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This study pres ents the de ter mi na tion of fuel re ju ve na tion times in a D-T fu sion breeder re ac -
tor fu elled with a mix ture of natUO2 and ThO2 for multi-re use of nu clear fu els in CANDU-37
re ac tors. To de ter mine the ef fect of tho rium on the fuel en rich ment and re ju ve na tion times,
neutronic anal y ses are per formed by in creas ing the per cent age of ThO2 in the fuel mix ture
from 10 to 35. The time-de pend ent neutronic cal cu la tions are car ried out in three stages. In
the first stage, which is the fuel en rich ment or re ju ve na tion pro cess in the fu sion breeder re ac -
tor, the subcritical  cal cu la tions  of  the fu sion breeder re ac tor fu elled with the fuel mix tures
are per formed  by  us ing  the  MCNPX 2.7/CIN DER un der  a  fu sion  neu tron  wall  load ing 
of  1 MWm–2,  cor re spond ing  to  neu tron flux of 4.444·1013  cm–2s–1  (en ergy  of  ev ery fu sion
neu tron is 14.1 MeV). In the sec ond stage, which is the ther mal re ac tor anal y sis, the fuel rods
en riched at the end of the first stage are placed in the CANDU-37 re ac tor, and the crit i cal cal -
cu la tions of this re ac tor are per formed by us ing MCNPX 2.7 and MONTEBURNS codes
sep a rately. The nu mer i cal re sults show that the neutronic val ues ob tained from both codes are 
very near each other. The third stage is the two-year cool ing pro cess of CANDU spent fu els.
The val ues ob tained by nu mer i cal cal cu la tions show that this fu sion breeder re ac tor is
self-suf fi cient in terms of tri tium and has a high per for mance in terms of en ergy mul ti pli ca -
tion as well as fuel re ju ve na tion and tho rium uti li za tion. 
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IN TRO DUC TION

Can ada deu te rium ura nium (CANDU) ther mal
re ac tors,  us ing  nat u ral  ura nium  (0.005  %  234U,
0.711 % 235U, and 99.284 % 238U) [1], have been op er -
ated widely for over 50 years to con vert nu clear en ergy 
to elec tric en ergy. CANDU and other ther mal re ac tors
(such  as  light  wa ter  re ac tors,  LWR)  can  uti lize  only
1 % of nat u ral ura nium [2]. Un for tu nately, the re main -
ing spent fu els, which in clude abun dant amounts of
fer tile fuel, can not be used for en ergy gen er a tion as is.
More over, there are large amounts of haz ard ous ra dio -
ac tive nu clear waste in these spent fu els. Man ag ing of
nu clear spent fu els, there fore, is one of the most cru -
cial prob lems of the nu clear en ergy in dus try. Cur -
rently, many coun tries pre fer to bury the nu clear spent
fu els placed in con crete con tain ers un der ground. Fur -
ther more, tho rium is also an at trac tive nu clear fer tile
fuel, and its re serves are es ti mated to be ap prox i mately 
three times larger than nat u ral ura nium [3]. On the

other hand, a fu sion breeder re ac tor (HY BRID re ac -
tor) op er at ing safely in sub-crit i cal mode can
re ju ve nate spent fu els and en rich nat u ral ura nium and
tho rium fu els by means of high en er getic neu trons re -
leased in fu sion re ac tions as well as en ergy pro duc -
tion. In the near fu ture, the HY BRID re ac tors, there -
fore, will be an al ter na tive method for nat u ral ura nium
en rich ment, spent fuel re ju ve na tion, nu clear waste
trans mu ta tion and also tho rium uti li za tion.

Many time-de pend ent burn cal cu la tions have
stud ied CANDU re ac tors fu elled with var i ous fuel mix -
tures. Yang et al., de vel oped a fuel cy cle scheme for
tho rium-ura nium (232Th-233U) breed ing re cy cle  in
CANDU re ac tors [4]. The re sults of this study show
that such a re cy cling can be tech ni cally ap pli ca ble in ex -
ist ing CANDU re ac tors. Mohamed and Badawi use
tho rium-plu to nium MOX fu els by plac ing them in the
in ner fuel rods of CANDU fuel bun dles [5]. Nu mer i cal
anal y ses are per formed by us ing MCNP6. The nu mer i -
cal re sults show that ura nium de mand can be re duced
ap prox i mately by 27 % by plac ing the tho rium-plu to -
nium MOX fu els in the in ner fuel rods. Mirvakili et al.,
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an a lyzed the neutronic ef fects of ThO2 by plac ing it in 6
of the 37 fuel rods in fuel bun dles of the CANDU 6 re -
ac tor [6]. Neutronic cal cu la tions are per formed by us -
ing MCNPX 2.6 and CINDER90. The com pu ta tional
re sults show that at the end of one year burn-up, 18.38
kg of 233U and 31.84 kg of 239Pu can be pro duced via
this method. Nuttin et al. com par a tively an a lyzed the
con ver sion per for mances of CANDU and PWR re ac -
tors loaded with a mix ture of tho rium and plu to nium by
slightly mod i fy ing them [7]. Saldideh et al. cal cu lated
the neutronic val ues of a CANDU re ac tor fu elled with
var i ous mix tures of tho rium, ura nium and plu to nium by 
us ing Monte Carlo tech niques [8]. They point out that
with such fuel com po si tions, the in fi nite neu tron mul ti -
pli ca tion fac tor (k¥) can be above 1.04 dur ing over 8
years of burn op er a tion. Bergelson et al. stud ied on the
self-suf fi cient tho rium fuel cy cle for CANDU re ac tors
[9, 10]. The re sults of these stud ies con firm that a
self-suf fi cient tho rium mode is pos si ble for a CANDU
re ac tor with out the need for a new tech nol ogy.

Fur ther more, the re ju ve na tion of spent fuel and
the en rich ment of ura nium-tho rium fuel are per formed
in HY BRID re ac tors by many re search ers. Azizov et al. 
stud ied the trans mu ta tion of long-lived actinides in a
TOKA MAK fu sion re ac tor cooled with dif fer ent cool -
ants by us ing the Monte Carlo method [11]. Francois et
al. an a lyzed the trans mu ta tion of LWR spent fuel in a
fu sion-fis sion HY BRID sys tem based on the TOKA -
MAK con cept by con sid er ing mixed ox ide fuel and in -
ert ma trix fuel [12]. They used the MCNPX code for the 
neutronic anal y ses. Noack et al. con sid ered a mir ror
HY BRID, which is based on the TOKA MAK fu sion re -
ac tor to in cin er ate the trans uranic (TRU) el e ments from 
spent nu clear fuel and to am plify fu sion en ergy [13].
This HY BRID re ac tor is op er ated at keff  = 0.95, and the
MCNP5 code to gether with the JEFF-3.1 nu clear data
li brary are used for neutronic cal cu la tions. Acir and
Ubeyli in ves ti gated the re duc tion of the re ac tor grade
(RG) plu to nium in a HY BRID re ac tor fu elled with a
mix ture of PuO2 and ThO2 [14]. This study shows that a
sub stan tial amount of RG-plu to nium can be burned in
the in ves ti gated HY BRID re ac tor in a short pe riod.
Ubeyli in ves ti gates the ef fects of a fuel zone cool ant,
Flinabe, Li20Sn80, nat u ral lith ium and Flibe, on the
neutronic per for mance of a HY BRID re ac tor re ju ve nat -
ing the CANDU spent fuel [15]. The re sults of this
study show that Flibe and Flinabe have the best
neutronic prop er ties for spent fuel re ju ve na tion. Fur -
ther more, Ubeyli stud ied the en rich ment and re ju ve na -
tion of nu clear fu els and the fis sion power flat ten ing in
the fuel zone in ARIES-RS Fu sion Breeder Re ac tors fu -
elled with var i ous fuel com po si tions [16, 17].

In our pre vi ous works, re ju ve na tion and trans mu -
ta tion of nu clear spent fu els (ex tracted from LWR or
CANDU re ac tors), en rich ment of nu clear fu els and
trans mu ta tion of long-lived fis sion prod ucts in var i ous
HY BRID re ac tors are in ves ti gated [18-31]. The re sults
of these works in di cate that the con sid ered HY BRID

re ac tors have a high per for mance in terms of en ergy
mul ti pli ca tion as well as re ju ve na tion, trans mu ta tion
and en rich ment of nu clear fu els. In this study, fuel re ju -
ve na tion times in a HY BRID re ac tor fu elled with a mix -
ture of ura nium-tho rium ox ides are an a lyzed for
multi-re use of nu clear fu els in CANDU re ac tors.

FU SION BREEDER RE AC TOR

A D-T fu sion breeder re ac tor op er at ing in
sub-crit i cal mode can pro duce fis sile fuel from fer tile
ma te ri als (such as 232Th and 238U) as well as fis sion en -
ergy by us ing high en er getic fu sion neu trons. It also
pro duces the nec es sary tri tium for self-sus tain ment.
Hence, a fu sion breeder re ac tor is a HY BRID sys tem in
which both fu sion and fis sion re ac tions oc cur. It is also
named as a HY BRID re ac tor. In this study, the HY -
BRID re ac tor used in [29] is con sid ered by mod i fy ing
sizes. The sketch of a ver ti cal cross- sec tion view of
one-quar ter of the mod i fied HY BRID re ac tor is plot ted
in fig. 1. As ap par ent from this fig ure, the re ac tor con -
sists es sen tially of two parts: (1) a fu sion cham ber in
which the D-T fu sion re ac tions oc cur and (2) a blan ket
with four zones sur round ing this fu sion cham ber. The
blan ket zones are as fol lows.
– First wall (FW) is made of a SiC com pos ite. 
– Fuel zone (FZ), in which the fis sion and fis sile fuel

breed ing re ac tions oc cur, con tains con tain ing
CANDU fuel rods placed as a hex ag o nal ar range -
ment. A mix ture of natUO2 and ThO2 is used as fuel.
This zone is con cep tu ally di vided into four subzones 
and is cooled with ei ther he lium or nat u ral liq uid
lith ium. Vol ume frac tions of fuel, clad and cool ant
are 0.60, 0.085, and 0.315, re spec tively. In the cases
of natUO2 fuel mixed with ThO2, nat u ral liq uid lith -
ium is used in stead of he lium as a cool ant to pro vide
a tri tium breed ing ra tio (TBR) above 1.1.

– Tri tium breed ing zone (TBZ): One of the main pa -
ram e ters of fu sion breeder re ac tors is the TBR, and
for a fu sion breeder to be self-suf fi cient in terms of
tri tium, this ra tio must be greater than or equal to 1.1. 
Since tri tium can be pro duced from lith ium, this re -
gion con tains Li2O. Fur ther more, this zone is de -
signed in a sand wich form along with the re flec tor
zone to in crease TBR.

– Re flec tor zone (RZ): This Zone, which is made of
graph ite, re turns neu trons com ing from the TBZ.

In ad di tion, atomic per cent ages and mass den si -
ties of ma te ri als used in the con sid ered HY BRID are
given in tab. 1.

CANDU-37 RE AC TOR

As is known, the CANDU-37 re ac tor [1], which
is a ther mal re ac tor and op er ates in crit i cal mode, uses
natUO2 (0.711 % 235U, 0.005 % 234U and 99.284 %

G. Bakir, et al.: Anal y sis of Fuel Re ju ve na tion Times in a Fu sion Breeder ...
194 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2017, Vol. 32, No. 3, pp. 193-203



238U) [1] pel lets placed in thin cy lin dri cal zircaloy-4
rods. Fig ure 2 shows the ra dial cross-sec tion view of
one-quar ter of a CANDU-37 fuel chan nel with a
length of 595 cm. In the CANDU-37 re ac tor, there are

380 fuel chan nels, which are placed as a square lat tice
with a pitch of 28.575 cm, each fuel chan nel con tains
12 fuel bun dles fit ted lon gi tu di nally (end-to-end).
Each fuel bun dle with a length of 49.53 cm in cludes 37 
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Fig ure 1. Ver ti cal sec tion view of one-quar ter of the HY BRID re ac tor (di men sions are in cm) [29]

Ta ble 1. Ma te ri als used in the HY BRID re ac tors

Zone Vol u met ric per cent age Ma te rial Den sity [gcm–3] Iso tope Atomic per cent age

First wall 100 SiC 3.2 
14Si 50
12C 50

Fuel

Fuel 60
UO2 (100 to 35 %) 10.54 

234U 0.005
235U 0.711
238U 99.284

ThO2 (0 to 65 %) 9.88 232Th 100

Clad 8.5 Zircaloy-4 6.56 

24Cr 0.1
26Fe 0.21
40Zr 98.23
50Sn 1.45
72Hf 0.01

Cool ant 31.5

He lium 0.00715 4He 100

Nat u ral liq uid lith ium
 0.534 6Li 7.5

 7Li 92.5

Tri tium breed ing 100 Li2O
2.013 6Li 7.5

 7Li 92.5

Re flec tor 100 Graph ite 2.1 12C 100



fuel rods ar ranged in the form of four rings as shown in 
fig.  3. The CANDU re ac tor uses heavy wa ter (D2O) as 
a cool ant and mod er a tor, and its to tal fis sion power is
2156 MW. 

More over, atomic per cent ages and mass den si -
ties of ma te ri als used in the CANDU-37 re ac tor are
pre sented in tab. 2.

NU MER I CAL RE SULTS

Cal cu la tion pro ce dure

In this study, the fuel re ju ve na tion, en rich ment
and burn pro cesses are car ried out in three stages as:
(1) the fuel re ju ve na tion and en rich ment pro cesses in
the HY BRID re ac tor, (2) the fuel burn pro cess in the
CANDU re ac tor, and (3) the two-year cool ing pro cess
of CANDU spent fu els. In the fuel re ju ve na tion pro -
cess, CANDU-37 fuel rods filled with the a mix ture of
natUO2 and ThO2 are hex ag on ally placed in the
subzones of the fuel zone of the fu sion breeder re ac tor
to in crease their cu mu la tive fis sile fuel en rich ment
(CFFE). Ac cord ing to the di men sions of these two re -
ac tors, only about one-third of the to tal fuel mass of a
CANDU-37 re ac tor can be placed in the fuel zone of
the HY BRID re ac tor. The time-de pend ent sub-crit i cal
cal cu la tions of this re ac tor have been per formed by us -

ing MCNPX 2.7 [32] and CIN DER [33] codes un der a
fu sion neu tron wall load ing of 1 MWm–2, cor re spond -
ing to a D-T fu sion neu tron flux of 4.444·1013 cm–2s–1

(en ergy of each fu sion neu tron is 14.1 MeV). The neu -
tron den sity is ob tained as 2.68335·1019 fu sion neu -
trons per sec ond by mul ti ply ing this flux value and FW 
area (6.03814·105 cm2). Ac cord ing to these val ues, the 
fu sion power wall load ing is cal cu lated as 60.38 MW.
In the fuel burn pro cess, the fuel rods, which reach the
enough cu mu la tive fis sile fuel en rich ment (CFFE) in
the fuel re ju ve na tion and en rich ment pro cesses for the
CANDU re ac tor, are placed in the bun dles of the
CANDU-37 re ac tor. The fuel rods in each sub-zone
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Fig ure 2. Cross-sec tion view of one-quar ter of a het er o ge neous CANDU-37 fuel chan nel (di men sions are in cm and the
di men sions ex cept the height and width of the fuel chan nel are in scale) [1]

Fig ure 3. One fuel cy cle of CANDU-spent fuel 



are placed in the same num bered ring of the bun dle of
the CANDU re ac tor, from the in side out. The time-de -
pend ent het er o ge neous crit i cal burn cal cu la tions of
this re ac tor are car ried out by us ing MCNPX 2.7 (with
a BURN TIME op tion) and MONTEBURNS [34]
codes for a to tal ther mal power of 2156 MW. In ter face
com puter codes named XBURN [35], CBURN [36]
and MBURN [37] are de vel oped to ac cu rately eval u -
ate the MCNPX, CIN DER and MONTEBURNS out -
puts, re spec tively. The nu mer i cal re sults in di cate that
the neutronic val ues of the burn pro cesses ob tained
from both MCNPX 2.7 and MONTEBURNS codes
are al most the same. In the fol low ing sec tions, the fuel
re ju ve na tion or en rich ment pro cess to gether with the
fuel burn pro cess will be called as one fuel cy cle. The
stages of one fuel cy cle are shown in de tail in fig. 3. As
ap par ent also from this fig ure, the nu clear fu els and
fis sion prod ucts from both re ac tors are sep a rated from
one an other in the Nu clear Fuel Sep a ra tion Fa cil ity so
that both re ac tors are loaded with only nu clear fu els at
the be gin ning of all fuel cy cles.

NEUTRONIC AS SESS MENTS

Case of only natUO2 fuel 

The fis sile fuel atomic per cent age of nat u ral ura -
nium is 0.711 %, and this fuel can be burned in the
CANDU re ac tor un til k4 de creases to 1.06-1.05. Dur -
ing this pro cess, its burn time is cal cu lated as about
180 days. The 180-day du ra tion is adopted as the ef -
fec tive burn time for the CANDU re ac tor, and in the
fol low ing sec tions, it will be known as the ef fec tive
burn time. Firstly, natUO2 fuel is burned in the CANDU 
re ac tor dur ing the ef fec tive burn time. The burned fuel

is sub jected to a cool ing pro cess for two years, and the
cooled fuel rods are re ju ve nated in the blan ket of the
HY BRID re ac tor un til they be come re-burnable in the
CANDU re ac tor dur ing the ef fec tive burn time. In the
fol low ing sec tions, the time re quired for the spent fuel
to be come avail able again in the CANDU re ac tor will
be called as the re ju ve na tion time. This time is cal cu -
lated as about 90 days.

Fig ure 4 shows the de crease and the sub se quent
in crease of CFFE in the CANDU and HY BRID re ac -
tors dur ing each fuel cy cle (the ef fec tive burn time
(left subfigure) and the sub se quent re ju ve na tion time
(right subfigure)) in the case of only natUO2 fuel. In ad -
di tion, the vari a tions of k¥ in each fuel cy cle de pend -
ing on the ef fec tive burn time are plot ted in fig. 5. As is
ap par ent from these fig ures, at the be gin ning of the
first fuel cy cle, CFFE of 0.7 % is suf fi cient for the ef -
fec tive burn time, but re quires a higher CFFE at the be -
gin ning of the fuel cy cles as the num ber of the fuel cy -
cles in creases. Hence, the high est value of CFFE is at
the be gin ning of the fifth fuel cy cle and its value is
about 1.034. Val ues of k¥, which are in the range of
1.12 and 1.28 at the be gin ning of fuel cy cles, de crease
to about 1.07 at the end of all fuel cy cles. 

The tri tium breed ing ra tio (TBR), which is one
of the main pa ram e ters of fu sion breeder re ac tors, can
be ob tained from the fol low ing re ac tions

6Li n He T4+ ® + (1a)

7Li n He T + n4+ ® + ¢ (1b)

The cal cu lated val ues of TBR are greater than
1.1 (in the range of 1.15 and 1.17) dur ing the fuel re ju -
ve na tion pro cesses of all fuel cy cles. This means that
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Ta ble 2. Ma te ri als used in the CANDU-37 re ac tor

Zone Vol u met ric
per cent age Ma te rial Den sity [gcm–3] Iso tope Atomic per cent age

Calandria tube 100 Zirc2.5Nb
6.53 40Zr 97.5

41Nb 2.5

Gap 100 CO2
12C 100

Pres sure tube 100 Zircaloy-2

24Cr 0.1
26Fe 0.135

6.56 28Ni 0.055
40Zr 98.25
50Sn 1.45
72Hf 0.01

Mod er a tor 100 D2O 1.1 2H 100

Clad 100 Zircaloy-4

24Cr 0.1 

6.56 26Fe 0.21
40Zr 98.23
50Sn 1.45
72Hf 0.01

Fuel 100 UO2

234U 0.005

10.54 235Uf 0.711
238U 99.284



the con sid ered fu sion breeder re ac tor is self-suf fi cient
in terms of tri tium.

An other main pa ram e ter is the en ergy mul ti pli -
ca tion fac tor (M), and it can be cal cu lated with the fol -
low ing equation

M
R n n

=
+ × - × +f Li Li200 4 784 2476 141

141

6 7( , ) . ( , ) . .

.

g g

(2)

where Rf is the num ber of fis sion re ac tions per fu sion
neu tron, 6Li(n,g) – the tri tium breed ing re ac tion from
6Li (see eq. 1a) and 7Li(n,g) – the tri tium breed ing re ac -
tion from 7Li (see eq. 1b). The mean value of M cal cu -
lated with this equa tion is 4.22. In other words, the fu -
sion power wall load ing of 60.38 MW can be
in creased up to 255 MW in the blan ket dur ing the fuel
re ju ve na tion pro cess. These val ues show that the con -
sid ered fu sion breeder re ac tor has a high per for mance
in terms of en ergy mul ti pli ca tion as well as fuel re ju ve -
na tion.

In nu clear re ac tors, fuel burn-up (BU), which is
also known as fuel uti li za tion, is de scribed as the pro -
duced to tal fis sion en ergy per the mass of ini tial fuel. It 
is can be cal cu lated with the fol low ing equa tion

BU BU
Fission  power

MTU
( ) ( )t t t t+ = +D D (3)

where t is the pro cess time, MTU – the met ric ton of
ura nium and Dt – the time in ter val. 

To tal BU, with an av er age value of 4.60 GWd
per MTU at the end of each fuel cy cle, reaches 22.99
GWd  per  MTU  at  the end of the fifth fuel cy cle.
15.56 % of the to tal BU be longs to the en rich ment and
re ju ve na tion pro cesses in the HY BRID re ac tor.

Case of natUO2 fuel mixed with ThO2 

In the cases of natUO2 fuel mixed with ThO2,
firstly, the cu mu la tive fis sile fuel en rich ment (CFFE)
val ues of the fuel mix ture must be in creased to a value
nec es sary for the ef fec tive burn time in the CANDU
re ac tor by fuel en rich ment in the HY BRID re ac tor.
There fore, the fuel cy cles be gin with the fuel en rich -
ment pro cess in the HY BRID re ac tor. 

The CFFE val ues and the fuel en rich ment times
nec es sary for the ef fec tive burn times ver sus the per -
cent ages of ThO2 are plot ted in fig. 6. Since the fis sion
and cap ture cross-sec tions of 232Th are lower than
those of 238U, when the per cent age of ThO2 is in -
creased, the CFFE val ues and the fuel en rich ment
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Fig ure 4. De crease and
sub se quent in crease of
CFFE dur ing each
fuel cy cle (the ef fec tive
burn time (left subfigure)
and the sub se quent 
re ju ve na tion time (right
subfigure))

Fig ure 5. Vari a tions of the in fi nite neu tron mul ti pli ca tion
fac tor in each fuel cy cle dur ing the ef fec tive burn time

Fig ure 6. Vari a tions of the fuel en rich ment times and
cu mu la tive fis sile fuel en rich ments (CFFE) nec es sary to
ef fec tively burn the fuel in the CANDU-37 re ac tor
de pend ing on the per cent age of ThO2



times, which de pend on CFFE, also in crease. The nu -
mer i cal cal cu la tions show that when the ThO2 per -
cent age is greater than 35, the value of TBR de creases
un der 1.1 There fore, the cases of the ThO2 per cent ages 
only in the range of 10 and 35 are in ves ti gated. When
the per cent age of ThO2 is raised from 10 to 35, the
CFFE val ues at the be gin ning of the fuel cy cle in crease 
from 0.9651 % to 1.3136 % and the fuel en rich ment
times also in crease from 145 days to 425 days. In other
words, for in stance, natUO2 fuel mixed with 35 %
ThO2 can be used in the CANDU re ac tor dur ing the ef -
fec tive burn time only af ter 425 days of an en rich ment
pro cess.

Fig ure 7 ex hib its the in crease of the fuel re ju ve -
na tion time in the HY BRID re ac tor nec es sary to ef fec -
tively burn the fuel mix ture in the CANDU-37 re ac tor
de pend ing on the per cent age of ThO2. The fuel re ju ve -
na tion times lin early in crease from 90 days to 120 days 
de pend ing on the in crease of the ThO2 per cent age.

This means that, for in stance, in the case of a per cent -
age of 35 % ThO2, CANDU spent fuel can be
re ju ve nated in the HY BRID re ac tor in 120 days for an
ef fec tive burn time.

The in crease and sub se quently the de crease of
the CFFE val ues dur ing the fuel en rich ment and sub -
se quent burn ing pro cesses in the HY BRID and
CANDU re ac tors are plot ted in fig. 8 for var i ous ThO2

per cent ages. Fur ther more, the vari a tions of k¥ in the
cases of these fu els mixed with ThO2 dur ing the ef fec -
tive burn time are pre sented in fig. 9. As ap par ent from
these fig ures, the en riched fuel mix tures in the HY -
BRID re ac tor can be ef fec tively burned for 180 days in 
the CANDU re ac tor. The en rich ment times in crease
from 145 days to 425 days when the per cent age of
ThO2 is raised from 10 to 35. At end of the ef fec tive
burn time, k¥ de creases to 1.06 in all fuel cases. These
re sults in di cate that the en riched fuel mix tures can be
burned ef fec tively in the CANDU re ac tor dur ing the
ef fec tive burn ing time.

Case of natUO2 fuel mixed
with a 35 % ThO2

Fig ure 10 shows in the case of natUO2 fuel mixed
with a 35 % ThO2 the in crease and the sub se quent de -
crease of CFFE in the HY BRID and CANDU re ac tors
dur ing the fuel cy cle for five fuel cy cles. Fig ure 11 in -
di cates the vari a tions of k¥ in these fuel cy cles dur ing
the ef fec tive burn time. As ap par ent from fig. 10, in the 
first fuel cy cle, the CFFE of the fuel mix ture is in -
creased from 0.47 % to 1.3 % by the en rich ing pro cess
in the HY BRID re ac tor for 425 days, and the en riched
fuel is burned in the CANDU re ac tor dur ing the ef fec -
tive burn time. In the sec ond and sub se quent fuel cy -
cles, the re ju ve na tion times of CANDU spent fu els are
only 120 days. For in stance, in the fifth fuel cy cle, the
CFFE value is in creased from 1.24 % to 1.44 % in 120
days, and the re ju ve nated fuel can be burned in the
CANDU re ac tor dur ing the same ef fec tive burn time
(180 days). At the be gin ning of the fuel cy cles, the val -
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Fig ure 7. Vari a tion of the fuel re ju ve na tion time
nec es sary to ef fec tively burn the fuel mix ture in
the CANDU-37 re ac tor de pend ing on the per cent age
of ThO2

Fig ure 8.  In the cases of the
var i ous per cent ages of ThO2,
in crease and sub se quent
de crease of CFFE dur ing the
first fuel cy cle



ues of k¥ are in the range of 1.19 and 1.24, and at the
end of the burn ing, they de crease to about 1.06.

The cal cu lated val ues of TBR are greater than or

equal to 1.1 (in the range of 1.10 and 1.16) dur ing the

fuel re ju ve na tion pro cesses of all fuel cy cles. This

means that the con sid ered fu sion breeder re ac tor fu -

elled with the mix ture fuel is self-suf fi cient in terms of

tri tium. The M val ues are in the range of 3.2 and 3.7

(mean 3.45). Thus, the mean heat power re leased in

the blan ket is 208 MW dur ing the fuel en rich ment pro -

cess. These val ues con firm that the con sid ered fu sion

breeder re ac tor has a high per for mance in terms of en -

ergy mul ti pli ca tion as well as fuel en rich ment. To tal

BU, with an av er age value of 5.24 GWd per MTU at

the end of each fuel cy cle, reaches 26.20 GWd per

MTU at the end of the fifth fuel cy cle. 15.31 % of the

to tal BU oc curs in the en rich ment and re ju ve na tion

pro cesses in the HY BRID re ac tor. 

The masses of iso topes at the be gin ning of the

first fuel cy cle (BOC) and the end of the fifth fuel cy cle 

(EOC) in the CANDU re ac tor are given in tab. 3 for

both fuel cases in grams. 

 CON CLU SIONS

One way of re ju ve na tion of nu clear fu els is to
use HY BRID re ac tors with a high-en er getic neu tron
source. Sev eral time-de pend ent cal cu la tions are car -
ried out to ob tain the most suit able neutronic data by
us ing MONTEBURNS, MCNPX 2.7 and CIN DER
com puter codes. Some im por tant re sults are briefly
pre sented as fol lows.

– In the first fuel cy cle, the fuel en rich ment times in
the HY BRID re ac tor in crease from 145 days to
425 days de pend ing on the ThO2 per cent ages in
the mix ture.

– In the case of only natUO2 fuel, to tal BU, with an
av er age value of 4.60 GWd per MTU at the end of
each fuel cy cle, reaches 22.99 GWd per MTU at
the end of the fifth fuel cy cle.

– In the case of natUO2 fuel mixed with ThO2, with
an av er age of 5.24 GWd per MTU at the end of
each cy cle, the BU value reaches 26.20 GWd per
MTU at the end of the fifth cy cle. Cor re spond -
ingly, its value can only be 52.40 GWd per MTU
at the end of the tenth fuel cy cle.
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Fig ure 9. Vari a tions of the in fi nite neu tron mul ti pli ca tion 
fac tor in the case of the var i ous per cent ages of ThO2

dur ing the ef fec tive burn time 

Fig ure 10. In crease and
sub se quent de crease of CFFE
dur ing each fuel cy cle (the
re ju ve na tion time (left subfigure)
and the sub se quent ef fec tive burn
time (right subfigure)) 

Fig ure 11. Vari a tions of the in fi nite neu tron
mul ti pli ca tion fac tor in each fuel cy cle dur ing the
ef fec tive burn time



  

The time-de pend ent nu mer i cal cal cu la tions
have been per formed for a fu sion neu tron wall load ing
of 1 MWm–2 (60.38 MW) and the ob tained en rich ment 
and re ju ve na tion times are, there fore, valid for
one-third of the to tal fuel mass of a CANDU-37 re ac -
tor. The fu sion neu tron wall load ing must be 3 MWm–2

(181.143 MW) so that the same ob tained times can be
valid when the to tal mass is con sid ered.

In con clu sion, the con sid ered fu sion breeder re -
ac tor has a high per for mance in terms of en ergy mul ti -
pli ca tion as well as fuel re ju ve na tion. 

AU THORS' CON TRI BU TIONS

The o ret i cal and nu mer i cal anal y ses were car ried
out by H. Yapici, and G. Bakir an a lyzed and dis cussed
the re sults. The manu script was writ ten and the fig ures 
were pre pared by all au thors.
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Gizem BAKIR, Husein JAPIXI

ANALIZA  VREMENA  OBNAVQAWA  GORIVA  U  OPLODNOM  FUZIONOM 
REAKTORU  SA  ME[AVINOM  GORIVA  URANIJUM-TORIJUM  OKSIDA 

NAMEWENIH  CANDU  REAKTORIMA

Ova studija prikazuje odre|ivawe vremena obnavqawa kod D-T oplodnog fuzionog
reaktora koji kao gorivo koristi me{avinu prirodnog UO2 i ThO2 za vi{estruku upotrebu
nuklearnog goriva u CANDU-37 reaktorima. Kako bi se odredio uticaj torijuma na oboga}ewe
goriva i vreme obnavqawa, sprovedene su neutronske analize pove}awem ThO2 u me{avini goriva
od 10-35 %. Vremenski zavisni neutronski prora~uni izvedeni su u tri faze. U prvoj fazi, koja
obuhvata oboga}ewe goriva ili proces obnavqawa u oplodnom fuzionom reaktoru, izvr{eni su
prora~uni u potkriti~nom re`imu oplodnog fuzionog reaktora sa gorivnom me{avinom
primenom programskog paketa MCNPX 2.7/CIN DER pri optere}ewu zida suda fuzionim neutronima
od 1 MWm–2, {to odgovara fluksu neutrona od 4.444×1013 cm–2s–1 (energija svakog fuzionog neutrona
14.1 MeV). U drugoj fazi, termi~koj analizi reaktora, oboga}ene gorivne {ipke sa kraja prve faze
postavqaju se u CANDU-37 reaktor i vr{i se prora~un kriti~nosti reaktora nezavisnom primenom 
programskih paketa MCNP 2.7 i MONTEBURNS. Numeri~ki rezultati pokazuju da su neutronke
vrednosti dobijene pomo}u oba programska paketa me|usobno veoma bliske. Tre}a faza je
dvogodi{we hla|ewe CANDU istro{enog goriva. Vrednosti dobijene numeri~kim prora~unima
pokazuju da je ovaj oplodni fuzioni reaktor samoodr`iv u pogledu tricijuma i ima visoke
performanse u pogledu energetske multiplikacije, kao i obnavqawa goriva i iskori{}ewa
torijuma.

Kqu~ne re~i: oplodni fuzioni reaktor, fisiona oplodwa, oboga}ewe goriva, obnavqawe
..........................goriva, iskori{}ewe torijuma, CANDU reaktor


