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The advanced thermal-hydraulics sub-channel tool CTF has been in the process of continuous development and improvement by Oak Ridge National Laboratory (ORNL) and North Carolina State University (NCSU). In recent years, there has been considerable progress in code development, including new functionalities, application-specific correlations, various multi-physics applications, built-in pre- and post-processors, improved solvers, parallelization, and extensive testing. VVER applications are part of these activities. NCSU has been cooperating with the Institute for Nuclear Research and Energy (INRNE) on CTF development, verification, and validation for VVER core modeling and simulation. This article presents an overview of these CTF studies for VVER applications. Several test cases are considered, which include pure thermal-hydraulic problems as well as multi-physics simulations at the nodal and pin level. On the single physics side, thermal-hydraulic CTF solutions have been compared against measured data for rod bundle, fuel assembly, and full core, as well as code-to-code vs. FLICA4 solutions. CTF was tested in the simulation of the TVSA-5T VVER mini-assembly experiments and in the full-core steady-state calculation for the ongoing OECD/NEA Rostov-2 benchmark. For the TVSA-5T calculations, CTF was coupled with the uncertainty analysis tool Dakota and utilized to propagate uncertainties of input and boundary conditions to output quantities of interest for thermal-hydraulic parameter investigations. The CTF results and measured data obtained from this experimental setup were compared for validation. To produce reliable pin-resolved reference solutions for multi-physics model testing the high-fidelity continuous energy Monte Carlo-based neutron transport codes MCNP6.2 and Serpent 2.2.0 were separately coupled with the CTF sub-channel code. Coupled models of a VVER-1000 fuel assembly were tested in comparisons between MCNP/CTF and Serpent/CTF results. Coarse-mesh multi-physics solutions for a full core have been obtained with the coupled COBAYA/CTF, COBAYA/FLICA4, and PARCS/CTF codes. These solutions have been compared against steady-state plant data and code-to-code for transients. High-fidelity pin-resolved solutions with SERPENT/CTF serve as reference solutions in a steady state. The outcomes from the various studies of single-physics and multi-physics cases used for CTF verification and validation met the initial expectations both qualitatively and quantitatively. The results of the numerical verification and experimental validation are in good agreement with the corresponding reference data.
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1 INTRODUCTION
In ensuring the safety of a nuclear reactor design, achieving reliable assessments for both steady-state and transient conditions is a priority. These assessments can be carried out by either experimental work or computational simulations. The high cost involved in full-scale experiments has led to continuous developments of best-estimate codes using the best available modeling and simulation methods that are economically more attractive for many applications.
These so-called “best-estimate” codes have taken the place of traditionally over-conservative approaches by utilizing minimum conservatism in input data and minimizing conservative modeling assumptions. These codes become beneficial when remaining inaccuracies in modeling or numerical errors in the results of calculations are appropriately identified and quantified. Validation and verification processes supplemented by uncertainty estimation are key to providing evidence that a developed code system is suitable for specific use.
CTF is an advanced best estimate code (Salko and Avramova, 2016) that has been continuously developed and maintained by the Reactor Dynamics and Fuel Modelling Group (RDFMG) at North Carolina State University (NCSU) in cooperation with Oak Ridge National Laboratory (ORNL) for thermal-hydraulic (TH) simulations of nuclear reactor vessels with modeling detailed flow and temperature distribution at the sub-channel level. CTF has been verified, validated, and extensively used for steady-state and transient simulations for light-water reactors (LWRs). The United States Department of Energy (U.S. DOE) initiated the Consortium for Advanced Simulation of Light Water Reactors (CASL) program in 2010, and CTF was adopted in the program to account for core thermal-hydraulic modeling and simulation as a complementary part in the Virtual Environment for Reactor Applications Core Simulator (VERA-CS). Some improvements were made to CTF during the CASL program, including, for example, the development of a PWR preprocessor utility for fast input generation, visualization capabilities by generating VTK output files for square lattices, fully distributed memory parallelization, and an automated system testing with built-in test units (Kucukboyaci et al., 2015).
The capabilities of CTF were investigated by (Sung et al., 2015) for a main steam line break (MSLB) accident scenario in a pressurized water reactor (PWR), following the software optimizations and improvements. The departure from nucleate boiling (DNB) predictions obtained for a bundle model was compared to experimental data from the PWR Sub-channel and Bundle Test (PSBT) provided by the Nuclear Power Engineering Corporation (NUPEC) of Japan (Rubin, et al., 2012). The CTF predictions were also compared to the results computed by another thermal-hydraulics code, VIPRE-W, for the same bundle model. The results show that the CTF followed the same trend as experimental data and the VIPRE prediction. Additionally, a Westinghouse 3-loop PWR full core model was developed at a sub-channel level in the same study to evaluate the reactor core power distribution during an MSLB accident assumed to have occurred in one of the three loops. For this case, CTF predicted coolant and fuel conditions like the predictions made by the Westinghouse sub-channel code THINC IV.
CTF has been used in many studies either as a single physics (core thermal-hydraulics) assessment of core designs or as part of a multi-physics calculation used to provide thermal-hydraulic feedback. Some of these applications included code-to-code comparisons for the void distribution exercises found in OECD/NRC PSBT benchmark (Avramova et al., 2021) and in OECD/NRC Boiling Water Reactor Full-Size Fine-Mesh Bundle Test (BFTT) benchmark. The works were carried out for square lattice core geometries representative of PWRs and boiling water reactors (BWRs).
In cooperation with the Institute for Nuclear Research and Energy (INRNE), Bulgarian Academy of Sciences, CTF has also been improved for triangular/hexagonal lattice calculations by implementing critical heat flux correlations and tables, and by the capability to solve fluid conditions considering triangular sub-channel or hexagonal channel descriptions. In (Papadionysiou Marianna et al., 2022) CTF was coupled with the neutron transport code nTRACER for high-fidelity VVER analysis, where CTF was embedded as a library in the nTRACER. CTF provided the temperature profiles of coolant and fuel, along with coolant density to nTRACER in exchange for power profiles calculated by nTRACER. CTF has recently received additional modifications for hexagonal geometry applications for sodium fast reactors (SFRs) by (Takasugi, 2023; Aly Ahmed Mohamed Nabil Hassanein Multi-scale Multi-Physics Modeling of, 2022).
This paper summarizes the cooperation activities between NCSU and the Institute for Nuclear Research and Energy (INRNE), Bulgarian Academy of Sciences, on model improvements, verification and validation, and uncertainty analysis of CTF for triangular/hexagonal lattice calculations in VVER applications.
The authors applied CTF to the VVER geometry and conducted comparative verification and validation (V&V) analyses with measured data and other codes. New multi-physics couplings and test results are reported. Code improvements include enhanced functionalities for the VVER geometry, enhanced computational efficiency, and a VVER-specific closure law based on tables of measured rod bundle data. The CTF functionalities were enhanced by a pre-processor and a post-processor for hexagonal assemblies and triangular lattices, embedded in the source code. CTF parallelization was tested for VVER cores. A new option in DNBR calculation based on a VVER lattice-specific experimental table has been implemented in CTF.
Since the research content of this paper is extensive, here we provide an explanation of why each section is necessary and how they relate to each other.
Section 2 described the theory and models behind CTF and VVER-related modifications introduced, such as implementing critical heat flux correlations and tables, and the capability to solve fluid conditions considering triangular sub-channel or hexagonal channel descriptions.
Section 3 focuses on CTF standalone (single physics) applications, including verification, validation, and uncertainty and sensitivity analysis.
Modifications continue to be made in CTF relating to properties and correlations for hexagonal light water geometries that need to be verified and validated. Under this scope, this paper focuses on demonstrating CTF’s capabilities on hexagonal VVER core models using two versions of CTF - CTF3.5 and CTF4.3 of the code. Contrary to CTF3.5, CTF4.3 includes some additional features such as pre- and post-processing of hexagonal geometry and an improved coupling interface. However, both versions use the same solution methods and include the same modifications for VVER models, such as a new option for DNBR calculation. This added option is based on a VVER lattice-specific experimental table. Thus, using either version does not affect the obtained results. From this point onward, “CTF” will be used to refer to CTF3.5 and/or CTF4.3 for the remainder of the paper.
The typical and specific features of the VVER-1000 hexagonal fuel assemblies of TVSM, TVS-2M, and TVSA types were used for testing the existing and new CTF functionalities for VVER hexagonal fuel assemblies modeling and simulation.
The studies shown herein are mainly divided into two sections: studies done with CTF as a single physics thermal-hydraulics tool and the studies done with CTF in coupled codes developed with various neutronics codes to be used in multi-physics calculations for steady-state and transient calculations.
2 CTF CODE PACKAGE
As mentioned above, the thermal-hydraulic best estimate code CTF, developed and maintained by the RDFMG at NCSU in cooperation with ORNL, is a state-of-the-art modernized version of COBRA-TF (Coolant Boiling in Rod Arrays-Two Fluid). CTF solves conservation equations for mass, energy, and momentum for liquid and vapor phases, known as the two-fluid model, for operational and transient conditions, and is capable of modeling both channel-centered and fuel-centered sub-channel models.
A sub-channel is a vertical stack of mesh cells that represents a fluid volume of any kind of vertical flow path, typically defining flow within reactor cores in one of two ways: a fuel-centered sub-channel surrounded by coolant, or a coolant-centered sub-channel with fuel rods located along the boundary. Lateral exchanges between the adjacent sub-channels and axial flow through each sub-channel are considered by the mathematical model. The conservation equations are given in Equations 1–3 for mass, momentum, and energy, respectively, and are solved considering the transition between fluid phases. In Equation 1, the subscript k denotes the fluid phase that can be liquid, vapor, or an entrained droplet. The first term is the change of mass with time, while the second term represents the advection term for the flow of mass into or out of the control volume. The Lk is the descriptor of mass transfer into or out of the phase denoted by k that can occur by evaporation, condensation, entrainment, or detrainment.
∂∂tαkρk+∇·αkρkVk→=Lk+MeT(1)
In Equation 2, the left-hand side represents the change of volume momentum with time and advection of momentum in each direction. The right-hand side, in respective order, represents gravitational force, pressure force, viscous and turbulent shear stress, momentum source, the drag force at the interface between different phases, and momentum transfer caused by turbulent mixing. While presented in the equation, it should be noted that turbulent shear stress is not implemented in CTF. The effects of turbulent mixing are accounted for by turbulent diffusion approximation.
∂∂tαkρkVk→+∂∂xαkρkukVk→+∂∂yαkρkukVk→+∂∂zαkρkukVk→=αkρkg→−αk∇P+∇·αkτkij+Tkij+MkL→+Mkd→+MkT→(2)
The change of energy with time of phase k and the advection of phase k energy is given, in respective order, on the left-hand side of Equation 3. Heat conduction is denoted by Qk→ and energy change by both turbulent mixing and by void drift are represented by the term qkT→. Heat conduction in the fluid is neglected in CTF for light water reactors, assuming only a negligibly small amount of heat transfer occurs by conduction in water. The last three terms correspond to the terms of energy transfer due to phase change, volumetric wall heat transfer and pressure work.
∂∂tαkρkhk→++∇·αkρkhkVk→=−∇·αkQk→+qkT→+Γkhki+qwk‴+αk∂P∂t(3)
The more detailed and expanded version of generalized conservation equations in Cartesian forms are written out explicitly in the CTF Theory Manual (Salko and Avramova, 2016). According to geometry modelled, such as modeling hexagonal or triangular lattices, Equations 1–3 are solved accordingly based on inputs by the user.
CTF has been extensively verified and validated for applications of PWRs and BWRs. More recently, it has been expanded for hexagonal geometry LWRs, with modifications and validation of CTF to analyze VVERs implemented within the last decade. For instance, a recent addition is implemented in CTF based on a VVER lattice-specific experimental table for DNBR calculations. All these improvements have included the development of models, enhanced computational efficiency, as well as enhanced software quality and associated quality assurance procedures and documentation.
Previously, the visualization ability of CTF results for PWR core designs was integrated into the VERA-CS environment with the visualization toolkit (VTK) output option in CTF. Similarly, some recent modifications have been made to CTF to generate VTK output file for VVERs. This option can be enabled by describing coordinates of mesh vertices in the CTF input file. This, however, can be prone to human errors for large geometries to be modelled manually. An existing hexagonal-geometry LWR preprocessor previously developed by Karlsruhe Institute of Technology (KIT) for CTF (Jimenez, 2015) was adapted to automate the input. This CTF preprocessor required modification due to updates in CTF4.3. Since the development of this preprocessor, updates in CTF have changed the input formatting which is accounted for in the adapted version. This led to the highly modified hexagonal lattice bundle pre-processor based on geometry, boundary conditions and nodalizations which provides the necessary information for VTK output generation. The preprocessor manages the bulk of error-prone work relating to geometry and sub-channel connections. Since its initial development, this preprocessor has been extended to full core preprocessing, including the option to generate parallelized CTF inputs, with multiple assemblies and additional sub-channel-to-sub-channel connections to consider interactions between the assemblies (Takasugi et al., 2021).
In addition, modeling and simulation of typical and specific features of several VVER-1000 assembly designs (for example, TVSM, TVS-2M, and TVSA assembly designs) as well as testing of the existing and new functionalities for VVER hexagonal fuel assemblies have been considered throughout this study.
The new additions in CTF were tested by modelling a VVER-1000 reactor core at sub-channel level. Specifications of the ongoing Rostov-2 Benchmark by OECD/NEA (Avramova, et al., 2021) were utilized in this model, considering both Hot Zero Power (HZP) and Hot Full Power (HFP) conditions. Guide and central instrumental tubes were modeled as fuel rods with zero power generation. The active fuel height was divided into 68 axial nodes to prevent large changes between adjacent nodes when considering the axial heights of spacer grids and their locations. Figure 1a shows the coolant density while Figure 1b depicts temperature distributions obtained for HFP conditions in the full core. These results demonstrate the capability to perform full core calculations for a VVER at sub-channel level and illustrate the results using the new VTK output option.
[image: ]FIGURE 1 | Coolant properties for HFP condition; (a) Coolant density and (b) Coolant temperature, respectively.3 SINGLE PHYSICS APPLICATIONS
In this section, CTF is utilized standalone as a single physics code. The results obtained on coarse and sub-channel meshes for single assembly and full core are compared with reference data. Results for TVSM, TVSA-5T, and TVS-2M assembly types are discussed.
CTF thermal-hydraulic solutions for VVER-1000 core subsets and full core have been tested against measured data and code-to-code against FLICA4 solutions (Spasov et al., 2014; Mitkov, 2022). FLICA4 (Fillion et al., 2011) is a 3D core thermal-hydraulics code of CEA with sub-channel capabilities.
CTF was also coupled with the statistical analysis tool Dakota to predict the uncertainties in outlet coolant temperatures at each sub-channel by propagating the uncertainties in inlet and boundary conditions for a VVER-type experimental facility consisting of 19 fuel rods.
3.1 Test results for Kozloduy-6 TVSM assemblies and core
3.1.1 Comparison to measured design data
A detailed description of the TVSM assemblies of Kozloduy-6 can be found in (Kolev et al., 2006; Kolev et al., 2007).
Table 1a shows the comparison of the CTF coarse-mesh computed vs. design core pressure drop over the heated length, for a Kozloduy-6 core with TVSM assemblies at hot full power (HFP).
TABLE 1 | Computed vs. measured data at HFP.		Ref data	CTF	FLICA4
	a. Coarse mesh computed heated core pressure drop vs. measured at HFP
	ΔP core, MPa	0.09455 ± 0.0047	0.09465	0.09520
	b. Sub-channel computed single assembly pressure drop over the heated length vs. measured design data at HFP
	ΔP assembly, MPa	0.09493 ± 0.0047	0.09532	0.09563


		Ref data	CTF	FLICA4 coarse mesh	CTF - ref
	c. CTF sub-channel computed core average pressure drop, and temperature rise vs. reference data for the heated core height at HFP
	ΔP, MPa	0.09455	0.09496	0.09520	0.00041
	ΔT, K	30.3	30.4	30.45	0.1


Table 1b illustrates the comparison of the CTF sub-channel computed vs. measured assembly pressure drop over the heated length at HFP.
Table 1c shows preliminary full-core sub-channel computed results for the average core pressure drop and temperature rise vs. design reference data. In this calculation, the core average axial power distribution is as obtained from a coupled COBAYA3/COBRA3c calculation (Spasov et al., 2012 ) at hot full power, and the radial core power distribution is assumed uniform. The latter assumption is acceptable as the measured design data (Kozloduy NPP Report, 1987) have been obtained on assembly and core mock-ups with similar conditions.
These results have been obtained with the following modeling assumptions in CTF for discretization and correlation choice:
	a) Full-core coarse-mesh CTF solution.	• Two-fluid, three-field quasi-3D flow model with one channel per assembly and inter-assembly cross-flow.
	• 30 axial nodes in the heated core.
	• 10 radial nodes in the fuel, 1 for the gas gap, and 1 for the cladding.
	• Temperature-dependent thermal-physical properties of the fuel and cladding.
	• Spacer grids are taken into account by vertical pressure loss coefficients.
	• The bypass of 2.2% through the CR guide tubes is accounted for by decreasing the active coolant flow. No heat transfer at the guide tube walls.
	• Single-phase mixing coefficient according to Rogers and Rosehart, two-phase multiplier according to Beus.
	• Chen’s model of nucleate boiling.
	• Westinghouse-3 general-purpose DNB correlation with non-uniform axial power distribution.


	b) Single assembly sub-channel CTF solution.	• Two-fluid, three-field flow model.
	• Coolant-centered radial mesh with 660 sub-channels per assembly (see Figure 2a). The mesh is non-uniform with triangular cells in the interior and rectangular and trapezoidal cells at the assembly periphery.
	• 30 axial nodes in the heated core.
	• Fuel model with 9 radial rings in the fuel, one for the gas gap, and one for the cladding.
	• Temperature-dependent thermal-physical properties of the fuel and cladding.
	• Spacer grids are not explicitly modeled and are considered by vertical pressure loss coefficients.
	• The bypass of 2.2% through the CR guide tubes is considered by decreasing the active coolant flow. No heat transfer at the guide tube walls.
	• Single-phase mixing coefficient according to Rogers and Rosehart, two-phase multiplier according to Beus
	• The horizontal pressure loss coefficient is 0.5.
	• The user-defined two-phase mixing coefficient is 0.01.
	• Chen’s model of nucleate boiling.
	• W-3 general-purpose DNB correlation with non-uniform axial power distribution.


	c) Full-core CTF sub-channel solution.	• Non-uniform coolant-centered radial mesh with 660 sub-channels per assembly.
	• 30 axial layers in the heated part of the core.
	• 3 227 400 cells in the 3D spatial mesh.
	• 10 radial rings in the fuel pellet, 1 for the gap, and 1 for the cladding. The central hole is considered. Conduction only in the radial direction is considered.
	• Temperature-dependent thermal-physical properties of the fuel and cladding.
	• Cross-flow between the sub-channels in each assembly.
	• No cross-flow between fuel assemblies, across the inter-assembly water gap (for this preliminary solution).
	• The spacer grids are not explicitly modeled. They are taken into account through the vertical pressure loss coefficients.
	• Use of rod friction factor correlation.
	• The bypass through the water rods is not considered is taken into account by decreasing the active coolant flow.
	• The user-defined two-phase mixing coefficient is 0.01.
	• The horizontal pressure loss coefficient is 0.32555.
	• Chen’s model of nucleate boiling.
	• Constant gap conductance coefficient corresponding to burnt fuel and equal to 3070 W/m2 K.
	• Radiation heat transfer is not modeled.



[image: ]FIGURE 2 | (a) Coolant-centered sub-channel mesh for a VVER-1000 fuel assembly; (b) Mini-core domain of computation.The FLICA4 results have been obtained with the following modeling assumptions, chosen to be as close to the CTF ones as possible:
	• Four-equation, fully 3D flow model
	• Uniform mesh-centered triangular mesh with 726 radial cells at sub-channel level
	• 30 axial layers in the heated part of the core
	• 10 radial rings in the fuel pellet, 1 for the gap, and 1 for the cladding
	• Same gap conductance coefficient as in the CTF calculation
	• The bypass through the water rods is not considered and is taken into account by decreasing the active coolant flow
	• Jens-Lottes model of nucleate boiling and Groeneveld CHF correlation.

The above CTF and FLICA4 modeling assumptions hold for all thermal-hydraulic and coupled neutronic/thermal-hydraulic (N/TH) solutions for Kozloduy-6 cores with TVSM assemblies reported in this study.
The CTF results in Table 1 show good agreement with the reference data and the FLICA4 solutions, both at the assembly-channel and sub-channel level.
3.1.2 VVER assembly thermal-hydraulic benchmark solution
The assembly TH boundary condition problem is derived from the OECD/NEA VVER-1000 MSLB benchmark (Kolev et al., 2016) and is part of the LWR UAM Benchmark, Phase II: Case III-3b (Hou Jason Benchmark for Uncertainty Analysis in Modelling for Design, 2019). The task is to calculate the single assembly thermal-hydraulic parameters on a sub-channel mesh along with the associated uncertainties, given the time-dependent inlet and outlet boundary conditions, and assembly power. In this work, it is used for code-to-code comparison of sub-channel solutions. The boundary conditions include the assembly inlet temperature boundary condition (Figure 3b), the assembly inlet mass flow rate boundary condition, the assembly outlet pressure boundary condition, and the time history of the assembly power (Figure 3a). To obtain a more interesting test with higher vapor void fractions, the original MSLB assembly inlet temperature BC has been modified as shown in Figure 3b, so that the inlet temperature is higher than in the original condition.
[image: ]FIGURE 3 | (a) Time history of the assembly power; (b) Assembly inlet temperature boundary condition.Computed results (Mitkov, 2022) for the vapor void fraction at peak power are illustrated in Figures 4a, b.
[image: ]FIGURE 4 | (a) Bundle averaged CTF vs. FLICA4 sub-channel solutions for the void fraction axial distribution at peak power; (b) CTF computed hottest sub-channel vs. bundle averaged CTF sub-channel solutions for the assembly void fraction.Figure 4a shows the CTF vs. FLICA4 bundle averaged sub-channel computed assembly void fractions. The differences, which are larger in the sub-cooled boiling region, can be explained mainly by the different nucleate boiling models and to some extent by the different flow models. This comparison is only for illustration. The Chen correlation (Chen, 1966) is considered to be more accurate than the Jens-Lottes one (Jens and Lottes, 1951) and is relatively successful for applications with flow parameters as in the above test case. The Jens-Lottes correlation was the only option in the available FLICA4 version. It over-predicts the values of heat transfer coefficients for such flow conditions as it is derived for moderate flow velocity, where there is no suppression of nucleate boiling. The Chen superposition correlation calculates separately the heat transfer coefficients due to forced convection and vapor generation and adds them together: hchen = hfc + hnb. The forced convection term contains a factor Fchen used to account for the enhanced forced convection caused by bubble formation and departure. For sub-cooled nucleate boiling Fchen = 1. The second term contains a suppression factor Schen for forced convective boiling at high velocities where the boundary layer is small and temperature gradients are steep.
In CTF, in addition to the overall heat transfer from the wall to the liquid, the near-wall condensation heat transfer is also taken into account (Salko and Avramova, 2016). The net condensation heat flux is calculated as qcond = qhn - qspl. Here qhn is the heat flux into the liquid considering the condensation of all near-wall bubbles, calculated by the Hancox-Nicoll correlation (Hancox and Nicoll, 1971), and the wall heat transfer to single-phase liquid qspl is obtained by the Dittus Boelter equation (Dittus and Boelter, 1930) with the subcooled liquid properties used in the equation.
A number of modifications of the Chen correlation have been proposed by different authors, mostly by refining the Schen parameter to extend the application range to high heat fluxes and high mass fluxes, see for example, the discussion in (Yan et al., 2015). For rod bundles, the Chen-like and other recent nucleate boiling models are yet to be verified.
Figure 4b shows the CTF computed hottest sub-channel vs. bundle averaged sub-channel solutions for the assembly void fraction. The results illustrate the impact of the higher resolution on the assessment of local TH parameters.
3.1.3 Single assembly vs. mini-core sub-channel solutions
Comparisons of single-assembly and multi-assembly sub-channel solutions for strongly disturbed cores in reactivity transients show that taking into account the environment of the considered assembly is important for the accurate assessment of the local core safety parameters. A computationally efficient way to do this is the solution of mini-core TH problems, extracted from a preceding full-core nodal N/TH calculation.
In the present study, a VVER mini-core of 7 assemblies consisting of the hottest assembly and the surrounding 6 assemblies, as shown in Figure 2b, is considered. A postulated VVER-1000 MSLB accident with 8 stuck rods after scram is assumed, as summarized in Section 3.3 below. The core conditions correspond to the highest return to power after scram. Single hot assembly and mini-core boundary condition (BC) problems are solved with pre-calculated assembly-wise TH BCs and assembly-wise power and axial power distributions as obtained from the full-core nodal solution (see Figure 5a). The axial and radial power distributions are obtained from a coupled COBAYA/CTF transient solution at the nodal level (Mitkov et al., 2018; Mitkov et al., 2021). In this calculation, the radial pin power distribution is approximately taken as at HFP.
[image: ]FIGURE 5 | CTF channel and sub-channel results. (a) COBAYA/CTF nodal-level computed assembly-wise axial power distributions at peak core power. (b) CTF computed vapor void fraction in the hottest sub-channel of a single hot assembly vs. the hot assembly in a mini-core of 7 assemblies. (c) CTF computed DNBR for the hottest pin in a single hot assembly vs. the hot assembly in a mini-core of 7 assemblies.Figures 5b, c below illustrate a comparison of local core parameters obtained from CTF sub-channel TH solutions of single hot assembly vs. 7-assembly mini-core BC problem. The results show more conservative values of the local core safety parameters when the assembly environment is considered.
A more accurate approach would be a further development to solve a coupled pin-cell multi-physics boundary condition problem for the mini-core considered, with lateral assembly boundary conditions extracted from the nodal core solution.
3.2 Test results for the TVSA-T5 experiments
Best estimate codes become more useful where inaccuracies in modelling or numerical errors in result calculations are pointed out. This can be done by combining the best estimate codes with uncertainty analysis. Best Estimate Plus Uncertainty (BEPU) is a procedure to evaluate uncertainties by quantifying the errors in resulting calculations. Under this framework, CTF was coupled with the statistical analysis tool Dakota to predict the uncertainties in outlet coolant temperatures at each sub-channel by propagating the uncertainties in inlet and boundary conditions for a VVER-type experimental facility consisting of 19 fuel rods. Dakota (Adams, et al., 2014) developed by Sandia National Laboratories (SNL), is a software used for optimization and uncertainty quantification using sampling or stochastic expansion methods.
3.2.1 Description of the TVSA-T5 experiments
The coupling of CTF and Dakota was done for the specific application of developing the necessary uncertainty propagation framework for the experimental setup used in Exercise II 3 (6a/6b) of the OECD/NEA Uncertainty Analysis in Modeling (UAM) Light Water Reactor (LWR) Benchmark Phase II (Hou, et al., 2022).
The TVSA-T5 experimental facility was utilized to analyze the local temperature distribution of coolant within fuel rod cells in a scaled-down VVER-type fuel assembly with 19 heated rods. Stainless steel tubes heated by electrical power were used to simulate the heat production of nuclear fuel rods. Experiments were carried out at various inlet coolant temperatures, input powers, pressures and flowrates with measurements taken of coolant temperature at different radial positions at the assembly outlet. The set of conditions selected for testing the developed Dakota/CTF coupling and the experiment coolant temperatures measured at various sensor locations are provided in Table 2, respectively.
TABLE 2 | Test case: experimental conditions and measured temperatures.	Pressure, (MPa)	Inlet temperature, (°С)	Mass flowrate, (kg/s)	Power, (kW)
	Test Case: Experimental Conditions
	15.71	149.9	1.824	1196.6


	Sensor position	Outlet temperature, (°С)	Sensor position	Outlet temperature, (°С)
	Test Case: Measured Outlet Coolant Temperatures
	1	281.8	11	280.8
	2	295.2	12	302.4
	3	270.9	13	303.5
	4	282.4	14	303.2
	5	278.1	15	292.4
	6	277.3	16	291.1
	7	305.1	17	278.8
	8	306.7	18	284.8
	9	297.5	19	288.3
	10	298.7	20	299.5


Figure 6a shows the location of rods and temperature sensors. The geometric specifications and axial positions of the spacer and support grids are provided in Figure 6b. The heated length of the experiment is 3000 mm, with spacer grids equally spaced over the axial assembly height.
[image: ]FIGURE 6 | (a) Radial visualization of TBCA-T5 temperature sensor locations; (b) TVSA-T5 geometric characteristics and axial view of spacer and support grids.The input radial pin power distribution for the test case is given in Table 3, with numbering corresponding to the positions indicated in Figure 6a. The axial power distribution is uniform over the heated length. The total flow area, wetted perimeter, and heated perimeter are also summarized in Table 3.
TABLE 3 | Test case parameters.	Pin number	Relative power
	Test case: radial power distribution
	1	0.688
	2	1.402
	3	0.682
	4	0.670
	5	1.402
	6	1.352
	7	1.352
	8	0.695
	9	0.676
	10	0.670
	11	0.665
	12	0.670
	13	0.676
	14	0.695
	15	1.352
	16	1.341
	17	1.318
	18	1.341
	19	1.352


	Flow area (mm2)	Wetted perimeter (mm)	Heated perimeter (mm)
	TVSA-T5 assembly specifications
	1637.5	742.7	543.2


Preliminary assessments were carried out to demonstrate Dakota/CTF’s capability to propagate uncertainty in input parameters to the coolant temperature at the exit of the assembly outlet. This study investigated the sensitivity to inlet and boundary conditions such as flow rate, inlet coolant temperature, pin power distribution, and system pressure.
3.2.2 Uncertainty analysis framework
The data provided from the experiments at the TVSA-T5 facility were sufficient to generate a model to study nominal steady-state operating conditions. However, the experimental and measurement input uncertainties associated with the data were not finalized at the time of this analysis due to ongoing benchmark specifications development. Instead, variations in core boundary conditions and manufacturing uncertainties available in the UAM Benchmark Phase II (Hou Jason Benchmark for Uncertainty Analysis in Modelling for Design, 2019) for VVER bundle thermal-hydraulics were employed as input uncertainties to demonstrate the methodology and the developed Dakota/CTF implementation.
Table 4 shows the input distributions that were sampled for the inlet and the boundary conditions, and their probability distribution functions, which are bounded in three standard deviations (±3σ). Single values of the system pressure, flow rate, and inlet temperature are sampled for each run. The radial power distribution sampling is performed by considering each rod separately (19 samples per run). Due to CTF requirements that the average relative radial power is equal to 1.0, a script was written to process sampled powers and normalize these before providing these radial powers to CTF.
TABLE 4 | Uncertainties in inlet and boundary conditions.	Parameter	Bounds (±3 σ)	PDF
	Uncertainties in Inlet and Boundary Conditions
	System pressure (%)	±2.0	Normal
	Flow rate (%)	±4.5	Normal
	Inlet fluid temperature (K)	±2.0	Uniform
	Power distribution (%)	±3.0	Normal
	Uncertainties in Geometry
	Rod displacement (mm)	±0.45	Normal
	Rod diameter (mm)	±0.10	Normal


Uncertainties in rod geometry due to manufacturing variations were also considered. Considering these uncertainties in all rod geometries and their individual relative displacements would require many trials to acquire significant results. In this exercise, the displacement of only a single rod and the variation of its outer diameter are sampled, as is assumed for UAM exercises. A corner rod was chosen for uncertainty analysis regarding the displacement and rod diameter since the surrounding sub-channels have different geometries. The applied geometric uncertainties are provided in Table 4, noting that the angle of displacement is also sampled (from a uniform distribution). It is important to propagate the uncertainties to sub-channel inputs such as flow area, wetted perimeter, gap length, and gap width. Because these values are necessary for the CTF input and derived from sampled values of the rod displacement and diameter, a script was written to evaluate these after the sampling of uncertain parameters.
CTF and Dakota were coupled utilizing the black-box interfacing capability of Dakota with supporting Shell scripts to facilitate execution of scripts for intermediate calculations, CTF input generation, CTF execution, and results extraction. The files created to facilitate coupling are as follows.
	1. Driver.sh: The primary Shell script that fills input templates, interfaces to other scripts and CTF for execution from Dakota.
	2. Process_hdf5.py: Python script utilizing the CTF-SubKit tools to extract quantities of interest (QOIs) from CTF’s HDF5 output.
	3. Renormal.f95: Performs the normalization of the perturbed radial power distribution for each sampled set to maintain the average relative radial power distribution at 1.0 after perturbation (requirement for CTF).
	4. Rod-disp.f95: Calculates the flow area, wetted perimeter, gap length, and gap width for sub-channels near the displaced rod, considering displacement direction and magnitude as well as changes to the rod diameter.
	5. CTF input templates: Several partial CTF inputs correspond to the parts of the CTF input that do not rely on the intermediate calculations of sub-channel/rod parameters. Together with the outputs of renormal.f95 and rod-disp.f95, this is combined to make the full CTF input for each set of sampled parameters.

The workflow between CTF and Dakota is illustrated in Figure 7 where input uncertainties and their distributions were supplied in the Dakota input to be used for sampling input parameters. Each Dakota-sampled parameter set is sent to the driver Shell script, which fills the CTF input templates and runs intermediate calculation scripts before compiling the CTF input. CTF is then executed via Shell script. The coolant temperature at the outlet of the assembly for the given positions of the thermocouples in the experiment, the quantities of interest (QOI) in this analysis, were sent to Dakota from CTF’s output for each sample to be summarized for uncertainty analysis by Dakota.
[image: ]FIGURE 7 | Dakota/CTF coupling flowchart.This study considers random sampling of input uncertainties for the uncertainty propagation to QOI responses. Random sampling can be done in different ways in Dakota, via Monte Carlo (MC) sampling or Latin Hypercube sampling (LHS). Instead of using MC sampling, this project utilized LHS for the input uncertainties to guarantee coverage of the range of the sample space for the given probability distribution, which also reaches the same precision of the MC sampling but with a smaller cost in sample size.
3.2.3 Sensitivity and uncertainty results
The inlet temperature, flow rate, system pressure, rod displacement (magnitude and direction), rod diameter, and individual relative powers for each of 19 rods are sampled in each of 2000 runs. The effect of each input parameter on the responses (outlet coolant temperatures at specified thermocouple locations) was investigated. Dakota provides asynchronous execution to run multiple evaluations simultaneously. For this case, 50 simultaneous evaluations were run in parallel for the 2000 sample sets. This sample size was found to produce 95% confidence intervals with a relative difference between upper and lower confidence intervals of less than 0.1% in the mean and approximately 6% in the standard deviation of considered output uncertainties.
In addition to providing uncertainty estimates for the outputs based on QOI result data, this random sampling also gives important information regarding sensitivity, summarized by correlation coefficients. Pearson and Spearman correlation metrics are utilized to evaluate the impact of the uncertainties in the input parameter on the QOIs. The Pearson and Spearman correlations are calculated based on Equation 4 where xi and yi are the input sample and the corresponding response, while the x¯ and y¯ are the mean values. Pearson uses raw data while Spearman employs the rank data.
corrx,y=∑ixi−x¯yi−y¯∑ixi−x¯2∑iyi−y¯2 (4)
The Pearson correlation is related to how linearly correlated the input and output are, while the Spearman correlation measures how the input and output are monotonically related. The Spearman rank correlation removes some effects due to outliers and differences in scale. Partial correlation coefficients can be used to isolate the effects of interdependent variables. Although it is recommended that Spearman correlation be used due to its ability to assess correlation based on non-linear relationships, the correlation between the various input parameters and the outlet coolant temperatures is obtained using both Spearman and Pearson metrics.
3.2.3.1 Inlet and boundary condition sensitivities
The correlations between the outlet coolant temperatures corresponding to changes in the inlet coolant temperatures and the flow rate are shown in Figure 8a, b, respectively (note the scale of the axes). Besides, observing that the Pearson and Spearman correlations are close to each other, the outlet coolant temperature is strongly sensitive to uncertainties in both input parameters. As expected, the hottest sub-channels are slightly less sensitive to the inlet temperatures since they are next to rods with high-power generation. However, there is a strong positive correlation in all channels between the inlet and outlet coolant temperatures. Conversely, the coolant flow rate has a strong negative correlation to the outlet coolant temperature. The system pressure is found to have only a small positive correlation to coolant outlet temperatures, as shown in Figure 8c. Apparent differences observed in this figure between the two correlation methods may be attributed to the scale of comparison; relative to the possible sensitivity ranging −1 to 1, they are close to one another.
[image: ]FIGURE 8 | Correlations between boundary conditions. (a) Correlations between inlet and outlet coolant temperatures. (b) Correlations between flow rate and outlet coolant temperatures. (c) Correlation between pressure and outlet temperatures.Figure 9a shows selected results from the relative power distribution for relative rod power adjustments made in rod #1 (numbering of rods is from left to right, bottom to top of geometry). Though the analysis includes all rods, rod #1 is selected for representative demonstration. The correlation coefficients in all cases are relatively small, however, some important trends are observed. In general, the correlations are positive for nearby detector locations. For example, detector locations #8, #9, and #10 are adjacent to rod #1, which results in a positive correlation between them. Negative correlations to distant detector locations are also observed due to the normalization process, which maintains the average relative power at 1.0. Detector locations #7 and #20 are adjacent to subchannels that are correlated positively with power changes in Rod #1. The Pearson correlation coefficient characterizes the linearity of the data, while the Spearman correlation coefficient considers whether the data has a monotonic trend. These detector locations experience dynamic responses in temperature due to their dependence on competing effects of perturbed heating of rod #1 through the adjacent subchannels and opposite changes to heating in other rods due to normalization. This results in less monotonic behavior than other detector locations, leading to a difference in Pearson and Spearman coefficient signs.
[image: ]FIGURE 9 | Correlations between rod #1 parameters and outlet coolant temperatures. (a) Correlation between relative rod power (rod #1) and outlet temperatures. (b) Correlation between displacement (rod #1) and outlet coolant temperatures. (c) Correlation between diameter (rod #1) and outlet coolant temperatures.3.2.3.2 Manufacturing uncertainties
The correlation coefficients relating to geometrical uncertainties are provided in Figures 9b, c. Rod displacement has only a small effect on outlet coolant temperatures, mossly near the displaced rod (#1). Due to the displacement of the rod, changes in sub-channel mixing may result in varied behavior near the displaced rod, which results in non-monotonic behavior. The temperatures at the channels around the rod, which are affected by rod diameter uncertainty (rod #1) are positively correlated to diameter changes of the rod. This indicates that if the rod is wider than the other rods, the flow areas in the adjacent sub-channels are smaller than in the other ones, which causes the relative temperature to rise due to reduced cooling. In similar ways, a larger surface area would also convey more heat from the rod surface to the adjacent coolant. The different trends shown by the Spearman and Pearson approaches seen in Figure 9c can be attributed to non-linearity considered by Pearson, especially at the farthest detector locations, such as locations #3, # 4, #5, #6, and #11. However, these effects are relatively small in scale and can be considered negligible.
3.2.3.3 Output uncertainty distributions
Table 5 summarizes the uncertainty estimates obtained by the analysis of output responses of outlet coolant temperatures for the given measurement locations. The mean values correspond roughly to the power profile, having higher outlet temperatures at locations in the southwest portion of the assembly. Skewness is relatively low; however, significant kurtosis is observed. The kurtosis indicates a flatter-than-normal distribution in the outputs, which may occur because of the uniform distribution sampled for the inlet temperature distribution.
TABLE 5 | Outlet coolant temperature uncertainty estimates.	Outlet coolant temperatures	Mean	Std Dev	Skewness	Kurtosis
	Location 1	2.887E+02	2.248E+00	1.630E-02	−2.954E-01
	Location 2	2.944E+02	2.263E+00	1.300E-02	−2.681E-01
	Location 3	2.795E+02	2.211E+00	1.917E-02	−3.225E-01
	Location 4	2.812E+02	2.218E+00	2.030E-02	−3.160E-01
	Location 5	2.772E+02	2.205E+00	1.828E-02	−3.343E-01
	Location 6	2.772E+02	2.205E+00	1.892E-02	−3.311E-01
	Location 7	2.991E+02	2.264E+00	1.202E-02	−2.643E-01
	Location 8	2.988E+02	2.264E+00	1.562E-02	−2.631E-01
	Location 9	2.988E+02	2.274E+00	7.846E-03	−2.510E-01
	  Location 10	2.967E+02	2.266E+00	1.253E-02	−2.573E-01
	  Location 11	2.846E+02	2.230E+00	2.271E-02	−3.022E-01
	  Location 12	2.906E+02	2.250E+00	1.694E-02	−2.850E-01
	  Location 13	2.960E+02	2.265E+00	1.479E-02	−2.726E-01
	  Location 14	2.987E+02	2.268E+00	1.219E-02	−2.655E-01
	  Location 15	2.968E+02	2.267E+00	1.234E-02	−2.670E-01
	  Location 16	2.856E+02	2.238E+00	1.836E-02	−3.039E-01
	  Location 17	2.859E+02	2.240E+00	2.075E-02	−2.949E-01
	  Location 18	2.811E+02	2.220E+00	2.048E-02	−3.082E-01
	  Location 19	2.846E+02	2.232E+00	2.213E-02	−2.950E-01
	  Location 20	2.906E+02	2.253E+00	1.538E-02	−2.758E-01


4 MULTI-PHYSICS APPLICATIONS
4.1 COBAYA/CTF coupling
The CTF code version has been coupled with the COBAYA core physics simulator developed at the Technical University of Madrid, Spain (Lozano et al., 2008; Lozano et al., 2010). The results obtained with the coupled code COBAYA4/CTF have been compared both with the available measured data as well as with the predictions of COBAYA3/FLICA4 coupled codes. The COBAYA3/FLICA4 coupling (Jimenez, 2009) for hexagonal assemblies is based on the coupling functions in Salome 5 (Chanaron et al., 2015) supplemented by FLICA4 routines. The COBAYA4/CTF coupling (García-Herranz et al., 2017) is based on the MED Coupling libraries in Salome 6 (www.salome-platform.org). The Python script for coupled calculation includes a damping scheme to smooth the power profile and accelerate the convergence. The power at the current time-step (n) is expressed as 0.6*P (tn-1)+0.4*P (tn) (COBAYA team, 2015).
4.1.1 COBAYA/CTF solution vs. Kozloduy-6 steady state plant data
A steady-state COBAYA/CTF solution (Mitkov, 2022) for the radial core power distribution has been compared with plant data for Kozloduy-6 Cycle 8, 270.4 EFPD, at 91% core power. The core is near the end of the cycle and contains once, twice, and three times burnt assemblies. The code coupling is at the nodal/assembly-channel level. The comparison makes part of the experimental validation of the coupled COBAYA/CTF solution along with the 2-group diffusion multi-parameter cross-section library.
The solution has been obtained with a multi-parameter cross-section library in compact NEMTAB format and with some simplifications, as generated for VVER-1000 MSLB benchmarking purposes with portability considerations. The discontinuity factors are implicit, and the reflector parameters are obtained from a 1D model.
Figure 10 shows the comparison of the computed relative assembly powers vs. plant data. The computed keff = 0.99502 which deviates from 1 by 498 pcm. The average absolute deviation in assembly powers is 2.07%, and the max deviation is within the 5% error tolerance of the core monitoring system data. The agreement with the reference is considered to be acceptable in view of the quality of the core monitoring system data and the 1D reflector data in the cross-section library.
[image: ]FIGURE 10 | Comparison of COBAYA/CTF computed vs. Kozloduy-6 plant data for the relative assembly powers (δ in %).4.1.2 OECD NEA VVER-1000 MSLB benchmark (V1000CT-2) solutions
A detailed description of the MSLB test problem is given in the benchmark specifications (Kolev et al., 2006). The reference core is a real Kozloduy-6, Cycle 8, 3-year batch core at 270.4 EFPD. The core contains once, twice, and three times burnt UO2 fuel of initial enrichment 4.23 w/o and 4.4 w/o. The plant transient is initiated at hot full power by a large guillotine-type break of steam line #4 outside the containment, upstream of the steam intercept valve. The steam generator feed-water valve in the faulted loop fails to close on the MSLB signal and remains open. The main coolant pump in the faulted loop fails to trip on the MSLB signal, and all pumps remain in operation. Two peripheral control rod clusters remain stuck out of the core after the scram. The steam generator in the faulted loop continues uncontrolled cooling till the complete evaporation of the secondary water. A cooler sector is formed at the core inlet, with overcooling of up to 80°C.
In this study, we present results from cross-verification by code-to-code comparison of COBAYA/CTF vs. COBAYA/FLICA4 nodal solutions of the core boundary condition problem (see Figures 11a–c). The core TH boundary conditions have been obtained from a validated CATHARE2.5 multi-1D 24-sector reactor vessel TH solution (Spasov et al., 2010; Spasov et al., 2017), using the reactor vessel boundary conditions from the VVER-1000 MSLB benchmark specifications (Kolev et al., 2006). This calculation used a multi-parameter two-group diffusion cross-section library generated by (Petrov et al., 2015) with the APOLLO2 Linear Surface MOC (Santandrea et al., 2008; Sanchez, 2010). For better code testing with higher return to power after scram, a modified option of the cross-section library has been generated by artificially reducing the control rod absorption cross-sections in the library so that the scram worth is reduced by about 50%. With this library, the computed return to power due to the combined action of feedback effects and the contribution of the delayed neutrons reaches 67% of the nominal rated power.
[image: ]FIGURE 11 | NEA VVER-1000 MSLB benchmark – (a) Core BC problem: Computed time history of the total core power; (b) Dynamic reactivity as computed from the 3D solutions; (c) Dynamic reactivity as computed from the 3D solutions.The full-core nodal/assembly-channel results of COBAYA/CTF and COBAYA/FLICA4 show good agreement. The small bias is attributed mainly to the different core mixing models in CTF and FLICA4.
The FLICA4 results are obtained with a fully 3D flow model and 3D calculation of the local gradient-driven inter-assembly mixing, but without any turbulence model (turbulence is included in more recent FLICA versions). For hexagonal assemblies, CTF uses a quasi-3D calculation scheme for hexagonal assemblies to obtain the gradient-driven average mass flux between adjacent assemblies, plus a simple turbulent diffusion model.
The mixing models in the two codes have not been specifically tested vs. reference data. CTF and FLICA4 single assembly and full-core calculation models, including their single-phase flow mixing models, have been tested against available measured data for the pressure drop and temperature rise over the heated length (see Table 1). Table 1 illustrates the coarse-mesh CTF and FLICA4 computed results for the core pressure drop as compared with reference data. For both models, the agreement is very good, and the CTF results are a little closer to the reference. The same trend is seen in the sub-channel single-phase calculation results shown in Table 1.
To assess the differences between the predictions of two models, a core mixing numerical experiment at HZP was performed with FLICA4 vs. CTF to simulate the propagation of a VVER core inlet temperature disturbed sector to the core outlet. The disturbance was ΔT = −61.15 K over 1/6 of the core. The FLICA4 results show that the absolute temperature change related to inter-assembly mixing is in the range of 3.0K–4.4K in the sector periphery and 5.9 K in the central assembly. The CTF solution gives mixing-related temperature changes < 3.0 K at the periphery of the disturbed sector (Kolev et al., 2016).
4.1.3 Postulated VVER-1000 MSLB transient with 8 stuck rods
The considered accident scenario is based on an aggravated variant of the pessimistic scenario in the OECD/NEA VVER-1000 MSLB benchmark (V1000CT-2), for the same burnt reference core. In addition to the multiple equipment faults as summarized in Section 4.1.2, eight peripheral control rod clusters–in assembly # 90, 91, 105, 106, 117, 118, 130, 140 are assumed to remain stuck out of the core after scram, all of them in the overcooled sector (marked in beige in Figure 12b). The realistic option of the MSLB cross-section library (Petrov et al., 2015) is used. The scram worth is significantly reduced due to the eight rods stuck out of the core. The task is to solve an MSLB core boundary condition problem using coupled 3D neutronic/thermal-hydraulic codes, given the core thermal-hydraulic boundary conditions as specified for the core-only solution of the V1000CT-2 benchmark.
[image: ]FIGURE 12 | Postulated VVER-1000 MSLB accident with 8 stuck rods: (a) Computed time history of the total core power; (b) COBAYA/CTF computed relative assembly powers; (c) Simulated uncontrolled withdrawal of Kozloduy-6 CR Bank 9 at 2 cm/s - Time history of the total core power.Figure 12a shows the computed time history of the total power. The peak power after scram is app. 37% of the nominal rated power. The results show a very close agreement of the COBAYA/CTF and COBAYA/FLICA4 solutions.
Figure 12b illustrates the radial core power distribution at the time of maximum return to power. The hottest assembly is #104. The assemblies with fully inserted control rods in the core are marked in blue, and the assemblies with stuck rods–in beige. The core power distribution is strongly disturbed. The hottest subset of the core is near the core periphery. There are large 3D flux deformations and gradients, and local multi-physics effects, which are of interest for fine-mesh higher-resolution analysis. Such a CTF sub-channel thermal-hydraulic analysis of the hottest assembly and a 7-assembly mini-core around it is illustrated in Section 3.1.3, Figures 5a–c of the present paper.
4.1.4 Control rod bank withdrawal
Figure 12c illustrates the comparison of COBAYA4/CTF vs. COBAYA3/FLICA4 solutions for the transient core power in the case of postulated complete withdrawal of Rod Bank 9 at 2 cm/s, starting from the fully inserted position at HZP (Spasov et al., 2018). The reference core is burnt, as described for the MSLB transient analysis. The steady state results agree well, and the computed rod bank worth is nearly the same, 1071 pcm vs. 1080 pcm. The transient total power solutions are in good agreement, with only a small bias due to differences in the thermal-hydraulic models.
4.2 CTF coupling with MCNP and Serpent
Two different couplings between the CTF and Monte Carlo neutronics codes have been developed. First, an MCNP/CTF (Kutlu et al., 2022) coupling was programmed with the latest version of CTF available at the time of development. Later, CTF continued to be improved for VVER applications, and CTF was coupled with Serpent 2.2.0. The following sections discuss the two coupling frameworks and differences between coupling approaches and provide results from coupled CTF calculations.
4.2.1 Coupling schemes
A wrapping driver script was developed to facilitate the external coupling between MCNP (Werner, 2017) and CTF to manage the iterative execution of the codes. The driver script controls the execution explicitly using a fixed-point iteration scheme (Kelly, 2017). This code driver provides all necessary intermediate processing of data, performs iteration checks, and contains scripts for the generation of new input files as a method of data transfer. The focus was to implement the capabilities for steady-state analysis; hence, temporal mapping was left for future work. An input generator for MCNP6.2 was incorporated to simplify and automate the writing of input files used in the data exchange process. The preprocessing of MCNP6.2 inputs also provides an opportunity to generate large-scale models while reducing human errors, which may occur during the development of lengthy input files necessary for pin-wise neutronic models.
A spatial mapping process was conducted between coolant-centered sub-channels in CTF and rod-centered cells in MCNP (Bennett, 2015). The coolant density and temperature are calculated by an area-weighted average before sending to MCNP. According to the subchannel numbering in the CTF model, weighting factors are calculated automatically in the geometry preprocessing based on the subchannel areas, which depend on the location of rods and assembly specifications.
Figure 13 shows a sample of the overlayed rod-centered neutronics model over the coolant-centered CTF model. Equations 5–7 calculate the Tcool representing the rod-centered coolant temperature in MCNP while taking into account the locations of the rod and adjacent subchannels. (Kutlu, 2021).
Tcool=w1Tchan_1+w2Tchan_2+w3Tchan_3+w4Tchan_4(5)
Tcool=w1Tchan_1+w2Tchan_2+w3Tchan_3+w4Tchan_4+w5Tchan_5(6)
Tcool=w1Tchan_1+w2Tchan_2+w3Tchan_3+w4Tchan_4+w5Tchan_5+w6Tchan_6(7)
[image: ]FIGURE 13 | Coolant-centered subchannels (blue) vs. Rod-centered cells (red) – left; VVER-1000 assembly model–right.The subchannel temperatures are denoted by Tchan_i that correspond with weight wi to a given MCNP coolant cell. Additional steps are taken for output data processing, including scripts for extracting neutron tallies and normalization to obtain power distribution, and calculating cell-averaged fuel temperatures. A similar spatial mapping approach is also used in Serpent/CTF coupling. Both coupled codes were developed considering one-to-one spatial mapping in the axial direction.
The coupled calculation begins with a CTF run to obtain the initial thermal-hydraulic calculations using a uniform power profile. Once completed, the CTF output is read by SubKit, a module included in the CTF utilization package to extract thermal-hydraulic data of interest. The thermal-hydraulic data are processed and used to construct a new input for MCNP. MCNP is then run to provide pin-wise power distribution based on neutron flux tallies. The first power profile obtained is utilized by CTF as an initial power distribution for the coupled iteration. This initialization approach does not require an initial user-input power or temperature distribution and is using instead a uniform power profile at the start. Once the initialization step is complete, CTF and MCNP are run in sequence, and the thermal-hydraulic and neutronic profiles are exchanged through the generation of new input files at each iteration until user-input convergence criteria are met.
A similar initialization process was implemented in the CTF/Serpent. The same CTF input was run with a uniform power profile to provide an initial temperature distribution for Serpent before the main coupled iterations started. The coupled CTF/Serpent code was also created externally, and the data transfer process was conducted via input and output files. However, there are differences between the coupling methodologies. For instance, Serpent has a separate coupled calculation mode that allows updates to Serpent by a Serpent multi-physics interface. Power information is extracted from the Serpent interface following the lattice and pin locations as described in the input, which simplifies the coupling development by maintaining the full core input description and removing the need to develop a Serpent input generator.
The developed Serpent/CTF coupling considered weighted fuel temperatures described in Equation 8, which were sent by the driving script to the multi-physics interface in order to update Serpent (Leppänen et al., 2015) pin cells for evaluation of Doppler broadened cross sections. This is in contrast to the MCNP/CTF coupling, where the radial temperature distribution within fuel rods was processed with a weighting factor for different radial cells within MCNP fuel rods and calculated as part of the developed MCNP input generation process.
Tcell=0.3Tfc+0.7Tfs(8)
In Equation 8, Tfs and Tfc are the temperatures of the fuel pellet surface and fuel centerline, respectively.
In both coupled codes, the convergence is monitored based on user-defined criteria, ε, given in Equation 9. The coupling scheme compares feedback fields exchanged between the coupled codes, including flux (power profile), temperatures of fuel and coolant, and coolant density from the current iteration, ‘k+1’, to the previous iteration, ‘k’. ‘X’ is the parameter being checked at each iteration, and ‘i’ represents the associated cell, rod, or sub-channel index.
ε≥maxiXik+1−XikXik(9)
The main objective in this work was to apply CTF in multi-physics calculations with different neutronics codes. Modeling the same problem and keeping the modeling approaches as much as possible is essential for a meaningful comparison between the two coupled codes. For this reason, the same VVER-1000 assembly was modelled for demonstration, and the results are compared in the following sections.
4.2.2 VVER-1000 assembly model
A VVER-1000 assembly model was developed based on a burnup calculation benchmark (Löetsch, et al., 2010) to test the code couplings. A TVSA 30AV5 fuel assembly was modeled, consisting of 303 fuel rods with 2.99 w/o enriched UO2, nine fuel rods with burnable poison with 2.4 w/o enriched UO2 and 5% Gd2O3 of mass fraction, 18 guide tubes, and one central instrumental tube as shown in Figure 13. The main specifications for the assembly, including geometry and system parameters, can be found in the benchmark documentation. Assembly power and coolant flow rate were calculated as averages from the system parameters. Reflective boundary conditions were considered radially, while black boundary conditions were used at the bottom and the top of the assembly, following axial reflector regions composed of three layers. The assembly was divided into 13 axial nodes along the active fuel length, and spacer grids were considered at each axial level of the CTF model with a fixed loss coefficient. Spacer grids were not considered in the MCNP or Serpent neutronics models. Two radial nodes are modeled in CTF for the fuel pellets. The axial reflector was modeled in MCNP and Serpent with material information as provided in (Löetsch, et al., 2010), and using the ENDF/B-VII.1 cross-section library. For each MCNP and Serpent simulation/coupled iteration, 300 inactive cycles, 1000 active cycles, and 105 particles per cycle were run.
To test the developed coupled codes, the converged test case solutions were compared. The results obtained for k-eigenvalue were also compared to another coupled code evaluation using the Karlsruhe Institute for Technology (KIT) Serpent2/SUBCHANFLOW coupled code (García, 2020) and also compared to the initial (no burnup) benchmark reference solutions (Löetsch, et al., 2010). Refinement of the code and direct comparison with other coupled code systems is desirable, however, these test cases serve as an initial code-to-code comparison.
4.2.3 Results
The following convergence criteria were used for the test case: ε1 = 5.0 × 10−3 for power; ε2 = 1.0 × 10−3 for coolant temperature, coolant density, and fuel temperature. The convergence was reached after 12 iterations in both coupled codes; convergence of the assessment parameters is presented in Figure 14. Oscillations are observed between some iterations due to successive feedback effects as well as the statistical noise of the stochastic approach used in MCNP and Serpent. However, a sufficiently large number of iterations, as well as the use of the power relaxation methods, ensure convergence.
[image: ]FIGURE 14 | Convergence of coupled calculations with respect to iteration number.The converged VVER-1000 radial pin power distributions obtained by CTF/MCNP and CTF/Serpent are given in Figures 15a, b. Note that the different color sets were used since the power profiles were hardly dissimilar. The relative pin powers are obtained by integrating the power generated axially over the active rod lengths and normalizing to the average pin power. The fuel rods containing Gd2O3 burnable poison and 2.4 w/o enriched UO2 are observed, as expected, to have low pin powers compared with the 2.99 w/o enriched UO2 fuel rods without burnable poison. The 1/3 radial symmetry of the model is well reflected in the resulting radial power distribution.
[image: ]FIGURE 15 | Normalized radial power profiles obtained by (a) CTF/MCNP; (b) CTF/Serpent; (c) Differences in normalized radial pin power estimations obtained by CTF/MCNP and CTF/Serpent (CM-CS).The difference in radial pin power distributions obtained by comparing the CTF/MCNP (CM) and the CTF/Serpent (CS) is shown in Figure 15c. The differences in estimated power profiles can be attributed to the usage of different neutronics solvers. The axial coolant temperature distributions obtained from CTF/MCNP and CTF/Serpent are compared and shown in Figure 16a, having mostly overlap with the same trend. The average coolant temperature was found to be 318 °C at the outlet of the assembly. The difference between the inlet and the outlet ranges from 25 °C to 30 °C.
[image: ]FIGURE 16 | (a) Radially averaged axial coolant temperatures; (b) Normalized axial power profiles.The converged axial power distributions are compared in Figure 16b. The power profiles from both coupled calculations show a tendency to be bottom-peaked. This outcome is expected since the coolant acts as a better moderator in the lower part of the assembly, ascribed to higher coolant density. In spite of the fact that both CTF/MCNP and CTF/Serpent coupled codes used the ENDF/B-VII.1 cross-section library, the axial power profiles are not exactly matched due to the differences in the couplings mentioned formerly, as well as differences in MCNP and Serpent.
Comparisons of eigenvalues evaluated by the converged coupled results are compared to the benchmark (Löetsch, et al., 2010) - and a Serpent2/SUBCHANFLOW result (García, 2020) in Table 6. The k-eigenvalues chosen from the benchmark for this comparison are those calculated at 0 MWd/tU. The k-eigenvalue was obtained from the Serpent2/SUBCHANFLOW coupled calculation after nine iterations. The relative statistical errors of Serpent2/SUBCHANFLOW, CTF4.0/MCNP6.2, and CTF4.3/Serpent2.2.0 are presented in Table 6. 2000 active cycles with 105 particles were run for the Serpent calculation of the coupled Serpent2/SUBCHANFLOW; note that no information was available regarding the cross-section library utilized in this study. Differences from this solution may, partially, be attributed to the use of different libraries in addition to differences in modeling methodologies.
TABLE 6 | Comparison of eigenvalue results.	Code	k-eigenvalue
	CASMO (Löetsch, et al., 2010)	1.13810
	HELIOS (Löetsch, et al., 2010)	1.13816
	NESSEL (Löetsch, et al., 2010)	1.132015
	Serpent2/SUBCHANFLOW (García, 2020)	1.13200 ± 0.00004
	CTF/MCNP	1.13078 ± 0.00006
	CTF/Serpent	1.13621 ± 0.00011


4.3 PARCS/CTF coupling
4.3.1 Coupling scheme
CTF and the neutronic code PARCS are coupled loosely at the reactor core level for multi-physics modelling at K. Picard iteration has been selected for this coupling; acceleration methods are not currently implemented, however, relaxation of the relative tolerance of CTF is applied. In (Delipei, et al., 2022), the CTF/PARCS framework is used to model exercises of LWR-UAM Phase III, which includes the modeling of the TMI-1, a square lattice PWR design, under various core conditions. In this paper, the coupled code is used for a nodal/assembly-wise model of Rostov-2 full core. Rostov-2 is a VVER-1000 type of reactor that is equipped with TVS-2M hexagonal fuel assemblies.
The United States Nuclear Regulatory Commission (U.S. NRC) code PARCS (Downar et al., 2018) is a 3D neutron kinetics code that can solve steady-state and time-dependent multi-group neutron diffusion equations in both Cartesian and hexagonal geometries. PARCS reads burnup-dependent cross-sections in PMAXS format and can conduct pin power reconstruction if group-dependent flux form functions are included in the cross-section libraries. The pin power reconstruction feature of PARCS has not been utilized in the results shown here and is left for future work. GRS, a Rostov-2 benchmark participant, has created cross-section libraries for the Rostov-2 core model in the NEMTAB format (Henry, 2022) and provided them for testing by other participants. These cross-section libraries have been converted into PMAXS format at NCSU and are used for the coupled PARCS/CTF calculations here.
The CTF/PARCS coupling uses a flexible Message Passing Interface (MPI) communication protocol based on a server–client coupling algorithm. The coupling algorithm facilitates the implementation of a loose coupling method without the necessity of heavy modification in the source codes of CTF and PARCS. Figure 17 shows the coupling scheme where CTF acts as the server and PARCS as the client.
[image: ]FIGURE 17 | Coupling scheme of CTF/PARCS.Coupled calculations can be activated via a command line argument in CTF to launch additional MPI processes for client codes, in this case, PARCS. An interface input file needs to be provided so that the information for the client can be launched by the server.
The neutron kinetics coupling class developed in CTF contains protocols to send tagged messages to instruct operations in PARCS, including initializing PARCS, steady-state iteration, depletion step, transient time step, convergence, simulation finalization, and error.
The synchronization of the codes is controlled by MPI standard functions: MPI_SEND and MPI_RECV. The MPI_SEND function is used for writing the outputs/instructions from a buffer. MPI_RECV function is used for reading the corresponding inputs/instructions from the buffer. These MPI send and receive commands result in temporally explicit coupling where one code is performing a calculation while the other code waits for the calculation to finish. Feedback parameters such as fuel temperature, coolant temperature, coolant density, and power are exchanged during each global coupled iteration. Spatial mapping can be done manually by users, or developed auto mapping procedures can be utilized to provide information about the different physical spatial domains. More detailed information regarding the coupling methodology of CTF/PARCS can be found in (Delipei, et al., 2022).
In this work, the PARCS/CTF coupled code is adopted in steady-state mode for the calculation of BOC conditions of the Rostov-2 core.
4.3.2 Full core steady-state VVER model
An OECD/NEA benchmark on Reactivity Compensation of Boron Dilution by Stepwise Insertion of Control Rod Cluster into the VVER-1000 Core (Avramova, et al., 2021) focuses on the comprehensive evaluation and validation of advanced high-fidelity multi-physics simulation codes using transient tests carried out at Unit 2 of the Rostov Nuclear Power Plant (NPP). Rostov-2 is a VVER-1000 type of reactor that is equipped with TVS-2M fuel assemblies and operates on an 18-month fuel cycle.
The benchmark encourages the participants to compare the performance of traditional and high-fidelity multi-physics codes for steady-state, burnup, and transient calculations. Data collected at steady-state conditions and during transient testing provides a wide range of parameters, such as reactor power, coolant temperatures, control rod positions, and boron concentrations. These data collections create pivotal opportunities to ensure the accuracy and reliability of simulation codes, such as CTF/PARCS.
The first exercise of the benchmark, after cross-section generation, requests the calculation of the Hot Zero Power (HZP) state of the core to evaluate the cross-section libraries. The HZP conditions are provided in Table 7a.
TABLE 7 | Conditions of rostov-2 core simulations.	Reactor parameter	Units	Value
	a. HZP Conditions of Rostov-2 Core
	Power	%	0.1
	Fuel temperature	°C	279
	Coolant density	g.cm-3	0.766
	Control Rod Groups 1–3 and 5	% withdrawn	100
	Control Rod Group 4	% withdrawn	57.3
	Control Rod Groups 6–10	% withdrawn	0
	Boric acid concentration	g/kg	3.74


	Parameter	Units	Value
	b. BOC conditions of Rostov-2
	Depletion	EFPD	0.0
	Average Core Power	MW	44.4
	Boric Acid Concentration	g/kg	6.5
	Volumetric Flow Rate	m3/hour	87,342.7
	Inlet Temperature	°C	279.8
	Control Rod Groups 1–9	% withdrawn	100
	Control Rod Group 10	% withdrawn	72.9


	Parameter	KIT	NCSU
	c. Code-to-code comparison of SCF/Serpent and CTF/PARCS
	Outlet Core Temperature (°C)	553.425 (K)	553.412 (K)
	keff	0.99787 ± 3.0E-05	0.99996


In the benchmark, the operational history from the Beginning of Cycle (BOC) to the initial state before the experiment is provided, and it is suggested to start the transient from an averaged total core burnup of 36.37 effective full power days (EFPD). Therefore, the first step is to model and test the VVER full core for HZP and BOC conditions, which is used here for verification and validation of the CTF/PARCS coupled code. The BOC conditions are given in Table 7b.
4.3.3 Results
CTF and PARCS inputs were prepared assembly-wise, where each assembly corresponds to a channel in CTF. The TPEN solution method was chosen for PARCS, which is suitable for triangular lattice geometry. Two mapping tables were prepared manually, which were read and utilized to calculate weighted averages of contributing channels to corresponding nodes. The weighting factors in the mapping tables are normalized to 1.0. The Doppler temperature required by PARCS is obtained by using the weighting factors 0.7 and 0.3 for surface and fuel centerline temperatures, once received from CTF, respectively. The coupling interface then reassigns power profiles in CTF after obtaining the power information from PARCS.
From HZP calculation of PARCS/CTF, boric acid concentration was found to be 3.7 g/kg, while CER, a participant of Rostov-2 benchmarks, computed boric acid concentration 3.8 g/kg using a standalone neutronics diffusion code KIKO3DMG. Two results were considered in agreement. For the BOC condition model of Rostov-2, Figure 18a shows the convergence of keff over 19 global coupled iterations.
[image: ]FIGURE 18 | (a) Eigenvalue Convergence during coupled CTF/PARCS calculation for BOC; (b) Axial Core Coolant Temperature Distribution of Rostov-2 core at BOC conditions with fresh fuel; (c) Axial Power Profile of Rostov-2 core at BOC conditions with fresh fuel.The computed axial core coolant temperature distribution and normalized axial core power profile of the coupled steady state are provided in Figures 18b, c, respectively, where 30 equidistant nodes were modelled in both PARCS and CTF. The coolant temperature shows changes of less than a degree due to the low core power level, while the power distribution follows a cosine shape, which is negligibly bottom peaked. Keep in mind that these results are obtained by modelling 44.4 MW core power in fresh fuel.
Table 7 shows the core outlet temperature and keff comparisons between SCF/Serpent (Beydogan, 2023) and PARCS/CTF for BOC calculations are found to be in good agreement.
5 CONCLUSIONS
Coarse-mesh and sub-channel thermal-hydraulic models of VVER-1000 assemblies and the full-core were tested against measured data for the pressure drop and temperature rise, as well as code-to-code vs. FLICA4 solutions. The CTF results agree well with the reference data.
In a preliminary study, CTF vs. FLICA4 sub-channel results for the vapor void fraction in the sub-cooled region of a VVER assembly were compared for illustration. The test case was the LWR UAM Phase II: Case III-3b. CTF used the Chen nucleate boiling model, and FLICA4 used the Jens-Lottes model. In this case, the FLICA4 solution cannot be used as a conditional reference since the Chen correlation is better suited to the flow conditions given. There is a need for further verification of the available and potential new sub-cooled boiling models in CTF for VVER rod bundles.
Coupled COBAYA/CTF vs. COBAYA/FLICA4 full-core nodal solutions were compared for cross-verification. The test cases were a core boundary condition problem of the NEA VVER-1000 MSLB Benchmark (V1000CT-2) and a control rod bank withdrawal test problem. The results are in good agreement, with slight differences attributed mainly to the different flow mixing models.
The impact of the inter-assembly mixing in CTF sub-channel simulations was studied by comparison of a single hot-assembly calculation vs. a 7-assembly mini-core calculation. The assembly powers and boundary conditions were extracted from a full-core nodal calculation of a postulated MSLB accident with 8 stuck control rods. The results show more conservative predictions of the local core safety parameters when the assembly environment is taken into account.
The steady-state VVER-1000 full core was modeled in the latest version of CTF to test the new pre- and post-processing options embedded in CTF. Another study done by CTF for single physics thermal-hydraulics calculation coupled it with the sensitivity and uncertainty tool Dakota to apply to a steady state VVER-like mini assembly model consisting of 19 rods. The coupling of CTF and Dakota was utilized as an uncertainty propagation framework for a model based on a steady state using the experimental setup planned for use in Exercise II-3 (6a/6b) of the OECD/NEA UAM LWR Benchmark Phase II. Uncertainties in inlet temperature, flow rate, pressure, power distribution, and geometry were propagated to outlet coolant temperature for the TBSA-T5 VVER-type experimental bundle case. The focus was to demonstrate the methodology and the CTF/Dakota coupling setup for use in uncertainty analysis. The preliminary results met expectations, and once experimental uncertainties are finalized in the benchmark specifications, the coupling will be used to evaluate uncertainties for various experimental conditions.
MCNP/CTF (Kutlu et al., 2022) and Serpent/CTF were coupled externally to provide a high-fidelity multi-physics tool for hexagonal geometry light water reactor designs, and the initial steady-state multi-physics capabilities of CTF were demonstrated. The coupled codes are managed via wrapping driver scripts, which process spatial mapping and other necessary steps to facilitate the exchange of thermal-hydraulics and neutronics data between MCNP and CTF or Serpent and CTF. The results of a VVER-1000 assembly model calculation were in good agreement with expectations and the reference cases. At present, both coupled codes have only been applied to assembly-scale models. The next step for future work may be to expand and optimize the coupled calculations to tackle full core pin-by-pin simulations. The MCNP and CTF preprocessors integrated in the couplings may be extended to generate full core inputs to enable this functionality.
To decrease the simulation time, introducing a domain decomposition method to simulate full core VVER models on a distributed architecture or reconfiguration to an internal coupling may be necessary. Future work may further include additional developments to extend the scope of the Serpent/CTF coupled code due to the usefulness of the Serpent multi-physics interface. The multi-physics tool can be further optimized and expanded for both cycle depletion and transient applications for pin-level full core calculations.
The focus of this paper is to summarize the cooperation activities between NCSU and the Institute for Nuclear Research and Energy (INRNE), Bulgarian Academy of Sciences, on model improvements, verification and validation, and uncertainty analysis of CTF for triangular/hexagonal lattice calculations in VVER applications. Pure thermal-hydraulic (single physics) as well as multi-physics developments and benchmarking at the nodal/channel and pin/sub-channel level have been discussed. Based on the results described in this paper, users will be confident of applying CTF to VVER design and safety analyses.
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