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Abstract

Soluble-boron-free designs for water-cooled small modular reactors offer advantages such
as reduced corrosion and simplified systems. However, the absence of soluble boron
necessitates higher total control rod worth for reactivity control and the shutdown mar-
gin, leading to excessive individual control rod worth, which can lead to severe power
excursions during a rod ejection accident (REA), potentially threatening the fuel integrity
and core-cooling capability. The analysis of a hypothetical REA for an equilibrium core
design showed that the fuel rod cladding failed due to the high reactivity worth of the
ejected control rod. To enlarge the safety margins of this design under accidental con-
ditions, two strategies were adopted: implementing a hybrid control rod configuration
to decrease the local reactivity worth within single fuel assembly and re-arranging the
refuelling loading pattern to prevent fresh fuel clustering. Using an in-house CoreOpti-
mizer tool, the CASMO5 and SIMULATEDS simulations were automatized to find out an
optimized equilibrium core design. The results demonstrated that all safety parameters
of the optimized equilibrium core designs are within regulatory limits during normal
operation and under REA conditions. By reducing the individual control rod worth, power
spikes are considerably mitigated, thereby ensuring fuel integrity during an REA.

Keywords: soluble-boron-free; SMR; equilibrium cycle; rod ejection accident

1. Introduction

Water-cooled (WC) small modular reactors (SMRs) have advantages compared with
large pressurized water reactors (PWRs) thanks to their small size and modular fabrication,
low initial capital investment, scalability, siting flexibility, etc. These features make WC-
SMRs attractive for diverse applications such as electricity generation, district heating,
industrial processes, water desalination, and hydrogen production. Different WC-SMR
projects include the ACP-100 (China) [1], SMART100 (South Korea) [2] and Rolls-Royce
SMR (UK) [3].

Some innovative WC-SMR concepts are based on soluble-boron-free (SBF) core designs,
which aim to reduce corrosion and simplify the reactor system. Many SBF SMRs are under
development, such as RITM-400 [4], LDR-50 SMR [5], i-SMR [6], PRATIC [7], and KSMR [8].

However, the elimination of soluble boron leads to the SBF SMR cores relying entirely
on burnable absorber (BA) and control rods (CRs) for reactivity control, introducing chal-
lenges to core design and safety. Since only CRs are movable, core power non-uniformity is
highly dependent on the axial position of the control rods. Therefore, the core design must
not only reasonably balance fuel enrichment and BA concentration but also optimize the
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control rod configuration during the multicycle depletion. The configuration of the control
rods must satisfy two safety objectives [9]:

e  Safety banks must ensure adequate shutdown margins under all operational condi-
tions, including scenarios with a single stuck control rod.

e  Core coolability must be maintained during postulated accidents such as a rod ejection
accident (REA), in which the regulating bank in one fuel assembly is accidently ejected
due to a mechanical failure.

This behaviour is particularly pronounced in SBF SMRs due to the following reasons:
Without the soluble boron to control the reactivity, the total control rod worth in a SBF
core must be higher than in a boron-based core to ensure shutdown capability over the
full cycle length. Moreover, the smaller core size of SMRs leads to greater neutron leakage,
often necessitating higher fuel enrichment, further increasing the core’s excess reactivity.
These factors elevate the total control rod worth and potentially increases the individual
CR worth.

Comparative studies highlight these trends. In boron-based SMRs such as SMART
and NuScale, REAs with ejected control rod worths of 0.299$% and 0.23% resulted in peak
power levels of 212% and 104% of the nominal power, respectively [10,11]. In contrast, an
REA performed in a soluble-boron-free SMR core [12,13] using PARCS coupled with SUB-
CHANFLOW reported that the normalized reactivity reached 1.4$, driving the total core
power to a peak of 5000% of its nominal value. Despite the considerable power excursion,
the fuel-cladding integrity and core coolability were concluded to be not threatened.

Following the optimization approach established in [10], this investigation used
CASMOS [14] for cross-section generation and SIMULATES [15] for predicting the core
behaviour along the core depletion. The CoreOptimizer described in [16] automated the
input generation, execution and data extraction for both codes.

In this study, starting from the core design described in [16], two control rod layouts
were evaluated under steady-state conditions to identify the configuration with the lowest
peak reactivity worth p($) for subsequent REA analysis. The primary goal was to demon-
strate the optimized core design maintains sufficient safety margins during an REA while
satisfying overall steady-state safety criteria and providing sufficient shutdown margin.

This paper is structured as follows: Following this Introduction, Section 2 provides a
brief description of behaviour of the initial core design during an REA, showing violation of
the safety criteria. To address the issue, Section 3 then introduces the two core optimization
strategies and briefly describe the optimization process. Finally, Section 4 presents a
comprehensive analysis of the optimized core behaviour, including safety parameters
during normal operation, shutdown margin, and transient responses during an REA.
Finally, main conclusions and outlook will be described.

2. Behaviour of the Previous Core Design Under REA-Conditions

An equilibrium SBF SMR core configuration was designed [10] using an automated
tool CoreOptimizer, integrated with CASMO5 and SIMULATES. The primary objective was
to identify a core configuration demonstrating steady-state safety performance as burnup,
while transient behaviour was not initially taken into account. To further improve this
core design, an REA was subsequently analyzed. However, the results indicate that fuel
cladding integrity would be threatened during an REA. In this section, the previous core
design is briefly described, followed by an analysis of REA results for this core. Additionally,
the potential factors that may lead to fuel failure during an REA are proposed, providing a
basis for the subsequent improvements.
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2.1. Brief Description of the Previous Core Design

The core consisted of 57 fuel assemblies arranged in square lattices, with an active core
height of 2.0 m. The geometrical data and operating conditions are displayed in [16].

The core radial loading patterns and control rod radial layouts are illustrated in
Figure 1. Notably, the fuel assemblies and control rods are axially homogeneous. The vari-
ables of the multi-fuel-zones are detailed on Figure 1, including the fuel enrichment (ENR),
burnable absorber number per assembly (BA per FA), and the burnable absorber loading
(BA loading). The corresponding fuel assembly arrangement with different numbers of
the burnable absorber rods are illustrated in Figure 2. The materials of the regulating
and safety control rod banks are also included in Figure 1, including stainless steel (SS),
silver-indium—cadmium (AIC), and boron carbide (B4C).
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Figure 1. Radial loading pattern (a) and control rod radial layouts (b) of the previous cores.
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Figure 2. Radial arrangements of the FAs with various BA rods of the previous cores.

2.2. Rod Ejection Accident Analysis in the Previous Core Design

In a previous investigation [16], the safety parameters of the designed equilibrium core
during normal operation were analyzed in detail. In the current study, the hypothetical
REA simulations were conducted in SIMULATE5-K [17].

2.2.1. Initial Conditions and Assumptions of Rod Ejection Accident Simulations

To evaluate the core’s response, the REA simulations incorporated a specific set of
initial conditions and assumptions designed to represent challenging scenarios. The initial
condition for the REA is hot full power (HFP) with thermal power of 330 MW, a coolant
flow rate of 2006.4 kg/s, a coolant inlet temperature of 296 °C and pressure of 15.0 MPa.

For these simulations, the REA was conservatively assumed to be completed within
a very short duration of 0.05 s, which is half of the typically assumed REA duration for
a standard PWR core [8]. The simulations were run for a duration of 3.0 s to adequately
capture the initial power excursion and the subsequent behaviour of the core. Notably,
SCRAM was intentionally not considered in these simulations to represent a bounding,
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worst-case scenario, focusing solely on the inherent response of the core design to the
reactivity insertion.

Initially, the control rods were positioned to maintain the core in a critical state and
the highest-reactivity-worth control rod was assumed to be ejected. The simulations use an
adaptive time step with a maximum of 1.0 x 1073 seconds for the initial 1.0 s. A coarser
time step of 0.02 s was subsequently used for the remaining time of the 3 s simulations.

2.2.2. REA Acceptance Criteria and Safety Limits

The consequences of these power excursions were evaluated against established safety
criteria for REAs. An REA is classified as a Level 3a event within the Defense-in-Depth (DiD)
framework and is considered a design-based accident. Therefore, many countries have
established their own safety criteria. The OECD/NEA report [18] compares regulatory
acceptance criteria across 12 member countries. Although criteria vary nationally, the
primary safety objectives regarding REAs remain consistent: to prevent the loss of long-
term core coolability and avoid damage to the reactor pressure boundary and core structures
due to pressure wave generation. Notably, fuel cladding failure is generally not considered
a safety concern (except in Germany). However, REA experimental and modelling efforts
have focused extensively on fuel rod failure for several reasons:

e  Fuel rod failure is a prerequisite for both the loss of coolable core geometry and the
generation of substantial coolant pressure pulses. These complex phenomena exceed
the simulation capabilities of standard transient analysis tools such as SIMULATE5-K.

e  The mechanisms of fuel failure are more tractable to experimental and analytical
investigation than core-wide cooling degradation and structure damage process.

Consequently, the most conservative design criterion is to prevent fuel damage entirely
during an REA. To ensure fuel cladding integrity, two parameters are monitored against
the fuel cladding thresholds [19]:

e  Peak fuel pin enthalpy: The established safety limit requires the peak fuel enthalpy to
remain below 418.4 k] /kg (100 cal/g) for the radioactive state.

e  Minimum departure from nucleate boiling ratio (MDNBR): Cladding failure is pre-
sumed if the local heat flux violates the DNB acceptance criterion. The minimum
acceptance DNBR is 1.3, which is based on a statistical analysis with at least a 95%
probability at a 95% confidence level.

The fuel pin enthalpies and MDNBR at HFP of the original core are displayed in
Figure 3. The maximum fuel enthalpy at the MOC is 484.9 kJ/kg, exceeding the fuel failure
limit by 15.9%. Therefore, the fuel cladding failed at the MOC.

Cladding failure 3.5

_________________ 3.0 Cladding integrity = —Cladding threshold
Cladding integrity §52.5 — BOC
4
[=] - MOC
z2.0
15 - EOC
M7 1T 1 T 11 Cladding failure region
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,r | Cladding failure
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Elapsed time (s) Elapsed time (s)

Figure 3. Fuel cladding integrity during rod ejection accident of the original equilibrium core.
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This different safety phenomenon arises from the core’s kinetic response to the inserted
reactivity. To quantify the severity of the reactivity insertion, it is conventional to express
the reactivity in dollars as p($) = %r:fi , where p,.q is the worth of the ejected control rod
and P is the effective delayed neutron fraction. When the normalized reactivity p($)
remains below 1, the reactor is in a delayed supercritical state where the power change is
primarily governed by the delayed neutrons, leading to a relatively slow and manageable
power increase. If p($) exceeds 1, the reactor promptly becomes supercritical and the power
increases exponentially [20,21]. As displayed in Figure 4, the values of p($) are below 1.0
at the BOC/EOC but larger than 1.0 at the MOC. The large inserted reactivity at the MOC
induces a pronounced power surge (see Figure 5), which, in turn, deposits substantial
energy in fuel, resulting in the excessively high fuel enthalpy presented in Figure 3.

2.0

1.5

]

HFP, BOC HFP, MOC HFP, EOC

Different states

Figure 4. Normalized ejected control rod worths at different states for previous equilibrium core design.
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Figure 5. Power spike during rod ejection accident at HFP MOC of the original equilibrium core.

Therefore, to avoid the safety risks during an REA, the core design must ensure that
the normalized reactivity worth of the ejected control rod is near or below 1$, preventing
the uncontrollable rapid supercriticality.

3. Strategies to Optimize the Core Design

As discussed, to improve the safety margins during an REA, normalized reactivity
must not exceed 1. Since (3¢ is constant in each state, reducing the control rod worth was
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necessary. Consequently, two solutions were proposed. Based on these two solutions, the
optimization process was re-conducted by the in-house tool CoreOptimizer [10] integrated
with CASMOS5 and SIMULATES, which will be shortly described in Section 3.2. The
capabilities of CASMOS5 and SIMULATES for this core have been verified in [22].

3.1. Two Solutions to Decrease the Individual Control Rod Worth

Guided by the understanding that control rod worth is influenced by several fac-
tors [23] such as rod material, rod location, fuel and gadolinium distribution in adjacent
assemblies, and shadowing/anti-shadowing effects [24] between rods, the present paper
proposes two strategies to mitigate the excessive CR worth in single FA compared with the
previous core design:

e A hybrid control rod configuration was adopted, replacing 12 Ag-In-Cd rods with
stainless steel in assemblies containing regulating banks.

o  The refuelling loading pattern was reorganized to prevent fresh fuel clustering, which
inherently limits the local power and reactivity peaks.

The reasons are explained in detail as follows.

3.1.1. Control Rod Configuration in Fuel Assembly

The selection of CR material is primarily based on their neutron absorption capability.
Silver—-indium—cadmium (AIC) alloy, typically composed of 80% Ag, 15% In and 5% Cd,
is a widely-used CR material in PWRs because the primary isotopes in AIC (Ag-109,
Ag-107, In-115) possess large neutron absorption cross-sections in the thermal neutron
energy range (see Figure 6). Furthermore, AIC exhibits multiple absorption resonances
across intermediate energies, allowing it to effectively absorb neutrons even before they are
fully thermalized.

1000,000 - — Ci52
100,000

10,000

1000

1004
104

14

Cross-section (b)

0.1 4
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| | | | | | | | | | | | |
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Figure 6. Energy dependence of the microscopic cross section of the isotopes of selected control rod
materials. Source: JANIS 4.1 (Java-based Nuclear Data Information Software); ENDF/B-VIL.1.

In contrast, stainless steel (SS) is characterized by a much smaller neutron absorption
cross section. Its main constituents (Cr-52, Fe-56 and Ni-58) show much smaller cross-
sections across the thermal and lower energy ranges compared with AIC’s isotopes.

In the regulating banks of previous designs [16], each fuel assembly contained 24 guide
tubes intended either entirely for AIC rods or entirely for SS rods. The FAs comprised
entirely of SS lacked the total worth necessary for an adequate total core-wise shutdown
margin, whereas the AIC-only FAs generated excessively high individual CR worths. To
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achieve an intermediate neutron absorption ability in each assembly while providing
enough excess reactivity control for the whole core, a hybrid CR configuration was adopted
in regulating banks, inspired by AP1000 technology [25]. As illustrated in Figure 7, each
assembly incorporates 12 AIC rods and 12 SS rods in the regulating banks of the optimized
core. To maintain a sufficient shutdown margin, the safety banks utilize the configuration
with 24 AIC rods.

Previous design Optimized design
FA with 24 SS rods FA with 24 AIC rods FA with 12AIC+12SS rods
(regulating banks) (regulating banks) (regulating banks)
[TTTTTITTTTTT [T |
1 I H H
HEEm-EE-EE-EE-=m R EEEmE EEemE
EEE CEE
HEEE EE-EEEm-=m ma = B [JFucl rod/BA rod
] . :H: T EE H H [Jinstrumentation tube
TTTT T [ > 1 11
FA with 24 B,C rods FA with 24AIC rods B Guide tube for Ag-In-Cd insertion
(safety banks) (safety banks)
HH . HH HH — HH [ Guide tube for SS insertion
11 1] HE [ B Guide tube for B,C insertion
.. 4

[T

:H:

1

. geeeet

Silot

|

SSHCEEE
=

[TT]
I

[TTT

I

1
[TTTT1

T ﬁ

Figure 7. Control rod guide tubes in one fuel assembly with the material modification.

3.1.2. Refuelling Loading Pattern Reorganization

Figure 8 depicts the previous and optimized refueling loading patterns, where each
FA'’s position is identified by a serial number representing its current (Cycle N) column
and row. For cycle N, the serial numbers written on the burned FAs indicate their previous
locations in the preceding cycle (Cycle N-1). Similar to the original designs, two-batch and
multi-radial-zones strategies were applied.

Previous design Optimized design
1 I H G ;3 E 11;3 Cc B A 1 I H G _F I;:l D C B A D FA1 from cycle N
2 F2 D2 c3 2 G2 2
3 G3 B4 : F1 £2 Ad |:| FA2 from cycle N
4 |Ga E1|E3[AS5 c4 4 H3 F3 |D3|cC4 B3
s H4 G5 cs B6 |:> s |14 H5 [ G4 C6|B5 A6 D FA3 from cycle N
s |G6 15 [E7|E9 c6 6 H7 G6|F7|D7 B7
7 H6 C7 7 16 ES D9 |:| FA4 from cycle N
8 G7 F8 D8 8 G8 cs
9 F7 D7 9 F9 D FAs from cycle N-1

Figure 8. Optimized refuelling loading pattern to reach the equilibrium cycle core.
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In the previous core design, several fresh FAs were positioned adjacently, resulting in
high local excess reactivity, thereby necessitating a high local CR worth. To mitigate these
requirements, the optimized refuelling loading pattern ensures that no fresh FAs are placed
in adjacent positions, avoiding localized reactivity peaks.

3.2. Optimization Process Based on the Two Solutions

Based on these two solutions, the optimization process was re-conducted by the in-
house tool CoreOptimizer. This tool integrates the entire process of generating cross-section
via CASMOS5 and performing 3D core simulation via SIMULATES5, handling the aspects
from input generation, codes execution, and output data extraction.

This study followed the same optimization process detailed in [16]. This approach is
briefly summarized as follows: With a set of fixed core design specifications, a brute-force
search was employed to explore the large variable space. The variables considered in this
search were fuel enrichment, number of BA rods per assembly, and the Gd;O3 concen-
tration in BA rods (BA loading). Following the two changes to the core specification, the
efficiency of CoreOptimizer in facilitating the re-optimization was confirmed by quantita-
tively comparing the time required using CoreOptimizer versus a manual approach.

3.2.1. Constrains

The constraints are described in [16], including the total FA number of 57, pin geometry,
and operating conditions.

The optimized designs offer more options of BA configurations in FA, utilizing differ-
ent numbers of BA rods (16, 24 and 32 rods per FA according to [8,26]). Figure 9 shows the
FA designs characterized by the same CR-positions with varying number of BA rod number
ranging from 12 to 40 considered in this investigation and the optimized BA numbers were
searched for in the subsequent core design process.

12BA 16BA 20BA 24BA
I T T I T 1 I T
.| | [ u u | u m N
| I | ||
| | ] ] ] | ] . | [ Fuelrod
H H [ Instrumentation tube
1 L1 [ 1 [ 1 [1 1 L1 1
[l Control rod: Ag-In-Cd
28BA 32BA 36BA 40BA
1 IH| T [T ] I TTTTTTT] [ control rod: Stainless steel
T
= [ Burnable absorber rod
i i N H I . u
][ .
||
Iu|
1 I 1 1 1 1 T T

Figure 9. Radial arrangements of the FAs with various BA rods.

3.2.2. Variable Search Space for the Optimized Equilibrium Cycle Core

After certain parameters were constrained, the remaining design variables included
the control rod layout, fuel enrichment, burnable absorber (BA) rod number per FA and
BA loading.
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To find the good combinations of the latter three parameters, a brute-force search
approach was employed. This method tested numerous combinations of these parameters
to identify the optimal combination for the equilibrium cycle. The control rod layout was
proposed during this variable search process.

The combinations of fuel assembly parameters were assigned based on the refuelling
loading pattern in Figure 8: FA1 (pink) and FA3 (grey) are primarily located in the outer-
region positions of the core. They are characterized by higher enrichment with fewer BA
rods. This strategy compensates for the lower neutron flux in peripheral regions, ensuring
relatively uniform power distribution. FA2 (yellow) occupies the inner region. These FAs
are assigned lower enrichment and additional BA concentration to control the power peak
in the high-flux inner regions. The central assembly FA4 (blue) is assigned the lowest
enrichment to minimize the central power peak.

Therefore, the range of variables for the four FAs are defined with specific intervals,
as shown in Table 1. This systematic combination results in 30 lattice models. As the core
consists of four fresh FA types, the total number of core configurations was calculated as
the product of these combinations, yielding 3456 configurations.

Table 1. The combinations of fuel assemblies at equilibrium for selection.

Fresh FA Types Enrichment (%) BA Rods per FA BA Loading (%) Combinations
FA1 4.8,4.95 16, 20, 24 4,8 12

FA2 4.0,42,44 28, 32, 36, 40 10 12

FA3 4.8,4.95 16, 20, 24 4,8 12

FA4 1.8 20,24 8 2

3.2.3. Brief Description of the Variable Search Process

The detailed process for the equilibrium cycle was described in [16], which is achieved
by multi-stage selections:

(1)  All-Rod-Out (ARO) Search

The design process began with a search under ARO conditions. The ARO simulations
were repeated for multiple cycles with a fixed cycle length and the ARO equilibrium was
reached by cycle 4 when the k¢ difference between adjacent cycles was less than 243 pcm.
In addition to guiding the CR layout, this step established the ARO equilibrium state,
which guided the determination of the CR radial layout.

(2) Control rod layout determination

CoreOptimizer provides the capability for iterative search repetitions, allowing for
evaluation of various CR layouts when the optimal configuration is uncertain. Multiple CR
layouts were simulated under critical conditions for ARO equilibrium cycle configurations,
which was reached after three extra cycles [16], each fixed at 21 GWd/t burnup.

All configurations were filtered by CoreOptimizer against the operating safety crite-
ria [16,27], collected from IAEA [28], U.S. NRC [29], and KTA [30] and detailed as follows:

Fq <3.26;

PAH < 162,

—0.4 < axial offset < 0.4;
FTC <0;

MTC < 0.

https:/ /doi.org/10.3390/jne7030043
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Following the application of these constraints, some CR layouts retained no configura-
tions, indicating their unsuitability for this core design. Ultimately, two control rods were
selected for further comparison, as illustrated in Figure 10. Each layout comprises four reg-
ulating banks (R1-R4) and two safety banks (S1, S2). The regulating banks were equipped
with hybrid control rods (12 Ag-In-Cd + 12 stainless steel) designed to mitigate axial power
peaking (see Figure 7). The safety banks, conversely, consisted solely of Ag-In-Cd rods to
ensure a sufficient shutdown margin.

I- H- G- F- E- D- C- B- A- I- H- G- F- E- D- C- B- A-
i s2s1[s2 1 s2[s1[s2 R1
2 S2|S1|R4|S1|S2 2 S2|S1|R4|S1[S2 @l
3 |S2 k] S1|R2{S1 %] S2 3 |S2[s1jzsRs1|R2|S1]S2 Regulating
os2[s1{s1 [RYs2 E¥s1[s1[s2| 4s2]s1|Re[s1[E¥]s1 ¥ s1]s2| [F] ( banks
5S1|R4|R2|S2|S2|S2|R2|R4[S1| 5/ S1|R4|S1 |t&) S2 &) S1[R4(S1
6/S2|S1|S1 P2aW S2 P2AYS1[S1[S2| 6/ S2|S1p28Y S1 pi&if S1(R2|S1|S2 )
7 |S2 &) S1|R2|S1 &) S2 7 |S2|S1|R2|S1 p28Y S1|S2
8 S2[S1[R4|S1[S2 8 S2|S1|R4[S1(S2 Safety banks
2 S2|S1{S2 9 S2|s1(S2
Control rod layout A Control rod layout B
Figure 10. Two control rod layouts for the optimized equilibrium simulations.
(3) Critical Search
The determined control rod movement sequences were applied to all core configura-
tions. The simulations then proceeded under critical conditions for multiple extra cycles,
where each cycle had a fixed cycle length of 21 GWd/t, a consistent refuelling strategy, and
consistent new fuel assemblies as last cycle.
3.2.4. Parameters Combinations of the Optimized Core Designs
Among the configurations that satisfied all the safety criteria, those that exhibited the
minimum peak Fq throughout the cycle were selected as the optimized equilibrium cycle
core configurations for each control rod layout, as listed in Table 2.
Table 2. Optimized core configurations for equilibrium cycle.
Control Rod Layouts FAs Fuel Enrichment (%) BA Number per FA BA Loading (%)
FA1 4.8 24 8
FA2 42 32 10
R layout A FA3 48 24 8
FA4 1.8 20 8
FA1 4.8 24 8
FA2 42 28 10
CRlayout B FA3 48 24 8
FA4 1.8 20 8

3.3. Efficiency Improvement by In-House Tool CoreOptimizer

Any modification to the fuel assembly configuration necessitates regenerating cross
sections via CASMO5 and re-conducting core simulations by SIMULATES. This is where
CoreOptimizer plays a critical role. For example, CoreOptimizer integrates with SIMU-
LATES5, managing input templates for the equilibrium cycle with a new refuelling loading
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pattern. Once templates are modified with updated configurations, the search process can
be restarted. With CoreOptimizer, the user initiates the process with a single click per cycle.
The automation enables all simulations to be conducted overnight and drastically cuts
down the time required for repetitive simulations. For instance, as shown in Table 3, the
equilibrium cycle search process is accelerated using CoreOptimizer under the following
approximated conditions:

Writing an input file for SIMULATES: 3 min;

Start and execution: 1 min;

Burnup simulation per cycle: 5 min;

Number of parallel simulations: 6;

Manual working hour: 8 h/day;

Program working hour: 24 h/day.

Table 3. Comparison of consumed time between manual effort and CoreOptimizer.

Method Time per Cycle Working Time per Cycle Total Time (Cycle 2-7)
Manual Effort = w = 5184 min = 5188]f7 drgin ~ 10.8 days = 10.8 days x 6 ~ 65 days
CoreOptimizer = % = 2880 min = 22483/;3;“ = 2 days =2x 6 =12days

By using CoreOptimizer, the equilibrium cycle search process is shortened by 53
days—a 81.5% reduction compared with manual efforts.

4. Analysis of the Optimized Cores

The optimal equilibrium core adopted the refuelling loading pattern shown in Figure 8,
and the two radial arrangements of CR banks (CR-A and CR-B) are depicted in Figure 10.
The optimized core configurations are listed in Table 2. The control rod axial positions
throughout the cycles are displayed in Appendix A.

This section presents a comprehensive analysis of the optimized core designs with
two control rod layouts at equilibrium cycle. First, the analysis briefly compared the key
neutronics and safety parameters for the two control rod layouts under hot full power (HFP)
normal operational conditions. This step confirmed that the optimized cores consistently
met all necessary safety criteria throughout their operational cycles. Furthermore, the shut-
down margins with single failure under the cold zero power (CZP) scenario were estimated
to confirm the optimized control rod designs provide sufficient shutdown capabilities.
Subsequently, the individual normalized control rod worth was analyzed under HFP and
HZP conditions; the layout with the smaller peak normalized CR worth was selected for
the following REA simulation. By investigating transient behaviour and fuel cladding
integrity, the analysis demonstrated the inherent safety capability of the optimized core.

4.1. Comparison of Key Safety Parameters During Normal Operation

The key safety parameters during normal operation were summarized in [16], mainly
including the 3D and 2D pin power factors, power axial offset, fuel temperature coefficient
and moderator temperature coefficient. These parameters served as the filtering constraints
during the optimization process. As displayed in Figure 11 and Table 4, all of the safety
parameters demonstrate sufficient safety margins throughout the operational cycles for
both control rod layouts.
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Figure 11. 3D pin power factors, 2D pin power factors and power axial offsets throughout the
optimized equilibrium cycles.

Table 4. Reactivity temperature coefficients at BOC/MOC/EOC of equilibrium cycle.

Temperature Coefficients CR Layout BOC MOC EOC
.- CR-A —1.48 —1.48 —1.55
Fuel temperature coefficient (pcm/K) CR-B 148 150 155
. CR-A —41.88 —40.82 —44.18
Moderator temperature coefficient (pcm/K) CR-B 1011 4048 —41.90

4.2. Estimation of the Cold Shutdown Margin with Single Failure for BOC, MOC, and EOC

As discussed in Section 1, the designed core must provide an adequate shutdown
margin with one stuck CR after the control rod optimization. To ensure conservative safety
margins, the highest-worth control rod is assumed to be fully withdrawn while all others
fully inserted at cold conditions. According to the KTA safety criteria, the cold shutdown
margin (CSDM) with a single failure must be at least 1000 pcm under this restrictive
assumption [30].

Table 5 summarizes the cold shutdown margin (CSDM) with a single failure during
burnup for these two CR layouts. The results confirm that the optimized control rod designs
provide sufficient shutdown margins under the most conservative condition.

Table 5. Cold shutdown margin with single failure during burnup at equilibrium cycles.

States CR-A CR-B
Reactivities BOC MOC EOC BOC MOC EOC
CSDM with single failure (pcm) 5039 7860 9682 4403 7762 11,601

4.3. Comparison of Normalized Ejected Reactivities Under HFP/HZP Conditions

Figures 12 and 13 summarize the differences between the highest p,,q and the P
under HFP /HZP conditions at the BOC/MOC/EOC for CR-A and CR-B. The location of
highest p,.q in different states can be found in Appendix B. For the CR-A layout, the p($)
values are smaller than 1.0 at the HFP EOC and HZP BOC/MOC, while bigger than 1.0 at
the HFP BOC/MOC, with a peak value of 1.60$ at the HFP BOC. For the CR-B layout, the
p($) values are confined to a very small range close to 1.0 across all states, peaking at 1.28%
at the HZP EOC.

In summary, the optimization efforts successfully reduced the maximum p($) values
for equilibrium cycles compared with the original core designs (illustrated in Figure 4),
showing 12% and 29% reductions in the peak normalized reactivities for CR-A and CR-B.

https:/ /doi.org/10.3390/jne7030043


https://doi.org/10.3390/jne7030043

J. Nucl. Eng. 2026, 7, 43

13 of 20

According to the discussion in Section 2.2.2, limiting the ejected rod worth p($) to smaller
or close to 1% can avoid the safety risks during an REA. Based on the steady-state analysis of
p($), the CR-B layout demonstrates a marginally safer performance than CR-A. Therefore,
the CR-B layout was chosen to conduct the rod ejection accident simulations.

2.0

21.0
Q.
0.0

HFP, BOC HFP, MOC HFP, EOC HZP, BOC HZP, MOC HZP, EOC
Different states

W

Figure 12. The highest control rod worth and delayed neutron fractions at different states for CR-A
at equilibrium.

2.0

p($)
5

1.5
0

HFP, BOC HFP, MOC HFP, EOC HZP,BOC HZP, MOC HZP, EOC
Different states

W

Figure 13. The highest control rod worth and delayed neutron fractions at different states for CR-B
at equilibrium.

4.4. Transient Behaviour During REA in the Optimized Equilibrium Core

Using the same assumptions in Section 2.2.1, the REAs are simulated under both hot
full power (HFP) and hot zero power (HZP) conditions, as summarized in Table 6.

This section provides the results of a comprehensive transient analysis of the global
power excursions and their underlying mechanisms for the optimized equilibrium core.
Additionally, a fuel integrity evaluation was conducted to assess the safety margins during
the REA.
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Table 6. Initial conditions of the rod ejection accident.
Parameters HFP HZP
Thermal power 330 MW 1.0 x 10~*
Coolant flow rate 2006.4 kg/s 2006.4 kg/s
Pressure 15.0 MPa 15.0 MPa
Temperature Coolant inlet temperature: 296 °C Average temperature of fuel and coolant: 296 °C

4.4.1. Global Power Response During REA

Figure 14 displays the global power responses at the BOC/MOC/EOC under HFP
and HZP conditions in the optimized equilibrium core. The highest peak power among all
the scenarios occurs at the HZP EOC, with a peak power of 1264%, which is 89% less than
the peak power in the original core.

Normalized power vs Time at HFP
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Figure 14. Normalized power variation during REA under HFP and HZP conditions.

The results demonstrate that the transient behaviour is highly sensitive to the initial
state and the magnitude of the inserted normalized reactivity p($):
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e  HFP scenarios: Power rises immediately after rod ejection across all burnup stages. A
larger p($) directly results in a larger power peak, with peaks reaching at approximately
the same time for the BOC, MOC and EOC.

e  HZP scenarios: The power rise is notably delayed compared with HFP scenarios. A
larger p($) not only increases the power peak magnitude but also results in an earlier
power rise.

4.4.2. Comparison of Feedback Mechanisms Between HFP and HZP Conditions at EOC

To investigate the underlaying mechanisms governing different power excursions
during an REA, a comprehensive comparison between the HFP EOC and HZP EOC was
performed. The basic governing equations during an REA are the point reactor kinetics
(PRK) equations, given in (1) and (2):

_ 6
dr:lit) _ P(t)A ﬁeffn(t) +;7\1Ci(t) o
dilit(t) _ %n(t) —-ANG(H(E=1,2,...,6) @)

where n(t) represents the change in the neutron density in time, which is proportional to
the power, p(t) is the ejected control rod reactivity, f; is the fraction of the i-th delayed
neutron group and (¢ is the effective delayed neutron fraction, A is the neutron generation
time and C;(t) represents the concentration of the i-th delayed neutron precursor group.
The key kinetics parameters and ejected control rod reactivity are summarized in Table 7.

Table 7. Key kinetics parameters and ejected rod reactivity for HFP MOC and HZP MOC.

HFP EOC HZP EOC

Effective delayed neutron fraction (¢ 5.19 x 1073 5.27 x 1073

Neutron lifetime A (s) 225 x107° 217 x 107°
Ejected rod reactivity (3$) 0.76 1.26

The reactivity feedback mechanisms are collected in Figure 15. Based on these
observations, the underlying mechanisms driving the transient power excursion are
discussed below.

e HFP EOC State

Because the initial power is 100%, the fuel temperature increases instantaneously,
leading to the Doppler feedback response at 0.07 s. This prompt feedback causes the total
reactivity to begin to decline simultaneously. However, it is observed that the turnaround
point of the power occurs at 0.09 s, which is later than that of reactivity. The physical
mechanism underlying this delay can be derived from Equation (1) under the condition

drcll(tﬂ = 0, yielding Equation (3):

36 A.C
o(t) = g - S EELHEL ®)

Since the second term on the right-hand side AZ%SICI(O is positive, the reactivity at

the power turnaround point must satisfy p(t) < Begs.
While the MTC contributes to long-term stabilization, it does not contribute to the
power pulse due to the inherent time constant of heat transfer from the fuel to the coolant.
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e HZP EOC State

For a step reactivity insertion, the analytical response of the neutron population can
be approximated from (1) and (4), which is applicable before the core’s negative feedback
mechanisms are activated.

Befe eA_y p O—Befft>
n(t) =n 0 7eﬁeff PP e A 4
® ()<%H—P Befr — P @)

Because the initial power is set to 10~* of nominal power, the power remains nu-
merically small during the initial phase of the transient according to (4), maintaining a
constant fuel temperature until 0.20 s. Once the power rises sufficiently and the fuel is
heated up, Doppler feedback is triggered at 0.22 s, resulting in a decline in total reactivity
from its peak plateau. Subsequently, the power excursion is terminated at 0.26 s when the
reactivity satisfies Equation (3). Similar to HFP scenarios, the MTC begins to manifest at
approximately 0.33 s after the primary power pulse.
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Figure 15. Reactivity feedback mechanisms and temperature variations during REA at HFP EOC and
HZP EOC.

4.4.3. Fuel Cladding Integrity Evaluation

As discussed in Section 2.2.2, fuel cladding integrity is considered maintained as long
as the fuel enthalpy remains below its maximum limit of 418.4 k] /kg and the DNBR stays
above its minimum limit of 1.3.

As depicted in Figure 16, for all the HFP and HZP scenarios, the fuel enthalpies and the
MDNBRs remain well within their respective safety limits. Therefore, all the fuel cladding
integrities are maintained in the optimized equilibrium core. This demonstrates a superior
safety margin to the previous core design.
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Figure 16. Evaluation of fuel cladding integrity under HFP and HZP conditions.

5. Conclusions and Outlooks

Based on the new fuel assembly configuration with hybrid control rod and the re-
arrangement of the refuelling loading pattern, the equilibrium cycle core was re-designed
using the CoreOptimizer to automate the input file generation, execution, and output data
extraction of CASMOS5 and SIMULATES. In the optimized equilibrium core, the safety
characteristics over the cycle are well below the safety limits and the control rods provide
sufficient shutdown margins. Most importantly, the optimized core features reduce the
individual control rod worth, which lowers the global power peak, thereby ensuring that
the fuel cladding integrity is maintained during an REA.

The previous research [16] and this study establish the primary process for core design
and optimization of an SBF SMR. Future efforts may focus on other methodologies and
techniques within this process to further refine the refuelling strategies and control rod
radial layouts, thereby enhancing the fuel utilization.
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Abbreviations

The following abbreviations are used in this manuscript:

AIC Silver-indium—cadmium

BA Burnable absorber

BA per FA  Burnable absorber rod number per fuel assembly
B4C Boron carbide

BOC Beginning of cycle

CR Control rod

ENR Fuel enrichment

EOC End of cycle

FA Fuel assembly

FTC Fuel temperature coefficient

HFP Hot full power

HzP Hot zero power

MDNBR Minimum departure from nucleate boiling ratio
MOC Middle of cycle

MTC Moderator temperature coefficient
PWR Pressurized water reactor

REA Rod ejection accident

SBF Soluble-boron-free

SS Stainless steel

WC-SMR  Water-cooled small modular reactor
Botr Effective delayed neutron fraction
p($) Normalized ejected control rod worth
Appendix A

The control rod positions throughout the optimized equilibrium cycles with the two
control rod layouts are illustrated in Figure A1.

250 250

Regulating banks' positions (cm)
Regulating banks' positions (cm)

0 5 10 15 20
Cycle exposure (GWd/t) Cycle exposure (GWd/t)
—e—R1 —e—R2 —e—R3 —e—R4 —e—R1 —e—R2 ——R3 —e—R4
(a) Regulating banks’ positions with CR-A (b) Regulating banks” positions with CR-B

Figure A1. Regulating control rod banks’ positions throughout the cycle.

Appendix B

In the optimized equilibrium cycle core, the specific initial control rod positions during
an REA in different states (HFP /HZP and the BOC/MOC/EQOC) are provided in Figures A2
and A3. The control rod assembly with the highest reactivity worth for ejection is marked
with red circles in each state.

https:/ /doi.org/10.3390/jne7030043


https://doi.org/10.3390/jne7030043

J. Nucl. Eng. 2026, 7, 43 19 of 20

E- D- C- B- A E- D- C- B- A- E- D- C- B- A-
s{200(200[ 0 [104|200]  5|200|200] 0 h39.4200]  5[200{200 1634200200
6{200 B 200[200[200]  6|200 l(MW200]200|200]  6[200@EXF200(200(200
HEP . o200 200 71 0 [200€8)200 7l63.4200 P21 200
8[104{200{200 80139.4200(200 8[200{200|200
9[200{200 9[200(200 9{200{200
E- D- C- B- A E- D- C- B- A E- D- C- B- A
s[1s0[180] 0 [150] 80|  5[200[200] 0 |150[100|  5[200]200] 35 |200|200
6180l 80 [ 80 [180] 6200 100]200, {200 M 200{200]200
HZP 1557 50 @0 150 71 0 [100@EN200 7(35 }200 BEE] 200
8[150| 80 [180 8[150] 100 8[200{200|200
of 80 [180 9[100|200 9{200{200
BOC (0GWd/t) MOC (11GWd/t) EOC (21GWd/t)

Figure A2. Locations of highest control rod worth of CR-A during optimized equilibrium cycle.

E- D- C- B- A- E- D- C- B- A- E- D- C- B- A-
2004852001 5200 B2 200f1705200] 5200 XY 200[200]200
HFP 200{ 0 |200]200 ¥1200] 0 [200]200 200 Ji93.5] 200200
200|200 12008 200]200 71200 EXR200{200
200 shi70.5200]200 200]200[200
9|200 200 9 200]200 9200200
E- D- C- B- A- E- D- C- B- A-
200 118] 0 [118] 5200 M 153]100]153
M 118| 0 [118]200 W 153| 0 |153]200
HZP
1158 118|200 11538 153|200
8 0 [118]200 g100{153[200 200]200[200
9118200 o 153|200 9200200
BOC (0GWd/t) MOC (11GWd/t) EOC (21GWd/t)

Figure A3. Locations of highest control rod worth of CR-B during optimized equilibrium cycle.
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