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ABSTRACT

There is lot of interest these days in thorium fuel cycles, There
was an international symposium on this subject in December 1962, Tagt year,
& panel meeting was orgenised on "Utilization of thorium in powef Reactors?
under the auspices of International Atomic Energy Agency. This year the
'2nd International Thorium Cycle Symposium’, organised by U.S.A.E.C. was
held during May 2=6, in which about 46 bapers were presented. A number of

conclusions reached in these symposia would be discussed in this survey.



UTILIZATION OF THORIUM IN POWER REACTORS*
by

B.P. Rastogi

INTRCDUCTION

1. It is‘easy to understand why work on nuclear fission reactors
originated with uranium as the nuclear fuel. Nature provided only une
readily fiééionable isotope at this particular age of the earth - that is
U=~235 which chSﬁitutes only about 0.7% of naturally occuring ureniuvm. It
was recognised very early in the history of nuclear reactors that the long
term importancerf nuelear fuels for power production depends on our ability
to use not only the original fissionable U=235 provided by nature but also at
least an appreciable part of the much more abundant fertile materials U-238

and Th-23%2 which could be converted into fissionable isotopes.

2s . Nature has provided abundant resources of uranium end thorium in

the world. However, the abundance of thorium is many times more thsn that of
uranium, With the help of breeders based on uranium eycle the energy content
of uranium could be made about 100 times the energy content of fissile U-23%5.
The addition of thcrium breeders increases these energy resources many times.
While discussing the natural resources of uranium and thorium one has to look
into the quesfion what is the quantity of these substances available and at
what cost? ’Téﬁle 1 shows the resources of uranium in the U.S.A. and Canadaﬁ)e

The first column of this table gives the price range and the second and third

* Tecture given in the Trombay Colloquium held on September 13, 1966,



TABLE -1

e e Py e

Regourges of uranium in the U.S.A. and Canadsg

Price range | o géi resources éanadian resoﬁrcng-‘??!rﬁ
per pound (thousands of (Thousands of short
U508 g, gﬂogg)tons tons U3 08)
3 SE— -

50 300~350 650

10-15 ' - 460

1520 L e - 430

20-30 700 -

30-50 8000 -

columns give the resources. It is noted that low cost uranium reserves of :
)
d

®

Cenada are very high. The uranium resources of India are given in the table(g

TABLE -2

Uranium resources of Indis

Ei;@e T ‘Bfe N En;;;hme;; of U 6;imﬁmﬂ?&:¥fﬁm”“
(million U,08 in ore, (tgousand
tonnes ) percent. tonnes)

Dhantuppa 0,63 0.05 ' 0.13

Bhalki-Kanyaluka Sizeable 0.05 -

Surda 0.26 0.05 0.i3

Jadugada 4,0 0.067 2.68

Bhatin 1.0 0.045 0.45

Narwapahar 14.0 0.077 10.78

Garadih 1.8 0.052 0.52

Keruadungri 125 0.05 C.63

Total ‘5:5




These dsposiis may be in low cost range (9) The estimates of Indian deposiis
in various cost ranges are not available. Rich deposits of thorium in India
are estimated to be 0.45 million tonnesy considerably larger than uranium
&epos;tb/ 2)

3 The significance of Indian resources could be understood as follows.

A 400 Mw(e) power station based on natural uranium similar to one being buil®
- a% Rajasthan consumes about 50 tomnes of uranium per year. During its whole

14fe - 30 years, it would consume about 1500 tonnes of uranium which means

that with the avallable natural urenium in the country only 10 RAPP type stations
of 400 MW(e) each could only be set up. These reactors produce aboub 180 Kg

of plutonium per year per 400 mw(e) unit. Recycle of this plutonium with natural
uranium reduces the requirement of natural uranium to half and thus domestic fuel
j‘supplles could support 8000 Mw(o) for 30 years. TFuel eycle costs of RAPP type
stationsg are very smell (about 0.5 paisa per KWh/. Many fold increase in the
fuel cost could be tolerated by this system without significant increase in the
wnit energy cost. A big nuclear power programme based on this type of system
could be established only on imported fuel supplies. for, the established

domestic supplies appear to be inadequate.

4. Thus we see that India is coﬂsiderably'pGOr so far as the resources of
natural uranium are concerned. This turns our attention to the systems which
could utilise fertile U»ZBS and Th-2%2. A number of converter oOr breeder !
gystems are available which could do this job in an efficient marner. The
selection of a most suitable system either for utilization of thorium or
Pertile U-23%8 depends on a number of factors such as national policy with

" respect to fissile resources, national fissile reserves, 1oad demand, capital

cost, availability of technology of fuel-fabrication, fuel reprocessing, waste

disposal and plant engineering and lastly the unit energy cost. In whatl

follows, discussion on some of these factors for some thorium reactors would

be made.

REACTOR PHYSICS

5. Current interest in thorium reactors throughout the world stems

largely from the fact that the U-233 produced by neutron capture in thoriuwm is



aule Foel for dbemmel resctors; than the plutonium that results from

paptres dn U005, Thie vesults largely from the value of eta, the number of
negutrons preduced per neutron absorbed, which at 2200 m/s is 2.292 for U-233
but only 2.078 and 2.11€ for U-235 and Pu-23%9, respectively. Figure 1 shows the
variation of eta for ﬁ~%339 U=235 and Pu-239 with energy(B). It is seen that
eta values for all the three nuclel first decrease and then increase., Minimm
variation takes place for U-23%3. It may be noted that these are the smoothed
out-eurves and actual curves show lot of variation due to resonances. In ﬁhe
thermal spectrum of an actual reactor the etas for all the three nuclides would
be less than the 2200 m/s values because of haraening of +ne neutron energy
spectrum., A signggigant frection of neutron absorptions occur at epithermal
energies %here the values of eta for all the nuclides decrease. The effect of

epithermal absorptions would be least harmful with U-233.

6. There are several other differences, between the thorium and urenium
cyele, The fission product yield curve is shifted slightly toward lower mass
numbers in case of U~233 fissions. This gives a favourable effect on average

absorption cross-sections for the fission products.

T An unfavourable aspect of the thorium cycle is the relatively long
half-life (27 d4) and high eross-section (43 b thermal and 925 b resmance
integral) of the EéwQEB which is intermediate in the conversion of thorium to
U-233. When a neutron is absorbed in Pa-23% the loss in conversion ratio is
equivalent to two neutrons. In order that there be a favoursble result in the
competition between decay of Pa-233 into U~233 and absorption in Pa-233, the
Tlux in the regions containing thorium should not be too high. In most designs
the specific power is kepb lower than it would other wise be for this reason.
Small cores with breééing in external blankets or continuous movement of the
thorium in and out of the high flux regions could also inerease the fraction

of Pa-23% which decays into U-233,

8. The initial build-up of Pa=-233% and consequent delay in generation

of U~233 in a fuel element® causes a rapid decrease in reactivity of thorium
eyole reactors during first several half-lives of the Pa-23%. This reactivity
is recovered when the Pa-233 decays during shut-down giving rise to 5protactm

indium transients?®.



TABIE - 3.

Some nuclear cross—sections for fissile and fertile materials

b 0.025% ev values
') " ':'J 4 f\ \ ;
Th=232  “-. 7.4 83 » 3
U=238 2.73 _ 2804j;12
U=233 49 524.5 573.5 2.497 0.0926 2,292 - 746 + 15
U-235 101 577.2  678.2 2.426 0.175 2.078 144 + 5
Pu-239  273.9 ~ T40.6 1014.5 2.892  0.370 2.116 333 + 15
9. Table 3 gives few cross sections of fertile and fissile materials.

Tt ig seen from this table that the thermal capture cross-section of Th-23%2
is about 3 times that of U-238 which makes thorium fuel much more abgorptiVe
‘than urenium of the same mass density. Also resonance integral of thorivm
is meny times less than that of U-238. High capture cross-section of thordum
requires higher enrichment of fissile material compared to U-238 fdr criti~
cality, however, it also helps in a longer life of a fuel in a reactor by
inereasing ﬁhe conversion ratic., High enrichment of thorium fuel elements

necessitates for some type of reactors different fuel element design for better

heat transfer.

10, Although the ultimate goal of thorium reactor design may include
breeding, it is difficult to reconcile the other, often conflicting, demands.
of low fuel-cycle cost and low capital cost with the requirement of high enough
neutron economy for breeding. Neutron leakage and parasitic captures in
moderator, coolant, and structure can take an appreciable fraction of the
available neutrons. The losses to fission products become important if the
fuel fabrication and reprocessing costs require high fuel burnup. A further
reduction in neutron economy comes from the fact that non-breeding systems

must use U=-235 or plutonium as make-up to supplement the bred U=~23%3%. The lower
eta of these isotopes plus the increased build-up of U-236 further reduces the

breeding ratio. The use of thorium in non-breeding reactors is gtill important



i end increases the utlllizetion of fissile uranium,

=X 300 SYSTEMS
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11, A thecretical comparison was made in the U.S.A. of a number of
i 4 ) . .
1000 MW\@) tems walch use thorium fuel( )9 The breeding ratios, burn-ups

and mass balances were calculated over the 30 year history. An appropriate
delay time was consid dered between vemoval of spent fuel from the core and recyele
ofgﬁhe reprocessed fuel. Several cases were calculated to get the optimum burn~
up. For the economic somparison fthe following assumptions were made: 30 year
life of reactors; § 17.6/kg W3 s & 30/kg separative Worky 12%/year fixed sharges
on the reacbo%gg aﬁﬁr,U;fvmﬂr fuel and DQO inventory charges. Fuel fabrication
and processing costs were estimated for plants having capacities that would serve
15,000 MW(e ) of the concept considered. All the thorium reactors were assumed to
be started up with U-235 and bred uranium recycled over a 30 year life, but

plutonium from PWR was assumed to be sold at 10/gm fissile,

12. The following 7 reactors were studied:

The Pressurized Water Reactor (PWR) design is based on a Westinghouse
study and uses Zircaloy c¢lad oxide fuel elements. A 15.8 £t inside diameter,

11.2 in thick reactor pressure vessel contains the core .,

The Spectral Shift Controlled Reactor (SSOR) utilizes a mixture of
light end heavy water as the moderator and coolant. The concept is similar 4o
PWR execpt that fuel depletion and fissicon product build-up are compensated by
inereasing the Wjufﬁmo ratlo to reduce the probability of neutron capture in

thorium resonances.

The Heavy Water Reactor (HWR) i1s a RAPP type unit except that the fuel

elements are tubular. .

The Sesd and Blanket Reactor ( jD) is based on movable Ffuel concept,
In this concept, fully enriched uranium is 1oca+ed in annular seed regioms
distributed throughout in a thorium blanket, The SBR is controlled by axial
movement of portions of the seed, which changes the effective thickness of the

seed annulus. This results in a change in the leakage of neutrons from highly



sub-critical blanket reglons, thereby providing

sl f-suetaining recycle could be achieved in this system

The Wigh Temperature Gas - Cocled Reactor (HTGR) ig a helium-cooled,
graphite snd 3e0 moderated reactor. Graphite fuel elements contain loose
pyrolytioﬁearboﬁcoated fuel particles.. Two sizes of particles are used, one
containing only uranium and the other only thorium.A BeO spine in the centre
of the graphite body has a volume that gives a ca arbon-to-beryllium atomic ratio
of 2.4. Use of a 56 £t 1nsLde diemeter pre-stressed concrete reactor vessel
that conbeins the core, tne steam generators, and blowers is s major design

feature of the plant.
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Salt Cowvcrter Reactor (WSOF) congists of a Hastelloy-N
vegsel Filled with graphite amoderator. A fuel salt, congisting of fluorides of
urenium, thorium, 1ithium and beryllium, and melting at about 475°C, is clir-
culated through passages in the core graphite and then through an external heat
exchanger., A side stream of the fuel salt is processed continuously for fission
product removal in a Ffluoride volatility and vaccum distillation processing plant

integrated with the reactor.

The Molbten Salt Breeder Reactor (MSBR) ig similar to MSCR, except that
the fissile and fertile meterials are maintained in separate gtreams. The two
gtream design mekes possivle a emaller core, lower neutron leakage, and decreased

neutron losses due to protactiniun.
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TARIE - 4,

Reactor rerformance

- i

Cbncept ' Peed - Exposure Breeding Index of fuel

enrichment® (wa/+ of ratiob ‘consumption®
aﬂ;i Th) _

PWR 2.2 21000 0.60 1.29

SSOR 4.0 25400 0.75 0.80

HWR 241 28800 0.84 0.60

HTGR 2.1 52300 0,90 0,22

SBR , = ke Pyt 12000 1.00 0.00

MSCR 2.6 2300 0.96 G.0%

MSER (a) (a) 1.06 =0.13

8. Percent by weight, based on total heavy metal,
b. Gross estimateg for last cyele of 30~yr reactor type.

2 B (T,Oubreeding ratio)/%hermal efficiency, a measure of relative
fuel consumption.

d. Not applicable because fertile ang figsile stregnms have different
cycle times.

134 The reactor performance dats for these reactors is given in table 4.,
It is seen from this table that the S3CR has the lowest breeding ratio. Thig
is due t0 low eta in the wnder-moderated region of the first part of the cycle

and parasitic captures in hydrogen in the last part of the cycle.

HWR gives the next higher breeding ratic in this comparison, The use
of heavy water for both coolant and moderator can result in very good neutron
economy gince thers are virtually no absorptions in the heavy water., The fact
that the breeding ratio for the HYR was only 0.84 is caused by the parasitic
absorptions in the pressure tube and by the economic necegsity of reducing heavy
vater inventories, HWR'g could give breeding ratios above unity if the economiecs
favoured such a design. We would presently see the results of few calculations

which show this fact,

[F -



The neutron economy of the HIGR is hurt slightly by the absorptions

o the gw oderator, but it is helped by the <n9 2n) reaction in
the e and by a device of keeping bred fuel separate from the make-up U-2%5

and reeyoling only the bred fuel.

The SBBgiafter being fuelled with U~233 has the highest breeding
ratio of the solid fuel element reactors. It achieves a breeding ratio of
1.0 in fﬁght water by having a high moderator content in the seed for thermali-
zation where most fissions occur end having a low moderator content in the

blanket to reduce parasitic losses fhere.

The M5CR has gocd neutron economy by virtue of using graphite
moterator and continuously stripping out the volatile fission products so
that thers is little polsoning from Xc. The MSBR also uses graphite moderstor
and continuous stripping of volatile fission products. In addition it has
separste fertile and fissile fuel streams and is able to minimise neutron

logses to Pa-233 by allowing most of the Pa-233 to decay in low flux reglions.

14. Table 5 gives the results of the economic study of these reactors.

It is seen that MSBR gives the lowest unit power cost. It is noted from the

wiFt

table that specific Fissile inventory S, kg (fissile/MW(e)), is maximum for

SBR (3.5) and minimum for MSBR (Oe62). These values may be compared Lo specific

ox o . B ’ 5 . . 1
fisgile inventory of (5) for fast breeder reactors based on uranium oycle( >°
L3

Though the fast breeders give high breeding ratios compared to thermal reactors,
high 8 puts them somedimes in an unfavourable position, when one needs very
rapid powsr growth. A study made in U.S.A. on ore requirements for projected
nueliear capacity based on different converter-breeder combinations is

S <)
i XL

}.'.’x
o
.

presentad . It is expected that installed nuclear capacity

in U.5.A, by 2030 would be 3 % 106 mi(e). It is seen from the figure that

introduction of advanced thorium converters during 1975 - 1990 period reduces
ore requirements significantly. Introduction of MSCR makes the total ore

requirement less than 500 thousands short tons UBOB. Por a fixed installed

energy capacity based on breeder systems the total requirement of fissile

2 . v
material is proporitional to SD~ where S is the specific inventory and D the

1m0 (5)

doubling tim o Thus a MSBR with 8 = 1.25 and D=20 is equivalent to a ¥BR
with S=5 and D=10,

REtre g
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sested in the 10 MW(th) WS@E( ). The M3RE fnel is & molten mixture of 1ithium,
beryllium, zirconium, andé uranium fluorides <JiF - BeF2 ~ ZrP4 - UF4 3

having good hest transfer properties and low viscosity at the

&
v

of 1200°F. The core cousists of 2 in square stringers of

=
w
e}

phite through which the fuel flows in direct contact with graphite.

criticality on June 1, 1965. The MSEE has been upto 5 MW(th) and
achlevement of Full power is ex tpected shortly. Wuclear characteristiecs of MSRE
lnse to prediceted values, the system has been Found to be

’*@ pOlsonlng has been lower than expected snd there has been

whatever after 3000 hr circulation of molten salt; The

been Tound %o %e chemically stable and oxide content of the fuel after

13 months oreration is oniy bQ ppm. The salt eirculating centrifugal pumps have
b

thet a two region reactor having

circulating fuel (Beﬁgmliﬁ - UFr ), & molten salt circulating blanket

uollten salt secondary coolant circuit (VaP-KP-BR ) which
Tissile inventory as low as 0.8 kg/tW(e) could be

deubling fime. Development of s schene to vemove Pa-233

would reduce specific fissile in wentory to 0.7 ?v'EW(@)
and doubling %ime to 13 years, If cooling of the fuel is done by direct contact
with molten lead, *he fuel inventory is greatly reduced and the fuel yield becomes
17.

A

S per year (doubling time 6 years). An overall net thermal efficiency of 45%

eould ve attained with this system,

T7. EIGR - DRAGON: The 20 MW(th), helium cooled DRAGON reactor built at
2
¥4 in England reached full power on April 24, ?966<&’9>.‘ No significant

materials protvlem have arisen so far. Cooling in the reactor was better than
expected and the neutron flux was flatter than had been assumed. Helium coolant

temperaiare at core exit was edjusted at 820°C. The measured fuel clement.

= 1150°C maximum in thie centre element, 125000 maximum in the outer

W 950s¢ mﬂxiﬂuﬁ,graphite surface temperature were below than wha< had

T TR, P
ceted on hagis o

oo
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The Peach Bottom HTGR a 40 Mi{e) is going through low power physics

(10)

testing
A 330 MW(e) Colorado HTGR has been contracted for construction(g).

18. Pebble — bed reactor: The 15AMW(9/, Julich pebble bed reactor in Germany

called AVR is nearing crltlcalltyfg). The reactor will go critical first in
alr rather than in He, thus permitting start of low-power nuclear operation

‘prior to replacement of valves in auxiliary helium systen,

THTR -'(Thorium high temperature reactor), a 300 T""”'(e) scale-up model

of the 15 MW(e) pebble-bed may be constructed in Germany 4

- e

Y

19. Heavy Water Thorium Reactors: Studies made in India and Sweden show that

a self-sustaining fuel cycle could be established in PHWR systems(12’13).
Pigure 3 shows the results of the study. It is seen from the figure that with.
va/Vf equal to 20, breeding ratio greater than unity could be achieved with
discharge irradiation of about 14000 MWD/tonne. If a self sustaining system ig
initiated by plutonium, it would teke 15 to 25 years for a 200 MW(e) unit
dependlng on the quality of plutonium used. Studies pertaining to a 200 FW(e)
BRAPP type reactor made in India show that with low enrichment, a self sustain-
_'1ng Th-U-233 system could be established in certain cases<14>, Pigure 4 shows
the results of the study. The build up 0} U-234. and U-236 has not been congl-
déred in these studies, A study made in U.S.A. for a two region reactor of
RAPP type in which blanket consists of only thorium fuel elements showed that
the reactor could actually breed.

20, ~ Fugure 5 shows the fuel costs of a CANDU type reactor for tnorlum

as well as uranium fuels against dlscharge irradiation 13 - This study was
~made in Canada, Following were the cost assumptions: § 22.22/kg U/Th for

Uoé and Thog, $ 12, 12, 10 per gm spent fuel credit value to U=233 ang U-235

and fissile Pu respectively and § 14, 12, 12 per gm raw material cost of U-233,
U-235 and fissile plutonium. 5 percent interest on inventory was included.

It is seen from the figure that the Ffuel costs are very high for thorium reactor
with low discharge irrediations, however, at higher discharge irradiations they

are comparable with uranium systems,



-2 13 5=

21, Waber Reactorss 22 HW%@) Elk river BWR type reaotor is approacnlng its
(16)

« Indian Point 275 WW(e) reactor hss been dusf reiuelledkg)
(17)

reactors have short doubling times and low critical mass compared o U-2%3 -

22+ Fast Reactors: Studies made in U.S5.8.R. show that mixed cyecle fast

thorium systems. Studies made in India(js) show that U-2%33-thorium fuelled

reactors are much less subject to the undesirable positive sodium vold effects.

(1é)

2%. Mable 6 lists the thorium fuelled reactors and critical assemblies -

It is seen from this table that there exist a number of prototypes or test reasctors

baged on different systems from which valuable experience is being obtained. It

Cl

ould slsoc be nated that-there are as many as 10 critical assemblies for lattice

experiments alone.
STATUS OF TECHNOLOGY

24, Irradiation behaviour

" The irradiation stability of the metal-clad oxide (ThOQ—UOQ) fuel
systems has besen demonstr ated<19). Burn-ups in excess of 100,000 MWa/tonne
(Th+U) have been achieved at linear heat ratings upto 300-400 w/cm. The fission-
gas releace rates were less thén 20% and swelling rates were less than 005%

“V/V per TO?O fissions/cmB. Rods have been operated at linear heat ratings of
1000 w/bm to 22000 Mwd/tonne (Th+U) burnup, with no evidence of swelling or fuel
melting. Comparisons of vibratorily compacted fuel rods indicated that Th02~5%

U02 could sustain approximately 40% higher power ratings than U0, while producing

gimilar microstructrual changes. Three rods containing sol-gel ghOz mixed with
PuOZ were exposed at a linear heat rating of 245 w/cm %o a burnup of 29,000

Wiwd /tonne (Pu+Th)a The fission-gas release rates were less than 5%9 and the
microstructures were similar to those of ThO. - 5% U02 exposed under the same

2
condition.

25, Concerning fuels for HTGR reactors, small particles coated with

pyrolytic carbon have been irradiated in loose beds and in grabhlte matrix

(20

to 1On7 has been achieved in loose bed tests for burhups over 200,000

elements

1077

The ratic of release to production rate (R/B} for Kr of

Mwd/tonne s (Th+U), The irradiation tests have demonstrated that pyrolytic-

-

-



HOVI IXEN HO® QOO WTHVL

o Sous+on %56 (¢961) yen ‘uanquoudy RIS
OTUBZIO qequeTq Uz+oon %06 (%£961) L7183 © NEND 0ds0¥
e Couz+Son %<6 (e)um 2z (2961) VN “IeATH WTH wE
Tmﬁgo 9100 981 )
hd Souz+“on %%.6 MU 684 (2961) vsn ‘g uop pEnAcs;
HIEV Wy fe czillozs (1961) von foussng epueg (" SSY4TAD)UIED
snosuaFowoy ( .Hopom.@mcﬁ
jexueTd) 0°Q
Ut
snoenbs uoTsuadsnsg woga
( 3I09) :
g g V. 8t o r—
(Ta 0”@+ 087N %08 4 00l (L961L) uedel ‘THHVL DRV
. " _ (°ssY *27TID)
ag Tuderp QUIL+"0N %6 (0961) ysa ‘errop ®l wo3L0g Yoe'eq
se8-91 TUdBIp Conz+°0n %6 MIT 002 (6661) S0 ‘UL TIFUTH HLINAZ
. * JUBES TP
Ul our+“on %06 M 02 (8561) vSn ‘sIun AT Xv¥og
o%a 9TqBTIBA JI> ! (¢s6l) ysn ‘guod na aaa
B oUW y
ejf~o3. TydBIY ugE o %56 M 02 (LG6L) ven ‘Iv TS
9 - ¥ ¢ z ' g
adAy mamﬁh IoMog IBOL U0 T}BOOT sweN

5k om

SHITARISSY TVOILIE0 QNV SHOLOVEY QCETTINT WNTHOHD

9 - HIdVD



sunTURBIN JO 4USLUOD )

1%

eI} 03 I9FAI 9 UT poaonb Jesqumy ®©

e

op~o4 TUdBID
o1j~7 TUd BLD

L1000 USH

ag.tuders

o
o

s o tsuad
-ang snosnby

- sg-erTUdBID

omm

LEYURTU~POSG

JIeposiy 188l
>

o"a

oy w2

W

%ouz+on %56

A
l\‘\
[ea]

o+ ob
Awyspswvma+¢mp m

N\
(2%

mosa+mob %56
Amﬂﬂ@®0H
imTIOUY 3SILT)

Souz+on %6
2.2

oYL+ oDmmm

ouzon %56

Sour+%on %<6

N £ O
Fa)y +
mmm %mo QUL

3OAUBTY UL

Souz+on %56

(@)am 0Ll (0L6E)
onazmr (9961 )
M OL (G961)
(e)um9Y (g96l)
# 002 (4961L)
(¥961)
MACOT L (Y96L)
K02 (r961)
(c961)
00t (£961)
(£96t)

¥ ¢

s s rumins e

ygn ‘operoTop
Luemzed ‘yorTnr

. ysn ¢e8pTy 380

yon ‘woa.0g yoesq

speur) ‘aeATy MTeUD
yen ‘amg

SpuUBTIOULON © VT
0 ‘U TIIUTA

yen f°a®T sT3sed
gsen f¥sUTUAQ

ven feuuoday

08d

gAv
HESH

OdH
Woq10g UOBSJ

c~qdZ
qusmtTIedxy
POJOTTHE

qiI83
NOOVHA

("S8V°aTID )¥AT
L - ud

g°op OTqBl PenUTIUCH



carbon-coated oxide fuels are superior in performance to coated carbide fuels.
Irradiation tests to date on triplex-coated (Tth) 02 pvarticles have shown no
Tailures in grephite matrix elements operating at temperatures of approximately
850°C to 26% heavy metal fissioning. With the recent extension of the 50l=gel
process to the production of.PuO2 and (ThuPu) 02, adéitional irradiation tests
with (Th»Pu)O2 have been planned at ORNL., A series of irradiation\tests(21)

at temperature upto 1875°C, fuel burnups to 3% fissions per initial metal atons,
;gné fast-neutron-flux exposures upto 2.7 x,1021 n jﬁ,(E greater than 0.18 Mév),
héve shown that two-layer BISO pyrolytic coating is satisfactory for either

o T™O,, .
Thfz or hO2

Puel Fabricatiom 19)

26, Oxide metal - clad processes: TIn general, the ceramic and metal-lurgic
processes used for uranium dioxide can.be applied to thoria-base fuel, These
inelude pelletizing, swaging, extrusion techniques and vibratory compaction.
Methods of end-cap welding, inspection and assembly of fuel elements are well

developed.

Fuelled=-graphite process: Fuel particle kernels can be made by se?eral

powder metallurgical techniques and by several sol-gel processes.

Metal~clad thorium metal and alloys: TLittle experience with the fabrication of

large quantities of thorium netals and alloys, either bare or extruded, exists.,
Experiments have shown that thorium metal is readily fabricated by casting,

powder metallurgy, extrusion, rolling and other methods,

Beprocessing and Refabrication:

27, Tuel refabrication of Th-U-233 fuel elements becomeé canplicated becaus
of radioactivity from U-232. MThe production of U~232 in a thorium reactor is
initiated by’an (n, Zn) reaction on thorium which has g cut-off at 6.37 Mev and
cross-section of 10 mb., U-232 decays to Th-228 with 74 year half-life. Th-228
glves a decay chain which gives high energy gammas and alpha background. Alpha
emissions have sufficient energy to strip neutrons from light metal impurities

thus giving a neutron background also,

Large centralised reproeessing and refabrication plants serving

approximately 5000 MW(e) or more reactors could achieve quite low unit




manufasturing costs and would appear to offer the most promising eventual

(19) 22)

on effect of size of the reprocessing plant on. the reprocessing cost shows

Al

solution for solid-fuelled reactors o. A study made in the UGS.A.C
that reprocessing cost could be reduced from 0.35 %o 0.12 mill/kwh(e) for

reprocessing plants serving 5000 to 20,000 MW(e) capacity.

On-site processing probably is necessary to the success of fluid~-

Tuelled reactors.

28, - For achieving maximum fuel utilization, both thorium and U-233 must
eventually be recycled. Uranium recycle must begin"fairly early, for economieg
reagons, though tbofium‘recycle might be delayed to permit Th-228 decay. As the
amount of reey;ledg uranium znd its U-232 level increases, remote fabrication
wlll become necessary at least in central plants and the main economie justifi-

cation for thorium decay storage will be eliminated.

29, Por metal-clad thoriim oxide or metal fuel reprocessing methods differ
only in degree, not in kind, from those for the corresponding uranium fuels. ,Ey
comparision with uranium fuels, the thorium fuels typically require more power—
ful dissclvents, require a feed adjustment step, have lower sdivent extraction
throughput rateéi have higher fissile enrichménts and burn-ups, require allowance
for Pa-233, U~232, Th-228 and Th-234 decay, and may generate wasies more

expengive to handle.

The reprocessing of carbide and graphite type fuels is mot so well
developed as the metal clad oxide or metal typé39 but research programmes
presently underway promise the eventual development of one or more aceeptable

processes.

The development of close-coupled reprocessing methods, involving process
simplification at the expense of low decontamination factors is still in an early

stage.

In the U.S.A. about 400 kg of U~233 has been discharged from the
production reactors at Savannah River(23>. The existing reprocessing plants at
Savarmah River and Hanford originally designed for solvent extraction recovery
of plutomiun from irradiated uranium, were adopted for reprocessing of thorium

by using Thorex process developed at ORNL., The prineiple problems encountered



: . developed and at Savannah River a flat spiral steam-heated coil on the bottom

in the adaption of the reprocessing facilities were concerned with (1)

product purity, (2) criticality requirements Tor U-233, (3) corrosion of

5.8, by ecidic fluoride needed to dissolve thoria and (4} production rate
limitations, rarticularly the relatively slow dissclving rate of thoria, This
last problem required a major development effort %o adapt the existing
productionwplaﬁt dissolver to the dissolving of dense, refractory thoria in a

solution of HNO3 and HF. At Hanford(24>, a system of air-lift circulator was

of the dissolver was used.

31 The technology of refabrication is in an elementary stage. However,

work 1s progressing fast on this field also.

The Babeock and Wilcox Company has built a pilet plant at Nuclear

Development-Centre, Virginia, U,S.A.<25’26) based on complete fission product
decontamination coupled with lightly shielded fabrication facilities +to
investigate the direct and rapid fabrication of U-233 fuels. During 1965, 119
(ﬁhorium«NU)OQ zircaloy clad rods were fabricated. 37 U-233 enriched rods
were also fabricated from 82 kg of mixed ThO2==UO2 oxide containing 2,3 kg of
U-233 contaminated with about 42 ppm U=-2%2, The total maximum whole body

dose received by any one rod-fabrication-line operator was 60 mrem and the total
hand dose was 170 mrem. The information gained during the hot ruhs indicated
that approximately 300 mg U-23%2 per batech is representative'of the level of
impurity thet can be tolerated in the existing pilot plant.

At ORNT in the Kilorod facility, 1100 fuel rods containing (3 wt.4
U-233 - 97 wt % Th)Oz ware produeed(27928 . The Kilorod facility is a semi-
remote cne. The U-233 handled contained 37 ppm U-232. The operation of the
Kilorod facility has demonstrated the feasibility of economieal semi-~remote
fabrication and encourages opbimism concerning the prospect of completely

remote fabrication.
%2. CONCLUSION:

Thorium reactors are in developing stage and it is expected that
within a very short time thermsl converters and thermal breeders based on

thorium would be available.




In the 1ong run, thermal breeders using thorium are also an attractive
altermative to the fas % breedsr line of development, primarily because of the
smaller amcunt of fissile inventory required per magawatt of electrical capacity.
"his lower inventory makes it pessible to establish a self-sustaining breeder
industry with a considerable small investment in mined uranium than is possible
with fast breeders.
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FIGURE 2
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FIGURE. 3
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FIGURE 4
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FIGURE.5

FUEL COSTS WITH SPENT FUEL CREDIT AND

" INVENTORY CHARGES
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) Th+Pu"

dy U+ 0235

CcOST ASSUMPTIONS -~

U0, /Tho, $ 222 [kg.u/TH
FBuEeds 14,12 2.

SPENT FUEL CREDITS$ 12, 12,10
INTEREST ON INVENTORY : 5 /.

60 .3 B 90
MWD/T (THERMAL) % 10





