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Abstract

Preliminary calculations have been carried out to investighe possibility of extending oper-
ating cycle length in PWRs by use of Thorium-Plutonium mixedexuel (Th-MOX). The
calculations have been carried out in two dimensions, ugiaguel assembly burnup simula-
tion program CASMO-5. The reload scheme and the operatiranpeters are modelled on the
Swedish PWR Ringhals 3 and a normal UOX fuel assembly designatlis reactor has been
used as a reference. Results show that an extension of trentyemployed 12-month oper-
ating cycle length is possible, either with a burnable absoor with a modified fuel assembly
design, assuming the same 3-batch reload scheme as cpused in Ringhals 3.

The initial £, of the new Th-MOX fuel design was designed not to exceed th#tieorefer-
ence UOX fuel. The power peaking factor is initially signgfitly lower than the reference,
but slightly higher later in the life of the fuel assembly.| Agactivity coefficients are within
acceptable range. The worth of control rods and solublerbare lower than the reference, as
expected for a plutonium-bearing fuel.

1 Introduction

The objective of the work described herein is to investigfaggpossibility of extending operating
cycle length in PWRs by use of thorium-plutonium mixed oxidel f(iTh-MOX), as a part of

the fuel development program at the Norwegian company Tmardgy. The broad goal of
our company’s research is to develop a safe, reliable artceffestive nuclear fuel for use in
currently operating and future Light Water Reactors (LWR).

The general viability of Th-MOX fuel in LWRs (mainly PWRs) has bemnfirmed by several
recent studies (Trellue et al., 2011; Fridman and Kliem,120dsige-Tamirat, 2011; Insulan-
der Bjork et al., 2011; Todosow and Raitses, 2010). In addition,néwgtronic and physical
properties of Th-MOX indicate that the fuel is not only viapbut may also improve the econ-
omy of a nuclear power plant by allowing for longer operatiygles and hence a higher avail-
ability of the reactor. Most importantly, the good matepedperties (Cozzo et al., 2011; Karam
et al., 2008) of the thorium-plutonium mixed oxide ceramidicates that Th-MOX fuel may be
capable of sustaining higher burnups than UOX based fuektySecondly, the currently prac-
ticed uranium enrichment limit of 5% U-235 does not affectM®X, which can be loaded with
high amounts of plutonium. Finally, the slow depletion ofMIOX makes it possible to achieve
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high burnups without having an excessively high initial tiplication factor (Insulander Byk
etal., 2011).

In this paper, we modify a standard PWR fuel assembly desigrdier to achieve longer cycles,
and also investigate some of the consequences of these catidifis. A PWR fuel assembly
loaded with Th-MOX fuel is simulated under normal PWR corutis, using the fuel assembly
burnup simulation program CASMO-5. This allows for an actu@ssessment of the deple-
tion behaviour and an estimation of the changes in neutrsafiety parameters which may be
expected.

The calculation tools and methods used in this study areithescin Section 2 and the reactor
system which has been simulated in Section 3. The resulé&snmstof depletion behaviour and
neutronic safety parameters are presented in Section 4cenatlisions are drawn in Section 5.

2 Method

2.1 Neutronic Simulation Software

The calculations are carried out in two dimensions, usiegtlel assembly burnup simulation
program CASMO-5 (Rhodes et al., 2007), together with the gesson library ENDF/B-VII.0
(Chadwick et al., 2006). These calculations do not take iotoant neutron leakage or spectral
interactions between assemblies, except for that the sreetnergy spectrum is corrected for
the energy dependence of the leakage probability. Predef the depletion behaviour by
this method are fairly accurate. Reactivity coefficients alo be estimated, but the results
should mainly be regarded as indicative of the change whiah oe expected if UOX fuel is
exchanged for Th-MOX fuel.

2.2 Estimation of reactivity coefficients

The reactivity coefficients were estimated by perturbatiaiculations, using Equation 1. Here,
ky is the infinite multiplication factor at normal operatingnelitions andkp is the infinite
multiplication factor at slightly perturbed operating ditrons, where one of the operating pa-
rameters has been changed by a certain AtepThe reactivity coefficient is denoted, .

kp—ky
n AZEICU

oy (1)
The control rod worth is estimated similarly, basicallyngsEquation 1 but excluding.z and
letting k» denote the multiplication factor with the control rod inset.

2.3 Total energy release

The energy release demanded from a fuel assembly is dettrhinreactor operation param-
eters; the number of fuel assemblies in the cirehe reactor powepP,;, the operating cycle
lengtht~ and the number of fuel batcheghat are simultaneously present in the core, which is
equivalent to the number of cycles that a fuel assembly id.user clarity, we wish to compare
equivalent systems; the reference system with UOX fuelgthes! for 12-month cycles and the
investigated system with Th-MOX fuel designed for longesleg. For the systems to be equiv-
alent, we keepV, P,;, andn equal, and vary only.. As shown in Equation 2, the total energy
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release is also the product of the fuel assembly midssnd the achievable discharge burnup
Dg. Anincrease into can thus be achieved by increasiigor Dy or both.

Pthtcn

Etot:M'DB: N

(2)

To determine the achievable discharge burnup from the CASWQtput, the reactivity of the
core can be calculated as the average of the reactivitiescbf@ the three fuel batches at end of
cycle (Driscroll et al., 1990). This calculated value of twge reactivity must then be adjusted
to take into account the neutron leakage out of the reactoichnis not accounted for in the
infinite lattice simulations. Thus, for the core to be catidhe reactivity must comply with the
condition set by Eq. 3.

n

> pli-Be)=Ap 3

=1

Here,p = (k. — 1)/k« is the reactivity and\p andn are the neutron leakage and the number
of batches, respectivelyB. is the cycle burnup. For determining the achievable digghar
burnup, the largesB is sought for whiclp fulfills the condition, and the discharge burnip

is calculated as - Bc.

3 The modelled system

The modelled system is the PWR Ringhals 3 in Sweden. The opgnadrameters used in the
simulation code input are listed in the table below.

Table 1: Reactor operating parameters at hot full power.

Parameter Value
Power density [KW/dr¥] 105.50
Coolant temperature [K] 575
Cycle average boron concentration [ppm] 600

The reference fuel is a UOX fuel assembly designed for a stahtl2-month cycle in the same
reactor. It comprises 264 fuel pins, arranged in a standa#toly117 lattice, of which 12 contain
Gd,0; as a burnable absorber.

The three Th-MOX fuel designs were based on the referenagrdesith two important modi-
fications.

Firstly, the uranium oxide fuel was exchanged for a mixturéhorium and plutonium oxides.
The Pu isotope vector used in the Th-MOX fuel was:?2%u, 53%3°Pu, 25%"°Pu, 15%*'Pu
and 5%*2Pu. This corresponds to the Pu vector in spent LWR fuel burapfwoximately 42
MWd/kgHM, if reprocessed immediately (World Nuclear Assizin).

Secondly, the fuel rod thickness was increased in two of @sggais, resulting in two parallell
effects. As previously mentioned, one way to increase tted émergy release, and hence the
cycle length, is to increase the fuel mass, which can oblydaesdone by increasing the fuel rod
radius. A more indirect effect of increasing the fuel rodiuads that the hydrogen-to-heavy-
metal ratio is decreased when some of the water volume iageglwith fuel. This makes
the neutron spectrum slightly harder, favouring neutrgotwe reactions at the cost of fission

Page 3



The Southern African Institute of Mining and Metallurgy
Thorium and Rare Earths 2012
Klara Insulander Bprk

reactions. The result is that the fuel depletes more slowdgning that the multiplication factor
decreases more slowly. This makes it possible to maint#inality for a longer time without
a need for a very high multiplication factor for the freshlfassemblies. This favours an even
power distribution within the reactor.

A third alternative was developed, using an Integral FuelnBbte Absorber (IFBA), which
is a thin layer of zirconium boride applied to the surfacehs fuel pellets (Biancheria and
Allio, 1969). This also makes it possible to avoid an inlfialery high multiplication factor but
does not add the benefit of an increased fuel mass. The reastodse IFBA over the more
common GdO; mixed into the fuel matrix is that it is very difficult to cresah ternary mixture
of ThQ,, PuG, and GdOs of sufficient homogeneity.

4 Results

4.1 Depletion behaviour

Three designs were created, two for 18-month cycles (Th-M®Xor the alternative with
thicker fuel rods and Th-MOX-18-BA for the alternative withBA) and one for 24-month
cycles (Th-MOX-24). The infinite multiplication factat,, is shown in Figure 1, together with
the k., for the reference fuel assembly (UOX-ref). It is clear frdme graph for UOX-ref that
the k., at the beginning of life is suppressed by the burnable alsorfbhis is done to avoid
that the fresh fuel assemblies carry a too high power loadoewed to the other ones. The,

of a fuel assembly with identical design and enrichment hithaut the burnable absorber is
plotted for comparison (UOX-woBA). In order to maintaindimiower balance, the Th-MOX-18
and Th-MOX-24 assemblies are designed to have the sanad injtias the reference assembly.
From the graph, it is clear how the slower decreaske,oin these assemblies results in a larger
cycle length despite the fact that it starts from approxetyathe same point in all cases. The
effect of the IFBA in the Th-MOX-18-BA assembly is also ewndérom the gradual increase of
k. at the beginning of life.

1.35

—— UOX-ref

13f i ]——Th-MOX-18
g g g -~ |—Th-mMOx-24
125k i | ——Th-MOX-18-BA]
- | UOX-woBA
1.15}
8
X
1.1k
1.”
0.9 N N N N N N
0 10 20 30 40 50 60 70

Effective Full Power Months

Figure 1: Infinite multiplication factor dependence on time. Note that the cycles inclndermnth of down-time for revision,
meaning that the fuel designed to operate for three 12-month cyclesiealls to operate f&- 11 = 33 effective
full power months, etc..
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The changes made to the fuel assembly design are quantifide Ipyoperties listed in Table 2.

What we see in this table is that the discharge burnup has besrased in order to reach the
desired cycle length, and to achieve this, the plutoniumtiva has also had to be increased.

In addition, the fuel mass has been increased for Th-MOXHBTh-MOX 24, by increasing
the fuel rod radius. An increase in the fuel rod radius resuita decrease of the flow area.
This in turn causes an increased pressure drop over thedsefrdoly and a smaller amount of
water to carry away the same amount of energy, i.e. a hightbakay at the core exit. In order
to avoid boiling at the core exit, the mass flow must be in@das correspondence with the
flow area decrease, i.e. by 11% for Th-MOX-18 and by 33% foiMM®X-24. The need for an
increased mass flow and the increased flow resistance oventine core makes it necessary
to retrofit the thermo-hydraulic system to some extent, éf filel is to be used in an existing
reactor. The pumps would most probably need to be exchawogeddre powerful ones, and all
parts related to the flow would need to be checked in order teersare they can operate at the
increased flow rate. In addition, it would be necessary tdy#rat the safety injection systems
are able to cool down the core also with the reduced flow area.

The higher pressure drop also means that these fuel asssnohiinot be used together with
unmodified fuel assemblies in the same core, since the eliféer in flow resistance between
the assembly types would cause cross-flow between the alssgmésulting in vibrations and
thermo-hydraulic effects which may be difficult to model.

The alternative to use IFBA instead of increasing the fuélremius avoids the problems related
to the changed thermo-hydraulics. However, it does not, estioned, come with the added
benefit of increased fuel mass. Thus, the fuel needs to readnnap of 73 MWd/kgHM in
order to obtain a cycle length of 18 months, similar to whatemanded to reach a 24-month
cycle length with the increased fuel rod radius. The lowel fuass in the Th-MOX-18-BA
case is due to the lower density of the (Th,Puy@ramic compared to the YO

It should be noted that the required discharge burnup in RIMDX cases is considerably
higher than the currently employed limits on UOX fuel. Thare several reasons to believe
that these burnups will in fact be achievable. Firstly, @litgh the burnup is high, the residence
time within the reactor for the Th-MOX-24 design is only seays. Whereas this residence time
is unusually long for PWR fuel, it is not an extreme resideme tfor BWR fuel. Secondly,

it is expected that thorium based fuel will have a capacitigdep its integrity to high burnup,
for several reasons. One is that the thermal conductivith@thorium plutonium mixed oxide
ceramic is higher than that of a corresponding uranium og&famic, up to about 14% Pu
(Cozzo et al., 2011). This means that the fuel temperaturer@ntain lower in the pellet,
causing less swelling, less PCMI (pellet-cladding mechaniteraction) and a larger margin
to fuel melting. Another reason is that fission gases havevarlmobility in the thorium oxide
matrix, which results in a lower fission gas release. Thedrghermal conductivity also has
a beneficial effect on the fission gas release, since the lim@etemperature makes the fission
gases diffuse more slowly. It should however be noted thatldihger fuel pin radius may

Table 2: Mass flow and related data for the UOX reference and the Th-MOX dssm

Fuel name UOX-ref | Th-MOX-18 | Th-MOX-24 | Th-MOX-18-BA
Cycle length [months] 12 18 24 18

Bp [MWd/kgHM] 44 63 72 73

Initial Pu fraction [%] 0.0 11.5 13.6 12.9

Fuel mass [kg] 461 498 592 431

Fuel rod radius [mm] 4.75 5.10 5.56 4.75
Flow area reduction [%0] - 10 25 -
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outweigh the higher thermal conductivity, resulting intneg fuel temperatures in these designs.
One possible remedy for this is to use annular fuel pellets.

4.2 Power Distribution

In addition to the initialk,,, another factor of importance for avoiding putting an esoes
power load on any individual fuel rod is the power distribatiwithin the fuel assembly. The
intra-assembly power peaking factby, is the ratio between the power of the rod having the
highest power and the average rod power. This parameteotie@lin Figure 2, which shows
that the Fj, is initially very high for UOX-ref, due to the use of burnatdésorber in only a
few fuel rods, but then falls off very rapidly. For the Th-M@8 and Th-MOX-24 assemblies,
however, thefi, is far more constant and fairly low throughout life. This cheeved by using
two different levels of Pu content in the fuel rods. The needd this arises from the fact that
the fuel rods are made thicker. When the water gap betweerbeamtsnes narrower, the extra
neutron moderation added by the water in the control rodegiles becomes more important,
resulting in comparatively high power in the rods locatemkelto the guide tubes. Two levels
of Pu content are used also in the Th-MOX-18-BA case, althdbhg moderation is similar to
the reference assembly, which makes Hyginitially very low. When the IFBA has burnt out,
however, the power distribution successively grows monemogeneous.

112

: : : o | ——UOX-ref
LALp b e —— Th-MOX-18

: : : : | ——Th-MOX-24
LAp\p sl Th-MOX-18-BA|

108
1.06f>
1.05 :

1.02 ; ; ; ; ; ;
0 10 20 30 40 50 60 70
Effective Full Power Months

Figure 2: Fin: dependence on time, wherfé, is the ratio between the power of the rod having the highest power and the
average rod power.

4.3 Safety parameters

The safety parameters generally change with burnup. Hawsiee fuel assemblies having
different burnup are simultaneously present in the coeegténeral core behaviour is reasonably
well captured by the burnup averaged value, which is showiaiole 3.

The average Moderator Temperature Coefficient (MTC) is negatiall cases, meaning that an
increase in temperature causes a decrease in reactivigasive feedback effect which counter-
acts the initial disturbance. Compared to the reference ddseslightly larger in amplitude in

the Th-MOX-18 case and slightly smaller in the Th-MOX-24e&aghis somewhat unexpected
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effect is due to two competing effects affecting the MTC. Towedr hydrogen-to-heavy-metal
ratio caused by the increased fuel rod thickness, whiclstakerhand in the Th-MOX-18 case,
generally gives a larger negative MTC. A higher Pu-contemthe other hand, generally gives
a less negative MTC, and it is this effect which takes overharike Th-MOX-24 case.

The void coefficient is also negative in all cases, which mehat in the event that the coolant
would start boiling, resulting in a small void fraction, shwould cause a decrease in reactivity.
The void coefficient shows a behaviour similar to that of thE®1 The coolant void reactivity
listed below the void coefficient is the reactivity respotsehe entire core becoming voided
at once, that is a Loss Of Coolant Accident (LOCA). This impatrtsafety parameter is also
negative, as demanded, but smaller for the Th-MOX fuel tybas for the UOX reference.

The Isothermal Temperature Coefficient (ITC) correspondsdachange in reactivity caused by
simultaneous heating of all present materials. This pat@nmethus important for the safety at
startup. The ITC was calculated at isothermal zero poweditions at different temperatures
with all control rods inserted, and was found to be negativallatemperatures for all fuel
types. It is smaller for the Th-MOX fuel, but clearly on thdesénegative) side even at room
temperature.

For both the MTC, void coefficient, coolant void reactivitydgthe ITC, the values for Th-MOX-
18-BA are similar to those for Th-MOX-18, except that theg Bss negative at the beginning
of life due to the presence of IFBA. This effect is due to theyvarong thermal absorption
being reduced by the loss of moderation.

Also the Doppler coefficient, or the fuel temperature cogdffit is negative for all fuel types.
It is larger in amplitude for the Th-MOX assemblies, due te $ipecific resonance structure of
232Th, and also due to the larger fuel mass in the Th-MOX-18 andMOX-24 cases. This
provides a very rapid feedback mechanism in the event of pomemperature transients.

The delayed neutron faction is strongly affected by thedissig isotope. The numbers in Table
3 mainly reflect the fact that the delayed neutron fractiaoissiderably lower (less than half) in
239pu and®*3U compared t@3°U. This indicates that the Th-MOX-fuelled reactor will resyl
more rapidly to changes in the operating conditions contparehe reference. However, this
effect is very similar to what is encountered with normal WX fuel (Insulander Bjrk and
Fhager, 2009), and most modern reactor designs, which aebleaof using 100% U-MOX
fuel, should thus be capable of using Th-MOX fuel to the sarterg. Furthermore, the large
negative Doppler coefficient provides a very rapid negateaetivity feedback which mitigates
the effect of the lower delayed neutron fraction.

Finally, Table 3 shows clearly that the worth of control r@a&l soluble boron are significantly
reduced in the Th-MOX cases. This is expected, since theepcesof large absorption reso-

Table 3: Safety parameters for the evaluated fuel assembly designs. All pteesrare calculated for the operating conditions
listed in Table 1, except for the isothermal temperature coefficient whicdiculated for isothermal conditions at 293
K and 0% void fraction.

Fuel name UOX-ref | Th-MOX-18 | Th-MOX-24 | Th-MOX-18-BA
Moderator temperature coefficient [pcm/K] -33 -37 -27 -33

Void coefficient [pcm/% void] -97 -103 -73 -91
Coolant void reactivity [pcm] -33765 -16664 -10636 -13868
Isothermal temperature coefficient [pcm/K] -11.0 -7.7 -8.9 -6.6
Doppler coefficient [pcm/K] -2.9 -3.5 -3.8 -3.2
Delayed neutron fraction [pcm] 567 364 361 363
Control rod worth [pcm] 23355 16777 15281 16240
Boron worth [pcm/ppm] 7.2 2.1 1.1 25
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nances in several of the Pu isotopes causes the flux to deaetise thermal energies where
the control materials have their highest absorption cressans. This suggests that it might be
difficult to obtain negative shutdown margins with Th-MO>efugiven the control rods and the
soluble boron available in Ringhals 3. However, there arerséways to mitigate this effect.
One is to use boron enricheditB in the moderator. Another is to use control rods of a differ-
ent composition, using materials with higher absorpti@ssrsections than the commonly used
silver-indium-cadmium alloy. Finally, there is room forstalling eight additional control rod
clusters in Ringhals 3, indicating that in general, a largenber of control rods could be a way
to compensate for their lower worth when used for contrglitu-containing fuel.

5 Conclusions

The conclusion of these preliminary calculations is thabiés indeed seem possible to extend
operating cycle length by using Th-MOX fuel, but that rettofg of the reactor system will be
necessary if the fuel designs proposed here are to be usedexisding reactor. All reactivity
coefficients are within acceptable limits and the challengecountered with respect to the
delayed neutron fraction and the worth of control materaalks similar to those encountered
by the introduction of conventional U-MOX fuel. The neceyseetrofitting, as indicated by
this assessment, amounts to upgrading the control rodscmoles boron systems and, if the
fuel rod radius is to be increased, upgrading the flow systehanhdle higher mass flows and
pressure drops over the core.

These preliminary calculations will be followed up by modvanced calculations, studying the
effects of the changes in the fuel properties, includinggdate simulations, transient simula-
tions and thermal-hydraulic simulations. The fuel assgrdbbkign could also be further refined,;
for example, a combination of the two approaches of incrgashie fuel rod radius and using
IFBA may be advantageous.

In addition, the claim that Th-MOX fuel can be driven to higbarnups than UOX fuel must be
proven. The thermal-mechanical operating limit, whicleefively limits the discharge burnup
from a material point of view, depends on several propestieh as thermal conductivity of the
fuel material, fission gas release and pellet-claddingacteon. All of these will be assessed
in an upcoming test irradiation planned by Thor Energy (Kalhd Fhager, 2010), which will

start in December this year.

Finally, it should be noted that Th-MOX fuel has a large dedigxibility. The fuel assembly
design can also be adapted for extracting as much energysaghlgout of the inserted Pu,
which calls for an increased rather than a decreased hywchtogleeavy metal ratio. Which de-
sign features are desired depends on several factors, mosttantly availability of plutonium.
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