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12
ii Abstract
15 Improvements in fuel efficiency and economy are significantly important both for today's
is nuclear power reactors and for new, advanced nuclear reactor designs. Burnable absorbers
18 (BA), which are a key component in fuel efficiency and economy, are being developed to
19 improve fuel cycle flexibility and to reduce some of the performance drawbacks associated
20 with their use. In this study, a novel concept is studied: Discrete Burnable Absorber Pins
21 (DBAP) containing ZrB; and UB> which have immense potential for fuel efficiency and fuel
ég cycle economy, analysed by Monte Carlo particle transport methods. It has been shown that
o4 the use of each type of discrete burnable absorber pin provides an increase in reactivity at the
25 end of fuel life compared to the situation without a BA. This is attributed to the change in 2°Pu
26 breeding in the region adjacent to the BA.
27
gg Keywords: Burnable absorber; Zirconium Diboride; Uranium Diboride; Monte Carlo; Advanced
30 Technology Fuel (ATF).
31 _
32 1. Introduction
gi In nuclear design, the optimisation of efficiency and fuel economy is key to providing a reactor
35 that has the highest possible capacity factor (OECD/NEA, 2012). By achieving higher burns
36 and extending the nuclear fuel cycle length, planned outages days for refueling over the life of
37 the reactor can be reduced, and thus, fuel cycle economy can be improved (Frybortova, 2019;
gg Stewart et al., 2021).
40 Longer fuel cycle lengths can be achieved with a combination of fuel improvements, including
j; higher enrichment of the fuel (Durazzo et al., 2018) or loading higher uranium density fuel
43 through the use of Advanced Technology Fuel (ATF) enhancements (Middleburgh et al.,
44 2020). Considering that the commercial uranium enrichment limit is normally established as
45 5 wt.% 235U (U.S.NRC, 2020), the fuel cycle length can be extended by better optimizing how
jg the reactivity of the fuel changes with burnup, which can be achieved using neutron absorbers
48 (Frybortova, 2019).
49 Burnable absorbers (hereafter called BAs) are an essential part of fuel assemblies in light water
gg reactors (LWRs) (Ovi et al., 2021) as they absorb neutrons and prevent excessive initial
52 reactivity at the beginning of the fuel’s life (Lovecky et al., 2020)._This is especially critical
53 when replacing old fuel assemblies with new ones to rebalance the heat production in the
54 reactor core (Papynov et al., 2020). Current commercial LWRs typically replace only a fraction
55 - . . -
s of the fuel between operating cycles allowing fuel to be burned for multiple operating cycles
57 over their life. The optimization process then involves designing BA that will result in having
58 a desired effect on core reactivity during its first cycle of operation, but only an extremely
59 limited effect in subsequent operating cycles. Depending on factors such as power density and
gg operating cycle length, the ideal BA selection and design for a given set up must be adjusted
62
63
64
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in order to achieve maximum reactivity at higher burnup. Some elements such as boron,
gadolinium, dysprosium, hafnium, and erbium are used or have the potential to be used in BA
materials due to their high neutron absorbing abilities (Galahom, 2016).

Gd203 is one type of BA that is used quite frequently in commercial nuclear reactors. It is used
as an integral burnable absorber (IBA) in fuel pellets and in a certain number of fuel rods to
cover 4-12% by weight of the fuel pellet. Of the 7 isotopes of Gd20s, only 2 with a high thermal
neutron capture thermal cross section are the main neutron absorbers. However, while Gd2O3
suppresses reactivity at the beginning of the fuel’s life and provides lower initial reactivity, it
also causes residual reactivity penalty due to undestroyed isotopes remaining late in the fuel’s
life (Khrais et al., 2019). Although there have been some studies to obtain higher reactivity at
the end of the fuel’s life, such as enriching it with *’Gd which is the main neutron-absorbing
isotope with the highest cross-section, by eliminating the residual reactivity penalty associated
with Gd2Os, these are still preliminary (Bejmer and Seveborn, 2004; Bolukbasi et al., 2021).

Nguyen et al. have studied the concept of a centrally shielded burnable absorber obtained by
placing the Gd>Oz spheres in the centre of the fuel pellets. In their study, they showed that
when this concept is used as a BA solution, excessive reactivity can be controlled, and the
movement of the regulating control rods can be reduced without affecting the core performance
(Nguyen et al., 2019).

The thermal conductivity of the fuel pellet has a great influence on the behaviour of the fuel
both under normal conditions and in unexpected situations (Evitts et al., 2020; Qin et al., 2020).
During reactor operation, the temperature in the centre of the fuel pellet must be below the
melting temperature of UO2 (IAEA, 2010). Therefore, when selecting BA designs, it is also
important to consider the effect on the temperature gradient from the centre of the fuel pellet,
as in unexpected scenarios (such as a reactivity-initiated accident) the temperature at the centre
of the UO, fuel pellet can quickly approach its melting point due to the low thermal
conductivity of UO; (Suwardi, 2008). Another disadvantage of Gd2O3 can be its effect on
further lowering thermal conductivity of the fuel.

On the other hand, the Integral Fuel Burnable Absorber (hereafter called the IFBA) concept,
developed by Westinghouse Electric Company and used quite often as a BA solution (Alameri
and Alrwashdeh, 2021), describes a thin ZrB: coating on the outer surface of the fuel pellet
(Franceschini and Petrovi¢, 2009). The thickness of this ZrB; layer varies according to the type
of fuel used in the reactor and the enrichment amount of the fuel (Alameri and Alrwashdeh,
2021). The B isotopes in ZrB; around the fuel pellet are completely depleted without causing
any residual reactivity (Alameri and Alrwashdeh, 2021), resulting in a flattening of the power
distribution (Amin et al., 2017). However, the rapid depletion of IFBA is not ideal for cycles
more than 24 months (Choe et al., 2016; Dandi et al., 2020; Westinghouse Electric Company,
2018) and manufacturing fuel pellets with IFBA coating is quite complex and time-consuming.

Natural boron contains °B and B isotopes (Coursey et al., 2017). During reactor operation
the isotope of 1°B, which has a higher thermal neutron absorption cross-section (~3800 barns),
captures neutrons, and as a result of the fission 1°B is transmuted to ‘Li and *He form, Eq. 1.
However, residual neutron poisoning of boron is quite low compared to that of Gd isotopes
(Burr et al., 2019).

BB +In - 7Li +3He +vy Eq. 1

On the other hand, it is possible to obtain a smoother effective multiplication constants curve
with ZrB, compared to Gd20s. Sun et al. stated that the rate of depletion of Gd2Os is faster
compared to IFBA with ZrB>. Therefore, depending on the self-shielding and geometry of the
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fuel and BA design, the Gd>Os may be depleted quickly as compared to IFBA when are they
introduced at equal initial reactivity during reactor operation. In addition, when the BA/total
fuel ratio is kept constant and the number of rods containing BA is increased, the depletion rate
of BA also increases (Sun et al., 2019).

Renier and Grossheck stated that the use of IFBA as BA has limitations as ZrB, coating
thickness can only be increased within certain limits. Due to this limit, it may not be possible
to increase the self-shielding effect to the desired amounts, since even the maximum BA ratio
that can be kept in the system may not be depleted slowly enough (Renier and Grossbeck,
2001).

UB: is an intermetallic material with an extremely high melting point (~2658 K). UB; also has
a remarkably high thermal conductivity, especially when compared to UO> meaning that its
required power to induce melting is expected to be far higher. Because of these properties,
Kardoulaki et al. suggested that UB; is a relatively unexplored candidate that can replace
Gd203 as BA as it does not carry some of the negative impacts that include displacing fissile
material and a reduction in thermal conductivity (Kardoulaki et al., 2020; Qin et al., 2020).
Burr et al. indicated that in addition to the thermomechanical properties of UBy, using it as a
BA prevents excessive initial reactivity by suppressing the reactivity at the beginning of the
fuel’s life, and thus, provides a flatter burnup because it may be integrated within the fuel pellet
rather than applied to the surface of the pellet, a greater self-shielding effect may be achieved
as compared to IFBA. Additionally, since it has higher uranium density than UQOg, it increases
the reactivity at the end of the fuel’s life (Burr et al., 2019) and increases the fuel mass which
can be very desirable for commercial applications.

2. Designed model description

Enica et al., with the contributions of Westinghouse Electric Company, invented a new
BA/pellet design to eliminate some disadvantages, negative effects, and limitations of BAs
used in today's reactors (Enica et al., 2018). In their design, the BA is located as a discrete pin
in the centre of the annular fuel pellet, as shown in Fig. 1. It is termed discrete as instead of
being mixed homogeneously with the fuel (as with the well-used Gd»>Oz additions to UO,) the
material containing the absorbing material (in this study ZrB, or UB>) is separated from the
non-absorbing material (UO> in this study). With UB,, the boron absorber is kept separated
from the majority of the fissile material and can again be considered discrete, despite the UB2
containing fissile uranium itself. Contrary to the IFBA, this design may allow for extended fuel
cycles, beyond 24 months, by controlling the reactivity as a result of the slow depletion of the
BA in the pellet center with self-shielding effect. Moreover, it increases the relatively low
thermal conductivity of the UO- fuel pellet, which has a higher central temperature than surface
during the normal reactor operation. In Fig. 1, h is the height and r is radius of fuel pellet, r’ is
the radius of the Discrete Burnable Absorber Pin (hereafter called the DBAP).
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Fig. 1 Cross section of Discrete Burnable Absorber Pin (DBAP)-containing fuel pellet (green
sections are UO> and the central red section is the BA, either ZrB2 or UB in this design. h is
is radius of fuel pellet, r’ is the radius of the DBAP.

the height and r

The fuel pellet and rod designs are shown in Fig. 2 and fuel design parameters are shown in
Table 1. The fuel rods containing burnable absorbers (hereafter called the BA rods) of all
DBAP-containing cases are designed to have DBAPs containing ZrB, or UB: at their centre,

and the radii of these DBAPs vary between 0.5 mm and 2.5 mm.

12.6 mm

475mm_4.095mm |

BA Pin
Fuel

Gap
Cladding
Water

Fig. 2 Fuel pellet and DBAP designs

Table 1 Fuel design parameters.

Fuel rod pitch (mm) 12.6
Pellet radius (mm) 4.095
Rod radius (mm) 4.75
Cladding material Zircaloy 4
Cladding thickness (mm) 0.57

UO:; fuel density (% of TD) 95.5

BA density (both ZrB and UB>) (% of TD) [ 95.5
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In this study, the DBAP design (Enica et al., 2018) is discussed using ZrB. or UB> as burnable
absorber materials. Within this research article, neutronic analyses on this BA design was
performed, the effect of the DBAP on reactivity and 2*Pu breeding behaviour were
investigated in order to guide future studies on this design.

3. Method

Simulations were performed using The Serpent 2 Monte Carlo reactor physics code developed
by VTT Technical Research Center (Leppénen et al., 2015).

Westinghouse Electric Company AP-1000 PWR reactor was chosen as a reference Nuclear
Power Plant (NPP) to carry out the Serpent simulations. Other PWR systems including the
European Pressurized Reactor (EPR) being built by Electricité de France (EDF) are expected
to yield similar results. Some of the simulation parameters are shown in Table 2.

Table 2 Parameters used in Serpent 2 simulations

Reactor Type PWR

Average fuel temperature (K) 900

Average cladding Temperature (K) 583

Neutron population (neutrons per cycle) [ 30000

Cycles (active/inactive) 300/20

IFBA coating thickness* 0.00256 cm

Rod array 17 x 17

Number of control rods 25

Number of rods with DBAP 28,44,72,88 and 112
o fo

Fuel assembly designs, based on 5 different reference assemblies, are given in Fig. 3a (28 BA
rods), Fig. 3b for (44 BA rods), Fig. 3c (72 BA rods), Fig. 3d (88 BA rods), Fig. 3e (112 BA
rods) (Ames li et al., 2010). In all cases where UB; was used for the simulations, the 23U
enrichment of UB; was chosen equal to the 23°U enrichment amount in the equivalent BA-free
fuel pellets.
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(@) 28 BA Rods 44 BA Rods (c) 72 BA Rods
88 BA Rods 112 BA Rods

Fig. 3 Fuel assembly designs with (a) 28 BA rods, (b) 44 BA rods, (c) 72 BA rods, (d) 88 BA
rods, (e) 112 BA rods used in simulations

Fuel pellets containing DBAP were examined in 5 separate equal-volume radial layers to
observe the 2**Pu breeding behaviour in the fuel pellets as a function of radius. Likewise, the
DBAPs were examined in 5 separate equal-volume radial layers to observe the changes in the
isotopic composition. In addition, since the error margins of the simulations are below £20 pcm
(1 pcm = 107°), they are not indicated in the result graphs of this study.

4. Results and discussion

Fig. 4 shows the kint (infinite multiplication factor) curves of cases that have IFBA rod design
(a ZrB2 coating on the periphery of a UO- pellet).
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--- NoBA case

— 28 IFBA Rods

— 44 IFBA Rods

— 72 IFBA Rods
88 IFBA Rods

— 112 IFBA Rods

Infinite multiplication constant (k. fj

0 1.0 20 30 40 50 60
Burnup (MWd/kgU)

Fig. 4 Infinite multiplication constants (kinf) Of cases have IFBA coating in different number
of rods

As can be seen in Fig. 4, the suppression on reactivity at the beginning of the fuel’s life becomes
more significant with the increase in the number of rods with IFBA containing pellets. In
addition, after the depletion of 1°B isotopes in IFBA coatings, the reactivity was slightly higher
than in the case without IFBA at 34 MWd/kgU (e.g., between 20 and 200 pcm depending on
the number of IFBA rods).

Fig. 5a shows the kit curves of the cases with ZrB. (Fig. 5a) and UB: (Fig. 5b) DBAPs of
different radii in 28 BA rods within a single assembly.

--- NoBA case

— 0.5 mm pin radius

— 1.0 mm pin radius

— 1.5 mm pin radius
2.0 mm pin radius

— 2.5 mm pin radius

--- NoBA case

— 0.5 mm pin radius

— 1.0 mm pin radius

— 1.5 mm pin radius
2.0 mm pin radius

— 2.5 mm pin radius

-
w
-
w
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Fig. 5 Infinite multiplication constants (kinf) of cases have ZrB> (a) and UB> (b) DBAPs in 28
BA rods

As can be seen in Fig. 5a and Fig. 5b, the increase in DBAP radius in the fuel pellets increases
the suppression on the reactivity at the beginning of the fuel’s life for both cases, ZrB» and UB>
inserts. These increases also lead to higher reactivity late in the fuel’s life.

On the other hand, when ZrB, and UB> DBAPs with the same radius are compared, it is seen
that the reactivity is suppressed to a higher degree in cases with ZrB, DBAP. As the uranium
in UB; contributes to the fission reaction as it contains fissile 23°U (4.45 wt. % the same
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enrichment level with BA-free fuel pellets), it suppresses the reactivity less than ZrB. (up to
1300 PCM depending on DBAP radius).

Fig. 6 shows the kint curves of the cases with ZrB(Fig. 6a) and UB(Fig. 6b) DBAPs with a
radius of 1mm of different numbers of rods in the 264 rod assembly.

5130 --- NoBA case —\51 34 --- NOBA case
T B — 28 BArods Tl £ — 28 BArods
— 44 BArods . — 44 BArods

— 72 BArods 1.2 72 BA rods

88 BA rods " 88 BA rods

— 112 BA rods

— 112 BA rods

Infinite multiplication constant (k. f)
Infinite multiplication constant (k.

g 0.8
10 20 30 40 50 60 0
(a) Burnup (MWd/kgU) (b) Burnup (MWd/kgU)

10 20 30 40 50 60

Fig. 6 Infinite multiplication constants (Kinf) Of cases have 1mm ZrB2(a) and UB2(b) DBAPs
in different number of BA rods

As seen in Fig. 6a and Fig. 6b, increasing the number of fuel rods with Imm radius DBAPS
increases the reduction in the reactivity at the beginning of the fuel’s life, as expected, due to
increase in the number of neutron absorber isotopes. In addition, after the depletion of °B
isotopes within each of the borides, a higher reactivity is observed at the late stage of the fuel’s
life for all cases with BA, compared to the reference sample without BA which can be seen in
detail in Fig Al and Fig A2.

When the case with ZrB> DBAPs in 112 BA rods is observed (Fig. 6a), it is seen that the
reactivity is in the subcritical state at the beginning of the fuel’s life (kinf = 0.9461). However,
it then decreases by ~1700 PCM and reaches its lowest level before complete depletion of °B
isotopes at 18 MWd/kgU. It then rises by ~2200 PCM and reaches the highest reactivity level
of fuel life (at 36 MWd/kgU) and begins to decline after the depletion of most of the 1°B
isotopes in the system. For the rest of the fuel’s life, as in the other cases, it achieved higher
reactivity compared to the reference case without BA. In addition, it is clearly seen that with
the increasing number of BA rods, higher reactivity is obtained at the end of the fuel’s life.

In the case where the UB> DBAPs are used in 112 BA rods (see Fig. 6b) has the same behaviour
with the case with ZrB> DBAPs in 112 BA rods. Here again, the reactivity decreases at the
early life of the fuel but then it start increasing and reaches the highest level at 36 MWd/kgU.
After the depletion of most of the 1°B isotopes, higher reactivity is obtained for the remainder
of the fuel’s life compared to the case without BA. Just as in cases with ZrB, DBAPS, higher
reactivity is achieved in the rest of the fuel’s life with an increase in the number of BA rods
containing UB> DBAPs.

Both BA compounds provided higher reactivity at the end of the fuel’s life than the cases
without BA. This is because, during the depletion of BA, the neutron spectrum is hardened
due to the capturing of thermal neutrons. Hardening of the neutron spectrum reduces the
consumption of ?®U, and increases the Pu breeding resulting in higher reactivity (Sanders and
Wagner, 2001). Additionally, when the cases in Fig. 6a and Fig. 6b are compared, cases with
ZrB> DBAPs shows close reactivity values with a difference of about £20 pcm, which is in the
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error margin, to each other at 50MWd/kgU. This is initially counter-intuitive until fissile
isotope breeding is considered.

While the Fig. 7a shows the 2*°Pu breeding behaviour in BA rods with ZrB, DBAPs (reported
in Fig. 6a), Fig. 7b reveals the 2*°Pu breeding behaviour in BA rods with UB, DBAPs (reported
in Fig. 6b).

0.09 0.09
0.08 0.08
A A
g 0.07 g 0.07
oo T 2006~ S
20.05 20.05
3 D
2 0.04 o 0.04
= s
=0.03 - NoBA case T 0.03 - -- NoBA case

% 002 i § o002 e

— 1.5 mm pin radius —— 1.5 mm pin radius

0.01 2.0 mm pin radius 0.01 2.0 mm pin radius

— 2.5 mm pin radius — 2.5 mm pin radius

0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
(a) Burnup (MWd/kgU) (b) Burnup (MWd/kgU)

Fig. 7 2°Pu breeding behaviours in BA rods with (a) ZrB, DBAPs, and (b) UB, DBAPs in 28

BA rods

As can be seen in Fig. 7, the 2°Pu density in the fuel composition increases depending on the
increasing radius of the DBAPSs due to an increasingly hardened neutron spectrum.

In cases with a ZrB, DBAPs with the radius of 1.0mm and above, the density of 2**Pu in cm?®
reaches its peak value between 32 and 40MWd/kgU. Also, the density of 2%Pu is almost 50%
higher at 40MWd/kgU with 2.5 mm DBAP radius compared to the case that has 0.5mm DBAP
radius.

When the breeding behaviour of 2%°Pu in UB, DBAP-containing cases is examined, the increase
in DBAP radius also increases the production of 23Pu compared to the case without DBAP.
However, when the cases with ZrB, DBAPs and UB2 DBAPs in the same radius are compared,
it is clearly seen that the density of 23Pu is lower in cases containing UB; DBAPs.

It is obvious that the suppression on the reactivity increases due to the increasing DBAP radius
and increasing number of BA rods. However, in these two increases, there is a behavioural
change on kinf caused by the increase of boron isotopes in the system.

For this reason, in order to see the effect of the design element on the reactivity, a series of
simulations were carried out by taking two reference cases reported in Fig. 6a and Fig. 6b,
which have the radius of 1.5mm DBAPs in 28 BA rods for both ZrB, and UB,. By taking the
BA/total-fuel ratio of these two reference cases: DBAPs in 44, 72, 88, and 112 BA rods were
distributed by reducing their radius. In Fig. 8a, the kin curves of the cases where ZrB, DBAPs
are used as BA are shown, while in Fig. 8b, the kins curves of the cases where UB> DBAPs are
used as BAs.
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- NoBA case S I --- NOBA case

S1.3N — 28 BA rods (reference case) a3 — 28 BArods (reference case)
— 44 BArods —— 44BArods
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Infinite multiplication constant (k.

10 20 30 40 5>0 60 10 20 30 40 50 60
(a) Burnup (MWd/kgU) (b) Burnup (MWd/kgU)

Fig. 8 Infinite multiplication constants (Kinf) Of cases with fixed BA/total-fuel ratio; (a) ZrB:
DBAPs, and (b) UB2 DBAPs in different number of BA rods

As can be seen in Fig. 8a and Fig. 8b, the distribution of both ZrB, and UB; BA in a certain
ratio in more rods, due to the increase in the surface area, allowing BAs to absorb neutrons at
a higher rate at the beginning of the fuel’s life, causing more suppression on the reactivity.

Looking at the cases with ZrB, DBAPs (see Fig. 8a) in detail, it is seen that reduction the radius
of the DBAPs and their distribution in the assembly lead to a slower decrease of the reactivity
towards the subcritical level in the fuel’s life. In addition, higher reactivity occurs at the end of
the fuel’s life in all cases compared to the case without BA, and the reactivity is equal in all
cases with BA at the end of the fuel’s life.

On the other hand, when the cases using UB> DBAPs (see Fig. 8a) are examined in detail, it is
noticed that the distribution of BA on the excess rod creates a slightly sharper distribution when
compared to the reference case. This sharp difference shows itself towards the end of the
assemblies’ life and all cases show higher reactivity compared to the case without BA.

Graphs of the 23°Pu breeding behaviour of the fuel pellets on the BA rods of the cases without
BA(a) and the cases with the radius of 1.5 mm ZrB, DBAPs (b) and UB2 DBAPs (c) in 28 BA
rods are given in Fig. 9.
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Fig. 9 2%Pu breeding behaviour of cases (a) without BA, (b) with radius of 1.5 mm ZrB;
DBAPs and (c) UB2, DBAPs in 28 BA rods

As can be seen when Fig. 9 is examined, the mass density of 2°Pu in cases with DBAPs
increases faster than the case without BA in all layers, and it is also faster in cases with ZrB>
DBAPs compared to the case with UB> DBAPs. Just as in the case without BA, the mass
density of 2°Pu is higher on the surface of the fuel pellets than at the centre, as determined by
(Rossiter and Mignanelli, 2010). This rate becomes especially noticeable from about
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26MWad/kgU and is related to the amount of 1°B isotopes present in the system and thus the
depletion duration.

Fig. 10 shows the depletion behaviour of 1°B isotopes in the DBAPSs of 28 BA rods with the
radius of 1.5mm ZrB, DBAPs and the radius of 1.5mm UB, DBAPs.
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Fig. 10 Depletion behaviour of 1°B isotopes in the radial layers of the cases have (a) radius of
1.5mm ZrB, DBAPs and (b) radius of 1.5mm UB, DBAPSs in 28 BA rods

As can be seen in Fig. 10a, the 1°B isotopes inside the ZrB, DBAPs are depleted faster on the
outer surface of the DBAPs and slower in the centre. The °B isotopes are almost completely
depleted at 34MWd/kgU at the outer surface of the DBAPs, while it is at ~50MWd/kgU at the
centre of the pellets. This is due to the thermal neutron flux being depressed in the centre of
the pellet. Note that while the 1°B isotopes act as a shield for uranium, the uranium will also
act as a shield for the 1°B isotopes.

On the other hand, when Fig. 10b is examined, the 1°B isotopes on the UB, DBAPs are also
depleted faster on the DBAPs surfaces than on the DBAPs centres. The 1°B isotopes are almost
completely depleted at 31MWd/kgU at the outer surface of the DBAPs, while it is at
~46MWd/kgU at the centre of the pellets. The thermal neutron flux will be more radially
homogenous within the pellet with UB> DBAPs as compared to ZrB, DBAPSs.

In both DBAPs types, the °B isotopes in the system, which have high thermal neutron
absorption cross-section, decay after capturing neutrons, and produce *He and ’Li isotopes (see
Eqg. 1). For this reason, the breeding rates of Li and “He isotopes are parallel to the depletion
behaviour of 1°B isotopes, therefore, there is no need to consider them separately.
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Conclusions

As BA, the use of ZrB; and UB> DBAPs suppress the initial reactivity, as expected.
Increasing the number of fuel rods with DBAPs or increasing the DBAP radius
increases this suppression, due to the increasing BA ratio in the assembly.

When they are used in the same number of BA rods with the same DBAP radius, UB:
suppresses the reactivity at the beginning of the fuel’s life less compared to ZrB». This
is due to the presence of fissile uranium in the system, and thus, the self-shielding effect
is lost earlier. Additionally, although it is expected that higher reactivity will occur in
cases with UB2 DBAPs, at the end of the fuel’s life due to the presence of uranium,
both ZrB, and UB, DBAP designs provides almost the same reactivity values.

By keeping the BA/total fuel ratio constant but increasing the distribution of both ZrB>
and UB: in the fuel assembly, therefore increasing the surface area of the BA in the fuel
assemblies, does not cause any noticeable change at the end of the fuel’s life. However,
it increases the suppression on the reactivity at the beginning of the fuel’s life.
Therefore, the distribution of BA may be altered to flatten or peak the Kinf curves as
desired.

With increasing the radius of the DBAPS, the increased amount of BA in the assembly
causes an increase in the density of 23°Pu in the system. The ZrB; containing DBAPs
create a higher 2%°Pu breeding level than the UB, DBAPs. In addition, both types of
DBAPs promote faster growth of 2%Pu on the outer surface of the BA fuel pellets than
in the centre compared to a non-BA pellet.

The depletion rate of the 1°B isotopes on both DBAP designs is about 30% faster on the
surface than at their centre for both BA types.

The depletion of the 1°B isotopes in the fuel assembly, with both ZrB, DBAPs and UB;
DBAPs, hardens the neutron spectrum, and the depletion rate of 23°U isotopes decreases
while the breeding rate of 2%Pu increases both in the pellet centre and at is surface.

The use of ZrB> and UB2 as DBAP has potential for use in the current generation of nuclear
reactors which considers fuel enrichments below 5 wt.% uranium and cycles lengths up to 24
months long. However, in moving °B from the surface of the pellet in the case of IFBA, to the
centre of the pellet in the DBAP designs, the shielding effects result in a very long-life of the
BA in the system. Therefore, the DBAP concept may provide greater efficiency and economic
advantages with fuels taking advantage of enrichments greater than 5wt. % 23U and longer
cycles than 24 months which may be targeted internationally in the near future.

Since the design on which this study was performed is relatively new and based upon modelling
values, care must be taken and, when appropriate, experiments must be performed to validate
the predictions and the material choices. Future studies may wish to assess the following:

Production of “He by transmutation of °B will increase the internal pressure, the
possible effects of this on the cladding integrity during operation and beyond normal
conditions should be investigated.

In addition to reactivity balance over a fuel cycle, safety, shutdown and thermal margins
should also be examined, as well as radial and axial neutron flux and power
distributions, by performing 3D full core analyses.

The manufacturing costs of fuel pellets with ZrB, and UB, DBAPs should be
determined and compared to IFBA concepts. This will aid analysis into the benefits of
the designs related to the levelized cost of electricity of a particular reactor and can be
investigated by using methods including full 3D core analysis.

The usage scenarios of DBAPs with lower radius should be investigated by examining
the results that can be obtained by enriching the '°B concentration in the DBAP for both
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DBAPs since the amount of uranium that can be loaded will increase with the
decreasing DBAP radius, and thus, it is possible to reach a higher rate of burnup.

- Material interaction between the DBAP and the UO- pellet throughout the lifetime of
the pellet needs assessing, and a suitable barrier engineered if necessary.

- The behaviour of the DBAP during accident or anticipated operational occurrences
needs assessing, taking into account properties such as the melting point, thermal
expansion, and alterations to the specific heat capacity of the fuel.
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