	
	
	


	
	
	



	FR21: IAEA-CN-291/275	

NGUYEN et al.
[bookmark: _Hlk70434426]Core Design of 100MWe 
Advanced Nitride-fueled Simplified 
Liquid Metal Cooled Fast Reactor

T.D.C. NGUYEN, J.Y. KIM, J. CHOE, I.C. BANG, D. LEE*
Ulsan National Institute of Science and Technology
Ulju-gun/Ulsan, Republic of Korea
Email: deokjung@unist.ac.kr*

Abstract

A preliminary core design of 100MWe Advanced Nitride-fueled Simplified (ANTS) Lead-bismuth-cooled Fast Reactor for civilian multi-cycle nuclear power plant has been investigated. The prime design constraint is on the core size with the active core diameter and height equal to 235 cm and 100 cm, respectively. The core is composed of 138 hexagonal fuel assemblies enclosed with 15-15Ti steel duct. The core adopts the onion zoning with the two zones of low-enriched uranium for a better breeding capability to maximize the core lifetime for long cycle operation. Neutronic calculation is performed by the fast reactor analysis code system Argonne Reactor Computation and the UNIST in-house Monte Carlo code MCS. It is confirmed that the cycle length of more than 10 years with a small burnup reactivity swing of less than 1,000 pcm is feasible. Power profiles generated by MCS are employed for thermal-hydraulic analysis with three different mass flow rates depending on the core power to flatten to fuel temperature distribution. The research designs a reactor that is capable of natural circulation at inlet temperature 300°C. The total mass flow rate of 13,700 kg/s produces an outlet temperature of 450°C. Thermal-hydraulic analysis also demonstrates that the fuel and cladding temperatures are within normal operation range. Furthermore, several reactivity feedback coefficients have been computed by MCS to confirm the initial safety features of the suggested fast reactor.
INTRODUCTION
In recent years, worldwide interest in small modular reactors (SMRs) has been renewed owing to claimed advantages of simplicity, flexibility, and enhanced inherent and passive safety features [1]. Fast-spectrum SMR concepts employing liquid lead or LBE coolants own favourable features of low-pressure operation, natural circulation capability, gamma-shielding properties, low melting point (for LBE), high boiling point, and chemical stability with water and air [2]. These SMRs belong to the general reactor category liquid-metal fast reactor (LMFR). This paper presents the LMFR core design for ANTS-100e, which is an Advanced Nitride-fuelled Simplified LBE-cooled fast reactor for power generation purposes. The supercritical carbon dioxide (S-CO2) recompression cycle [3] is adopted to generate a maximum electric power of 100 MWe from a thermal power of 300MW. It is also designed for multi-cycle operation with a refuelling interval of around 10 years. The LBE coolant is circulated by an electromagnetic pump system. In addition, uranium nitride (UN) [4] with high thermal conductivity is chosen as one of the primary fuel candidates for the LMFR due to better compatibility with the LBE coolant and providing an immense improvement in neutron economy compared to uranium oxide fuel. The core inlet and outlet temperatures are 300oC and 450oC, respectively. The 15-15Ti [5] stabilized steel is selected as cladding material due to its excellent swelling resistance and stability up to 550°C or even 570°C in LBE. This temperature is well above the operating temperature of this suggested core.
The design and analysis of this core are performed with the fast reactor analysis code suite, Argonne Reactor Computation (ARC), developed by Argonne National Laboratory (ANL) with ENDF/B-VII.0 cross-section library. Core performance characteristics are analysed for isotopic inventory, criticality, and radial and axial power profiles using the UNIST in-house Monte Carlo (MC) code MCS. A thermal-hydraulic (T-H) analysis is invested for evaluating the fuel and cladding temperature profiles. ANTS-100e core is also evaluated in terms of various significant safety parameters, including control rod worth, fuel temperature coefficient, coolant density coefficient, and expansion coefficients.
COMPUTER CODES
Fast reactor analysis code system ARC
[bookmark: OLE_LINK26][bookmark: OLE_LINK28][bookmark: _Hlk516229692]ARC [6] is a code package for fast reactor analysis developed by ANL, which includes three main modules: (a) a multigroup cross-section generation code (MC2-3) that generates problem-dependent ultrafine-group (UFG) cross-sections (XSs); (b) TWODANT, which produces UFG fluxes derived from the Boltzmann transport equation using the discrete ordinate method; and (c) REBUS-3, which performs nodal diffusion (DIF3D) or transport (VARIANT) and depletion calculations for fast reactor fuel analyses. A typical procedure for the ARC simulation is a three-step sequence, as described in Fig. 1. The first step requires TWODANT to generate UFG region-wise flux spectra using UFG XS from MC2-3. These region-wise spectra allow MC2-3 to conduct an XS condensation process from UFG into a broad-group (BG) in the second run. Finally, REBUS-3 uses the generated BG XSs to perform nodal diffusion and depletion calculations. In this work, a 2082-group structure was used as the UFG structure in MC2-3 to obtain flux spectra for high-accuracy XS condensation into the BG structure. The number of BG for fast reactor analyses usually ranges from 15 to 40. Therefore, the 33-group structure available in REBUS-3 was selected to conduct the condensation and nodal diffusion calculations. 
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FIG. 1. Fast reactor analysis flow.
UNIST Monte Carlo code MCS
MCS is a 3D continuous-energy neutron physics code for particle transport based on the MC method, which has been under development at UNIST since 2013 [7]. MCS allows users to perform two calculation modes: criticality run for reactivity calculations and fixed source run for shielding problems. MCS was developed from scratch to perform whole-core criticality simulations featuring pin-wise depletion and T/H feedback. The neutron transport capability of MCS has been validated and verified against numerous benchmark problems, including the BEAVRS benchmark, the VERA benchmark, ~300 cases from the International Criticality Safety Benchmark Experimental Problem, and the OECD/NEA SFR benchmark. MCS whole-core pin-wise depletion coupled with the internal T/H feedback module has been validated against the solutions of BEAVRS, VERA, OPR-1000 reactors, and APR-1400.
The design strategy of the conceptual core
0. Design objectives and constraints
Table 1 summarizes the technological, material, and regulatory constraints and performance objectives for the ANTS-100e core with assumed 300 MWth/100 MWe power output. The target average cycle length of the first cycle is more than 10 years. the hexagonal-lattice concept is employed for the ANTS-100e because of its higher fuel-to-coolant volume fraction, allowing for increasing average power density compared to the square-lattice pin. The fuel enrichment should be lower than 20% 235U - low-enriched uranium (LEU) - corresponding to restriction on uranium enrichment for civilian use (uranium enriched above 20% is considered military grade uranium). In this work, the maximum enrichment is not higher than 19.75% due to the fuel fabrication uncertainties. UN fuel [4] is considered as the nuclear fuel in this study because it exhibits several favourable properties in comparison to oxide fuel. It has a higher thermal conductivity, melting temperature, and fissile density than oxide fuel. Nonetheless, UN also presents some drawbacks, such as the high neutron capture cross section of 14N, the production of the radioactive 14C isotope through neutron absorption by 14N with a subsequent proton emission, and significant swelling under irradiation. The fuel fabrication to enrich the fuel in 15N to reduce the amount of 14N can mitigate the first two drawbacks. Despite these challenges, the choice of UN fuel enables a significant improvement in the fuel efficiency. The Ti-stabilized austenitic stainless steel 15-15Ti was selected as the cladding material, because of its outstanding thermal conductivity, irradiation resistance, and superior swelling resistance compared to other alloys [5]. The corrosion temperature limit for 15-15Ti cladding without any special coating techniques is 550°C [8]. The coolant velocity of LBE is limited to less than 1.5 m/s, owing to corrosion and erosion concerns of the primary loop pipes. The inlet coolant temperature in the primary loop is chosen, accounting for the properties of the typical austenitic steel in contact with LBE and driven by an electromagnetic pump system to sustain the desired outlet temperature. Based on the selection of the primary design parameters and the technological and safety constraints, the optimization of the core, fuel design, and loading patterns will be performed to satisfy all the design requirements and to enhance the economic efficiency and safety of ANTS-100e.

TABLE 1.	MATERIAL-RELATED TECHNOLOGICAL CONSTRAINTS AND PERFORMANCE TARGETS

	Parameter
	Value

	Fuel
	UN

	- Smear density, %TD*
	90

	- Maximum 235U enrichment, %
	< 19.75

	- Target design centerline fuel temperature, °C
	< 900

	- Max. design fuel centerline temperature, °C
	< 2,000

	Cladding
	15-15Ti

	- Max. cladding temperature at normal operation, °C
	< 550

	Coolant
	LBE

	- Melting point, °C
	~ 124

	- Inlet temperature, °C 
	300

	- Target outlet temperature, °C
	450

	- Max. coolant velocity, m/s
	< 1.5

	- Pressure, MPa
	0.1

	Burnup reactivity swing 
	< 1,000

	*Theoretical Density
	


Core loading configuration optimization
The pin diameter was selected as 1.16 cm. LBE is filled as bond material between fuel pellet and cladding to reduce to fuel centreline temperature. The reference fuel assembly illustrated in Fig. 2 is 169 fuel pins arranged on the hexagonal lattice with the pin pitch-to-diameter (P/D) ratio of 1.15. The mentioned P/D ratio is selected to reduce the pressure drop as small as possible. Each FA is enclosed with a 0.40cm-thickness hexagonal duct, of which the material is also 15-15Ti. 
[image: ]
FIG. 2. Fuel pin and assembly design for ANTS-100e.

The initial core loading design study focuses on optimizing the enrichment zoning. 151 FAs arranged in 8 rings to form the equivalent active core diameter and height of 235 cm and 100 cm, respectively. The reflector surrounding the active core has an equivalent thickness of around 50 cm and simply consists of 50% LBE and 50% stainless steel. Structural steel and LBE coolant are the most common materials found outside of the active core, so the 50-50 assumption provides an “un-optimized” base reflector case. Three types of enrichment zoning, Type I, II, and III, are considered in this study, as shown in Fig. 3. These three types have the same active core size; however, Type I is a uniform enrichment zone, whereas Type II and Type III have two enrichment zones - inner zone and outer zone. Type III is distinguished from TYPE II by additionally introducing axial zoning (10 cm at the top and bottom of the fuel rod), namely onion zoning. The main parameters for each candidate are summarized in Table 2. The optimization is conducted with a 60°, 1/6th symmetric core model using the ARC code system. All material compositions were homogenized assembly-wise based on volume fractions. The average 235U enrichment of each type is 11.50%, 12.26% and 12.41%, respectively. 
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FIG. 3. Fuel arrangement for three core candidates.

TABLE 2.	CORE PARAMETERS OF THE THREE CORE CANDIDATES

	Parameters
	Type I
	Type II
	Type III

	Enrichment zones
	1
	2
	2

	U235 enrichment, %
	11.5
	10.0/13.0
	10.0/13.0

	Axial zoning (top and bottom), cm
	--
	--
	10

	# inner/outer/total FAs 
	--/--/151
	37/114/151
	37/114/151

	Avg. U235 enrichment, %
	11.50
	12.26
	12.41



Fig. 4 illustrates the behaviours of keff and the conversion ratio over time, showing that all candidates can achieve a lifetime over 15 EFPYs. The 2D R–Z power profiles (normalized so that the average power equals 1.0 over the active core region) at the beginning-of-cycle (BOC), middle-of-cycle (MOC, t = 8 EFPY), and end-of-cycle (EOC, t = 15 EFPY) for the three core candidates are as shown in Fig. 5. The Type I core has the largest fertile 238U inventory and as a uniform enrichment, the most cantered-peaked power distribution with power peaking factor of approximately 1.76. This low-leakage design results in the highest conversion ratio. Type I multiplication factors monotonically increase with burnup as more 239Pu breeds combined with lower leakage comparing to other types. In both Type II and Type III, the zoned-enrichment strategies flatten the power distribution. The negative reactivity as neutron leakage (even the power shifts to centre) combined with 235U depletion and fission product poisoning overrides the positive reactivity as 239Pu breeds, resulting in rapid decrease in the core multiplication factors after a few burnup steps. Superior flattening is achieved with onion zoning (Type III) but at an incremental cost of higher average enrichment to compensate for increased leakage. The preliminary core designs have excess reactivity for cycle length of more than 15 EFPYs providing reactivity margin for replacing some FAs with control rod assemblies (CRAs). Therefore, Type III is selected as the reference layout for ANTS-100e. 
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FIG. 4. Evolution of keff (left) and Conversion Ratio (right) versus Time for Three Core Candidates.
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FIG. 5. R–Z Normalized Power Distribution at BOC, MOC, and EOC for Three Core Candidates.
Conceptual core of ANTS-100e
The optimized core design adopts the onion zoning layout as shown in Fig. 6. The main core geometry parameters are listed in Table 3. The active consists of 138 FAs divided into two enrichment zones of 10.0% and 13.0%. Each FA is divided into four axial components: lower reflector, fuel, gas plenum, and upper reflector. Each axial reflector is 75 cm long and made of stainless steel. The gas plenum length is 75 cm, which might compensate for the gas fission release in ANTS-100e. The spiral wire can be applied for each rod to avoid collisions between adjacent rods.

[image: ]
FIG. 6. Radial and axial view of the quarter core layout.


TABLE 3.	MAIN CORE PARAMETERS OF ANTS-100e

	Parameter
	Value

	Thermal / Electric power, MW
	300 / 100

	Geometry
	

	- Active core height, cm
	100

	- Active equivalent core diameter, cm
	~235

	- Core equivalent diameter with reflector, cm
	~340

	Loading heavy metal mass, ton
	24.16

	Power density, W/cm3
	165.5

	Avg. linear power density, kW/m
	12.86

	Avg. burnup discharge over 10 EFPYs, MWd/kgHM
	45.52



Table 4 presents the CRA and reflector assembly design. The control rod system is compartmental in two independent systems, a primary control rod system (PCRS, 3 CRAs) and a secondary control rod system (SCRS, 9 CRAs). The purpose of the primary system is to regulate the core power during operation, whereas the secondary system provides a shutdown capability or emergency scram and is fully withdrawn during normal operation. Absorber material is B4C with 90% 10B isotopic enrichment, of which the geometry is shown in Fig. 7. Yttria stabilized zirconia (YSZ, ZrO2-Y2O3) has been chosen as a reflector material instead of stainless steel to improve the neutron economy in the fast reactor [9]. Zirconium (Zr) has a large neutron scattering cross section with a low neutron capture cross section compared to the major nuclides of the SS, such as iron (Fe) and chromium (Cr). The reflector geometry is illustrated in Fig. 7. Finally, the equivalent active core diameter and height are 235 cm and 100 cm, respectively, resulting in an H/D (height/diameter) ratio of 0.43. ANT-100e can achieve a discharged burnup at 10 EFPY of approximately 45.52 MWd/kgHM with a power density of 165.5 W/cm3.

[image: ]
FIG. 7. Assembly design geometry: control (left) and reflector (right). 

TABLE 4.	DESIGN PARAMETERS OF ANTS-100e CONTROL AND REFLECTOR ASSSEMBLY

	Parameter
	Control
	Reflector

	Pin data
	
	

	- Main material
	B4C
	YSZ

	- Cladding material
	15-15Ti
	15-15Ti

	- Pin diameter, cm 
	1.70
	1.60

	- Cladding thickness, cm
	0.20
	0.06

	Assembly data
	
	

	- # pins
	19
	91

	- Inner duct pitch / thickness, cm
	17.10 / 0.40
	--

	- Outer duct pitch / thickness, cm
	17.90 / 0.40
	17.90 / 0.40

	- Assembly pitch, cm
	18.25
	18.25


Core performance
0. Neutronic performance
The neutronic performance of the core in terms of the keff behaviours and power profiles of the optimized core are investigated in this section. A heterogeneous pin-by-pin whole core is simulated using the UNIST MC code MCS. The ENDF/B-VII.0 cross-section library is used in MCS. The core keff as a function of time with all rods out (ARO) is illustrated in Fig. 8, and it is confirmed that a cycle length of over 10 EFPYs is feasible with a small burnup reactivity swing. 
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FIG. 8. Evolution of Core Multiplication Factor over Operation Time.  

Figs. 9 and 10 show the normalized radial and axial power profiles with ARO at BOC, MOC, and EOC. The radial assembly power peak at BOC, MOC, and MOC is approximately 1.27. As shown in these figures, a power peak tends to move from the core periphery at BOC to the core centre at EOC. Because of the onion zoning core, the axial power rate is depressed at the interface between the two enrichment zones. Overall, the axial power rate during depletion increases at the core centre and decreases at the core bottom and top. 

[image: ]
FIG. 9. Radial normalized power distribution at BOC, MOC and EOC (left to right).
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FIG. 10. Axial normalized power distribution at BOC, MOC and EOC.

MCS depletion calculations can provide isotope-wise number densities for a desired depletion chain with respect to the time step. The mass inventories of several fuel isotopes over the burnup time are shown in Fig. 11. The isotopes of interest are fissile 235U, 239Pu, 241Pu and fertile 238U, 240Pu. The initial fissile isotope is 235U with a loading mass of approximately 3,000 kg. If the core operates at full power for 10 years, the 235U consumption amount is approximately 1,030 kg. Additionally, the major fissile isotope produced is 239Pu, of which the mass amount is more than 750 kg bred over 10 EFPYs. The last fissile isotope is 241Pu, the production rate of which is less than 0.13% compared to 239Pu. 
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FIG. 11. Fuel Isotope Mass Inventories over Operation Time.
Thermal–hydraulic analysis
[bookmark: _Hlk523132762][bookmark: _Hlk62219615][bookmark: _Hlk62219199][bookmark: _Hlk521426753]A preliminary TH analysis is performed for the ANTS-100e core based on the MCS radial and axial power profiles is performed using the MARS-LBE system [10]. In this analysis, a single assembly is considered as a 1D domain and the cylindrical and hexagonal channels have equivalent diameters. The linear heat applied of each channel depends on its location in the radial axial power profiles which is tallied by MCS. The average linear heat generation is 12.86 kW/m over the core and in the hottest assembly, the local peak linear heat generation is approximately 16.33 kW/m. Each domain is divided into 20 axial meshes (5 cm per mesh). The coolant has an assumed inlet temperature of 300°C and an assumed pressure of 0.1 MPa. The flow orifices are to be installed to regulate the channel flow rate and three different flow zones (as in Fig. 12) are adopted to maintain the outlet coolant temperature of 450°C. The average and max velocity of the coolant is 0.97 m/s and 1.12 m/s, respectively (which is less than the design limit of 1.5 m/s shown in Table 1) to achieve a full output power of 100 MWe. Under normal operation, the maximum fuel centreline temperatures, peak cladding temperature, and several coolant parameters at BOC, MOC, and EOC are summarized in Table 5. Fig. 12 shows the axial fuel, cladding, and coolant temperature distributions for the hottest assembly (the assembly with the maximum power rate). The axial fuel, cladding, and coolant temperatures of the hottest assembly increase from the bottom to the top of the active core as the primary coolant flows from the bottom to the top. The maximum fuel centreline temperature and peak cladding temperature over the full cycle are less than, respectively, 543 and 500°C (as shown in Table 5). The maximum cladding temperature and coolant outlet temperature remain under 550 °C under normal operation, which satisfies the criterion mentioned in Table 1. 

TABLE 5.	FUEL, CLADDING TEMPERATURES, AND COOLANT PARAMETERS

	Parameter
	BOC
	MOC
	EOC

	Avg./Peak linear heat generation, kW/m
	12.86 / ~16.33

	Avg. fuel temperature, °C
	469.6
	469.3
	468.7

	Max. fuel centerline temperature, °C
	542.9
	542.0
	543.2

	Peak cladding temperature, °C
	498.5
	490.5
	485.2

	Coolant (in active core region)
	
	
	

	- Avg./ Max. fluid velocity, m/s
	0.97/1.12

	- Total flow rate, kg/s
	13,633

	- Avg./Max. coolant temperature, °C
	450/481
	450/474
	450/469
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FIG. 12. Flow zones (left) and axial temperature profiles of the hottest FA (right) over operation time.
Reactivity feedback coefficients and control rod worth
To compute the reactivity feedback coefﬁcients of ANTS-100e, the direct approach [11] is employed by MCS. The coefficients considered in this work include the fuel Doppler coefficient, coolant temperature coefficient, axial core expansion coefficient, radial core expansion coefficient, and control rod worth (CRW). These coefficients are determined by direct reactivity discrepancies between the base state and perturbed configuration of the reactor. The values of the reactivity feedback coefficients calculated by MCS at BOC, MOC, and EOC are presented in Table 6. The Doppler coefficients and radial expansion coefficients are the dominant contributions to the negative feedback throughout the core lifetime. The coolant temperature coefficient and the axial expansion coefficient are of small magnitude, because the LBE density does not change significantly with respect to temperature and the insignificant thermal expansion coefficient of UN fuel. The CRW at different stages is shown in Table 7. It is seen that the CRW can manage the excess reactivity and enough for core shutdown or emergence scram. 

TABLE 6.	REACTIVITY FEEDBACK COEFFICIENT (in: ± σ pcm/°C)

	Parameter
	BOC
	MOC
	EOC

	Doppler coefficient
	−0.872±0.079
	−0.829±0.087
	−0.771±0.074

	Coolant temperature coefficient
	−0.196±0.018
	−0.157±0.013
	−0.113±0.016

	Axial expansion coefficient
	−0.153±0.027
	−0.117±0.025
	−0.115±0.025

	Radial expansion coefficient
	−0.453±0.024
	−0.415±0.025
	−0.407±0.028



TABLE 7.	CONTROL ROD WORTH (in: ± σ pcm)

	Parameter
	BOC
	MOC
	EOC

	Primary 
	2,420±16
	2,550±17
	2,665±18

	Secondary 
	5,942±17
	5,718±17
	5,545±16

	Total 
	9,177±18
	9,262±16
	9,194±15


Conclusions
An innovative LMFR core cooled by LBE, ANTS-100e, has been designed to satisfy the requirements of a SMR for power generation. An optimization study with a simple FA-reflector model is conducted to determine the optimized enrichment zones. Finally, the conceptual core has an active equivalent diameter and height of 235 and 100 cm, respectively, and onion enrichment zoning for flattening the power distribution. The ANTS-100e core achieves 10 EFPY operation with less than 1,000 pcm of burnup reactivity swing. Several aspects of ANTS-100e in terms of core safety analysis, including the reactivity feedback coefficient, and control rod worth at different burnup steps, were investigated using the MC code MCS. It was shown that the reactivity feedback coefficients are negative, which is an important contribution to the inherent safety of the core. The insertion of control systems can provide a sufficient margin to manage the excess reactivity throughout the full cycle. Future works are to focus on the refuelling and shuffling strategy for the equilibrium cycles of the ANTS-100e. 
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