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PREFACE 

The following note summarices the present atate of 
thoughts about generation of useful pover by Tam, explosions 
as evolved l a  discussions among W. Brobeck, E, Brm, M, M L l l 8 ,  
R, Goraneon, D. Griggs, E, Teller, and others. Harry of the 
ideas contained hereln have been previously discussed in f- LAMS- --- 
1859 by F, Relnes of LASL. An earlier progress report by 
W, Brobeck has appesred as CQMB-17. 
c0ntaLnIn.g rseults of eubeequent dl8cuss~ons, 

Thie l e  8 further report 
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1. INTRODUCTIOH, 

This note Is a partial .  summary of work carrfed out so f a r  on the 

The long-range purposes of such an armngeobent would be comparable 
toplc of thermonuclear power generation by explosion of thermonuclear 
bombs. 
with those of Project Sherwood, namely an e n o m ’ s  augmentation of the 
vorld’s fuel  supply, t o  t h e  point where the vorld-wide fuel shortage now 
envisaged ia fos s i l  fuels,  and concelvably even Ln fission fue ls  In some 
hundreds of years, would no longer be a concern. The Sherwood method of 
extracting t h e m u c l e a r  energy depends on conflnfng a p la sm at  hlgh temp- 
erature but very low density so tha t  the  reactton time is long - ti fkaction 
of a second - and the energy is generated non-explosively. Mak% the re- 
action s u s t a b  i t s e l f  under such conditions is an as  yet unsolved problem. 

A n  alternative method is t o  use a themnuc lea r  bomb, in which the 
high density and high tempera ure of the  reactants make the  reaction go 
very rapidly (a few tiaes 10-8 seconds) producing an exploslon. The prob- 
lem of maklng the reaction go In a bomb almost all of whose energy is ther- 
monuclear has thus already been solved, 6ut t h e  problem of mals- use of 
t h i s  energy t o  generste, f o r  example, e l e c t r i c  power has not. 

The enormous pressures and temperatures associated with the bomb 
must somehow, since they cannot be vithstood by ci Prsterial contalner, be 
mitigated or absorbed. 
Lnternal combustion englne shows. The very large energy per explosion 
produced from a thermonuclear requires that a very large quantlty of some 
material be Interposed between it and the w e i U s  of any container h which 
we hope t o  conffne the exploslon. 
l e s s  reduction lo peak pressure as a function of radiw Ln solids and liq- 
uids, a gas f i l l e d  contalner of large radlue La indicated; one opaque t o  
v i s ib le  radiation WU prevent too much radiaat energy frofa the fireball 
from reachiag the container v a l l s  and overheating them. The mass of gae 
should be several times the equivalent mass of high explosive which makes 
the  same amount of energp as the bomb, so that the gaa coma only t o  a fr8c- 
t i o n  of the  temperature t o  vhich gaseous products of an HE explosion rise. 

Explosions can be c o m r t e d  t o  useful power, a6 the 

Because shocks am transmitted with much 

Though the present scheme8 Lnvolve t h e  w e  of a e n a l l  amount of 
fission f i e l ,  it generatee a very small. f’ractlon of the t o w  anergy (per- 
haps a few per cent). Further more, t h i s  f ract ion can probably be reduced 
by bomb design, perhaps ultimately almost t o  zero. In addition, the e& 
contalner which contahy the explosion may conceivably be used t o  breed plu- 
tonium (or  @33) with what amounts t o  an enormous breeding rat lo ,  so that 
the economlc supply of fLselon fuel m l g h t  be p a t 4  extended. These two 
ameliorations of the requlxewnt r o r  f i ss ion  -1, however, are even mom 
speculative than the rest of t he  scheme, and therefore w i J . l  be omitted in 
the fuel cost calculations which follow. 
of 6-7 mils are . . typ ice l ,  for steam plants in the U.8.  
power is considered competltlve; elsewhere coats are even higher. 

It should be noted tha t  power costs 
In Europe 12-15 plil 



In general, fuel costs will be smaller (per KWB) the larger the 
yield of t he  bombs which can be used, since most of the cost  lLe8 , in  the  
f i s s i l e  material which does not increase i n  amount very rapidly with the 
desired to t a l  yleld.  
fo r  the smaller yield bombs, a s i tua t ion  vhlch we wish t o  avoid in order 
t o  conserve f l s s i l e  materials. 
1 MT, and 5 W. 

The ra t io  of total  t o  f i ss ion  yield w i l l  be lover 

L e t  us conslder three yields, 200 KT, 

Present thermonuclear designs are aimed a t  minimum weight and/or 
dimensions f o r  a given yield. Though cost  minimization is already a fac- 
tor, minimum use of materlsls Ln short  upp ply, which 1s not qui te  t h e  same 
thing, i s  considered more important. 
of bombs for  power t o  be quite different ,  slnce total cost  is t he  item t o  
be minimized 

One would therefore expect designs 

and s i ze  _- -e- and wei@tzttLq-- at all. Since- tbe %_of_ I--- 1 
, 

I 
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- I rresent f ie l -6osts  are 3-4 m i l s  for typical oss i l  fuel  plants in 
the U.S., running up t o  doable t h a t  o r  higher even in some folzelgn Lndus- 
t r i a l i z e d  areas. Thls comparison proves nothing about the workability Of 
the  bomb generation of power, s h c e  Sherwood end reactors-also have, Ln 
prlnciple, very low fuel costs. 
economic queetions w F I l  a r i s e  in t he  cap i t a l  bnestment Involved In the 
construction requlred t o  d e  the scheme work. 
t o  f ind such an economic scheme. 
t o  be a l i t t l e  diacouregbg fo r  fear that amortization of investment costs 
will be high enough t o  put the t o t a l  beyond economic u t i l i t y .  For the 
higher yields the fuel can  be considered e s s e x i a l l y  free, so that  consider- 
ably- Investment costs than those of steam p l a t s  can stLU. be economic. 

The lox fue l  cost  indicetee that t h e  real 

The technical question is 
The f’uel cost a t  200 X!J! is high enough 

, 
111. PLANT SIZE. 

As in most power plants, an economic advmtage is gained by having 
a l a rge  output, since some costs are Independat of power output, 8 0  that 
t h e i r  per KWH cost is Lnversely proportional t o  the used capacity of the 
plant.  
perhaps the largest  unknown cost, since they coiuprise whatever the container 
may be f o r  the working f luid.  If t h e  contalner l a s t s  a t i m e  lndependent of 
the  t o t a l  number of  explosion^ ia It, its cost  is likely t o  be roughly pro- 
portional. t o  the size of the  b o a s  regularly exploded Ln it. One would then 
explode bombs with a frequency p r o p o ~ i o n a l  t o  the used power, and inversely 
proportional t o  the bomb yield snd t he  efficiency of energy conversion. 

Plant s ize  is l i k e l y  t o  be l imited by the  power coasurPpt1on ln an 
area within a reasonable distance f r o m t h e  P i w t .  
ally run about 1 mil per KWH per hundred milee, so about two or  three bun- 
dred miles l e  generally caasidered t 3e  maximum allowable ranemiseioa dls-  

e l e c t r i c  plants up t o  2.5 x 109 w a t t s .  The ht*r is l i ke ly  t be a better 

size  w i l l  be used in the -le8 provided here. Sites are l i ke ly  t o  be 
l imited Ln number, since they must be some distance f rom heavily populated 
are88 and may also require particular geologic conditions, 

For orientation, it m y  be calculated that using 1 MI bomb8 at 2% 
conversion efficiency in a l,aK),OOO kl lova t t  plant requires an explosion 
every 10 days. 

I n  the case of the bomb generation of useful p e r ,  such Costs are 

Tranemieeion costs  gener- 

tance; t h l s  Ln turn has led t o  steam plan% sizes up to  10 k watts, with hydro- 

comparison for bomb-produced power, but a more conservative 10 8 watt plant 

IV. OPERATION OF THE PLANT. 

Some thought has been given t o  the  choice of storage and workhg 
f l u i d s  and the cycle t o  be used. Rock itself is 8 possible storage material, 
bu t  i t s  poor conductivity requires that it be +a pebbles no more than an inch 



In diameter t o  get 
hood that the bomb 

the energy out Ln a fev  b y ~ ,  and there l e  sOrne 1Lkeli- 
energy will melt the rock which w L I l  then agglomerate 

Fnto a mss of large dimensions f r o m  which energy extraction is very slw. 
The cycle of putt- the energy Fnto steam and havlng the steam move water 
has qui te  a low efficiency (16) so t ha t  t he  use of steam i tself  both 88 

storage and working f lu id  seems a t t r ac t ive .  

The steam must absorb almost all of the bomb's energy, so that qui te  
a b i t  of it w i l l  be required. Let us imagine t h e  use of a large hole deep 
underground t o  contain the steam and the explosion, returnin& in a l a t e r  
section t o  t h e  important and d i f f i c u l t  problem of constructhg such a hole 
at  a reasonable cost, or indeed a t  all, and with strong enough w a l l s  t o  
withstand the forces t o  which they KLll be subjected. 
us  say that the hole has strong rock w a l l s .  kt us a l s o  sap that the hole 
has a radius of 750 feet ,  and is a t  a depth of 3000 feet .  The hole w i l l  
c o n t a b  superheated steam a t  high density, temperatum, and preseure. Be- 
fore the  explosion, for which we w i l l  use a l KT bomb, the temperat- ls 
6009, the pressure 2OOO#/ln?, the density about 3.6#/ft3 and the energy 
content 2 MI HB equivalent of energy, 
temperature t o  16509 

l q  the temperature t o  16509 a t  any time. 

For the moumt l e t  

Adding I MT of energy w i l l  ra ise  the  
ssure t o  5 ~ / l . n 2 .  
ambient p becomes 
adde4 before the 

The 1 KJ! bomb makes a fireball ,  then sends a shock out through the 
steam, which is enough more opaque than a i r  so that not more than 8 team 
percent or 80 of the  energy w f f l  reach t h e  w a l l s  as radiation. This BllLbuIlts 
t o  160 cal/m2, which should produce l i t t l e  e f f e c t  on the walls,  since they 
are in good enough thermal contact wfth t h e  steam t o  prevent melting. Using 

le much greater than the ambient preseureA and saying I( 
t he  Taylor slmiler i ty  solution for t h e  overpressure, good only so lang as it 

has a shock overpressure when it reaches the  walls of 
.6 x 4 x 

x 11.5 x lorr - 1.167 for 
that is 500 atmospheres or 7300 psi. 

8 - 1.4, g i v i q  .6 qotIV - 4,2 

On reflection, t h i s  pressure of course increases, with the r a t i o  J of 
t he  reflected o the incident pressure on a rigid w a l l  being given ln terms of 
and the ratio l' of the Lncident t o  the ambient pressure byr 

Reflected 5 pressure 
Ambient Inc ident 
Pressure p Pressure p 0 7300 + p 

0 0 

2000 ps i  9300 P s i  

too0 ~ 3 0 0  
3000 10300 

4 .7 3 .5 33000 p s i  

2.8 2.4 21000 
3 *4 2 .0 28500 
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Thus the reflected pressure is s l igh t ly  lower fo r  a higher ambient 
pressure. 

As the shock r e f l ec t s  and rebounds from the center, the kinetic 
energy i s  transformed into heat, u n t l l  finaUy all. except t ha t  which is 
transmitted out through t h e  w a l l s  as seismic vaves is converted Into heat 
content of the steam, ra€sFng i t s  temperature and pressure. If a tempere- 
ture  addustment is desired, water can be pumped down Into the hole, helped 
by the s t a t i c  head, which would be 1300 psi f o r  3000 feet .  

If no tension is allowed In the w a l l s ,  even durlng shock conditione, 
a larger  hole w L I l  be required. The hydrostatic pressure of the overburden 
then sexves a necessary purpose, sInce the tangential  s t rese  In the v a l l s  
i s  approxbately given by - 3 P 1 pI (a posit ive sum mans compression, 
negative tension, with PH 2h&s?atic and PI internal pressure). 

, 
O n e  would also want t o  go t o  a deeper hole, say SO00 feet, which might 

make PH a t  the top of a lo00 foot radius hole 3000 psi. 
of 2500'psi is  used a t  800- and k#/ft3. 
reduced by a factor  of 2.5 (the increase In volume In going t o  a lo00 foot 
from a 750 foot radius) t o  2800 psi,  o r  a 5300 psi incident pressure, with 
50 2. This gives -f = 1.8, so that the reflected shock w i l l  be about 9000 
psi. Under these'circumstances there w i l l  be no tension Ln the w a l l ,  even 
when the shock ref lects ,  and the compressive stress in the w a l l  after the re- 
f lect ions can be computed by noting that the 6 MT energy content increases by 
1 MT, and the steam table  Lndicate thst t h i s  increase In energy raises  the  
temperature t o  1160- and pressure t o  3500 psi ,  so tha t  there is  4500-1750 W 
2800 ps i  compressive stress in the w a l l s .  

under s t a t i c  conditions, the 750 foot radius hole a t  3000 foot depth w i l l  
serve. 
times the 2OOO p s i  s t a t i c  external pressure, there  is no tension in the cavity 
w a l l s ,  under static conditions. 

One would of course be able t o  use a s-er hole if t he  individual 
explosions were-  smaller (and more, frequent if the  power output is to be the 
B a n e ) .  The necessary hole volume is proportional t o  the bomb yleld. This 
would reduce Investment cos ts  if the hole digging is very expensive (as it may 
well be). The savbgs so made must be balanced off agaLnst t h e  increased fue l  
costs which accompany lower yield bombs. 

A n  Initial pressure 
The overpressure of 7300 psi I s  

If one does not worry about tension durLng shock conditions, but only 

Since internal pressure, 5000 ps i  after explosion, is l e s s  than three 

v. MISCELLANEOUS COFJSIDERATIOIJS. 

a) 
hole bored in to  the  rock down f r o n t h e  surface t o  the  underground 
chamber. 
the bottom with steel. 

BTU/sec. 
tha t  b00 lbs/sec must be transferred. 
ft3/sec, and a 50 ft2 cross section (8 ft. diameter) requires 16 f t /sec 
velocity, which Lnvolves very l i t t l e  pressure loss .  

The energy i s  t o  be transferred by moving the  steam up through a 

To gen rate 109 watts a 
The hole could be 4-8 feet  in diameter, and l b e d  tuward 

The steam energy content is of the order of lo00 BW/# 60 

Y Y  255 efficiency 
4 x 109 w a t t s  of heat = 4 x 10 5 joules/sec = 13 cal/sec = 4 x 10 

A t  5#/pt3 t h i s  means 800 
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b) 
erosion of material from the top and consequent build up of the 
floor w i l l  cause the hole gradually t o  climb up toward the 0ur- 
face. 
a t  10-day intervals, and t k h o l e  must not climb more than 250 feet ,  

The in tegr i ty  of the wall is  important a t  the top, since t h e  

I f  t h e  instal la t ion must l aa t  f o r  20 years with explosions 

the erosion per explosion cannot be more t h a n , m  = 4 inches 
J '  

per explosion. It may be advisable t o  explode the bombs somewhat I -  

below the center of the hole, t o  reduce pressure on the upper sur- 
face. Erosion of' the f loor  i s  l e s s  serious. 

:,' 

c )  The establish~%rt of the steam f U . l t q  a f t e r  the hole i s  dug 
would preeumably lnvolve the  explosion of a smaller bomb (100 KT, 
say) ln water at the bottom of the hole t o  f i l l  it wlth low-temp- 
erature and pressure steam. Subsequent larger  bomb explosions 
w i l l  heat the steam t o  higher temperatures, and pumping more water 
i n  cools it d a m  again. I n  fact ,  a f t e r  every exploslon d u r a  the 
steady s t a t e  more water is  pumped In t o  lower the temperature. To 
keep the pressure driving the turblnes constant while energy is 
drained from the hole (and the pressure In lt drops), a velve will 
be inserted Ln the steam pipe. 

d)  
re la t ive ly  conventional steam turblne plant, such as already exis t s  
a t  the Lardarello steam w e l l s  ln Italy where e l ec t r i c i ty  i s  gener- 
ated from underground steam. 2% efflciency should not be d i f f i cu l t  
t o  a t t a l n  with the steam t e m p e r a t u r e s  avallable, by condensing the 
steam and reheat- Inlet water. 

Pollowlng the valve the  u t i l i ze t lon  of the eteam w i l l  be ln a 

e)  Additional bombs are  inserted through a lock Lo. a separate hole 
leading d m  t o  the combustion chamber. S h c e  weight is no object, 
it should be possible t o  Lnsulate the bomb f r o n t h e  high tempera- 
ture  of the  steam. 

f) 

every IU aays, the "average- actFvi_4JL that is t_he act ivi tv  v e L t  

The ac t iv i ty  of the w a t e r  WU be k pt  down by keeping the! 
- - -9 Slnce a shot is exploded 

-_ 
t? 

*mer a_shot. w i l l  b e s e _ s /  
- . .  _ -  

---->--. -..-.-e.--.. diG steam volume in the 750 foot si dofl 
irl.3 x- lO~>ubic  feet. o r  about l O l 0  gallons, so that  the actlv- 
i t y  i s  50 mlllicurles/gai of eteatn. Whea condehsed the volume i e  
reduced by 10, so that the a c t l v l t y  is 500 =/gal of water. These 
are reasonable numbers (eas l ly  shielded), but immediately after a 
shot the ac t iv i ty  w i l l  be very much higher (15 times higher 1 hour 
a f t e r  explosion). 
chamber, sealed off from the main combustion chamber, from which 
steam can be drawn vhl le  the ac t iv i ty  ln the main chamber decays 

It may therefore be advisable t o  have a separate 



(a  day or so). 
shown below 

The ins ta l la t ion  would then look schemstically as 

It may be cheaper t o  avoid the  extra chamber and Invest the 
amount necessary In shielding t o  withstand the  higher activity.  
Of course the a c t i v i t y  is a problem only if it does not settle 
out. It seems unlikely that it w i l l ,  slnce the  bomb fragments 
w l l l  be very small, and such fission products as condense w L I l  
condense on them. !Phe sacall particle size d e  the s e t t l b g  t i m e  
very long. For 1 mic n radius, s teel  particles using 7 of s t e a ~  
at 50O0C a8 3.5 x 10-rpoise (which lt is for air, C02, etc.) one 

10 days. 
hydrogen of the water, since a t  .1 of l i qu id  density the hole has 
a thickness of water of 2 kg/cm? (equivalent t o  75 fee t  of water) . 
gets  a se t t l l ng  velocity U .I - .04 cm/sec or 40 meters in 

Neutrons emitted from the  bomb w L I l  be captured in the 

8 )  
t o  be Ln the  steady s t a t e  k f l  9 IC 
of the rock. If T = lOOO%, K - .oorco 2 
the heat loss is about 12 x 30 x 750 x .004 x 5 x lo00 = 5.4 x lo5 

Tbe leakage of heat aut through the  rock is eas i ly  calculated 

d e r @  E is the conductivity 
R 

, and R = 750 feet, 
cm sec 

9 
cal/sec = 2 megawatts. SLnce the  heat generation = E is 
4 B i l l i on  watts, t h i s  Is only Of course the loss r a t e  w i l l  
be qutte a b i t  higher as t h e  ra ther  long-period transient heat flov 
occurs, but we can afford t o  have I t  even a hundred times higher, 
and such factors as the f i l m  drop between steam and rock will serve 
t o  reduce it. 

c lency 

h)  
oughly investigated. 

The seismic shock produced by the explosion must be more thor- 
However, t he  heat capacity of the ateam in the  
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hole appears t o  do 
explosion f r o m  the  

qui te  a good job of cushionLng the shock of a 1 Kl! 
rock. which fee ls  a shock of about 3oooO psi  f o r  a 

time governed by the so&d speed i n  t h e  steam, 
extends over about l / 5  of the radius, so that the  pressure drops by 

some fac to r  l i k e  4 a f t e r  a time equal t o  

The spike of-pressure 

It drops more when R 
%sound 

since csound is  R the rarefact ion a r r ives  from the center a t  
csound 

about 2000 f't/sec, these times are (for R = 750 f e e t )  about 0.1 and 
0.4 seconds. 
rad ia l  motion of 1 foot under the maxlmnn press- I s  2000 x 10 dynes 
x 12 x 5 x lo8 c$ x 30 cm = 3&xlO2O ergs, which i s  15 of the  bomb 
energy. If it is strong enough, o r  If t he  l a r g e r  (loo0 foot) hole and 
consequent smaller pressure is  used, the v a l l  should not move t h i s  far. 
15 of the bomb energy, however, should produce no spal l ing a t  the sur-  
face, especial ly  since the  rarefactions may catch up with any strong 
shocks before they reach the surface. 
ever, t o  shock mmt the turbines and other  surface machhery, and 
perhaps t o  loca te  them some distance f r o m  the surface point over the 
explosion chamber, piping the steam some distance i f  necessary. 

If the energy translaltted Into the  m c k  is pAV, &hen a 

It may well be aQvisable, how- 

The cushioning ef fec t  of the steam Ln the  hole may be bet te r  under- 
stood by calculat ing i ts  mass, vhich, f o r  a 750 foot radius and .1 
l iqu id  density, is 5.5 megatons of ste8m. 
can absorb t h e  energy of a gram of 'I" vithout  being raised t o  an in- 
ordiaately high pressure, the cushioning e f f ec t  of the  steam comblned 
with i ts  poor mechanical coupling t o  the high density rock walls, m ~ y  
w e l l  keep the  rock from undergolng too high a preseure. The p r o w -  
t i o n  of seismic e f f ec t s  of course depends on t h e  nature of the rock sur- 
rounding t h e  hole. 

SInce f ive  grams of steam 

vr. DIGGING THE HOLE. 

It is apparent t h a t  t he  la rges t  problem of the  entire proposal is 
.digging" a hole f o r  the  combustion chauiber (and the  steam storage chamber, if 
It is separate). This is true' not only because it is so large sad so deep, but 
because o f t h e  l a rge  statlc and even larger dynamic forces exerted on the w a l l s  
in steady state and durhg explosions. 

these depths by cowentianal  means (smashing tbe mck with explosives, and 1lFt- 
ing it out). 
b last ing operations, in view of which the v a l l s  of so l a rge  a hole m y  not be 
able t o  take, unsupported, t he  pressure of t h e  overburden, which may amount to 
2000-3000 p s i .  
f romthe  bomb without spalling. 

There I s  some question wheth6r so large a hole cap be dug at aU at 

This I s  because of the local stress concentrations produced ln 

Much less could the  v a l l s  then support a high shock pressure 

Steel  support of the upper half of the hole might be possible, but would 
be very expensive (~$1OO,OOO,OOO or more). If the  hole could be dug by conven- 
t i o n a l  means, a t  a cos t  of $1 t o  $10 per  cubic yard, i ts  cost  would be 60 t o  600 
million dollars ,  Anything l i k e  the l a t t e r  c o s t  would add enough.to the cap i t a l  

e. 
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inveetment (whose t o t a l  should not exceed three t o  f ive  hundred mLUions) t o  
sink the proJect. 

One must therefore look fo r  some non-conventional means of excavation, 
and such immediately suggests I t s e l f  in the use of high-yield bombs for  t h i s  
purpose. I n  f ac t  there appears t o  be a method, of which one can say nothing 
more h o p e m  a t  the moment thari that it is xic; obviously impossible. 
method, i f  successful, m y  not only dig  the  hole but provide it with rock walls 
of unusually high strength and free from stress concentrations. 

This 

The idea is t o  find a region of porous rock of f a i r l y  low density which 
canbecompressed (without being melted) by s m e  regime of overpressure, and 
then explode bombs of FncreasFng y ie ld  Fn what begins as  8 s m a l l  underground 
chamber. This would presumably increase the density of the rock in s o w  re- 
gion around the explosion (it w i l l  a l s o  melt some rock), thus l e a v h g  8 cent ra l  
hole produced by the increase In density away from the center. 
s i t y  rock so  produced would, hopefully, be of h i @  strength and,reletively free 
from stress concentrations. Subsequent higher yield explosions Ln the process 
of digging the hole should pass through the high-density rock without melting 
it, because AV is low though p I s  high, excep: a t  grain boundaries where m e l t -  
ing and resolidifying should al low outwa-d moSlon i f  regions outside become 
compressed. The hlgh pressures passing through the high density region may 
then compress lower density regions far ther  oxt, increashg  the hole size. 

whose actual densLty 1s 8s low as 1.6 gm/.m3, w i t h  a crystel  density of 2.5 
gm/cd. 
a functlon of the  pressure exerted on It, as sham i n  Figure 1. It Lndicates 
that compression begins t o  occur a t  a pressure of 100 atmospheres (150 psl), 
though very l i t t l e  compression occurs until p reaches loo0 atmospheres. After 
t h i s  the density r i ses  roughly logarlthmlcally with pressure. A t  a pressure 
of about 105 atmospheres, enough p A V  vork is put into the tuff ia compresslzq 
It - about 250 calories per gram - t o  melt it. Of course higher pressure VU 
compress €he tuff still more, but as It is applied adiabatically the rock w i l l  
be molten after the pressure is removed and v l l l  rever t  t o  the density of mol- 
t en  rock (of the order of 90 t o  955 of c rys t a l  density). 

The high-den- 

There exists below the Rev& provLng ground a porous rock celled tuff, 

D a t a  am avaCLsble connecting the density t o  whlch this rock comes ae 

The densit ies shown on the graph a t  the lower pressures are f o r  static 
experiments, a t  hlgher dens l t ies  they are dyxmnlc (using high explosive shocks) 
faired Into the  Fermi-Thomas theo re t i ca l  equation of state. 
c lear  that shock pressures of 100 t o  100,OOO atmospheres w U  produce compres- 
sions 8s Indicated, since they are of short duration. The shock overpressures 
produced by high-yield bombs (10 KT - 10 ME) do l as t  quite a long time compared 
with high explosive shocks, so t h a t  it m y  turn out t h a t  the  use of the p - p  
curve shown is Justified.  

It 16 not a t  a l l  

One can get a rough estimate of the hole  s i ze  generated In an explosion 
In tuf'f by saying that  when the  shock front is a t  radius r, the pressure I s  

2 E/W& E The change i n  re la t ive volume dv/v given approximately by 

is 1- G/p, so tha t  the volume change is 
3 3  -m* 
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p minimum 

p melting 
A V  = (1- 9 4'$gdr, vhere t h e  l i m i t s  

~0m-56-41 

are  those a t  which no 

compression a t - a l l  occurs and t h a t  a t  which melting occurs. 
be added the volume excess of uncompressed Over molten tuf f  In  the region 
of still higher pressure. 

TO t h i s  should 

An analytical  approxi 

f = roc1 + d In 2) 

t ion  can be made by saying p =  Po O g g 0  po = 10 !? atmospheres 

pzp with c( = 0.15 and p melting -105 atmospheres 
= 100 Po 0 

PO 
2 E  The resul ts  a r e ~ V =  --d - =.l E/po, which is about 15 times the voluope In 

which melting takes place, -'# 

t o  AV-2  x 0.15 x This 

implies that f i f teen one megaton bombs o r  one 15 KI' bomb may suffice to  dig 
the  hole rewired f o r  the combustion charrber. 

ness of the order of l / k  of the radlus. 
It must have a compressive strength 6 such that a$pob-2%rqt,  and If 

trur/k, e&2pob. u- f o r  granite $8 a t  least 1m psi, probably much more if 
extreme l o c d  stress concentmitiom do not exist, so that the 2000-3ooO p s i  
overburden pressure should be eas i ly  sustained. 

. For a 1 megaton bomb t h i s  amounts p o 4  E 
3 2' ir(100Poj 

-4 x lG2 cm3, o r  a radius of 100 Witers. 
3 109 

The compressed rock, which m y  be of high strength, occupies a thick- 
To sustaln the overburden plceesure 

POW 

The a b i l i t y  of the container t o  stand the  pressure, s t a t i c  and -- 
IC, of the stearn h i d e ,  is more d i f f i cu l t  t o  estlnate insofar as it depeaar 
on the teaefle strength of the  artificial w a l l  constructed by bomb erplosione. 
The s t a t i c  overpressure wll3.  be two or three t h e e  the  overburden, 80 that the 
net outward s t a t i c  pressure w i l l  not exceed, say kW0 psi, which would re- 
quire no tens l le  strength ln the hfgh density rock she l l  If the overburden 
pressure l e  1333 psi (see p. 6)-. 
sions tends t o  produce more tension ln the  rock shel l .  

Of courae t h e  shock pressure durbg =lo- 

It m y  be possible t o  do laboratory experiments, with pressures pro- 
duced by high explosives, ln order t o  determine the e f fec t  on rock of a shock 
pressure which, if s t a t i c ,  would produce a tenaion ln rock w a l l s  of a cavity 
under pressure p i v i t h  an external pressure po. In fact the inveatigstion of 
s t r e s s  waves ln such configuration may w e l l  be carried on In scaled dova 
models In laboratory tests, slnce the  overpressures which we are Lnterested 
Ln a t  the walls,  of the order of a thousand atmospheres, do not even require 
high explosives fo r  t h e i r  production. 

Scaled down underground nuclear explosloas of the order of a few k l l -  
otom or  tens of kllotona underground can, as mentioned before, give Informa- 
t i o n  concerning the excavation of the  u n d e r g r a d  cavity. By filling such 
holes with steam and detonating addi t ional  bombs of smaller yield In them, 
one can perhaps learn somethlng about the e f f e c t s  of power-producing thermo- 
nuclear bombs in l a rger  steam-fllled holes. Shock times a re  different, how- 
ever, than for  large bombs. 
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It should be noted In conclusion that manyvncertainties s t l l l  
e&& In the detailed conception of how such a plant should operate. 
example, the conditions necessary t o  avoid radial 
t h a t  the shock runs through the walls have not been examined. 
buden  pressure is 3 times the In te rna l  pressure there appears t o  be no ten- 
s i o n  even in s t a t i c  conditions; under shock conditions I t  appears reasonable 
t h a t  greater internal pressures can be withstood but a detai led analysis is  
necessary. 

For 
cracking during the t i m e  

If the  oyer- 

The s ta temnts  concerning the  digglng of the hole are very specula- 
t ive ,  par t icular ly  a8 regads t he  forsat ion of a strong high derusity shell .  
Experiments currently planned f o r  a deep underground shot i n  Bevads, though 
Ody 2 m, my cast  more l i g h t  on t h i s  6ubJect. 

Thus the  statements about t h e  costs  i n  8 pract ical  pLant are ex- 
tremely tentative,  with M h e r  study and par t icu lar ly  experimenw work 
be- needed t o  reduce these uncertalnt les .  
plant can give information on cos t s  which is accurate t o  much Tktter than a 
fac tor  of two. 

Only the  operation of a p i lo t  
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The follovlng t ab l e  presents t he  excavation cos ts  per kilowatt of 
e l e c t r i c a l  capacity assuming t h a t  t h  
t h e  s i ze  of the bomb exploded. A 10 
KW i s  of course inversely propor t iona l  t o  the generating capacity. 

volume of the  hole is proportional t o  
w a t t  capacity is assumed; the  cost  per 9 

Two pairs  of assumptions a r e  treated: 

a) 
b) 

1 M!T bombs require a 750 foot radius hole 
1 KC bombs requlre a lo00 foot radius hole 

A) 
B) 

(a) and (b) correspond td^Xo-Tt@3rtem-i-no tension during 

(A) represents a guess a t  t h e  excavation cost  if bomb excavation can 

The hole costs $0.5 per  cubic yard. 
The hole costs  $5 per cubic yard. 

t h e  period of shock ln t he  w a l l s  as outlined in part IV. , 

be used, and (B) represents a guess a t  what excavation costs  might be by con- 
ventional methods. 

Table I 

Cost (b $ per KS? e l e c t r i c a l  capacity) of digging the hole 

A B A B A B 

8 6.6 66 33 330 165 1650 

b 16 137 78 785 392 3925 
Bomb 
Yield 2oom 1 M T  5 K r  

To these costs must be added the  land costs, the costa of turblnes 
and generators, the steam pipes and control system, the pumps and water res- 
ervoirs,  for which a reasonable estimate m i g h t  be $lOO/KH. 

ventional plants, on the basis that uncomentfoasl plants  cost  more. To 
t h i s  must be added the fue l  costs, which w e r e  derived in mlls/KUH Ln section 
I1 as 

Operating costs are e s t h a t e d  as 1 mil/mJH, which is hlgh for con- 

Table I1 

Fuel cos ts  

Bomb Yield 2Oom 1 K P  5m 
Fuel cost  (mils/m) 2 00 0.6 0.2 

. 
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If one takes the interest  and amortizations cost as 16 per year of 
t he  capi ta l  Investment (replacement over a 20 year period, 55 Interest) ,  
and assumes a load factor of 0.7, the  per  KWH cost of the capi ta l  investmnt 
is 1.6 x 10-5 of the Investment cost/KX. 
t i za t ion  costs, the cost per KWH of power from a l,OOO,O00 Kw plant is glven 
Fn Table 111. 

Adding fuel, operating, and amor- 

Table I11 

Cost i n  m i l s  per KwB of power f r o m  109 watt plant 

A B A  B A  B 

a 4.7 5.6 3.7 3 . 5  5 .4 29 .2 

/ 

b 4.8 7.1 4.4 15.8 9.1 65 
Bomb 
Yield 2Oom 1MT 5 K r  

cost is 1 m i l  + F + 1.6 x 10-5 ( loo + E) 
where F i s  fuel cost  In mils and E I s  excavation cost In  $/W 

The above table Indicates how Important the questLons posed by the  
al teroat lves  a or  b, A or B are. 
and experiments. The very large ($ per ILW) costs associated with ~XCLIVB- 
t l ons  f o r  5 m-boiDbs result in very high power costs, but larger power out- 
put (5000 MW, fo r  example) would bring the per Kw coet of excavation f o r  
5 KC bombs dam t o  w h a t  they are f o r  1 MT bombs at lo00 MY. For lo00 taJ, 
bombs of ylelds from 200 KT t o  1 HI! appear t o  glve Intereetlng power costs. 

This emphasizes the need for f'urther study 
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