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Abstract

A transient thermal/ electromagnetic stress analysis of the lamellae tungsten tile
design has been performed to determine if the design is adequate to meet the
maximum design load conditions of 12 MW/ m? uniform heat flux for 5 seconds
(single pulse, no Diverter Plate temperature ratcheting) , superimposed on the
electromagnetic body load due to eddy currents generated by disruptions. The
results show that the design is adequate, with the stresses in the tungsten
lamellae and the TZM molybdenum hardware less than the ultimate strength of

the materials at temperature.

Scope

This memo documents the analysis
of the final version of the lamellae
tungsten tile design. Earlier interim
designs, using swaged rivets, D-
cross section shoulder screws, or
square-cornered screw heads (some
tested in the High Heat Flux (HHF)
e-beam test facilities at Sandia and
Juerlich) are not included.

1. Introduction

The plasma-facing surfaces of the
mono-block TZM molybdenum tiles
presently lining the Lower Diverter
plates show evidence of melting and
cracking (Fig.1.1), due to the high
heat flux from contact with the
plasma, and the large

electromagnetic body loads from
disruptions.

An upgrade design has been
developed to extend the operating
pulse-on time rating of the tiles from
the present 1-2 seconds to 5
seconds, to better resist melting, and
to prevent cracking from disruptions.

The new design uses a tungsten (W)
lamellae construction to reduce the
eddy currents generated by
disruptions: the electrical contact
resistance between the Ilamella
reduces the currents that would exist
in a solid, mono-block design.

Tungsten was chosen for the lamella
material over molybdenum due to its
higher melting temperature (3400 C
vs 2600 C).



2. Model Description

Note: The finite element analysis
below was performed using ANSYS
Multiphysics 10.0 software. The solid
models used in the analysis were
created using SolidEdge v 17.

Detail drawings for the tile assembly
and all of its components are shown
in Appendix A.

As shown in the drawings, the
design consists of a stack of eight
4mm thick tungsten lamella, held
together with a TZM molybdenum
#1/4-28 shoulder screw and nut.

Countersunk holes in the endplates
and radiused heads on the screw
and the nut create line contact
between the components, minimizing
heat conduction and preventing any
bending moment from transferring to
the screw.

The cross section of the shoulder
screw is wedge shaped to create
area contact between the screw and
the mating angled surface of the
thru-hole in the lamellae. This allows
the temperature of the screw to more
closely match the local (hole
centerline) temperature of the
lamellae, so the screw can expand at
the same rate, reducing the stresses
both in the screw and the lamellae.

The tile assembly mounts to the
304L stainless steel Diverter Plate
using a #10-32 TZM molybdenum
cap screw and a stack of two Inconel
718 Belleville washers, located
under the head of the cap screw to
allow for the large difference in

coefficient of expansion (CTE)
between the screw and the Diverter
Plate.

A slot in the base of the lamellae
reduce the thermal stresses due to
the difference in expansion, top-to-
bottom, from the Ilarge thermal
gradient in the lamellae.

2.1 Solid Model Geometry

The full solid model, constructed
from the detailed drawings in
Appendix A, is shown in Fig. 2.1.1. In
addition to the tile assembly itself, a
section of the 304L stainless steel
Diverter Plate on which the tile is
mounted is included in the model.
Note: The expansion slot, machined
in the base of the lamellae to reduce
the thermal stresses, are highlighted
in the figure.

It is seen from Fig. 2.1.1 that a plane
of symmetry exists in the model,
coinciding with the axis of the
shoulder screw. Therefore, to save
computation time, the half solid
model shown in Fig. 2.1.2 was used
in the analysis.

Note: The Inconel 718 Belleville
washers (Fig. 2.1.2) used under the
head of the TZM mounting cap
screw are .394" O.D.,, .206"
I.D., .027" thick, and are available
from Key Belleville, Inc., P/N 1-5.3-
.7-718. The spring rate of the washer
is 2.39E04 Ibf/in.

2.2 Material Properties
The sintered powder metal (PM)

tungsten sheet used in the design is
from PLANSEE, and is made to their



material  specification  39.30.31
GFO016 part 7E, rev 5. The material is
provided hot rolled and fully
annealed.

The PM TZM molybdenum rod used
in the design is also from PLANSEE
(material  specification  39.20.40-
GR101 part 7E, rev. 5), and is also
hot rolled and fully annealed.

All the material mechanical and
thermal properties used in the
analysis, along with the source
references, are listed in Tables 2.2.1
and 2.2.2.

The stress-strain vs. temperature
curves for annealed TZM rod from
Ref. [4] are shown in Fig. 2.2.1.

The ultimate strength vs.
temperature curves for tungsten
sheet for several material conditions
(blue curve condition similar to
PLANSEE sheet) from Ref. [5] are
shown in Fig. 2.2.2 . The very high
temperature ultimate and yield
strength curves for PLANSEE sheet
(Imm thick) from Ref. [6] are shown
in Fig. 2.2.3. Crack heat flux vs.
temperature and number of cycles
for tungsten sheet for several
material conditions (W-PM condition
similar to PLANSEE sheet) from Ref.
[7] are shown in Fig. 2.2.4.

Combining the curves from the
above references, the vyield and
ultimate strength vs. temperature
curves used to evaluate the results
of the analysis are shown in Fig.
2.2.5.

2.3 Contact

2.3.1 Mechanical Contact

The mechanical contact used at
each joint in the model are shown in
Fig. 2.3.1.

Frictionless contact was used to
allow sliding between the lamellae
and between the base of the
lamellae and the Diverter Plate.

To prevent relative motion between
mated thread parts (see Figures
2.1.2 and 2.3.1), bonded contact was
used between the threaded section
of the TZM cap screw and the TZM
shoulder screw. Bonded contact was
also used to join the threaded and
unthreaded sections of the screws,
divided in the solid model to permit
application of the pre-tension loads.

With the large amount of frictionless
contact in the model, convergence
was an issue. To prevent rigid body
motion and to improve convergence,
rough contact (no sliding) was used
between the head of the cap screw
and the Diverter Plate. The normal
stiffness factor of the joint was also
changed to 9.0E-04 (determined in a
separate FEA model not included
here) to simulate the stiffness of the
Belleville washer stack .

2.3.2 Thermal Contact

The material combinations at each
joint in the model, used to determine
the thermal contact conductance at
the joints, are shown in Fig. 2.3.1.

From Ref. [8-10], for conforming
(flat) rough surfaces in a vacuum,
the thermal conductance at a joint is
a function of: 1.) the thermal



conductivity of the materials (function
of temperature); 2.) the contact
pressure; 3.) the roughness of the
surfaces; 4.) the hardness of the
surfaces (function of temperature);
and the vacuum pressure.

A survey of the literature produced
no published measured data for the
combination of materials,
temperatures, surface roughness,
and contact pressure present in the
design.

The thermal conductances used in
the model were determined using the
equations from Ref. [8-10], along
with the thermal properties data from
Table 2.2.2, and the surface finishes
specified on the drawings in
Appendix A. Note: The initial
average contact pressure at each
joint, required to determine the
conductance, was calculated
assuming a preload on both the
shoulder screw and cap screw of
250 Ibf (half compression of the
Belleville washer stack).

An example calculation for the W-
TZM joint combination is included in
Appendix B. The calculated thermal
contact conductances for all the
material joint combinations used in
the model are listed in Table 2.3.1.

Note: The thermal conductance
values used in the model have a
great effect on the calculated
temperature profile and the resulting
thermal stresses.

To accurately determine the thermal
stresses, the conductance values
must be known to within a factor of 3
or better. Since no published

measured values have been found,
and experience with calculated
values from Ref. [8-10] is limited for
refractory materials in vacuum at
high temperature, an in-house
thermal contact resistance test
facility is being built, to the
requirements of Ref. [11-13], to
verify the calculated values used in
the model.

2.4 Mesh

The mesh used in the analysis is
shown in Fig. 2.4.1. The ANSYS
automatically generated mesh
(shape checking controls on)
consists of 431272 nodes and
284700 elements (SOLID 187,
tetrahedron). Note: A model with half
the mesh density showed no
significant difference in results.

2.5 Boundary Conditions
2.5.1 Thermal Model

The boundary conditions used for
the nonlinear (radiation) transient
thermal analysis are shown in Fig.
2.5.1.

The plasma-facing surface has a
uniform applied heat flux of 1200 W/
cm?[14], and radiates to an ambient
of 22 C. The surface emissivity is .25
(tungsten [15]).

The base/ underside of the Diverter
Plate radiates to an ambient of 22 C,
and has a surface emissivity of .5
(304L [3]).

The uniform initial temperature is 22
C, and the pulse length is 5 seconds.
Note: This analysis is for a single



pulse, and does not include the
effect of Diverter Plate temperature
ratcheting with a series for pulses.

2.5.2 Thermal Stress Model

The boundary conditions used for
the nonlinear (contact) thermal
stress analysis are shown in Fig.
2.5.2.

The nodal temperatures are from the
last time step (5 seconds) of the
previous transient thermal analysis.

The faces on the symmetry plane
are constrained from moving in the Z
(plane of symmetry) direction.

The face of the Diverter Plate base/
underside is constrained from
moving in the X (radial) direction.

The broad face of the center
lamellae is constrained from moving
in the Y (circumferential) direction.

Note: The expansion joints used to
mount the Diverter Plate in the
vessel allow expansion in the
circumferential direction, but not in
the radial direction. Also, for the
large diameter vessel, the curvature
of the Diverter Plate is assumed to
be zero.

A pre-tension load of 125 Ibf (250 Ibf
for a full screw) is applied to the
halves of both the shoulder screw
and the cap screw.

2.5.3 Thermal Stress+ Emag Model
The boundary conditions used for

the nonlinear thermal stress + Emag
analysis are shown in Fig. 2.5.3.

The boundary conditions are the
same as for the previous thermal
stress analysis (see Fig. 2.5.2), with
the addition of the opposing pressure
loads applied to the plasma-facing
surfaces of the two end plates,
equivalent to the electromagnetic
loads generated by disruptions.

Note: The disruption event used here
is defined in Ref. [16] as the collapse
of a 1 Tesla poloidal field in 3
milliseconds crossed with a static 7
Tesla toroidal field.

This equivalent pressure load was
determined by a separate, simplified
finite element model and hand
analysis based on the procedure
outlined in Ref. [16] which are
included in Appendix C.

Note: The electrical conductance

ratio Bused in Ref. [16] and the
analysis in Appendix C is the ratio of
the bulk material conductance
(isotropic) to the effective
conductance in the direction across
the interface of the lamellae, reduced
for the electrical contact resistance
between the mating surfaces
(orthotropic).

Like thermal contact resistance, the
electrical contact resistance is a
function of the contact pressure and
also the temperature, roughness,
flatness, and electrical conductivity
of the two surfaces. A survey of the
literature produced no published
measured data for the electrical
contact resistance of W-W, W-TZM,
or W-304L joints. Since no published
data was available, electrical contact
resistance  measurements  were



made in-house [17] and used in the
electromagnetic load analysis in
Appendix C.

3. Results

3.1 Temperature Profile

The temperature profile at the end of
the 5 second time step is shown in
Fig. 3.1.1. The transient response of
the highest temperature node is also
shown in the figure.

The results show that the highest
temperature reached by the plasma-
facing W surface is 1914 C.

3.2 Thermal Stress Profile

The overall thermal stress profile at
the end of the 5 second pulse is
shown in Fig. 3.2.1. As shown in the
figure, the maximum stress/ highest
temperature combination on the
plasma-facing surfaces of the W
lamellae is 16042 psi at 1840 C.
From the strength vs. temperature
curves of Fig. 2.2.5, the stress is at
the ultimate strength limit of the
tungsten. This will be discussed
further below (see Section 4.
Conclusions).

Note: The high stress areas in the
304L stainless steel Diverter Plate
section of Fig. 3.2.1 are in excess of
the high temperature strength rating
of the steel [3]. It is recognized that
the Diverter Plate and its expansion
joint mounts must be redesigned to
match the increased power rating of
the tiles, but their redesign is beyond
the scope of the present effort. For
this analysis, the high stress areas in
the stainless steel will be ignored.

Fig. 3.2.2 is an overall side view
showing the Y axis (circumferential)
deformation. Fig. 3.2.3 shows the X-
axis (radial) deformation. From the
two figures, it can be seen that the
plasma-facing surface of the
lamellae expands much more than
the base surface, causing the faces
of the endplates to rotate relative to
the shoulder screw and nut. The
radiused contact faces on the screw
and nut allow only line contact and
prevent the rotation of the endplates
from applying a bending moment to
the screw, as shown by the lack of
bending of the screw in the figures.

Fig. 3.2.4 shows the thermal stress
profile in the W lamella shoulder-nut
endplate. From the figure, the
maximum stress/ highest
temperature combination is 23754
psi at 1601 C, and occurs in the 60°
countersunk face area along the line
of contact with the shoulder nut.
From Fig. 2.2.5, this stress is at or
slightly below the ultimate strength of
the tungsten. However, the stress is
extremely localized, and is a
Hertzian contact/ bearing stress
(compressive). For most materials,
the strength in bearing is 2-3 times
higher than that from simple tension
tests. Therefore, this stress is not
considered to be excessive.

Fig. 3.2.5 shows the thermal stress
profile in the W lamella shoulder-
screwhead endplate. From the figure,
the maximum  stress/  highest
temperature combination is 25466
psi at 1550 C and occurs in the 60°

countersunk area along the line of
contact with the shoulder screw.
From Fig. 2.2.5, this stress is slightly
below the ultimate strength of the



tungsten, and is also a bearing
stress, and is not considered to be
excessive.

Figures 3.2.6 and 3.2.7 show the
thermal stress profile in the TZM
shoulder screw and nut and the cap
screw. From the figures, the
maximum stress/ highest
temperature combination is 116250
psi at 380 C and occurs in the
shoulder screw, at the root of the
#1/4-28 threads. From Fig. 2.2.5, this
stress is above the ultimate strength
of the TZM. However, this highly
localized stress is the result of a
singularity/ sharp edge in the model,
and can easily be reduced by
radiusing the edge. Even a .015™
radius, a typical machining 'sharp’
corner radii minimum value, will
greatly reduce this stress.

3.3 Thermal Stress + Emag Profile

Fig. 3.3.1 shows the overall stress
profile for the combined thermal and
electromagnetic (Emag) load
condition. A comparison with Fig.
3.2.1 (thermal stress only), shows
that the electromagnetic load adds
little or no additional stress.

3.4 Minimum Emag Tipping Load

The lamellae of the tile assembly are
held to the Diverter Plate by the 250
Ibf (minimum) pre-tensioned cap
screw, resulting in a uniform
pressure on the mating wedge-
shaped faces of the shoulder screw
and lamellae. The  minimum
electromagnetic load required to
overcome this force and produce
tipping or rocking of a single lamellae
was calculated by hand (see

Appendix D) and the results are
shown in the free body diagram of
Fig. 3.4.1. The required tipping load
of 15.6 Ibf is approximately three
times the calculated electromagnetic
load from disruption, so tipping
should not occur.

4. Conclusions

The design limit condition, where the
maximum stress/ highest
temperature  combination  exists,
occurs on the plasma-facing
surfaces of the W lamellae: 16042
psi at 1840 C. From the strength vs.
temperature curves of Fig. 2.2.5, this
stress is at or slightly above the
ultimate strength of the tungsten,
which would normally mean the
design is inadequate.

However, several factors tend to
make this assessment conservative:
1.) the 12 MW/m? uniform heat flux ,
applied in the model as a square
pulse, actually has a ~ half second
rise and fall time that reduces the
total input energy, which should
result in lower temperatures and
thermal stresses; 2.) recent e-beam
melt spot tests from Ref. [18] (1.5
GW/m? for 3 seconds applied to a
@dlmm area) on free-standing
PLANSEE W-sheet produced no
macro-cracking in the sheet; 3.)
crack formation vs heat flux and
number of cycles tests from Ref. [7]
(see Fig. 2.4.4) on free-standing W-
sheet showed no crack propagation
after 1000 cycles at 35 MW/m?; and
4.) the high stress is located in a
non-structural area where cracking, if
it occurs, will not cause catastrophic
failure of the tile assembly.



For the above reasons, the present
W-lamellae tile design is considered
to be adequate to meet the
maximum design load conditions of
12 MW/ m? uniform heat flux for 5
seconds (single pulse, no Diverter
Plate temperature ratcheting). It is
recommended, though, that a full
power test of the assembly be

performed to verify the above results.
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