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SUMMARY

The application of NASTRAN to the structural analysis of the Tokamak Fu-
sion Test Reactor {TFTR) Toroidal Tield (TF) magnetic coils and their support-
ing structures are described in this paper. The primary applied loads on the
TF coils are electromagnetic and thermal. The complex structure and the tre-
mendous applied loads necessitated computer type of sclutions for the design
problems., In the early stage of the TF coil design, many simplified finite
element models were developed for the purpose of investigating the effects of
material properties, supporting schemes, and coil case material on the stress
levels in the case and in the copper coil. In the more sophisticated models
that followed the parametric and scoping studies, the isoparametric elements,
such as QUADY, HEX8 and HEXA, were used. The analysig results from using these
finite element models and the NASTRAN System were considered accurate enough to
provide timely design information. These analytical results were further con-
firmed by using the EBASCO developed isoparametric composite element.

INTRODUCTION

The TPTR, now under construction and expected to be operational by 1981,
will be the first Tokamak in the world to produce 1k MeV fusion neutrons and
3.5 MeV fusion alpha particles in a break-even experiment involving a deuter-
ium-tritium plasma. The information 4o be obtained from the TFIR project will
contribute to the effort aimed at the construction of demonstration fusion pow-
er reactors in the early 1990s. This would help meet our nation's energy de-
mands. .

The main components cf the TFTE are the large doughnut-shaped vacuum ves-
sel (or torus) which contains the plasma and the TF coils which generate the
magnetic field for plasma confinement (see Figure 1). There are 20 TT coils
(see Figure 2); each coil has kb turns of copper winding which are insulated
from one ancother. The coils are wrapped in epoxy and placed in a structural
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case (see Figure 3). These coils are supported near the machine's center
(see Figure 1) by an inner ring and column system and outboard of the coils
by outer shear-compression members (see Figure 4).

The coils are operated in a pulsed mode with the current incressed from
zero until the desired magnetic field strength is reached. The field is held
constant (flat top) for approximately 3 seconds before decreasing. The mini-
mun time between pulses 1s 300 seconds; the coils are required to sustain
300,000 full-power pulses, Heat generated by the electric current in the cop-
per coils is removed by cooling water flowing through the ceils et an inlet
%emperature of 109C (50°F) and an outlet temperature not more than 68,3°C

1559F).

The primary applied loads on the TF colls are electromagnetic and ther-
mal. There are two electromagnetic loads; one is due to the interaction of
the toroidel current and its field which results in a net centering force of
27 076 kN (6087 kips). The other electromagnetic load is due to the interac-
tion of the toroidal current and the Equilibrium Field (EF) which results in
a lateral moment of 11 890.0 kNm (105 240 inch-kips) (s e Figure 5). The
thermally-induced load is mainly due to temperature difference between the
copper winding and the coil case.

The complex structure and large applied loads necessitated computer-based
analysis for solutions to various design problems. In order to investigate
the effects of material properties, supporting schemes, coil cese material and
manufacturing tolerances on the stress levels in the case and in the coil,
simplified finite element models were developed and analyzed using NASTRAN.

In the more sophisticated models that followed the parametric and scoping
studies, isoparametric elements such as QUADL, HEX8 and HEXA were used.

This paper will describe the various finite element models that were used
in support of the coil design. In addition, the element types, size of each
model, multi-point constraints and cyeclic symmetry features of NASTRAN are
discussed. The analytical results and correlations among the various models
are also presented. A comparison of the results obteined using the common
NASTRAN isoparametric elements with results obtained using the EBASCQO-devel-
oped composite isoparametric element will be included.

FINITE ELEMENT MODELS

The finite «lement method was employed in the structural analysis of the
TF coils. Several models of the TF coill were generated during the preliminary
and the detailed design phases of the Tckamak Project. They can be catego-
rized as follows:

¢ Simplified 2-D and 3-D Models

e Detailed 3-D Model

¢ Detailed Local Models

e Detailed 3-D EBASCO developed Composite Element Model,
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The first group of finite element models (FEM) was used primarily during
the preliminary design phase, where numerous studles were conducted to achieve
an optimum TF coil design with respect to coil shape and coil support schemes.
Since the preliminary design phese i characterized by fast design changes,
the FEMs must be si- ple enough Tor modifications to be accomplished in a short
time and the results generated must meet the design objectives. The first
three FEMs, swnmerized in Table I, are considered as Simplified 2-D and 3-D
models, TF1G3D was later modified to include dynemic, fault and seismic anal-
yses,

Following the completion of the design studies using the Simplified Mod-
els, 8 preliminary design configuration of the TF coil assembly was subjected
to a more detailed stress analysis. The second generation 3-D model (TF2G3D
in Table I) was developed for this effort. This model includes the TF coil,
outboard inter-coil shear compression box and the inner rings attached to 1he
central column. Analytical resulis from this model had shown that the stresses
in the epoxy and the copper winding in the vicinity of the ring supports were
high, but this model was not fine enocugh to provide accurate results required.
Since the demand for design information in the epoxy, copper, coil case bolts
and the bolts in the yoke were of such a detailed nature, Detailed Local Mod-
els were developed. These models are summarized in Table I as TF3G2D, TF3G3D,
90° Yoke Segment, and Local Stress Concentration,

These models provided timely information for the TF coil design effort
from the preliminary design to a final design phase of the Tokamak Program.
In the meantime, a more sophisticated isoparametric composite element was being
developed. A model using the composite element was generated to confirm the
results produced by previous models using available NASTRAN elements, as well
as to verify the structural integrity of the TF coil.

A more detailed description of the above mentioned FEMs are presented in
the following paragraphs.

First Generation 2-D Model (TFLG2D)

The purpose of this model was to study the different coll shapes and to
invers lgate various support conditions,

The first generation 2-D model consisted of three different models: the
¢ircular shape, the dee shape and the tear drop shape, which was basically the
dee shape turned around. Due to the symmetric condition of the geometry, as
well as the loading (TF force), only one-half the coil was considered in this
model, along with its supports.

The colil was represented by a one-line model consisting of beam elements,
with the nose and outboard supports simulated by spring elements (see Figure
6). All of the beam elements had six degrees of freedom per element, while
the springs had two degrees of freedom per elemsut.

Tor all analyses, both homogeneous and composite section properties were
considered, along with the change of the cross section due to the wedge at the
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nose. These properties were calculated at the center of each member, while
aleso applying & factor of the ratios of the Young's moduli of the steel and
copper, in order to compensate for the different materials,

The model had support points along the horizontal line of symmetry.
These points were assumed to only have the freedom of horizontal displacement.
The supports at the outboerd inter-coill connections were simulated as horizon-
tal springs whose stiffnesses were calculated based upon the resist .2e capa-
hility of the connections in the horizontal direction. At the nose, the coil
originally had a wedge support where the side plates of the gsteel casing actu-
ally came in contact with the adjacent coils, providing resistance to horizon-
tal displacement., In later design, this was replaced by support vings coming
from a center column. All three models were considered with the wedge support,
and in addition, the circular shape model was analyzed -ith the support rings.
The values of these spring constants depended on the stiffness of such support.

Second Generation 2-0 Model (TF202D)

The purpese of this model was to understand the force and moment trans-
mitted from the copper winding, through the epoxy, to the steel case, as the
coil was subjected to the toroidal field force. This study included the ef-
fects of shear modulus in epoxy, the Young's modulus of the copper winding, and
the failure of the epoxy in shear,.

Due to the symmetric condition of the geometry, as well as the loading
(TF force), one-half of the coil with the supports was considered in this
model.,

The model consisted of three radii, with the inner and outer ones contain-
ing the steel casing grid points and the middle one for the copper grid points.
When the constant copper cross-section design was introduced, another radius,
coincident with the copper grid point radius, was added for additional steel
cesing grid points. This was needed in order to create a finer mesh to handle
the varying thickness of the side plates.

In the model, the steel casing, including cuter and inner flanges, and
the side plates were modeled as BAR (beam) and QDMEMZ (quadrilateral membrane)
elements, respectively. The copper winding was modeled as BAR elements which
connected the copper nodal points located in the middle of the coil., The ep-
oxy between steel casing and the copper winding were represented by ROD {beam
with pin connections) and SHEAR elements. The cross-sectional areas of ROD
and SHEAR elements were calculated based on the equivalent stiffness of the
epoxy in resisting the relative movement of the steel casing and the copper
winding in radial and tangential directions, respectively. The supports at
the noge and the outboard hox of the coll basically resisted the movement of
the steel casing in the horizontal direction and were modeled as horizontal
gprings (ELAS2).

Many cases have been investigated with this model and various support

schemes have been analyzed. The bond in the epoxy between the copper bundle
and the casing have been considered, as well as the case of nc bond in epoxy.
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Anslysis has also been performed Lo determine the redistribution of stresses,

moments, ond forces with varying msaterial and cross-sectionel properties.

This mndel has also been used to determine the effect of having a gap pebween

the coil and support rings. In addition, various analyses have been performed
using the constant copper cross-—section design.

The results obbtained from these analyses Included displacements of grid
points, loads in the copper, forces at Lhe supports, and the forces and
ptresses in the steel casing, copper, and epoxy. All of these results were
obtained for both toroidal field (TF) loads and for thermel loads.

First Generation 3-D Model (TF1G3D)

This modedt, shown in FPigure 7, was originally generated to investigate
support schemes for the TTF coil subjected to out-of-plane leading. Tt was
loter modified for dynamic (EF out-of-plane), faulted (TF coil short circuits)
and seismic analyszs., 'This coarse btype model was selected o avoid the expen-
slve computer cost usually incurred in mnalyses for dynamic and nonsymmetric
static loads. It was estimated that the effects of these loads are minon on
the stress in the critical region of the TF coils and the inner support struec-~
ture (ISS) compared with the normal operating electromagnetic static loads.
This model can give a gualitative comparison of TF coil and IS8 stress results,
and reasonably accurate results for reactlion forces at the support pedestals
and Tloor system. This section first describes the finite element model used
in the nonlinear dynamic analysis performed for the out-of-plane TF coil pulse
loading induced by the interaction of the EF coil magnetic field with the TF
coll electrical current field. and then describes the modifications mede to
this model in the seismic and faulted load analyses.

Dynamic Analysis Model - This model has taken inte account the geometric non-
linearity associated with the TF coil pedestal supports, which prevent hori-
zontal lateral displeczment of the TI" coil in only one direction. Structural
damping was also included.

Because of the geametric rotational symmetry of the TF coils, ISS and
floor system, a three-dimensional finite element model of a 36° segment of the
structure, composed of one-dimensional and two-dimensiconal Tinite elements,
was used in the analysis {see Figure 7). The model was sufticiently detailed
so that the effects of the TF coil pulse loading, seismic loads and fault
loads could be determined, but local struetural details, such as keyed and
bolted splices and cutouts, were not incorporated into the model. A total of
262 nodal poincs and 248 finite elements (1L1UQUADL, T6BAR, Y4RBAR, 12ROD,
2CELAS2) were used. .

The TF coils, reprezented by BAR elements, were connected to the support
pedestals by means of RBAR elements and CELASZ spring elements which take into
account the coll base pedestval stiffness. These connections provide horizon-
tal lateral locad transfer from the TI' coils to the pedestals. AL Lhese con-
nection points between coll bese and pedestal top, a nonlinear transient
force-displacement relsationship was defined to represent the nonlinear behav-
ior of the pedestal support system. This geometric nonlinearity is such that

2b1



the restraint ilmposed on the coil base is a function of the direction of the
relative horizontal lateral displacement between the coil base and the pedes-
tal. Physically, this restraint is provided by a snubber plate against which
one side of the coil base initially rests. The snubber plate location alter-
nates from side to side, from coil to coil. Under load, when the coil base
tends to displace such that it bears against the snubber, resistance to that
displacement is provided. When the coll base displaces awey from the snubber,
it can do so freely and without restraint.

The floor structure was modelled as a system of QUAD4 elements and BAR
elements. Connection of the pedestals to the midheight of the floor were made
with REAR elementis.

The TFTR structure is externally supported at the machine floor level by
connection of the outer edge of the machine Tloor to vertical columns and the
building floor system, and by connection of the inner edge of the floor system
to vertical columns. These external boundary conditions were incorporated
into the finite element model by fully restraining all degrees of freedom at
the outer edge of the machine floor (3 displacements and 3 rotations). The
vertical floor columns were not incorporated into the model because their ef-
fect on the analyses performed is negligible,

To simulate the symmetric behavior of the structure, bhoundery condition
relationships equating displacements and rotations at boundary grid points
were imposed,

Model Modifications for Seismic and Faulted Load Analyses - The primary modi-
fications made to the model for the seismic and faul* " Lo . d analyses were
related to the boundary con 'itions. Since these lo- were not rotationally
symnetric like the dynamic load, the symmetric bound. . condition used in the
dynamic analysis was not valid., HNASTRAN's cyelic symmetry features were used
to represent the entire 360° structure, including 20 TF coils. In order to
use the cyclic symmetric features, the non-linear connections between the TF
coils and the tops of the pedestals were removed. It was assumed that only
one out of every palr of coils was connected to the support pedestal. The
floor system, which has a minor effect on these analyses, was totally re-
strained to reduce the problem size.

Second Generation 3-D Model {(TF2G3D)

The first generation finite element models described in previous para-
graphs were used mainly in the preliminary design of the TF coil, in the selec-
tion of coil shapes, and finally in the baseline design. Having designed a
baseline TF coil, the next step was to perform more detailed stress analyses.
In order to support the detailed design phase of the TF coil, & more sophisti-
cated finite element model wasn required. The second generation 3-D model was
developed for this effort. This model is a three-dimensional finite element
model which includes ‘the TF coil, outboard inter-coil support box and the
iuwoer Tings attached to the central column support. The second generation 3-D
finite element model represents an 18° sector which includes part <. the ring
and column support, one coil, and two half shear-compression supports from
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each side of the coil {see Figure 8). The coil case is simulated by plate
elements (QUAD2, TRIAZ) with inplane and bending stiffnesses.

There are bl copper windings in each coil; they are electrically isolated
from each other and the coil case. The copper windings are represented by
four solld elements (HEXB)}, and they are separated from the coil case by the
epoxy and the electricel insulating material.

The center colwnn and ring supports and the outboard inter-coil shear-
compression boxes arve represcented by vlate elements. The TF coil finite ele-
ment model is supporied at the bottom of the coil., Thils pedestal support al-
lows the coil to move in the vpward direction {no hold-down) but supports the
welght and loads in the downward direction. In addition, the coil is allowed
to move laterally {perpendicular to the coil plane}, but is restrained by a
key in the opposite direction. Radially from the device center, the coil is
unrestrained. The coil nose area is connected in three directions to a -
ring system., The two outer rings ave in twrn atiaoched to the central cylin-
der only in the tangential direction, normal to the coil plane. The ilnner
rings, however, are rigidly connected to the central cylinders.

The cyclic symmetry capability of NASTRAN was used to effecl rie remain-
ing 19 sections of the TF coil system. The boundary points are defined as in-
put to the program. The computer Lime was excessive when eyclic symmetry was
used, Since the structural apalysis of the baseline configuration was mainly
using symmetric load, the multipoint constraints (MPC) can be used on the
boundary points and, therefore, one coil model is needed. The computer time
has been veduced considerably by using the MPCs. However, for unsymmetric
loading, the cyclic symmetry must be used.

The epoxy bond bhetween the copper and the coil case may have been sepa-
rated during the curing process. Iu order to simulate this condition in the
Tinite element model, the epoxy can have only compressive strength. When the
result shcwed any epoxy spring element that was in tension, the spring element
wis eliminated from the model. After several iterations, all spring elements
that were in tension were eliminated from the model. The results were vepre-
sentative of the no epoxy bond case.

The second generation 3-D TF coil finite element model has 1006 grid
points, 127h elements {h6& TRIA2, 524 QUAD2, 176 HEX8, 508 ELAS2), and 14230 de-
grees of Treedom. A typical run of this model, employing MPC btoundary condi-
tions, had used approximately 3000 system resource units (SRU) of computer
time, whereas a run using cyclic symmetry had used three times as much time.

There were several NASTRAW runs made using the 3-0 rwdel in direct sup-
port of the TF coil design effort. The erffect of different materiasls (e.g.,
titanium or steel) for the coil case and the inner support structure was in-
vestigated. Studies were done to vary the location and mumber of rings for
the central column support. Varying thicknesses of the coil outer flange was
also analyzed using the 3-D model,

The grid point forces and displacements, element forces, and stresses are
printed output from the WASTRAN run. Some of the results are usually sunma-
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rized manually to provide immedinte design information. However, the amount

of date remaining to be summarized was massive; therefore, it wes imperative
that a computer aided post-processing progran be developed. The output of
these FORTRAN programs was in both tabulated and plotted formats. Plots of
shear load per unit length for the inner and outer flanges were made. These
plots provided the designer with the necessary information for sizing the bolts
required for fastening the coil sideplate to the inner and ouler flanges.

These plots and tabulated data were subsequently used for fatigue analysis. In
addition to these plots, copper hoop stress, epoxy normal stress, and casing
membrane stress intensity were also plotied.

The copper stresses were printed in the basic rectangular coordinate sys-
tem; however, this was not convenient for evaluation. The latest version of
NASTRAN with the HEXA element has rectified this shortcoming. However, the
corner stress "jump" for the solid element was very disturbing. TFortunately,
the copper hoop stress was reasonably accurate when the M-corner HEXA stresses
were arithmetically averaged. This was perhaps due to the fact that there was
no applied load in that direction. In the radial direction, the HEXA stresses
cannot be simply "averaged". It was estimated using the grid point force out-
put. More experience is required for the interpretation of the solid element
stress output.

Third Generation 2-D Model {T¥3G2D)

Since the inter-laminar epoxy stresses from the second generation 3-D
model were obtained from a relatively erude epoxy/copper simulation, a more
detailed third generation 2-D model (TF3G2D in Table I) was developed. Sym~
metry required only half of the coil in the model (see Figure 9). Bar ele-
ments were used for copper layers and inner and outer flanges of the case. A
shear panel provided only shearing strength for the copper-to-copper and cop-
per-to-case interfaces. A rod element provided two degrees of freedom which
gave direct relative motion of the interfaces. An energy equivalence was made
to obtain a spring constant for the rod and s shear strength for the shear
panel. In addition to the elements in the bar-shear-spring model, a membrane
element was applied in TF3G2D. This type of element was used to simulate the
in-plane deformation and strength of the case side plates.

Local bending and tangential exlension of all grid points at both ends of
the helf coil were restrained due to symmetry. Rod elements provided horizon-
tal elastic supports at center colwm ring supports and connecting box sup-
ports. An energy equivalent was made for those rod eslements to obiain the
proper stiffness constants.

The number of nodal points for a representative model of this kind was
612, which resulted in 160k degrees of freedom. The two-dimensional elements
included 900 bars, 480 rods, 120 membranes, and 390 shear panels. Total num-—
ber of force units applied to the system, for magnetic force in static analy-
sis alone, was W34k, Number of varisble temperature grids was 58%. Average
computing time for each run was 648 system seconds on a CDC-6600 for three
loading cases.
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Third Generation 3-D Local Model (TF3G3D)

The third generation 2-D model described in the previous paragraphs was
used to investigate shear stress distribution in epoxy due to in-plane loads
(TF and thermal). The third generation 3-D local model (see Figure 10) was
used primerily for the study of the sheer siress in the epoxy and copper
stress due to in-plane and out-of-plane (EF) loads at the critical area.

To keep the model small enough to be analyzed in the current computer and
still render good critical stress data, a portion of the TF coil was analyzed.
This local mcdel consisted of the coil cut from horizontal zero degree plane
and approximately S5Sl-degree plane from the horizontal. By applying & symmet-
ric and an anti-symnetric boundary condition to the model, a cut was made to
the middle plane which was the separation of the reverse copper vinding by a
barrier strip. The barrier strip retained full capability of bonding; how-
ever, the bonding between the copper bundle and the case was removed except
where the compression vas developed by the combined loads. The nose support-
ing ring was simulated by springs in all directions. Brundary forces were ap-
plied to the Sh-degree cross section. These forces were obtained through
global 3-D model. Magnetic loads and thermal data were carefully distributed
to all grid points of the model. It was the thinner copper layer and the
flexibility of the layer in the other direction that made the uzage ol plate
elements in 3-D model. TF load applied to the model included a radial in-
plane load and a transverse out-of-plane load which squeezed the copper to the
barrier strip.

The differences between this model and the third generation 2-D model
were that plate elements were used in the 3-D model to represent copper lay-
ers, whereas bar elemenis were used in the 2-D model. In addition, solid el-
ements were used in the 3-D model for the outer flange, whereas bar elements
were used in the 2-D model. Due toc the geometric complexity and the thickness
variation of the outer flange, the solid elementi was used. Two types of solid
elements were used in the 3-D model. A HEXA element had eight nodal points at
the corners. Tach corner had three translational degrees of freedom. Two
HEXA elements used in the model had extra points along the edges for the
proper modeling of wedge transition. A WEDGE element had six nodal points at
the corners. Tach corner had three translational degrees of freedom. HEXA
elements were used also for the barrier strip. Plate elements used for cop-
per, side wall, and inner flange were QUADLs. A QUADL element had four nodal
points at the corners and each nodal point had five degrees of freedom. The
cooling hole stiffness was reduced by using offset capability of QUADW, Shear
panels used in the model were SHEAR's which were obtained from energy equiva-
lent. The shear panels had only shear capability and each panel had four de-
grees of freedom. These panels connected the copper layers in two ways. A
series of shear panels took the resistance of slip between copper layers in
tangential direction and the other series of shear panels prevented copper
from relative movement in the transverse ocut-of-plane direction. Finally, a
set of iwe degrees of freedom rod e.~ments provided compressibility of copper
layers and epoxy which wrapped copper layers and copper bundle. The connec-
tion between the outer flange and the side wall was accomplished with bars
and rods,
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The number of grid points in the system was 2,347. It had 10,761 de-
grees of freedom for symmetric load condition and 11,231 degrees of freedom
for anti-symmetric load condition. The number of total bulk data lines {(or
cards) was 14,894, Total execution time in SRU was 14,610 on a CDC-6600 for
three subcases and two subcombs by NASTRAN code.

TF Coil Yoke Finite Element Model

The yoke finite element model is a 90° segment (90° - 180°) taken from
the second generetion 3-D model. The boundary loads were based on the TF2G3D
model. The main oblective of the 909 segment yoke model was to ascertain the
bolt loads between the yoke and the coll case, and between the yoke and the
shear-compression box {see Figure 11). Revisions to the yoke model required
fewer manhours and computer usage time compared to the full coll model.
Therelore, this model was used for yoke design support and parametric studies.
The yoke model includes all elements associated with the second quadrant
(90° - 180°) of the second generation 3-D TF coil model. The coil case is
simulated by plate elements (QUADL, TRIA3) with inplane and bending stiff-
nesses. The copper windings are represented by 6 solid elements (HEXA); they
are separated from the coil case by the epoxy and the electrical insulating
material., Due to design ceonsiderations, the epoxy material between the cop-
per winding and the casing is assumed to take compression loads only, and has
no shear or tension capasbilities. The spring element (ELAS2}, which has two
degrees of freedom, is used to simulate these compression forces.

The Dbolt shear and contact stiffnesses are simulatel by using the spring
element (ELAS2). The yoke and shear-compression box are zinulated by plate
elements. A typical section is shown in Figure 11. The %wolt shear stiff-
nesses were calculated by assuming that the parent material had yielded to 2%
of the holt diameter, and thege stiffnesses were beamed to the nearest grid
points.

The coil case is made of steel; the gages at the side wall, outer and
inner flanges are 2.9cm (1 1/8 in.), 1k.6cm (5 3/bin.), 6.9em (2 3/bin.), re-
spectively. The shear-compression box and yoke assembly are shown in Figure 11.

The yoke model uses the NASTRAN multipoint constraints (MPC) at the
shear-compression box boundary points. The boundary loads at both 90° mnd
180° are calculated using the TF2G3D model.

The contact stiffness between the shear-compression box and the yoke and
the bolt axial stiffness are simulated by using spring elements. When the
contact spring elements are in tension, they are eliminated from the input
daeta set. When the bolt is in tension, the tensile stiffness is used.

The yoke finite element model has 616 grid points, 922 elements ana
3,696 degrees of freedom. The computer time usage is 1,500 seconds (SRU).
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Local Stress Concentration Model

The fatigue life requirement is one of the critical items in the TF coil
design. A better understanding of the peak stress (including stress concen-~
tration) distribution around the bolt hole of the coil casing is essential to
the estimation of the fatigue life. The primar; contributors to the peak
stress around the bol:t hole are the bypassing stress (hoop tension) and the
pin loads (both tangential and radial directions). Because of the complicated
nature of the casing geomelry, the effects of the by-paasing stress and the
pin loads are coupled. It implies that without knowing the load path around
the bolt hole, it is difficult to predict how much of the peak stress is con-
* “ibuted by the by-passing stress or by the pin loads. Therefore, a finite
clement analysis was initiasted to study the load path in the critical bolt
hole and predict the critical peak stress, The finite element model included
a segment of side plate with the critical bolt holes connecting the inner
flange.

The "Multilevel Superelements" approach available in the NASTRAN program
was clhisen in this analysis. The advantage of the superelement approach is
to allow a [ine mesh model near the eritical bolt holes, but a coarse mesh
away from the critical area without losing the accuracy. Moreover, it is only
required to have one fine mesh bolt hele model which can be repeated as many
times as desired to simulate a series of bolt holes.

Two mesh generators were written Lo automstically generate two separate
models. One is the coarse mesh model, designated as the residual superelement
(see Figure 12), which included & segment of the side plate, including the
holt holes away from the critical area. The other is the fine mesh model of a
typical bolt hole, designated as the primary superelemert {see Figure 13).
Then any number of the secondary superelement, which 1s similar to the primery
superelement, can be automatically generated. Figwre 14 shows the combined
geometry of the residual and primary superelements, and indicates the location
of two secondary supe ~elements. The mesh generators were programed to include
the parameters, such as diameter ol bolt hole, piteh of bolt hole, numbers of
Lbolt holes and the dimensions of the side plate segment.

The model is two-dimensional. The quadrilateral (QUADL) and iriangular
(TRMEN) plate elements were used in the residual superelement, while the
TRMEN element was used in the primary superelement. The QUADL element has
eight degrees of freedom, while TRMEN has six degrees of freedom.

The force boundary condition was used to deseribe the boundary at the
adges of the side plate segment and the pin loads acting on the bolt hole.
These data were obtained from the result of 3-D analysis (TF2G3D model). The
residual superelement model was used to check these applied forces for the
stetic equilibrium., The stresses in the side plate resulting from the equi-
librium check run were also compared with the 3-D result. The uniform radial
pressure distribution was assumed for the pin loads acting at the primary and
secondary superelements.

Three different loading conditions were considered for each model: pin
loads in both tangential and radial conditions, pin lecad in tangentisl direc-—
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tion only (shear key to take radisl shear), end no pin load. The "no pin
load" condition was not the real design option being considered. However, it
w#e included to approximately simuiate the condition if the friection took all
the shear lcads. TFor all loadling cases, the stress printouts plus the stress
contour plots for the maximum principal stress were cobtainied directly from
NASTRAN runs.

Composite Elemeni 3-D Model

This model uses the EBASCO developed 3-D solid composite elements for
heterogeneous material. These elements simulate the composite action of the
copper and epoxy bundle and also give detail stress information in both cop-
per and epoxy. The composite element is defined by 8 to 20 nodes.

The coil case was represented by composite elements with homogeneous
isotropic properties. There were two radial layers to represent the 5 3/h
inch thick outer flange. The yoke, inter-coll shear compression boxes, pedes-
tal support, and support rings at the nose were also modele? using the com-
posite element. The composite element TF coil model has 2567 grid points,

ThO composite elemerts, and 736 non-linear spring elements. Further discus-
sion and theoretical presentation of the composite element can be obtained
from references 1 and 2, respectively.

DISCUSSION OF MODEL RESULTS

Representative results from the previously described finite element mod-
els are discussed in the following paragraphs.

Figure 6 shows the various coil shapes represented by tie TF1GZD models.
The high energy requirements for the dee shape had eliminated it from further
consideration. The practical design difficulties of the inclined spring sup-
port for the tear-drop shape with Tl = T2 (see Figure 6}, and the large ten-—
sion jump which exists in the tear-drop shape with Tl # T2 have slso elimin-
ated it from consideration. Manufacturing simplicity of the cirecular coil and
its low~energy requirements were the important points for the selection of the
circular configuraticn.

Figure 15 shows the casing stress versus location and stiffness of the
double ring supperts for the circular coil., This was obtained by using the
TF2G2D model.

Using the TF1G3D model, a NASTRAN non-linear dynamic transient analysis
was performed for the 0.42 Tesla Strong Compression plasma off run 41 EF load
condition. This out-of-plane TF coil loading was applied to TF ¢oil nodes as
concentrated time dependent nodal forces. The load-time profile used is
shown in the normalized strong compression EF current of Figure 16. Both
dynamic and static analyses were made using the TF1G3D model. Comparisons of
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the stresses obtained from the dynamie and static analyses were made to deter-
mine the dynamic effect of the coperational EF loading. Typical stress multi-
plication factors for various parts of the TF coil structure vere less than
1.09 except in the area near the pedestal support. The factor is 1.18 at the
pedestal support, The tangential load transmitted to the floor at the pedes-
tal increases from 0 (static loads) to 60 kips (dynamic load). This is due

to the inertia load induced by the restraint at the pedestal. Similar re-
sults were obtained for the faulted load {one or more coil short-circuited)
and seismic annlyses. Both the faulted snd seismic loads have lititle effect
on the ceil, whereas the pedestal receives a significant amount of loads.

A plot of maximum shear stress in the epoxy due to the TF and thermal
lecads from the TFP3G2D model is shown in Figuwre 17. Since the model is 2-D,
epoxy shear stress due to EF load is not available; il can be cobtained from
the 3-D model TF2G3D (see Figure 18).

The design criteris used for the coil case is basically derived from the
ASME Boiler and Pressure Vessel Code. This code uses stress intensity, which
is defined as the largest algebraic difference between any two of the three
principal stresses., In order to facilitate the evaluation of coil case stress,
21l NASTRAN output for the TF2G3D model were post-processed aund presented in
both tabwlated and plotted formats. A typical plot of membrane stress inten-
sity is shown in Figure 19. A plot shown in Figure 20 was used by the designer
in the determination of bolt requivement (the bolts Tasten the coil side plate
to the flange).

Stress distributicons in various parts of the TF3G3D local model are shown
in Fipure 21, These results are for the early TT ceil, with titaniwum as cas-
ing material. This model was not re-1run for the latest configuration, since
at that time the composite element was avallable for model development. How-
ever, the results from the early coil configuration served as a benchmark for
the TF2G3D model.

The yoke load distribution calculated by using the yoke model is shown
in Figure 22,

The major principal stress and the maximum stress intensity (twice of
maximum shear) are presented in Table II. In general, the maximum principal
stress is the tensile stress in the tangential direction of the TF coil. The
stress level was nostly due to the by-passing stress; the radial pin load cen-
tributed about 15% to 18% and the tangential pin load contributed about T%.
The difference between the principal stress and the stress intensity was pri-
marily due to the bearing (compressive) stress of the pin loads. In load
cases & and 3, there were minor or no differences between the maximum prinei-
pal stress and stress intensity, since no radial pin loads were directly ap-
plied al the edge of the bolt heles.

The stress levels in the coil components from the Composite Element mod-
el and the second generation 3-D model are compared in Table III. Despite
the number of different model techniques used in these models, the stress
levels were fairly close.



CONCLUDNT MG REMARKS

There were sufficient WASTRAN J rgrostics used in all models described
in this paper such that good numerical results were obtained. Force balance
at the inner support structure and gselected coil nodal force balances were
perforined so that the confidence in these models was ascertained. Further-
more, the stress outputs from these models were compared and were found to be
relatively close. The analysis results from these finite element models and
the NASTRAK System were considered accurate enough to provide timely design
information.

The application of available NASTRAN elements to the Tokamak toroidal
field coil finite element models was considered very effective and the anal-
ysis results were acceptable. However, care should be taken in using the
spring and isopearametric elements. Some of the comments pertaining to these
elements are " isted below:

¢ The plate element has no inplane rotational stiffness. Special care
should be taken when 1t is connected to one-dimensional elements,

e The spring element used for non-colinear connection will induce un-
balance moment.

¢ The nodal force balance output does not include the "lock-in" force
induced by the thermal load.

e In e coarse model, the corner stresses for solid elements HEX8 and
HEXA are not reliable.

The effect of the local detail design, such as the bolt joint connection
between the sideplate and the flange, was neglected in the TF2G3D &nd other
simplified models described in this paper. This effect will be analyzed sep-
arately when design detail is available.
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Table I Finite Element Models
MODEL OBJECTIVES MODEL DESCRIPTION LOADS
2 COIL SHAPE SELECTION BAR, ELAS2 ELEMENTS TF
& COIL SUPPORT SCHEME ONE-HALF OF COJL WITH SYMMETRIC
L BOUNDARY CONDITION
a COIL SUPPORT SCHEME BAR, QDMEM2, ROD, SHEAR, ELAS2 TF
o EFFECT OF ELEMENTS
N INSULATION ONE-HALF OF COIL WITH SYMMETRIC
- BOUNDARY CONDITION
COIL SUPPORT SCHEME BAR, QUAD2, {QUAD4, ROD, ELAS2) TF, EF, DY-
=] DYNAMIC, SEISMIC, ELEMENTS NAMIC, SEIS-
& FAULT LOADS TWO COILSWITH ROTATIONAL SYM- MIC, FAULT
i ANALYSES METRIC BOUNDARY CUNDITION OR
CYCLIC SYMMETRIC FEATURE '
LOAD AND STRESS IN QUAD?, HEX8, TRIAZ2, ELAS2 ELEMENTS | TF, EF,
CASING ONE COIL WITH ROTATIONAL SYM- THERMAL,
UPDATE DESIGNS METRIC BOUNDARY CONDITION OR DEAD
= PROVIDE BOUNDARY CYCLIC SYMMETRIC FEATURE
= :COND FOR LOCAL
= *MODELS
 ESTIMATE STRESS IN-
SIDE COIL
STRESS IN THE COPPER BAR, SHEAR, ROD, QODMEM2 ELEMENTS | TF, THERMAL
S AND EPOXY ONE-HALF OF COIL WITH SYMMETRIC
& UPDATE DESIGNS BOUNDARY CONDITION
b INCLUDE TWENTY-TWO LAYERS OF
COPPER AND EPOXY INSULATION
DETAILED-STRESS IN {IUAD4, HEXA, WEDGE, SHEAR, ROD, BAR | TF, EF,
- THE CASING, COPPER, ELEMENTS THERMAL
e AND INSULATION AT ONE-HALF OF 54.7° SEGMENT WITH SYM-
% THE CRITICAL NOSE METRIC AND ANTI-SYMMETRIC BOUND-
= AREA ARY CONDITIONS AND BOUNDARY
FORCE FROM TF2G3D MODEL
W b=
S 2= BOLT LOADS AT THE QUAD4, TRIA3, HEXA, ELAS2 ELEMENTS | TF, EF
S= OUTBOARD SUPPORT 90° SEGMENT WITH THE BOUNDARY THERMAL
Eg (YOKE) FORCE FROM TF2G3D MODEL
2 '2 PEAK STRESS AT THE QUAD4, TRMEN ELEMENTS TF, EF,
] BOLT HOLE OF SIDE APPRNX 30° SEGMENT OF SIDE WALL THERMAL
TG WALL WITH BD'. ¢ HOLES MODELED
Foc MULTIPLE LEVEL SUPERELEMENT
g°F, APPROACH USED
W CONF!IRMS PREVIOUS EBASCO DEVELOPED COMPOSITE, SPRING | TF, EF,
S5 MODEL RESULTS AND PLATE ELEMENTS THERMAL
20% VERIEICATION OF
o= COIL STRUCTURAL
S INTEGRITY
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Tahle O Peak Stress Nesr Bolt Hole

STRESS IN MPa (KS1)

SCONFIG B IN. OUTER FLANGE 5% IN. OUTER FLANGE
TREgs MAXIMUM WAL MAXIMUM MAXIMUM
PRINCIPAL | STRESS PRINCIPAL | STRESS
LOAD STRESS INTENSIZY | STRESS INTENSITY
LOAD CASE 1 1036.3 1170.0 706.0 917.0
(PIN LOAD IN TWO (150.3) (169.7) (10243 (133.0)
DIRECTION)
LOAD CASE 2 872.2 872.2 578.5 637.1
(PIN LOAD IN TANG (126.5) {126.5) (83.9) (92.4)
DIRECTION)
LOAD CASE 3 807.4 807.4 526.8 526.8
(NO PIN LOAD) (117.1) (117.1) (76.4) (76.4)

NOTE: BOUNDARY FORCES WERE DERIVED FOR 3-D (TF2G3D MODEL) RUNS 2C26 AND 25338
FOR TF + EF + THERMAL LOAD.

Table III TFTR Coil Comparison of Maximum Stresses (Toroidal
Field, Equilibrium Field and Thermal Loads)

STRESS IN MPa (K1)

MODEL NAME

COMPOSITE ELEMENT
MODEL RUN SA-12A.2

TF2030 MODEL
RUN 2C238

MODEL CHARACTERISTICS

1) ALL SOLID COMPOSITE
ELEMENTS

2} COIL CONEIGURATION
12A

3) FINE GAID MODEL

4) 4-RING SOLID ELEMENT
SUPPORTS

5 UNBONDED CASING AND
CORE (NON-LINEAR
SPRING)

1} PLATE ELEMENT FOR
CASING, SOLID ELE-
MENTS FOR CORE

2] COIL CONFIGURATION
12A

3} FINE GRID MODEL

4] 4-RING PLATE ELEMENT
SUPPORTS

5 UNBONDED EASING AND
CORE {LINEAR SPRING
WITH ITERATION}

INNER 2623 2603

{36.6) (36.3}

CASING STRESS OUTER 2823 208.6
INTENSITY {424} {42.0}
{MEMBRANE & SIDE 283.4 262.7
BENDING) a4 {an.1)
COPPER HOOP STRESS -137.% -101.4
{-20.0 (-14.7}

EPOXY SHEAR STRESS (Rel 20.0 234
(2.9) (3.4}
FROM TF2G3D

AND TF3G20
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Figure 5 TF and EF Loads



ORIGINAL PAGE IS
OF POOR QUALITY

SPRING
CONSTANT Ky

M - RS .
(K4 AND Ky VARY)

CIRCULAR COILS

i winlet

"TEARDROP" COILS
Figure 6 Configuration and Support of Coils (TF1G2D)

INNER SUPPORT STRUCTURE SHEAR-COMPRESSION BOX
{PLATE ELEMENTS} [PLATE ELEMENTS)

&

COIL #2

PEDESTAL
SUPPORT
{SPRING ELEMENT}

COIL #1 [BEAM ELEMENTS)

FLOOR
{rLATE ELEMENTS}
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Figure 9 Third Generation 2-D Model (TF3G2D)
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Figure 11 90° Yoke Segment Model
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