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Abstract: In this paper, we have investigated the prospects of exploiting the rich world thorium reserves using
Canada Deuterium Uranium (CANDU) reactors. The analysis is performed using the Monte Carlo MCNP code in
order to understand how much time the reactor is in criticality conduction. Four different fuel compositions have
been selected for analysis. We have obtained the infinite multiplication factor, ks, under full power operation of the
reactor over 8 years. The neutronic flux distribution in the full core reactor has already been investigated.
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1 Introduction formed for Canada Deuterium Uranium (CANDU) reac-
] . . tors. Previous work has investigated extensively and in
Alternative fuels can open new dimensions for con-  etail the incineration of plutonium in CANDU reactors

ventional nuclear reactors with well established technol- i}, combination with thorium [1-3]. As thorium, by it-
ogy al?d long operational experiencps. Qne of t.he Pri-  gelf, is not a nuclear fuel, we need fissile material such
mary interests is to reduce plutonium inventories, be- g plutonium-239 as a source of neutrons in the early
cause of the serious public and political concern in the stages of the cycle Eq. (1), [4, 5]. We can use uranium as

world about misuse of plutonium and about accidental 4 po0ster fissile fuel material but in Eq. (1) it is obvious
release of highly radiotoxic material into the environ- it can produce more plutonium [5).

ment [1]. In that respect, various studies have been per- |

U238 217239 L Np239 -2 Pu239 U Fission—Products,

(n,7) B B (n,f) (1)
Th232—-Th233 —Pa233 — U233 ——Fission—Products.

There has been about 40 years’ study on thorium fuel | tonium production and perhaps also long-term radioac-

cycles. Basic research and development has been con- tivity of waste. The USA is conducting four projects
ducted in the USA, Germany, India, Russia, Japan and  involving use of the thorium fuel cycle. All four projects
the UK. Several test reactors have been partially or com- are based on once-through, proliferation resistant, high
pletely loaded with thorium fuel [6]. Whole core demon-  burn up, long refueling cycle use of thorium in a light

stration of thorium fuels were explored in the 1960s and  water reactor. Three of these projects are part of the Nu-
1970s in two types of arrangement. First, thorium diox-  clear Energy Research Initiative (NERI) program. In the
ide was mixed with highly enriched uranium dioxide in ~ Russian Federation, research work on the thorium fuel

a uniform lattice e.g. the BORAX-IV, Indian Point I, cycle began at nearly the same time as on the uranium
and Elk River BWR Power Stations. Second, a heteroge-  based cycle. Atomic Energy of Canada Ltd (AECL) has
neous arrangement of seed and blanket regions was used,  a very comprehensive program of work on thorium fuel

where the blanket has less uranium and is responsible for ~ cycles underway. AECL has investigated many tech-
most of the in-core fissile production e.g. the high water  niques for thorium fuel fabrication and has fabricated

breeder core of the Sipping-port Reactor Plant [7]. hundreds of thorium-based fuel elements. A number
In the past few years, a second round of evaluations  of full-sized thorium CANDU fuel bundles (uranium-
was initiated, driven mainly by the goals of reducing plu- thorium, plutonium-thorium and pure thorium) have
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been irradiated at full power for years in the AECL Na-
tional Research Universal (NRU) research reactor. High
quality thorium fuel bundles have been produced and
the program of fuel production is continuing [8]. A typi-
cal CANDU reactor core has 380 fuel bundles. The fuel
channels have a radius of 23.243 cm and height of 594 cm
and contain D, O moderator at low temperature (<71 °C)
and at ~100 kPa pressure. In the fuel channels there are
two tubes with 12.90 and 10.3378 cm radius and 2.794
and 8.686 mm width, made of zircalloy-2 and 97.5%Zr—
2.5%Nb, respectively. These two tubes are separated
through a gap in order to ensure an effective heat barrier
between the low-temperature D,O moderator and high-
temperature D,O coolant. The gap is filled with CO,
gas. In smaller tubes, pressure tubes, D,O coolant and
fuel rods are used. Coolant enters the tubes at 266 °C
and leaves at 310 °C at a pressure of ~10 MPa. In the
CANDU reactor, each fuel channel contains 37 fuel rods
in the fuel bundle zone. The cladding of the rod is made
of zircalloy-4 with width 0.874 mm. Each fuel rod has
a radius of 1.2243 c¢m [2]. The full core model has been
outlined in Ref. [9].

Calculation of neutron flux in the core is very im-
portant and necessary for several areas such as power,
neutron activation analysis, radiation damage, neutron
dosimetry, and thermal neutron physics [10].

Since the MCNP code [11] results are normalized to

one source neutron, the result has to be properly scaled
in order to get absolute comparison to the measured
quantities (flux, reaction rate, fission density, etc). When
one wants to scale the calculated F4 tally “average vol-
ume flux”, @p,, one must use the following equation:

— | neutron
P "
[neutron] B [W]U{ fission ]
cm?s | J MeV
1.6022x10-13
[ . MeV] r {ﬁssion]
1 1

Ppy | — 2
XKeH F4 LmQ]a (2)

where @ denotes the actual total neutron flux in the sys-
tem [12]. In our previous work, we have indicated that
how we can calculate k., and neutron flux for the same
reactors [13, 14].

In the present work, the neutronic analysis is pre-
sented for a CANDU reactor fueled with thorium and 4%
reactor grade plutonium or with 3% weapons grade plu-
tonium. Furthermore, for enhanced inherent safeguard-
ing purposes, 5% natural uranium has been added to the
mixed fuels. We have selected reactor grade plutonium
and weapons grade plutonium to investigate whether or
not this type of fuel is useful to reduce plutonium inven-
tories and nuclear warheads. Finally, 5%U-235 is used

Table 1. Composition and atomic density of the reactor fuels.
Fuel name material element weight fraction
Fuel 1 96% ThO2+4% PuOa 160 0.059347653
232Th 0.905365854
239py 0.021983485
240py 0.008574618
241py 0.002893492
242py 0.001834898
Fuel 2 91% ThO2 +5%U02+4% PuO2 160 0.062428518
232Th 0.858211382
2357 0.000308515
23877 0.043765092
239py 0.021983485
240py 0.008574618
241py 0.002893492
242py 0.001834898
Fuel 3 97% ThO2+3% PuOa2 160 0.058744906
232Th 0.914796748
239py 0.024870845
240py 0.001587501
Fuel 4 92% ThO2+5% UO2+4+3% PuO- 160 0.061825771
232Th 0.867642276
2357 0.000308515
238y 0.043765092
239py 0.024870845
240py 0.001587501
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for the purpose of denaturing the new U-233 fuel with
U-238. We will use in the MCNP code the inputs from
Table 1, which shows the composition and weight frac-
tion of the different reactor fuels.

2 Calculations

The calculations in this paper are performed using
the MCNP code [11]. Fig. 1 shows a cross-sectional view
of the fuel cell of a CANDU reactor as described in Sec-
tion 1.

Fig. 1. Cross-sectional view of the fuel cell.

We have applied a reflecting boundary condition in
the centre and a white boundary condition at the outer
periphery of the cylinderized moderator region. In large
CANDU reactors, the k., value of a macro lattice is very
close to the k.g of the entire reactor. Criticality of the
fuel channel with a white boundary condition at the pe-
riphery can represent the reactor core. One of the limita-
tions in MCNP code is that it can’t calculate parameters
in terms of time. So, to solve this problem, we used the
graphs from Refs. [2, 3] and obtained density variations
of the fissile and fissionable isotopes in the bundle. Fig. 2
shows one of these graphs and Table 2 shows the values
obtained from Fig. 2. We then use these values in code
entry and calculate multiplication factor in terms of time.

Figure 3 shows the temporal behavior of reactor crit-
icality k., in terms of operation period.

Figures 4 and 5 show the results from our calculated
ko compared with Refs. [2, 3]. The broken lines show
the results from Refs. [2, 3] and the solid lines are our
calculations. At startup, the composition of fuel in all
the rods is uniform and independent of its position in
the bundle. During the reactor operation, however, the
uniformity of the fuel composition will be lost in the
heterogeneous bundle. Hence, fuel burn up and breed-
ing and all other nuclear transformations proceed at the
periphery faster than in the center. The middle fuel rod
and the next six rods are the central row and the other
fuel rods are the peripheral row.
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Fig. 2. (color online) Density variations of the
main fissionable isotopes in the central fuel row
of the bundle with Fuel 1.
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Fig. 3. (color online) Infinite multiplication factor
as function of operation time for five different fuel
assemblies.
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Fig. 4. (color online) Infinite multiplication fac-

tor as function of operation time (broken lines:
Ref. [2]; solid lines: our work).
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Table 2. Density variations of the main fissionable isotopes in the peripheral fuel row of the bundle with Fuel 1.
time/a density/(g/cm?)
Th-232 U-233 U-234 U-235 Pu-239 Pu-240 Pu-241 Pu242
0 6.629 0 0 0 0.1975 0.0765 0.0252 0.0160
0.25 6.614 0.0176 0.0002 0 0.1405 0.0812 0.0251 0.0186
0.5 6.585 0.0352 0.0005 0 0.0835 0.086 0.0245 0.0212
0.75 6.571 0.0481 0.0019 0 0.0547 0.0795 0.0233 0.0247
1 6.520 0.0610 0.0034 0 0.0260 0.0725 0.0221 0.0282
1.5 6.455 0.0760 0.0070 0 0.0068 0.0515 0.0170 0.0350
2 6.400 0.880 0.0115 0.0001 0.0010 0.0316 0.0112 0.0391
2.5 6.320 0.0879 0.0147 0.0020 0 0.0175 0.0075 0.0409
3 6.280 0.0875 0.0182 0.0030 0 0.0080 0.0040 0.0409
3.5 6.180 0.0865 0.0220 0.0040 0 0.0042 0.0015 0.0396
4 6.107 0.0850 0.0243 0.0044 0 0.0017 0 0.0370
4.5 6.010 0.0840 0.0268 0.0047 0 0.0005 0 0.0350
5 5.920 0.0831 0.0287 0.0050 0 0 0 0.0324
5.5 5.840 0.0815 0.0300 0.0054 0 0 0 0.0297
6 5.783 0.0800 0.0314 0.0055 0 0 0 0.0273
6.5 5.705 0.0785 0.0324 0.0056 0 0 0 0.0250
7 5.600 0.0770 0.0330 0.0056 0 0 0 0.0228
7.5 5.506 0.0750 0.0334 0.0057 0 0 0 0.0204
8 5.440 0.0740 0.0338 0.0057 0 0 0 0.0190
139 | which have an energy spectrum with a Maxwellian distri-
5 134 bution for energy below 0.625 eV. The second is epither-
& mal neutrons, with an energy spectrum characterized by
= 129 f N -
£ E a 1/E>*t! distribution, where « is the shape parameter,
= 1.2 for energy 0.625 eV< E <0.550 MeV. The third is fast
£ L9 neutrons, with an energy range of £>0.550 MeV. Figs. 6
E 114 © and 7 show the normalized axial and radial thermal, ep-
% 100 F ithermal, fast and total neutron flux over a surface for
- Fuel 4 for the full core reactor as describes in Section 1.
Lo A ;5 As can be seen from these figures, the thermal neutrons
o are a significant portion of the flux in the core, and the
operation time/a
. . o . core is fairly thermalized.
Fig. 5. Infinite multiplication factor as function of

operation time (broken lines: Ref. [3]; solid lines:

our work).

2.1 Criticality for fuel compositions

Figure 3 shows the infinite lattice criticality k., as a

function of the plant operation period by full power for
the four different fuel compositions of Section 1. It starts
with k,,=1.413 and 1.405 for reactor grade plutonium
(Fuel 1 and Fuel 2, respectively) and with k.,=1.491 and
1.485 for weapons grade plutonium (Fuel 3 and Fuel 4,
respectively). One can observe a steady decrease of the
criticality in the first two years. A fuel bundle can be
reshuffled in the core until the discharge reactivity kcnqis
attained. The k..q is typically 1.06-1.08 considering the
leakage from the core and the parasitic absorption in the
core.

2.2 Neutron flux calculations

For a continuous source of fission neutrons present in
a reactor, we divided the neutron flux into three differ-
ent energy distributions. The first is thermal neutrons,

—— total
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]
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Fig. 6. Comparing normalized axial thermal, ep-

ithermal, and fast neutron flux with total nor-
malized axial neutron flux.

With Eq. (2) we can calculate @,,,, and &@,, of the

t
core to be equal to 4.9x10'* and 1.4><1014M, re-

cm?s
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spectively. Dividing the maximum thermal flux by its
average value gives

¢max

av

n

=3.25. (3)

This is a measure of the overall variation of the flux
within a reactor and is an indication of the extent to
which the power density at the center of the system ex-
ceeds the average power density.

1.0

—— total
—a— thermal
—— epithermal

—e— fast

normalized flux/(neutron/cm?s)
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W

0 .
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Fig. 7. Comparing normalized radial thermal, ep-

ithermal, and fast neutron flux with total normal-
ized radial neutron flux.

In Ref. [15], {2 has been calculated numerically for
a bare finite homogeneous cylinder reactor and a value
3.64 obtained. We calculated the volume flux distribu-
tion for the full core model, as shown in the Fig. 8. The
colors indicate flux intensity. Each colored block repre-
sents a single fuel assembly. The power production has a
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