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Introduction

Fisslon enargy is relaased by splitting of a heavy nuclide into two or mare Rightar onas.
Impinging a target nuclidelike 5 with a neulron, one can inducs the fesion reaction. Tha
fisalon process relaasas two of more neutrans that could be used to Inducs flssion reaction
in-at least ane mara U nuclide. Repstition of this process establishes the fiasion chain
reaciion, If 1t 5 controlled such thal the neutron population remalns constantwith time; ona
can obtain the fission niclear power on a confinuous basis. This is the process that ks
exploited in nuclear reaclors:

Soon after the discovery of fission process, it was recognized that uranium and thorium
e the polenlial nuclésr matgrisls available in nature, which hold. the key o fission
nuclaar power. Howaver, there are some faalures that clearly dislinguish fhese twa
alemants with respect to (heif exploliation potential, Mabwal uranum has. mainly two
isotopes U and P8 with abundance of 0.72% and 99.274% (balahes being 24U},
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EDITORIAL

India has limited wranium reserve and vast
resources of thorium. The present day power
reactors use mostly uranium, since thorium has
no intrinsic fissile content, (P3Th-35)) fuel cycle
iz superior to the U-Pu fuel cycle. Availability of
233]J is a prevequisite to start a thermal reactor
programme using thorium exclusively.

The feature article in the present issue
deseribes o conceptual design of a 600 MWe
reactor which is a prebreeder, {.e, efficient 23507
to #3U converter and eventually a breeder or
self-sustaining reactor system with (#5Th —
230} fuel. D20 moderator and boiling H:0
coolant flowing in vertical pressure tubes are
considered. The seed is 5% enriched UOy. The
unique feature of the reactor concept is that it
considers no feed enrichment for the thorium of
blanket zone, ThO: rods are irradiated in the
same reactor for one fuel cycle duration and
hence contain scme U bred insitu, before
they are integrated with fresh seed fuel The
reactivity and power shape are intrinsically
maintained with minimum external control
maneuvers. Uranium and thorium rods achieve
a discharge burnup of 32,000 MWD/T. The
reactor is found to have superior safety,
economic and operational characteristics. Fuel
Teprocessing 1§ not needed in prebreeder
phase, and is halved in the closed fuel cycle
Pphase,

I el

e to the ing
papu]'uuon Pwts always been one of the prime
concerns of the successive governments in
India. Radicizotopes produced in BARC have
played a wital role in the national heaith
programme in the treatment of various types of
cancers and hyperthroidism. [sotopes are alse
udsl'y used in !ndusrry mcd(cme. hudrology,
agr R and water

devel t and Hour
the radicisotopes pmduosd' in BARC have been
successfully used in various applications is the
central theme of the second article in this issue.
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Tharium has mainly one isatops, 2Th. AR thess isolopss
are capable of undergoing fission reaction. However, the
fission process in the isotopes of sven mass number
ocours predominantly with neutrons of enargy higher
than about 1 MaV, and for neutrons of energy |ower than
this threshold energy, the fission process Is highly
Improbable. 250 is the only isolope availabla in nature for
which the fission process can ocour with neulron of any
energy. |sotopes such as *SU are termed as fissila
isolopes,

Tha isolopes ¥ and ¥Th, on capture of a neulron and
subsequent two b decays, get corverled respeclively
Into isotopes Py and WU, These isotopes are fissile
ones llke 8. These are man-made fissle isclopes.
Isolopas e 28U and “Th are called fartils isotopes as
they have the patantial of getiing converled inta fissile
ones.

For fissie isolopss, the probabiity of fission, normally
measurad in terms of @ quaniity called fission cross
saction, increases significantly by nearly two to three
ordars of magnitude &l low neutron energy. Reactors
employing mainly slow neutrons for fission reaction are
called thermal reactors sinca the anergy of the neutron i
comparable o the thermal or lemperature state (kT) of
the ambient madium. These reaclors use soma light
nuclide like hydrogen, deuterium or carbon to slow down
Ihe fission neutron bom in MeV range 1o hermal energy
range of & faw eV, The peak of neutron populafion is
typically around 0.026-0.05 aV. These fight nuclides are
callad moderators.

‘When no modarator is used, the neulron enargy will
remain high and close to the fission neutron energy.
Howaver, there is no possiblity of establishing fission
chaln raaction with natural uranium or tharium wilh fast
fission neutrons. This is becauss, even though i
nuclides are fissionable, the neutrons would undergo
predominanily inslastic scattering collisions with the very
UTh isotopas and the neutron energy would reduce
s00n b energies below tha fisslon threshold ensrgy, Cne
has fo necessarily uss a sizeable amount of some fissile
izoiopa in order |o aslablish fission chain reaction with



neulrons of fasl ensrgy spectrum, Such reaclors ae
called fast reactors.

Alarge variety of thermal and fast power reaclor designs
have been evolved in the past, Though uranlum and
thorlum have comparsble gross energy polential for
generalion of fission nuclear power, the presen! day
nuclear power teaciors use mainly uranium, This is
bacause thorium has no natural fissile contant. The nesd
for external feeding of ¥ or Pu in thorium adds io the
fusl cycle cost, thus making It commerclally less
atiractive, at lsast tll “U |5 avallsble. However, It I
imparative lo produce significant amount of the man-
made fissile isotopes Py or U, prior o the
exhaustion of the small natural content of @4, 5o a5 o
be abla to extract nuclear energy from the enlie ferlile
column of uranium and tharium.

It iz possible to uliize the excess neulrons bom in a
fission reaction for prospeciive caplure in fartile lsotopes,
‘Wnen more fissile sloms are produced than whal are
consumed, the reactor is sald to be a bresder. This ls
achieved rather easily in a fast reactor using Py as fusl
sinca relatively mora number of neutrons are bom per
fission. MNearly 3 neulrons are born per fast fission in
Py, as againsl 24 per fission In U with thermal
nautrons. I must be menticned here that the fissile
isolopas also have a possbility of fissionless caplure, Le.
a neulron may be simply absorbed and no fssion may
ocour, In this case, not only there will be no fission
anargy, but thare would be no fission neutrons sither. To
account for this fissionless capture probabdity in fiscle
atoms, another quaniity called efa (n) is defined which is
the number of fission neulrons bomn per sbsarplion of &
neutron In & ghven fusl nuclids {n= vay/ o). Here o is
fission oross saclion, o, is absorplion cross section and v
is number of neutrons born per fissionWhen W Is
significantly larger than two, ane can use ona neutran for
maintaining fesion chan reaclion and possibly slightly
more than one for capluse In ferlils aloms and the rest
will be lest in parasitic capture in structural malerials and
through net leakage from the system. Fast reaclors in
which the flssda atoms grow with time are called fast

bresder resclors (FBRs). The fissile atom production
takes place in thermal reactors 1oo, Bul since n is close
to 2 for #5U, the ratio of net fissile aloms produced to
consumed onas is less fhan unity and hence fhese
teactors are called converters and nol bresders. A
Ihermal breeder s perhaps faasible anly with the ofher
man-made lsolops 7. 1 has the least fraclion of
fisslonless capwre. “U has n value of about 2.3 or
mare, nearly in the enfire energy rangs, while for 24
and =Py, v dips balow 2 at infarmediate anergies whers
signil caplure {fissionlsss) ocours, A ight
waler bresder reactor (LWBR} was demonstraled al
Shipping Port, Pennsylvania, US.A. This  reactor
employed (#¥Th-23) fusl and operated during 1577-82.
A net breeding ralio of 1,013 was reported.

A breeder reaclor is very aliractve since il s capable of
generating Ihe fissile atoms not only for s own
oconsumption, perhaps for even addiional ones,
However, it ls ssan thal one needs stockpling of the
man-mada isotopa #¥Fu or 29U, before embarking on
daploymant of breader reactors in large scale. In this
context, it is worth examining the fissle material
production capability of different thermal power reactors
thal are currenlly operational

Disuterium in the form of heavy water Is ane of the bast
moderaling material because i has very low absorpion
cross saction for thermal neutrons, Natural uranium can
be used as fusl in pressurized heavy waler reactors
(PHWRs), The relalive rale of ferfle caplures in U is
high in PHWRs since U content |5 low, PHWRs are
therefore very good fermal converlers, in PHWRS, the
mean residence time of fusl is less then a year, The
average discharge bumup of fuel is arcund 7,000
MWEIT, PHWRs have limited cors excess reachivity
during the equiibrium phase and hence they need on-
fina rafusling of practically cna fuel channel per day.

Hydrogen of light walsr Is very sfficlent In slowing down
the neutran from fast to thermal energy In least number
of collisions. However, the thermal neutron caplure cross
seclion for hydrogen s 500 times larger than that of
deulerium. Hence, whils using light water as moderator,



ong mus! use anriched wranium lo compele wih the
absorplion in waler, The ordar of enrichment is 3 to 4% in
Bight wler reactars (LWRs). The fizsile conversion rale in
LWRs s lower. Howaver, the fus| resides for a longer
duration of threa to six years. Discharge bumup of tha
aorder of 30,000 to 45,000 MWEVT is achisved in LWRs.
The core excess reacivity is fairly largs and hence LWRs
need refusling only once in @ year of 50, Tha core excess
reactivity is sought 1o be controlled by solubla boron,
bumable poison mixed with fugl or other type of contral
rads,

For the same gross power generation, the mass of
natural wranium used in PHWRs will be nearly € io 8
times the mass of enriched uranium fual usad in LWRs.
The gross Pu aulpul ls mars than double In PHWRs.
However, fhe spacific content of Pu in discharged fusl is
gboul 0.3% in PHWRS in comparison to aboul 1% Pu in
fusl discharged from LWRs. The LWR fusl conlaing, in
additlon, about 1% of unburnt 25U, which is about 0.2%
nPHWRs,

It must be stated hers thal the Pu discharged from
{hermal reactors contain fissils as well as feriile isoiopes.
There are four major isotopes, viz. 9Py, Py, ¥1Py and
WPy, Of these 2Py and ¥'PU we fisslle. The fissile
conlent |s typically about 70%. Even in these fissila
fsolopes, nearly 30% of thermal absorplion leads fo
fissionless caplure. The isolope 29y has very large
absorplion cross secfion for thermal neutons. Thess
faclors make the Pu fo be less atiractive fust in
comparisan to ¥ ar @4 for thermal reactors. Pu ls &
good fuel for fasi reactors in view of ils breeding polential
mentioned above.

Fram the ferageing discussions, e foSowing points can
ba nofed.

= The presanl day power reaciors Lsa manly uranium
a8 fuel. Hence, only plutonium is produced In these
reaclars, Thorium as fuel is not infroduced in any
significant measure o far in the warld.

= D;0 moderator of PHWRS s ussful for good neutron
economy. Usa of natural uranium limits he core

excess raactivity, but leads lo higher Pu production
Though total Pu content in discharged fusl s largs,
its speciflc contant is low, and 2 large mass nesds to
be reprocessed fo recover this Pu.

» LWRs have o use amiched fusl Large excess
reactivity is compensated by waslsfd capluras in
soma absorbers like boron, The Pu produclion here
I less than half fhal of PHWRs. Bul the spacific
cantent is thres times that of PHWRS. In companisan
to natural uranium fuel, nearly 1% or 1/8" of the
mizss of fuel is required 1o ba handled both in core
and out of core.

«  Tha Pu produced from thermal reaclors is a belier
fugl for FER, In view of its breeding polential.

It is seen (hat there are some good as well as some
undesrable fealurss in the sbove two types of thermal
reactors. By combining the merils and &schawing fhe
demerits, it must be possible to evolve a baller reactor
concepl. Induction of thorium is kept as one of the major
objectives in the new reaclor design presented below,

Physics Considerations To Induct Thorium

Tha nuclaar characterislic of thorium is to be clearly
understood if one desires ils induction in harmal reactors
in large proporBons. Th has nearly three times the
absorpion cross  secfion for thermal neulrons in
compatisan fo 2L, It has lower resonancs capiures.
Hence & well tharmalized neutron spectrum s suitzble for
annancing the captures in fartile thorum, [t i interesting
to chesrva Ihe Iradiation behavior of thora (Thi;) rods
of UD; rods kept under the same environment A
congtant gross fiu level of 10" nlomfsec was assumad
1D be Incident on lhese rods for 8 period of 1500 days,
0.0 moderator was considered. Fig.1 ghves the Intal
uranium of tols plutonium formed respectively from
thariurn or uranium fusl and the fissile contents thereof In
units of gha. It is seen that for the thora rod, the
asymptofic uranium concentration fs about 16 gikg.
Fissile content remains above 0% for almost 1000 days
In caea of natural or enriched uranium he asymplotic
plutenium production is barely & gy, The fissile fraction



rapidly decreases, In fact, (he zbsolufe fiasle content
remaing salurated below 4 glkg afler 800 days for nalural
or enviched uranium, These characteristics are due to
ralativaly high absorpiion cross seclion of %2Th and low
one for U in comparison fo those of 28 and Pu
isolopes respeciively. [t s interesting to note that 23
achieves an asymptobic slable concentration that would
stay for even some ysars. This study shows thal
imadiation of Thid; rods is far superior to that of UO:
rods, since one is able to produce higher ameunts of a
better fissile matarial for the same neulron flusnce,
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Fig.3 gives the reaclivity behaviour of these thoria rods.
Thi K. curve closely follows the 23U variation, The initial
sharp increase of reactivity of thoria rods and asymptofic
zare slope suggesis that one can use It lo judiciously
balance tha fal in reactivity of conventional fusl rods. By
such a schame one can achieve & nearly flat reactiily
characleriglic for a fairfy long duralion, in a prospective
core desgn,

If & bafch mode of refusling is adopled, the core excess
reactivity can be tuned to be nearly zero for full powar
aperalion during the entire fuel cycle. In this way, the
good fealures of low excess reactivity in a PHWR and
the annual batch mode of refusling practiced in LWRs
can both ba combined.

(s of some enriched seed zone is fecessary 1o be able
{0 accommedate significant number of fertile tharia rods
However, light waler moderator canncl be considersd
because LWHs are too compact and the thermal flux



laval is typically of the order of 10" nfomésac, which is
too low for a rapid 28U produclion. D0 moderator is
advantageous sinos { offers large space where the
thermal neulrons get accumulated, withoul the risk of
they being absorbed by the moderator itself. High
{hermal fiux of the order of 10™ nfem?isec is possible with
[:0 moderator. Use of eniched fuel and D;0 moderator
will resuft in & large core excess reactivity. Howsver,
ingtoad of waslefully absorbing the neutrons in some
control materials, if one can fruitfully usa them for ferlile
caplures in as many thoria rods as possible, one would
achleve a core design wilh the best neutron utilizasion.

A segregated seed and blanke! type fuel assembly
design |s preferabla. Within a fuel assembly, a ring
cluster form of amangement is useful since it avoids the
corners or edges of a typical square or hexagonal type
fuel assambly design which would demand a 2-0 o even
a 3D enrichmen! disiributlon, In order to maxmize te
fiux incidant on thorla rods, they should be placed in the
outermost ring of a fuel assembly. When thoria rods
without any fesd enrichment are placad along with some
seed fusl rods, it is observed that the thoria rods
generale only 1/1000% of the power produced In sead
rods, since thare s scope for only fas! fisson al zaro
burnup. Eventually, when adequate @3 |5 formed, they
would generaie power comparable fo the seed fual rods.
This poses serious problem for thermal hydrauiic design.
To alleviale lhis problem, if is suggested that & full batch
load of thoria custers should be iradiated, in the same
reaclor, for one fusl cycle duration of about an year, The
thoria rods would behave essentislly as a kind of
absorber rods during this pariod. In one year, they would
accumulate nearfy 0% of the asymplotic U conlent.
Frash enriched fuel rods In ring cluster form are then
assumed 1o be inserted info the above pre-iradiated
fhoria rods also in fing cluster form. The power mismalch
betwean the seed and Irradiated thoria rods is then faund
fo b accaplably fow, These inlegrated (fresh ssed +
irradiated ThO;) fusl assemblles can then be iradiated
for several fuel cycles befors being discharged logather
from the reactor.

For freezing the geomelry of the fuel assembly and of the
core, some addiional considerations should be spelt out,

D;0 moderator necessitales a pressure lube ftype
design, Vertical core design is preferred lo avold the
irradiation cresp and sagging problem of horizantal
presswre lubes, A hexagonal fuel assembly latice
configuration is chosen for the core. The fuel rods are
assumed to have an active length of 360cm. The fual rod
dlameter is chosan to ba around 1 cm, Balling H,O
coolant is preferable since the pressure can be lower in
comparison {0 pressurized 00 cooland. This ofiers the
sdvantage of lower pressure tube thickness for a glven
tube diameter and betler thermodynamic efficiency. D0
leakage and accompanied Iriflum releass are aso
avoided. However, the design should ensure negative
coolant void reaciivity. It is well known that when the D0
coolant of a CANDLI type PHWR is replaced by bolling
H:O, the reactvily due lo Loss of Coolanl Accident
(LOCA) becomes much more positive becauss of high
absorplion by Ha0. This problem has besn overcome by
choosing a fairly largs size fual cluster. A 127 rod fuel
cluster, instead of the slandard 1% or 37 rod fusl cluster
of PHWRs, Is seen to give a zefo o negative void
reachivity. it was noted that the change In resonance
ascapa probability due to coolant voiding is sufficiantly
negafive and hance nulifies the positive confribufions
from tha other faclors. For boiling HzO coolant, this
phenomencn is more markad than for D20 coolant. This
& dus 1o the fact that boiling HaO not only acls as coclant
bul makes significant contribution to mederating of
neutrons as well,

A large size fusl cluster also offers the advantags of
loading a large numbsr of horia rods in e outermost
fuel ring facing directly the thermal neulrons inidant from
the moderator. In tha 127 rods cluslsr, there will be 91
sead fuel rods distributed in six rings. Il was observed
that fhere is a very large powsr peaking of about 1.6
among the seed fuel rings themssives. Even by using
diffetential enrichmant, the paaking factor could nol be
reduced. On the contrary, there was significant loss of
reactivity sven sfter using much higher average



enrichmant. The solution to this problam was cbtainad by
replacing the cenfral 37 rods with some pure moderatar
block like BeO, There would then be just two rings of
seed fuel rods, There are 24 rods in the inner ring and 30
rods in the outer one. The power peaking can be easlly
reduced by choosing the enrichment of the inner ring 1o
be 20% more than that of the outer one. Enriched UQ;
(8U0;) has been considered as seed in the presant
design, One can congider olher types of sesds as well,
Az a maans of increasing the power share of the ThO:
rods, we choss the diamelsr of thorla rods 1o be ~25%
mare than that of UG, rods. The number of thoda rods
was reduced from 35 to 30. This has halpad in increasing
the thoria volume fraction and maintaining the pin-lo-pin
gap between ThO; rods Each fusl clusler would
therafore contain 54 el0; rods and 30 ThO; rods,

The reactor powsr is chosan as 600 MWe. This powar is
internationally regardad as opiimal with respact o safety
and sconomy. It is not too small for guantum addition of
&ach unit, When the scanarios imvolving beyond design
basis accident are to be considaered, the risk for comman
public can ba shown to be acceptably low in comparison
o larger size power reactors, For & fypica
tharmodynamic efficlency of 32%, the design thermal
powsr becomes 1875 MWL Using a lyplcal sverage
linear heat rating of about 170 wicm and an active core
height of 360 em, the number of fuel assembles with B4
fuel rads per assembly is found to be ~360,

ATBR Core Design

The finaiized cora and fuel assembly design paramelsrs
are described in Table-, Fig.4 givas the cross ssctional
view of the (54 aU0; + 30 ThO;) rods fuel cluster. A five
batch-refueling scheme s assumed, ghing 72 fuel
assamblies per balch, Aparl from the 360 fusl

ligs, the core is designed io at
least one balch size of the (30 natural ThO: rods)
cluslers. Additional 19 natural ThO; clusters are also
accommedated In the core o caler fo kenon over-ride
and olhar contral maneuvars. The core thus contains 360
(548U0;+30ThO; rods) fuel asssmblies « 31 (30 natural

ThO; rods) clusters. The locations of the horia clusters
are fixed and are assumad lo be uniformly distribuled at
twice the lattice pitch of 64 cm. They span almost the
antire core axcapt the peripharal one or two layers of fusl
assamiblies. Fig.5 presents the oplimized [cading patern
for equilibrium core. |t shows a curious star-like shape.
Loading of the fiflh cycle assembliss al the cofa
paripheral layer enables low neutron leakage,

The reactivity, relative power and burnup accumulation in
the thrae fuel rings of the ATER fusl cluster were studiad
in datail with the latfice burnup code CLUB and 69 group
WIMS cross saction library.

Intaresting features weea observed, It was seen that in
comparnison to an a2 U0z fusl of average ennichmenl,
ATBR fusl cluster exhibils & relatively flal reactivity
characterislic. K. is much lower at zero burnup, but is
significantly higher near discharge bumup. The K. of
mixed ATBR fusl clustar is increased when the fluance in
thoria rods is enhancad, The relative power peak of 1.28
oceurs in the middla UG, ring at zero bumnup, and shifts
to the thoria ring later. Al 35 GWDVT, the thoria ring
relative power iz 1.25, For the assembly average burnup
of 32 GWDIT, the thoria rods achiave about 35 GWDIT,
whils the eU0; rods achieve a burmup of about 31
GWOIT. It Is worlh noting that the burnups in the three
fuet rings gel mora or less evenad oul al the time of
discharge. In fact, thoria rods with no external feed
anrichmant achiave somewhal higher burmup.

Tha core calculations are dona by a new coda TRISUL
{an acronym derived from Thorium Reactor Investigation
with Segregaiad Uranium Loading) developed for the
purposs. It usas finita difference diffusion (heory mathod
with hexagonal right prismatic meshes. TRISUL is a
coupled neutronics cum tharmal hydraulics coda, Three
dimansional vold or steam fracton distibutions are
caioulated wilh a thermal hydraulics model that Is similar
to the one wsed for Tarapur BWR with square fusl
assambly gedmsiry



Table |

ATER CORE AND FUEL DESIGN PARAMETERS

Reactor Power (MWe) | 00 (1875 MW1)
Total core fiow (tonnesthr) 27 X 108
Average haal rating {wicm ) 172
Mo of rods in a fued cluster B4 (54 seed rods = 30 ThO; ferlils rods)
Mo, of rods in a natural thona cluster 30 ThO,
MNo. of {U-Th) fuel clustars in the core 350
Ho. of natural thoria cluslers in the cor 72 {fixed) +19 {moveable) = 91
No. of fusl assemblies per balch 72

Ring —» Inner Middie Quter
Na, of fuel rods b2 30 n
Fiich circle dia fem) 104 130 158
Fuel Matarial 107] U, Thiy
Fead enrichmeant (%) 54 45 insitu
Fuel dansity (smaared with airgap) {gfer) 10 10 ]
Clad Material Zr-HB(1%) Zr-No(1%) Zi-Hb{1%)
Clad ID/OD (em) 1.0011.14 1.0001.14 1.261.40
Assambly Lattica Pitch (hexagonal) {om) a2
Average Fuel Temperatura 600°C
Saluraled Coolanl Temp.  (Bofing Ha0 - 1015 psi) 2B6°C
Coolant infel Subsoaling {Kealkg] Tio 20
Cantral Moderaior Block BaQ
ID/OD of Central Moderator Block [om) 1.00%.0 (inclusive of Zr-liner}
Prassure Tube {PT) Zr-Nb (2.5%) D00 fem) 17.6M18.7
Calandria Tube (CT) Zr-2 IDIOD (em} 04207
Modaralor Malerial & Temperature D:0- 80°C
Radial D40 reflecior thickness (om) B0 1o 70
Axial D20 reflector thickness {em) 4]

Calandria Tank Size

8.4 mdia X 4.8 m haight

Contral System

Fast shutdown = Shuldown hold 1) Injection of liquid poison in dry lubes
2] Stainfass steal ringairods in interchannel space
3) Moderator dump during refusling oulages

Xe over-ride Wovable ThO; cuslers (19 nos.)




Fig. 4. ATBR - (54U0; + 30Th0y rods fusl cluster

Fig. 5 ATBR core- 360 (54U0: + 30ThOy fuel sssemblies # 9130 natural ThO;) clustars
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Fig6 givas tha variation of K with cycle burnup. A 81
ThOZ clusters are fully in during the entire fusl cycls.
Tha overall spraad In Kae is only £ 2 mk for & cycle length
of 300 effectiva full power days (sfpds).

Fig.7 gives the radial, axial and overal peaking factor

varlation with cycle burmup. It is remarkable to no!a that
the @4 buming and U production are j

norma full power operation. The equilibrium core was
seen lo exhibt a negative or near zero void reaclivily
cosfliciant,

Table-Il givas the summary of fusl conlenls in the frash
charge of fuel assemblies and the discharged ones for a
baich size of 72 assemblies and for & cycls length of 300
afpds. The fresh fuels conlain thorla rads irradiated for
one cycle duration. They contain U brad insitu. The
discharge bumup is around 32 GWONT, The discharge
final rontaing 10R kg of #8311 and 132 kg of ol U in thoria
rods, 72 kg of tolal Pu with 54 kg of fissila Pu In wanium
rods, The unburnt 250 is 132 kg.

In order fo assess Ihe fusl sconomy of the ATBR
concept, a comparison is made with the serial WER-
1000 MWe reactar that ls preposed 1o be built in India
with Russian collsboration, A quantum  ebsclricity
gensrafion of 10GWe for 30 years with 300 efpds

balancad so that the K and power distibutions are
infrinsically maintzined within a narrow band without any
axternal manewvars of reactvity conlrol mechanism like
saluble boron, burnable poison o control rods,
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Fig.7 ATBR Coss - Varatan o af Piak Factors with
Syt Langitr
The core excess reactivity in cold xenon frse siale is less
than 5% throughout the fuel cycle, The condrol
raquisamant for hot shul down and shuldown hold are
seen (o be less than 2.5% and 6% respectively, including
a shutdown margin of about 1%, The xenon override
raactivily for restart after |

p par year has been consdered, Table-lll gives
the inftial #H feed requirement, equivalant mined
uranium, and the contents of discharged fusl for he
abovie quantum of slectric power production.

Table Il

FUEL CONTENTS IN FRESH AND DISCHARGED
FUELS

Equilibrium Core - 72 Assemblies Per Batch
§ Batch Fusling - Cycle length - 300 efpds

Fued Conlanls in
Paramatar 72 Assemblies
BOL EOL
Weight of Thorium kg | 7E0G.5* | 73432

Walgnt of #U in Thorium kg 564 | 1085

Weight of 22U+ in Th kg | se6 | 1117

Weight of Uiot in Thorum | kg | 531 | 1321

‘Weight of U-tot in Uranium kg 9689.7 | 92426

Weight of 24 in Uranium kg 4748 | 1393

operalion al full power Is about 20 mk for ATER 2
againgt 110 mk for PHWR. The 19 movesbls thoria
clusters can meet this if they ara all kept fully IN during

Weight of Tota Puin U kg 0 724

ek &brolonbed Weight of Fissila Puin U kg 0 541

et i ‘Average Discharge burmup | MWOI | — | 31600
T

BOL - Beginning of life EOL - End of lif2
*Thorium s Irradiatad for one cycle duralion
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Tabla il
COMPARISON OF FUEL REQUIREMENTS -
10 GWe FOR 30 YEARS - 300 EFPD PER YEAR

ATBR VS WER
(= P b ATER | WER
Reacior Power Mwe 800 | 1000
MWt 1875 | 3000
Average Fead enrich (%) 49 44
Fuslperyear  UineU0; (T) 989 | 222
Thin Tha (T) 787 =

Flssde per year (300 efpds) U (kg} | 4748 | 7638
Fusl for 10 GWe-30 years sU0; {T) 4845 | BEG0
Tho:(T) 3835
Equivalant mined uranium (T) | 45540 | 55840
Fissile inpul for 10 GWe-30 years (T) | 237.4 | 283

Output Materials
Tatal - Pu m %2 | 6B
Fissie Pu ] 270 | 478
Unburnt 24 M 697 | 7a2
2y m 543 -
Total U in thorum (T} 66.0 -
Total Oulpul (T 171.8 | 146.6
Ratio of output to input 072 | 0.50

The ATER design considers the loading of enriched
uranium and thorium in the ratio 50:50 by weight in each
oydle (including addilional 19 ThO2 clusters). ATER
raquires 27% less ennched fuel, 19% less equivalent
mined uranium in comparison to a WWER-1000 MWe
reactor design, It produces 47% less Pu, There is a
sizeable production of 28U, The ralle of gross seed
oulput to input is 0.72 for ATER and 0.5 for VWER. The
1 produslion in the addilicnal 19 ThO; clustsrs has not
bean inclidad in the autput of ATER. ILis also possible io
load soma ThO; clusters near core-reflector inferface lo
breed more 2. This table demonslrales thal the ATER
fusl cycle shall ba far more economical and is capable of
using wider base of nuclear materiais, viz. uranium and
tharium.
Summary
The sallent featurss of the ATER core can be
summarized as follows:
» At full power operation, thers is no need for external
reactivity control mechanisms,

The Kee and Ihe power distribution are infrinscaly
maintained constant

Xenon Induced powsr oscillalions are unlikely since
theria rods would curb any tocal powet of flux surge.
Tre xenon override reactivity is about 20mk for full
power aparation. This can ba provided by withdrawal
of 19 movesbla thoria clusters.

The ATER core is inherently safe since the mosl
comman Trangients involving reaciivity sxcursons
fike rod sjection, LOCA, cold waler addition alc are
sither absent of far less severs for this reactor,

There is a sizesble produclion of 72U which s
intrinsicall ifaration resistant due fo on of
Ihe isatope U and high gamma emitting daughier
producls thereof,
There is no nead for fuel reprocessing, If al0; &
available. Even in the closed fuel cycle options, the
reprocessing foad would be nearly halved, since
50% of the core can continue 1o use fresh ThOy in its
nztural farm,
Other types of seed zones employing either 23U in
natural  uranlumithorum  or  Pu in o palural
uraniumihorium are possible. Of these, Ihs option of
1} in thorium has the potential of being developed
Into & thermal breader.
The ATER concept has an overall betier econcmic,
o and safsty istics in compari
o any power resclor design thal is currenly
operationa.
The present work s a theorefical study with the
cross seclion dala and calculstion lools available
wilh the suthor, Some uncertainties in he caloulated
resutls ars i presanl. Hotwi ing the
above, it is claimed that the proposed ATBR has
indefafigable design features which are convincingly
supedor fo those of the power reactor designs
pravalent today. it is mandatory to perform some
physics experiments io refine the design parameters
defineated In this paper. The emphasis is laid mare
on he design philosophy rather than on the design
parameters themselves




INDIA’S ISOTOPE PROGRAMME IN SERVICE OF MAN AND

SOCIETY

Introduction

BARC has pi the pi and app
radigisotopes in india for the past four decades.

of

Fig.1  Isolope Procsssing Laborafories at BARC

The Isotope programme In BARC inwolved reactor
production of over 100 Isolopes, their processing Into
varlous physical and chemical formulations for use in
medicine, mndusiry, hydrolagy, agricuiurs and ressarch,

a5 wall as lop of in heaht
industrial quality control and processing, and in walsr
and The success

of this programme over the years can be gauged from

the following :

«  Nearly 150 hospitals are practising nuclear medicing
largely with radiopharmaceuticals supplied by the
Hoard of Radiafion and Isotope Technology (BRIT).

*  About 500 (RIA) I2b a6 arg
manned exclusively by BARC-raned p ,

d as a centre of i in this field by
{he International Atomic Energy Agency. India
operates three plants: lsomed, BARC, Mumbai;
Rashmi in Kidwai Mamorial Instituta of Oncology,
Bangalore; and SARC In Sriram Institute of Industrial
Hessarch, Uslhi.  1he fourth ona RAVI &l be
Defence Laboralory, Jodhpur, which was also
dasigned and bulll under BARC supervision, is &
muli-purposs iradiation facility including radiation
sleriisation.

»  BARC has carriad out more than 350 isolope tracer
and seded sowme Wwesigaions for industrial
troubleshooing  and procsss  confrol.  BARC's
expertisa in this field was provided 1o aimost all
countries in the Asia and Pacific region including
China and South Karea, and also to Jordan,

»  Application of radicisotopes for industrial NOT has 2
wide base in India with 500 organisationsfindustrial
plants having the requisita facillies cut of which 350
offer commarcial service.

» The demand for BARC's experfise for gamma
seanning of industrial process columns, particularly
in the petrochemical industry, is ever increasing,

Some examples of succass in spedfic cases of isotopa
application are given below:

Treatment of thyroid disorders ©  Radioactive ioding (I-
131) supplied by BARC and BRIT provides effective and

uging RIA kits developed by BARC and supplied by
BRIT.

«  Maarly 1 milon isolope-based patient investigalions
per year are dane In hospitals all over In India,

freatment of thyrold disorders ke
hyparthyroidism and thyroid cancer, A large number of
medical centres In India offer this sarvice, of which 20
centres have faciities 1o treal Ihyrold cancer.
Terminal cancer treafment | BARC has made available

«  Cobat-60 radialion sources for the 150 lek [
unils for cancer lrealment are provided from
BARC/BRIT,

» India has bean practising radiation sferdisation of
medical products for 25 years. BARC has been

pensive radk (P-32) s phosph
lo effeclively reduce bone pain In terminal cancer
palients. In addifion o BARC's own Radiaion Madicing
Canfre, 20 olher centres carry oul this procadure on a
regular basis.



Daveiggment of Cs-137 sources | BARC
has developed tachnology for | ing Cs-137 in
borosticale glass In non-eachable form and for

preparalion of sources for brachyiherapy of cancer,

Locafion of ieaks in the 140 km Viramgam-Koyal
undarground of  pipedine : Using a novel “in-pig”
instrumentation technigue, BARC was able fo detect
lnaks at the joints of the pipeline using isolope iracers.
Isatope tracer appiication in Kudremukh iron Ore Project
Whan tha Lakya dam aite wea under conatruciion & part
of the Kudremukh Iron Ore Project in Kamataka, the
detection of a larga fissure in the cut-off tranch brought
ihe whole project to @ stop as the extent of the fissura
had to be established from the point of visw of safety of
the future dam.

Radicaclive isctope fracer was used to examine the
fissure after the underground system was brought 1o a
steady state by continuous water injaction. Tha tracer
data conclusively proved that (i) the Lakya river was not
connected to tha fissure, and (i) the fissure was localised
and was not part of any extended fault,

Isofape investigation in Salsl Hydr tric Projec! :
Curing the construction of a tail race tunnel through a
dolomiic hill for the Salal Hydrosleclic Projsct in
Jammu, several seepages were encountersd, The 25
km fong tunnel was fo cary Lail waters from the power
stalion back ta ha river channel.

By environmental isolope  Investigation, H  was
established thal the seeping walers were 10 to 15 ysars
ok rainwalers trapped in the dofomils and were released
whenaver a sheer zona was pierced during funnaling.

lzotope tracer applicalion in thamarkotra Mines, Lidalpur,
Rajasthan : As the mining in the open cast rock
phosphate  mine  at Jhamarkolra  reached  the
groundwalsr table, it needed to be dewatersd. Infanse
dawatsring at the rate of abaut 1000m /h resulted in only
& margnal fall in the walar level leading fo suspicion of
waler ingress from reservoirs such as Jhamr dam, Uday

The conclusions from the Isotope Investigation ware (i}
the reservair walers were nol comnecled o he
mingwalers, and (i) the pumpsd mine waler appeared 1o
be recycled to the groundwaler due lo poor drainags

The waler Ingress problem al the Naval Dry Dack,
Visakhapainam, solved using lsolope  frace!
Radioactive Iracer study ueing gold-1588 lo locale e
antry of Ingrese of water inlo tha Mateya dry dock in fhe
Maval Dockyard complex al Visskhapalnam  clearly
shawad the possibilily of ingress enlry in a narraw band
af 3 m width, The ingress enlry was then physically
located and plugged

Cauvery delfa water problem & To augmeni the supply
of groundwaler for irfigation in the Cauvery defla, arlifical
rechanga of the local grour dwatsr bodiss was considered
for Implementation,

An anwi isotopa and istry B

clearly showed thal the shaflow and deep groundwater
zones ware not inlarconnected except af isolaled places
whera fhe clay layer bafween the two zones was either
absent of very thin,

¢

Fig. 2 Rediolracer sfudy on sedimant transpor on sea
bed

Drinking wefer problem on the Orissa Coas! - |solopes
ware used to find out the reasan why groundwaler supply
in thousands of hand pumge in coastal Omica furned
brackish

Sa]m.ry in groundwater was due to the anciant

Sagar lake, Bhaghdara ressrvoir and Jai | lake
which were aif within 8 km from lhe mina.

of the sea and subssquent entrapment of
the seawater in fhe deltaic sedments. A fresh waler



body was located at a depth of 100 m which received
modern recharge and which could be developed 25 a
pelentlal source for fresh water

Sadiment transpart off Karwar Coast @ Radioisotops
tracer Investigations ware carried out to determine e
direction of bedload ransport off Karwar Coast as part of
devatopment of the ¥ Naval bass (Projecl Sea Bird)
The disposal of =il dradged from the proposed {uming
bay (Binge Bay) al a distance of 4 km south-wesl of
Anjadlv island was found suilsbls, as the sadiment
transpart &l thal point was away from the coast

Gamma scanning of vacuum distlation column ai Haidia
Refinery : Tha vacuum distillation column at Haldia was
designed o produce vacuum gas oll, fight il, heavy ol
and short residus, Aller revamping & few years back, the
cotumn produced only spindle ofl and nothing else. By
carrying out "on-line’ gamma scanning &1 different zones
of the vacouum distillation column, the defects in the
column ware (dentified snd reclified, resuling in

P in tha eofumn performar

Fig 3 {LU-6 Electron Baam Acceleratar in Trombay.
Thiz is being shified fo BRIT, Vashi, to make it
easily accessible to the induslry

NOT of concrefe structures - Isolope radiography was
affeclively used lo assess the heallh of reinlorcamsnl
bars in an old telephone exchangs building In Mumbai
when it was planned to build an sdditional flcar

Radiafion cross-inked PE 0" fings for drum closures :
Radiation crosslinked FE 'Q° rings are Inexpensive
substilutes for fluoro-polymer rings as gaskets in drum
closures for high lemperalure operations. High quality
PE “0' rings producad in millions by the Indian industry
are sent fo BARC for radiation cross-linking by electron
beam using the 2MsV 20 kW ILUE Electron Beam
Maching,

Colour aof di s and ¢ India

is & world leader in the cxport of precious and semi-
precious stones.

Fig 4  Diamonds belng imadiated under eteciron beam
for colour enhancement

BARC has standardised the procadure for Imparling blue
blug-green or green colour to diamonds by eleclron
beam iradiation. The service is now offered on &
commarcial basls,

Conclusion

Radiolsolopss produced in BARC are used in the
development of the counlry's healthcare, Industry and
waler resources.  The Indian medicdl communily,
Induslrizl establishment and the hydrology professionals
ara very kean o leke & ever increasing advantage of
isofopa technology developed by BARC



SSSF AT TARAPUR
COMMISSIONED

On July 26, 1999, Solid Storage Survedlance Facility
(SSSF), Tarapus, was inaugurated by Or Anil Kakodkar,
Director, BARC, by emplacing a slorage unit caled
ovarpack Into the designated location of S8SF. The
overpack consists of two slainless steal canisters sach
containing aboul 100 kg of vitrified soild waste produced
i1 Ue nearby Waste Immobdisation Planl  The atorage
unit was brought in 2 17 tonne lead-shislded cask loaded
on a low-bed raller, The cperation of lowering of the
slorage unil was done using indigenously designed and
fabricated remalely operated material handing gadgels
and equipments.

DOr Anil Kskodwar, Director, BARC, Inaugurating SSSF,
Tarapur, by emplacing an ovsrpack in the thermal vault

In his inaugural address, Or Kakodkar lauded the efforts
of the siaffi of Waste Management Division in the
commisskning of SSSF, Tarapur, He lermed this a5 2

shining example of the team work of scientists and
engineers involved In  design, construction and
commissioning of this unique faciity. Briefing the
members of the Press after the inauguration, Or
Kakodkar menfionad It as & mile-stone in the hislory of
Indian Afomic Energy Programme. He added thal thare
wera were very few counlries in the world who had so
far sat up such storaga facity which is an important siep
prior to disposal of high level radioactive wasta in the
deep geological repository

Dr Anil Kakodkar, Director, BARC, briafing the Prass
after the inauguration of SSSF, Tarapur

SS5F consists of an underground hydraulic vault which
housss two Inner thermal vaults. The thermal vaulls are
designed to store about 1700 overpacks for a peried of
20-30 years before these are transported fo final desp
geological reposiiory. Each overpack is designad Lo hold
1.2 million curie of radioactivity dissipating about 3 kW of
heat due to radicactive decay. The removal of decay
heat is achieved by natural air convection induced by a
100 m tall stack. This is an inherently ssif-regulafing
sysiam capable of taking care of changes in the heat
load,

CONTRIBUTIONS FOR KARGIL

An amount of Rs, 34.34 lakhs has been collacted as
confribulion 1o the PM's Relief Fund from the officars
and staff of BARC stationed at Trombay and Tarapur, for
refief and rehabilitation of the armed forces and their
familias affacted by the Kargll confict at the border,



A NEW PROCESS
DEVELOPED FOR
PURIFICATION OF AMMONIUM
DI-URANATE CAKE

Ammonium diuranate cake (ADUC) is produced as a by-
product of the thorium extraction plant &l Orissa Sand
Complex (OSCOM) of Indian Rare Earths Lid. (IREL),
Orissa. The ADUC recovered in the procass, howaver,
does not meel nudear specifications on account of s
higher thorium and rars earth conlents. The problsm of
developing & modifisd process fiowshest [0 purify this
ADUC lo the nuclear grade was refarred fo Uranium
Extraction Division (UED), Materials Group, BARC.
Laboratory scale studies cerfled- out at the Cuallty
Control Section of UED showsd thal, with a few minor
changes in the solvent exiraction process being followsd
at OSCOM, it would be possible to altain the requisite
purity of the ADUC. Sclentists of UED subssquently
demonsirated the reproducibfity of the process on a
bench scale al OSCOM and also provided Iraining for the
improved analytical technlque for thorium,

Basad on the encouraging resulls of the demonstration, &
MOU has been signed between BARC and |REL for
transfer of tachnology for the purificalion of ADUC fo the
nuclear grade, accepiable for the production of uranum
metal. Tha nolewarthy merit of this modified flowsheet is
that it can easily ba implemented, without any major
change; in respec! of the process baing pressnlly
followed at OSCOM. Plant scale operalions will
commence at OSCOM lo purlfy the enfire stock of ADUC
In the near future, For the exsculion of this collaborativa

wark, IREL will provide the infrastruchre and human
resources support al OSCOM, Crissa.  Scientists from
UED, BARC, will parficipate during the commissioning
and succssshul implementation of the process.

SAFETY ASSESSMENT
MODEL FOR RADIOACTIVE
WASTE DISPOSAL FACILITIES

Environmental Assessment Division of BARC has

loped a probabilistic safaty modsl far
assessing the performance of near surface disposal
faciliies for low-level radioactive wasfie. Two modes of
disposal such as single dump and multiple dump are
considered in the model.  The model can ganerata the
radioactivity releass rale into the geosphere, the
radionuclida concantration n ground waler, the annual
effactive dosa to a member of the eritiesl group through
drinking water pathway and the risk o the erillcal group
due fo wasle disposal pracice. The maximum annual
affective dose fo a mamber of the critical group for the
refarance lavel parameters works out to be 1.2 x 102
mSv. The geometric mean of annual effective dose to a
membsr of the public gensraled through the uncertainty
analysis is aboul 3 imes higher than that of the reference
level. However, the mosl probable annual effactive dose
to a member of the crilical group obtained through the
uncarlainty analysis (2.8 x 10 mSv) is much lower than
the dosa obilzined for the refarenca level, (Enviconmental
Modalling & Software, 14, (1299) 447-460)
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