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The results of optimization calculations for CANDU reactors operating in the tho-
rium cycle are presented in this paper. Calculations were performed to validate the fea-
sibility of operating a heavy-water thermal neutron power reactor in a self-sufficient
thorium cycle. Two modes of operation were considered in the paper: the mode of pre-
liminary accumulation of 233U in the reactor itself and the mode of operation in a
self-sufficient cycle. For the mode of accumulation of 233U, it was assumed that en-
riched uranium or plutonium was used as additional fissile material to provide neu-
trons for 233U production. In the self-sufficient mode of operation, the mass and isoto-
pic composition of heavy nuclei unloaded from the reactor should provide (after the
removal of fission products) the value of the multiplication factor of the cell in the fol-
lowing cycle K > 1. Additionally, the task was to determine the geometry and composi-
tion of the cell for an acceptable burn up of 233U. The results obtained demonstrate
that the realization of a self-sufficient thorium mode for a CANDU reactor is possible
without using new technologies. The main features of the reactor ensuring a self-suffi-
cient mode of operation are a good neutron balance and moving of fuel through the ac-

tive core.
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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 >32Th, with ac-
companying f-decay. Thereby, thorium, existing in
nature in a single stable isotope 2*’Th, can be trans-
formed using nuclear reactions into 223U, i. e. into the
fuel of power reactors. Reserves of thorium in the
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world exceed those of uranium by several times. The
costs of thorium mining are much lesser than those of
uranium. This is due to approximately 100 times lower
radiation danger in the process of mining thorium in
comparison with that of mining uranium. The possibil-
ity of commercial production of 233U in nuclear reac-
tors was considered numerous times in publications in
connection with the thorium-uranium fuel cycle.
However, even a partial substitution of an ura-
nium-plutonium fuel cycle by a thorium-uranium cy-
cle is connected with significant difficulties. One of
the difficulties is related to the necessity of changing
the process itself. However, there are also physical
problems: the half-life of the decay of 2**Pa in 233U,
which is 27 days, greatly exceeds the analogous
half-life of the decay of *Np in 2*’Pu in the ura-
nium-plutonium fuel cycle, while the cross-section of
the capture of thermal neutrons in 2*2Th is 2.8 times
higher than the analogous cross-section of 23®U. The
said disadvantages of the thorium fuel cycle were,
seemingly, a reason that over the past years, thorium
was considered solely as a raw material for feeding nu-
clear reactors operating in the uranium-plutonium fuel
cycle [1]. The mixed mode allows us, more or less, to
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save natural uranium during the production of electric-
ity. The possibility of operating a power reactor in a
thorium-uranium fuel cycle without feed by fissile ma-
terials was considered in preceding publications, for
instance in [1, 2]. However, this possibility was only
declared, without a demonstration of concrete ways to
achieve it.

The thorium-uranium fuel cycle, nevertheless,
also has certain advantages. In particular, the number
of secondary neutrons in fission of 233U by thermal
neutrons is higher than for any other uranium isotope.
This gives hope for the possibility of operating the re-
actor in a self-sufficient mode.

The results of calculations substantiating the
possibility of realizing in practice the self-sufficient
mode of operation of heavy-water power reactors of
the CANDU-type were presented in paper [3]. It was
assumed that the 233U required for stationary operation
in the self-sufficient mode should be preliminarily ac-
cumulated in the CANDU reactor itself. This stage of
transition in the self-sufficient mode of operation was
referred to as the mode of accumulation of >33U. In this
mode, the use 23U or 3°Pu as the nuclear fuel produc-
ing neutrons for the accumulation of 233U was as-
sumed. Taking into account that the parameters of the
mode of accumulation of 23U and the self-sufficient
mode of operation related to the time of accumulation
of 233U, losses in electric power production and fuel
burn up required more careful substantiation and opti-
mization, we performed additional studies.

In this paper, the results of both optimization
studies of the mode of accumulation of 2>3U and the
self-sufficient mode of operation are presented. Pa-
rameters of the active core and the scheme of refueling
of the current heavy-water power reactor HWPR
(CANDU) with the heat power of 2776 MW [4] were
used in said calculations. A complex of MCCOOR
codes designed on the basis of MCNP, COUPLE, and
ORIGEN-S codes was used for this purpose.

THE MODE OF
ACCUMULATION OF 2y

The rate of formation of 23U in the unit of vol-
ume filled by 2*’Th and irradiated by the neutron flux
@1y I- €. the number on nuclei of 23U forming per unit
of time in the unit of volume equals

0=0,(1-e*")= Npyopmon (1-e*7) (1)

where Q, is the rate of formation of 23pa, 7 — the time
of irradiation, A —the decay constant of **Th, o7y —the
cross-section of neutron capture in 22Th, and Ny, — the
number of nuclei of ***Th in the unit of volume. Under
the condition that 7 > 1/4, which corresponds to 7> 100
days, the rate of formation of nuclei of ***U is equal to
the rate of formation of nuclei of ***Pa.

For the evaluation of the influence of changing
the geometry and composition of the channels of the
active core of the reactor have on the rate of accumula-
tion of 233Pa (**3U), a one-group multiplication factor
for the cell of the active core, K ,was used

v50~5fN5(p5 + V35{N3(P5

Kean =

(O-g.+6§)N5(DS+(G{+G§)N3(p3+;Gi(piNi+q

(2)

where o is the microscopic cross-section, @ — the neu-
tron flux, and N — the number of nuclei in the unit of
volume of the cell; indexes i =1, 2, 3, 4, and 5 corre-
spond to nuclei ***U, #**Th, and ***Pa fission products
of #°U and fission products of ’Uj ¢ is the rate of
non-productive losses of neutrons as a result of ab-
sorbing in the oxygen, structural materials, and heavy
water.

We can use eq. (2) for the determination of Q,,.
Since at 7 = 0 the amounts of 233U, 233Pa, as well as fis-
sion products of 233U and 23U are equal to zero, in ac-
cordance with eq. (1), the rate of formation of 2*3Pa in
the beginning of the process of accumulation is

c
Qy =CPeq L_l_% ) —-q (3)
cell s O

In this equation, C is the certain constant,
Py =C™ CF_{QDSNS — the heat power of the cell of the
active core, and & — the enrichment of uranium used for
the accumulation of 233U. According to eq. (3), the rate
of accumulation of 233Pa, under the condition that 7 >
1/4,is also the rate of the formation of 233U, do not de-
pend directly on the neutron flux, but depend on it indi-
rectly, via the power of the cell, P, In order to increase
0y, n the first place, one should tend to increase the
power of the cell. The rate of accumulation of **Pa also
increases with the increase in the enrichment of the fuel,
as far as it is accompanied with a decrease in the amount
of 28U and the reduction of the non-productive losses
of g neutrons.

We considered 8 variants of cells of the
heavy-water lattice of the reactor HWPR-881 of the
CANDU-type [4] (a square elementary cell including 4
channels ), as well as two variants of a light-water lattice
of the VVER-1000- type reactor for comparison (tab.
1). The pitch of the lattice, geometric sizes of the chan-
nels, fuel assemblies, and fuel elements corresponded
to the geometric characteristics of these reactors.

While calculating the power of the cell, maximum
specific heat release in the fuel element for heavy-water
variants of the cell was accepted to be equal to the value
for the CANDU reactor, while for the light-water vari-
ant of the cell — equal to that of the VVER-1000 reactor.
Therefore, the powers of the cells presented in the table
in relative units are determined in relation to the
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Table 1. Composition of cells

Variant Composition of cell
The cell of a CANDU-type reactor

1 4 channels with fuel pins (UO,)

2 3 channels with fuel pins (UO,), and 1 channel with
target pins (ThO,)

3 2 channels with fuel pins (UO,), and 2 channels
with target pins (ThO,)

4 2 channels with fuel pins (Pu), and 2 channels with
target pins (ThO,)

4 channels with fuel-target assemblies; each
fuel-target assembly contains 18 fuel pins (UO,) in
5 the external layer and 19 target pins (ThO,) in
internal layers; the moderator is heavy water, while
the coolant is light water

4 channels with fuel-target assemblies. Each
fuel-target assembly contains 18 fuel pins (UO,) in
6 the external layer and 19 target pins (ThO,) in
internal layers; the moderator is heavy water, while
the coolant is light water

4 channels with fuel-target assemblies; each
fuel-target assembly contains 18 target pins (ThO,)
7 in the external layer and 19 fuel pins (UO,) in
internal layers; the moderator and coolant is heavy
water

4 channels with fuel-target assemblies; each
8 fuel-target assembly contains an uniform mix of 18
target pins (ThO,) and 19 fuel pins (UO,)

The cell of a VVER-1000 type reactor
9 1 channel with 317 fuel elements (UO,)

10 1 channel with 193 fuel elements (UO,), and 124
target elements (ThO,)

peak-to-average ratio for power distribution with a ra-
dius of the channel K. The characteristics of the above
listed cells were calculated by using the code complex
MCCOOR for 7= 0, as presented in tab. 2.

For purposes of comparison, the results of the
enrichment of UO, for all variants of the cells was de-
termined according to the condition of approximate
equality of K at 7 =0, i. e. at the beginning of the
mode of accumulation.

Table 2. Characteristics of cells

For all variants of heavy water cells, the heat
load on the fuel is identical and equal to 23.7 MW/t.
Fuel burn up in which Q = Q,, equals 2.37 MWd/kg.
Accordingly, for the light water lattice, the heat load
on the fuel is47 MW/tand fuel burn up 4.7 MWd/kg.

The data presented in tab. 2 demonstrate the fol-
lowing.

(1) Changes in the enriched uranium by U-Pu
fuel (variants 3, and 4) do not result in any significant
changes in Q.

(2) Changing the heavy water inside the channel
with light water (variants 5 and 6) results in a loss in
the rate of accumulation of 233U by about 10%.

(3) The maximum power of the cell, and conse-
quently, the maximum power of the reactor at the begin-
ning of the mode of accumulation, is achieved in variant
2. However, the rate of accumulation in this variant is,
approximately, by 29% lesser than in variant 7.

(4) The use of composite assemblies (fuel pins
with target pins) allows us to obtain maximum values
of Q, (variants 5 and 7).

(5) The rate of accumulation of 233U in the cell of
the VVER-1000 reactor is, approximately, 32% lesser
than that of variant 7 in the cells of the reactor
HWPR-881 (CANDU).

In fact, the values of Q, for the different variants
of the lattice presented in tab. 2 determine the relative
rate of the formation of 233U for 7 > 100 days after the
beginning of the process of accumulation.

It is apparent that the data presented above are
insufficient for determining the optimum variant of the
cell. For further studies, variants 2, 3, 5, 7, and 8 were
chosen. The results of kinetic calculations for a single
cell are presented in figs. 1 and 2.

Under constant powers of the reactor, curves in
these figures describe K ;;(7) and G(r) — dependencies
of reactivity and the amount of accumulated 2>3U (per
unit of length of the cell) on the time of reactor opera-
tion 7. The numbers of these curves correspond to the
above chosen variants of the cells. It should be noted

Heavy water Light water
Variant of the cell 1 2 3 4 5 6 7 8 9 10
Power of the cell 1.0 0.71 0.38 0.35 0.56 0.56 0.5 0.43 1.0 0.56
Fuel enrichment, [%] 0.71 1.5 5.0 Pu* 2.3 2.3 5.0 32 3.6 3.6
Number of fuel pins in cell 148 111 74 74 72 72 76 76 317 193
Number of target pins in cell 0 37 74 74 76 76 72 72 0 124
Peak-to-average ratio, Kr 1.15 1.21 1.51 1.63 1.0 1.0 1.19 1.29 1.05 1.15

Non-productive capture of

: 0.14 0.10 0.09
neutrons per one fission

0.10 0.10 0.21 0.10 | 0.10 0.17 0.17

Multiplication factor K 1.11 1.13 1.07

1.08 1.12 1.10 1.10 1.10 1.05 1.10

Rate of 233Pa accumulation Q,, 0

. : 0.27 0.29
respective units

0.29 0.32 0.29 0.38 | 0.29 0 0.26

*Note, that plutonium is fuel in fourth variant of the cell (see tab. 1). Therefore Pu symbol is put in the column instead of value of

enrichment of uranium fuel
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Figure 1. Multiplication factor K., in operation with
constant power during time 7. Number of curves corre-
sponds to variants of tab. 1
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Figure 2. Accumulation of **U in the cell

that, for all variants, reactivity decreases sharply at the
beginning of irradiation, because of the accumulation
of 233Pa. The reactor falls into the “Protactinium pit”.
For variants 3 and 7 (enrichment of 23U 5%), K, in-
creases over 900 and 600 days, correspondingly. This
is explained by the fact that in these time intervals, the
rate of absorption of neutrons in >32Th is higher than
the rate of absorption in 23°U because of the behavior
of neutron distribution over the cell (variant 3) and be-
cause of the shielding of fuel pins by target pins in the
assembly (variant 7). For variants 2 and 8 (enrichment
of 25U 1.5% and 3.2%), K., decreases in the initial
short period of time and then stabilizes in the time in-
tervals of 200 and 600 days. In variant 5 (enrichment
of 33U 2.2%), the period of stabilization is absent. Af-
ter 7 = 50 days, reactivity falls quickly and the rate of
accumulation of 233U decreases slowly because of fis-
sion products accumulation. A significant fall of reac-
tivity at the beginning of the process can be avoided
for all variants of cells. For this purpose, the reactor
should come to the nominal power in accordance with
the special time dependence of power which allows to,

at least partially, compensate for the accumulation of
233Panuclei and the delay in formation of 2**U nuclei.
However, these measures lead to losses in electric
power production.

The results of our studies [1] demonstrated that,
for heavy-water lattices with the 233U-?*2Th fuel com-
position, a stationary self-sufficient mode can be real-
ized with a balanced concentration of 233U equaling
approximately 14 kg of 33U per one ton of thorium. If
we apply this value to the cell of the HWPR-881 reac-
tor consisting of 4 channels, the equilibrium amount of
233U will be 22.5 g of 233U per 1cm of the lengths of the
cell. In following calculations, we assumed that the
self-sufficient mode in the HWPR-881 reactor is pos-
sible when the loading of *3U in the cell is not less
than 23 g per 1 cm of the length of the active core. Ac-
cording to the curves in fig 2, the accumulation of the
required amount of 233U in a single irradiation of tar-
gets can not be obtained because of the accumulation
of fission products and the corresponding reduction of
the rate of accumulation of 23U for all considered
variants of cells. Therefore, we considered modes of
233U accumulation in which targets are extracted from
the active core and replaced by new targets after the
partial accumulation of 233U. In tab. 3, the results pre-
sented are for the reduced rate of accumulation of
233U, 0y, by 10% and 20% with respect to the mode of
tab. 2. Intab. 3, 7, is a time interval between the reload-
ing of the targets, g is an amount of 233U per unit of tar-
get length at a moment of unloading from the active
core, 7, is the time of reactor operation required for ac-
cumulations of 23 g/cm of 233U, and M is the total
number of targets extracted from one cell for repro-
cessing in order to obtain 23 g/cm of 233U.

The data presented above allow the following
conclusion.

For cell variants 5, 7, and 8, the speed of the
moving of targets via the active core is hardly con-
nected with the speed of moving of fuel elements.
Therefore, the choice of a different time of irradiation
for targets and fuel elements is practically excluded for
these variants. In addition, the dismantling of the irra-
diated fuel-target assembly is necessary for the extrac-
tion of targets. These rather complex operations are
beyond the framework of CANDU technologies.

Only in variants 2 and 3, the time of the moving
of'targets in channels and, hence, the time of their irra-
diation in the active core can be chosen independently
from the time of the fuel cycle. When comparing vari-
ants 2 and 3, it should be taken into account that the
power of the cell and, hence, the power of the reactor at
the beginning of irradiation in variant 2, are about
twice higher than in variant 3. Due to this obvious ad-
vantage, variant 2 is beyond comparison.

The data in tab. 3 also demonstrate that the re-
duction in the time of 233U accumulations for about 1.5
times is possible only by using the technologies for
dismantling irradiated fuel-target assemblies. In this
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Table 3. Parameters of the process of U accumulation

Reduction of the rate of 23U accumulation by 10%

Variant of the cell 2 3 5 7 8
7, [day] 177 253 260 187 287
2 [g/em] 1.7 2.7 3.2 2.7 3.2
7, [day] 2400 2150 1870 1600 2060
M 500 630 546 615 516
Reduction of the rate of 233U accumulation by 20%
Variant of the cell 2 3 5 7 8
7) [day] 257 353 387 283 420
g [g/em] 2.3 3.7 4.6 3.9 4.5
7, [day] 2570 2200 1920 1660 2140
M 370 460 380 422 370

case, the number of processed targets increases by
about 15%. On the other hand, the increase in accumu-
lation time of about 15% reduces the number of pro-
cessed targets for about 2 times.

SELF-SUFFICIENT MODE OF
OPERATION

In the self-sufficient mode of operation, the
amount and composition of heavy nuclei in the fuel as-
sembly unloaded from the reactor must ensure a multi-
plication factor K, > | after the extraction of fission
products, fabrication of new fuel assemblies and the
loading of these assemblies in the reactor. The prob-
lem is to define the geometry and composition of the
elementary cell, for which this condition is met under
the acceptable burn up of 233U. The cell of the heavy
water lattice of the HWPR-881 reactor was assumed as
aprototype. Fuel and target assemblies were located in
four channels situated on the corners of a square lattice
with a step of 26.8 cm. The fuel assemblies were filled
with the dioxide of thorium and 23U. At the beginning
of the fuel cycle, target assemblies were filled with
ThO, with a density of 10.6 g/cm?’. Variants of the
composition and geometry of the cells of the active
core presented in tab. 1 were studied.

The breeding ratio for the cell under constant
power of the reactor and 7 >>1/A can be determined in
accordance with eq. (1) as follows

Y5 [[oS(E)N,(r)p(E,r)dEdr

Y5 [[o5 (E)N;(r)pE,r)dEdr

BR =

where o5 — is the cross-section of neutron capture in
*?Th, o§ — the cross-section of neutron absorption
(sum of cross-sections of capture and fission) in ***U,
N,, N; — the number of nuclei of 2**Th and **U in point
r, and ¢(E, r) —the flux density of neutrons with energy
E in point r. Integrating in eq. (4) is realized over the

area of the cell and over the whole range of the energy
of neutrons. The application of eq. (2) for K, in the
case of the heavy water reactor working in the tho-
rium-uranium fuel cycle allows us to obtain the rela-
tionship between K. and BR

VB

Kyy=—2" 5
cell 1+BR+qﬂ ( )

where B =37/ is the ratio of macroscopic cross-
-sections of fission and absorption in 23U for the cell, ¢
— the loss of neutrons in structure materials, heavy wa-
ter, oxygen, 233Pa, and fission products accumulated to
a moment £, in the case of one absorption in 23U. For
those variants of the elementary cell, in which 8 = const
and g ~ const, eq. (5) describes an unambiguous rela-
tionship between K, and BR.

The results of calculations of the breeding ratio
and multiplication factor with the use of specialized
reactor codes without the application of eq. (4) for the
three variants of the reactor cell are presented by dots
in fig. 3. When turning from one variant of a cell to an-
other, as well as when changing the content of 233U in
ThO, or pitch of heavy water lattice, parameters ¢ and
p in eq. (5) do not change. Therefore, all calculated
dots are described with good accuracy by curve 1
which is obtained from decision of eq. (5). An analo-
gous decision of eq. (5) for the heavy water lattice of
the HWPR-881 reactor with uranium-plutonium fuel
is described by curve 2. This curve lies much below
curve 1, because parameters g and 8 in eq. (5) for 23U
are less than for 233U. In calculation of curve 2, fission
of 238U by fast neutrons was taken into account. Com-
parison of curves 1 and 2 demonstrates that the realiza-
tion of the self-sufficient mode (BR > 1, K ;> 1) in
practice is possible only in a heavy water reactor with
thorium-uranium fuel.

Curves in fig. 4 describe analogous dependency
for hypothetical variants of the light water
VVER-1000 power reactor. Curve 1 is calculated for
233U-232Th fuel, curve 2 — for 25U-238U fuel. For both
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Figure 3. BR values vs. K. for heavy water CANDU re-
actor. Curve 1 — Th-U fuel cycle: ® — cell variant 1 at dif-
ferent lattice pitch (28.6,23.2,20.6 cm), (1 —cell variant 5,
and A —cell variant 2 at different contents of **U in tho-
rium. Curve 2 — U-Pu fuel cycle
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Figure 4. BR values vs. K. for light water VVER-1000
reactor. Curve 1 —Th-U fuel cycle and curve 2 — U-Pu fuel
cycle without boron, curve 3—Th-U fuel cycle with boron

variants, boron is absent in light water, the amount of
fission products identical. Curve 3 is an analogue of
curve 1 in the case where boron is introduced in light
water. Comparison of curve | from fig. 3 with curve |
from fig. 4 demonstrates that the reproduction of tho-
rium fuel can be obtained in the VVER-1000 reactor as
in the heavy water reactor. In this case, VVER-1000
must operate under small enrichment of fuel (small
content of 233U in 232Th), when there is no need to use
boron for compensating reactivity excess, that, in turn,
requires rapid reloading of fuel with small burnup.

In fig. 3, the significant range of K, and BR is
quadrant K_; > 1, BR > 1. This quadrant is filled by
gray color. The dots on curve 1 located in this quadrant
correspond to variants of the geometry and initial com-
position of the cell of the active core in which the
self-sufficient mode of operation can be realized.

We should note that the even distribution of 23U
over all channels and fuel elements of the reactor can
ensure such conditions only for the lattice pitch lesser
than 20 cm, i. e. for a harder spectrum of neutrons than
in the HWPR-881 reactor. Two variants are prospec-
tive for the self-sufficient mode of operation: 15— four
identical fuel assemblies in the cell with non-uniform
distribution of 23U over fuel elements within the fuel
assembly and 2" —three fuel assemblies with even dis-
tribution of 233U over the fuel elements and one target
assembly containing ThO,. Variants with combined
fuel assemblies containing fuel elements and target el-
ements within the same fuel assembly were not con-
sidered. The first variant was discussed in paper [3]. It
was demonstrated that fuel burn up in the self-suffi-
cient mode is rather low for this variant. The second
variant is more preferable. All four channels can have
a different consumption of cooling water, while fuel
assemblies and target assemblies can move through
channels with different velocity.

For the evaluation of fuel burn up in the self suf-
ficient mode, an integral over all values of fuel burn up
in fuel assemblies was used. In addition to the analo-
gous formula used in paper [3], weight function
(n/2)sin(nW/W,,,,) was introduced into this integral.
This weight function takes into account that all fuel as-
semblies with W= W, are located at the output from
the active core, while fuel assemblies with W = 0 are
located at the input of the active core.

W,

T ™ .onWw dw
OL=E .[Kcell(W)SIH —
0

/4

max max

(6)

Parameter « in this formula is defined by neu-
tron absorption in control rods and in structure mate-
rials of the active core, as well as by the leakage of
neutrons from the active core. For the HWPR-881 re-
actor, @ = 1.045 for control rods inserted into the ac-
tive core, and @ = 1.035 for control rods extracted
from the active core [1].

The solution of eq. (6) relative to W,,,, is pos-
sible only if information on the dependence on
K..n(W)is present. Curves in fig. 5 describe the de-
pendence of the multiplication factor on burn up
with different initial contents of 233U for the two
above mentioned variants (1 and 2) of the cell.
These data demonstrate that only in variant 2 the re-
production of 233U ensures an increase of reactivity
for an increase of fuel burn up from 1 to 8 MW-d/kg.
Maximum burn up increases with the increase of the
initial content of 233U in the cell. The decision of eq.
(6) for o = 1.045 and initial content of 233U in the
cell 26.5 g/cm gives W, = 24 MW-d/kg. However,
for the determination of real burn up in the self-suf-
ficient mode, data on reactivity change are insuffi-
cient. Data on the amount of 233U + 233Pa in the cell
at the end of the fuel cycle are necessary. For the
self-sufficient mode, this amount must be not less
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Figure 5. K., values vs. W for different initial content of
23U in the cell. Curve 1—24.1 g/cm, cell variant 1. Curve
2-24.1g/cm, cell variant 2. Curve 3 -25.3 g/cm, cell vari-
ant 2. Curve 4 — 25.7 g/cm, cell variant 2. Curve 5 —26.5
g/cm, cell variant 2
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Figure 6. Respective amount of 2*U +>*Pa in the cell vs.
W for different initial content of **U in the cell. Designa-
tion of curves — as in fig. §

Table 4. Fuel burn up in self-sufficient mode of operation for o =1.045

I/Vmax [MWd/kg]
Variant of the | Content of 23U in the cell at ] From equilibrium of amount
cell the input in active core Calculated according to eq. 233 + 233Pg at the input and at
(6) in respect to data in fig. 5 the output of active core (fig. 6)
1 24.1 10 0
2 24.1 0 17
2 25.3 0 10
2 25.7 9 7
2 26.5 24 5

than the initial amount of 23*U nuclei in the cell. As
to other heavy isotopes of uranium, calculations
confirm that the accumulation of 223U compensates
for the influence of non-fissile uranium isotopes on
reactivity [3].

The curves in fig. 6 demonstrate that for variant
2 under the same burn up, the amount of 233U at the
end of the fuel cycle decreases with the increase in the
initial content of 2>3U. Note that for the reactor with
moving fuel assemblies, the initial content of 233U in
the cell means an amount of 233U in fuel assemblies at
the input of the active core. The amount of 233U in the
cell at the end of the fuel cycle means content of 233U
in fuel assemblies at the output from the active core.

The data from tab. 4 allow us to conclude the
possibility of a self-sufficient mode in the HWPR-881
reactor in which the square cell of the active core con-
sists of three channels with fuel assemblies and one
channel with the target assembly. Fuel burn up under
such an arrangement of the active core is ~8 MW-d/kg.
This value corresponds to technologies accepted for
the HWPR-881 reactor. Maximum burn up can be in-
creased to 17 MW-d/kg, ifa =1.035 is used instead of
o =1.045. This would result in the need to reduce by
1% the minimum excess of reactivity in the
HWPR-881 reactor by a corresponding reduction of

neutron losses under their capture in the control rods,
structure materials and leakage from the active core.

CONCLUSION

The results of calculation studies demonstrate
the practical feasibility of a self-sufficient mode for
the HWPR-881 reactor of the CANDU type operating
in a thorium-uranium fuel cycle without a need to use
new technologies. The main prerequisites for a
self-sufficient mode of operation when these types of
reactors are concerned are a good neutron balance in
the active core and moving of fuel assemblies through
the active core during the fuel cycle.
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Bopuc P. BEPTEJICOH, Anekcangap C. TEPACHUMOB, I'eopruj B. TUXOMMUPOB

OIITUMU3AIINIA CAMOJOBO/bHOI' TOPNJYMOBOI' TOPUBHOT
NUKIYCA Y KAHAY EHEPITETCKUM PEAKTOPHUMA

Y pany cy npukaszanu pe3yaratu ontuMmmuzanuje Kangy peaktopa Koju pajie ca TOpUjyMOBUM
nukiycoM. ITpopauyHu cy copoBefeHU pagu NpOLEeHe HU3rjefa 3a pajl TEIIKOBOAHUX EHEPreTCKUX
HYKJIEapHHUX peakTopa Ha TepMHUUYKE HEYTPOHE, Ca TOPHjYMOBHUM CaMOJOBOJLHUM IIMKJIycOM. PasmoTpeHna
cy mBa o0JmKa paja: MOCTyNaK MPETXOHE aKyMmynamuje >>°U y caMOM PEakTopy M HauMH paja ca
CaMOJIOBOJLHAM LUKJIYCOM. Y TIOCTYNIKY IPETXO[HE aKyMyanuje 232U, MpeTnocTaB/beHo je 1a ce KOPUCTH
oOoraheHn ypaHujyM WM TUTYTOHHUjYM Kao JIofaTHU (PUCHOHU MaTepujal Koju o6e30ebyje HeyTpoHne 3a
npou3Bofby 2>>U. Y caMOI0BO/bHOM HAUMHY Pajia, MACEHU M M30TOIICKY CACTAB TEINKKX je3rapa M3HETUX U3
peakTopa Tpeba a 06e36eu (10 yKIambamy (PUCHOHNX NPOAYKATa) /ja BPEJHOCT (paKTopa YMHOXKaBamba
henuje y napegnom nukiycy oyae K > 1. [JlogaTHu 3afiaTak je 610 1a ce ofpeiu reoMeTpHja u cacTas henuja
3a MPUXBATILUBO M3rapame >U. [JoOujeHn pe3ynTaTu MOKasyjy Aa je Moryhe ocTBapeme TOPHjyMOBOT
camofioBosbHOr moctynka y Kangy peakropy 6e3 kopulithema HOBHUX TexHosoruja. [lobap Oananc
HEYTPOHA M pa3MelllTalke TOpHBa IO AKTHBHOM je3rpy, HpPEACTaBibajy IVIaBHE ILPTE peakTopa ca
OCHTYPaHUM CaMOJOBOJFHUM HAaUNHOM paja.

Kmyune peuu: iiopujymos yuxayc, Kanoy peakitiop, camo00o60bHU HAYUH padd



