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Abstract: Burnable poisoning and fuel enrichment zoning are two techniques often combined in
order to optimize the fuel assembly behaviour during the burnup cycle. In the present work, these
two techniques will be applied to the 2D optimization of the fuel-assembly conceptual design for
the supercritical water-cooled reactor developed in the framework of the Joint European Canadian
Chinese development of Small Modular Reactor Technology project, funded within the Euratom
Research and Training programme 2019-2020. The initial configuration of the fuel assembly does not
include any burnable absorbers and uses a homogeneous fuel enrichment of 7.5% in 23°U. The infinite
multiplication factor, ke, starts from approximately 1.32 and drop, almost linearly, to 1.0 after a burnup
of 40.0 MWd~kg’1. The uniform enrichment is, however, responsible for a pin-power peaking factor
that with fresh fuel starts from 1.32 and reduces to 1.08 at the end of the burnup cycle. A simplified
analytical model is developed to assess the effect of different lumped burnable absorbers on the time
dependence of the assembly k. It is shown that using an adequate number of B4C rods, positioned in
the outer wall of the fuel assembly, together with a suitable distribution of 6 different 23U enrichments,
it allows for obtaining an assembly ke factor that starts from 1.11 at beginning of cycle and remains
quite constant over a large fraction of the burnup cycle. Moreover, the pin-power peaking factor is
reduced to 1.03 at beginning of cycle and keeps almost unchanged until the end of burnup cycle.

Keywords: burnable absorber; monte carlo simulation; power peaking factor; small modular reactor;
supercritical water

1. Introduction

Nowadays, the energy industry is worldwide facing difficult challenges as from one side there is
the necessity to reduce carbon emissions, in contrast, with an always-growing demand for reliable and
sustainable energy production. A growing consensus there is for nuclear energy being an important
player in this context, mainly due to its capacity to generate large amounts of low-carbon electricity [1].

Among the various nuclear technologies, the Small Modular Reactors (SMRs) have the potential
to mitigate issues commonly associated with more conventional nuclear power plants, such as high
financial risks, long construction durations, and complex regulatory requirements. SMRs are designed
to be compact and scalable to be deployed in many different places, ranging from remote regions to
urban areas. Such characteristics make the SMRs a promising option for addressing a broad spectrum
of energy demands, from the electricity supply to providing heat for industry or district heating,
seawater desalination, and hydrogen production [2—4].

Many types of SMRs are currently under development, however, SuperCritical Water Reactors
(SCWRs), one of the six technologies identified and selected by the Generation IV International
Forum [5], are unique for their distinctive benefits and innovative design [6,7]. SCWRs are operated at
higher temperatures and pressures than traditional water-cooled reactors, using supercritical water
both as coolant and working fluid. The superior thermodynamic properties of supercritical water
make it possible to substantially improve the thermal efficiency of the nuclear reactor, leading to better
fuel management and lower waste production. A conceptual study of a new type of SuperCritical
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Water Small Modular Reactor (SCW-SMR) has been the object of the Joint European Canadian Chinese
development of Small Modular Reactor Technology project (ECC-SMART), funded by the Euratom
Research and Training programme 2019-2020 [8].

Careful use of nuclear fuel has always been one of the major concerns of the nuclear industry
to obtain more efficient and longer-lasting nuclear reactors. Among the different solutions adopted
to accomplish such a goal, the use of burnable absorbers (indeed a quite old idea [9, and references
therein]) plays an important role. Burnable absorbers are materials deliberately introduced in the
reactor core that absorb neutrons during the reactor operation and are transmuted into nuclides
with generally a much lower absorption cross-section, in that sense they are hence burnable. The
disappearance of absorbing elements from the core is equivalent to a positive reactivity introduction
which counterbalances the natural reactivity reduction due to the fuel consumption. There are many
advantages related to the use of burnable absorbers. They allow for an extension of the burnup of the
fuel, a more uniform neutron flux distribution in the core, and a reduction of the operational burden
on the reactor control system (due to the reduced reactivity inventory) [9,10]. Burnable absorbers can
be integrated with the nuclear fuel (e.g. mixed, inserted, or as a coating) or loaded within the reactor
core structures [11-14]. A comprehensive review of burnable absorbers is given in [14].

To ensure safety, nuclear reactors must be operated so that the peak local power does not exceed
the maximum allowable value. If not properly controlled, inherent power distribution variations
inside the reactor can hinder the efficient utilization of nuclear fuel. A high power peaking factor
— defined as the ratio of the maximum power density to its average value — requires the reactor
to operate at a lower power level to keep the hottest point within acceptable limits. For instance, a
power peaking factor of 2.0 limits the reactor to 50% of the power achievable with a perfectly flat
power distribution. Various techniques have been developed to flatten the power distribution and thus
reduce the power peaking factor. Among them are fuel enrichment zoning, burnable poison-loaded
fuel pins, and power-shaping control rods.

This study focuses on a 2D optimization of the current fuel assembly conceptual design for the
SCW-SMR of the ECC-SMART project. In particular, various types of burnable absorbers, including
erbium, boron-based compounds, and gadolinium, will be considered to reduce the reactivity inventory
and then alleviate the necessary worth of the control rod system. Thus, to ensure a long-lasting effect,
the study will prioritize lumped burnable absorbers rather than a homogeneous mixture within the
fuel or other assembly components. Additionally, an appropriate fuel enrichment zoning strategy will
be discussed to flatten the power distribution within the assembly and reduce the pin-power peaking
factor throughout the entire burnup cycle.

2. The SCW-SMR Fuel Assembly

The fuel-assembly reference layout of the supercritical-water small modular reactor, studied in the
framework of the ECC-SMART project, is shown in Figure 1. The fuel assembly is a 7 x7 lattice with a
pitch of 9.5 mm, containing 40 fuel rods with a radius of 3.45 mm. A previous work [15] has shown that
a core based on UO; with a uranium enrichment of 5.0% cannot achieve a refuelling /shuffling time of
at least two years (one of the objectives of the ECC-SMART project). The same work has shown that
such a length of the fuel cycle can instead be obtained adopting a suitable distribution of assemblies
characterized by three different average enrichments, namely 5.0%, 7.4%, and 10.0%. In view of that,
the fuel of the reference assembly for the present study is UO, with a 23°U enrichment of 7.5% by
weight, a density of 10.3 g-cm~3, and a temperature of 1054.2 K. As reported in [16], the reactor in
his preliminary design has a power of 290 MW and operates at a core inlet pressure of 25 MPa. The
reactor core is characterized by seven horizontal heat-up stages, necessary to reduce the peak coolant
temperatures (a coolant mixing is foreseen at the end of each stage before entering the next one). The
maximum linear heat rate is limited by the fuel and cladding peak temperatures, which should not
exceed their respective maximum tolerable values. The maximum assembly average linear heat rate,
in the first three heat-up stages, is equal to 7.2 kW-cm ™! and is taken as reference for the present study.
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Figure 1. Horizontal cut of the fuel assembly of the SCW-SMR currently under study in the ECC-SMART project.
The 40 fuel rods are all made by UO,, with a 235 enrichment of 7.5%.

The fuel cladding is made of stainless steel 310S and has an inner and outer radius of 3.5 and 4.0
mm, respectively. The fuel assembly is of closed type (BWR-like) with the moderator flowing both
outside, through the 18 mm thick gap among them, and inside, within a central square water box. The
wall of the fuel assembly has a sandwich-like structure that, starting from the outside, is made by a 2.5
mm thick layer of zircaloy-4, followed by a 4.0 mm thick layer of yttria (the insulator) and then by a 0.4
mm thick layer of stainless steel 310S. The central water box has the same sandwich-like structure as
the assembly wall but in the opposite order, in such a way that the 310S stainless steel fully bounds the
coolant flowing inside the assembly. The thicknesses in the case of the water box are 0.4 mm, 2.0 mm,
and 0.8 mm for the 310S, yttria, and zircaloy-4, respectively. The outer side of the assembly is 81.3 mm,
while the outer side of the water box is 20.5 mm. The temperature and density of the coolant are 659.2
K and 0.330 g-cm ™3, while 555.1 K and 0.775 g-cm ™~ for the outside moderator and 572.3 K and 0.746
g-cm~3 for the inside moderator. The stainless steel 310S has the same temperature as the coolant,
while the other materials are assumed at the same temperature as the moderators. The above values of
densities and temperatures have been obtained by coupled simulations between the neutronic Monte
Carlo code Serpent [17] and the thermal-hydraulic system code RELAP/SCDAPSIM [18].

3. Burnable Absorbers
3.1. Simplified Analytical Model

The model described hereafter does not aim to be rigorous but to provide a simple analytical tool
to estimate the effect on the multiplication factor of different lumped burnable absorbers positioned
inside a fuel assembly. Such a tool can anyway help to circumscribe the set of successive Monte
Carlo simulations necessary for a detailed analysis. Thus, some simplifications will be mandatorily
introduced. Similar treatment can be found in [14,19,20].

Inside a lumped thermal neutron absorber the neutron flux is depressed so that the nuclides
towards the center of the absorber are exposed to a lower neutron flux than those at its surface. A
measure of such depression is represented by the self-shielding factor, defined as the ratio between the
average thermal neutron flux in the absorber and the average thermal neutron flux that would be at
the same place without it. The self-shielding factor, g(t), depends on the time, since the absorption
macroscopic cross section changes with the absorber burnout and thus the flux depression inside of it
changes too. In any approximation of the monokinetic Boltzmann transport equation, the self-shielding
factor of a lumped absorber in a homogeneous medium can be represented by the following power
series [9,21,22], )

g(t) = |1+ Y an2tsZa(D)]" |~ 14 2a1t,50(1)] (1)

n=1
where the a,, are coefficients dependent on the composition and geometry of the medium around the
absorber, t; is the absorber thickness (e.g. the radius in the case of a cylindrical rod) and X,(t) is the
time-dependent macroscopic absorption cross-section of the absorber. As reported by [9], by increasing
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the index , the coefficients a, rapidly vanish, thus justifying the approximation of the power series by
its first term only.

The same form of the self-shielding factor is reported by [23], here a factor C =24 is introduced
in the approximate form of Equation (1) and determined by fitting the calculated values of the
self-shielding factor as a function of the optical thickness of the neutron absorber, 7, = t;Z4(t).
According to that approach, simple depletion simulations have been performed with the Monte
Carlo code OpenMC [24] to estimate the self-shielding factors of different absorbing rods of various
radii, surrounded by an infinitely extending water moderator. The self-shielding factor is thus given
by the ratio between the average neutron flux inside the absorbing rod and the moderator. Fitting the
OpenMC results, we get for the constant a; appearing in Equation (1) the value of 1.1345. Figure 2
shows the OpenMC self-shielding factors as a function of the absorber’s optical thickness and the
fitting function (solid line) shaped according to Equation (1).

1.0

a; =1.1345

o o o
ES o ©

Self-shielding factor, g

e
N

0.0
0 2 4 6 8 10 12 14

Optical thickness, T,

Figure 2. Self-shielding factor, g, versus the absorber optical thickness, T, as obtained by OpenMC depletion
simulations for poison rods of B, B4C, Er, Gd and UO; (7.5% enrichment of 2350). The solid line is the curve fitting
function according to Equation (1).

To account for the self-shielding phenomenon of an absorber, use can be made of a time-dependent
shielded macroscopic absorption cross section, ﬁa(t), defined as

A

2a(t) = g(t)Zu(t). (2)

Let’s start by considering two distinct thermal-neutron absorbers, the 23°U of the fuel and a
burnable absorber or poison. In the following, the quantities referring to these two absorbers will be
characterized by the index 25 (i.e. the last digit of Z by 10 plus the last digit of A') and P, respectively.

The variation with time of the 23U atom density, Nps(t), is given by

SiNas(t) = —E2 (1) = ~Nas()ge() B (1), ®

with gp(t) and 02 the time-dependent self-shielding factor of the fuel and the 2**U microscopic
absorption cross-section for thermal neutrons, respectively, while ¢, (#) is the total thermal neutron
flux inside the fuel.

The assumption of a constant reactor power provides the following relation

No5(0)gr(0)7¢7,(0) - Ef = Nos(t)gr(H)oF ¢py(t) - Ey, 4)

1 This notation has been introduced in the past to indicate fissile and fissionable nuclides, see e.g. [25,26]
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where 0% is the thermal microscopic fission cross-section of the fuel and E  is the energy released per
fission. Equation (4) allows obtaining the time-dependent neutron flux

_ Nas(0) gr(0)
Nos(t) gr(t)

9(t) 9(0), (5)
where N,5(0) and ¢, (0) are, respectively, the initial (¢ =0) atom density of the fuel and neutron flux,
both assumed as given.

The fuel self-shielding factor is supposed to depend only on the presence of 2°U? and, according to
Equation (1), is given by

1
)= ——, 6
with
YF = 2aqrp0>, @)
where rr is the radius of the fuel rod.
In turn, Equation (5) allows writing Equation (3) in the following form
d
g Nas(t) = —Nu5(0)gF(0) 07 ¢1,(0), ®)
which, once integrated, provides
Nos(t) = Nas(0)[1 — Bost], )

where Bo5 = gp(0)0354)fh(0).
In analogy with Equation (3), the variation with time of the atom density of the burnable poison

is given by
d A —-P
SNi(t) = ~SE(0)h (1) = —Npa)gp(t)a;’czvfh(t)z;h. (10)
th

In the above equation, gp(t) and ¢l are, respectively, the burnable absorber time-dependent self-
shielding factor and microscopic absorption cross-section for thermal neutrons. The factors @51 and
th are the average thermal flux at the place of the burnable absorber and the fuel. Thus, their ratio,
assumed time-independent for simplicity, accounts for the different thermal neutron fluxes to which
the burnable absorber and the fuel are exposed. According to Equation (1), the burnable poison
self-shielding factor is given by

1
)= ——mm———, 11
gP( ) 1+7PNP<t) ( )
with
Yp = 2a1rpo,, (12)

where rp is the radius of the poison (here assumed, as for the fuel, in the shape of a cylindrical rod).
Equation (10), after introducing Equations (5), (6), (9) and (11), reduces to

SR =~ PR e s0) + e, (13)

dt [1 — Bast]

with Bp=gr(0)a} ¢f,(0) - th / 551, and it can be rearranged in the following form

%lan(f) = —”YP%NPU) —PBr ['YFNZS(O) + [1_1[32511} : (14)

2 As we will shortly see, this assumption is somehow relaxed because the self-shielding factor contributes to evaluating the
235U and poison concentrations only with its value at £ =0, i.e. when no other strong absorbers are present in the fuel.
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Integrating Equation (14), it follows

In Np(t) = —ypNp(t) — ,Bp’)q:N25(0)t + ’5;5 11’1(1 — ﬁ25f() + Co. (15)

The constant Cy is determined by considering that for ¢ =0 the atom density of the poison is given and
equal to Np(0). Thus, from Equation (15) it follows

Co = In Np(0) + vpNp(0). (16)

Including Equation (16) into Equation (15), we get

In Np(i’) =In Np(O) + ’)/pr(O) — ’)/pr(t) — ﬁp’)/pN25(0)t + 521; 11’1(1 — ,325t), (17)
from which it follows
Np(t) = NP(())E*’YPNP(Ue[’YPNP(O)*ﬁPWFst(O)f](] — ‘325t)£TP5, (18)

or, equivalently,

Bp
5,

vpNp(£)e"?NP () = 4, Np(0)el 1PN () =BrreNs(O0)t] (1 — goct) Fas (19)
The above equation has the form we” = A, and holds if and only if w=Wy(A), with Wj the principal
branch of Lambert W-function.

The time-dependent atom density of the burnable poison is finally given by

g
Np(t) = %WO <7PNP(0)67PNP(O)6ﬁP'YFNZS(O)t(l - ,[325t)ﬁ21;), (20)

However, the neutron absorption by 2*8U produces ?*Pu and, through successive further ab-
sorptions, ?!Pu. Both are fissile nuclides and thus have an impact on the time behaviour of the
multiplication factor. Moreover, with the burnup, the fission reactions induce the appearance of
new absorbing nuclides in the fuel, due to the accumulation of the fission products. To take into
account these phenomena, while keeping the spirit of a simple analytical approach, the variation of
the time-dependent 239Pu concentration, Nyo(t) (according to the notation introduced above), can be
approximated as

d
—Nyo(t) = [sttffg + (625V25N25(t)¢7%5 + €49V49N49(t)‘7j%9) (1-p)pa’ — N49(t)‘7;19]

dt
- gF(t) (1) (1)

where, other than the parameters with obvious notation, p and p2® are, respectively, the probability for
a neutron to survive the resonance absorption (i.e. the p of the four-factor formula) and the probability
to be absorbed by 2*8U, during the slowing down. Moreover, the 238U density, Nag, has been assumed
constant with time.

Thanks to Equations (5), (6) and (9), and the initial condition that no 29Pu is present at t =0, the
solution of Equation (21) is

b a
Nyo(t) = (72573%0 x5(t) @ — xzs(f)] - i [1 — xo5(t) ,,gs},

a

where

(22)
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= Nasoy”, (23)

by = e25v25No5(0)07 (1 — p)pi’, (24)
co = €agvagry (1= p)pa® — - (25)

The variations with time of the ?4°Pu and 2! Pu atom densities, Nyg(#) and Ny(t) respectively, are
approximated by the two following differential equations:

S Nuo(t) = Naolt) (0g5(8) + 05,0 ) 05(6) — Nuo(1) (02085(6) + 0%, ) 0h(6),  (26)
SN (1) = Nao®) (025(8) + 02,0 )05 (6) — Nu(1) (8 5(0) + 0¥ )0, @)

where o, ¢, and 0, r, are, respectively, the fast capture and absorption microscopic cross-sections,
and X is instead the fast-to-thermal flux ratio, which, for the sake of simplicity, is assumed as time-
independent. As before, solving Equations (26) and (27) with the initial condition Ny(0) = N43(0) =0,

we get
Nyg(t) = myxos(t)? — maxos(t) — m3 + (ma + mz — my)x5(t)2, (28)
Nu(t) = (Uém + Uf,(}n?(r) [m1x25(t) — maxas(t) — n3 — naxas(t)? + nsxas(t) ], (29)
where .
0
= ——z, 30
€1 0%5 ( )
07"+ 035 X
fn AT
=2 et 31
(5] 0_%5 ( )
4, Al
g+ Og py Xr
p— —, 7 32
€3 0_35 ( )
my; = 0+ Off?[" Ar (33)
R A
(et st 0)
(07 +co) (040 + 029, X — o)
a0 (o2 + 0%, x
my = (o2 et ) (35)
o (040 + oAfn Xr>
my
36
ny = 041 4 OAfn Xr 4 CO ( )
my
37
2= o +(74f xr — o2’ 37
m3
n3 = ————— (38)
Al
my — mpy — ms3
39
M -+ o (39)
N5 = Hg — N1 + Ny + N3. (40)

To take into account the accumulation of the fission products we can instead use the following equation

SNp(1) = 2Nas()ge(1)F 0l (1) + 2Nis(Dge ()8l (6) ~ Ny (gDl gh(), (@)
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where Ng,(t) and U,{p are the atom density and the Maxwellian-averaged thermal absorption cross
section of the fission products, respectively.
Taking advantage of Equations (5), (6), (9) and (22), imposing that N fp(O) =0, if follows

pr(t) = —u1x25(t) + u2x25(t)el — Uz + M4X25(t)e4, (42)
where 5
P
Oa
ey = —x, 43
4 0_35 ( )
49
1 bon
= No5(0)0?® — , 44
“ 025 fP( »(0)o U§5+co) @)
1 bo ﬂo) 49
Upy = + — o7, 45
’ f”+co( Pt o)/ )
9
a0 )
3 fp/
Co o;
Ug = U1 — Uy + Uz, (47)

with ey, ag, bp and ¢( as by Equations (30), (23), (24) and (25), respectively.
To assess the influence on the multiplication factor of the variation with time of fuel and poison
atom densities, let us consider a homogenized fuel assembly with full reflective boundary conditions
(i.e. an infinite lattice of identical fuel assemblies).
The time-dependent infinite multiplication factor, ke, is given by the well-known four-factor
formula _
v f( t)
Zalt)

where & £(t) and ¥,(t) are the time-dependent, Maxwellian-averaged, and homogenized, fission and

keo(t) = epf(t)y(t) = ep (48)

absorption cross sections (for the sake of simplicity, it is assumed that the fast fission factor, €, and
the resonance absorption escape probability, p, are both time-independent). In the case of a reactor
without burnable absorbers, it is

Sa(8) =251 “//F j’;i: + 2NF, (49)

where the first term on the r.h.s., £/ (#), is the time-dependent shielded macroscopic absorption cross
section of the fuel, weighted by both volumes (Vr is the volume of the fuel, V the volume of the
assembly) and fluxes @fh and ¢, are the average thermal neutron flux in the fuel and the assembly,
respectively), and )T is, instead, the sum of the homogenized macroscopic cross sections of all the
other components of the system, similarly weighted and assumed time-independent. By incidence, we
can notice how the fuel self-shielding factor, given by Equation (6), can now be evaluated considering
not only the 235U but also all the other nuclides that appear in the fuel during the burnup.

When a burnable poison is added to the system, the homogenized macroscopic absorption cross

section in Equation (48) takes instead the following form

(1) = £F(H) L Pu + 5P Pu +2NF, (50)
Vo V ou,
where the second term on the r.h.s. is the time-dependent shielded macroscopic absorption cross
section of the poison weighted by volumes and fluxes as discussed above.
Introducing Equation (49) or (50) into Equation (48) allows estimating the evolution with time of
the multiplication factor for the case without or with the presence of the burnable absorber, respectively.
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Given the assembly geometry and composition, a single dedicated Monte Carlo simulation,
without any burnable absorber, allows obtaining all the parameters necessary to apply this model
and thus to start a preliminary analysis of the behavior of different kinds and amounts of burnable
absorbers. Moreover, such a simulation can estimate the contribution of the saturated concentration of
135X e and 49Sm to the fuel macroscopic absorption cross-section in Equations (49) and (50).

3.2. Burnable Absorbers for the SCW-SMR Fuel Assembly - Analytical Study

To provide a preliminary validation of the simplified analytical model described in the previous
section, an OpenMC depletion simulation of the SCW-SMR fuel assembly (see Section 2) has been
performed to obtain the time-dependent concentrations of the nuclides there considered. As shown
by Figure 3, the results provided by the model are quite in agreement with those given by the much
more accurate Monte Carlo simulation. The model shows a slight overestimation, at any burnup, of
the concentrations of 2?Pu and ?*°Pu, while for 4! Pu there is an overestimation that starting from
a burnup of 5 MWd kg ! increases with it. Computing time is of the order of few seconds for the
analytical model respect to the 1200 s used by OpenMC.
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Figure 3. The time dependent nuclide concentrations provided by the simplified analytical model are compared
with those obtained by a more accurate depletion calculation performed with the OpenMC Monte Carlo code.

In the following sections, three different burnable poisons, characterized by an absorption cross-
section similar, larger, and much larger than that of the fuel, will be considered to study the evolution
of the assembly infinite multiplication factor k. (see Equation (48)), as a function of the fuel burnup.
Moreover, in order to define the ratio @Zl / @fh which appears in the parameter fp of Equation (20), the
lumped burnable absorbers are supposed to be positioned inside the yttria insulator of the assembly
wall (see again Figure 1).

3.2.1. Erbium

Let us assume that the assembly of Figure 1 contains some cylindrical rods made of erbium (with
natural isotopic composition) in the yttria region of the outer assembly wall. Taking the initial total
mass of Er equal to a specific fraction of the total fuel mass, increasing the number of Er rods requires
a reduction of their radius, thus allowing consideration for a lower self-shielding.

Figure 4 shows the variation of the assembly infinite multiplication factor as a function of the fuel
burnup, for different radii of the absorbing rods and two values of the Er initial total mass, namely
1.5% and 2.5% of the fuel mass. As expected, the burnable absorber reduces the initial inventory
of reactivity. Increasing the burnup, and then the consumption of fuel and absorber, the assembly
reactivity shows first a small increment before to decrease with a rate lower than in the case without
absorber. Nonetheless, it appears not possible to completely burn the Er poison, as in all the cases
the multiplication factor falls below 1.0 before the burnup of 40.2 MWd-kg ™!, achievable without the
addition of the burnable absorber. This behaviour is due to the comparable absorption cross-section of
167Er and 23°U which makes their burning rate similar. As pointed out in [27], a relevant characteristic
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of Er is that its addition enhances the negative of the fuel temperature coefficient, thanks to the large
resonance lying at the upper edge of the thermal energy range, see Figure 5.

' No burnable absorbers
Er 1.5% ——r_ = 0.58mm (24 rods)
1351 r, = 0.45mm (40 rods) |
——r_ =0.38mm (56 rods)
31301 ——r =0.34mm (72 rods) _|
r_ = 0.30mm (88 rods)
= 0.28mm (104 rods)
——r_ = 0.26mm (120 rods) |

3
3
P
—,
P

0 5 10 15

20 25 30 35 40
Burnup (MWd/kg)

' No burnable absorbers
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135+ Er:2.5% r, = 0.58mm (40 rods) |
—r_ =0.49mm (56 rods)
=0.43mm (72 rods) _|
= 0.39mm (88 rods)
= 0.36mm (104 rods)
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20
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Figure 4. Variation of the assembly multiplication factor as a function of the fuel burnup, for different radii of the
Er absorbing rods, starting from an initial total mass of the absorber equal to 1.5% (top) and 2.5% (bottom) of the
fuel mass. Being the initial mass of Er fixed, reducing the radius implies the use of a larger number of rods, as
shown within parentheses.

—— Erl67 absorption

Microscopic Cross Section [b]
=
o

107, =3 -1 T 3 5 7
10 10 10 10 10 10 10

Energy [eV]

Figure 5. '/Er microscopic absorption cross section. The large resonance at the upper edge of the thermal
energy range helps enhancing the negative fuel temperature coefficient. (source ENDF/B-VIL1, plot produced by
OpenMC)

3.2.2. Boron Carbide

The second burnable absorber considered is boron carbide, B4C, with boron natural isotopic
composition. As for the case of erbium, with a fixed total initial mass of the absorber, increasing the
number of burnable rods allows considering lumped absorbers with reduced radius and hence lower
self-shielding.

Figure 6 shows the variation of the multiplication factor as a function of the fuel burnup for
different radii of the absorber rods, starting with an initial total mass of B4C equal to 0.15% and 0.20%
of that of the fuel. Using B4C introduces a reactivity swing, visible with almost any considered radius
of the rods. According to the simplified analytical model, the radius that shows the smaller reactivity
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variation, up to a burnup value of 25-30 MWd kg, should approximately be in the range between 0.3
and 0.4 mm. Since the absorption cross-section of 1B is sensibly greater than that of the fuel, it appears
that, for all the presented cases (if exception is made for the larger radius with the higher amount of
B4C), the burnable absorber is fully consumed, as the reactivity, above a certain burnup, approaches
and follows the curve of the case of no poison.

1.40 T T T T T

" No burnable absorbers
B,C: 0.15% ——r, = 0.85mm (4 rods)

1351 r, = 0.60mm (8 rods) -
——r_ = 0.49mm (12 rods)
21.30 r_ = 0.43mm (16 rods)_|
r = 0.38mm (20 rods)
= 0.35mm (24 rods)
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——No burnable absorbers
B,C:0.2% ——r_ = 0.99mm (4 rods)
1351 r, = 0.70mm (8 rods) |
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Figure 6. Variation of the assembly multiplication factor as a function of the fuel burnup, for different radii of the
B4C absorbing rods, starting from an initial total mass of the absorber equal to 0.15% (top) and 0.20% (bottom) of
the fuel mass. Being the initial mass of B4C fixed, reducing the radius implies the use of a larger number of rods,
as shown within parentheses.

3.2.3. Gadolinium

The last burnable absorber of this analysis is gadolinium, Gd, also in this case with natural
isotopic composition. Gd has two isotopes with high absorption cross section for thermal neutrons,
namely the '%°Gd and '%Gd. However, since the developed analytical model here derived allows
considering a single absorbing nuclide, an average thermal absorption cross-section has been defined
by weighting those of *Gd and '%’Gd on their respective atom density. The result is a Gd burnable
absorber characterized by a maxwellian-averaged microscopic absorption cross-section of 60606 b and
an atom density of 9.21 - 102! em 3.

The change of the assembly multiplication factor as a function of the fuel burnup, for different
radii of the Gd rods, is shown in Figure 7, considering a total initial mass of the absorber equal to
0.1% and 0.5% of the total mass of the fuel. Due to its large absorption cross-section, the burnout
rate of the Gd is much faster than that of the fuel. According to Figure 7, the Gd rods will be entirely
burned before a burnup of 8.0 and 17.0 MWd-kg !, for the two fractions of absorber considered: the
multiplication factor, in all the cases, soon approaches and follows the no-poison curve. Due to such
a high consumption rate, if Gd is not lumped into relatively thick rods it seems more appropriate to
control reactivity variations on a short time scale, like those induced by the accumulation of saturable
fission products which naturally follows the startup of the reactor or the burning of a fresh fuel
assembly.
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Figure 7. Variation of the assembly multiplication factor as a function of the fuel burnup, for different radii of the
Gd absorbing rods, starting from an initial total mass of the absorber equal to 0.1% (top) and 0.5% (bottom) of the
fuel mass. Being the initial mass of Gd fixed, reducing the radius implies the use of a larger number of rods, as
shown within parentheses.

3.3. Burnable Absorbers for the SCW-SMR Fuel Assembly - Monte Carlo Study

All the simulations of the present section have been performed on a Cluster of the University of
Pisa Green Data Center using 9 or 12 nodes with 18 and 22 CPUs each, respectively, installing OpenMC
in a Debian 12 based Singularity container integrated with the PBS job scheduler.

According to the results of the analytical study shown in the previous section, simulations with
the OpenMC Monte Carlo code of the SCW-SMR fuel assembly have been done considering 24 rods of
burnable absorbers placed within the yttria insulator of the assembly outer wall, as shown in Figure 8(a).
Moreover, to account for the self-shielding effect and allow for a non-uniform consumption, the fuel
and burnable absorbers have been subdivided into five regions with the same volume, as shown in
Figure 8(b). All the depletion simulations have been performed using, for each timesteps, 50 batches,
5 of which inactive, of 10° neutrons each (enough to have a maximum error on the multiplication
factor lower than 60 pcm for all the burnup steps). In particular, the neutrons of the first batch have
been generated sampling their position uniformly within the volume of the fuel rods and their energy
according to the Watt fission energy spectrum. The number of burnup time steps and their main
characteristics are summarized in Table 1.

Table 1. Depletion simulation main parameters.

Steps Length Power
h Mwdkg™! kW
3 24 0.046755
2 48 0.093510
2 96 0.187020 7.2
1 144  0.280532

47 438 0.853285
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(a) (b)

Figure 8. a) SCW-SMR fuel assembly with 24 rods of burnable absorbers located in the outer yttria insulator

(thanks to symmetry, a quarter only of the assembly is shown). b) to allow for a differential burnup, both the fuel
and the burnable absorbers have been divided into five shells with same volume.

As previously stated, according to the analytical model of Section 3.1, the maximum burnup for
the SCW-SMR fuel assembly, without burnable absorbers, is equal to 40.9 MWd-kg~!. A value that
differs only by 2.2% (i.e. ~ 19.3 days) respect to the 40.0 MWd-kg ! obtained with OpenMC.

3.3.1. Erbium

The effect of 24 rods of Er (natural isotopic composition) with radius of 0.58 or 0.75 mm on
the multiplication factor as a function of the fuel burnup is shown in Figure 9. Both cases exhibit
similar behavior to those shown in Figure 4. The maximum burnup given by the analytical model in
Section 3.1 is 39.0 and 37.2 MWd kg ! for the smaller and larger rod radius here considered. These
two values differ from those obtained by OpenMC, which are 37.0 and 32.6 MWd-kg~!, by 5.4% and
14.1%, respectively. Monte Carlo simulations confirm the challenge of completely burning the Er rods
as the multiplication factor curves, in both scenarios, always fall below 1.0 before that of no burnable
absorbers.

—— No burnable absorbers
—— 24 Er rods - 0.58mm
—— 24 Er rods - 0.75mm

[ Y
G

=

Multiplication factor, ke

5 0 15 20 25 30 35 40
Burnup (MWd-kg™1)
Figure 9. Assembly multiplication factor as a function of burnup. The effect of two sets of 24 Er rods (0.58 and

0.75 mm radius, respectively) loaded in the yttria insulator is compared with the case without burnable absorbers.
Errors of the multiplication factor range between 25 and 56 pcm.

3.3.2. Boron Carbide

Figure 10 shows the expected behavior of the multiplication factor when the 24 rods are made
of B4C (with B natural isotopic composition), and have a radius of 0.35 and 0.40 mm. As predicted
also by the analytical model (see Figure 6), the multiplication factor shows a swing, although from
the Monte Carlo simulations it appears slightly less pronounced. Additionally, thanks to the large
absorption cross section of B, the burnable absorber is entirely consumed and there is no reduction
in the maximum achievable burnup. Rather, the maximum burnup seems slightly increased, as a
consequence of a small pin-power flattening action exerted by the 24 B4C rods (although we can
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argue about the statistical significance of such a difference). The initial excess reactivity is remarkably
reduced and the multiplication factor, in the case of 0.35 mm radius, remains quite constant up to a
burnup of about 25.0 MWd-kg !, thus allowing to substantially reduce the movements of the reactor
control rod system.

B
=3

—— No burnable absorbers
—— 24 B4C rods - 0.35 mm
—— 24 B4C rods - 0.40mm

- = N W W
S w»n O . o W

Multiplication factor, ke
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=]

0 5 10 15 20 25 30 35 40
Burnup (MWd-kg™!)

Figure 10. Assembly multiplication factor as a function of burnup. The effect of two sets of 24 B4,C rods (0.35
and 0.40 mm radius, respectively) as burnable absorber in the yttria insulator is compared with the case without
burnable absorbers. Errors of the multiplication factor range between 25 and 53 pem.
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Figure 11. Assembly multiplication factor as a function of burnup. The effect of two sets of 24 Er rods (0.16 and
0.36 mm radius, respectively) as burnable absorber in the yttria insulator is compared with the case without
burnable absorbers. Errors of the multiplication factor range between 25 and 55 pem.

3.3.3. Gadolinium

As last example, let us assume 24 rods with a 0.16 or 0.36 mm radius made of Gd with natural
isotopic composition. Among the materials considered, Gd is the one with the highest absorption
cross-sections. Having two absorbing nuclides, 1°Gd and *’Gd, it required a special treatment in
order to be considered by the analytical model of Section 3.1 (see also Section 3.2.3). As such it is not
surprising that the agreement with the Monte Carlo simulations is, in this case, less good. As already
found in Section 3.2.3, although the Monte Carlo simulations show a flatter initial distribution respect
to the analytical results, the effect of the burnable absorbers is now limited to a shorter interval of
burnup (or, equivalently, time), as both multiplication factor curves soon align and then follow that of
no burnable absorbers.

4. Assembly Pin-Power Peaking Factor

The results of the previous section, suggest that using 24 B4C rods with radius of 0.35 mm inside
the yttria insulator of the outer assembly wall allows obtaining an assembly infinite multiplication
factor that remains quite constant over a large range of burnup (see Figure 10). Such an assembly
configuration will now be adopted to start optimizing the pin power distribution through a suitable
fuel enrichment zoning aiming to obtain a pin-power peaking factor that remains limited (i.e. as
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close as possible to unity) for the whole length of the burnup cycle. The so configured fuel assembly,
with a homogeneous enrichment in ?*°U equal to 7.5%, has a pin-power distribution as shown in
Figure 12, where in correspondence of each pin position is reported the ratio between the pin power
and the average value over all the assembly pins. Accordingly, the maximum value corresponds to the
pin-power peaking factor and for fresh fuel is equal to 1.32. However, increasing the fuel burnup, the
power distribution naturally tends to flatten and the pin-power peaking factor reduces to 1.23 at 20.0
MWd-kg~! and, finally, to 1.08 at the end of the fuel cycle (40.0 MWd-kg~!). Nevertheless, for a large
fraction of the cycle the pin-power peaking factor remains quite high, thus preventing an efficient use

of the fuel.
. 1.08 1.02 0.99 1.02

. 109 100 098 1.00
108 091 089 090 090

109 090 087 08 088

107 103 102 101 101 104 107
104 096 095 095 095 09 1.03

101 087 102 090 101 095 095  1.02

098  0.88 100 090 101 096 096  1.01

100 088 101 089 101 095 095  1.01
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. 109 101 098 1.01 . 108 101 099 101

a) 0.0 MWd-kg™! b) 20.0 MWd-kgL ¢) 40.0 MWd kgt

108 104 101 101 101 103 1.07

Figure 12. Pin-power distribution for an assembly layout as shown in Figure 8, with a homogeneous enrichment
in 235U equal to 7.5%, for three different burnup levels. Although the burnup flattens out the assembly power
distribution, for a large fraction of the fuel cycle the pin-power peaking factor is too high. The slight asymmetry
of the distributions is due to the statistical uncertainty of the tally results.

To flatten the assembly power profile since the beginning of the fuel burnup, we can differentiate
the fuel enrichment increasing its value in the positions where the pin power is lower than the average
assembly value, and decreasing it vice versa. Such an enrichment zoning study has been performed
with the constraints of keeping the average assembly enrichment as close as possible to 7.5% and
limiting the maximum number of different fuel enrichments to six. Figure 13 shows the fuel enrichment
distribution obtained at the end of this study. The ?*>U enrichment ranges from 5.3% to 8.7% with an
average value of 7.52%.

Figure 13. Distribution of the enrichments which allows to optimize the pin-power peaking factor through the
whole burnup cycle. The average assembly enrichment is equal to 7.52%.

Figure 14 shows the pin-power distribution obtained with the new enrichments for the same three
levels of burnup already considered in Figure 12. The pin-power peaking factor for fresh fuel is now
substantially lower and equal to 1.03, it becomes 1.02 for a burnup of 20.0 MWd-kg ! and reaches 1.05
for the final burnup of 40.0 MWd-kg~!.
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Figure 14. Pin-power distribution with the fuel enrichment zoning shown in Figure 13, for three different burnup
levels. The slight asymmetry of the distributions is again due to the statistical uncertainty of the tally results.

Finally, to summarize the improvement in the performance of the ECC-SMART fuel assembly,
Figure 15 shows both the reactivity inventory and the pin-power peaking factor as a function of the
burnup for the original and new assembly layout. It is manifest that the latter, although somehow
limited by being obtained with a 2D-only analysis, allows for much more efficient use of the fuel and a
much easier reactor operation during the fuel cycle.

1.40
==== ke, original: no BA, 7.5% enrich.
1.35F.. —— ke, new: 24 B4C rods - 6 enrich. (5.3-8.7%)
\“\_\ -===PPF, original: no BA, 7.5% enrich.

|.30_\\\\ \\\\\\ - —— PPF, new: 24 B4C rods - 6 enrich. (5.3-8.7%)
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Figure 15. Comparison between the original assembly layout (dashed lines) and new assembly layout (solid lines)
in terms of reduction, through the whole burnup cycle, of both the reactivity inventory (in black) and pin-power
peaking factor, PPF, (in red).

5. Conclusion

The ECC-SMART project, funded in the framework of the Euratom Research and Training
programme 2019-2020, aimed at the conceptual study of a small-modular supercritical-water cooled
reactor. The chosen reference layout of the fuel assembly is similar to that of a typical BWR and
contains 40 fuel rods with uniform 23U enrichment originally assumed equal to 5.0%. However, a
previous study has shown that with such an enrichment it is not possible to fulfil the requirement of
an at least two-year long fuel cycle. Thus, for the present study, the starting homogeneous enrichment
of the assembly has been increased to 7.5%. This work aimed to identify possible strategies at the
assembly level to reduce the reactivity inventory and homogenize the power distribution of the fuel
pins. To accomplish that, the use of burnable absorbers and an appropriate enrichment zoning was
investigated. A simplified analytical model has been derived to quickly estimate the effect of different
lumped burnable absorbers placed inside the fuel assembly. To confirm the analytical results, Monte
Carlo simulations with the OpenMC code were performed on a few selected cases. The use of 24 B4C
rods with a radius of only 0.35 mm, almost uniformly distributed inside the outer yttria insulator, has
shown to be effective in order to reduce the multiplication factor, k.., from the value of 1.32, with no
absorbers, to the value of 1.11, and to keep it quite constant up to a burnup of about 25.0 MWd-kg !
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Although a uniform enrichment of 7.5% would allow for an assembly burnup cycle as long as 885.0
days, the pin-power distribution is quite uneven and produces a pin-power peaking factor of 1.32
at the beginning of the cycle. Despite the natural flattening of the assembly power distribution with
the fuel burnup, the pin-power peaking factor remains too high for a large fraction of the fuel cycle.
Adopting six different enrichments ranging from 5.3% to 8.7% while keeping the assembly average
value to 7.5%, the pin-power peaking factor at the beginning of the cycle can be drastically reduced to
a value as low as 1.03, and kept almost constant through the entire burnup cycle.

Although the present work shows promising results, they need to be confirmed by full core
simulations where the B4C burnable absorber rods and the enrichment zoning are applied to all the
reactor’s assemblies. Such a study is ongoing, and the results will be presented in a future publication.
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