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This study presents the determination of fuel rejuvenation times in a D-T fusion breeder reac-
tor fuelled with a mixture of "UQO, and ThO, for multi-reuse of nuclear fuels in CANDU-37
reactors. To determine the effect of thorium on the fuel enrichment and rejuvenation times,
neutronic analyses are performed by increasing the percentage of ThO, in the fuel mixture
from 10 to 35. The time-dependent neutronic calculations are carried out in three stages. In
the first stage, which is the fuel enrichment or rejuvenation process in the fusion breeder reac-
tor, the subcritical calculations of the fusion breeder reactor fuelled with the fuel mixtures
are performed by using the MCNPX 2.7/CINDER under a fusion neutron wall loading
of 1 MWm2, corresponding to neutron flux of 4.444-1013 cm=2s-1 (energy of every fusion
neutron is 14.1 MeV). In the second stage, which is the thermal reactor analysis, the fuel rods
enriched at the end of the first stage are placed in the CANDU-37 reactor, and the critical cal-
culations of this reactor are performed by using MCNPX 2.7 and MONTEBURNS codes
separately. The numerical results show that the neutronic values obtained from both codes are
very near each other. The third stage is the two-year cooling process of CANDU spent fuels.
The values obtained by numerical calculations show that this fusion breeder reactor is
self-sufficient in terms of tritium and has a high performance in terms of energy multiplica-

tion as well as fuel rejuvenation and thorium utilization.
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INTRODUCTION

Canada deuterium uranium (CANDU) thermal
reactors, using natural uranium (0.005 % 23U,
0.711 % 233U, and 99.284 % >38U) [1], have been oper-
ated widely for over 50 years to convert nuclear energy
to electric energy. CANDU and other thermal reactors
(such as light water reactors, LWR) can utilize only
1 % of natural uranium [2]. Unfortunately, the remain-
ing spent fuels, which include abundant amounts of
fertile fuel, cannot be used for energy generation as is.
Moreover, there are large amounts of hazardous radio-
active nuclear waste in these spent fuels. Managing of
nuclear spent fuels, therefore, is one of the most cru-
cial problems of the nuclear energy industry. Cur-
rently, many countries prefer to bury the nuclear spent
fuels placed in concrete containers underground. Fur-
thermore, thorium is also an attractive nuclear fertile
fuel, and its reserves are estimated to be approximately
three times larger than natural uranium [3]. On the
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other hand, a fusion breeder reactor (HYBRID reac-
tor) operating safely in sub-critical mode can
rejuvenate spent fuels and enrich natural uranium and
thorium fuels by means of high energetic neutrons re-
leased in fusion reactions as well as energy produc-
tion. In the near future, the HYBRID reactors, there-
fore, will be an alternative method for natural uranium
enrichment, spent fuel rejuvenation, nuclear waste
transmutation and also thorium utilization.

Many time-dependent burn calculations have
studied CANDU reactors fuelled with various fuel mix-
tures. Yang et al., developed a fuel cycle scheme for
thorium-uranium (**’Th-?33U) breeding recycle in
CANDU reactors [4]. The results of this study show
that such arecycling can be technically applicable in ex-
isting CANDU reactors. Mohamed and Badawi use
thorium-plutonium MOX fuels by placing them in the
inner fuel rods of CANDU fuel bundles [5]. Numerical
analyses are performed by using MCNP6. The numeri-
cal results show that uranium demand can be reduced
approximately by 27 % by placing the thorium-pluto-
nium MOX fuels in the inner fuel rods. Mirvakili et al.,
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analyzed the neutronic effects of ThO, by placing itin 6
of the 37 fuel rods in fuel bundles of the CANDU 6 re-
actor [6]. Neutronic calculations are performed by us-
ing MCNPX 2.6 and CINDER90. The computational
results show that at the end of one year burn-up, 18.38
kg of 23U and 31.84 kg of *Pu can be produced via
this method. Nuttin et al. comparatively analyzed the
conversion performances of CANDU and PWR reac-
tors loaded with a mixture of thorium and plutonium by
slightly modifying them [7]. Saldideh ef al. calculated
the neutronic values of a CANDU reactor fuelled with
various mixtures of thorium, uranium and plutonium by
using Monte Carlo techniques [8]. They point out that
with such fuel compositions, the infinite neutron multi-
plication factor (k,,) can be above 1.04 during over 8
years of burn operation. Bergelson et al. studied on the
self-sufficient thorium fuel cycle for CANDU reactors
[9, 10]. The results of these studies confirm that a
self-sufficient thorium mode is possible for a CANDU
reactor without the need for a new technology.

Furthermore, the rejuvenation of spent fuel and
the enrichment of uranium-thorium fuel are performed
in HYBRID reactors by many researchers. Azizov et al.
studied the transmutation of long-lived actinides in a
TOKAMAK fusion reactor cooled with different cool-
ants by using the Monte Carlo method [11]. Francois et
al. analyzed the transmutation of LWR spent fuel in a
fusion-fission HYBRID system based on the TOKA-
MAK concept by considering mixed oxide fuel and in-
ert matrix fuel [12]. They used the MCNPX code for the
neutronic analyses. Noack et al. considered a mirror
HYBRID, which is based on the TOKAMAK fusion re-
actor to incinerate the transuranic (TRU) elements from
spent nuclear fuel and to amplify fusion energy [13].
This HYBRID reactor is operated at k. =0.95, and the
MCNPS code together with the JEFF-3.1 nuclear data
library are used for neutronic calculations. Acir and
Ubeyli investigated the reduction of the reactor grade
(RG) plutonium in a HYBRID reactor fuelled with a
mixture of PuO, and ThO, [14]. This study shows thata
substantial amount of RG-plutonium can be burned in
the investigated HYBRID reactor in a short period.
Ubeyli investigates the effects of a fuel zone coolant,
Flinabe, Li,;Sng,, natural lithium and Flibe, on the
neutronic performance of a HYBRID reactor rejuvenat-
ing the CANDU spent fuel [15]. The results of this
study show that Flibe and Flinabe have the best
neutronic properties for spent fuel rejuvenation. Fur-
thermore, Ubeyli studied the enrichment and rejuvena-
tion of nuclear fuels and the fission power flattening in
the fuel zone in ARIES-RS Fusion Breeder Reactors fu-
elled with various fuel compositions [16, 17].

In our previous works, rejuvenation and transmu-
tation of nuclear spent fuels (extracted from LWR or
CANDU reactors), enrichment of nuclear fuels and
transmutation of long-lived fission products in various
HYBRID reactors are investigated [18-31]. The results
of these works indicate that the considered HYBRID

reactors have a high performance in terms of energy
multiplication as well as rejuvenation, transmutation
and enrichment of nuclear fuels. In this study, fuel reju-
venation times in a HYBRID reactor fuelled with a mix-
ture of uranium-thorium oxides are analyzed for
multi-reuse of nuclear fuels in CANDU reactors.

FUSION BREEDER REACTOR

A D-T fusion breeder reactor operating in
sub-critical mode can produce fissile fuel from fertile
materials (such as 23>Th and 238U) as well as fission en-
ergy by using high energetic fusion neutrons. It also
produces the necessary trittum for self-sustainment.
Hence, a fusion breeder reactor is a HYBRID system in
which both fusion and fission reactions occur. It is also
named as a HYBRID reactor. In this study, the HY-
BRID reactor used in [29] is considered by modifying
sizes. The sketch of a vertical cross- section view of
one-quarter of the modified HYBRID reactor is plotted
in fig. 1. As apparent from this figure, the reactor con-
sists essentially of two parts: (1) a fusion chamber in
which the D-T fusion reactions occur and (2) a blanket
with four zones surrounding this fusion chamber. The
blanket zones are as follows.

—  First wall (FW) is made of a SiC composite.

—  Fuel zone (FZ), in which the fission and fissile fuel
breeding reactions occur, contains containing
CANDU fuel rods placed as a hexagonal arrange-
ment. A mixture of ™UQO, and ThO, is used as fuel.
This zone is conceptually divided into four subzones
and is cooled with either helium or natural liquid
lithium. Volume fractions of fuel, clad and coolant
are 0.60, 0.085, and 0.315, respectively. In the cases
of ™UO0; fuel mixed with ThO,, natural liquid lith-
um is used instead of helium as a coolant to provide
a tritium breeding ratio (TBR) above 1.1.

—  Tritium breeding zone (TBZ): One of the main pa-
rameters of fusion breeder reactors is the TBR, and
for a fusion breeder to be self-sufficient in terms of
tritium, this ratio must be greater than or equal to 1.1.
Since tritium can be produced from lithium, this re-
gion contains Li,O. Furthermore, this zone is de-
signed in a sandwich form along with the reflector
zone to increase TBR.

— Reflector zone (RZ): This Zone, which is made of
graphite, returns neutrons coming from the TBZ.

In addition, atomic percentages and mass densi-
ties of materials used in the considered HYBRID are
given in tab. 1.

CANDU-37 REACTOR
As is known, the CANDU-37 reactor [1], which

is a thermal reactor and operates in critical mode, uses
ntygo, (0.711 % 233U, 0.005 % 234U and 99.284 %
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Figure 1. Vertical section view of one-quarter of the HYBRID reactor (dimensions are in cm) [29]
Table 1. Materials used in the HYBRID reactors
Zone Volumetric percentage Material Density [gem™] Isotope Atomic percentage
First wall 100 SiC 3.2 si 50
i .
irst wa 20 50
U 0.005
Fucl 6 U0, (100 to 35 %) 10.54 U 0.711
ue 38y 99.284
ThO, (0 to 65 %) 9.88 BT 100
Her 0.1
Fuel *Fe 0.21
Y Clad 8.5 Zircaloy-4 6.56 dozy 98.23
*Sn 1.45
Hf 0.01
Helium 0.00715 *He 100
Coolant 31.5 0.534 °Li 7.5
auid lithi
Natural liquid lithium i 905
2.013 °Li 7.5
.. . LiO
Tritium breeding 100 1 i 925
Reflector 100 Graphite 2.1 2C 100

238U) [1] pellets placed in thin cylindrical zircaloy-4
rods. Figure 2 shows the radial cross-section view of
one-quarter of a CANDU-37 fuel channel with a
length of 595 cm. In the CANDU-37 reactor, there are

380 fuel channels, which are placed as a square lattice
with a pitch of 28.575 c¢m, each fuel channel contains
12 fuel bundles fitted longitudinally (end-to-end).
Each fuel bundle with a length 0£49.53 cmincludes 37
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Figure 2. Cross-section view of one-quarter of a heterogeneous CANDU-37 fuel channel (dimensions are in cm and the
dimensions except the height and width of the fuel channel are in scale) [1]

fuel rods arranged in the form of four rings as shown in
fig. 3. The CANDU reactor uses heavy water (D,0) as
a coolant and moderator, and its total fission power is
2156 MW.

Moreover, atomic percentages and mass densi-
ties of materials used in the CANDU-37 reactor are
presented in tab. 2.

NUMERICAL RESULTS
Calculation procedure

In this study, the fuel rejuvenation, enrichment
and burn processes are carried out in three stages as:
(1) the fuel rejuvenation and enrichment processes in
the HYBRID reactor, (2) the fuel burn process in the
CANDU reactor, and (3) the two-year cooling process
of CANDU spent fuels. In the fuel rejuvenation pro-
cess, CANDU-37 fuel rods filled with the a mixture of
"0, and ThO, are hexagonally placed in the
subzones of the fuel zone of the fusion breeder reactor
to increase their cumulative fissile fuel enrichment
(CFFE). According to the dimensions of these two re-
actors, only about one-third of the total fuel mass of a
CANDU-37 reactor can be placed in the fuel zone of
the HYBRID reactor. The time-dependent sub-critical
calculations of this reactor have been performed by us-

Nuclear fuel
separation
facility

Rejuvenated fuel

Fission products
Spent fuel
Rejuvenated fuel fission products

Spent fuel fission products

Y

A A
CANDU reactor Fission product Fusion breeder reactor
storage tank (hybrid reactor)

Figure 3. One fuel cycle of CANDU-spent fuel

ing MCNPX 2.7 [32] and CINDER [33] codes under a
fusion neutron wall loading of 1 MWm 2, correspond-
ing to a D-T fusion neutron flux of 4.444-10'3 cm2s™!
(energy of each fusion neutron is 14.1 MeV). The neu-
tron density is obtained as 2.68335-10' fusion neu-
trons per second by multiplying this flux value and FW
area (6.03814-10° cm?). According to these values, the
fusion power wall loading is calculated as 60.38 MW.
In the fuel burn process, the fuel rods, which reach the
enough cumulative fissile fuel enrichment (CFFE) in
the fuel rejuvenation and enrichment processes for the
CANDU reactor, are placed in the bundles of the
CANDU-37 reactor. The fuel rods in each sub-zone
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Table 2. Materials used in the CANDU-37 reactor

Zone ;/grl:emnte;rglg Material Density [gem °] Isotope Atomic percentage
) ) 6.53 N7zp 97.5
Calandria tube 100 Zirc2.5Nb N )5
Gap 100 CO, 2c 100
2#Cr 0.1
*Fe 0.135
. 6.56 2Ni 0.055
Pressure tube 100 Zircaloy-2 T, 98.25
Sn 1.45
PHf 0.01
Moderator 100 D,O 1.1 ’H 100
#Cr 0.1
6.56 *Fe 0.21
Clad 100 Zircaloy-4 “7r 98.23
Sn 1.45
Hf 0.01
3y 0.005
Fuel 100 U0, 10.54 Byt 0.711
Py 99.284

are placed in the same numbered ring of the bundle of
the CANDU reactor, from the inside out. The time-de-
pendent heterogeneous critical burn calculations of
this reactor are carried out by using MCNPX 2.7 (with
a BURN TIME option) and MONTEBURNS [34]
codes for a total thermal power of 2156 MW. Interface
computer codes named XBURN [35], CBURN [36]
and MBURN [37] are developed to accurately evalu-
ate the MCNPX, CINDER and MONTEBURNS out-
puts, respectively. The numerical results indicate that
the neutronic values of the burn processes obtained
from both MCNPX 2.7 and MONTEBURNS codes
are almost the same. In the following sections, the fuel
rejuvenation or enrichment process together with the
fuel burn process will be called as one fuel cycle. The
stages of one fuel cycle are shown in detail in fig. 3. As
apparent also from this figure, the nuclear fuels and
fission products from both reactors are separated from
one another in the Nuclear Fuel Separation Facility so
that both reactors are loaded with only nuclear fuels at
the beginning of all fuel cycles.

NEUTRONIC ASSESSMENTS
Case of only "UO, fuel

The fissile fuel atomic percentage of natural ura-
nium is 0.711 %, and this fuel can be burned in the
CANDU reactor until £, decreases to 1.06-1.05. Dur-
ing this process, its burn time is calculated as about
180 days. The 180-day duration is adopted as the ef-
fective burn time for the CANDU reactor, and in the
following sections, it will be known as the effective
burn time. Firstly, "™UO, fuel is burned in the CANDU
reactor during the effective burn time. The burned fuel

is subjected to a cooling process for two years, and the
cooled fuel rods are rejuvenated in the blanket of the
HYBRID reactor until they become re-burnable in the
CANDU reactor during the effective burn time. In the
following sections, the time required for the spent fuel
to become available again in the CANDU reactor will
be called as the rejuvenation time. This time is calcu-
lated as about 90 days.

Figure 4 shows the decrease and the subsequent
increase of CFFE in the CANDU and HYBRID reac-
tors during each fuel cycle (the effective burn time
(left subfigure) and the subsequent rejuvenation time
(right subfigure)) in the case of only "UO, fuel. In ad-
dition, the variations of k,, in each fuel cycle depend-
ing on the effective burn time are plotted in fig. 5. Asis
apparent from these figures, at the beginning of the
first fuel cycle, CFFE of 0.7 % is sufficient for the ef-
fective burn time, but requires a higher CFFE at the be-
ginning of the fuel cycles as the number of the fuel cy-
cles increases. Hence, the highest value of CFFE is at
the beginning of the fifth fuel cycle and its value is
about 1.034. Values of k., which are in the range of
1.12 and 1.28 at the beginning of fuel cycles, decrease
to about 1.07 at the end of all fuel cycles.

The tritium breeding ratio (TBR), which is one
of the main parameters of fusion breeder reactors, can
be obtained from the following reactions

SLi+n— *He+T (1a)
"Li+n—*He+T+n’ (1b)
The calculated values of TBR are greater than

1.1 (in the range of 1.15 and 1.17) during the fuel reju-
venation processes of all fuel cycles. This means that



G. Bakir, ef al.: Analysis of Fuel Rejuvenation Times in a Fusion Breeder ...
198 Nuclear Technology & Radiation Protection: Year 2017, Vol. 32, No. 3, pp. 193-203

Only natural UO,

In the HYBRID reactor

1.5 Inthe CANDU reactor 1.5 .
Figure 4. Decrease and
< 1.4 with MCNPX with CINDER 114 subsequent increase of
Z13F ----- with MONTEBURNS 11.3 2 CFFE during each
i 10k Jiow fuel cycle (the effective
& » £ burn time (left subfigure)
AF o 3119 and the subsequent
1.0 i 1.0 rejuvenation time (right
-
0.9k o d0.9 subfigure))
0.8f > {os
0.7\ Ho.7
0.6}- -0.6
0.5} —40.5
0 4 1 1 1 1 1 ] L 1 1 1 1 1 1 1 1 0 4
"0 30 60 90 120 150 1800 10 20 30 40 50 60 70 80 90
Time [d] Time [d]
130 Cnly natural UG, where ¢ is the process time, MTU — the metric ton of
N 4 e N e uranium and Az — the time interval.
81'25 — ith MCNPX Total BU, with an average value of 4.60 GWd

with MONTEBURNS

L 1
30 60 90 120 150 180
Time [d]

Figure 5. Variations of the infinite neutron multiplication
factor in each fuel cycle during the effective burn time

the considered fusion breeder reactor is self-sufficient
in terms of tritium.

Another main parameter is the energy multipli-
cation factor (M), and it can be calculated with the fol-
lowing equation

vy = Re200+ SLi(n,y)-4.784 - "Li(n,y)- 2476+ 14.1
14.1 @)

where Ry is the number of fission reactions per fusion
neutron, °Li(n,) — the tritium breeding reaction from
®Li(see eq. 1a) and "Li(n,y) — the tritium breeding reac-
tion from 'Li (see eq. 1b). The mean value of M calcu-
lated with this equation is 4.22. In other words, the fu-
sion power wall loading of 60.38 MW can be
increased up to 255 MW in the blanket during the fuel
rejuvenation process. These values show that the con-
sidered fusion breeder reactor has a high performance
in terms of energy multiplication as well as fuel rejuve-
nation.

In nuclear reactors, fuel burn-up (BU), which is
also known as fuel utilization, is described as the pro-
duced total fission energy per the mass of initial fuel. It
is can be calculated with the following equation

Fission power

BU(¢#+ At)=BU(t)+
( ) (1) MTU

At (3)

per MTU at the end of each fuel cycle, reaches 22.99
GWd per MTU at the end of the fifth fuel cycle.
15.56 % of the total BU belongs to the enrichment and
rejuvenation processes in the HYBRID reactor.

Case of ""UQ, fuel mixed with ThO,

In the cases of "™UO, fuel mixed with ThO,,
firstly, the cumulative fissile fuel enrichment (CFFE)
values of the fuel mixture must be increased to a value
necessary for the effective burn time in the CANDU
reactor by fuel enrichment in the HYBRID reactor.
Therefore, the fuel cycles begin with the fuel enrich-
ment process in the HYBRID reactor.

The CFFE values and the fuel enrichment times
necessary for the effective burn times versus the per-
centages of ThO, are plotted in fig. 6. Since the fission
and capture cross-sections of 2*2Th are lower than
those of 28U, when the percentage of ThO, is in-
creased, the CFFE values and the fuel enrichment

E 1 420
14F 1
13F o 360
& 1 =
w 2F J300 g
w11E ] 5]
c
L - 240
1.0 1 E
09 =, == ] L
F - - J180 £
08F ] i}
07F 4120
06E In the HYBRID reactor ]
05 E with MCNPX and CINDER 4 60
0.4 n [ [ 1 | 1 1 Jo
0 5 10 16 20 25 30 35

Percentage of ThO,

Figure 6. Variations of the fuel enrichment times and
cumulative fissile fuel enrichments (CFFE) necessary to
effectively burn the fuel in the CANDU-37 reactor
depending on the percentage of ThO,
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Figure 7. Variation of the fuel rejuvenation time
necessary to effectively burn the fuel mixture in

the CANDU-37 reactor depending on the percentage
of ThOz

times, which depend on CFFE, also increase. The nu-
merical calculations show that when the ThO, per-
centage is greater than 35, the value of TBR decreases
under 1.1 Therefore, the cases of the ThO, percentages
only in the range of 10 and 35 are investigated. When
the percentage of ThO, is raised from 10 to 35, the
CFFE values at the beginning of the fuel cycle increase
from 0.9651 % to 1.3136 % and the fuel enrichment
times also increase from 145 days to 425 days. In other
words, for instance, "™UO, fuel mixed with 35 %
ThO, can be used in the CANDU reactor during the ef-
fective burn time only after 425 days of an enrichment
process.

Figure 7 exhibits the increase of the fuel rejuve-
nation time in the HY BRID reactor necessary to effec-
tively burn the fuel mixture in the CANDU-37 reactor
depending on the percentage of ThO,. The fuel rejuve-
nation times linearly increase from 90 days to 120 days
depending on the increase of the ThO, percentage.

1.4
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—
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Figure 8. In the cases of the
various percentages of ThO,,
increase and subsequent
decrease of CFFE during the
first fuel cycle
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This means that, for instance, in the case of a percent-
age of 35 % ThO, CANDU spent fuel can be
rejuvenated in the HYBRID reactor in 120 days for an
effective burn time.

The increase and subsequently the decrease of
the CFFE values during the fuel enrichment and sub-
sequent burning processes in the HYBRID and
CANDU reactors are plotted in fig. 8 for various ThO,
percentages. Furthermore, the variations of k,, in the
cases of these fuels mixed with ThO, during the effec-
tive burn time are presented in fig. 9. As apparent from
these figures, the enriched fuel mixtures in the HY-
BRID reactor can be effectively burned for 180 days in
the CANDU reactor. The enrichment times increase
from 145 days to 425 days when the percentage of
ThO, is raised from 10 to 35. At end of the effective
burn time, &, decreases to 1.06 in all fuel cases. These
results indicate that the enriched fuel mixtures can be
burned effectively in the CANDU reactor during the
effective burning time.

Case of ™UQ, fuel mixed
with a 35 % ThO,

Figure 10 shows in the case of "™UO, fuel mixed
with a 35 % ThO, the increase and the subsequent de-
crease of CFFE in the HYBRID and CANDU reactors
during the fuel cycle for five fuel cycles. Figure 11 in-
dicates the variations of &, in these fuel cycles during
the effective burn time. As apparent from fig. 10, in the
first fuel cycle, the CFFE of the fuel mixture is in-
creased from 0.47 % to 1.3 % by the enriching process
in the HYBRID reactor for 425 days, and the enriched
fuel is burned in the CANDU reactor during the effec-
tive burn time. In the second and subsequent fuel cy-
cles, the rejuvenation times of CANDU spent fuels are
only 120 days. For instance, in the fifth fuel cycle, the
CFFE value is increased from 1.24 % to 1.44 % in 120
days, and the rejuvenated fuel can be burned in the
CANDU reactor during the same effective burn time
(180 days). Atthe beginning of the fuel cycles, the val-
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Figure 9. Variations of the infinite neutron multiplication
factor in the case of the various percentages of ThO,
during the effective burn time
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ues of k_, are in the range of 1.19 and 1.24, and at the CONCLUSIONS

end of the burning, they decrease to about 1.06.

The calculated values of TBR are greater than or
equal to 1.1 (in the range of 1.10 and 1.16) during the
fuel rejuvenation processes of all fuel cycles. This
means that the considered fusion breeder reactor fu-
elled with the mixture fuel is self-sufficient in terms of
trittum. The M values are in the range of 3.2 and 3.7
(mean 3.45). Thus, the mean heat power released in
the blanket is 208 MW during the fuel enrichment pro-
cess. These values confirm that the considered fusion
breeder reactor has a high performance in terms of en-
ergy multiplication as well as fuel enrichment. Total
BU, with an average value of 5.24 GWd per MTU at
the end of each fuel cycle, reaches 26.20 GWd per
MTU at the end of the fifth fuel cycle. 15.31 % of the
total BU occurs in the enrichment and rejuvenation
processes in the HYBRID reactor.

The masses of isotopes at the beginning of the
first fuel cycle (BOC) and the end of the fifth fuel cycle
(EOC) in the CANDU reactor are given in tab. 3 for
both fuel cases in grams.

One way of rejuvenation of nuclear fuels is to
use HYBRID reactors with a high-energetic neutron
source. Several time-dependent calculations are car-
ried out to obtain the most suitable neutronic data by
using MONTEBURNS, MCNPX 2.7 and CINDER
computer codes. Some important results are briefly
presented as follows.

— Inthe first fuel cycle, the fuel enrichment times in
the HYBRID reactor increase from 145 days to
425 days depending on the ThO, percentages in
the mixture.

— In the case of only "'UO; fuel, total BU, with an
average value 0f4.60 GWd per MTU at the end of
each fuel cycle, reaches 22.99 GWd per MTU at
the end of the fifth fuel cycle.

— In the case of "™UO, fuel mixed with ThO,, with
an average of 5.24 GWd per MTU at the end of
each cycle, the BU value reaches 26.20 GWd per
MTU at the end of the fifth cycle. Correspond-
ingly, its value can only be 52.40 GWd per MTU
at the end of the tenth fuel cycle.
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Table 3. Masses of isotopes at the beginning of the first fuel cycle (BOC) and the end of the fifth fuel cycle (EOC) in the

CANDU reactor in grams

CASE Only UO, "JO, fuel mixed with 35 % ThO,
Isotope BOC EOC” BOC EOC"
B2Th - - 7.72540E+04 7.43800E+04
23py - - 5.42400E+01 -
2y - - 5.27510E+02 1.32460E+03
s} 1.23261E+01 8.67120E+00 9.95590E+00 1.78680E+02
3y 1.76017E+03 1.73032E+02 1.04291E+03 1.85037E+02
3oy - 2.85900E+02 5.31380E+01 2.27493E+02
3y 2.48938E+05 2.42025E+05 1.52468E+05 1.48658E+05
ZNp - 1.19274E+02 1.13414E+02 1.58972E+02
opy - 1.86810E-03 1.01080E-03 5.34540E-03
8py - 5.07720E+01 1.86200E+00 7.57910E+01
9py - 1.08525E+03 1.03004E+03 6.82800E+02
20py - 8.97540E+02 6.21730E+00 6.30200E+02
2#ipy - 1.71554E+02 2.89580E—02 1.27201E+02
22py - 1.16522E+02 7.05700E-05 9.24990E+01
T Am - 3.33210E+01 4.08390E-04 2.80430E+01
25 Am - 1.08794E+01 1.48300E-07 9.51420E+00
Cm - 2.13819E+00 2.38500E-10 1.74356E+00
TOTAL 2.50710E+05 2.44980E+05 2.32561E+05 2.26761E+05
0 3.36947E+04 3.36809E+04 3.15842E+04 3.15815E+04
TOTAL 2.84405E+05 2.78661E+05 2.64146E+05 2.58342E+05

“At the end of burn of 180 days and then cooling of 2 years

The time-dependent numerical calculations
have been performed for a fusion neutron wall loading
of 1 MWm™2(60.38 MW) and the obtained enrichment
and rejuvenation times are, therefore, valid for
one-third of the total fuel mass of a CANDU-37 reac-
tor. The fusion neutron wall loading must be 3 MWm™
(181.143 MW) so that the same obtained times can be
valid when the total mass is considered.

In conclusion, the considered fusion breeder re-
actor has a high performance in terms of energy multi-
plication as well as fuel rejuvenation.
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I'msem BAKUP, Xycenn JATINLIN

AHAJ/IN3A BPEMEHA OBHABJ/BAIA T'OPUBA Y OIUVIOJHOM ®Y3NUOHOM
PEAKTOPY CA MEIMABUHOM TOPUBA YPAHUIYM-TOPUIYM OKCHUIOA
HAMEILEHUX CANDU PEAKTOPUMA

Osa cryamja npukasyje oapebmBame BpemeHa oOHaBibama Koji D-T ommopHOT (Dy3MOHOT
peakTopa KOju Kao TOpUBO KOpHCTH MeliaBuHy npupopgHor UO, u ThO, 3a BHUIIECTPYKY yHoTpeOy
HykseapHor ropuBa y CANDU-37 peaktopuma. Kako 6u ce offpeiuo yTuIaj Topujyma Ha oboraheme
ropuBa 1 BpeMe 0OHaBJbama, CIPOBEICHE Cy HEYTpOoHCKe aHanm3e nosehamem ThO, y MenIaBmHN ropuBa
on 10-35 %. BpemeHckr 3aBUCHM HEYTPOHCKHU MPOpPAYyHH M3BENIEHN Cy y TpH ¢aze. Y mpBoj dasu, Koja
o0yxBaTa oboraheme ropuBa Ui Npouec O0HaB/bakba y OMIONHOM (Py3UOHOM PEaKTOPY, U3BPIIEHU CY
OpOopadyHH y HOTKPUTHYHOM PEXUMY OIUIOAHOT (Py3MOHOT peakTopa ca TOPHUBHOM MEIIaBUHOM
npuMeHoM rporpamckor nmaketa MCNPX 2.7/CINDER npu onrepehemy 3ua cyna py3noHNM HEyTPOHUMA
on 1 MWm™2, mrro ogrosapa aykcy HeyTpona of 4.444-101% ecm2s™! (enepruja ceakor ¢hy3noHOT HEYTPOHA
14.1 MeV). Y gpyroj ¢asu, TepMIUUKOj aHAJIN3U peakTopa, oboraheHe ropuBHe mMuNKe ca Kpaja npse gasze
noctaBibajy ce y CANDU-37 peakTop 1 BpIIH Ce MPOPAUYH KPUTHYHOCTH PEAKTOPa HE3aBUCHOM PUMEHOM
nporpamckux nakera MCNP 2.7 1 MONTEBURNS. Hymeprnuku pe3yataTu mokKasyjy Aa cy HEyTpPOHKE
BpefiHOCTH noOumjeHe momohy o6a mporpamcka maketa mMebycoOno Beoma Onucke. Tpeha caza je
pBoropuuibe xnabewe CANDU ucrpoueHor ropusa. BpegHoctu fobujeHe HyMEpUUYKAM NpOpadyHUMa
MOKa3yjy Jla je OBaj OIIOAHM (PY3MOHW PEaKTOpP CaAaMOOAPKHMB Y TOTJIeAYy TPUIMjyMa U UMa BHCOKE
nepdopmaHce y MOTJIEy SHEepreTcke MYJNTHIUTHKAIje, Kao W OOHaBJbamka roprWBa M MCKOpHUIThema
TOpHjyMa.

Kmwyune pequ: otino0HU ¢hy3uonu peaxitiop, pucuora ousooma, obozakere zopusa, 00HABbAME
2opusa, uckopuuthierse iiopujyma, CANDU peakitiop




