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a b s t r a c t

The small modular sodium-cooled fast reactor (SMSFR) is an important component of Generation-IV
reactors. The objective of this work is to improve the reactivity control in SMSFR by using innovative
systems, including burnable poisons and optimized control rods.

SMSFR with MOX fuel usually exhibits high burnup reactivity loss that leads to high excess reactivity
and potential fuel melting in control rod withdrawal (CRW) accidents, which becomes an important
constraint on the safety and economic efficiency of SMSFR. This work applies two types of burnable
poisons in a SMSFR to reduce the excess reactivity. The first one homogenously loads minor actinides in
the fuel. The second one combines absorber and moderators in specific assemblies. The influence of
burnable poisons on the core characteristics is discussed and integrated into the analysis of CRW acci-
dents. The results show that burnable poisons improve the safety performance of the core in a significant
way.

Burnable poisons also lessen the demand for the number, absorption ability, and insertion depth of
control rods. Two optimized control rod designs with rare earth oxides (Eu2O3 and Gd2O3) and mod-
erators are compared to the conventional design with natural boron carbide (B4C). The optimized designs
show improved neutronic and safety performance.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fast neutron reactors offer a realistic path forward to achieve
energy sustainability consistent with environmental stewardship
because they significantly increase the utilization rate of uranium
resource, enable flexible management of fissile materials, and help
to convert long-lived minor actinides and other radioisotopes to
short-lived ones [1]. Among six reactor technologies selected by
Generation IV International Forum (GIF) for further research and
development, three of them aim to use the fast neutron spectrum
[2]. In history, about 400 years of operating experience on the fast
neutron reactors have been accumulated, and most of them are
based on sodium-cooled fast reactors (SFRs) with MOX fuel [3,4].
Therefore, SFR is one of the most potential Generation IV concepts.

The small modular reactors (SMRs) are defined as 1) power up to
300 MW(e); 2) designed with modular technology; 3) manufac-
tured and constructed in dedicated facilities and then shipped to
site for installation [5]. The strong interest of SMRs is driven both by
by Elsevier Korea LLC. This is an
a desire to reduce the impact of capital costs and by the flexible
power generation capability for awider range of applications. SMRs
are able to provide power separately from large grid systems and to
replace aging coal-fired plants. SMRs could be an important
component of Generation-IV fast reactors and provide a relatively
inexpensive testbed for demonstrating advanced technologies [6].

Important efforts have been devoted to developing the small
modular sodium-cooled fast reactor (SMSFR) that combines the
advantages of SFRs and SMRs [6e10]. SMSFR uses liquid sodium as
the coolant to provide a very efficient heat transfer, which con-
tributes to a high-power density that is the key to meet the design
objective of SMR. In order to maximize the current fuel reproc-
essing capability [11] and the accumulated experience [3,4] on the
fast reactors, SMSFR studied in this paper adopts MOX fuel.

The fast neutron spectrum increases the convert from fertile
materials to fissile materials, which help to reduce the burnup
reactivity loss [1]. Due to the inherent physics of small reactor and
high power density, SMSFRs with MOX fuel still exhibit an impor-
tant excess reactivity that is used to compensate for the burnup
reactivity loss during the whole cycle [12]. This excess reactivity is
balanced by the insertion of control rods. Therefore, any
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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unexpected withdrawal of the control rod will lead to positive
reactivity insertion and thus transient over-power (TOP). The ef-
fects of control rod withdrawal (CRW) accidents should be mini-
mized in next-generation reactors to avoid any risk of fuel melting
[13]. At the same time, the modifications required should rely on
feasible technologies without a significant impact on the economic
performance of SMSFR. Therefore, two types of burnable poisons
were investigated: the first one uses minor actinides [14], so-called
MABP in the following; the second one uses the couple between
boron carbide (B4C) and moderators [15], so-called B4CBP in the
following. These burnable poisons were investigated for a large size
SFR [14,15], while this paper will apply these designs in a SMSFR to
compensate for large burnup reactivity and improve the core safety
in CRW accidents.

Regarding the design of control rods, B4C in a natural or a10B
enriched state was used as the absorber in previous SFRs. The
operating lifetime of control rods with enriched 10B enriched B4C is
limited by its margin to melting and its maximal burnup. On the
other hand, the natural B4C exhibits high loss on its absorption
ability because of the simple reaction chain of 10B, which also leads
to a limited operating lifetime. Various innovative control rod de-
signs, with alternative absorbers or local utilization of moderators,
have been proposed. Therefore, the second objective of this paper is
to design and assess innovative control rods with improved safety
performance and an extended operating lifetime to meet the re-
quirements of SMSFR.

This paper is organized as follows. Section 2 presents the fast
reactor analysis codes used in this work. Section 3 describes a
conventional SMSFR and assesses its safety performance in normal
operations and CRW accidents. Section 4 applies burnable poisons
for the target SMSFR and discusses their influence on the core
characteristics. At the end of this section, the improvement of the
core safety performance brought by the application of burnable
poisons is analyzed. Section 5 discusses firstly the demand on the
control rods and then proposes some potential innovative designs.
Then, the neutronic and safety performance of these control rod
designs are assessed. The conclusion is given in Section 6.

2. Calculation tools and models

2.1. APOLLO3 - neutronic code

Accurate and high-performance neutronic simulation is the key
to the assessment of control rod designs and analysis of CRW ac-
cidents. The most recent deterministic neutron transport simula-
tion platform APOLLO3 [16] is chosen for the neutronic calculations
in this work because of its high-level confidence in the modeling of
SFRs.

The spatial self-shielding effects in control rods and the varia-
tion of these effects under irradiation should be accurately
computed. At the lattice calculation level, the TDT solver [17] in
APOLLO3 (based on Pij method and Method Of Characteristics)
intuitively calculate complex geometries without correction or
equivalence process. At the core calculation level, the MINARET
solver [18] shows improved and stable calculation accuracy
compared to other deterministic codes such as ERANOS [19] after
validation against the TRIPOLI-4 Monte-Carlo reference calculation
[20] and experimental measurements [21e23]. In APOLLO3, the
update of effective cross-sections according to the material burnup
improves the accuracy of the depletion calculation especially for
assemblies containing absorbers [23].

In the following, the core reactivity, the reactivity worth of
control rods, the flux distribution, and the relative power distri-
bution, in normal operation states or CRW accidents, are simulated
by APOLLO3.
2.2. MAT4DYN - dynamic code

MAT4DYN is a mono channel code with point kinetics devel-
oped at CEA at the beginning of the 2000s [24]. This code will use
neutronic parameters calculated from APOLLO3 as its input that
includes the relative power distribution, Doppler constant, sodium
void worth, reactivity coefficients, reactivity worth of control rods,
etc. Due to the constraint of the point kinetics model, MAT4DYN is
only able to obtain the total power variation during the transient.
The final state of unprotected CRW accidents can be supposed as
quasi-stable as the transient of CRW accident is usually about
20e75 s (See Section 3.3 and 4.3). Therefore, the power distribution
variation during the CRW transient can be obtained by the product
between the total power calculated fromMAT4DYN and the relative
power distribution calculated from APOLLO3.

2.3. GERMINAL - fuel performance code

GERMINAL is a fuel performance code for SFR MOX fuel pins
[25e27]. This code is being improved to meet the needs of the
ASTRID design study. Recent works have been conducted to
improve the modeling of multi-physics effects including the fuel
pellet fragments relocation model, the pellet-clad mechanical
interaction, the description of the thermochemistry of oxide fuel,
etc. The validation of the GERMINAL codewas carried out by using a
selection of 100 SFR fuel pins from PHENIX, SUPERPHENIX and
transient tests operated in CABRI [27].

The work in this paper benefits from the improvement of this
code because the SMSFRs studied in this work adopts the same fuel
pin design as ASTRID reactor. GERMINAL calculates the margin to
the melting of fuel by using the power distribution, the displace-
ments per atom (DPA) in the cladding, and the fuel burnup in
normal operations from APOLLO3 and the power transient in CRW
accidents from the coupling between APOLLO3 and MAT4DYN.

2.4. Summary

Three codes are used in this work for the SFR analysis in normal
operation and CRW transients. APOLLO3 code calculates neutronic
parameters that are used directly in analysis or as the input in
MAT4DYN and GERMINAL. MAT4DYN is used to calculate the total
power transient in CRW accidents. This mono channel code with
point kinetics is acceptable in the first approximation, while a new
thermal-hydraulic code such as CATHARE3 [28] would be used in
the future. Finally, the margin to the melting of fuel is computed by
the GERMINAL code.

3. Conventional small modular fast reactor

This section will present a conventional SMSFR studied in this
work. The issues on the reactivity control in this SMSFR will be
analyzed and discussed.

3.1. Core characteristics

The conventional SMSFR studied in this work, so-called SMSFR-
V0 in the following, is a 320 MWth sodium fast reactor loaded with
(U, Pu)O2 MOX fuel. The layout of this core is presented in Fig. 1. The
assembly pitch is 13.4 cm and the assembly height is 3.8 m at 20 �C.

Two different plutonium content zones, 42 inner core assem-
blies (C1) and 54 outer core assemblies (C2), are used to optimize
the power distribution. The fuel is in an annular form of which the
outer diameter is 8.47 mm and the central hole diameter is
2.49 mm. One “diluent” assembly (DIL), composed of sodium and
steel, is loaded to reduce the peak power at the core center.



Fig. 1. Radial layout of SMSFR-V0 (left), axial layout of its fuel assembly (middle), and radial layout of fissile zone (right)
Remark: REF is the MgO type reflector assembly; LNP is the lateral neutron protection assembly; the bottom of the fissile zone is taken as the origin of z-coordinate.
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The control rod architecture contains 6 control and shutdown
devices (CSD) and 6 diverse shutdown devices (DSD). These two
groups use the same design while they are redundant, diverse and
independent in the control logic. The control rod/fuel assembly
proportion is 12.5% for the SMSFR-V0. Thus, it would be difficult to
increase the control rod number for this SMSFR because the
remaining installation space for the control rod drive mechanism
(CRDM) is very limited. Similar to the control rod utilization
strategy proposed for CFV-1500 [8], both CSD and DSD are used in
the same way to manage power level, compensate for burnup
reactivity swing and adjust power distribution. This strategy shares
reactivity control on the highest number of control rods and thus
reduces the “stored worth” in one single rod to reduce control rod
withdrawal (CRW) accident effects that will be analyzed in-depth
in Section 3.3.

The main characteristics of the SMSFR-V0 are presented in
Table 1. The total irradiation time of fuel is 1875 equivalent full
power days (EFPD) with 5 fuel batches. The target cycle length is set
Table 1
Main characteristics of SMSFR-V0.

Thermal rating 320 MWth
Electricity rating 128 MWe
Fuel irradiation time 375 � 5 EFPD
Fuel assembly number (C1|C2) 42 | 54
Plutonium content (C1|C2) 22.45% | 27.38%
Core volume (fissile|fertile) 1.276 m3 | 0.450 m3

HM inventory 7 t
Total plutonium inventory 1.32 t
Average power density in fissile zones 240 W/cm3

Peak linear heat rating (BOEC|EOEC) 451 W/cm | 408 W/cm
Average discharge burnup 120 GWd/t
Peak discharge burnup 163 GWd/t
Average flux level in fissile zones 2.10 � 1015 n/cm2/s
Peak flux level at BOEC 3.26 � 1015 n/cm2/s
Effective delayed neutron fraction 383
Sodium void worth (BOEC|EOEC) �175 pcm | �81 pcm
Doppler constant (BOEC|EOEC) �754 pcm | �752 pcm
Reactivity swing �3257 pcm/cycle | �8.7 pcm/EFPD
Control rod assembly number (CSD|DSD) 6 | 6
at 375 EFPD as a balance between the economic efficiency and the
outage requirement. The averaged burnup of discharged fuel is
about 120 GWd/t while the peak burnup comes up to 160 GWd/t.
This value was chosen as a reasonable target as it was experi-
mentally achieved in some PHENIX assemblies [29].

The average power density in the fissile zone is 240 W/cm3

corresponding to an average linear heat rating of 294 W/cm in fuel
pins. The power peaking factors at the beginning of the equilibrium
cycle (BOEC) and the end of the equilibrium cycle (EOEC) are
respectively 1.53 and 1.40.

Compared to PHENIX, a 563 MWth SFR with burnup reactivity
loss �16 pcm/EFPD, the burnup reactivity loss in SMSFR-V0 is
significantly reduced [12]. Nevertheless, the long cycle length for
commercial applications leads to an important reactivity swing in
small reactors that should be compensated by reactivity control
systems.
3.2. Margin to melting in normal operation

3.2.1. One fuel zone
The evolution of the margin to themelting of one representative

fuel zone, in the core center, during its whole normal operating life
is presented in Fig. 2. This is calculated by GERMINAL with
neutronic parameters from APOLLO3®. For the new fuel, the gap
between pellet and cladding closes after a short time due to the fuel
swelling and the thermal cracking in addition to the differential
thermal expansion. During this process, the gap thermal resistance
decreases significantly, which leads to a large reduction in the fuel
center temperature. The power density variation and the thermal
conductivity degradation lead to the temperature variation at each
cycle. Under irradiation, the volatile fission products are trans-
ported outside the fuel pellet and then contributing to the forma-
tion of an oxide layer in the fuel cladding. At about 68 GWd/t, this
oxide layer improves the heat transfer and thus a significant in-
crease in the margin to melting. The thermal conductivity degra-
dation of the MOX pellet leads to a low margin to melting at high
burnup.



Fig. 2. Evolution of margin to melting in a fuel zone in the core center.

Fig. 4. Variation of power density (Z ¼ 50 cm) in the CRW accident of SMSFR-V0 at
BOEC
Remark: The 34/28 control rod is withdrawn from Z ¼ 56 cm to Z ¼ 85 cm.
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3.2.2. Entire core
The margin to melting for the SMSFR-V0 core is presented in

Fig. 3. This is the minimum value among all fuel zones at each time
step. The negative margin means that there is a local or global fuel
melting in the core. At the same time, a 200 �Cmargin is required to
cover simulation uncertainty. In a first approximation, this margin
corresponds to a 5% uncertainty in the power density calculated by
APOLLO3 and MAT4DYN, and a 40 W/cm uncertainty in GERMINAL
simulations [13]. Therefore, the reactor should be operated above
200 �C margin in normal operations and accident transients [13].

This equilibrium core contains both fresh fuel and fuel with high
burnup. The minimal margin at BOEC originates from the fresh fuel
because the initial helium bond leads to low thermal conductance
of the gap, while the one at EOEC comes from the decreasing on the
thermal conductivity of fuel at the end of their operating life. The
recycle of fuel discharge the fuel with high burnup but input fresh
fuel, and thus the similar variation of margin tomelting repeats. For
normal operation situations, theminimalmargin during the cycle is
above 500 �C, which is always within the defined safety range.

3.3. Analysis of control rod withdrawal accident for SMSFR-V0

This work focuses on the CRW accident caused by the unpro-
tected withdrawal of one control rod. The rod withdrawal speed is
4 mm/s. As shown in Fig. 4, the reactivity insertion leads to global
and local over-power transient. For example, the withdrawal of the
Fig. 3. Margin to melting for SMSFR-V0 in normal operations.
34/28 control rod leads to a 57% increase in the average power
density at BOEC. The peak variation appears in the fuel assemblies
surrounding the withdrawn rod.

This power transient would lead to fuel melting. After simu-
lating of CRW accidents for all control rod positions, the minimal
margin to melting in CRW accidents is presented in Fig. 5. As the
excess reactivity decreases with fuel burnup, the inserted reactivity
in the CRW accident decreases from 320 pcm to 60 pcmwith time.
Therefore, the CRW accident is more impactful at BOEC than EOEC
for SMSFR-V0. From 0 EFPD to 150 EFPD, the margin is smaller than
0 �C, which means a global or local fuel melting during CRW acci-
dents. From 150 EFPD to 200 EFPD, the minimal margin is smaller
than 200 �C, which is not able to satisfy the required safetymargins.

The inserted reactivity originates principally from the reactivity
reserve for burnup reactivity loss. The target cycle for SMSFR-V0
should thus be divided into a shorter cycle length to reduce the
excess reactivity. For instance, the 375 � 5 EFPD scenario can be
changed to be the 125 � 15 EFPD scenario to ensure a melting-free
scenario in CRW accidents. This cycle length would be acceptable
for an experimental SFR, but it would lead to a high refuel fre-
quency and complicated operations, which would limit the eco-
nomic efficiency and the applicability of commercial SMRs.
Fig. 5. Margin to melting for SMSFR-V0 in normal operations and CRW accidents.
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More investigations of the impacts of CRW accidents in SMSFRs
are presented in Ref. [13]. In a word, the CRW accident is the
constraint factor for the safety and the economic performance of
Generation-IV SMSFRs. Consequently, there is an interest to reduce
the reactivity swing of such reactors to improve their safety
behavior in CRW accidents. The burnable poisons studied in pre-
vious research [14,15] will thus be applied to the SMSFR to enhance
its safety performance and to achieve melting free CRW accidents
during the target cycle length.

3.4. Summary

In the normal operation, this conventional SMSFR meets the
requirement on the margin to fuel melting. Due to the high excess
reactivity at BOEC for reactivity compensation, the CRW accident
will lead to fuel melting in this small core. The reduction of the
cycle length or the power density harms economic efficiency. At the
same time, a large number of control rods with the high 10B
enriched B4C are required to compensate for the important burnup
reactivity loss. These issues on reactivity control will be solved in
the following: Section 4 will use burnable poisons to improve the
core safety in CRW accidents, and Section 5 will investigate inno-
vative control rods with enhanced safety performance or an
extended operating lifetime.

4. Application of burnable POISONS

This section focuses on the application of burnable poisons in
SMSFR. The objective of burnable poisons is to compensate for the
burnup reactivity loss and thus reduce the excess reactivity, which
contributes to reinforced safety performance in CRW accidents.
This section firstly presents the designs of two type bumble poisons
for SMSFR: the first one uses minor actinides and the second one
combines absorbers with moderators. Then, the influences of these
burnable poisons on the core characteristics are investigated.
Finally, taking all influence into account, the CRW accidents SMSFR
with burnable poisons is analyzed.

4.1. Designs of burnable poisons

The layout of the SMSFR with burnable poisons, so-called
Fig. 6. Radial layout of SMSFR-BP (left), axial layout of B4CBP a
SMSFR-BP in the following, is presented in Fig. 6. The fuel assem-
bly used in SMSFR-BP is the same as SMSFR-V0. SMSFR-BP consists
of 42 inner core assemblies (C1) and 54 outer core assemblies (C2).
The control rod architecture contains 9 control rod assemblies with
absorber equivalent to the natural B4C: 3 control and shutdown
devices (CSD) and 6 diverse shutdown devices (DSD). The detailed
designs of innovative control rods will be presented in Section 5.

The MOX in these fuel assemblies contains 3 %wt 237Np as the
minor actinide burnable poison (MABP). The neptunium is chosen
as MABP in SMSFR because it has fewer issues on the decay heat
and gas release following results from the previous research [14].
The 3 %wt is chosen to avoid a significant influence on the safety
parameters (see Section 4.2.3). According to the previous study, the
addition of limited neptunium has a slight influence on the safety
performance and waste management of fuel assemblies [14]. The
application of americium as MABP could be studied in the future.
The use of minor actinides can also help transmute nuclear waste.

A second difference with SMSFR-V0, this design uses 7 addi-
tional burnable poisons assemblies loaded with depleted B4C and
ZrH1.62, so-called B4CBP assembly in the following. The detailed
description of the B4CBP assembly is presented in Fig. 6.

The B4CBP assembly has the same height as a fuel assembly.
These assemblies use the same hexagonal tube. Following lessons
learned from B4CBP implementation in SFR-V2B core [15], a layer of
boron carbide is mixed with a layer of moderators to maximize the
moderation effects in B4CBP assemblies. Due to the core size, the
pitch of SFR-V2B assemblies is larger than SMSFR assemblies.
Therefore, the steel pins between the hexagonal tube and the
moderators are not considered for the B4CBP assembly in SMSFR.
Finally, each B4CBP assembly used in SMSFR consists of 26%
moderator and 20% absorbers that are packed in pellet form. The
influence of the B4CBP assembly on its surrounded fuel assemblies
will be carefully examined in the following.

The 10B concentration, as shown in Table 2, depends on the
position of B4CBP assembly and the axial zone. This heterogeneous
distribution of concentration is used to fit the flux distribution in
order to burn out the 10B in each zone. Moreover, it is designed to
reduce the peak power in the core center (see Section 4.2.3). The
concentration of 10B in B4CBP varies from 2% to 10% of the natural
B4C. The B4CBP can use the by-product of the enrichment process of
B4C as its absorber that is usually inexpensive.
ssembly (middle) and radial layout of B4CBP zone (right).



Table 2
10B concentration in different zones of B4CBP assemblies.

Assembly position Zone 10B concentration ( � 1021 at/cm3)

30/30 B4CBP1 1.5
B4CBP2 2.1
B4CBP3 1.5

32/30 B4CBP1 1.0
30/28 B4CBP2 1.5
28/32 B4CBP3 1.0

34/30 B4CBP1 0.4
30/26 B4CBP2 1.0
26/34 B4CBP3 0.4

Remark: The 10B concentration in the natural B4C (2.519 g/cm3 and 0.04 porosity) is
21.0 � 1021 at/cm3.
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The closed pin design is used for the absorber and moderator
pins. Evenwith a total burnup of 10B in the pins, the maximal Tresca
cladding stress is 104 MPa which remains under the limitation of
120 MPa [30].
4.2. Influence on core characteristics

The main characteristics of SMSFR-BP core are compared with
SMSFR-V0 in Table 3. This section will study the influence of
burnable poisons on the core characteristics that will be integrated
into the CRW accident analysis in Section 4.3.
Fig. 7. Reactivity swing of SMSFR-V0 and SMSFR-BP at equilibrium cycle.
4.2.1. Reactivity swing
As shown in Fig. 7, the excess reactivity decrease from 3857 pcm

to 600 pcm in SMSFRV0 while this parameter varies between 850
pcm and 616 pcm during the whole cycle in SMSFR-BP. 600 pcm is
potential maximal reservation for the operating margin and the
calculation uncertainty. In a realistic operation, this term could be
smaller than 600 pcm. The burnable poisons reduce the driven
factor for the reactivity accident in a significant way.

In SMSFR-BP, the reactivity swing consists of the fuel burnup
reactivity loss, the 550 pcm compensation from MABP, and the
2500 pcm compensation from B4CBP. The reactivity swing of fuel
burnup and minor actinides vary linearly with time. The compen-
sation from B4CBP accelerates firstly from 0 EFPD to 250 EFPD
because of the increase of the 10B absorption effective cross-section
under irradiation. Then, its compensation ability slows down
Table 3
Main characteristics of SMSFR-BP.

SMSF

Thermal rating 320
Electricity rating 128
Fuel irradiation time 375
Fuel assembly number (C1|C2) 42 |
Plutonium content (C1|C2) 22.45
Core volume (fissile|fertile) 1.276
HM inventory 7 t
Total plutonium inventory 1.32
Average power density in fissile zones 240
Peak linear heat rating (BOEC|EOEC) 451
Average discharge burnup 120
Peak discharge burnup 163
Average flux level in fissile zones 2.10
Peak flux level at BOEC 3.26
Effective delayed neutron fraction 383
Sodium void worth (BOEC|EOEC) �175
Doppler constant (BOEC|EOEC) �754
Reactivity swing �325
Control rod assembly number (CSD|DSD) 6 | 6
Absorber material B4C i
because of the exhaustion of 10B at EOEC. Consequently, this vari-
ation of compensation speed from the B4C/ZrH1.62 combination
leads to the fluctuation of the total excess reactivity.

At the end of irradiation, there is a residual negative reactivity
from burnable poisons. The plutonium content is adjusted to bal-
ance the residual negative reactivity and achieve the required
reactivity margin during the whole cycle. The average plutonium
enrichment in SMSFR-V0 is 25.22%, while it is 26.56% in SMSFR-BP.
4.2.2. Flux distribution
The radial distributions of flux in the SMSFR-BP core at BOEC

and EOEC are respectively presented in Fig. 8. The fresh B4CBP
assemblies absorb neutrons at BOEC. The flux level in B4CBP as-
semblies and its surrounded fuel assemblies is hence reduced. The
absorbers inside the B4CBP assemblies are consumed under irra-
diation. Therefore, the distribution of flux varies significantly with
time.

The neutrons spectrums are presented in Fig. 9. The neutron
spectrum in the B4CBP assemblies is very different from the fuel
one as it contains 26% of moderator and 20% of absorber. The dif-
ference in the fissile zones between SMSFR-BP and SMSFR-V0
comes from the plutonium content, the neptunium content and
R-V0 SMSFR-BP

MWth 320 MWth
MWe 128 MWe
� 5 EFPD 375 � 5 EFPD
54 42 | 54
% | 27.38% 23.64% | 28.83%
m3 | 0.450 m3 1.276 m3 | 0.450 m3

7 t
t 1.39 t
W/cm3 240 W/cm3

W/cm | 408 W/cm 424 W/cm | 460 W/cm
GWd/t 121 GWd/t
GWd/t 165 GWd/t
� 1015 n/cm2/s 1.83 � 1015 n/cm2/s
� 1015 n/cm2/s 2.61 � 1015 n/cm2/s

369 pcm
pcm | �81 pcm �141 pcm | �109 pcm
pcm | �752 pcm �725 pcm | �764 pcm
7 pcm/cycle �234 pcm/cycle

3 | 6
n 60%10B Natural B4C



Fig. 8. Radial flux distribution (Z ¼ 140 cm) at BOEC (left) and EOEC (right) of SMSFR-BP
Remark: The BP in the figure is the B4CBP assembly, and CR in the figure is the control rod assembly.
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the moderators.
This can be explained by the variation of their microscopic

cross-section with the neutron incident energy (En). The first order
net neutron productionmicroscopic cross-section of isotope i, sþi , is
defined as [31]:

sþi ¼ vsfissioni � sabsorptioni

The variation of sþi with neutron incident energy of neptunium
and plutonium is presented in Fig. 10. For En < 500 keV, the
neptunium is an “absorber” of neutrons while it becomes a “pro-
ducer”with increasing in neutron energy. Therefore, SMSFR-BP has
a higher fraction for neutrons with En > 500 keV than SMSFR-V0
because SMSFR-BP process a higher content of neptunium. For
En < 500 keV, themoderation effect from B4CBP becomes dominant
effects.
Fig. 9. Flux spectrum at BOEC o
4.2.3. Power distribution
The variations of the peak linear heat rating in SMSFR-V0 and

SMSFR-BP are compared in Fig. 11. Twelve control rods with 60% 10B
enriched B4C are 30 cm inserted in the SMSFR-V0 core at BOEC to
balance its high excess reactivity. This leads to a reduction in the
power distribution at the top of the core and thus a high power
peak at the center of the core. These control rods are withdrawn
with time to compensate for the burnup reactivity loss and thus the
peak linear heating in SMSFR-V0 decrease with time.

The number, absorption ability, and insertion depth of control
rods in SMSFR-BP are less important than that of SMSFR-V0.
Moreover, the B4CBP assembly is also able to tune the power dis-
tribution in the axial direction. As a consequence, the peak linear
heating in SMSFR-BP is smaller than SMSFR-V0 at BOEC. With
burnout of 10B in B4CBP assemblies, the flux distribution varies
significantly in the radial direction (see Fig. 8), especially in fuel
f SMSFR-V0 and SMSFR-BP.



Fig. 10. First-order net neutron production microscopic cross-sections of neptunium
and plutonium (from JEFF-3.1.1 library). Fig. 12. Distribution of maximal discharged burnup.
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assemblies that are neighbor to B4CBP assemblies. This leads to a
significant increase in the peak linear heat rating in SMSFR-BP. The
B4CBP assemblies are able to tune the power distribution, while
their positions are not movable during the cycle. Therefore, the
position of B4CBP should be optimized to homogenize power dis-
tribution in the core during the whole cycle. The influence of the
peak power variation on the margin to melting will be discussed in
Section 4.2.5.

At the core level calculation in this work, the fuel assemblies are
described in a homogenous way. The moderation effect of B4CBP
assemblies would impact the power distribution in the closest fuel
pins. In nest step work, such local moderating effects should be
studied with a semi-heterogeneous model of certain fuel assem-
blies in APOLLO3 [32] or the Monte-Carlo method with TRIPOLI-4
[33]. In case of a significant impact on linear heat rating, a large
panel of solutions can be used to help optimize the B4CBP design to
meet the adequate requirements, for instance, the heterogeneous
fuel assembly with lower plutonium enrichment in its outer pins
and an optimized B4CBP assembly that avoid moderator pins in its
outermost ring.
Fig. 11. Evolution of peak linear heat rating with time.
4.2.4. Fuel burnup and material balance
The maximal discharged burnup for each assembly of the

equilibrium cycle is shown in Fig. 12. The burnup peak is obtained
in the assemblies neighboring the B4CBP. The maximal burnup in
SMSFR-BP is about 165 GWd/t which is just slightly higher than that
the one obtained for the SMSFR-V0 reference core. The ratio be-
tween the peak burnup and the average burnup is about 1.36 which
means a homogenous utilization of fuel assemblies.

The material balances in these two cores are summarized in
Table 4. These cores are close to a self-breeding configuration as
they consume only 2% of their plutonium content for each cycle.
SMSFR-BP transmutes 14.5 kg of neptunium, but it generates
slightly more americium and curium than the reference core.

4.2.5. Margin to melting in normal operation
The minimal margins to melting among all fuel assemblies in

SMSFR-BP and SMSFR-V0 are compared in Fig. 13. These two cores
exhibit at least a 500 �C margin during its equilibrium cycle. Their
evolutions are similar to the discussion in Section 3.2.

The peak power usually appears in fresh fuel. The minimal
margin tomelting at BOEC appears in the fresh fuel. SMSFR-BP has a
smaller peak power density than SMSFR-V0 at BOEC (see Fig. 11)
and thus a large margin to melting. On the other hand, the minimal
margin to melting at EOEC appears in the fuel with the highest
burnup of which the power density is smaller than the peak value.
Therefore, the peak power density has no significant influence on
the minimal margin at EOEC. The minimal margins to melting in
SMSFR-BP and SMSFR-V0 are very close.

4.2.6. Feedback coefficient
The sodium void worth and the Doppler constant in SMSR-V0

and SMSFR-BP are compared in Table 5. The previous research
[14] points out that the addition of neptunium leads to an increase
Table 4
Material balance in cores (Unit: kg).

Core SMSFR-V0 SMSFR-BP

Time BOEC EOEC Dm BOEC EOEC Dm

U 5451.4 5348.8 �102.6 5267.6 5181.3 �86.3
Np 1.6 2.1 0.6 124.8 110.3 �14.5
Pu 1259.6 1234.3 �25.2 1328.1 1301.1 �27.0
Am 22.8 27.9 5.1 24.3 29.7 5.4
Cm 2.0 3.2 1.2 2.2 3.5 1.3



Fig. 13. Evolution of the margin to melting in SMSFR-V0 and SMSFR-BP for the equi-
librium cycle.

Table 5
Comparison of feedback coefficients between SMSFR-V0 and SMSFR-BP.

Feedback coefficient Time SMSFR-V0 SMSFR-BP

Sodium void worth (pcm) BOEC �175 �141
EOEC �81 �109

Doppler constant (pcm) BOEC �754 �725
EOEC �752 �764

Fig. 14. Power density variation (Z ¼ 185 cm) for CRW accident at BOEC of SMSFR-BP
Remark: The 34/28 control rod is withdrawn from Z ¼ 185 cm to Z ¼ 205 cm.

Fig. 15. Comparison of the margin to melting of SMSFR-V0 and of SMSFR-BP.
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in these two safety parameters, which negatively impacts the safety
performances of the core. On the contrary, the B4C/ZrH1.62 type
burnable poisons improve these parameters. Therefore, the results
for SMSFR-BP core are the sum of influences from these two
burnable poison types.

The sodium void worth of SMSFR-BP remains negative, but it is
about 30 pcmmore positive than SMSFR-V0.With the consumption
of absorber, the flux level in the B4CBP assemblies increases (see
Fig. 8) and the slowing down effect is enhanced. Therefore, the
moderation effects of B4CBP strengthen with time, which leads to
an increase in the Doppler constant. After balancing the effects
from these two types of burnable poisons, the feedback coefficients
of SMSFR-BP are close to that of SMSFR-V0.

4.3. Analysis of control rod withdrawal accident for SMSFR-BP

In the previous sections, the characteristics of SMSFR-BP haven
been investigated in detail. In the following ones, the influence of
burnable poisons will be integrated into the analysis of CRW
accidents.

The variation on the power density in the CRWaccident at BOEC
of SMSFR-BP is shown in Fig. 14. The local power density increases
from 28% to 38% in CRW accidents. The peak variations appear in
the fuel assemblies surrounding the withdrawn control rod.

Similar to the swing of the excess reactivity (see Fig. 7), the
reactivity insertion by complete withdrawal of one control rod
varies between 125 pcm and 85 pcm. The minimal margin to
melting in CRW accidents varies inversely to the reactivity inser-
tion. The minimal margin in accidental transients is close to 200 �C
that is still in the safety range. In a word, by reducing the excess
reactivity, SMSFR-BP shows an inherent safety in CRW accidents.

Finally, the margin to the fuel melting of SMSFR-V0 and of
SMSFR-BP is compared in Fig. 15. In normal situations, these two
cores operate in the safety range with more than 500 �C margin to
fuel melting. In CRW accidents, SMSFR-BP possesses more than
200 �C margin. For a large operation time in SMSFR-V0, global or
local fuel melting may occur in the CRWaccidents. Compared to the
conventional designs, the burnable poisons enhance the inherent
safety performance of SMSFRs. Here the margin to melting is
considered with conservatism in GERMINAL calculation. Specific
works are in progress to improve the models and the associated
uncertainty levels. Any reduction of this uncertainty would lead to
a lower margin to be taken into account in the present design. This
may contribute to an extension of the cycle length, an increase in
the power density or a reduction in burnable poisons investment.
4.4. Summary

In this section, 3 %wt 237Np diluted in the fuel and 7 absorber/
moderator type assemblies are applied in SMSFR as burnable poi-
sons. They are able to reduce the burnup reactivity loss by about
3000 pcm and thus the same amount of excess reactivity at BOEC.
Their influences on the core characteristics are investigated. The
compensation ability of MABP is smaller than B4CBP, while MABP
increases the proliferation resistance of SMR and helps to trans-
mute minor actinides. The absorber/moderator type assemblies
have an important impact on the flux and thus the power distri-
bution. Their moderation effects in the surrounding fuel pins
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should be further investigated and optimizations performed if
necessary. Due to the balance between the influence of minor ac-
tinides and moderators, the feedback coefficients in the core with
burnable poisons are close to the ones of the conventional core.

By integrating all influence of burnable poisons, the core with
burnable poisons exhibits an equivalent or even larger margin to
melting compared to the conventional SMSFR for normal operation.
Due to the reduction in the excess reactivity, SMSFR-BP stays in the
safety range with a remarkable margin to fuel melting in unpro-
tected CRW accidents. Therefore, burnable poison significantly
improves the core inherent safety.

5. Innovative control rods

5.1. Demand analysis

The SMSFR-BP requirements for its reactivity control systems
are presented in Fig. 16. The partial insertion of control rods should
balance burnup reactivity, operation margin, and uncertainty
margin. In normal operation, these rods are withdrawn with the
fuel burnup to compensate for burnup reactivity loss. The reser-
vation for the operation and uncertainty margin is 600 pcm. In a
realistic operation, this term is smaller than 600 pcm. In the design
and safety analysis, the maximal potential value is used. The total
insertion of all control rods should keep core at subcritical state
during the transient from 100% normal power state to isothermal
state (Doppler Effects), the cooling after shutdown (neptunium
effects), and keep 10 $$ negative reactivity to prevent fuel handling
errors during the refueling process.

In SMSFR-BP, the total insertion of all control rods should ac-
count for more than 5460 pcmworth to shut down the reactor and
to cover safety margins for fuel handling errors. The partial inser-
tion of rods should balance 830 pcm excess reactivity at most.

In SMSFR-V0, the burnup reactivity loss is much more impor-
tant. The total insertion of its control rods should exhibit at least
8600 pcm reactivity worth while partial insertion should balance
3850 pcm.

To satisfy these requirements, SMSFR-BP requires 9 control rods
with natural boron carbide. These rods are 20 cm inserted at BOEC.
A similar analysis is done for SMSFR-V0 that requires 12 control
rods with 60% 10B enriched B4C. Moreover, control rods in SMSFR-
V0 are 30 cm inserted at BOEC. In a word, the burnable poisons
share the tasks of control rods and thus reduce the required
number, absorption ability and insertion depth of control rods.

The relative absorption ability of some optimized control rod
designs studied in previous research [34,35] is presented in Fig. 17
where the black line is B4C in different 10B enrichment and other
Fig. 16. Reactivity control in SMSFR-BP.
designs are equivalent to B4C. The relative position between inno-
vative designs and B4C will depend on the flux spectrum and the
control rod design. This result from a large SFR is also applicable to
SMSFR because both reactors share a similar neutron spectrum and
similar control rod composition.

This figure indicates that the coupling between moderators and
Eu2O3 or Gd2O3 could be potential solutions to replace the B4C
design. Compared to SMSFR-V0, the burnable poisons reduce the
requirement on the control rods and thus enlarge the application
situations of innovative designs with alternative materials.

5.2. Design description

In the following, three control rod designs used in SMSFR-BP
will be compared. The first one uses natural B4Cof which the lay-
outs are presented in Fig. 18 and Fig. 19. The height of the absorber
is the same as the fissile zone. The gap between the hexagonal tube
and the control rod body is 5mm. The control rod body is circular to
avoid jamming by its rotation. A control rod consists of 19 absorber
pins. The open pin design is used to discharge the helium produced
by (n,a) reactions of 10B. The gap between absorber pellet and
cladding is filled with sodium.

The second one is the coupling between Eu2O3 and ZrH1.62, so-
called Eu2O3þMOD in the following, of which the design is pre-
sented in Fig. 20. The total pin number is 55, and the absorber pellet
diameter is 9.85 mm. The same thickness of structures and the gap
between them are used, which leads to a slight reduction in the
absorber/moderator volume fraction compared to the one with 19
absorber pins (see Fig. 19). In this design, 13 pins are occupied by
moderators. There is little gas released from rare earth elements
and moderators. Therefore, the closed pins are used, and the gap is
filled with helium.

The third control rod design use Gd2O3, but with 19 moderator
pins, of which the layout is presented in Fig. 21. If the whole control
rod uses this design, the insertion of all control rods is not able to
shut down the reactor with enough margins. In this situation, an
axially heterogeneous control rod layout is considered. The lower
part of this control rod uses Gd2O3 for its excellent material char-
acteristics and its smaller variation on the reactivity worth. The
upper part uses B4C in 90% 10B enrichment to keep enough shut-
down ability in the control rods. Five centimeters height is reserved
for the axial joint between different absorbers, which should be
Fig. 17. Relative absorption ability of the optimized designs of control rods.



Fig. 18. Axial layout of the SMSFR control rod: control rod body (upper) and control rod assembly (lower)
Remark: the spacer wire and the flow accommodation rods are not presented in the figures.

Fig. 19. Radial layout of the SMSFR control rod (unit: mm).
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further investigated. Such a joint has been designed for DSD rods in
SUPER-PHENIX reactor for instance Ref. [36].
Fig. 20. Radial layout of control rods with Eu2O3/ZrH1.62 (u

Fig. 21. Radial layout of control rods with Gd2O3/ZrH1.62 (u
5.3. Neutronic performance

The reactivity worth at BOL and its variation at EOL (1875 EFPD
irradiation) are shown in Fig. 22. At BOL, a 20 cm insertion of
control rods is sufficient to balance the excess reactivity for the
natural B4C design and the Eu2O3þMOD design, while the
Gd2O3þMOD design requires 25 cm insertion. The connector be-
tween 40 cm and 45 cm in the axial heterogeneous design of
Gd2O3þMOD rods leads to slow growth of its reactivity worth in
this domain. However, the worth of total insertion for Gd2O3þMOD
rods is more important than others. The 10B enrichment in the
upper zone can be further reduced to keep a balance between ab-
sorption ability and economic efficiency.

After 1875 days irradiation, the Eu2O3þMOD design exhibits
only a small loss of its reactivity worth. The loss in the bottom re-
gions of absorber pins (20 cm for natural B4C and 25 cm for
Gd2O3þMOD) is very important for other designs. The variation on
pper) and its axial layout (lower) used in SMSFR-BP.

pper) and its axial layout (lower) used in SMSFR-BP.



Fig. 22. S-curve of different control rods in SMSFR-BP.
Fig. 23. Evolution of maximal temperature in control rods of SMSFR-BP
Remark: The B4C-90 is the upper region of the control rod with Gd2O3. The melting
temperature of B4C is 2350 �C, while its temperature is 1200 �C to avoid the carbon-
ization of the cladding.

H. Guo et al. / Nuclear Engineering and Technology 52 (2020) 1367e13791378
the 20 cm insertion of natural B4C is about �18.5%, while the
variation on the 25 cm insertion of Gd2O3þMOD is about �16.6%.
Therefore, these two designs need about 3 cm more insertion to
achieve the operation functions at BOL. For the control rods like
natural B4C and Gd2O3þMOD, the recalibration of the critical po-
sition should be considered for each cycle, which will lead to a
higher irradiation effect at the bottom of control rods, because the
flux in control rods increases with the insertion depth. Anyways, all
these designs satisfy the requirement of the absorption ability from
BOL to EOL.
Fig. 24. Evolution of peak burnup in control rods of SMSFR-BP
Remark: The B4C-90 is the upper region of the control rod with Gd2O3.
5.4. Safety performance

As shown in Fig. 23, these designs have sufficient margin to
absorber pin melting during the considered lifetime. Even with
large pin design and high 10B content in the upper part of the
Gd2O3þMOD design, the B4C in 90% 10B has a remarkable safety
margin.

These calculations use the same critical positions at BOL. As
discussed previously, the important loss of reactivity worth
required an increased insertion depth for rods with natural B4C or
Gd2O3þMOD with time. Therefore, their temperature at EOL is
lower estimated. In the future, this increase in the insertion depth
will be considered.

For absorbers, the burnup is defined as the number of accu-
mulated absorption reactions per unit volume. To avoid the clad-
ding cracking triggered by the absorber swelling, the maximal
burnup of B4C is set at 1.5 � 1022 Abs./cm3 for pins with no shroud
and 2.2 � 1022 Abs./cm3 for shrouded design. These two values are
obtained directly from previous operating experiences [37]. The
swelling of Eu2O3 is 40% of B4C [38]. In the first approximation, its
maximal burnup could be defined at 3.75 � 1022 Abs./cm3.

The maximal absorber burnup that appears in the bottom of the
control rods is present in Fig. 24. In this zone, the absorption rate for
the natural B4C and Gd2O3þMOD decreases with time. Meanwhile,
the absorption rate keeps constant for the Eu2O3þMOD design.
Therefore, the peak burnup in the Eu2O3þMOD design is higher
than the others. These designs have a large margin to burnup
limitations. From this point of view, their operating lifetime can be
extended. However, the large loss on the reactivity loss leads to a
non-negligible swing on the critical position of rods with natural
B4C or Gd2O3þMOD, which should be further investigated.
The steel shroud would be not necessary for the natural B4C
pellets in these designs because of the small peak burnup, which
would simplify the pellet manufacturing. In the axially heteroge-
neous designs, the upper part could be reused multiple times.
5.5. Summary

The demand for the reactivity worth of control rods is analyzed.
The application of burnable poisons reduces the demand and thus
enables the use of fewer control rods with natural B4C in SMSFR-BP.
Three control rods are designed and assessed. These designs satisfy
the requirement of absorption ability and safety performance. For
the conventional design, the natural B4C has a significant loss on its
absorption ability. For the Gd2O3þMOD design, the low price of
gadolinium and the ease of oxide pellet sintering would lead to
improved economic efficiency. The Eu2O3þMOD design exhibit a
very small loss under irradiation and considerable safety margin,
which makes this design a very good candidate for long lifetime
rods.
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6. Conclusions

In this work, some innovative systems, including burnable
poisons and innovative control rods, are used to optimize the
reactivity control of a SMSFR.

The burnup reactivity loss in the conventional SMSFR is
important, which leads to high excess reactivity and thus the fuel
melting in CRW accidents. This is an important constraint for the
commercial application of SMSFR in the view of safety or economic
performance.

Two burnable poisons are used in this work to reduce the excess
reactivity in SMSFR from 3850 pcm to 850 pcm. The first one uses
minor actinides in a homogenous loading way. The second one
combines absorbers and moderators in independent assemblies.
The influence on the application of burnable poisons on the core
characteristics is investigated. The SMSFR core with burnable poi-
sons keeps at least 200 �C margin to melting in CRW accidents. The
burnable poisons significantly improve the safety performance of
the fuel in CRW accidents.

In a conventional SMSFR, 12 control rods with 60% 10B enriched
B4C are needed and these rods should be 30 cm inserted at the
beginning of the cycle. Burnable poisons share the compensation
function with control rods, which reduce the required number and
absorption ability of control rods. In SMSFR with burnable poisons,
only 9 control rods with natural (20% 10B enriched) B4C are needed,
and they are 20 cm inserted at the beginning of the cycle.

Some innovative designs of control rods such as the coupling of
Eu2O3 or Gd2O3 with moderators are compared to the conventional
design with natural B4C. These innovative designs show a smaller
loss on the absorption ability and improved safety performance.
The economic efficiency could be optimized by the Gd2O3 design.
The Eu2O3 designs could achieve a very long operating lifetime.

These innovative designs have also been studied for a large SFR
[14,15,35]. The results in this work demonstrate further that these
designs exhibit similar capabilities in both large and small fast re-
actors. Therefore, these designs prove a high flexibility to manage
reactivity in different situations. If the burnup reactivity is impor-
tant, the methodology presented in this paper can be used to
reduce the core excess reactivity and thus improve core safety
performance in reactivity accidents. If the burnup reactivity is
small, the methodology can be used to extend the operating cycle
length and simplify the reactor operations.

In the future, the moderation effects from burnable poisons
should be further investigated with pin by pin description of the
fuel assembly at core level calculation. The uncertainty in the CRW
accident analysis should be evaluated.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.12.015.
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