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PREFACE

This report has been prepared for the Controlled Thermonuclear Research
program of the U. S. Atomic Energy Commission, and presents the results of a study
investigating an application of laser-driven fusion pulses for commercial power
generation. The present discussion assesses the engineering feasibility of this
application. The analyses are based on a specific design concept for utilizing
the fusion energy and have been carried only to the point where semiquantitative
conclusions may be made. The work, therefore, is at an interim stage and all
findings are preliminary.

Certain aspects' of the proposed techniques for generating the fusion energy
remain classified. These matters are discussed in Volume II (1A-4859-MS,
Classified, SRD).

This work has been conducted by the Advanced Concepts group of the
Los Alamos Scientific Laboratory (IASL) Nuclear Propulsion Division. Staff
rmembers who contributed to this report were J. D. Balcomb, L. A. Booth,
J. C. Hedstrom, D. B. Henderson, A. R. Larson, S. W. Moore, and C. W. Watson.
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NOMENCTATURE

Area

Cross-sectional flow area, Eq. (22)
Surface area, Eq. (25)

Heat capacity at constant pressure
Heat capacity at constant volume
Dinension, thickness

Film thickness, Eq. (2k4)

Wwall thickmess, Eq. (29)

Specific internal energy

source energy, Egs. (3) and (%)
Viscous drag force, Eq. (23)
Gravitational acceleration
Gravitational head

Total heat content

Heat of vaporization

Internal energy

Thermal conductivity

Tangential dimension, Eq. (21)
Mass

Mass vaporized, Eq. (16)

Mass source, Eq. (11)

Mess, lLagrangian coordinate system
Mass flow rate, Eq. (22)

Total mass flow

Pressure

vVolumetric heat generation rate
Viscous pressure, Eq. (B-1)
Radius, also Lagrangian coordinate
Gas constant

Standard temperature and pressure
Time

Temperature

Velocity

Specific volume

J/keg
J/xe

/s
¥ /xg



v

Volume

Dimension, also Eulerian coordinate
Young's modulus

Coefficient of thermal expansion
Compressibility coefficient

Ratio of specific heats (cp/cv)

Aversge mean free path for thermal radiation
Viscosity

Poisson's ratio, Eq. (20)

void fraction

Density

Combined liquid and gas density, Eq. (12)

Time constant, Eq. (9)

£ Liquid
Initial condition
Vapor or gas

<

vp Saturation condition

I\I/m2
-1

N s/m

kg/u3
kg/m3
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ABSTRACT

The feasibility of using laser-driven fusion pulses for the commercisl
generation of electrlc power was investigated. Results are presented in two
volumes. Volume I (LA-4858-MS, Uncl,) discusses the genersl aspects of
electric power plants based on laser-driven fusion energy sources, cutlines
the considerations that led to the wetted-wall concept on which the present
study is based, presents detailed results of calculat®dns that indicate the
feasibility of the concept, discusses aspects of important areas that are not
well defined, summarizes related needs for further study, and compares the
concept with plants based on magnetically confined controlled thermonuclear
reactions. Volume IT (IA-4859.MS, Classified, SRD) outlines TASL's laser
program, discusses the problems of achieving laser-driven fusion, considers
subsequent neutronic interactions, and gives some economic implications.
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CENTRAT, STATION POWER GENERATION
BY LASER-DRIVEN FUSION

- VOLUME I -

Compiled by L. A. Booth

I. INTRODUCTION

A. GENERAL

It is generally recognized within the scien-
tific commnity that within the next few genera-
tions the world's fossil and rich-ore fissile fuel
supplies will be depleted to the extent that their
use for energy production will become economically
unattractive. It is also recognized that the natu-
ral supply of the common thermonuclear materials,
deuterium and lithium, is far greater than the es-
timated reserves of fossil and rich.ore fissile
fuels. Therefore, an international cooperative
program (Sherwood project) was initiated as early
as 1955 to find a means of producing controlled .
thermonuclear energy.

The concepts generated in this international
program are based on using magnetic forces to com-
press and heat the thermonuclear material to igni-
tion conditions and to confine this material while
it burns. However, in recent years, the develop-
ment of laser technology has made compression,
heating, and confinement by inertlal forces an al-
ternative theoretical possibility for practical
utilization of thermonuclear energy. For purposes
of this report, the conceptual devices based on
these two means of producing thermonuclear energy
will be termed:

® Magneticelly Confined Thermonuclear Reactors
(MCTR) and
® TInertially Confined Thermonuclear Reactors

(IcTR).

This report describes a specific conceptual
ICTR and attendant means of utilizing the thermo-
nuclear energy for commercisl electricel power

generation. The ICTR discussed in this report con-
sists of concentric spherical vessels (shells) in
which the thermonuclear energy is derived from a
deuterium-tritium (D+r) burn within a "pellet",
located at the center of the vessels and initiated
by a laser pulse. The resulting a-particle energy
and a small fraction of the neutron energy are de-
posited within the pellet; this pellet energy is
eventually transformed into sensible heat of lithium
in a condenser outside the vessels. The remaining
neutron energy is dissipated in a lithium blanket,
located within the concentric shells, where the fuel
ingredient, tritium, is also produced. The heat
content of the blanket and of the condenser lithium
is eventually transferred to a conventionel thermo-
dynamic plant where the thermal energy is converted
to electrical energy in a steam Rankine cycle.

For this volume of the report, the following
assumptions are made:

e The (D*r) energy released--17.6 MeV per (D+T)
reaction-is 200 MJ once each second.

® Twenty-five percent-4.% MeV per (D+P) reaction--
of this energy is deposited within the pellet, and
the remaining 75% is transported outside the pellet

by neutrons.

The mechanisms for laser energy absorption and
for (D+T) ignition and burning are tacitly ignored.
A discussion of these matters is included in
volume IT (IA-4859.MS) of this report.



B. CENERAL ASPECTS OF ICTR PLANTS

For a (D*T)-burning plant, two essential re-
quirements in an ICTR concept are similar to those
in an MCTR: (1) the need to produce tritium artifi-
cially because natural supplies are insufficient to
support a large-scale power-generation industry, and
(2) the need to convert the 1l4-MeV neutron energy
into usable form, because there is no known means of
using the energy of 1l4-MeV neutrons directly except
by transforming this energy into thermel energy of
another substance.

Both needs are satisfied by providing a
“planket” of lithium which surrounds the source of
(D*T) energy. Tritium is generated in a major frac-
tion of reactions between neutrons and lithium; and
1lithium, being a light element, also converts neu-
tron kinetic energy to thermal energy by means of
elastic-scattering reactions. Furthermore, addi-
tional thermal energy is produced by neutrons ab-
sorbed in the lithium. It is essential that at
least as much tritium be generated as is burmed and
lost, and that as mch as possible of the neutron
energy be converted into thermal energy.

Fortunately, tritium breeding ratios in a 1lith-
ium blanket can be relatively high--in the range of
1.2 to 1.6--which would provide a large operating
margin to an ICTR plant. However, because tritium
losses will of necessity be small, the plant will
operate normally at a breeding ratio only slightly
greater than uvnity to prevent unnecessary bvuildup
of tritium reserves, although the plant can operate
temporarily with a high breeding ratio to build up
a fuel inventory for a new plant.

Because the major fraction of the (D+I') energy
will be converted in the blanket to thermal energy,
the dominant method of converting thermal energy to
electricity will probably be by means of a heat
engine in a thermodynamic cycle. Such s cycle will
be used merely because it offers the highest con-
version efficiency in the temperature range in which
normal engineering materisls can operate. The pos-
sibilities of directly converting the remaining
energy into electricity are discussed in Section
III; however, the amount thus generated can be, at
best, only a minor fraction of the total energy
release.

A characterizing ICTR feature that is signifi-
cantly different from any MCTR aspect is the fact
that the energy pulses represent substantiasl amcunts
of explosive energy. As described in detail in
vVoIume II, the minimm energy release, determined
by both physicel and economic considerations, is
probably at least 200 My (equivalent to 95.6 1b of
TNT), which clearly calls for a sturdy pressure
vessel for containment. A major design problem in
containing this blast energy is posed by the need
for a low-pressure cavity in which the pellet can be
initiated by a laser pulse without prohibitive
laser-energy loss along its path, while, at the
same time, maintaining a finite layer of blanket
materisl that surrounds the pellet.

4

In one proposed conce'pt(l) the cavity 1s de-
fined by. the vortex of a swirling liquid blanket;
in another, suggested at LASL, the cavity is formed
by the wake of a projectile and the pellet is ini-
tiated before the cavity collapses. In both con-
cepts the liquid blanket is filled with gas bubbles,
providing a compressible but dense medium to at-
tenuate the blast shock arriving at the containing
pressure.vessel wall.,

Another method of defining the cavity region
is to separate the cavity from the blanket by a
solid wall. One significant advantage to the solia-
wall concept (as opposed to concepts with no wall)
is that the cavity region 1s well defined and thus
amenable to analysis. Another advantage, which may
be even more important, is the possibility of pro-
viding a passage by mechanical means for exhausting
the hot gases in the cavity prior to the next shot.
In the absence of a solid wall to define the cavity,
much blanket lithium would be swept out of the
vessel as these gases exhaust. The alternative ap-
proach, i.e., allowing these gases to condense in
the blanket lithium, would take an excessively
long time between shots.,

In the solid-wall concept, the inner surface
of the wall mst be protected from the damaging
effects of the blast to prevent vaporization of
the wall material by thermal radiation and erosion
by high-velocity material, both of which emanate
from the fuel pellet. Liquid lithium is used to
form & protective layer on the inmer-cavity wall.
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This concept, subsequently referred to as the
wetted.wall concept, has been selected for analysis
end will be discussed at length.

C. CONSIDERATIONS LEADING TO THE WETTED-WALL CONCEPT

Three general features are essential to an ICTR
design: a cavity within which to detonate the pel-
let, a pressure vessel to contain the blast, and a
thick blanket containing lithium to convert the
fast-neutron energy into heat and into tritium fuel.
However, within these constraints there remains a
wide latitude within which to design the plant. For
the present study a straightforward approach was
identified and the development of a minimum of new
technologies was assumed. This approach will not
necessarily result in a highly efficient plant nor
in one satisfying all needs. However, if laser-
driven fusion becomes a reality in the near future,
as is certainly possible, there will be a need for
a realistic design to serve as a basis for early
plants.

As mentioned earlier, the proposed concept
uses g solid wall to separate the reaction cavity
from the lithium blanket. The main design problems
then become those of providing for the protection
from the direct effects of the blast. Thils protec-
tion can be afforded by a thin layer of ablative
material which, as it vaporizes, ebsorbs the energy
of radiation and impact from the pellet. A layer
of lithium, wetting the inside of the wall, should
furnish this protection. If the wall is porous,
the lithium layer can be restored after each pulse
by a radisl inflow of lithium from the blanket
region. Thus the concept develops of a porous,
wetted wall.,

A second design problem concerns the contain.
ment of the blast energy. If the porous, wetted
wall is thick enough to contain the blast, then in-
ternal heating will lead to excessive temperatures;
also, the breeding ratio in the blanket will be
reduced to an unacceptable level. Therefore, the
wall mst be thin..the momentum from the blast 1is
transmitted through the relatively incompressible
lithium behind the wall to a main pressure vessel,
which is thick enough to contain the energy. This
pressure vessel is placed inside the lithium blan-
ket at a location where the breeding ratio is not
significantly affected (see Appendix A).

This configuration of main vessel and wetted
wall poses another design problem. The pressure
waves reverberating between these two walls result
in inward motion of the wetted wall. Because this
wall is too thin to restrain the motion, another
inner wall is needed between the pressure vessel
and the wetted wall, with sufficient thickness to
restrain the inward motion yet not thick enough to
prohibitively reduce the breeding ratio.

The blast-containing design thus evolves into
a system with at least three walls:

® An innermost porous wall, which is thin and
allows the passage of lithium to form a protective
coating on the inside surface.

® A main pressure-vessel wall, thick enough
to restrain the internal pressures in the cavity
and blanket, located deep enough into the blanket
s0 that it does not seriously affect the breeding
ratio.

® An inner structural wall, located between
the former two walls, which is thick enough to re-
strain the invard motion and thin enough so that
it still permits an adequate breeding ratio.

In the design of these walls, the strains and
corresponding stresses must be limited to values
which would not exceed the fatigue limits of the
materials used. Therefore, careful design and anal-
ysis are necessary to minimize the motions of
these walls.

A lithium flow path is chosen which introduces
the return lithium (from the primary loop) at the
surface of the porous wetted wall and forces it to
flow radislly outward through the blanket. Thus
the wetted wall is exposed to the lowest tempera-
ture in the primary lithium loop. This temperature
is chosen to be 400°C, which is well above the
lithium melting point of 186°C, but is within the
acceptable range for ferritic stainless steels,

The use of stainless steel reduces the cost of the
vessel, Maintaining the inner wall at the minimum
loop temperature also reduces the mass transport of
wall materisl by the flowing lithium to other parts
of the loop and ensures that the lithium coating the
inner surface is relatively cool, with a low vapor
pressure; therefore, the lithium vapor density in
the cavity prior to the blast is minimized. (The



vapor pressure of lithium at L0OO°C is ~ 10"‘ Torr,

which should be well below the cavity vacuum re-
quired for passage of the laser pulse.)

The temperature attained by the lithium flowing
from the outer portion of the blanket to the heat
exchanger is dependent upon the blanket thermal
power and upon the lithium flow rate. For this tem-
perature, a value of 750°C (1380°F) was arbitrarily
chosen to be compatible with existing steam tech-
nology. A maximum temperature as high as 1000°C or
higher could be easily postulated, as has been done
for some MCTR plant studies, but this would intro-
duce a host of presently unanswerable materials
questions that can be bypassed by assuming only
temperatures associasted with existing steam
technology.

Certain phenomena concerning the operation of
the wetted-wall ICTR require analyses to determine
the engineering feasibility of the concept. These
are listed below:

1. Pellet interaction with the wetted-wall
layer.

2. Equilibration conditions of the cavity
gases after a pellet burn and exhaustion (blowdown)
of these gases so that the initial conditions are
restored before the next pellet is initiated.

3. Condensation of the exhaust gases and
transformation of the cavity energy into heat con-
tent of the condenser lithium.

k. Formation of the protective layer on the
inside surface of the wetted wall.

5. Tritium breeding and energy deposition
within the blanket system.

6. Removal of the heat generated within the
blanket,

T. -Structural response of the restraining
walls within the blanket.

8. Rediation damage to the solid materials
within the system.

9. Induced activity in the materials within
the system.

10. Removal of contaminants from the lithium.
11, Safety features of an ICTR.
12. Economics of an ICTR power plant.

Ttems 1 through T are considered crucial to
the feasibility of the present concept. Although
Items 8 through 12 need attention, there are un-
certainties, due either to the lack of technology
or to undefined design criteria, which hinder the
determination of feasibility by 'paper studies®.
Ttems 8 through 12 are therefore discussed in gen-
eral terms only, in Section III.

Tritium breeding and energy deposition (Item 5)
require analysis of nuclear processes. Because of
the complexity and importance of the analysis, it
is appropriate that the presentation be self-
contained; therefore, the nuclear radiation-
transport considerations are discussed separately
in Appendix A.

The remaining items are grouped into those
concerning the cavity (Items 1 through 4) and those
concerning the blanket (Items 6 and 7). The
analyses of these phenomena follow in Section II.




II. ANALYSES OF WETTED-WALL CONCEPT

The analyses of the cavity and blanket phenom-
ena presented in this section are based on current
calculational methods and avaeilable data. During
the few months available for this study, the analy-
ses have been conducted only to the point where
reasonable conclusions concerning the engineering
feasibility of the wetted-wall concept may be made.
In some instances an analysis has not been completed,
and further work is called for.
pointed out as they are subsequently discussed.

These cases are

A. GENERAL DESCRIPTION

1. Introduction

A schematic of the wetted-wall ICTR is shown in
Fig. 1. The pellet (containing D+T) is injected
through a port, which penetrates the blanket, and is
initiated at the center of the cavity by a laser
pulse; the cavity is defined by the wetted wall lo-
cated at a radius of 1.0 m from the center. The
subsequent (D+T) burn releases 200 MJ of energy.
Within fractions of a microsecond, 50 MJ is de=
posited within the pellet and 152.5 MJ is generated
within the blanket lithium and structural materials.

2. Cavity Phenomena

Within ~ 0.5 ms the pressure pulses generated
by the interaction of the pellet with the lithium
at the wetted wall have subsided. Within the next
few milliseconds, the cavity conditions are equi-
librated, . 1.6 kg of lithium are vaporized from
the protective layer at the wall, and sonic flow
conditions of the cavity gases are established at
the outlet port.

The flow of hot gases through the cavity out-
let port is expanded in a diffuser to supersonic
conditions, and the gases are then condensed in a
downstream length of duct where a finely atomized

spray of liquid lithium is injected. (The spray of

atomized droplets is recirculated from the liquid
pool at the bottom of the condenser.) Downstream
of the condenser duct, the mixture of gas and 1li-
quid droplets, still at supersonic velocity, is
decelerated by turbulent mixing created by a spray
of large lithium droplets. (The coarse-droplet
spray is provided from a side-stream of the L0O°C
return flow from the heat exchanger.) The kinetic
energy of this mixture is finally absorbed by im-
pacting with a pool of liquid lithium at the bottom
of the condenser system.

After ~ 0.2 8, the pressure within the cavity
decreases to less than atmospheric, and the blow-
down continues during the remaining 0.8 s of the
pulse cycle, reducing the cavity pressure to less
then 133 N/u® (1.0 mm Hg). The cycle is then re-
peated with the initiation of another pellet.

3. Blanket Phenomena

The energy deposited within the blanket is re-
moved by circulating the lithium through an exter-
Lithium, flowing at 400°C from
the heat exchanger, is returned to a plenum between
the 1.0-cm-thick wetted wall and the 5.0-cm-thick
inner structural wall, which serves to restrain the

nel heat exchanger.

movement of the inner blanket boundary caused by
the pressure waves generated within the blanket and
the cavity pressure. Located a few centimeters be-
hind the wetted wall, the inner structural wall
also serves as a flow baffle for distributing the
radial outflow. The wetted wall moves along with
the structural wall through hydrodynamic coupling

and, if needed, through mechanical attachments.

The 10.0-cm-thick main pressure vessel shell,
located 1.7 m from the center of the spheres, is
the outer restraint for the ICTR. This shell is
stressed by the shock loads from the pressure pul-
ses generated within the cavity and within the
blanket. The radial outflow of lithium collects in
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Fig. 1.

a plenum, defined by the outermost shell at 2.0 m
from the center, and returns to the heat exchanger
at T50°C.

Paths for pellet injection and for the laser
pulse are provided by small ports penetrating the
blanket.
gases provides the main structural support for the
system of spherical shells.

k. Thermodynamic Plant

The minimum pover level is based on a thermal
input of ~ 200 MW, from one ICTR. Higher power
levels may be obtained by combining several ICIRs
in a reactor system, thereby increasing both the
versatility and the overall ratio of actual operat-
The nominal ther-
- mal pover level for a conceptual plant was arbi-

trarily chosen to be ~ 2000 MW, requiring ten
modular ICTRs.

ing power to full design power.

The diffuser for the expulsion of cavity -

CONDENSATE
PUMP

Wetted-wall ICTR concept.

The flow diasgram of an ICTR plant module is
presented in Fig. 2. The intermediate heat ex-
changer is placed between the tritium-containing
lithium and the steam generator(s) to reduce the
possibility of tritium leakage into the steam-
plant components. The circulating fluid between
the intermediate heat exchanger and the steam gen=-
erator(s) will be determined by engineering design

criteria.

The steam cycle for this power plant is based
on a conventional double-steam-reheat design, sized )
for & thermal input of ~ 2000 M7.(2) A fiov ata-
gram of the cycle is shown in Fig. 3. The exit
steam from the high-pressure and intermediate-high-
pressure turbines is reheated prior to expanding
through the succeeding turbine to increase the
thermodynamic efficiency of the expansion. Me-
chanical-draft dry-cooling towers are used to re-
Ject waste heat, thus rejecting heat to the atmo-
sphere rather than directly to natural water sources.
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The performence characteristics of the con-

ceptual power plant are:

Thermsl power generated, MW’ ' 2025
Gross alternator output, MW 9ks
|84 T/
sr2rec Steam-plant operating power, MW 48
Net steam-plant electrical output, MW 897
T0 STEAM
SPRAY Q=50 GENERATOR(S) Net steam.plant efficiency, % bl 3
CONDENSER omes T
MJ/s ICIR plant operating power, MW T2
INTERMEDIATE Net station electrical send-out, MW 825
EA
EXCIANGER Net overall plant efficiency, % 40.7
L LIQUIO The steam-plant operating power includes the
=—==3>L! VAPOR

requirements for boiler feed pumps, cooling-water
pumps, cooling-tower draft fans, and other auxil-
Fig. 2. ICIR plant flow diagram. iaries, and the ICTR plant operating power includes
the requirements for lithium pumps, vacuum pumps,

the laser, and other auxiliaries.

2:1K _ AUX. STEAM

S & LOSSES
Qy =493-9 727 7K 242-4(10)3N / /
565.5C
Qu = 209-6 Qw = 203.3
R 7 INTERMEDIATE | "] Qg =383-3
729-8K___ 254-8(101°N PRESSURE priSH
4sc 1 TURBINE TURBINE
—_— s HIGH SPEED
STEAM |- Qu = 255-9 22k | 725;(2‘96'CN 20-7(10°N  ALTERNATOR
GENERATOR 3r0-2¢ LEGEND
UNITS ¢—76-9K LEGEND
(10 90) 5-3K MAIN STEAM
STEAM
. 65- s
REHEATER 645 5k ::,(?c’ N MAIN CONDENSATE
: 74774 CONDENSATE
= 1. . . S
Qy = 15314 ] 729-8k  277-5(10)5N | 369K K FLOW, kg/s
593.3c| | ! N PRESSURE, N/m?
| C  TEMPERATURE, °C
OH =211-7 608-6K oy HEAT, MJ/s
Qw WORK, MJ/s
34-8K l OF  ELECTRICAL OUTPUT, MJ/s

573-8K
REHEATER 18- 6{10)5N

l 537-8C

—]

Qy=1359 Qy *359.1

INTERMEDUTEL” /) Low '/ /] Qg=5611,
Low
PRESSURE
PRESSURE
286-0C TURBINE TURBINE
729-8K s LOW SPEED
8-5(10)3N 6740N
422.9¢ NE]\ e ALTERNATOR
. 464-3%
. 32.6K 541-2K
l 3K 21K _ aux. STEAM
{777 8 MaKe-UP
29.0c TOMECH.
o .l \ . 17-4 gg‘élggg
=\ —f— Qy=M7- 32105N
126-3C H 2u0) 2-84(10)%
DEAERATING CONDENSER
HEATER

9
<
DDy VDI,
R AT arar e o o o o ar o av o

Fig. 3. Steam plent flow diaegram.




B. THE CAVITY

1. Introduction

Phenomena within the cavity that are crucial to

the feasibility of the wetted-wall concept are:

e Pellet interaction with the wetted-wall
layer -- The initial impulses transmitted into the
blanket region are determined by the initial blow-
off of the protective lithium layer on the wetted-
wall surface by penetration of the initial thermal
rediation from the pellet and subsequent radiation
resulting from hydrodynamic interaction of the ex-
panding pellet debris with this protective layer.

e Cavity equilibration and blowdown =-- The
quasi-equilibrium conditions (temperature, pressure,
and density) of the cavity gases after the blowoff
of the protective layer determine the size of the

port through which these gases must exhaust, so that,

within one second after the pulse, the density with-
in the cavity is reduced to an acceptable value for
the passage of the next laser pulse.

e Condensation of cavity exhaust gases -- The
exhaust gases from the cavity must be cooled, con-
densed, and decelerated in the spray condenser in
a manner that will maintain sonic flow through the
exhaust port.

o Wetted-wall protective layer formation =--
The protective layer of lithium must be formed on
the inside surface of the wetted wall prior to the
initiation of the next energy pulse.

These cavity phenomena are discussed individ-
ually in the following paragraphs.

2. Pellet Interaction with Wetted-Wall Layer

The analyses of the interaction phenomena are
based on the solution of the ges-dynamic conserva-
tion equations of mass, momentum, and energy (cou-
pled with energy transport by conduction and radia-
tion diffusion) and on tabulated equation-of-state
data. The conservetion equations are formulated
for one-dimensional spherical geometry in the
Lagrangian space-coordinate system:
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These equations ere integrated in space and time
by a finite difference technique, as described in
Appendix B, and the tabular equation-of-state data
are discussed in Appendix C.

The calculation begins at 0.04 us after the
(D+T) burn is initiated, with the pellet material
containing 56.8 MJ. (For this initial calculation
the amount of deposited energy was ~ 14% higher than
the assumed 50 MF.) The internsl and kinetic en-
ergy distributions in the pellet material (and
its geometry) are those from a pellet burn calcula-
tion described in Volume IXI. The lithium layer
contains 1.18 kg, corresponding to a thickness of
0.196 mm, and the volume between the pellet ma-
terial and the lithium layer is void. Throughout
the calculation the outer boundary of the lithium
(the wall boundary) is fixed at zero velocity, and
hydrodynemic motion of the liquid phase is not per-
mitted. The ablation is calculated as follows:
energy is absorbed in the liquid-phase zones as
internal energy until the temperature reaches
- 6000 K (selected arbitrarily), then the material
vaporizes at the saturation conditions (see Appen-
dix C) and hydrodynemic motion of the zone begins.

The calculation has been carried out to 1000
u8, at which time the cavity conditions are at
quasi-equilibrium with the lithium boiloff rate
being proportional to the cavity temperature and
decreasing monotonically. The pressure profile
transmitted to the wetted-wall boundary is shown
in Fig. 4, and the integral of the lithium mass
(veporization rates) is presented in Fig. 5. The
first pressure peak at 0.09 us is the result of
1lithium blowoff, caused by the radiation from the
pellet penetrating into the lithium layer. During
this initial period of radiation penetration (up
to ~ 1.0 u8), the average radiation flow is
~2x10° Mw/m2 and 5k g of lithium are vaporized.
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Fig. 4. Pressure transmitted to cavity boundary
aftter pellet initiation.

At ~ 1.0 ys the pellet material collides with the
lithium. During the subsequent period from 1.0 to
~ 400 s, pressure pulses are generated at the
boundary from additional lithium blowoff, caused by
radiation as a result of hydrodynemic interaction
of the pellet material with the lithium. The aver-
age energy flow into the lithium during this period
is - loh Mw/m2, resulting in the vaporization of
an additional 410 g of lithium.

3. Cavity Equilibration and Blowdown

For calculating the cavity conditions at a
time later than that determined in the previous
paragraph, a complete description of lithium state
properties is necessary. The inclusion of this
type of equation-of-state information in analytical
methods for solving the hydrodynemics and heat-
transport equations involves a complexity that is
beyond the scope of this report. However, it will
be shown that the exhaust-port size for cavity blow-
down is relatively insensitive to the cavity con-
ditions; therefore, the cavity conditions can be
calculated by assuming extrapolated energy flow
values from the results in Section II.B.2, above.

a., Cavity Equilibration

For a deposited energy of 50 MJ in a
volume of %.189 m3 (1.0 m radius), an “operating
line" for the cavity conditions can be constructed
on a pressure-temperature disgram. As derived in

1000 lHHI T v 1|\|\|]

T 1111111F T llrnlrl T

7T T
JEEN U R

T lxvlnvl
Al Alllll!

P All“ll

IO Ll Al A AAA_LLuJ 1 Jllxlul A Alxlllll i 1L L 2til
. J 100 100

TIME, us
Fig. 5. Lithium mass vaporized (integral) from

wetted wall during initial interaction
with pellet.

Appendix C, the equation for this operating line is
given by:

E_E .I.Il’:i‘h.f ar_ | oM (4)
VoI, R vy-l 3

By extrapolating the energy flow values from Section
I1.B.2, the temperature is less than 6000 K at

0.01 s; therefore, the operating line (Eq. 4) is
plotted on the pressure~temperature diagram in

Fig. 6 over the probable range of temperatures.
(The development of the pressure-temperature dia-
gram is also given in Appendix C.) As shown in
Fig. 6, the insensitivity of the assumed cavity
equilibration conditions is indicated by the re-
latively small pressure variation over the tempera-
ture range. This insensitivity will be further de-
monstrated later.

b. Cavity Blowdown
The pressure decay in the cavity can be
calculated analytically by assuming an adiabatic
expansion of the gas in the cavity through a choked
nozzle. The equation for the cavity expansion is

vE--n (5
and for sonic flow at the nozzle throat
¥+l
. v-1
- 2
M = PA VZL- (Y_*‘l) (6)
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By applying the isentropic relations

v
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the analytic expression
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o

is obtained, where v is the time constant. The
time constant is nolﬁo, vhere M_ is the initial
meass in the cavity and i{o is evaluated at the ini-
tial pressure and temperature.

By assuming that the pressure decays to 133
N/n® (1 mn Hg) in 1.0 8, T and A can be calculated
with Bgs. 6, T, and 9. Results of such calcula-
tions over the probable cavity temperature renge
are shown in Table I. The insensitivity of the
assumed cavity equilibration conditions is further
indicated by the small variation in nozzle diameter
over the temperature range. Therefore, the cavity
equilibration temperature is arbitrarily essumed to
be L4000 K; the corresponding pressure is 18.9(10)5
N/n° and the corresponding mass of vaporized 1li-
thium is 1.65 kg.

The resulting pressure, temperature, and den-
sity profiles for the adiabatic expansion at an
initial temperature of 4000 X are shown in Fig. 7.
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Fig. 7 Cavity conditions during blowdown;
Py = 18.92 x 103 N/m2, T, = 4000 K,
y = 1.52, and nozzle dismeter = 0.235 m.

These results assume that the lithium within the
cavity expands as a perfect gas; but, i1f the pres-
sure decreases below the saturation pressure at any
point, condensation may occur and the subsequent
expansion might not be adisbatic. If the expansion
were to follow saturation conditions, it would be-
gin at 0.13 s where the temperature is equal to the
saturation temperature at the corresponding pressure,
and subsequent profiles would follow the saturated
vapor expansion curves shown in Fig. T

The different results for adiebatic and sa-
turated expansion indicate that condensatlon would
decrease the density during blowdown. However,
experience at LASL with nozzle expansions of lithium
indicate that a high degree of supersaturation re-
sults, and condensation does not occur.(3) There-
fore, an assumption of adiabatic expansion may be
more reslistic and, for this analysis, is con-
servative because the densities within the cavity
remain higher. :



TABLE I

CAVITY CONDITIONS AND NOZZLE DIAMETER
FOR ENERGY = 50 MJ AND CAVITY VOLUME = 4.189 m>

Initial Temperature, Mass Vaporized,

Initial Pressure, Nozzle Diameter,

X kg 10° N/u° m
2500 1.838 13.1% 0.259
3000 1.776 15.24 0.250
4000 1.654 18.92 0.235
5000 1.528 21.85 0.220
6000 1.385 ° 23.77 0.203

L. Condensation of Cavity Exhaust Gases

a. General

During cavity blowdown through the sonic
nozzle, the downstream pressure to the “throat"
must be low enough to maintain sonic flow at the
throat, i.e., the cavity-to-throat pressure ratio
must be maintained at the critical pressure ratio.
This condition will be maintained if the downstream
duct area is divergent, thus providing a supersonic
nozzle or diffuser, and if the downstream pressure
is sufficiently low. As the lithium vapor expands
in the diffuser, the state conditions will eventu-
ally come to the point of condensation, even though
highly supersaturated.
tion to be expected prior to condensation is un-
known, but, as pointed out earlier, lithium con-

The amount of supersatura-

densation has not been achieved in supersonic-
should
condensation occur, a condensation shock will form
in the diffuser at that point and the subsequent
expansion will proceed at equilibrium saturation
conditions.

diffuser flow experiments. In any case,

The condensation can be predictable and con-
trolled if liquid droplets are injected into the
vapor stream, thus making the condensation process
independent of the formation of liquid nuclei. If
the droplets are small enough (< 10 pm), the liquid
phase will act hydrodynamically as a gas. The large
surface area-to-void volume ratio of the liquid-
phase particles enhances very high energy transfer
and mass-transfer rates between the two phases, so
that these transfer phenomena occur essentially at
equilibrium, i.e., are not time-dependent.

Therefore, under these conditions, the phenomenol-
ogy of condenser processes is as follows: The super-
heated lithium vapor enters the condenser at super-
sonic velocity. Momentum is transferred between
the two phases, so that their velocities very
rapidly become equal. Because the liguid-phase
mass is much larger than that of the gas phase and
the gas-phase velocity is much larger than that of
the liquid phase, the momentum balance requires a
large void fraction (ratio of gas to total volume)
to prevent choking the flow in the condenser. Dur-
ing the acceleration of the liquid phase, the 1li-
quid is heated and the ges is cooled because of the
At first the gas pres-
sures are higher than the corresponding vapor pres-

high energy transport rate.
sures, so that no veporization occurs. When the gas
predgsure decreases to less than the corresponding
vapor pressure, vaporization occurs until the vol=-
ume becomes saturated. Passage of the gas phase
then proceeds at the equilibrium saturation condi-
tion, with vaporization or condensation dependent
upon the ratio of fluid pressure to vepor pressure;
i.e., vaporization occurs at a ratio less than

unity (< 1.0) and condensation occurs at a ratio
greater than unity (> 1.0). At the condenser exit,
the gas and liquid phases are at equilibrium satura-
tion, moving at supersonlc velocity, with most of
the mass in the liquid phase. The exiting Jjet is
decelerated through turbulent mixing with an in-
Jected lithium stream, and the kinetic energy of
this mixture is then absorbed by impacting in a
stagnant pool of lithium of greater depth (greater
gravitational head) than the kinetic heed of the
mixture.



A conceptual illustration of the condenser
system is shown in Fig. 8. The atomized spray is
injected from a recirculating loop of the lithium
pool and is independent of the main heat-removal
loop of the condenser system. The return stream .
of the main heat-removal loop is injected down-
stream to the exiting jet to provide deceleration
turbulence prior to impingement with the lithium
pool.

Anslysis of the time-dependent events within
the condenser section 1s based on a solution of
the one-dimensional differential equations for the
conservation of mass, momentum, and energy, in-
cluding change-of-state processes and mass and

energy transfer between the two phases,

The hydrodynamic conservation equations in the
Eulerianspace coordinate system,with corrections

for area changes, are:

Mass, A _ 30 U | pU 3(xA)
gas phase At {U ax P’ xA 3x | (10)
Mass,
phase At ax Tt ax
+ ihd x 2A0%) | %] (11)
(1+)a 3x at |’
Momentum,
combined 2_2,=' [U:—Ii+ﬁﬁ§%l], (12)
phases
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Fig. 8. Concept for supersonic spray condenser.
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where P is the combined gas and liquid-phase den-
sity (totel mass per unit volume); U is either the
gas or the liquid-phase velocity (which remain
equal to one another from the equilibrium momentum
exchange); the void fraction, ¥, 1s the ratio of
gas volume to total volume; and 3M_/dt and 3B _[ot
are the mass and energy source terms, respectively,
for the injected liquid spray.

This system of equations is splved as an ini-
tial-value problem by a finite-difference technique;
the equations are integrated in space for an in-
cremental time cycle as described in Appendix B,

The mass and energy balances for the transport
processes are: for energy transport prior to

saturation,
M, C, AT, =M, C AT, (15)

and for mass and energy transport after saturation,

M, C, AT, + M AH = M, C_ AT, (16)

AMI, = MVC’ (17)
R 3

by =P +AXAX‘=RTVP ’ (28)
M +M
L ve

x =1-2_J¢, (19)
Py AAX

where M e is the mass transported between phases,
AHV is the latent heat of vaporization, the sub-
script £ denotes liquid phase, the subscript v
denotes gas phase, and the subscript vp denotes
saturated conditions. In these latter five equa-
tions, if P = pRT > Pvp’ condensation occurs and
'«/c is negative; if P = pRT < Pvp’ vaporization
occurs and Lg,c is positive. The equation-of-state
for the gas phase is

P = (y - 1) oE, (20)

and follows the saturation line (see Appendix C)
after saturation.



b. Cavity Blowdown Without Liquid Spray

The time required to achieve isentropic
flow conditions has been determined by a calcula-
tion of the cavity blowdown with the above system
of equations, without the liquid phase. The geomet-
ric mesh for the calculation included the cavity and
the diffuser. The calculation was carried out to
0.1 s for initial conditions of 18.9(10)° N/u” end
4000 K in the cavity, and of 1.8 N/m> and 800 K in
the nozzle. After . 1.0 ms, a quasi-equilibrium is
established and the flow process becomes essentially
isentropic. A comparison of the cavity conditions
as calculated by this time-dependent method and
those calculated by the equilibrium method (adiabatic
expansion in Section II.B.3) indicate slightly lo-
ver densities calculated by the time-dependent me-
thod. This is a reasonable result because the
cavity conditions remain staegnant for the equilib-
rium calculation, whereas flow conditions within
the cavity are calculated by the time-dependent
calculation.

c. Cavity Blowdown with Liguid Spray

For a typical calculation, the initial
conditions are 18.9 N/m> and 4000 K within the ca-
vity and “choked" flow within the converging section
to the throat; 1.8 N/m® and 800 K within the dif-
fuser and condenser sections; and a steady state
flow distribution of the liquid phase with a con-
stant mass flow rate per unit area and the void
fraction varying from 1.0 at the inlet to 0.75 at
The geometry for
this calculation consists of a diffuser length of
1.0 m with an outlet-to-inlet area ratio of 2.0,
and a condenser length of 1.0 m with a constant
The "Eulerian mesh" consists of 200 zones
(1.0 em each).

the exit of the condenser section.

area.

The time-dependent calculation includes the
flow conditions within the diffuser and the con-
denser, and the cavity and throat conditions are
calculated by the equilibrium method because of the
rapid achievement of the isentropic conditions.

This typical calculation has been carried out
to 0.02 8, at which time a quasi-/equi_'l.ibrium con-
dition is established. The initial shock passes
through the condenser in ~ 3.0 ms, during which
time the liquid phase is accelerated to Mach o 2.

At 0.02 s, the temperature and pressure profiles
through the condenser are as shown in Figs. 9 and
10, respectively. At this time the following con-
ditions exist through the duct. Within the first
~ 2.0 cm the gas is cooled and the liquid is heated
vith no vaporization or condensation occurring; at
~ 2.0 cm the 1liquid is heated to saturation and
veporization begins; at 8.0 cm condensation begins;
and at 30.0 cm the gas phase is fully “quenched" to
the liquid-spray temperature and pressure.

The kinetic head of the exiting jet from the
condenser section 18 ~ 1.6 x (10)6 N/m2 with a
density of ~ 0.1 kg/m> and a velocity of - 4000 m/s.
This kinetic head is reduced to that equivalent to
a gravity head of 1.0 m of lithium (~ 4700 N/m°) by
turbulent mixing with an injected liquid spray to
a density of 8.5 kg/m3 and a velocity of . 24 m/s.
A detailed analysis of this f£inal mixing process
is beyond the scope of this report.

5. Wetted-Wall Protective Layer Formation

Protection from the initial high pellet-energy
fluxes is afforded by the formation of a layer of
liquid 1ithium on the inside surface of the wall
prior to the initiation of the energy pulse. The
minimum thickness of this layer is determined by
that amount of lithium that could be vaporized by
the deposited pellet emergy (50 MT); this amount
of lithium is ~ 2.5 kg, corresponding to a layer
thicimess of . 0.4 mm. Results of calculations
describing the interaction between the rellet and
wetted-wall layer, presented in Section II.B.2,
indicate that only . 0.5 kg of lithium is vaporized
during the interaction time of . 1.0 ms. It is
conservatively assumed that a minimum thickness of
1.0 mm is sufficient to protect the wall surface
from exposure during the pulse cycle.

The layer is formed on the inside surface of
the wetted wall by accumulation of the radial in-
flow of blanket lithium through the porous wall.

It is assumed that the flow impedance within the
vwall can be taillored for any desired flow distri-
bution. During the pulse cycle, this flow will
cease until the cavity pressure decreases below
the blanket pressure (assumed to be of the order

of 1 atm). As shown in Fig. 7, the cavity pressure
decreases to less than 1.0 atm at ~ 0.2 s after
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pulse initiation; therefore, -~ 0.8 s is available
for the formation of the layer.

During the collection and formation of the
layer, the forces acting to alter its uniformity
are gravity, surface tension, the fluid viscous
force, and any imposed pressure gradients within
the cavity or along the wall surface of the layer.
The equation of motion, assuming constant density
and unidirectional flow tangent to the inner spher-
ical surface, is:

%+9U2—f-osg—f+1’n=-og—g, (21)
vwhere 3¢ is the circumferential increment along the
direction of flow and FD is the viscous drag force.
The surface-tension force does not appear in this
relationship because this force is always normal
to the tangent of the radius of curvature, i.e.,
in this case normal to the direction of flow; and,
for this analysis, it is assumed that the surface-
tension force 1s always counterbalanced by a force
derived from the ability of the liquid to support
tension through an internal stress mechanism.*
This assumption is valid where the radius of cur-
vature is large (the order of centimeters) and
negative, i.e., such that the surface-tension
force is directed toward the center of the sphere,
In the upper hemisphere, should the radius of cur-
vature become positive and small, the surface may
become unstable, and a droplet may form and fall
from the surface.

Because of the ability of lithium to support
tension, a static (velocity = zero everywhere)
layer with a thickness of the arder of millimeters
could be formed if pressure gradients are estab-
lished that equal the gravitational gradients.
However, at the steady state flow condition, where
the velocity distribution is fully developed, the
layer thickness will be minimum. Although the
steady-state condition will probably not be achieved
during a pulse cycle, an anelysis of this condition,
vhich results in a minimum thickness of 1.0 mm,
should ensure that a lithium layer of sufficient
thickness is formed.

%*

The ability of molten lithium to support tension
has been gbserved in high-temperature heat-pipe
research.



Far this analysis, the mass-continuity equa-
tion with constant fluid density is:

03(ua,) + dm = 0, (22)

vhere Az is the cross-sectional area of the tan-
gential flow and i is the radial inflow through the
porous wall. Assuming that the wall impedance to
the radial inflow is such that the pressure gra-
dients are zero, the equation of motion (Eq. 21) at
steady state becomes

U 3h _
DU37'9837+FD—0- (23)

Because the layer thickness is small, the flow is
leminar and the drag force may be expressed by the
Hagen-Poliseuille relation,

32 E“E—g ’
D
t
vhere £ is the circumferential dlstance along the
flow path and Dt is the layer thickness. Equation
23 then becomes

wU - g + A o, (24)
p Dy
If the radial inflow is uniform, the source in

Eq. 22 becomes

M3
.

bor

(25)

where M is the total radial inflow, r is the cavity
redius, and aA: 1s the incremental inside surface
area of the wall., If dh and aAz_ are expressed as
functions of layer thickness, the three equations
(Eqs. 22, 24, and 25) may be integrated simultas
neously, giving the velocity and thickness distri-
bution of the layer.

Results of this integration for radial inflow
rates of 1.0, 2.0, 5.0, and 10.0 kg/s are pre-
sented in Fig. 11. These results indicate that a
radial inflow of somewhat less than 5.0 kg/s will
provide a minimum thickness of 1.0 mm. The greater
thickness near the top of the upper hemisphere is
undesirable because of the positive redius of
curvature, but this may be alleviated by “tailoring
the wall impedance in this area to reduce the
radial inflow of lithium. Because the velocities
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Fig. 11. Lithium layer thickness at steady-state
flow conditions with uniform radial in-
flow through wetted wall.

are of the order of tenths of a meter per second,
the steady-state condition will not be achleved; in
any case, there will probably not be sufficient time
for a droplet to form before the next pulse is in-
itiated. The important point is that a sufficient
amount of lithium be collected on the inside sur-
face during the approximately 0.8 s of reduced pres-
sure in the pulse cycle. Therefore, the crucial
design parameter in the formation of the protective
layer is the wall internal impedance to the radial
inflow of lithium.

C. THE BLANKET

1. Introduction

The physical effects resulting from energy de-
position, requiring specific analysis, are:

e Removal of Deposited Energy - Because the
deposited energy in the liquid lithium is removed
by circulating it through an external heat exchanger,
the temperature distribution in the blenket is de-
termined by the lithium flow rate and by the distri-
bution of deposited energy. The deposited energy
within solid walls is removed by conduction to the
liquid as it flows in contact with wall surfaces.

e Structural Wall Response - The inner struc-
tural wall and the outer pressure-vessel wall will
be stressed by the cyclic strains which result from
pressure forces within the cavity and from forces
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within the liquid-blanket regions.
must not exceed the limitations of the material.

These stresses

2. Removal of Deposited Energy

a. General

For a temperature increase of 350 K in
the blanket lithium, the flow rate is 104.2 kg/s,
for a total energy of 152.4 MJ deposited once each
second. This flow passes through the inner struc-
tural wall and the main-pressure-vessel wall during
transit through the ICTR.

The analyses of the heat-transport processes
within the 1liquid lithium and structural walls are
based on solutions of the classical differential
equation for heat conduction (diffusion), with a
convection term added. For spherical symmetry, the
one-dimensional equation with constant mass flow
rate is

"% ar
!"Tr2ar

o

k
62 (22T, o .
p vl ? or (r ar) +q (26)

[o¥)

%

vhere the convection term is the last term of this
equation.

b. Temperature Distribution in Blanket

The volumetric heat-generation rates
(q-term in Eq. 26) were calculated from the energy
deposition values given in Table A-III, Appendix A.
Using these heat-generation rates, the temperature
distribution in the lithium between the inner struc-
tural wall and the main-pressure-vessel wall was
calculated by a numerical solution of Eq. 26 for
successive pulses until the steady state condition
(3T/at = 0) was attained. These results, presented
in Fig. 12, indicate that heat transport by con-
duction 1s negligible and that . 100 pulses are re-
quired to attain steady state.

The steady-state solution of Eq. 26, neglecting
the conduction term, yields the distribution through
the blanket region shown in Fig. 13. The possibil-
ity of mixing by natural convection currents could
alter this distribution, probably increasing the
temperatures within each liquid region to near the
exit temperature of that region; but, because the
redial outflow through the walls is uniform, this
possibility would not alter the wall tewperatures.
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The "tailoring" of the wall impedances for uniform

radial outflow obviates the need for internal struc-

ture within the lithium regions to maintsasin the
radial outflow.

c. Heat Removal in Porous Wetted Wall

The resulting temperature distributions
(by steady-state solutions of Eq. 26) through the
vetted wall, with the inner and outer surfaces of
the wall at constant temperature, are presented in
Fig. 14 for lithium flow rates of 3 and 10 kg/s.
Because of the low lithium flow rates (sufficient
only to re-form the protective layer), the princi-
pal mechanism of heat removal from this wall is by
radial conduction; this is indicated by the small
difference between the temperature distributions at
the two flow rates. Another calculation, with the
inner-wall surface as an adiabatic boundary, re-
sulted in a maximum temperature difference of 67 K.
This means that the outer-wall surface must be
coclled by the flowing lithium within the plenum be-
tween the wetted wall and the inner structural wall;
otherwise, the wall material may overheat. The in-
side surface is cooled by veporization of the pro-
tective lithium layer, but it may not be at the
same temperature as the outside surface.

6f ~——M DIRECTION 1

TEMPERATURE DiFFERENCE, K

-

D S 1 1
(2] 0.2 04 0.6 0.8 10
WETTED WALL THICKNESS, c¢m

Fig. 1k. Steady-state temperature distributions
through wetted wall for radial inflow
rates of 3 and 10 kg/s; inner and outer
wall surfaces at constant temperature.

d. Heat Removal in the Structural Walls

The thicknesses of the inner and outer
(main-pressure-vessel) structural walls, which are
determined by the structural analyses in Section
IT1.C.3, below, are too large for conduction of the
deposited heat to the inner and outer wall surfaces.
Therefore, this heat must be removed by the 1lithium
that flows through the walls. If the passages for
this lithium flow are arranged uniformly over the
spherical surface, the dominant temperature gradients
will be tangential, between the passages. A con-
ventional design for such passages is a triangular
array of holes, passing radially through the walls.
Results from calculations of temperature gradients
for various hole sizes and void fractions in triangular
arrays are presented in Fig. 15. The calculation
assumes no radial conduction and a constant tempera-
ture around the surface of the holes. The resulting
temperature gradient is the difference between the
temperature at the adiabatic center between the holes
and that at the hole surface.
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Fig. 15. Maximum steady-state temperature difference
between coolant holes through structural
walls; holes in triangular array.
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The structural design criteria for these pas-
sages will be to 1limit the thermal stresses re-
sulting from the temperature gradients and to limit
the void fraction so that the wall strength is not
impaired. As dilscussed in Section II.C.3, below, a
temperature gradient of 50 K is easily accommodated.
For the inner wall, a coolant-hole diameter of 0.25
cm and a void fraction of 0.05, corresponding to a
spacing of 1.06 cm between centers, might fulfill
For the outer wall, a 0.9-cm-diam
hole and a void fraction of 0.05 would give a 50-K
gradient and a hole spacing of 3.8 cm.

these criteria.

e. Flovw Impedance through Walls

Because the cooling of the inner and outer
structural walls is by conduction to the lithium
flowing through these walls, it is essential that
this flow be uniformly distributed around the sphere.
This can be accomplished by making the flow im-
pedance such that the pressure losses through the
wall are significantly higher than the total pres-
sure changes within the lithium blanket regions. A
reasonable assumption for this pressure loss is of
the order of 101‘ N/m2, because the kinetic energy
changes within these regions will necessarily be
small. A meens of supplying such a flow restriction
could be the placement of orifices in the coolant
holes through the wall. For the inner wall, an
arifice with a diameter of ~ 0.08 cm in each cool-
ant hole would provide a pressure loss of . 101‘ N/m2.
For the outer wall, an orifice diameter of . 0.22 cm
would provide this impedance.

The flow impedance of the wetted wall is
"tailored" to provide the desired protective-layer
thickness on the inside surface. Although the flow
distribution will be essentially unifcrm, this is not
for the purpose of cooling the wall. The major dif-
Terence between the flow impedence of this wall and
that of the structural walls is that the friction
pressure loss of the wetted wall must be higher by
at least a factor of 10. The pressure in the ple-
mum between the wetted wall and the inner structural
wall will be of the order of 10° N/u® (1.0 atm), and
the pressure in the cavity will be less than 105 N/a®
during the last 0.5 s of the pulse cycle. Because
this wall does not restrain any pressure forces, it
1s not subjected to significant stress loads al-
though it must behave elastically due to the
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hydrodynamic and probeble mechanical coupling with
the inner structural wall. Therefore, the wall may
be porous, with an intricate internal structure to
establish this high-impedance flow path. Possibil-
ities for such structures are sintered metals or a
wire-wound shell, .

3. Structural-Wall Response

a. General

The pressure forces from the cavity tend
to move the walls outward, but the pressure forces
within the liquid (generated through the hydro-
dynamic coupling between the walls and the lithium
expansion caused by neutron heating) and the wall-
restraining forces cause a high-frequency oscil-
lation (ringing) of both walls. This ringing is
superimposed on the cyclic motion from the once-
per-second energy pulse. Because the stresses are
cyclic with a corresponding high-frequency ringing
during each cycle, it is quite epparent that for
any reasonable vessel lifetime the mode of failure
will be that of fatigue.

b. Material Compatibility with Lithium

A conservetive approach has been taken
to investigate materials of high purity or known
corrosion properties, Many alloys having higher
strength and fatigue properties may find applica-
tion; however, their corrosion properties would
need further investigation.

Based on experimental data, (5) materials com-
patible with lithium in the temperature range of
interest are the austenitic stainless steels, the
refractory metals, iron-chromium alloys, and pure
iron. Of these materials, the austenitic stainless
steels are less expensive to fabricate; therefore,
this material is preferable if grain-boundary
attack does not alter the structural properties
prohibitively.

Mass transfer of stainless steel in lithium
appears to be a minor problem at 54O°C, with only -
very minor grain-boundary attack, 0.0015 in. oc-
curring in 3000 h of a dynamic test at one cycle per
minu'be.(s) Based on these data, stainless steel ’*
should be acceptable for the inmer wall at L0O®C.
However, a significant amount of grain-boundary
attack and mass transfer would be expected for the




stainless-steel pressure-vessel wall at TOO°C for
extremely long operating times, and greater mass
transfer than indicated by data for one-cycle-per-
minute tests would be expected for the continuously
operating system. The refractory metals pose a
significantly smaller corrosion and mass-transfer
problem; but, as will be discussed later, the de-
crease in strength of the stainless steel caused by
corrosion is probably insignificant.

One of the major materials problems will remain
that of maintaining adequate corrosion resistance in
parent materials, welds, and brazes necessary for
fabrication of the walls.

c. Wall Strains

The analysis of wall strains is based on
the boundary motion of the liquid, as determined
from the solution of the hydrodynamic equations for
conservation of mass, momentum, and energy. The
equations are formulated for one~dimensional spher-
ical geometry in the Legrangian-space coordinate
system. The equations for mess and momentum con-
servation are identical to Eqs. 1 and 2 of
Section II.B.2, above. The conservation of energy
equation is

3E _ _ v
sg--(@+ 55 (21)

The equation-of-state for liquid lithium, de=-
veloped from definitions of the adisbatic compres-
sibility factor and the volumetric coefficient of
thermal expansion (see Appendix C) is

(b -0, By g
il e (28)
P B, e %

vhere p  is the reference demsity of 507 kg/m3 at
473 K. Pressures in this equation are restricted
to a minimm of 200 N/m> to simulate veporization,
which will precede any significant negative pres-
sure (fluid tension).

The restraining force of the vessel walls is
accounted for by the addition of a strain term to
the momentum equation at the inner and outer boumi-
aries of the problem. The momentum equation for
the problem boundaries is

2Y D
AU _ _ 2 3(p+Q) w 3r
t-°F 38 YT ;- (29)

These equations are integrated explicitly in
space and time by a finite-difference technique,
as described in Appendix B.

For the calculation, the configuration is a
hollow sphere, divided into 150 zones of equal
thickness, with a 1.0-m inner radius and a l.7-m
outer radius. The initial conditions are deter-
mined as follows. The density distribution is
found (by using Eq. 28) from the temperature dis-
tribution in Fig. 13 at a constant pressure of
105 N/m2; with this density distribution the pres-
sure distribution, shown in Fig. 16, is determined
(again from Eq. 28) by adding the energy distribu-
tion (shown in Fig. 17 and calculated from the
energy deposition in Teble A-ITI, Appendix A) to
the original steady-state energy distribution.

Throughout the calculation, a pressure profile,
shown in Fig 18 and derived from Fig. 4, was im-
posed as the inner-wall boundery condition.

The results from a typical calculation are
shown in Figs. 19, 20, and 21. The wall parameters
for this calculation are: p = 8000 kg/m3, Y=
2 x 10t N/m2, inner-wall D, = 0.01 m, outer-wall
D, = 0.10 m. The pressures in Fig. 20(&) and (b)
are the pressures in the lithium zones adjacent to
the walls, The outer wall initially moves outward
due to the sudden lithium expansion caused by the
neutron-energy deposition. The inner wall also
initially moves outward, due to the impulse from
the cavity pressure buildup. During these initial
wall movements, the internal pressure wave from the
neutron deposition moves outward at the speed of
sound. At 0.18 ms (the time for sound to travel
a distance of 0.7 m) the pressure wave reflects off
the outer wall and returns to the inner wall at
0.36 ms. The motion of the inner wall is momentarily
reversed, then continues outward due to the cavity
pressure force as this first intermal pressure wave
dissipates. At 0.6 ms the inner-wall motion is
reversed and is accelerated inward by the inner-
wall restraining force coupled with the force
exerted by the pressure wave that has been building
up immediately behind the wall. At this time the
outer wall motion also is reversed by its restrain-
ing force. The pressure wave, which originated at
the inner wall, arrives at the outer wall at 0.78 ms;
as the wave reflects, its intensity is amplified by
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in wall strain analysis.
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the inward motion of the outer wall. When this wave
returns to the inner wall, at 0.96 ms, the wall is
driven into compression and is accelerated further
invard until the restraining force and the cavity
pressure force again reverse the motion, accelerating
the wall outward at 1.35 ms. At 1.8 ms the events,
vhich began at 0.6 ms, are repeated, and the system
continues to oscillete, driven by the natural fre-
quency of the outer wall. This is shown by the re-
sults of a calculation to 10 ms, plotted in Fig. 21.
No damping mechanism that could reduce the above
motions has been provided for either wall. Damping
will exist but will not significantly affect the
first few cycles.
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Maximum strains that result from verying the
inner-wall thickness, the modulus of elasticity, and
the density are shown in Fig. 22. In all cases the
maximum strain occurred with the wall in tension,
frequently on the second cycle, With stiffer walls
(higher modulus of elasticity) the strain is less
but the stress is increased. A discussion of these
results will follow in the subsequent section. Den-
sity changes of the inner wall have little effect
on the resulting strain.

The thickness of the outer wall was also varied
to determine the effect on wall strains. These re=-
sults, shown in Fig. 23, indicate that for thicker
outer walls the strain is reduced in the inner wall,
as well as in the outer wall.
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Fig. 22. Maximum strain of inner wall as a func-
tion of inner-wall thickness for various
material properties (density and modulus
of elastig}iy); guter wall paramgters:
Y=2xluN/m, p = 8000 kg/m>,

Y = 2 x 10 N/w®; inner wall thick-
ness = 0,01 m.
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4. Structural Analysis

As mentioned previously, the failure mode
is fatigue. To obtein a conservative comparison be-
tween imposed and allowable fatigue stresses, allow-
able fatigue properties obtained from the litera-
ture(s’ 7,8,9) vere based on either 107 or lo8 cycles,
whichever was longest. Although ].07 or lo8 cycles
are equivalent, respectively, to only ~ 100 oxr 1000
deys of operation at one cycle per second, an ex-
tremely minor decrease in allowable fatigue pro-
perties would be expected for exposures beyond the
107 to 108 cycles, Other than the normal cycliec
fatigue damage, allowable material fatigue pro-
perties will be degraded by corrosion or msss trans-
fer and possibly by irradiation demage. The struc-
tural properties of concern are then fatigue strength
and Young's modulus of elasticity. For comparison
of stainless steel with prospective refractory me-
tals, a fatigue analysis was conducted which in.
cluded Ti-55, Ti-70, Zr-1.5Sn, and Nb(0.001% 02)
as well as 300-series stainless steel. The fatigue
strength and Young's modulus of these materials are
shown in Figs. 24 and 25, respectively.
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Fig. 23. Meximum wall strains as a function of
outer wall thickness.
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As can be seen in Fig. 22 the inner wall is
subjected to a radial deflection affected primerily
by the modulus and thickness of the material. Im-
posed stresses, plotted in Fig. 26, are calculated
from these radiel deflections for stainless steel,
niobium, zirconium, and titanium, based on the
modulus values in Fig. 25 and on a stress-concen-
tration factor of 2.2, based on the void fraction
of 0.05. The imposed stress curves have taken
into account the variations in Young's modulus,
Poisson's ratio, hole-stress concentrations, and
the effects of ligament efficiencies of the trian-
gular hole pattern on these properties. Allowable
properties are based on published tensile-fatigue
aatal® T8 9) ot 107 o 108 cycles (Fig. 24) and,
for a conservative estimate, have been corrected

for biaxial effects using Gough's approximation.

As can be seen from Fig. 26, the shell thick-
nesses required are 0.072 m for niobium, 0.043 m for
stainless steel, and 0.024 m for zirconium. Two
grades of commercially-pure titanium, Ti-55 and
Ti=-70, are also plotted. If the corrosion pro-
perties of Ti-70, with its higher concentration of
02 and Fe were adequate to permit its use, the
allowable thickness could be reduced from 0.04E m
for Ti-55 to 0.0l4 m for Ti-70. A similar com-
parison could be made for niobium, where the thick-
ness could also be reduced significantly if a high-

er o2 content could be tolerated.
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Fig. 25. Modulus of elasticity of prospective wall
structural materials.

Any imposed thermal stress will reduce the
allowable fatigue stress. As shown in Fig. 27 for
a limiting gradient of ~ 50 K, the imposed thermal
stress results in only a minor reduction in allow-
able fatigue properties. Obviously, for a final
design, more margin in the form of increased thick-
ness will be required than indicated by the pre-
dicted failure points shown in Fig. 26.

The imposed alternating stresses in a niobium
or stainless-steel outer wall, shown in Fig. 28,
have been calculated from the deflection character-
istics in Fig. 23. The allowable stresses are based
on the same type analysis as for the inner wall.
Imposed stresses for titeanium and zirconium, which
have relatively low tensile and alternating-stress
properties at TOO°C, are not shown. To illustrate
the effect of Young's modulus on this imposed stress,
moduli of ¥ = 1 x 10°T N/u® for stainless steel and
of Y =2 x 1ou for niobium have been plotted.

The wall deflection of the outer vessel is very
small compered with that of the inner vessel. For
a8 10-cm-thick vessel, stainless steel has a large
margin in fatigue strength. Although the corrosion
and mass-transfer resistences are better for niobium,
additional corrosion allowance is probably not ne-
cessary for a stainless-steel pressure vessel,
which would be an extremely thick structure. The
thermal stress resulting from a 50-K temperature
gradient will present no problem.
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III. AREAS OF UNCERTAINTY

A. RADIATION DAMAGE

Neutron damage to the inner walls of the con-
fining vessel could limit the design power level
and, more importantly, require replacement of the
inner walls during the lifetime of the power plant.
Thus neutron demege becomes an important factor af-
fecting both the feasibility and economics of the
plant. This damage to an ICTR inner wall is similar
to that to the reaction cavity wall of a MCTR, which
must endure comparable fluxes of neutrons with simi-
lar energy spectra. Moreover, most magnetic systems,
which do not have the protective lithium coating of
ICTRs on the inner wall, must also endure significant
fluxes of charged particles and low-energy photon
radiation.

Unfortunately, neutron radiation damsge cannot
be predicted accurately because the expected flu-
ences are beyond present experience. The average
flux of neutrons at the wetted wall is ~ 2 x 10ls
neutrons/s cm2 with an energy spectrum as shown in
Fig. 29. Fast-fission reactors produce neutron
fluxes of comparable magnitude, but only at lower
energies (< 2.5 MeV). However, because many impor-
tant neutron reactions have energy thresholds ex-
ceeding 2.5 MeV, extrapolation of data from such
fission reactors is inadequate. Cockcroft-Walton
accelerators produce the appropriate neutron spectra,
but only at fluxes lower by a factor of ~ 103 H
therefore experiments equivalent to ten or twenty
years of fusion-reactor operation would be clearly
impractical. Underground explosions of thermonu.
clear weapons could provide appropriate fluxes and
spectra, but only in short, single pulses, with the
result that the total fluence would not be adequate,
amounting to only a few minutes of reactor operation.
Various experiments are under way to model some as-
pects of the radiation-demage problem to be encoun-
tered in fusion reactors, but all are deficient in
either fluence or spectrum. New experiments with
appropriate fluxes and energies are proposed, (10)
but none are under way.

There are two major categories of neutron
damage: (1) atomic displacements, i.e., Frenkel-
pair production, and (2) nuclear transmtations.
The production rates of Frenkel pairs and transm-
tation products can be estimated: the transmitation
production from standard cross-sections;(u) and
Frenkel-pair production from the elastic and in-
elastic differential scattering cross-section
(coupled vith a slowing-down model of the primary,
knock-on, displaced atoms, 12 as given by

(13)) .

displacement and transmutation production rates for

Kinchin and Pease As an example, estimated
niobium, the common inner-wall material for MCTRs,
are shown in Table IT. These results were calcu-
lated by using the above-cited cross-section data
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Fig. 29. Neutron spectrum at the ICTR inner wall.
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and the spectrum in Fig. 29. The amount of material
swelling can also be computed, as done by Martin.
Unfortunately, the effect of these transmutation and
Frenkel-pair production rates or of the swelling on
the important structursl properties (ductility,
yield strength, fatigue strength, and creep rate)
cannot be calculated.

TAELE II

DAMAGE REACTION RATES FOR A NIOBIUM INNER WALL

Production
Product Reactions Rate, %/Year
Frenkel pairs see text 1.7
Hydrogen (n,p) 0.037
Helium (n,a)+(n,n'a) 0.021
Zirconium (n,2n)+(n,p), (n,o) 0.76
Yttrium (n,n'c) 0.017

For the stainless-steel inner walls of the
suggested ICTR, the theoretical approach outlined
above is more difficult than for niobium because of
the many constituents in stainless steel, the great
number of isotopes for each constituent, the large
cross sections for some reactions at thermal ener-
gles, and the necessity of including non-linear ef-
fects due to isotopic "burn-in" and "burn-out”.
Because of these difficulties, the calculations of,
e.g., helium production, do not agree well with
More importantly,
large amounts of data concerning the effects of fast
fission fluxes on the structurasl properties of
stainless steel are available ,(lh but these data do
not esgree with celculations and must be correlated
empirically. In view of the apparent complexity of
these damage processes it is difficult to see how

data from fast reactors.

such empirical correlations can be extrapolated for
a radiation spectrum such as that shown in Fig. 29.

In summary, the neutron-damage effects expected
in the ICTR are similar to those to be expected for
MCTRs because the fluxes and spectra are similar.
For the ICTR the lithium wetting the wall protects
the wall from high-velocity particles and low-energy
photons, which in magnetic systems interact with
the cavity wall. On the other hand, cyclic loading,
which occurs in the ICTR walls, does not occur in
most magnetic systems. It should be pointed out,
however, that radiation damage coupled with cyclic
loading may not be necessarily detrimental to the
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(12)

fatigue strength. It has been suggested that cyclic
loading could promote recombination of the Frenkel
pairs ,(15) thus reducing the damage caused by atomic
displacement. Because of the general similarity of
the present ICTR with other fusion concepts, the
results from present fadiation—damage research being
conducted for the latter should also be applicable
to the ICTR.

B. INDUCED ACTIVITY AND AFTERHEAT

Several investigators(lé’H) have commented
upon the smaller levels of radio‘activity to be ex-
pected in a fusion power plant, compared to the
gross fission-product activity in an analogous
fission plant. Of perhaps greater significance,
from the standpoint of potentiesl inadvertent re-
leases to the plant environs, is the fact that the
radioactive products of a fusion plant will gener-
ally exist in a more tractable physical form than
in a fission reactor, i.e., as induced activity in
the structural components of the fusion reactor,
rather than as fission products. (A singular ex-
ception is the tritium activity in a fusion reac-
tor; however, studies(IT) indicate that the implied
tritium handling problems will not negate the over-
all relative advantage of a fusion plant.)

Induced activity and attendant afterheat in
fusion-reactor structures will, however, be impor-
tant factors in the engineering design and in the
operation and maintenance of such a plant. After-
heat levels will imply substantial component-cooling
requirements for long periods of time after shutdown;
and many orders-of -magnitude of (y-ray) shielding
will be needed to allow even limited personnel ac-
cess to the vicinity of the fusion reactor struc-
tural components. This latter point is particularly
important if maintenance (or replacement) of struc.
tural vessels is required.

Although the absence of fission products is a
paramount advantage, the relatively large induced
activity in fusion.reactor structures, compared to
that In fission reactors, is basic, and derives
from two fundemental characteristics of the fusion
reactor. First, fusion reactions are neutron-rich;
the ratlo of excess neutrons produced yper megawatt
in a (D*P) reactor, to excess neutrons produced per
megewatt in a fission reactor is in the range of




~ 2 to 3. More importantly, most fission neutrons
do not leave the core, whereas most fusion neutrons
will reach at least the inner wall; thus, the ef-
fective neutron flux ratios (fusion-to-fission) for
structural vessels are typicelly more like 20 to 80.
Secondly, neutrons impinging upon fusion-reactor
(blanket) materials will be very fast; perhaps 20
to 404 of these neutrons will have energies of 6 to
14 Mev, as shown in Fig. 29.
ergies a preponderance of particle reactions, e.g.,

At these neutron en-

(n,2n), (n,p), cen be expected in structural mate-
rials, and such reactions generally lead to radio-
active daughter products, many of which have long
half-lives.

In the present study, the afterheat and the
dose-rate levels after shutdown were not estimated
accurately. Such estimates have been made by others
for typical MCTR systems ,(18’19) and the ICTR under
discussion should not be very different in these
respects. (The main difference is that the present
ICTR pressure-vessel material is stainless steel,
instead of a refractory metal.) Differences would
be expected in magnitudes, but not in the qualita-

tive implications of the results.

some rough order-of -magnitude velues will be
estimated to illustrate the activity levels to be
expected. Consider a S5-cm-thick inner wall in an
~ 200 M/t ICTR (Fig. 1).
neutrons (~ 6 to 14 MeV) at this wall will be
~ T x 102
of ~ 2 to 3 times this magnitude).
lated ICTR fluxes, rough estimated reaction cross
(20) the
possible neutron-induced activities in iron, nickel,
The results indicate

that the following reactions are of principal impor-

The flux of high-energy

neutrons/s ent (plus lower-energy fluxes
Using calcu-

sect ions, (1 and appropriate decay data,

and chromium were scanned.

tance (for operating times greater than a few
months)

ShFe(n,p)sth %ﬁ*shcl- (Stable) + 0.835 MeV y-ray

56Fe(n,2n)55 e g_r:_-gL55m (stable)
+ low-energy y-reys

56Fe(n‘,p)SGMn %?AS-SGFe (stable)
+ 0.85 to 2.1 MeV y-rays

581 (n,2n)° ML E%‘%:— 5Teo 2:E(—gd 5Tre (stable)
)
+ 0,5 to 1.9 MeV y-rays

5841 (n,p)co ;,%ig;» Bre (stable)
) + 0,5 to 1.7 MeV y-rays

520r(n,2n)ter ?—g—fﬂ»s]‘v (stable)
+ lov-energy 7y-reys

52 52y 3.Trm_ 52
cr(n,p) B cr (Stable)
’ - + 1.4 MeV y-rays.

Estimated activities (in curies) for these reaction
products in the inner wall are shown in Table ITI,
for a shutdown time (t) = O,

TABLE IIT

APPROXTMATE RADIOACTIVITY AT SHUTDOWN FOR TNNER
WALL OF 200-Mit ICTR

Radiocactivity After Various
Operating Times, 107 ci

Half.

Species Life 30d 180 1lyr Syr o
S 3034 0.1%  0.70 1.2 2.0 2.1
;ZFe 2.6y 049 2.8 5.3 16.6 22.5

Mn 2.58h 10,0 10.0 10.k 10,4 10.%
;;Co 2704 0.09 0.4 0,73 1.2 1.2
51c<> T1l.3d 0.01 3.1 3.7 3.8 3.8

Cr 27.8d 2.0 3.7 3.7 3.7 3.7
2y 3.7Ta 1.5 1.5 1.5 1.5 1.5
Total 1.2 22.2 26.5 39.2 L5,2

For an operating time of one year, one month
after shutdown the total activity is ~ 1.1 x 108 Ci,
produced primarily by 5 5Fe, 5800‘, and SlCr. For
long times after shutdown (t > several months), the
activity is primarily from 55Fe , with a half-life
of 2.6 years (five years after shutdown, the 55Fe
activity is still ~ 1.k x 107 ci).

The activities in Table IJI imply rather high
and long-lasting afterheat levels and biological
dose rates. Table IV shows estimates for these two
quantities as functions of time after shutdown.
Although these estimates are uncertain to, perhaps,
an order of magnitude, they are indicative of the
levels to be expected. Clearly, heavy biological
shielding would be required for the removal or
maintenance of such a component.
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TAELE IV

APPROXTMATE AFTERHEAT AND DOSE RATE FROM INNER WALL
OF A 200-Myt ICTR
(Operating Time, 1 yr)

Time After Shutdown

0 30 d lyr 5 yr
Nuclear After- Dose After- Dose After- Dose After- Dose
Species Heat® Rate Heat Rate Heat Rate Heat Rate
S 0.10 0.92 0.09 0.86 0.0k 0.40 0 0.01%4
Spe 0.07 0 007 © 0.05 O 0.02 ©
56Mn 2.28 14.0 o] Q o] o] o] o]
oo 0.0k 0 0.06 O 0.2 © 0 0
5800 0.50 2.83 0.37 2.11 0.01  0.08 0 0
SLer 0.16 ) 0.08 ) 0 ) ) 0
52y 0.36 1.93 0 0 0 0 0 0
Totals 3.5 19.7 0.65 3.0 0.12 0.48 0.02 0.01}4
8'Megauatts.

bUnits of 106 rem/h at distance of 1 .m.

C. REMOVAL OF CONTAMINANTS FROM LITHIUM

Contaminants that must be removed from the
ICTR lithium systems may be divided into two groups
--noncondensables and condensables. The noncondens-
ables are helium--a (D+r) reaction byproduct (also
formed in the lithium); unburned deuterium and tri-
tium from the pellet; and tritium formed from neu-
tron reactions in lithium. The condensables are
pellet materials, other than unburned fuel and
(D+T) -reaction products, and lithium tritide, which
is formed as tritium is produced by neutron

reactions.

Another contaminant, not created by nuclear
As in
most alkeli-metal systems, the oxygen content must
be maintained at a very low level., Methods of oxy-
gen removal are discussed e].sewhere,(2l’22)

reaction, that must be removed, is oxygen.

and are
beyond the scope of this report.

Of these contaminants, tritium and lithium
tritide formed in the blanket are the only ones
that appear to pose a removal problem. The con-
densable pellet materials will solidify and can be
collected in the lithium pool of the spray condens-
er, where they can be removed by filtration.
Helium will collect as a gas and cen be removed
from the spray condenser through a vacuum pumping
system (a vacuum system will probably be needed
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anyway to maintain the necessary low condenser pres-
Unburned fuel and lithium compounds in the
cavity can probably be confined to the condenser

sure) .
system. Excess deuterium and tritium gases can be
pumped out by the vacuum system; and lithium com-
pounds can be crystallized in a cold trap operating
at slightly above the lithium melting point, e.g.,
at 200°C, and located in a side-stream from the
atomized-spray recirculation loop of the condenser
system.

There are two reasons for maintaining a low
tritium inventory in the blanket system: (1) mini-
mization of the radiological hazard from tritium
(due to normal leakage or accidental release) and
(2) prevention of lithium tritide crystallization
in the cool portions of the system, e.g., in the
cold end of the intermedlate heat exchanger. A
removal problem arises because lithium tritide re-
mains in solution with metallic lithium at a concen-
This
concentration varies from ~ 1 mole 4 at 1000°C to
0.01-60-0.4 mole % at 200°C.(23)  (mme wige range
of uncertainty at 200°C is due to uncertainties in
extrapolating data from 400°C.) If the 750°C stream
entering the heat exchanger has an equilibrium LiT
concentration, solid LiT will be crystallized and
deposited in the heat exchanger as the stream is
cooled during transit. Therefore, if LiT

tration which is a function of temperature.




crystallization in the heat exchanger is to be pre-
vented,” the LiT concentration in the inlet stream
(750°C for the present ICTR) must be reduced to, or
below, the equilibrium LiT concentration of the out-
let stream (400°C for the present ICTR).

A method for tritium removal at high tempera-
ture, which would be applicable for the present con-
cept, has been studied and proposed for other fusion
power p]ants.(2h) This method tskes advantage of the
high permeability of some metals énotab]y niobium.14
zirconium) to hydrogen diffusion. 25) In this ap-
proach the tritium concentration, and thereby the
LiT concentration, in the high-temperature lithium
stream would be reduced by diverting a side-stream
to a system containing thin 'windows" of a metal
through which the tritium will readily diffuse.

However, the tendency of hydrogen (or tritium)
to readily diffuse through metals poses a problem in
the present concept--that of tritium leakage through
the outer containment wall because permissible tri-
tium leakage rates to the atmosphere are very low
(see section II.D). Based on the permeability of
hydrogen through stainless steel(2) (vhich is
~ 10"2 times that through niobium), the tritium dif-
fusion through the 2.5-cm.thick outer wall will be
excessive, posing a radiobiological hazard as well
as inflicting an economic penalty. This leskage
therefore mist be reduced. One possibility consists
in cladding the outer vessel wall with a materisl,
e.g., tungsten, that has a low permeability for tri-
tium diffusion. Another possibility would be to en-
close the entire ICTR in another vessel, maintained
at a low temperature, and then to evacuate the volume
between this vessel and the outer wall. If the lat-
ter scheme 1s used, the reduction of tritium con-
centration in the blanket could be enhanced by plac-
ing niobium 'windows" in the outer wall of the ICTR
as shown in Fig. 1.

The removal of LiT in a side-stream cold trap
of the condenser recirculation loop will probably be
sufficient to maintain the LiT concentration in the

*Actually, crystallization in the heat exchanger may
be only a minor problem if one is willing to accept
the economic penalty of using an extra heat ex-
chenger-~designed to transfer the full heating
load--so that one heat exchanger may be taken "off
line" for "regeneration” by heating it to vaporize
or dissolve the crystallized LiT.

400°C return stream below the equilibrium solubility
concentration. If this is not sufficient, another
side -stream cold trap, located in the main 40O°C
return stream, may be necessary.

In sumery, the following considerations will
be applicable for the design of a contaminent re-
movel system for the present ICTR concept:

® Condensable materials from the pellet, and
LiT formed in the cavity, can be removed by filtra-
tion in a side-stream cold trap, operating at
~ 200°C, of the condenser recirculation loop.

e Noncondensable materials (helium and un-
burned fuel) in the cavity can be removed through
a vacuum pumping systemn.

e Tritium leakage through the outer wall at
T50°C will probably be excessive. This leakage must
be prevented or some means of collecting the leakage
mst be provided.

® The steady-state LiT concentration within
the blanket system should be kept as low as possible--
preferably at less than the equilibrium solubility
concentration at the lowest system temperature (400°C).
Either of two removal methods can probably effect
this low LAT concentration--tritium diffusion through
a metal (e.g., nioblum) membrane at high tempera-
ture, and LiT crystallization and removal by f£il-
tration at low temperature.

Currently, data are needed to predic’b these
phenomena accurately. These data include equilib-
rium solubility constents of LIT in lithium,
equilibrium dissociation constants for 2 LiT < 2 Li
+ T2,
metals. Because appropriate tritium data are un-
avallable, preliminary design studies(2h’26) have
been based primarily on the extrapolation of LiH
and hydrogen data. Although the extrapolations are
based on known physical principles, the possible
errors are currently too large to undertake detailed
design of processing equipment.

and permeation constants of tritium in various

D. SAFETY FEATURES OF AN ICTR PLANT

In discussing the safety of fusion-powered
plants, we are especially concerned with “nuclear
safety"--most importantly, with the protection of
the public from radiation hazards.
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The hazards of handling molten lithium are
discussed elsewhere(2l’2) and are beyond the scope

of this report.

As in g figsion-powered plant, there are nucle-
ar reactions within the fusion-powered plant; there-
fore, radiological hazards are attendant. Beyond
this fact it is difficult (and often futile) to draw
analogies between fission and fusion hazards. As
pointed out in Section III.B, claims have been made
that fuaion plants will be “orders.of-magnitude”
safer than fission plants, based on the comparison
of fission-product activity to the estimated activ-
ity of tritium and of the actlvated structures in
a fusion plant. This comparison 1s not very useful
simply because levels of activities per se are es-
sentially meaningless in terms of radiobiological
hazards. The fact remains that the operation of
fission plants has been proven safe through many
years of technological development and operating
experience, whereas the real hazards of a fusion
plant can only be g matter of speculation.

However, an important basic difference exists
between the fission and fusion processes--in a
fission-power reactor an undesirable power excur-
sion is, in principle, possible because excess
reactivity is necessary for continued operation; in
a fusion-power reactor a power excursion is 0g=
slble. Even in this context, however, one must be
careful in making comparisons. Although a power
excursion is possible in a fission-power reactor,
it cannot credibly lead to an explosive energy re-
lease because of the way in which these reactors
are designed--they simply shut themselves down be-
fore such a disaster can occur. Still, in a fusion
reactor, whether it is an ICTR or a MCTR, the rate
of energy relesse is proportional only to the smount
of fuel confined within the (D+T)-burning region,
and both the amount of fuel and the burning-region
conditions must be optimal for the process to occur
at all. Deviations from the optima, e.g., in-
creases in the amount of fuel or in the energy in
the confinement system, will result in decreasing
power production.

There will be two known radiological hazards
which may present particular problems in a (D+T)
“preeder" plant, 1.e., the accumlation of tritium
and the activation of reactor structures. Tritium
is a radiobiological hazard only if ingested (tri-
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tium emits only a low-energy beta particle), and
therefore poses no hazard if contained within a leak-
tight envelope. The problem, however, is in ade-
quately containing gaseous tritium, as discussed in
the previous section. In particular, tritium leakage
from the primary lithium blanket system must be suf-
ficiently low so that tritium concentrations within
and outside the plant area are less than prescribed
limits (the allowable tritium concentration at a
boundary to the public(®) 15 2 x 1077 yei/emd or

2 x 1077 g/cm3). For example, in an operating

plant with this boundary at a radius of 100 m the
allowable tritium leaksge rate from the plant is of
the order of 10~ to 107 cu3 (s7p)/s 1f the trans-
rort of tritium to this boundary from the plant is

by diffusion through air. This low allowable leakage
rate imposes an extremely stringent requirement for
tritium containment, especially when considering the
propensity of tritium to diffuse through metals.

One requirement that will probebly be imposed
on fusion plants is protection against accidental
tritium release from a breach in a pressurized tri-
tium containment system. This is analogous to the
required protection in lieu of the classical Maxi-
mum Credible Accident (MCA) in the regulatory
criteria for fission plants. This MCA has been
traditionally assumed not to be obviated by any
assurances of structural integrity of the primary
contalnment system, and the imposition of protec-
tion against this event will probebly be carried
over into regulations for the design of fusion
plants. This prohably means that a secondary con-
tainment system will be required to completely en-
close any pressurized system containing lithium
(vearing tritium) or gaseous tritium.

The other known radiologicel hazard--that of
activated structural materiels--will be an Opera-
tional problem, not a radiatiom -protection problem.
Radiation protection from these activated materials
is tractable because they are solid and immobile,
and the radiation can be attenuated by simply shield-
ing the activated materisl. However, the very high
biological dose rates from these structures, as
indicated in section IIX.B, preclude the access of
personnel for contact maintenance or replacement of
the blanket structure within any reasonable length
of time after shutdown.



E. ECONOMICS

The current competitive eriterion for commer-
clal electrical power generation is the tbta.l pro-
duction cost, usually broken down into operating
cost and capital cost. The major portion of the
operating cost for conventional power plants is the
fuel cost, and this 1s expected to be the case for
the ICTR concept. (A discussion of ICTR fuel cost
is included in Volume II of this report.) It is
assumed that the ICTR fuel cost will be equivelent
to the estimated fraction of total production cost
(~ 30%) of fast-breeder pover-plant concepts. Thus,
it is assumed thet the capital cost will be ~ TO%
of the total production cost for the ICTR.

Pecause engineering design criteria for 'bhé
ICTR concept have not been established, it is im-
possible to estimate detalled capltal costs. How-
ever, certein portions of the plant and assoclated
costs will be essentially ildentlical to those in
advanced nuclear fission-plant concepts, e.g., the
HTGR (High-Temperature Gas-Cooled Reactor) and the
fast breeder reactor. Included in these costs are
the direct and indirect construction 'and deprecisble
capltal costs of the structures and improvements,
the steam-plant equipment, and the electricel-plant
equipment. For advanced fission.powered concepts,
such costs are ~ 60% of the total capitel costs,
including the secondary containment structure for
the reactor system.(2®) The rematning U0f incluge
the reactor plant equipment and the muclear-engi-
neering costs. For the (conceptual) MCTR plants,
these costs are not well known. (The promoters of
the MCTR concepts have the same problem as the
advocates of the ICTR concept: detailed cost esti-
mating is impossible unless the plant has been
engineered.) In general, however, among the crude
estimates that have been made, the reactor plant
equipment and nuclear engineexing costs for MCTR
concepts are slightly higher than those for the
HIGR and breeder plants.

In comparing fusion-plant reactor equipment
and nuclear engineering costs to those of advanced
fission-powered plants, the following qualitative
statements can be made.

® The mechanical design of fusion reactors is
baslcally simpler than that of fission systems.

Therefore the cost of the fusion reactor and its
internal components should be less than that of the
fission reactor.

® Nuclear safety systems to prevent supercriti-
cal accldents and engineering safeguards to ensure
primary contalnment of fission products are a signif-
icant fraction of the cost of fission reactors.
Supercriticality simply is not a consideration in
fusion reactors. Purther, although contalnment of
tritium is a major concern in a fusion reactor, such
containment should not be as expensive as the safe-
guards for contalnment of much more hazardous fission
products.

® The cost of lithium-processing facilities for
contamination cleanup in fusion plants is likely to
be comparable o thet of the sodium-processing
facllities in sodium.cooled breeder plants. Possibly,
the cost of the tritium removel system in a fusion
plant will raise the total chemicel-plant cost above
that for a sodium.cooled breeder plant. However, it
is not likely that thls higher chemical-processing
cost will offset the cost gains from the first two
cost advantages.

In comparing ICTR and MCTR reactor-equipment
costs, the major difference is in the equipment for
plasma containment, i.e., laser equipment for the
ICTR and magnet equipment for the MCTR. If a cost
comparison is based on power requirements, the laser
equipment will be significantly less expensive than
the magnet equipment.

Although a detailed cost estimate of an ICTR
can not be made, a significant portion of the total
production cost (~ 404) should be the seme as cur-
rent capital costs of advanced fission electrical-
generating plants. Qualitative evaluation of the
remaining 604 of the production cost indicates that
the ICTR could be economically competitive with
other advanced concepts for electrical power
generation.

F. OTHER MEANS OF ENERGY CONVERSION
l. General Considerations

Throughout the technological development of
the power-converslon industry, which has been based
on the heat-engine cycle, a major goal has been to
decrease the fuel cost by increasing the efficiency
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of converting thermal energy to electrical energy.
Thermodynamically, the conversion efficiency 1s
directly affected by the maximm temperature in the
process, l.e., the higher the temperature, the
Heretofore, this
maximum temperature has been limited because of
physical and chemical properties of the materials
(usually for containment) in contact with the
thermodynamic ‘working fluid".

higher the conversion efficiency.

In addition to decreasing fuel cost, there has
been an impetus in the past few years to decrease
the amount of heat rejected by increasing the con-
version efficiency. With the advent of large power
plants (1000 Mie or larger) rejecting their waste-
heat to natural water sources, the problem arises
of altering the ecology of these sources by increas-
ing the water temperature (thermsl pollution). The
amount of waste heat can be significantly decreased
by increasing the conversion efficiency: because the
waste heat is proportional to 1/n°-1, where n_ 1s
efficlency, an increase in efficiency from 40 to 484
(a factor of 1.2) results in a decrease in the
amount of waste heat by a factor of 1.38. However,
increases in conversion efficiency entail higher
capital cost, as 1s discussed later; and, in re-
sponse to public pressure, power-plant designers
have discovered that the production cost of existing
plants modifled at increased cost to reject heat to
the atmosphere (even at the expense of decreased
conversion efficiency) is less than the cost for a
new plant designed for higher conversion efficiency
using more expensive materials. Fraas(29) has sug-
gested that waste+heat from fusion power plants
could be used for building heating and air-condi-
tioning because such plants could be located within
urban complexes, thus eliminating the thermal-
pollution problem.

The limitation on maximmm temperature due to
material properties has applied not only to heat-
engine cycles but also to various direct-conversion
schemes that are based on energy extraction direct-
ly from charged particles (e.g., ions). Because
ionization of most materisls is negligible below
~ 2000°C and the maximm working temperature for
contalning materiels that are economically attrac-
tive is below ~ 1000°C, none of these direct-
conversion schemes have been seriously considered
as & basis for the electrical-power industry.
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Proponents of fusion power have claimed that
the prospect of fusion reactors operating at ex-
tremely high reaction temperstures (in the key
range) and, particularly, MCTR systems where the
h'::t plasma does not come in contact with containing
materials, promises high conversion efficiency by .
means of direct conversion. Unfortunately, fusion-
reactor designs, either ICTR or MCTR, are based on
the (D*T) reaction, where the major fraction (0.75
to 0.8) of the total energy must be coaverted to
thermal energy in a J&guid 1lithium blanket to pro-
duce tritium. Here, again, the maximum lithium
temperature is limited to ~ 1000°C by the physical
and chemical properties of the materials containing
the lithium. Therefore, this major fraction (0.75
to 0.8) of the (D+T) energy can only be converted
to electricity by means of a more conventional
thermodynamic cycle with e heat engine, leaving
only the minor fraction (0.2 to 0.25) for direct
Two questions then remain: “How high
a conversion ratio is practical with a heat-engine
cycle?" and "Is it practical to consider direct
conversion of 20 to 25% of the total energy?"

conversion.

2. Heat-Engine Cycles

The maximm steam temperature in modern steam
rlants is ~ 600°C, resulting in conversion efficien-
cies of 40 to L5%. Gas turbines, used in combined-
cycle power plants and for power pegking in large
steam plants, are operating with combustion gases
at temperatures of ~ 800°C and power levels of 50
to 100 M{e; the resulting conversion efficiency is
~ 129 higher than that of plants operating only on
a steam cycle, Gas turbines are being developed in
Burope to operate in closed.Brayton-cycle plants,
with helium at maximum temperatures of ~ 1000°C,
and at power levels up to 500 Mye; the conversion
efficiencies of these plants would be greater than
50%.(30) Frass has proposed a combined potassium
vapor-steam cycle for fusion power plants.(l'r) The
potassium turbine would operate at ~ 1000°C, and the
conversion efficiencies would be greater than 504.

There 1s little doubt that heat engines can be
developed to operate at higher temperatures than in
modern steam plants, i.e., up to 1000°C with over-
all efficiencies approaching 60%. Unfortunately,
the materials that must be used in these machines
and for associated components (e.g., piping, heat



exchangers) are very expensive, so that the capital
cost of such a power system would be simply too high
to compete economically, even though the plants
would operate at higher efficlencles.

To emphasize this point, consider the following
example of a baslc economic principle.(3l) If a
proposed plant can operate at an efficiency X% high-
er than that of an existing plant and for a capital
cost increase of Y% and if the operating costs are
the same for both plants, these plants will be com.
petitive (total production costs are equal) when
Y = X(P)/c, where ¢ is the capital cost and P is the
total production cost (capital cost plus operating
cost). If the ratio of capital cost-to.total pro-
duction cost remains the same as that for advanced
nuclear-povered plants (see preceding section), then
the percentage increase in capital cost for a pro-
posed plant to compete with an exlsting plant is
Y = X/0.T. Therefore, if the proposed plant oper-
ates at 609 efficiency, the increase in capital cost
of this plant is limited to 484 of that of an ex.
isting plant operating at 45% efficiency. Because
the cost of currently available raw materials that
would permit such a high conversion efficiency is
up to ten times that of materials in existing
plants, it is questionable whether the capital cost
of the highly efficient plant would be economically
competitive with that of the existing plant.

3. Direct-Conversion Possibilities

Two direct.conversion possibilities exist for
(1) the
generation of a counter electromotive force in a

a plant based on the present ICTR concept:

magnet system that provides a magnetic field in the
cavity by extracting energy from the expanding
(ionized) pellet material as it works against the
magnetic field; and (2) the exhaustion of the cavity
gases (after quasi-equilibration) through a magneto.

hydrodynamic (MHD) duct. Here, again,the use of any

direct-conversion method will be based on the
economic principle described above.
cause only 254 of the total energy is available for
conversion, a major fraction of this energy must be
converted at high efficiency to offset the added
expense of magnet systems, energy storage systems,

However, be-

power-conditioning equipment, and associated cooling
equipment .

Even if in the first method 1t were possible
to convert a major fraction of the cavity energy at
high efficiency, the cost due to the increased com-
plexity of magnetizing the blanket would probably
price such a system out of competition with a heat-
engine.only conversion system. For example, the
conversion efficiency of a fusion plant based on
the ICTR concept would inerease from 40 to 43.75%
if 50% of the energy in the cavity were directly
converted at an efficiency of 904. Then, to be
competitive with steam-plant conversion of the cavity
energy, the increase in capital cost of adding the
direct-conversion system must be only 13.4% or less,
which would probably be economically unfeasible.

In the second method, the fraction of the
cavity energy that can be extracted is very low--
the enthalpy change from 4000 to 2000 K is only
204 of the total heat content.
sion efficiency were 1009, the increase in capital
cost due to adding the MHD system would have to be
10.7% or less to be competitive with converting all
the energy in a steam plant.

Even if the conver-

In conclusion it may be stated that the cost
of magnet systems and associated equipment for
direct conversion of 25% of the total energy would
probably be too high to compete economically with
heat-engine conversion cycles.
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IV. CONCIUSIONS

A. THE WETTED-WALL ICIR

1. Introduction

The analyses of cavity and blanket phenomena
described in Section II do not indicate any unsolv=-
able engineering problems in developing a wetted-
wall ICTR. The most significent unknown (see Sec-
tion III) is the effect of radiation damage on the
lifetime of the inner walls. However, it must be
remenbered that laser-driven fusion is not yet a
reality nor even an eventuel certainty. Therefore
it seems unwise to undertake a lerge-scele engi-
neering effort to establish a reference reactor
design that is based on assumptions about currently
unknown phenomena. On the other hand, it is also
unwise to ignore recognizable engineering problems
in a potentially attractive concept. Such problems
can be effectively studied, both analytically and
experimentally. Efforts on certain of these prob-
lems are under way, but other work needs to be
started.

Problems of integrating ICTR systems in a
plant and recommendations for extension of other
study areas mentioned in this report are discussed
in the following paragraphs.

2. Plant Systems Integration

As mentioned in Section IIT.E, certain portions
of an ICTR power plant will be similer to those of
current electrical generating plants. These por-
tions, which can be engineered with current tech-
nology, are the electrical switchyard, the steam-
turbine plant, and the intermediate cooling system.
The electrical switchyard includes power-condition-
ing equipment from the main alternator busses to
the high-voltage transmission llnes; the steam-
turbine plant includes the equipment described in
Fig. 3; and the intermediate cooling system in-
cludes the piping, pumps, and auxiliaries for circu-
lating the intermediate coolant between the steam
generators (Fig. 3) and the intermediate heat
exchanger (Fig. 2).
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oOther portions, which cannot be engineered be-
cause of lack of technology, are the ICTR, the
chemical processing systems, and the laser and pellet-
injection systems. Major engineering problems in
the ICTR end in the tritium-processing system have

been discussed earlier.

ICTR engineering problems are centered on the
survival of the inner wall separating the cavity
from the blanket. The largest and most important
uncertainty is the effect of radiation damage on
wall lifetime--neither erosion from the blast nor
fatigue failure from the cyclic strains per se seem
to limit the lifetime. If the wall lifetime is only
a few years or less, a major problem arises in de-
signing for replacement. If replacement in situ is
infeasible, the entire assembly of shells may have
to be discarded and replaced. Either method of
replacement may impose a major cost penalty.

Another feature that must be provided is shut-
down cooling of the afterheat generated in the wall
structure. Because the afterheat level is relatively
high and the isotopes have half-lives of the order
of years, the structure will have to be cooled
indefinitely.

The chemical processing systems must remove
condensable pellet materials, LiT formed by tritium
generated from neutron reactions in lithium, as well
as oxygen and other noncondensables (helium and un-
burned fuel) that accumulate in the lithium systems.
The tritium concentration, whether in the form of
LiT or gaseous tritium, must be minimized to reduce
the radiobiological hazard in case of tritium
leakage.

Details of laser engineering problems are dis-
cussed in Volume II. Integration problems for the
laser system are centered on transporting and focusing
the beam(with the aid of mirrors, lenses, etc.) from
its source to the point at which it impinges on the
pellet.

i
g



The design of the pellet-injection system will
be a difficult timing, trajectory, and mechanlcal-
engineering problem. The pellet-injection system
mist be integrated with the laser system so that the
laser beam and the pellet arrive simultaneously at
the center of the cavity. The geometric tolerances
of the focused spot are likely to be small, and the
pellet may have to be oriented exactly as desired.

3. Extension of Present Work

Most of the analyses presented in Section II
should be continued and expanded.

® Because of time (and cost) limitations, the
ablation of lithium from the wall (pellet wetted-
wall interaction) was caleulated by using a very
approximate equation.of-state; more sophisticated
calculational methods are available. Also, the
quasi-equilibration conditions in the cavity were
assumed and should be determined more accurately
by extending the ablation calculations.

o The calculation for blowdown of the cavity
gases through the condenser should be extended.
Deceleration of the supersonic liquid-vapor sprey
at the condenser exit was not calculsted; a cealcu-
lational model could be developed.

® Wall stresses were estimated from the move-
ment of liquid boundaries based on hydrodynamic
calculations; a calculational model should be
developed to include a more accurate determination
of restraining forces.

In addition, experimental studies, some of
vhich are already under way in the gherwood con-
trolled-fusion program or in other programs, should
be conducted in the following areas.

® Properties of Lithium - Thermodynamic and
transport (particularly opacity) property data are
needed in the temperature range of 0.2 to 20 eV.

e Radiation Damage - The effects of neutrons,
with appropriate fluences and spectra, on the struc-
tural properties (yield strength, ductility, fatigue
strength, and creep rate) of prospective materials
mist be known.

® Neutron Data - Neutron reaction and y.ray
production data are needed for lithium and perti-
nent structural materials especially at neutron
energies > ~ 5 MeV.

e Corrosion and Mass Transport - Compatibility

studles should be extended to measure mass trensport,
intergramilar attack, etc., of structursl materials
by lithium in dynamic systems at appropriate tempera-
tures.

o Tritium Removal . Solubility constants for
14T and tritium in lithium and permeation constants
for tritium through various metals are needed.
Chemical -engineering laboratory and pilot.plant
scale studies of tritium recovery methods should be
initiated.

e System Studies - These studies include ex-
perimental evaluation (engineering similitude) of
1ithium layer formation on the wetted wall, and
condensation of superheated lithium vapor in a
supersonic spray duct.

The activities outlined above can be conducted
similtaneocusly with efforts to attain successful
laser-driven fusion. Most of the experimental work
is also applicable to magnetically confined concepts.

when (and if) laser-driven fusion becomes a
reality, a program to develop a demonstration ICTR
should be initiated. This program would inclnde,
as a major goal, a full-scale test of a laser-
initiated pellet in a cavity surrounded by a vessel
containing lithium.

B. COMPARISON OF ICTR WITH MCTRs

1. Introduction

A comparison between the present laser-driven
fusion concept and some familiar magnetic plasma-
confinement concepts reveals interesting similarities
and differences. Most similarities stem from the
common fuel (D+T); whereas most of the contrasts
are due to the difference in proposed confinement
method, either magnetic or inertial. While the
elucidation of these contrasts is informative, some
caution 1s in order. As previously mentioned, no
fusion concept is yet a working reality; therefore,
it is inappropriate (and harmful to the overall
development of controlled fusion) to treat these
comparisons as advantages or disadvantages as if
there was a cholce between one concept or another.

Because these concepts bturn (D+I) they must
utilize the energy of neutrons generated by the
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fusion process—T5to 80% of the total (D+T) energy--
vhich escape the reaction volume, and they must
breed tritium from these neutrons to replace the
consumed fuel. These facts require a breeding
blanket, largely composed of lithlum, that surrounds
In addition to removing the
heat generated by dissipation of the neutron energy,

the reaction volume.

the 1ithium must be processed to remove the tritium.
In the wetted-wall concept, the lithium will be com-
paratively easy to flow for heat transfer and triti-
um removel because there is no magnetic field in

the blanket. This will eliminate any need for gas
cooling or for small insulated tubing, as sometimes
discussed in magnetic fusion systems.

2., Inner wall

Because the energy output is proportional to
the neutron output, structural materials of fusion
systems will be damaged by the neutron flux. In
the present concept of an ICTR the cavity may be
sized to control the damage, as 1s discussed later.
The only damaging particles that will penetrate to
the wetted wall will be neutrons; the wall surface
is protected from erosion by low-energy photon ra-
diation and by impact of high-velocity particles.
The wetted wall need not have particular electri-
cal properties and the cavity does not have to be
highly evacuated, with the result that the cavity
volume does not have to be defined by a sealed
vessel. Thus, for the present concept, greater
l1atitude is allowed in the cholce of both wall ma-
terial and method of fabrication. However, because
the wetted wall sustains significant strain under
each cycle, its material will have to have a fatigue
strength not required in most, but not all, magnetic
fusion concepts.

3. Confinement System

For magnetically confined concepts, the plasma
pressure will be specified by attainable magnetic
pressures and by the yield strength of materials.
The plasma density is then specified by the minimum
ignition temperature (~ 5 keV) and by the require.
ment of useful return on invested energy (nt). To-
gether, these parameters imply a minimum plasma
scale length, thereby inferring a corresponding
In the case of the ICTR, the dimen-
sions of the confining vessel remain free parameters,

reactor size,
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independent of confinement and ignition problems;
therefore, the dimensions may be chosen to suit
radiation-damage levels or other criteria.

Another feature of magnetic confinement is the
requirement for large amounts of stored energy in
the magnet system: U x 10%° J for a Tokamak reactor
megnet(32) or 5 x 109 J for a theta-pinch reactor.(33)
A corresponding feature in the present system might
be power supply to the laser, but this supply will
be much lower and the power source can be located
Thus, the possibility
of a stored-energy accident involving the reactor
does not exist for an ICTR.

away from the reactor vessel.

A further consequence
of separating the power source from the reactor will
be the relatively easier protection from neutrons
leaking through the lithium blanket.

4. Power Ievel

System studies of MCTRs generally dictate that
units should be large, resulting in plants generating
2000 to 5000 Mye, to be economically feasible. Upon
failure of such units, large transients would be
introduced into power networks, making loed adjust-
ment difficult, perhaps requiring large energy stor-
Failure of the cooling system for
superconducting magnets would be very serious, not
only because of a potential energy storage accident,
but also because of the long time (60 days for a
Tokamak reactor(32)) required to cool the super-
conducting magnet down prior to its operation.

age systems.

In contrast, ICTRs need not be large--the
present design assumes a thermal-energy output of
200 M/. They could be either scaled up to larger
sizes or could be clustered, and probably would be
served by a single laser system. Individual units
could be shut down or restarted without special
difficulty, and the pulse rates could be changed
as needed to supply a varying loed. This flexibil-
ity also has an important bearing on the radiation-
individual units could be shut
down for replacement of parts without completely

damage problem:

interrupting power generation.

5. Ecological Effects

Discussion of the ecological impact of fusion
reactors has centered upon the relatively waste-
free fuel cycle (compared to fission reactors), on




the possible hazards involved, and on the possi.
bility of burming wastes (particularly the long-
lived fission products Sokr, Psr, and 37cs). Most
of the general discussion of fusion also applies to
the ICTR system.
sulting in the same waste products; and the breeding
is the same, presenting the same hazard of acciden.
tal tritium release. With regard to burning wastes,
the possibility of burning fission products or other
wastes is much greater in the ICTR because, unlike
magnetic systems, no ultrehigh vacuum is required.

The fuel cycle is the same, re-

C. COMPARISON OF WORLD ENERGY RESOURCES

Up to the present, economics has been the sole
consideration in determining fuel usage and methods
of energy conversion, i.e., the quest for ever-de-
creasing electrical power production cost overrode
all other considerations. However, during the past
few years, the public has become aware of a host of
socioecological problems, some the result of ad-
vancing technology, but most the result of the ever-
expanding population; these problems will no doubt
affect any future fuel usage and energy conversion
considerations, but economics will probably remain
the most important factor.

The known and (estimated) undiscovered reserves
of the world's supply of fossil, fissile, and fusion
fuels, as of 1968(3%)
many treatises on the effects of an expanding popu-
lation it is reasoned that the world's population
will reach an asymptotic value of ~ 1.010 within the
next 100 years. If the U.S. per-capita energy con-
sumption rate of 1970 is applied to this asymptotic
total population, the world's total energy-consump-
tion rate will be 2.8 q per annum(35) (Q = 1018 Btu
= 1.06 x 10°* J). At this consumption rate the
supplies in Table V, would last for the durations
shown in Table VI.

are shown in Table V. In

These results clearly indicate the relative
shortage of fossil and rich-ore fissile fuels.
In the past decade, the shortage in fossil fuels
has been reflected in a changeover to power plants
buming fissile fuels in areas where fossil- fuel
costs are high. This change has not occurred be-
cause nuclear power, per se, is preferable, but
simply because this form of energy production has
become economicelly competitive. However, fissile

TABLE V

WORLD ENERGY RESOURCES

Energy Availlsble, Qa‘

Undiscovered
Energy Source Koown  (Estimated)
Fossil
Coal 19 270
011 and natural gas 5.1 90
Fissile
Burners (1.5% eff)
Rich ore (< 20¢/kg) 7.5 20
Iow-grade ore (> 20¢/kg) 2.8(10)“ 8(10)“

Breeders (604 eff)
Rich ore (< 20¢/kg) 300 950

Low-grade ore (> 20d/kg) 9.5(10)°  3(10)°
Fusion (50% eff)
Deuterium 5(20)°  1(20)°
Lithium 3(10)° 3(10)
8, = 10" Btu = 1.06 x 1027
TABLE VI

WORLD ENERGY RESERVES

Years at 2.8 Q per Annum®

Energy source Known Possible

Fossil

Coal 6.8 96

01l and natural gas 1.8 32

Total 8.6 128
Fissile

Rich~ore burners 2.7 Tl

Low-grade ore turners 1.0(10)h 3(10)h

Rich-ore breeders 107 340

Low-grade ore breeders  3.4(10)° (20)%

Total rich ore 110 347

Total low-grade ore 3.5(20)° (20)8
Fusion

Deuterium (20)° (10)?

Lithium (10)8 (20)

8, =108 Btu = 1.06 x 102 7
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fuel costs will increase as the rich-ore reserves
are depleted; and, unless new mining and ore-
processing techniques are developed, fissile-fuel-
burning plants will become economically unattrac-
tive and other forms of energy will be sought. At
present, it is established national policy that the
fast.breeder reactor (in which low-grade fissile
fuel, 238, 1c converted to fissionable 23%y while
producing power) will replace the fissile-fuel-
burning plants as rich-ore deposits are depleted.,
Although the supply of low--grade ore is vast, there
remains the question whether a fast-breeder-based
power industry is desirable or even feasi'ble.(36)
The problem of large-scale fission-product waste
disposal, alone, could make a fission-power economy
very expensive.

If our fuel sources are in fact restricted as
indicated in Table V, nuclear power (either fission
or fusion) must be used for the world's future needs.
Electric-power generatlon by controlled fusion
processes is, of course, not a certainty; but from
the foregoing discussions there is little doubt
that, if made to work, fusion power could have
vast economic, technical, and socloecological
advantages over fast-fission breeders.

In conclusion, it should be evident that the
quest for a workable fusion power system is more
than the satisfaction of a scientific curiosity;
it may be essential to the future well-being of
mankind.
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APPENDIX A

SOMF NEUTRONICS FEATURES OF AN ICTR

by C. W. Watson

1. Introduction

Nuclear radiation-transport considerations will
be of central concern in the design and operation of
any controlled thermonuclear reactor (CTR) for el-
Generally, these con-
siderations fall into one or more of five areas
(1isted below in order of decreasing importance in
determining the engineering feasibility of a CTR
design):

ectrical power generation.

® Energy-deposition rates and spatial dis-
tributions in the reactor complex.

Tritium production rate.
Rediation~-damege effects.
Tritium processing and handling (safety).

Safety and reliability problems arising
from the buildup of induced activities
and associated afterheat in the plant
components.

The first two categories, in particular, are of fun-
damental importence in the initial conceptual de-
sign of any CTR.

For the present study of inertially-confined
thermonuclear reactors (ICTRs), neutron and y-ray
transport calculations were required to define
specific reactor systems and to provide numerical
results for concomitant design studies. The first
two categories--energy deposition and tritium pro-
duction--are treated in this Appendix.

2. Basic ICTR Configuration

A rather specific overall concept has dominated
the ICTR studies to date. The basic configuration
consists of an evacuated spherical cavity in which
(D+T)<burning pellets are exploded. This cavity is
surrounded by a thin ablative layer of liquid 1li-
thium on the inner surface of a metellic inner wall
(vhich surrounds the central vacuum and maintains

the cavity), followed by a liquid-lithium blanket.
The blanket functions as a tritium-breeding region,
as a (D+T) neutron-energy absorber, and as the heat-
transfer medium for removing the deposited energy.
This lithium blanket and the pellet blast energy are
contained by an outer, relatively thick, metallic
Both the inner and the outer me-
tallic walls are cooled by the lithium as necessary.

pressure vessel.

A schematic representation of the system is shown in
Fig. A.l.

In a more realistic design a small blowdown
nozzle (half-angle, ~ 6°) would be added, as shown,
for removing cavity deb1:is after each shot. The
nozzle would occupy only . 1% of the total blanket
volume, and would decrease the tritium production
and energy deposition in the blanket by no more than
a few percent. Consequently, the nozzle was not in-
cluded in the neutronics studies.

3. Pellet Source

Nuclear characteristics of the pellets are dis-
cussed in Vol. II of this report. Each (D+T) re-
action is assumed to produce 3.52 MeV of a=-particle
energy, deposited locally in the pellet, and one
14.1-MeV neutron.
y-rays and also deposits some of its energy directly
in the pellet. Leakage from the pellet consists of
a high-intensity 14.1-MeV neutron component, a lower=-

This neutron produces secondary

energy (degraded) neutron component, and secondary
y-rays.
tion in the pellets is also relatively smell (but

not negligible); for convenience, the blanket heat-
ing calculations assumed the pellet to be a massless,
isotropic-point monoenergetic (14.1 MeV) neutron
source, emitting 8 MeV of neutrons per (D+T) reaction,
sccompanied by y MeV of secondary y-rays. The source
intensities, 8 and vy, were inferred from appropriate
pellet neutronics studies. '

Because the pellets are small, self-absorp-
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k., Tritium Production

In the ICTR concept there is no megnetic field
penetrating the blanket region, in contrast to a
megnetically-confined system (MCTR), giving a fun-
damental breeding advantage to the ICTR. The ab-
sence of magnetic fields means that the blanket
lithium can be efficiently pumped out of the blan-
ket directly to extermal heat exchangers, obviating
the need for special heat-transfer structures (and
media) within the blanket; any such structure would
normally reduce the tritium=-producing potential in
the blanket.

Another tritium-breeding advantage is inherent
in the concept of Fig. A.l. The principal mechanism
by vwhich blanket structures reduce the tritium pro-
duction is through degradation of the fast-neutron
spectrum via inelastic-scattering reactions, par-
ticularly in the inner portion of the blanket; this
reduces the vital 7L:f.(n, n'~)T reaction rate. This
degradation would be relatively small in the geo-
metry of Fig. A.l because most of the structural
material is located in the pressure vessel away from
the inner part of the lithium blanket.

Because adequate tritium breeding in an ICTR
would probebly be relatively easy to accomplish and
because there are no compelling reasons for keeping
the blanket thickness small (in contrast to the MCTR,
where thinner blankets mean smaller magnets), it
seems reasonable to assume that no tritium-enhancing
or blanket-thickness-reducing additives would be re-
quired in the ICTR. (Note also that good neutron-
removal properties for shielding are not necessary

LIQUID LITHIUM
ABLATIVE LAYER

THIN METALLIC
INNER WALL
LIQUID LITHIUM
BLANKET
BLOWDOWN
NOZZLE METALLIC PRESSURE
VESSEL

Fig. Asl. ICTR schematic.

in the ICTR blanket.) Thus, for the present work,

a blanket of molten natural lithium was assumed,

with no internal structure. Adequate internal

support could be provided by the blowdown nozzle

mentioned earlier. .

Tritium production calculations were performed
with the MCH Monte Carlo code, which is similaxr to
the MoN code3T), but includes tallies of tritium- .
producing reactions for lithium. Both 6Li(n,d)T
(or T6) and 7L:f.(n,n'c,\r)T (or TT) reactions are tal-
lied per source neutron. Total tritium production

iBT=T6+T7.

The basic calculational model is shown in
Fig. A.2. Here, an outer wall is included for two
reasons: (1) a plenum is required to collect lithium
flow from the inner blanket, and (2) the location
of the main pressure vessel, determined primarily
by hydrodynamic response considerations, may not be
compatible with the overall lithium thickness needed
to remove most of the available neutron energy.

Tritium production studies were made by varying
the dimensions and the materials in this basic com-
figuration. Running time for each of these problems,
for relative errors of < 5%, was . 5 min on the
CDC-T600 computer. :

Figure A.3 shows tritium production vs posi-
tion of a 2.54-cm-thick iron main pressure vessel \
in a 100-cm-thick lithium blanket (totael thickness
of lithium). These calculations were made for an
ICTR having a fusion pellet at the center of a
cavity of 100-cm radius, with a 0.5-cm:thick niobium

OUTER WALL

OUTER LITHUM
BLANKET

Fig. A.2.

Basic ICTR configuration.
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Fig. A.3. Tritium production (T) per (D+T) re-
action for configuration of Fig. A.2.

inner wall and a 2.5k-cm-thick iron outer wall.
Two calculations for a 2.54-.cm-thick niobium main
pressure vessel are also plotted; these results
are almost identicel to those for the iron vessel.
Finally, two points are shown for a 10.l6-cm=thick

iron main pressure vessel.

Note that the effect of the main pressure
vessel upon tritium production is smell if the
vessel is located at ~ TO cm or more into the 1li-
thium. Also, the reduction from the meximum value
(T = 1.51) produced by locating a 10.1l6-cmethick
vessel at 20 cm into the lithium is very nearly
twice that produced by a 2.S5k-cm-thick vessel at
that location, i.e., the tritium production is
reduced approximately inversely as the square root
of the vessel thickness.

This variation is consistent with a calculated
breeding-ratio reduction produced by adding a re-
latively thick (~ 5 cm) inner structural wall for
restraint of inward motion of the inner wall (see
Section IT.C.3 of main body of report). A cal-
culation using the configuration of Fig. A.2 with
a 5.08-cm=thick iron inner wall indicated that
T % 1.23, which is not a prohibitive reduction in
the breeding ratio.

Additional tritium estimates for a more spec=-
ific ICTR design will be presented later.

5. Heating Estimates for a 200-MWt ICTR

Hydrodynamic calculations indicate that a 10-cm-
thick main pressure vessel at 7O cm into the 1li-
thium blanket of Fig. A.3 (r = 170 cm) would be
adequate to contain a pellet explosion with a
(total) energy release of . 200 MJ. From these
results, combined with cavity blow-off calculations,
blanket heat-transfer calculations based upon in-
itial heating estimates, and tritium production
estimates, preliminary geometry specifications were
defined for a 200-MWt ICTR (one 200-MJ pellet per
second). The resulting configuration is that of
Fig. A.2, with detailed (one-dimensional, spherical)
specifications as given in Table A-I. Total lithium
in this system is 1.47 x 101‘ kg.

Neutron heating estimates were based upon Monte
Carlo calculations, using codes that were modifica-
tions of the LASL point-cross-section general-geom-
etry Monte Carlo neutron code, McN.(37) In these
codes, several optional tallies of value to energy
deposition estimates were incorporated.

g, = neutron flux in energy interval AR,
J at surface i,
Jy = neutron currents (+ and -) in energy
J
group AEJ across surface i,

AEel = energy deposited in each spatial cell
of the problem via neutron elastic-
scattering events,

AEn 1 = neutron energy lost in each cell via

) (n,n'y) events in lithium,

AEnon = neutron energy lost in each cell via
other nonelastic scattering events,

AEn o C enersy lost by neutrons in each spatial

? cell of the problem via (n,2n), (n,3n),
etc. events,

c = number of neutrons captured in each

spatial cell of the problem.

Total computer running time per problem was
~ 20 min (CDC-T600) for relative errors of 1 to 5%.
Two problems were run, one with lithium coolant in
the stainless steel (SS) and one without lithium,
to separate the heating for the two materials. A
tritium production calculation with the MCH code
was also run for this geometry; results are shown
in Table A-II.
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TABLE A-I

CALCULATIONAL MODEL FOR A SPHERICAL 200-MWt ICTR

(One Pellet per Second)

Cell  Outer Redius, Density,
No. (r), cm Material ) gm/cm3 Description i
1 98.9 Li 0.0018 Cavity
2 99.0 Li 0.495 Ablative Li on inner wall
3 100.0 Stainless Steel =l . T2 Inner wall, with
+ Li Li=0.197 void fraction = 40%
b 103.25 Li 0.492 1st blanket
5 106.49 Li 0.490 1st blanket
6 110.20 Li 0.488 1st blanket
T 113.91 Li 0.486 1st blanket
8 118.08 Li 0.484 1lst blanket
9 123.19 Li 0.482 1st blanket
10 129.22 Li 0.480 1st blanket
11 137.10 Li 0.478 1st blanket
12 147.76 Li : 0.476 1st blanket
13 158.43 Li 0.hTh 1st blanket
1k 169.55 Li 0.473 1st blanket
15 172.88 Stainless Steel =T7.07 Pressure vessel, with
+ Li Li=0.047 void fraction = 10%
16 176.21 " " "
17 179.55 " " "
18 189.55 Li 0.472 2nd blanket
19 199.55 Li 0.h472 2nd blanket
20 209.55 Li 0.472 2nd blanket

21 212.09 ss 7.86 Outer shell



TABLE A-II

PER 1k4.1-MeV SOURCE NEUTRON

RESULTS OF MONTE CARIO CAICULATIONS FOR CONFIGURATION OF TABLE A-I

BEg, AEn,l 28 on LBy xn Captures/
Cell MeV/Neutron MeV/Neutron MeV/Neutron MeV/Neutron Neutron T¢ Ty
1 0.0020 0.0059 0.051h4 0.0111 0.0011 0.0008 0.0049
2 0.0089 0.0023 0.0151 0.0037 0.0008 0.0010 0.0010
3 (L) 0.0336 0.0081 0.04g0 o} 0.0041 0.0036 0.0064
3 (ss) 0.0127 - 0.8128 0.249h 0.0098 o] o]
i 0.2551 0.0728 0.4846 0.0752 0.0306 0.0276 0,0488
5 0.2460 0.0690 0.4518 0.0697 0.0317 0.0315 0.0516
6 0.2736 0.0761 0.4996 0.0736 0,0365 0.0366 0.0625
T 0.2610 0.0670 0.4610 0.0630 0.0369 0.0348 0.0510
8 0.2752 0.0767 0.4Th2 0.0662 0.0433 0.0k22  0,0553
9 0.3235 0.0860 0.5219 0.0729 0.0540 0.0546 0.0623
10 0.3372 0.0916 0.5301 0.0703 0.0643 0.0625 0.0647
1n 0.3881 0.1025 0.5947 0.0700 0.0848 0.0836 0.0738
12 0.4361 0.1157 0.6108 0.0615 0.1190 0.1162 0.0721
13 0.3432 0.0852 0.4549 0.0453 0.1232 0.1211  0.0573
1% 0.2869 0.0676 0.3428 0.0327 0.1371 0.1370 0.0468
15 (Li) 0.0059 0.0025 o} o} 0.00k2 0.0048 0,000
15 (ss) 0.0245 - 0.5287 0.0745 0.0125 0 o}
16 (1i) 0.0037 0.0011 o} o} 0.0034 0.0040  0.000k
16 (ss) 0.018% - 0.3239 0.0392 0.009% o o}
17 (Li) 0.0024 0.0005 o] o} 0.0024 0.0028 0.0001
17 (sS) 0.0130 - 0.1957 0.0202 0.0064 0 o}
18 0.0610 0.0127 0.0423 0.0054 0.0512 0.0k99  0.0067
19 0.0434 0.0093 0.0378 0.00k42 0.0415 0.0417 0.0054
20 0.0307 0.0057 0.0243 0.0023 0.0363 0.0344  0.0031
21 0.002% - 0.0378 0.0035 0.0015 0 o}
Total (Li) 3.618 0.958 5.646 0.727 0.906k4 0.891 0.675
Total (SS) 0.071 0 1.899 0.387 0.0396 0 o}
Total (Li+SS) 3.689 0.958 T.545 1.11k 0.9460 0.891 0.675
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With the exception of AE o1 the terms in Table
A-II do not give energy deposition directly; nor do
they, because of the implied secondary y-ray pro-
duction, generally give the spatial distributions,
The variety and complexity of reactions that 1lli-MeV
neutrons undergo in most materials, especially in
lithium, make a complete analysis of the blanket
energy deposition very difficult, even in principle.
In practice, the lack of requisite deteil in avell-
able physics data makes such an analysis impossible.

It becomes necessary to assess the relative
rates of the various reactions and to direct atten-
tion only to those that are of primary importance.
Such assessments were made for the ICTR, using Monte
Carlo tabulated flux spectra. Results for lithium
are shown as a function of distance into the blanket
in Addendum 1 to this Appendix. Based upon these
results, the energy deposited was estimated by
assuming the following:

1. A1l lithium captures are 6Li(n,(y)T events
which deposit ~ 4.79 MeV locally per capture.

2. Energy deposition via SS captures is
negligibly small. Thus, all of AEn,:m for SS is a
direct energy loss (no nuclear recoil energy de-
posited).

3. All of AEnon for SS reappears as inelastic
y-rays.
k., A1l of AEnon for lithium is from TLi

(n,n'w)T events.

For 7L:f.(n,n'or)T, we assume 2.47 MeV lost per
event, i.e., 2.47 MeV is lost per unit T7 produc-
tion. The remsinder of AEnon is deposited locally
as recoil energy of the helium and tritium produced.
The following questions remain:

1. How much of AEn 1 for 1lithium reappears
24
as inelastic y-rays and what are their energies?

2. Whet fraction of AEn n for lithium is
2]
deposited locally as recoil energy of the lithium
nuclel?

Detailed estimates were made for Item 2, using
MCN cross-sections, (n,xn) neutron production spec-
tra, and calculated fluxes, plus equations for re-
coil energy from Ref. 38. (Isotropic center-of-mass

neutron emission was assumed.) The results gave

~ 224 of 8B deposited, with a maximum variation
24
over the blanket of .~ 2%. (A constant 22% was

assumed. )

Item 1 poses a more basic, and more important
problem. It is basic, because the data required to
unequivocally assign lithium inelastic-scattering
y-ray spectra (and, thus, the y-ray production
fractions) are apparently not available; it is im-
portant, because heating in internal structures,
especislly structures such as the inner wall, can
be predominantly-from the lithium inelastic-scat-
tering y's. Estimates of these heating rates are
sensitive to the 1lithium inelastic-y spectrum as-
sumed; in general, a softer lithium y-ray spectrum
will imply a higher inner-wall heating rate.

Addendum 2 to this Appendix discusses the
approach which was used for lithium inelastic y's
in the present case, based upon inelastic-scattering
y-ray spectra from Ref. 38. Although still uncer-
tain, this approach was used because it constitutes
an example of a spectral model that includes both
the dominant scattering from low=-lying levels
(0.478 MeV in 'Li and 3.56 MeV in
an evaporation component for very-high-energy neu-
trons (14 MeV). The development in Addendum 2 uses,
in effect, only the y-spectra from Ref. 38; the
overall inelastic-scattering energy balance 1s based
upon the Monte Carlo-calculated energy changes, It
is importent to note, however, that there is an in-
consistency in this approach. The MCN code assumes
(n,n'y) scattering only from the low-lying levels
of lithium; thus, the resultant total Monte Carlo
lithium inelastic—y energy is lower than that im-
plied by the assumed spectra from Ref. 38.

i) as wvell as

Using results from Addendum 2 and from Table
A-II, y-source intensities and spectra were in-
ferred for the cells of Table A-I. Gemma-ray trang-
port calculations were then performed to estimate
secorndary y-heating rates throughout the system.

These results were normalized to a given pel-
let output on the basis of the following assumptions:
w-particle deposition in the pellet 3.52 MeVv
Nuclear energy absorbed in the pellet 0.89 MeV

Neutron leakage from the pellet 12.2 MeV
y-ray leakage from the pellet 0.9 MeV
Total energy per (D+T) 17.51 Mev

reaction in the pellet.



Final neutron heating-rate estimates were made by
multiplying the point-source velues by (12.2/14.1) =
0.865.
timated. These results are given in Table A-III and
Fig. A.%. The total energy available in the system
is 13.43 + 3.52 + 0.89 = 17.8% MeV per (D+T) reac-
tion .

Tritium production rates were similarly es-

Note that an error is implicit in this normal-
It assumes that 0.865 neutrons per (D+T)
reaction leave the pellet, with each neutron having
an energy of 14.1 MeV. This is probably adequate
for estimating direct neutron-energy deposition
rates, but may not be adequate for 6Li(n,ry)T esti-
mates.

ization.

If low-energy neutrons escape from the pel-
let after having deposited some of their energy in
the pellet, a correction might be required. For
example, if an additional(1.0:0.865)= 0.135 neu-
trons per (D+T) are assumed to be of this type, then
a potential (maximum) increase in T of 0.135, and an
increase in blanket energy deposition of (0.135)
(4.79) = 0.65 MeV are possible per (D+T) reaction.
These effects (< 10% increase, in T, < 4% increase
in available energy) can be properly estimated only
with coupled pellet-blanket calculations, which here
are not justified.

An overall energy balance, based upon the sta-
ted normalization assumption and the Monte Carlo cal-
culations, can be estimated as follows:

Energy Produced/(D+T) Reaction: Ener MeV
(D+T) reaction 17.62
6L:f.(n,ar)T reactions

(0.771)(%.79) _3.69
Total 21.31
Energy Loss/(D+T) Reaction:
Binding-energy loss in 7Li(n,n'ry)T
reactions = (0.58%)(2.47) 1.h4
Binding-energy loss in (n,xn)
reactions 0.49
Loss in capture reactions,
e.g., (n,p), (n:D) 0.55
y-ray leakage from the blanket 0.48
Neutron leakage from the blanket 0.12
Assumed pellet losses 0.11
Miscellaneous other losses 0.28
Energy deposited 17.84
Total 21.31

Energy Deposited/(D+T) Reaction: Energy, MeV
Pellet L.y
Cavity total (minus the pellet) 0.072
Inner wall 0.470
Inner lithium blanket 11.045
Main pressure vessel 0.951
Outer lithium blanket 0.772
Outer wall 0.116

Total 17.84

Although there are uncertainties in these
estimates, they can hardly total more then . 1 Mev/
(D+T) and they are probably smaller.
1imit of perhaps 18.5 MeV/(D+T) or, at most, 19
MeV/(D+T) is implied. The "correct" value for the
ICTR system of Tsble A-I probably is 17.8 MeV

(:gg Mev)/(D+T) reaction.

Thus an upper

ABLATIVE UITHIUM OUTER PRESSURE

INNER WALL (S S) VESSEL (SS)
INNER PRESSURE VESSEL (SS)
OUTER
INNER LITHIUM BLANKET- LITHIUM

0.1 — BLANKET
90 100 IIO 120 130 I4O I5O I60 i70 180 190 200 210 220

RADIAL POSITION IN BLANKET, cm

10"x HEATING RATE. MeV/{D+T) cm®

Fig. A-4. Blanket heating-rate distribution for

configuration of Table A-III.
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TABLE A-IIT

ESTIMATED ENERGY DEPOSITION AND TRITIUM PRODUCTION IN THE 200-MWt ICTR
CONFIGURATION OF TABLE A-I

Mev/(D+T) Tritium Production/(D+T)
Cell Neutrons Pellet y-rays Total T¢ TT T
1 0.045 0 0.045  0.000T 0.00k2  0.00%9
2 0.024 0.003 0.027 0.0009 0.0009 0.0018
3 0.270 0.200 0.470 0.0031 0.0055 0.0086
L 0.737 0.055 0.792 0.0239 0.0k22 0.0661
5 0.694 0.050 0.7k 0.0273 0.04k46 0.0719
6 0.762 0.053 0.815 0.0317 0.05k41 0.0858
T 0.738 0.048 0.786 0.0301 0.0kk1 0.07h2
8 0.787 0.0k9 0.836 0.0365 0.0478 0.0843
9 0.911 0.054 0.965 0.0kT2  0.0539  0.1001
10 1.010 0.055 1.065 0.0541  0.0560  0.1101
1 1.170 0.060 1.230  0.0723  0.0639  0.1362
12 1.380 0.064 1.4y 0.1005 0.0624 0.1629
13 1.196 0.050 1.246  0.1048  0.0496  0.15hh
1k 1.082 0.0k0 1.122 0.1185 0.0405 0.1590
15 0.k 0.069 0.500  0.00k2  0.0009  0.0051
16 0.249 0.031 0.280 0.0035 0.0003 0.0038
17 0.158 0.013 0.171 0,002k 0.0001 0.0025
18 0.307 0.003 0.310 0.0k32 0.0058 0.0490
19 0.249 0.001 0.250  0.0361  0.00k7T  0.0k08
20 0.211 0.001 0.212  0.0298  0.0027  0.0325
21 0.115 0.001 0.116 0 o} 0
Total 12.53 0.90 13.43 0.7 0.58k 1.355



-ADDENDUM 1 to APPENDIX A-

RELATIVE IMPORTANCE OF VARIOUS
LITHIUM REACTIONS IN AN ICTR

Relative importances for the verious neutron
reactions in a 1lithium ICTR blanket can be evaluat-
ed by examining the flux-weighted microscopic cross
sections for these reactions as a function of posi-
tion in the blanket. The importance from the stand-
point of energy deposition in the blanket and, se-
condarily, the importance with respect to tritium
production in the blanket are of interest.

Lithium nonelastic reactions that must be con-
sidered, along with appropriate Q-values, are lis-
ted in Table A-IV. Point cross sections for these
reactions were taken directly from the MCN Monte
Carlo library and used to estimate rough group-
averaged cross=sections in the energy groups, AE 37
for which Monte Carlo fluxes were calculated.

These cross sections were then used to estimate the
percent of all nonelastic reactions in naturel 1i-
thium for each reaction, as shown in Table A-V.

Tables A-IV and A-V indicate that, with an er-
ror of less than 5%, we can ignore energy deposition
from all reactions except "Li(n,~)T, and y-rays from
TLi(n,n'y)TLe and TLi(n,n'w)T reactions. (This
latter reaction probably produces no y's). Net
energy losses to binding energy in 7L:f.(n, n'e)T and
in (n,xn) reactions should also be considered.

TABLE A-IV

14-MeV NEUTRON NONELASTIC REACTIONS

IN NATURAL LITHIUM

Reaction

6Li (n,n'y )6L1

6L1 (n,n'w)D
61,1 (n, 2nv)p
61.1 (n,v)TLi

64 (n, p)6ne

(6He - 6L:f.)

6rs (n,~)T

Tra (nyn'y) 1t

T4 (n,2n)6L1

TLy (n,n'w)T

TLi (n, 2nw)D

Tra (n,y)SLi

(8L1 -2 b

Trs (n,D)GHe

He)

TABLE A-V

PERCENT OF ALL LITHIUM NONELASTIC REACTIONS, IN NATURAL-LITHIUM BLANKET

Distance into the Rlanket, cm

Reaction 1 T 20 Lo 160 300
61,1 (n,n'y)sLi 0.2 0.1 0.1 0.1 ~0 -~ 0
Li (n,n'~)D 5.3 5.2 4.8 3.9 0.6 ~0
6L1 (n,2n0)p 0.4 0.k 0.3 0.2 .~ 0 -~ 0
6Li (n,y)7L1 ~ 0 .0 .0 .0 -~ 0 ~ 0
61,1 (n,p)GHe 0.1l 0.1 0.1 0.1 ~0 ~0
6L1 (n,n)T 30.8 33.2 38.6 50.9 92.3 97.3
Trs (n,n'y)7L1 24.3 25.1 25.0 21.9 k.6 2.3
Tra (n,2n)6Li 1.5 1.3 1.1 0.7 0.1 -~ 0
TLi (nyntw)T 35.1 32.7 28.5 2.2 2.3 0.1
Tt (n,20v)D 1.7 1.4 1.1 0.7 ~ 0 ~0
TLi(n,y)Li .0 ~0 .0 .0 ~0 ~0
Tra (n,D)GHe 0.6 0.5 0.4 0.3 ~ 0 ~0

&Véluesz MeV

-1.k7
=3.70
+T.25
-2.73
+0.815
+4.79
=7.25
=2.47
-8.712
+2,03
+15.9
-7.76

Lt



~ADDENDUM 2 TO APPENDIX A-

INELASTIC SCATTERING SOURCES FOR LITHIUM

The Monte Carlo code used for ICTR heating es-
timates in this study includes as one of its options
a cell-wise tally of AEn,l = neutron energy lost in
(n,n'y) reactions in lithium. To estimate the re-
sulting energy deposition it is necessary to es-
timate what fraction of AEn,l is deposited as en-
ergy of the lithium recoil nuclei, and what fraction
reappears as inelastic-scattering y-rays. The en-
ergy spectrum of these y-rays must also be deter-
mined. This latter problem is particulerly dif-
ficult if the inelastic scattering occurs via se-
veral nuclear levels, plus continuum-region scat-
tering; the neutron spectrum varies greatly from in-
side to outside in a typical CTR blanket and, in
general, this implies a position-dependent inel-
astic—y spectrum. Corresponding recoil energies for
the 1lithium nuclei must also be estimated, since
this fraction of AEn,l is deposited locally, in con-

trast to the inelastic y's.

Such problems have been examined by Ritts,
Solomito, and Steiner.(38) In that study, inel-
astic scattering was assumed to be via the 0.L78-MeV
level in 7L:f. and the 3.56-MeV level in 6L1, plus a
continuum region in which an evaporation scattering
model was used for incident neutron energies above
9 MeV. Resulting group-wise secondary y-ray spectra
are tabulated in this reference for 100 neutron-
energy groups between 0.414 eV and 14.92 MeV.

For the present work, the ORNL inelastic-
scattering y-ray production spectra will be nor-
malized to the MCN-calculated neutron-energy losses
to obtain inelasticey sources for y-heating esti-
mates. Corresponding recoil energies will also be
estimated that are consistent with the ORNL spectra.

To do this, consider only (n,n'y) events in li-
thium and assume isotropic emission of the n' neu-
trons in the center-of-mass system (energies are in
the leboratary system). The following definitions

will be used:

i = incident neutron energy (or group) index,

j = excitation energy (or group) index, for
an (n,n') event in lithium,

k = position (or region) index,

E, = incident neutron energy,

E 13 = excitation energy of the residual nucleus
after (n,n') scattering of a neutron with
incident energy E 4

E 13 = energy of the outgoing neutron in an
(n,n') event which leaves the residusl
nucleus with excitation energy E 13
(incident neutron energy = E 1) R

E5, = energy of recoil nucleus for (m,n') event
as above,

fiJ = fraction of (n,n') events which produce
residual nuclei with excitation energy

E 15°
= flux at position k of neutrons with
energy E 49

= (n,n'y) cross section at position k
for neutrons of energy E 4

8ix

%1k

AE; = calculated total neutron energy change
at position k via (n,n') reactions, per
source neutron.

Thus, by the above definitiocns,

oE) = AT T Ty o by (By - E,) (a-1)
where the Ak are products of the proper normalization
factors, as required. Also, via an energy balance

for a given (n,n') event,

E, = E°, +E,, +E

N 13 13 13° (a-2)

The mechanics of the (m,n') scattering event
are described by the following (see Ref. 38):

2AE L. (1+A)1=:111
2 2 AE;

[ (1+A)E
- 1l - —-A—E}"l cos 9 »
i

where A is the ratio of the nuclear mass to the

neutron mass, and 8 is the center-of-mass (c.m.)

scattering angle. If isotropic c.m. scattering is

assumed,*
2AE (1+A)E
B, = |E5,(o = ih- Ll. (a-
13 13(9) v (1) ZAE (a-3)

*There are data which indicate that this may not be
a good assumption for 1l4-MeV neutrons in lithium,
and a significant error can be implied. However,
available data are not sufficient to allow a better
analysis at this time; further, the Monte Carlo cal-
culations use isotropic inelastic scattering models.
Any other assumption would, therefore, be inconsis-
tent with the MCN results.




Finally, the total recoil energy at k is

AE§=A1<’1: §f13¢m°mE§J'

Thus, the fraction of Aii
energy of the lithium nuclei is

zz
o 1iji.j¢ik°ikEr

i
B, = —= = L., (a-k)

n
M T Ty Fix O (By - Ey)

2 S - wT
The excitation energy, Ei,j E:Lj Ei,j’ is
assumed to reappear as a single photon of energy

Ei,j'

To estimate By and the resultant inelastic-y
spectrum, the following energy groups are assumed
(corresponding to intervals in the tables of Ref.
38.)

y=Ray Groups

Assumed

R AEiJ (Mev) E, (Mev)
1 12 to 1k.1 12.3
2 10 +to 12 11.0
3 8 tolo 9.0
4 3.5t 4 3.56

5 0.4 to 1.0 0.478

Neutron Energy Groups

Assumed

P (MeV) E; (Mev)
1 13.5 to 1%.92 k.1
2 12.21 to 13.5 12.9
3 11.05 to 12.21 11.6
4 10.0  to 11.05 10.5
5 9.048 to 10.0 9.52
6 8.187 to 9.048 8.62
T 6.703 to 8.187 T.45
8 5.488 to 6.703 6.10
9 L.066 to 5.488 Lk.78
10 3.012 to 4.066 3.54
2.019 to 3.012 2.52
12 1.353 to 2.019 1.69
13 0.9072 to 1.353 1.13
iR 0.4979 to 0.90T2 0.70

that reappears as recoil

T. 6

Data for 'Li and "Li, from Tables 6 and T of
Ref. 38, can be collapsed and combined to produce
estimates of (fi 50 :Lk) in natural lithium for these
groups. Using Eq. (A-3), E., can be calculated as

a function of Ei and EiJ; w:fj:%h these results, Eq.

(a-2), Eq. (A-}) and the Monte Carlo fluxes, A, can
be calculated as a function of position in the blan-
ket of the ICTR system of Teble A-I. These results

are given in Table A-VI.

The spectrum of the resulting inelastic y-rays
can also be estimated ss a function of position:

fraction of the total inelastic-—y
energy at k that is emitted in
y-group J

"3k

zi: £33 % B By

g‘ "’; fiy %k Pix By

Table A-VII gives the resulting o Ik (Note the large
variation in these spectra as a function of position
in the blanket.)

In summary, to get lithium inelastic-y sources
for the geometry of Table A-I, the Monte Carlo~
calculated AE;: = AE:l (from Table A-II) are mul-
tiplied by the appropriate (l-ek) from Table A-VI,
to get y-source intensities. These are then assumed
to have the spectra of Table A-VII. In addition, a
fraction, 8y, of AEl;,l is deposited locelly as 1i-
thium recoil energy.

TABLE A-VI

By VB POSITION IN ICTR OF TABLE A-I

k_r (em) B "
1 98.9 0.378 0.622
2 100.0 0.38L 0.616
3 103.25 0.390 0.610
h 110.2 0.k10 0.590
5 118.08 0.ho2 0.578
6 129,22 0.432 0.568
T 147.76 0.kk2 0.558
8 169.55 0.419 0.581
9 179.55 0.391 0.609

10 189.55 0.402 0.598

1n 209.55 0.4%16 0.58%

kg



TABLE A-VII

gy = FRACTION OF TOTAL INELASTIC y-RAY ENERGY CARRIED BY PHOTONS WITH
ENERGY E ) (MeV), vs POSITION IN THE BLANKET OF ICTR SHOWN IN TABLE A-I

a1

r (cm) E, = 12.3 MeV 11.0 : 9.0 3,56 0.478
98.9 0.248 0.318 0.002 0.00k 0.k28
100.0 0.237 0.307 0.00k 0.00k 0.448
103.25 0.216 0.309 0.010 0.00% 0.k61
110.2 0.178 0.300 0.018 0.00k 0.500
118.08 0.1u4k4 0.28% 0.025 0.00k 0.543
129.22 0.110 0.262 0.032 0.004 0.592
147.76 0.073 0.227 0.0k1 0.00k 0.655
169.55 0.0k2 0.173 0.048 0.003 0.73%
179.55 0.027 0.105 0.021 0.002 0.845
189.55 0.025 0.10k 0.036 0.002 0.833

209.55 0.018 0.097 0.0L40 0.002 0.843



APPENDIX B

METHODS OF CALCUTATION

by A. R. Larson and L. A. Booth

1. Pellet-Wetted-Wall Interaction and Wall-Strain
Analysis

The finite-difference technique in solving
Egs. (1), (2), (3), (27), and (29) (see main body
of report) is based on the following sequence. At
the beginning of each time interval (computation
cycle), new velocities for each zone boundary are
determined from previous pressure gradients, Eq. (2).
From the new velocities, the changes in zone bound-
aries are computed (AR = UAt). Densities are com-
puted next, Eq. (1), and time-centered by averaging
with old values. New specific internel energies
and pressures are then computed by iteration of
temperatures to satisfy Eq. (3) or (27) and the
equation of state (see Appendix C) by using the
time-centered densities. Viscous pressures, Q, are
calculated by the method of von Neumann and
Richtmyer, (39 vis.

z2p(a—“)2 for 22 < 0

r or (B-l)

[«¥%)

u

> 0

I
Va

zero for

[o¥

vhere 22 is the damping coefficient. The time in-
terval for the next computation cycle is based on
the Courant-Friedrichs-Ilewy condition(ho) , and is
determined by:

% s '2i_s\é+l <rﬁ)’

vhere s is the time derivative of the shock's
Lagrangian coordinate and n is the volume compres-
sion ratio of the shock. With this new time in-
terval, pressure, and viscous pressure, the next
computation cycle 1s started as before.

(B-2)

2. Radiation Transport across the Void for
Pellet/Wetted-Wall Analysis

The energy equation, Eq. (3) of the main body
of the report, includes a diffusion equation to
transfer electromegnetic radiation across zone
boundaries, i.e.,

-‘;ﬁAx gred o

(8-3)
F = energy flux (erg/sec)
a=lo/c it

o = Stefan-Boltzmenn constant -4
(5.67 x 10=3 erg sec™l em™ k™)

¢ = speed of light in vacuum

mean free path for rediation (an
average of the mean free paths on
either side of the boundary)

T = temperature
k = Boltzmann constant (1.381 x 10716 erg/K)
9 = kT

A = area

>~
n

In finite-difference form Eq. (B-3) becomes

- .&_C.L)u 33 -
F (3 A AR M (B-1)
vwhere Ar is a distance across a zone. Values of

9 and Ar/A, the numbers of mean free paths, are
determined by averaging the values for the zones on
each side of the interface for which F is applic-
able,

Equations (B-3) and (B-4) are appropriate if
matter is present. In this calculation, however,
a large void is assumed at the start of the cal-
culation, and these equations therefore are in-
To treat the radiation transport
across this void, an improved formulation was de=-

vised without a major modification to the code.

appropriate.
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The void region is divided into several 2zones,
two of which (i and i+l) are considered here.

(1) ° (1) (1+1) (1+2)

An imaginary radiating surface (indicated by dotted
lines) is placed at the center of each zone. Ac-
cording to Huygen's principle, the wave‘front at the
center of Zone (i+l) can be generated from a wave
front at the center of Zone i. Energy densities for
each zone, ¢ y» ere calculated in the code by in-
tegrating the fluxes across the boundaries over time.
Zoze temperatures are then calculated from ¢ i = a
0 1 Assuming that this is a reasonable approxima-
tion for © i and that Huygen's principle can be used,
the energy flux between the two imeginary surfaces is
Fe 5 (A 911‘+1 - Ay 9:)' (8-5)
If the zone thicknesses are small, A; , ¥ Ai' = A
(A is the area of the surface between the zones.)
Then

F= %.c_ A(el;+1 - Ql:ft)
~EAab<o®><0> (8, -0,) (B-6)
or
FmacABSAo0, (3-7)

where < g > is the average value of 9.

In Eq. (B-4), 8 has the same value as § in
Eq. (B-7) when 8y or 8,0 Upon
cowparing Eq. (B-U4) and (B-T), approximate radia-
tion transport can be calculated across a void if
is replaced by unity in Eq. (B-k4).

approaches zero.

2 A
3at

3. Lithium Vaporization for Pellet-Wetted-Wall
Analysis

The computer code used in this calculation in-
cludes an explicit scheme for solving the hydro-
dynamic equation in the Legrangiasn-space coordinate

system and is not applicable for a liquid or solid

phase. In the explicit scheme, zone boundary motion

for a given time step is determined only by the

pressures on each side of the boundary at the be-
ginning of the time step. In using the liquid-li-
thium equation-of-state (see Appendix C), the 1li-
quid-zone pressures varied irrationally, resulting
in an unrealistically low value for the time step.

The following modifications were made to al-
leviate this problem. The vaporization temperature
of the lithium was arbitrarily assumed to be 5800 K--
1ithium zones below this temperature were liquid
All liquid zones had
the same pressure as the gas zone adjacent to the
liquid, resulting in no hydrodynamic motion for the
liquid. The Courant time-step calculation was mo-
difled to allow the time step to increase without
limit as adjacent gas-zone pressures become equal.

and those above were gaseous,

k. Analysis of Blowdown through Condenser

The finite~-difference technique in solving
Eqs. (10) through (14%) is the backward-space dif-

ference method of Richtmyer for Eulerian equations.(hl)

Equations (15) through (19) were differenced
in a similer menner. The sequence of calculations
during each time interval (computation cycle) was
as follows., New velocities were calculated for
both the liquid and the gas phase (Eq. 12) by using
the combined density, pressures, and viscous pres-
sures from the previous computation cycle (initial
conditions for the first cycle). Changes in mass
and energy (Egs. 10, 11, 13, and 14) in each zone
were then calculated by using the new velocities
and time-centered densities. Gas pressures were
calculated by Eq. (20), and compared with the vapor
pressure (BEq. C-1, Appendix C). If the gas was
superheated, the temperature was changed by the
heat-transfer Eq. (15). After a zone became sa-
turated, the changes in temperature (and energy),
mess, density, and void fraction were calculated by
Eqs. (16) through (19), and Eq. (C-1)was the equa-
tion-of-state. The viscous pressures and the new
time interval were calculated from Egs. (B-1) and
(B-2), and the next computation cycle started as

before.
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APPENDIX C

PHYSICAL PROPERTIES OF LITHIUM

by J. C. Hedstrom and A. R. Larson

1. General

Transport and thermodynamic state properties
of 1ithium have been obtained from the open liter=-
ature, where possible. Liquid-lithium densities,
viscosities, and thermal conductivities used for
the various analyses in Section II of the report
were obtained from three Bources.(2l’ 22,k2)

2. High-Temperature Properties for Pellet Wetted-
Wall Interaction Analyses

For the pellet wetted-wall analysis, the state
(pressure and internsl energy) and transport (ra-
diation-absorption cross section, i.e., opacity,
and thermal conductivity) properties were needed
over a temperature range of 0.09 to 20.0 eV and a
6 40 0.534 g/em3. The
data used in the calculations were calculated at
LASLGB) and were included in a tabular interpola-
tion subroutine in the computation code. The opac-
ity data included electron thermsl conductivity.

density range of 2.7 x 100

The most uncertaln of these properties is the
opacity. Some calculated data are plotted in Fig.
C.l, in which the wide variability of opacity is
illustrated. Missing sections in the curves indi-
cate ranges for which data could not be computed,
and interpolated values were used. For the par-
ticular calculation in Section II.B.2 of the report
the temperature-density points were such that the
interpolated values were, for the most part, out-
side the region of interest. This is illustrated
by a domain diagram in Fig. C.2. Values for T <
0.2 eV (which are the most uncertain of those shown)
are accurate within a factor of 2.
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Fig. C.1l. Calculated lithium opacity (including

electron conduction) as a function of
temperature.
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Fig. C.2. Temperature and density domains that were

used in pellet wetted wall interaction
calculations.

The tabular interpolation subroutine includes
the calculated data in the following form:

The dependent variables are the logarithms of:
P o’ the pressure at zero temperature,
P-Po, vhere P is the pressure.,
Eo, specific internal energy at zero temperature,

E-Eo, vhere E is the specific internal energy,
and

Kk, the opacity (includes electron heat con-
ductivity).

The independent variables are logarithms of:
kT, where T is the temperature and k is Boltzmenn's
conctant; and p/po, the compression, where p is the
density and Py is the density at zero temperature.

Lover and upper limits on kT and p/po may be
chosen for each material. The interpolation points
for P-P_, E-E, and K are evenly spaced (on a log-
arithmic scale) between the lower and upper limits
to minimize computer time. Values of the logarithm
of kT and p/po for P and E_ are fixed.

3. Equation-of-State for Cavity Equilibration,
Blowdownsand Condenser Analyses

For these analyses, the state properties for
saturation and superheated vapor conditions must be
obtained.
pendent properties are not available, an equation-
of-state model was developed, based on data from
the JANAF Thermochemical Tables( This model,
vhich assumes a perfect gas for the superheated
vapor, includes the following from the JANAF data.

However, because complete pressure-de-
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Fig. C.3. Heat content of saturated lithium vapor,

e Heat content of saturated vapor (Hv) as a
function of temperature, and

e BSpecific-heat ratio (y) as a function of
temperature.

Heat content, 1%: as a function of vapor tem-
perature is plotted in Fig. C.3 along with a linear
£it to the data. Values of y were calculated from
the C, data, assumingy = cp/(cp-R). Results are
plotted in Fig. C.4 again with an analytic fit to
the data. The dip due to the increase in dimer
concentration was ignored because it is generally
below the current range of interest.

The saturation conditions were determined by
calculating vepor pressures from the equilibrium
constant data. The relationship which fits these
results is:

P, = exp [25.379% - 17754.9/T,
(c-1)

- 0.39515 1a T ],

where Pv is the saturation pressure and Tv is the
saturation temperature.



17 T T T T T
o JANAF DATA
y*1.671+ 2323 x1079T

° ~1.466 x 10-979
o
o

1.6— (.Y

1.5}

14—

1.3}

! A 1 |
0 1000 2000 3000 4000 5000 6000

TEMPERATURE, K

Fig. C.4. Ratio of specific heats (y) of lithium
vapor assuming perfect gas.

The internal energy is then given by

T
ar
E=H_+R .f‘T &1y (c-2)
v

and the pressure is given by
P=pRT=P - T/Tv . (c-3)

These three equations are the basis for the pressure-
temperature diegram in Fig. 6 of the report.

The constant energy/volume line in Fig. 6 was
derived by combining Eqs. (C-2) and (C-3) to ob-
tain:

P T
L _¥v v o 4T -
vV " T P ) (c-k)
v

where

I = total energy in the cavity lithium after
pellet initiation,

initial specific internal energy of lithium
vepor in the cavity prior to pellet initiation.

(5]
o)
n

P, is evaluated by Eq. (c-1), H_ is evaluated by
the data fit in Fig. C.3, and y is evaluated by
the data f£it in Fig. C.h.

Given I, V, and Eo and assuming a final T,
this equation can be solved iteratively for Tv from
vhich the other parameters can be calculated. The
operating line on Fig. 6 is for I = 50 MJ, V =
%.189 w3 (1.0 m radius),and E_ = 2.09 W/kg
(saturated vapor assumed at 700 K). The conditions
in Teble I of the report are also calculated on
this operating line from Eq. (C-k4).

k. ILiquid Equation-of-State for Blanket Response
Anglysis

The equation-of-state for liquid lithium is
developed from the definitions of the volumetric
coefficient of thermal expansion and the compres-
8ibility coefficient. The compressibility coef-
ficient is

__L(B_V) -
Be™ = v \3%/ 17 (c-5)
and the coefficient of thermel expansion is

T '%_ (g_"T,)P : (c-6)

m
n

Since v = £ (T,P), we have
- () v -
av = (aT o 6T+ (BP)T ap. (c-T7)
Expressing the two coefficients, Eqs. (C-5) and

(c-6), in terms of v and substituting in Eq. (C-T)
gives

8
p=-p e L oar
(] (]
or
p-p, 8
P=p + B°+—Tg—, (c-8)
PoBe B Gy

vhere (T-To) = E/Cp and the subscript zero refers

to a reference state.

For the calculations in Section II.C.3,
Py = 507 kg/m3, T, = 4T3 X, and P_ = 10° N/m2. The
compressibility coefficient (Q) was calculated from
published data(hS) to be 1.h2 x 107 m?/N. Values
of the other constants, teken from the literature,2l

vere: C, = 4183 J/ke K5 Ry = 1.36 x 107 kL,

T
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