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Abstract

The loads on inertial confinement fusion (ICF) reactor vessel walls resulting from anti-
cipated operating conditions will consist of very intense but short duration mechanical and
thermal pulses. In this paper these pulses are modeled and magnitudes of the associated
impulses are estimated. Stresses induced in containment vessel walls are determined using
engineering stress analysis. Simplifying assumptions required to derive analytic expres-
sions for loads and stresses are made and the results are presented in a form convenient for
parametric studies and determinations of design sensitivities to changes in different para-
meters. Results indicate that dominating mechanical design constraints may be determined by
evaporation recoil, elastic buckling, or thermally excited stress waves. Technical topics
that require additional theoretical and experimental studies for better ICF reactor modeling
and more accurate assessment of their economic potential are identified.



1. Introduction

This paper summarizes the modeling of loads acting on and of stresses developed in the
structure of an inertial confinement fusion (ICF) reactor vessel carried out as part of the
Los Alamos Scientific Laboratory ICF reactor systems and applications studies.

There are three general approaches to stress analysis of explosion and microexplosion
containment vessels:

(1) Energy methods in which the explosion energy to be contained is equated to the strain
energy that may be stored in the material of the containment vessel. This approach pro-
vides quick estimates of the amounts of materials required to contain a given energy
release without the need to consider the technical details of the solution.

(2

Mathematical theory of elasticity in which stresses and strains are determined as solu-
tions of a boundary value problem for a system of partial differential equations and
associated compatability relations for a perfectly elastic medium. This approach pro-
vides deep insights into the behavior of elastic materials and opportunities to assess
the implications and validity of different approximations used in the third, engineer-
ing, approach.

(3) Engineering stress analysis in which simplifying assumptions are made about stress and
strain distributions in structural elements based on empirical data and results of elas-
ticity theory.

In situations where the postulates of perfectly elastic and continuous behavior may be
locally violated without causing failure of the structural element, engineering stress anal-
ysis will approximate physical reality closer than elasticity theory.

In this paper we apply engineering stress analysis to estimate the loads that an ICF
reactor vessel will have to withstand as a consequence of currently anticipated operating
conditions and to derive expressions for the resulting stresses. We will emphasize approxi-
mations leading to explicit results from which parametric dependences and scaling relations
are readily inferred. Results in this form are very useful in mathematical modeling of ICF
reactor systems for cost studies and economic evaluations.

2. ICF Reactor Vessel Loads
2.1 ICF Reactor Design Requirements - ICF reactor concepts h,2,3] are based on containment
and utilization of repetitive explosive burn of fusion pellets (containing deuterium and

tritium as fuel constituents) with energy released as 14-MeV neutrons (~ 75%), energetic
fusion pellet debris composed of light and heavy element ions {~ 20%), and x radiation
(~5%). Therefore the loads on the inner surfaces of the containment vessels will consist
of intense but short duration pulses of x rays and ionized particles that typically pene-
trate only a few micrometers. In addition, the bulk of the structural materials will exper-
ience heating and atomic displacements damage induced by the highly penetrating neutrons.
The operation of ICF reactors and fusion pellet energy release forms summarized above imply
that the dominant considerations in ICF reactor design are: containment of several pellet
microexplosions per second for extended periods of time, conversion of fusion energy (in-
cluding energy from associated exoergic nuclear reactions) into usable forms, and breeding
of the fuel constituent tritium with reactions between neutrons and lithium. These require-
ments can be satisfied by spherical or cylindrical reactor vessels surrounded by circulating
1iquid lithium contained between concentric structural shells.
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In some designs [4] it appears advantageous to replace liquid Tithium with solid lithium
compounds, possibly encapsulated in pellets ranging in size from millimeter to centimeter.
2.2 ICF Reactor Vessel Loads - Various physical mechanisms generate loads acting on ICF
reactor vessel walls. The nature of each mechanism is used to estimate magnitudes of these
loads.

2 2.1 Evaporation Recoil - The pulse of x rays produced by a fusion fuel pellet microex-
plosion is absorbed in a thin layer of wall material, part of which may evaporate and thus
generate an impulse at the wall. The magnitude of the recoil impulse per unit area, Ir’
maximized with respect to the mass of material evaporated is given by [ﬂ
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where Y is the total fuel pellet energy yield, x the fraction of energy in x rays, R] the
inner radius of the vessel, H the heat of vaporization of the wall material, and 1 the ef-
fectiveness coefficient that accounts for the fact that not all vapor moves away from the
wall with maximum attainable velocity. For a particular model of a Riemann wave expanding
into vacuum, 7 = 0.15.

2.2.2 Impact of Pellet Debris - The kinetic energy of the high-velocity fuel pellet de-

bris delivers to the vessel wall an impulse per unit area, Id, whose magnitude is given by

[5]
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Here M is the fuel pellet mass and f is the fraction of pellet yield appearing as debris
kinetic energy. Equation (2) is a conservative estimate because it is based on the assump-
tion that all the kinetic energy is converted into the impulse; in practice, part of the
kinetic energy will appear as heat and will produce a recoil impulse whose magnitude can be
estimated from Eq. (1) with an appropriate value for the energy fraction x. The two recoil
jmpulses, however, cannot be combined because they occur at different times.

2.2.3 Blast Wave Reflection - When the ambient density in the cavity exceeds about
10]4 atoms/cm3, the pellet microexplosion will generate a spherical blast wave. The
impulse experienced by the reactor vessel wall during blast wave reflection is easily esti-
mated as the product of the pressure at the wall behind the reflected wave, Eq. (7) of Ref.
[5], and the pulse duration, which we approximate with the transit time of a sound wave
through the shock compressed layer of the ambient cavity gas. The resulting expression for
the impulse per unit area, Ib, is

3y - 1 Yfpo

b g7 LI (3)

where "o js the ambient mass density of the cavity medium and y is the constant ratio of
specific heats in that medium. In the derivation of Eq. (3), the Taylor-Sedov similarity
description [6] of the blast wave was used. The validity of this solution deteriorates as
the pellet mass increases and approaches the mass of the ambient cavity medium; at that
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point, a modified blast wave theory [7] should be used to obtain accurate results. Unfortu-
nately, any analysis of the blast phenomena that is more complex than the Taylor-Sedov des-
cription precludes the possibility of obtaining an analytic impulse estimate 1ike Eq. (3).
2.2.4 Thermal Response of the Blanket - Lithium blankets, both liquid and solid com-
pounds in pellet form, are designed to convert neutron kinetic energy into thermal energy

and, therefore, will expand during reactor operation. The mean pressure increase caused by
a confined expansion of a liquid 1ithium blanket is easily calculated to be [5]

Bb Y1 -f-x

cy8y (4)

p =
where p is the pressure increase, B the adiabatic bulk modulus, b the volume coefficient of
thermal expansion, Cp the heat capacity of liquid lithium, Py the density of liquid lithium,
and V the blanket volume. This estimate is based on the assumption that neutron energy de-
position is sufficiently sTow or uniform and does not induce dynamic imbalances in the pro-
cess. Actually, neutron energy is deposited with an exponentially decreasing intensity in a
time that is short relative to the hydrodynamic response time. Therefore, it generates
pressure waves in the liquid blanket. To analyze these waves and to model their effect, we
solved the acoustic equations (in the plane wave approximation) for pressure, p, and veloci-
ty, u, perturbations in a liquid medium between two concentric shells shown in Fig. 1. The
medium was initially at rest with an exponentially decreasing (from the inner shell R] to
the outer shell Rz) pressure distribution induced by a postulated instantaneous neutron
energy deposition with the scale depth A (A = 70 cm for liquid 1thium). The details of the
solution are presented in Ref.[B]; here we summarize the conclusions relevant to the present
discussion:

(a) The mean pressure rise and the first harmonic component account for nearly 90% of the
deposited energy and therefore provide an approximate description of the phenomena that
is adequate for the purpose of this paper;

(b) The ratio of the amplitude of the first harmonic to the mean pressure rise increases
nearly linearly with the nondimensional blanket thickness A/A for values of A/XA < 4, as
shown in Fig. 2 where A = R2 - R1. At the typical value of the blanket thickness
A/x = 1.6, that ratio is approximately 0.50. Therefore, in stress calculations the
mean pressure estimate given by Eq. (4) should be multiplied by a factor of ~ 1.50 to
account for the transient overpressure.

To determine the effect of structural shell elasticity on pressure waves in the blan-
ket, we solved the acoustic equations in the liquid medium coupled to the dynamic shell re-
sponse equations [5] with the boundary conditions that specify the absence of cavitation at
shell-blanket interfaces. Details of this solution are also described in Ref. [8]; here we
summarize the results shown in Fig. 3. Plotted in this figure are pressure profiles 1n the
blanket at different times. The upper-most curve corresponds to the time when the wave gen-
erated by the elastic response of the inner shell to an outward-directed pressure pulse ar-
rives at the outer shell and the discontinuities in the subsequent profiles indicate the
inward-traveling reflected wave. The amplitude of this wave is very small in comparison to
the amplitude of the incident wave. Indeed, calculations for representative values of reac-
tor parameters [8] show that the ratio of the impulses carried by the reflected and incident
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waves is 1n the neighborhood of 0.04, which indicates that most of the original impulse is
expended to accelerate the exterior shell, This circumstance greatly reduces opportunities
for resonance.

Lithium blanket pressure may buckle or crush the inner shell. Buckling depends on the
critical value of the pressure [5] and is independent of pulse duration within the framework
of current failure models. Shell failure in compression (or tension) depends on the hydro-
dynamic impulse; its determination requires integration of pressure at the shell during the
compression phase of the wave. We have carried out this integration explicitly for acoustic
(1inearized) wave motion and reported the results in Ref. [8].

2.2.5 Thermal Wall Loading - ICF reactor vessel walls experience two types of ther-
mal loading: uniform steady-state temperature gradient across the wall thickness and pulsa-
ting surface temperature increases induced by the absorption of x rays and pellet debris
ions. Our investigation of the Tatter phenomenon [9] showed that the surface temperature
increase may be dominated by efther heat conduction or heat capacity of the wall material
and should be estimated with different expressions in these two different cases. The sur-
face temperature increase, ATS, is determined by heat conductivity when G/ZVGZ?_ < 0.75
where 8 is the depth of penetration of x rays or ions, k is the thermal diffusivity, and T
is the pulse duration. In this case, AJS is given by

AT ¥x (5)

s o7 . ——
21rR1. PiCsi NE T

where Cgi is the heat capacity and Pei the density of the shell material.
When 6/2 .,/ kT > 1.75, the surface temperature is determined by heat capacity and is

given by
(6)

Clearly, the denominator is the heat capacity of the spherical shell of thickness &.

When accurate results are required between the above two regimes, the exact solution of
the appropriate heat transfer egquation should be used [5,9].
3. Stresses in ICF Reactor Vessel Walls

The thermoelastic coupling constants for most materials of interest in ICF reactor de-
sign are very small [10] and, therefore, in preliminary analyses, stresses and temperature
changes can be calculated independently. In our case this is true even for thermally gener-
ated elastic stress waves (as will be shown Tater) and, therefore, we neglect thermoelastic
coupling. Because the primary effect of this coupling is to damp and disperse the elastic
stress waves, our approach is conservative.
3.1 Membrane Stresses - The use of the thin shell approximation in stress calculations for
the reactor vessel walls is justified because these walls will be thin relative to the ves-
sel radius (61/R1 < 0.01, 64 being the shell thickness) to avoid excessive neutron
energy deposition and material cost. Because the wall loadings will be pulsed, the stresses
must be determined from the analysis of dynamic shell response. To obtain conservative es-
timates that will remain valid when voids or bubbles develop in the 1iquid blanket or when
the blanket is absent, we omit the hydrodynamic coupling term in the governing differential
equation and thus obtain the following formulation [5]:
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2Ei
w. =0, (7)

1
(1 -vw) &

where W, is radial shell displacement, Ei Young's modulus, v Poisson's ratio, subscript
i = 1,2 denotes inner or outer shell, and t is time measured from impulse application. The
initial conditions are specified by

d; I
w.(0) = 0 and —— = —, (8)
i dt 0 %sib

where I is the generic symbol for any of the previously estimated impulses Ir’ Id, or
Ib. The above formulation is justified because the time during which the impulse, I, is
delivered is very short relative to the period of natural shell vibration [5].

Denoting the stress by o and the strain by e and using the geometric compatibility re-
lation € = wi/Ri together with the stress-strain relation (1 - v)o = Eiei, the
solution of Eq. (7) results in the following expression for the tensile or compressive wall
stress:

. .t
_ 1 3 . 2 354
o= -] 5. I sin T Ri , (9)

i

where C is the elastic wave speed given by azi = Ei/psi' The maximum stress,
s OCCUrs when the fluctuating factor is unity and equals

si

A ) B (10)

1

When a particular expression for the impulse I (Egs. 1, 2, or 3) is substituted into Eq.
(10) and it is postulated that the shell thickness 51 is determined by neutron transport
requirements, Eq. (10) becomes a relation between the reactor vessel size, Ri’ and the
fuel pellet yield, Y. This relation is plotted in Fig. 4 for the three impulses considered
and a steel containment vessel with T-cm thick walls. Such results provide not only the
required radius, but also indicate which type of load is critical in different yield regimes.
Membrane stresses induced by blanket thermal expansion and wave motion can be determined
in a similar way once the integrated expression for the hydrodynamic impulse is derived.
However, in this case the coupling term relating blanket pressure to shell velocity,
dwi/dt, should be included in Eq. (7) for consistency. We have solved this problem expli-
citly [5] and found that the solution requires tedious numerical evaluations and is not as
convenient to use as Egs. (1) through (3) with Eq. (10). Results obtained indicate that
hydrodynamic coupling may reduce membrane stresses in some cases by as much as a factor of
10 [5]. In view of the awkwardness of the approximate solution, we are currently modeling
the shell-blanket interaction numerically in exact, nonlinear formulation.
3.2 Elastic Buckling - A potential mode of failure for the inner shell is elastic buckling
induced by hydrodynamic pressure in the liquid blanket. The critical pressure for that phe-
nomenon is well known [1ﬂ and is given for spheres and cylinders, respectively, by

—6— N 2.3/6



£ 8572

1

_ 1 2,-3/4
and p,. = 0.807 7 (1 -v9) , (11)
1

where L is the unsupported cylinder length. When the expression for the blanket pressure
given by Eq. (4) {with the necessary factor to account for the transient overpressure deter-
mined in Ref. 8) is used in the above equations, they also become relations determining the
required vessel radius for a given fuel pellet yield and shell thickness. For a spherical
vessel and for the approximation V = 4ﬂR§A, that relationship does not contain the

radius R] and therefore should be viewed as a constraint on the shell thickness 8 im-

posed by the pellet yield Y.

3.3 Thermal Stresses - Thermal stresses arise because thermal distortions in different parts
of the shell are, in general, incompatible. In the thin-shell approximation and with the
hypothesis that the temperature inside the wall varies linearly, a steady-state temperature
difference AT across the wall induces a stress of magnitude [5

Ejoy T
o= Ty (12)

where o is the coefficient of linear thermal expansion.
An instantaneous surface temperature increase ATS induces a local thermal stress of

twice that magnitude [5],

E.a.AT

o= —}—}1;5 . (13)
Substituting into this equation an appropriate expression for ATS from either Eq. (5) or
Eq. (6) would again result in a relation between vessel radius R1 and pellet yield Y if
the allowable value of the stress o for these conditions were known. However, because
the surface temperature increase given by Egs. (5) and (6) will persist for only approxi-
mately 10'9 s and will be localized to a depth of less than a few micrometers, it is not
clear that a catastrophic failure would occur if the surface material yields locally or even
melts for such a short time. Clearly, theoretical and experimental investigations are need-
ed to determine allowable values of the stress to be used in Eq. (13) for the loading char-
acteristics indicated above.
3.4 Elastic Stress Waves - A possible approach to the determination of allowable transient
thermal stress is through the analysis of elastic wave propagation in the vessel wall. A
surface layer of depth & heated sufficiently rapidly to a high temperature does not have
time to expand and consequently experiences a compressive stress 9 that is relieved with
a stress wave, rather than by heat conduction. This can be seen from the following simple
estimates. The characteristic time to propagate the effect elastically through a distance 8

is given by t, ~ 6/ag;; for steel and & =10 e, t,~2x 10710 5. The charac-

teristic time for he:; conduction is tc==52/K; for the same material and &, tc== 2
X 10'7 s. Hence the effect of the thermal pulse will propagate elastically approximately
a thousand times faster than by conduction.
Instead of giving a standard mathematical description of wave propagation we summarize
the characteristics of thermally excited stress waves graphically in Fig. 5. Shown schemat-

ically is the initial compressive stress o, induced by the temperature increase ATS in
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the surface layer of depth &, the resulting stress wave during reflection from the 1nner
face of the wall, and the same wave at the time 8/a,, when the reflection process is com-
pleted. The resulting wave propagating through the wall consists of a compression phase of
Tength &, followed by an equally long tensile phase, the amplitudes of both phases being
equal to 00/2. Clearly, this wave produces tensile and compressive stresses equal to
ao/z at the inner and outer faces of the wall and, therefore, its amplitude should be
limited to an allowable stress level to avoid spallation.

Denoting the allowable stress by O as in Sec. 3.1, and using Eq. (6) in Eq. (13) to
obtain the expression for T, We arrive at the following relation between the radius of
the inner shell, R], and the pellet yield Y:

R] Vo PgiCsi%, 4)

This estimate, however, may be excessively conservative because it does not account for
the fact that some of the initial thermal energy may be used to melt and vaporize the sur-
face material and that elastic waves may be damped significantly by internal friction of the
material. Even though the thermoelastic coupling constant and therefore the logarithmic
decrement are small, the cumulative effect is not negligible when the ratio asi6i/2K is
very large [10], which is the case for reactor vessel walls. Also, the analysis is not very
useful unless the value of 5 is known. To resolve uncertainties associated with this prob-
lem, we are investigating thermal generation and propagation of elastic stress waves numeri-
cally with realistic equations of state and stress-strain relations.

3.5 Fatigue - Cyclic operation of ICF reactors implies that fatigue strength (with appropri-
ate safety factors) should be used as the allowable working stress. Fatigue strength is
determined by threshold values of stress concentrations at microscopic fatigue cracks and
equals that value of the stress at which the rate of growth of the size of fatigue cracks
vanishes for all practical purposes.

If thermally generated elastic stress waves are determined to be the governing phenome-
non in the design of ICF reactor vessels [Eq. (]4)], then the usual fatigue strengths of
materials may be increased because of extreme shortness of wavelengths of these waves. In a
recent paper, Weertman [12] pointed out that current theories of fatigue failure may not be
valid when the stress wavelength is smaller than the fatigue crack and proposed an appropri-
ate formulation. Results of his modified formulation indicate that increased levels of
fluctuating stresses may be tolerated when stress wavelengths are very small., This area
requires additional study.

4. Concluding Remarks

ICF reactor studies are now in conceptual design stages when, rather than performing
accurate design calculations, it is preferable to ensure that potential mechanisms of fail-
ure and degradation are adequately investigated and bounds on relevant design parameters are
determined. We therefore directed our efforts towards obtaining results that indicate sen-

sitivities of specific designs to different parameters. Our work achieved that purpose;
results exemplified by Eq. (14) and illustrated in Fig. 4 show the explicit dependence of
the reactor vessel radius on each parameter and indicate potential payoffs that can be ex-
pected from optimizations of different parameters.
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The results are also helpful in determining critical loading mechanisms in different
parameter ranges and in identifying topics which require additional investigations to better
mode1 ICF reactor performance. Some of these topics are: determination of allowable stres-
ses for loadings with very short ('IO'9 s) and shallow (submicron) thermal pulses, an ap-
propriate fatigue failure model for materials stressed with elastic waves of submicron wave-
length, determination of critical buckling pressures for transient loads of less than a
millisecond duration, and analytical models for vessels with ribs, flanges, and openings.

Not mentioned in this paper, but of critical importance also, is study of the effects of
pulsed neutron damage on material properties in the appropriate range of neutron energy
(~ 14-MeV) and fluence.
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