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Thorium does not have intrinsic fissile content unlike The_reactor is not claimed to be a “breeder” in the con-
uranium. 2%*Th has nearly three times thermal absorp- ventional sense. _ _

tion cross-section compared t6°°U and hence requires _ ATBR can consider the seed material as gURNG in
much larger externally fed fissile content compared to ThOs or “UO; in ThO; at later stages. Large-scale induc-
uranium-based fuel. These factors give a permanent tion of seedless thoria rods is a unique feature of the
economic competitive edge to uranium. Introduction ATBR concept®. Among the above types of seeds,
of thorium acts as additional reactivity load and also ATBR with PuQ-seeded thoria fuel is found to give excellent
distorts the power distribution. We had evolved a new core physics characteristics like longest possible cycle
reactor concept called ‘A Thorium Breeder Reactor’ |ength of about two years with nearly zero control mano-
(ATBR), where the above disadvantages are turned gyres, fairly high seed output-to-input ratio and intrinsi-
into advantages. Seedless thorium is introduced in sepa- ..,y safe reactivity coefficients. We would elucidate here
rate clusters as pure absorber rods to suppress the initial the design principles which were used to achieve these

X reactivity and after one fuel cycle, irradiated . e
tehcycr?:srods are i)rlltegrated with fresh se)(/ad fuel rods to characteristics. Results of the analysis with the latest 172

form the regular fresh charge for each fuel cycle. The 9roup library in WIMS/D format obtained from IAEA as
high fissile conversion rate in thoria rods enables ex- part of the IAEA Co-Ordinated Research Programme on
tension of the life of the fuel cycle. It is possible to WIMS library update project will be presentéd

achieve a high discharge burn-up of550,000 MWD/T This article delineates mainly the physics ideas used to
from both seed fuel rods and seedless thoria rods. Here evolve the reactor concept. The engineering design of
we elucidate the physics design principles of ATBR. ATBR is similar to the Advanced Heavy Water Reactor
Use of PuQ seeded thoria fuel is found to giVe exce”.ent (AHWR) being active|y pursued in DAE’ and is based on
core characteristics like two-year cycle length with he Steam Generating Heavy Water Reactor design, de-
_nearly Zero CO”VOI manoeuvres, fa|rly_h!gh seec_i output to veloped originally in UR The Fugen reactor which operated
input ratio and intrinsically safe reactivity coefficients. in Japan for more than two decades adopted this reactor

_ ) _ _ engineering design successfdflyATBR considers hex-
Keywords: ATBR, physics design, thorium, uranium. agonal lattice arrangement, while the other reactors men-

tioned here consider square lattice arrangement.
THOUGH the mechanical and thermal properties and irra-

diation behaviour of thorium are better than that of uranium
and the physical characteristics likeof the man-made Physics design considerations
fissile isotope®®®U are the best in thermal reactors, the

overall economic considerations and the problem of hal&-fuel cycle length of two-year operation with no on-power

dling high gamma activity of the short half-life iSOtoloefuellin would help in easing out the problems of refuel-
233" (72 years) and its decay products have been hindere 9 P 9 P .

. . . - . .~ Ting and also provide the much needed lead time for re-
ing the use of thorium in a major way. Tangible solution

. . processing, prior cooling and refabrication of fuel
to these problems may be found in the course of tImz%;ssemblies. In this context, we know that long fuel cycle

ro . e
- - act§uration would necessarily mean a large excess reactivity
concept in which the reprocessed fuel component is ré-

. . . . lnventory and control thereof. This is normally achieved
_duged to just 50% by welght and the Oth‘?r 509% |sthor|ug1y incre);sing the feed enrichment and corrgspondingly
n Its natural form. Th's, reactor concept Is callefj A Thol'arge control inventory. A variety of reactivity control means
rium Breeder Reactor’ (ATBR). The phrase Thorlun]

. . . i n rnabl ison r
Breeder’ is deliberately coined to suggest a concept th'al\fle soluble boron, control rods and burnable poison rods

- ; ol Gd or boron type are normally employed. In such a
promotes large-scale use of thorium in the reactor wit - ’ .
Situation, any removal of absorption such as inadvertent

high excess reactivity and high neutron flux amblenC%Vithdrawal of control rod or boron dilution would have
the potential to cause some reactivity-initiated transient.
Further, neutron absorption in these absorbers results in

*For correspondence. (e-mail: vjagan@magnunclenet.in) loss of neutrons and is not gainfully utilized.
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One unique feature of nuclear energy, unlike energyves a continuous fissile growth within a span of single
from fossil fuels, is the possibility to produce new fissilduel cycle. In the ATBR core design, we attempt to maxi-
atoms through neutron capture in fertile atoms when someze the seed output-to-input ratio in a fuel cycle. Later,
fissile atoms are being consumed, i.e. nuclear fuel hasva would present a comparison of this ratio with typical
means of rejuvenating itself while being spent. We wouldalues of other thermal power reactors.
be able to prolong the nuclear energy extraction processin short, it is recognized that there is need for a paradigm
if a large fraction of the fissile atoms that are consumeghift in the type of reactor design, where reactivity loss
can be replenished with new fissile atoms in the same mde to fissile depletion can be intrinsically compensated
actor and within the same fuel cycle duration. This woulby fissile formation in the same reactor.
require a delicate balance of the fissile depletion and pro-As seen above, there are a number of factors that govern
duction rates. For this exercise to be meaningful, titbe fertile to fissile conversion rate. We shall discuss as
process should last for as long a time as possible. If we danhow to maximize this rate and then attempt to match it
eliminate nearly all external absorbers like control, borowith fissile depletion rate in the same reactor.
and Gd and load equivalently large mass of fertile mate- The integral fissile production rate in a reactor depends
rial like thorium in the core, it would initially act like a on the fertile inventory, flux level and effective capture
pure neutron absorber, but eventually turn into fuel afteross-section of fertile isotope(s) for a given neutron spec-
acquiring sufficient amounts of the situ-bred new fissile trum. When fertile material does not contain any exter-
atoms. Elimination of external absorbers for reactivityally fed fissile seed, one can achieve the best fissile
control would mean that the core excess reactivity shoutbnversion rate. In a thermal reactor system if unseeded
be zero or small all the time and for as long a duration #sorium can be loaded in large measure, one can achieve
possible. In other words, the core composition of fissilthree times higher fissile production rate compared to
and fertile materials should be designed in such a way thatinium, due to the intrinsic difference in their capture
the reactivity loss by fissile depletion is nearly balancedross-sections. The asymptotic fissile accumulation potential
by the reactivity gain of new fissile formation at all timesfor thorium is nearly 14 g/kg 6f°U in thorium. The con-
This does not happen in the present-day power react@etration of*U remains at this level for subsequent irradia-
because fissile depletion is normally at a much highéion for a long time. In the fast reactor system seedless
rate than the rate of production of new ones. This is bt#torium and depleted uranium can both be considered for
cause the absorption reaction rate in the fissile atoms imigh fissile production rate. The asymptotic fissile (fresh
variably dominates over the fertile capture reaction rateeed) accumulation potential in a fast reactor system is
The imbalance is much more for higher feed enrichmentsearly 100 g/kg for both thorium and depleted uranium.
The rates may become comparable only after considémading of unseeded fertile material is normally prac-
able depletion of the initial fissile feed, but the fuel mayiced in fast reactors outside the active core in radial and
have to be discharged much sooner from reactivity considxial blanket regions, where the absolute flux level seen
erations. Natural uranium reactors have the best conversionthe blanket region would be three to six times lower
ratio. But the fuel residence time is as low as six montliean that in the active core region. Hence fissile depletion
to one year and one requires continuous refuelling for tlweould occur at a much faster rate in comparison to fissile
equilibrium core. Since the core excess reactivity is lowgroduction rate in blanket regions.
one cannot load any significant amount of other fertile It is advantageous to accommodate the seedless fertile
material like thorium in the equilibrium core using naturaiaterial inside the core to achieve comparable flux val-
uranium feed. In enriched reactor systems, the reactivigs in the fissile seed and fertile zones. In order that these
fall due to fuel depletion cannot be matched by intrinsiseedless fertile zones see uniformly high flux level, it is
fissile formation within the same fuel rods. Even in fashecessary to distribute them evenly in the entire core with-
reactor systems where thpevalue of Pu is close to three, out clustering. A typical arrangement of accommodating
the fertile to fissile conversion happens at a lower rateedless fertile zones between the fissile zones is schemati-
than fissile depletion in the main core. Fast reactors beally indicated in Figure 1.
come breeder mainly through cumulative capture reactionsin ATBR, loading of seedless thoria rods in high neutron
in external blanket regions. It may be noted that the flulux ambience and use of the same rods for subsequent
level in blanket regions is 3—6 times lower than the centrpbwer generation are considered as the main distinguishing
core regions. This means the fissile formation reactidieaturesvis-a-visearlier work on thoriur’ﬁ, where some
rate in the blanket region is much lower. In the core rexternally fed fissile is normally considered.
gion, fissile depletion reaction rates invariably dominate Figure 2 shows a typical arrangement of the seedless
over the fissile production rate within the same fuel rothoria cluster. Loading of large volume/mass of fertile
and then become comparable only near the discharge bumaterial without any seed is mandatory for enhancing the
up. The internal and total breeding ratio of typical fast reafissile production to be matched with fissile depletion.
tors is reported as 0.71 and 1.27 for Re€eded Th@". In  This would require much higher feed enrichment in seed
our view, there is no reactor design, fast or thermal, whidhel rods, since the rods not only produce fission power
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but also provide surplus neutron flux ambience for theluster having 127 rods. In order to minimize power
neighbouring fertile (incore blanket) regions. In order thgdeaking within the cluster, the central four rings (37 rods)
this process lasts for the longest possible duration, it is negere replaced by a BeO block. The fuel cluster consists
essary to maximize the initial feed in the seed zone amdw of only two rings of thinner seed fuel rods surrounded
somehow decrease the burning rate of the seed fuel rogg.one ring of thick thoria rods. The thoria rod diameter
This can be achieved in a thermal reactor system by tW® also chosen to be 26% larger. The coolant volume is
means. also thereby minimized. This was also the way by which
The seed fuel rods are deliberately chosen to be wfe LOCA (Loss of Coolant Accident) reactivity coeffi-
thinner dimension with sufficiently large fissile contentcient could be made nearly zero or negéﬁve
With higher seed content, the flux level would decrease Power mismatch between the seed fuel rods and fertile
for a given power density. The effective absorption crosshoria rods is minimized in three ways. Thoria rods are
section also would decrease due to self-shielding of fissitosen to be not fresh but one cycle-irradiated rods. They
atoms. In addition, the seed fuel rods are surrounded &je supposed to be exposed in the same reactor in the previ-
thoria rods so that they would receive a much diminisheslis cycle. The relatively complicated task of dismantling
thermal flux from the moderator region outside. Typicahand re-fabricating, rather reconstituting, irradiated tho-
arrangement of a seed fuel cluster is shown in Figure 3rium fuel assemblies has also been suggested by others:
Boiling light water is used as coolant. BoilingGHdoes
about 50% of the moderation as well. The pressure tube Radkowsky's thorium reactor (RTR) concépt where
size is chosen to be much bigger than that of the Fugen orthe central seed zone in each fuel assembly of one-third
AHWR (ID of 176 mm as against 120 mm), so as to accom- core is replaced annually, while the outer thorium fuel
modate adequate number of thicker thoria rods in the out- rods are replaced at a less frequent interval of nine years.
ermost ring. The fuel cluster turned out to be a seven-ring The Advanced Candu Reactor (ACR) deéﬁgnoposes
reconstitution of irradiated thoria pins in each of the
short length Candu-type fuel bundle of 50 cm length.
There the task is obviously much more cumbersome.

In ATBR the engineering design of the fuel assembly
should be made such that the two rings of fresh seed fuel
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OO0 DIV rods are almost easily inserted into the irradiated thoria
@%%&&@%%%@%% cluster ring — perhaps as is suggested in the RTR design.
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OOLOOOIOIIOIIOIIOIOIOIOIIO] Further, in ATBR, a batch fuel loading is preferred. A
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%%&)%%%%?%@%%@o@(g typical optimized five-batch fuelling scheme with 72 as-
%ﬁ)ﬁ%&ﬁ%ﬁ@ﬁ%ﬁ@gg semblies per batch considered eafliex illustrated in
OeUOOCUEOCDCOCOU0E Figure 4, where the colour scheme indicates the number

©;

of fuel cycles seen by a batch of fuel assemblies. In the
later discussions we would give a three-batch fuelling
scheme with 120 assemblies per batch, which could oper-

ate for two years.
Figure 1. Uniform distribution of fertile zones amidst fissile zones.
Shaded — Fertile blanket assemblies; Blank — Seed fuel assemblies.
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Figure 2. Typical arrangement of seedless thoria cluster. Figure 3. Typical arrangement of seed fuel cluster.
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Table 1. ATBR core design parameters considered for Pu seeded core

Reactor power MWe 600
MWt 1875
Total core flow (tonnes/h) 27,000
Average heat rating (w/cm) 172 (neglecting thoria clusters)
No. of (ThG, + PuQ) fuel clusters in the core 360
No. of natural Th@clusters in the core 120 (fixed) + 25 (moveable) = 145
No. of fresh fuel assemblies per batch 120 (seeded) + 12Q (FraOseed)
Active core height (mm) 3600
Average fuel temperature °C 600
Average coolant temp. (Boiling® — 70 kg/cri) °C 286
Coolant inlet subcooling (kcal/kg) 7 to 20
D,0O — Moderator temperature °C 80
Radial DO reflector thickness (mm) 600 to 700
Axial D,O reflector thickness (mm) 600
Calandria tank size (m) [B.4 diax 4.8 height
Control system
Fast shutdowR?*Pa to?*%U after S/D Injection of liquid poison in dry tubes. Stainless steel rods in inter-channel space.
Shutdown hold Partial moderator dump during refuelling outages
Xenon over-ride Movable Thlusters (25 nos)

external control manoeuvres. The Pu seed content was
therefore chosen to be as high as 20 and 14% respecti-

OOOO%OO%%%%%%O vely, in the inner and middle ring of seed fuel rods shown
080000EO800S00 S . - ;
COOCOOVECO00ee) in Figure 3. The diameter of the inner and middle fuel rods
eUeCe eeCere Moveable ThO2 (19) ) . .
S S S S S ® -omo: o Was chosen as 10 and 9 mm respectively while the diame-
““O‘c%)?‘g‘o(%‘o‘“‘%%‘ ® \cyeie (Fresn)72) ter of outer thoria rods was chosen as 12.6 mm.
.:08@2.:.;0:@:%‘:‘2@8(2’232%0 ® e To summarize, the new type of reactor should consist
o‘o&o‘%o.o‘o@o‘q‘%o‘q‘o‘og eyl ) of thin seed fuel rods of high feed enrichment serving as
.OO%O.O.O.%O‘Q“@%O“‘OOO.% O wvege 2 torch or fire to ignite the surrounding fertile breeding zones.
“‘O‘%%‘@‘O‘O%OOOO‘O‘O%OO‘OO ® v cycke Lash(72) The seed fuel would generate surplus neutrons in addition
S oe e ey to power. These neutrons move about freely in certain
L e flux traps created by vacating the seed fuel zones at regu-
‘0808@3.8020?’:98080‘000 lar intervals. The BO moderator is ideal for creating

large thermal neutron flux traps. Unseeded thoria clusters
should be placed in these flux traps to achieve high fissile
Figure 4. ATBR core 360 seeded + 91 thoria fuel clusters. Seven'(y(-:onver.Slon .rat.es during th.e flr.St cycle_ of the tho”"?‘ clusters.
two assemblies per batch; Five-batch loading — optimized pattern. The high fissile conversion is continued also in subse-
guent fuel cycles by placing the irradiated thoria clusters
between fresh seed fuel rods and thg Dmoderator.
Depending on the fuel cycle duration and location dbince thoria rods occupy the outermost ring to receive the
thoria clusters in the core during their first cycle, theynajor share of thermal neutron flux incident from the
would contain nearly 60-70% of the asymptdticsit-  D,O moderator region, they also shield the seed fuel rods
bred fissile content. Since they face the thermal flux diso that seed would not rapidly deplete. The ratio of volumes
rectly from the moderator, the relative power factor in thef the fissile breeding zones and fissile depleting zones,
thoria rods is found to be at least 0.5 to 0.6, when thether their masses, is typically BD. A batch fuel-loading
seed fuel rods are fresh and contain nearly 15-20 timesheme with optimized loading pattern ensures that the
the fissile content. With burn-up, the power share of thoriaermal flux faced by every thoria cluster is fairly high
rods steadily increases due to further fissile accumulati@md uniform. When this is accomplished, the dageis
and near discharge burn-up it may even cross unity, i.aintained just above unity for as long as two years. In
the thoria rods which were initially receiving neutrongact, there will be an increase of core excesstivity up
from the inner seed fuel would become the supplier a6 the middle of the fuel cycle when the conversion rate in
neutrons and also take the major share of power withfresh thoria clusters is maximum and thereafter it tapers
the fuel cluster. It is necessary to reach such high burn-dpwn slowly. Results of the fresh analysis for equilibrium
when the crossover of power share-shift from seed to feftrel cycle of the conceptual reactor ATBR with BugBed
tile thoria rods takes place, for the best physical charaare presented here. Reactor-grade Pu contains 24% of
teristics like two-year cycle length with minimum?*%u, which also helps in initial suppression of reactivity,
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Table 2. Description of fuel clusters (seeded + unseeded)

Fuel type

Seeded fuel cluster (Pu reprocessed from power reactors)

UnseedgdlT$tér

Parameter Inner Middle Outer Single ring
Fuel clad ID/OD (mm) 10/11.4 9/10.4 12.6/14 12.6/14
Pitch circle dia (mm) 104 130 158 158

No. of fuel rods 24 30 30 30

Seed content (wt %) 20 Py ThG, 14 PuQin ThG, One cycle irradiated ThO  Fresh unseeded Th®ods

Fissile fraction in seed
Composition of seed

0.745
ZPu %Py 2Py 24%py)
(69.3:24.1:5.2:1.4)

>0.94
0.5t00.7%
in situ-bred?U

ID/OD of central BeO block (mm) 10/90 (inclusive of Zr-liner) 10/137
Pressure tube Zr—Nb (2.5%) ID/OD (mm) 176/187 176/187
Air gap ID/OD (mm) 187/204 187/204
Calandria tube Zr-2 ID/OD (mm) 204/207 204/207
Hexagonal assembly pitch (mm) 300 300
Note: Fissile fraction in seed is sum3fPu and**'Pu fractions.

1.0 13

Average Pu cénlent 8.55% in‘all

20%/14%lin situ (300 x 1.5 x 10** n/cm?/s)
20%/14%lin situ (500 x 1.5 x 10** n/cm?/s)
20%/14%in sjtu (900 x 1.5 x 10** n/cm*/s)

=

rete

a | . b
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T
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1200
0 400 800 1600 0 10 20 30 40 50
Burn-up (days) Burn-up (GWDIT)
Figure 5a, b. a, k., of thoria cluster after irradiation at different flux levelsk. of seed fuel cluster with different initial fluence levels for
thoria rods.

and its conversion t8"Pu also helps in maintaining flat  Table 2 gives the description of the two types of ATBR
reactivity with burn-up. Reactivity change (fall) is higherfuel clusters. The seed fuel cluster consists of two rings of
for other seeds liké*U or 23" 24 and 30 seed fuel rods at pitch circle diameter (PCD) of
Table 1 gives the design parameters of the ATBR cor#04 and 130 mm respectively. Thoria rods are at PCD of
A power level of 600 MWe or 1875 MWt is considered158 mm. The pure thoria cluster contains only one ring of
The reactor considers vertical pressure tubes (PT) of Zr—Nbedless thoria rods at PCD of 158 mm. There is a BeO
(2.5%) with ID/OD of 176/187 mm, at a hexagonal latticdlock inside the above two types of clusters with OD of
spacing of 300 mm. Boiling light water coolant at a pre90 mm and 137 mm respectively. This block serves to
sure of 70 bar is considered. The ID/OD of Zr-2 calandri@liminate 37 inner fuel rods and to decrease local peaking
tube (CT) is 204/207 mm, with an air gap separating thaithin the seed fuel cluster. The seed fuel considers reactor-
PT and CT. DO moderator is filled in the calandria tankgrade Pu with Pu@content of 20 and 14 w/o in the inner
of 8400 mm diameter and 4800 mm height at normand middle rings. The Zr—Nb (1%) clad is 0.7 mm thick
pressure and temperature of°80at hot operating state. for all the rods. The engineering specifications and dimen-
This would provide a radial reflector of 600-700 mnsional details given here have been worked out based on
thickness and axial reflector of 600 mm thickness at thhe characteristics of known LWRs world over. They can be
bottom and top for a core height of 3600 mm. fine-tuned on detailed engineering evaluations, if required.
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Calculation model and results share in the three rings is plotted in Figure 6. It is seen
that the thoria ring power is 0.7 initially and crosses unity
The lattice calculations of ATBR fuel clusters are donat 50 GWD/T.
using the CLUB modufé of the PHANTOM code systéfn The local peaking is initially 1.32 and occurs at the
The recent calculations have been performed by tmeiddle ring. It monotonically decreases and falls below
IAEAGX library in 172 energy groups and in WIMS/D unity at 37 GWD/T. Thinnest fuel rods (9 mm dia) are used
format. This nuclear data library was generated as partiofthis ring. The burn-up accumulation in the three fuel rings
IAEA CRP on WIMS library update projdct CLUB for starting fluence level of (1.5 10" n/cnf/s x 700 days)
code solves the transport problem by collision probabilitin thoria rods is shown in Figure 7. It is important to note
method. First flight collision probability method is usedhat the cumulative burn-up in unseeded thoria rods is 54
within each macro ring region and three term expansiddWD/T, when the assembly burn-up is 50 GWD/T. It is
is used for angular currents at macro interfaces. The outdso interesting to note that the inner 20% Pu seeded rods
hexagonal boundary is cylindricalized. just reach 51 GWDI/T at this burn-up, while the middle
The fertile thoria clusters are simulated first. Since tting with 14% Pu reaches 55 GWD/T. The thoria rods
does not contain any external seed, the thoria cluster bustarted at a burn-up of 10 GWD/T due to prior irradiation
up calculations are done at three typical one-group fluxyp to the above-fluence level. Thus at the time of discharge
levels of (0.5, 1.5 and 2.%) 10" n/cnf/s maintained con- both the seeded and unseeded fuel rods are seen to reach
stant and up to 1500 days of irradiation. The seed fudle same high discharge burn-up&0 GWD/T.
clusters are then simulated with thoria rod isotopic densitiesThe core calculations are done using the code TRISUL
picked up at fluence levels of 300, 500, 700 and 900 dagteveloped for the purpo¥e TRISUL is a hexagonal 3D
at the above three flux levels. These are the typical expdintite difference diffusion code with one mesh per assem-
ted cycle length durations. Figureasand b shows the bly radially. The lattice parameter interpolation for obtain-
variation ofk., with burn-up for the thoria cluster and the seethg the two group cross-sections of seed and thoria fuel
fuel cluster for typical flux value of 1.8 10" n/cnf/s. It clusters as a function of burn-up, void (steam fraction),
is seen thak. of the thoria cluster rises sharply up to 800lux history and fluence thereof, and the xenon and Dop-
days and then stays nearly flat. For the seeded fuel cluspéer perturbations applied and the thermal hydraulic model
the initial k. is (1.2 and is higher with higher startingused, are explained in detail elsewh&fé Power-void
fluence levels in thoria rods. The difference however naiterations are done to obtain steam formation profile con-
rows down with burn-up and it is noted tHatremains sistent with the power profile.
above unity even up to an assembly average burn-up ofFigure 8a gives the burn-up distribution at BOC and
50 GWDI/T. At this stage, the unseeded thoria rods al&OC of optimized three batch loading in equilibrium core.
achieve the same burn-up as the seed fuel rods. For Mee-sixth core with rotational symmetry is simulated.
sake of comparison, tHe plot is given for a cluster with The average flux seen by the thoria clusters in the previ-
average Pu content of 8.55% in all the rods. It is seen thais cycle is also a key parameter in deciding the cycle
thek. variation of the seed fuel with thoria rodsimfsitu  length of a reload pattern. We chose the 120 thoria clusters
fissile content is less by about 100 mk. BBt or U out of the total 145 clusters. These thoria clusters are
seed, thek, variation will be more. The relative powerchosen to be the ones with the highest flux history levels.
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Figure 6. Relative power in each fuel ring for seed fuel cluster.  Figure 7. Burn-up accumulation in the three rings of seed fuel cluster.
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Core Centre Core Centre

Figure 8a, b. a, ATBR one-sixth equilibrium core 120 FAs per batch — BOC/EOC burn-up distribution (MWD/T). FTYPE: 1. (fresh) Cycle-1;
2. Cycle-2; 3. (last) Cycle-3; 4. Fixed thoria cluster; 5. Moveable thoria clust®©ne-group absolute flux history values in units of‘Iicné/s
(Core average value = 1.1x810" n/cnf/s) k., of thoria cluster after irradiation at different flux levels.

thereof is considered. Since the cycle length achievable
was seen to be 720 days, the seed fuel clusters consider
the thoria rod fluence to be the product of the respective
flux history level and 720 days. Longer cycle length and
higher fluence also tacitly increase the fissile inventory in
equilibrium core through thim situ production of**U in

the same core in previous cycles. Fresh seed fuel clusters
are avoided at core periphery locations. This is to enable
a low leakage loading pattern. Figure 9 shows a schematic
diagram of the three-batch fuelling scheme. This scheme
is normally more difficult to optimize in comparison to
the five-batch fuelling scheme shown in Figure 4. The
variation ofkes, and peaking factors as a function of core
burn-up are shown in Figure Aandb. Thekes increases
from 1.0212 at BOC to 1.0265 at 390 FPD and then de-
creases to 1.0187 at EOC. Increasé&gfup to 390 days
shows the thorium breeding phase — hence the name tho-
rium breeder.

A variation of+ 4 mk over a period of two years would
require minimal control management and can be partly
met by coolant inlet enthalpy variations or small movement
Ti BIaT - Cycln of moveable thoria clusters. Figure dives the radial

power distribution at BOC, 360 FPD (MOC) and 720 FPD
(EOC). Figure 1b gives plots of axial power profile at these
burn-up values. It is seen from Figurelithat 3D power
beetde] - 25 peaking monotonically decreases from 1.72 to 1.26. The ra-
) o dial and axial peaking factors also decrease monotonically.
Figure 9. ATBR equilibrium core 120 FAs/batch — 720 EFPD. Sche- 3D flux plots at core mid plane at BOC and EOC are
matic diagram of the three-batch fuels and thoria clusters.
given in Figures 12, b and 13, b for epithermal and
thermal energy groups. It is seen that the epithermal flux
Figure & shows the absolute one-group flux history levelshows depression in thoria clusters, which appears as mounds
seen by the thoria clusters. The core average flux histdry thermal flux plots. Thus excess neutrons produced by
is 1.118x 10" n/cnf/s. For interpolation of cross-sections,the seed fuel rods slow down and create thermal flux
three-dimensional distribution of flux history and fluencdraps for effective breeding in the thoria cluster locations.
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Figure 11a, b. a, ATBR one-sixth equilibrium core 120 FAs/batch—radial power distributions at BOC/MOC/EOC. The radial power distribution
given here is relative power in each fuel assembly. They are multiplied by 1000 to print in integer format. A value of h80Dimaeerage rela-

tive power = 1.0. BOC/MOC/EOC, Beginning/middle/end of fuel cybleATBR-600 equilibrium core with PuQseed in Th@. Axial power dis-
tribution at BOC/MOC/EOC.

Figure 12a, b. a, ATBR-600 equilibrium core with Pufseed in Th@-epithermal flux distribution at BOC-0 FPB, Thermal flux distribution
at BOC-0 FPD.

Table 3 gives the seed input and output contents for ttreorium loading (at the rate of 50 kg/T) in the unseeded
equilibrium core. It is seen that only 40% of the Pu feethoria rods is used for energy production in its four fuel
is consumed (0.88 out of 2.2T). Since thoria rods achieegcle operation. About 502 kg of uranium is available from
about 50 GWD/T burn-up, nearly 640 kg of 12.78T ofhe discharged thorium with 87% fissile. This shows that
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Figure 13a, b. a, ATBR-600 equilibrium core with PuOseed in Th@-epithermal flux distribution at EOC—-720 FPR;Thermal flux distribu-
tion at EOC-720 FPD.

Table 3. Summary of the equilibrium core studies

Parameter Results with IAEAGX-172ap library
Average discharge burn-up (MWD/T) 49050
Pu seed input in fresh batch of 120 assemblies (kg) 2212.1
Fissile Pu content (kg) 1647.4
Fissile fraction (%) 74.5
Seed output in discharged batch (kg) 1834.5
Output-to-input ratio ®29
Break-up of seed output
Weight of U-total in thorium (kg) 502.3
Weight of?3 in thorium (kg) 426.3
Weight of23U + 2% in thorium (kg) 436.9
Fissile fraction (%) 87.0
Weight of total Pu in thorium (kg) 1332.2
Weight of fissile Pu (kg) 731.4
Fissile content in output (kg) 1168.3
Fissile fraction (%) 63.7
Core reactivity at full power
Minimum reactivity (mk) 18.4
Maximum reactivity (mk) 25.8
Reactivity spread (mk) 7.4 a4
Void reactivity coefficient §p/dv) in (mk/%void) -0.32 (BOC)
(Core average void changed from 24.6 to 60%) -0.08 (EOC)

Pu seeded core; three-batch fuelling; 120 assemblies per tmtdle; length — 720 EFPD.

886 kg of reactor-grade Pu is utilized for converting 114thuch longer duration from reactivity potential considera-
kg of thorium to uranium, of which 640 kg is used to protion. Since the control absorber inventory at rated power
duce 50% share of power in the same reactor. Thus ATRiReration is nearly eliminated in the ATBR, the ATBR
can be used for Pu incineration and it produces intrinsicafigsile conversion can be regarded as one of the best. We
proliferation-resistan®®U. Since 50% of the core loadinghad reported the comparison of el)®u,?**U seeds in

is always unseeded thorium, the load on reprocessing amar earlier work With **U, we obtained a seed output-
refabrication of back-end fuel will be proportionately less. to-input ratio of 0.93.

It must also be added that the conversion ratio of 0.83In addition, it is important to note that the seedless thoria
achieved for the ATBR—-600 MWe power reactor is oneods also achieve a high discharge burn-up of 50,000
of the highest values (albeit theoretically), higher thaMWD/T, almost equal to that of Pu-seeded rods. This en-
that of any operating thermal power reactor (0.6 for LWRrgy production has come from situ conversion of
and 0.7 for PHWR). The above ratio is more if the fissil&®**Th to ?**U and utilization of**U in the same reactor
33y formation in additional 25 thoria clusters in ATBR isfor energy production.
taken into account. By ¢ting down the fuel burn-up, this  The void perturbation was evaluated by decreasing the
ratio could be increased further. But it is not economicdllow and also the inlet subcooling at the full reactor power.
to foreclose a fuel cycle which is capable of running foFhe reactivity change when the core average void changes
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from 0.246 to 0.6 is —0.32 mk/% void at the beginning of
the cycle and —0.08 mk/% void at the end of cycle of equilib-2
rium core. These results are comparable to the earlier re-
sults obtained with 69 group WIMS librarfes

Conclusion 3.

The ATBR core design with Pu seed in thorium is found
to exhibit excellent core characteristics like two-year cycle,
length with practically no control manoeuvres. This is
achieved using thin seed fuel rods with high Pu content to
create large volumes of neutron flux trap zones, where
the fertile breeding in thoria rods can take place at a rate
matched with fissile depletion rate. The fissile seed remains
conserved for a long duration of six years (three fuel cyclesy.
due to its location in the fuel cluster. The seed and fertile
fuel rods achieve the same high discharge burn-up of
~50 GWDI/T. The reactivity coefficients areufud to be
small. The coolant void coefficient in the operating range is
negative. This ATBR core with Pu seed has an overaIF'
safe and economic characteristics. Longer cycle length is
also desirable in closed fuel cycles to maximize the timey.
gaps needed for reprocessing and refabrication. The
ATBR with Pu feed can be regarded as a Pu incinerator
and it produces the intrinsically proliferation resistant®
233y for sustenance of future reactor programmes. Since
50% of the core loading is always unseeded thorium, theg
load on reprocessing and refabrication of back end fuel
will be proportionately less. It can also be designed for
burning minor actinides, since it is designed to accommé?®-:
date large fertile breeding zones.

When®*U gets exhausted, there is no alternative to P
as the sole means of sustaining the nuclear power. This will
happen sooner in countries having limited uranium reservez.
Use of Pu to produce large amount$df is advantageous
for extending the thermal power reactor programfid) is 13-
regarded as a better proliferation resistant material due to
the U content, which gets accumulated to several hundregls
of ppm level.Z2U has relatively low half life of 72 years
and the daughter products®¥U are hard gamma emitters.

The delayed neutron fractighis 2.5 to 3.2 mk in the 15.
Pu-seeded core and prompt neutron mean life time is
[(10-15us. The kinetics behaviour of the ATBR core,
would be similar to fast reactors using Pu feed. However,
since all reactivity coefficients are small in magnitude
and minimum control manoeuvres will be needed it is expety?.
ted that the operation of ATBR can be smooth and stable.
The initial core and approach to equilibrium core loading,
control design and stability characteristics are being studied. 8
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11.
u

on the Physics of Nuclear Science and Technology, Long Island,
New York, 5-8 October 1998, p. 323.

Jagannathan, V. and Lawande, S. V., A thorium breeder concept
for optimal energy extraction from uranium and thorium. Proc. of
IAEA TCM on Fuel Cycle Options in LWRs & HWRs, Victoria,
Canada, 28 April-1 May 1998, IAEA TECDOC-1122, p. 231.
Jagannathan, V., Usha Pal, Karthikeyan, R., Ganesan, S., Jain, R.
P. and Kamat, S. U., ATBR — A thorium breeder reactor concept
for an early induction of thorium in an enriched uranium reactor.
J. Nucl. Techno|.2001,133, 1-32.

Jagannathan, V., Usha Pal and Karthikeyan, R., A search into the
optimal U-Pu-Th fuel cycle options for the next millennium.
Proc. of PHYSOR’2000 Int. Conference — ANS International
Topical Meeting on Advances in Reactor Physics and Mathematics
and Computation into the Next MillenniumSession XV.C on
Advanced Reactor Concepts and Design, Pennsylvania, USA, 7—
11 May 2000.

Jagannathan, V., Ganesan, S. and Karthikeyan, R., Sensitivity
studies for a thorium breeder reactor design with the nuclear data
libraries of WIMS Library Update Project. Proc. Int. Conf. on
Emerging Nuclear Energy Systems ICENES-2000, Petten, The
Netherlands, 25-28 Sep. 2000.

Jagannathan, V., ATBR — A thorium breeder reactor concept for
early induction of thorium with no feed enrichmeBARC News|
1999, 187.

Leszczynski, F., Aldama, D. L. and Trkov, A. (eds), WIMS-D library
update. Final report of a co-ordinated research project, IAEA-
DOC-DRAFT, October 2002.

IAEA TECDOC draft report available at the WLUP website:
http://www-nds.iaea.org/wimsd/Download/ TECDOCDRAFT.PDF
May 2002.

Steam generating heavy water reactors. Proc. of the Conference
held at the Institution of Civil Engineers. The British Nuclear En-
ergy Society, London, 14-16 May 1968.

Transactions of the American Nuclear Society Annual Meeting,
Toronto, Canada, 13 June 1976.

IAEA TECDOC, Thorium based fuel options for the generation of
electricity: Developments in the 1990s. IAEA TECDOC - 1155,
May 2000, p. 79.

Critoph, Eet al, Prospects for self sufficient equilibrium thorium
cycles in CANDU reactors. AECL 5501, 1976.

Jagannathan, V., Usha Devi, G., Karthikeyan, R. and Jain, R. P.,
Search for PHWR fuel cluster design with negative void coeffi-
cient. Proc. NSRP-12 symposium, Jodhpurs-3@ Jan. 1998.

. Radkowsky, A. and Galperin, A., The nonproliferative light water

thorium reactor: A new approach to light water corentexdtogy.
Nucl. Technol.1998,124, 215-222.

Ken Hedges, G. M., ACR Workshop, Development Projects, Pre-
sented to US Nuclear Regulatory Commission, Office of Nuclear
Reactor Regulation, 25-26 September 2002.

6. Krishnani, P. D., CLUB — A multigroup integral transport theory

code for analysis of cluster lattice&nn. Nucl. Energy1982,9,
255-260.

Jagannathan, V., Jain, R. P., Vinod Kumar, Gupta, H. C. and
Krishnani, P. D., A diffusion iterative model for simulation of re-
activity devices in pressurized heavy water reactdnscl. Sci.
Eng, 1990,104, 222-238.

Jagannathan, V., TRISUL — A Code For Thorium Reactor Investi-
gations with Segregated Uranium Loading, Report BARC/E/

absorber management or control manoeuvres does not exist 028/2000.

in any operating reactor. Small magnitude of reactivity9.
coefficient makes the ATBR design intrinsically safe. High
seed output-to-input ratio contributes to good fuel economy.

1. Jagannathan, V., Jain, R. P., Krishnani, P. D., Ushadevi, G. and
Karthikeyan, R., An optimal U-Th mix reactor to maximize fis-

Jagannathan, V., Ganesan, S., Usha Pal, Karthikeyan, R. and Jain,
R. P., Computation tools for search of optimal thorium fuel cycle
and their fuel management strategies. Paper Log086 of Proc. M&C
2001, ANS International Meeting on Mathematical Methods for Nu-
clear Applications, Salt Lake City, Utah, USA, September 2001.

sion nuclear power. Proceedings of the International Conferend®eceived 27 April 2005; revised accepted 5 October 2005

CURRENT SCIENCE, VOL. 90, NO. 1, 10 JANUARY 2006

57



