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In recent decades, there have been numerous efforts to enhance the reliability of 

safety margin by addressing the operational and design challenges through high-

fidelity simulation. Especially the operational issues, which can limit the 

performance of a reactor, such as axial offset anomaly (AOA) and safety-related 

issues such as integrity of cladding during an accident, are being considered as 

primary subjects of the simulation. High-fidelity reactor core simulation for those 

challenging problems requires advanced modeling to achieve high-resolution for 

local phenomena. Furthermore, the coupling of each physics such as thermal-

hydraulics, neutronics, and fuel performance is inevitable since those are inter-

related in the phenomena that occurred in nuclear reactors. In this context, the 

researches for developing a high-fidelity multi-physics analysis tool have been 

progressed in various institutes, for instance, VERA (Virtual Environment for 

Reactor Applications) in CASL (Consortium for Advanced Simulation of LWRs). 
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For a thermal-hydraulic analysis tool, a subchannel analysis code has been 

widely used due to its applicability and reliability. Using a two-phase thermal-

hydraulic analysis code, CUPID, the study to improve the subchannel scale analysis 

capability of CUPID was conducted in the previous study. In addition, the 

improvement of the models and code validation against rod-bundle experiments 

have been consistently progressed. In the present study, using the subchannel 

analysis capability of CUPID, a multi-physics simulation for the reactor core was 

conducted by coupling with a whole core neutron transport code, nTER. Therefore, 

the objective of this study is to establish the coupled CUPID/nTER reactor core 

simulator to deal with operational challenges and to validate the capability of the 

coupled code system. 

CUPID and nTER were externally coupled through an interface server program. 

In the process of the simulation, CUPID provided the subchannel scale coolant 

temperature, density, temperatures at the pellet centerline, pellet surface, and 

cladding, while nTER transferred the pin-wise relative power and fuel burnup. 

These coupling variables were exchanged through the developed interface server 

program using socket communication. In addition, the server program carried out 

data mapping to consider the difference in reactor core grid configuration between 

two codes. The simulation was conducted using the Picard iteration between 

CUPID and nTER. When the converged solution is obtained in nTER, the whole 

simulation is terminated. 

To demonstrate the application of the coupled code system, the Beginning-of-

Cycle (BOC) simulations for operational reactors such as Shin-Kori Unit 3 (APR-

1400) and Shin-Kori Unit 1 (OPR-1000) were conducted. As a result of the 

simulation, the steady-state parameters such as coolant properties, fuel rod 
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temperatures, DNBR, pin power, and critical boron concentration at BOC were 

obtained. To verify the reliability of the simulation result, minimum DNBR and 

critical boron concentration were compared with FSAR data. 

Afterward, for validation of the coupled code, depletion calculations for the first 

fuel cycle were conducted against VERA Core Physics Benchmark problem 9 and 

BEAVRS Benchmark. To consider the burnup increase in the depletion calculation, 

the NFI (Nuclear Fuels Industries) model was implemented to consider the 

degradation of urania pellet thermal conductivity. The significant difference in 

pellet centerline temperature was observed after the implementation of the NFI 

model, which showed the influence of fuel burnup on the fuel rod temperature and 

significance of the accuracy of fuel material property correlation. Furthermore, 

preliminary DNBR analysis was performed using W-3 correlation and it was found 

that the minimum DNBR increased along the fuel cycle due to the decrease in the 

maximum local heat flux. 

The validation was carried out through a comparison of calculated boron 

concentration and measured data. In addition, the code-to-code comparison with 

VERA-CS (VERA Core Simulator) was conducted. The CUPID/nTER core 

simulator showed good agreement with the measured data where the average 

absolute error was under 23 ppm for both benchmarks. Compared with VERA-CS, 

the simulation results showed a comparable capability of prediction for critical 

boron. Through the benchmark results, the performance of coupled CUPID/nTER 

code was validated as a reactor core simulator for operational conditions. 
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Chapter 1. Introduction 

 

 

 

1.1 Background 

 

1.1.1 Development of virtual reactor technology 

 

The challenges that occurred in operating nuclear reactors such as Axial Offset 

Anomaly (AOA), which is also known as CRUD-Induced Power Shift (CIPS) and 

Departure from Nucleate Boiling (DNB) are considered as critical issues related to 

the performance and safety of reactors. Especially, AOA is a significant axial power 

distribution deviation from the prediction (Figure 1.1) and it has been observed in 

18 Pressurized Water Reactors (PWRs) in the U.S (EPRI, 2004). When it occurs, 

the plant should reduce the power to approximately 75% to guarantee a shutdown 

margin near the end of the cycle (EPRI, 2004) and it leads to a huge economic loss 

for nuclear power plants. The key factors contributing to the cause of AOA are sub-

cooled nucleate boiling and CRUD depositions at the cladding surface. Therefore, 

to accurately predict the axial offset, the CRUD chemistry, thermal-hydraulics and 

neutronics coupled simulation should be progressed. Furthermore, it is required to 

perform a pin-resolved simulation to accurately capture the localized boron 

distribution (Kendrick, 2012). 

To achieve a high-resolution nuclear reactor simulation, several institutions are 

developing the modern virtual reactor technology of Light Water Reactor (LWR). 

As computing power has increased in recent decades, the massive parallel 
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computing has become possible. Therefore, several physics codes such as thermal-

hydraulic, neutronic, and fuel performance are being integrated for a high-fidelity 

multi-physics simulation of the nuclear reactor. The main goal of the virtual reactor 

technology development is to provide a deeper understanding of the safety margin 

and improve the performance of the nuclear reactor by addressing operational and 

design challenges. 

One of the biggest projects developing high-fidelity multi-physics analysis tool 

is the Consortium for Advanced Simulation of Light Water Reactors (CASL) in the 

US. It was established with a mission to provide advanced physics methods and 

simulation capabilities to improve the performance and lifetime of operating LWRs 

(Godfrey et al., 2015). With this goal, CASL is developing the Virtual Environment 

for Reactor Applications Core Simulator (VERA-CS), which is the steady-state 

nuclear reactor core simulation capability of the VERA. Figure 1.2 illustrates the 

software components in VERA. VERA-CS consists of three main components: 

MPACT neutron transport solver (Collins, 2016), CTF subchannel thermal-

hydraulic solver (Salko et al., 2019), and the ORIGEN nuclide transmutation solver 

(Gauld et al., 2017) (Kochunas et al., 2017). It also has the capability to coupling 

with BISON (Williamson et al., 2012) for fuel performance and MAMBA 

(Kendrick and Short, 2011) for CRUD chemistry. VERA-CS has been successfully 

applied to CIPS simulation for Watts Bar Unit 1 Cycle 7, which is known to had 

significant CRUD deposits and experienced CIPS. As shown in Figure 1.3, VERA-

CS (MPACT/CTF/MAMBA) simulation showed good agreement with measured 

axial offset behavior for the operating reactor. The results indicated that the multi-

physics analysis tool can be used to enhance the understanding of operational 

challenges.  
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1.1.2 High-fidelity reactor core simulation using CUPID 

 

In this study, the CUPID (Component Unstructured Program for Interfacial 

Dynamics) code (KAERI, 2018) was used for a subchannel thermal-hydraulic 

solver in the reactor core simulator. CUPID is KAERI (Korea Atomic Energy 

Research Institute)’s in-house code for 3-dimensional two-phase flow simulation. 

Both CFD and component scale analyses are available depending on the purpose of 

the simulation. To apply the CUPID code for the subchannel scale reactor core 

simulation, the study to improve the subchannel analysis capability of CUPID was 

progressed (Yoon et al., 2018 & Kim, 2018). In the previous study, using the power 

distribution results from nTRACER (Jung, Shim, Lim, & Joo, 2013), CUPID stand-

alone steady-state calculation for APR1400 whole reactor core was conducted as 

shown in Figure 1.4. 

Recently, CUPID has been applied to the multi-scale and multi-physics nuclear 

reactor simulation for the next generation of LWR safety analysis (Yoon et al., 2019). 

Since the CFD scale thermal-hydraulic analysis is still too expensive, subchannel 

scale analysis can be a reasonable choice for multi-physics safety analysis of reactor 

core with practical computing performance. To demonstrate the accident analysis 

capability of CUPID, simulations for a steam line break (SLB) and large break loss 

of coolant accident (LBLOCA) have been performed coupled with neutron 

diffusion code, MASTER (KAERI, 1999) and system analysis code, MARS 

(KAERI, 2004). Figure 1.5 shows the core power and coolant temperature profiles 

from the transient SLB simulation using CUPID/MASTER (Yoon et al., 2019). The 

asymmetric coolant temperature distributions due to the difference in the cold leg 

inlet temperatures led to the asymmetric increase of the core power.  
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Figure 1.1 Example of Axial Offset Anomaly (EPRI, 2004) 

 

. 

 

 

Figure 1.2 Software components of CASL’s VERA (Downar, 2017) 
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Figure 1.3 Watts Bar Unit 1 Cycle 7 axial offset predictions with VERA compared 

with plant measurements (CASL, 2015) 

 

 

 

 

Figure 1.4 APR-1400 whole core simulation results (Kim, 2018) 
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Figure 1.5 CUPID/MASTER SLB simulation results: core power and coolant 

temperature (Yoon et al., 2019) 
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1.2 Objective and Scope 

 

 

 

The objective of this study is to build a reactor core simulator to capture the pin-

by-pin local parameters under steady-state conditions to address operational 

challenges. Therefore, the scope of this study can be divided into two parts: the 

establishment and validation of the core simulator. The coupled code system was 

established using two-phase thermal-hydraulics code, CUPID and neutron transport 

code, nTER to obtain high-fidelity multi-physics solutions for a nuclear reactor 

under operational conditions. Afterward, validation was performed to demonstrate 

the performance of the reactor core simulator against reliable benchmark problems. 

At first, the interface server program was developed for the external coupling 

of CUPID and nTER. The main role of the program is to perform a variable 

exchange between two codes using socket communication. In addition, to consider 

the difference in geometrical modeling between the codes, data mapping is 

progressed for the coolant channel and fuel rod in the server program. After the 

coupled code system is established, steady-state analysis for operational reactors 

was conducted to demonstrate the performance of the simulator for the reactors at 

the beginning of the cycle (BOC). Finally, validation was carried out through the 

depletion calculation against VERA Core Physics Progression Benchmark (Godfrey, 

2014) and BEAVRS Benchmark (Horelik et al., 2018). During the progression of 

the benchmark, to consider the burnup effect on the fuel thermal conductivity, the 

modified NFI model (Ohira and Itagaki, 1997) was implemented into CUPID for 

realistic simulation. Throughout the study, the performance of CUPID/nTER as a 



 

8 

 

high-fidelity reactor core simulator for operational challenges was demonstrated. 

In Chapter 2, the description of each physics code is presented. In addition, 

coupling methodology, including the development of server program and data 

mapping is explained. After that, BOC simulation results for Shin-Kori Unit 3 

(APR-1400) and Shin-Kori Unit 1 (OPR-1000) are provided in Chapter 3. The 

detailed modeling and numerical conditions are presented for each problem. The 

simulation results include steady-state parameters for coolant, fuel rod, and pin 

power. Besides, the effect of the gap conductance model on fuel rod temperature 

was investigated. The validation results for VERA benchmark problem 9 and 

BEAVRS benchmark are illustrated in Chapter 4. Steady-state parameters at each 

state-point were obtained and validation was performed by comparing the 

calculated critical boron with the measured data. In addition, a code-to-code 

comparison with VERA-CS was conducted. At last, the summary of the study and 

recommendations are given in Chapter 5. 
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Chapter 2. Establishment of Coupled Code 

System 

 

 

 

To build a subchannel thermal-hydraulics and neutron transport coupled reactor 

core simulator for high-fidelity simulation under operation condition, two-phase 

thermal-hydraulic analysis code, CUPID, and whole core neutron transport code, 

nTER were externally coupled. In this chapter, the description of each code and the 

coupling methodology using the server program would be illustrated. 

 

2.1 CUPID 

 

For a subchannel analysis in the coupled code system, the CUPID code was 

employed. The CUPID (Component Unstructured Program for Interfacial 

Dynamics) code is a three-dimensional two-phase thermal-hydraulic analysis code, 

which has been developed by KAERI. It adopts a transient two-fluid, three-field 

approach with closure relations including turbulence model, interfacial area 

concentration transport equation, and boron transport model. In addition, the heat 

conduction equation for heat structures is used to simulate the thermal-hydraulic 

phenomena in the nuclear reactor. 

The equations are discretized using the Finite Volume Method (FVM) for the 

unstructured grid. The CUPID code uses a collocated grid in which both momentum 

and scalar variables are defined at the cell center. For a numerical scheme, two 
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methods, which are energy coupled and decoupled methods, are available 

depending on how the pressure correction matrix is established. In this study, all the 

simulations were performed using the energy coupled method where the pressure 

correction equation is set up by coupling the momentum equations with all the 

scalar equations. 

The CUPID code has the ability for parallel computing by domain 

decomposition, which is carried out using the METIS program (Karypis and Kumar, 

1998). By using METIS, the whole domain is partitioned to have the same number 

of components in each sub-domain as much as possible (equal partition) and the 

number of neighboring domains and components in contact are minimized to reduce 

the data transfer at the interface using MPI communication. 

 

Reactor core analysis capability of CUPID 

 

In the previous studies to extend and improve the subchannel scale thermal-

hydraulic analysis capability of CUPID, models required for subchannel analysis 

such as cross-flow and turbulent mixing model were implemented and the code 

validation was conducted against various experiments (Yoon et al., 2018). 

Afterward, to consider the additional cross flow induced by mixing vane, the grid-

directed cross flow model in CTF (Blyth, 2014) was implemented and the fuel rod 

heat conduction model was improved by introducing a channel-centered scheme in 

rod-bundle geometry (Kim, 2018). 

The fuel rod material properties such as thermal conductivity of urania pellet 

and cladding have been determined using MATPRO-11 as presented in Eq. 2-1 and 

2-2, which is a material property correlation library for LWR accident condition 

analysis (Siefken et al., 2001). In this study, the thermal conductivity correlation for 
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the urania pellet was replaced by the modified NFI model (Ohira and Itagaki, 1997), 

which considers the fuel burnup as well as the temperature. The detailed description 

of the model would be provided in the Chapter. 4. 

Furthermore, a heat transfer through the gap between pellet and cladding was 

considered using the dynamic gap conductance model (Idaho National Engineering 

Laboratory, 1995). The gap conductance through the gas (usually Helium) is 

inversely proportional to the size of the gap as presented in Eq. 2-3. This model 

considers the variation of the gap size in a circumferential position by dividing the 

gap into several segments. When the circumferential averaged width of the gap is 

determined, radial displacements, which are primarily due to thermal expansion of 

the pellet, are considered. 

 

MATPRO-11 correlation 

𝑘𝑈𝑂2
= [

𝐷

1 + (6.5 − 0.00469𝑇′)(1 − 𝐷)
] [

𝐶𝑣

(𝐴 + 𝐵𝑇′′)(1 + 3𝑒𝑡ℎ)
] 

    +5.2997 × 10−3𝑇𝑒−
13358

𝑇 {1 + 0.169 [
13358

𝑇
+ 2]

2

} 

(2-1) 

𝑘𝑧𝑖𝑟𝑐𝑎𝑙𝑜𝑦 = 7.51 + 2.09 × 10−2𝑇 − 1.45 × 10−5𝑇2 + 7.67 × 10−9𝑇3
  (2-2) 

where 

k = thermal conductivity (W/m*K) 

D = fraction of theoretical density 

𝐶𝑣   = phonon contribution to the specific heat at constant volume 

(J/kg*K) 

𝑒𝑡ℎ   = linear strain caused by thermal expansion when the 

temperature is > 300K 



 

12 

 

T = fuel temperature (K) 

𝑇′  = porosity correction temperature 

𝑇′ = 6.50 − 𝑇 ∗ (4.69 × 10−3) for T<1364 

𝑇′ = −1 for T>1834 

found by interpolation for 1364<T<1834 

𝑇′′  = T (T<1800K) 

=2050 (T>2300K) 

found by interpolation for 1800<T<2300 

A = a factor proportional to the point defect contribution to the 

phonon mean free path (m*s/kg*K) 

B = a factor proportional to the phonon-phonon scattering 

contribution to the phonon mean free path (m*s/kg*K) 

 

Dynamic gap conductance model 

ℎ𝑔 =
𝑘𝑔

𝑁
∑ 1 [𝑡𝑛 +⁄ 3.2(𝑅𝐹 + 𝑅𝑐) + (𝑔1 + 𝑔2)]

𝑁

𝑛=1   (2-3) 

where 

ℎ𝑔   = conductance through the gas in the gap (W/𝑚2𝐾) 

N = total number of circumferential segments = 8 

𝑘𝑔   = thermal conductivity of gas (W/m*K) 

𝑡𝑛   = width of fuel-cladding gap at the midpoint of n-th 

circumferential segment (m) 

𝑅𝐹   = surface roughness of the fuel (m) 

𝑅𝑐   = surface roughness of the cladding (m) 

𝑔1, 𝑔2  = temperature jump distance term for fuel and cladding 
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𝑡𝑛 = 𝑡𝑔 + [−1 + (
2𝑛−1

𝑁
)] 𝑡𝑜   (2-4) 

where 

𝑡𝑔   = circumferentially averaged fuel-cladding gap width (m) 

𝑡𝑜   = as-fabricated fuel-cladding gap width (m) 

 

𝑔1 + 𝑔2 =
0.024688𝑘𝑔𝑇𝑔

1/2

𝑃𝑔 ∑ 𝑓𝑖𝑎𝑖𝑖 𝑀𝑖
−1/2   (2-5) 

where 

𝑇𝑔   = temperature of gas in the fuel-cladding gap (K) 

𝑃𝑔   = gas pressure (Pa) 

𝑓𝑖   = mole fractions of the i-th component of gas 

𝑎𝑖   = accommodation coefficient of the i-th component of gas 

𝑎𝐻𝑒 = 0.425 − 2.3 × 10−4𝑇𝑔  (Helium) 

𝑀𝑖  = molecular weight of the i-th component of gas 
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2.2 nTER 

 

nTER (neutron Transport Evaluator for Reactor) is a three-dimensional whole 

core neutron transport code for PWR developed by KAERI with the cooperation of 

KHNP-CRI (Cho et al., 2018). Radial MOC (Method of Characteristics) and axial 

Pn coupled method is introduced for the whole core transport calculation, which is 

a widely used method for a high-fidelity transport solution in DeCART (Joo et al., 

2006) and MPACT (Downar et al., 2016). 

The nTER code has the gamma transport capability, which is important to 

accurately predict the power distribution considering the local energy deposition 

from fission, neutron, and gamma slowing and capture. The gamma-smeared power 

distribution is different from the fission power distribution since the mean free path 

of gamma rays is typically much longer than that of neutron and the portion of 

gamma energy among total energy is about 10% (Kim et al., 2017). Therefore, to 

obtain gamma-smeared power distribution is significant in multi-physics simulation 

with thermal-hydraulic feedback. Besides, nTER code includes various functions 

such as criticality search, branch calculation, and depletion calculation as well as 

an eigenvalue problem for steady-state. One of the most noticeable characteristics 

of nTER is that it is highly parallelized to achieve efficient calculation performance 

for industrial purposes. Furthermore, it achieved an efficient memory use which led 

to an increase in calculation efficiency for MOC ray tracing. 

For a practical application, MPI-based parallel computation is available by 

domain decomposition. The whole domain can be divided into the plane and 

assembly level, which means that the number of processors should be matched with 

that of sub-domains. Therefore, the number of processors used for nTER calculation 
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should be the factors of the number of plane nodes or the multiples of the number 

of fuel assemblies. 

In the present study, to get a neutron transport solution under the normal 

operating condition, criticality was calculated using the boron search option and 

xenon equilibrium condition was used in nTER calculation. 
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2.3 Coupling Methodology 

 

CUPID and nTER were externally coupled using an interface server program. 

During the coupling simulation, Picard iteration (Kelly, 1995) was conducted by 

exchanging coupling variables via the server program, while each code runs 

simultaneously and independently. In addition, data mapping was carried out to 

consider the difference in computational meshes between two codes. 

 

2.3.1 Development of interface server program 

 

The interface server program was developed for coupling between CUPID and 

nTER. The main role of the program is to manage the exchange of coupling 

variables for the Picard iteration between thermal-hydraulics and neutronics solver. 

Picard iteration is one of the fixed-point iteration methods and the iteration is 

progressed until the converged solution is obtained in nTER calculation. This 

method is applicable for external coupling and guarantees the independence of each 

physics code. However, Picard iteration lacks a global convergence and achieves a 

q-linear convergence rate (Kelly, 1995), thus a user-defined relaxation scheme is 

required to achieve convergence. 

The coupling variables for each code are listed in Table 2.1. The data transfer 

between client codes and server program was progressed using TCP/IP socket 

communication. The server and each client code are connected through the 

designated port number, which acts as a channel for network communications. The 

schematic of socket communication between the server and client codes is shown 

in Figure 2.1. 
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When the server program starts, it opens the designated ports where nTER and 

CUPID are expected to be connected. Subsequently, as the socket connections are 

successfully progressed, CUPID and nTER exchange their initial conditions and the 

calculation begins. Since the CUPID code runs as null-transient, the exchange 

frequency for CUPID was set as in the rage of 1.5 seconds to 2.0 seconds in problem 

time, which is the average time range to achieve mass and energy balance between 

core inlet and outlet. Therefore, when both codes complete their calculation, the 

coupling variables are exchanged via the server program. The convergence of the 

whole coupling simulation is determined by nTER and the simulation is terminated 

under the condition that the converged solution is obtained in nTER. The overall 

procedure of coupling simulation in the established code system is illustrated in 

Figure 2.2. 

The code system was developed and the simulations progressed in this study 

were performed on the Linux cluster, which is a SupermicroTM 6018TR-TF cluster 

with two 12-core 2.4-GHz Intel Xenon CPU E5-2680 and 128GB of RAM for each 

node. 
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2.3.2 Data mapping 

 

Since the CUPID and nTER use different rod-bundle modeling, data mapping 

was progressed in the server program while the coupling variables are exchanged. 

Figure 2.3 shows the rod-bundle mesh used in each code and each region discretized 

by black lines represents a spatial mesh where power, temperature, and density may 

be calculated. As shown in the figure, nTER code adopts rod-centered geometry 

where a single rod is surrounded by a single channel. On the other hand, the CUPID 

code uses channel-centered geometry in which there are a subchannel and four 

quarter rods in a single computational mesh. Therefore, considering a channel 

mapping, a single channel in nTER is composed of four different subchannels of 

CUPID. Consequently, when the coupling variables are exchanged, the server 

program receives the coolant properties from CUPID and calculates the average 

value of those subchannels before it is transferred to nTER. 

For fuel rod mapping, CUPID calculates four conduction equations for each fuel 

rod depending on which subchannel it encounters. It leads to four different 

temperature values for each fuel rod, so thus the average temperature is calculated 

for one-to-one mapping with a fuel rod in nTER. Figure 2.4 illustrates the location 

where the coupling variables are defined and the overall coupling scheme used in 

the established reactor core simulator. 
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Table 2.1 Coupling variables in CUPID/nTER 

Code Variables 

CUPID 

Coolant temperature 

Coolant density 

Pellet centerline temperature 

Pellet surface temperature 

Cladding surface temperature 

nTER 
Pin power 

Fuel burnup 

 

 

 

 

 

Figure 2.1 Schematic of socket communication in CUPID/nTER 
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 Figure 2.2 Flow chart of coupling procedures in CUPID/nTER 
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Figure 2.3 Rod-bundle mesh in nTER and CUPID 

 

 

Figure 2.4 Computational mesh and coupling in CUPID/nTER 
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Chapter 3. Demonstration of Coupled 

CUPID/nTER 

 

 

 

After the CUPID/nTER code system was established, the simulations for 

operational reactors at BOC were performed to demonstrate the application of the 

coupled code system. These simulations aimed at verifying the results of thermal-

hydraulic and neutron transport coupled multi-physics analysis such as coolant 

properties, fuel rod temperature and power distributions. In addition, a comparison 

between simulation results and the Final Safety Analysis Report (FSAR) for each 

nuclear power plant was conducted. The simulations were carried out for a quarter 

core using a quarter symmetry to achieve a reasonable computational time. 

 

3.1 BOC Simulation of APR-1400 (Shin-Kori Unit 3) 

 

The first BOC simulation for operating nuclear reactors was performed for 

APR-1400 designed nuclear power plant, Shin-Kori Unit 3, which started its 

commercial operation in 2016. The APR-1400 is an advanced pressurized water 

reactor designed by the Korea Electric Power Cooperation (KEPCO) and KHNP. 

The reactor was designed to produce 1400 MW net electric power with a thermal 

power capacity of 3983 MW, which increased about 40% from the earlier OPR-

1000 design. 
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3.1.1 Modeling and numerical conditions 
 

For the BOC simulation of the APR-1400 reactor core, a computational mesh 

of 69 fuel assemblies was generated in a subchannel scale for CUPID calculation. 

APR-1400 reactor was designed with Plus 7 fuel assemblies, so thus there are 236 

fuel rods and 5 guide tubes for each assembly as shown in Figure 3.1. In the axial 

direction, the active fuel region was solely modeled in the CUPID and 41 uniform 

meshes were used including a ghost cell at the top of the active region in order to 

implement the outlet boundary conditions. Therefore, the total number of fluid cells 

used in CUPID was 719,837 and the computational mesh for a quarter core of APR-

1400 is shown in Figure 3.2. To set the information of a porous medium such as 

porosity and hydraulic diameter, the computational cells were classified into six 

different types of subchannels. The shroud around the reactor core and water gap 

between assemblies were included in the side subchannel. Table 3.1 shows the list 

of the subchannel type used in CE type fuel assembly and the result of the 

subchannel type setting is presented in Figure 3.3. For a fuel rod conduction 

calculation, CUPID calculates the rod conduction equation for each quarter rod, 

which means four conduction equations are solved for a single fuel rod. Therefore, 

the total number of solid cells was 4 times larger than that of fuel rods. 

Reactor core modeling in nTER included radial reflectors, which resulted in 88 

assemblies for a quarter core. Figure 3.4 shows the nTER core modeling for a 

quarter core of APR-1400. In addition, in the axial direction, 20 non-uniform 

meshes were used including the core plate and nozzle at the top and bottom of the 

core. 

For the numerical conditions used in the simulation, a damping factor was used 

to accelerate the convergence of Picard iteration. It was applied to fuel rod 
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temperature, which showed the most oscillating behavior among the coupling 

variables. For the BOC simulation, the damping factor was used as 0.7 and Table 

3.2 shows the initial and boundary conditions of CUPID for APR-1400 BOC 

simulation. 
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Figure 3.1 Computational grid of Plus 7 fuel assembly 

 

 

 

 

Figure 3.2 Computational mesh for the quarter core of APR-1400 in CUPID 
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Figure 3.3 Subchannel type of the quarter core of APR-1400 in CUPID 

 

 

 

 

 

 

Figure 3.4 nTER core modeling for the quarter core of APR-1400 
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Table 3.1 Subchannel type for Plus 7 fuel assembly 

 Type 

1 Center 

2 Side 

3 Corner 

4 Guide tube center 

5 Guide tube side 

6 Guide tube corner 

 

 

Table 3.2 CUPID initial and boundary conditions of Shin-Kori Unit 3 BOC 

simulation 

Parameter Value 

Inlet liquid velocity 4.69 m/s 

Outlet pressure 155.13 bar 

Initial liquid temperature 563.75 K 

Initial solid temperature 563.75 K 
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3.1.2 Simulation results 
 

From the coupling simulation, multi-physics solutions for the operational 

condition at BOC were obtained. At first, fission power and gamma smeared power 

distributions were obtained in nTER and Figure 3.5 shows the 2D gamma smeared 

distributions. To illustrate the variation in power distribution between multi-physics 

simulation and nTER-standalone (SA) calculation, the absolute difference in 

simulation results was also presented. 

Figure 3.6 shows the 3-dimensional contour of coolant temperature and density. 

To compare the results between nTER-SA and CUPID/nTER coupling simulation, 

the coolant temperature distributions at the core exit were taken into account. nTER, 

and also the other neutronics codes, has its own thermal-hydraulics model using a 

closed channel that provides assembly scale thermal-hydraulic feedback as shown 

in Figure 3.7 (a). However, by coupling with CUPID, subchannel scale thermal-

hydraulic properties could be used in neutronics calculation as represented in Figure 

3.7 (b). Furthermore, cross-flows between assemblies and subchannels were 

considered in CUPID, which leads to power distribution change in Figure 3.6 and 

enables more realistic multi-physics simulation. 

Using the fuel rod conduction model in CUPID, fuel rod temperature values 

were obtained. Figure 3.8 shows the temperature distributions of the cladding 

surface and pellet centerline and more detailed views were illustrated for the hot 

assembly, which shows the highest assembly-wise power results. From the 

simulation, pin-wise local parameters could be obtained which are expected to be 

used in a CRUD chemistry code for AOA analysis. 

In addition, the influence of the gap conductance on the fuel rod temperature 

was investigated using different gap conductance model. As mentioned above, the 
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dynamic gap conductance model was implemented in CUPID, while nTER is using 

it as a constant from NEACRP (Finnemann and Galati, 1992). Therefore, the pellet 

centerline temperature results using the dynamic gap conductance model and 

NEACRP were considered for comparison. Figure 3.9 shows the axial pellet 

centerline temperature distributions of rod 8 in assembly 52 using two different gap 

conductance models. As shown in the figure, the difference between models was 

quite significant, which was in the order of a hundred. Since the pellet temperature 

is one of the key parameters which have an impact on power and boron 

concentration in the neutronics solver, a proper and reliable gap conductance model 

should be used for high-fidelity simulation. The dynamic gap conductance model 

was used in this study since it considers the variation in the gap size due to thermal 

expansion of the fuel pellet.  

To verify the reliability of BOC simulation for APR-1400, the calculated 

boron concentration and minimum DNBR were compared with the Shin-Kori Unit 

3,4 FSAR data. From the simulation, using a boron search option in nTER, critical 

boron concentration was calculated as 837.09 ppm, while it was reported as 817 

ppm in the FSAR. In the case of DNBR prediction, the KCE-1 correlation should 

have been used for the accurate prediction of thermal margin from DNB, which has 

been developed for the DNBR evaluation of PLUS 7 fuel assembly. However, it is 

not open to the public, so thus CE-1 correlation (Tong and Tang, 2018) was used 

instead for DNBR analysis as follows. Figure 3.10 shows the DNBR distribution of 

Shin-Kori Unit 3 at BOC and the minimum DNBR was evaluated as 2.58 in the 

simulation. In the FSAR, minimum DNBR at normal operation was reported as 2.44. 

The thing to clarify is that the methodology used for safety analysis has a certain 

procedure, which consists of three steps and uses the KCE-1 correlation. Therefore, 
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the simulation results showed the deviation from the FSAR data. However, the 

comparison showed a relatively good agreement and the results demonstrated the 

reliability of multi-physics simulation using CUPID/nTER. 
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CE-1 correlation 

 𝑞𝐶𝐸−1
′′ =

𝐴′(𝐴 − 𝐵𝑋)

𝐶
× 3.1546 × 106𝑊/𝑚2 (3-1) 

where: 

𝐴′ = 𝑏1 (
𝑑

𝑑𝑚
)

𝑏2

, 𝐴 = (𝑏3 + 𝑏4𝑝)𝐺(𝑏5+𝑏6𝑝)  

𝐵 = 𝐺𝐻𝑓𝑔 , 𝐶 = 𝐺(𝑏7𝑝+𝑏8𝐺)  

G : mass flux 

P : pressure 

X : quality 

𝐻𝑓𝑔  : latent heat of evaporation 

𝑑 : subchannel equivalent diameter, 

𝑑𝑚 : matrix channel equivalent diameter 

𝑏1 = 2.8922 × 10−3, 𝑏2 = −0.50749  

𝑏3 = 405.32, 𝑏4 = −9.9290 × 10−2  

𝑏5 = −0.67757, 𝑏6 = 6.8235 × 10−4  

𝑏7 = 3.1240 × 10−4, 𝑏8 = −8.3245 × 10−2  
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Figure 3.5 2D gamma-smeared power and power difference profiles of Shin-Kori 

Unit 3 BOC simulation 

 

 

 

 

Figure 3.6 3D coolant temperature and density contours of Shin-Kori Unit 3 BOC 

simulation 
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(a) nTER-SA 

(b) CUPID/nTER 

(c) The difference between nTER-SA and CUPID/nTER 

Figure 3.7 Outlet coolant temperature profiles of Shin-Kori Unit 3 BOC 

simulation  
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(a) Cladding surface temperature distribution 

 

 
(b) Pellet centerline temperature distribution 

 

Figure 3.8 Fuel temperature results of Shin-Kori Unit 3 BOC simulation  
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Figure 3.9 Comparison of axial pellet centerline temperature distributions 

 

 

 

Figure 3.10 CE-1 DNBR profile of Shin-Kori Unit 3 BOC simulation   
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3.2 BOC Simulation of OPR-1000 (Shin-Kori Unit 1) 

 

Another BOC simulation for operating nuclear reactors was performed against 

the OPR-1000 nuclear power plant, Shin-Kori Unit 1. The OPR-1000 is a PWR 

with 1000MW net electric power designed by KEPCO and KHNP. The initial 

design has been improved based on several constructions and operation experience. 

Shin-Kori Unit 1,2 were constructed with the latest design and they are the last 

nuclear power plants built with OPR-1000 reactor core. In South Korea, there are 

25 operating nuclear power plants and 16 of them are designed with OPR-1000 type 

reactors. 

 

3.2.1 Modeling and numerical conditions 
 

For a BOC simulation of Shin-Kori Unit 1, a computational mesh of 52 fuel 

assemblies among a total of 177 assemblies was generated for CUPID calculation. 

Since the OPR-1000 reactor was designed with Plus 7 fuel assemblies, there are 236 

fuel rods and 5 guide tubes for each assembly as shown in Figure 3.1. In the axial 

direction, the active fuel region was modeled in the thermal-hydraulic calculation 

and 41 uniform meshes were used including a ghost cell at the top of the active 

region in order to implement the outlet boundary conditions. Therefore, the total 

number of fluid cells used in CUPID was 529,556. The computational mesh for a 

quarter core of OPR-1000 is shown in Figure 3.11. To set subchannel information, 

the computational cells were classified into six different types given above in Table 

3.1. Similar to the computational mesh of APR-1400, the shroud around the reactor 

core and water gap between assemblies were included in the side subchannel. 
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Reactor core modeling in nTER resulted in 73 assemblies for a quarter core 

including radial reflectors. The core plate and nozzle at the top and bottom of the 

core were considered and 28 axial meshes were used. 

For the numerical conditions of the simulation, a user-defined damping factor 

was used to ensure the global convergence of Picard iteration. In the same way with 

the Shin-Kori Unit 3 BOC simulation, it was applied to fuel rod temperatures and 

the damping factor was used as 0.7. Table 3.3 shows the initial and boundary 

conditions for CUPID calculation. 
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Figure 3.11 Computational mesh for a quarter core of OPR-1000 in CUPID 

 

 

Table 3.3 Initial and boundary conditions of Shin-Kori Unit 1 BOC simulation 

Condition Value 

Inlet liquid velocity 4.69 m/s 

Outlet pressure 155.13 bar 

Initial liquid temperature 569.15 K 

Initial solid temperature 569.15 K 
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3.2.2 Simulation results 
 

Similar to the results of the Shin-Kori Unit 3 BOC simulation, the steady-state 

parameters such as the temperature of coolant and fuel rod, and pin-wise power 

were obtained for Shin-Kori Unit 1. 

In the CUPID subchannel calculation, coolant temperature and density 

distributions were obtained as shown in Figure 3.12. The results showed a larger 

difference in coolant temperature between assemblies than the former Shin-Kori 

Unit 3 simulation. This is due to a relatively larger difference in power distribution 

among assemblies of OPR-1000 (Figure 3.13) than that of APR-1400 (Figure 3.6). 

The two-dimensional gamma smeared power distribution was obtained and 

compared with nTER-SA results in Figure 3.13. Since cross flow between 

subchannels and within an assembly was considered in CUPID, the power 

distribution results of CUPID/nTER coupled simulation showed a relatively larger 

difference at near the center and the edge of the core. This result is similar to the 

Shin-Kori Unit 3 simulation, which was mentioned above, and the power 

distribution change from the multi-physics simulation showed the effect of thermal-

hydraulic feedback through the high-resolution subchannel scale analysis. 

Furthermore, the local temperature distributions of pellet and cladding were 

obtained in the fuel rod conduction model in CUPID. The 3D contour of pellet 

centerline and cladding surface temperature and the detailed view of hot assembly 

(assembly 27) are described in Figure 3.14. The results showed reasonable 

temperature profiles, which can be expected from the power distribution result in 

Figure 3.13. 

The DNBR prediction was also progressed using the CE-1 correlation and the 

result is shown in Figure 3.15. For the operational condition at BOC, the minimum 
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DNBR was evaluated as 2.62 and it occurred near the guide tube at assembly 13. 

According to Shin-Kori Unit 1,2 FSAR, the safety analysis result of minimum 

DNBR at normal operation is reported as 2.27. As mentioned before, the DNBR 

gap between the simulation result and FSAR data is due to the difference in the 

DNBR analysis methodology between safety analysis and the simulation. Since the 

thermal margin analysis in FSAR is progressed for hot assembly, the given FASR 

data is expected to be more conservative. 

At last, the critical boron concentration at BOC under hot full power condition 

with xenon equilibrium was calculated as 744.86 ppm, while the FSAR reported it 

as 737 ppm. Within 8 ppm difference, the simulation result showed good agreement 

in boron concentration with the FSAR data. From the results of BOC simulations 

for Shin-Kori Unit 1 and 3, it is confirmed that the local parameters under steady-

state operation conditions can be well predicted and the performance of the coupled 

code system for the operating reactor core simulation was verified. 
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Figure 3.12 3D coolant temperature and density contours of Shin-Kori Unit 1 

BOC simulation 

 

 

 

Figure 3.13 2D gamma-smeared power and power difference profiles of Shin-Kori 

Unit 1 BOC simulation  
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(a) Cladding surface temperature distribution 

 

 

(b) Pellet centerline temperature distribution 

Figure 3.14 Fuel temperature results of Shin-Kori Unit 1 BOC simulation 
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Figure 3.15 CE-1 DNBR profile of Shin-Kori Unit 1 BOC simulation 
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Chapter 4. Validation of Coupled 

CUPID/nTER 

 

 

 

4.1 VERA Core Physics Benchmark 

 

For the validation of the established coupled code system, the depletion 

calculations against VERA Core Physics Benchmark Progression Problem 9 

(Godfrey, 2014) and BEAVRS (Horelik et al., 2018) were conducted. The VERA 

Core Physics Benchmark Progression Problems (VERA benchmark) were proposed 

in the CASL project to provide a method for developing and demonstrating 

modernized capabilities of reactor physics software. The configuration of the core 

geometry is based on the actual initial core loading of Watts Bar Nuclear 1 (WBN1), 

which is a Westinghouse-designed PWR built in the U.S. The benchmark has ten 

problems, ranging from a 2D pin cell to a 3D reactor cycle depletion and refueling, 

and problem 9 was selected. The problem 9 is for depletion calculation throughout 

the entire fuel cycle, which is one of the most critical capabilities of power reactor 

simulation (Godfrey, 2014). For the validation, calculated boron concentrations 

along the fuel cycle were compared with the given measured boron data. In addition, 

code-to-code comparison with VERA-CS was carried out. 
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4.1.1 Problem specifications and modeling 
 

The input specifications for problem 9 are listed in Table 4.3. Using a quarter 

symmetry, the simulation was carried out for a quarter core of WBN1. Therefore, 

56 fuel assemblies were used in the mesh generation in CUPID, while nTER 

considered 73 assemblies, additionally considering the radial reflectors. The 

configurations of reactor core loading are presented in a quarter symmetry in Figure 

4.1. The configuration of the fuel assembly has 17x17 fuel arrays including 24 guide 

tubes and an instrumental tube as shown in Figure 4.2. The detailed specifications 

of geometry including fuel rod, lattice, and space grid were provided in the 

document (Godfrey, 2014) and implemented in the simulation. 

In the axial direction, 40 uniform meshes were used for the active fuel region in 

the CUPID calculation, so thus the total number of fluid cells was 640,953. nTER 

included the top/bottom nozzle and core plate in the modeling. The computational 

grids used in VERA benchmark problem 9 for each code are shown in Figure 4.3. 

For a Westinghouse-type fuel assembly, four different subchannel types were used 

and the result of the subchannel setup is shown in Figure 4.4. 

In the case of depletion problem, the operation conditions such as power level 

and position of control bank can be changed as a fuel cycle progresses. As shown 

in Figure 4.5, the actual power history during the first cycle of WBN1 is highly 

complicated. Therefore, the state-points, which are the burnup points to be 

calculated, should be properly set to produce accurate depletion of the fuel isotopes. 

In this simulation, the depletion of the fuel cycle was performed using 30 state-

points and they were determined by referencing VERA-CS input represented in the 

document (Godfrey et al., 2015) as listed in Table 4.4.  
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(a) Core fuel and poison loading pattern (in quarter symmetry) 

 

(b) Core RCCA bank positions (in quarter symmetry) 

Figure 4.1 VERA Benchmark reactor core loading configurations (Godfrey, 2014) 
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Figure 4.2 Fuel rod and thimble arrangement of Westinghouse-type assembly 

(Godfrey, 2014) 

 

 

 

 

 

Figure 4.3 Computational mesh for Westinghouse-type assembly 

(Left: nTER, Right: CUPID) 
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Figure 4.4 Subchannel type of a quarter core for VERA benchmark 

 

 

 

Figure 4.5 WBN1 cycle 1 power history and model input (Godfrey, 2014) 
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Table 4.1 VERA benchmark fuel rod specifications (Godfrey, 2014) 

Input Value 

Pellet radius 0.4096 cm 

Inner clad radius 0.418 cm 

Outer clad radius 0.475 cm 

Rod pitch 1.26 cm 

Rod height 385.1 cm 

Active fuel height 365.76 cm 

 

Table 4.2 VERA benchmark lattice specifications (Godfrey, 2014) 

Input Value 

Outer guide tube radius 0.602 cm 

Assembly pitch 21.50 cm 

Inter-assembly half gap 0.04 cm 

  

Table 4.3 VERA benchmark input specifications (Godfrey, 2014) 

Input Value 

Rated power (100%) 3411 MW 

Rated coolant mass flow (100%) 1.66 × 104 kg/s 

Reactor pressure 155.13 bar 

Cycle length 441 EFPDs 

EOC Exposure 16.939 GWd/MT 
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Table 4.4 VERA benchmark simulated operation history (Godfrey et al., 2015) 

EFPD Power (%)  EFPD Power (%) 

0 0  268.7 95.6 

9 65.7  281.7 96.4 

32 99.7  293.9 93.4 

50 98  311.5 99.7 

63.8 100  326.1 98 

77.8 99.7  347.1 99.4 

92.5 99.7  372.4 99.9 

105.6 99.8  391.5 99.6 

120.6 99.8  397.7 99.6 

133.5 99.5  409.8 89.9 

148.1 98  422.7 78.8 

163 95.1  440.1 64.5 

181.9 94.8    

193.9 99.8    

207.3 93.9    

220.6 100.1    

237.5 99.7    

249.5 100.2    
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4.1.2 Implementation of modified NFI model 
 

In the fuel rod conduction model of CUPID, MATPRO-11 (Eq. 2-1, 2-2) has 

been used for the thermal conductivity of urania pellet and zircaloy-4, which is the 

function of fuel temperature. However, it is known that the increase of fuel burnup 

leads to the degradation of fuel conductivity. Therefore, for high-fidelity reactor 

core analysis, the effect of fuel burnup on the thermal conductivity should be 

considered. 

The modified Nuclear Fuels Industries (NFI) model (Ohira and Itagaki, 1997) 

was selected as a replacement for the MATPRO-11. This model applies to urania 

fuel pellet at ~95% of theoretical density and it is presented as Eq. 4-1. The NFI 

model mainly consists of two terms, one is inversely proportional to the temperature 

with burnup dependence factors and the other is an electronic contribution to fuel 

heat transfer at high temperature (Lanning, Beyer, & Geelhood, 2005). As 

illustrated in Figure 4.6, using the NFI model, the thermal conductivity of the urania 

pellet decreases as the burnup increases. 

 

𝐾𝑁𝐹𝐼 =
1

𝐴+𝐵𝑇+𝑓(𝐵𝑢)+(1−0.9exp (−0.04𝐵𝑢))𝑔(𝐵𝑢)ℎ(𝑇)
+

𝐸

𝑇2 𝑒𝑥𝑝(− 𝐹 𝑇⁄ )  (4-1) 

where: 

T = temperature (K) 

Bu = burnup (GWd/MTU) 

f(Bu) = effect of fission products in crytstal matrix 

= 0.00187∙Bu 

g(Bu) = effect of irradiation defects 

= 0.0038 ∙ 𝐵𝑢0.28 
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h(T) = temperature dependence of annealing on irradiation defects 

= 
1

1+396𝑒−𝑄/𝑇 

Q = temperature dependence parameter = 6380 K 

A = 0.0452 m-K/W 

B = 2.46 × 10−4m-K/W/K 

C = 5.47 × 10−9W/m-K3 

D = 2.29 × 1014W/m-K5 

E = 3.5 × 109W-K/m 

F = 1631 K 

 

 

Figure 4.6 Comparison of uranium oxide thermal conductivity correlations 
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4.1.3 Simulation results 
 

The results for operational conditions such as pin power, burnup, coolant 

properties, and fuel rod temperatures were obtained at each state-point. Figure 4.7 

shows the 2D relative power distribution along the fuel cycle. In the BOC, the 

power difference between assemblies was significant due to the difference in fuel 

enrichment and absorbers. However, as the fuel depletion progresses, the power 

difference became smeared due to the burnup increase as shown in Figure 4.8. The 

axial distributions of relative power and burnup are illustrated in Figure 4.9 and 

4.10, respectively, to investigate the variation of the neutronic parameters along the 

fuel cycle. The axial power distribution at BOC showed a cosine shape where the 

highest power was located at the core center. Therefore, fuel burnup increased more 

rapidly at the center of the core as shown in Figure 4.10. Consequently, the power 

distribution at EOC showed relatively lower power at the center compared to the 

other regions due to the higher burnup. 

In the CUPID calculation, coolant temperature and density distributions were 

obtained as shown in Figure 4.11 and 4.12, respectively. The figures show 

reasonable results that can be expected from the power distributions in Figure 4.7. 

Since the maximum local power decreased as burnup progressed, the local liquid 

temperature also decreased from 608.4K at BOC to 604.5K at EOC. 

Furthermore, distributions of fuel rod temperatures at each state-points were 

obtained as illustrated in Figure 4.13 and 4.14. The results also show the reasonable 

temperature distributions corresponding to the relative power distributions in Figure 

4.7. To verify the effect of the modified NFI model, which was newly implemented 

to consider the fuel burnup, the pellet centerline temperatures using MATPRO-11 

and modified NFI model were compared. Figure 4.15 shows the calculated pellet 
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centerline temperature of rod 72 in assembly 41 using each thermal conductivity 

correlation. The simulation with the modified NFI model showed higher pellet 

temperature due to the degradation of urania thermal conductivity at high burnup 

state-point (Figure 4.15 (a)). In addition, as the fuel cycle progressed, the local 

temperature difference between two models became larger due to the further 

degradation of pellet thermal conductivity with higher fuel burnup (Figure 4.15. 

(b)). From the results, the implementation of the modified NFI model and its impact 

on the fuel rod temperature was verified. Since the pellet centerline temperature is 

one of the key parameters in thermal-hydraulic feedback to neutronics calculation, 

consideration of fuel burnup is significant and the accuracy of the correlation should 

be carefully considered for the high-fidelity simulation. 

At last, preliminary DNBR analysis was progressed along the fuel cycle using 

the W-3 correlation (Tong, 1967). The W-3 correlation is the most widely used 

correlation for the evaluation of DNB condition for Westinghouse-designed PWRs. 

The correlation was developed for axially uniform heat flux, with a correcting factor 

in the case of non-uniform heat flux. In this study, the correlation with uniform heat 

flux was used for preliminary DNBR analysis and it is written as Eq. (4-2). The 

DNBR distributions of the hot assembly (assembly 45) are shown in Figure 4.16 

along the fuel cycle. Since the maximum local heat flux decreased and the power 

distribution became smeared as the depletion progressed, DNBR distributions 

became higher toward the EOC. For this reason, the minimum DNBR was evaluated 

as 2.43 at BOC and it increased to 3.43 at EOC. 

The cycle length was predicted as 392 effective full power days (EFPDs), which 

is about 40 days shorter than the provided cycle length. The difference has occurred 

due to the limitation in the modeling of actual power history due to significant 
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periods of low power operation and shutdowns. Throughout the depletion 

calculation, the average number of Picard iteration between nTER and CUPID was 

9.5 at each state-point. 

 

 

 

𝑞𝑐𝑟,𝑢
′′ =  {(2.022 − 0.06238𝑝) + (0.1722 − 0.01427𝑝)exp [(18.177  

−0.5987𝑝)𝑥𝑒]}[(0.1484 − 1.596𝑥𝑒 +

0.1729𝑥𝑒|𝑥𝑒|)2.326𝐺  

+3271][1.157 − 0.869𝑥𝑒][0.2664 +

0.8357𝑒𝑥𝑝(−124.1𝐷𝑒)]  

[0.8258 + 0.0003413(ℎ𝑓 − ℎ𝑖𝑛)]  

(4-2) 

where the range of parameters are : 

P (pressure) = 5.5-16 MPa 

G (mass flux) = 1356-6800 kg/𝑚2𝑠 

𝐷𝑒(equivalent diameter) = 0.015-0.018 

𝑥𝑒(equilibrium quality)  = (minus)0.15-0.15 

L (heated length) = 0.254-3.70m 

and the ration of heated perimeter to wetter perimeter = 0.88-1.0 
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(a) BOC 

 
(b) MOC 

 
(c) EOC 

Figure 4.7 VERA benchmark: 2D relative power distributions 
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(a) MOC 

 
(b) EOC 

Figure 4.8 VERA benchmark: 2D burnup distributions 
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Figure 4.9 VERA benchmark: variation of axial power distributions 
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Figure 4.10 VERA benchmark: variation of axial burnup distributions 
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Figure 4.11 VERA benchmark: liquid temperature distributions 
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Figure 4.12 VERA benchmark: liquid density distributions 
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Figure 4.13 VERA benchmark: cladding temperature distributions 
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Figure 4.14 VERA benchmark: pellet centerline temperature distributions 
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(a) Axial distributions 

 

(b) Variation along the fuel cycle 

Figure 4.15 Comparison of pellet temperature results
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Figure 4.16 DNBR prediction using W-3 correlation 
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4.1.4 Validation with measured data 
 

The completion of VERA benchmark problem 9 was demonstrated by a 

successful comparison of calculated boron concentration to the measured data. 

Using the boron search option in nTER, critical boron concentrations were obtained 

at each state-point and compared with the measured data. Figure 4.17 shows the 

predicted critical boron concentration and measured data. The calculated boron 

showed good agreement with the measured data with an average difference of 23 

ppm. Since the typical acceptance criteria of PWR reactivity surveillance is 50 ppm 

(Kochunas et al., 2017), the simulation results from CUPID/nTER showed 

reasonably good agreement at this stage of development. Therefore, the capability 

of the coupled code system as a reactor core simulator for the operational condition 

was successfully demonstrated. 
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Figure 4.17 Predicted critical boron concentration for WBN1 cycle 1 
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4.1.5 Code-to-code comparison with VERA-CS 
 

Another comparison of critical boron was progressed against VERA-CS 

(Godfrey et al., 2015). VERA-CS has been developed in CASL, which is the steady-

state nuclear reactor core simulation capability of the VERA. VERA-CS consists of 

three main components, which are MPACT neutronics solver, CTF T/H solver, and 

ORIGEN nuclide transmutation solver. Since the VERA-CS has similar 

components with the CUPID/nTER, which are subchannel T/H and neutron 

transport solvers, code-to-code comparison between CUPID/nTER and VERA-CS 

for critical boron concentration was performed to validate and demonstrate the 

multi-physics simulation capability of CUPID/nTER core simulator. 

Figure 4.18 shows the results of predicted critical boron concentrations and the 

difference between two code systems. The average absolute difference was 

evaluated as 19 ppm, where the largest differences occurred at BOC. Except for the 

initial two state-points, the average difference was 9 ppm. From the comparison, it 

is confirmed that CUPID/nTER showed a comparable level of prediction for critical 

boron with VERA-CS. Therefore, the validation of CUPID/nTER against the VERA 

benchmark depletion problem was successfully completed. 
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Figure 4.18 Comparison of critical boron with VERA-CS 

 

  



 

68 

 

4.2 BEAVRS Benchmark 

 

In addition to the VERA benchmark, CUPID/nTER is used to simulate the first 

cycle of the BEAVRS benchmark. The BEAVRS (Benchmark for Evaluation and 

Validation of Reactor Simulations) benchmark was released by MIT Computation 

Reactor Physics Group in 2013 to provide the measured data from an operating 

reactor that can be used to validate high-fidelity reactor core simulation (Horelik et 

al., 2013). The data provided in the BEAVRS benchmark is similar to that in the 

VERA benchmark specifications. In the latest document, operational histories of 

two cycles, including power and boron concentrations, were provided. In the same 

manner with the previous benchmark, cycle 1 was simulated using CUPID/nTER 

and the calculated critical boron concentrations were compared with the measured 

boron data. Furthermore, code-to-code comparison with calculated boron from 

VERA-CS was conducted. 

 

4.2.1 Problem specifications and modeling 
 

The core geometry is similar to the VERA benchmark but it has a difference in 

fuel rod and poison loading patterns, and shutdown bank positions. Figure 4.19 

shows the layout of fuel enrichment loading pattern and burnable absorber positions 

(a), and the control rod and shutdown bank positions (b). 

For a quarter core simulation, a computational mesh for 56 fuel assemblies was 

generated for CUPID calculation, while nTER modeling included radial reflectors 

and a total of 73 assemblies. Each fuel assembly contains 264 fuel rods, 24 guide 

tubes, and an instrument tube. The detailed specifications of fuel rod and lattice are 
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listed in Table 4.5 and 4.6. Since the core geometries of both benchmark problems 

are based on Westinghouse-designed PWR, the computational mesh and subchannel 

type setup for the BEAVRS benchmark are identical with the VERA benchmark as 

shown in Figure 4.4. 

The first cycle was simulated and the power history reference from BOC is 

presented in Figure 4.20 as a function of exposure. The depletion of the first cycle 

was progressed using 21 state-points, which are listed with measured boron data in 

Table 4.8. 
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Table 4.5 BEAVRS benchmark fuel rod specifications (Horelik et al., 2013) 

Input Value 

Pellet radius 0.39218 cm 

Inner clad radius 0.40005 cm 

Outer clad radius 0.45720 cm 

Active fuel height 365.76 cm 

 

Table 4.6 BEAVRS benchmark fuel assembly specifications (Horelik et al., 

2013) 

Input Value 

Outer guide tube radius 0.60198 cm 

Assembly lattice pitch 21.50364 cm 

Pin lattice pitch 1.25984 cm 

 

Table 4.7 BEAVRS benchmark key model parameters (Horelik et al., 2013) 

Input Value 

Rated power (100%) 3411 MW 

Rated coolant mass flow (100%) 61.5 × 106 kg/hr 

Reactor pressure 155.13 bar 
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Table 4.8 BEAVRS benchmark model input and data (Downar, 2017) 

Exposure 
Power (%) 

Measured boron 

(ppm) EFPD GWd/MT 

0 0 1.E-8 975 

6.4 0.268 48.69 703 

24.5 1.023 98.67 626 

31.1 1.296 62.78 638 

36.1 1.507 99.78 610 

51.9 2.163 99.98 623 

79.1 3.297 93.78 580 

110.6 4.614 99.60 532 

137 5.713 98.90 479 

144.2 6.013 63.65 461 

155.7 6.491 99.70 444 

180.1 7.508 99.30 384 

208.7 8.701 99.86 310 

235.1 9.804 99.51 248 

265.8 11.085 99.91 162 

296 12.342 99.79 70 

305.5 12.74 84.1 49 

309.7 12.916 84.48 39 

319.2 13.31 84.94 18 

321.6 13.411 70.0 13 

326.2 13.604 69.86 2 
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(a) Layout of enrichment loading pattern and burnable absorber positions 

 

 

(b) Control rod and shutdown bank positions 

Figure 4.19 BEAVRS Benchmark reactor core loading configurations (Horelik 

et al., 2013) 
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Figure 4.20 BEAVRS Benchmark power history of cycle 1 (Horelik et al., 

2013) 
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4.2.2 Simulation results 
 

From the simulation, distributions of neutronic and thermal-hydraulic 

parameters under operational conditions were obtained at each state-point. Figure 

4.21 shows the 2D relative gamma smeared power distributions along the fuel cycle. 

In BOC, assembly 53 showed the highest power and the power difference among 

the fuel assemblies became smeared as the fuel depletion progressed. The overall 

fuel burnup increased due to the depletion of the fuel as indicated in Figure 4.22. 

Furthermore, the variations in the axial distribution of power and fuel burnup were 

investigated. As illustrated in Figure 4.23, which shows the axial relative power 

distributions along the fuel cycle, the typical distributions in depletion simulation 

were obtained. Similar to the results from the VERA benchmark, the cosine power 

shape at BOC led to the rapid depletion of fuel at the core center as indicated in 

Figure 4.24. Therefore, as the cycle progressed to EOC, the relative power at the 

core center became lower than the other regions. 

From the thermal-hydraulic calculation in CUPID, coolant properties and fuel 

temperature distributions were obtained. Figure 4.25 and 4.26 show the coolant 

temperature and density distributions along the fuel cycle. Since the power 

difference between assemblies became lower as the depletion progressed, coolant 

property distributions also showed the corresponding results. Therefore, the local 

maximum coolant temperature has decreased from 613.8K at BOC to 605.9K at 

EOC. In addition, cladding and pellet temperature distributions were obtained as 

shown in Figure 4.27 and 4.28, respectively. The cycle length was predicted as 317 

EFPDs, which is 9 days shorter than the provided cycle length. The average number 

of Picard iteration between nTER and CUPID was 9.5 at each state-point.  
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(a) BOC 

 
(b) MOC 

 
(c) EOC 

Figure 4.21 BEAVRS benchmark: 2D relative power distributions 
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(a) MOC 

 
(b) EOC 

Figure 4.22 BEAVRS benchmark: 2D burnup distributions 
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Figure 4.23 BEAVRS benchmark: variation of axial power distribution 
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Figure 4.24 BEAVRS benchmark: variation of axial burnup distribution 
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Figure 4.25 BEAVRS benchmark: liquid temperature distributions  
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Figure 4.26 BEAVRS benchmark: liquid density distributions 
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Figure 4.27 BEAVRS benchmark: cladding temperature distributions 
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Figure 4.28 BEAVRS benchmark: pellet centerline temperature distributions 
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4.2.3 Validation with measured data 
 

For the validation of the coupled code system, a comparison between calculated 

critical boron and measured data was progressed. Figure 4.29 shows the boron 

letdown curve predicted from the simulation and the measured data, including the 

absolute difference between the values. Except for the BOC results, the calculated 

critical boron concentration showed good agreement with the measured data within 

22 ppm difference. The average absolute difference was evaluated as 13 ppm. 

Therefore, the operational data for the BEAVRS benchmark was well predicted 

using CUPID/nTER core simulator. 
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Figure 4.29 Predicted critical boron concentration and measured data 
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4.2.4 Code-to-code comparison with VERA-CS 
 

Similar to the VERA benchmark, code-to-code comparison with VERA-CS was 

carried out. Figure 4.30 shows the calculated boron results from CUPID/nTER and 

VERA-CS (Downar, 2017), including the measured boron data. The calculated 

boron letdown curve shows comparable agreement with each other. Compared with 

the measured data, although the VERA-CS results showed better agreement at the 

initial steps of the depletion, the general results under-predicted the measured boron 

data than the CUPID/nTER along the fuel cycle. The differences in critical boron at 

each state-point are shown in Figure 4.31. As shown in the figure, the CUPID/nTER 

results are closer to the plant data than the VERA-CS along the fuel cycle where the 

average absolute difference in boron concentration was 21 ppm in the VERA-CS 

simulation, while it was 13 ppm in CUPID/nTER. The average absolute difference 

between CUPID/nTER and VERA-CS was evaluated as 20 ppm, which was a 

comparable level of difference compared to the VERA benchmark result. Therefore, 

the validation of the established core simulator was successfully progressed using 

the benchmark problems based on the data from operating reactors. 
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Figure 4.30 Predicted boron letdown curve and measured data 
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Figure 4.31 Comparison of the absolute error in critical boron 
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Chapter 5. Conclusions 

 

 

 

5.1 Summary 

 

In the present study, the code system for subchannel thermal-hydraulic and 

neutron transport coupled analysis was established using two-phase thermal-

hydraulic code, CUPID and neutron transport code, nTER. For the external code 

coupling, the interface server program was developed. Throughout the simulation, 

coupling variables of each code are exchanged via the server program using socket 

communication. In addition, data mapping is conducted to consider the difference 

in geometrical modeling between two physics codes. The coupling simulation is 

progressed by Picard iteration between CUPID and nTER and the whole simulation 

process is terminated when the converged solution is obtained in nTER. 

Using the coupled code system, BOC simulations for Shin-Kori Unit 3 (APR-

1400) and Unit 1 (OPR-1000) were progressed. The local parameters such as 

coolant temperature, density, fuel rod temperature, DNBR, and pin power were 

obtained under normal operating conditions. Through the investigation on the gap 

conductance model, it was confirmed that the fuel pellet temperature is significantly 

affected by the gap conductance. Since the pellet temperature is a key parameter in 

thermal-hydraulic feedback to neutronics calculation, it has a significant impact on 

the critical boron concentration. Therefore, the accuracy and reliability of the gap 

conductance model should be carefully considered for high-fidelity reactor core 
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simulation. Furthermore, to assess the reliability of the simulation results, 

calculated critical boron and minimum DNBR were compared with the FSAR data. 

The validation of the established core simulator was successfully progressed 

against VERA Core Physics Benchmark and BEAVRS Benchmark cycle 1 

depletion. The modified NFI model was implemented into the fuel rod conduction 

model in CUPID to consider the degradation of urania thermal conductivity as fuel 

burnup increases. The difference in pellet centerline temperature between 

MATPRO-11 and the modified NFI model was confirmed and the results showed 

the necessity to consider the fuel burnup in the depletion calculation to predict the 

local fuel temperature accurately. The steady-state parameters were obtained at each 

state-point and distributions of each parameter showed reasonable agreement with 

each other. The DNBR analysis was progressed using W-3 correlation and the 

results showed the increase in minimum DNBR due to the decrease in the maximum 

local heat flux. The successful completion of the benchmark was assessed by the 

successful comparison with the measured boron data. The validation results showed 

good agreement with the measured data within 23 ppm difference in average for 

both benchmarks problems. In addition, code-to-code comparison with VERA-CS 

was performed and both code systems showed comparable agreement in predicting 

the critical boron concentration. Therefore, the performance of the CUPID/nTER 

core simulator as a high-fidelity reactor core simulator was validated. 
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5.2 Recommendations 

 

In the present study, the coupled code system CUPID/nTER was established for 

high-fidelity reactor core simulation to address the operational challenges and the 

validation of the coupled code was progressed. The prediction of critical boron 

concentration was improved by considering fuel burnup through the 

implementation of the modified NFI model. 

For the further improvement of the established coupled code system, sensitivity 

analysis against physical models such as gap conductance model and fuel rod 

material property correlations should be progressed. In addition, to achieve higher 

accuracy in the prediction of fuel rod behavior, fuel performance code can be 

included in the coupled code system. 
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국문초록 

 

최근 가동 원전 및 노심 설계 단계에서 직면하는 문제들에 대하여 

고정밀 해석을 기반으로 안전여유도에 대한 신뢰도 증진을 위한 노력이 

진행되고 있다. 특히 원자로 노심의 성능을 제한하는 주요 안전 관련 

이슈로는 핵연료봉 주위의 크러드 침적에 의해 발생하는 축방향 출력분

포 이상과 사고 상황 시 피복재의 건전성 등이 있으며 이와 같은 현상

들에 대한 고정밀 해석 수행을 위해 국부 현상을 모사할 수 있는 정밀

한 모델링과 열수력, 노물리, 그리고 핵연료 해석 등을 아우르는 다물리 

코드 간의 연계가 요구된다. 이러한 배경을 바탕으로 다양한 기관에서 

고정밀 다물리 해석 체계 개발을 위한 연구가 활발히 진행되고 있으며 

미국 CASL 프로젝트의 VERA가 대표적이다. 

노심 다물리 해석 체계 내에 열수력 해석에는 적용성 및 신뢰도 측

면에서 부수로 코드가 널리 활용되고 있다. 본 연구의 선행 연구에서는 

한국원자력연구원에서 개발한 이상유동 열수력 해석 코드 CUPID의 부

수로 해석 능력 확장을 위한 연구가 진행되었으며 그 과정에서 부수로 

모델 개선 및 봉다발 실험 대상 검증이 수행되었다. 이어 본 연구에서

는 CUPID 코드의 부수로 해석 성능을 활용하여 가동 원전에서 발생할 

수 있는 노심 성능 및 안전 관련 현안에 대한 고정밀 해석을 수행하고

자 하였다. 따라서 본 연구의 목표는 CUPID와 전노심 중성자 수송 코

드 nTER를 활용한 노심 부수로-중성자 수송 연계 체계 수립 및 검증을 

수행하는 데 있다. 
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CUPID와 nTER는 연계 변수 교환을 통한 외재적인 방법으로 연계되

었다. CUPID는 부수로 단위의 냉각재 온도와 밀도, 핵연료봉 소결체의 

중심 및 표면온도, 피복재 온도, 그리고 안내관 온도를 전달하며 nTER

는 봉 단위 출력과 핵연료의 연소도를 제공한다. 연계 변수의 교환은 

소켓 통신 기반 서버 프로그램을 매개로 하여 진행되며 서버 프로그램

은 변수 교환 과정에서 격자 보정을 수행하고 nTER의 수렴 여부를 확

인한다. CUPID/nTER 연계 체계는 Picard iteration을 통해 다물리 해석을 

수행하며 nTER가 수렴에 도달하면 계산이 종료된다. 

CUPID/nTER 연계 체계의 적용 가능성을 시연하기 위해 가동 원전

인 신고리 1호기 (OPR-1000)와 신고리 3호기 (APR-1400)를 대상으로 주

기 초 (BOC) 계산을 수행하였다. 해석 결과 BOC 가동 조건에서의 열수

력 인자 (냉각재 및 핵연료 온도, DNBR)와 출력 분포, 그리고 임계 붕

소 농도를 얻을 수 있었다. 

이후 연계 코드의 검증을 위하여 VERA 벤치마크와 BEAVRS 벤치마

크를 대상으로 제 1주기 연소 계산을 수행하였다. 이때 핵연료 연소도 

증가에 따른 소결체 열전도도 저하 현상을 고려하기 위해 NFI 모델을 

도입하여 CUPID의 핵연료봉 열전도 방정식에 반영하였다. 기존 

MATPRO-11 상관식과 NFI 모델을 이용하여 해석한 결과를 비교하였을 

때 소결체 중심온도 결과에 상당한 차이가 발생함을 확인하였고 이를 

통해 핵연료의 연소도가 연계 해석 결과에 미치는 영향과 핵연료 물성

치 모델 정확도의 중요성을 확인하였다. 또한, W-3 상관식을 이용한 

DNBR 계산을 통해 연소 진행에 따른 최대 국부 열속의 감소로 최소 
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DNBR이 증가하는 결과를 확인하였다. 

연계 코드의 검증은 CUPID/nTER 계산 결과 도출된 임계 붕소 농도

와 벤치마크 기술서에 제시되어 있는 측정 붕소 농도와의 비교를 통해 

수행되었다. 이어서 VERA의 노심 해석 체계인 VERA-CS 계산 결과와

의 코드 간 상호 검증을 진행하였다. 검증 결과 측정 붕소 농도와 평균 

23ppm 내의 오차로 발전소 데이터를 잘 모의하였고 VERA-CS 와 비교

하였을 때 임계 보론 예측에 있어 비슷한 성능을 보임을 확인하였다. 

이를 통해 가동 조건에서의 노심 해석 체계로서 CUPID/nTER 연계 코

드 의 성능을 확인하였다. 

 

주요어: 다물리 해석, 원자로 노심 해석, 부수로, 중성자수송, CUPID, 

nTER, 코드 검증, VERA, BEAVRS 
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