit cell," shown in Figure 2, 

is replicated into a seven by six array (representing one half of the winding). To this array are added 

regions representing the ground wrap/coil potting and the TF coil case (refer to fig. 1). These regions are 

meshed with four noded plane strain elements. Figures 3 and 4 show the mesh density for the model and 

the unit cell. 



Figure 2: Unit Cell of Finite Element Model 

The geometric boundary conditions of the model were fairly simple due to the symmetry. Edges 1 

and 2 in Figure 1 represent planes of radial symmetry and are constrained with the proper symmetry 

boundary conditions: R, the radial displacement, is free and 0, the tangential displacement is fixed, 

representing no displacement across this boundary. 

There are two areas where more elegant methods of controlling interfaces are used. These two 

interfaces are the one between the superconducting material and conduit, and the border between the 

winding array and the ground plane/potting material around the winding. The handling of the interface 

between the conduits and the superconducting material inside the conduits is a difficult problem. The 

conductor is composed of braided strands. The behavior of these strands is difficult to predict Two 

different methods of coupling along this interface were used. For the load case of a cooldown from room 

temperature to 4 Kelvin, the elements representing the superconducting material were removed. By doing 

this, any bending stiffness the superconducting strands would add to the conduit wall were ignored. 



Figure 3: Finite Element Model Mesh Density 

This, in the analysis, forces the conduit and the insulation to support all the load. By supporting all the 

loads, the stresses in the conduit walls and insulation should be higher than what would be expected in the 

real situation, which leads to a conservative analysis 

In the cases examining the effects due to electromagnetic loads, the superconducting strands cannot 

be ignored. These elements are the only elements that carry current, and therefore the only elements to see 

a Lorentz loading due to the magnetic field. Directly coupling the nodes at the interface of the 

superconducting elements and the conduit elements potentially introduces a direct loading to the conduit 

wall, which is not representative of the real case. To overcome this, a method of "selectively" coupling the 

nodes was used. The nodes along the interfaces that would oppose the Lorentz forces were directly 

coupled, and an analysis was run. From examining the deformations of the superconducting elements and 

the conduit elements at this point, additional nodes to be coupled were identified. This iterative loop was 

performed until a consistent coupling was achieved. This coupling allows motion of the superconducting 
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Figure 4: Unit Cell Finite Element Mesh 

. elements within the conduit walls, but also transmits forces at the points where the superconductor 

contacts the conduit wall. Cases were run on the model to verify the coupling loads 

The other interface in question was not in the area of the major focus of these analyses. Because 

primary attention is elsewhere, the mesh density in the region of the ground plane/potting is less than that in 

the conductor array region for reasons of efficiency. Due to this modeling, the nodes of the ground 

plane/potting are not coincident with the nodes of the conductor array. The intent of the potting process, 

however, is to fully bond these two regions. To simulate this bonding, the degrees of freedom of the nodes 

of the conductor array and ground wrap/potting that lie on the interface planes must be linked. This is 

accompUshed by the use of constraint equations. The constraint equations force the boundary of these two 

material regions to behave as a fully bonded boundary. 

Finally, two types of loading conditions that will exist in the TPX TF coil are examined, the 

cooldown from room temperature to 4K before energizing the coils, and the energized state at 4K. The first 

load set is relatively simple to perform. The reference temperature of the elements is set to room 



temperature (293K), and then the load step is a uniform temperature of 4K applied to all elements in the 

model. For the second load set, another analysis was used to help provide loads. In previous work, Myatt 

used ANSYS to calculate magnetic fields due to energizing the TF magnets. The Lorentz loads were then 

calculated and applied to current carrying elements. In this analyses, the magnetic fields were calculated 

separately using TOSCA (see SDRL-29, Electromagnetic Analysis, 13-950815-BW-MXu-Ol), accounting 

for energization of the Poloidal Field (PF) magnets as well as the TF magnets. The coordinates of current 

carrying nodes were passed to TOSCA. The values of the magnetic field at these locations were then 

passed back from TOSCA. An effective current at each node was calculated from considering the 

percentage of the total current that each node would represent Using these two pieces of information, the 

Lorentz forces were calculated from i x B and applied as nodal forces. Figure 5 shows the Lorentz loading 

of the model. 

Figure 5: Lorentz Loading of the Winding Pack 
(Insulation and conductor hidden for clarity) 



The material modeling is important in all finite element analyses, but due to the complexities of the 

materials used in the TF winding, the material modeling in this case becomes even more critical. Some of 

the materials, the steels and superconducting material, for example, behave isotropically, and are rather 

easy to model. The glass reinforced plastic composites used as insulating materials in the winding, 

however, are not as simple. These materials are typically orthotropic in nature, and the properties in one 

direction can be radically different from the other directions. 

Due to the orthotropic behavior, care must be taken in constructing the model to apply the 

directional dependent properties in the proper manner. In this analysis, the element coordinate systems for 

orthotropic materials were rotated to reflect this directionality. Also, care was taken when rotating element 

coordinate systems not to introduce a nonexistent material discontinuity between adjacent elements which 

would manifest itself in the results as a stress riser. Elements in this model were rotated so that the X-axis 

of the element would be aligned with the orthotropic material's inplane ("fill" in weave terminology) 

direction and the Y-axis of the element would be aligned with the through thickness (perpendicular to 

laminate, "normal" in weave terminology) direction of the material. 

In the cross section that was taken, two regions were considered to behave in an orthotropic 

manner. These regions are the conduit overwrap, and the barriers between turns and layers in the winding. 

The other regions were consider to behave isotropically in the plane of the cross section. 



Figure 6 shows an area at the junction of four unit cells and the material directionality in the shown 

regions 

Figure 6: Orthotropic Material Directions 

Tables 1 and 2 are a compilation of the material properties used for the various regions for the cases 

studied. 

TA BLE 1: REGION MATERIAL PROPERTIES 

Case 
Material Used For: 

Case Conduit Overwrap Barrier Junction Grnd Plane 
Baseline 
Improved 2D 
Improved 3D 
3D Tailored 

2D Weave 
Dense 2D 
3D Weave 
3D Weave 

2D Weave 
Dense 2D 
3D Weave 
3D Weave 

S-Roving 
S-Roving 
S-Roving 
3D Tailored 

2D Weave 
Dense 2D 
3D Weave 
3D Weave 



TABLE 2: MATERIAL PROPERTIES USED IN ANALYSES 

Material Area 

Young's Modulus 
(GPa) 

Coeff iecient of 
Thermal Expansion 

(m/m/K) 
Poisson's 

Ratio 

Shear 
Modulus 

Material Area In Plane 
Through-
Thickness In Plane 

Through-
Thickness 

Poisson's 
Ratio (GPa) 

Nb3Sn Conductor 0.6 7.24E-6 0.3- 0.23 

Incoloy 908 Conduit 184 5.5E-6 0.299 71 

Stainless Steel 
316 LN Coil Case 205 10.3E-6 0.265 81 

2D Weave 
Conduit Insulation 
Barrier Insulation 
Ground Plane 

33 22 8.4E-6 24.8E-6 0.21 11 

Dense 2D Weave 
Conduit Insulation 
Barrier Insulation 
Ground Plane 

60 18 6E-6 10E-6 0.18 11 

3D Weave 
Conduit Insulation 
Barrier Insulation 
Ground Plane 

64 33 5E-6 6E-6 0.18 18 

S-Roving Conduit Insulation 
Barrier Insulation 22 24.8E-6 0.21 9 

3D Tailored Conduit Insulation 
Barrier Insulation 33 6E-6 0.18 14 

Table 1 describes what materials are associated with what regions, and Table 2 describe the actual 

properties of the various materials. The material properties for the baseline analysis were the same 

properties reported by Myatt. This allows for a confirmation of previous work, and a verification of this 

model. In subsequent analyses, properties of materials not covered by Myatt were taken from the 

Handbook of Materials for Fusion Energy or calculated, as described hereafter. 

These analyses investigate the effects of using improved GFRC materials, in particular 3D weaves 

for overwrap and barrier materials, and as corner filler material. To determine these properties, the 

composites rule of mixtures was used. Simply stated, this rule implies mat material properties of fiber 

reinforced composites scale linearly with the amount of fiber aligned parallel with the direction under 

scrutiny. 



Results & Discussion 

When examining the insulating materials, the stress criteria set forth by the IPX project are used. 

The allowables for three stresses are specified, compressive stresses, tensile stresses and shear stresses. 

Compressive stresses allowable are defined as 2/3 of the insulation's ultimate stress at temperature. This 

criterion allows compressive stresses of 500 MPa at 4K. The tensile stresses as set forth by the project 

adopt the ITER criterion, which specifies that the composite insulation shall carry no tension in the through 

thickness direction. This assumption is based on preventing delamination in a composite layup. Since the 

3D materials being investigated do not behave in the traditional laminate fashion, the cases of allowing the 

insulation to carry 1 MPa through tension and 10 MPa through tension were looked at Finally the shear 

stress criterion is stated in the following equation: 

O" shear, allow = 2 / 3 (to - Cf*0"nonral) 

where 

to is bond strength 

Cf is the coefficient of friction 

Furthermore, reference 5 defines to as 54 MPa and Cf as 0.49. With this criterion, local compression 

allows the material to carry more shear. 

The stress plots presented in this paper show a four conductor arrangement This arrangement is a 

subset of the interior conduits and insulation in the winding pack. The outlined region in Fig. 1 shows the 

location of the four conduits and surrounding insulation. These conduits are a good representation of the 

general state of the insulation in the winding pack, and therefore these are presented. The elements at the 

extreme corners of the winding behave more radically. The modeling, however, does not fully address the 

issues involved with these elements (such as the ground plane/potting elements are combined and do not 

exhibit the orthogonal behavior that the ground plane would show). The focus of this investigation, 

therefore, was on seeking a solution to the insulation failure in the generalized case, and not the extreme 

regions represented by the elements at the corners of the winding. Failure plots and tabulated failure results 

do take into account all insulation elements. 

Several trade studies were performed using the finite element model. These studies were performed 

in an effort to understand the complex behavior of the TPX TF winding pack, as well as to understand the 

limitations and capabilities of the finite element model. The results of these trades are tabulated in Table 3: 



Tab e 3: Summary of Insulation Analyses 

Cooidown ' '-'-'-• •'""'":-- V'r.'vr;--.r £:--:?:. 

Stress (MPa 
in Representative 

) 
Region % nsulation Area Passing 

Cooidown ' '-'-'-• •'""'":-- V'r.'vr;--.r £:--:?:. 
SxMax 
SxMin 

SyMax 
Sy Min Sxy Max 

Shear 
Criteria 

Through-Thckness Tension 
<1 MPa <10MPa 

Baseline 
Uncoupled Conductor/Conduit 

74 
-74 

72.3 
-72.7 

41.2 75 54 70 

Baseline 
Coupled Conductor Conduit 

73.7 
-74.4 

72.3 
-72.8 

41.1 75 54 70 

Improved 2D 
Coupled 

67.4 
-145.7 

77.9 
-77.7 

66.3 73 62 75 

3D 
Coupled 

61.6 
-145.7 

93.5 
-107.1 

80.7 67 54 70 

Improved 3D 
Coupled 

1.3 
-120.8 

23.5 
-98.2 

-35.4 96 66 83 

Tailored 3D 
Coupled 

-15.2 
-95.1 

3.9 
-83.5 

30.5 96 83 99 

Baseline 
Axisymmetric Elements 

81 
-72.4 

74.1 
-81.4 

47.1 75 56 73 

Baseline 
Winding Pack Only 

79.8 
-62.7 

81 
-60.6 

38.1 77 46 69 

Baseline 
Winding Pack, Ground Plane & Potting 

77.4 
-91.5 

75.9 
-85.7 

50 70 58 71 

Cpoldowri arid Electro-maghetjc 
Baseline 

Fully Coupled Conductor/Conduit 
62.7 

-104.9 
48.9 

-135.1 
66.4 76 72 75 

Baseline 
Selectively Coupled 

63.6 
-104.7 

49.8 
-133.6 

67.4 76 72 78 

Improved 3D 
Selectively Coupled 

-7.2 
-230 

20.9 
-202.5 

70.2 89 70 89 

Tailored 3D 
Selectively Coupled 

-0.2 
-145.6 

10.5 
-131.8 

60.5 94 80 97 

The first validation investigation was into the method of controlling the interface between the 

superconducting elements and the conduit elements. For the cooldown from room temperature to 4 Kelvin, 

the conductor material may remain inside the and bonded to the conduit, or it may be removed completely. 

By removing the conductor, any bending stiffness the superconducting strands would add to the conduit 

wall were ignored Comparison of the results shows less than a 1% difference in cooldown between having 

the superconducting elements included in the analyses and excluding them. Choosing to add the 

superconducting elements or exclude them in a cooldown case does not significantly affect the analysis 

results. 

When examining the effects due to electromagnetic loads, the superconducting strands cannot be 

ignored Directly coupling the nodes at the interface of the superconducting elements and the conduit 

elements potentially introduces a direct loading to the conduit wall, which is not desired A method of 



determining a "selective" coupling to the conduit was established. The nodes along the interfaces that 

would oppose the Lorentz forces were directly coupled, and an analysis was run. From examining the 

deformations of the superconducting elements and the conduit elements at this point, additional nodes to be 

coupled were identified. This iterative loop was performed until a consistent coupling was achieved. This 

selectively coupled analysis was compared with an analysis that directly couples all the elements of the 

superconductor to the conduit. The comparison of the coupling cases, the iterated to coupling, and a total 

coupling exhibit a difference of only about 3%, with the selectively couple case showing higher stresses. 

Again, the modeling at this interface seems to have a minor effect These results match with previous 

analyses of a one conductor system that focused on the effects of these type of coupling issues. These 

results also match with those reported by Myatt in an independent investigation of the coupling effects. 

The cooldown analysis of the baseline material predicts the same mechanical failures described by 

Myatt The insulating barriers and overwrap all show a through-thickness tension in the regions of the 

midside of the conduits. High tension is also observed in the cruciform shaped regions between the 

conduits which exceeds through thickness tension allowables. Finally, two regions of high shear are found 

in the insulation around each rounded corner of the conduits which exceed the shear stress allowable. The 

implication of these failures is the cause of a crack or a void that will lead to an electrical breakdown in the 

insulation material. Figures 7,9, and 11 show the stresses in the baseline insulation scheme under the 

cooldown load to 4K. Figure 7 represent the in-plane stresses (<yx in this modeling) for the orthotropic 

materials. Figure 9 shows the through-thickness stresses (<jy in this modeling). Figure 11 shows the shear 

stresses (o^). Figure 13 shows the insulation elements in this case that fail the shear criteria. Figure 15 

shows the elements with through thickness tensions greater than 1 MPa, and Figure 17 shows elements with 

through thickness tensions greater than 10 MPa. 

These results are consistent with the expected deformation of the conduit Previous work and 

discussion has established the "meniscus" behavior of the conduit under compression. This behavior 

causes the walls of the conduit to bow inward. The bowing of two adjacent conduit walls away from one 

another would tend to put a local through thickness tension in the insulation between the walls. The 

analysis displays this behavior. Exacerbating this problem is the high through thickness contraction of the 

insulating material in this region. Also consistent with the meniscus deformation behavior are the shear 

patterns. The bending moment of the wall of the conduit (the meniscus) is transmitted to the rounded 

corners. It is at these points that the bending moment must be reacted. This reaction is provided by the 

conduit and the insulation in this region. The reaction manifests itself as shear in the conduit and the 

surrounding insulation. The last phenomenon, high tensions in the cruciform regions, are thought to be 

caused by the thermal mismatch of the inconel and epoxy. Also caused by high thermal contraction of the 
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Figure 7: Inplane Stresses During Cooldown 
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Figure 8: Inplane Stresses During Cooldown and Energization 
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Figure 9: Through Thickness Stresses During Cooldown 
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Figure 12: Shear Stresses During Cooldown and Energization 
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Figure 13: Elements Failing Shear Margin Under Cooldown 
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Figure 14: Elements Failing Shear Margin Under Cooldown and Electromagnetic Loading 



1 

r - < ^ - VJ/ ~^" •"ipf - , ^" -̂ p- ^ 

h ••£&» ^3r ^4\ -ssjp- H 
h ypv, H 
h ,/tv, H 
h / p i t / IV A 
h •f4>h /&». -̂ p- A 
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Figure 15: Elements With Through Thickness Tension Greater than 1 MPa, Cooldown 
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Figure 16: Elements With Through Thickness Tension Greater than 1 MPa, Cooldown and EM 
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Figure 17: Elements With Through Thickness Tension Greater than 10 MPa, Cooldown 
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Figure 18: Elements With Through Thickness Tension Greater then 10 MPa 



insulation is the failure of the coil case to provide an overall compression to the system as was originally . 

intended. 

The response of the winding pack to the magnetic loads is quite complex. Figures 8,10, and 12 

the stresses imposed by Lorentz loads. As one would expect, the magnetic force causes an overall 

compression on the winding. The figures illustrate this point very well, the peak maximum stress is on the 

order of 10% less inplane, and some 30% less through thickness than in the nonenergized case. Also the 

magnitude of the compressive stresses are larger. There is however, a much more subtle reaction to this 

compressive stress. The meniscus behavior of the conduit under compression and the high thermal 

contraction of the insulation tend to cause a local through thickness tension in the insulation in the area of 

the midside of each conduit This presents the problem of a compressive load compromising the through 

thickness tensile strength of the insulating material. The overall compressive load needs to be large enough 

to overcome the reactive tension in the insulation between conduits. In the junction region, there is still a 

high tension. The compressive load of the Lorentz forces are not enough to overcome the tension caused by 

differential thermal expansion in this area, and quite a few of these elements exceed the through thickness 

tension criterion. The shear stress exhibited in the insulation (fig. 12) after energization is about a 65% 

increase over the shear stress in cooldown. This is probably most likely due to increased bending in the 

meniscus behavior of the conduit A higher amount of bending moment must be reacted by the insulation 

and shows up as an increased shear stress. These two cases, the cooldown to 4K and the energization of 

the coils at 4K, suggest that the baseline insulation is likely to exhibit a mechanical failure in the IPX TF 

coil configuration 

The behavior of the insulation in the baseline scheme suggests two ways to combat the potential 

problems. Composites offer the flexibility of tailoring material properties within limits. One of the basic 

ideas in composite design is to align fibers in the direction of the expected loads. Thus, the concept of 

aligning more fiber in a through thickness direction of the weave. This concept is also right in line with the 

second method of decreasing the stresses, which is to decrease the amount of thermal contraction in the 

insulating material. The investigation turned to trying to identify materials with the appropriate set of 

material properties. This effort was encouraged by several papers on the experience with denser 2D glass 

fiber weaves and 3D glass fiber weaves in superconducting magnet technologies. The effects of fiber in a 

through thickness direction in this case offer two beneficial qualities. First the strength of the material can 

be greatly increased in a through thickness direction over traditional laminates. Potentially, the material 

should be able to handle some through thickness tension. Also, the amount of bending in the conduits 

should be lessened and the strain on the insulating material smaller. Secondly, with greater fiber aligned in 

a through thickness direction, the thermal contraction should be reduced. This also has the effect of 



reducing the strain on the insulation between conduits. The tradeoff of the benefits is that fibers in this 

direction creates a stiffer material, which can then cause potentially higher stresses at smaller strains. By 

using the composites law of mixtures, estimates for the material properties of improved weaves were 

calculated. These estimations compared favorably with the measured properties reported in the papers. 

These properties were then used in the analyses. 

The analyses with these improved properties continued to show similar behavior to the baseline 

material. The failure areas and types of failures remained the same. There continued to be high through 

thickness tension areas in the insulation at the midside area of the conduits. There also continued to be a 

high through thickness tension in the junction area. The shear continued to show the same patterns. 

Discouraging was the fact that the magnitudes of the tensions in the junction areas, and the magnitude of 

the shear both increased with the alternative weaves. Encouraging however, were the reduction of inplane 

stresses within the weaves, and the reduction of through thickness stresses in the insulation in the region of 

the conduit midside. Because of these reductions, the amount of insulation failing the various stress criteria 

decreased. 

The importance of the junction area was borne out by these results. In the calculations with 

improved materials, the junction region was kept consistent with the properties of S-roving as in the 

baseline design. Since the improved materials continued to show much the same behavior as the baseline, 

with the situation in the junction area becoming steadily worse, an improved design for the junction area 

was sought. Identification of materials in the aerospace industry suggested that materials classes existed 

that would fit this corner roving area, and furthermore, that these shapes could be made with a 3D glass 

fiber weaves. Estimates of the properties of these woven shapes were then made, based on the knowledge 

of the amount of fiber and the weave pattern, and used in the modeling. 

This analysis shows results that are very encouraging. By the use of this improved 3D material, 

both the inplane and through thickness stresses in the insulation were reduced significantly (98% inplane 

and 67% through thickness), as well as the shear stress (17% reduction). This information indicated a 

move in the right direction, and better materials were sought for optimization. 

Through the process of seeking the optimal material, the idea of a woven glass preform surfaced. 

The goal of a material of this type in this configuration is to provide properties in junction region that are 

similar to the through thickness properties of the 3D weaves. A woven glass fiber preform was identified 

that could potentially solve this problem. This design is the tailored 3D design. This design shows vastly 

improved properties over the baseline design. Rgures 19-24 show the stress distributions in this insulation 

design under both the cooldown loading condition, and the cooldown with magnet energization. Figures 25-

30 show the elements that fail the various structural criteria. 
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Figure 19: Inplane Stresses During Cooldown 
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Figure 20: Inplane Stresses During Cooldown and Energization 



ANSYS 5.0 A 
AUG 16 1995 

NODAL SOLUTION 
STEP=1 
SOB =1 
TIME=1 
SY (AVG) 
RSYS=SOLU 
SMN 
SMX 

-.835E+08 
.388E+07 

Stress in Pa 
^ _ -.146E+09 
^ S --124E+09 
^ S -.102E+09 
^ S -.800E+08 
^ 2 -.580E+08 
^ 5 -.360E+08 

-.140E+08 
.800E+07 
.300E+08 
.520E+08 
.740E+08 

o a 

Figure 21: Through Thickness Stresses During Cooldown 
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Figure 22: Through Thickness Stresses During Cooldown and Energization 
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Figure 23: Shear Stresses During Cooldown 
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Figure 24: Shear Stresses During Cooldown and Energization 
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Figure 25: Elements Failing Shear Margin, Cooldown 
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Figure 26: Elements Failing Shear Margin, Cooldown and Electromagnetic Loading 
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Figure 27: Elements with Through Thickness Tension Greater than 1 MPa 
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Figure 28: Elements with Through Thickness Tension Greater then 1 MPa, Cooldown and EM 
Loading 
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Figure 29: Elements with Through Thickness Tension Greater than 10 MPa 
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Figure 30: Elements with Through Thickness Tension Greater than 10 MPa, Cooldown and EM 



Overall, this material combination compares quite well to the conceptual baseline material. During 

cooldown, the maximum in-plane stresses are reduced by 120%. The through thickness tensions are 

reduced by 94%, and the shears are reduced by 25%. This compression allows a larger amount of 

insulating material to pass the failure criteria. The failure rate is reduced from 25% in shear to only 4%. 

The material that exhibit through thickness tensions are reduced from 46% to 17%. Under the influence of 

cooldown and electromagnetic loads, the stresses are again decreased. The inplane tensions are reduced 

over by 100%, the through thickness tensions are reduced by 80%, and the shears are reduced by 10%. 

Failing insulation area is again reduced. The amount of insulation failing the shear stress criteria is 

reduced from 24% to 6%. The insulation material that exhibits tension during electromagnetic loading is 

reduced from 28% to 20%. Again, these results are summarized in Table 3. 

The results show that the junction region is a real problem area. The analyses suggest that the 

baseline configuration of an S-roving will be unable to pass the criteria as set forth by the program. The 

analyses suggest that a mechanical failure will occur in these regions. The analysis also suggests a 

potential problem in the baseline configuration at the midside of each conduit These regions also exhibit a 

high through thickness tension. The criterion suggests that G10 or GlO-like glass reinforced plastics made 

from 2D laminates cannot handle the magnitude of the stresses in the winding pack.. Both of these failing 

issues are related to the thermal contraction and strength of the material. The analyses results seem to 

point toward materials that more match the thermal behavior of low contraction steels (incoloy, for 

example). The analyses also suggest that a material that is stronger through its thickness than the baseline 

insulation material is desired. Three dimensional weaves and 3D fiber preforms take a great step in this 

directioa The materials are not fully optimized, but show promise in alleviating the stress problems in the 

winding pack. The 3D materials do not pass all the failure criteria, but the failure is only marginal. These 

material do, however, perform vastly more superior than do the class of 2D materials that were considered 

in the conceptual design. The materials are on step closer to passing the failure criteria. 

The importance of providing an overall compression on the winding pack is demonstrated by all 

these results. As a sideline, to understand better the interaction between the coil case, ground wrap, and 

potting material, three configurations were compared. These configurations had the baseline material 

properties, and were subjected to the cooldown loading. The configurations compared were the winding 

pack with no ground wrap, potting, or coil case; the winding pack with only ground wrap, and finally the 

basic model. As can be seen from the data in table 3, the winding pack is put into a state of overall 

compression by the ground wrap and epoxy, but when the case is added to the model, this compression is 

reduced by the thermal mismatch between the ground wrap/potting and the coil case. The ground wrap and 

epoxy has a tendency to shrink more than the coil case. Since the coil case is stiffer than the potting, the 



positioning of the case is dominating, and forces a tension in the winding pack. By providing materials in 

the ground plane, and in the case potting, that exhibit lower contractions, a compression is placed on the 

winding pack in cooldown, as was originally intended. 

Of additional concern is the stress states in region away from the equator. To get an understanding 

of the behavior of the winding pack away from this straight region, a model was constructed with 

axisymmetric elements simulating the radius of curvature on the lower inboard leg of the D-shaped TF 

magnet. This data is included in Table 3. This axisymmetric leg was examined using the properties of the 

conceptual baseline insulation scheme. The results show only a very minor difference during cooldown 

between these elements and those at the equatorial plane. Since the magnetic fields will be strongest at the 

equatorial plane, it is safe to assume that this case will be the limiting stress case in the TF winding. 

There is much additional work that needs to be done. Though the 3D materials are intuitively the 

correct way to go, there is much characterization of material properties that must be performed. For the 

analyses, material properties were estimated and compared to previously measured data. Though the 

correlation was fairly good, these materials have not been characterized for the TPX project, or in the 

configuration of the insulating systems of the TPX superconducting magnets. Physical data needs to be 

gathered. This applies for both the 3D tapes and the 3D corner filler materials. 

Some additional research should examine the effects of the mechanical failures predicted by 

analysis. The implication, again, is that a mechanical failure will open a path for electrical breakdown. 

The validity of this assumption must be investigated. A quantitative correlation between a mechanical and 

electrical breakdown should be established. 



CONCLUSIONS 

Modeling techniques used to handle the interface between conductor and conduit are verified. In 

the cooldown case, the model shows very little difference between including the effects of the conductor and 

removing these elements from the model. In the case of electromagnetic loading, the response of the model 

differs little between having the conductor fully bond to the wall of the conduit, or allowing some freedom 

of motion. Allowing some freedom to the conductor does increase the stresses in the insulation and conduit, 

but these increases are on the order of only 3%. 

The baseline insulation system can be improved by the use of GFRC with lower thermal 

contractions. The studies have identified GFRC's that are composed of three dimensional weaves that 

provide favorable properties. The three dimensional weaves not only are required in the overwraps of the 

conduits, but similar properties are needed in the junction region between conduits. If materials of similar 

properties can be obtained, nearly all the mechanical failure criteria can be met Some further optimization 

is required, however. The baseline insulation scheme will not meet the mechanical failure criteria as set 

forth by the TPX project. 

It is favorable to use three dimensional GRFC's, or materials with similar properties, in the ground 

plane wrap around the winding pack. With materials such as the proposed G-10 like material in the ground 

plane, the thermal mismatch between the this material and the coil case puts the winding pack into a state 

of transverse tension, contrary to part of the design intent of the coil case. The use of material with less 

contraction allows the case to provide some of the compression it was designed for. 

The difference in thermal stresses of cross sections taken at the equatorial plane and in the curved 

regions are minimal. The magnetic field is highest in the inboard leg at the equatorial plane. The Lorentz 

forces on the conductor in this region contributes to additional stresses. It is reasonable to assume that the 

combination of the cooldown stresses and stresses due to Lorentz forces seen in the inboard leg are higher 

than the stresses that will be seen in other regions of the coil. 

Work is still needed to verify the properties of potential 3D insulating materials. Analysis indicates 

that careful selection of materials offer the possibility of avoiding much of the predicted problems of the 

conceptual insulation scheme. The alleviation of the structural problem is based, however, upon achieving 

a finely "tuned" set of material properties. The design of fiber reinforced composites allows much 

flexibility in achieving desired properties. Real testing of these materials is required to establish and 

confirm the properties of existing material weaves. This testing should also be a means of establishing the 

material properties that is required. 
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Introduction 

The task of identifying a solution to the stress problems in the winding pack has fallen 

largely on the shoulders of analysis tools. These tools have pointed out the potential problems in 

the winding pack, and help identify material properties required to help mitigate the stress 

problems. All of this effort needs to be backed up with hard data on the materials modeled. The 

material behavior needs to be verified, as well as the models used for analysis. 

Preliminary evaluation of potential insulating materials was perfomed in the Babcock & 

Wilcox 3X3 testing program. In this program, several potential insulating systems were tested for 

breakdown after a cooldown to (and subsequent warm up from) liquid nitrogen temperatures. To 

simulate the loads that would be experienced by the real winding pack, a stainless steel yoke was 

placed around the test sample. This yoke was then be placed in a testing fixture which allowed for 

uniaxial compression. This testing was not a full scale program and was performed with the intent 

of establishing a quantitative difference between potential insulating systems. Also, this testing 

simulated only a few cooldown and loading cycles on each test article, hi the toroidal field (TF) 

magnets, a winding pack will be exposed to several hundred such cycles. The behavior of the 

insulation materials under this cyclic load needs to be defined and a better characterization of the 

insulation system is needed. 

As part of its large scale insulation testing program, Westinghouse STC has established a 

plan to test winding pack mockups to loads representative of loads the magnet coils would see 

during operation. The test plan identifies two mockups that will be subjected to testing. The first 

of these mockups is a 2X3 conductor arrangement. This particular mockup is intended to test the 

insulation integrity in the direction along the conductor. The test method intended to induce these 

stresses is a three point bending of this article. 

The second mockup is a 5X5 conductor arrangement. This arrangment is intended to be 

loaded in a manner to reproduce the stresses and shears observed in the plane of a cross-section of 

the winding, such as those reported in the various equatorial analyses. To accomplish this, the 

winding pack mockup will be held in a fixture and subjected to a uni-directional load. 

In support of this testing program, Babcock & Wilcox had been asked to provide analysis 

support in order to determine the loading conditions of the test samples that would be applicable to 

the TF magnet winding pack. 



Method and Results 

The determination of the loading conditions for the testing support relies heavily upon 

analysis models previously built. Of particular importance is the finite element global structural 

model. It is the examination of this model that drives the search for problem areas in the 

insulation. 

The modeled representation of the TF winding pack in the global structural model is a 

smeared properties monolith. Though this type of model is inadequate for deterrnining detailed 

stress distributions within the winding pack, it is a good indicator of the overall stress state of the 

winding pack at any particular point. Because of this ability, the global structural model was 

subjected to cooldown loads and the magnetic loading expected during operation. The resulting 

stress state of the winding pack in this state was examined for potential problem areas. Depending 

upon the test to be supported, the key features to look for are different. For the 2X3 mockup, the 

region of highest longitudinal (along the conduit) shear and stress is the desired condition, while for 

the 5X5 mockup, the region of highest transverse compression is sought. 

Once the potential problem areas are identified, detailed submodels of the winding pack 

can be built to better examine these regions. Several submodels created for examining different 

regions around the TF magnet have verified the ability of the global model to signify regions of the 

winding pack which will experience high stresses. 

A method for correlating the application of these stresses to the test articles is then needed. 

A simple, but tedious, solution to this problem is to model the test article, using the smeared 

properties, and iterating loading forces until reaching an overall stress state that approximates that 

which is seen in the global model. The test article model is then refined. The model is split into its 

constituent structures, and the true material properties are incorporated. This refined model is then 

subjected to the load found in the smeared test article model to determine detailed stress 

distribution. This stress distribution is then compared to a detailed submodel of the winding pack 

to check for consistency. 

This method is relatively straight forward and works well, if not quickly, for simple 

loading states, such as the longitudinal tensions and shears. For this reason, this approach was 

taken to establish the loading of the 2X3 sample. In this way, the input data requested by the 

testers could be provided. This data included not only the load, but the support separation distance 

as well. Figures 1-4 show the detailed stress results of the 2X3 sample. These results are based on 



a 300 mm length 2X3 sample, supported 30 mm from each end, and subjected to a load of 2500 

lbs. 

Figure 5 shows the area selected from the global model for scrutiny. It is the stress state of 

this entity that one tries to achieve with the mockup smeared analysis. Table 1 lists the correlation 

of data between the various models used for verifying the loading state. The predicted stresses are 

in good agreement, and this described loading condition on the 2X3 is believed to be adequate to 

test the insulation to axial conditions expected in the TF winding. 

Table 1: Stress Comparison of 
Detailed Equatorial Model with Energized Coil 

to 5 x 5 Mockup Test Article under 36 MPa Pressure 
Sx Sy Sxy Sz Sint 

(In Plane) (Thru-thick) 

144 20 320 
Kapton Layer -198 -150 10 -167 

66 20 5 
3D Overwrap -301 -150 80 -51 

254 23 167 
Comer Fill -212 -260 75 1 

160 60 100 

Conduit -470 -66 <1 95 570 
2J5 1̂ 3 236 

Kapton Layer -106 -200 13 -122 
42 5 10 

3D Overwrap -160 -190 75 -150 
208 14 160 

Comer Fill -187 -169 74 -0.1 
150 73 94 

* Stresses in MPa 

The correlation to the 5X5 sample is less straightforward. For stresses in the plane of a 

cross section of the winding pack, previous analysis has pointed out that quite a complex 

interaction between loads is occurring. The winding pack experiences both radial and toroidal 

loads. Additionally, there exists a situation where due to the complexity of the insulation in the 

winding pack, an overall compressive state can cause localized tensions in the insulation. 

Experience with the B&W 3X3 program pointed out that the stress state seen in a cross section of 

the winding pack cannot be achieved with only uniaxial loading. Because of this, a fallback 

position of trying to match the magnitudes of stresses at various locations without matching the 



overall state must be taken. This approach places much emphasis on the correct modeling of 

material properties. Though properties have been defined for the modeling of the insulation 

materials, there is still much uncertainty in their true properties. An approach was sought that did 

not place emphasis on materials modeling. 

A logical step to take is to try and match deflections experienced by region of the winding 

pack. This step is particularly reasonable when the details of the behavior of the winding pack and 

the finite element code are examined. Modeling has shown the winding pack to be relatively 

compliant when compared with its case. The motion of the case drives the deformation of the 

winding pack. This was verified when updating material properties used in the smear of the 

winding pack for the global model. The deflections seen by the winding pack with new properties 

were still driven by the deflections of the case. 

Additionally, all the modeling is based on a finite element code that is deflection driven. 

During the solution phase of these models, only the nodal deflections are explicitly calculated. All 

other quantities, stress included, are derived quantities. The desire is to rely on an explicitly 

calculated displacement rather than relying an approach based on the interpretation of derived data. 

A deflection driven approach to the loading of the test articles is the one that was taken for 

the 5X5 mockup. The winding pack of the global structural model was divided into elements that 

corresponded with the size of the 5X5 test sample. Upon completing a run, the deflections for the 

an element with the greatest compressive deflection were determined. It is this deflection that is 

desired to be applied to the mockup test piece, reasoning that if the deflection shape is matched, the 

stress distribution within the test article will match the detailed stress distribution inside the 

winding pack at this particular point of loading. 

This approach determined that a .018 inch deflection in the winding pack will produce the 

desired stresses. This deflection must be applied to a test piece that is constrained in the directions 

lateral to the load, to prevent the mockup from bulging at its sides. Within the winding pack, the 

conduits are constrained from this type of motion. The test must also display this type of 

constraint. Additionally, due to the tendency of the mockup article to bow out, these lateral 

supports, provide a small compression in the lateral direction, which is similar to the true state of 

the winding pack. B&W has supplied information and a sketch of the required testing fixture to 

the insulation tester. 

To verify this result, and to estimate a load required to produce this deflection, a detailed 

5X5 model was created. This model was created using the same techniques as used to create 



previous equatorial models. In this instance, both the 5X5 section and the stainless steel testing 

fixture was modeled. This model was then subjected to a cooldown, and the deflection predicted 

from the global model was applied. 

The detailed results of this analysis agree very well with the detailed equatorial model 

results. Magnitudes and stress states are matched. Table 2 shows the comparison between the 

detailed equatorial model under cooldown and electromagnetic loading, and the 5X5 test sample 

under the specified load. 

Table 2: Comparison of Predicted 
Axial Stresses 

m^frrmmmmmw 

Tension 
Shear 

8.7 MPa 
18MPa 

W$ffl$&* Witfc 20Q$ & load 
Tension 8.7 MPa 
Shear 19 MPa 

Axial Shear 23.4'MPa 

After the solution of this model was reached, the reaction forces of the nodes on the deflected 

surfece were summed. This summation produces the overall loading required. This load calculates 

out to 36 MPa, which is consistent with other calculations of the equatorial load. An important 

feet to note is that this magnitude of the load is only as accurate as the materials properties used in 

the analysis. 

Conclusions 

The load states for both the 2X3 and 5X5 mockups have been established. These loadings 

are representative of the loadings that will be experienced in a TF coil winding. These loads are 

established in order that prospective insulation materials can be physically tested. This data is 

needed for the verification of the current insulation design of the winding pack. 

A deflection driven approch to establishing testing load states has been developed. This 

approach deals directly with the calculated values of the analyses, rather than with derived 

information. This approach is suggested for any "unsmearing" of the global winding pack that 

may be required. This approach is particularly appropriate in this instance due to the feet that the 

true state is deflection, not load, limited by the coil case. 
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Figure 2: Longitudinal Shear Stresses in 
Insulation of 2X3 Test Art ic le 
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Materials Properties Table assembled by L. Myatt, MIT/PFC on 03/15/9:> 
Revision 4 by J. F. Roach, WEC on 06/05/95 

Present State of the TPX Material Property Data Base (4K) for use in Finite Element Modeling 
(Superscripts are refer to references) 

Material Ex 

fGPal [GPal 

E z 

fGPal 

«x 

JE£L 
OCv 

iH£L 
ocz ^xy 

[GPal 

C*xz 

fGPal 
«yz 

fGPa] 

Jxy ^xz Jyz 

316LNSS 207 207 207 10.4 10.4 10.3 81 81 81* 0.282 0.282 0.282 

Incoloy 908 185 185 185 5.9216 5.92" 5.92" 71 71 71 0.299 0.299 0.299 

Conduit Wrap 19.71 29.6' 29.6' 19.91 6Jl 6.7' 7.63 7.63 10.73 0.264 0.264 0.264 

Ground Wrap 19.71 29.6' 29.61 19.9' 6.7' 6.7' 7.63 7.63 10.73 0.264 0.264 0.264 

Roving Corner Fill 19.71 19.71 29.61 19.91 19.91 6.7l 7.6 4 7.6 4 7.6 4 0.264 0.264 0.264 

HP Laminate (Gil) 24.0' 35.0 37.0 24.9' 8.3' 8.31 8.2" 9.7" 11.63 0.264 \sm: 0.263 

Resin 8.0" 8.0" 8.0" 40 l 40 1 40 1 2.9" 2.9" 2.9" 0.4" 0.4" 

3D Weave 

(See notes 14,15) m 
^ i V n c >^ 

sttlkftas^-

tsWxi 

sg^f 0.26 &.PTO 
7&J& 

;0.35(zx) 
vb!25(yz>" 

3D Corner Fill 

(See notes 14,15) 
6?W-f; ^ 3 |¥ 4P 'i'S^Y* 

Soffit «;i6?2^ ^ ; 5 6 j ^ 8.5 t l 

Wlfif •sAvzy&yz'-

0.26 

frH'(zx) : 

0.23(zy) 

0.36(yz) 

Araldite at 296K U U 108 108 108 6.95 6.95 6.95 0.3 0.3 0.3 

Kapton 4.8 
12 

5.5 
12 

5.5 
12 

43.2 
13 13.0 

10 
15.8 

10 
0.37 

10 
0.37 

10 
0.37 

10 
0.349 0.34 0.34 

SC Cable 0.67 0.67 60 7 7.247 7.247 7.247 0.235 0.235 0.235 0.34 0.34 0.34 

Notes: a. Values come from the references listed below, and are open to discussion. They do not come from PPPL's material property committee, 
b. Local coordinate system: x is thru-thick, y is parallel to wrap direction, z is parallel to conductor axis. 
3. Higlighted materials are being used in the Kapton/3-D weave baseline insulation system. All other material properties for reference only. 

J. F. Roach, WSTC, Electrical Systems, E-Mail address: roach@epsvax.pgh.wec.com 
TPX Program 
6/5/95 

mailto:roach@epsvax.pgh.wec.com
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Introduction and Summary 

The introduction of 'tailored' S2 glass preforms- tapes and corner 
fillers with particular attention paid to the orientation and concentration of 
glass fibers to enhance structural properties, were first presented at the March 
1995 TPX Magnet System Technical Interchange Meeting by B&W Staff. At 
that time these materials were proposed as very likely being capable of 
mitigating the insulation shear stress problem encountered in the preliminary 
design of the TF and PF magnet systems, based on a number of important 
factors: 

1. 3D Materials as a class had the desirable properties to fix the insulation 
shear stress problem. 

2. Analysis did verify this— in fact this was the first material system to 
actually solve the shear stress problem. 

3. We had identified a small company with a patented process for making 3D 
materials on a conventional textile loom that allowed very fine tailoring of 
properties. Texturized S2 glass fillers, corner triangle and craciformsj as well 
as warp interlock 3D tapes could easily made and adjusted to suite 
requirements. 

4. We were able to fabricate and test and a 3 week time scale representative 
examples of these materials, with the failure (under mechanical load) of the 
most 3D-like sample strongly suggesting significantly different properties 
than those 2D preforms— the conduits actually deformed before failure of the 
insulation in shear. 

5. hi our test program, we introduce the idea that bulk dielectric strength 
testing, over the more traditional partial discharge testing, was more "~ 
important in identifying electrical failures caused by mechanical cracking. 

Attached are several items documenting the introduction of 3D 
materials for TPX winding packs: 

1. CM. Weber's letter presenting the B&W 3D Insulation IR&D program to 
the project in early February 1995. 



2. Antaya: Overview: TPX Shear Stress Mitigation by using Tailored 3D S2 
Glass preforms in the FRP Matrix 

4. Antaya: B&W Insulation Testing Program Results 

5. Markham: TF Insulation Analysis 

6. Batchelder: TF Insulation Selection 

7. Anon.: A page identifying the magnet team consensus selections for WEC 
3x3 Insulation Test Program, including the new insulation baseline selection. 

The eventual consensus baseline insulation system chosen by the magnet 
team in March, which included 3D S2 Glass preforms and a kapton conduit 
overwrap layer, can already be identified as Insulation System #3 in Weber's 
letter of 2/3/95! 



Babcock& Wilcox Naval Nuclear Fuel Division 

a McDermott company P. 0. Box 785 
Lynchburg, Virginia 24505-0785 
(804) 522-6000 

February 3, 1995 

Mr. Dwight Larig 
LLNL TPX Project Manager 
Lawrence Livermore National Laboratory 
7000 East Avenue 
P. O. Box 5012 
Livermore, CA 94551 -

RE: Insulation Development 

Dear Dwight: 

I wish to inform you of a significant development at B&W regarding magnet 
insulation, for the benefit of the TPX Project. We wish to share this information 
immediately "due to the urgency of the situation and the potential support our actions 
can provide. 

The insulation system design for the TPX magnets is the subject of a great deal of 
concern and difficulty, and has introduced added risk and reliability concerns as well 
as increased design and analysis resource expenditures. As you know, analysis of 
the current insulation baseline design results in unacceptably large stresses in the 
insulation that exceed the design allowables and good judgment for reliable design 
and operation. Most of the difficulty has been shown to result from cooldown 
stresses which are primarily due to the insulation anisotropic coefficients of thermal 
expansion and secondarily due to the differential thermal expansion (Incoloy 908 vs. 
FRP) and other anisotropic mechanical properties. — 

We have been performing stress analyses of the baseline and alternate configurations 
to gain better understanding of the problem. We have applied our innovative 
resources to develop a solution(s) and now believe we can identify an insulation 
design approach that alleviates much of the difficulty. Further, to address the 
urgency of the situation, we have embarked on a B&W-funded R&D project that is 
intended to demonstrate the relative behavior of several insulation designs, including 
the new schemes, with test data by the first week of March. This information, 
design approach and data should reduce risk and aid the TPX project and other 
ongoing activities to support an insulation baseline selection on March l._ 
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The baseline design uses 2D fiber reinforced composite material with epoxy 
impregnation. The fiber reinforcement contributes significantly to the mechanical 
and physical properties of the composite, but by its very nature (2D) provides 
anisotropic properties. By replacing the baseline material with a 3D woven fiber 
composite the mechanical and physical properties of the composite can be made 
nearly isotropic and the coefficient of thermal expansion lowered, thereby reducing 
the differential thermal expansion/contraction with respect to the structure and 
reducing the resulting stresses. A tailored insulation system design providing a 
better match to the physical and mechanical properties of the coil structure can thus 
be achieved. We have identified a 3D woven glass preform capable of being 
produced in a variety of shapes and suitable for impregnation to form the tailored 
3D, isotropic structure needed to reduce the insulation stresses. Stress analysis 
indicates this approach can be successful. More detailed design information will be 
available soon as we more fully develop our approach. 

We recognize from the contract structure that it is not our responsibility to perform 
insulation research and development. But we also recognize the vital interests of the 
project and have chosen to provide additional support to help assure timely success 
for the TPX project Using our Corporate funds, we are designing several novel 
insulation systems and are now procuring material and beginning the fabrication of 
test specimens. The application of our resources is intended to be beneficial and 
should reduce technical, schedule and cost risks. We are able to provide three basic 
designs for specimen fabrication and testing and plan to complete the work by the 
first week of-March. Our efforts are internally funded and the results will be used 
to benefit the project. The insulation system designs are as follows: 

1. Baseline Design - Incoloy 908 conduit with G-l 1CR layer/layer and turn/turn 
with 2D glass conduit overwrap and glass corner roving (4) and CTD 101K 

2. Tailored 3D with Cruciform - Incoloy 908 with 3D woven glass (S2) wrap on 
conduit with 3D woven cruciform shape with extended flats (1 piece) corner 
roving and CTD 101K. A 3D woven Tee shape will likely be better for 
production. The sides of the corner piece are extended well into the straight 
section along the conduit and are feathered for fit. 

3. Kapton Reinforced Tailored 3D with Cruciform - Incoloy 908 with 2 layer 
50% overlap 1 mil Kapton with adhesive conduit side then 3D woven glass 
wrap over Kapton with 3D woven cruciform shape with extended flats (1 
piece) corner roving and CTD 101K (as above). 

By simultaneously lowering the coefficient of thermal expansion of the insulation 
and reducing the differential thermal expansion, an improvement in the insulation 
stress is obtained. Further, the properties of the 3D weave are nearly isotropic and 
another large improvement in the resulting stress is obtained. And with the 3D 
roving or cruciform design that extends around the conduit corner another 
improvement in stress is obtained. We have found in preliminary analysis that the 
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combined effect is a virtual elimination of shear stress (peak< lOMPa) in the TF 
winding pack. More analysis is needed along with fabrication and test results to 
confirm this design approach. We are able to provide much of the work with our 
own funds. We recommend that this approach be included in the IPX funded 
insulation design and testing work in progress at the PF magnet vendor. We will 
provide at your request, more details to assist with the inclusion of our design and 
sample 3D woven materials as well. 

We plan to fabricate several 3x3 test samples of each configuration. We will load 
the samples and cooldown to LN2 temperature, cycle, and perform electrical testing 
to determine insulation failure conditions. We will also perform mechanical 
compression/shear tests at LN2 temperature to failure and compare the results. We 
will perform the mockup testing with 3D weave fabrics first with the baseline tests 
following for comparison. We plan to complete the analysis, fabrication and testing 
by the first week of March. We will share the results of our R&D effort with 
LLNL, Westinghouse and others. Also, this work will not interfere with our on
going activities. 

As we and others have pointed out, the insulation baseline design is a critical 
element in the successful performance of the project and the TPX machine. This 
problem is also a technically challenging one and is a critical path issue. We are 
applying our Corporate resources and talent to the problem and plan to complete our 
work by March 3. Our approach was achieved by designing out the factors that 
primarily contributed to the problem. The resulting novel solution, though 
technically refined, does not represent a large departure from industrial experience 
and is not presently thought to significantly alter the TF manufacturing plan. 

We invite you to ask questions and your comments to our approach and plan are 
welcomed. We will keep you appraised of our progress and results. 

Sincerely. 

Charles M. Weber 
TF Magnet Project Manager 
Accelerator & Magnet Systems 

B:\tpxinsul.ltr 
cc: LLNL B&W WEC PPPL MIT 

G. Deis D. Thomas R. Parman J. Citrolo J. Schultz 
M. Jackson T. Antaya P. Sanger 
L. Pedrotti R. Whitfield 
E. Cassidy, Jr. 

file://B:/tpxinsul.ltr


TOKAMAK PHYSICS EXPERIMENT 
TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

OVERVIEW: 

TPX Insulation Shear Stress Mitigation 
by using 

Tailored 3D S2 Glass Preforms 
in the FRP Matrix 

Babcock and Wilcox 
Naval Nuclear Fuel Division 
Accelerator and Magnet Systems' 

Presenter: TA ANTAYA Pagel Babcock & Wilcox 
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March 1,1995 

TPX Winding Pack Insulation Shear Stress A 
Baseline Insulation configuration functions: 
- mechanically transmit structural loads 
- electrical insulation: T-T, L-L, T-G 

TF Inbound Leg fails Project Shear Stress Criteria 
(L.Myatt, SW) 
- combined load problem: GFRP cooldown+case 

compression + electromagnetic 
Problem exists just in cooldown (J.Waynert, BW) 
- anisotropy in G10 CTE is the driver 

PF4 W.P.. Joggles excentuate shear stress (B. 
Hannah, WEC) 
- conduit bending moments (in/out of plane) add shear 

Presenter: TA ANTAYA 
i 

Page 2 Babcock & Wilcox 



TOKAMAK PHYSICS EXPERIMENT 
TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 r TF Inboard Leg Shear Stress 

Ifest Properties + Mdst Refined Model: 

- COOLDOWN: peak shear stress ~40 Mpa 
- Energize Magnet: peak shear stress ~60 Mpa 

-30% of modeled insulation elements fail criteria 

Observe Very High Tension in the Winding Pack 

- Tension Criteria: There shall be none 
- present analysis results suggest baseline Corner Roving 

Regions may fail in tension 

A 

Presenter: TA ANTAYA Page 3 Babcock & Wilcox 



TOKAMA'H PHYSICS EXPERIMENT 
TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 r TF Inboard Leg Shear Stress: WHY? 

&FRP CTE Anisotropy: 
- warp-fill directions: 6 E-06/K 
- Through-thickness (z) direction: 25-30 E-06/K 

GFRP/Inco 908 CTE miss-match 
- Inco 908: 5.7 E-06/K 

Conduit Bending from compressive stress 
- induces bending moment in the GFRP 
- compressive modulus & strength of GFRP weak in TT 

direction 

A 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

TF Coil- Shear Stress Outboard A 
IT inbound side of joggle region: 
- plane stress calculations in transverse plane (off 3D 

winding pack solid model) show stresses similar to inboard 
equatorial plane 

- X,Y directions: peak tension stress ~60 Mpa 

Sub-Modelling off the Global Model: 
- stress along conductor axis: 

compressive: -37 to -130 Mpa 
This tends to reduce the transverse tensile stress (P.R. effect) 

- stress across conductor axis: 
tension and compression: +9 to -60 Mp 

Presenter: TA ANTAYA Page 5 Babcock & Wilcox 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

Problem Discovered in Analysis 

Is it a real problem? 
- Presenter (TAA) knows of no SC magnet w.p. problem 

resolved by analysis 
- how will the problem be observed- what is the failure 

mode? 

Resolve by Testing? 
- very difficult to simulate actual loads without a full scale 

test 
Furtlfier Analysis? 
- clan at least refine target properties 

Presenter: TA ANTAYA Page 6 Babcock & Wilcox 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

MITIGATION: 

Abstract Goals: 
- Eliminate tension in the winding pack 
- increase the Z -strength, modulus of composite 
- decrease the Z -CTE of composite to that of Inco 908 

A 

Target Properties: 
- Z-CTE - 6 E-06/K (thermal contraction 300-4K of 0.2%) 
- Z compressive modulus >30 GPa 
- Z compressive strength >300 Mpa 

Presenter: TA ANTAYA Page 7 Babcock & Wilcox 



TOKAMAK PHYSICS EXPERIMENT 
TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

Baseline Insulation-like Systems 

billed GFRP 
- thermal contraction ~0.4% 
- compressive strength ~700 MPa 
- fill % low (~1%) to keep viscosity low for effective VPI 

High Glass Content GFRP 
- thermal contraction ~0.3 % 
- compressive strength ~400 MPa 
- 70% glass volume fraction practical limit- need 80% for 

thermal contraction match 
3D-GFRP 
- thermal contraction ~0.2 % 
- compressive modulus >30GPa; strength>300 MPa 

A 

Presenter: TA ANTAYA Page 8 Babcock & Wilcox 
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TF MAGNETS r 

LLNL Insulation Working Meeting 
March 1,1995 

Possible Solution: 3D Preforms A 
Preliminary Review- have right characteristics 
- glass fibers cross the interlaminar epoxy regions increasing 

the interlaminar shear strength 
- added compressive strength in through thickness direction 
- not limited to 2D laminations to handle combined loads 

Prelim Properties Folded into TF Calculations: 
- COOLDOWN: PASS Criteria 
- ENERGIZED: ALMOST PASS 

BUT: 
- How difficult are they to manufacture? 
- What are the detailed properties? 
- Why not used in any US magnets? 

Presenter: TA ANTAYA Page 9 Babcock & Wilcox 



TOKAMAK PHYSICS EXPERIMENT 
TF MAGNETS 

r 
LLNL Insulation Working Meeting 

March 1,1995 

3D GFRPs A 
Largely a Japanese Effort: Osaka Univ., Arisawa, 
and Shikishima Canvas 
A number of alternate forms were studied- they 
represent only a small bite in parameter space 
Significantly higher Z-strength, lower Z- CTE than 
G10; other properties similarly enhanced 
"Producibility not so good" 
- no data on the nature of the difficulty 
- production process described as "similar to croche" 

Presenter: TA ANTAYA Page 10 Babcock & Wilcox 



TOKAMAK PHYSICS EXPERIMENT 
TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 r What is A 3D Preform? 

G10/G11 Construction: 

<*U$£ 1MA.T 

&~ pest v\ 

I T ?re<?4Uirc T 

3D Warp-Interlock Preform: 

Waff 

Presenter: TA ANTAYA Page 11 Babcock & Wilcox 



TOKAMAK PHYSICS EXPERIMENT 
TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 r 3D Preform- Detailed Properties 

l Are Reasonably Well Established 
Physical properties more isotropic than 2D preforms 
Modeled properties generally agree with 
measurements 
Moving fibers to the Z-direction does not significantly 
weaken the material in the warp/fill plane 
Sufficient Glass Volume Fractions in the Z-direction 
can be obtained to get an Inco 908-like CTE 
Handling/Use characteristics are very similar to 
conventional 2D preforms 

Presenter: TA ANTAYA Page 12 Babcock & Wilcox 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

3D Preform- Measured Properties 

• Increase with Decreasing Temperature: 

A 

Young's modulus, Poisson ratio, tensile strength, compressive 
strength 

Thermal Contraction: 0.2 - 0.3 % 
Shear Strength and breaking strain higher than 2D 
preforms 
- strongly influenced by percentage fibers in the through 

thickness direction 
Contact Friction 
- 3D: ~indep. of temp, abrasive, wear rate xlOO over G10 
- G10: increas. with decreas. temp.;adhesive wear; stick/slip 

Presenter: TA ANTAYA Page 13 Babcock & Wilcox 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

3D Preform - Estimating Properties 

• We estimate the moduli and CTEs of the 3D 
preforms using the composite rule of mixtures: 

Applying to dense 2D GFRP: 
70% fibers Calc Meas 

Z-thermal contraction: 0.3% 0.31% 
Z-modulus 18GPa 18.7 GPa 

Treating 3D preform as 2D weave + Z-fibers in an epoxy matrix: 
25% of absolute volume Z fiber fraction gives 0.2%, 33.5 
GPa for Z-contraction and Z-modulus 

Presenter: TA ANTAYA Page 14 Babcock & Wilcox 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

3D Preform Fabrication in US 

Several companies are developing fabrication 
techniques 

Fibers attempted : glass, ceramic, carbon 

Applications: aerospace, filters, complex shape 
preforms 

A 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

Techniweave 3D Preforms 
i 

Have a Patented Process for a conventional textile 
loom 
Capability for 3D preform in mats or complex 
shapes 
Some experience with carbon fiber cruciforms (X's) 
and T's with 2D side tabs 
Preform shape and fiber selection can be 
customized to match application/desired properties 
Set-up is slightly more expensive than 2D 
Production time and cbst similar to 2D preforms 
and is based on preform size and fiber cost 

A 

j 
Presenter: TA ANTAYA Page 16 Babcock & Wilcox 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

3D Cruciforms and Tees 

Purpose: replace the roving S-glass components 
between conduits 
- eliminate epoxy-like structural regions 
- increase shear and tensile strength 

X-Shape most interesting structurally: 
specif F'frV \\be Teybwftji e-GUtt' 

-fo Gil 

A 

T-Shape more useful because turns will not line up 
Presenter: TA ANTAYA Page 17 Babcock & Wilcox 



TOKAMAK PHYSICS EXPERIMENT 
TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 r SUMMARY 

• 3p GFRP has correct properties: 
- TF: only proposed system that passes the shear stress 

criteria (analytically) in cooldown 
- Significant reduction in winding pack tension is also 

observed 
- remainder of problem probably corrected by small 

adjustments in other component systems 
• Loom-type production of 3D mats and 3D 

cruciforms in S2 glass tailored to TF geometry is 
feasible 
- 50% volume as fibers, 50% as Z-fibers warp interlock mat 
- cruciform with 3D warp interlock side tabs 

Obvious next step: attempt yes/no screening test j 
Presenter: TA ANTAYA Page 18 Babcock & Wilcox 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

Testing Has Two Tasks: 

1. Validate the micromechanical analysis 

while -

2. Simulating the TF winding pack load 
conditions 

A 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

Two Screening Tests Developed: A 
1. Combined Mechanical/Electrical Test 

- mockup TF load conditions: cooldown stress, case 
compression, and electromagnetic load, such that shear 
stress criteria failure would occur in test pieces 

Suppose: Criteria failure mode is mechanical crack 
Then: Fault observable in dielectric strength measurement 

2. Displacement-Shear of Inclined Test Pieces 
- determine ultimate shear strength at LN2 temperature 
- identify failure type, location to confirm analysis 

Presenter: TA ANTAYA Page 20 Babcock & Wilcox 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

Dielectric Strength Measurement 

DCbias center conduit of 3x3 array, ground others 

Available equipment: 30 kV, 1.5 mA HiPot system 

• Sensitive to: 
- bulk dielectric strength of insulation 
- geometric enhancements of the electric field 
- gaps, cracks, flaws; tracking, corona development 

• Not Sensitive to: 
- pre-discharge and discharge initiation phenomena 
- AC phenomena such as multi-pactoring 

A 
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TF MAGNETS 

LLNL Insulation Working Meeting 
March 1,1995 

Shear Stress Test 

• Develop Layer-Layer shear plane in 3x3 samples 
• Load to failure at LN2 temperature 

Available Equipment: 60,000 lb capacity press with 
LN2 dewar 

3x3 sample layer-to-layer area 3.7 sq. in. 
45 degree incline angle: 27,000 lbs gives 7250 psi (50 MPa) 
shear 

>t 

Presenter: TA ANTAYA Page 22 Babcock & Wilcox 



B&W Insulation Testing Program 
i I 

i 

Electrical Testing onear 
Testing 

Sample Mfg Method Room Temp after Thermal Ultimate 
No. Shock Load (lbs) 

/ 1 A 
3D Tape m . 26,600 

( IB 20 kV 15 kV 28,000 
20 kV 30 kV « 

3D Tape with Polyimide 20 kV 29 kV M 

2B 
2C 

m 

20 kV 30 kV 
28,600 
30,000 

3A Baseline 20 kV 30 kV M 

3B 20 kV 26 kV 28,900 
* 3C 

1. 

- m 31,800 

i^ 4A 3D Taf>e with Cruciform 
i 

20 kV 28 kV 28,000 
{cunw & 4B i w CeNiGft. 20 kV 23 kV 27,900 

T PX Insulation Workshop Timothy Antaya March 1,1995 
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Baseline and Tailored 3D Comparison Summary 
% Area Failing % Area Failing 

% Area Failing SM & 10 MPa SM & 1 MPa Sx Sy 
Shear Margin Thru Tension Thru Tension (Max - MPa) (Max - MPa) Sxv (MPa) 

Baseline 
Cooldown 19 30 54 74 72 41 
Cooldown & EMF 24 ,33 37 63 49 66 

Tailored! 3D - , 
Cooldown 4 5 19 -15 4 29 
Cooldown & EMF 6 9 26 0.2 10.5 60.5 



Item 
Material 
Ex 

(Pa) 

Properties for Tailored 3D Analyses 
Ey alpha x alpha y 

(Pa) (per K) (per K) 
nu xy 

Inconel 908 1.84E+11 5.80E-06 0.299 
3D Mat- 6.40E+10 3.30E+10 5.00E-06 6.00E-06 0.18 

Conduit Wrap 
Layer to Layer 
Turn to Turn 

3D Cruciform 3.30E+10 3.30E+10 6.00E-06 6.00E-06 0.18 
(In the 2D plane, this material behaves as the thru-thickness of other 3D material) 

Properties for 2D weaves per Myatt (pre February '95) 



ANSYS 5.0 
FEB 27 19i*̂  
11:23:23 
PLOT NO. 7 
ELEMENTS 
MAT NUM 
ZV =1 
DIST=.197574 
XF =1.103 
YF =-.139399 
CENTROID HIDDEN 
EDGE 
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Conductor/Conduit Coupled; 4K (Stress in Pa) 

ANSYS* 5 . 0 A 
JAN' 9 1995 
10:35:17 
PLOT NO. 1 
NODAL SOLUTION 
STEP-1 
SUB =1 
TIME-1 
SX (AVG) 
RSYS=SOLU 
DMX. =.004457 
SMN =-.744E+08 
SMNB=-.159E+09 
SMX =.737E+08 
SMXB=.163E+09 
__- -.744E+08 

•.579E+08 
••415E+08 
•.250E+08 
•.855E+07 
790E+07 
244E+08 
408E+08 
573E+08 
737E+08 

CZIJ 
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ANSYS 5.0 A 
JAN 9 1995 
10:35:22 
PLOT NO. 2 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) 
RSYS=SOLU 
DMX =.004457 
SMN =-.728E+08 
SMNB=-.147E+09 
SMX =.723E+08 
SMXB=.167E+09 

-.728E+08 
-.567E+08 
-.405E+08 
-.244E+08 
-.830E+07 
782E+07 
239E+08 
401E+08 
562E+08 
723E+08 

faiwl 

Conductor/Conduit Coupled; 4K (Stress in Pa) 



Conductor/Conduit Coupled; 4K (Stress in Pa) 

ANSYS 5.0 A 
JAN 9 1995 
10:35:27 
PLOT NO. 3 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SXY (AVG) 
RSYS=SOLU 
DMX =.004457 
SMN =-.407E+08 
SMNB=-.140E+09 
SMX =.41lE+08 
SMXB=.140E+09 
_ . -.407E+08 

•.316E+08 
-.225E+08 
-.134E+08 
-.433E+07 
477E+07 
139E+08 
230E+08 
320E+08 
411E+08 

[y&Lu. 
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ANSYS 5.0 
FEB 27 19S 

BASELINE 
4K Cooldown 

r̂ 
l i p 

"1 

i 

ZV =1 
D I S T = . 1 1 1 2 2 7 
XF = 1 . 1 3 2 
YF =••-. 073033 
CENTROID HIDDEN 

H|r 4* °«8 

H|r 'SOBS* °«8 

ir 4- H 
4- 4- H 
JL JL _j 
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ANSYS 5.C 
FEB 27 19..-, 

BASELINE 
4K Cooldown 
ZV =1 
DIST=.111227 
XF =1.132 
YF =--.073033 
CENTROID HIDDEN 
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ANSYS 5.0 
FEB 27 19: 

BASELINE 
4K Cooldown 
ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 
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Totally Coupled; 4k; 4T Field; (Stress in Pa) 

• M M M M H 

ANSYS 5 . 0 A 
JAN 9 1995 
1 1 : 1 7 : 4 5 
PLOT NO. 1 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SX (AVG) 
RSYS=SOLU 
DMX = . 0 0 5 4 0 5 
SMN = - . 1 0 5 E + 0 9 
SMNB=-.215E+09 
SMX =.627E+08 
SMXB=.154E+09 

- . 1 0 5 E + 0 9 
• .863E+08 
- .676E+08 
- .490E+08 
- .304E+08 
- .118E+08 
686E+07 
255E+08 
441E+08 
627E+08 



Totally Coupled; 4K; 4T Field; (Stress in Pa) 

::.^^M£Hftt" ww" 

ANSYS 5.0 A 
JAN 9 1995 
11:17:49 
PLOT NO. 2 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) 
RSYS=SOLU 
DMX =.005405 • 
•SMN =-.135E+09 
SMNB=-.218E+09 
SMX =.489E+08 
SMXB=.150E+09 

-.135E+09 
-.115E+09 
-.942E+08 
-.738E+08 
-.533E+08 
-.329E+08 
-.124E+08 
.803E+07 
.285E+08 
.489E+08 

CZZ1 
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Totally Coupled; Field; (Stress 

ANSYS 5.0 A 
JAN 9 1995 
11:17:53 
PLOT NO. 3 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SXY (AVG) 
RSYS=SOLU 
DMX =.005405 
SMN =-.613E+08 
SMNB=-.148E+09 
SMX =.664E+08 
SMXB=.148E+09 

-.613E+08 
•.471E+08 
•.329E+08 
•.187E+08 
•.453E+07 
966E+07 
239E+08 
381E+08 
523E+08 
664E+08 
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ANSYS 5.0 
FEB 27 19S 

BASELINE 
4K; 4T 
ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 
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ANSYS 5.0 
FEB 27 199-. 

BASELINE 
4K; 4T 
ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 
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ANSYS 5.0 
FEB 27 19i>~ 

BASELINE 
4K; 4T 
ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 
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ANSYS 5.0 
FEB 27 19L 
11:35:48 
PLOT NO. 10 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) Pa 
RSYS=SOLU 
DMX =.00429 
SMN =-.835E+08 
SMX =.388E+07 
Stress in Pa 
^ ^ -.835E+08 

-.738E+08 
-.641E+08 
-.544E+08 
-.447E+08 
-.350E+08 
-.253E+08 
-.155E+08 
-.583E+07 
.388E+07 



TiiLlored 3D; 4K 

ANSYS 5.0 
FEB 27 199J 
11:35:39 
PLOT NO. 8 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SXY (AVG) Pa 
RSYS=SOLU 
DMX =.00429 
SMN =-.305EH-08 
SMX=.294E+08 
Stress in Pa 
^ _ -.305E+08 
^ J -.239E+08 
™ -.172E+08 
™ -.105E+08 
™ --.389E+07 
~ .277E+07 

942E+07 
161E+08 
227E+08 
294E+08 

CZZ1 
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ANSYS 5.f 
FEB 27 19^J 

TAILORED 3D 
4K Cooldown 
ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 
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El ems F a i l i n g SM & I. MPa Thru 'Pension (19% by a r e a ) 

w 

ANSYS 5.T 
FEB 27 l&^j 

TAILORED 3D 
4K Cooldown 
ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 
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ANSYS 5.0 
FEB 27 19b;o 

TAILORED 3D 
4K Cooldown 
ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 



Tailored 3D; 4K - 4T 

ANSYS 5. 
FEB 27 19?D 
11:58:03 
PLOT NO. 14 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SXY (AVG) Pa 
RSYS=SOLU 
DMX =.003883 
SMN =-.600E+08 
SMX =.605E+08 
Stress in Pa 
^ m -.600E+08 
^ J -.466E+08 
J ^ -.333E+08 
™ -.199E+08 
^ E -.648E+07 JJJ .691E+07 

203E+08 
337E+08 
471E+08 
605E+08 

t=Z) 



Tailored 3D; 4K - 4T 

ANSYS 5.C 
FEB 27 199o 
11:58:08 
PLOT NO. 15 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SX (AVG) Pa 
RSYS=SOLU 
DMX =.003883 
SMN =-.146E+09 
SMX =-201889 
Stress in Pa 
^ m -.146E+09 
™ -.129E+09 
™ -.113E+09 
™ -.972E+08 ^J -.810E+08 
~ -.648E+08 
^ = -.487E+08 
b=J -.325E+08 
^ 5 -.164E+08 
^ m -201889 



Tailored 3D; 4K 4T 

ANSYS 5.0 
FEB 27 19. 
11:58:12 
PLOT NO. 16 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) Pa 
RSYS=SOLU 
DMX =.003883 
SMN =-.132E+09 
SMX =.105E+08 
Stress in Pa 
^ m -.132E+09 
™ -.116E+09 
Z^E -.100E+09 
™ -.844E+08 
^ J -.686E+08 
5J5 -.528E+08 

-.369E+08 
-.211E+08 
-.531E+07 
.105E+08 

CZZ) 



r \ / \ / s / \ / 

/ 
• s 
if 

/ \ 

\ 

EJemy Falling ,SM (6%. by area) 

s • \f 

\f V 

s 

ANSYS 5.C 
FEB 27 19>o 
12:00:27 
PLOT NO. 17 
TAILORED 3D 
4K - 4T 

ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 
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(•ileitis F a i l i n g SM & J.OMPa Thru T e n s i o n (9% by a r e a ) 

ANSYS 5 .0 
FEB 27 I S . . 
1 2 : 0 2 : 4 3 
PLOT NO. 18 
TAILORED 3D 
4K - 4T 

ZV =1 
DIST=.111227 
XF =1.132 
YF =-.073033 
CENTROID HIDDEN 



ANSYS 5.C 
FEB 27 19>o 
13:03:57 
PLOT NO. 2 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SX (AVG) 
RSYS=SOLU 
DMX =.925E-04 
SMN =-.122E+09 
SMNB=-.197E+09 
SMX =.165E+08 
SMXB=.928E+08 
^ m -.122E+09 
^ J -.107E+09 
= ! --911E+08 
J = -.758E+08 
^ J -.604E+08 
~ -.450E+08 

-.297E+08 
•.143E+08 
108E+07 
165E+08 

1=1 



Mockup Cooldown; Stress in Pa 

ANSYS 5.r \ 
FEB 27 1- J 
13:04:01 
PLOT NO. 3 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) 
RSYS=SOLU 
DMX = . 9 2 5 E - 0 4 
SMN = - . 9 8 3 E + 0 8 
SMNB=-.168E+09 
SMX = . 8 6 l E + 0 7 
SMXB=.898E+08 
^ m - . 9 8 3 E + 0 8 
^ J -.865E+08 
JJJ -.746E+08 
J 2 --627E+08 
^ J -.508E+08 
52! -.389E+08 

- . 2 7 0 E + 0 8 
- . 1 5 2 E + 0 8 
- . 3 2 8 E + 0 7 
.861E+07 

CZH 



ANSYS 5. 
FEB 27 l^o 
13:03:55 
PLOT NO. 1 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SXY (AVG) 
RSYS=SOLU 
DMX =.925E-04 
SMN =-.300E+08 
SMNB=-.113E+09 
SMX =.300E+08 
SMXB=.113E+09 
_ -.300E+08 

-.233E+08 
-.167E+08 
-.100E+08 
•.333E+07 
334E+07 
100E+08 
167E+08 
233E+08 
300E+08 

CZZ1 



Mockup; Cooldown + 60 MPa Pressure 

ANSYS 5.C 
FEB 27 19.J 
13:13:27 
PLOT NO. 4 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SX (AVG) 
RSYS=SOLU 
DMX =.004222 
SMN =-.146E+09 
SMNB=-.28lE+09 
SMX =.556E+08 
SMXB=.108E+09 
^ m -.146E+09 
S -.124E+09 
^ J -.101E+09 
^ S -.787E+08 
^ J -.563E+08 

-.339E+08 
•.115E+08 
108E+08 
332E+08 
556E+08 

CZD 



i Mockup; Cooldown + 60 MPa Pressure 

ANSYS 5.C 
FEB 27 19i7j 
13:13:31 
PLOT NO. 5 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) 
RSYS=SOLU 
DMX =.004222 
SMN =-.162E+09 
SMNB=-.255E+09 
SMX =.627E+08 
SMXB=.198E+09 
^— -.162E+09 
^ 5 -.137E+09 
™ -.112E+09 J2J -.868E+08 ^ E -.619E+08 S E -.370E+08 

-.121E+08 
.128E+08 
.378E+08 
.627E+08 

CZZ) 



I Mockup; Cooldown + 60 MPa Pressure 

ANSYS 5.r \ 
FEB 27 1. J 
13:13:33 
PLOT NO. 6 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SXY (AVG) 
RSYS=SOLU 
DMX =.004222 
SMN =-.968E+08 
SMNB=-.154E+09 
SMX =.968E+08 
SMXB=.154E+09 
^ m -.968E+08 
^ J -.753E+08 
^ J -.538E+08 
^ J -.322E+08 
^ J -.107E+08 
J S .108E+08 

.323E+08 

.538E+08 

.753E+08 

.968E+08 

CZZ1 



Mockup; Cooldown +90 MPa Pressure 

ANSYS 5. 
FEB 27 1*»„J 
13:22:59 
PLOT NO. 7 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SX (AVG) 
RSYS=SOLU 
DMX =.006355 
SMN =-.210E+09 
SMNB=-.401E+09 
SMX =.576E+08 
SMXB=.132E+09 
^ m -.210E+09 ^ 2 -.180E+09 

-.151E+09 
-.121E+09 
-.912E+08 
-.614E+08 
-.317E+08 
-.190E+07 
.278E+08 
.576E+08 

tZZD 



ANSYS 5.' 
FEB 27 li,_o 
13:23:06 
PLOT NO. 8 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) 
RSYS=SOLU 
DMX =.006355 
SMN =-.23lE+09 
SMNB=-.354E+09 
SMX =.767E+08 
SMXB=.268E+09 
^ m -.231E+09 
^ = --197E+09 
™ -.163E+09 
™ -.129E+09 
^ J -.943E+08 
~ -.601E+08 
p ^ -.259E+08 
b=J .829E+07 
^ J .425E+08 
^ ™ .767E+08 

Mockup; Cooldown •(• 90 MPa Pressure 



ANSYS 5.C 
FEB 27 19bo 
13:23:08 
PLOT NO. 9 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SXY (AVG) 
RSYS=SOLU 
DMX =.006355 
SMN =-.137E+09 
SMNB=-.210E+09 
SMX =.137E+09 
SMXB=.210E+09 
—... -.137E+09 

-.106E+09 
-.760E+08 
-.456E+08 
-.152E+08 
.152E+08 
.456E+08 
.760E+08 
.106E+09 
.137E+09 
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Mockup-Tailored 3D, Cooldown + 60 MPa 

ANSYS 5.C 
FEB 27 15.. 
13:43:42 
PLOT NO. 13 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SX (AVG) 
RSYS=SOLU 
DMX =.007195 
SMN =-.186E+09 
SMNB=-.339E+09 
SMX =.358E+08 
SMXB=.149E+09 
^ _ -.186E+09 
^ Z -.161E+09 
™ -.136E+09 J5 -.H2E+09 
^ 2 -.873E+08 

-.626E+08 
-.380E+08 
-.134E+08 
.112E+08 
.358E+08 
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Mockup-Tailored 3D, Cooldown + 60 MPa 

ANSYS 5.C 
FEB 27 19sj 
13:43:44 
PLOT NO. 14 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) 
RSYS=SOLU 
DMX =.007195 
SMN =-.170E+09 
SMNB=-.283E+09 
SMX =.295E+08 
SMXB=.183E+09 
^ m - .170E+09 
^ 2 - .148E+09 
S i - .126E+09 
™ - .104E+09 
^ J -.814E+08 
S2-! -.592E+08 

- .370E+08 
- .148E+08 
.734E+07 
.295E+08 

CZZD 



Mockup--Ta.LJ.ored 3D, Cool down + 60 MPa 

ANSYS 5.' 
FEB 27 19^o 
13:43:47 
PLOT NO. 15 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SXY (AVG) 
RSYS=SOLU 
DMX =.007195 
SMN =-.902E+08 
SMNB=-.163E+09 
SMX =.902E+08 
SMXB=.163E+09 
^ m -.902E+08 
^ J -.701E+08 
^ 5 -.501E+08 
= | -.301E+08 
^ 2 -.100E+08 
J S .100E+08 

301E+08 
501E+08 
702E+08 
902E+08 

CZZ1 
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Mwckup-Tailored 3D, Cooldown +90 MPa 

ANSYS 5.C 
FEB 27 19>o 
13:37:52 
PLOT NO. 11 
NODAL SOLUTION 
STEP=1 
SUB =1 
TIME=1 
SY (AVG) 
RSYS-SOLU 
DMX =.010727 
SMN =-.248E+09 
SMNB=-.417E+09 
SMX =.449E+08 
SMXB=.270E+09 
^ _ -.248E+09 
^ J -.216E+09 
™ -.183E+09 
™ -.150E+09 
™ -.118E+09 
™ -.853E+08 

•.528E+08 
•.202E+08 
124E+08 
449E+08 
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Babcock & Wilcox TPX TF Magnet 

TF Insulation Selection 

Present testing does not offer solution to real 
technical issues 

- Electrical integrity (breakdown at maximum voltage) 
- Structural integrity (cracking at maximum stress) 
- Dimensional integrity (coil tit in case and field error) 
- Manufacturability 

» Elimination of extraneous parts (eg. barriers) 
» Tolerance of off-nominal conditions (eg. gaps) 
» Avoidance of voids and resin-rich areas 

No basis to abandon the Structural and Cryogenic 
Design Criteria is apparent 
TF insulation reqirements may differ from PF 

TPX Insulation Workshop March 1,1995 Pagel 



Babcock & Wilcox TPXTF Magnet 

Alternative Insulation Configurations 

Notes: XMPI Kapton bond not recommended 
Slip plane options with B, C, E, F 

1 
i A. 2-D glass wrap 

(Baseline) 
G-10 Barrier -— 

3-D glass wrap 

B. Kapton Interleaved 

Selection meeting 
design criteria at 

least cost/risk 

Selection meeting 
design criteria at 

least cost/risk 
C. Kapton on Conduit 

Selection meeting 
design criteria at 

least cost/risk 
2-D glass wrap 2-D glass wrap 

D. Kapton/Prepreg 
Interleaved 

D. Kapton/Prepreg 
Interleaved 

No Barrier E. Kapton on Conduit, 
3D Preform Fillers 

E. Kapton on Conduit, 
3D Preform Fillers 

F. Kapton on Conduit 
3-D glass wrap 

\ i G. No Kapton 

TPX Insulation Workshop March 1,1995 Page 2 



Babcock & Wilcox TPXTF Magnet 

Status and Observations 

• Onljy two insulation systems have been thoroughly 
analyzed for the TPX application 

- Baseline (derived from US-DPC) substantially fails stress 
criteria 

- B&W 3-D weave substantially passes stress criteria 
• Test results are inconclusive and are not correlated 

with analysis 
- Load/deflection 
- Onset of failure (acoustic, partial discharge) 
- Failure mechanism 

TPX Insulation Workshop March 1,1995 Page 3 



Babcock & Wilcox TPX TF Magnet 

Status and Observations (cont'd) 

Projposed testing does not represent the real 
configuration or loading 

- Correlation with analysis is essential for extrapolation to 
predictions of behavior 

- WEC (or MIT) must support insulation testing with a detailed 
analysis of each model 

Insulation selection at this time can be based only 
on speculation 

TPX Insulation Workshop March 1,1995 Page 4 



Babcock & Wilcox TPX TF Magnet 

B&W Recommendations 

Baseline insulation appears deficient in stress and 
manufacturability 
3-D alternatives have promise in resolving stress 
and manufacturability issues, but experience is 
lacking 
Recommend test of "G" for TF baseline, with "F" 
as backup 
Continue tests of Baseline and two 2-D wraps as 
planned by WEC, including one with slip plane 
Apply "F" on TF if needed, with or without slip 
plane based on 2-D wrap tests 

TPX Insulation Workshop March 1,1995 Page 5 



Babcock & Wilcox TPX TF Magnet 

3-D Weave Issues 
• Cost and Schedule 

- WEC estimates based on thickness <0.010", which may not be 
feasible 

- Use t > 0.015", reassess spacing and glass fraction after 
compression 

• Elastic properties 
- Use data in Myatt table, pending re-evaluation of glass fraction 

and x-y properties 
• Electrical properties 

- Attempt to document Japanese reservations 
- Plan radiation resistance test in Phaase 2 

TPX Insulation Workshop March 1,1995 Page 6 
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1. SCOPE OF THE ANALYSIS 

1.1 Objectives of the analysis 

Thermal-hydraulic analysis of the TF magnets has been performed to verify thermal 
characteristics obtained previously at the conceptual stage, to evaluate thermal 
performance of the current design and to check that major requirements are met. 

The analysis of the TF magnet thermal performance includes two parts. The first 
covers magnet characteristics during a regular operating regime, in the presence of 
nuclear (neutronic), radiation, and eddy current heat loads in CICC winding, and in the 
magnet structure. These operational loads are being removed by the helium flow in CICC 
and in cooling channels in the magnet structure. The main objective of this analysis is to 
verify that the chosen parameters of helium in CICC and proposed cooling arrangements 
result in effective cooling of the conductor. The criteria to meet are : conductor 
temperature margin, that is the minimum local difference between current sharing 
temperature of Nb3Sn in the magnetic field and helium temperature, should exceed IK, 
and maximum fraction of critical current, which is the ratio of operating current to the 
local value of CICC critical current Ic , should be less than 0.6 for a normal operating 
regime. 

The second part of thermal analysis deals with magnet protection during the quench, 
when Joule heat dissipating in a fast growing normal zone leads to an abrupt rise of the 
temperature and pressure at the hot spot inside CICC. The maximum hot spot temperature 
during the quench should not exceed 150 K1, which would lead to requirements for the 
quench detection/ protection system. The goal of this analysis is to determine maximum 
quench pressure and temperature for different disturbances causing quench, and other 
characteristics, such as the helium expulsion flow, and to analyze resistive voltage during 
the quench, which will allow to establish parameters of the quench detection system. 

1,2. Approach 

Quench in CICC is characterized by abrupt rise of temperature and pressure, which 
covers the range of up to two orders of magnitude. It is accompanied by an extremely 
wide change in properties of conductor and helium, as well as complicated interrelated 
physical phenomena caused by helium expulsion flow. Therefore its analysis requires a 
specialized numerical code created for quench modeling in CICC. 



Our approach was to use the code QUENCHER developed by A.Shajii at MIT 2 as a 
basic one. The code has been modified, which allowed us to install it both on our PC and 
UNIX-HP workstation, and to reflect the specific features of the TF double pancake, such 
as realistic distribution of the magnetic field along the conductor, actual critical properties 
of Nb3Sn, etc. 

Our quench analysis included modeling of short normal zones (initial disturbances), 
which give the highest hot spot temperature, and long initial disturbances, which 
demonstrate very fast normal zone propagation, leading to the highest pressure rise during 
the quench. This modeling assumed constant delay time of 1 s, followed by an 
exponential dump with characteristic time of 4s, determined by the quench protection 
scheme. In addition, analysis of quench detection sensitivity has been performed, where 
we used different delay times resulting in different maximum temperatures for short 
zones, which are most difficult to detect. 

The analysis of TF regular operating regime should cover both the thermal-hydraulic 
processes in the winding pack (WP) and the thermal processes in the structure (coil case 
(CC) plus intercoil structure (ICS)). Massive CC and ICS elements are responsible for the 
large part of nuclear heating and almost all eddy current heating, which would eventually 
come to the winding pack if it was not absorbed by the cooling channels in the structure. 
The amount of heat intercepted by the channels, in its turn, depends on the temperature 
distribution both in the winding pack and in the structure. Therefore, only a coupled 
modeling of the WP and CC/ICS would allow to determine the amount of heat intercepted 
in the channels, find the temperature margin of CICC, and thus evaluate reliably the 
effectiveness of the case cooling arrangement. Since amount of heat deposited in different 
elements of structure, differs along the circumference of the coil, this analysis implies 3-
D modeling of the magnet. 

To estimate the effectiveness of case cooling, a preliminary 2-D finite element 
analysis in ANSYS has been performed for cross-section of the outer leg, and also at the 
equatorial plane of the inboard leg . The nuclear and radiant heat loads acting on the TF 
structure were modeled with and without cooling channels to provide a comparison. The 
results of this analysis has shown that the cooling channels made of stainless steel tubes 
can withdraw significant amount of heat from the structure. 

To get an accurate detailed evaluation of the effectiveness of the cooling design, a 
joint steady-state 3-D thermal-hydraulic model for toroidal field magnets has been built at 
B&W (developers: Y.M.Lvovsky, G.W.Neeley, W.Tong). It consists of the two 
submodels, coupled through iterative runs. The first submodel is represented by an in-
house built steady-state thermal hydraulic code SSTH, which analyzes one-dimensional 
helium flow in three CICC double pancakes with the account for thermal coupling 
between turns/pancakes. 

The second is the model for the support structure, represented by 12 sections along the 
circumference of the coil. A finite volume code TEMPEST is used to build this submodel. 
The heat absorbed by all cooling channels in the coil case and intercoil structure, as well 
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as the helium temperature in the channels, is also determined in our modeling. The model 
has demonstrated fast convergence and capabilities of the joint analysis of the 
temperature and heat flux distribution in the winding pack and structure, and allows to 
evaluate the effectiveness of the cooling arrangements. Description of this analysis is 
presented in the chapter 3. 

2. QUENCH ANALYSIS 

2.1. Numerical model 

Thermal-hydraulic code QUENCHER simulates quench in CICC by solving transient 
equation of conservation of mass, momentum and energy for one-dimensional helium 
flow, together with helium equation of state and equation for conduit wall2. Main 
simplifications used in the model include assumption of equal temperature of the strands 
and helium, substantially subsonic flow, which resulted in neglecting helium inertial term 
in the momentum equation and eliminating sound waves from the model, and neglecting 
thermal conduction in the conduit wall. The model does not assume any heat transferred 
from the outside of CICC (adiabatic condition). 

The following major changes have been implemented in the basic version of 
QUENCHER, to perform modeling specific for TF magnets: 

-the code has been converted to our computational environment. Certain changes were 
necessary to bring it to compliance with our FORTRAN-77 compilers. Two versions 
were debugged, verified vs. benchmark cases, and are now available for running: for a 
PC, and for a UNIX-based workstation (due to the long running time, all main modeling 
was done on the workstation); 

- QUENCHER used subroutines from the NAG library, for a spline interpolation of 
helium temperature profile, and for the integral calculation of total resistance along CICC. 
NAG subroutines were replaced by routines available in our library. The change in spline 
interpolation required using additional arrays; 

- the basic version of the code used constant values of the critical temperature Tc and 
current sharing temperature Tcs of Nb3Sn which had to be specified in the input file. 
Subroutines which calculate Tc as a function of magnetic field B, Ta as a function of 
magnetic field and current / , and critical current Ic as a function of the field, temperature 
and strain in TF CICC have been incorporated in the code; 

- an accurate magnetic field distribution along the conductor in the TF double pancake 
has been incorporated in the code, which included both spatial and temporal variations of 
the field. The field values were obtained by the 3-D OPERA/TOSCA magnetic analysis. 
A subroutine has been built interpolating magnetic field along the conductor. The input 
subroutine in the main program has been modified to accommodate this change; 
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- the subroutine which determines normal zone boundary as a point in the temperature 
profile where T=TCS, has been modified to account for Tcs[B(x,t),I(T))J dependence; 

- the subroutine SJOULE calculating heat generation in CICC, has been modified to 
accommodate varying critical and current sharing temperatures. 

2.2. Magnetic field distribution and critical parameters of the conductor. 

The distribution of magnetic field in the TF coil has a strong impact on the normal 
zone propagation, through current sharing and critical temperatures, which determine the 
velocity of the normal front. The data from the magnetic analysis was used to determine 
accurate B(x,t) dependence. 

The coordinates to calculate the magnetic field were taken from the I-DEAS solid 
model of the winding. The centerline of CICC between two helium stubs (double 
pancake, hydraulic length of 175.3 m) was divided in 2000 equidistant segments. The 
components of the magnetic field have been calculated at these 2001 points using 3-D 
OPERA/TOSCA TPX magnetic model for operating current Iop=33.5 kA, and written to 
an ASCI file. This file is used as an input by modified QUENCHER. 

The subroutine BFIELD determines the hydraulic coordinate of each point and field 
magnitude. For any conductor cross-section, maximum value of local magnetic field is 
reached at the cable boundary closer to plasma, and is higher than that at the center. 
Therefore an additive corresponding to the local field created by half the conductor is 
included in the calculations. Resulting magnetic field distribution at any point along 
CICC is obtained by a spline interpolation. The time dependence is accounted for by 
B(x,t) = B(x@Iop)x(I(t)/Iop). 

Magnetic field distribution in the TF inner double pancake is presented in Fig.l. The 
maximum value of the magnetic field is 8.25 T for the TF magnets alone, and 8.34 T 
with the account of PF coils. As one would expect, the field is almost constant along the 
inner leg. Clearly seen is the effect of interturn transitions, where the conductor makes its 
way up or down in the winding. It should be noted, that the minimum field value for each 
turn at the outer leg is rather high, far from 1/R dependence for the ideal (continuous) 
torus. This is caused by the effect of the local field of each outer leg, separated from its 
neighbors by a significant distance, which makes the field distribution at this radius far 
from uniform. 



0.0 20.0 40.0 60.0 80.0 100.0 120.0 

Flow Length (m) 

140.0 160.0 180.0 

Fig.l. Magnetic field distribution in the TF inner double pancake 
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Fig.2. Distribution of the critical and current sharing temperature in the inner 
double pancake 
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The critical and current sharing temperatures were calculated based on correlation by 
L.T. Summers et al. . The following conservative parameters were used in the analysis6: 
B c 2 o = 27.5 T, Tc2 = 16 K, C0 = 1.056xl010 AT/m2 , which satisfies the requirement of 
strand critical current of 148 A at 4.2K in the field of 9 T 7 . The distribution of Tc and Tcs 

at a full operating current is given in Fig.2. Difference in T^ between inboard and 
outboard leg of each turn is about 2K. 

2.3. Short zones modeling. 

At the first, preliminary stage of quench analysis, a simulation of short zone was done 
using the basic version of the code with the simplified assumptions of a constant field, 
critical and current sharing temperatures along the conductor, and given inlet and outlet 
pressure values. This preliminary simulation was instrumental in understanding the zone 
evolution and its sensitivity to modeling parameters. 

Parameters used for a preliminary simulation are summarized in Table 1; dynamics of 
normal zone growth at the initial stage of quench is presented in Figs. 3 and 4. 

Table 1. Parameters for preliminary short zone modeling 

Parameter Value 

^disturb 10 cm 

'''disturb 1 msec 

B=const 8.4 T 

Pin 0.6 MPa 

Pout 0.3 MPa 

T-
1 in 

5K 

•'•op 33.5 kA 

f delay 1.0 s 

"dump 4.0 s 

Fig.3 shows how the temperature of superconductor / helium reaches maximum 
value at the end of the disturbance, and then begins to sag due to the heat transfer to 
adjacent regions and to the conduit. If the energy of the disturbance is smaller than the 
energy of a minimum propagating zone (MPZ), conductor recovers; otherwise the quench 
develops in CICC. The pressure also reaches its local maximum at the end of disturbance. 
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Fig.3. Temperatures of the strands and the conduit during the initial stage 
of quench (1 ms, 10 cm initial disturbance) 
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Fig.4. Peak pressure inside CICC during the initial stage of quench 
(1 ms, 10 cm initial disturbance) 



9 

It should be noted, that the thermal model used in QUENCHER assumes The=Tslrand, 
which does not allow to describe accurately the dynamics of the disturbance in 
millisecond range. In reality, a strand subjected to a thermal disturbance acquires high 
temperature first, and then starts to warm up the surrounding helium, which depends on 
the intensity of the transient heat transfer and low thermal diffusivity of helium. It can 
take many milliseconds for the helium to come to a thermal equilibrium with the 

o 

superconductor . In addition, this process is usually affected by the current redis&ibution 
between the strands9. 

For the above reasons, the values of pressure and temperature obtained in the 
present modeling of the initial stage of quench should not be considered as representative. 
However, it is reasonable to expect the details of the initial stage not to have a strong 
effect on the long-scale quench dynamics, which is mainly characterized by the total 
energy deposited during the disturbance in CICC. 

Preliminary modeling of short zones has been performed for different disturbances. 
Dependence of the quench parameters on the disturbance energy is given in the Table 2. 
As seen, if the delay time is fixed, bigger disturbances result in higher maximum 
temperature, voltage and zone length during the quench. (Assumption of a fixed delay 
time is an idealization. The results of the quench detection sensitivity study, which 
connects delay time the level of resistive voltage detected in the coil, is presented in 
section 2.5). 

Table 2. Dependence of quench parameters on the energy of disturbance 
(preliminary short zone modeling) 

Disturbance energy per 
unit volume of CICC 

^cable max 

(K) 
pm a x(MPa) * res max V V ) L z o n e @ 10 s (m) 

1660 mJ/cc 136.9 2.41 1.75 11.6 

3320 mJ/cc 141.0 3.38 1.85 12.0 

8300 mJ/cc 160.7 4.94 2.08 12.8 

The main modeling of 10 cm zone included a true distribution of magnetic field, 
critical and current sharing temperatures along the conductor. While the outlet pressure 
was fixed at 0.3 MPa, the inlet pressure value was adjusted to satisfy given mass flow 
rate of 4.7 g/s per channel (double pancake). Simulations were performed for inlet 
temperatures of 5K and 6K. 

Figures 5 through 9 present the time dependence of quench parameters; the main 
values are summarized in the Table 3.. 
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Fig.5. Time dependence of the temperatures of the strands and the conduit during 
the quench initiated by a 10 cm disturbance. 
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Fig.6. Peak pressure inside CICC during the quench initiated by a 10 cm disturbance 
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Fig.7. Length of the normal zone vs. time (10 cm initial disturbance) 

Time (s) 

Fig.8. Resistive voltage vs. time during the quench initiated by a 10 cm disturbance 
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10.0 

Time (s) 

Fig.9. Helium mass flow rate during the quench initiated by a 10 cm disturbance 

Table 3. Summary of quench parameters for 10 cm zones 

Parameter T i n = 5 K T i n = 6 K 

•*• cable max (K) 144 146 

PmaxCMPa) 2.33 1.96 

V res@-Cdeiay(V) 0.68 0.79 

"res max v"y 1.78 2.05 

LZone @ 10 S (m) 9.27 10.4 
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2.4. Long zones modeling. 

The quench, starting from a long initial normal zone, is characterized by faster 
propagation of the normal front. Long portion of CICC involved in the quench leads to a 
higher helium expulsion flow rate, which can result in the thermal-hydraulic quenchback. 
Due to high hydraulic resistance of the long normal zone, helium in the central region 
(hot spot) can not expand, and its heating is closer to an isochoric (p=const), unlike for 
the short zones. As a result, pressure in the center of the zone can reach extremely high 
values. On the other hand, since helium density in the center does not drop as fast, 
specific heat per unit volume of the helium involved is higher, which results in a lower 
maximum temperature during the quench. Therefore analysis of long initial zones allows 
to estimate maximum pressure and mass flow rate, which can be experienced by the TF 
double pancake. 

Parameters used for the modeling of long normal zones are given in the Table 4. 

Table 4. Parameters for long zone modeling 

Parameter Value 

L-disturb 5 m 

'''disturb 1 msec 

Pout 0.3 MPa 

mass flow rate 4.7 g/s per channel 

T-
1 in 

5Kand6K 

••• op 33.5 kA 

^ delay 1.0 s 

^ dump 4.0 s 

Fig. 10, 11 and 12 present time dependence of the hot spot temperature, peak 
pressure and inlet and outlet helium flow rate during the quench for a 5 m initial zone 
with Tln = 6 K. This zone shows extremely fast propagation. As seen in Fig. 13, after 2 
seconds, the zone occupies about 95 m. Comparison with the previous analysis shows 
that faster propagation leading to higher pressure and bigger flow rates in our analysis is 
connected with more accurate description of the magnetic field. Relatively high local 
field in the inner turns of outer leg results in a low current sharing temperature and high 
normal zone velocity there. 
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Recent consideration of the refrigeration capabilities at PPPL brought a question of 
reduction of helium mass flow rate for TF magnets to 375 g/s, or 3.91 g/s per channel, 
using lower outlet pressure of 2.5 aim11. The quench analysis has been repeated for the 
new parameters. Table 5 compares quench parameters for 5 m zones for all cases 
considered. As seen, new parameters will result in somewhat smaller maximum pressure 
and helium expulsion flow rate. 

Table 5. Summary of quench parameters for 5 m zones 

Parameter po u t=0.3 MPa 

T i n = 5 K 

p o u t=0.3 MPa 

T i n = 6 K 

p o u t=0.25 MPa 

T i n = 6 K 

liable m a x 

(K) 
112 124 129 

p m a x(MPa) 7.9 8.9 7.5 

Max. expulsion flow (g/s) 96 110 102 

*res max (."/ 8.8 14.5 16.1 

Lzone @ 10 S (m) 101.5 Full pancake Full pancake 

Results of the analysis suggest that further consideration of the quench worst 
possible cases is needed, such as quench modeling in the presence of neutronic heat load 
during D-T reaction. This would result in a quick heating of the coil , which can generate 
normal zones in both inner legs, when T ~ Tcs. Since the heating continues during the 
quench, it will raise temperature in other parts of the pancake which would lead to fast 
normal zone propagation. 

2.5. Sensitivity of quench detection system. 
Study of the sensitivity of quench detection system has been performed, suggested 

by LLNL . The purpose of this analysis is to establish the parameters of the quench 
detection system which would ensure safe protection of the magnet during the quench. 
The analysis is particularly important with the respect to short zones which are most 
difficult to detect, although they yield maximum hot spot temperature during the quench. 
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The criterion of the effective quench detection is the maximum temperature during 
the quench. The study of the robustness of the TF design to uncertainties in its parameters 
has shown , that this protection criterium determines constrains of the design. 

If threshold voltage triggering the dump is too high ( delay time is too long), the 
maximum temperature will exceed allowable of 150 K. Numerical modeling shows a 
strong dependence of maximum quench temperature on the delay time. In our analysis 
Tma=\ 50 K served as a definition of the marginal zone (or marginal T d e ! a y) 

Our analysis was aimed toward the smallest zones which generate minimal voltage. 
Preliminary runs were done for 5 cm and 10 cm zones. These runs showed little 
difference in the quench parameters, provided disturbance energy and delay time are kept 
the same. Therefore further consideration concentrated on a 5 cm zone. 

Several runs were necessary to determine the minimum disturbance energy leading 
to a quench (minimum propagating zone). Table 6 compares 5 cm disturbances with the 
different energies and Tdisturb= 1 m s -

Table 6. Quench initiation by disturbances of different energies 

Disturbance energy 
(J/m) 

T m a x at the end of 
disturbance (K) 

Quench 

500 18.62 Yes 

300 11.04 Yes 

250 10.82 Yes 

240 10.50 Yes 

230 10.17 No 

After the disturbance with Edist= 240 J/m has been determined as a minimum 
quench disturbance, runs with different delay times have been performed to find the 
marginal overall delay time, which turned out to be 1.23 s. At that time (start of the 
dump) the resistive voltage in the coil amounts 0.81 V. Time dependence of the resistive 
voltage is given in Fig. 14. This curve can be used to define a threshold voltage and delay 
time for a particular detection scheme, which will ensure safe protection of the magnet 
during the quench. 
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Fig. 14. Resistive voltage vs. time for the case of minimum quench disturbance with the 
initial length of 5 cm. Marginal delay time is 1.23 s, voltage equals to 0.81 V. 

3. THERMAL-HYDRAULIC ANALYSIS 

3.1. General description of the model. 

Full 3-D analysis of the TF winding pack, together with coil case and ICS is 
complicated by the fact that helium flow pattern in double pancakes requires modeling 
along the CICC hydraulic path (spiraling inward and outward in the double pancake). On 
the other hand, coil case/ ICS modeling demands consideration of the heat conduction 
normal to the winding pack. The heat flux not intercepted by cooling channels in the coil 
case becomes an additional heat load, which is only applied to the inner pancakes and 
inner turns in outer pancakes Our approach to the joint analysis uses two different 
submodels - for the winding pack and for the coil case / ICS, with iterative exchange of 
boundary conditions between them. Because of the symmetry, half of the winding pack 
and coil case / ICS is considered. 
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REGION BOUNDARY-

Fig.15. Twelve regions used in the joint 3-D steady state thermal-hydraulic model 
of the TF magnets 
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A Steady-State Thermal Hydraulic code (SSTH) has been created for the TF double 
pancakes. It solves momentum, continuity and energy equations for one-dimensional 
helium flow in CICC. The interturn / interpancake heat exchange through the insulation 
increases maximum temperature in the double pancake because of counterflow in 
adjacent halves of double pancake . It is incorporated in SSTH, thus bringing a 3-D 
capability to the winding pack modeling. 

To model the coil case with the ICS, a finite volume code TEMPEST (Transient 
Energy, Momentum and Pressure Equation Solution in Three Dimensions) was used. 
Twelve sections around the TF coil circumference shown in Fig. 15 and 16 were chosen 
to represent the TF structure. It includes six geometries only, since upper and lower parts 
of the coil are symmetric (sections 1 and 12 in the outer leg, 6 and 7 in the inner leg, etc.). 
However, all 12 sections have to be considered, since helium temperature in the case 
cooling channels and in the CICC is different for symmetric sections. At each section, 
TEMPEST determines the temperature distribution in the structure, as well as heat fluxes 
coming to each of the cooling channels, and to the conductors in the WP. Temperature on 
the outside of the winding pack serves as a boundary condition on the inside surface of 
the coil case. Helium exiting inner pancakes enters the coil case. Therefore, the outlet 
temperature of the inner pancake is taken as the inlet temperature for the coil case 
channels. Channels in the ICS are fed by helium exiting from the outer pancake, since it 
has somewhat higher temperature which is still acceptable for the ICS cooling. Therefore 
outlet temperature from the outer pancake is used as an inlet temperature for ICS cooling 
channels. 

The computational process commences with a run of SSTH, with nuclear heating 
inside the WP and zero heat flux coming from the case. After a solution is obtained, 
temperatures are determined at 12 CICC cross-sections for the turns facing the coil case. 
These temperature values are used as a boundary condition at the inside boundary for 
structure modeling, which is now being done by TEMPEST, section by section; heat 
coming to the cooling channels determines helium inlet/outlet temperatures for each 
section. Heat flux coming to CICC at 12 cross-sections, determined by TEMPEST, is now 
used in the next run of SSTH as an additional heat load distribution along the DOUBLE 
PANCAKE hydraulic path. The iteration is repeated until a converged solution is reached. 

3.2. Double pancake submodel. 

Thermal-hydraulic modeling of the double pancake considered one-dimensional flow 
of supercritical helium, with thermal coupling between neighboring turns. For the steady-
state analysis, temperature of strands inside CICC is assumed to equal that of the helium. 
Longitudinal heat flux in strands due to thermal conduction is neglected since its 
characteristic length ( few millimeters) is much smaller than the scale of changes in the 
CICC temperature profile. Helium flow is assumed to be highly subsonic. The walls of 
Incoloy conduit, together with the insulation, are treated as a transverse thermal resistance 
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between adjacent turns. Under these assumptions, the continuity, momentum and energy 
equations for the steady-state helium flow take the form: 

(1) 

"(2) 

d 
~(pv) = 0 
dx 

dv dp pv2 

pv — = --^- -£,-— 
dx dx 2dh 

pv " dT T dp q(x) , t P V 3 

dx p dx K "2d„ 
(3) 

where x is coordinate along CICC; T is temperature; p is pressure; p (T,p) and v are 
helium density and velocity; £, is friction factor; dh = 4AhjTIw is hydraulic diameter of 
CICC, defined through the helium flow area.Ahe and total wetted perimeter of the strands 
n„ ; pT = (dp I dT)p^coml ; pp a (dp I dp)T=coml ; q(x) is heat generation per unit length 
of CICC. 

We eliminate the velocity from eqs.(2), (3) by using pv = ml Ahe , where m is 
mass flow rate per channel. We also neglect the compressibility of helium for our 
subsonic flow (pp m2 lp2A,J = (v2 / a2)(Cp I Cv) « 1; where a is velocity of sound), 

and the term, T pT

2m2 / Ahe

2pACp , which is of order of lO^-lO"4. With these 
simplifications, system (l)-(3) can be reduced to two ordinary differential equations 

dT _ q(x) W + Tpr/p) 
dx mCp 2dhCpp2Ah//m2 

dp _ pT m dT_ _ m 
dx " ~ T T T ^ * - -* - ' * P j 

Kp2A,2)dx 2dhpAhe 

with boundary conditions 
T(x = 0) = Tin; p(x = L) = P m l (6) 

where L is hydraulic length of the double pancake. The heat source 

900 = q^(x) + qM(x) + X9a(T(x\T(xm)) (7) 

consists of neutronic heat, heat coming from the coil case, and heat transferred between 
turns (summation in (7) is done over all neighboring turns). The neutronic heat load in the 
winding pack has been mapped along the double pancake hydraulic length and 
interpolated. The resulting dependence q„uci(x) is shown in Fig. 17. 
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Fig.17. Nuclear heat load profile for the outer double pancake used in the analysis. 

In order to cover the heat transport between adjacent flow channels (layer-to-layer and 
pancake-to-pancake), a 3-D node-mapping model was developed for the thermal analysis 
and case cooling design. As the result, heat conduction from adjacent pancakes, layers 
and side walls can be taken into account as the thermal boundary conditions in the 
analysis. 

For each node on the winding pack, there are generally four neighboring nodes around 
it. These nodes may belong to the same or adjacent pancake, or to the wall of the coil 
case. The mapping of such nodes is rather straightforward. However, at the transition 
regions, the mapping becomes more complicated, requiring more detailed mapping at 
these regions. 

Each double pancake consists of one pancake wound from the outside to the inside 
(out-to-in pancake), and one wound from the inside to the outside (in-to-out pancake). 
Therefore, there is a total of four transitions in a double pancake. The layer-to-layer 
transitions for the out-to-in and in-to-out pancakes occur at the section 4-5 and 2-3, 
respectively. The pancake-to-pancake transition (within the same double pancake) and the 
double pancake-to-double pancake transition occur at the ID and OD, respectively. Due 
to the existence of these transitions, only sections 1 and 12, and 6 and 7 are strictly 
symmetric. 
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For the layer-to-layer transitions, the radius of the winding gradually varies from R n to 
Rn+j, resulting in the change in contact areas, so that one layer partially contacts two 
adjacent layers. Similarly, the pancake-to-pancake transition travels from one pancake to 
another with a constant radius. Hence, it partially contacts two pancakes at its bottom. In 
the present analysis, regions with partial contact were not considered. 

For each couple of neighboring turns, the interturn heat flux is giyen by 
qn = (T(x) - T(xlt)) / rn , where interturn thermal resistance includes that of Incoloy wall 
and polyimide wrap of each conductor, and that of glass-epoxy insulation between the 
conductors. Heat transfer between adjacent double pancakes (inner to middle, middle to 
outer) was neglected, since it has small effect compared with heat exchanger effect within 
one double pancake . 

Iterations were employed to solve system (4)-(7) numerically. Temperature values at 
neighboring turns participating in the interturn heat flux, are taken from the previous 
iteration (fast convergence with regard to temperature and pressure has been observed). In 
addition, inlet pressure was adjusted by bisections to satisfy given outlet pressure, pout, 
and mass flow rate, m. 

3.3. Coil case / ICS submodel. 

The 3-D thermal analysis of the TF coil case sections and the intercoil structure was 
performed with the code TEMPEST. TEMPEST is a transient, three-dimensional, 
hydrothermal computer program designed to analyze a rather broad range of coupled fluid 
dynamic and heat transfer systems. 

As discussed previously, the TF magnet coil case and associated intercoil structure 
were represented by twelve sections around the circumference of the TF coil case. A 
thermal-hydraulic analysis was performed on each section in which a temperature 
boundary condition was imposed on the thermal interface between the winding pack and 
the coil case at the Incoloy inner surface of the conduit walls. The temperature boundary 
condition was supplied by the SSTH code during the iteration process. Likewise, the heat 
fluxes computed by TEMPEST at the thermal boundary interface nodal volumes were 
used as input into the SSTH code. 

Each section of the coil case was modeled in its exact 2-D cross-sectional geometric 
configuration with up to 14000 nodal volumes of unit thickness. The material 
configuration included all applicable ground wrap and epoxy layers along with the 
structural steel. The cooling channels in the structure were modeled as square channels. 
The change in the helium temperature is computed over the length of the section based on 
enthalpy increment, and then used as an input for the next section. The computational 
process commences with the section where helium enters the coil case, and progressed 
section by section along the length of the TF case until last section with helium exit point 
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is reached. The coolant pressure in the channels is taken as 0.25 MPa, since estimates 
show that the pressure drop across coil case cooling channels does not exceed few kPa. 

3.4. Preliminary modeling 

A preliminary modeling has been performed for simplified configuration. 
Simplifications included: a) only neutronic heat in the WP and coil case and ISC was 
considered (allocation based on the PPPL data ); b) sections 2,3,4 were merged into one 
bigger section (so were sections 9,10,11; so model had only eight sections), and c) no 
channels in the ICS considered at this stage. Cooling channels in this modeling were 
located near the comers of the winding pack, and were fed by the helium exiting from the 
outer pancake (inner pancakes were not modeled). Cooling loop started at section 5, went 
first through the outer leg (sections 6,7 etc.), ended after section 4. Parameters used for 
modeling are given in the Table 7. 

Iterative runs of SSTH and TEMPEST has demonstrated rather fast convergence. As 
can be seen from the Table 8, values of the heat absorbed by cooling channels in different 
regions, as well as the maximum temperature inside CICC, show small changes after 3rd 
iteration. For the preliminary case considered, channels absorb about 65 % of the total 
heat deposited in the structure. A difference can be noticed in the heat absorbed at 
symmetric cross-sections, e.g. , those values at section 4 are smaller than at section 7. 
This is explained by the fact that helium in the channels has higher temperature at the end 
of the cooling loop, and absorbs less heat. The helium exit temperature is 8.7 K for the 
cooling channel at the plasma side, and 7.5 K for the channel at the outer side. 

Table 7. Parameters of the TF coil thermal analysis 

Winding Pack 

Hydraulic length of double pancake (one channel) 175.3 m 
Helium mass flow rate per channel 3.91 g/s 
Inlet temperature 5K 
Outlet pressure 0.25 MPa 
Helium flow area 146 mm 
CICC hydraulic diameter 0.48 mm 
Ground wrap thickness 5.74 mm 

Support Structure 

Material SS 316LN 
Number of regions modeled 8 
Number of geometries 4 
Number of structure cooling channels per coil 4 
Mass flow rate per channel 3.91 g/s 
Inlet temperature for cooling channel determined from CICC 

modeling 
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Table 8. Heat absorbed by cooling channels at different regions (Watts). 
Channel 1 is on the plasma side, 2 is on the outer side. 

Iteration Channel 1 2+3+4 5 6 7 8 9+10+11 12 Total 

I 1 6.98 5.03 13.93 7.25 7.25 13.76 5.54 7.09 66.83 

2 2.95 1.71 11.93 4.36 4.35 11.83 1.88 2.97 41.98 

2 1 6.46 3.92 13.74 7.09 7.03 13.29 4.60 6.61 62.74 

2 2.64 0.96 11.83 4.24 4.20 11.54 1.17 2.67 39.25 

3 1 6.39 3.78 13.70 7.06 6.99 13.22 4.47 6.55 62.16 

2 2.61 0.87 11.81 4.22 4.19 11.50 1.09 2.63 38.92 

The final temperature distribution along CICC in the outer double pancake is plotted 
in Fig. 18 together with the current sharing temperature. Most of the heat coming from 
the structure is received by the second half of the DP, which creates monotonous 
temperature profile. It should be noted, that although maximum temperature is attained at 
the end of the hydraulic path, minimum temperature margin still occurs at one of the inner 
legs, where magnetic field has maximum. Temperature margin in this preliminary 
modeling is about 1.9 K, which indicates rather efficient performance of cooling 
channels. ... 

14.0 
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40.0 180.0 60.0 80.0 100.0 120.0 140.0 160.0 

Flow Length (m) 
Fig.18. Temperature profile in the outer double pancake (preliminary modeling, 
simplified configuration). 1 - first iteration (no heat from the coil case and ICS); 2 - final 
distrbution; 3 - current sharing temperature. 
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3.5. Main modeling 

For the main stage of the thermal-hydraulic analysis, the model has been considerably 
modified in order to accurately represent the essential features of the current design. 
Following modifications have been implemented: 

- the model now includes all 12 sections instead of 8; 

- all three double pancakes (inner, middle and outer) are modeled; 

- the cooling channels in the ICS are incorporated in the model. Channel route starts at 
the inner ICS plate of the section 5, then goes along the side wall of sections 6 and 7, then 
at the inner ICS of section 8, then turns back and goes along the corresponding outer 
surfaces; 

- the cooling channels in the coil case side wall have been repositioned 1" apart from 
the WP corner. Now they are closer to each other and farther from the plasma side and 
outer side of the coil case; 

- the channels in the coil case now use the helium exiting from the inner and middle 
pancakes. Channels in the ICS use helium from the outer pancake (after it went through 
the splice joint); 

- the direction of helium flow in the coil case channels has been reversed; now helium 
goes to the inner leg first, and then to the outer leg, which has bigger heat loads; 

- radiation and eddy current heat loads have been included. The distribution of 
radiation load from both the plasma vacuum vessel and the cryostat was done in 
accordance with exposed areas; the distribution of eddy current heat was based on the 
data from MIT eddy current analysis . The heat load allocation used in the present model 
is given in the Fig. 16. 

Since helium in ICS channels goes through the loop ( sections 5 through 8 and back 
to 5), these two channels carry flow in opposite directions. This requires additional sub-
iterations to match the inlet temperature in the ICS cooling channels. In addition, the new 
model has more elements. Each run takes more efforts and needs longer computational 
time, than at the preliminary stage. 

One would expect, that since the present model has a noticeably bigger heat load 
compared to the preliminary case, it may result in higher temperature in CICC. On the 
other hand, the cooling arrangement in the present configuration is more effective. 
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Fig.19. Allocation of heat loads on the structure for 12 regions used in the model. 
Numbers correspond to the symmetric half of one coil structure. 

First of all, this configuration includes additional ICS channels, which withdraw 
significant heat from sections 5 through 8. Second, the inlet temperature of the helium 
used in coil case channels is now lower since it is now taken from inner pancakes. In 
addition, the flow in the coil case cooling loop is now directed from the sections with a 
lower heat generation (inner legs) to those with bigger. All these factors would be 
beneficial for the thermal performance of the TF magnets. (It should also be mentioned 
that the data for eddy current load1 corresponds to the worst possible case, when coils 
PF7U and PF7L carry current in opposite directions, and high radial magnetic flux 
crosses the equatorial window. This situation is nor representative for most TPX 
operational modes). Real numbers for the stability margin and percentage of heat 
intercepted by the cooling channels will be determined by numerical runs, which are 
currently underway. 
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INTRODUCTION 

The Tokamak Physics experiment (TPX) machine is the first tokamak in the United States to use 

superconducting magnets to produce the fields required for plasma confinement The cable used for the 

winding of the magnets for this tokamak is a cable-in-conduit conductor (CICC). For the toroidal field 

(TF) magnets, this CICC is composed of NbsSn strands encased in an Ihcoloy 908 conduit In the 

preparation of the CICC, the Nb3Sn strands, in an unreacted state, are braided into a cable, and this cable 

is inserted in the 908 conduit. This CICC is then wound into the "D" shape of the toroidal field magnets. 

This winding is then subjected to a reaction process through which the Nb3Sn forms the proper compound 

to exhibit superconductivity at cryogenic temperatures. 

A preliminary model aimed at predicting the time response of a TF magnet winding to various 

proposed reaction cycles is described. Of particular interest is the temperature differential between the 

interior and exterior of the winding pack. Minimization of the worst case temperature differential (through 

reaction'winding pack design) will insure that all of the NbsSn in the winding will react properly during the 

proposed curing cycles. Also of interest is the time response of the winding through the temperature 

interval where the Ihcoloy 908 conduit is most susceptible to the SAGBO (Stress Accelerated Grain 

Boundary Oxidation) phenomena. The SAGBO sensitization range will be reached before the high 

temperature set point is reached. The winding pack temperatures should transition through this interval 

rather quickly in order.to reduce the risk of SAGBO. Additionally, the model can be used to develop heat 

input requirements to obtain a given T(t) profile in the winding pack. Such information is desired as an aid 

to developing a specification for the reaction furnace. 

MODEL DESCRIPTION 

A two dimensional ANSYS finite element model is used for analysis. The model represents a 

perpendicular cross section to the winding of a TPX toroidal field (TF) magnet away from the transition 

regions, and conforms to the geometry of drawing E-1335000-P0. During the reaction process, the areas of 

insulation, as shown in drawing E-1335000-P0, are actually occupied by metallic spacer material. These 

spacers are removed after the reaction, and the insulation system is then installed. This model includes 

these spacers, both turn-fo^turn, and layer-to-layer. 

The geometry of the model is chosen to simplify the analysis process, reduce the computation time 

and permit rapid assessments of temperature profiles and/or spacer geometry's. The TF magnet winding is 

a seven turn by twelve layer array. Midline coil symmetry allows reduction of the computational winding 

pack array to three and one-half turns by six layers. Intuitively, the elements in the center of the winding, 



layers 6 and 7 and turns 3 and 4, will respond the slowest to heat applied to the outside of the winding 

pack. In this case, it is assumed that the innermost layers, 6 and 7, are sufficiently far from the sides of the 

winding pack (layers 1 and 12) that heat flow across all the layers to reach layers 6 and 7 can be neglected. 

This is particularly true for layer spacers of a high conductance material. These additional assumptions 

allow further symmetry reduction to a model that consists of three and one-half turns by one-half layer. 

The model is meshed with eight-noded plain strain quadrilateral elements. (These elements 

simulate most closely the cross section of an infinite rod). This element selection is optimal for minimal 

heat transfer out of the plane of the element when compared with heat transfer along the element. This type 

of element is used in all areas of solid material, i.e. the spacers and the CICC. 

The reaction modeling must also include the heat transfer relationship between bodies that are in 

contact with one another. Though the winding will be clamped during the reaction cycle, the contact 

between spacers and the CICC is non-intimate, varies from point to point, and can be expected to vary with 

temperature as well. Hence the contact resistance to heat transfer at these interfaces is very difficult to 

predict. Not only is there difficulty in prediction, but there would also be also inconsistency achieving the 

modeled contact state during experimentation. The interface between two contacting surfaces is therefore 

modeled with radiant heat transfer as a limiting worst case contact. This heat transfer mechanism should 

be limiting because radiant heat transfer between bodies in a vacuum is less effective than any conduction. 

The radiation case should therefore be the limiting conservative case. The radiation is modeled by the use 

of radiation links. These radiation links connect the midside nodes on the sides of elements that are in 

contact with the elements of other bodies. The model is shown schematically in Figure 1. The elements 

have been shrunken for better view of the radiation links. 

FIGURE 1: The ANSYS-TF winding pack thermal heat treatment model is shown with elements shrunken 
to expose radiation links. 



The radiation links we use are for gray body radiation, and thus are susceptible to assumptions 

made about surface emissivities. The surface emissivities used for reaction model materials are given in 

Table 1. It is important to note that heat transfer between two parallel planar surfaces is defined as: 

e^e^ [T4 jjt] 
[e 2+(l-e 2)e,] 

where ei and e2are the emissivities of the respective surfaces and a B is the Stefan-Boltzmann constant. As 

previously mentioned, even with high surface emissivities, heat transfer by radiation should be much less 

efficient than heat transfer by any conduction (contact resistance included) and should thus provide a 

conservative estimate of the heat transfer rate to the interior of the TF winding pack. To fully bound the 

calculations and to provide an upper limit on the heat transfer rate, an analysis was also conducted 

assuming intimate contact, with no contact resistance, between spacer and CICC bodies. 

Symmetry has reduced the TF winding pack heat transfer problem down to that approaching a one 

dimensional heat transfer problem. There is only one free edge, representing the outside surface of the 

winding, across which there can be a heat transfer. All other boundaries are constrained by the symmetry 

condition of no heat transfer across itself. Within the winding, however, more than a simple one 

dimensional heat transfer is seen. Within the winding there is a radiation/reradiation interaction between 

the CICC elements and the spacer elements. This interplay results in a two dimensional transfer within the 

winding itself. The 'driving' heat transfer, because of its one dimensional nature, is handled quite easily by 

nodes in space. These nodes are connected to the elements representing the surface of the winding with 

radiation links. The "master" nodes are then forced to follow a temperature profile. The mechanism of the 

heat transfer is the gray body radiation of these master nodes to the nodes on the surface of the winding to 

which they are linked. The master nodes are allowed to behave as infinite heat sources, and as such have 

no limitation, other than that intrinsic to the radiation link, to the amount of energy they output. 

One other simplification of significance was made. This simplification is in the modeling of the 

interaction of the strands-of conductor with the conduit themselves. This region shows not only contact 

resistance to heat transfer between the conductor to the strands, but also between the strands themselves. 

The model is intended as a first order estimate. As such, the analysis is intended to predict the response of 

the overall system, and not necessarily the response of discreet components of the system. True to this line 

of reasoning, the complex interplay between the conduit and strands of conductor are not individually 

modeled, but are combined into "smeared" CICC properties. These smeared properties provide a good 



overall estimate of the behavior of a section of the CICC, matching the thermal capacity and effective 

conduction through the section. Although this assumption forces the predicted temperature distribution 

through the section to be inaccurate, the total energy deposition and time constant will be matched, 

providing for accurate predictions of response time and energy input requirements for reaching equilibrium. 

The smeared CICC thermal properties are listed in Table 1, along with the other thermal properties used. 

Table 1: Material Properties Used for Thermal Modeling 
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ANALYSIS TYPES 
This model was used for two categories of analysis, both of which are driven by this heat transfer 

across the outer boundary. The first set of analyses looks at the response of the coil system to an applied 

temperature differential. The master nodes were held constant at the reaction temperature of 923 K, and the 

winding was allowed to respond to this loading. Several different potential spacer materials and 

configurations, listed in table 2, were subjected to this type of loading. The baseline reaction setup uses 

Ihcoloy spacers between turns and layers of the winding. This set of analyses were executed in an effort to 

identify possible improvements that could be made to the baseline reaction setup. 

The second category of analysis was a more detailed investigation, examining the response of the 

winding pack when exposed to several proposed reaction cycles. Again, the heat input was provided by 

nodes in space radiation linked to midside nodes of the outer sides of elements on the faces of the winding 



nodes in space radiation linked to midside nodes of the outer sides of elements on the feces of the winding 

that would be exposed to the oven during reaction. The temperatures of the nodes representing the oven 

were driven according to three profiles, the US-DPC reaction profile, and suggested profiles from Vendor 

A and Vendor B, as shown in the following figures: 
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Vendor B Reaction Profile 

700 

600 

500 

a. 

§ 300 

200 

100 
0 

bJj C 
/ ^4^^£ i 

/ 2t" Chr', 
I i 

/ r 

/ 

/v'Ch. i 

/ c - p - \ ' 

/ 1 

/ 

50 100 150 200 250 300 350 400 450 
Time (hours) 

Again, no limit was placed on the heat transfer out of the master nodes, simulating an infinite heat source 

radiating to the winding. The restriction on the amount of heat transferred to the winding is intrinsic in the 

radiation link. 

As an additional step to verifying the validity of the model, the quasi one dimension assumption (no 

heat transfer across layers) was verified by constructing a model, using the same radiation link techniques, 

of a three and one-half turn by six layer array. This array represents a quarter symmetry of the winding 

pack. This model allows heat transfer across layers, and accepts heat input from two directions. This 

model is shown in appendix A, and the results are given in the text of this report for comparison. The two 

dimensional model confirms the assumption of negligible heat transfers across layers near layers 6 and 7. 



REACTION SPACER OPTIMIZATION STUDIES 

The first set of analyses was a trade study of various materials to be used as spacers during the 

reaction process. There is expected to be poor conduction from turn to turn and from layer to layer, and 

thus difficulty in maintaining a relatively uniform temperature distribution across the winding pack. This 

poor conduction also can lengthen the time required for the complete winding pack to reach an equilibrium 

state at the desired reaction temperature. The use of highly conductive materials as spacer elements during 

reaction offer the potential .of increased heat flow into the internal sections of the winding pack. This is 

desirable not only in reducing the required time in reaction, but also in keeping a relatively uniform 

temperature throughout the winding pack. 

To investigate whether this hypothesis were true, the spacer material in the model was varied, and 

subjected to an applied temperature differential. In this applied load, the oven was held constant at 923K 

and the winding pack was allowed to come to equilibrium from 273 K. The response curves of the various 

systems are shown in figures 5 through 10. 

Figure 5: Response of Winding Pack with No Spacers 
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Figure 6: Response of Winding Pack with Incoloy Spacers 

Figure 7: Response of Winding Pack with SS 316 Spacers 
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Figure 8: Response of Winding Pack with Copper Spacers 
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Figure 9: Response of Winding Pack with Copper Tabs 
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Figure 10: Response of Winding Pack with Copper Spacers 
(Conduction through Pack) 
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Figure 5 shows a hypothetical case of having no spacer materials between successive turns and 

layers. This case is, of course, the extreme, and would never happen, but it is worth looking at to 

understand the behavior of the system. Disturbing is the 500 K temperature differential that could occur in 

such a case. 

Figures 6 and 7 are comparisons of two steels, Lacoloy and stainless, used as spacer material. 

Since the two materials are very similar in thermal properties, there is very little difference in their 

response. The stainless steel does show a slightly quicker response. These spacers reduce the worst case 

temperature differential to 400 K, and more uniformly warms the entire pack. 

Figure 8 shows the response with copper material used for spacers. Here again, the maximum 

temperature differential is decreased (to 300 K), and the pack is more uniformly heated. The conduction of 

these small spacers is effective in transmitting heat through the winding pack. 

Figure 9 uses the same copper material for spacers, but has now added "tabs," extensions which 

bend over the outer surface of the winding pack. These tabs are used expressly to intercept the radiant 

energy applied to the winding pack surface and conduct this to the central portions of the winding pack. 

The response curves indicate that this arrangement is particularly effective. The maximum temperature 

differential is decreased to around 100K. The response is rather rapid, and the overall pack responds fairly 

uniformly. 

This response is compared with the response of figure 10, which is simple copper spacers, but with 

no contact resistance, i.e. the spacers are in intimate contact with the conduits in the winding pack. This of 

course allows for very uniform heating. The interesting result, however, is that this response is a bit slower 



than the response with the tabbed spacers only radiating to the conduits. This difference is strong evidence 

that a tabbed spacer design can offer significant improvements over a non-tabbed spacer. 

Figure 11 shows the US-DPC heat up profile, and the response ofthe model winding pack with 

Incoloy spacers. This figure is representative ofthe response that all materials show. The time scale is on 

such a length, however, that additional graphs of this scale provide no good visual comparison. The 

comparison is therefore broken down in table 2. 
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Figure 11: Typical Response to the US-DPC Reaction Cycle 
(Incoloy Spacers Shown) 
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Tab le2: Winding Pack Response to the USDPC Reaction Profile 
1st Step, 493K 

Hold for 175 hrs 
2nd Step, 613 K 
Hold for 96 hrs 

3rd Step, 923 K 
Hold for 200 hrs 

At5 At2 At5 At2 At5 At2 

Incoloy 
Sheets 

61hrs 75 hrs 27 hrs 35 hrs 13 hrs 15 hrs 

SS316N 
Sheets 

58 hrs 71hrs 26 hrs 33 hrs 12 hrs 15 hrs 

Copper 
Sheets 

49 hrs 60hrs 21 hrs 26 hrs 8 hrs 10 hrs 

Copper 
Sheets & 

Tabs 

19 hrs 24 hrs 8 hrs 11 hrs 3hrs 4hrs 

Copper 
Sheets -

Conducting 

30hrs 37 hrs 13 hrs 17 hrs 5hrs 6hrs 

Quarter 
Symmetry-
Incoloy 
Sheets 

59hrs 71 hrs 26 hrs 33 hrs 12hrs 14 hrs 

Table 2 details the lag at each of the hold intervals in the US-DPC reaction profile. The lag in this 

table is defined as the time differential between the oven being leveled off at a particular temperature, and 

the innermost conductor reaching to within a tolerance of this temperature. The tolerances chosen were 5 K 

and 2 K, based on claimed temperature tolerances by vendors. This data shows the same trends as shown 

by the earlier trade studies. Stainless steel proves marginally better than Incoloy, copper proves much 

better, and a tabbed design of copper is better still. This suggests that if a high conduction material is not 

chosen as spacer material, then improvements can still be made by the addition of overhanging tabs to the 

spacers. Also included in table 2 is the response of the quarter symmetry model, using Incoloy as spacer 

material. The quarter symmetry model does not use a tabbed design. The purpose of this model was to 

verify the hypothesis that heat conduction across layers to layers 6 and 7 is negligible. The model shows 

this, exhibiting only a marginally fester response than does the quasi one dimensional model. The 

differences between the two are decreased at elevated temperatures as well. The correlation of these two 

models validates the reduction assumptions used to get to the simplified quasi one dimensional model. 

Table 3 is a means to examine various reaction profiles, and to provide information for oven 

specification based on a chosen profile. The major difference between profiles is the heating ramp up. The 

US-DPC profile and Vendor A profile are aimed at a very fast heat up to reaction temperature, whereas 

Vendor B is a much slower rate. This is seen in the response time and the power requirements. 



Table 3: Comparison of Reaction Profiles 
Incoloy Spacer Material 

Profile 
Lag (Final Hold) Response, 

SAGBO Sensitivity 
Max. Power Req'd 

Profile Ats At2 

Response, 
SAGBO Sensitivity (W/m) Total 

USDPC 
Vendor A 
VendorB 

13 hrs 
11.5 hrs 
4hrs 

15 hrs 
14 hrs 
6.5 hrs 

24°C/hr 
26°C/hr 
7°C/hr 

4364 
4364 
472.5 

52 kW 
52 kW 
5.7 kW 

Mi is the delay is the innennost part of the coil reaching within 5K ofthe target temperature 
Ata is the delay in the innermost part of the coil reaching within 2K of the target temperature 
Response is the average temperature change in the SAGBO sensitivity region (475-625 °C) 



TF HEAT TREATMENT MOCKUP STUDffiS 

In order for a firm foundation in reality to be established, the predictions of the analyses model 

need to be calibrated with actual test data. The model was therefore subjected to a time-temperature profile 

to which a mockup test sample was exposed. The configuration of these two items was also the same, with 

the use of copper, with overhanging tabs, as the spacer material in a vacuum environment. Also calibrated 

was the increase in response time at lower temperatures where argon can be used to quicken the process 

(Commercially available argon is not sufficiently oxygen-free to use at temperatures where SAGBO is of 

concern). The general trend of the response of both the test article and the analysis model were similar, but 

the test article showed a slower response than was predicted 

To correlate the data, the behavior of the innermost conductor (turn 4, layer 6) of the test piece at 

each of the hold temperatures was examined. The predictions of the model for this same conductor were 

compared at these hold temperatures. The delay between leveling off the oven at the hold temperature, and 

the time for the innermost conductor of the test piece to reach within 5 °C and 2 °C of this temperature were 

compared with the delay times suggested by the model. In each case, at each temperature, the response of 

the test piece was 2.51 times longer than that predicted by the model. This result suggested that the 

analysis model accurately predicted the heat capacity of the winding, and the energy deposition into the 

winding, but was less precise in predicted the rate at which energy enters into the winding pack. This rate 

is controlled by the modeling of the relation between the oven and the surfece of the winding pack. Because 

of the constant factor, the rate at which energy crossed this boundary was too high. To adjust for this, the 

emissivity at the outside surface of the winding pack in the model was divided by the 2.51 factor. Since 

gray body radiation scales linearly with both the emissivity and the view factor, the variable adjustment in 

the model has the meaning in real terms of adjusting the product of the view factor and the emissivity. This 

calibrated model was then subjected to the same reaction profile. 

The correlation between the calibrated model and the reaction mockup is actually quite good and is 

summarized in the next three figures, and in table 4. Figure 12 shows the predicted values of temperature 

of the outermost conduit wall, and the innermost conductor, and the data values obtained for these same 

points in the mockup test piece. The predicted values fall near the average of the values of the test piece. 

This is as one would expect due to the smearing of the CICC. Figure 13 shows the temperature deviation 

between test results and predicted results. It is important to note that the deviation is greatest at the 

beginning of each temperature ramp, and that as the target temperature is approached and held, the 

deviation decreases. The temperature deviation is very small within 15 hours of reaching equilibrium. 
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Figure 13: Deviation of Mockup Test Data from Predicted Values 
(Actual - Predicted) 

Time (Hours) 

Figure 14: Error of Mockup Predictions 
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Figure 14 shows the percent error of the calibrated predictions. The error is decreased at elevated 

temperatures, and is under 3% except in the very early stages of approaching the first temperature hold. 

Table 4 is a summary of the calibration, and includes a projection of using Incoloy for spacer material, 

based on information in the trade studies. 

Table 4: 
Comparison of Actual Mockup Response to Predicted Response 

Previous Model 
Copper Tabs 

Coil Mockup Actual 
Calibrated Model 

Copper Tabs 
* Incoloy Tabs 

-Outer Conduit Inner Conductor 

Previous Model 
Copper Tabs 

Coil Mockup Actual 
Calibrated Model 

Copper Tabs 
* Incoloy Tabs 

At5 At2 At5 At2 

Previous Model 
Copper Tabs 

Coil Mockup Actual 
Calibrated Model 

Copper Tabs 
* Incoloy Tabs 

2.9 hrs 
6.26 hrs 

6.5 hrs 
18 hrs 

3.8 hrs 
7.9 hrs 

8.1 hrs 
21.3 hrs 

3.1 hrs 
6.6 hrs 

6.7 hrs 
18.9 hrs 

4.0 hrs 
8.4 hrs 

8.9 hrs 
22.9 

Ais Is the delay between levelling the oven at the target temperature and reaching 
within five Kelvin of this target temperature 

At2 is the delay between levelling the oven at the target temperature and reaching 
within two Kelvin of this target temperature 

Of importance to note is that this prediction is based on the sample being at equilibrium at 340 °C and 

beginning a 75 °C/hr ramp to 650 °C. In consideration of the time to reach 650 °C, the increase is not great 

in considering the overall interval through which this temperature is held. This biggest increase, however, 

will be in the lower time steps, as these should also increase by threefold, and hence the overall reaction 

cycle time will also be increased approximately threefold. 

Additional information is being obtained on the use of other spacer materials. When this data has 

been examined properly, the correlation's for these materials (and for the overall model) will be reported. 

This additional information is data on mockups run with copper spacers with no tabs, and with stainless 

steel spacers with no tabs. 



CONCLUSIONS 

The model provides useful self-consistent comparisons of reaction configurations. These 

predictions are good for relative comparisons between configurations. These predictions are also good for 

order-of-magnitude response times. 

The use of spacers, during the reaction process, made of material with a high thermal conductivity 

is desirable for a more uniform and rapid heat up of TPX coil winding. The current baseline is to use 

spacers made of Incoloy 908, a poor thermal conductor. Any material which shows better conductive 

characteristics than Incoloy 908 should decrease the time required for the reaction process. The other steel 

modeled, a stainless steel, shows nearly the same response as with the Incoloy. The spacer material needs 

to be high quality oxygen free material in order not to increase the probability of SAGBO. 

There was an indication in the preliminary modeling that using a "tabbed" spacer design is 

conducive to improving heat transfer into the winding pack. In this concept extensions are provided on the 

spacers that are then bent over the outermost surface(s) of the winding pack. This allows the heat energy 

from the oven to be intercepted by these spacers and transmitted into the winding pack through a solid 

conduction body. This concept is particularly effective when combined with using a material with high 

thermal conductivity. A conservative analysis with the tabbed design, allowing only radiation between 

spacer elements and CICC elements, is seen to be more efficient than the upper bound of the non-tabbed 

design which allows intimate contact (no contact resistance) between CICC and spacer elements. 

The model shows a good response to all of the prototype reaction profiles. The model predicts that 

the lag time between leveling the oven at the reaction temperature and the winding reaching an equilibrium 

is a small portion of the hold time at the reaction temperature. Also the model predicts, in all three reaction 

profiles, a fairly fast passage through the temperature interval of greatest SAGBO concern. 

A calibration to mockup data has been made. This calibration provides for a fairly accurate 

prediction of response time of the winding pack. The calibration was only necessary in the modeling of the 

heat transfer between the oven and the winding pack, suggesting a good model prediction of the heat 

capacity and energy deposition into the winding pack, as well as reasonable estimations of the heat transfer 

within the winding pack. 

An extremely accurate prediction of the temperature distribution across the winding pack could not 

be obtained with this model, due to smearing of the properties of the conductor and conduit. The 

correlation to mockup data has shown, however, that the temperature distribution predicted is a good 

estimate of the average temperature of each turn of conductor. 



The calibrated model shows a good correlation to predicting the response time of the innermost 

conductor, meaning that current modeling has matched the heat capacity of the winding pack, the energy 

deposition rate, and the overall energy deposition. This information is useful in establishing a specification 

for the reaction oven. 

Continuing efforts are focused on correlating with data for the reaction mockup with different 

materials and configurations. Included are changes from copper to stainless steel as spacer materials, and 

the elimination of tabs on the copper spacers. Additional effort is being placed in establishing a more 

accurate prediction of temperature distribution within the winding pack. This will be achieved by 

separating the conduit material from the conductor material in the modeling. Additionally, interest has been 

expressed in a more accurate temperature prediction in one quarter of the winding pack, rather than through 

only one section. 



REFERENCES 
ANSYS, Inc. ANSYS, Rev. 5.OA. Houston, PA 

Incropera and DeWitt. Fundamentals of Heat and Mass Transfer.. John Wiley & Sons. New York. 

1985Toma, et al. Ihcoloy Alloy 908 Data Handbook. Massachusetts Institute of Technology, Plasma 

Fusion Center. Cambridge, MA. March 1994 



1*0*1**1 OHcmpt in | cut i j~Z 

2 . MATERIAL; SEE PART DRAWINGS. 

I I I I I I I I I I I I I I I 
li • in I'I'IIIII'II 

I'Slil'l'M'M'l'Ml 

UI.WH n o v o w w iMsuuimiuMMr 
v»i I (•IIOISJ font 

*•• ovxfti 
•s'-'-if'Sislr 

1 O.OJI U 
ukn 
lAYIt 

I I IMUI 

VIEWS A-A. B-B'. C-C 

VIEW D - D 

TYPICAL VIEW OF TRANSITION AREA WITH SPACERS 

SEE OETAIl Z FOn INSULATION OETAIL 

133.3SOO 1 

180 
133-S20? 30 « fit ASS THIAHrtJlAfl WOVFH PRErORU TOP 
133-6701 TOO 
133-5204 0 . 0 ? * 30 S? CI ASS HOVFN TAW TOO 
133-1705 TOO 
1 M - S H 3 TOO 
131-MSO 1 

Tr WINOINS SPACfR 7 s 
in I33-373J I f WlhOINO SPACER 3 1 

133.3?53 IT WIWOIWJ SPACER 4 \ 133-SJM i r HIN01MQ SPACCR 5 4 
-1.1 133-S25S U WIHOINO SPACER 6 1 

DETAIL 
SCALE: 

TPX-0-1335000.SH01. 

PRELIMINARY 

U.B.-IKCH/POUM) 

FRONT 

IWM 1WKC WIOHCIIQ 

•®-e=3-

*'^!SB^"..,w" 
totmxi g otciHui 

».ll|.MI.tl|Mt).ttf^>l,l 

THIS IS A CAD GENERATED DRAWING, DO NOT 
MAKE MANUAL REVISIONS OR ALTERATIONS. 

C4NIIUCI W, 

B235308 
8ABC0CK & WILCOX 
IYHCH8UA0, VIHOINIA H90I 

TF WINDING PACK 

D-1J35000 | -
r""' ]y*n i fig i 

£3 

OQ 

fD 0 

o r+ 
rt • 

I \o 
Ul 

o 
CO 
I - " 
• £ > 
I 

W f 
s 

o to 

1 



13-950814-BW-GMarkham-02 
Attachment B: 

Quarter Symmetry Model Schematic 



TF MAGNET ANALYSIS RESULTS 
(SDRL 29) 

Preliminary Case Cooling Modeling 
13-950425-BW-KGRUT-01 

for the 

TOKAMAK PHYSICS EXPERIMENT 
prepared/or 

The University of California 
Lawrence Livermore National Laboratory 

Subcontract B235308 

prepared by 

The Babcock and Wilcox Company 
Naval Nuclear Fuel Division 

Accelerator and Magnet Systems 
PO Box 785 

Mt. Athos Road 
Lynchburg, VA 24505 

Xf.JL.i- f-n-rr 
Prepared by: Design Engineer 

B&W Design Engineering 

S~ 31' fS-
Design Engineer 

B&W Design Engineering 

5-3/-75" 
Approved by: T.A. Antaya 

B&W TPX Technical Design Chief 

f rt DfTWDfwrfc 

http://Xf.JL.i-


I. Introduction 

This report presents a preliminary analysis of the efficacy of TF case cooling. A 2D cross section of the 
coil case is examined at steady state operating conditions to estimate the temperature distribution in the 
winding pack, establish the effectiveness of the preliminary cooling configuration proposed by LLNL in 
ECP022 and provide a tool to optimize case cooling integration into the TF coil case design. Hand 
calculations are presented to establish the boundary conditions for the above mentioned finite element 
analysis of the coil case cross section. The hand calculations determine the heat transfer coefficients, the 
case cooling fluid temperatures and estimate the smeared thermal and structural material properties of the 
TF magnet insulation system as of this writing. Finally, several cooling geometry's have already been 
considered and a more optimized configuration is presented. 

II. Analysis Description 

A) Assumptions: 

1) The thermal distribution in the coil case can be estimated for steady state by solving a 2D FE 
model of the coil case cross section. 

2) The temperature distribution in the CICC (i.e. across the conduit inner wall, the conductor, and 
within the single phase helium) is uniform and that temperature is equal to the estimate of the bulk 
fluid temperature at that particular location in the winding pack. 

3) The cool-down and operating stresses in the outboard leg can be estimated with axisymmetric 
boundary conditions in the circumferential direction. 

4) The thermal and structural properties of the winding pack are a composite structure of G10 
sheets, an epoxy-glass CICC wrap and an epoxy filler material. These properties can be combined 
to establish a mixed, orthotropic property set with the same global stifrhess and thermal 
conductivity. However, the resulting stresses in the insulation between conduits within the winding 
pack are not valid for evaluating winding pack criteria because smeared thermal and mechanical 
properties are used. 

5) CICC wall stresses is examined in the winding pack modeling and analysis scope. 

6) The thermal contraction of the TF structure is not restrained in the vertical "Z" direction. 
Furthermore, the out-of plane bending of the inboard leg nose region is considered negligible at the 
equatorial plane, therefore a plane stress assumption is valid for inboard leg equatorial plane 
modeling. 

B) F.E. Model Description: 

The finite element model is constructed for a 2D planar section of the TF coil case and adjacent 
intercoil structure. This model is built parametricaUy, that is, shapes and structures are programmed as 
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variables and can be used to build the cross section in both the inbound and outbound leg of a TF 
magnet structure. The plate structure of the ICS can be included or omitted to model regions that have 
or do not have ICS structure components. 

This model is intended to be used for a coupled thermal-stress analysis. We solve for the thermal 
distribution in the winding pack with operating heat loads and also determine cool-down and operating 
stresses. 

Element Description 

Since it is desired to perform a coupled thermal/stress analysis for 2D planar sections of the TF coil 
case and winding pack we chose the ANSYS element types PLANE55 and PLANE42 because they 
were compatible 2D planar elements with coupling capability. Element type PLANED was also 
explored as a method for performing the coupled analysis but it did not efficiently support the coupled 
solution for more than one set of loads. The thermal solution is performed using PLANE55 thermal 
elements. The stress analysis is performed with PLANE42, the plane stress/strain element. These 2D 
planar elements have an axisymmetric capability. In the outboard leg the axisymmetric option is 
applicable. In the inner leg region the plane stress option is applicable. 

Mesh Description 

Figure 1 shows a general description of the coil case and intercoil structure preliminary model. The 
model is divided into regions of differing material type. The CICC regions have four elements through 
the wall thickness and the insulation regions have two elements through the thickness. The CICC 
geometry does not include the 0.201 inch bend radii, therefore the stresses in this region do not reflect 
those which will actually occur. The LLNL proposed cooling channels are placed in the locations 
identified by drawing AAA 94-100602-00. Rectangular cooling channels are placed at the inside of the 
coil case inner and side walls. The coil case wall is modeled with six elements through the thickness 
and a finer mesh is placed in regions of anticipated elevated stress. 

Boundary Conditions 

Symmetry: 

The model consists of a half-symmetry representation of the coil case and adjacent intercoil structure 
(or a 1/32 slice of the toroid). There are two geometrical planes of symmetry for this model which 
were used for both thermal and structural symmetric boundary conditions. The primary plane of 
symmetry is a radial cut through the winding pack center line. The orientation of the secondary plane 
is different depending upon the location along the TF coil. At the inboard leg the secondary plane of 
symmetry is located 11.25 degrees from the coil case centerline which represents the region between 
adjacent TF coils. In the outboard leg, the mid-span of the ICS represents the secondary plane of 
symmetry. 
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Figure 1 
Case Cooling FE Model 
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Heat Transfer: 

In this model the heat transfer in the CICC provides the primary cooling for the winding pack. The 
working fluid is single phase helium which flows in the voids between the conductor strands and along 
the walls of the conduit. Case cooling is used to augment the cooling capability of the CICC and 
provide margin for the operation for the M^Sn superconducting cable. To accurately model the 
thermal boundary conditions for the winding pack the bulk fluid temperature and heat transfer 
coefficient need to be established. As a boundary condition, the heat transfer coefficient is defined to 
be that heat which is capable of being carried away by the single phase helium. 

Since the temperature, thermal conductivity and heat capacity of the single phase helium do not vary 
significantly during cool-down and operation the model is not sensitive to changes in heat transfer 
coefficient, therefore, an average coefficient can be used. However, to obtain a specific thermal 
distribution within the winding pack the bulk fluid temperatures must be known as a boundary 
condition. 

The average heat transfer coefficient has been estimated with hand calculations and the bulk fluid 
temperatures within the winding pack have been estimated from profile curves of the conductor 
temperature along the length of side and inner double pancakes for the coil case with and without 
cooling channels1,2. These curves have their origin in the transition region at the in-lead and travel 
along the conduit centerline path. Attachment A provides the hand calculations used to determine the 
heat transfer coefficients for the CICC and cooling channels. Figure 2 provides the distribution of 
CICC bulk fluid temperatures along a double pancake so that a cross section distribution at various 
locations along the "D" can be established. The film coefficients are represented below: 

CICC -Film coefficient 800 W/m 
Cooling Channel - 1200 W/m 
Cooling Channel Fluid Temp - approx. 5.65K (average of exiting WP fluid temp.) 

Mechanical Constraints: 

The axisymmetric model of the outboard leg is restrained in the radial direction, while symmetric 
boundary conditions at the winding pack centerline and mid-ICS plane provide the remaining 
constraints. In the inboard leg, rotation and displacement are constrained in part by symmetry and also 
by physically constraining a single node in the Tokamak radial direction to remove rigid body motion. 
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Figure 2 
Conduit/Case Bulk Fluid Temperatures 
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Applied Thermal Loads: 

The TF magnet system undergoes a set of nuclear, conductive and thermal radiation heating conditions 
which all contribute to the heat load on the winding pack. These are applied to the model as described 
in Table 1. 

Table 1- Allocation of TF System Heat Loads to the 2D Finite Element Model 

Load Type Source/Magnitude Model Allocation Comments References 
Nuclear 

Radiation 
7.5*1016Neutrons/s As Distributed 

per unit volume 
Internal heat .source applied 
throughout the coil case and 
ICS 

1,4 

Eddy Current 
1.4 kW 252 W/m3 Applied Throughout Structure 

in Transition Region 
4 

Thermal 
Radiation 

Cryostat - 85 W .985 W/m2 Heat Flux Applied to Outer 
ICS. Half of Duct Heat Load 
Included 

1 

Ducts - 45 W 1 
Vacuum Vessel 630 

W 
7.50 W/m2 Heat Flux Applied to Inner 

ICS. Half of Duct Heat Load 
Included 

1 

Pillsbury3 has estimated the distribution of neutron heating throughout the TF structure and that 
distribution is summarized in Attachment B. Figure 3 shows a view of the coil case and the distribution 
of neutron heating. This heat load is applied to the finite element model as an internally generated heat 
source. This boundary condition is determined by estimating the volume of the section of the TF 
structure which receives the heat load and calculating a volumetric heat flux (or body load) to the 
elements in the model. Attachment B provides the hand calculations used to determine the nuclear heat 
loads which were applied to this model. 

Mechanical Loading Conditions: 

Stresses noted here are primarily the result of cool-down to 5K; that is, the Lorentz loads generated by 
the energization of the coils are not applied. However, the thermal loads resulting from the steady 
state heating of the vacuum vessel create a thermal gradient across the intercoil structure and coil case 
and subsequent thermal stress. The case cooling finite element model establishes this thermal 
distribution and these nodal temperatures were used as an input to the structural model. The change 
between cool-down and operating conditions is a cyclic thermal stress which will load the coil case and 
intercoil structure. The number of operating cycles between cool-down and operation exceeds the 
number of cycles from room temperature and it is anticipated that they will have a stress level 
comparable to the cool-down stresses, therefore future fatigue analysis will need to account for the 
operating cyclic stresses in the cumulative cycles for the TF intercoil structure. 
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Figure 3 
Coil Case FE Model Showing Neutron Heat Load Distribution (W/m ) 
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Material Properties 

As stated earlier, the regions of the coil case model are divided into discrete material types. The coil case 
wall and ICS plates are made up of 316LN stainless steel6. The CICC conduit is made of Incoloy 9087. 
The winding pack insulation types are orthoptropic and have been grouped into ground plane regions and 
CICC insulation regions. The smeared properties for the CICC insulation have been estimated by hand 
calculation and are provided in Attachment C. The ground plane insulation is assumed to be similar to 
that of G-10 (or glass-epoxy resin composite)8. The region between the groundplane insulation and the 
coil case wall is assumed to be isotropic in nature and similar to that of the G-10 in the direction normal to 
fiber orientation.5'6,8 
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III. Computer Codes and Analysis Files 

The finite element analysis was performed in ANSYS using a parametric model. The results files and finite 
element model as well as the parametric input file can be found in the directory /grut/cascool. The input 
files for this analysis are called cooltd.txt (without cooling) and coolmor.txt (with cooling). 

IV. Results and Discussions 

Thermal Analysis 

This analysis was initially performed for a coil case at the outboard leg without cooling to verify the need 
for case cooling. Without cooling, in this model, the maximum winding pack temperature is 7.8K which is 
marginal for the performance of Nb3Sn superconductor and is in agreement with the analysis performed by 
Len Myatt4 in which he concluded that case cooling was necessary. It is desirable to operate the coil at a 
temperature which is closer to 6K (max.) to provide a sufficient margin below the minimum allowable 
current sharing temperature5. The maximum temperature in the structure was 109K. Figures 4 and 5 
provide plots of the thermal distributions and heat fluxes for the coil case and ICS without cooling 
channels. 

Next, as a check, the LLNL/PPPL case cooling conceptual design from ECP022 was included. The 
maximum ICS temperature in this configuration was dropped to 102 K and the maximum winding pack 
temperature was 6.022K. In this model it is assumed that the LHe exiting the winding pack at 5.65K 
enters the case cooling channels. Figures 6 and 7 provide plots of the thermal distributions and heat fluxes 
for the coil case and ICS with cooling channels. 

Stress Analysis 

A preliminary coupled thermal/stress analysis of the coil case and intercoil structure based on the 
temperature distributions established by the thermal model was also performed. Two basic load steps were 
considered for this analysis. The first load step was the TF magnet at cool-down (uniform 5K 
temperature). The second load step included steady state heating due to continuous D-D plasma burn and 
the cryostat/vacuum vessel radiant and conductive heat loads. In both of these load cases, the stress 
analysis included the LLNL conceptual design for case cooling. The thermal distributions obtained with 
the case cooling thermal analysis were applied as a nodal temperature boundary condition for the second 
load step. 
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Figure 4 

C o i l Case & ICS Tempera tu r e s No Cooling 
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Wanaing Pack Temperatures - No Cooling 
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Figure 6 
C o i l C a s e & ICS Temps . - > D i s t r i b u t e d N e u t r o n H e a t Load 
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Figure 7 
Winding Pack Temperatures -> Distributed Neutron Heat Load 
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Cool-Down Stress: 

Figure 8 shows the stress intensity in the intercoil structure and Figure 9 shows a detail of the stress 
intensity of the coil case. During cool-down, the maximum overall stress intensity is 2.92 GPa and occurs 
in the region which connects the intercoil structure to the coil case. In the coil case, the maximum stress 
intensity is approximately 550 MPa. 

A possible explanation for this high calculated stress in the outboard leg is that the model geometry does 
not account for the angle between the coil case and intercoil structure which probably over-constrains 
finite element model by not allowing for contraction in the radial direction of the Tokamak. It is important 
to note that the angle between the coil case and intercoil structure changes around the outboard leg 
indicating that future analysis of this region should be performed with a 3D finite element model. The 
axisymmetric model does, however, indicate a trend for the ICS-to-CC joint to exhibit a higher stress, 
which should be further examined in the ICS submodel. 

The coil case walls are placed in a state of bending during cool-down as can be seen in Figures 10 and 11. 
This is primarily due to the difference in contraction rates between the coil case and intercoil structure. 
The maximum membrane-plus-bending stress in the coil case during cool-down is approximately 400 MPa 
compared to an allowable for 316LN base metal of 1000 MPa at 4K1. 

Stresses During Steady State Heating: 

During operating conditions the intercoil structure tends to expand with respect to the coil case due largely 
to the neutron heat load from the plasma. Since the winding is intended to remain at less than or equal to 
6K the coil case expansion will be less, resulting in an outward bowing of the intercoil structure. This will 
tend to place the joint between the ICS and the coil case in a state of bending as shown in Figure 12. 

During steady state operating conditions the finite element model of the coil case exhibits a stress intensity 
at the inner corners, which is lower in magnitude than that in the intercoil structure (1.5 GPa). In this 
region the axisymmetric assumption should be appropriate because the coil case is contracting around the 
center of curvature. This model, however, does not include the fillet welds in the coil case interior corners 
which will be included in the design. The fillet geometry should significantly reduce the stress intensity in 
this region. The difference in stress intensity between cool-down steady state operation in the coil case is 
an indication of a cyclic stress and therefore an area to address in future fatigue analysis. Figures 13 
through 15 are plots of the stress intensity during steady state operating conditions. In the side walls, the 
maximum membrane-plus-bending stress is approximately 900 MPa during steady state and is located on 
the outer wrap rather than the inner wrap during cool-down. This high stress may be another indication 
that not modeling the angle between the case and ICS overconstrains model. Lower stresses may result by 
including the 11.25 degree angle between the coil case and intercoil structure since this will allow the 
structure to contract radially, similar to that condition at the inboard leg. On the other hand, this may be an 
accurate result for the of the state of stress where there is no angle between the coil case and ICS (i.e. in 
the ICS region vertically opposite the lead box). This further shows that the analysis of a 3D model of this 
region will be necessary to resolve the origin of these high stresses. 
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Figure 9 
Coi l Case & ICS Cool-Down S t r e s s e s ( I n t e n s i t y ) 
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Figure 10 
Coil Case Cool-Down Stress (Pa) 
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Figure 11 
Coil Case Cool-Down Stress (Pa) 
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Figure 12 
ICS Deformations due to Steady S t a t e Heat Loads 
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Figure 13 
Coil Case Operational Stress (Pascal) 
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Figure 14 

C o i l C a s e S t r e s s - S t e a d y S t a t e (Pa) 
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Figure 15 
Coil Case Stress - Steady State (Pa) 
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Inboard Leg Results 

During cool-down the maximum stress intensity is 313 MPa and the maximum membrane-plus-bending 
stress is only 28 MPa as can be seen in Figures 16 and 17. During operation the thermal solution of the 
inboard leg does not exhibit as drastic a thermal gradient across the coil case as that of the outboard leg, 
probably due to the proximity of the winding pack to the rest of the TF structure in this region and its 
impact on case temperatures. Figure 18 shows the thermal distribution of the coil case and winding pack 
at the inboard leg. This lower thermal gradient at the inboard leg tends to result in a lower stress intensity 
in this region as can be seen by the plot in Figure 19. 

At the inboard leg the maximum stress intensity is approximately 461 MPa and is located on the plasma 
side of the coil case near the corner of the coil case. 316 stainless steel has a minimum yield strength of 
660 MPa3 at 20K and a charpy impact energy of approximately 97 ft*lb at 5K (123 MPaVm). Since this 
stress is located in or near a probable weld joint the fracture toughness of this region should be 
investigated. For an equivalent 1" thick plate with a 6 mm deep crack (chosen arbitrarily) the limiting 
stress would be approximately 514 MPa (See attachment D). This shows that the stress intensity in this 
region is acceptable but should be examined further for fatigue type loading. 
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Figure 16 
Nose Region Cooldown Stress Intensity (MPa) 

ANSYS 5.0 A 
FEB 8 1995 
08:16 :53 
PLOT NO. 2 
NODAI . SOLUTION 
STEP= =1 
SUB = =1 
TIME= 1 
SINT (AVG) 
DMX = = .004134 
SMN = •.424E+07 
SMX = .313E+09 
^ _ .424E+07 5̂ .385E+08 Ŝ .728E+08 
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Figure 17 

Nose Region M+B S t r e s s (MPa) 
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Figure 18 - Thermal Distribution at the inboard leg. 
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Figure 19 
Nose Region Operation Stress Intensity (MPa) 
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V. Discussion of Future Work 

The model will be modified to incorporate different cooling locations and tube designs in order to optimize 
the case cooling design. One attractive configuration under consideration is a thick walled tube welded 
into the coil case wall. This design eliminates the need for the cooling panel covers attached to the inside 
of the coil case. Initial estimates of this thick walled tubing indicate that a wall thickness of 3.02 mm is 
adequate to sustain the maximum expected quench pressure of 40 atmospheres. 

Another possible configuration will be a split wall which contains a channel configuration machined into it. 
The two half plates would then be seal welded at the edges to contain the helium. The advantages of this 
design are that the TF structure part count would be reduced, with the elimination of tubing and potentially 
result in a reduction in the manufacturing time. The anticipated risks associated with this design are that 
the split plate would allow helium to permeate the space between the plates and internally load the 
structure in bending. This could be solved by vacuum brazing the two plates together to seal off the 
channels. Figure 20 shows a schematic of the split plate design. 

The cooling channel locations will be moved along the walls of the coil case to obtain the location which 
provides the best thermal performance while minimizing manufacturing cost. Another concept includes 
moving the cooling channels located on the plasma side of the coil case to the intercoil structure, which 
would tend to lower the overall maximum structure temperature and thus reduce thermal stress. Figure 21 
shows this configuration. 

Further structural analysis will be performed to assess the fatigue strength of the coil case and intercoil 
structure. This will be a combination of the original 2D finite element model and a 3D model of the TF coil 
case and ICS and will more accurately simulate the geometry of the toroid. 
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Figure 20, TF structure showing a typical split side plate cooling design. 
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Figure 21, TF Structure with a cooled intercoil structure. 
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Attachment A - Heat Transfer Coefficients for 
the CICC and Cooling Channel 



Date: 11-4-94 
Filename: wpmix.mcd 

Engineer: K. E. Grut 

Heat Transfer Coefficients for the CICC and Case Cooling Channels 

This calculation estimates the film coefficients in the CICC and cooling channels in the TF coil case foiven 
fluid temperature. This is performed in support of an analysis of the thermal distribution within the TPX coil 
case so that the cooling channels can be effectively located. The film coefficients are calculated at a bulk 
temperature of 5K helium and the channel coefficients are calculated at 6K. 

Define Units: 

N . k g - ^ 
sec 

mmsl-10" -m lbsN-4.448 

Pas2L psis6894.757-Pa MPasl06-Pa ksispsi-1000 
m 

JsN-m ergs-
10' 

cals4.185-J W a t t s -
sec 

Parameters of the TF Coil Case, Winding Pack and Intercoil Structure 

Geometry: 
bi:=.89-in hi := 1.07-in w:=.095-in 

bc:=bi- 2-w 

hc:=hi- 2-w 

Ro:=.201-in 

Ri:=.106-in 

GP:=.226in 
wpw'.= 11.956-in 
wph:=8.416-in 

Rwpi:=41.4-in Rwpo :=Rwpi-t-8.416in 
lstr:=192.6-in-2-Rwpo 

ds:=.782-mm ns:=486 

Conduit external width, height, wall thickness 

Internal dimensions of conduit 

Internal and external blend radii 

Groundplane Insulation Thickness 

Winding Pack Overal Dimensions 

R a v g : - R w p i + R w p 0 

Diameter and number of Nb3Sn strands per CICC 

Cross Sectional Areas: 
Ai := (2-(hi-2-Ro)-t-2(bi-2-Ro) + 2-7iRo)w 

Ac .=hc-(bc- 2-Ri) +• 2-(hc- 2-Ri)-Ri4- Jt-Ri' .2 

Area of Conduit 

Area of Conduit Interior 

Ast := -ns Area of Conductor 

At :=wpb(wpw- 2-Ro) + 2-(wph- 2-Ro)-Ro-Mt-Ro 

Ain.=At-84-(Ai-j-Ac) 

Overall Area of Winding Pack 

Area of Insulation 



Thermal Boundary Conditions to be applied to the Coil Case Model 

Wetted Perimeter of the Helium Environment within the CICC: 

peri:=2-(bc- 2-Ri) + 2-(hc- 2-Ri) +• 2-nRi peri=7.564'cmWetted perimeter of conduit, 

pers :=ns- n- ds Wetted perimeter of strands. 

wpc :=pers-Fpen 
CICC Film Coefficient: 

wpc = 1.27-m Total wetted perimeter. 

Flow Parameters of Helium (per NIST Tables) 

THe:=5 P:=6.075- 105-Pa 

Tw:=THe 

Fluid and heat transfer properties at Temperature & Pressure: 

Temperature, Pressure 
Assuming uniform temperature throughout the CICC 
interior, the CICC wall temperature is approximately equal 
to the bulk fluid temperature 

pHe := 129-M 
m3 

Pr:=.8348 

ji:=3.765-10" -Pa-sec 

Flow Parameters: 

nTF := 16 

Pnck:=6 

CpHe:=4846-— 
kg 

kHe:=.02186 Watt 

m 

mass 

mc := 

:=.45.jEi mass =0.45--^-
sec 

mass 
nTF-Pnck 

sec 

mc =4.6875-^ 
sec 

Number of TF Coils 

Number of Double Pancakes 

Mass flow rate for TF System 

Allocated Mass Flow Rate (Per Conductor) 

Flow Area and Hydraulic Diameter 

HFA :=Ac - Ast-1.054 HFA = 145.17 •mm" Total flow area inside CICC 

VHe:=- mc 
pHe-HFA 

HFA 

VHe =0.25- m 

dHe;=4-
wpc 

Heat Transfer Parameters: 

sec 

dHe = 0.457-mm 

Re ,_pHe-VHe-dHe Re = 3.923* 10* 

Fluid Velocity 

Hydraulic Diameter 

Reynolds Number 

This Reynolds number indicates a transitional flow regime, therefore I will calculate the Nusselt Number and 
film coefficients for both laminar and turbulent flow. For Turbulent flow per Len Myatt's analysis the 
Nusselt Number is as follows: 

Nu=.026-Re- 8-Pr- 4-(^ 
Tw 

.716 
ht: kHe-Nu 

dHe 
ht = 866.646 Watt 

m 



Attachment B - Determination of Nuclear Heat 
Loads to be Applied to the Case Cooling F.E. 

Model 



Determination of Heat Loads to be Applied to the Case Cooling F.E. Model 

This calculation determines the nuclear and eddy current heat load allocations to the finite element model as a 
set of boundary conditions. An estimate surface areas and volumes of the TF structure is made so that the 
nuclear and eddy currrent heat loads can be applied to the 2D cross sectional model. The heat loads are 
derived from a cumulative value (in Watts) which is applied to the model in volumetric form (Watt/m3). The 
radiant heat loads are estimated as a surface load (Watt/m2) distributed across the TF structure exterior. 

Calcuating the Surface Area of Heating for the TF Structure 

Coil Case & ICS Geometry: 

Rli :=39.7-in R2i := 59-in Internal andExtemal radii for the Coil Case 

Rlo:=51.9-in R2o :=71.2-in 

nmods :=8 Number if two coil modules. 

Hypi:=--(Rli + R2i) 
2 

u v „ . . /11.25-11 Hiti :=Hypi-sin 
1 180 

Hypo:=--(Rlo + R2o) 
2 

„. . „ . 11.25-Tt Hrto :=Hypo-sin 
' 180 

Calculate the Length along the coil 
case profile. 

Calculate the height of the triangular 
region between coils which 
constitutes the ICS Plate structure. 

Base:=48.161-in CCwd := 16.3-in 
CCht := 12.2-in 

Holes :=8-(7i-5.52-in2+ .75-in-ll-in) 

Holes2 :=3-(?t-4.52-in2-t- .75-in-9-in) 

Stove :=j[-(7.352+12.82)- in 2 

Legs := 91.8-in 

X T , 2-7i-37.3-in 1 f._ . Noso := 100-m 

8 

Outlg := (2- 16.3-in-t- —]-73 .6- in 

Nosi:=20.3-in-Legs 

Width of the ICS plates and Coil case 

Penetrations in the ICS for Cooling 
Pipes 

Top/Bottom penetration. 

Length of straight section in the 
nose region. 

Nose region surface areas 

Outer leg Surfaces (Weld Joint + CC 
at the equitorial Plane) 

Area on the inside surface of the TF Structure 

Ain :=Nosi +- 4---Base-Hiti-t- Outlg- Holes- Holes2- 2-Stove + 4-Hypi-CCwd 
2 

Ain = 10.742-nr 

Area on the outside surface of the TF Structure 

Aout :=Noso + 4---Base-Hito + Outlg- Holes- 2-Stove+ 4-Hypo-CCwd- Holes2 
2 

Aout = 13.507-nT 



Calculation of Heat Loads: 

Radiant Heat Loads: 

cryhl:=85-Watt 

ducthl:=45-Watt 

whl:=630-Watt 

Heat Flux into the TF structure from the Cryostat and coolant ducts: 
ducthl 

Watt 
cryhl-t--

Qcryo := 
Aout-8 

Qcryo =0.995-
m 

Heat Flux into the TF structure from the Vacuum Vessel: 

ducthl 
whl + -

Qw:=-
Ain-8 Q w = 7.593 Watt 

m 

Nuclear Heating: 

Per R.D. Pilsbury^ nuclear heating is distributed throughout the TF structure as follows. The amount of 
heat is established with and without port shielding. 

Winding Pack 
TF Case-Plasma Side 
TFCase- Side Walls 
TFCase- Outer Side 
ICS-Plasma Side 

ICS - Cryostat Side 

With Port Shielding 

Qwp :=2800-Watt 
Qccin := 1220- Watt 
Qccw:= 1120-Watt 
Qcco := 130-Watt 
QICSP := 1030-Watt 

QICSC:= 1140- Watt 

W/O Port Shielding 

Qwpnsh:=4530-Watt. 
Qccinnsh := 1390-Watt 
Qccwnsh := 1230-Watt 
Qcconsh:=210- Watt 
QICSPnsh:= 1160-Watt 

QlCSPnsh := 1280-Watt 

Volumes of Specific Regions (Per 2-Coil Module"): 

VICSin ;= |4-i-Base-Hiti- Holes- 2-Stove+ B a s e - L e g s - Holes2|- 1-in 
\ 2 2 } 

VICSo := |4-i-Base-Hito- Holes- 2-Stove+ B a s e - L e g s _ Holes2)-l-in 
\ 2 2 / 

VCCin := (Nosi 4- 4-Hypi-CCwd + Ouflg)-1-in 

VCCo :=(Noso + 4-Hypo-CCwd+ Outlg)-1.5-in 

VCCs;=4^ - • [ [ ( R i o - 1.5-in)2- ( R l i - l-in) 2] + [ (R2o- 1.5-in)2- (R2i- l-in) 2]] + 2-Legs-CCht 1.5-in 

VWP:= - • [ [ ( R i o - 1.5-in)2- ( R l i - l-in) 2] + [ (R2o- 1.5-in)2- (R2i- l-in) 2]] + 2-Legs-CCht (CCwd- 3-in)-2 

VCICC :=(Ai + Ac)-(n-2-Ravg+ 192.6-in)-84 



Nuclear Heating ( cont'd): 

The allocated heat load to be applied to the FE model as a boundary condition is as follows: 

With Port Shielding 

Winding Pack 

Winding Pack (CICC 
only) 

TF Case - Plasma Side 

TFCase- Side Walls 

TFCase- Outer Side 

ICS - Plasma Side 

ICS - Cryostat Side 

Eddy Current Heating: 

Qwp 
VWP-nmods 

Qwp 
VCICC-nmods 

Qccin 

= 129.001 Watt 

W/O Port Shielding 

Qwpnsh . = 2 0 8 _ 7 0 5 . W a t t 

m VWP-nmods m 

= 560.952-Watt 

VCCin-nmods 

Qccw 

= 576.456--

m 

Watt 

Qwpnsh = 9 0 ? 5 4 . W a t t 

m 

Watt 

VCICC-nmods 

Qccinnsh = 6 5 6 _ 7 8 2 

VCCs-nmods 

Qcco 
VCCo-nmods 

QICSP 
VICSin-nmods 

= 228.761 

= 33.543* 

m 

.Watt 

' m 3 

Watt 

m 3 

VCCin-nmods 

Qccwnsh 
VCCs-nmods 

Qcconsh _ 
VCCo-nmods 

251.229 

m 

.Watt 

' m 3 

54.185 Watt 

m 

-? Watt =2.891-103 - - ^ 
m 3 

QlCSPnsh = 3 , 5 9 3 . 1 0 3 .Watt 

Q I C S C = 2 . 5 2 9 - 1 0 3 - ^ 
VICSo-nmods m 

VICSin-nmods 

QlCSPnsh 
VICSo-nmods 

m 

2.84-10; 3 Watt 

m 

Assumption: Most of the eddy current heating is located in the intercoil structure (outer leg region) 
near the corners of the large penetration. The heat load is to be distrubuted throughout the intercoil 
plate structure (including the coil case inner and outer wraps). 

EChl:= 1.4-103-Watt 

AECi:=Ain- Nosi 

AECo :=Aout - Noso 

QEC:= EChl 

QEC =255.501 

(AECi-1 • in + AECo-1.5- in)- 8 

Watt 

m 



Attachment C - Smeared Thermal and 
Structural Properties for the CICC Insulation 



Date: 1-12-95 
Filename: smerins .mcd 

Engineer: K. E. Grut 

TPX Smeared Insulation Properties 

This calculation determines smeared values for the thermal conductivity of the G-10 and Epoxy-glass 
insulation which is in between adjacent conductors. The orthotropic values for the epoxy-glass and G-10 are 
extracted form the TPX Structural and Cryogenic Design Criteria Appendix and the Materials Handbook for 
Fusion Energy Systems. The equivalent conductivity is derrived from the equivalent resistance for series and 
parallel conduction through a medium. The electrical circuit analogy is utilized to establish the equivalent 
resistance. The through thickness conductivity is derrived from a series circuit while the transverse 
conductivity is derrived from a parallel circuit. The end result is a set of orthotropic material properties for the 
smeared insulation scheme at 100K, 20K, 10K and 4K. 

Define Units; 

N=kg- m mmsl-10" -m lbsN-4.448 
sec 

Pa ,* -
2 

m 
JsN-m 

psiH6894.757-Pa MPaslO-Pa ksispsMOOO 

J 
ergs-

10' 
cals4.185-J W a t t s -

sec 

Geometry: 
bi:=.89in hi := 1.07- in 

bc:=bi- 2-w 
hc:=hi- 2-w 
ul :=l-in 
dxt:=.070-in 

Insulation Thicknesses: 

GP:=.226-in 

gep :=.054-in 
G10:=.016-in 

w:=.095in 

nbt :=— 
2 

Conduit external width, height, wall thickness 

Internal dimensions of conduit 

Groundplane Insulation Thickness 

Thermal Conductivities: 
Through Thickness Properties: 

Glass-Epoxy: 

kepj .22 Watt 

m 
G10 Spacer: 

kgl0 r=.35 Watt 
m 

kep,:=.15 

kgl0,:=.17 

Watt 
m 

Watt 

m 

kep,:=.l Watt 
m 

kglO, :=.12-Watt 
m 

ke P d:=.05 Watt 
m 

kgl04:=.06 Watt 
m 



Conductivities (Cont'd) 
Through Thickness Properties: 

The equivalent thermal conductivity can be derrived from the thermal resistance equation and electrical circuit 
analogy for a series circuit 

n:=1. .4 

keqttj =0.24 

keqxx =0.24*-

keqtt : =

2 - ( g e P + G 1 0 ) 

n gep-2 G10-2 
kep kglO 

Watt 
m 

Watt 
m 

In-Plane Properties: 

Glass-Epoxy: 

Watt k e p ^ . 2 9 5 -

keqtt2 =0.154 

keqxx =0.154' 

Watt 
m 

Watt 
m 

m 
kep 2:=.2- Watt 

m 

keqtt3 =0.104 

keqxx3 =0.104 

keqxx : 
gep-2 G10-2 
kepn kgl0n 

Watt 
• keqtt =0 .052- W a t t 

m 4 m 
Watt keqxx =0 .052- W a t t 

m 

kep 3:=.15 Watt 

m 
kep 4 :=.l 

m 

Watt 

m 
G10 Spacer: 

kglO. :=.4 Watt 

m 
kgl0 2:=.2 Watt 

m 
kgl0 3 :=.16- Watt 

m 
kgl0 4:=.09 Watt 

m 

Cross Sectional Areas: 

At:=(2-dxt+bi)-ul 

Aep :=gep-ul 

AG10:=G10-ul 

Ain:=w-ul 

Parallel Circuit Analogy: 

For a parallel circuit: 

(kepn- Aep + kgl0n-AG10 )-2 + bc-ul-keqttn 

Keqip n, — Att:=(2-dxt+hi)-ul 

Watt Watt 
K e q i P l = 0 . 2 0 7 - = ^ = Q m Watt Keqip3 =0.091* 

2 m m m 

(kepn-Aep -t- kglOn-AG10)-2 -j- hc-ul-keqttn 

Att 
Watt Watt 

Keqip = 0.049* Watt 

m 

Keqxx1 =0 .212 -—- R = a i 3 5 . W a t t Keqxx3 = 0 . 0 9 3 . - — Keqxx4 =0.049 
^ m 

Watt 

m 

Smeared Elastic Modulus and CTE 
Elastic Moduli: 

Ein:=184-10-Pa 

Enb=108-10 9-Pa 

Incoloy 908 

Nb3Sn 



G10 (Orthoginal) 

EG10 W l :=33.1M0 9 .Pa EG10w2 :=35.37- 109-Pa EG10w3 :=35.7-109-Pa EG10w4 :=36.1-109-Pa 

EG10p1:=26.6-109-Pa EG10p2 :=28.48- lO^Pa EG10p3 :=28.76-109-Pa EG10p4 :=29.04- 109-Pa 

Egl0t:=1610 9-Pa 

Glass-Epoxy (Orthoginal) 

Eeppj :=26.83-109Pa Eepp 2 :=29.4- 109-Pa Eepp3 :=29.15-109-Pa Eepp 4 :=29.01-109-Pa 

Eept^s 17.12- 109-Pa Eept2 := 18.2-109 Pa Eept3 := 18.41-109-Pa Eept4 := 18.53-109-Pa 

Coefficient of Thermal Expansion: 
.0015 . .00172 . .00172 . .00172 oun, := <xin_ := am, := am. :=-

1' 298-100 2 298 -20 3 ' 298-10 4 ' 2 9 8 - 4 

a i n = 7.576-10~6 a i n = 6.187-10~6 a i n = 5.972-10~6 ain =5.85-10 _ 6 

1 z 3 4 

.0023 .00265 .00265 .00265 
ass. := ass_ := ass, := ass, :~ 1 298-100 2 298-20 3 298-10 4' 298-4 

assj = 1.162-10 5 ass 2 = 9.532-10~6 

_ . . . .00202 _ . n . .00237 _ . . . .00237 . . . . .00237 
aGlOp, := aG10p_ := aGlOp, := aGlOp. := 

1 298-100 2 298-20 3 298-10 4 2 9 8 - 4 

aGlOpj = 1.02-10"5 aG10p2 =8.525-10"6aG10p3 = 8.229-10~6 aG10p4 =8.061-10~6 

aOlOL := • 0 0 6 0 S aOlOL : = ^ ° ® L aOlOL := - i™?-aG10t . : , - 0 0 7 0 3 

1 298-100 2 298-20 3 298-10 4 2 9 8 - 4 

oGlOt. =3.056-10~5 oGlOt, = 2.51 M0~ 5aG10t = 2.438-10 - 5 aGlOt = 2.391-10~5 

1 2 3 4 

.0015 .00185 .0019 .0019 
rapP, : = o^PP-j : = a ePP* : = a e PPi : = 

1 298-100 2 298-20 3 298-10 4 2 9 8 - 4 

aeppj = 7.576-10 _ 6 aepp 2 = 6.655-10~6 aepp3 = 6.597-10~6 aepp 4 = 6.463-10~6 

.0045 , .00566 , .00576 t .00581 
aept, := aept,, := aept := aept := 

1 298-100 2 298-20 3 298-10 4 2 9 8 - 4 
aept x = 2.273-10 _ 5 aept2 = 2.036-10_ 5 aept 3=2-10~ 5 aept4 = 1.976-10_5 

Additional Winding Pack Geometric Attributes: 

Ro := .201-in wpw := 11.956-in 

Ri;=.106-in wph:=9.58-in 

ds =.0307-in ns =486 



Proportions of Areas: 

Cross Sectional Areas; 

Ai :=(2-(hi- 2Ro) + 2 ( b i - 2-Ro) + 2-n-Ro)-w 

Ac :=hc-(bc- 2-Ri) + 2-(hc- 2-Ri>Ri + it-Ri •2 

Area of Conduit 

Area of Conduit Interior 

Ast := ns Area of Conductor 

Atot :=(wph- 2-GP)(wpw- 2-GP) 

Proportions of Areas (Cont'd): 

Aepy :=gep-hi 

Aepx:=gep-bi 

Overall Area of Winding Pack 

Area of Insulation 

AglOx :=G10-bi 

AG10y:=G10-hi 

Atotx :=Aepx+ AglOx Atoty :=Aepy + AGlOy 

pAepx: 
._ Aepx pAglOx := 

Atotx 

, AglOx 
Atotx 

pAepy :=—— 
Atoty 

Cross Sectional Properties: 

In Plane Direction: 

p A G l O y : : ^ 
Atoty 

Etotx =pAepx-Eepp + pAglOx-EGlOw 

Etotx, = 2.827-101 0 -Pa Etotx, = 3.076-1010 -Pa Etotx, = 3.065-1010 -PaEtotx, = 3.063-1010 -Pa 
1 2 3 4 

atotx :=pAepx-aepp + pAgl0x-aG10p 
r6 atotXj =8.176-10 

Thru-Thickness Direction: 

n~6 atotx =7.082-10 , 0 , , n - 6 
2 atotx^ =6.97-10 

Etoty :=pAepy-Eept + pAG10y-Egl0t 

atbtx, =6.828-10 
4 

r6 

Etory1 = 1.686-101 0-Pa Etoty2 = 1.77-1010 -Pa Etoty3 = 1.786-1010-Pa 

atoty ;=pAepy-aept + pAG10yaG10t 

atotyj =2.452-10 atory2 = 2.145-10 atoty3 =2.1-10 

10 Etoty4 = 1.795-10 lu -Pa 

atoty =2.071-10 



Attachment D - Calculation of the Limiting 
Stress State at the Inboard Leg of the Coil Case 



Date: 4-25-95 
Filename: castuf.mcd 

Engineer: K. £. Grut 

Calculation of the Limiting Stress State at the Inboard Leg 
This calculation estimates the limiting stress for a linch thick plate loaded in bending with a 0.25 inch deep 
flaw. This does not indicate the maximum allowable flaw size, but does shows the relationship between flaw 
size and the limiting stress for 316LN base metal. For a flaw in weld metal the fracture tougness and allowable 
stress will be slightly lower. The limiting flaw size will be established at a later date during the detailed coil 
case and intercoil structure stress analysis. 

Define Units: 

N = k g — mm=M0" 3-m lb=N-4.448 
sec 

Pas— psis6894.757-Pa MPa=106-Pa ksispsi-1000 
m 

Material Properties: 

For 316 Stainless Steel at 5K the relavent material properties are 6: 

oys :=660-MPa E := 190-10 -MPa 

Fracture Toughness: 

CVN:=97-ft-lb 

psi 
lb" 

k : = . 3 7 5 - ^ 

Charpy Impact Energy 

Kc :=^k-E-CVN Kc = 120.516 •MPa-y/m 

Bending Stress in the Plate: 

For a side edge notch specimen with freely rotating ends, 
the governing equation is given by 
the following relationship. 

1 
rp:= — 

17.3-JI \oys 

Kc W:=l-in 

rp =0.613 *mm 

With the following values of "W", "a", (arbitrary): 

a:=.25-W 

W 

4H*im 

H+.HH 
The geometric correction factor Y(a/W) is: 

aef:=a+rp aw:=— 
W 

Y =1.13- 0.23-aw-t- 10.55-aw2- 21.72-aw3 + 30.39-aw4 

The allowable remote stress then becomes: 

Kc 
arem :=-

Tt-aef-Y 
arem = 514.398-MPa 
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