daA}kaK/C:jl’—;;

UCRI.-88468
PREPRINT

PACER Revisited

Ralph W. Moir

This paper was prepared for submittal to

8th Topical Meeting on Technology of Fusion Energyh
Salt Lake City, Utah nn;
October 9-13, 1988

Qctober 4, 1988

This is a preprint of a paper intended for puhlication in a journal or praceedings. Since
changes may be made before publicatian, this preprint is made available with the
understanding that it will not be cited or reproduced withaut the permission of the
author.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United Stales Government nor any agency thereol, nor any of thewr
employees, mukes any warranty, capress or imphied, or asstmes any legal figdility or respuonsi-
bility for the accuracy, completencss, or uscfuincss of any information, apparatus, product, or
process disclosed, or represents thal ils use would not infringe privately owned rights. Refer-
ence herein to any sprafic commercial preduct, process, o service by trade name, trademark,
manufacturer, or otherwise docs not nccessarily constitute or imply its endorsement, recom-
meadation, or favonng by the United States Government or any agency thercol. The views
and opimons of authors expressed hercin do not necesssrily state or reflect those of the

United States Gaverament or any agency thercof
ME it - 7 e T MR



PACER REVISITED®

Ralph W' Moir

UCRL--98468
DEB9 001723

lawrence Livermore National Laboratory
University of California
Livermore, CA 94500
(415) 422.9808

ABSTRACT

This puper discusses a modified version of the PACER
concept for power and nuclear material production, which
changes the warking fluid in the cavity (rom sieam to the
molten salt. LiF ~ BeFz In the PACER coneep, a 20-kt
peaceful nuclear explosion 1s contained in a cavity about 200
m 10 diameter, filled with 200 atm of 500°C stean Energy
from t:e explosion is used 1o produce power, and the neutrons
are used 1c produce materials such as 23U, Pu, %Co, and T.
The present idea is to modify the PACER concept in three
ways, to improve the practicality, predictability, and safety
of power production from this technology and thus improve
public acceptance of this power source These improvements
are (1) bre the cavity with steel: (2) replace the steam with
malten salt: and (3) reduce the explosive vield to about 2
kt Tlus corcept is the only fusion power concept where the
underlving technalogy 1s proven and ir, hand today.

INTRODUCTION

“uwer can be produced with known technology by repet-
1uve nuclear explosions (called peaceful nuclear explosions)
contained in an underground engineered cavity  In the
PACER concept |1 . the steam in the cavity is passed through
a turbme. produeing 1000 MWe for an explosion every 7 hr
The stemn. which is filtered of debris and vseful materals,
dampens the shock wave so the pressure against the cavity
wall rises from 20 MP’a before the explosion to 26 MPa right
after the explosion.

The modified PACER concep: and the thermodynamics
Jeading 1o the cavity pressure after the explosion are discussed
in Ref 2 This paper discusses several aspects of a modified
version of the PACER cencept. including cavity design and
fircball pressure dynamics.

The PACER concept 1s macified in three ways (1) the
cavity 13 hned with steel. (2) the steam 15 replaced with
mdien salt, and (3) the explosive yield is reduced to about

“This wark was performed tnder the auspices of the U.$ Department
uf Eaetgy by Luwtence Livermure Natianal Laborataty under Contract

2kt Lining the cavity with steel makes it engineerable and
predictable, and prevenis contamnation of the working fluid.
The steam working fluid is replaced with molten <t, LiF +
BeFy (FLiBe) in the form of droplets, to absorb energy and
suppress shocks® This change results »n an ambient pres-
sure below 1 atm soon alfter the cxplosion and allows much
of the energy 10 g0 into evaporation, thus reducing the pres-
sure in the cavity right after the explosion to about 3 MPa.
Also, because tritium is insoluble in the molten salt, it can
be removed almost completely. thus reducing the tritium in-
ventory by a factor of 100,000 -from ~ 107 Ci vsing steam
to ~ 190 Ci using FLiBe. Then when the explosive yicld 1s
reduced to 2 ki, the cavity valume is reduced by a factor of
§0. which reduces the peak pressure in the cavity by a factor
of g

In the modified concept, the cavity is tall and
cylindrical —rather than spherical - with a smaller radius of
curvature and a hemispherical roof (Fig. 1}. As such, the
cavity should be much more durable.

A comprehensive tesl ban would exclude all peaceful nu-
clear explosions to test such concepts, however, a threshold
1e3t ban that limited tests 10 15 kt or even 2 kt would per-
mit testing such & concept. The low ambient pressure (< 1
atm), low tritium invenlary, and low fissile inventories all con-
tribute toward public acceptability of the concept. The close
cennectiop with nuclear weapons technology is problemalic;
hewever, interest in a reusable undesground test chamber {4}
may help develop this type of power source.

CAVITY DESIGN

As proposed, the cavity will be constructed underground
in high-integrity rork material so the unsupported roof and
sides of the cavily will not collapse under cxvchic stresses The
suggested cavity shape is a tall cviinder with a henuspherical
dome, 1.e.. in the shape of a Tarmyard sito. This shape will
maximize volume and minumaze the radius of the domed roof.

ve yield taditiotaly w expressed in tnr 2000
peuncs) of TNT eguivale, 1, which 15 3 186 > 10° ) anc 1 thas saper
is abbreviated as ki of yield energy

3 an aliernate shock suypresasion sysiem using springs and shock ab-
surbers behind plates is discussed in flef 3
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Fig ) Schematic of the fusion power system using peaceful nuclear expleamns contamed in an undergreund
cavity Molten salt technology 1 used 1o remave heat and absarh the explosive energy

The cavity will be tined with steet and securd to the rock
with rock bolts or tendons regularly spaced  The steel skin
will be convex. as shown 1n Fig 2, to keep 1t tightly stretched
agamst the rock Then when the pressure pulses arrive, the
skin can transmit the pressute into the rock without a “slap-
ping” effect and thus will prevent the rock from rebounding
1t the cavity. ur spalling.

The static mwird pressure oo the skon will be up to (11
MPa (1 atm)af e anfilirates the rock The regrn around the
¥ 190t be punped free of water beease the hydrostate
pressure (32 1 atm) wenid cllapae the sk 1 thes region s
pumped below 1 atm. the stress a the rock bolts could be
reduced whiie stll ensuning that spalled material 15 retamned
and the tock 13 renforced

Fig 2 The comvex-chaped skon caviy hiner s attached 1o
the rock material with rock halte The hner prevents
comtarmnation of the molten sall wih 1k material and
rewnforces the ock media
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The steel skin is designed 1o overcome an inward pressure
of 0 1 MPa However, if the pressure behind the skin1s € 0 2
MPa. then no inward load between pulses 1s on the skin other
than that made by the rock bolts  During the pulse, the
only added snward load will be caused by rebound, which 1s
minimized by the drople: shock suppression system.

A convex skin resembling a tufied seat cushuon. which
was studied for another applicstion {5/, may be useful for
the cavity-lined skin design shown in Fig. 2 Design param-
eters for one case used the scaling relation Pryfaf = 0.86
for ry/r3 = 0.36. Two examnples of parameters nre shown in
Table 1.

Since the excavated cavity will nol confort to the destred
skin shape, grout will be injected to fill the gap. A grout ma-
terinl must be chosen carefully so it has low vapor pressure at
> 500°C 1deally, the vapor should be low in oxygen, nitro-
gen, silicon, and other matcrials that would contaminate the
molten salt if an inward leak occurred. Such contanination
would cause difficultics when the molten salt is processed to
remave fissile materials.

Table 1 Example parameters of eavity liner

Paraincter ‘Case 1

T (ml TV

1 (m) 0.36

t (mm) 1 2

Number of 3-cm-dram bolts
to hold varuum load at
140 MPa stress in the bots 1 )

Holes dnilled for the rock helts will form a colleciion sys-
tem for pumping gaseous material in the region behind the
skin to miuntain the low gas-phase pressure {« 1 atm). In
effect, the local hydrostatic pressure would be low. A sys-
tem of tzbes itaclied to the back of the skin connerts each
apex and can be used to check Jeaks in the skin, especially
araund the apex fixture plates This system als: can be used
te keep the pressure well below 1 atm behind the skin How-
ever, preventing growt fromn plugging the colleclion system
may present i design problem To make the jub of pumping
easy, the ruck fermation should be farrly gas tight. and the
naterial shauld have low outgassing properties at elevazed
temperitures  Cancrete has fairdy low outgassmg st room
temperatare 6, so some cracks could be filled with high-
pressure pumped concrete grout  However, as mentioped,
cxvgen should be avoded  for excunple, m the fuorm of Hp0

Mantanng o kow gas pressure in the canty makes puamp-
N Intian gas casy

CAVITY SHAPE

The three caviry shapes considered in thus report ase
shown in Fig 3. all with the same volue and heee the
same equilbriumy pressure The spheneal cuvny shape pro-
. which mn-

vides the greatest distance from the explosy
nuzes the pressure pulse over that of the equibbrinm pressure
However. 1ts large dome must be supported  The honzontal
exbndnical tunnrd van be as long as necussary bueause vach

end s independent The roof 15 sapported as o simple arch
The vertical cylinder or shaft has n dome that 1s more self-
suppurting than a simple arch. however the vertical walls of
the shaft must be supported against inward callapse  Never-
theless. with this shape the droplets wi)) drain beiter

CAVITY S5KIN OR LINING DESIGN

The thermal design of the skin s important  1f salt 1s
sprayed on the walls before each shat, the salt-carrying rlebris
from the nuclear device and its surrounding material will not
be frazen diectly vnto the wall. Instead, it will flow to the
pool 2t the bottom of the caviy or freeze onto the existing
frozen salt layer. Flowing fresh molten salt can clear or remelt
this layer Therefore, the steel skin will remain at an ambicnt
temperature much below the melting point of the molten salt
(363°C), vxcept for a short timwe (& ) hr} between each shot
(typicadly 1 hr)  The frozen salt layer can then redure the
thermal stress on the wall

The steel skin alse tnust be carresion-resistant For ex-
amnple, alloys tugh 1n nickel are goed. Hastelloy.n would he
excellent; and type 316 staunless steel snay be adeguate Pipes
used to carry the molten salt to the droplet spray s¥stem of
no22ies and 1o spray the walls will be made of the same mate-
rial as the skin. The system of pipes 10 carry the molien salt
fronn the cavity to the pumps and praimary heat cxchanger is
conventional, except the pipes must withstand pressures to
about 3 MPa at a pulse rate of abuut 1/hr. The cavty, its
liner, and the pping systetn must withstand about 200,040
shats over a 30-yr penod

The walls of the lower part of the covii will be cooled
acti~ely sa that a reasvnable lemperature (« 650°C) is main-
tained during the intershot ime of ~1 ks while the heat is
removed by eirculating the molten salk To keep the temper-
ature rise of the salt pool reasonable, a bed of balls in the salt
pool is assumed to store much of the heat. The balls could
be made of nickel-coated iron.

FIREBALL PRESSURE DYNAMICS

The firebali compesed predomnantly of vaporized salt
with a nunonty constituent of nuclear explosive debris 15 as-
sumed to condenst quickly onto the cold droplets One himi-
1tng process 15 heat conduction from the surface of a droplet
te s intenor. The ime 15 charncteristic of the thermal diffu-
sivity k/pe, whuch for FLaBes 1.7 10 7 m?/s, where &, the
thermad conductiviy. 15 08 Wym K., p. the density, is 2050
kg r* and oo he heal capacity. as 2330 J kg 'K The
thertnal diffusiiy tme for a droplet of radius » 15 por?/é
For a spherical cavity. substantial heat can be absorbed in
une-tenth of the thennal diffusivity ume  For a droplet 1
mm i diameter, this time s 140 ms  The vapor rushing
passed the draplets fram the expandsug fireball will distort
and break up droplets and cause mternal cireulation or vor

tex motion. This vortex mwtion can enhance heat transfer
by uptvafactor of 27 7 After the heat i distributed over
2 ki of salt an bhquid form fur vach 1 ke of nuclear energy
vield. the pressure in the cavity wil drop below 1 aim If the
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preferrea chace.

envrgy i the firebull can he transferred to the liquid droplers
m a bme less than the expansion tme of the cavity (natural
frequency of vibraton). then the stress an the steel iner can
b substannally reduced. By the end of this briel mterval,
the ehenucal composinon of the salt 1s assamed 16 felum b
1ts former state

CHEMICAL PROCESSING DYNAMICS

Drusing the explosien and shurty afterward (& 1 8, the
suit and ather materiad wili break o atoms and be jomzed
The events i this shon wmiterval ase left fr u fisture paper as
ar the droplet spray ssstem and ra;

The salt can be kept 1 a reduced state by continuonnsly
reacting it with metalle berytium: then the tnniun sl exs:

ss1re

as Ty gas and caus be rermeved by pusapng The sramue aso

can be semeved by

b e separateh

g the uras A Buroiman n o 1

N tan b o rmmed directiy moa seorate tank Fioso:

Luets can b continne wly pertned Lo g s hascrd

Jearnt

sad ated as suggested for the redesigne 1o e s

2Im

127 m

Veriical cylinder
{shatt)

Area= 21,500 m?

.o candidate cavity shapes each of 200060 m® are considered  The vertical cylinder 15 the

reactor ‘8,9 where sufety 15 enhanced by removing fission
products rapidly

CONCLUSIONS

Fowor can be produced with known technology by repet
iove nuclear exphosions (talled pesaceful nuclear explosions)
contwned in an underground engineered cavity Ths paper
distusses a modified version of the cancept known as PACER
based on molten salt as the working fuid rather than steam
The madifications discussed in this paper should improve the
practicality, predictalality  and safety of power pmduction
from this techndogs and thus sheuld imprave public accep
Vance of thus puwer surce
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