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' , A !DVEL SCHEME FOR MAKING CHEAP ELBCTRICITY |
’ WITH NUCLEAR mmy

| . =
& . 1

i :?> N

" Nuclear fueia should produce cheaper electricity tha_ri'; coal, conside'r:i:ng‘
their high specific energy and low cost, To exploit thes';é properties, the
scheme propoud here replaces the expensive reactor/steaw—turbme system with
an engine in which the expansion of a’ gas heated by a/nucleat explosion raises
a mass of llquid, thereby groducing gtored hydraulic. /energy. 'l‘hls energy could
be converted to eloctrici{y by hydroelectric generat,lon with water as the
working Eluid or by magnetohydrodynamic (HID) generation with molten metal, A‘
rough cost analysis suggests the hydroelectnc systen could reduce the present
cost of e,Lectriclty by two-thxrul, and the MHD systel by even more. Such cheap
Fpaver would nke feasible large-scale electrolyl:ﬁ to produce hydrogen “and

other fuels_and chemical raw materials.

o

i

TTION S : =y 7.‘ . L
Nuclear energy is both abuudunt. and 1nexponnv¢ as raw fuel. It is beirg

used widely to produce electrical energy Gt ;lpout the same Cost as electrical
enargy from coal. m. considering the ury high specxfxc energy and the
low cost’ of the nucleac fuels, thcy should bﬂ able to produce much chelper
eJ-ctrieal energy. . What needs to be done ls[to fird nys of convertmg .
nuclear mtqy to ‘electricity that take adv n:age of these ‘unique properfxes
4.:& -Iclou' fuels, so that a large cost nduc.ﬁ:ion is realized.

KR 'l‘hls Paper discusses ome approach that t.aket a large step in this
direction, perhaps yielding a two-thirds rodnctmn or more in the cost of

- electrical “q.’ This in turn-would allow the economical use of

= electrolysis for p(oduclng hydrogen and other fuels and chemical raw materials.

In a stesm-turbine electrical generating plant, heat from a nuclear
reactor is used to boil water, producing superheated steam. Basically, the
scheme outlined here replaces the stan-proqucing reactor with an cpgine in

z
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which the empansion of a qu ‘heated by a nuclnz explosion -is uud ‘to raise a
wass of lxqutr:l, producing stoced hydcaulic energy. This opens the \iuy ta the
application of hydroslectric generation of elcctrlci.ty, which xs lluch cheaper
than the awpensive steam-turbine mystem. Still other systems - uszng stoted

hydtauhc energy are pocnblo, such u a lagnetohydrodynanc (MHD} genentor
driven by flowlng liquid metal, nhlch may reduce thc CO8t even more. «
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© Bl

WATER-PISTON EMGINEC ~ ‘ . y

Bpansion Chambor .

Suppose a larngc, cylindrical coamber with a hole in the bottom was .
partiilly filled with water, as shown in"Pig. 1. If a nuclear exploswe weze
detonated in the gadeous region, with a yield not so large as tt*/bzeak the
chamber but still large encugh ‘to make a high pressure in the gas, then the
water ‘would ‘be &nnn out the hole at the bottom at hlgh speed - As the water
level fell, the gas, pow heated by the nuclear energy, v,\{ould eexpand and do
work on the water. . < » o

This nrtanq.-ont constitutes the essence of ,;//ehgine that will convert
nuclleal: cnetgy into kinetic energy’ of moving wate/(the@igh—sfieed jet coming .
out the hole at the bottom) . 'me obvious 1n1tatxon of thxs engine is that
the ntct-qu interface is ‘raylo: unstable if the wate: level fallis at an
acceletatich grnu: than the acceleration of gravity. Taylor instability
would lead to ﬁxinq Of the water amd the gas‘and the production of a lot of
hot wa r and’ cool ltn- that will: not do much work in the expansion. N

[In the following c.lculations, h, Ah, and R are defmed in Pig. 1; E is
the tiu-ﬂe:agod power In the: water jet: Y is’ the yield of the nuclear
chazge; p is the pressure at the start of the expaision; g is. acceleratmn due
to qnnty; Y is the specific heat ratio for the heated gas; and n is the
expansion ratio h/Ah] ) : ? @

,:fi Assume;-then, that the flow rate out-the hole is regulated so-that the
\;utu falls at 1 g: Sphis will require a time-variable hole size, i.e., small

‘jt ﬂuta.nd getting bigger as the ‘expansion’ p:ogzelses. In add1t10n, assume”
; that Ah =R and that it taked the same amount of time to fill the chanber as
" to wty its

Ry
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AN 0
,The time it takes for the water to fall ]
- D . ) e .
eiipansion chamber il . R : ey
g ‘ .
! . ()

the distance h - Ah in the
. . 9w

'rhe:efou, its cycle time will beé
&
. A .o (ﬁ(z) :
e - & R
The alount of votk done will be o . i
“ " o ;‘,"
. ( ) (Y‘l) AhJ L n_ (y-1) ) ) ;
/ﬁy -1_ Ah - 1 . . o
s g . - .« -
!
MNote that Ah\‘ [(Y - l)Y/lp]1/3. The ti.ln-aveuged power will then be
' 2.1/6 -ty . .
. ia¥ ,/7’1/691/ P s P AL 1’] ) : -
L0 S 23y - LY® (n - Y ,
Using numeérical values of y = l.cf, n=6,and g J"wao cm/32 ?gives . -0
2 . '
R - o . i
E=3. 621:o]'/6 5/6 ergs/-, / E 0 (5a) !
R " s
with p in dynel/c- and Y in ergs, or, Uwith p in atm (10 dynes/cm ) and T
o ! in GJ (101‘ o:gs). A
a o o ) &
o B =0. u'mpl"‘xf”'6 . . (5b) |
Ca ’ .
At p = 100 atn, "
e o.1sa!5/‘ . )
lotiu that n=6andy= 1 4 illply ~that the thermodynamic eff:.c:.ency
is sn. o
Z
i/
[
) T -1- <

N

)
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Power Smoothing and Velocity Sorting be

Soneth:.ng needs to be added to the above descnbed eng.lne in order to

N

nake 1t really. uleful. The: powet comes in pulses, whereas the electt:.cal

: power we hope to obtain should come 27 a steady rate. . still worse is the fact

that tbe wate: doesn t all come,out-at the’ nne—valo/cxty. We need to store

the energy to run \electncal generat:mg equxpnent between pulses and to sort

out the var:.ous por%xons of the- watet accord:.ng to their VeIOCItleS so that oz
all the water can be,\ used efhciently. Note that/;\ne cannot store the energy

o& flowing: jwater fot a very long tme because, evén for a very smonth pipe,

the loss of kinetic energy is about 1% for a lel.gth of flow of one pipe @
dlalleter.im ’

i - One schene that}ill acconpl:.sh both velocity sorting and energy storage
would be ag follows (see Fig., 2). Suppose that the water, as it came out of
the nozzle at the bottom of the expansmn chamber, was duected up & large
shaft that’ was tilted slightly off the vertical. This shaft would be long
enough to allt»’ow the vertical motion of even the highest-velocity water tc\; be
slowed down and stopped by gravity. As each portion of -the water neared 1!:5'
apéx, its horizontal not:.on would carry it to the lower side of the shaft, .
Here it would be col;gcted into storage chambers at whatever level it teachéd.

Note that not much dynamic head would be lost in this scheme because the

J

friction between the water jest"\‘and “the air in the shaft would be much less
than that between flowing water and a confining vfall. Also, the air in the
shaft could be moving so that the relative velocity between air and water

would be less than the jet velocity. L . . ' :

Adding this element gives an engine that converts nuclear energy into

o [a]
] i

stored hydraulic energy.

'CAPITAL COST ‘ ' ' o (

Expansion Chanber >

o

If an explosive is detonated in a spherical pressure vessel thét is=
untamped--i.e., there is a vacuum outside the vessel--the maximum stress in

the wall will be

)




= H AP
- H A
2 o ° =
o K © i
w it ) i L =y B
o N B = Lo
o a 0 "
a4 o &
5 OQ o 0 ) #
Q Oa 0000 6 . °
Fl 2O, o B_ Q- [ £
oonenon-hu 02 Qouoa = (! 3 '
& ] ° ; . . M 5 a 2,'
B 5 N a0
a ¥ = i
Bl o = ™
) 0 v . ’
o Storage basins
for power smoothing
- ’ =4 and.velocity sorting K a
N 2 o7 L7 .
Bl . | o
B
o)
- ) 0
/\ “«
No scale > @ et
o I -
a P}
0= S .
@ . @ R c:v . =
i 5 o o=
. i T " N s )
- . ' i " = )
o -
o Water |
v flow s
Il § «
! ° =
o i Water -
. : ! flow
o i £ 2 : s
" i | u v
P S H Muclear . " _
‘ " B : charge—" ° . !
’: 3 . 3 ” af
E ' \ H . Ga?
a P “
N \Expansmn o -
. I T Tshamber .
P , Powerhouse !
N D _ E h )
i B \ / ‘
] ] 4? \ R .
i ‘
E FIG. 2, Conceptual schematic of an engine for producing stored hydraulic
B i |
- 5oH a0 ! 5 i i
o & energy; coupled with a.hydroélectric plant. The path of the water is shaded.
) 5 ‘ ‘ 2 o
L
b . ‘
‘ ~-6- e ' (PR
/ . :
s

y



,_\\\ |

2 Opax ™ .3_.(%];& 1+ 1+ ‘:E - , (7
W = gmRS | 9(Y -1} "¥p(1 - V) .. .
‘ 7] N o Bi o
where U is the maxiﬁum tensile stress, R the radius, § the thioknéss, E

the elastxc modulus, p the density, and v Poisson's ratio of the vessel- Yot

the explosrve yield; and M is the mass and y the specific heat rat1o\of the
atlosphete plus. explosivé>debris inside the vessel, ““hrs stress can be’
separated into three parts: 1) ‘the equilibrium stress due to the steady
pressure (the first 1 inside the brackets), 2) an overshoot due to the sudden

appearance of the preasure {the 1 1ns1de the radlcalj, and 3) an overshoot due

\‘to the 1npulse in thé expanding shock £rom the gx910510n (the other terms

1n51de the radical). Note that if a h1gh-spec1f1c-y1e1d nuclear exploslve is

used and the surroundlng ‘atmosphere inside the vessel. is a 11ght gas such as

hydrogen or helium, the ratio M/Y will be small, maklnq,the sh225 rmpulSe
« e

small. i 0 & [
The expans1on "eloc1ty of the vessel will be equal”&o tké net applled
impulse divided by the imass of the vessel: Y/’/ !
" Q" u \2 ’
‘ 1 o o e s
v = 2 ' | % ’ (8)
4R ové ) e, o

!

. A

where I is the mnet ilﬁulse given to tﬁt vessel in the Qay to fts:static
equ111br1un, R is. the radius and & the thickness of the vessel, and p
the den51ty of the vesgel material. . , s

Now let‘ua assume that othe vessel is tamped--1 e., immersed in some’dense
solid or 11qu1d medium so that when the vessel expands, the surrounding medlum
(the tanper) expands, too. Let us also assume that .the mass of tamper; that
moves is much greater than the mass of the vessel. 1In thxs case the expans1on
velocity will be equal to the applied 1mpulse d1v1de€f5y the mass of the

tamper that moves:

vpr " ,( o .o

6xR”priAt

where p, is the density and C, the sound speed of the t;mper, At = R/CQ‘

is the 1/4-cycle time of the vessel, and C, is the sound speed of the vessel
material. '

<!
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Tbe avershoot in stress will be reduced from the untamped case by the rat:.o

@

&) v,r/ v,

o = w111bein the nngeofo.‘!to(ll.

If one assumes good tamping and a nuclear charge’with a specific y:.eld of at *

. streg_\s,

, \ . pressure, "

4 . safety factdr), would weigh 1.2 x 10* 1b/GJ of explodive yield (assuming y =

2

1.2).
vo"lune as a sphare.

‘arshape which will be between a “sphere and an infinite. cylmder
sthens, the upper 11n1t of the"mf:.m.te cylmder for the we1ght, or 1.6

0 ® o

o K Ry

0

*The assumption of ¥ = 1.2 to calculate the containment volure is
justified because immediately after the explosion much of’ "the ' gas will the so

hot that it will undergo molecular “dissociation.
seconds for the expansion to go to completion.

0

O

3

least 0.1 GJ/kg, the overshoot stress w1ll be much less than the equlllbnum

An infinite cylinder would requue 4/3 times as much steel per unit .

4

For QVQW»’BEWAIB and external uterials of interest, the value of this ratlo

Let us asslme than that the vessel need contalnaonly the equ111br1um
In thlS case a vessel made of HYBO steel, stressed to 60,000 ps], (1/3

Thée expansion cha-ber is actually a cylinder with endcaps, a

o

Let us assume,

[«

x_10 lb/GJ.

%

o

However, it takes several
During this t:.me the hot gas

can ‘mix with cooler gas near ‘the walls, or with water droplets 8o as to cool
If" th:.s happens

down and recombine, thus increasing:y to approximately 1.4.

too fast, the pressure will rise higher than that which oecun:ed 1:? the first
on the other hand it may be \poss1b1e to

few milliseconds after the ;explosion.:

tune: the engine by having "the mixing océur ‘at a rate such that the pressire
drop due toexpansion cancels the pressure rise due to 1nctea51ng Y.

would make the engine expansion partly isobaric and partly adiabatic, sl1(ghtly

inc:nnng the power and slightly decreaging thia efficiency.

= a

This

0,

=

2D

o

,’JH -

17
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Note that even though the energy rfrom the explos:l.on is conta:l.ned wi th:m

5 o
2 the gaseous reg1on, the pressureal.s t’i:ansm.tted everywhere inside the’ expans:Lon

. chalber (but not out- the hole)j because of tbe wnter. Thez.efor a volume n-

tmes as 1arge as is, \needed to eontam the energyCmust‘Le bu11t to-contain the

*
i

PR - °
' pressure produced by the energy deposxted in the gas. e B @

n r_ ’rhe cost of fabr:.cating a ressure vessel from: HYBO steel 5%111 be“in the
. 'range oE-SS to $15 per pound, dependlng on size, ]oca':mn,U and complexxty. % e
» o
USmg $15/1b to- eatmate the cost of the expansu’ﬂ chamber g:.\.es a cost: of e

(2.4 x\l\ )n $/GJ, ot $l 44 x 10 /GJ J£or the case wherﬂe n4“s as in. Eq (5). Q‘,

Therefore, the coat per un:iiy\: poaer is approxinat(’ly 8Y1/6 )kW, ‘us:l.ng Eq° (6) ‘ 30

)] N s . W F

. for the relatlonship between pOWEL’ ‘and yields - 9,\(\ D0y e ;lf}“
d < o L5t

e Assule that sthe expans:.o'l chanber is t% be bu:lt dEEp"underground, ,to %«

9
prov1de tl'-e tamping and’ secondary conta&nment, ‘and that{the overburdenmpressure ¥ =

u o

is greaterothan the peak pressure ieached 11 thgd e,mans:.on chamber.« hrc vull £70

el

g <

allow the ~expansion chamber walls to be« aluaysmw ccnp;esemn, g1v1ng an R N [’

0
addltlonal fail-safe feature. The oost of m:,nlng a large~ cav1tv0deep lng

n; % 2

,\Lfmpetent rock, grout:.ng the walls, and luung the cavu:y w:thca gas—ttght“ “ °

[
steel bladder is est:.nated at $180 to %380 per cublc meter.ldw The volmnento ¢ %

o \con am“a‘ tanped# explosuon 153 : . I"a ?
Fe o : u:’onz ‘:
E] - ‘/r‘-zl ’( B .
; 2 :
T “.:,,ﬁ :
L :)f ‘ 3# d( e By
Kov ﬁq}o cn’/GJ or 20, W :GJR O az, e
. oo = o J\? o %j - . .
23
) . Multlplyl.ng by n = 6 g:.ves 12911 /63 (for the engJ.ne havmg an expansion
ratio of 6 diloulited egrll.erb. Thls would cost $4.56 x°10 /GJ or . e,

o

i & f .’
0. 27!1‘/6 $/kW ‘using the' higher- ‘unmg cost of - 380/na. This is negl:cuble ﬁ s

@ in co-parlson w:l.th the $8/kW for the stronq steel vessel that is to be put . .

mude. Thlﬁ:Ms/mat there;is a large po entlal;, for reducmg the cost of

N N . o o O, . a q
“ the expans:.on chamber. : b, A

; o SN
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The cavity described above is capable of functioning as the expancion
ch#mber by itself, even though it costs a small fraction of the cost of the
strong steel vessei. What could go wreng is that the rock near the cavity
walkls might gradually move about and crack under the repeated stress varia-
tions caused by the explosiofis. 1f this happens, the roof might cave in he-
“ause the rock is supportiﬁg the overburden pressure. What the strong steel
vessel does is to guarantee the survival of the expansion chamber even 1if the

rock gives out.

Shaft and Storage Ba51ns

Let us assume that the cost of the siaft and the storage basins f(thre

storage basins would be rather small) is .aout the same as the cost nf the

51arge water condu1t between the top and bqttom reservoirs of an underqgraund

‘pumped storage installation. Reference 2 gives this cost as S7/kW to $14/xW

,fbr a conventional system (updated to 13978 dollars). Because in our 3ystem

the water and gas. will be radicactive, an additional gas-tight steet liner
will be needed- this will about double tne cost, brlnglng it to $2B/kW i* tie
higher base flgure 15 used,

Total Capital Cost

° Three more major components are needed to make a complete nuclear-electric

~‘powe;fplant:~ a return water conduit, a hydroelectric powerhouse, and a heat

exchanger to get rid of the excess energy due to various inefficiencies.
nglsta;ed above, the water conduit costs $28/kW.

fhe Same reference2 estimates a powerhouse, complete with turbogenerators,
at about $55/kW.

Since the heat exchange would probably be to atmospheric air, an
intermediate as well as final heat exchanger would be needed; this might cost
about $40/kwWw for the two stages.

With these three components, plus the shaft and storage basins, the
capital costs excluding the expansion chamber thus would be $151/kW.

Table 1 gives the minimum nuclear charge yield, the expansion chamber
cost, and the total capital cost for three plant sizes.

The total capital cost is less than one-third the cost of a conventional
nuclear plant. If the operating expenses can be made low enough, it will be
possible to produce electricity for about one-third the present cost.

-10-
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TABLE .. Mimimum nuclear charge yield, e:pansxon chamber cosyand \t\otal
4 o] BN

capital cost {7 three plant sizes.

D

% . Nuclear =000 ’ . i Total
Pilant -1ze charge yield -~ Expansion chamber Other capital capital cost
= J (GJ} codt ($/kW), costs ($/kW) ($/kW)

1 8.5 11 151 162
1% 134.8 1@ ) 151 169

- & hY D
he o eEe BN 180
oL Lo -

. Thé main operating expense will probaply be the cost of the nucltear ’
chatge. Electricity costs about SLO/&J or,y if the 173 cost factor is applied,
$3.3/GJ. 1t might we reasonable to app:ly as much as 1/4 of this cost, or
$0.89,/GJ, to the %'oét of making the nuclear charge. Thus, it is seen that for
a conventionai-size piant of 1 to 2 GW the nuclear charges would have to be
ratner inexpensive, At minimumm yield, the charges could cost no more than,
say, $10 to 520 each. Notice, though, th!{; the expansion chamber cosj:s only
about 10% as much as the rest of the plané. This suggests that one might make
an aversize chamber to accommodate a larger yield such that the cost could be

0

‘as high as $100. 5“11. it is doubtful whether a nuclear charge can be made
“for as little as $100.

As stated earlier, ‘the expansion chamber may be much less costly than so
far calcqhted. The mined, gas-tight cavity to cortain this expansion chamber
can act.ually do the e:pans:.on chamber's ]ob {at least for a few cycles), but
it cost.s only about 1/30 as much. Perhaps a more realistic figure for the’

" cost of the expansion chamber would be 1/10 the cost estimated earlier. This

would allow still higher charge yields to be used, so that the allowed cost of
the nuclut charge might be as high as SIOOXK\.

B Since electricity will be K,; much cheaper, it will be economical to
produce hy;kogen and other fuels by electrolysis on a large scale. 1In this
case, the plants oould;‘be much larger, say 10 to 100 GW. This scale will let
the allowed nuclear charge cost to go to $1000 or ‘more even if the expansion
chamber cost is Y6 s/kw.

-11-
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. adding encugh col.loidally suspended graphite to short out 80 to 90% of the

2

A neutron- aosozbmg blan,r)et can be made an 1ntegral part. of t:he’ n)uclear
charge. «This wild utilize n/xtrons préduced in the exp1051on tc transmute
fertile material into fissile material and other useful isotopes such as
tritium, Téa recover these isotopes the nuclear -charge debris will have to be

N

extracted frffm the water q)nd gases contained in the systerﬁ. Tritium, for

-instance, will probably combine with the water. However, the amcunt of water

that need be present is so Sliall that the tritium could be recovered at

present day prices after only o, few days or wegsks of operation. It Seems

’llkely that by this means f15511e mateual, tritium, and many other useful

sot s would’ become ve h less expensive.
i ope u ry myc e ) pe e
SOME MORE NOVEL CONCEPTS -

It is humbly acknowledged that the cost estlmates given in this paper are
crude and inadequately researched. Intuition says that they w111 only go up
if done correctly and in detail. On the other hand, the scheme is itself
incompletely exploited.™ With these thoughts in mind, 1 wish to offer a few
more ideas that become possible once the basic engl.ne concept is acc‘epte'd
The hope is that reconceptualizing and integrating various parts of the system
\nll counteract:the tendency of the cost to rise and in fact may lead to

Euther cost reductions.

Magnetohydrodynamic (MHD; Generator

First of all, note that there is rather small amount of captive, reusable
working fluid (the water). This may be about 3000 tons for a 1-GW plant,

increasing in direct proportion to the power. Note also that the water can
attain fairly high wvelocities (140 m/s) on a 1000-m head. This suggests the
Eeasibility of generating elecf.ncxty by the Hall-effect MHD approach, using a
conducting liquid instead of a hot gas. What needs to be done is to make the
water sufficiently low in resistivity; probably a resistivity ‘of a few hundred
milliohm~centimeters is about right. This could be done by, for instance, i\
adding NaCH to qet the resistivity down to a few ohm-centimeters and then

path length. The water would be accelerated by gravlty to full velocity and
then slowed at the bottom of the return conduit by the magnetic field, in the
process efficiently producing electricity. This approach might prove to be

much cheaper to build than a conventional hydroelectric powerhouse {which was

-12-
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one of the major cost items :in the preceding calculatlon) It would also be
virtually maintenance- free because the only movxng part would be the water.
Using molten lithium, - s&EEEW or NaK instead of’water might also be consxdered~r
ligquid~metal-driven MHD generators would require much lower magnetic fields,
temperatures, and fluid velocities and would, therefore, be mgch less_;
expensxve than gas-driven MHD generators. E

- ‘The return water conduit is 1tself a major cost item, This i5 because
the water must be run down the shaft at a very lo? velocity. Remember that
the fractional loss of dynamic head is approximafely 1% per pipe diameter,
even for a very smooth pipe. Suppose that only the top portion (say 10%) of
the conduit were made 1n the conventional way. Then suppose that aﬁ the
bottom of this section the water were ruUn through an annular nozzle so that a
hollow cylindrical high-speed jet was formed (see Fig. 3). In addition the
water would be giveﬂyazglight radial velocity inward, so that as the water
fell and gained speed, the rad{al velocity would contract the jet to i
compensate for the area reduction of the annular section of the jet due to the

speed—up, thus keep1ng the jet from breaking up. The hollow region in the

fvthe jet is necessary because the area loss rate cannot be matched

7? ng the jet by a single radial veloc1ty. At the bottom the hollow S
:eglgn would disappear and the water would be at Eull velocity, ready to enter
the MHD generator.w It“is.obvious that the portion of the conduit that
contained the jet need be only slightly larger_than the jet, enough so that

“the: water did not touch “the wall This dlameter would be much less than if

the water were moving slowly at the” same volume/flow rate, and thus the volume

nd cost of the conduit would be reduced by a large factor.

Two Expansion Chambers

S _.;j S

Still other schemes may be practical. It may be that a better way to
deal with the variable water speed can be found that does not require taking
the watér up a large tunnel. 1f a scheme can be devised to manage the
variable water speed at the full depth of the expansion chamber, the pulsed
nature of the power output could be handled by using two expansion chambers.
In addition, if the expansion chambers become much less expensive than the
SY1/6

ratio. This would allow an increase in efficiency and a reduction in the heat

$/kW estimated earlier, one could consider increasing the expansion

rejected at the surface, giving a reduction in the heat exchanger cost.

-13-
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. Dense Liquid Metal Working Fluid

Definite advantages are ocotained by using a dense liquid metal such as
molten lead, or a low-melting-point eutectic of similat density, .as the
working fluid. Notize that if p is hkld constant, the height of the two fluid
conduits is inversely proportionzl to the density of t;§§f1uid. Therefore, if
molten lead were used instead of water, the length of the conduits would be
reduced by aboat a factor of 10. This would, presumably, reduce their cost by.
the same factor. Also,zthis would allow the full overburden pressure to be 7
used without the tops of the conduits coming near the surface of the g:ound

Helium could be used as the expansion gas if lead or some other liquid
metal were used as the working fluid. This is so because the boiling points
of these metals are so high thatﬁthe hellum gas would stay fairly pure
throughout the cycle. An analysxs"\“\ the expansion chamber cost calculation
shows that, at the saue efflc1ency, hex‘um at v = 1.66 leads to the same cost as

“ that calculated for steam starting at'y = 1.2 and going to Y = 1.4 during

» the expansion. This is mainly because, to reach an efficiency of 51%, an

\éxpansion ratio of only J is needed with helium, vs 6 with steam. Halving the -

expansion ratio leads to dn ‘expansion chamber length that is“only 0.61 timesu -,

the length for steam and a fluid height in the chamber of only 0.5 times the

height for steam. 1In éddition, the combination of helium and lead should

result in a very benign chemical environment (no corrosion. oxidation,

hydriding, etc ).

beco-es conparable with the hexght of the Eluld in the expan51on chamber.

. Having passed through.the generators, the working fluid must retain enough of

its kinetic energy to refill the expansion chamber to the initigl height,
This portion of the source energy is not available for power generation, but
must bg circulated around the system. When the hydraulic head is-large
Zéégpagedfwith the height of the fluid in the expansion chamber, this
circuihting energy iﬁzg =£;11 fraction of the system energy; but if the
conduits, shortened by virtue of the denser working fluid, become comparable
in height with the fluid in the expansion chambeéer, then there is a large
fraction of circulating energy, with a resultant inefficiency. This probie.
is partly solved by using helium as the working gas. Burying the system
deeper and working at higher pressure helps greatly. The height of the

-15-
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conduits is ptoportlonal to P, and the he:.gh he expansxon'fchamber _is

1/31 7&!? gives the ratio of condu:.t helght to hexght of

/3

‘proportiocnal to p
fluid in the chamber as p
2000 m depth, where the overburden pressure is 400 atm, one would have a
conduit height of 400 m with p = 10 g/or:n3 ligquid. TIf helium were used, at
51% thermodynamic eff1c1ency, the hel.ght of the’ fluxd’fm a 100-GW expansion
chamber would be only 4w, gl.vmg a hel.gnt ratio of neazly 12, which is more
than adequate. o ¢ 1o \“ ? .

Economic questions arise about using an expen';}i;ve liquid metal as the

4

- Thus,’7if the gxpansxon chamber were put at

circulating fluid. "Therefore, let us calculate the amount of lead that might:’

be required. Assume E = 100 GW, p = 400 atm, Y = 1.67, n =3, We will then

have Y = 922 GJ, R = Ah =517 m, h - Bh = 34 . The volume of lead in the

‘ expansion chamber will then be V = 'n:R (h - Ah) 3.09 x 104 m3, givi;:g a - i
mags of about 3 x 105 metric tons. The fate I5f the lead during a cycle is \1\1

that: it falls dmm to the botton of the expansion chamber, falls up to the top o

of the uD condu1t, falls down to the bottom of the down conduit and falls up
to its starting point in the expansion- chamber.:_; Ignore the fact that not all
the lead has to travel the whole distance (th;s will tend to overestimate the
amount of lead present). The tme it takes to complete a cycle is

= o

2 X 400 2 x 34 ’ i
T = 2J o * 2J SO R 23}.1 s, B (13)

o

and: the time it takes to fall out the bottom of®the expansion chamber is

ok

= 97 ‘
) 2 x 34 =
: t= i’ 0 =~ 2658, ‘ “ (14)

Therefore, the amount oE{Td in, the system will be B : Ve
M= 3x 105 x 2:']6' 2.6 x 106 metnc tons. (15)

Lead costs about $840/metric ton, so lét us assume S$1000/metric ton
installed. 'rh:.s works out to $2.6 x 1l:19 or $26/kW. The use of lead
instead of waLer reduces the cost of the conduits from $56/kW to $5 6/kW, so
that the net saving is $56 - ($26 + §5.6) = $24/kW. Thus it is seen to be
economical to do this. However, resource availability may be a problem, since

the present U.S. yearly consumption of lead is only about 106 tons.

a



'switching.

Racetrack Eng;ne s R . . “. ¢
* In pr1nc1ple 1t is possible to build a system such as is shown in {

=

Fig, 4. In th1s schene a fluid charge a:rives at the top of the expansion

chamber just as another fluid charge is drivepn out the bottom. Once out of

the expansion chanber, the f1u1d flows around the cest of the racetrack, Lo
giving up most of its kinetic energy to the MHD generators. Since some of the

fluid will always be 901ng through some of the MHD generators, it should be

possible to malntaxn a constant voltage in the external electric circuit by

In order to calculate uhempowet, let us assume that the velocity of the._
fluid, as 1t enters the expan51on chanbet, lS vo =4/pP/P,. where p is again
the peak pressure in the cliamber and p the density of the fluid. Assume,”
also, that gravity is negligible and that the ﬁuclear charge is fired just as
the leading edge of the fluid reachesathe bottom of the chamber. Inwthis
case, if the variable-outlet nozzle- 1s properly regulated.~the fluxd will
enter and cross the fhamber at constant yelocity. The time to accomplish this
will then be ~ J(: |

T ==

i '. (16)

and the energy given Eo the fluid will be

b8 = [1-n ‘;'1’]1! ) an

s

- et
N?te again that Ah = [iI—EEllﬁ] .

a

The average power will then be

PO A Al P ] _ 18)
R V2 RNV R Vi R ,

=17~
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[fo-o‘ N
v 4 “Using nunerxcal values Y = 5/3 and n

s 0
o ae

3 {(51% efficiency) gives

oA y2/3 576
E=o0.053 L —R {19)
K 1/2 “ 2 -
P
; . <y with E in GW, ¥ in GJ, p in atm, and p in q/cn3. Thug it is seen that at
Eﬁ ih high pressures the power will be much higher than with the engine that depends
f . 1\ on dgravity to move the fluid out of the”chalber.
i Figure 4 was drawn w:th ‘a major radius (R} on the turns equal to 4 times
i
* | the minor radius.
. !
A

" &h = R/4.

The' straight ‘sections have .a length of (2n - 1)Ah, with
I

Using n = 3, the part of the mean circumference out51de the stralght
wsectlon on the expansion chamber leg is L = 2%R + (2n - 1)(R/4J = 7.53R, and
*  .the maximum velocity of the fluid is

: A
2.2
vmax v0+p ﬁvo. .

(20)
|The distance this part of the fiuid would go if not slowed down by the MHD B
' generators is - s ’ &
) = H . v t o , :
i o = = - - = . -
| s=v T ¥3 (2n “1\)\4 2.17R {21)
i . ; <
Ty =
T Théi}fore, . - . :
7 s /‘/\\\\
i =<0.29 . g
J L 7 .\ (22)

Thus it is seen that this geometry will have more than three separate
fluid charges goxng through the MHD generators at any given t1me.
Y

Bl

The average specific klnetxc energy of the fluid,

(1/2)pv ’ wxll be
about equal to U, the energy per unit volume it gained in passing through the

expansion chamber. -The loss in specific energy is

-19-
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8U = Zlevigt . \ - 2 §.23a)
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‘ ) 7
A 2 ? . P \x ’
o U 1/2)pv_ L 2 &l X 3 B
1 Ef - U Ef = a’f-.:.'- 0.01 ’ . {23b)

a . 3 -

where R is the length and 4 the djameter of the flow, f is the friction factor,

and €, is the frictional efficiency .factor. ¢
The maximum possiblé L is _,alogig the outermost circumference, i.e., . o o
- - / & T o J
. R TR :
L-ax = 2TW(R + ?) + 2(2n~- 1)'4'-? 10.35R , (24)
o X o
and the minimum flow diameter will be about 9 ? ‘ %
: Yo -1/4(R ‘ .
> 4 = 28h v =3 ("2') = 0.38R. 125
, max ’
theref::re, - ) ’ ’
= ~
- ) N ;”;
€. > 0.73 . o . (26)
P o Y

" . 0 o
Thus, it is seen :that the frictional losses will be acceptable.
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