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This paper presents the results of calculations for CANDU reactor operation in the
thorium fuel cycle. The calculations were performed to estimate feasibility of opera-
tion of a heavy-water thermal neutron power reactor in the self-sufficient thorium cy-
cle. The parameters of the active core and the scheme of fuel reloading were considered
to be the same as for the standard operation in the uranium cycle.

Two modes of operation are discussed in the paper: the mode of preliminary accumula-
tion of 233U and the mode of operation in the self-sufficient cycle. For calculations for
the mode of accumulation of 233U, it was assumed that plutonium was used as the ad-
ditional fissile material to provide neutrons for 233U production. Plutonium was
placed in fuel channels, while 232Th was located in target channels. The maximum con-
tent of 233U in the target channels was about 13 kg/t of ThO,. This was achieved by six
year irradiation. The start of reactor operation in the self-sufficient mode requires con-
tent of 233U not less than 12 kg/t. For the mode of operation in the self-sufficient cycle,
it was assumed that all the channels were loaded with the identical fuel assemblies
containing ThO, and a certain amount of 233U. It was shown that the non-uniform
distribution of 233U in a fuel assembly is preferable.

Key words: thorium fuel cycle, CANDU reactor, reactor operation

INTRODUCTION

The absence of isotope 2>*U in nature does not
exclude the possibility of its use as a nuclear fuel. 23°U
is a product of radioactive decay of 23*Pa, which is
formed by means of neutron capture by 2*Th with the
subsequent -decay. Thereby, thorium, existing in na-
ture in a single stable isotope 23Th, can be trans-
formed, using nuclear reactions, into 233U, i. e. into the
fuel for power reactors. The world reserves of thorium
exceed those of uranium by several times. The cost of
thorium mining is much lower than that of uranium.
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This is due to approximately 100 times lower radiation
danger in the process of mining thorium in comparison
with mining uranium [1]. The possibilities of commer-
cial production of 2**U in nuclear reactors have been
considered many times in publications in connection
with thorium-uranium fuel cycle. It should be noted
that even partial substitution of uranium-plutonium
fuel cycle by thorium-uranium cycle is connected with
significant difficulties. One of the difficulties is related
to the necessity of changing the process. However,
there are also physical problems: half-life of the decay
of 233Pa in 233U, which is 27 days, greatly exceeds the
analogous half-life of the decay of 2*°Np in 2*°Pu in
uranium-plutonium fuel cycle, and the cross-section
of capture of thermal neutrons in 232Th is 2.8 times
higher than the analogous cross-section of 2*3U. These
disadvantages of thorium fuel cycle were seemingly a
reason that in the publications of recent years thorium
has been considered only as a raw material for feed of
nuclear reactors operating in uranium-plutonium fuel
cycle [2]. Such mixed mode allows more or less saving
natural uranium during electric power production. The
possibility of operation of power reactor in tho-
rium-uranium fuel cycle without the feed of fissile ma-
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terials has been considered in preceding publications,
for instance in [2, 3]. However, this possibility has
only been declared without any demonstration of con-
crete ways of its achieving.

It should be noted that the self-sufficient mode is
related with rather big effort in the extraction of iso-
topes of uranium from unloaded nuclear fuel. How-
ever, because of the need for accumulation of the re-
quired amount of 23U, this disadvantage is inherent
not only to the self-sufficient mode, but also to tho-
rium-uranium fuel cycle in any of its modifications.
Accumulation of 2**U along with daughter nuclides
affecting a radiation environment should also be men-
tioned as a drawback of thorium fuel cycle.

Nevertheless, thorium-uranium fuel cycle also
has certain advantages. In particular, the number of
secondary neutrons in fission of 2**U by thermal neu-
trons is higher than for any other isotopes of uranium.
This fact gives hope for the possibility of the operation
of reactor in self-sufficient mode.

In this paper, the results of calculations for the
self-sufficient mode for a heavy-water power reactor
are presented. This reactor is hereinafter referred to as
“T” reactor. The parameters of the active core and the
scheme of refueling of current CANDU heavy-water
power reactor (HWPR) with the heat power of 2776
MW [4] were used for calculations.

Calculations were made using the code complex
MCCOOR, developed on the basis of codes MCNP,
COUPLE, and ORIGEN-S.

MODE OF ACCUMULATION OF 23U

For the reactor start-up, it is necessary to have a
certain amount of fissile material, in our case 2°U. In
this paper, it is assumed that 23U for downstream
operation is produced in “T” reactor during the first
period of operation. Although it is not improbable that
the accumulation of 233U in the special reactor or in
other power reactors, in particular in blanket of fast
breeder reactor [5], may turn out to be more efficient.

In the mode of accumulation of 233U, the
tetragonal heavy-water lattice of “T” reactor is com-
posed of channels of two types, evenly distributed
over the active core. Half of the channels are referred
to as fuel channels, another half are referred to as target
channels. A fuel channel contains a fuel assembly
composed of 37 fuel elements with power plutonium
or enriched uranium. A target channel contains a target
assembly composed of 37 target elements. Each target
element is made in the form of zirconium tube filled
with pellets of ThO,. Figure 1 demonstrates a part of a
channel lattice with 16 channels and an elementary
cell accepted for calculations.

During the operation of “T” reactor, power and
neutrons are released in the fuel channels due to fission
of 23Pu and 2*'Pu (**°U). In the target channels in the
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Figure 1. Lattice of channels in active core
in the mode of accumulation of >**U and
elementary cell accepted for calculations

beginning of operation the excess neutrons are cap-
tured with formation of 2>*Pa. As the 233Pa decays in
233U, power releases in the target channels too. It is as-
sumed that the power of the fuel channels with pluto-
nium or enriched uranium is maintained to keep con-
stant power density per mass unit of heavy nuclei
equal to that of the current CANDU type reactor. This
condition determines neutron flux density in targets.

The results of calculation of the elementary cell
of active core for the variant using fuel containing 10%
of power plutonium are presented in figs. 2 and 3.

According to the data of fig. 2, the maximum
(equilibrium) content of 233U in targets is ~13 kg/t
(these data are given in kilograms of 223U per one ton
of ThO, with the density of 10 g/cm?). This result is
close to that obtained in [6] for the thorium-uranium
lattice and neutron spectrum in the fuel of CANDU re-
actor. The time of irradiation till maximum content of
233U in targets is reached is 5-6 years, the time for
achieving maximum multiplication factor K, is about
2 years. During this time, the content of 233U in targets
reaches about 8 kg/t.

For the start-up of “T” reactor in the self-suffi-
cient mode, it is necessary to load ThO, with the con-
tent of 223U not less than 12 kg/t in fuel elements of all
assemblies. For the accumulation of necessary amount
of 233U in the mode of accumulation, it will take, for
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Figure 2. Variation of concentration of **U in
ThO; in the mode of accumulation of **U
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Figure 3. Variation of multiplication factor for
elementary cell in the mode of accumulation of ***U

instance, three cycles of irradiation of ThO, targets
during 2 years. Therefore, in the mode of accumula-
tion of 233U, “T” reactor should work approximately 6
years. After each cycle of irradiation, targets should be
unloaded from the reactor and replaced by fresh tar-
gets without 233U. In order to avoid “T” reactor be-
coming subcritical during the target reloading, the re-
placement of irradiated targets by fresh targets without
233U should not be simultaneous. As 233U is accumu-
lated in targets, the total power of the reactor increases
in accordance with the given mode of operation, while
the power of the fuel channels remains constant.

It is apparent that the considered parameters of
operation of “T” reactor in the mode of accumulation
of 233U can be highly improved. Itis possible to reduce
the time of accumulation of ?*3U and increase the
power of a reactor by following measures:

— increase of heat load on a fuel element, in particular
at the expense of use of fuel elements with the diam-
eter less than that in the current CANDU reactor,

— compensations of reactivity increase (see fig. 3) due
to replacement of fuel channels by target channels,

— optimization of number and locations of target
channels and fuel channels in the active core,

— optimization of scheme of reloading target chan-
nels,

— increase of number of targets in the target assem-
bly [2], and

— reducing plutonium (uranium) load in fuel ele-
ments that would result in the increase of thermal
neutron flux in targets at the same power of “T” re-
actor.

SELF-SUFFICIENT MODE

In the self-sufficient mode, it is assumed that the
fuel elements containing ThO, with the given content
of 23U are loaded in all channels of the reactor. The

considered mode could be realized in “T” reactor if
two conditions are met (that is a non-trivial task at the
strict restriction of total amount of 23*U).

Condition 1. The amount of 233U and its layout
in channels must ensure overcriticality of “T” reactor
in the initial state. Overcriticality of the current
CANDU reactor in the cold condition with fresh fuel
(natural uranium), calculated by means of the above
mentioned code complex, isAK >0.1. Itis obvious that
“T” reactor should have overcriticality not lower than
this value.

Condition 2. In “T” reactor, under the acceptable
burnup of 2>3U and other fissile isotopes, the reproduc-
tion of 233U must ensure at least the equality of content
of fuel in the active core before the beginning and after
the end of fuel lifetime. This condition together with
the reactivity margin determines the maximum burnup
of fuel and the fuel lifetime length. The breeding ratio
and its variations during the fuel lifetime depend on
the amount of fuel formed in the mode of accumula-
tion of 23U and of its position in the active core of the
reactor.

Fuel burnup and fuel lifetime in “T” reactor was
estimated by a method which is suitable for CANDU
reactors with continuous bidirectional refueling. In
this case, fuel assemblies with different burnups in the
range from zero to the maximum burnup are present in
the active core during the whole lifetime. Such condi-
tion can be described by the average multiplication
factor determined by the leakage of neutrons from the
active core, absorption of neutrons by structure mate-
rials of the active core and by control rods. For
CANDU reactor with control rods in the active core
this value is 1.045, and for the extracted control rods —
1.035[1]. Fuel burnup W, in “T” reactor was estimated
in accordance with the parameter o

WU
a=[K. dw/w 1)
0

where W is fuel burnup. The dependence K..(W) was
calculated in the interval between the initial value W=
= 0 corresponding to the fresh fuel, and the final value
W, corresponding to the fuel unloaded from the reac-
tor. In the process of calculation of K.(/), neutronic
parameters were calculated over again at different val-
ues of W with the step of 1 MWd/kg in order to take
into account the change of the neutron spectrum in the
fuel.

Calculations were made for different burnups
and for three variants of initial layout of 233U in the ac-
tive core of “T” reactor.

In the first variant, the accumulated 2°U was
distributed in equal parts over all fuel assemblies of the
reactor with the content C = 12 kg/t in each fuel ele-
ment.

In the second variant, the accumulated 233U was
distributed in equal parts over all fuel assemblies of the
reactor. However, in each fuel assembly, 2*U was
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placed only in 18 external fuel elements with the con-
tent C = 24 kg/t while 19 internal fuel elements were
filled only with ThO, without 2**U.

In the third variant, the accumulated 233U was
distributed in equal parts over all fuel assemblies of the
reactor. However, in each fuel assembly, 23U was
placed in 18 external fuel elements with the content
C =16 kg/t, and in 19 internal fuel elements with the
content C = 10 kg/t. The balance of the uranium was
ensured due to the changing of density of 23U + ThO,.

The results of calculations of K_(#) for the consid-
ered variants of 2**U layout in fuel assemblies are pre-
sented in fig. 4. Curves 1-4 were used for the calculation
of fuel burnup in “T” reactor for different values of the
parameter o (1). The curve (4) corresponds to the com-
mon-type CANDU reactor with natural uranium fuel.
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Figure 4. Multiplication factor for elementary cell in the
self-sufficient mode; 1, 2, 3 — 1%, 2"%, and 3™ variant of
23U layout in fuel assemblies of “T” reactor, 4 — CANDU
reactor with natural uranium

The results of calculations of fuel pin respective
power P, /P, in the fuel assembly are presented in
fig. 5 for 2" and 3" variants of 233U layout. P, is the
total power of 19 internal fuel pins with lower content
of 233U, and P, is the total power of 18 external fuel
pins with higher content of 23U in the fuel assembly.
These curves were used for the estimation of intervals
of heat power variation of “T” reactor. The results of
calculation of fuel burnup for three variants of 23U
layout in fuel assemblies are given in tab. 1.

The calculated fuel burnup of CANDU reactor
with natural uranium is in good accordance with the
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Figure 5. Fuel pin respective power Pi,/Pe in fuel as-
sembly; Pi,.— total power of 19 internal fuel pins, Py —
total power of 18 external fuel pins in fuel assembly; (1),
(2) - 2"* and 3" variant of **U layout in fuel assemblies
of “T” reactor

operating value of 8.3 MWd/kg [4]. So, there is a
good reason to think that fuel burnups calculated for
three variants of fuel layout in fuel assemblies of “T”
reactor using the same method with the same
neutronic constants are close to the real values. The
data in tab. 1 demonstrate that under the even distri-
bution of 233U over all fuel elements of “T” reactor
(first variant) fuel burnup is unacceptably low, while
the initial overcriticality of the active core is less than
10% (curve 1 in fig. 4). Fuel burnup canbe increased
to 15 MWd/kg due to the location of the same amount
of 233U in the external fuel elements of the fuel assem-
bly according to the second variant. In this case, the
shielding of the internal fuel elements allows
increasing burnup by approximately 10 times. At the
non-equal load of 233U into external and internal fuel
elements in each assembly according to the third vari-
ant, in which the shielding of the internal fuel ele-
ments is less than that in the second variant, burnup
decreases by 1.5 times with respect to the second
variant. As one would expect, the heat power of “T”
reactor for the third variant is much higher than for
the second variant.

It is obvious that the possibility of practical real-
ization of the self-sufficient mode in “T” reactor de-
pends mainly on the amounts of fissile isotopes in the
fuel unloaded from the active core in the end of the
next fuel lifetime. The curves in fig. 6 describe the
changes of total amount of 23U, 2U, and >3*Pa during

Table 1. Fuel burnup and heat power of the reactor for three variant of fuel layout

Fuel burnup [MWd/kg] Heat power [MW]
Reactor _
o =1.025 a=1.035 o =1.045 for o =1.035
CANDU 9.4 8.1 6.7 1750 [4]
“T” variant 1 3.4 1.5 0.7 2760 [4]
“T” variant 2 17.5 14 11 1400-1900
“T”. variant 3 10.1 6.7 4 1900-2000
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Figure 6. Variation of O — total mass of 3y, 250, and
23pa during the fuel lifetime; (1) — 2" variant of **U ar-
rangement in fuel assemblies of “T” reactor; (2) — 3
variant of **U arrangement in fuel assemblies of “T” re-
actor

the fuel lifetime for the second and the third variants of
fuel layout (initial value is accepted as 100%).

For obtaining additional data, the calculations of
multiplication factors K(0) and K_(/,) were made
for the third variant of fuel layout in cold “T” reactor
(tab. 2). The fuel burnup of 8 MWd/kg was accepted in
these calculations, which corresponded to the fuel life-
time length of 430 days. Nuclides?33U, 233U, and >*’Pa
extracted from the unloaded fuel of each preceding
fuel cycle were used as fuel for the following fuel cy-
cle.

Table 2. Multiplication factor in the beginning and in
the end of fuel cycles

Number of fuel Beginning End
cycle
1 1.120 1.005
2 1.103 1.006
5 1.103 1.010
10 1.102 1.009

In tab. 3, the composition of uranium isotopes
extracted from the unloaded fuel after the 1%, 5t and
10t fuel cycles is presented. The total mass of all iso-
topes of uranium at the beginning of the first fuel cycle
is accepted as 100%.

Table 3. Isotopic composition of the uranium

Number of fuel 232y 233y 234y 3515 2361
cycle
1 0.002 99.7 6.5 0.4 0.02
5 0.060 100.3 | 23.1 3.6 0.9
10 0.085 100.5 | 34.7 6.0 3.1
CONCLUSIONS

The data in tabs. 2 and 3 are in fact the calculat-
ing substantiation of feasibility of the self-sufficient
mode for a heavy-water power reactor of CANDU

type, operating in thorium-uranium fuel cycle. Thus,
the goal is achieved: to demonstrate the practical feasi-
bility of the self-sufficient mode in a heavy-water
power reactor of CANDU type on the basis of proven
technology.
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Bopuc P. BEPTEJICOH, Anekcangap C. TEPACUMOB, I'eopruj B. TUXOMMWPOB

HAYNH PYKOBABA KAHAY EHEPTETCKUM PEAKTOPUMA CA
CAMOJOBO/bHUM TOPUJYMOBHUM IOPUBHUM IIUKITYCOM

Y pany cy IprKa3aHu pe3ylnTaTh npopauyHa pykoBawba KAHJY peakTopuma ca TOpUjyMOBUM

FOPUBHAM IUKIycOM. [IpopauyHu Cy CIPOBEJEHM paid OIIITE MPONEHEe HM3BOMJLHBOCTH PYKOBaHa
TEIIKOBOJJHUM EHEPTETCKUM PEAKTOPUMA HA TEPMUYKE HEYTPOHE MOCPECTBOM OBOT IuKiiyca. CMaTpano
j€ la cy mapameTpy aKTHBHOT j€3rpa M HAYMHM M3MEHE FOPMBA MCTH KAO MPH CTAHAAPHOM PYKOBakbY
PEaKTOPOM ca YpaHHUjyMOBHUM IUKIIYCOM.
Pa3smarpana cy [[Ba HAUMHA PYKOBamba: MOCTYNAK ca MPETXOAHOM aKyMyaanujom 33U u HauMH pyKoBamba
CaMOJIOBOJLHAM IMKJIYCOM. 3a TNpOpavyHe pyKOBama Ca MNPETXOAHOM akymynamujom 22U mper-
MOCTaBJbEHO je J1a ce IITyTOHUjYM KOPUCTH Kao IoflaTHH (PUCHOHU MaTepujal Koju ooe30ebyje HeyTpoHe 3a
npousBomby 23U, TIyTOHMjyM je CMEITEH Y TOPMBHUM KaHamuMa 0K ce 23Th pasmemra y Kkanane 3a
MeTe. Makcumanuu capxkaj 233U y kanaamMa 3a MeTe u3HocHo je 13 kg mo Toru ThO,. To je gocTurayto
I0CIIE LIECT FOf[MHA 03PAUYNBakba. 3aMOUMbALE PAa PEAKTOPA Y CAMOJIOBOJLHOM MOJIY 3aXTEBa CafipKaj
233U ne mamu og1 12 kg o ToHU. Y OBOM HAYMHY PYKOBamha, IPETIOCTABILEHO j€ 1A CY CBH KAHAJIH IOy lEHH
MCTOBETHUM FOPUBHUM aHcamOGiuMa Koju caapxke ThO, u uzsecny kosmuuny 33U. [Tokasano ce ia cy y
rOpMBHUM aHCAMOJIMMa MOXeJbHUje HepaBHOMepHE pacnofiene >3°U.

Kwyune peuu: iniopujymos zopusnu yuxayc, KAH/Y peakitiop, yiipasmarse peaxitiopom




