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Recent studies on Molten Salt Reactors (MSRs) showed that the excess reactivity at the beginning of the
operation is large for many fueling strategies and must be compensated by a reactivity control system.
The current work introduces a reliable safety system based on control rods in addition to the online feed
system reactivity control in the Single-fluid Double-zone Thorium-based Molten Salt Reactor (SD-TMSR).
Three different initial fissile loadings are considered: 233U, reactor-grade Pu, and transuranic (TRU) ele-
ments as a startup fuel. We applied six different absorbing materials to investigate the main operational

Il:zg‘i);is" and safety parameters in the SD-TMSR: natural B4C, enriched B4C with 90% '°B, HfB,, HfH, g5, Eu,03, and
Control ri’) d Gd,0s. The present work focuses on control rod design, integral and differential control rod worth, shut-
Safety down margin, and shadowing effects at steady-state. We employed the SERPENT-2 Monte-Carlo code to

MSR calculate the reactivity worth and analyze the performance of the reactivity control system. We showed
Thorium fuel cycle that 2*3U and reactor-grade Pu startup cores maintain adequate shutdown margin with all considered
Monte Carlo absorbers. Finally, this paper proposes a design of control rod clusters that compensate the excess reac-

tivity of the SD-TMSR loaded with different initial fissile material.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The Generation IV International Forum (GIF) (DOE, 2002) deter-
mined six innovative reactor systems for further research and com-
mercialization: the Very High-Temperature Reactor (VHTR), the
Molten Salt Reactor (MSR), the Supercritical Water-Cooled Reactor
(SWCR), the Gas-cooled Fast Reactor (GFR), the Sodium-cooled Fast
Reactor (SFR), and the Lead-cooled Fast Reactor (LFR). The MSR is
the only liquid-fueled reactor among these reactors. Major nuclear
centers are pursuing MSRs with renewed interest (Betzler et al.,
2019; Ashraf et al., 2020) due to its potential advantages, for exam-
ple, thorium fuel utilization, small waste production, and ability to
use spent fuel. However, this technology has difficulties including
safety, online reprocessing, and fuel handling. The unique charac-
teristics of the MSR (liquid fuel, flux level, neutron economy, etc.)
strongly affect its control system design. Doppler effect and
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thermal expansion of the fuel reduce core reactivity when the core
heats up, thus MSRs have negative total temperature coefficient of
reactivity (Nuttin et al., 2005). MSR designs have drain tanks to
hold and cool down the liquid fuel in an emergency. In some
MSR design concepts, a freeze plug, which is located under the
core, passively melts when the fuel temperature reaches a critical
point, and drains the fuel salt from the reactor vessel to the drain
tanks. The drain tanks have a subcritical configuration with a large
free surface area to readily dissipate heat by passive cooling
(Elsheikh, 2013).

At the Beginning of Life (BOL), MSRs are commonly loaded with
more fuel than that required to achieve criticality (necessary for
long-term core operation); this leads to excess reactivity at the
BOL. Robertson et al. analyzed the Molten Salt Breeder Reactor
(MSBR) loaded by 2**U/?32Th fuel and concluded that two graphite
rods are sufficient for adjusting reactivity during operation due to a
small reactivity swing. Robertson et al. also reported that two
safety rods made of boron carbide (B4C) are enough to safely shut
the MSBR down from any state (Robertson, 1971). However, the
233y supply for commercial power plants is not readily available.
Our recently published paper (Ashraf et al., 2020) concluded that
for realistic fueling scenarios (e.g., enriched U/?*2Th, TRU/?*Th,
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and Pu/?*2Th), large excess reactivity is required. Betzler et al. also
reported large excess reactivity in Transatomic Power Molten Salt
Reactor (TAP MSR) to ensure a 30-year operation cycle (Betzler
et al., 2017). Additionally, Rykhlevskii et al. studied the fuel cycle
performance for various Fast-Spectrum MSR designs. For a fast
MSRs, a considerable excess reactivity is also required for long-
term core operation (Rykhlevskii et al., 2019). Recent studies on
MSRs showed that the excess reactivity at the BOL may vary from
1.2% for 233U-loaded core (Rykhlevskii et al., 2019; Betzler et al.,
2016) to 8.1% for Pu/TRU-loaded core (Ashraf et al., 2020).

The online reprocessing and refueling system is designed to
operate as a long-term reactivity control in the MSRs (Ashraf
et al., 2019; Ashraf and Tikhomirov, 2020). However, we cannot
rely on online reprocessing to adjust reactivity quickly, because
loop time (time needed for one particle to make one full circulation
through the primary loop) is approximately 20 s for MSBR and its
analogs. Consequently, we need a prompt reactivity control system
for emergencies. The most common and reliable way to control the
reactivity is to insert or withdraw control rods made of a material
with a large neutron absorption cross section (e.g., boron). Inser-
tion of control rods introduces negative reactivity into the core
which helps to compensate the excess reactivity and adjust the
power level of the core or shut down the reactor in case of emer-
gency. Therefore, we should estimate the reactivity worth of the
control rods. The reactivity worth of control rods correlates with
the interference (shadowing effects) between control rod clusters
(Cerba et al.,, 2017). The control rod worth and its efficiency in
compensating excess reactivity is a subject of significant interest
since it directly affects the reactor safety (Atkinson et al., 2019).
Additionally, the Nuclear Regulatory Commission (NRC) prescribes
that one of two independent reactivity control systems should use
control rods (Criterion 26) (Commission et al., 1987). According to
the demands of nuclear safety regulations, two independent shut-
down systems must ensure the reactor safe operation, adjust
power, and ensure the shutdown of the reactor anytime indepen-
dently. All the shutdown systems must be sufficient to shut down
the reactor at any time during operation.

Boron carbide (B4C) is a commonly used material for the control
rods; however, we may need to enrich the boron isotope (1°B) to
reach the necessary absorption cross section. Additionally, issues
related to helium gas release through (n,«) reactions of '°B, high
loss of the absorption ability under irradiation, and swelling limit
the B4C lifespan (Guo et al., 2019). Guo (2019), Gosset (2017),
and Rudy (2011) summarized the properties of the potential alter-
native absorbers for Generation-IV reactors such as hafnium-based
materials and rare earth oxides. These absorbers have high thermal
conductivity, good resistance to neutron irradiation, and absorb
neutrons mainly through (n,)) reactions (Guo et al., 2019).

The SD-TMSR with a thermal power of 2,250 MW,, (Li et al.,
2018)is a graphite-moderated molten salt reactor. Adjusting fertile
and fissile feed rates helps to control the reactivity of the SD-TMSR
(Ashraf et al., 2020; Li et al., 2018). However, a reactivity control
system for maneuvering and emergency shutdown in the SD-
TMSR has not been introduced in the literature (Li et al., 2018;
Zou et al., 2018; Zhang et al., 2020). Therefore, the main objective
of our study is to introduce a new, rapid reactivity control system
based on control rods in the SD-TMSR to control the reactivity dur-
ing normal operation and shut down the reactor in case of emer-
gency. Six absorbing material options are considered in the
context of the neutronics and safety parameters in the SD-TMSR.
We focus on control rod design, absorption ability, integral and dif-
ferential control rod worths, shutdown margin, and shadowing
effects at steady-state calculation.

Xuemei and Guimin (2013) calculated the control worth in the
thorium molten salt reactor by using MCNP (Briesmeister et al.,
2000). We adopted the SD-TMSR core geometry optimized by Li
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et al. (2018) which is different from the Molten Salt Breeder
Reactor-like geometry by Mathieu et al. (2006) adopted by
Xuemei and Guimin (2013). Additionally, Xuemei et al. studied
the natural B4C as absorbing material while we considered six dif-
ferent absorbing materials.

Cerba et al. (2017) designed a reactivity control system for the
GFR. They utilized the MCNP (Briesmeister et al., 2000) and KENO6
codes (Petrie and Landers, 1984) to calculate the reactivity worth
and analyze the performance of this control system (Cerba et al.,
2017). Since no geometry design of the control rods system is
available for the SD-TMSR, Cerba’s methodology (Cerba et al.,
2017) helped us as a starting point of this analysis.

The online reprocessing and refueling is a distinguishing feature
for MSRs comparing with traditional solid fuel reactors. Its neutron
characters including effective multiplication factor (ky), excess
reactivity, Breeding Ratio (BR), and 23U production are totally dif-
ferent when operating from those at startup. The k.5, excess reac-
tivity, and neutron flux are all related to the scheme of
reprocessing. Therefore, the worth of the control rods should be
corresponding to the reprocessing scheme; that is, the rate of
extraction and addition of elements. However, the present work
focuses on the steady-state calculations without taking into
account fuel salt depletion.

All calculations presented in this work are performed using
Monte-Carlo code SERPENT-2 version 2.1.31 (Leppdnen et al.,
2013). Delayed neutron precursor drift was neglected in this study.

This paper is organized as follows: Section 2 discusses the reac-
tor and control rod design, Section 3 describes methodology and
tools adopted to evaluate the control rod design, Section 4 focuses
on calculated control rod parameters such as integral and differen-
tial worth, shutdown margin (SDM), and amplification factors, and
Section 5 highlights the conclusions.

2. Model description
2.1. Reactor design

The Chinese Academy of Sciences started the program of Tho-
rium Molten Salt Reactor (TMSR) in 2011 (Jiang et al., 2012), and
many works have been done on the design of MSR and the use of
Thorium with the Th-U fuel cycle (Li et al., 2015). Among them,
the SD-TMSR is proposed in 2018 (Li et al., 2018), which is a
graphite-moderated molten salt reactor with thermal power of
2,250 MWy,. The design of the SD-TMSR is inspired by the MSBR
(Robertson, 1971) and the Thorium-based Molten Salt Reactor
(TMSR) (Nuttin et al., 2005), which combines the advantages of
high breeding ratio (BR) in fast spectrum and low fissile inventory
of 233U in thermal spectrum. The SD-TMSR also offers a negative
and strong temperature coefficient of reactivity (Li et al., 2018).
Fig. 1 illustrates the quarter-core view of the SD-TMSR. The core
of the SD-TMSR is a right cylinder divided into an inner zone
(486 fuel tubes) and an outer zone (522 fuel tubes) to enhance
breeding performance. In this study, the fuel salt composition is
LiF-BeF,-(HM)Fy (70-17.5-12.5 mol%), where HM is the heavy
metal (i.e., 232Th and fissile materials), and N depends on the cho-
sen fissile material and the thermochemical state of the liquid fuel
salt. Three different types of initial fissile materials are considered:
(1) 223U (Ashraf et al., 2020), (2) reactor-grade Pu (Marka, 1993),
and (3) transuranic (TRU) elements from Light Water Reactor
(LWR) spent nuclear fuel (SNF) (de Saint Jean et al., 2000). The
reactor-grade Pu and TRU isotopic vectors are summarized in
Tables 1 and 2, respectively.

The density and volume of the fuel salt are 3.3 g/cm® and
52.9 m>, respectively. The liquid fuel salt circulates continuously
through the channels that pierce the graphite hexagonal prisms.
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Fig. 1. XZ (a) and XY (b) section of the quarter-core model of the SD-TMSR (Ashraf and Tikhomirov, 2020).

Table 1

Reactor-grade Pu vector (wt.%) (Marka, 1993).
238py, 239py, 240py, 241py, 242p,
1.3 60.3 243 9.1 5

The core is surrounded by axial and radial graphite reflectors to
minimize the neutron leakage. We adopted the same graphite den-
sity reported in the original SD-TMSR paper (2.3 g/cm?) (Li et al.,
2018) to be consistent with results in the literature. A 10-cm-
thick B4C cylinder surrounds the core to shield against neutrons
and heat. Finally, the SD-TMSR pressure vessel holds all reactor
components and is made of a Hastelloy N alloy. The main charac-
teristics of the SD-TMSR are summarized in Table 3.

2.2. Control rod design

The present paper proposes two sets of rods to control the reac-
tivity of the SD-TMSR core:

1. Control Safety Devices (CSD);
2. Shutdown Safety Devices (SSD).

The CSD system is designed for reactivity control during normal
operation and the SSD system is designed for an emergency reactor
shutdown. In the present work, six different absorbing materials
are considered based on their neutronics and safety performance:

. natural B4C (19.9% 1°B);

. B4C (enriched to 90% '°B);
. hafnium diboride (HfB,);

. hafnium hydride (HfH; ¢,);
. gadolinium oxide (Gd,03);
. europium oxide (Eu,03).

U b WN =

The assessment of the optimal absorber radius should be an
essential consideration. If the CR radius is too large, the absorber
material is not effectively utilized due to self-shielding. We chan-
ged the radius of the CR and calculated the corresponding k.; when
all CRs were fully inserted. Fig. 2 illustrates the change of the ke

Table 3

The main characteristics of the SD-TMSR (Li et al., 2018; Ashraf et al., 2020).
Thermal power, MWy, 2,250
Fuel salt components LiF-BeF,-(HM)Fy
Fuel composition, mole% 70-17.5-12.5
7Li enrichment, % 99.995
Fuel temperature, K 900
Dilatation coefficient, g/(cm?-K) -6.7x107*
Fuel volume, m? 52.9
Fuel density at 900 K, g/cm? 33
Graphite density, g/cm? 2.3
Core diameter, cm 460
Core height, cm 460
Upper plenum, cm 30
Lower plenum, cm 30
Side length of the graphite hexagonal prism, cm 7.5
Radius (inner fuel channel), cm 3.5
Radius (outer fuel channel), cm 5
Volume ratio of molten salt to graphite
in the inner zone 0.357
Volume ratio of molten salt to graphite
in the outer zone 1.162

with the radius of the control rod for all different materials. As
shown in Fig. 2, in the region between 0.0 and 0.75 cm, the ke
decreases sharply with increasing absorber radius for all absorbers.
However, for the B4C control rod, in the region between 0.75 and
1.0 cm, there is almost no change in the k.. This is because of
the geometry self-shielding of the neutron flux; beyond r
= 0.75 cm, the '°B atoms in the central zone of the CR have a rela-
tively low chance for neutron capture. In contrast, other absorbers
are not affected by the self-shielding phenomenon in the consid-
ered region (0.0<r<1.0 cm). From the obtained results, we pro-
posed the control rod as a cylinder with a radius of 0.75 cm and
a height of 520 cm (core height in addition to upper and lower ple-
nums). The absorbing material is surrounded by a 0.25-cm-thick
cladding made of AIM1 (15Cr-15Ni) steel alloy (Séran and Flem,
2017) and the guide tube is made of SiC structural material (see
Fig. 3). Robertson et al. suggested the thickness of the gap between
the CR and graphite in MSBR of about 7% of the CR diameter
(Robertson, 1971). We adopted this design solution and assumed
a 0.1-cm-thick gap (~7% of the CR diameter) between the cladding
and guide tube to facilitate the control rod movement. However,

Table 2

TRU vector (wt.%) (de Saint Jean et al., 2000).
237]\1p 238Pu 239Pu 240Pu 241Pu Z42Pu 24‘1Am 243Am 244Cm 245Cm
6.3 2.7 45.9 21.5 10.7 6.7 34 1.9 0.8 0.1
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Fig. 2. The change of the effective multiplication factor with the radius of the
control rod for all different absorbers.
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Fig. 3. Cross section of the B4C control rod.

the absorber-cladding gap was neglected for simplicity. Thermal
emission and corresponding thermal-hydraulics simulations to
predict the temperature of the salt around CRs are out of the scope
of this study and will be covered in future work. All densities of rod
materials are listed in Table 4.

Since the total number and distribution of the control assem-
blies in the SD-TMSR have not been determined, we propose an
original distribution as a starting point of this analysis. We added
clusters consisting of four control rods to specific graphite hexago-
nal prisms (elements) in the SD-TMSR core. Every four control rods
can move together as one group (cluster). Fig. 4 demonstrates the

Table 4
The densities of the absorbing materials.

Absorbers Density [g/cm?]
B.4C 2.54
HfB, 10.5
HfH; 62 11.4
Gd,03 7.04
Eu,03 7.38
SiC 3.21
AIM1 cladding 7.987
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Graphite
moderator

CR

Fig. 4. XY section of graphite element with the four control rods (cluster) located at
the same distance from the fuel channel.

plan view of the graphite element with the control rods. We pro-
pose 25 graphite elements with control rods: 16 Control Safety
Devices (CSD) and 9 Shutdown Safety Devices (SSD). We dis-
tributed the 25 graphite elements with control rod clusters uni-
formly in the inner core of the SD-TMSR, in which the
moderator-to-fuel ratio is high.

Fig. 5 illustrates the numbering scheme of control rod clusters
in the SD-TMSR core. The CSD1-16 clusters are represented as yel-
low and distributed as two rings: inner and outer (peripheral) ring.
The inner ring includes CSD from 1 to 6, while the outer ring
includes CSD from 7 to 16. Red stands for SSD1-9 clusters. The
selected core segment at the upper left corner of Fig. 5 shows that
both CSD and SSD clusters consist of four control rods located at
the same distance from the fuel channel center.

3. Methodology and tools
3.1. Control rod design evaluation

In this work, SERPENT-2 (Leppdnen et al., 2013) is used to per-
form steady-state calculations for a full 3D model of the SD-TMSR
with the suggested control rod design. We adopted the ENDF/B-
VIL.O (Chadwick et al., 2006) cross section library for all calcula-
tions in the present work. The results demonstrated in this study
were obtained after full-core calculations simulating 25 x 10° active
neutron histories per cycle. Simulations consisted in 500 active
cycles of 5x10* neutrons subdivided in 8 parallel tasks. Each sim-
ulation skipped 50 inactive cycles before beginning active tallies to
allow for the convergence of the fission source distribution. Con-
vergence has been checked through the fission source entropy.
The statistical error in ke was <25 pcm.

The initial calculation state of the SD-TMSR is identified by nor-
mal operation conditions (see Table 3) and fully withdrawn control
rod clusters. In this case, the control rods are located above the
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Fig. 5. Distribution of the graphite elements with CRs in the SD-TMSR core.

upper plenum as shown in Fig. 6. To validate the proposed control
rods system we adopted the same operation conditions (as in the
initial calculation state) and changed the position of the control
rod clusters along the Z direction. The main calculated parameters
including reactivity, control rod worth, and interference effects
(shadowing effects) are described below.

3.1.1. Reactivity calculation

The excess reactivity p, is the reactivity of the core when all
control rods are withdrawn. p, is calculated by SERPENT-2 based
on Eq. 1, where k. is the effective multiplication factor of the core:

- keff -1
e kg

(1)

3.1.2. The control rod worth (CRW)
The control rod worth (CRW) is the amount of negative reactiv-
ity associated with the control rod insertion. The CRW is calculated

by SERPENT-2 based on Eq. 2, where Ap is the worth of the i"
control rod (CR), p, is the initial excess reactivity, and pg is the

excess reactivity after insertion of the i CR (Cerba et al., 2017):

APcri = Pe — Pcric (2)

3.1.3. Shutdown margin (SDM)

The shutdown margin (SDM) is the amount of reactivity by
which a full reactor core is subcritical from a given state. The Shut-
down Safety Devices (SSD) clusters are designed mainly for an
emergency shutdown, thus it should provide the reactor core with
sufficient negative reactivity. The SDM is expressed in terms of
reactivity and calculated by Eq. 3, where Apg, is the total worth
of the Shutdown Safety Devices (SSD) and p, is the core excess
reactivity:

SDM = Apssp — P 3)

X

Fig. 6. XZ view at the midplane of the full-core model of the SD-TMSR, 10 CRs are
fully withdrawn.

3.1.4. Interference effects (shadowing effects)

Interference between control rods (CRs) or shadowing effects
occur when one (or more) control rod impacts the reactivity worth
of another control rod in the surroundings. The insertion of a CR
depresses the neutron flux in its vicinity and makes the curvature
of the neutron flux greater. The gradient of the neutron flux will
contrarily increase at a radial distance. The CRs, distributed in
the core, will distort the neutron flux around each other and will
impact the reactivity worth. The term “shadowing effect” has been
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used to describe this phenomenon (Oka et al., 2014). The shadow-
ing effect appears when the combined rod worth is less than the
sum of the individual worths. Meanwhile, anti-shadowing is
observed when the combined rod worth is greater than the sum
of the individual worths. The core height-to-diameter ratio (H/D),
CR locations, and the three-dimensional configuration of the CRs
affect the degree of the interference between CRs (Oka et al., 2014).

The amplification factor of the i CR (Acki) helps to evaluate the
shadowing effects between CR clusters. The Ag; is calculated by Eq.

rod, and Ap is the worth of the i rod:

Ay — Peri2.1) ~ APcraz N-i) (4)
Apcri

If Acg; is <1, the CRW is reduced due to shadowing effects, but if Ac;
is >1, the CRW is amplified and anti-shadowing effects occur
(Girardin et al., 2007). Acg; = 1 means no shadowing effects occur.

3.1.5. Integral and differential control rod worth

The integral CRW is the total reactivity change due to the full
insertion or withdrawal of the CR. However, the differential CRW
is the reactivity inserted per unit of withdrawal [pcm/cm]. To cal-
culate those parameters, we varied the position of CR clusters from
fully withdrawn to fully inserted. Eq. 5 is used to calculate the inte-
gral CRW [pcm], where k;_; and k; are the effective multiplication

factors before and after CR insertion to the j" step, respectively,
and N is the number of steps:

N kj — kj,]
Apj _Z kjkj,] ’

j=1

(5)

Eq. 6 is used to calculate the theoretical differential CRW, where AZ
is the length of rod inserted:

;1 k—kia

ﬁ T AZ kjkj,] (6)

4. Results and discussion

We employed the SERPENT-2 Monte Carlo code to calculate all
parameters herein. We used the ENDF/B-VII.O (Chadwick et al.,
2006) cross section library for all calculations in the current work.
The statistical error in ke is <25 pcm. The initial calculation state
of a full 3D model of the SD-TMSR is identified by normal operation
conditions (see Table 3) and fully withdrawn control rod clusters.
The obtained results including excess reactivity, control rod worth,
shutdown margin, interference effects (shadowing effects), etc. are
discussed below.

4.1. Excess reactivity

The excess reactivity p, is calculated by using Eq. 1 at zero bur-
nup (steady-state calculation), when all control rods are fully with-
drawn. The p, for 233U, reactor-grade Pu, and TRU used as initial
fissile material are listed in Table 5. For 223U case (Ashraf et al.,
2020) the initial excess reactivity is about 1180 + 28 pcm, how-
ever, the maximum observed excess reactivity is 1344 + 25 pcm
during 60 effective full-power years (EFPY) of operation (see
Fig. 7 after ~ 8 EFPY of operation). The TRU composition includes
substantial thermal neutron absorbers, therefore, the SD-TMSR
becomes subcritical relatively quickly. Previous studies showed
that for promising fueling scenarios (e.g., TRU/?>?Th), large excess
reactivity is required for long-term core operation (Ashraf et al.,
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Table 5
The excess reactivity at startup for the SD-TMSR core with different initial fissile
materials.

Initial fissile 233y reactor-grade  TRU

materials Pu

Pe 1180428 pcm 2330430 pcm 4800 + 35 pcm
1.0200
1.0175

1.0150 4
1.0125 - ’\

1.0100 4 /\

1.0075 - -\ / \

Effective multiplication factor

1.0050 / \ £ 8/ N
1.0025 \/
1.0000 . : . : .

0 10 20 30 40 50 60

EFPY

Fig. 7. Uncontrolled effective multiplication factor during 60 EFPY of reactor
operation including periodic 2>*U/?*2Th insertion (confidence interval +¢ is shaded)
(Ashraf et al., 2020).

2020; Betzler et al., 2017; Rykhlevskii et al., 2019). The proposed
reactivity control system must compensate such reactivity at star-
tup and during burnup.

4.2. Control rod parameters

The control rod parameters including control rod worth (CRW),
interference between CR clusters, and integral and differential con-
trol rod worths are described in this work. Table 6 shows calcu-
lated CRW and the amplification factor (Ac) for six different
absorbers. The types of interference for all different absorbers are
listed in Table 7. Fuel salt composition of LiF-BeF,-ThF,->>3UF, at
70-17.5-12.3-0.2 mol% is used to generate the results listed in
Tables 6 and 7. However, Table 8 summarizes the CRW of all CRs,
CSD, and SSD for SD-TMSR initially loaded by reactor-grade Pu
and TRU.

4.2.1. CRW

Among the absorbers investigated, the total worth of all CRs
extends from 10558 +30 pcm to 14978 + 37 pcm (the first row
in Table 6). B4C-90 (boron enriched to 90% '°B) has the largest
absorption ability, while Gd,03 has the lowest absorption com-
pared with the other absorbing materials in this study. This result
agrees with macroscopic absorption cross section data (Guo et al.,
2019). B4C-90 has the highest macroscopic absorption cross sec-
tion followed by Eu,0s, natural B4C (Nat. B4C), HfB,, HfH; s;, and
finally Gd,03. The CR material is being transmuted during opera-
tion; the effect of the fuel salt burnup on the CRW is neglected
herein and will be investigated in future work.

The worth of the Control Safety Devices (CSD) clusters is 1.56
times greater than the worth of the Shutdown Safety Devices
(SSD) system for all absorbing materials. Either CSD or SSD clusters
are able to shut down the reactor initially loaded by 2*3U regardless
of the absorbing material type. For reactor-grade Pu (Table 8), also,
either CSD or SSD clusters are able to compensate the initial excess
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Table 6

The control rod worth for different CR materials (SD-TMSR initially loaded by 23*U).

B,C-90 HfB, HfH; Gd,03 Eu,05

Nat. B4,C

Control Rod group

Acri

Apci [pem]
13596 + 35
7080 + 28

Acri

Apcg;i [pem]
10558 + 30
5705 + 25

Apcg; [pem] Acgi

11576 + 31
6490 + 29

Acri

Apcg; [pem]
12739 +35

Acri

Apcg; [pem]
14978 + 37

Acri

Apcg; [pem]
13067 + 35

All control rods

1.26 +0.01
1.39+0.02
1.76 £ 0.01
3.75+0.05
4.26 +0.08

1.18 £ 0.01
1.28 £ 0.01
1.57 £0.01
3.31+0.14
3.68 £0.20
9.74+0.20
2.02+0.08
6.96 +0.27

1.16 +£0.01
1.26 £ 0.06
1.53+0.01
3.94 +0.06
3.33+0.03
6.13 £0.10
1.77 £0.01
7.51+£0.16

1.27 +£0.01
1.414+0.01
1.56 +0.02
4.26+0.10
3.61+£0.10
10.10 £ 0.05
2.05 +0.07
7.78 £0.10

6534 +28

1.26 +£0.01
1.41+£0.02
1.70 +0.04
4.16 +0.07
444 4+0.16
7.63 £0.01
2.09 +0.08
10.68 +£0.15

7914 + 28

1.22 +£0.01
1.354+0.02
1.61+0.01
3.87 +0.06
4.104+0.08
7.82+0.10
1.41+0.01

CSD 6990 + 29

SSD
CSD inner ring

4676 + 35

3805 +28

4034 + 29

4400 + 35

4998 + 34

4482 + 31

5068 + 31

4306 + 38
550 + 29
553+ 28
82+25

4804 + 38

4951 + 47

5704 + 47

5011 + 42
635 + 31

681 +28
685 + 29
115+19
1224 + 31

554 +30
610429
87+19

1104 + 25

602 + 27

694 + 32

836 + 35
692 + 31

CSD outer ring

660 + 30
111 +£18
1257 +25

CSD2
CSD9
SSD1

10.83 £0.10
2.33+0.01

99 +20
1205 + 30

127 £29
1290 + 27

1071 +27

10.43 +£0.28

191 +£35 298 +37 188 + 36 185 +25

10.18 £0.10 179 +£25

183 £32

SSD4
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reactivity or shut down the reactor initially loaded by reactor-
grade Pu regardless of the absorbing material type. However, only
SSD clusters made of B4C-90 are able to shut down the SD-TMSR
initially loaded by transuranic (TRU) elements (p, is
4800 + 35 pcm). The reason for this is the much larger absorption
cross section of '°B in the relatively soft neutron energy spectrum
of the SD-TMSR core started with TRU (Ashraf et al., 2020).

The inner ring of the CSD is located in the central zone of the
SD-TMSR core (Fig. 5), in which the volume ratio between molten
salt and graphite is relatively small (0.357). Results show that the
inner ring of the CSD has a worth almost equal to the worth of all
other CRs together (SSD + CSD outer ring) regardless of the absorb-
ing material type (see Table 6). This happens because the absorp-
tion cross section decreases with the energy of the incident
neutron; for example, boron absorbs neutrons in the thermal spec-
trum much greater than in the fast spectrum. Additionally, the
maximum neutron flux is located in the central zone of the SD-
TMSR (see Fig. 9); therefore, the inner ring of the CSD has a worth
higher than the worth of the outer ring of the CSD.

In case of malfunction of other CR clusters (e.g., stuck in the
upper position), the outer ring of the CSD will be able to compen-
sate the excess reactivity of the core initially loaded by 2*3U. Mean-
while, it will fail to compensate the excess reactivity of the core
initially loaded by reactor-grade Pu and TRU elements. In this unli-
kely case, the fuel salt temperature will rise, melt a freeze plug, and
hot salt will be drained into subcritical drain tanks to safely shut
down the reactor.

We separately calculated the worth of CSD2, CSD9, SSD1, and
SSD4 clusters (i.e., clusters located in the center and at the bound-
ary between the core zones, see Fig. 5) to investigate the variation
of CRW with the position in the inner core. The CRW decreases in
the direction of the outer core zone. The outer core zone has smal-
ler moderator-to-fuel ratio (0.86) compared with the central zone
(2.80); consequently, the neutron energy spectrum is faster in the
peripheral zone than in the center of the core degrading the CR’s
absorption ability in that region.

4.2.2. Shutdown margin (SDM)

The Shutdown Safety Devices (SSD) clusters are designed
mainly for an emergency shutdown, thus it should provide the
reactor core with sufficient negative reactivity. The shutdown mar-
gin (SDM) is calculated by Eq. 3. Table 9 summarizes the shutdown
margins for the SD-TMSR core initially loaded with 233U, reactor-
grade Pu, and TRU elements for different absorbing materials. All
absorbing materials provide a sufficient positive SDM for the SD-
TMSR core that is initially loaded with 223U and reactor-grade Pu.
We considered the sufficient positive SDM to be 28, where g is
the total fraction of delayed neutron precursors. Thus, the suffi-
cient positive SDM is ~1300 pcm. The SDMs for the TRU case are
negative or slightly positive (in B4C-90 case). Thus, the SSD clusters
made of non-B4,C-90 materials are ineffectual to shut down the
reactor loaded with TRU. Table 10 lists the shutdown margin pro-
vided by all SSD clusters when a single SSD cluster with maximum
worth (i.e., SSD1) is withdrawn. As shown in Table 10, the control
rods still meet the shutdown requirement even in the case of SSD1
cluster failure (withdrawal) for the SD-TMSR core that is initially
loaded with 233U and reactor-grade Pu. For the TRU case, in the
case of SSD1 cluster failure, substitutional insertion of CSD with
SSD clusters will provide a sufficient positive SDM.

4.2.3. Interference between CR systems

The amplification factor (Ac;) results show that the CSD, SSD,
CSD inner ring, and SSD1 are slightly amplified due to the anti-
shadowing effects. The anti-shadowing is observed when the com-
bined rod worth is greater than the sum of the individual worths.
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Table 7
The shadowing effect for different CR materials (SD-TMSR initially loaded by 2*3U).
Control Rod group Nat. B4C B4C-90 HfB, HfH 6 Gd,03 Eu,03
Interference Interference Interference Interference Interference Interference
CSD As W s W hAe W
SSD o w hxs w Y w
CSD inner ring e e e IS ¥ W
CSD outer ring bAe b RAe b * 1 e
CSD2 e W e IS s IS
CSD9 RASAS PASKS RASAS PASKS RASAS PASKS
SSD1 w e w Yo Yo W
SSD4 W fAgAg W pAgAS W pAgAS
¥ anti-shadowing effects observed.
¥ strong anti-shadowing effects observed.
Table 8
The CRW of all CRs, CSD, and SSD for SD-TMSR initially loaded by reactor-grade Pu and TRU, unit [pcm].
Absorbingmaterials Startup fissile material
Pu TRU
All CRs CSD SSD All CRs CSD SSD
Nat. B,C 11353 £35 5963 + 30 3908 + 31 12173 £31 6872 £ 35 4408 + 30
B4C-90 13264 £ 35 6755 +29 4837 +£35 13915 + 30 7883 +28 5028 + 35
HfB, 10825 + 27 5562 + 30 3741 £ 31 12027 =30 6795 + 31 4477 +29
HfH; 6, 9836 + 30 4828 +32 3545+ 30 11651 £ 30 6583 +31 4158 +30
Gd,03 8608 + 35 4384 +28 3471 £ 31 10356 + 28 5851 +29 3858 +31
Eu,03 11826 +31 6019 +30 4073 +£29 12648 +30 7146 +30 4604 + 31

As listed in Tables 6 and 7, the strongest anti-shadowing effect
occurred in SSD4 and CSD9 clusters that are located at the bound-
ary between the core zones with different moderator-to-fuel
ratios. This happened because fewer clusters surround the SSD4
and CSD9 clusters compared with other clusters located in the
inner zone of the SD-TMSR (see Fig. 5). Consequently, low interfer-
ence between these SSD4 and CSD9 clusters and other surrounding
clusters is observed. The obtained results show a negligible rela-
tionship between the absorbing material type and the interference
between the CR clusters (i.e., the Ac;).

We calculated the shutdown margin (SDM) and the amplifica-
tion factor (Ac;) for three different configurations of the CRs in
the graphite element. The SD-TMSR initially loaded by TRU was
selected for this analysis due to the maximum excess reactivity
at startup. As shown in Fig. 8, the three rods in the graphite ele-
ment save the 60-degree symmetry of the component; however,

results show that the SDM in such a case is —1058 pcm and the
Acgi is 1.09. In the case of four rods, the 60-degree symmetry of
the graphite element is broken; however, the SDM is about
228 pcm, and the Ag; is 0.97. Finally, when six rods are distributed
evenly in the graphite element, both symmetry and relatively high
SDM are obtained (598 pcm), but the A is about 0.29, which
means high interference between rods due to the shadowing effect
in this case. Therefore the 3- and 6-CRs configurations are ineffec-
tual due to the negative SDM and the low Ac;, respectively. The 4-
CRs configuration is adopted in the current study since the SDM is
positive, and almost no shadowing effect has been observed.
Insertion of the CR affects the neutron flux distribution, which is
the primary reason for the amplification of CRWs indicated in
Table 6. Fig. 9 illustrates the radial neutron flux distribution at
the mid-core level with different CR positions: (1) all CRs with-
drawn, (2) all CRs inserted, (3) all CSD inserted, (4) all SSD inserted.

Table 9

The SDMs for the SD-TMSR core for different absorbing materials.
Absorbing materials 233y reactor-grade Pu TRU
Nat. B4C 3302 + 28 pcm 1743 + 31 pcm —392 4+ 25 pcm
B4C-90 3818 +£30 pcm 2507 +39 pcm 228 + 26 pcm
Eu,05 3496 + 30 pcm 1645 + 25 pcm —196 + 25 pcm
HfB, 3220 +£42 pcm 1412 +£ 42 pcm —323 + 25 pcm
HfH; 6, 2854 + 35 pcm 1215 £+ 31 pcm —642 + 31 pcm
Gd,03 2625 +41 pcm 1141 £ 31 pcm —942 + 35 pcm

Table 10

The SDMs for the SD-TMSR core when the SSD1 cluster is fully withdrawn.
Absorbing materials 233y reactor-grade Pu TRU
Nat. B4C 2045 + 25 pcm 498 + 27 pcm —1637 £27 pcm
B4C-90 2528 +25 pcm 1257 + 25 pcm —1082 + 26 pcm
Eu,05 2272 +30 pcm 524 + 27 pcm —1450 + 25 pcm
HfB, 2015 + 35 pcm 257 £ 37 pcm —1698 + 35 pcm
HfH; 62 1750 + 25 pcm 170 + 27 pcm —1787 +£31 pcm
Gd,03 1554 + 35 pcm 120 £+ 25 pcm —2166 + 35 pcm
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)

Fig. 8. XY section of graphite element with a) 3-CRs b) 4-CRs c) 6-CRs configurations.
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Fig. 9. Radial neutron flux distribution at the mid-core for different CR positions
(CRs made of B,C-90).

We chose the B,C-90 as the absorbing material because of its high
absorption ability. As shown in Fig. 9, the insertion of CRs deforms
the radial flux shape close to CRs. This shifts the neutron flux from
the core center towards the periphery. The maximum neutron flux
shift occurs when all CRs are inserted into the core (Girardin et al.,
2007).

4.2.4. Integral and differential CRW

The integral CRWs are calculated for three different systems: all
CRs, CSD, and SSD systems. We calculated the differential CRWs for
the CSD system only because special adjusting rods (i.e., CSD) were
assumed to adjust the reactivity. The CRs are inserted gradually
into the core from the top to the bottom. Eqs. 5 and 6 are used
to calculate the integral and differential CRW, respectively.
Fig. 10 illustrates the integral CRW for CRs made of B4C-90. The
maximum integral worth of all CRs, CSD, and SSD clusters are
about 14978 pcm, 7914 pcm, and 4998 pcm, respectively. The inte-
gral worth of SSD clusters made of B4C-90 is sufficient to shut
down the reactor from any state.

The differential CRWs are demonstrated in Fig. 11. Theoreti-
cally, at the top of the core, the CR insertion has little effect since
this region has low thermal neutron flux. Thus the differential
CRW has the lowest values in this region. The effect of CR insertion
increases gradually near the center of the core. At the center of the
core (region with maximum thermal neutron flux), the differential
CRW is the largest and changes slowly with rod insertion. From the

—— Al CRs

14000 { —— CSD
—— SSD

12000

10000 A

8000 1

6000

4000

Integral rod worth [pcm]

2000 1

0+

0 100 200 300 400 500
Control rod insertion [cm]

Fig. 10. Integral CRW of all CRs, CSD, and SSD clusters (CRs made of B,C-90).

N (] Y
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L s '

Differential rod worth [pcm/cm]
5

0 100 200 300 400 500
Control rod insertion [cm]

Fig. 11. Differential CRW of CSD clusters (CRs made of B4C-90).

center of the core to the bottom, the differential CRW values
decrease (region with low thermal neutron flux). Fig. 11 shows that
the maximum differential CRW is shifted toward the bottom of the
core and the curve is not exactly symmetrical. This is due to the
asymmetrical distribution of the fuel and graphite in simulation
(Xuemei and Guimin, 2013; Son et al., 2016).
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Fig. 12. Integral CRW of CSD clusters for various absorbing materials.

Fig. 12 shows the integral CRW for only Control Safety Devices
(CSD) clusters with six different absorbing materials. The results
show that all absorbing materials have almost the same integral
rod worth in the upper half of the core (< 250 cm from the upper
boundary of the core). Further insertion of the CRs demonstrates
that the strongest absorber, B4C-90 outperforms other materials.
Notably, all results are based on steady-state calculations.

5. Conclusion

In the current work, we proposed a first-ever reactivity control
system design based on control rods in addition to the online feed
system reactivity control in the Single-fluid Double-zone Thorium-
based Molten Salt Reactor (SD-TMSR). The design has been evalu-
ated at the startup for a full 3D model of the SD-TMSR using the
SERPENT-2 Monte-Carlo code. We considered three startup fuel
salt compositions: (1) 22?Th as fertile and 233U as fissile material;
(2) 232Th and Pu, extracted from LWR SNF; (3) 2*2Th and TRU,
extracted from LWR SNF.

The excess reactivity p, is calculated at zero burnup when all
CRs are fully withdrawn. The p, for 233U, reactor-grade Pu, and
TRU are 1180+28 pcm,2330+30 pcm, and 4800 + 35 pcm,
respectively.

Six different absorbing materials are considered in this work:
natural B4C, B,C-90 (boron is enriched to 90% '°B), HfB,, HfH; ¢,
Eu,03, and Gd,Os. Enriched B4C-90 has the largest absorption
ability, while Gd,05; has the lowest absorption compared with
the other absorbing materials in this study. Both Control Safety
Devices (CSD) and Shutdown Safety Devices (SSD) clusters are sep-
arately able to shut down the reactor initially loaded with 223U and
reactor-grade Pu regardless of the absorbing material type. How-
ever, only SSD clusters made of B,C-90 are able to shut down the
SD-TMSR initially loaded with TRU from LWR. The reason for this
is the much larger absorption cross section of '°B in the relatively
soft neutron energy spectrum of the SD-TMSR core started with
TRU.

In case of malfunction of the other CR clusters (e.g., stuck in the
upper position), the outer ring of the CSD failed to counteract the
excess reactivity of the core initially loaded with reactor-grade
Pu and TRU elements. Therefore, the fuel salt temperature will rise,
melt a freeze plug, and hot salt will be drained into subcritical
drain tanks to safely shut down the reactor. However, the worth
of the outer ring of the CSD is sufficient to compensate the excess
reactivity for the core refueled by 2*3U.

All absorbing materials provide an adequate shutdown margin
for the SD-TMSR core that initially loaded with 233U and reactor-
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grade Pu. However, the shutdown margins for TRU case are nega-
tive or slightly positive (in B4C-90 case). For the TRU case, in the
case of SSD1 cluster failure, substitutional insertion of CSD with
SSD clusters will provide a sufficient positive SDM.

The amplification factor (Ac;) results show that the CSD, SSD,
CSD inner ring, and SSD1 are slightly amplified due to the anti-
shadowing effects. The strongest anti-shadowing effect has
observed in SSD4 and CSD9 clusters that are located at the bound-
ary between the core zones with different moderator-to-fuel
ratios. This happened because fewer clusters surround the SSD4
and CSD9 clusters compared with other clusters located in the
inner zone of the SD-TMSR.

The insertion of CRs deforms the radial flux shape close to CRs.
This shifts the neutron flux from the core center towards the
periphery.

The integral CR worths are calculated for three different sys-
tems: all CRs, CSD, and SSD systems, however, the differential CR
worths are calculated for only CSD clusters. The results show that
all absorbing materials have almost the same integral rod worth in
the upper half of the core. Further insertion of the CRs shows the
unique absorption characteristics of each material.

Finally, the proposed design of CRs successfully control the
excess reactivity and enhance the safety aspects of the SD-TMSR.

6. Future work

The authors intend to evaluate the effect of the fuel salt deple-
tion on the CRW. The depleted fuel composition will be obtained
using a SERPENT-2 online reprocessing subroutine and batch-
wise tool SaltProc (Rykhlevskii et al., 2018). The xenon poison
effect will be studied in our upcoming article when calculating
the worth of the control rods during fuel depletion. Additionally,
the authors intend to investigate kinetic parameters’ (effective
delayed neutron fraction f,; and effective delayed neutron precur-
sor decay constant Zes) evolution during the SD-TMSR operation.
These parameters are crucial for accident transient analysis, which
will be performed using Moltres (Lindsay et al., 2018), a multi-
physics application for liquid-fueled MSR simulation which takes
into account the neutron precursors drift.
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