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ATBR - A Thorium Breeder Reactor Concept for An Early Induction of Thorium

by

V.Jagannathan, Usha Pal, R.Karthikeyan, S.Ganesan, R.P.Jain and S.U.Kamat
Theoretical Physics Division

5th Floor, Central Complex, Bhabha Atomic Research Centre
Mumbai - 400 085, India.

ABSTRACT

A new reactor concept has been proposed for induction of thorium in an
enriched uranium reactor. The neutronic characteristics of the fissile and
fertile materials have been exploited to arrive at optimal fuel assembly and
core configurations. Each fuel assembly consists of an enriched uranium seed
zone and a thoria blanket zone. They are in the form of ring type fuel clusters.
The fuel is contained in vertical pressure tubes placed in a hexagonal lattice
array in D2O moderator. Boiling H2O coolant is used. The 235U enrichment is
about 5%. The thoria rods contain the 233U bred insitu by irradiation of one
batch load of mere thoria clusters (without the seed zone) for one fuel cycle in
the same reactor. There is no need for external feed enrichment in thoria rods.
Additionally some moveable thoria clusters are used for the purpose of xenon
over-ride. The fissile production rate from the fertile material and the
consumption rate of fissile inventory is judiciously balanced by the choice of
U/Th fuel rod dia, the number and location of thoria rods in the fuel assembly
and in the core. During steady state operation at rated power level, there is no
need for any conventional control maneuvers such as change in soluble boron
concentration or control rod movement as a function of burnup. Burnable
poison rods are also not required. A very small reactivity fluctuation of ±2 mk
in 300 effective full power days of operation is achieved and can be nearly met
by coolant inlet enthalpy changes or moveable thoria clusters. Control is
required only for cold shutdown of the reactor. The uranium as well as thoria
rods achieve a fairly high burnup of 30-35 GWD/T at the time of discharge.
Since the excess reactivity for hot full power operation is nearly zero at all
time during the fuel cycle and since the coefficients of reactivity due to
temperature and density variations of coolant are nearly zero by design, there
is hardly any possibility of severe accidents involving large reactivity
excursions.
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1. INTRODUCTION

The energy need has grown at a phenomenal rate in the 20th century. While the energy
consumption rate has already reached its peak in the developed nations of the west, it is slated
for similar such growth in the rest of the world in the 21st century. Use of conventional fossil
fuels like coal, oil and natural gas for meeting these energy needs is rather easier since the
technologies for the same is proven. However, the fossil fuel resources are unevenly
distributed and are also limited. In addition, it is recognized that the emission from the
burning of the fossil fuels leads to the Green House effect and the phenomenon of Global
Warming. It would therefore be prudent to conserve these fossil fuels for the purpose of
transportation and other domestic uses. It is necessary to look for alternative means of
electricity production which are eco-friendly and can also last for several centuries to come.

In this context, energy from nuclear fission can be considered as a timely boon to
mankind. Despite the two moral shattering accidents of Three Mile Island and Chernobyl, the
fission nuclear power reactors can be deemed to have reached a high level of sophistication.
They are capable of being operated with a degree of simplicity equal to or even better than
those of thermal power stations using fossil fuels. The amounts of nuclear waste, especially in
a closed fuel cycle, are much smaller in volume and are contained. Technologies are
constantly developed and improvised for their long term storage and disposal.
Notwithstanding the apprehensions of the not so knowledgeable public or even the elite class,
the nuclear power is likely to be pursued far more vigorously in the next century especially
by countries with limited possibility of energy growth from fossil fuels.

For generation of electricity from fission nuclear power, wide classes of reactor
designs were evolved in fifties and sixties. Most of the present day power reactors can be
considered as a kind of an off-shoot of military applications of fission energy. For instance,
rapid production and accumulation of fissile isotopes like 235U or 239Pu has been given more
emphasis than frugal use of these isotopes to generate electricity for civilian use. The
Pressurized Water Reactor (PWR), which is currently among the most successful ones, has
emanated from the reactor design used for marine propulsion. Other reactors employing
natural uranium with heavy water or graphite as moderators have high conversion ratio and
hence are capable of generating the highest amount of plutonium per MWe capacity of the
reactor. The success of PWRs is partly due to the heavy investment already done in uranium
enrichment plants. Enriched uranium allows higher energy extraction potential per unit mass
of the fuel. In other words, the fuel can remain productive for a longer residence time in the
reactor. In comparison to the reactors employing natural uranium, only about one fifth to one
sixth of the mass of fuel is to be handled for the same gross electric power production. This
reduces the cost of fuel fabrication and subsequent reprocessing or storage needs. There is
another important factor contributing to the success of PWRs. Use of enriched fuel provides



adequate reactivity reserve to allow the reactor operation for almost one year or even more.
This excess reactivity is compensated by soluble boron, which is uniformly present and hence
does not adversely influence the power distribution. In contrast, one finds that in reactors
using natural uranium, there is a need for on-line refueling of at least one fuel channel per day
in its equilibrium phase. In addition, for reactors with rated power of 500 MWe and above, it
is necessary to combat constantly the power oscillations induced by xenon. The reactivity
requirement for xenon override is very large while the reserve available is too small. In order
to improve the economy of these reactors one is constrained to choose the optimum pitch,
which gives maximum reactivity. However this has an adverse safety implication. In case of
Loss of Coolant Accident (LOCA), there is an undesirable positive reactivity excursion due
to undiminished source of thermal neutron flux produced by the moderator, which remains
intact during the transient. Irradiation creep of the horizontal pressure tubes and the need to
replace them at least once during the life-time causes prolonged outages and consequent
revenue loss for these reactors.

The major drawback of the enriched uranium reactors is said to be the building up of
large excess reactivity and controlling of the same through control absorber means leading to
wasteful capture of neutrons and possibly some accidents involving control ejections.

We note that there are some merits as well as demerits in the various types of reactor
designs prevalent today. This is probably because, as mentioned earlier, the present day
reactor technologies are some spin-off technology of other R&D efforts with military aims.
Perhaps a truly optimized design version of fission nuclear power reactor for electricity
production is yet to be evolved. There appears to be a general reluctance to evolve designs
radically different from the existing ones1. The relative successful performance of the
operating power stations, the high cost of R&D efforts, and the public apathy towards nuclear
power have all contributed to the lackadaisical attention to newer options which could
combine the merits and eschew the demerits of the present designs.

This paper is an attempt to fulfil the above aim. A new reactor design based on simple
physics design principles and still conforming more or less to current engineering practices is
proposed. The singular objective of this exercise is to study the physics characteristics of the
resource nuclear materials naturally available on earth, viz. uranium and thorium, and
optimally utilize them for electric power generation for much longer time than what the
current designs would do. Simplicity of engineering design and ease of operation have also
been given due attention. A summary of these ideas was presented earlier.2'

The study presented here involves a huge amount of physics computations. The lattice
calculations were performed with the CLUB module4 of the PHANTOM code system5.
WIMS cross section library in 69 groups was used. The cross sections for some of the
important isotopes of uranium, thorium, moderator nuclides and 9Be were updated with the
data evaluated from the recent point data files like ENDF/B-VI or JENDL-3.2 and
communicated through IAEA by Jung-Do-Kim, KAERI, South Korea6. The proposed core
design is assumed to have a hexagonal lattice structure. For core calculations a new core
follow-up code TRISUL (an acronym derived from Thorium Reactor Investigation with
Segregated Uranium Loading) was developed. It is an extension of the TRIHEX-3D7 code
which uses finite difference diffusion theory method with hexagonal or triangular meshes.
TRISUL is a coupled neutronics cum thermal hydraulics code. Approximate thermal
hydraulics calculations are done with the models that are used for Tarapur BWR with square
fuel assembly geometry.



2. PHYSICS DESIGN PRINCIPLES

The key elements available in nature for production of fission nuclear power are
uranium and thorium. The former is extensively used in the present day power reactors since
there is intrinsic presence of the fissile isotope 235U in natural uranium while there is none in
thorium. The content of 235U in natural uranium is only 0.71% and the rest is nearly 238U.
When we talk of fission nuclear power we must consider the energy extractable not only from
235U but the energy from the fertile isotopes as well. Both the naturally available fertile
isotopes, U and Th, are capable of getting converted into the fissile isotopes Pu or
233U on capture of a neutron and subsequent two p decays. In this sense, uranium and thorium
are equal candidates for electric power generation. The extraction of fission nuclear power
can be prolonged for several centuries if we have the ability convert both the fertile material
resources into fissile ones.

If the rate of production of fissile atoms from fertile capture process exceeds that of
fissile atom consumption rate, one would be able to accumulate over a period of time more
fissile material than what is consumed. This is achieved rather readily in a fast reactor where
the energy of neutron is high and on the average more neutrons are born per fission and
capture to fission ratio is lower in fast range. This is quantitatively seen by comparing the
values of v and T|. They are respectively 3.04 and 2.90 for 239Pu in fast spectrum and 2.42
and 2.07 for 235U in a thermal spectrum8. Since 239Pu is man-made fuel, one has to
accumulate adequate plutonium from thermal reactors before embarking on a fast reactor
programme. It may also be noted that the neutron cross sections in fast energy range are
smaller by nearly two orders of magnitude in comparison to thermal energy range, resulting
in much larger critical mass i.e., one would need high enrichment as well as larger fissile
inventory per MWe of installed capacity in fast reactors.

It is worth recognizing that the other fissile isotope 233U, has v and r| values of (2.49,
2.29) in thermal energy range and (2.58,2.40) in fast energy range8. In fact r\ remains nearly
constant and much above two almost in the entire energy range. A thermal breeder is
conceivable only with U. The only Light Water Breeder Reactor (LWBR) which was
successfully operated at the Shippingport Atomic Power Station from 1977 to 1982, used 501
kg of 233U at beginning of life (BOL)9. The end of life (EOL) fissile content was adjudged to
be 1.3% greater than the BOL inventory. It is imperative to accumulate adequate 233U to build
many such LWBRs.

Table-1 gives the capture and fission thermal cross sections and the epithermal
resonance integrals for important nuclides from 232Th to 242Pu10. It is seen that the thermal
capture of 232Th is 2.7 times that of 238U while the resonance integral is nearly one third.
Thus in a well thermalised spectrum thoria rods will produce more U atoms than Pu atoms
formed from captures in U. Because of much lower absorption cross section of U in
comparison to those of Pu isotopes, the competition by the absorption of 233U to continued
the fertile capture reaction rate will be much less than that of absorption by Pu isotopes. For
U-Pu systems High Conversion Reactors, (HCRs) with neutron flux peak shifting to
intermediate or resonance energy range, were contemplated. This would help in higher
resonance capture by 238U and less consumption of the Pu isotopes. Such reactors would
require higher fissile inventory because of lower fission cross sections of fissile isotopes and
enhanced captures in fertile isotopes. On the contrary, for Th-U systems, the flux seen by the
thoria rods can be predominantly thermal. Higher thermal and less epithermal flux would also
help in decreasing the absorption in 233Pa. In a harder spectrum, significant epithermal



absorption cross section of 233Pa would result in direct formation of 234U instead of23 U.

It is desirable to conceive systems in which 232Th is loaded in large amounts in a
thermal converter reactor using 235U as the principal isotope for fission power. This would
help in production of the more useful isotope 233U in large quantities for eventual switch over
to "3U - 232Th systems.

The power reactors using natural uranium fuel have very small excess reactivity and
hence cannot accommodate any significant thoria loading, even at the initial pre-equilibrium
phase. In India, 35 thoria bundles were loaded in Kakrapar Atomic Power Station for initial
core power flattening11. This constituted just 1% of the core fuel loading. When enriched
uranium fuel is used, there is typically a significant amount of excess reactivity at the start of
a fuel cycle. Some control devices or other absorbers are used to capture the neutrons that are
capable of being produced in excess at a given time. Refueling with a batch of fresh fuel and
core reconstitution is done when the control maneuverability no longer exists. In this paper
we examine the possibility of using ThC>2 rods as a means of reactivity control so that all
wasteful captures in control absorbers which normally occur in an enriched uranium reactor,
are effectively replaced by fertile captures in thoria rods. After adequate residence time in
regions of fairly high flux in the reactor, the thoria rods can become regular fuel rods.

. In the ensuing sections we shall present the physics reasoning in arriving at a
particular type of fuel assembly design which accommodates a sizable fraction of the fertile
material, ThC^/in an otherwise enriched UO2 reactor.

2.1 Irradiation Behavior of Seedless ThC"2 and UO2 Fuel of Different Enrichment

A theoretical study was carried out to observe the irradiation behavior of a ring of
ThC>2 or UO2 rods of same dimensions and kept in the same kind of environment. Boiling
H2O coolant and D2O moderator were considered.

The fuel geometry is similar to the one described in the Section 3. These studies are
intended to present only a comparative behavior of isotopic changes with burnup for different
types of fuel under the same environmental conditions. Any variation in the fuel geometry is
not likely to influence the broad inferences that have emerged from the present analyses.

Calculations were done with CLUB code in 69 energy groups. The fuel rods were
subjected to irradiation at a constant gross flux level of 101 n/cm2/sec and for a period of
1500 days. The 235U content in UO2 rods was varied from natural to 5%. Fig.l gives the total
uranium or total plutonium formed respectively from thorium or uranium fuel and the fissile
contents thereof in units of g/kg. Fig.2 gives the fissile content in percentage units. It is seen
that for the thoria rod, the asymptotic uranium production is about 16 g/kg. Fissile content
remains above 90% for almost 1000 days. In case of natural or enriched uranium the
asymptotic plutonium production is barely 6 g/kg. The fissile content rapidly decreases. In
fact, the absolute fissile content remains saturated below 4 g/kg after 800 days for natural or
enriched uranium. This study shows that irradiation of TI1O2 rods is far superior to that of
UO2 rods as far as higher rate of fissile production is concerned. The asymptotic fissile
content of 233U, a fuel that is superior to both 235U and 239Pu in thermal reactors, is more than
three times that of the fissile Pu formed from a natural or enriched UO2 rod.

2.2 Irradiation Behavior of ThO2 Fuel with Enriched 235U Seed



The above study was repeated for TI1O2 rods with some seed contents of 93% 235U
enriched fuel. Fig.3 compares the 233U and 234U concentrations for different seed contents (up
to 20% eUC>2) as a function of irradiation time in days. The gross flux level was kept constant
at 1014 n/cm2/sec. As expected, the seed material competes with the fertile captures and hence
results in lesser 233U production rates. It is noted that this difference is much larger at shorter
irradiation times. For instance, one can observe that a 233U content of 8 g/kg is achieved at
400 days for seedless thorium while 800 days are needed to reach the same 233U content when
a seed of 6% UO2 (93% 235U enriched) is considered. This study indicates that if natural
ThO2 is irradiated at 1014 n/cm2/sec for about an year, the typical duration of one fuel cycle in
a reactor following a batch mode of refueling, it would be possible to accumulate nearly 60%
of the asymptotic 33U content by that time.

2.3 D2O Moderator Vs H2O Moderator

The case of 6% UO2 in ThC>2 was studied with H2O moderator as well. The fuel pitch
was optimized to get maximum K«. This optimum K« was however lower than the one
obtained with D2O moderator. UO2 content of 9% could give comparable K«, value in the
present case. Fig.4 gives the comparison of 233U and 234U concentrations as a function of
irradiation time in days at the constant flux level of 1014 n/cm2/sec. For the purpose of
comparison, the values for seedless TI1O2 rods are also plotted in this figure. It is seen that for
the same seed content of 6% UO2, H2O moderator results in lower 233U production rate. When
seed content is increased to 9% UO2, to match the reactivity, the U production rate is
further reduced. Typically at 400 days, the 233U content for seedless thoria rods is 8 g/kg,
while it is 4.5 and 2.7g/kg respectively for (6% UO2-D2O moderator) and (9% UO2 and H2O
moderator) cases.

Fig.5 gives a comparison of the neutron spectra for D2O (6% eUC>2 in TI1O2) and H2O
(9% eUC>2 in ThC^) cases. The absorption cross section of 232Th is also plotted in the same
figure. It is seen that the thermal flux level is nearly double when D2O moderator is
considered. Since 2 Th has significant thermal capture cross section, higher level of thermal
flux more than compensates for any loss of flux in the epithermal or resonance energy range.
This is the reason for higher 233U production rate with D2O moderator. Another important
advantage of D2O moderator is the possibility to have large moderator volume that can
accommodate high thoria loading fraction and fertile captures can take place with no
competition from other nuclides. The fuel pitch in case of H2O moderator is too tight to allow
any significant amount of thoria loading and competitionless captures.

2.4 Irradiation Behavior of Seedless TI1O2 Fuel Under at Different Flux Levels

Seedless thoria rods were irradiated at one group total flux levels of (0.5, 1.0, 2.0 and
4.0) X 1014 n/cm2/sec for 1500 days. Fig.6 gives the U variation with irradiation at these
four flux levels. It is seen that for a flux level of 2X1014 n/cm2/sec, the asymptotic 233U value
is almost reached at 800 days, while for lower flux levels it is increasing even after 1500
days. At 4 X1014 n/cm2/sec flux, the peak value is reached at 400 days and there is a slight
fall thereafter. From this study, it may be inferred that if natural ThC>2 rods are irradiated at
flux levels of 1 to 2X1014 n/cm2/sec, one would have the optimum production rate of 233U.
Fig.7 shows the corresponding K«, variation of these thoria rods as a function of irradiation at
different flux levels. The K« behavior follows the 233U production rate closely. When the
asymptotic stable concentration of 233U is reached the K«, value also reaches a constant value,



albeit less than unity. The existence of positive and asymptotic zero slope of reactivity with
burnup for ThO2 rods can be exploited. ,Jf it is balanced against the negative reactivity slope
of the conventional 23SU based fission reactor, one can achieve a core design with minimal
reactivity variation during a fuel cycle.

2.5 Burnup Accumulation Rates for a Given Fluence

Fig.8 gives the burnup in units of MWD/T when i) ThO2 rods with no seed or ii) with
6% UO2 seed (93% enriched), iii) 6% enriched UO2 rods are irradiated in a flux level of 1014

n/cm2/sec. D2O moderator was considered in all cases. It is seen that in case of ThO2 rods
with 6% UO2 seed, a burnup of about 45,000 MWD/T is achieved at 1500 days while in case
of UO2 rods with 6% enrichment, the burnup is about 30,000 MWD/T at 1500 days. For
seedless ThO2 rods, the burnup is 20,000 MWD/T for the same fluence. The seeded ThO2

rods achieve the highest burnup for a given fluence due to higher fissile production rate. The
burnup at the same fluence for enriched UO2 rods is only two thirds of the above due to less
fissile conversion rate. This burnup is however 1.5 times more than that for the seedless ThO2

rods.

From this study, a possible structure for placing the enriched UO2 seed rods and the
fertile ThO2 rods within a fuel assembly can be identified. If the seedless ThO2 rods are
placed in an outer ring, they would face directly the thermal neutron flux incident from D2O
moderator. The enriched UO2 fuel (seed zone) can be placed in interior rings, so that they
would face a diminished magnitude of thermal flux level. It should then be possible to nearly
match the asymptotic burnup level in both fertile thoria rods and the enriched UO2 seed rods.

2.6 Power Mismatch Between Natural ThO2 and Enriched UO2 Rods

One of the major problems to be addressed to in a seed and blanket type fuel assembly
design described above is the power mismatch between the two zones. At the start of life the
natural thoria rods will produce only a few watts due to fast fission, while the enriched UO2
rods may produce kilowatts. With fissile material production, the power mismatch would
gradually diminish and at very high burnup the power peaking may even shift to the thoria
zone. This would pose serious problem for thermal hydraulic design. This problem has been
sought to be alleviated by considering a fresh fuel assembly to be constituted in the following
manner. If one batch size of natural thoria rods are irradiated in the same reactor for one fuel
cycle duration of about an year, and if the flux level in such thoria flusters could be
maintained at 1 to 2X1014 n/cm2/sec, these thoria rods would accumulate 60% of the
asymptotic stable concentration of 233U. Fresh enriched fuel rods in ring cluster form are then
assumed to be inserted into the above pre-irradiated thoria rods also in ring cluster form. A
batch size of such integrated (fresh UO2+irradiated ThO2) fuel assemblies can then irradiated
for several fuel cycles before being discharged from the reactor. Later it will be shown that
the discharge burnup achieved in UO2 and ThO2 rods can be comparable, i.e. even if the
burnup accumulation in ThO2 rods is slow to start with, after the enriched UO2 rods are
sufficiently depleted the power peak would shift to the ThO2 rods and the burnup of ThO2

rods would reach or cross the burnup of UO2 rods. The rod dia of ThO2 rods can be chosen to
be bigger than that of UO2 rods in order to match the relative power share in the two zones.

From the foregoing discussions the following salient characteristics of a possible UO2-ThO2

mix reactor have emerged:



• The fertile to fissile conversion rate can be maximized by using seedless thoria rods.

• D2O moderator is ideally suited for the above since it offers largest physical volume of
moderator with the least wasteful capture probability in the moderator itself.

• The flux faced by the thoria rods can be maximized by placing them away from enriched
UO2 fuel, i.e. in some islands of pure moderator regions that would serve as thermal flux
traps. A ring cluster type geometry is useful for eventual integration with fresh enriched
UO2 fuel cluster. Thoria clusters are to be irradiated in the same reactor for one fuel cycle.
In order that they face significant neutron flux of 1 to 2X1014 n/cm2/sec, they should be
spread out uniformly in the interior region of the reactor core. It is preferable that they
remain inside throughout the fuel cycle.

• The natural thoria clusters can serve as intrinsic reactivity control mechanism.

• The thoria rods would eventually become regular fuel rods after integration with fresh
enriched fuel rods, serving as seed zone. The irradiated thoria rods are placed in the
outermost ring which help them to generate sizeable power and attain asymptotically
nearly the same burnup as the enriched fuel rods.

• If the insitu breeding of 233U in thoria rods is found to be adequate, there is no need to use
external feed of seed enrichment. The latter is the most crucial prohibitive factor for early
induction of thorium in the present day power reactors.

• The thoria loading fraction can be increased by increasing the enrichment. However if the
criteria of equalizing the discharge burnups is to be met, one can consider only that much
enrichment which is consistent with the burning rate of the natural thoria rods. This is
intrinsically dictated by the overall assembly and core design.

2.7 Geometry and Size of a Single Fuel Assembly

For freezing the geometry of the fuel assembly, some additional considerations should
be spelt out. D2O moderator necessitates pressure tube type design. Vertical core design is
preferred to avoid the irradiation creep and sagging problem of horizontal pressure tubes. A
hexagonal fuel assembly lattice configuration is chosen for the core. This lattice geometry
enables near cylindrical shape of the core external boundary. Within a fuel assembly, a ring
cluster form of arrangement is selected. This geometry avoids the corners or edges of a
typical square or hexagonal fuel assembly type design and hence the complex problem of
2-D/3-D fuel enrichment variation within a fuel assembly, such as the one adopted in a
typical BWR fuel, is avoided. In view of the peculiar requirement of reconstitution of the
fresh fuel, as mentioned above, shutdown refueling in batch mode is preferred. The fuel rods
are assumed to have an active length of about 360cm. The fuel dia is chosen to be around 1
cm. Boiling H2O coolant is preferable since the pressure can be lower in comparison to
pressurized D2O coolant. This offers the advantage of lower pressure tube thickness for a
given tube dia, better thermodynamic efficiency and avoidance of the D2O leakage and
accompanied tritium release. However, one of the serious problems to be addressed to is that
of the positive reactivity coefficient in case of a LOCA, as was mentioned in Section I.

2.8 Fuel Cluster Design with Negative LOCA Reactivity Coefficient



It is well known that when the D2O coolant of a CANDU type PHWR is replaced by
boiling H2O, the LOCA reactivity coefficient becomes menacingly much more positive due
to increased absorption by H2O. Even with enriched fuel the positive LOCA coefficient
persists. For negative LOCA coefficient, one has to use tight assembly lattice spacing, which
is disadvantageous from reactivity point of view as well as from coolant inlet and outlet pipe
routing considerations. The assembly pitch should allow adequate interchannel gap from
engineering considerations. The only SGHWR, which was operated in U.K. between 1968 to
1991, considered a calandria o.d. of 18 cm and a square lattice pitch of 26 cm12.

A study was undertaken to observe the change in K*, with void due to different sizes
of the fuel cluster. To enable a better scrutiny, the changes in each of the four factors
comprising K«,, viz., r|, p, s and f were also noted. With increasing size of the fuel cluster
from 19 or 37 fuel rods (as used in PHWRs of present day design) tp progressively 61, 91 and
127 rods, the change in the resonance escape probability was observed. The rod dia had to be
decreased in the bigger size cluster so as to keep a reasonably smaller dia for the pressure
tube. Due to thinner fuel rods of larger number, the resonance absorption increases with
increased size of the fuel cluster. 'Ap' due to void starts becoming less positive and
eventually negative while the contribution from the other three factors remain positive all
through13. Table-2 gives the reactivity values for 91 and 127 rod cluster with boiling H2O or
pressurized D2O coolant and the voided condition. This table presents a typical case study to
illustrate the various physical phenomena contributing to negative void coefficient.

The assembly square lattice pitch is 30 cm. Typically the fuel pellet and clad o.d.s
were 1.0 and 1.14 cm. In case of 91 rods cluster with bigger pressure tube (PT) inner dia of
17.6 cm, thicker rod dia of 1.18/1.32 was also studied which corresponds to matching of fuel
inventory with that of 127 rod cluster. It is noted that for boiling H2O coolant when all fuel
rods are eUO2 rods, the negative contribution from 'Ap' alone nullifies the positive
contributions from the other three factors. For boiling H2O coolant, this phenomena is more
marked than for D2O coolant. This is due to the fact mat boiling H2O not only acts as coolant
but makes significant contribution to moderating of neutrons as well. One is able to distribute
the role of moderation to the outside colder D2O moderator and the boiling H2O coolant,
rather equally. This is more apparent when the cases of 91 rods cluster with PT dia of 14.8
cm and 17.6 cm are compared. In the former case the outside D2O volume is larger. Hence
the relative moderating role of inner H2O coolant is less. This leads to somewhat less
negative or more positive void coefficient for the lower PT dia cases. The moderation role of
pressurized D2O coolant is rather insignificant. Thus even though the 'Ap' is negative, it does
not compensate the positive contribution from other three factors and the void coefficient is
seen to be positive for all the cases studied.

Another variant that was studied was replacement of the last fuel ring with ThO2 rods
with some 233U in them. This case represents the typical fuel cluster design of the new reactor
concept described in later sections, in its fresh condition. It is seen that the void coefficient
tends to be less negative or positive compared to all eUO2 cases. PT dia of 17.6 cm gives at
least 'AIQff' value of <3 mk, which can be deemed to be nearly zero, in view of the
uncertainties involved in these calculations. Later it will be shown that at higher burnup with
more build-up 233U in TI1O2 rods, the void coefficient becomes negative or nearly zero even
for'AKoo'.

A large size fuel cluster also offers the advantage of loading a large number of thoria
rods in the outermost fuel ring facing directly the thermal neutrons incident from the



moderator. Hence a fuel cluster with 127 rods per fuel assembly is preferred. A pressure tube
inner dia of 17.6 cm is needed to accommodate these many fuel rods. The calandria tube
outer dia is accordingly 20.7 cm. A hexagonal lattice pitch is chosen as 32cm which is
equivalent to the square lattice pitch of 30 cm studied above.

2.9 Reduction of Power Peaking within the Fuel Cluster

As was mentioned above, the TI1O2 rods are placed in the outermost ring. Since these
rods form the seventh ring of the fuel cluster, there are 36 rods [6(n-l) rods] in this ring. It
was noted that it is not advisable to load thoria fuel in the inner rings since the fertile capture
rate will be poorer. This leads to 91 rods of enriched UO2 fuel distributed in six rings. It was
observed that there was a very large power peaking of about 1.6 among the uranium fuel
rings themselves. Even by using differential enrichment the peaking factor could not be
reduced to acceptable value of about 1.25. On the contrary, there was significant loss of
reactivity even after using much higher average enrichment. The solution to this problem was
obtained by replacing the central 37 rods with some pure moderator block like BeO. There
would then be just two rings of enriched UO2 rods. There are 24 rods in the inner ring and 30
rods in the outer one. The power peaking can be easily reduced by choosing the enrichment
of the inner ring to be 20% more than that of the outer one. The thoria rods contain typically
about 0.74% of 233U, if they are considered to be pre-irradiated at a flux of about 1.5X1014

n/cm2/sec for about 300 days. As a means of increasing the power share of the TI1O2 rods, we
chose the fuel dia of thoria rods to be -25% more than that of UO2 rods. The number of
thoria rods was reduced from 36 to 30. This has helped in increasing the pin to pin gap for
ThC>2 rods. The thoria volume fraction is also slightly increased. Each fuel cluster would
therefore contain 54 eUC>2 rods and 30 ThC>2 rods.

2.10 Description of Fuel Assembly and Central Moderator Block

The fuel pellet dia is taken as 1 cm for UO2 rods and as 1.26 cm for ThC>2 rods. The
clad thickness including the air gap is taken as 7 mm, giving a clad O.D. of 1.14 cm and 1.4
cm respectively. Allowing for a pin to pin gap of not less than 2 mm, the pitch circle dia
(pcd) for the three rings with 24, 30 UO2 rods and 30 ThC>2 rods are more are less self-
determined. The three pcd values are 10.4, 13.0 and 15.8 cm respectively. The pressure tube
(PT) ID/OD are 17.6/18.7 cm. The thickness of PT is chosen in accordance with its dia and
the operating pressure of 1015 psi. The air gap between PT and calandria tube (CT) is taken
as 0.85 cm and the CT (ID/OD) are 20.4/20.7 cm. The hexagonal assembly lattice pitch is 32
cm. The natural TI1O2 clusters without the seed zone require larger central moderator block as
filler zone.

The central moderator block needs to be a predominant scatterer like Be, graphite etc.
A D2O medium is. also possible. However it may require inner pressure and calandria tubes,
and circulation of the inner D2O would be complicated. If the coolant is chosen as pressurized
D2O, then one can consider inner pressure tube only. The coolant and the inner D2O can be
allowed to mix at the exit point. This would however lead to the requirement of heat
exchanger and reduced thermodynamic efficiency. D2O inventory also would increase.
Neutronically Be, graphite and D2O can all be considered as equivalent. In the present study,
BeO moderator block with zirconium liner is considered. It is assumed to be cooled by the
same boiling H2O coolant. No inner pressure tube is required in this case.
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2.11 Choice of Enrichment in UO2 Rods

The enrichment in UO2 rods is related to the discharge burnup and fuel management
strategy. As mentioned earlier, shutdown refueling in batch mode is preferred. A cycle length
of at least 300 effective full power days is desired. In addition, in the proposed reactor design,
natural thoria clusters of at least one batch size are to be irradiated in the same reactor. Hence
allowance must be made for accommodating these thoria clusters in the core throughout the
fuel cycle. It will be shown later that, though the Koo of the mixed UO2-TI1O2 cluster at the
start of life is significantly lowered in comparison to all eUCh fuel, at sufficiently high
burnup the K«, becomes higher than that of all eUC>2 cluster of mean enrichment. One can
exploit this burnup characteristic of the mixed fuel cluster, provided that the reactivity for a
design discharge burnup is adequate not only to sustain the chain reaction at the end of life of
an equilibrium fuel cycle, but also to cater to the insitu breeding of adequate fissile material
in the natural TI1O2 clusters which are loaded in the same core. The latter requirement
necessitates the use of somewhat more enrichment in the UO2 rods, than what the design
discharge burnup of UO2 rods would demand. In other words, the UO2 rods may contain
slightly higher unburnt fraction of 5U at the time of their discharge, in comparison to a
LWR fuel. This has been deliberately allowed to enable zero external feed enrichment in
thoria rods.

2.12 Reactivity Control Means

There is-an important benefit accruing from loading of natural thoria clusters in every
fuel cycle. The reactivity worth of these thoria clusters decreases with cycle burnup. This
factor also contributes to the reduction of burnup reactivity swing. It will be seen later that
the reactivity for hot full power operational state can be kept within a small bandwidth and
hence the requirement of reactivity control through control absorbers, burnable poison or
soluble boron can be eliminated.

For fast shutdown and shutdown hold two independent means of systems are
conceived. In the interchannel moderator space, liquid poison injection in dry tubes can serve
as one of the shutdown systems. Insertion of mechanical control rods in the interchannel
moderator space would require space for drive mechanisms in the vertical direction. This
must however be compatible with the coolant pipe routing. It is felt that one may use stainless
steel absorber in the form of several flat rings that may be hung in a rarified manner when
they are dropped into the core and can be compacted when they are parked out in the upper
reflector region. This will reduce the ram length. This system can serve both as reactivity
control for compensating the positive reactivity arising from 233U formation after some
planned/unplanned shutdown of the reactor and for secondary shutdown means. During
refueling outages, moderator dump can be serve as a guarantor of shutdown state.

2.13 Core and Fuel Assembly Design Parameters

The reactor power is chosen as 600 MWe. This power is internationally regarded as
optimal with respect to safety and economy. It is not too small for quantum addition of each
unit. When the scenarios involving beyond design basis accident are to be considered, the risk
for common public can be shown to be acceptably low in comparison to larger size power
reactors. For a typical thermodynamic efficiency of 32%, the design thermal power becomes
1875 MWt. The typical average linear heat rating in a LWR is about 170 w/cm. Using this
value and an active core height of 360 cm, the number of fuel assemblies with 84 fuel rods
per assembly is found to be ~360.
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The finalized core and fuel assembly design parameters are described in Table-3. The
new reactor concept proposed in this paper has been given the name 'Asian Thorium Breeder
Reactor', (ATBR) since maximum growth of nuclear power is envisaged in Asia in the next
century and this reactor can be one of the promising options. Figs.9 and 10 give the cross
sectional view of the 30 ThC>2 rod cluster and the (54 eUC>2 + 30 TI1O2) rods fuel cluster.
Apart from the 360 fuel assemblies, the core is designed to accommodate at least one batch
size of the (30 natural TI1O2 rods) clusters. A five batch-refueling scheme is assumed, giving
72 fuel assemblies per batch. For providing reactivity for xenon over-ride and other control
maneuvers, additional 19 natural ThC>2 clusters are also accommodated in the core. The core
thus contains 360 (84 rod fuel assembly) + 91 (30 TI1O2 rods) clusters. A assembly lattice
pitch of 32 cm is found to give near zero void coefficient for equilibrium core. The locations
of the thoria clusters are fixed and are assumed to be uniformly distributed at two times the
above lattice pitch, i.e. 64 cm. They span almost the entire core except the peripheral one or
two layers of fuel assemblies. The disposition of the 360 fuel assemblies will be based on the
fuel management strategy. This will be discussed in next Section.

3. RESULTS OF ANALYSIS AND DISCUSSION

3.1 Lattice Calculations

All lattice calculations were done in 69 energy groups, using the WIMS cross section
library and the code CLUB. For important thorium and uranium isotopes the nuclear data
were specifically generated by KAERI from ENDF/B-VI data file and were provided by Dr.
Jung Do Kim14.

The first set of calculations involved generation of the two group homogenized
parameters of 30 rods natural ThO2 cluster as a function of irradiation time in days at
different flux levels of 0.5, 1.5 and 2.5X1014 n/cm2/sec. The coolant void fraction was kept as
zero in these cases. The accumulated isotopic densities of uranium and other fission product
isotopes at irradiation time of 300 or 400 days were collected. These densities were fed as
input while starting the study of burnup characteristics of mixed eUO2-ThO2 fuel cluster,
referred to hereafter as ATBR. fuel. After several trials, enrichment values of 5.4% and 4.5%
were chosen for the inner and middle UO2 fuel rings. The lattice parameters were then
generated as a function of burnup and four void fraction values (0.0, 0.4, 0.7 and 1.0) for the
ATBR fuel cluster. This database generation was repeated for each of the six initial fluence
values corresponding to the above three flux levels and irradiation time of 300 or 400 days.
Database for cold xenon free state and with xenon were separately generated for these six
cases. In the former case, the 239Np and 233Pa were considered to be conservatively fully
converted respectively into 2 Pu and 233U and the number densities of 135Xe and 105Rh were
set to zero.

Fig.l 1 gives the comparison of K ,̂ of ATBR fuel against that of all eUC>2 fuel with the
ATBR assembly mean enrichment of 2.735%. It is seen that at zero burnup the Kx is
significantly reduced for the mixed fuel cluster. However it crosses at 21000 MWD/T, and
remains much above the other curve at later burnups. This feature is essentially due to the
good amount of fissile conversion in ThCh rods in comparison to that in an eUCh rod.

Fig. 12 gives the comparison of K^ as a function of burnup at 40% void for ATBR fuel
for different starting fluence levels of TI1O2 rods. It is seen that when the fluence is 300 days
of irradiation at 0.5X1014 n/cm2/sec flux, the K*, value at start of life of ATBR fuel is the
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lowest, and becomes higher for higher fluence values. However at later burnups this
difference is narrowed down. This K« behavior indicates that the core reactivity can be
enhanced either by increasing the flux level in natural thoria clusters or by prolonging the
cycle duration or by both.

Fig. 13 gives a comparison of Koo as a function of burnup for different voids and for
cold state. It is seen that there is very little difference between the K«, values of different
voids at all burnups. It may be noted that K«, for 100% void is higher than those of other
voids at zero burnup. This is due to a slight positive void reactivity effect allowed by design
at BOL as was mentioned in Section 2. However this curve crosses the other ones at about
12GWD/T and remains below others thereafter. Due to higher migration area, M2, at higher
voids, the Kefr would show a less positive or more negative void reactivity trend with burnup.
The equilibrium core is seen to exhibit a near zero void coefficient characteristic as will be
discussed in next section. The cold K« is close to hot K» values at zero burnup, but remains
higher at higher burnups. Fig. 13 also gives the cold K«> values without xenon. These curves
indicate that the xenon and temperature loads are nearly constant as a function of burnup.

Fig. 14 gives the relative power in each fuel ring as a function of burnup of the ATBR
fuel cluster. It is seen that the relative powers in the middle and inner UO2 rings are
respectively 1.28, 1.14 at zero burnup and progressively reduce to 0.71 and 0.79 at 50
GWD/T. The relative power in TI1O2 fuel ring starts from 0.6 and increases to as much as
1.46 at 50 GWP/T. However for a discharge burnup of about 30-35 GWD/T, the relative
powers in the above three fuel rings were noted as 0.82, 0.91 and 1.25 respectively. The small
kink near 10 GWD/T is due to change of burnup step size to a coarser value after this burnup
in lattice burnup calculations. Fig. 15 gives the burnup accumulation in the three rings as a
function of assembly burnup. For an assembly burnup of 35 GWD/T, the UO2 rods achieve a
burnup of about 33 GWD/T while ThO2 rods achieve about 40 GWD/T.

In addition to the two group lattice parameters as a function of burnup and void for six
starting fluence levels in ThO2 rods, xenon and temperature loads were also computed for
different heat rating and corresponding fuel temperature values. This database allows the core
characteristics to be studied by core diffusion theory code TRISUL.

3.2 Core Calculations

For the present study, the equilibrium core has been modeled. The core is assumed to
consist of five batches of fuel, each containing 72 ATBR fuel clusters of 0, 1 , 2 , 3 and 4
cycles of prior irradiation in the same core. 91 natural thoria clusters are assumed to be
loaded in every fuel cycle at fixed locations. Fig. 16 gives the schematic view of a core
loading. The 19 thoria clusters indicated separately in Fig. 16 are supposed to be moveable
and are meant for xenon override maneuvers. Fig. 16 gives a tentative OUT-IN cum low
leakage loading scheme. In this scheme, fresh fuels (I cycle) are loaded in the second layer
from periphery, II and III and IV cycle fuels are successively loaded in the interior layers and
the V cycle fuel is loaded in the outermost peripheral locations. The last feature contributes to
low neutron leakage. At the beginning of a fuel cycle, the burnup values are assigned in
accordance with the number of fuel cycles completed by that batch and the expected relative
power for that burnup zone.

Core calculations are performed by the two group 3-D diffusion code TRISUL using
hexagonal finite difference method. TRISUL code has been developed from the code
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TRIHEX-3D15. In this code an auto-triangularisation feature is available. It is possible to
refine the hexagonal meshes to fine triangular meshes (6, 24, 54 ...etc) and assess the error
due to mesh size. For the ATBR core due to large mean free path in D2O moderator, the
hexagonal mesh size of 32 cm was seen to be adequate for the scoping studies reported
herein. A six triangular mesh division can be used for the finalized design of the core. The
core diffusion calculations are done in two groups for l/6th core with rotational symmetry.

The thermal hydraulic model incorporated in TRISUL code is similar to the one used
for Tarapur BWRs. The initiation of sub-cooled boiling is estimated by S.Levy's model16. The
corresponding flow quality, which is different from the equilibrium quality, is obtained by
Zuber-Findlay model 7. The void-quality correlation is taken from Ref.18. These models are
incorporated in the Tarapur BWR simulator code COMETG and are seen to perform
reasonably well19. The total inchannel core flow for ATBR core is estimated as 27X106

tonnes/hr. Higher flow rate is allowed in fuel channels with probable higher relative power.
This is achieved by prescribing tighter orifices for the last peripheral layer of fuel assemblies
(V cycle), for the thoria clusters and loose ones for the rest. No detailed pressure drop
calculations are done. A tentative flow-power correlation is used to account for the change in
relative flow in a channel due to relative power of that channel. The coolant inlet enthalpy
can be varied from 7 to 20 kcal/kg. In the present studies, the upper value has been used. This
gives a core average steam (void) fraction of about 25%. D2O serves as reflector in radial as
well as axial directions. The radius of the core with reflector is taken as 420 cm giving a
reflector thickness of about 60-70 cm. The bottom and top axial reflector thickness are 60 cm.
An axial mesh size of 10cm is used in axial reflector and 20 cm in the active core region. The
presence of zircalloy tube extensions and steam in top reflector region were considered for
prescribing the reflector cross sections. The core contains no other mechanical control rods
during normal operation at full power. The 19 moveable thoria clusters are considered to be
adequate for any control maneuvers for auto-control as well as for xenon override. During
core followup simulation all 91 thoria clusters were assumed to be fully IN all the time. This
is necessary for xenon override as well as for accumulation of maximum fluence in thoria
clusters which ensures good reactivity for the ATBR fuel in the subsequent fuel cycles.

The prescription of two group lattice parameters to each mesh point of the 3-D
calculation involves interpolation of the lattice parameters as a function of mesh burnup, void
fraction and the initial fluence in thoria rods of that fuel. The void fraction in a mesh is
updated periodically by power-void iterations. As seen from the Koo curves, the last parameter
viz., fluence in thoria rods is crucial in assigning the appropriate two group parameters to a
mesh. It is however not known apriori. In the first followup of a fuel cycle it is tentatively
chosen as 1.0X1014 n/cm2/sec for all mesh points. Subsequently the actual flux levels seen by
the different thoria clusters and the core reshuffling scheme, together, are used to assign the
initial fluence level in thoria rods for each mesh. An auto-fuel shuffling scheme has been
implemented in TRISUL code. As per this scheme, the EOC burnups of all fuels including
the thoria clusters are arranged in descending order. Fuel shuffling from nm cycle to n+1
cycle is done by following this order number. For thoria clusters the highest exposed 72 of
the 91 clusters are selected. The order number of decreasing fluence is linked to the
increasing burnup order number of other batch fuels. The corresponding fluence serves as a
fixed interpolation parameter for that fuel for its entire lifetime in the core. Typically the
cycle followup calculations are repeated 3 or 4 times to get converged core characteristics.

Power dependent xenon and Doppler feedback corrections are applied to the two
group cross sections at the beginning of every void loop.

14



Fig.17 gives the radial power distribution in l/6th symmetric part of the core for the
OUT>IN type loading scheme. It is seen that a relatively high radial power peak of 1.64
occurs in the fresh fuel which are loaded near periphery. Further, the power share of the
highest burnt fuel (V cycle) of the peripheral layer is seen to be much larger compared to
those of central fuel assemblies with lower burnups. These features are quite different from
that of a typical LWR core following an OUT-IN loading scheme. This is due to the loading
of 91 natural ThC>2 clusters in the central regions of the core. They contribute to depression of
power in the central regions. The loading scheme had to be modified so as to boost the power
in central regions and decrease the overall peaking factor.

The locations of 91 natural ThC>2 clusters and the 72 peripheral assemblies of V batch
were kept the same as above. The locations of I, II, III and IV fuel cycle assemblies were
interchanged by trial and error method so as to achieve a fairly low peaking factor. Fig. 18
presents the optimized loading pattern, which has a curious star-like shape. The radial power
distribution corresponding to the above loading scheme are presented in Figs. 19 and 20 for
BOC and EOC. It is seen that the radial power peak is 1.295 at BOC and 1.259 at EOC.
There is a gain of power in interior regions with burnup due to change in characteristics of
thoria clusters. Fig.21 gives the power share in the five batches of fuel and in the 72 & 19
thoria clusters as a function of cycle burnup. It is seen that the power shares do not change
significantly in the four major zones of I to IV cycle fuels. The power share of the V cycle
fuel falls monotonically, while that of thoria clusters increase with burnup. The thoria clusters
produce zero power at the start, and nearly 24% of the average power at the EOC. Fig.22
gives the axial power profile at the beginning, middle and end of cycle. It is seen that the
axial peak factor is below 1.3 and shifts slightly to the top of the core with cycle burnup. The
presence of axial reflector helps in maintaining a reasonably low axial peak value.

Figs. 23 and 24 give the radial burnup distribution in l/6lh core at BOC and EOC
respectively. The thoria clusters achieve a burnup of 846 to 1758 MWD/T in 300 days. The V
cycle fuel burnups range from 29282 to 33276 MWD/T, giving a mean discharge burnup of
about 31600 MWD/T.

Fig.25 gives the radial distribution of axial average void fraction values at BOC. The
thoria rods produce zero power and hence the void fraction is zero in these assemblies. The
maximum average void fraction is seen to be 0.377. Fig.26 gives the typical axial void
profiles in ATBR fuel and thoria clusters at BOC and at EOC. Due to tighter orifices
prescribed for thoria clusters, it is seen that the exit void fraction in thoria cluster is nearly
0.37 at EOC. For normal ATBR cluster this figure could be around 0.6 to 0.7.

Figs. 27 to 30 give the radial distribution epithermal and thermal flux values in units
of 10n n/cm2/sec in the radial plane of maximum power at BOC and EOC. It is observed that
at BOC, the epithermal flux in thoria clusters drops by more than three times in comparison
to the values in the ATBR fuels in the vicinity. The thermal flux values are however
comparable. At EOC, there is a considerable gain in both epithermal and thermal flux values
due to 233U formation and consequent fission production in thoria clusters themselves. In
reflector region the epithermal flux falls by seven times, while thermal flux rises by 1.5 times.

Fig.31 gives the effective one group flux in some thoria clusters. This is obtained by
superimposing the two group cell average fluxes integrated over the fuel cycle (TRISLJL
analysis) with the fuel to cell flux ratio obtained from CLUB code. For illustration, the six
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thoria clusters along the 0 = 0 line have been chosen. It is seen that the flux faced by the
thoria clusters range from 0.3 to 1.6X1014 n/cm2/sec. The average was around 1.05X1014

n/cm2/sec.

Equilibrium core studies were performed with cycle duration changing from 300 to
390 effective full power days (efpds), with the batch size kept constant at 72. Fig.32 gives the
variation of K^n-with cycle burnup. The x-axis in this plot is core average burnup. The shift in
BOC values for longer cycle lengths is due to higher accumulated burnup of old fuels. It is
noted that the Keir shows a small decrease in the beginning, then remains flat, and finally
falls. The initial fall is due to 233Pa buildup in fresh thoria assemblies. Subsequently the core
reactivity is nearly constant till 233U buildup in thoria assemblies and the depletion of 235U are
balanced. Due to 233U buildup, the worth of 91 thoria clusters is less at EOC in comparison to
BOC. This compensates nearly 2.4% of the burnup reactivity load (see next section). The
overall spread in Keir is only ±2mk for a cycle length of 300 efpds. It is remarkable to note
that the 35U burning and 23 U production are judiciously balanced so that the Kctr and power
distributions are intrinsically maintained within a narrow spread without any external
maneuvers of reactivity control mechanism like soluble boron, burnable poison or control
rods.

The flat reactivity shape is nearly maintained for longer cycle duration as well.
However since the fuel is exposed more, the absolute reactivity value is less than unity. These
fuel cycle options would be feasible by choosing appropriate batch size. Alternatively, the
xenon override requirement may be somewhat relaxed and one can obtain adequate reactivity
by withdrawing the 19 thoria clusters to required heights.

Table-4 gives the summary of Kefr values and radial, axial and global peaking factors
for different cycle duration with 72 fuel assemblies per batch. Fig.33 gives the plot of the
peaking factors. The peaking factors are seen to be higher for longer cycle lengths. This is
due to the use of the same loading pattern that is optimized for 300 efpd. Each loading
strategy will require a fresh optimization exercise.

Table-5 gives the various reactivity changes due to power (xenon, Doppler and void),
hot zero power to cold xenon free state evaluated at BOC and EOC. The void reactivity
coefficient near the full power condition was estimated by changing the inlet subcooling
and/or total core flow. This was seen to vary from -0.25 mk/%void at BOC to -0.03mk/%void
at EOC. The saturated xenon load is 27.1 mk at BOC and 28.9 mk at EOC. The Doppler load
from hot full power to hot zero power is 6.6 mk at BOC and 6.2 mk at EOC. The void
reactivity load is 6.1 mk at BOC and 0.7 mk at EOC. The hot zero power to cold xenon free
state gives a reactivity change of 8.3 mk at BOC and 7.6 mk at EOC. The core excess
reactivity in cold xenon free state is 48.1 mk at BOC and 41.7 mk at EOC. The control
requirement for hot shut down and shutdown hold are therefore seen to be less than 2.5% and
6%, including a shutdown margin of about 1%.

The xenon override reactivity after prolonged operation at full power is plotted in
Fig.34. For the sake of comparison the curve for a 500 MWe PHWR design is also given in
this figure. The override requirement is about 20 mk for ATBR as against 110 mk for PHWR.
The 19 moveable thoria clusters can meet this if they are all kept fully IN during normal full
power operation.

In the present study, the reactivity effect of partial 233Pa decay into 233U during a
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refueling outage and subsequent reconstitution of the core has not been considered. This will
give some additional reactivity. For brief shutdown periods during the cycle, this reactivity is
not expected to be large. Insertion of the requisite number of stainless steel absorber
rings/rods in the interchannel moderator space is to be engineered to compensate this
reactivity perturbation. Stainless steel rings with large gaps between them is preferable to
solid rods because they will offer adequate surface area for neutron absorption and will not
significantly perturb the power distribution in the neighboring .fuel channels. If they are
collapsible in withdrawn state, the ram length would also decrease;

3.2.1. Worth of thoria Clusters

At the time of finalizing this paper, the model for estimation of the worth of the 91
thoria clusters was scrutinized. In the old model, movement of thoria cluster was simulated
by replacing the thoria cluster cross sections with D2O moderator cross sections. The latter is
now modified as the homogenized cross section of the pressure tube, calandria tube, filler
BeO block, the boiling H2O of zero void fraction and D2O moderator. Since H2O and Zr have
a significant absorption cross section, it was noted that the net reactivity change due to
withdrawal of all the 91 thoria clusters was less than 2% at BOC and nearly zero at EOC.
Hence it is not possible to consider them for auto-reactivity control or for xenon override.

The following suggestions are made to overcome this problem.

The thoria clusters generate zero power at BOC and only about 4% of the total power
at EOC. It is surmised that the moderator with its normal flow is capable of absorbing this
heat. In this case, the thoria clusters may be placed directly in D2O moderator with ambient
pressure and low temperature. It is presumed that the thoria clusters in such congenial
environmental conditions are unlikely to develop leaks and hence may not pose problems of
activity pollution in the moderator. This would simplify the engineering design for the thoria
clusters and also eliminate the above mentioned absorption of its structural materials. The
core reactivity will be enhanced in this case. The worth of 91 thoria clusters in this case is
estimated as 76 mk at BOC and 52 mk at EOC.

This choice of placing the thoria clusters directly in the moderator makes it possible to
design mechanical control rods of B4C type that could be dropped into certain thimbles
placed at the centre of non-moving thoria clusters, in the event of reactor scram. The primary
shutdown system shall be fast injection of liquid poison into requisite number of empty tubes.
These tubes are assumed to be placed in the interchannel D2O space at the centre of three
adjoining fuel channels.

One may also consider the 19 TI1O2 clusters to be replaced with some pure absorbers
like cobalt cluster. They must remain IN all the time and be withdrawn for xenon override.
The cooling of either TMD2 or cobalt clusters in its withdrawn state and the associated
shielding design should be adequately addressed.

3.2.2 Fuel Contents in Fresh and Discharged Fuels

Table-6 gives the summary of fuel contents in the fresh charge of fuel assemblies and
the discharged ones for a batch size of 72 assemblies and for different cycle lengths. Average
discharge burnup values are also indicated. A reasonable value of the discharge bumup is
presumed to be around 32-35 GWD/T. The fresh fuels contain thoria rods of different
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fluence levels. Hence the U content in them are slightly different. The discharge fuel
contains 108 to 112 kg of 233U and 132 to 141 kg of total U in thoria rods, 72 to 80 kg of total
Pu with 54-56 kg of fissile in uranium rods. The unburnt 235U is 139 kg for 300 efpd cycle
length and 94 kg for 390 efpd. These results have been obtained by considering the three
dimensional variations of burnup and thoria rod fluence values.

3.2.3 Comparison with VVER-1000 MWe Reactor

In order to assess the fuel economy of ATBR concept, a comparison is made with the
serial VVER-1000 MWe design. A quantum electricity generation of lOGWe for 30 years
with 300 efpd operation per year has been considered. The relevant information for VVER-
1000 reactor has been taken from Ref.20. Table-7 gives the initial 235U feed requirement,
equivalent mined uranium, and the contents of discharged fuel for the above quantum of
electric power production. ATBR-600 requires 4845 T of enriched uranium with U content
of 237.4T while VVER-1000 requires 6660 T of enriched U with 293T of 235U. The
equivalent mined uranium values are 45540T and 55940T respectively. In addition, ATBR
considers loading of 3835 T of natural thorium. The gross outputs of total Pu and unburnt
235U are respectively 36T and 70Tfor ATBR and 68T and 78T for VVER. In ATBR there is
production of 54T and 66T respectively of 233U and U-total from thorium. The gross outputs
are 172 T and 147T for the two reactors with the fissile contents being 153T and 126T. Since
233U is a better fuel for thermal reactors, the ATBR output material has greater potential for
re-use in similar reactor design. The ratio of gross output to input is 0.72 for ATBR and 0.5
for VVER. This table demonstrates that the ATBR fuel cycle shall be far more economical
and is capable of using wider base of nuclear materials viz. uranium and thorium.

The salient features of the ATBR core can be summarized as follows.

• During full power operation there is no need for external reactivity compensating
mechanisms like soluble boron, burnable poison or control rods.

• The Keff and the power distribution are intrinsically maintained within a narrow
band throughout the fuel cycle. The AK«fr is as low as ±2mk for a cycle duration
of300efpds.

• Some stainless steel absorber in the form of rods/rings may be inserted in the
interchannel space to negotiate the reactivity effect of U buildup after any
planned/unplanned shutdown of the reactor.

• In view of the fact that the 91 thoria clusters are spread throughout the core, it is
surmised that any possible power surge or flux rise in any part of the core shall be
arrested back. This feature could also curb any xenon induced power oscillations
that are common in large size PHWRs. This would be confirmed by detailed study
of higher harmonics and the eigenvalues thereof.

• It may be mentioned here that the thermal flux level is nearly half of that in a
PHWR. This decreases the xenon override requirement considerably. The xenon
override reactivity is about 20mk for full power operation. This can be provided
by withdrawal of 19 moveable thoria clusters, if they are placed directly in D2O
moderator.

• During full power operation, there are practically no external reactivity devices
present in the core. The void reactivity coefficient is nearly zero by design. These
features make the ATBR core inherently safe, in the sense that the most common
transients involving reactivity excursions like, rod ejection, cold water addition,
loss of coolant accident (LOCA), etc are either absent or far less severe for this
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reactor. The reactor is expected to be neutronically more stable than a LWR, in
case of LOCA and subsequent emergency core cooling system (ECCS) injection
phases.
The ATBR concept has better fuel economic and operational characteristics.

4. PRE-EQUILIBRIUM CORE DESIGN

The fresh core and subsequent ones prior to attaining equilibrium condition are
conceived as follows. Loading of 91 natural thoria clusters will be a common feature to all
the cores. Differential and lower enrichment values will be considered in the fresh core. They
will be chosen such that a cycle length of at least 300 efpd is achieved. In place of the
irradiated thoria rods natural UO2 fuel ring can be considered in the fresh core. In the first
reconstituted core, the fuel assemblies with lowest mean enrichment will be discharged. In
lieu of these assemblies, a batch of fresh fuel with equilibrium feed enrichment (5.4% &
4.5%), integrated with the one-cycle irradiated thoria clusters, will be loaded and the core
will be appropriately reconstituted. Similar procedure is followed for five fuel cycles after
which equilibrium type of refueling can be followed. Due to lesser thorium inventory in these
cores, the burnup characteristic of the pre-equilibrium core would show a greater change
(fall) in reactivity during the fuel cycle. It would be necessary to consider some control
inventory in the form of either soluble boron or preferably some stainless steel absorber
rods/rings in the interchannel D2O volume.

5. UNCERTAINTIES IN THE CALCULATIONS

There are uncertainties both in the cross section data and in the calculation models
used. In particular, it may be mentioned that the burnup model considers still the nephew
scheme of pseudo fission products recommended in LWR-WIMS21. The pseudo yields for
233U fission have been taken to be same as those of 235U. The yields of fission products with
high absorption cross section, from fissions in 233U, are in general seen to be lower than that
for 235U fissions22. Weak chains of minor actinides are omitted in the burnup chain. Analyses
of some enriched UO2 lattice experiments indicate that the IQfr values are predicted within
±0.8% of unity23. Analyses of some 233UO2-

232ThO2 critical experiments indicate that the Ken-
values are underpredicted up to 1%24. It may be mentioned that the nephew scheme of pseudo
fission product leads to overestimation of absorption by fission products and the K«, with
burnup is underpredicted by about 1% at burn-ups >30 GWD/T25. Uncertainties arising from
homogenization and use of large hexagonal meshes of 32 cm pitch size, are negligible since
D2O moderator results in large mean free path and the hexagonal finite difference method is
reasonably accurate. Approximate thermal hydraulic modeling may not cause serious errors
since the void reactivity effect is very small by design. The code TRISUL is newly developed
for ATBR design. Internal self-consistency checks have been done and is found to be
sufficiently reliable for the studies carried out. In view of the above predictive capabilities of
the data libraries and the theoretical methods, it may be stated that the reactivity values
reported in this paper could be a lower estimate. Notwithstanding the above, the proposed
ATBR has convincingly superior features in comparison to the power reactor designs
prevalent today. It is necessary to perform some physics experiments to refine the design
parameters delineated in this paper. The emphasis is laid more on the design philosophy
rather than on the design parameters themselves.
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6. CONCLUSIONS

A new reactor concept has been proposed for induction of thorium into an otherwise
enriched uranium reactor. By exploiting the neutron absorption characteristic of 232Th vis-a-
vis 238U, it has been possible to evolve a design wherein thorium can be loaded with no
externally fed seed enrichment. D2O moderator is necessary to accommodate large fraction of
thoria loading, where the fertile to fissile conversion can take place at a rapid rate due to
trapping of high thermal neutron flux. The reactivity is delicately balanced by matching the
235U depletion and 233U production rates. The reactivity variation for a 300 efpd operation is
just ±2mk. This obviates the need for absorbers like soluble boron or other mechanical
absorbers. Consequently the reactivity-induced transients are least probable which makes the
design inherently safe.

The ATBR design considers the loading of enriched uranium and thorium in the ratio
50:50 by weight. It requires 27% less enriched fuel or correspondingly 19% less equivalent
mined uranium in comparison to a VVER-1000 MWe reactor design for comparable energy
generation. It produces 47% less Pu. In ATBR there is sizeable production of 233U which is
having much better neutronics characteristics for re-use in thermal reactors. It is also
intrinsically proliferation resistant due to formation of the isotope U and the daughter
products thereof. There is no need for fuel reprocessing till adequate supply eUC>2 is
available. The reactor concept is extensible to other types of seed zones employing either
233U in natural uranium/thorium or Pu in natural uranium/thorium. Of these, the option of
233U in thorium" has the potential of being developed into a thermal breeder3. 233U-Th fuel
cycle is also proliferation resistant. Hence ATBR should prove to be an attractive option for
an early induction of thorium and for conserving as well as extending the energy potential of
uranium. Even in the closed fuel cycle options, the reprocessing load would be nearly halved,
since 50% of the core can continue to use fresh ThO2 in its natural from. The ATBR concept
has an overall better fuel economic, operational and safety characteristics in comparison to
the power reactors in vogue.
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Table-l Cross Sections of Important Th-U-Pu Isotopes
- ENDF/B-V Derived Parameters

Element

Th-232
Pa-233
U-233
U-234
U-235
U-236
U-238
Pu-239
Pu-240
Pu-241
Pu-242

Capture
Cross Section

2200 m/s
value barns)

7.405
41.46
45.79
103.05
98.44
5.157
2.7

270.2
289.9
361.4
19.167

Fission
Cross Section

2200 m/s
value (barns)

—
—

528.7
0.4642
583.9

4.68E-2
5.28E-6
741.7

5.71E-2
1016.0

1.043E-3

Capture
Resonance

Integral
(barns)
83.96
856.4
136.55
660.2
139.15
347.0
279.5
193.93
7971

196.89
1272.6

Fission
Resonance

Integral
(barns)
0.6185
2.947
756.0
6.539
281.7
7.768

2.0324
303.5
8.83
588.4
5.568
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Table-2 Void Reactivity Effect for Different Fuel Cluster Sizes, Coolant and Fuel Materials

Assembly Lattice Pitch = 30 cm (square) for all cases.
For PT Inner Dia of 14.8 cm and 91 Rod cluster, fuel pellet and clad ODs are 1.00/1.14 cm.
For PT Inner Dia of 17.6 cm and 91 Rod cluster, fuel pellet and clad ODs are 1.18/1.32 cm ; for 127 Rod cluster, they are 1.10/1.14 cm.
Enrichment of eUO2 Rods = 4.9% 235U. ThO2 Rods replace eUO2 rods in the last ring only. (6th for 91 rods, 7th for 127 rods cluster)

233 234 235 2p
ThO2 rods contain 0.74% U with a composition of (233U: 234U: 235U :: 92:6:1). is obtained for a buckling value of 1.0 m"2.

PT
ID
cm

No.
of

rods

No Void

e P f n

Voided

6 P f n

Void Coefficient and its Breakups
in mk units

AKrfr Ae Ap Af An

All eUO2, Boiling H2O Coolant
14.8
17.6
17.6

91
91
127

1.5387
1.5269
1.5155

1.5149
1.5055
1.4937

1.183
1.199
1.204

0.719
0.705
0.698

•0.942
0.941
0.939

1.920
1.920
1.920

1.5275
1.4919
1.4886

1.4904
1.4551
1.4521

1.266
1.317
1.316

0.646
0.606
0.606

0.974
0.975
0.974

1.917
1.916
1.916

-4.8
-15.4
-11.9

-10.9
-23.0
-19.2

55.2
74.7
70.9

-157.7
-230.9
-218.2

35.8
37.3
38.3

-0.9
-1.0
-1.0

eUO2 + ThO2 Fuel, Boiling H2O Coolant
14.8
17.6
17.6

91
91
127

1.2571
1.2366
1.2621

1.2365
1.2185
1.2431

14.8
17.6
17.6

91
91
127

1.5090
1.4662
1.4639

1.4770
1.4360
1.4335

14.8
17.6
17.6

91
91
127

1.2638
1.2130
1.2441

1.2355
1.1868
1.2171

.191

.211
1.215

0.742
0.728
0.718

0.918
0.916
0.917

1.549
1.531
1.578

1.2943
1.2533
1.2805

1.2613
1.2210
1.2478

1.263
1.317
1.317

0.673
0.635
0.631

0.967
0.967
0.967

1.575
1.549
1.594

22.9
10.8
11.4

15.9
1.7
3.0

48.2
66.6
63.5

-138.4
-200.7
-191.9

54.5
57.5
56.5

10.6
7.5
6.3

All eUO2, Pressurized D2O Coolant
.250
.296
.295

0.646
0.606
0.606

0.974
0.975
0.974

1.917
1.916
1.916

1.5290
1.4930
1.4896

1.4910
1.4553
1.4521

1.270
1.323
1.322

0.643
0.603
0.603

0.976
0.977
0.976

1.917
1.916
1.916

8.7
12.2
11.8

6.4
9.2
8.9

12.9
16.0
15.8

-7.3
-7.2
-8.3

1.8
1.8
2.1

-0.1
-0.1
-0.1

eUO2 + ThO2 Fuel, Pressurized D2O Coolant
.251
.301
.300

0.672
0.632
0.629

0.967
0.967
0.967

1.556
1.524
1.575

1.2979
1.2567
1.2832

1.2640
1.2234
1.2496

1.267
1.323
1.322

0.670
0.631
0.627

0.969
0.970
0.969

1.577
1.552
1.595

20.8
28.7
24.5

18.2
25.2
21.4

10.4
12.2
12.8

-4.2
-2.2
-3.3

2.8
3.1
3.1

8.7
11.5
8.3

Note: All A values are defined similar to AKoo=(l/K«>novoid-



Table -3 ATBR Core And Fuel Design Parameters

Reactor Power (MWe)
Total core flow (tonnes/hr)
Average heat rating (w/cm )
No. of rods in a fuel cluster
No. of rods in a natural thoria cluster
No. of (U-Th) fuel clusters in the core
No. of natural thoria clusters in the core
No. of fuel assemblies per batch

Ring ->
No. of fuel rods
Pitch circle dia (cm)
Fuel Material
Feed enrichment (%)
Fuel density (smeared with airgap) (g/cmJ)
Clad Material
Clad ID/OD (cm)
Assembly Lattice Pitch (hexagonal) (cm)
Average Fuel Temperature
Average Coolant Temp. (Boiling H2O - 1015 psi)
Coolant Inlet Subcooling (Kcal/kg)
Central Moderator Block
ID/OD of Central Moderator Block (cm)
Pressure Tube (PT) Zr-Nb (2.5%) ID/OD (cm)
CalandriaTube(CT)Zr-2 ID/OD (cm)
Moderator Material & Temperature
Radial D2O reflector thickness (cm)
Axial D2O reflector thickness (cm)
Calandria Tank Size

600 (1875 MWt)
27 X 10°
172
84 (54 seed rods + 30 ThO2 fertile rods)
30 ThO2

360
72 (fixed) + 19 (moveable) = 91
72

Inner
24

10.4
UO2

5.4
10

Zr-Nb(l%)
1.00/1.14

Middle
30

13.0
UO2

4.5
10

Zr-Nb(l%)
1.00/1.14

Outer
30

15.8
ThO2

insitu
9

Zr-Nb(l%)
1.26/1.40

32
600°C
286°C
7 to 20
BeO
1.0/9.0 (inclusive of Zr-liner)
17.6/18.7
20.4/20.7
D2O - 80°C
60 to 70
60
-8.4 m dia X 4.8 m height

Control System
Fast shutdown + Shutdown hold

Xe over-ride

1) Injection of liquid poison in dry tubes and
2) Stainless steel rings/rods in interchannel space
3) Moderator dump during refueling outages
Movable ThO2 clusters (19 nos.)
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TabIe-4 ATBR Equilibrium Core Studies 72 Assemblies per Batch - Five Batch Loading
Summary of Results for Kc(r, and Peaking Factors

Cycle length =
FPD

0
30
60
90

120
150
180
210
240
270
300
330
360
390

Kefr

1.0037
1.0024
1.0014
1.0014
1.0014
1.0015
1.0013
1.0012
1.0010
1.0005
1.0000
—
—
—

300 efpds
O.P.F

1.709
1.717
1.712
1.707
1.698
1.688
1.673
1.656
1.637
1.619
1.608
—
...
—

R.P.F.

1.261
1.255
1.258
1.263
1.266
1.268
1.268
1.268
1.266
1.264
1.266
—
—
—

A.P.F

1.296
1.295
1.289
1.283
1.279
1.275
1.269
1.261
1.256
1.251
1.249
—
...
—

330 efpds
K*fr

1.0000
0.9986
0.9975
0.9973
0.9972
0.9973
0.9970
0.9969
0.9966
0.9961
0.9955
0.9946
.. .
—

O.P.F

1.754
1.758
1.750
1.742
1.730
1.717
1.701
1.683
1.662
1.645
1.629
1.619
.. .
—

R.P.F

1.303
1.305
1.307
1.310
.311
.310
.309
.307
.304
.299
.293

1.287
—
—

A.P.F

1.277
1.276
1.270
1.266
1.263
1.259
1.254
1.248
1.244
1.241
1.242
1.240
—
—

360 efpds
KcfT

0.9963
0.9947
0.9935
0.9932
0.9930
0.9930
0.9926
0.9924
0.9921
0.9916
0.9910
0.9900
0.9890
—

O.P.F

1.791
1.795
1.784
1.773
1.758
1.744
1.726
.706
.685
.668
.651
.637

1.626
.. .

R.P.F

1.351
1.351
1.351
1.351
1.350
.348

1.345
.341
.336
.330
.323
.316
.309

—

A.P.F

1.260
1.261
1.256
1.253
1.249
1.246
1.241
1.238
1.234
1.234
1.235
1.233
1.234
—

390 efpds

Keff

0.9924
0.9908
0.9894
0.9890
0.9888
0.9886
0.9882
0.9880
0.9876
0.9870
0.9864
0.9854
0.9844
0.9832

O P F

1.839
1.839
1.824
1.809
1.791
1.775
1.755
1.733
1.713
1.695
1.679
1.664
1.648
1.635

R P F

1.403
1.400
1.398
1.395
1.392
1.388
1.383
1.378
1.371
1.364
1.356
1.347
1.338
1.329

A.P.F.

1.249
1.250
1.245
1.242
1.238
1.235
1.232
1.229
1.226
1.227
1.228
1.228
1.230
1.230

O.P.F. - Overall Peaking Factor; R.P.F. - Radial Peaking Factor; A.P.F. - Axial Peaking Factor
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Table-5 ATBR Equilibrium Core Studies - 72 Assemblies per Batch - 5 Batch Fuelling
Reactivity Loads Due to Xenon, Fuel Temperature, Void and Coolant and Moderator temperatures

Power
MWth

1875.0

1500.0
1125.0
750.0
375.0
187.5

75.0
18.75
1.875

0

% Full
Power

100

80
60
40
20
10
4
1

0.1
0

Beginning of Cycle

Void*
fraction

0.246

0.193
0.126
0.041

0
0
0
0
0
0

Reactivity change due to
Xenon

mk
0

2.08
4.75
8.10
13.87
18.90
23.09
25.94
27.00
27.11

Doppler

mk
0

1.22
2.49
3.96
5.20
5.80
6.29
6.50
6.55
6.57

Void

mk
0

1.32
3.00
5.10
6.15
6.15
6.15
6.15
6.15
6.15

Hot zero power to Cold Xe free Reactivity Load
Core Excess Reactivity in Cold Xe free state

Total

mk
0

4.63
10.24
17.16
25.22
30.93
35.54
38.59
39.70
39.83
8.26

48.09

End of Cycle

Void*
fraction

0.237

0.175
0.102
0.028

0
0
0
0
0
0

Reactivity change due to
Xenon

mk
0

2.26
5.52
10.44
16.76
21.42
25.23
27.81
28.75
28.86

Doppler

mk
0

1.19
2.44
3.65
4.89
5.53
5.91
6.1

6.15
6.16

Void

mk
0

0.19
0.40
0.63
0.71
0.71
0.71
0.71
0.71
0.71

Total

mk
0

3.64
8.36
14.72
22.36
27.66
31.85
34.62
35.61
35.73
7.62

41.74
- Core Average Void fraction
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CD

TabIe-6 - ATBR Core Fuel Contents in Fresh and Discharged Fuels For Different Cycle
Equilibrium Core Studies - 72 Assemblies per Batch - 5 Batch Fueling

Parameter

Weight of Thorium
Weight of *"U-in Th
Weight of " J U+^U in Th
Weight of U-tot in Thorium
Weight of U-tot in Uranium
Weight of unburnt " 'U in U
Weight of Fissile Pu in U
Weight of Total Pu in U
Average Discharge bumup

(kg)
(kg)
(kg)
(kg)
(kg)
(kg)
(kg)
(kg)

(MWD/T)

Lengths

Fuel Contents For different Cycle lengths in efpds of
Beginning of Cycle

300
7609.5*

56.4
56.6
59.1

9689.7
474.8

0
0
—

330
7608.3*

57.5
57.6
60.3

9689.7
474.8

0
0

• • • —

360
7607.2*

58.5
58.7
61.4

9689.7
474.8

0
0
—

390
7606.1*

59.5 •
59.7
62.5

9689.7
474.8

0
0

—

End of Cycle
300

7343.2
108.5
111.7
132.1

9242.6
139.3
54.1
72.4

31600

330
7316.2
109.8
113.4
135.6

9211.3
122.4
55.1
75.3

34500

360
7289.2
110.8
114.8
138.7

9181.5
107.2
55.9
77.9

37300

390
7262.0
111.6
115.9
141.5

9152.7
93.8
56.4
80.2

40000

*Thorium is irradiated for one cycle duration
Table-7 Comparison of Fuel Requirements for 10 GWe - 30 Years -

300 efpd per year Operation - ATBR-600 Vs WER-1000

Parameter
Reactor Power (MWe/MWt)
Feed enrichment (%)
Fuel fed per year U in eUO2 (T)

Th in ThO2 (T)

Fissile feed per year (300 efpds) H5U (kg)
Fuel Fed for 10 GWe-30 years eUO2 (T)

ThO2 (T)
Equivalent mined uranium (T)
Fissile input for 10 GWe-30 years (T)

Output Materials
Total - Pu (T)
Fissile Pu (T)
Unbumt ^ U (T)
233U (T)
Total U in thorium (T)
Total Output (T)
Ratio of output to input

ATBR-600
600/1875

4.9 (average)
9.69
7.67

474.8
4845
3835

45540
237.4

36.2
27.0
69.7
54.3
66.0
171.9
0.72

VVER-1000
1000/3000

4.4
22.2

976.8
6660

55940
293

68.4
47.9
78.2

146.6
0.50
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Fig. 1 Production of U from Th or Pu from U as a Function of Burnup
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as a Function of Burnup
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Fig.3 Production of U-233 / U-234 as a Function of Burnup
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Fig.4 Production of U-233/U-234 as a Function of Burnup
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Fig.6 Production of U-233 with Burnup for Pure Thorium Cluster
at various Flux levels
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Fig.7 Variation of K-inf with Burnup for Pure Thorium Cluster
at various Flux levels
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Fig. 8 Burnup in MWD/kg as a Function of Irradiation Time in Days
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Fig.9 ATBR - 30 Rods ThO2 Fuel Cluster

37



D20

Calandria Tube

Air Gap

Pressure Tube

ThO2 Rods

, Enr. UO2 Rods

Boiling H2O

BeO Block
ThO2(insituU-233)

eUO2 - 4.5%

eUO2 - 5.4%

Fig. 10 ATBR - 54 eUO2 + 30 ThO2 Rods Fuel Cluster
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Fig. 11 Comparison of K-inf For (UO2+ThO2) Fuel With All eUO2 Fuel
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Fig. 12 ATBR Fuel - K-inf As a Function of Initial Fluence in ThO2 Rods
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Fig. 13 Comparison of K-inf of ATBR Fuel for Different Voids and in Cold Condition

41



1.4

1.2 —

.3 i-o

a

0.6

Ring Fuel No. ol
Rods

Inner eUO2 24

Middle eUO2 30

Outer ThO2 30

Enr. ID/OD
% (mm)

5.4% 10/11.4

4.5% 10/11.4

insitu 12.6/14

Fluence in ThO2 Rods at BQL : 1.5E14 n/cm2/sec X 300 days

l i i i i i I i i n i i i i i i i i i i i i i i i i i i i i I i i i i I i i i I i r

10 20 30
Assembly Bumup (GWD/T)

40 50

Fig.14 ATBR - Fuel : Relative Power in Each Ring As a Function of Assmebly Burnup
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Fig. 16 ATBR Core - 360 (eUO2+ThO2) + 91 ThO2 Fuel Clusters
72 Assemblies/Batch - 5 Batches - OUT-IN type Loading
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in (UO2+ThO2) Cluster
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0.923) 0.002J h 326J <0M2
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0.515 0,002 o.847 0,000 1.345 0,002 1.575 1.054

0.398 0.488 0.673 0.847 1.050 1325 1.442 1.471 0.933

0.322 0m 0.488 0.001 0.869 0.002 1.325 0.002 fl.284 fo.768

0.277 0.322 0.398 0.514 0.725 0.922 1.190 1.311 1.290 0.819

Fig. 17 ATBR l/6th Core Radial Power Distribution For OUT-IN Type Loading
72 Assemblies per Batch - 5 Batch Loading
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Fig. 18 ATBR Core - 360 (eUO2+ThO2) + 91 ThO2 Fuel Clusters
72 Assemblies/Batch - 5 Batches - Optimized Loading Pattern
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Relativer Power
in (UO2+ThO2) Cluster

Centre

Fig. 19 ATBR l/6th Core - Radial Power Distribution for Optimized Loading Pattern
72 Assemblies per Batch - 5 Batch Loadmg - Beginning of Cycle
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Fig.20 ATBR l/6th Core Radial Power Distribution at End of Cycle
72 Assemblies per Batch - 5 Batch Loading
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Fig.21 ATBR Core - Zonal Power Fractions As a Function of Cycle Burnup
72 FAs per Batch - Five Batch Refueling
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Fig.22 ATBR Core - Integral Axial Power Shape - 72 FAs per Batch - 5 Batch Refueling
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Fig.23 ATBR l/6th Core - Burnup Distribution at Beginning of Cycle

72 Assembles per Batch - 5 Batch Fueling
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Fig.24 ATBR Core - Burnup Distribution at End of Cycle
72 Assemblies per Batch - 5 Batch Fueling
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Fig.25 ATBR l/6th Core - Radial Void Distribution at Beginning of Cycle
Equilibrium Core - 72 Assemblies per Batch - 5 Batch Fueling

53



0.0 -»
9 12

Axial Mesh Number
15

Fig.26 Axial Void Distribution at BOC and EOC
Typical Profiles for ThO2 & UO2+ThO2 Clusters
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Fig.27 ATBR l/6th Core - Epithermal Flux Radial Distribution at Plane of Maximum Power
Equilibrium Core - 72 Assemblies per Batch - 5 Batch Fueling - At the Beginning of Cycle
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Fig.28 ATBR l/6th Core - Thennal Flux Radial Distribution at the Plane of Maximum Power
Equilibrium Core - 72 Assemblies per Batch - 5 Batch Fueling- At the Beginning of Cycle
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Fig.29 ATBR l/6th Core - Epithermal Flux Radial Distribution at the Plane of Maximum Power
Equilibrium Core - End of Cycle - 72 Assemblies per Batch - 5 Batch Fueling
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Fig.3O ATBR l/6th Core - Thermal Flux Radial Distribution in Plane of Maximum Power
Equilibrium Core - End of Cycle - 72 Assemblies per Batch - 5 Batch Fueling
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Fig31 ATBR Core - One Group Flux in ThO2 Clusters Along G = 0 Line
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Fig.32 ATBR Core - K-effvs Cycle Burnup for Different Cycle Lengths
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Fig.33 ATBR Equilibrium Core - 72 Assemblies per Batch 5 Batch Fuelling
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Fig.33c Axial peaking Factor Variation with Cycle Length
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Fig.34 Xenon Load in mk After Reactor ShutDown
A Comparison of ATBR - 600 MWe and PHWR - 500 MWe
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