
STRESS ANALYSIS OF PLT COIL

J. Frankenberg
Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08540

R.^Smith
Westinghouse Astronuclear Laboratory

Pittsburgh, Pennsylvania

-NOTICi-
I tk r«po« »if p:em«d •• •" aeeounl " ' , " ? " '
rf»niored by the Ui>ll«d Sui» Oovtn»»«. Nailhei
Se llnilri Sum roi il» l**«l 5 » » B W
Rettali* jnd »«loomeM Mml«ii««k». « «W «
th.ii employ«!, noi «my or Iheii colmano«,
•ubcontnctoii. or their employ«««. •»*«« any
warranty, e.pre« 01 ImpM. or w u i m i w le«il
Utility oi reipoiuibllity .'m Ihc accuracy, compietene«
or «filine» o( any information, apparali», produci or
pfoceu dilcloied. or leprocnli thai tu u«e wourf not
i«rriii«e privately owned rich».

Introduction

The toroidal field coils of tokamak de-
vices create a finld within the torus whose
strength varies inversely with distance from
the machine center. This field, crossing the
current in tha TP coils, creates a magnetic
pressure on the coil. The pressure produces
a net inward centering force, countered by
pressure on the wedge face, and a vertical
separating force, causing tensile stress across
the horizontal raid-plane. In the past these
forces have been analyzed by superposition
and beam theory.' Because of the size and com-
plexity of the PLT machine it was decided to
also initiate a finite element analysis of
the coil. This paper describes both methods
of analysis.

During a power test conducted in late
1974 and early 1975,2the toroidal fields were
powered to 35 kiiogauss, or 50% of full force.
The deflections me isured were much larger (nan
predicted by either analysis. This was due
in part to incomplete contact along the wedge
faces, which introduced a non-linearity at
low forces. However, the slope of the deflec-
tion-force curve at larger forces was also
higher than predicted by either analysis, by
factors of up to 7 and prompted a re-examina-
tion of both models.

The superposition model was modified
through the inclusion of shear and tension
affects. Calculation of a proper shear modu-
lus was complicated by the layering of copper
and epnxy. When this value was appropriately
determined, as described below, the deflection
output approximated the experimental data.

The finite element method of analysis is
described for the toroidal field load condi-
tions on the unsupported PLT toroidal field
coil with special emphasis being placed upon
model boundary conditions and assumed model
material property formulations. The analysis
results are shown to be very sensitive to the
amount of contact area at the wedging inter-
faces of the TF coils and the location of con-
tact between coils at the wedge face. Simi-
larly, the finite element analysis results
are shown to be sensitive to the material pro-
perty assumptions regarding the alternating
windings of copper and epoxy which form the
coil. Kith the assumption of material iso-
tropy, the finite element deflection predic-
tions are in very poor agreement with the ex-
perimentally determined values. When material
property modeling approximations are made to
characterize the anistropy of the coil, the
predictions can be made to agree with experi-
mentally measured deflections by a 'usting
the value of the shear modulus in ne laminate
weak direction.

Experimental Results

Marino has described the basic set-up and
results of the TF power test. The horizontal
and vertical bore deflections were used as the
primary points of comparison between predicted
and measured deflections. These deflections
were non-linear with force in the range below
10% of full force, but nearly linear with force
between 10% and 50% of full force, as is shown
in Figure 1, a typical curve of deflection vs.

force.

In developing the superposition theory
model, coil 4 was selected as typical, becaise
at 25% of full force its horizontal and ver-
tical deflections were within 0.001 inch of
the average deflections for all coils. The
increase in deflections between 10% and 50%
force was then multiplied by 2.5 to give ex-
trapolated full force deflections of .235 inch
vertically and 0.143 inch horizontally.

In developing the finite element method
model a different extrapolation was made.
Coils 8 and 18 were taken as representative.
These coils have above average deflections,
and their deflections were more fully moni-
tored for that reason. The tangent to the
curve at 50% force was taken, and this slope
was assumed to represent coil behavior. This
would put the 100% force deflections in the
range of .240 to .250 vertically and .112 to
.138 horizontally. At 50% force a strain of
12,000 psi was recorded at the central mid-
plane.

Beam Method

The basic method was described in refe-
rence (1) and consisted of numerically inte-
grating beam equations along the arc of the
coil mid-radius. The cross-sectional proper-
ties (area, moment of inertia) were calculated
at each of the twenty points used in the in-
tegrations. The wedge forces that restrain
the coils inward motion were modeled by 20
springs attached to the arc. The magnetic;
pressure was modeled as 20 point forces.

The program was written in Fortran for-
mat, using integrating and matrix solution
sub- routines from IBM's Scientific Sub-Rou-
tine Package. As set-up and run at Princeton,
on an IBM 360/95 the execution time was 16
seconds.

The original model gave forces, moments
and stresses. It was later modified to pro-
vide vertical and horizontal diameter deflec-
tions as a basis for comparison with experi-
mental data.
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The model was then modified to include de-
flections due to tension and shear. This
brought the model into reasonable approxima-
tion with the experimental results-

Two difficulties arose in picking a single
value of shear modulus to represent the coil cross-
section of layered copper and fiber-glass
epoxy. The first problem was determining the
correct way to combine the moduli of fiber-
glass epoxy and copper. The second problem
was determining the correct modulus for the
epoxy-fiberglass.

Compression tests at Princeton determined
E for the fiberglass -epoxy to be 1.14 x 106

psi.3 This gives a shear modulus of 4.4x 105

psi, assuming Poisson's ratio of 0.3-% How-
ever, shear tests on a laminate buildup simi-
lar to the PLT coil layup indicate a shear
modulus of 11 x 10'psi. "• This agrees with
data reported by M. Huguet of 8 kG/mm or
11.3 x 103 psi.s

To combine the shear modulii of copper a
and epoxy we define the effective shear modu-
lus as the average shear stress divided by
the shear deformation. The shear stress is
oqual transversely and longitudinally. The
deformation is the sum of longitudinal and
transverse components.

1)

2)

Jeff

The transverse deformation is inversely
proportionel to the sum of the products of
modulus (G.
sectional

3) >

G ) and percentage of cross-
area, (Pe, Pc) .

Table 1

EFFECTIVE SHEAR MODULUS
VS

EPOXY SHEAR MODULUS (PSI)

Gepoxy l.lxlO4 7.7xl04 4.4xlO5 6.4xlO6

G e f f 1.84xlO5 l.lxlO6 3.5xlO6 6.4xlO6

With other factors held constant the de-
flections predicted increase with decreasing
shear modulus, with the ratio of vertical to
horizontal deflection remaining constant.
This is shown in Figure 2.

The ratio of vertical to horizontal dia-
metral deflections decreases as the wedge
"spring" stiffness is descreased. This is
shown in table 2.

Decreasing the top height of the vertical
wedge supports increases deflection. The
ratio R = AD /AD decreases at first but the

y "
full trend is unclear and was not fully ex-
plored. See Table 3.

The bes'_ fit to the experimental data
extrapolated from coil 4 uses the full wedge
face contact area, an effective shear modulus

of 1.1 x 10 psi and the wedge stiffness cal-
culated by including the effects of fiber-
glass laminations, insulation and cooling
tubes. This predicts a full force vertical
diameter deflection of .233 and horizontal
diameter deflection of .143. The maximum
stress predicted is 32 Ksi, without the cen-
ter column. The maximum stress is at the
midplane of the inner leg, and is caused by
tension and bendinq.

2 (Pe Ge + Pc Gc)

The longitudinal deformation is propor-
tional to the sum of, percentage areas divided
by modulus.

4) ò L /pe Pc\
I Ge Gc J

With a little arithmetic we obtain:

5) Geff= 2 Pe Ge + Pc Gc

1 + Pe2+ Pc2 Pe Pc

Taking for the TF coil Pe = .116, Pc =
.884, and Gc - 6.4 x lu

6 we get table (1)

Table 2

EFFECT OF WEDGE STIFFNESS

(G 5.4 x 103 psi)

Run Wedge Stiffness

6/03/75 III 1.00

6/10/75 II .75

6/09/75 I .50

1.72

1.65

1.56



Table 3

EFFECT OF WEDGE HEIGHT

(G = 4.0X105 psi)

Run Wedge Height (in) ÛD /AD^

6/02/75 I 30.2 1.69

6/03/75 I 20 1.12

6/02/75 II 10 1.36

Finite Elément Analysis Method*
and Result Comparisons

The finite element method of analysis was
employed with the ANSYS general purpose compu-
ter program.6 The three-dimensional isopara-
metric element was used to define a one-fourth
geometric symmetric model of the toroidal
field coil shown on Figure 3. The dividing
pianos for symmetry are the horizontal and
vertical midplanes of the TF coil. The model
was constructed with 25 finite elements per
every four degree layer and with 45 layers of
elements to span the n radians of the half
coil. Two separate computer programs were
used, one for the node point mesh and finite
element generation,' and one for the force
and displacement boundary conditions at the
model node points.' The displacement boun-
dary conditions were zero deflection at the
horizontal midplane (Z = O) in the direction
normal to that plane, zero deflection nt the
vertical midplane (X = O) in the direction
normal to that plane, and zero deflection at
the wedge face plane (X' = 0 ) over the assum-
ed contact area in the direction normal to
that plane. The computer program described
in reference 8 computes the toroidal field
and makes the vector cross product of the TF
coil current with the field to evaluate the
three components of force at every node in
the current carrying portion of the toroidal
field coil finite .element model. The model
shown here was constructed to allow for com-
parisons to be made for: (a) the effect of a
low modulus epoxy material being present at
the wedge interfaces between coils and at the
interface between the two pancakes that form
the entire coil, (b) the effect of the varia-
tion or the uncertainty of the amount of the
wedge face contact area between the coils,
and (c) the effect of anisotropy from the al-
ternate layers of copper and epoxy in the
coil winding. These were selected as varia-
bles for the present analysis when it was de-
termined that a very simplified finite ele-
ment model did not agree with the PLT experi-
mentally measured TF coil deflections. This
initial finite element approximation Referred
to as Computation (8) in reference 9/assumed
the coil to be a homogeneous, isotropie struc-
ture wifn ideal wedge face contact./ Only the
Young's modulus was modified to reflect the
relative proportions of copper and epoxy. For
similar loading conditions, the experimentally
measured coil diameter changes were about se-
ven times that predicted by Computation (8)
on the horizontal diameter, and about two and

one-half times that predicted by Computation
(8) for the vertical diameter. The wedge face
contact area between coils was varied because
light was seen through portions of this reg-
ion on the PLT machine, at low field and the

' distribution of wedge face force is consider-
ed to have a significant influence upon the

resultant diametral distortions of the coil.
Fi rthermore, the non-flat wedge face surface
is the only explanation that can be provided
for the non-linearity of the experimental
load deflection curves. It is hypothesized
that as the centering force on the coil in-
creases, so does the effective wedge face con-
tact area; and as the toroidal field loads
increase further, those regions that first
make contact in the w<»dge area are loaded pro-
portionately higher than if the contact area
had been perfectly flat at first.

The amount of contact area and the loca-
tion of the wedge contact area was controlled
in the model by the node point selection for
the boundary condition of no displacement nor-
mal to toe wrdijo face. The .isuiuned variations
of wedge face contact area as related to the
ideal surface with 100% contact is shown for
the different models 8J through 8S on Figure
S3

The model for Computation 8 did not in-
corporate the thin layers of epoxy at the coil
vertical interface planes shown on Figure (3)
for the 8J through 8S models. The assumed
Young's modulus for the cpoxy was (1 x 10'psi)
6.89 GPa. The material property assumptions
for comparing the homogeneous isotropie model-
ing with an anisotropic approximation was the
following: the model for Computations 8,8J,
8K, and 8M assumed the winding to be a homo-
geneous isotropie structure with a Young's
modulus of (13.6 x 10'psi) 93.9 GPa.

For all of the materials, the Poisson
ratio was set at a 0.30 value. The models for
Computations 8N, 80, 8P, 8Q, 8R, and 8S assumed
the windings to have different values of Young's
modulus in the coil local R, 0, and X coordi-
nate directions, in the G and X-directions
the alternating layers of copper and epoxy are
acting in parallel. In the coil R direction, the ma-
terial layering acts in series. Based upon
the proportionate thicknesses of copper and
epoxy the Young's modulus for the different
directions were computed as:

6. E R = 42. GPa (6.1 x 106 psi)

7. E o = 102. GPa (14.8 x 10
6 psi)

These projwrties were input to Llio finito
element model in the global X, ï, Z coordinate
system by defining 23 different materials for
the finite element model as a function of the
local coil angle, 0. Material number one oc-
cupied the regions defined by O< O f 4 ' and
176vO<180°. Material number two occupied
the regions defined by 4°<0<8 l > and 172"4
O4176", and so on until material number twen-
ty-three occupied the region defined by 88°&
6 5 92°. T h e relationships used were:
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The value for the shear modulus, GYZ,
was assumed to bo the minimum value at all O
where it was further assumed that OYZ + GZY.
n.isod upon the above modeling assumptions, the
value for the shear modulus which was used in
Computations 8N and 8P was:

12. GYZ =16.1 GPa (2.34 x 106p*i)

i-'or the other comput.itional models 80,
80j 8R, and BS, the vaiuc of GYZ was forced
to t.ike on different input values as a mechan-
ism to make the predictions agree with the ex-
perimental measurements.

Tab"o 4 provides the comparison between
prcdicti:n models and the expérimental measure
monts for a TF coil current of 31 kA which
correspoi ds to 70% of rated current. The com-
pnrison between the finite clement model pre-
dictions nnd the experimental measurements is
actually a match of rato-of-change of deflec-
tion with respect to powor at 501 full force
(31 kA). This typo of comparison is made be-
cause the model predictions are linear. The
experimental deflection measurements on the
PLT toroidal field coils wore very non-linear
with respect to load over the first 15 kA of
power which corresponds to about 11* of full
force, nnd this non-linearity appears to be
non-existent at the higher power levels after
the w.?cîge face contact area« becomes constant
(by hypothesis). Further comparisons provid-
ed by Figures 4, 5, and 6 show the TF coil
diametral deflections to be very sensitive to
both the percent contact area at the wedge
f.ice and the assumed shear modulus, GYZ. The
Cn-iputntion BS with 50* wedge face contact
area, and with a shear modulus of GYZ » 10.3
GPa (1.5 x 10'psi) gave the best experimental
comparison. The slopes for some of the curves
shown on Figures 4 and 5 where there is only a
single data point were defined by recognizing
that for a zero wedge face contact area the
vortical diameter change of the coil should be
approximately equal to the horizontal diameter
change. This is reflected on Figure 6 by the
trend that the ratio of the diameter changes
is approximately 1.0 for no contact area on
the wedge face. No contact area here means
the coil is not wedging, but it is centering
against a support column.

Figure 7 is a plot of an observed trend
of predicted maximum stress versus the coil
horizontal diameter change. Compared to the
absolute value of experimental deflection at
31 kA the predicted stress is about 206 MPa
(30,000 psi). A strain gage at that location
during PLT power testing measured strains that
would correspond to a stress of about 83 MPa
(12,000 psi). Consequently there is wide dis-
agreement between the finite element stress
prediction and the reported strain gage measu-
rement on PLT.

Conclusion»

Roth methods of analysis eventually pro-
duced close approximations to the experimen-
tal data. In both cases reduction of shear
modulus was th* k«y to proper Modeling.

Other trends observed were:

1) an increase in deflection and
decreased ratio of vertical to
horizontal deflection, with
wedge surface contact,

2) a decreasing ratio of vertical to
horizontal deflection with decreasing
wedge stiffness.
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Table 4

FINITE ELEMENT MODEL RESULT COMPARISONS
WITH EXPERIMENTAL MEASUREMENTS

Model
Number

8
8J
8K
3L
8M
8N
8O
3P
8Q
8R
8S

Wedge
Area
(in.)

92%
86%
34%
34%
34%
86%
86%
34%
50%
56%
50%

Predictions

GYZ x 106

(PS«)

5.23
5.23
5.23
5.23
5.23
2.34
0.106
2.34
1.00
1.40
1.50

(in!}

0.009
0.012
0.074

-0.019
0.035
0.011

-0.053
0.085
0.063
0.050
0.059

A D v
(m.;

0.052
0.054
0.094
0.034
0.069
0.074
0.578
0.115
0.148
0.121
0.122

A D J , = Contraction of the horizontal inside diameter
ADy -• Expansion of the vertical inside diameter

SË = Axial stress at the location shown on Figure 7

* D H

5.44
4.30
1.27

-1.76
1.97
6.57

-10.7
1.35
2.35
2.41
2.06

SZ
(psi)

12,200
13,000
26,000
7,000

17,800
15,000
28,000
28,800
24,500
21,700
23,045

Absolute, Coii 8

Slope, Coil 8

Absolute, Coil 18

Slope, Coil 18

Experimental Measurements

ADH

(in.)

0.078

0.056

0.098

0.069

(in.)

0.144

0.125

0.136

0.120

•=£

N/A

2.22

N/A

1.75

Absolute = The total measured deflection
Slope = The change of deflecfion over the power range for the straight line tangent

to the experimental load deflection curve at Hie point of maximum pcwer
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ACTUAL WEDGE SHAPE

66.

— 55.118

Model
Number

8J

8K

8L

8M

8N

8O

8P

8Q

8fi

8S

% of Actual
Wedge Areoj

86%

34%

34%

S6%

36%

34%

50%

56%

50%

Nod« with UX1 = 0

1 to 67

1 to 30

30, 35, 36, 40, 41, 42
44 to 47, 4? to 67

3 to 6, 9 to 12, 15 to 18,
22, 23. 24, 28, 29, 30,
34, 35, 36, 40, 41 , 42,
46, A.7, 51, 52, 57

1 to 67

1 to 67

1 to 30

1 to 42

1 to 42, 44, 45, 46

1 to 42

TYP 4°

--*- Y

Fig. 3 The PLT Toroidal Field Coil One-Fourth Geometric Symmetric Finite Element
Model wiffi Indicated Boundary Conditions for Toroidal Field Load Stress Analysis
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Fig, 7 Finite Element Mode! Maximum Stress Predictions for the PLT Toroidal Field Coil


