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Introduction

This document is a report submitted to Sandia National Laboratory to
fulfill the reporting requirements for work completed between the approximate
dates of August 1980 to August 1981. It is written in chapter form because it
was intended that it would be inserted into a larger Sandia report covering

the entire TDF design.



VII. Cavity Gas Response to Target Explosion

VII.A. Introduction

First wall survivability is a critical problem to all ICF reactor de-
signs.(l‘s) These problems are also important to the Target Development
Facility. The largest potential for damage to the first wall of a light ion
beam fusion cavity is not directly from the target explosion generated ions
and x-rays because they will be stopped in the 10-100 torr of cavity gas pro-
vided Z > 10. It should be noted that only "soft" x-rays, below about 1 keV,
are necessarily stopped this effectively.(7) Higher energy x-rays will tend
to penetrate deeper into the gas, possibly reaching the reactor first wall.
However, these "hard" x-rays should not greatly damage wall components because
of their long stopping lengths in the wall material. The deposition of this
energy into the gas creates a fireball which may propagate to the wall with
its possibly damaging overpressure and flux of radiant heat.(8'12) Since the
characteristics of the fireball are to a large degree determined by the propa-
gation of radiation through the gas, the heat fluxes and overpressures at the
first wall of the reactor may be controlled by the optical properties of the
cavity gas. In this section we show that a cavity gas of argon that would
have a pressure of 50 torr at 0°C mixed with 0-2% by volume with sodium vapor
can provide adequate protection for a reactor first wall. The argon can
easily stop the target generated soft x-rays and ion debris while the sodium
controls the opacity of the gas. In this section, we describe the numerical
techniques used in modeling these phenomena and compare the results predicted
by two different computer techniques: single frequency group and multi-

frequency groups.

VII-1



VII.B. Gaseous Mixtures of Sodium and Argon

We have studied the ionization and internal energy of mixtures of mona-
tomic gases and the interaction of radiation with such mixtures.(13,14) The
radiation stopping processes considered are photo-ionization, inverse
Bremsstrahlung, Thomson scattering and atomic line absorption. These
processes are assumed to act independently for each gas in the mixture.

Atomic transitions associated with radiation absorptions are assumed to obey a
semi~classical forma]ism.(ll) In this approximation, the scattering cross
sections for photo-ionization, inverse Bremsstrahlung, Thomson scattering and

atomic line absorption are, respective]y,(13)
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Here, e is the electronic charge, My is the electron mass, m; is the ioniza-
tion state of the gas atom of species i, hv is the energy of a photon in eV
and n is the principal quantum number. Tp is the temperature of the mixture
of gases in eV, No is the electron density, c is the speed of light and Z; is
the atomic number of the gas of species i. vg is the natural frequency of the

atomic line, AE is its width, H is the shape of the line and fn,n' is its
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oscillator strength. The total absorption coefficient for the gas becomes

Nn’i(m)(oph,i(v,n) +o0 5 (m)
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(VII-5)
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where Np ;(m) is the density of atoms of species i in the mt" jonization state
and with principal quantum number n.
We have considered gas mixtures that are assumed to be dense enough to

obey the simple form of the Saha equation,(ll)

ar3/2

I(m, + %) =T, 1n(—N;L> . (VII-6)

Here, I; is the piecewise linear continuous form of the ionization potential
of the ith gas species, and ﬁﬁ is the average ionization state of that
species. A = 6.04 x 1021 eV'3/2. Since Ny is the sum of the electrons ion-

ized from all of the gas species per unit volume, that is,
N,= T moN, , (VII-7)

where N; is the density of atoms of species i, we must solve a set of Saha
equations coupled through Ne. Physically, the Saha model assumes that ioni-
zation is balanced with three-body recombination so that when electrons are
added from additional ion species, ﬁﬁ for the original species decreases.

This effect is most important for species that contribute Just a small percent

to the total number of atoms, because the electron density is much different
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from the density that would be present if the other species were absent. On
the other hand, gases that make up a large fraction of the mixture will
experience close to the same number of collisions with electrons as they would
if there were no other gases present, so their ionization states will not
change much.

One important effect of this change in ionization states is the manner in
which the radiation mean free paths must be calculated. Two important

spectrum averaged radiation mean free paths are the Planck,

b == u___ (VII-8)
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where U is the integrated radiant energy density, U, is the Planck spectrum,
and Tp is the blackbody radiation temperature. If the ionization states of
each of the species were independent, so would be the absorption coefficients
for each species, neglecting such effects as additional pressure line broaden-

ing. The Planck mean free path could then be found from

I (VII-10)
run e )
74,5

where 21,4 is the Planck mean free path for radiation passing through gas type
i alone and zi is the independently calculated Planck mean free path. The

question of interdependence has been tested for a mixture of 1.8 x 1018 cm'3
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argon and 3.6 x 1016 cp3 sodium. The results of this test are shown for
various equilibrium (Tp = Tp) temperatures in Table VII-1. It may be noted
that the interdependence is most important at lower temperatures. Because the
discrepancy between %1 and 2i is so great at lower temperatures, it is im-
portant to solve a set of coupled Saha equations when one is dealing with
monatomic gases seeded with small amounts of other gases.

In addition to the total mean free paths, the energy density and ioni-
zation must be found for the mixture as a whole. The energy density is the
total internal energy divided by the total mass; that is,

jm
e = [IN{I(m) + T 1,03) + (L +maTp /(T NMg) . (VIT-11)

i j=1 i
Here, j, is the largest integer < ﬁ& and M; is the mass of an atom of species
i. The ionization state is just the totallnumber of electrons divided by the

total number of ions,
m=) N.m. /) N, . (VII-12)
i i

In Fig. VII-1, we show the Planck mean free path for 1.8 x 1018 cm'3
argon for concentrations of sodium ranging from 0% to 2% by volume. The
densities are expressed in terms of the partial pressure in torr the gas would
have at room temperature. From this graph, where the gas temperature equals
the radiation temperature, it is clear that low temperature radiation passes
through the gas very easily compared to high temperature radiation. This oc-
curs because photo-ionization, the strongest mechanism of photo-absorption,

cannot occur with photons less energetic than the ionization potential of the
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TABLE VII-1

INTERDEPENDENT AND INDEPENDENT PLANCK MEAN FREE PATHS

Nargon = 1.8 x 1018 cn3
_ 16 . -3
Neodiym = 3-6 X 1016 cm
T 21 L1argon £1sodium zi*
(eV) (cm) (cm) (cm) (cm)
0.4 128 6.87 x 104 16.0 16.0
0.58 34 2.38 x 104 4.79 4.79
0.85 50.2 243 11.7 11.2
1.23 44.9 10.5 64.9 9.0
*
1 1 L1
_—r = L]
21 zlsod1um zlargon
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Fig. VII-1
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Fig. VII-1. Planck mean free path vs. tem?grature for various concentrations

of sodium mixed with 1.8 x 10!8 cm=3 argon. Here the radiation is
in equilibrium with the gas at temperature T.
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gas. Since the ionization potential of argon is higher than that of sodium,
higher energy photons will pass through argon than through sodium so that the
addition of sodium to argon should decrease the low temperature mean free
paths. This effect is clearly shown in Fig. VII-1.

VII.C. Single Frequency Group Fireball Calculations

Once the optical properties of the gas are known, the physics of the
fireball propagation may be studied. (15-22) As stated earlier, the argon will
absorb most of the target generated x-rays and the ion debris in a small
volume, creating a hot fireball at the center of the cavity which is sur-
rounded by cold gas. Initially, the radiation mean free paths are long in the
fireball but short in the cold gas so that a wave of heat moves into the cold
gas by successive warming of layers of gas near the fireball. Initially this
heating wave, whose speed decreases with decreasing fireball temperature,
propagates more rapidly than the sound speed. As the fireball expands and
cools, the speed of the heating wave drops to the speed of sound and a shock
wave is formed which breaks away from the fireball. The fireball continues
expanding and cooling until the mean free paths for fireball radiation in the
cold gas are longer than the distance to the first wall, at which time the
fireball begins radiating its energy to the wall. This continues until the
fireball cools to the point where radiation is no longer emitted by the gas
and the flow of radiant energy ceases. The effect of decreasing the mean free
paths to low energy photons in the cold gas is to slow the propagation of the
radiation to the wall. Thus, by adjusting the opacity through variations in
the sodium concentration, one may control the total amount of heat radiated to

the wall per explosion and the rate at which this heat reaches the wall.
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At the University of Wisconsin, a hydrodynamic radiative transfer com-
puter code, FIRE, has been used to simulate this behavior in fireba]]s.(15'19)
FIRE is a one-dimensional hydrodynamics code that calculates the dynamics of
two fluids; the plasma at its own temperature and radiation at its own temper-
ature. The transport of the radiation fluid is flux limited and upstream
averaged.

A series of fireball calculations have been performed with FIRE for a
pellet explosion in a 1ight ion beam reactor cavity. The parameters used and
the results are outlined in Table VII-2. The calculations have been done with
sodium concentrations ranging from 0% to 2%. The most important results for
first wall survivability are the radiant heat flux and the overpressure.

These are shown for the largest (2%) and the smallest (0%) sodium concentra-
tions in Figs. VII-2 and VII-3, respectively. These results indicate that the
heat flux for 2% sodium is held very effectively behind the shock front, and
that the first wall has an insignificant temperature rise. On the other hand,
when the cavity gas is pure argon, the heat flux reaches the first wall long
before the shock wave does, and the heat flux reaches a much higher maximum.
From these two calculations, the effect of the sodium is evident, and this
becomes even more clear in Fig. VII-4, which is a plot of the total energy
radiated (Ey,¢), the maximum overpressure (AP), and the maximum heat flux
‘qmax) versus the sodium concentration. When the sodium concentration is less
than 0.2%, the wall response is most sensitive to sodium concentration so we
tried this as an operating point. The heat flux and overpressure for 0.2%
sodium are shown in Fig. VII-5. This case has important advantages over the
two previous cases because the maximum heat flux is low enough that the maxi-

mum wall temperature difference is tolerable (59.1 K for a 5.0 cm thick
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TABLE VII-2
PARAMETERS AND RESULTS OF FIREBALL CALCULATIONS

Wall Radius = 3 meters

0.1 eV

Initial Gas Temperature

1.8 x 1018 ¢p=3

Argon Density
30 MJ

Initial Energy of Fireball

Sodium Concentration (%)

0.0 0.1 0.2 1.0 2.0
Energy Radiated* (MJ) 2.04  1.44  1.40  1.17  0.93
Shock Pressure (MPa) .621 .640 .697 .873 .965
Max. Heat Flux to Wall (kW/cm?) 2.47  1.65  1.15  1.77  1.59

* Energy radiated to first wall in the first 1.5 msec following the target
explosion
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stainless steel wall), while the heat reaches the wall in a very broad pulse
so that significant energy can be extracted from the gas. For all three
cases, a reactor wall can be constructed to survive the structural problems
associated with the overpressures.(23)

VII.D. Multifrequency Fireball Calculations

Additional multigroup radiation, two temperature (T, = Ty, T, # Tp)
thermal transport/hydrodynamic ca1cu1ations(20) have been done for the gas-
filled reactor cavity approach to particle-beam fusion, using the 1-D
Lagrangian code CHARTB.(24) This code assumes a Rosseland mean opacity for
each energy group of photons with the Planck mean opacity equal to the
Rosseland mean if sufficient numbers of groups are used. The multifrequency
opacity data were supplied by LANL.(25) A multigroup treatment allows us to
obtain the x-ray spectrum as well as the total heat flux at the first wall and
provides a more accurate opacity representation, since the opacity can vary by
many orders of magnitude as the photon energy changes, as shown in Fig. VII-6.

Initial scoping studies(21’26) at Sandia National Laboratories, assuming
no hydrodynamic effects (i.e. without convection) and a single radiation
group, showed that the transport of the non-neutronic energy to the wall is
slow. Qualitatively, the more accurate single-group calculations at the
University of Wisconsin and the Sandia multigroup calculations confirm this
previous result., We find that both air and argon act somewhat like large
thermal capacitors, absorbing non-neutronic pellet energy rapidly and releas-
ing it over many milliseconds. For example, the 10 ns x-ray pulse in the
absence of gas protection is converted into a pulse of approximately 0.1 ms

duration at the first wa]].(ZZ)
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Fig. YII-6. Attenuation coefficient for argon as a function of photon enerﬂy (in

' eV) at a material temperature of 1 eV and a density of 1 x 10~% g/cm3.
Values for photon energies below 13 eV were obtained from Group T4
at Los Alamos National Laboratory (cf. ref. 25). Above 13 eV,
analytic fits to the Nuclear Data Tables are used [E. Storm and H.I.
Isreal, Nuclear Data Tables A7, 565-581 (1970)].
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Deposition of non-neutronic energy from the pellet implosion produces a
hot, optically thick "fireball" of small radius in the gas-filled chamber.
Multigroup simulations were performed using the following initial conditions:
50 torr of a gas at 750 K with 23.5 MJ of energy absorbed in a 40 cm radius.
For argon, such an absorption length corresponds to a blackbody spectrum of
approximately 1 keV from a 75 MJ yield pellet, omitting only the high energy
tail of the spectrum; the ion debris is stopped in < 1 cm.

If argon is used for the gas fill, the radiation energy reaches the wall
in two distinct pulses (Fig. VII-7). The first pulse, from absorption in the
radiation preheating layer just outside the fireball with emission of 4-10 eV
x-rays, contains little energy (120 kJ) and produces a 3 kw/cm2 flux at a
four-meter radius first wall. Though this is done for a four-meter radius
cavity, the same general results should apply to the three-meter case. The
second, longer pulse (0.1 ms) is from radiation cooling of the whole gas once
the fireball becomes optically thin. This pulse contains 17 times as much
energy, produces a peak average wall flux of 10 kW/cmz, and is composed mainly
of 1-4 eV x-rays. The radiation front reaches the wall before the shock is
driven outward into the cold gas by the higher pressure in the fireball. If
we had included the high energy tail of the x-ray spectrum and the small
fraction (< 1% of the beam energy) of Bremsstrahlung x-rays produced directly
from beam target interactions, a third, much earlier pulse (at ~ 10 ns) would
be seen.(7) These x-rays pass through the chamber gas without being absorbed;
they penetrate into the wall and hence are less damaging to the surface.

Using a single group to represent radiation and the same initial condi-
tions, similar simulations have been done at the University of Wisconsin.(4)

These calculations do not observe the earlier, shorter pulse of x-rays. The
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CALCULATION OF RADIATION EMISSION AT ALL FREQUENCIES YIELDS

—= X-RAY FLUX AT FIRST WALL

—— SHOCK OVERPRESSURE AT FIRST WALL

36 ', SHORT PULSE OF X—RAY ENERGY
KJ/eV | | +FROM ABSORPTION NEAR TARGET WITH
0 —_— ( EMISSION OF X-RAYS THAT REACH
' 5 10 FRST WALL

PHOTON ENERGY (eV)

o <MAXSFLUX=3 kW/cm? AT 0.05 msec
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Fig. VII-7. The x-ray pulses seen at the four-meter first wall as a result of
23.5 MJ deposited in 50 torr, 750 K argon. The initial fireball
size, 40 cm, corresponds to a 1 keV blackbody.
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second, longer pulse produces roughly the same magnitude of flux as in the
multigroup calculations, but occurs at about 0.1 ms rather than 0.45 ms. The
fact that the single frequency group calculations do not produce the first
pulse of x-rays is not of great consequence, because they only provide 6% of
the radiated energy. Figure VII-7 shows that the later pulse is basically of
a blackbody spectrum, which is the basic assumption in the single frequency
group code. Thus the multifrequency group calculations seem to indicate that
at a particular density of 1018 cm'3, the single frequency group calculations
are adequate for first wall design studies.

It is important to keep in mind that these quantitative results, obtained
using both single group and multifrequency opacities, depend very strongly
upon opacity va1ues(25) for materials in the ground state. Calculations in
this regime (< 1 eV) are uncertain and mean free paths can be wrong by a
factor of a hundred.(27) In addition, the conclusions obtained from these
thermal transport simulations can depend strongly upon chamber radius, pellet
yield, and the fractional distribution of the thermonuclear yield between the
neutrons and the x-rays and ion debris; i.e. the 0.2% sodium case may not be
the appropriate one to effectively protect the first wall if a different set
of these parameters is envisioned.

If the'gas density becomes lower, there will be more prompt x-rays
getting through the gas and the spectrum of the radiated photons will less
closely resemble a blackbody spectrum. There has been recent speculation that
the cavity gas density may have to be reduced by an order of magnitude to
allow the proper formation of beam channels. If this is the case, the single

frequency group calculations may no longer be a valid treatment of the
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fireball physics and multifrequency calculations may be required, especially
to calculate the propagation of radiation out through the beam channels.

VII.E. Conclusions

We have presented calculations of fireballs propagating through a three-
meter radius cavity filled with 1.8 x 1018 cm™3 argon, which has been seeded
with various concentrations of sodium vapor. We have described the care which
must be taken when considering the equation of state of a gas mixture and have
shown that the opacity of argon to low energy photons can be greatly increased
by the addition of small amounts of sodium. We have demonstrated that the
variations in the opacity give us control over the radiant heat flux and over-
pressure on the first wall.

The case of 0.2% sodium is most closely studied as a candidate for the
cavity gas, and it is found that the heat flux and overpressure are low enough
that a first wall design seems probable. The design and the resultant me-
chanical and thermal stresses are discussed in detail in Chapter IX.

Finally, we have shown that, at a gas density of 1.8 x 1018 cm‘3, the
single frequency group calculations adequately model the fireball propagation.
At lower gas density, we expect that multifrequency calculations would become

necessary.
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VIII. First Wall Mechanical Response

VIII.A. General Design Considerations

One of the major influences on the mechanical design of the TDF first
wall is the shock wave generated by the fireball. The associated heat flux is
also a key issue and is considered in the following chapter. The shock wave
effectively imparts a dynamic pressure to the first wall and should be rather
uniformly distributed over the surface. If the first wall structure is
modeled as a perfect isolated thin cylindrical shell, then the radial pressure
distribution will be sustained by uniform circumferential normal stress. In
other words, such a concept is essentially a thin-walled tube in which the
pressure generates "hoop stresses" and complimentary axial normal stresses.
Accounting for distributed mass and elasticity for this model will lead to
dynamic response characterized by a "breathing mode" in which each cross
section remains circular, expanding and‘contracting in simple harmonic motion
following the mechanical shock.

However, such a representation is quite idealized. The inevitable
presence of external constraints in a practical design would preclude this
type of behavior. Structural supports, diagnostic entries, beam ports, etc.,
will result in flexural stress in the wall under pressure loading. Thus,
since flexural stress will be developed, a more realistic approach appears to
be a design in which flexural response is the basis for the modeling. A
component of the first wall is viewed as a flexural plate element appro-
priately supported at some orientation and distance from the cavity center.
The essential difference in the load carrying mechanisms for these two models
is shown in Fig. VIII-1. 1In the tube model, circumferential curvature and

free expansion allow for the development of uniform hoop stresses as reactions
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to the loading. If portions of the wall are restricted from expanding, the
displacements are nonuniform. Flexural moment and transverse shear are
developed as reactions to the pressure with radial forces transmitted into a
secondary structural system. The resulting bending stresses vary throughout
the plate in the radial, circumferential and axial directions.

The secondary structure can be based upon a number of systems. However,
since the overall shape of the TDF is cylindrical, a configuration of axial
stringers and circumferential ribs is a basic functional support system. A
typical section is shown schematically in Fig. VIII-2. While the vertical
stringers would directly support the plates, the ribs could either provide the
same direct support or be offset, encircling the stringers and contacting only
them. The latter design would be advantageous in a situation where it is
necessary to actively cool the wall, e.g., with flow over the back surface.

In this case the stringers will respond as structural beams while the ribs
function to carry the "hoop forces."

It should also be noted that a single plate may span a number of
stringers and perhaps all of the ribs if appropriate. A system of this type
lends itself well to the development of a modular design both for the target
development facility and a conceptual reactor. Individual module size would
depend upon additional factors such as maintenance, beam line characteristics,
etc.

Although the first wall of the proposed TDF is solid, a more efficient
component may be necessary in reactor applications. For example, a hollow
cellular plate, shown in Fig. VIII-3, can provide a flexural stiffness and
strength much higher than a solid unit of comparable mass when subjected to

transverse loading. In addition to these mechanical advantages, it would also
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be well suited for coolant flow through internal channels and offers a minimum
material thickness to neutrons for the promotion of adequate tritium breeding
in the blanket behind it.

Other variations in wall design details are possible. Individual plates
can be flat as previously indicated or they could be formed with the curvature
of the first wall centerline. The cavity radius is much larger than the plate
span, i.e. the horizontal distance between stringers. This implies a very
shallow curved panel which for most practical purposes can be treated as flat.
The differences in mechanical response between these two geometries should not
be significant.

On the other hand, if swelling or mean thermal strains become appreciable
and they are restricted by geometric constraints, substantial circumferential
stresses may be generated with subsequent buckling or other structural degra-
dation. Thus, it may be necessary to modify the proposed basic design to ac-
commodate such effects. An expansion joint system at the stringer support
Tocations would be one possiblity. A simpler design can be based upon indi-
vidual panels produced with additional curvature and the assemblage forming a
“scalloped" first wall configuration. Induced strains would change the curva-
ture slightly without generating large forces. A corrugated or creased panel
would serve a similar purpose, i.e., permitting material dimensional changes
without creating significant stresses. Whether concave or convex scalloping
is more adantageous remains to be determined. Figure VIII-4 shows configu-
rations for this scheme which is a preliminary concept at this point.

VIII.B. Plate Mechanical Analysis

First wall response analysis for mechanical shock loading requires

specification of a number of mechanical characteristics. These include
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identification of plate support conditions. At a supporting beam (e.g.,
stringer), it is assumed that a plate edge is very substantially constrained
by the joint or connection. The geometric conditions implied by this are
essentially the same as for a continuous plate spanning many beams at those
locations where it bridges such supporting members, i.e. rotations and rela-
tive edge deflections are negligible. Thus the unit analyzed is a rectangular
plate with so-called "clamped" or "built-in" edges all around. This may be a
single plate or it may be a subdivision of a large plate supported by a number
of ribs and stringers.

Radial pressure applied to the plate surface facing the cavity produces
circumferential normal stresses which are tensile at the edges and compressive
at the center. Axial normal stresses would vary in a similar manner in the
vertical direction. These flexural stresses are linear functions through the
thickness with equal but opposite values on the outside surface of the plate.
The relative side dimensions of the plate (aspect ratio) affect the magnitudes
of these stresses. Typical results are shown in Fig. VIII-5 for static uni-
form pressure. As expected, extreme stresses are minimized for a square
plate. Stresses vary as the relative side dimensions change but quickly ap-
proach constant values for aspect ratios greater than two. (It also follows
that for aspect ratios greater than two, the boundary conditions on the short
sides do not influence maximum stresses.) Since these limiting magnitudes are
not significantly greater than the minima, they can be conveniently used for
design purposes.

The dynamic analysis of the plate components can be developed by deter-
mining the quasi-static response and multiplying it by a dynamic load factor

(DLF), or more descriptively a dynamic load function, to give the
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corresponding response. Deflections and stresses are proportional and there-
fore the dynamic load factor may be used in either case. Under uniform impul-
sive pressure, plate response can be represented by a single degree of freedom
system and thus the results for this model can be used to simplify the dynamic
analysis. For example purposes, consider a linear undamped system with
effective mass m and stiffness K. If x denotes displacement and the exci-

tation (force) is F(t), a function of time, the basic equation for motion is
mx + Kx = F(t)

in which () represents a time derivative. Let Xg s io and w be the original
displacement, velocity and natural frequency, respectively. Defining

F(t) = Fphaxf(t), the static response is
= = 2
Xg = Fpax/K = Fpax/me® .

Thus the complete solution may be expressed as

t
X = X, cos wt + (X /) sin wt + xsw [ flt) sin ot - 1) dc .
)
Here t is simply a time integration variable. To continue the example, a
particular loading function will be specified. The pressure pulse for many

cases can be adequately represented by a ramp with rise time t,. followed by an

exponential decay as shown in Fig. VIII-6.
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For the first interval the initial velocity and displacement are zero.

Then the corresponding response is

X = (Xs/wtr)[wt - sin wt] t<t .

It follows that
DLF = (wt - sin wt)/wtr

For the second interval the initial values Xo and io are determined from

the preceeding results. With these and the exponential loading function, the

response leads to a corresponding dynamic load factor for t > t.:

[ kzlwz sin wt

DLF = - ] cos w(t - t.)
1+ k2/w2 wtr r
1 - cos wt
k/w r .
+ + ] sin w(t - t)
1+ kZ/Q?' wtr r
-k(t-t )
+ e "+ k) t>t

In general a number of computations are made to obtain design data.
Natural frequencies are calculated as a function of plate geometry terms.
Then the dynamic load factor is determined as a function of time for various
frequencies and excitation parameters k and t,. and the maximum values are
identified. Static deflections and stresses are then multiplied by the maxi-

mum DLF to produce maximum dynamic deflections and stresses. The general
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procedure and details can be found in University of Wisconsin Fusion Engineer-
ing Program Report UWFDM-322.

VIII.C. Specific Response Results

With the analysis of UWFDM-322 as a basis, a computer code, PSHAKE, has
been developed for the determination of frequencies, dynamic stresses and
deflections for solid and hollow plates of various materials subjected to
general time-dependent pressure loadings. This program has also been coupled
with the thermal stress code discussed in Chapter IX to produce the total
stress history in a first wall plate component.

Results presented here are for a solid ferritic steel (HT-9) plate having
a height, width and thickness of 200, 47.12 and 5 cm, respectively. The shock
pressure data from the fireball code is represented analytically to determine
dynamic load factors as described in the previous section. The data used for
this calculation are given in Table VIII-1. The fundamental frequency of this
component in flexure was found to be 1154 Hz. Figure VIII-7 shows the circum-
ferential normal stress profile across the horizontal midline of the cavity
side of the plate for a 200 MJ target yield. This distribution occurs during
the first cycle of motion when the plate experiences its maximum outward
radial displacement. The extreme tensile and compressive stresses are 66.4
MPa and 33.2 MPa, respectively. For the same case the circumferential stress
history is shown in Fig. VIII-8 for a point at the center of the plate surface
facing the cavity. Note that compressive stress is plotted above the axis
with peak value corresponding to the midspan amplitude of Fig. VIII-7. This
point was chosen for study since compressive thermal stress from the heat flux
will add directly whereas flexural and thermal stress will counteract each

other near the edges. The analytical form of the pressure pulse is
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Table VIII-1

Data for Mechanical Response Calculations

Cavity Radius 3m

Wall Panel Dimensions

height 200 cm

width 47.12 cm

thickness 5.0 cm

aspect ratio 4,24
Wall Panel Material Ferritic Steel (HT-9)
Energy in Fireball 60 MJ

Analytic Dynamic Pressure Parameters

maximum overpressure 1.126 MPa
t, 0.075 msec
K 3000 sec™t

maximum dynamic load factor 1.328
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superimposed to show its influence upon the response. It can be seen that
initially the stress response follows the pulse and subsequently develops into
free vibration. (Damping has not been included in these calculaions but is
currently being added to the program.) Also, the time history of transverse
displacement will correspond directly with that of stress. The maximum dis-
placement in this example is 0.013 cm.

In this case the flexural stress amplitude is rather moderate. This is a
result of the design parameters (i.e. plate dimensions) that have been chosen.
However, when it is>combined with thermal stress, sizeable values can be pro-
duced. The net effect of these two components will be shown in the next

chapter and the result used as the basis for fatigue 1ife determination.
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IX. First Wall Thermal Response

IX.A. Introduction

The generation of thermal stresses in ICF reactor first walls is a criti-
cal issue in cavity design.(l’Z) There may be large amounts of heat absorbed
at the inner surface of the cavity first wall over very short periods of time.
The magnitudes of the wall temperature gradients, and thus the thermal
stresses, depend upon the characteristics of the surface heat pulse as well as
the first wall geometry and material. As discussed in Section VII, the cavity
gas in the 1ight ion beam target development facility has a large effect on
the pulse of thermal radiation incident on the cavity first wall. By adjust-
ing the composition of the cavity gas, the thermal stresses in the first wall
may be controlled. In addition, by choosing a first wall material with high
conductivity and/or a Tow thermal expansion coefficient the thermal stresses
can be minimized. Also, a material with a large fatigue lifetime is desira-
ble.

Accompanying the thermal stresses are flexural stresses caused by the
large overpressure of the shock wave which hits the first wall. The details
of these mechanically induced stresses are discussed in Chapter VIII. The
time of occurrence of the thermal stresses may be adjusted relative to the
flexural stresses by tailoring the radiativelproperties of the cavity gas so
that the total stresses are minimized.

In this chapter, we describe the model used in the evaluation of the
thermal stresses. This model is incorporated in the TSTRESS computer code.
The accuracy of the numerical solution in TSTRESS is tested by comparison with

a problem with an analytical solution. Finally, representative thermal
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stresses are presented with the corresponding flexural stresses for various
choices of the cavity gas discussed in Chapter VII.

IX.B. Model and Computer Code Development

In the TSTRESS code we use a thermal stress model which is valid for flat
plates which are allowed to expand under heating. In this model, differential
expansion creates compressive stresses in the hotter sections of the plate.

In addition to differential expansion, we consider three other contribu-
tions to the transient stresses in the plate; swelling, irradiation creep and
flexural stresses. The flexural stresses are discussed in Chapter VIII and
will not be described in detail here. Swelling is caused by the formation of
voids in the material due to the fusion generated 14 MeV neutrons and adds to
thermal expansion. Irradiation creep is a deformation of the material which
tends to reduce the stresses in a material. It occurs when atoms are knocked
from their lattice points when the material is under a stress.

Including the effects of thermal expansion, swelling and irradiation
creep, the equation of expansion is written as

&= T+ 2s1 - Ly (1X-1)

where £ is a unit of length in the direction perpendicular to the plane of the
plate (the z-direction), a(z) is the coefficient of thermal expansion, S the
swelling rate and y(z) the creep rate. |

The differential expansion causes thermal stresses in the plane of the
plate (x-y plane). The equations governing the x and y components of the

thermal stress are
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Here h is the width of the plate, u is the shear modulus and v is Poisson's
ratio. u, a, and v may only be weak functions of position or there would be

terms in the derivatives of these parameters which would have to be added to

Eqns. IX-2 and IX-3.

In the model we have chosen, the membrane loads in the x and y

directions,

N, =/ dz o (z,t) (1X-4)

and
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h
= [ dz o (z,t) (IX-5)

Ny o y
are constant in time. This conservation of membrane load is tested in the
thermal stress code TSTRESS(3) by comparing N, and Ny calculated for current
stresses with those calculated at the beginning of the problem.

TSTRESS uses a finite difference method to calculate the transient
thermal stresses in the plate for given time-dependent temperature profiles.
The accuracy of TSTRESS has been tested by running a sample problem which has
a known analytic result. This test problem involves the thermal creep relax-
ation of a linear residual stress distribution through a flat plate. There
are no membrane forces imposed (N,=0, N ,=0) and swelling and irradiation creep

y
are ignored. The creep law is chosen as

°C _ 4 _
0= A o (1X-6)
where
A=1.5x 10 pel Loksitt (1X-7)

The initial Tinear residual stress profile is established by putting a time
independent linear temperature profile across the plate. The initial stresses

are then

- _ 2a{l+v)vaTz _
o, = qy = = | (IX-7)

where AT is temperature difference across the plate.
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As time advances the stresses for this problem may be written

analytically as

ox(z,t)

and

ay(z,t)

where

Figure IX-1 shows a calculation

have used the parameters

AT

[3BAt + ox(z,1;=0)'3]'1/3 (1X-8)

[3BAt + oy(z,t=0)'3i]'1/3 (I1X-9)
_ 1+v

B=u (T:Tﬁ . (1X-10)

of these stresses done by TSTRESS. Here, we

9.5 x 108 k-1
1.5711 x 104 ksi

0.33

5.0 cm

200 K .

These calculations show excellent agreement between analytic and TSTRESS

results.
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IX.C. Stresses in TDF

Using TSTRESS, the thermal stresses in the first wall of the Target
Development Facility (TDF) have been calculated. The fluxes of radiant heat
on the first wall discussed in Chapter VII and a simple temperature diffusion
code are used to calculate the temperature profiles. The wall has been as-
sumed to be a solid plate 5 cm thick, made of HT-9 and cooled at its back
surface to 300 K. For each choice of cavity gas composition we have calcu-
lated the thermal stresses in this wall.

The absolute magnitude of the thermal stresses is not the only issue
because the relationship between the thermal stresses and the flexural
stresses discussed in Chapter VIII is also important. The thermal stresses
are strongly compressive in a narrow layer at the front of the plate and
weakly tensile in the remainder of the plate while the flexural stresses
oscillate in time between equal compressive and tensile values. At the center
of the front face of a plate with clamped edges, the flexural stresses begin
as compressive while they are 180° out of phase at the clamped edges. Since
the absolute values of the flexural stresses should reach a maximum during the
first oscillation, the greatest total stress should occur at the center of the
front face.

In Figs. IX-2 to IX-4, we show the thermal, flexural and total stresses
at the center of the front face of a plate of HT-9 with clamped edges. The
stresses are taken to be positive when they are compressive. Plate parameters
are given in Table IX-1. These plots are for cavity gas compositions of pure
argon, 0.2% sodium and 2.0% sodium impurity concentrations. The argon density
is 1.8 x 1018 cn=3 and the pellet yield is 100 MJ with 30 MJ in the x-rays and

ion debris. It is clear that the worst case corresponds to 0.2% sodium with a
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Panel axial height
Panel span

Panel thickness
Reactor height
Chamber radius
First wall material

First wall type

Table IX-1
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maximum total stress of 125 MPa. This compares favorably with an allowable
maximum of 420 MPa, a Timit from HT-9 fatigue data for 5 x 104 cycles.

A calculation has also been done for a 200 MJ target yield in the TDF
cavity filled with argon with a 0.2% sodium impurity. This calculation, whose
time dependent stresses are shown in Fig. IX-5, predicts a maximum total
stress of ~250 MPa. This is again less than the allowable 420 MPa set by the
fatigue Tlifetime of the wall.

These results offer confidence that the first wall can survive the ef-
fects of thermal stresses. The worst case scenario with 200 MJ of fusion
yield, 60 MJ total in x-rays and ion debris, and 0.2% sodium concentration in
the cavity gas did not exceed the stress criteria for a fatigue lifetime of

5 x 104 shots.
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X. First Wall and Cavity Design

X.A. Introduction

The first wall and cavity of the Target Development Facility (TDF) are
expected to experience the same environment, on a single pulse basis, as the
ultimate 1ight ion beam fusion reactor (LIFR). Consequently, these are ele-
ments in the TDF design that are critical for many of the same reasons that
they are important in reactor applications. However, in almost all ways the
design of the TDF should be less demanding than a reactor. The similarity and
differences between the TDF and a LIFR cavity and first wall are listed in
Table X-1. As noted earlier the "per pulse" quantities are similar between
the two but the power generation, repetitive quantities are absent from the
TDF design. This eliminates a number of constraints from the first wall such
as heat removal and tritium breeding. The first wall thickness can therefore
be determined simply from strength of materials considerations.

The final engineering design of the cavity and first wall will require an
extensive systems analysis that investigates the combinations of parameters
that are expected in this experimental facility. For this conceptual design
we use the established approach of choosing a set of design parameters that
are our "best estimate" for a TDF. Using these parameters we design a first
wall that meets all constraints in a consistent fashion. We then explore
variations of this theme to identify parameters that strongly affect the
results. Such an approach is most meaningful, given the limitations of time
and resources. It necessitates the quantitative investigation of synergistic
effects while minimizing the very detailed design considerations of any single

component.
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Table X-1

Comparison of Target Development Facility and Light Ion Beam

Reactor First Wall and Cavity

TDF

LIFR

Expected lifetime is 103-10% shots
* Maximum stress per pulse and
fatigue considerations control
wall lifetime

* No first wall cooling

No blanket behind the first wall

* No tritium breeding

Wall thickness is determined only
from strength of materials consid-
erations

Target yield of 100-200 MJ

* Wide range of cavity gas charac-
teristics will be explored

Cavity gas must support channel
formation and ion beam propagation
on a single pulse basis

Cavity gas has essentially an

infinite time to cool between
pulses

* First wall must be chemically com-
patible with cavity environment

* First wall must accommodate diag-
nostics

X-2

010

Expected lifetime is 1 shots

* Maximum stress and fatigue coupled

to radiation damage control wall
lifetime

* Active cooling of first wall is

necessary
Blanket behind the first wall
Tritium breeding is essential
Wall thickness is determined by
strength of materials plus
neutronics

Target yield of 100-200 MJ

Narrow range of cavity gas
characteristics is expected

Cavity gas must support channel
formation and ion beam propagation
on a repetitive basis

* Cavity gas must be cooled to

reasonably low temperatures in a
fraction of a second or be pumped
from the cavity

First wall must be chemically com-
patible with cavity environment

Few diagnostics will be introduced
into the cavity



The constraints on the cavity and first wall design are given in Table
X-2. Several choices are implicit within this set of constraints. The shot
rate and operational lifetime of the facility have been chosen to be consis-
tent with the Military Applications program plan. It is expected that this
facility will cost $200 M - $500 M. It must be capable of testing several
targets per day to justify this cost. We have chosen to design the first wall
to survive for the lifetime of the facility. The target yield and number of
ion beams are chosen to be consistent with the current understanding of target
physics, driver development, and beam propagation. In this facility we choose
to propagate the ions from the diode to the target over a standoff distance of
several meters. This is in contrast to the PBFA facilities where a diode
structure internal to the cavity will allow ballistic focussing onto the tar-
get over a distance of 10-50 cm. The 10/day rapid shot rate precludes the use
of this method of beam focussing in the TDF for the target explosion would
certainly damage the diode structure and require its replacement between
shots. This would be prohibitively time consuming and expensive to replace.
It is expected that the targets will be cryogenic to help insure high yields.
The combination of cryogenic targets and a cavity gas to support the beam
propagation in channels requires that the targets be injected into the chamber
and that the channels be initiated by laser ionization of the gas. This
places constraints on the gas type. Finally, we require that the first wall
be as close to the target as possible to avoid excessively long channels. This
should minimize ion energy loss in the channels. However, if there is to be
bunching of the beam in the channels then there is also a minimum acceptable

length.

X-3



Table X-2

Constraints on the Cavity and First Wall

Wall Lifetime 5 x 10% shots
Operational Life 5 years

Target Shot Rate 10/day or 3000/year
Target Yield 100-200 MJ

Target Type Cryogenic

Number of Ion Beams 40

Channel Initiation Mechanism Laser Ionization
Cavity Gas Pressure 50 Torr

Cavity Gas Temperature 300 K

First Wall Radius Small As Possible

X-4



Detailed discussions of the cavity gas response to the target explosion,
first wall mechanical response to the shock overpressure and first wall
thermal response to the radiative heat flux from the gas can be found in
Chapters VII, VIII, and IX, respectively. The emphasis of this chapter is the
synthesis of these separate analyses into a consistent first wall design.

X.B Materials Selection and Fatigue Criteria

The first wall analysis for the TDF is centered upon the use of a ferrit-
ic steel as the structural material. To be specific, the material properties
of HT-9 have been used, Table X-3. Because fatigue data is not yet available
for HT-9, we have used fatigue data for a more common ferritic steel, 2-1/4 Cr
- 1 Mo. This data is plotted in Fig. X-1 as it appears in the nuclear materi-
als handbook. In addition to the basic data, we have plotted two curves that
represent a reduction by a factor of 20 in cycles to failure and a reduction
of a factor of 2 in total strain. The fatigue life criterion that we use is
then the more conservative of these two curves. This is the accepted criteri-
on of the ASME Boiler and Pressure Vessel Code. This data represents the
response of unirradiated materials. Radiation damage effects have not yet
been included in this analysis.

From Fig. X-1 we see that a total strain of 0.2% is allowed for a 1life-
time of 5 x 104 cycles and this is determined by the factor of two lower
strain criterion rather than the reduced cycles to failure criterion. In
addition to these conservative assumptions we have implicitly made two other
conservative assumptions. We have chosen to use the high temperature fatigue
curve even though the bulk of the wall will be operating at room temperature.
Secondly, the designed lifetime of 5 x 10% shots is a factor of 3 greater than

the number of full yield target shots. Two thirds of these shots will be
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Density

Modulus of Elasticity
Poisson's Ratio
Thermal Conductivity

Specific Heat

Table X-3

Properties of HT-9

X-6

7.62 gm/cm3
1.62 x 10° MPa
0.295

0.29 W/cm-°C
0.75 J/gm-°C
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tests of the pulsed power driver with no high yield target in place. For
these shots, the stress will be substantially less.

In fatigue studies, a cyclic uniaxial stress test is commonly used for
materials characterization. Figure X-2 shows one cycle of a typical program
in which o5 and o denote the alternating and mean stresses, respectively,
with Ao the stress range. Normal strain (e) is also used as the basic control
parameter instead of stress. Data from such tests is the basis for the
development of fatigue strength curves (i.e. the alternating stress or strain
amplitude (or corresponding range) as a function of the number of cycles to
failure, Nf). Portions of such curves are represented schematically in this
figure to identify the effect of mean stress: a compressive mean increases
the number of cycles to failure while a tensile mean has the opposite effect.

It is necessary to interpret the stress history calculated for the TDF
model for comparison with specific material fatigue strength curves. The
third part of Fig. X-2 is a schematic of the total stress history (thermal
plus flexural) at a point such as the center of the cavity side of first wall
panels. This represents, for example, three consecutive shots with the
assumption that flexural stress is effectively damped out between each. It
can be interpreted as response with a stress range of Omax and a mean stress
and alternating value both equal to omax/2+ If the advantageous effect of
compressive mean stress is ignored, then a fatigue life prediction should
consist of a comparison of the alternating amplitude, Omax/2s With the corre-
sponding alternating stress value from the particular material fatigue curve.
If the fatigue strength curve uses strain range, Ae, and assuming essentially
elastic conditions, then oy,,/2 should be compared with (Ae/2)E, or simply

Smax with EAe.
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Figure X-2
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The 0.2% fatigue strain 1imit corresponds to a uniaxial stress of 324 MPa
(48 ksi) zero to maximum. Hence, the combined effects of the thermal and
mechanical stresses resulting from the incident radiative heat flux and shock
overpressure must not exceed this value of 324 MPa.

In addition to the conservative use of high temperature fatigue data, a
factor of three greater number of shots than expected, and the ASME boiler
devaluation of the fatigue lifetime curves, it should also be noted that the
lifetime curves are plotted as the logarithm of the number of shots to
failure. Hence, any difference between the allowed stress levels and the
actual computed stress levels will result in a much longer lifetime. This
will be demonstrated later when representative values are used in this
lifetime analysis.

The chemical compatibility of the first wall and the cavity environment
has not yet been addressed. This will be dependent upon the pellet materials
and this information is not currently available. The neutron fluence experi-
enced by a 3 m radius wall over the lifetime of the facility is at most
9.5 x 107 neutrons/cm2 assuming a total of 15,000 shots at 200 MJ apiece. At
this fluence level we do not expect any significant radiation damage problems
that are so important in reactors when the fluence is at least 10° times
higher,

X.C First Wall Panel and Supporting Frame Concept

The first wall in the TDF design is treated as a structure which carries
the imposed dynamic pressure from the shock wave by flexural action. This is
more representative of an actual design than modelling the cylindrical struc-
ture on the basis of simple thin-wall tube (membrane) theory. The wall is

made up of component panels supported from behind by a rigid frame, Fig. X-3.
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Figure X-3
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The basic design can be modified to have curved panels, cellular panels with
internal cooling, scalloped panels, etc. These various design options will
all fall within the scope of this analysis and are discussed in more detail in
Chapter VIII.

Analysis to date has concentrated on the dynamics of the supported panel.
Future work will be directed toward the structural frame. For the base design
we have chosen to use a solid plate construction rather than the cellular
plate. The characteristics of a specific panel design are listed in Table X-
4. The panel is clamped at its vertical edges and is simply supported at its
top and bottom. It is 2 m in height and has a span of 47.12 cm. Because the
cavity height is 6 m, this represents a design with two circumferential ribs
to support the panels between the top and bottom circumferential supports,
Fig. X-3. The span is 1/40 of the circumference of the 3 m radius cavity.
This allows for a single ion beam/diode structure per panel. This is somewhat
arbitrarily chosen and can be easily changed. The solid panel thickness is
5 cm and the panel mass is 1 tonne. The natural frequency of this panel is
1154 Hz. The dynamic load factor accounts for the pulsed nature of the over-
pressure and is a function of the temporal shape of the overpressure. Its
maximum value is 1.40 and thus identifies the importance of dynamic rather
than simple static analysis. The pressure and heat flux experienced by the
first wall at 3 m from the explosion are shown in Fig. X-4. The maximum over-
pressure is 11 atm (1.1 MPa) and the maximum heat flux is about 6.5 kW/cm2 for
a duration of over 0.4 ms. These result from a 200 MJ pellet yield where 60
MJ, in the form of x-rays and ions, is deposited in the gas immediately sur-
rounding the target. The gas type in this case is 50 torr of argon mixed with

0.2 volume percent sodium. This combination of temperature rise in the wall
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Specific First Wall Panel Parameters

Table X-4

Target Yield
Cavity Gas Pressure

Cavity Gas Constituents

Wall Radius

Wall Height

Panel Span

Panel Height

Number of Panels
Supported Panel Area
Panel Thickness
Panel Material

Panel Lifetime

Allowable Stess (fatigue limit)

Incident Heat Flux

Incident Overpressure

Maximum Thermal Stress (Compressive)

Maximum Mechanical Stress
at Plate Center (Compressive)

Maximum Total Stress at Plate Center

Lifetime Corresponding to Max. Stress

X-13

200 W

50 Torr

99.8% Ar

0.2% Na

3 meters

6 meters

47.12 cm

6 meters

40

200 cm x 47.12 cm
5 cm

Ferritic Steel, HT-9
5 x 10% shots

324 MPa

6.5 kW/cm2

1.1 MPa

256. MPa

30. MPa
286. MPa
10% shots
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and mechanical overpressure leads to the stress history shown in Fig. X-5.

The maximum thermal stress is 256 MPa uniformly distributed over the surface
of the plate. To this we must add the stress history from the flexural action
of the plate. Here, there are differences between the center of the plate and
the clamped edges. Figure X-6 shows the maximum mechanical stress across the
span of the panel. We see that the worst position is in the center of the
plate where the thermal and mechanical compressive stresses add to produce a
maximum compressive stress of 286 MPa. However, this is well below the maxi-
mum allowable stress of 324 MPa. This specific example represents a possible
worst case for an argon cavity gas mixed with sodium. For greater sodium con-
centrations the thermal flux is not as large and hence the thermal stresses
are not as large. Pure argon gas allows the radiant energy to escape from the
fireball long before the shock wave reaches the wall. In this case, the maxi-
mum thermal stress is about the same as in the 2% sodium case. Thus, the 0.2%
sodium case used in the example parameters is the worst situation from the
maximum total stress criterion. Even with this worst case, the stress values
are comfortably within the fatigue 1imits. The lifetime of a panel subjected
to multiple loadings of 286 MPa is 10° shots, a factor of two greater than the
design lifetime.

X-D. Conclusions

Many conservative assumptions have been built into the first wall 1ife-
time analysis and associated design. These include:
(1) Assuming that each shot will be of the maximum predicted yield, 200 MJ,

when the most Tikely average yield will be 100 MJ.
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Figure X-6
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(2) Assuming that each of the facilities 50,000 shots will result in a maxi-
mum yield explosion when only about one-third or 15,000 of these are
expected to be with a target in place.

(3) Developing the fatigue lifetime data with the ASME code prescription and
using the high temperature data even though the bulk of the wall will be
at room temperature during the loading process.

These assumptions lead to an acceptable stress level of 324 MPa per shot.

The computed stress level for a 200 MJ explosion in a 3 meter cavity filled
with 50 torr of argon with 0.2 v% sodium is 286 MPa. Furthermore, parametric
analysis shows that the above choice of cavity gas may be the worst possible
case; hence this positive result is not jeopardized by uncertainties. The
results give us confidence that the combined cavity and first wall design
presented here are consistent with one another and are reasonably insensitive
to uncertainties in the parameters. Stated another way, we have not identi-
fied any "show-stoppers" in the design of the cavity and first wall.

However, there are foreseeable problems that must be addressed. We note
that the radiant heat flux is the greatest contributor to the stress in the
first wall. This heat flux is determined to a large extent by the optical
properties of the cavity gas. These are very difficult to compute accurately
in the temperature and density ranges of interest and this causes concern be-
cause the heat fluxes predicted by the computer models are uncertain. On the
other hand, there are straightforward design solutions to this problem in-
cluding placement of a non-structural graphite liner or "curtain" on the
inside surface of the first wall. This does not, therefore, rate as a “"show-

stopper".
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The uncertainty in the blast overpressure is not as great. This is
1imited on the high end by strong shock theory. The computer models reproduce
strong shock theory predictions when the appropriate 1imits are taken and we
have confidence that the overpressure results (which do not correspond to a
strong shock in the case of the TbF) are relatively certain.

Radiation damage effects in the first wall have not been investigated in
detail. The low fluence levels experienced in the TDF would indicate that
unirradiated data is appropriate. However, should the use of ferritic steel
be precluded by some exotic pulsed damage effects then the design option
certainly exists to change the first wall material to stainless steel for
instance.

Chemical compatibility between target materials and the first wall has
not been treated in any detail. This is mainly due to Tack of information
concerning target constituent materials.

Finally, detailed design problems such as stress concentrations, welds,
etc. have not been assessed. This level of detail is beyond the scope of this

report.
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