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 Abstract 
 

A practical numerical nuclear reactor (PNR) for routine high-

fidelity simulation of power reactors is developed by combining a direct 

whole core calculation code, a subchannel thermal hydraulic solver and 

a LINUX cluster loaded with hundreds of computing cores. In order to 

achieve accurate yet efficient direct whole core calculation, the methods 

for three-dimensional heterogeneous whole core transport calculation, 

resonance self-shielding treatment, depletion calculation, and control rod 

cusping treatment are newly formulated or improved, and implemented 

into the nTRACER direct whole core calculation code. The subchannel 

solvers of the MATRA code is integrated into the nTRACER code such 

that realistic pinwise channel cross flow calculation is possible along 

with intrapellet fuel temperature profile calculation. The verification and 

validation of PNR were carried out by comparing its core follow 

calculation results with plant measurement data as well as the Monte 

Carlo calculation results for fixed T/H condition cases. 

Specifically, the planar method of characteristics (MOC) 

solution based three-dimensional coarse mesh finite difference (CMFD) 

calculation method, the subgroup method for resonance treatment under 

nonuniform temperature conditions and the Krylov subspace based 

depletion method with the quadratic depletion model and pre-correction 

scheme for Gadolinium isotopes are improved for better accuracy, speed, 

and stability. A decoupled planar MOC based CMFD method which 

employs an adaptive cell homogenized cross section functionalization 

scheme newly formulated as an alternative direct transport solver that 
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would improve the solution stability and the calculation efficiency of 

incorporating thermal feedback. An elaborated decusping scheme for 

partially rodded node treatment is formulated. Special modeling features 

needed for an explicit representation of pressurized water reactors are 

implemented that include fuel assembly spacer grids and the core shroud. 

The burnup dependent thermal properties such as the fuel thermal 

conductivity and gap conductance are also properly incorporated to 

represent the actual reactor condition as realistically as possible. 

The accuracy of the nTRACER calculation capabilities is first 

verified by comparing its solutions with the reference solutions for a 

group of benchmark problems. Then the core follow calculation results 

of the practical numerical reactor for two Korean pressurized water 

reactors are compared with the measured data such as the critical boron 

concentration and radial power distributions. From these performance 

examinations, it is demonstrated that accurate and detailed direct 

simulations of power reactors is practically realizable without any prior 

calculations or adjustments before the core calculation. 
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Chapter 1. Introduction 
 

Nuclear design and analyses for power reactors being practiced 

nowadays are based heavily on the simulation of multi-physics 

phenomena occurring in the core. Because of the limited computing 

resources at the time when the conventional tools were developed, the 

sacrifice of accuracy in some extent was unavoidable in the core 

calculation and approximated governing equations and loose coupling of 

various physics-models were employed in the core calculation. 

Numerous adjustments and improvements have been employed to attain 

sufficient accuracy in nuclear design by overcoming the inherent large 

uncertainty originated from the approximated simulations. With the 

steady growth of the computing power and software engineering, 

however, it becomes now more feasible to perform realistic core 

simulations with the incorporation of the multi-physics models based on 

the first-principles. The innovative improvement of predictabilities from 

the state-of-art simulations can alleviate the limitations of simulation 

significantly so that further optimization of design and economical 

operation of power reactors is possible without degradation of safety. 

Furthermore, the advanced modeling can extend the understanding of 

complex multi-physics phenomena, e.g. crud formation and fuel failures, 

and support to develop new types of power reactor with enhanced safety. 

The ultimate goal of this work is to develop a next-generation nuclear 

design analysis tool capable of high-fidelity multi-physics modeling for 

the use in routine nuclear design and analyses to be performed on 

affordable LINUX cluster computers which are readily available at 
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utilities and nuclear design institutions. In following, the conventional 

core design procedure and the previous work are reviewed in the first 

two sections to identify the requirements for advanced core simulation. 

The objectives and scope of this work are then set. 

 

1.1 Review of Conventional Two-Step Procedure 
 

Currently, nuclear reactor analyses are performed mostly with  

the conventional two-step procedure illustrated in Fig. 1-1 where the 

assembly homogenized few-group cross sections generated in the first 

step are used in the core calculations of the second step. The few-group 

homogenized cross sections are generated by solving the neutron 

transport equation for an assembly lattice geometry. The core calculation 

is performed by solving the neutron diffusion equation with 

functionalized few-group constants. The pinwise power and flux 

distribution are determined by employing the pin power reconstruction 

method. This conventional method developed extensively in 1970s 

through 1990s has provided the practical estimates of the core 

characteristics by utilizing the computing resources of those days. There 

have been, however, inherent limitations in the prediction accuracy due 

to the approximations involved in the analysis which will be detailed 

below. 
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Fig. 1-1 Schematic illustration of Conventional Two Step Procedure 

 

The approximations involved in the conventional approach are 

1) approximated governing equation, 2) spatial homogenization and 

energy condensation, 3) and inconsistency of the generation and usage 

of few-group constants. First, the approximated governing equation, 

which is the diffusion equation used in the core calculation, poses a 

limitation in the solution accuracy. For the cases having a large flux 

gradient, e.g. near the MOX/UO2 interfaces or control rod insertion 

locations, the large neutron transport effect which cannot be dealt with 

the diffusion approximation properly contributes to the non-negligible 

error in the current method. The spatial homogenization causes the 

homogenization error at the assembly interface even though the error can 

be alleviated by using the advanced homogenization techniques. 

Secondly, the limitation of the solution resolution, namely, assemblywise 

distributions in general, is an inherent drawback of homogenization. This 

limitation has been alleviated to some extent by employing the pin power 
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reconstruction method which retrieves the pin flux and power 

distribution from the homogenized flux distribution. However, sub-pin 

level detailed information such as intrapellet distributions of flux, power, 

temperature and isotopic inventories, is not obtainable in the two-step 

procedure. The inconsistency of few group constants is originated from 

the fact that the required conditions for the advance generation of group 

constants is unknown at the stage of the lattice calculation. The few 

group constants are generated with the approximated boundary, thermal 

and burnup conditions. These approximations lead to the degradation of 

solution accuracy. 

Due to the huge thermal feedback effect introduced in power 

reactors, T/H is the key phenomenon that should be incorporated into the 

neutronics. In the calculation of thermal feedback, the average fuel rod 

channel for each T/H node, assembly in general, is assumed instead of 

the individual representation of each pin. A simple closed channel T/H 

model which consists a one-dimensional axial heat convection model 

and a radial heat conduction model is applied to the average fuel cell. 

This simplified T/H model is formed under the assumption of constant 

pressure, single-phase coolant, and no flow mixing between channels. 

The crude T/H model aforementioned is the primary limitation of the 

thermal feedback treatment in the conventional method. Even though the 

T/H calculation is performed accurately, however, those conditions are 

reflected approximately in the subsequent neutronics calculation in that 

the functionalized group constants and assembly homogenized 

configurations are used.  

From the review of the conventional approach for the core 
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analysis, we can draw the followings issues to be addressed in the 

development of a high-fidelity core analysis tool. First, the improved 

modeling of the neutron behaviors and T/H should be employed in the 

core calculations. The detailed modeling of nuclide and temperature 

distributions and energy structure is recommended to represent the actual 

core condition realistically and the resulting core conditions should be 

reflected to the generation of cross sections to have consistency of 

generation and usage of the cross sections.   

 

1.2 Previous Researches 
 

There have been numerous researches to overcome the 

limitations of the conventional methods. The first type of research is to 

try to improve the core analysis method within the framework of the two-

step procedures. Lee1 proposes the P1/Simplified P3 (SP3) hybrid nodal 

method to mitigate the large error of diffusion approximation due to the 

large flux gradient occurring, e.g. MOX/UO2 interfaces. Becker and 

Grundmann2, and Jeong3 applied the SP3 approximation in the 

conventional nodal codes and an SPn nodal method was devised recently 

by Hall et al.4. Those efforts using the higher order approximations in 

the core calculation have the inherent limitation in that the assembly 

homogenization is employed in the calculation, even though they have a 

great advantage in implementation. As an effort to alleviate the limitation 

of assembly homogenization of the conventional methods, Lee et al.5 

developed the pin-by-pin diffusion calculation method by employing the 

hybrid calculation of the radial FDM and axial NEM. Similarly, Tatsumi 
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and Yamamoto implemented the pin-by-pin core calculation capability 

based on an SP3 nodal method in the AEGIS/SCOOPE2 code suites6. 

Instead of using an approximated governing equation, Seubert et al.7 

employed the transport equation with a pin homogenized geometry by 

using the discrete ordinates (Sn) method. In these two works measure to 

alleviate the error of cell-homogenization effect were taken by using the 

generalized equivalence theory such as superhomogenization8 or pin-cell 

discontinuous factor10, 11.  

The cell-homogenized description of the core geometries 

demonstrated the improved prediction of the core characteristics with 

fast computing times on the modern PC environments. However, it is not 

sufficiently accurate to serve as the high-fidelity core simulation in the 

following aspects: 1) It is unable to model of flux, nuclide and 

temperature distributions inside each fuel pellet explicitly. 2) The usage 

of the cross sections with a precise representation of intra pellet thermal 

and burnup distributions cannot be achieved when employing the prior 

cross section generation procedure. In this regard, the interest of direct 

whole core transport calculation has been increased together with the 

rapid development of computing powers.  

In contrast to the two-step calculation, the direct whole core 

transport calculation requires no prior homogenization of the fuel 

assemblies or the fuel pins. Along with the advanced neutronics 

calculation, an elaborated T/H modeling becomes essential to 

incorporate the accurate thermal conditions of the fine regions into the 

transport calculation. As the initial effort to develop a multi-physics core 

simulator, the Numerical Nuclear Reactor (NNR)12 was developed 
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jointly by the Korea Atomic Energy Research Institute (KAERI) and 

Argonne National Laboratory (ANL) as an I-NERI project for light water 

reactor (LWR) applications. The NNR coupled a direct whole core 

neutron transport code DeCART13 with the STAR-CD Computational 

Fluid Dynamics (CFD) code14. After the ending of the I-NERI project, 

the initial version of the NNR, however, had not been extensively 

verified for actual LWRs because of the excessive computation burden 

of fine mesh CFD calculations. On the other hand, the Virtual Reactor 

(VR), that is to combine a three-dimensional fine mesh Sn code and a 

CFD code together with a fuel performance analysis code, is being 

developed in the CASL project15 with an aim of running the VR on 

massively parallel machines such as the JAGUAR16 leadership class 

scientific computer of Oak Ridge National Laboratory. 

There were notable efforts to develop the direct-whole core 

transport code, although the coupled simulation of the thermal-

hydraulics has not been considered. At the Argonne National Laboratory, 

the UNIC code17 is being developed. It is able to solve three-dimensional 

(3-D) transport problem for the arbitrary geometries in a supercomputing 

environment by employing one of the following three solvers based on 

the finite element meshes: Pn, Sn and MOC methods. It turned out that 

the full 3-D calculation based on the finite element meshes is not 

practical, especially 3-D MOC, even in the supercomputing environment 

nowadays. Thus, the alternative 3-D calculation scheme based two-

dimensional (2-D) MOC method for UNIC code was proposed by ANL18. 

At the University of Michigan, MPACT19 which is a 3-D MOC code 

based on modular ray tracing technique20 is being developed. Although 
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the modular ray tracing technique makes the MOC calculation efficient, 

the 3-D MOC calculation still poses the problem of excessive computing 

time and memory. Currently, it is at the very early stage of the 

development thus it has not demonstrates its computational capability 

yet. 

It is worthwhile to mention about the feasibility of the Monte 

Carlo (MC) method for whole core transport calculations. It has the great 

advantage in the flexibility of geometry treatment and the usage of 

continuous energy cross sections. Because of the expensive 

computational costs, it had not been considered to be applied to the 

realistic core calculations. Along with the rapid increase of parallel 

computing power, there have been severe efforts for extending the 

application domains of MC codes. At Seoul National University (SNU), 

Shim21 developed a reliable MC formulation incorporating with the T/H 

and depletion. Recently, there were several works for developing the MC 

codes intended for the power reactor applications. MC2122, RMC23 and 

OpenMC24 are being developed for this purposes. Especially, the MC21 

codes demonstrated the whole core transport calculation by solving 

Hoogenboom-Martin MC benchmark problem within 2 hours.25, 26 Note 

that the benchmark problem is the fresh core configuration without 

involving the thermal-feedback. Therefore, the conventional MC 

calculation is not feasible for the realistic core calculation which requires 

massive tallies for incorporating the thermal feedback and depletions but 

it can be said that it would be achieved in near future. 
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1.3 Objectives and Scopes 
 

 For routine high-fidelity design analysis calculations by utility 

companies and research institutes, however, the use of overly demanding 

computing resources is not feasible and thus more affordable high-

fidelity core simulators are desired. In this work, a practical version of 

NNR is developed by combining a new direct whole core neutron 

transport code nTRACER and a subchannel T/H code MATRA27. The 

approach of this work is more practical than the original NNR in that it 

uses a much simpler T/H model to avoid the excessive computational 

burden of the CFD calculation for the whole core of a pressurized water 

reactor (PWR) and in that the neutron flux calculation modules of 

nTRACER are improved for robustness and accuracy and also are 

extensively parallelized to reduce the total computing time. Furthermore 

all the capabilities needed for realistic core follow calculations are 

implemented.  

Although the basic transport calculation methodology of 

nTRACER which consists of the three-dimensional (3-D) coarse mesh 

finite difference (CMFD) formulation employing planar method of 

characteristic (MOC) solutions and the subgroup method for resonance 

self-shielding calculation is almost the same as those of DeCART, it has 

its own unique features such as the optional decoupled planar MOC 

calculation scheme and the source expansion nodal method solution of 

the simplified P3 (SP3) equation for improving the axial solution.28 On 

the other hand, the MATRA code, which is an improved version of the 

COBRA-IV-I29 code employing the homogeneous equilibrium model 
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(HEM), can model the cross flow sufficiently well under low void 

conditions. Since nTRACER is not intended for applications to severe 

accident conditions involving significant boiling, the solution models of 

MATRA were integrated into the nTRACER code and the integrated 

code is named Practical Numerical Reactor(PNR) in that is has limited 

modeling capabilities to enable practical direct whole core calculations 

with affordable computing resources which might span tens of 

computing nodes.  

 In order to analyze a power reactor which involves both 

thermal feedback and fuel depletion, the nonuniform temperature profile 

within each pellet as well as the nonuniform nuclide distribution 

resulting from the rim effect in depletion should be properly treated in 

the direct whole core calculation. Also the changes in the thermal 

conductivity of fuel and in the gap conductance with depletion should be 

properly incorporated. In addition, the detailed structures of the fuel 

assembly and core components such as the fuel assembly spacer grids 

and the core shroud need to be explicitly modeled for a faithful 

representation of the core. All these essential features needed for realistic 

power reactor calculations are implemented in PNR and core follow 

calculations are performed for two OPR1000 reactors of Korea, 

Yonggwang Nuclear Unit 3 (YGN3) and Ulchin Nuclear Unit 5 (UCN5), 

to verify the PNR calculations by comparing with the plant measured 

data such as the critical boron concentrations and the assemblywise 

power distributions.30, 31 

In this thesis, the methods for the direct whole core neutron 

transport calculation capability for power reactors that are implemented 
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in PNR are presented first with the verification results obtained by the 

comparisons with the measurements as well as the Monte Carlo (MC) 

calculation results. Specifically in the Chapter 2, the description of the 

whole core transport calculation methodology is provided. The direct 

whole core transport calculation method employing the planar MOC 

solutions and the CMFD formulation is described. Along with the 

description of the transport solver, the unique features of the direct whole 

core transport calculations which are the axial SP3 calculation and unique 

control rod treatment method are detailed. The resonance treatment to 

handle nonuniform temperature profiles is followed in Chapter 3. In 

Chapter 4, the realization of accurate thermal feedback and depletion 

capabilities, which are essential feature for applying to realistic core 

problems, is presented. In the first parts of Chapter 4 address the 

following two issues of thermal feedback calculations: fuel temperature 

calculation with intrapellet power profile (IPPP)32 which is one of the 

unique features of PNR which has not been treated explicitly in other 

core analysis codes and the coupled calculation with the subchannel T/H 

solutions. In the second parts of the chapter, the depletion method of 

nTRACER which adopts the Krylov matrix exponential method33 and 

the quadratic gadolinium depletion method with pre-correction34 are 

presented here. Chapter 5 presents the examination of the whole core 

transport calculation capability and the verification of the core follow 

calculations for the two OPR1000 reactors using the measured data. The 

decoupled planar MOC based whole core transport calculation method 

which is developed as an effort of improving the stability and efficiency 

is presented in Chapter 6. Chapter 7 concludes this work with the 
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findings of this work regarding the direct whole core calculation for 

power reactors. 
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Chapter 2. Direct Whole Core Transport 

Calculation 
 

A three-dimensional (3-D) transport calculation without any 

approximation for a real core problem with sub-pin level heterogeneity 

is not possible in the nuclear design analysis with the present day 

computing power. Some sort of approximations in the calculation 

methods are inevitable for practicality and the planar MOC based 3-D 

CMFD formulation13 was developed as a feasible option to perform 

direct whole core transport calculations without significant losses of 

accuracy by making use of the fact that most reactor cores are radially 

more heterogeneous than axially. This formulation employs the solution 

of planar MOC in the framework of 3-D CMFD in which the axial 

coupling is resolved by the 1-D SP3 nodal solution. It can alleviate the 

computational burden of full 3-D transport calculation so that the 

calculation with sub-pin level details can be accomplished with sufficient 

accuracy and efficiency. Though the planar MOC formulation is adopted 

from the transport methodology of DeCART, the 3-D CMFD formulation 

is improved in that the axial coupling between the neighboring planes is 

treated with the explicit CMFD relations in nTRACER while each planar 

CMFD problems are coupled through the one-node NEM formulation in 

DeCART. Consequently, the formulation for reflecting axial nodal 

solution to the 3-D CMFD calculation is the unique feature of nTRACER. 

In the analysis of a power reactors, the calculation of core 

configuration with control rod insertions would be essential. Because 

control rods can be located at an arbitrary location axially while the size 
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of axial node is relatively coarse, it is inevitable to encounter the control 

rods partially inserted in axial node. To treat the mismatch of the control 

rod tip and node interface, it is commonly adopted that homogenization 

of rodded and unrodded regions which introduces so called cusping error 

due to the severe varitation of intranodal flux. The elaborated 

homogenization employing the flux-volume weighting based on the 

axial flux profile from the local problem is utilized as the decusping 

treatment.  

In the following, the planar MOC based 3-D CMFD formulation 

for the direct whole core transport calculation is explained first. The axial 

SP3 method embedded in the 3-D CMFD formulation is then detailed. 

The verification of the whole core transport capability using benchmark 

problems and OPR1000 core calculation is followed. The final section 

of this chapter, the explanation and verification of control rod decusping 

method for whole core transport calculation are provided.  

 

2.1 Direct Whole Core Transport Solution using Planar 
MOC based 3-D CMFD 

 

In the formulation of planar MOC based 3-D CMFD, the 3-D 

whole core solution is obtained by repeated alternating calculations of 

planar MOC and 3-D CMFD problems. The planar MOC module solves 

the planewise two-dimensional (2-D) transport problems with the sub-

pin level details and each plane is coupled with the neighboring planes 

through the predetermined axial leakage sources. With the resulting flux 

distributions, the cell-homogenized group constants are generated and 

fed to the subsequent 3-D CMFD calculation. Then the global solution 
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is updated to provide a better converged fission source distribution to the 

next planar MOC problems. The local heterogeneities are reflected in the 

homogenized pin cell cross sections and the current correction parameter, 

which is used in the CMFD relation for the cell surface current versus 

the two cell average fluxes, is determined to ensure the consistency 

between the homogenized and heterogeneous planar problems. The 

global flux distribution resulting from the 3-D CMFD calculation is used 

to determine the axial leakage source information as well. In order to use 

coarse axial mesh sizes while retaining sufficient solution accuracy, the 

SP3 nodal method which produces the intranodal flux profiles for the 

axial direction is embedded in the 3-D CMFD formulation. In this 

calculation framework, the planar MOC problems are coupled tightly 

with the 3-D CMFD problem and thus simultaneous solutions need to be 

obtained for both MOC and CMFD problems. In the following, the 

planar MOC which obtains the solution of approximated 3-D transport 

equation is explained first then 3-D CMFD based planar MOC is 

followed.  

 

2.1.1 Planar MOC with Assembly Based Modular Ray Tracing 
 

The within-group transport problem appearing during the 

solution of a multi-group 3-D transport problem is given as the following 

with the group index omitted: 

 

 ˆ ˆ( , , , ) ( , , , ) ( , , )x y z trx y z x y z Q x y z
x y z

ϕ ϕ
 ∂ ∂ ∂
Ω +Ω +Ω Ω + Σ Ω = ∂ ∂ ∂ 

 (2.1) 
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The transport equation for a discretized angle m can be 

integrated over the axial direction on a plane designated by plane index 

k to yield: 

 

 ,( , ) ( , ) ( , ) ( , )m m k k k k k
x y m tr m m z mx y x y Q x y L x y

x y
ϕ ϕ

 ∂ ∂
Ω +Ω +Σ = − ∂ ∂ 

 (2.2) 

 

where ϕ k
m  and k

mQ  are the axially averaged angular flux and the source 

while the axial leakage source defined as: 

 

 , ,
, ( , ) ( ( , ) ( , ))

m
k T k B kz
z m m m

z

L x y x y x y
h

ϕ ϕΩ
= −  (2.3) 

 

with  and  being the angular fluxes at the top and 

bottom of the plane.  

Suppose that the magnitude and the angular dependence of this 

axial leakage term are known by some means involving an iterative 

solution approach. Then the 3-D transport problem is converted into a 

set of planar fixed source transport problems. The planar problems are 

coupled with each other through axial leakage, but they can be solved 

independently. The solution of the 2-D transport problem of Eq. (2.2) is 

obtained by a 2-D MOC calculation scheme. In nTRACER, the 

Assembly Based Modular Ray Tracing (AMRT) technique35 is employed 

as an efficient 2-D MOC solver. 

 

, ( , )T k
m x yϕ , ( , )B k

m x yϕ
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2.1.2 3-D CMFD based Planar MOC 
 

The 3-D CMFD calculation in the direct whole core transport 

methodology updates the 3-D distribution of the pin cell scalar flux and 

also the eigenvalue. From the resulting solution, the axial leakage source 

is updated and fed up to the subsequent MOC calculation. The fission 

source distribution obtained from the 3-D CMFD solution is employed 

to accelerate the convergence of MOC solutions in each plane. The 

whole one-dimensional (1-D) SP3 source expansion nodal method 

(SENM) is embedded in the 3-D CMFD formulation to resolve 

efficiently the axial transport effect in the global solution with coarse 

mesh sizes.  

The solution of each of planar MOC problem can be used for 

generating the cell-homogenized cross sections. Besides these, however, 

the radial current correction parameters which specify the CMFD 

relation for the cell interface current in terms of the two neighboring cell 

average fluxes are needed to form a CMFD problem fully consistent with 

the base planar MOC problem. The CMFD relation for current is given 

by: 

 

 , , , , ,ˆ( ) ( )i s i s i s i i s i s iJ D Dφ φ φ φ= − − + +    (2.4) 

 

where the indices i and s mean the s-th surface of i-th cell; φ  and J  

are the cell-average flux and surface current; D  is the flux difference-

to-current conversion factor that is determined from the conventional 
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finite difference method applied to the Fick’s law; and D̂  is the current 

correction parameter of the CMFD relation.  

With the cell-homogenized cross sections and the CMFD current 

relation, a 3-D CMFD problem is formed. In order to solve for the axial 

flux profiles, the SP3 equation is used only to the axial direction. 

Specifically, a 1-D SP3 problem is formed for each pin with the radial 

transverse leakage terms determined from the solution of the previous 3-

D CMFD solution. The solution of the 1-D SP3 solutions is obtained by 

employing the whole 1-D SP3 SENM to be detailed in the next section. 

From the axial solution, additional CMFD relations for the axial 

interfaces are specified so that the 3-D CMFD problem can be 

completely constructed. The 3-D CMFD system resulting from the 

planewise MOC and pinwise axial nodal calculations can be readily 

solved by using the conventional power iteration method and the linear 

system solver employing a Krylov subspace linear system solution 

method36. However, since the MOC and axial nodal problems are formed 

for given axial and radial transverse leakage information, further 

calculations involving iterations between CMFD, MOC and axial nodal 

calculations are required to resolve the nonlinear dependencies between 

them. Specifically, the updated axial leakage as well as the cellwise flux 

distributions is fed to the subsequent planar MOC calculation. The axial 

nodal calculations are performed periodically during the CMFD outer 

iteration with the radial transverse leakage updated from the previous 

step’s CMFD solution. The overall calculation flow is illustrated 

schematically in Fig. 2-1.
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Fig. 2-1 Schematic Illustration of 3-D CMFD based Planar MOC Scheme for Whole Core Transport Calculation
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2.2 Whole 1-D SP3 SENM Embedded in 3-D CMFD 
 

In the formulation employed DeCART, the 2-D CMFD 

problems are constructed for each planes with the cell-homogenized 

cross sections and the radial CMFD current relations. Instead of using 

the CMFD current relation for axial direction, the axial coupling between 

the neighboring planes is treated by utilizing the one-node NEM 

formulation embedded in the 2-D CMFD system. Using the incoming 

partial currents for axial direction from the previous iteration step, the 

flux distributions and axial outgoing partial currents are updated from 

the 2-D CMFD problem. This formulation has an advantage in the 

domain decomposition for parallelization. However, the one-node NEM 

has the limitations in the mesh sizes and convergence. Comparing the 

other nodal method, the NEM which represents the solution as quartic 

polynomials requires the refined mesh size to guarantee the solution 

accuracy. And the delayed propagation of the boundary condition makes 

the solution convergence slow, because the incoming partial current from 

the previous iteration is used in the CMFD calculation. To resolve the 

weak points of the CMFD formulation of DeCART, the whole 1-D SP3 

SENM embedded in 3-D CMFD framework has been developed and 

implemented in nTRACER. The SP3 equation which is the higher order 

approximation of the transport equation can treat the neutron transport 

effect effectively. The quartic polynomial approximation of the flux 

shape of NEM would not be enough accurate to describe the 2nd order 

angular moment near the interface in the SP3 calculation. The intranodal 

flux representation of SENM based on exponential and polynomial 
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functions can capture the severe variation of the second angular moment 

very well with relatively large mesh size37. Therefore, SP3 SENM 

formulation has a benefit in both of the mesh size and accuracy. The fast 

convergence of the axial solution is guaranteed because the full 3-D 

CMFD system is employed. Unlike the one-node and two-node nodal 

formulation, the flux profile of entire 1-D domain is obtained directly 

without iteration for the given source distribution in whole 1-D 

formulation. As a consequence, the whole 1-D approach has the superior 

convergence of nodal solution itself.  

In order to solve the SP3 equation with SENM, the additional 

solution technique for determining the coefficients of the flux profile 

representation is required. Conventionally, the one-node and two-node 

approach has been employed widely. Because of the slow convergence 

of the one-node formulation, two-node formulation are simultaneously 

reflected is preferred in that the characteristics of the two nodes. The 

two-node based SP3 SENM solution method developed earlier37 can 

determine the intranodal shape of the second angular moment as well as 

the scalar flux very accurately. But it involves an important limitation of 

the need for a SP3 CMFD solution in that the node average values of the 

second moment have to be determined by the CMFD solution in addition 

to the ordinary node average values of scalar flux. But drastic spatial 

variation of the second angular flux moment occurs only near the node 

interface, the current versus flux relation for the second moment 

normally involve very large current corrective factor. This might induce 

instability in the solution of the SP3 CMFD system. To avoid this 

problem, whole 1-D formulation is utilized for SP3 SENM.3 In the 
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following, the derivation of the whole 1-D SENM formulation is given. 

Along with the derivation, it is presented that the verification of the 

formulation comparing with the fine mesh FDM solution for the 1-D 

eigenvalue problem. Then, the description about how it is embedded in 

the 3-D CMFD framework is addressed.  

 

2.2.1 Whole 1-D SENM Formulation 
 

For each homogenized pin configuration, a 1-D problem for the 

axial direction can be formed using the SP3 equations which are given 

below without the group index in terms of the normalized spatial variable 

ξ  which spans from −1 to 1 at each axial node spanning from 

 to 
2 2
k kh h

− : 

 

 
0 0

0 0 0
2

2 2 20 0 2

2 ( ) ( ) ( )04
2 4 3 0( ) ( ) ( )
5 5 5

r

tk

D D q
qh D D D

φ ξ φ ξ ξ
φ ξ φ ξ ξ

  ′′ Σ       − + =        ′′ Σ+        

 (2.5) 

 

where 0 ( )φ ξ  and 2 ( )φ ξ  are the 0th and 2nd angular moments; 0D  and 

2D  are the 0th and 2nd diffusion coefficients which are defined as 
1

3 trΣ
 

and 
3

7 tΣ
, respectively. Suppose that a quartic polynomial form of the 

intranodal flux distribution and a quadratic form for the radial transverse 

leakage are available from the previous iterate solution and the 3-D 
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CMFD solution. Then, the source term of the SP3 equations can be 

represented as a quartic polynomial in terms of the Legendre 

polynomials. 

The basic approach of SENM is to obtain the analytic solution 

of the SP3 equations for the source term given as a quartic polynomial. 

Since the SP3 equations consist of two coupled second order differential 

equations, the similarity transformation can be employed to eliminate the 

coupling and then to form two decoupled equations in the modal space. 

The diagonalization through the similarity transform can be proceeded 

neatly by introducing the following matrices: 

 

 
00

2
0 0 2

2
4

2 4 3
5 5 4

DD

h D D D

 
 =
 +
 

D  and 0
0

r

tr

Σ 
=  Σ 

A  (2.6) 

 

The diagonalization is performed for matrix -1D A  with its 

eigenvectors which form the similarity transform matrix S  to yield the 

following diagonal matrix that consists of the two eigenvalues 2
1κ  and 

2
2κ : 

 

 
2
1

2
2

0
0
κ

κ
 

=  
 

-1 -1S (D A)S  (2.7) 

 

By applying the relation defined in Eq. (2.7), Eq. (2.5) is transformed 

into the following decoupled equations: 
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2

1 1 11
2

2 2 22

ˆ( ) ( ) ( )0
ˆ( ) ( ) ( )0
q
q

ψ ξ ψ ξ ξκ
ψ ξ ψ ξ ξκ

′′       
− + =      ′′      

 (2.8) 

 

where the modal fluxes and transformed sources are defined as: 

 

 

01

2 2

( )( )

( ) ( )

φ ξψ ξ

ψ ξ φ ξ

  
=   

      

-1S
 and 

01

2 2

ˆ ( )( )
ˆ ( ) ( )

qq
q q

ξξ

ξ ξ

  
=   

      

-1 -1S D
 

 

Obtaining the analytic solution of Eq. (2.8), which is expressed 

in terms of homogeneous and particular solutions, is straight-forward and 

the general solution in the modal space is obtained as follows: 

 

 

0 11

22 2
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022 2
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sinh( ) 0
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ψ ξ κ ξ

κ ξ
ξ

κ ξ =

    
=     

    
    

+ +     
     

∑
 (2.9) 

 

where ( )iP ξ  is the i-th order Legendre polynomial. The particular 

solution expressed as a quartic polynomial is determined solely by the 

coefficients of the source term. In the determination of the coefficients 

of the homogeneous solution, additional four conditions for each node 

are required. 

In the whole 1-D SP3 SENM approach, the unknown coefficients 

of the whole 1-D domain are directly determined by imposing all 
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available interface conditions simultaneously. There are a total of four 

continuity conditions for the two angular moments (0th and 2nd) and their 

currents at each interior interface. At the top and bottom boundary 

surfaces, the matrix type albedo boundary conditions for two angular 

moments are available. Since the number of the unknown coefficients 

and the constraints conditions are the same, a unique solution can be 

obtained by solving the following coupled linear system consisting of the 

homogenous solutions coefficients:  
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 (2.10) 

 

where  iA  and iB  vectors consist of the two unknown 

coefficients of the cosine hyperbolic and sine hyperbolic functions of 

node i. The above linear system can be easily solved by applying the LU 

factorization method in the unit of 2x2 block matrix. Once the unknown 

coefficients are determined, the intranodal axial flux distributions are 

represented in terms of exponential functions and a quartic polynomial. 

This solution containing exponential functions can be approximated by 

a 4-th order polynomial using the orthogonal Legendre expansion to 

update the quartic source term for the subsequent iteration. The details 
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of the SENM solution process for the SP3 equation can be found in 

Appendix C and elsewhere3. 

 

2.2.2 Verification of Whole 1-D SENM 
 

In order to verify the developed SP3 formulation, the 1-D 

MOX/UO2 Problem with 1 group energy structure (1-D 1-G MOX/UO2) 

shown in Fig. 2-2 was solved with the whole 1-D SP3 SENM. And the 

cross section data is taken from the 1 group benchmark cross section data 

of IAEA L336 benchmark problem. Because the severe flux variations 

will be observed at UO2-MOX and MOX-Reflector interface, the 

accuracy of the intranodal moment obtained by SENM could be 

examined.  

UO2 MOX Reflector

10.71cm 21.42 cm 21.42 cm

Reflective Vacuum
 

Fig. 2-2 Configuration of 1-D 1-G MOX/UO2 Problem for Whole 1-D 
SP3 SENM Verification 

 

The reference solution was obtained by the SP3 fine mesh FDM 

calculation. In principle, the solution of the FDM and nodal is identical 

if mesh size is sufficiently small. The comparison result of eigenvalue 

and angular moment profiles are shown in Table 2-1, Fig. 2-3 and Fig. 

2-4. The eigenvalue has an excellent agreement with only 1 pcm 

difference. The angular moment profiles shown in Fig. 2-3 and Fig. 2-4 

are almost same with the reference profile with the large mesh size. It is 
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notable that the extreme change of the moment at the material interface 

is represented with the SENM solution. Thus, it can be said that the 

whole 1-D SP3 SENM can give the accurate solution of SP3 equation 

with large mesh size.  

 
Table 2-1 Eigenvalue Comparison between Whole 1-D SP3 SENM and 

SP3 Fine Mesh FDM for 1-D 1-G UO2/MOX Problem 

Parameter SP3 Fine Mesh FDM 
(Reference) Whole 1-D SP3 SENM 

No. Mesh 250 (0.2142 cm/mesh) 3 

Eigenvalue 0.95680 0.95681 
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Fig. 2-3 Scalar Flux Comparison between Whole 1-D SENM and Fine 

Mesh FDM solution of 1-D 1-G MOX/UO2 Problem  

 

 

Fig. 2-4 2nd Moment Comparison between whole 1-D SENM and Fine 

Mesh FDM solutions of 1-D 1-G MOX/UO2 Problem 
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2.2.3 Integration of Axial SP3 Nodal Solver to 3-D CMFD 
Framework 

 

In the 3-D CMFD calculation, the axial 1-D problems for each 

pin can be constructed with the cell-homogenized cross sections as 

illustrated in Fig. 2-5. The purpose of the pin by pin 1-D calculation is to 

establish the CMFD relation at the axial node interfaces. The additional 

information for construction of a 1-D nodal problem which is transverse 

leakage and eigenvalue from the 3-D CMFD is fed up to the axial 

calculation in that the consistency of the nodal calculation with the 3-D 

CMFD solutions should be ensured in the generation of CMFD relation. 

As a consequence, the 1-D fixed source problem similar as the planar 

MOC is solved by employing the whole 1-D SP3 SENM. From the 

resulting intranodal flux profile and the interface current, the current 

correction parameter can be obtained for constructing the 3-D CMFD 

system. Note that the current correction parameter should be made for 

the diffusion CMFD relation shown in Eq. (2.4) instead of the SP3 

CMFD relation. As shown in the 3-D CMFD calculation flow chart of 

Fig. 2-6, the axial nodal calculation is performed frequently within the 

3-D CMFD outer iteration in order to reflect the update of transverse 

leakage and eigenvalue to the axial current correction factor.   

The important characteristic of the fixed source problem where 

the fission reaction is occurred is that the solution cannot exist for the 

super-productive medium. With the fully converged solution of 3-D 

CMFD, the corresponding solutions of 1-D problem do exist because the 

problem is adjusted to the critical via the transverse leakage and 

eigenvalue. While the solution is converging, however, there is 

 

29 



 

possibility of diverging the 1-D solution if the medium becomes super-

productive incidentally. As a remedy for eliminating the potential 

instability, the fission source level of each node is fixed to the value of 

the 3-D CMFD solution. This fixation changes the problem characteristic 

to have the solution unconditionally because the problem is converted 

into the finding flux distribution in non-productive medium with fixed 

source. And the intranodal shape of the fission source can vary according 

to the updated scalar flux profile. The flow chart which illustrates the 

overall procedure of the 1-D nodal calculations is presented in Fig. 2-7. 

In principle, the 2nd order transverse leakage should be provided to the 

SP3 nodal solver for complete consistency. The second moment 

transverse leakage is unable to evaluate from the solution of 3-D CMFD 

as well as planar MOC, because the 2nd moment angular flux does not 

have a physical definition which make possible to evaluate from the 

angular flux distribution. Noting that the value of the 2nd moment is 

relatively small compared to the scalar flux, the contribution of the 2nd 

moment transverse leakage is neglected in the 1-D SP3 calculation. 

3-D CMFD Calculation
Pin by Pin  SP3 Nodal Calculation

Node Avg. 0th Transverse Leakage

Node Avg. Fission Source Distribution

Eigenvalue

CMFD Relation for Axial Direction

 

Fig. 2-5 Integration between 3-D CMFD and Axial Nodal Solvers 
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Update Axial CMFD Relation

Construct 3-D CMFD System

Update Axial 
CMFD Relation?

Update 3-D CMFD System
Perform 3-D CMFD 

Outer Iteration

End

Converged?
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Fig. 2-6 Flow Chart of 3-D CMFD incorporating with Axial SP3 Nodal 

Solver  
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Fig. 2-7 Flow Chart of Whole 1-D SP3 SENM Calculation embedded in 

3-D CMFD Framework 
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2.3 Verification of Whole Core Transport Calculation 
 

The 3-D transport calculation capability is the most fundamental 

one of a core analysis code. Thus the performance of this capability 

needs to be verified prior to other calculation features. In this regard, the 

whole cre transport calculation was examined for the problems with three 

different levels: 1) 3-D core problem with homogenized configuration 

which, Takeda benchmark38, 2) 3-D small problem with explicit pin-cell 

representation, 3-D C5G7MOX benchmark39, and 3) realistic core 

problem without thermal feedback, the first cycle of YGN3 (YGN3C1) 

at beginning of cycle (BOC). The Takeda benchmark consists of 4 

different core model with homogeneous assembly configurations and the 

model 2 was solved and verified with the reference solution from the 

McCARD40 Monte Carlo (MC) calculations. The C5G7MOX problem 

has the heterogeneous pin cell configuration and 7-group cross sections 

are given for each material. The solution accuracy was assessed by 

comparing the results with the available reference MC solutions 

provided by the benchmark administration. Moreover, the accuracy 

improvement of axial SP3 nodal solver was verified by comparing with 

the axial P1 solution in the two benchmark calculations. In the 

examination of YGN3C1 calculation, the reference solution for 

comparison with nTRACER was obtained from a McCARD MC 

calculation result. Since the feedback calculation for the entire PWR core 

was not available with McCARD, uniform T/H conditions were used. 
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2.3.1 Takeda Benchmark Problems 
 

For the verification of whole core transport capability, the model 

2 of Takeda benchmark problem was solved with nTRACER. This 

problem consists of the rodded and unrodded configurations with 

homogenized rectangular assemblies and 4-group cross section data is 

given for each assembly type. In the modeling of the core, the 

homogenized assembly with 5 cm pitch is divided into 5x5 cells which 

are subdivided also into 25 rectangular meshes thus the flux variation 

within the homogenized assembly can be taken into account precisely. 

The ray tracing parameters used are 8 azimuthal and 4 polar angles for 

the octant of the solid angle sphere with 0.02 cm ray spacing. The 

nTRACER calculation was performed with both of P1 and SP3 axial 

solvers to investigate the superiority of SP3 solver. The reference 

solutions were obtained with the McCARD MC calculation. The k-eff 

and the power distributions obtained from the nTRACER code are 

compared with the reference solutions in Table 2-2 and Fig. 2-8. In this 

work, as a guide, the relative error and relative RMS errors were obtained 

using following definition: 
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The k-eff comparison shown in Table 2-2 indicates clearly that the SP3 
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solutions are much more accurate than those of the P1. The k-eff errors 

of around 110 pcm configuration with is reduced to 33 pcm for the 

unrodded case and 115 pcm to 43 pcm for the rodded case by replacing 

the axial P1 solver to SP3 solver. In the assemblywise power distribution 

comparison, the both solution of axial SP3 and P1 has good agreement 

with the reference solution. The radial power distributions of axial SP3 

and P1 are essentially same for the unrodded configuration and the SP3 

solution is slightly better for the rodded configuration. 

 
Table 2-2 k-eff Comparison of Takeda Benchmark Problem Model 2 

with MC reference solution 

Code McCARD nTRACER 

Axial Solver - P1 SP3 

Rod Out 
k-eff 0.97370 ± 3 0.97266 0.97401 

Del_rho, pcm - -110 33 

Rod In 
K-eff 0.95967 ± 3 0.95861 0.96007 

Del_rho, pcm - -115 43 

Rod Worth, pcm 1501 1507 1491 
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(a) Rod Out 

 

(b) Rod In 

Fig. 2-8 Assemblywise power comparison of Takeda Benchmark 
Problem Model 2 

 

1.631 1.608 1.562 1.496 1.408 1.301 1.177 1.039 0.889 0.730 0.565
0.03 0.05 0.07 0.06 0.07 0.09 0.08 0.04 0.04 0.02 0.00
0.02 0.03 0.05 0.04 0.05 0.07 0.07 0.02 0.03 0.01 0.00

1.605 1.582 1.537 1.471 1.384 1.280 1.157 1.020 0.872 0.715 0.552
0.02 0.05 0.06 0.09 0.11 0.08 0.07 0.07 0.02 0.01 -0.02
0.00 0.04 0.04 0.07 0.10 0.07 0.05 0.06 0.02 0.01 -0.02

1.552 1.530 1.487 1.424 1.340 1.238 1.118 0.984 0.838 0.685 0.523
0.03 0.07 0.08 0.08 0.06 0.04 0.05 0.05 0.06 -0.02 0.03
0.02 0.05 0.07 0.07 0.05 0.03 0.04 0.04 0.05 -0.01 0.04

1.475 1.455 1.415 1.354 1.274 1.176 1.061 0.931 0.791 0.639
0.01 0.01 0.03 0.05 0.04 0.01 0.04 0.03 0.00 0.01
0.00 0.00 0.02 0.04 0.03 -0.01 0.03 0.03 -0.01 0.01

1.374 1.357 1.321 1.264 1.189 1.096 0.986 0.863 0.729 0.585
-0.02 -0.02 0.00 0.06 0.02 0.04 0.04 0.04 -0.02 -0.08
-0.03 -0.02 -0.01 0.05 0.01 0.04 0.04 0.04 -0.01 -0.07

1.250 1.237 1.207 1.157 1.088 1.000 0.898 0.782 0.656 0.519
-0.05 -0.02 0.01 0.04 0.02 0.00 0.02 -0.01 -0.05 0.01
-0.05 -0.01 0.01 0.04 0.02 0.00 0.02 0.00 -0.04 0.03

1.100 1.101 1.080 1.036 0.972 0.892 0.797 0.690 0.572
-0.12 -0.05 -0.02 -0.04 -0.04 -0.05 -0.02 -0.04 -0.05
-0.10 -0.04 -0.01 -0.04 -0.04 -0.05 -0.01 -0.02 -0.02

0.962 0.945 0.905 0.846 0.773 0.686 0.588 0.481
-0.12 -0.09 -0.07 -0.06 -0.11 -0.04 -0.02 -0.14
-0.09 -0.07 -0.06 -0.05 -0.09 -0.02 -0.01 -0.10

0.831 0.806 0.766 0.712 0.644 0.566 0.479
-0.20 -0.12 -0.10 -0.10 -0.07 -0.14 -0.11
-0.15 -0.09 -0.07 -0.08 -0.05 -0.11 -0.07

0.710 0.690 0.660 0.619 0.569 0.509
-0.28 -0.21 -0.19 -0.16 -0.11 -0.12
-0.21 -0.15 -0.15 -0.13 -0.07 -0.08

0.547 0.533 0.505 x.xxx
-0.24 -0.21 -0.18 x.xx
-0.17 -0.15 -0.13 x.xx

McCARD(Ref.)
Err. nTRACER w/ Axial SP3, %
Err. nTRACER w/ Axial P1, %

1.676 1.654 1.610 1.545 1.458 1.351 1.225 1.084 0.929 0.764 0.592
0.12 0.11 0.07 0.07 0.05 0.08 0.06 0.06 0.07 0.06 0.03
0.12 0.11 0.08 0.08 0.06 0.09 0.08 0.08 0.09 0.10 0.07

1.644 1.623 1.580 1.516 1.431 1.326 1.202 1.063 0.910 0.748 0.578
0.07 0.08 0.09 0.10 0.07 0.10 0.08 0.03 0.08 -0.01 -0.02
0.07 0.08 0.09 0.11 0.08 0.11 0.10 0.05 0.10 0.02 0.03

1.580 1.560 1.520 1.460 1.379 1.277 1.158 1.023 0.874 0.714 0.547
0.07 0.05 0.07 0.04 0.03 0.09 0.06 0.04 0.00 0.05 -0.05
0.07 0.05 0.07 0.05 0.04 0.09 0.07 0.06 0.02 0.08 -0.01

1.485 1.467 1.432 1.377 1.302 1.207 1.093 0.964 0.820 0.665
0.03 0.06 0.06 0.07 0.04 0.04 0.03 0.04 0.01 -0.02
0.03 0.06 0.05 0.07 0.04 0.05 0.05 0.06 0.04 0.02

1.358 1.346 1.319 1.271 1.204 1.117 1.010 0.889 0.753 0.606
-0.02 -0.01 -0.02 0.03 -0.01 0.00 0.04 -0.01 -0.03 -0.03
-0.04 -0.02 -0.02 0.03 -0.01 0.00 0.05 0.01 0.00 0.00

1.198 1.197 1.181 1.145 1.088 1.010 0.913 0.800 0.674 0.536
-0.04 -0.09 -0.02 -0.01 -0.05 -0.03 0.00 0.01 -0.08 -0.13
-0.07 -0.11 -0.04 -0.02 -0.05 -0.03 0.01 0.03 -0.05 -0.09

0.996 1.021 1.027 1.005 0.958 0.890 0.803 0.700 0.584
-0.11 -0.10 -0.06 -0.05 -0.04 -0.07 -0.01 -0.05 -0.10
-0.18 -0.15 -0.09 -0.06 -0.04 -0.07 0.00 -0.03 -0.06

0.836 0.869 0.859 0.821 0.761 0.684 0.593 0.488
-0.12 -0.14 -0.11 -0.09 -0.06 -0.02 -0.10 -0.15
-0.21 -0.18 -0.13 -0.10 -0.06 0.00 -0.08 -0.11

0.688 0.719 0.711 0.679 0.627 0.559 0.478
-0.14 -0.19 -0.13 -0.09 -0.09 -0.10 -0.17
-0.25 -0.24 -0.15 -0.10 -0.08 -0.08 -0.14

0.547 0.569 0.578 0.566 0.536 0.489
-0.28 -0.23 -0.18 -0.19 -0.09 -0.09
-0.42 -0.32 -0.22 -0.22 -0.09 -0.07

0.444 0.446 0.440 x.xxx
-0.33 -0.29 -0.21 x.xx
-0.41 -0.36 -0.25 x.xx

McCARD(Ref.)
Err. nTRACER w/ Axial SP3, %
Err. nTRACER w/ Axial P1, %

 

36 



 

2.3.2 3-D C5G7MOX Benchmark Problems 
 

In the nTRACER model for the C5G7MOX benchmark 

calculations, the fuel pellet and coolant region are divided into 40 and 24 

flat source regions, respectively. The ray tracing parameters used are 8 

azimuthal and 4 polar angles for the octant of the solid angle sphere with 

0.02 cm ray spacing. Different axial mesh sizes were, however, tried to 

examine the effectiveness of the SP3 over the diffusion solver. The 

nTRACER results of the C5G7MOX benchmark problem of rodded A 

and rodded B cases for different axial mesh sizes and nodal solvers are 

given in Table 2-3, Table 2-4 and Fig. 2-9 to Fig. 2-12.  

Prior to evaluate the superiority of the axial SP3 solver over P1 

solver, the solutions of nTRACER with axial SP3 solver are examined. 

For the basic model, the axial node size of the fuel region is 14.28 cm (4 

plane case) which is very large compared with the radial mesh sizes. For 

both rodded cases with the axial SP3 nodal solver, relatively large 

eigenvalue errors greater than 150 pcm are observed for the basic axial 

modeling. Because this problem involves a very strong variation in the 

axial flux due the small axial dimension with partial control rod insertion, 

it is required to use much smaller axial meshes than the realistic core 

cases. With the refinement of the axial mesh size, the error is reduced. 

For the 16 plane cases (4 planes/slice), the eigenvalue errors are reduced 

to about 30 pcm level. In the comparison of the pin power distributions, 

a similar trend is observed. The large error at Slice 3 observed in the 4 

plane case for both cases (despite that the integrated pin power errors are 

only 1% level) is decreased down to 1.5% with the finer axial 

nodalizations as identified by Table 2-3, Table 2-4, Fig. 2-9 and Fig. 2-10 
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below. In both rodded cases, it is noted that the SP3 solver gives 

consistently better result as more planes are used unlikely the P1 case 

where the eigenvalue error and RMS error increase with the mesh 

refinement. Particularly, the effectiveness of the SP3 solution is 

demonstrated clearly in the rodded B configuration where the distortion 

of the flux due to the control rod insertion is more severe. The axial P1 

solver has 113 pcm error of eigenvalue for the most refined case whereas 

it is only 26 pcm with the SP3 solver. In the pin power error comparison 

of the most mesh refined case shown in Fig. 2-11 and Fig. 2-12, the large 

errors of the axial P1 solver are occurred in the fuel and radial reflector 

interface. It turns out that those large errors can be reduced effectively 

with the axial SP3 solver. The large error of slice 3 is exaggerated because 

of the small local powers which are located at periphery of the active 

core.  
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Table 2-3 Comparison of 3-D C5G7MOX Problem Rodded A Case 
with MC reference solutions 

Axial Nodal Solver P1 SP3 

No. Axial Planes 4 8 16 4 8 16 

K-eff1) 1.12912 1.12784 1.12756 1.12993 1.12867 1.12839 

Del_k(pcm) 106 -22 -50 187 61 33 

Slice 1 Pin 
Power 

Error(%) 

Max 1.16 1.58 2.04 1.28 1.14 1.33 

RMS 0.62 0.42 0.61 0.63 0.28 0.31 

Slice 2 Pin 
Power 

Error(%) 

Max 1.49 1.65 2.14 1.07 1.30 1.35 

RMS 0.42 0.42 0.57 0.44 0.32 0.33 

Slice 3 Pin 
Power 

Error(%) 

Max 3.63 1.81 1.28 3.49 2.00 1.24 

RMS 2.03 0.74 0.39 1.90 0.82 0.38 

Axially 
Integrated 
Pin Power 
Error(%) 

Max 1.48 1.37 1.77 0.91 1.06 0.99 

RMS 0.40 0.41 0.49 0.21 0.30 0.26 

1) Reference k-eff = 1.12806 

  

 

39 



 

Table 2-4 Comparison of 3-D C5G7MOX Problem Rodded B Case 
with MC Reference Solutions 

Axial Nodal Solver P1 SP3 

No. Axial Planes 4 8 16 4 8 16 

K-eff1) 1.07918 1.07702 1.07664 1.08056 1.07838 1.07803 

Del_k(pcm) 141 -75 -113 279 61 26 

Slice 1 Pin 
Power 

Error(%) 

Max 1.22 2.29 2.49 2.22 1.51 1.65 

RMS 0.51 0.66 0.76 0.92 0.39 0.42 

Slice 2 Pin 
Power 

Error(%) 

Max 1.87 2.14 2.24 1.71 1.55 1.55 

RMS 0.59 0.62 0.63 0.71 0.59 0.44 

Slice 3 Pin 
Power 

Error(%) 

Max 5.55 3.03 2.57 7.07 2.07 1.46 

RMS 2.34 1.29 0.92 2.96 0.75 0.60 

Axially 
Integrated Pin 

Power 
Error(%) 

Max 1.52 2.24 2.26 0.86 1.50 1.44 

RMS 0.42 0.65 0.65 0.30 0.38 0.36 

1) Reference k-eff = 1.07777 
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4 Axial  Planes 8 Axial  Planes 16 Axial  Planes  

Fig. 2-9 Variation of Pin Power Error Distribution at Slice 3 of 

C5G7MOX Rodded A Problem with Axial Mesh Refinements 

 

 

 

4 Axial  Planes 8 Axial  Planes 16 Axial  Planes  

Fig. 2-10 Variation of Pin Power Error Distribution at Slice 3 of 

C5G7MOX Rodded B Problem with Axial Mesh Refinements 
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Slice 1 – Axial P1

Slice 3 – Axial P1

Axially Integrated – Axial P1 Axially Integrated – Axial SP3

Slice 3 – AxialSP3

Slice 1 – Axial SP3

 

Fig. 2-11 Comparison of Pin Power Error Distributions for C5G7MOX 

Rodded A Problem with the 16 axial planes 
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Slice 1 – P1

Slice 3 – Axial P1

Axially Integrated – Axial P1 Axially Integrated – Axial SP3

Slice 3 – Axial SP3

Slice 1 – Axial SP3

 

Fig. 2-12 Comparison of Pin Power Error Distributions for C5G7MOX 

Rodded B Problem with the 16 axial planes 
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2.3.3 YGN3 Cycle 1 Initial Core Calculation 
 

YGN3C1 BOC calculation was performed by both nTRACER 

and McCARD codes. The McCARD calculation was done with the 

continuous energy cross sections while the nTRACER calculation was 

done with a 47 group cross section library generated from the same 

ENDF-B/VII cross section data on which the McCARD run was based. 

The temperature of the fuel region was set to 900K while 600K for the 

rest in order to simulate the hot full power condition. The detailed 

modeling description of the core core configuration is detailed in 

Appendix A. In the McCARD calculation, 1 million particles per cycle 

and 500 active cycles were used. The resulting reference assemblywise 

power distribution has relative standard deviations less than 0.1% for 

entire assemblies. The comparison result between nTRACER and 

McCARD is shown in Fig. 15. The maximum and RMS errors are 0.88% 

and 0.38, respectively. Thus the power distribution obtained by 

nTRACER is in a very good agreement with the McCARD result. The 

critical boron concentrations (CBC) of the two calculations differ, 

however, somewhat largely by 37 ppm (1122 ppm for nTRACER vs. 

1085 ppm for McCARD). This might be due to the difference in the cross 

sections data used and some possible discrepancy in the details core 

modeling. The comparison with the measured critical boron 

concentration to be shown later will show that the nTRACER CBCs is 

in a good agreement with the measured values.  
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Fig. 2-13 Assemblywise power comparison of YGN3C1 of EOC at 

similar HFP state between nTRACER and McCARD 
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2.4 Control Rod Decusping Method 
 

In the analysis of the power reactors, the calculations involvinh 

the control rod movement are encountered frequently and the accurate 

modeling of the control rods is critical in that the movement of the 

control rod introduces the large perturbation on the flux distribution and 

reactivity. The major issue of the control rod modeling is the drastic 

variation of the flux and the radial and the axial variation can be resolved 

with the radial MOC and axial SP3 calculations in the nTRACER 

calculation. In the practical point of view, however, the misalignment of 

the control rod position and axial mesh structure as shown in Fig. 2-14 

should be handled appropriately, since its position frequently changes 

during operation and the control rod tip can be located at arbitrary 

position axially. The most direct solution for dealing this issue is 

employing the adaptive mesh for regions where the misalignment is 

occurs as shown in Fig. 2-14. Despite this approach can eliminate the 

difficulty itself, it poses the substantial programing issues including the 

maintenance, so most of the core analysis codes do not adopt the adaptive 

mesh approach. Another approach which has been adopted widely is to 

resolve the material discontinuity within the axial meshes via the proper 

homogenization. 
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Mesh Boundary

Control Rod Tip

Adaptive Mesh

Homogenization

Method 1 - Adaptive Mesh

Method 2 - Homogenization

Misalignment of Control Rod 
and Mesh Structure

 

Fig. 2-14 Two Approaches for handling the Mismatch of Control Rod 

and Mesh Structure 

 

The homogenization approach has a strong advantage on the 

implementation but it requires an elaborated homogenization scheme for 

determining the homogenized cross section. The strong self-shielding in 

the rodded region which leads to drastic change of thermal flux is 

occurred near the tip of control rod. As shown in Fig. 2-15, the simple 

volume weighting homogenization results in the over-prediction of the 

control rod effect which is referred as the cusping effect. Conventionally, 

the elaborated homogenization techniques to alleviate the cusping effect 

decusping method, have been developed for the core analysis code based 

on nodal method41, 42, 43, 44. The basic idea of those decusping methods is 

that flux-volume weighted homogenization and the online generation of 

the flux weighting of rodded and unrodded regions are made 

approximately by performing the local 1-D calculation.  
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Fig. 2-15 Control Rod Cusping Effect 

 

In the advanced core analysis which performs the pin level or 

sub-pin level calculations, Yamamoto45 claimed that the conventional 

decusping method based on 1-D calculation is not applicable due to the 

stronger effect of the radial leakage effect than that of the nodal method. 

Based on the observation that the variation of fast flux inside a partially 

rodded mesh is smoother than that of the thermal flux, he proposed the 

simple decusping method for the pin by pin nodal calculation that 

estimates the fast flux with the conventional decusping method then 

obtained the thermal flux together with the pre-calculated spectral 

indexes and approximated fast flux. It is found that this method cannot 

be utilized in the whole core transport calculation in that this method is 

targeting at the calculation with few group energy structure and in that 

the intrapellet variation of flux in the partially rodded cell cannot be 

processed as well.  

As a measure of realizing the control rod treatment tailored for 

the whole core transport calculation, the decusping method based on the 

local 3-D CMFD calculations was developed. If the axial flux profile in 
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the partially rodded cell is given, the decusping factor can be defined 

from the flux-volume weighted homogenized cross section as follow: 

  

 , ,

, ,
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g g g g gR R UR UR
ax g ax g

h h
h h

φ φ
ω ω

φ φ
Σ +Σ

Σ = = Σ + − Σ
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where super-script R  and UR  stand for the rodded and unrodded 

region respectively, and the dcsp
gω  is the decusping factor of group g. 

The generation of the decusping factor can be carried out efficiently 

without the calculation of the entire domains based on the following two 

observations: 1) the decusping effect is significant in the thermal energy 

range, and 2) Because the mean free path of thermal neutron in PWRs is 

few centimeter range, the calculation only for the axial thermal flux 

profile can be achieved with the local domain. Therefore, the axial flux 

profile of rodded pin-cell needed for decusping factor can be calculated 

with few assembly configurations. For efficient calculations, the axial 

flux profiles for various control rod axial position are pre-generated with 

the 3-D CMFD calculation instead of the online treatment. In followings, 

the decusping method based on local 3-D CMFD calculation and spatial 

self-shielding treatment are detailed. Then, the examination of the 

decusping method is presented. 

 

2.4.1 Decusping Method Based on Local 3-D CMFD Calculations 
 

To generate the decouping factor for resolving the cusping errors, 

the local 3-D problem consisting of the assemblies in which the control 

 

49 



 

rod would be inserted and their neighboring assemblies is configured 

from the global problem as shown in Fig. 2-16. The one of possible 

option is that the local problem is produced and solved in online at the 

time of the whole core transport calculation is performed. Instead of this 

online treatment approach, the 1-D profiles of the pin where the control 

rod is located are pre-generated at various positions independently then 

the obtained axial profiles are functionalized with respect to the control 

rod tip location. Using the axial profile data obtained in advance, the 

decusping treatment is performed by calculation of the decusping factor 

for a control rod configuration. This approach has advantages over the 

online approach on the implementation and calculation efficiency in that 

the pre-generated data could be used for the several control rod position 

which have identical or similar local configurations.  

Global Problem
Local Problem 

for Control Rod Decusping

Partially Rodded Assembly

 

Fig. 2-16 Illustration of Configuring the Local Problem for Control Rod  

 

In order to establish the accurate functionalization of axial 

profile, the set of local problems are prepared with the fine axial mesh 
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structures so that the control rod step size could be small enough to use 

the linear interpolation for functionalization. Consequently, the 

successive transport calculations are performed by moving the control 

rod position with small step size. Though the problem domain is small, 

this procedure poses substantial computational time in cases of 

performing the whole core transport calculations. In this regard, the 

employing the standalone 3-D CMFD scheme is capable to reduce the 

computational cost of solving the large number of the local problems. 

Prior to the standalone 3-D CMFD, the group constant of the local 

problem including the CMFD relations is prepared from the 3-D 

transport calculation for fully rodded and unrodded control rod 

configurations with the large mesh sizes as illustrated in Fig. 2-17. The 

3-D problem with refined mesh structure can be configured using the 

prepared two cross section data, which is similar to the sub-plane 

scheme46. Precisely, cross section data of the coarse plane is assigned for 

its refined planes in the axial profile generation according to the control 

rod configuration. Therefore, the refined planes, which are belonged to 

the same coarse planes and have same control rod configuration, share 

same cross section data. In the generation of the axial profile, the 

accurate prediction of the profile can be accomplished by employing the 

axial SP3 method embedded in the 3-D CMFD calculation. Then, the 

resulting axial flux profile with 4-th order intranodal representation 

which is available from the nodal solution is obtained and fed up to the 

decusping treatment in the actual whole core calculation.  
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Rodded Configuration Unrodded Configuration

Preparation of pin by pin Cross 
Section for 3-D CMFD 

Axial Flux Profile Generation with 
Fine Axial Mesh Structures using 3-D CMFD

 

Fig. 2-17 Illustration of the Axial Profile Generation Procedure for 

Decusping Treatment 

 

Noting that the local 3-D CMFD calculation is based on the 

homogenized cell configuration, the axial profile given for the 

homogenized cell is employed for evaluating the decusping factors using 

Eq. (2.13). The average flux of rodded and unrodded region is evaluated 

by integrating profile expressed as piecewise quartic polynomials. For 

the matched axial profile data does not exist, the corresponding axial 

profile is obtained by interpolation of two closed profile.  

 

2.4.2 Spatial Self-Shielding Consideration in Decusping Method 
 

In the examination of the decusping method, it was found that 

the spatial self-shielding for radial direction illustrated in Fig. 2-18 

schematically is significant and cannot be resolved with the intranodal 

flux profile based on cell-homogenized, because the single decusping 

factor is used regardless of the radial location at the control rod region. 
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In order to correct the radial self-shielding, the sub-pin level flux 

distributions for the rodded and unrodded configuration are introduced 

in the homogenization of the partially rodded mesh: 
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where ,
R
rad iφ  and ,

UR
rad iφ  are the radial flux profile of rodded and 

unrodded at i-th radial region respectively, and the group index g is 

omitted for brevity. With the correction, the flux for the homogenization 

is obtained by synthesizing the axial and radial flux profile. That enables 

to utilizing the region-dependent decusping factor which makes spatial 

self-shielding reflected in the homogenization. In the implementation, 

the radial flux profile at the control rod position is prepared when the 

generation of cross section data for local problems. Thus, the correction 

could be realized in the whole core transport calculation without posing 

the additional computational cost. 

Axial Direction

Rodded RegionUnrodded Region

Center -> Outer

Thermal Flux Profile

 

Fig. 2-18 Radial Spatial Self-shielding Effect of Partially Rodded Mesh 
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2.4.3 Verification of Decusping Method 
 

For the performance assessment of the decusping method, the 

3x3 assembly problem was examined for the different control rod tip 

position locations. The 3x3 assembly problem at HZP was prepared with 

the C1 type assembly of the OPR1000 core shown in Fig. 2-19 and the 4 

finger control rod was inserted only for the center assembly. In the 

calculation, the active core region which is 381cm long was modeled 

with 20 axial meshes (19.05 cm/plane) and the control rod tip position 

was moved from 171.45cm to 209.55 cm (9th to 11th plane) with 4.7625 

cm control rod step size (4 step/plane). The axial profile data for the 

decusping treatment was obtained with the exact 3x3 assembly 

configuration. To confirm the improvement of the proposed decusping 

method, additionally, the same calculations were carried out with the 

simple volume weighted homogenization of partially rodded cell. The 

obtained results are summarized in the k-eff vs. control rod position 

graph of Fig. 2-20. Without employing the decusping method, the 

significant cusping error is observed at the location in which the 

homogenization is involved. The decusping method without considering 

the spatial self-shielding reduces the cusping error to some extent but the 

notable unphysical cusps are still observed at the interface of the axial 

node. It is found that the cusping error is substantially reduced when the 

spatial self-shielding effect is considered. This result suggests that the 

spatial self-shieling effect is the key contributor of the cusping error in 

the whole core transport calculation. And it is shown that this effect can 

be reflected properly as well as efficiently in the decusping treatment 

with the proposed simple correction.  
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B4C Control Rod

 

Fig. 2-19 C1 Assembly Configuration for 3x3 Assembly Problem  

 
Fig. 2-20 Examination of the Decusping Method for 3x3 Assembly 

Problem 
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To demonstrate the decusping method for the realistic core 

analysis, the control rod worth curve is obtained for the strongest control 

rod group of OPR1000 core. The control rod configuration of OPR1000 

core is shown in Fig. 2-21 and the lead control rod group is the shutdown 

group B (SG-B). In the calculation, the SG-B was moved from bottom 

to top of the active core region with 9.525 cm step size (2 step/plane) at 

HZP condition while other control rods were remained at the fully 

withdrawn position and the reactivities were calculated for each step. 

The obtained results are plotted in Fig. 2-22. The control rod worth curve 

has an excellent prediction of the control rod worth at the locations in 

which the decusping treatment is involved, although a slight cusping 

error is observed.  

 

Fig. 2-21 Control Rod Configuration of OPR1000 
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Fig. 2-22 Control Rod Worth Curve of OPR1000 Shutdown Group B 

 

Addition to the verification of decusping treatment on the 

reactivities, the investigation on reducing error of the power distribution 

was carried out for the OPR1000 core problem above. For the assessment, 

the problem requiring the control rod decusping treatment was made up 

by inserting the SG-B to have a partially rodded plane and additional 

configuration was prepared by adding the extra axial mesh so that the 

reference solution could be obtained without utilization of the decusping 

treatment. The two corresponding axial configurations are shown in Fig. 

2-23. The reference solution was obtained with nTRACER calculation 

first.  
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(a) Decusping Calculation 

Control Rods (Shutdown Group B)

8th Plane 21th Plane

Active Core Region, 381 cm

161.925 cm from Bottom

19.05cm

… …
Axial Direction

1st Plane 11th Plane

 

(b) Reference Calculation 

Fig. 2-23 Axial Configurations of OPR1000 Problem for Power 

Distribution Verification 

 

The problem including the partially rodded plane was solved 

with and without employing the decusping treatments then the two 

obtained solutions were compared with the reference to examine the 

accuracy improvement of the decusping method. The comparison results 

are shown in Fig. 2-24 to Fig. 2-26. Fig. 2-24 shows the axial power 

comparisons of the solutions with and without using the decusping 

method. The non-negligible error of cusping error is observed in the axial 

power profile at glance if the decusping treatment was not observed and 

the maximum error is about 8% at the plane where the misalignment of 

control rod tip and mesh interface is located. Using the decusping 
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treatment, the large cusping error, however, is reduced to 2 % in 

maximum and the overall profile has the good agreement with the 

reference one. The following comparison shown in Fig. 2-25 is for the 

axially integrated power distributions. The notable thing observed in the 

obtained solution without decusping consideration is that the significant 

error about 3% maximum is found at the core center due to the over-

prediction of neutron absorption at the partially rodded plane. As 

observed in the examination of the axial power profile, the solution 

accuracy at the core center and the control rod located is improved 

considerably to have less than 1% errors by making use of the decusping 

treatment. Finally, the planewise power distribution at the plane, where 

the decusping treatment was involved, was assessed with the reference 

distribution and the comparison results are shown in the Fig. 2-26. The 

error near the inserted is dominant. The effectiveness of the devised 

method is demonstrated clearly in that the 20% of large errors near the 

control rod are reduced to 4%. Note that the power at the control rod 

surroundings is so small that the relative error is somewhat exaggerated 

for this plane. Moreover, the substantial deviation of power at the core 

center is also diminished from 10% to 2% range by using the decusping 

treatment. From those examination, it is confirmed that the developed 

decusping method can improve the solution accuracy of power 

distribution as well as multiplication factor by reducing the error the 

cusping error significantly. 
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Fig. 2-24 Axial Power Comparison of OPR1000 Problem for Power 

Distribution Verification 
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(a) w/o Decusping 

  

(b) w/ Decusping 

Fig. 2-25 Error of Axially Integrated Power Distribution of OPR1000 

Problem for Power Distribution Verification 
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(a) w/o Decusping 

 

 (b) w/ Decusping 

Fig. 2-26 Error of Power Distribution in Partially Rodded Plane of 

OPR1000 Problem for Power Distribution Verification 

 

 

62 



 

Chapter 3. Resonance Treatment with 

Nonuniform Temperature Distribution 
 

In a power operating condition involving substantial thermal 

feedback, the Doppler broadening of the resonance isotopes has a 

significant impact on the reactivity of the core as well as on the power 

distribution. The Doppler broadening and the associated change in the 

resonance self -shielding should be properly incorporated into the multi-

group effective cross sections of the resonance isotopes for proper 

prediction of the Doppler effect. In the evaluation of the effective cross 

sections, the self-shielding should deal with the effect of the nonuniform 

temperature distribution within a fuel pellet as well as the Doppler 

broadening itself.  

The subgroup method has been used as a method to determine 

the effective cross sections of resonant isotopes. It was initially 

employed for lattice transport calculations in which the fuel temperature 

is set uniform across the entire problem domain. So called the subgroup 

fixed source problem is solved in the application of the subgroup method 

in order to incorporate the region dependent leakage into the self-

shielded flux. This subgroup fixed source problem is formed under the 

consideration that a neutron of a certain subgroup leaving a region 

uncollided would experience the same cross section at another region as 

long as the temperature of the medium is constant. In the direct whole 

core calculation requiring an explicit treatment of the nonuniform 

temperature distribution in the determination of effective cross sections, 

however, the underlying consideration for the subgroup fixed source 
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problem is not valid.  

As a measure to resolve this problem, the subgroup level 

adjustment scheme47 of the DeCART code was developed. There was, 

however, potentially a negative weight problem in the subgroup level 

adjustment scheme. Wemple et al. proposed the number density 

adjustment scheme which is free from negative weights for 

implementation in the HELIOS 1.948 and that schemes were adopted in 

nTRACER49 codes. In this chapter, the conventional subgroup 

formulation is briefly explained first and the subgroup level adjustment 

and number density adjustment methods of nTRACER are then 

presented with the possible improvements over the HELIOS method. At 

the end of this chapter, the examination of the nonuniform temperature 

subgroup formulation is given. 

 

3.1 Conventional Subgroup Formulation 
 

In the subgroup method illustrated in Fig. 3-1, the resonances in 

a single broad energy group g are represented by a set of discrete cross 

section levels and the corresponding energy widths determined to 

preserve the area of the resonances. The cross section levels and energy 

widths are denoted as the subgroup level and the subgroup weight. With 

this representation of the resonances, the integrated reaction rate in the 

group can be approximated by the following quadrature formula: 
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where mσ  and mω  are the m-th subgroup level and weights, and mφ  is 

the flux corresponding to cross section mσ . In this representation, the 

fundamental assumption of the subgroup formulation was applied which 

is to state that the flux level corresponding to the same cross section is 

the same regardless of energy. With this quadrature formula, the effective 

cross section of the group can be obtained as follows: 
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Fig. 3-1 Subgroup Representation of Resonances within a Broad Group 

 

In order to determine the composition and configuration 

dependent resonance shielded cross section, the space dependent flux 
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level is needed to evaluate Eq. (3.2). In the case of a single resonance 

isotope in the medium, the level corresponding to the m-th cross section 

level is obtained as the following function involving the subgroup level 

dependent escape cross section: 
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The escape cross section, m
escΣ , in the above equation which is 

to reflect the heterogeneity effect through leakage is obtained as a 

function of subgroup level by solving the following subgroup fixed 

source problem (SGFSP) for level m in advance: 

 

 1( ) ( ( ) ( ) ( )) ( ) ( )m m R m p m pNϕ σ λ ϕ λ
π

Ω ⋅∇ + + Σ = Σ
4

r r r r r r  (3.4) 

 

and the resulting escape cross section is evaluated by converting the 

scalar flux to using the inverse relation of Eq. (3.3). In the above one-

group neutron transport problem, the subgroup level is assumed to be 

constant throughout the domain. The SGFSP is based on the following 

rationales: 1) a neutron migrating from one region to another region is 

regarded as remaining in the same subgroup and 2) the neutron belonging 

to the same subgroup would experience the same probability of 

resonance absorption regardless of neutron energy and location. Note 

that the second rationale can have validity only in the case of a uniform 

temperature distribution. 
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In the application of the subgroup method to the practical 

conditions, the interaction of different resonant isotopes in a mixture 

which is common in burned fuels should be reflected in the shielded 

cross section. In that regard, the flux for the m-th subgroup level of the 

i-th resonant isotope is expressed as the following in terms of the rest 

absorption cross section50: 
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where the rest absorption cross section for the i-th resonant isotope, i
xΣ , 

is defined as follow: 
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By combining Eqs. (3.2) and (3.5), the resulting macroscopic 

shielded cross section of the i-th resonant isotope can be obtained as 

follow: 
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where j
bmΣ  is the macroscopic background cross section defined as 

 

67 



 

follows with the spatial dependency being omitted for brevity: 

 

 ,i i m i
bm p escλΣ = Σ +Σ  (3.8) 

 

In order to calculate the flux depression for the subgroup level, 

the effective cross section of the other resonant isotopes which should be 

determined by the same subgroup method formula as well is required. 

An iterative calculation scheme, referred to as Bondarenko iteration, is 

employed to resolve the implicit couplings. More detailed description of 

the above mentioned subgroup formulation can be found elsewhere.50 

 

3.2 Nonuniform Temperature Subgroup Formulation 
 

The variation of the resonance cross section due to a nonuniform 

fuel temperature distribution should be incorporated properly in the 

subgroup method for power reactor calculations. In general, the 

temperature dependency is reflected in the subgroup method by the 

temperature dependent subgroup weights which are generated by 

considering Doppler broadening with the constant subgroup levels as 

illustrated in Fig. 3-2. However, the dependence of the level dependent 

escape cross sections on the temperature distribution needs a special 

attention.  
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Fig. 3-2 Illustration of Temperature Dependency of Subgroup Weights 

 

As aforementioned, the SGFSP is formulated under the 

assumption that the resonance cross section is constant in the entire 

domain for the neutrons in the same subgroup. Under a nonuniform 

condition, however, this assumption is not valid since the neutron 

entering a region having a different temperature with the same energy 

would experience a different cross section. In order to resolve this 

problem, nonuniform resonance cross sections should be introduced into 

the SGFSP. In case of the DeCART code, the subgroup levels are 

adjusted by making use of the temperature dependent subgroup 

weights.47 In the case of HELIOS48, the number density adjustment 

scheme of which the adjustment factor is determined from the 

temperature dependent resonance integral data is used. Through the 

number density adjustment, the resulting macroscopic cross section can 

have temperature dependence so that the resulting effect might be similar 

to the subgroup level adjustment scheme that changes the microscopic 

cross section. In this subsection, the two temperature dependent 

subgroup formulations are presented with refinements. 
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3.2.1 Subgroup Level Adjustment Method 
 

Noting the following equivalence relation in the infinite dilution 

resonance integral (RI): 
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where 
avgT  is the average temperature over the fuel regions, we can 

introduce the following temperature dependent subgroup level 

adjustment: 
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This is to adjust the subgroup level rather by α than the subgroup 

weight according to the temperature of the medium as illustrated in Fig. 

3-3. The temperature dependent subgroup levels then can be used in the 

SGFSP and the resulting equivalence cross sections can be 

functionalized with the adjusted subgroup levels such that the adjusted 

local subgroup level is used as the interpolation parameter in the 

subsequent escape cross section evaluation. This adjustment scheme is 

valid as long as the subgroup weights are determined employing the 

physical definition of subgroup weights, which is the fraction of the 

subgroup within the broad group. 
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Fig. 3-3 Illustration of Temperature Dependent Subgroup Levels 

 

Usually, however, the subgroup weights are generated by 

solving the error minimization problem mathematically.50 In this 

mathematical determination of the subgroup weights, there is a 

possibility of negative or abnormally small subgroup weights and 

irregular behaviors might be observed in the cross section level 

adjustment by Eq. (3.10). In order to alleviate the irregular behavior, the 

range of the subgroup level adjustment factor α is forced to be from 0.6 

to 1.4. 

 

3.2.2 Number Density Adjustment Method 
 

Considering the macroscopic cross section used in the SGFSP, 

an alternative adjustment scheme can be considered as the following: 
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where ( )if T  is defined as the number density adjustment factor of the 

i-th isotope at temperature T  by combining it with the number density 

rather than the microscopic cross section. Once the temperature 

dependency of the macroscopic cross section is carried by the number 

density correction factor, the temperature distribution of the resonance 

isotope can be treated as a uniform one and thus the conventional 

subgroup method can be utilized without a contradiction of the 

assumption of the uniform temperature condition. 

In order to determine the adjustment factor ( )if T  properly, 

Wemple et al. used the temperature dependent effective cross section 

data in HELIOS 1.9 which can be obtained using the temperature and 

background cross section dependent resonance integral (RI) table as the 

following:  
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where /b p RNσ λ= Σ . From this, the adjustment factor below is derived 

as: 
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If the local temperature is higher than the average temperature, 

the adjustment factor is less than unity because of the increased 
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resonance absorption and vice versa.  

In the number density adjustment scheme of HELIOS 1.9, the 

adjustment factor is applied in the SGFSP only48. In the subsequent 

evaluation of the effective cross section by Eq. (3.7), the adjusted 

number density in not employed directly. Instead, the escaped cross 

section obtained with the adjusted number density in SGFSP reflects the 

nonuniform temperature effect partially in the effective cross section. In 

the examination of this scheme performed by varying the degree of the 

temperature nonuniformity using nTRACER, however, this correction 

effect turned out to be marginal without a further use of the number 

density correction factor in the subsequent step. Thus we introduced a 

consistent correction which is to use the number density adjustment 

factor in Eq. (3.7) to improve accuracy. 

On the other hand, the number density adjustment factor 

obtained by Eq. (3.13) is not subgroup level dependent because the 

resonance integral data is given for the resonance group, not for subgroup. 

However, the leakage effect which affects the background cross section 

to be used in the RI interpolation is subgroup level dependent. The 

subgroup level dependency of the leakage effect is carried by the level 

dependent escape cross section in the background cross section as 

identified in Eq. (3.7). By using the level dependent escape cross section, 

the subgroup level dependent number density correction can be 

incorporated. It is done by merely using the level dependent background 

cross section in Eq. (3.7). The level dependent background cross section 

is obtained using the level dependent escape cross section which can be 

determined from the flux solution of the SGFSP with the inverse relation 
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of Eq. (3.5). The level dependent number density adjustment factors are 

then used in the following final formula to determine the effective cross 

section calculation which guarantees the consistency in the use of the 

number density adjustment factor during the steps of generating and 

using the escape cross sections: 
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The use of level and temperature dependent number density adjustment 

factor ( )m
if T  by the above equation is what makes the nTRACER 

number density adjustment scheme distinguished from the HELIOS 

approach. 

 

3.3. Verification of Nonuniform Temperature Subgroup 
Formulation 

 

In order to examine the subgroup formulation for nonuniform 

temperature cases presented in the previous section, a 2-D pin cell 

problem and a 3-D OPR1000 core problem were solved by nTRACER. 

For the pin cell problem, the effect of temperature dependent subgroup 

on the reactivity was examined by varying the degree of nonuniformity 

of the temperature profile.49 Comparisons with the reference reactivity 

variation obtained from the McCARD MC calculations were made to 

verify the fidelity of the various schemes. Then the OPR1000 problem 
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was tested to examine the effect of the resonance treatment in the real 

PWR analysis.  

 

3.3.1. SMART Fuel Pin Calculation 
 

The specification of the pin cell problem shown in Fig. 3-4 was 

taken from a SMART fuel design. The fuel rod consists of 4.95 % 

enriched UO2 pellet and Zr cladding. The basic linear power of the fuel 

is 10.97 kw/m which amounts to about 60% of the typical linear power 

of commercial PWRs. The calculations were made for 25 %, 100%, 

200 %, 300% and 400 % of the basic power level in order to change the 

degree of nonuniformity in the temperature profile. A fully consistent 

modeling between nTRACER and McCARD was done by using the 

identical composition, geometrical configuration and region-wise 

temperature profile. Specifically, the regionwise temperature 

distributions determined by the nTRACER run was used in the 

corresponding McCARD calculation so that the identical temperature 

distributions was used in both cases. The continuous energy cross 

sections generated with a 10K interval upto 2500K were used in the 

McCARD. And the same version of the ENDF data was used in the 

multigroup library for nTRACER and in the continuous energy library 

for McCARD. The results obtained from the nTRACER and reference 

McCARD calculations are presented in Fig. 3-5, which shows the 

reactivity behavior in terms of the square root of average fuel 

temperature. As seen in the figure, the blind application of the subgroup 

method underestimates the power defect considerably when compared 

with the reference reactivity behavior by McCARD. The reactivity 
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underestimation becomes more profound with higher power levels. For 

the highest fuel temperature case, the deviation of reactivity is about 250 

pcm. The need for the temperature dependent adjustment in the subgroup 

method is demonstrated in these noticeable discrepancies which are also 

noticed by the much smaller slope. In the cases with employing the 

number density (N.D) or level adjustment, a good agreement with the 

references is observed in Fig. 3-5. This demonstrates that the effect of 

nonuniform temperature distribution on the shielded cross section can be 

resolved properly with these two adjustment schemes. It also appears that 

the number density adjustment scheme has a better agreement with the 

references. Furthermore, the slope is almost linear with the number 

density adjustment scheme while the slight uneven behavior is observed 

with the level adjustment scheme which would be due to the artificial 

forcing of the level adjustment factor. Therefore it is can be concluded 

that the number density adjustment scheme is better than the level 

adjustment scheme. 
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Fig. 3-4 Configuration of SMART UO2 Fuel Pin 

 

 

Fig. 3-5 Reactivity vs. Temperature obtained with Different Methods 

for a pin-cell problems 
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3.3.2. OPR1000 Core Calculations 
 

The performance of the improved subgroup methods was 

examined for the YGN3C1 core problem involving substantial thermal 

feedback. The reactivities were obtained at various power levels: 25 - 

150%. For the consistency of the calculations, the critical boron 

concentration determined for the 100% power case by using the number 

density adjustment scheme was used throughout the cases. In order to 

keep the coolant temperature constant at the changed power conditions, 

however, the coolant flow rate was adjusted to maintain the average 

coolant temperature be the same as that of the 100% case. The reactivity 

variations with respect to the square root of average fuel temperature are 

shown in Fig. 3-6 for different subgroup formulations. Without the 

adjustment scheme, the under-prediction of the reactivity appears similar 

to the pin cell case. The under-prediction is reduced by the subgroup 

formulation with nonuniform temperature correction. Table 3-1 shows 

the fuel temperature coefficients (FTC) obtained from these OPR1000 

core calculations. A significant under-prediction of FTC by about 10% 

was observed without the adjustment scheme. The comparison of power 

distribution at the 100% power level is shown in Fig. 3-7 for one with 

number density adjustment and the other without employing the 

correction scheme. Without employing the adjustment scheme, the slight 

over-prediction at the core center by about 1% is observed due to the 

under-estimation of the Doppler effect where the hot pins are located. 

This is consistent with the observation in the reactivity in that the 

Doppler under-prediction is promoted as increasing the power.  

  

 

78 



 

 

 

 
Fig. 3-6 Reactivity vs. Temperature Obtained with Different Methods 

for YGN3C1 BOC 

 

 
Table 3-1 Comparison of Fuel Temperature Coefficients at HFP 
Condition with Different Nonuniform Temperature Treatments 

Parameter No Adjustment Level 
Adjustment 

N.D 
Adjustment 

FTC, pcm/℃ -2.48 -2.65 -2.79 
Rel. Diff., % - 6.36 11.1 
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Fig. 3-7 Comparison of Power Distribution between Number Density 

Adjustment and Without Adjustment 
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Chapter 4. Thermal Feedback and 

Depletion Calculation 
Do not edit this line (Equation Chapter Break Here) 

 In the application of the whole core transport calculation, the 

incorporation of thermal hydraulic and depletion is essential to the power 

reactor application in which the thermal feedback and compositions 

change during the operation have the significant impact on the core 

characteristics. The T/H solver that determines the fuel and coolant 

temperature profiles and depletion solver that predicts the long-term 

evolution of fuel composition are necessary. The neutronics calculation 

reflects the temperature and composition changes through updating 

macroscopic cross section accordingly. 

In the thermal feedback of the conventional core analysis codes, 

it is used widely that a simple closed pin channel T/H model which 

consists a one-dimensional axial heat convection model and a radial heat 

conduction model formed under the assumption of constant pressure, 

single-phase coolant, and no flow mixing between channels. In the 

assembly homogenized calculation, the cross flow of coolant between 

the assemblies can be neglected. The assumption of closed-channels is, 

however, unrealistic because there ought to be cross flow from a high 

power pin channel to the neighboring lower power ones. The neglect of 

the cross flow may lead to nontrivial errors in the neutron transport 

calculation of which the goal is high fidelity core analysis. In this regard, 

a realistic module that predicts the coolant flow field with cross flow 

consideration is needed to incorporate with the neutronics code. In 

addition to cross flow modeling, one of phenomena that has been 
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overlooked in the thermal feedback is the nonuniform heat generation 

within each pellet which results from the rim effect. Because the 

intrapellet power profile (IPPP) information is not available in the 

neutronics calculation with the homogenized configurations, the fuel 

temperature calculation is assumed the uniform heat generation resulting 

in an inaccurate estimation of Doppler feedback. In the whole core 

transport calculation where the sufficiently detailed power profile is 

feasible readily, therefore, the nonuniform power profile effect should be 

incorporated in the core calculation for properly representing the 

Doppler effect.  

In the conventional analysis of long term behavior of core, the 

sub-pin level detailed depletion is performed in the lattice transport 

calculation for assemblies and the depletion calculation of the core level 

is carried out for the homogenized assemblies. In the whole core analysis, 

the detailed depletion calculation is extended for the each fuel cell and 

incorporates with the neutronics and T/H to reflect the realistic core 

conditions which core experiences during the operation. For tracking the 

isotopic inventories for every fuel pin with several sub-rings, the solution 

of the Bateman equation describing the burnup chain should be obtained 

for the large number of regions. As a consequence, the efficient and 

accurate solution method for the depletion equation is required. Another 

concern of the whole core depletion calculation is resolving the inherent 

non-linearity of depletion equation so that the large time step size can be 

used. Conventional semi predictor-corrector (P-C) scheme is applied for 

the whole core depletion calculation and gives a good prediction of the 

core behavior with the large step sizes in genenral. The depletion of the 
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Gadolina bearing pins which are loaded to control the excessive core 

reactivity of early stage of depletion requires the refined time step size 

with the semi P-C method, because the depletion of gadolinium (Gd) 

isotopes leads to a significant change in the flux distribution. It is not 

desirable particularly in the whole core transport calculation that requires 

excessively long computational time of transport sweeping. Therefore, 

there is the strong need for the elaborated depletion model.  

This chapter is organized as follow. It is presented that the fuel 

temperature calculation with the intrapellet power profile and the coolant 

flow field calculation with cross flow modeling in the first two sections. 

The issues of the whole core depletion calculation, how to solve the 

depletion equation and how to handle the Gd isotopes, are provided.  

 

4.1 Fuel Temperature Calculation with Intrapellet Power 
Profile 

 

In order to predict the Doppler effect which is the primary 

feedback mechanism of the reactor, the determination of proper fuel 

temperature is essential feature. In the calculation of temperature profile 

within the fuel cell, the conduction equation is solved with the heat 

generation rate and coolant temperature surrounding the pin. Then, the 

updated fuel temperature is reflected in the multi-group cross section. 

The conventional core analysis which does not handle the detailed 

representation of the pins introduces the concept of the effective 

temperature and the effective temperature is an equivalent uniform 

temperature which would give the identical Doppler effect with the 

nonuniform temperature profile. Due the approximation of uniform 
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temperature, there is a limitation of the conventional approach. In the 

whole core transport calculation, on the other hands, the fuel temperature 

profile can be reflected to the fuel cross section of each sub-cells as it is. 

Another advantage of the whole core transport calculation is that the 

edge-peaked power profile effect resulting from the rim effect is able to 

be properly incorporated in the core calculation for proper representation 

of the Doppler effect. The nonuniform distribution is caused by the 

spatial resonance self-shielding effect that would result in edge peaked 

fissile Plutonium buildup production in burned pellets. This would lead 

to a higher heat generation rate at the rim of burned fuels. In a previous 

work by Mastumoto et al. for the single cell level calculation50, it was 

confirmed that the right profile for the pellet leads to smaller power 

defects than the predicted values obtained with a flat profile. In this work, 

the effect of IPPP on the whole core transport calculation is investigated 

with the direct whole core transport code. In the followings, the 

implementation of fuel temperature calculation in the thermal feedback 

treatment with IPPP is explained briefly and the impact of IPPP effect 

on the thermal feedback is presented then. But the detailed investigation 

of IPPP effect on the operating PWR will be addressed in the Chapter 5.  

 

4.1.1 Fuel Conduction Calculation Incorporating with IPPP 
 

The temperature distribution in the fuel region is obtained by 

solving the heat conduction equation below: 

 

 ( , ) ( ) ( )−∇ ⋅∇ =k r T T r q r  (4.1) 
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where ( , )k r T  and ( )q r  are the thermal conductivity and heat 

generation rate respectively. Because the radial temperature is dominant, 

the temperature distribution with sufficient accuracy can be obtained by 

considering the radial heat conduction only. Conventionally, the finite 

difference method with point scheme is adopted widely. The point 

scheme, however, is not a conservation scheme meaning that it cannot 

guarantee the conservation of the energy specified as the source term on 

the right hand side. This was no problem for the flat power cases, but not 

for the nonuniform profile cases. With this consideration, the heat 

conduction equation was discretized in this work with the volume 

scheme which can preserve the heat generation rate of each mesh 

explicitly. The volume scheme for heat conduction equation could be 

derived easily because it is similar with that for neutron diffusion 

equation.  

In Addition to employing the exact heat peat profile in the heat 

conduction calculation, the thermal properties of the fuel rod should be 

assigned properly. In general, the thermal properties are varied by the 

multi-physics phenomena which can occur in a fuel rod. The best-

estimate of those properties can be obtained by the fuel performance 

analysis. In the work of Gleicher et al., recently, the elaborated heat 

conduction calculation was performed by coupling of the DeCART and 

fuel performance code BISON for a small test problem which consists of 

3x3 fuel rods. 51 The thermal conductivity of fuel pellet and the gap 

conductance have a significant impact on the resulting temperature 

profile. In this work, the practical approach of using the burnup 

dependent correlations for those two properties was adopted in 
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nTRACER to avoid the expensive coupled calculation. Here the thermal 

conductivity correlation taken from the data for the NRC’s FRAPCON 

3.4 code52 was used. The gap conductance data for typical OPR1000 fuel 

rods obtained from the Korean fuel vendor were used. 

 

 

Fig. 4-1 Burnup Dependent Thermal Conductivity Correlation of the 

FRAPCON Code 
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Fig. 4-2 Gap Conductance Data for Typical OPR1000 Fuel rods 
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4.1.2. Impact of Intrapellet Power Profile on Thermal Feedback 
 

In order to investigate the effects of intrapellet power profiles, 

nTRACER was applied to a single fuel pin calculation. The specification 

was taken from the OPR1000 fuel rod design and the 3.5% enriched UO2 

pellet was used in the following calculations. The resulting heat profile 

in Fig. 4-3 shows that the edge peak profile is intensified as depleting 

fuel. Noting that the large fraction of the heat is generated near the pellet 

periphery, as a consequence, the interior fuel temperature is reduced 

while the pellet surface temperature is not much affected. The resulting 

temperature distribution in Fig. 4-3 shows a lower average temperature 

as well as the lower centerline temperature for the same linear heat 

generation rate of the rod.  

 

Fig. 4-3 Intrapellet Power and Temperature Profiles of OPR1000 

Burned Fuels 
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Since the average fuel temperature is reduced with an edge-

peaked heat source profile, it is expected that the Doppler effect will be 

reduced by incorporating the power profile effect. The reduction of the 

Doppler effect might leads the change of FTC and Doppler power 

coefficient. For examining the effect on FTC, the reactivity behaviors in 

terms of the square root of average fuel temperature were calculated at 

the different burnup points and the obtained results are shown in Fig. 4-4. 

Though the decreasing of reactivity is observed as expected, there is no 

essential change of the slope of the reactivity behavior which means FTC. 

However, the reduction of Doppler feedback do influence on the Doppler 

power coefficient as shown in Fig. 4-5 which shows the reactivity 

variation with power level for a pin at different burnups. It is shown in 

this figure that more power defect reduction is observed at higher burnup 

because of the increased rim effect. This suggests that the Doppler power 

coefficients are over-predicted in the conventional calculation without 

using the IPPP.  
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(a) 0 MWD/TU 

 

(b) 45000 MWD/TU 

Fig. 4-4 Reactivity vs. Temperature obtained with the flat and exact 
heat profiles for the OPR1000 Fuel Problem 
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Fig. 4-5 Power Defect vs. Temperature obtained with the flat and exact 

power profile for the OPR1000 Fuel Problem 
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4.2 Coolant Flow Field Calculation with Cross Flow 
Modeling 

 

To attain the high fidelity in the thermal feedback prediction, 

nTRACER needs a realistic flow field calculation module. But it is 

desired to avoid a CFD approach due to the concern of overwhelming 

computational burden. As an alternative, the subchannel T/H calculation 

codes which would perform pin cell level flow calculation for the entire 

fuel pins in a pressurized water reactor core (PWR) were searched for. It 

turned out that the MATRA code of KAERI which is an improved 

version of the COBRA-IV-I code would serve the purpose. Therefore the 

solution of modules of the MATRA code has been implemented into the 

nTRACER code.53 

Similar approach has been adopted in the SCOPE2 code 

(Yamamoto and Ikeno, 2005) which is a pin-by-pin SP3 core analysis 

code used in the framework of the two-step core calculation. In the 

SCOPE2 code, the pin homogenized cross sections are tabulated with 

T/H parameters, and the embedded pin-by-pin subchannel code provides 

the T/H parameters. Note that the homogenized pin cell cross sections 

should be pregenerated in the two-step approach.  

With the MATRA modules in nTRACER, the nTRACER code 

can now incorporate the effects of coolant pressure change and two-

phase flow formation as well as the flow spreading. In the following, the 

solution method of MATRA is briefly explained and coupling of the 

MATRA T/H solution modules with the direct whole core neutron 

transport modules are presented. 
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4.2.1 MATRA Subchannel T/H Analysis Methods 
 

The MATRA code solves the following simplified four 

conservation equations for mixture mass, energy, axial momentum, and 

lateral momentum employing the subchannel geometry illustrated in Fig. 

5: 

 

 , 0m i i
i ij i j

j j

mA w w
t z

ρ
↔

∂ ∂ ′+ + + =
∂ ∂ ∑ ∑

 (4.2) 

 ,, , * ( )m iihm i m i
i ij ij j i i

j j

mh
A w h w h h Q

t z
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and 

 *
1 1( )

2
ij ijij ij i ij

ij i i j ij
jij ij ij ij

w ww w u s
w v P P K

t z l l s lρ
∂ ∂

+ + = − −
∂ ∂ ∑  (4.5) 

 

where the subscripts m stands for the mixture of liquid and vapor; i and 

j are the subchannel indices; ij denotes the gap between subchannels i 

and j; the superscripts * stands for donor cell property and primed 

quantities are turbulent terms; sij and lij are the flow gap thickness and 

the effective distance, and ˆiρ  is the effective density of the mixture 

defined in terms of the void fraction and quality to properly represent the 

mixture momentum. The solution variables in the above governing 

equations are the mixture enthalpy ( mh ), axial flow rate ( m ), cross flow 
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( ijw ) and pressure ( P ) and the mixture density ( ,m iρ ) is determined 

using the equation of state. More complete description of the symbols 

can be found elsewhere. 27 

 
Fig. 4-6 Subchannel Geometry 

The four coupled equations are solved iteratively using the 

solution determined in the previous iteration which called outer iteration. 

At each outer iteration, an axial sweep takes place from the bottom plane 

to the top. At each planar solution step, the energy equation, Eq. (4.3) is 

solved first for the entire subchannels on a plane with the updated heat 

fluxes and available cross flow rate given the upstream side enthalpy. 

Then the downstream side enthalpy is updated and the volume 

temperatures and the mixture density can also be updated. In order to 

determine the other three variables, the continuity equation is combined 

first with the axial momentum equation, Eq. (4.4), so that the flow rate 

can be eliminated. Then the axial momentum equation will have only the 

pressure and cross flow term as the unknowns. The pressure term can 

thus be represented in terms of cross flows and by inserting the pressure 
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expression into Eq. (4.4), the cross flow equation is formed which is a 

coupled equation for the plane of interest. If there are N subchannels, 

there would be 2N flow gaps between the fuel rods at each channel 

through which one cross flow term is defined. Therefore, a linear system 

for 2N unknowns is formed and solved for each plane. For a 1000 MWe 

PWR, there are about 42,000 fuel rods and thus the number of unknowns 

of the linear system is about 82,000 which is large enough to invoke an 

iterative linear system solver. The iteration to solve the cross flow linear 

system at each plane is called the inner iteration. The outer iteration 

continues until the cross flow distribution converges. As the result of the 

calculation, MATRA produces the distributions of enthalpy, flow rate, 

pressure, and void fraction of subchannels.  

 

4.2.2 Coupling with Whole Core Transport Calculation 
 

In the neutronics and T/H coupled system, there are common 

parameters such as the coolant temperature and density and fuel rod 

power to be shared by the two solution modules. Because of the 

difference in the solution geometries of the two calculation modules, 

however, proper mappings of neutronic to T/H calculation meshes are 

necessary. While it is regarded in the transport calculation that a fuel rod 

is surrounded by a coolant channel having uniform property as shown in 

Fig. 4-7, a subchannel is surrounded by four fuel rods in the T/H 

calculation as shown in Fig. 4-8. In order to resolve this mismatch, 

averaging schemes are implemented such that the T/H information for a 

certain neutronics node is determined by volume averaging of the T/H 

solutions obtained for the four surrounding subchannels and the power 
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generation rates of the four fuel pins in a certain subchannel in the 

MATRA calculation is also determined by the same way. Fig. 4-7 and 

Fig. 4-8 show schematically how to determine the volume averaged T/H 

or the power information. 

 

Fig. 4-7 Determination of T/H Information for MATRA in Whole Core 

Transport Calculation 

 

 

Fig. 4-8 Determination of T/H Information for Whole Core Transport 

Calculation in Subchannel Calculation 

 

The coupled calculation is performed such that MATRA 

provides nTRACER with only the flow field, namely, the coolant 

temperature and density distributions. Then, the nTRACER fuel 

temperature solver calculates the fuel temperature distribution in each 
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fuel rod using the coolant temperature as the boundary condition. The 

internal fuel temperature calculation in neutronics solver was necessary 

because MATRA does not have to perform fuel temperature calculation 

at the steady-state conditions since all the heat generated in the fuel rod 

is emitted into the coolant and thus the heat flux can be readily obtained 

without any fuel temperature information. In the nTRACER fuel 

temperature calculation, the burnup and temperature dependent thermal 

conductivities of fuel and cladding as well as the burnup dependent gap 

conductance data are used. Fig. 4-9 shows the calculation sequence in 

the coupled calculation.

 

97 



 

 

 

 
Fig. 4-9 Calculation Sequence in the Direct Whole Core Transport/Subchannel Coupled Code System
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4.2.3 Effect of Cross Flow Modeling 
 

The effect of cross flow modeling in the whole core transport 

calculation was examined for the Cycle 1 hot full power (HFP) state of 

YGN3. Quarter core calculations were performed with the closed-

channel T/H model and the open-channel T/H model for the quarter core 

configuration and compared. In the closed-T/H model, the internal T/H 

solver of nTRACER was used while the MATRA solver was used in the 

open channel case. Fig. 4-10 shows the outlet temperature distributions 

obtained by the two T/H models. The outlet temperature distribution 

changes from the unphysical discrete shape of the closed channel case to 

the reasonably flattened shape by applying the cross flow model. Note 

that the sharp differences are noted especially at the boundaries of 

assemblies, guide tubes, and burnable poison rods in the closed channel 

model. The average and maximum outlet temperatures, however, 

changes only slightly as shown in Table 4-1. Fig. 4-11 shows the 

distribution of average fuel temperature at the hottest plane and the 

difference between the two T/H model results. Since the same fuel 

temperature calculation model is used in both cases, the fuel temperature 

differences are not significant as shown on the right hand side plot. This 

would imply that the effect of the open-channel modeling on the core 

reactivity would be minor.  

To evaluate the effect of the flattened coolant temperature 

distribution to the neutronics behavior, the resulting CBCs and pin power 

distributions were compared. As shown in Table 3, there is a negligible 

difference in CBC. Also a maximum difference of 1.0% was observed in 

the pin power distribution as shown in Fig. 4-12. This insignificant 
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difference is due to that the power distribution is quite flat in this well 

designed core. Larger differences in the pin power distribution would be 

noticed in abnormal conditions. On the other hand, the axial power 

profiles are compared as well in Fig. 4-13. The closed T/H model 

predicts slight larger power at the bottom. But the degree of the 

difference is so minor that the tilt of the axial power could be neglected. 

Note however in the figure that the axial power dips due to the spacer 

grids are observed. 

 
Table 4-1 Effects of Cross Flow Modeling on Core Average Parameters 

Parameter Closed Channel 
Modeling 

Open Channel 
Modeling 

Critical Boron Concentration, 
ppm 788.8 787.7 

Average Outlet 
Temperature, ℃ 328.0 327.7 

Maximum Outlet 
Temperature, ℃ 338.8 335.2 
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(a) Open-Channel Modeling                 (b) Closed-Channel Modeling 

Fig. 4-10 Comparison of Outlet Temperature Distributions between Open-Channel and Closed-Channel 

Modeling. 
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(a) Open-Channel Modeling                 (b) Fuel Temperature Difference 

Fig. 4-11 Comparison of fuel temperature distributions at the hottest plane between open-channel and closed 

channel modeling  
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(a) Open-channel modeling                   (b) Relative Pin Power Difference 

Fig. 4-12 Comparison of Pin Power Distributions between Open-Channel and Closed-Channel modeling 
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Fig. 4-13 Comparison of Axial Power Profile between Open-Channel 

and Closed- Channel Modeling 
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4.3 Depletion Calculation 
 

The long term behavior of the core being operated in the quasi-

static state is treated in the depletion module of the nTRACER. The key 

of implementing whole core depletion calculation where the sub-pin 

level isotopic inventories are tracked is to secure the practicality of 

calculation without loss of accuracy. In this regard, it should be secured 

in the two aspects: 1) efficient solution scheme of depletion equation, 

and 2) retaining the large depletion time step-size. In the depletion 

calculation of nTRACER, the efficient and yet accurate calculation of 

depletion equation was achieved by employing the matrix exponential 

calculation based Krylov subspace method33 and semi Predictor-

Corrector (P-C) method. In order to use the large time step size, the 

accurate depletion treatment of Gadolinium isotopes are essential and the 

quadratic depletion method incorporating pre-correction scheme34 are 

adopted for resolving the issues of Gadolinium depletion. In the 

followings, the general depletion methodology which covers the how to 

solve depletion equation and how to resolve the non-linearity of 

depletion calculation using semi P-C is presented and explanation of the 

Gadolinium depletion method is followed. At the end of the section, the 

verification of the nTRACER depletion capability is addressed.  

 

4.3.1 Solution of Bateman Equations 
 

The Bateman equations which governs the isotopic inventory 

change of the core constituents is given as follow: 
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 (t) (t) ( ) ( ) ( ( )) ( )i
ij j j ij j j i i i

j i j i

dN N rR t N t R t N t
dt

λ γ λ
≠ ≠

= + − +∑ ∑  (4.6) 

 

where iN , iλ  and iR  are the number density, decay constant and 

microscopic reaction rate of i-th nuclide, and ij  and ijγ  are the decay 

yield and transition rate from j-th to i-th isotope respectively. In a 

depletion time step, the microscopic reaction rates are assumed to be 

constant then the bateman equations become the system of ordinary 

differential equations which can be expressed as a matrix representation 

below: 

 

 , 1( ) (t) t [t t ]n n n
d t
dt += ∈N A N   (4.7) 

 

where nA is the depletion matrix of n-th depletion time step formed by 

Eq. (4.6), and ,tn  and 1t n+  are the beginning and end of depletion 

time step(BOT and EOT). The isotopic inventory at the EOT which is 

the solution of Eq. (4.7) at 1nt +  can be expressed in terms of the matrix 

exponential as follow: 

 

 1 e n nt
n n

∆
+ = ΑN N   (4.8) 

 

where 1n+N  and nN  are the isotopic inventory at EOT and BOT 

respectively, and nt∆  is the depletion time step size.  

Obtaining the solution of Bateman equation is down to evaluate 
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the matrix exponential thus the fast and reliable numerical method for 

matrix exponential calculation is demanded for realization of the whole 

core depletion calculation. In this regard, nTRACER adopts the Krylov 

subspace expansion based matrix exponential method to serve this 

purpose. In this method, the matrix exponential is evaluated by building 

the best approximated solution in a Krylov subspace with dimension p   

which is defined as follow.  

 

 2 1( , N ) span{ , , , , }p
p n n n n n n n n nK A −= N A N A N A N   (4.9) 

 

Then, the matrix exponential can be expressed as a linear 

combination with the basis of Krylov subspace approximately. 

 

 
1

1
0

e n n

p
t i

n n i n n
i

c A N
−

∆
+

=

= ≈∑ΑN N  (4.10) 

 

The optimal approximation of matrix exponential in a manner 

that minimizes the residual error can be determined systematically by 

making use of the orthogonal basis generated from the subspace basis. 

The orthogonal basis is generated by the Arnoldi procedure and the 

minimization of the residual error is achieved by employing the Moore-

Penrose matrix pseudo inverse technique. Then the resulting matrix 

exponential is expressed as the matrix exponential with the dimension of 

the Krylov subspace which could be calculated with the simple Taylor 

series expansion. The detailed derivation can be found in elsewhere33. 

This method calculates the matrix exponential with the relative small 
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dimensional subspaces, as a consequence, the efficient calculation of 

Bateman equation is achieved. In the depletion of nTRACER, the 

depletion matrix with about 600 dimensions is formed because about 600 

hundreds nuclides are tracked. With the utilizing the subspace expansion, 

the sufficiently accurate evaluation of the matrix exponential could be 

obtained with roughly 50 dimensional Krylov subspace. 

 

4.3.2 General Depletion Calculation Procedure 
 

The depletion of the core constituent perturbs the resonance 

spatial self-shielding effect and this leads to change of the microscopic 

cross section, flux and temperature consequently. The time dependency 

of reaction rate poses the non-linearity of the Bateman equation as well 

as the entire depletion calculation. As a measure to resolve the inherent 

non-linearity of the depletion calculation, it is employed that the semi 

predictor-corrector (P-C) which is the most widely-used depletion 

calculation procedure and the schematic illustration of semi P-C method 

is given in Fig. 4-14. The change of the reaction rate in the depletion time 

step is resolved by two depletion calculation for a same depletion time 

step with the different constant reaction rates. In the first depletion 

calculation for the depletion time step, predictor step, the calculation of 

Bateman equation for EOT is performed with the reaction rate at BOT 

( nR ) which is given from the previous time step calculation. The number 

density of predictor step ( 1
p

nN + ) is obtained in the 1st depletion calculation 

and fed up to the steady-state flux calculation to update the reaction rate 

of EOT ( 1
p

nR + ) which is used in the subsequent 2nd depletion calculation, 
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corrector step. In the corrector step, the 2nd Bateman equation calculation 

is made with the new reaction ( 1
p

nR + ) and the number density of corrector 

step ( 1
c
nN + ) is obtained. The final number density at EOT ( 1nN + ) is 

determined by taking average of 1
p

nN +  and 1
c
nN + . For the next time step 

deletion calculation, the reaction rate at EOT corresponding to the final 

number density 1nN +  should be updated in principle through the flux 

calculation. The most of the computational time in the depletion 

calculation, however, is devoted for the flux calculation. In the semi P-C 

scheme, the 2nd flux calculation with 1nN +  is omitted then the reaction 

rate which is available in the predictor step is fed up to the predictor step 

calculation of the next time step.  

 

tn tn+1

n n nR σ φ= 1 1 1 1(flux calculation)p p p p
n n n nN R σ φ+ + + +→ =

1 1 1
p p p

n n nR σ φ+ + +=
1

c
nN +

Predictor Step

Corrector Step

1 1
1 2

p c
n n

n
N NN + +

+

+
=1nN +

 
Fig. 4-14 Semi P-C Method for Depletion Calculation 

 

4.3.3 Gadolinium Depletion Treatment 
 

In the conventional semi Predictor-Corrector (P-C) method, the 

absorption reaction rate is set to constant during the depletion time step. 

The constant reaction rate assumption is only valid when the change of 

reaction rate is relatively slow comparing the depletion time step size. 

For Gd bearing assemblies, the rapid depletion of the Gd isotopes leads 
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to the severe change of the reaction rates, and about 4 times smaller time 

step sizes than those of unshimmed fuel assemblies, consequently, are 

needed in general. The small time step size is not recommended in the 

whole core transport calculation due the very expensive flux calculation, 

in that regard, the variation of the reaction rate should be incorporated to 

use large depletion time step sizes while retaining the solution accuracy.  

The quadratic depletion method is to approximate the reaction 

rate of the Gd isotopes with a quadratic polynomial. Then, the large 

variation of the absorption rates can be mitigated better in the depletion 

calculation. The pre correction method allows avoiding the additional 

flux calculation needed after the second depletion calculation for Gd 

depletion. The quadratic depletion incorporating with the pre-correction 

method was developed originally for the CASMO-5 code34 and it was 

adopted in nTRACER later for the whole core depletion. In this 

subsection, the quadratic depletion method and pre correction method 

are detailed.  

In the quadratic depletion method, the microscopic absorption 

rate of the Gd isotopes is expressed as a quadratic polynomial of the Gd-

155 number density. Specifically, the reaction rate of i-th Gd isotope is 

expressed as follow: 

 

 2( ) ( ) ( ) ( ) ( )i i i i iR t t t a N t b N t cσ φ= = ∆ + ∆ +   (4.11) 

 

where ia , ib  and ic  are the coefficients for the i-th isotope and 

( )N t∆ is the Gd-155 number density difference between time t  and nt . 
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Because Gd-155 shows the most drastic number density change among 

the Gd isotopes during depletion, its number density is selected as the 

functionalization parameter. The coefficient at the time step between nt

and 1nt +  can be determined by using the reaction rate information at 

1nt − , nt  and 1nt + of the predictor step. Therefore, the quadratic depletion 

method is applicable only to the corrector step. In the implementation, 

the time-dependent reaction rates of Gd isotopes make depletion 

equation non-linear. The depletion equation solver is formulated 

assuming the constant reaction rate, thus, the 4th order Runge-Kutta 

method is employed for resolving the time-dependent reaction rates. 

Noting that the Gd bearing regions are only fraction of entire domain, 

the additional computational cost is almost negligible. 

In the conventional semi P-C method, the flux calculation of 

corrector step is omitted in order to save computational time. However, 

the second flux calculation needs to be done in the case of a Gd bearing 

assembly in order to obtain an accurate reaction rate of Gd isotopes for 

the subsequent time step. However, if the number densities of the 

predictor step are closely corrected to those of the corrector step as 

shown in Fig. 4-15, the flux solution at the predictor step would be 

accurate enough to skip the second flux calculation. The accuracy 

improvement of number densities at the predictor step can be made by 

employing the pre correction which assumes the following exponential 

variations of the number densities: 
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= − ∆

= − ∆
 (4.12) 

 

From the known the predictor number density at the predictor 

step ( 1
p

nN + ), the predictor reaction rate ( 1
p

nR + ) can be determined and then 

the corrector reaction rate ( 1
c
nR + ) can be determined under the 

assumption that the ratio of these two at the current step is the same as 

that of the previous step. Namely, 

 

 1 1
1

1 1

ln( / )
ln( / )

c c c
n n n

n np p c
n n n

R N Nf f
R N N

+ +
+

+ +

= = ≅   (4.13) 

 

This leads to the following pre-correction number density with 

which the new flux calculation is to be performed: 

 

 1 1exp[f ln( / )]pc c p c
n n n n nN N N N+ +=   (4.14) 

 

The correction factor is updated as:  

 

 1 1 1ln( / ) / ln( / )c c p c
n n n n n nf f N N N N− − −=   (4.15) 
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Predictor N.D

Pre-Corrected N.D

Corrector N.D

tn-1 tn tn+1

 

Fig. 4-15 Illustration of the Pre-Correction Scheme 

 

The depletion calculation procedure with the pre-correction 

scheme is shown in Fig. 4-16. The number density at the predictor step 

( 1
p

nN + ) is obtained by solving the depletion equation based on the reaction 

rate of the current time step, first. The number density of predictor step 

is adjusted by the correction factor of Eq. (4.15). With the pre corrected 

number density ( 1
pc

nN + ), the flux calculation is performed to update the 

reaction rate of the next time step ( 1
pc

nR + ). Finally, the number density at 

the corrector is calculated by solving the depletion again using the newly 

updated reaction rate. Note that the final number density for the next time 

step is assigned to that of the corrector step. 
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tn tn+1

n n nR σ φ=
Predictor Step 1 1 1 1 1pre-corre flux calcualtionctio( ) )n (p pc pc pc pc

n n n n nN N R σ φ+ + + + +→ → =

1 1 1
pc pc pc

n n nR σ φ+ + += Corrector Step
1 1 1

c pc
n n nN N and R+ + += Predictor Step

tn+2

 

Fig. 4-16 Calculation Procedure with Pre-Correction Scheme 

 

4.3.4 Verification of Depletion Capability 
 

The verification of the depletion calculation capability is 

focused on the accurate Gd depletion capability and the accuracy 

assessment for the general depletion performance of nTRACER which 

includes the Bateman equation solver using the Krylov subspace 

expansion can be found elsewhere55. And the whole core depletion 

calculation capability will be examined by the comparison of the core 

follow calculations with measured data in Chapter 5.  

For the detailed verification of the 2nd order Gd depletion model 

and the pre-correction scheme, it was prepared that a 3x3 pin-cell test 

problem shown in Fig. 4-17 which has the drastic Gd depletion effect. 

The reference solution was obtained with nTRACER by using the refined 

time step sizes (250 MWD/TU) which is small enough for trerating the 

Gd isotopes without using elaborated treatment and the rest of 

calculations were performed with 1000 MWD/TU step size which is the 

common time step size for the practical nuclear design procedure. In 

addition, the solution without the Gd depletion treatment, referred as the 

conventional solution, was obtained to quantify the improvement from 

the 2nd order Gd depletion method. The Gd depletion treatment of 

nTRACER was tested with the several calculation options. First, the 
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improvement of 2nd order Gd reaction rate model was examined by using 

2nd order Gd depletion method as shown in Fig. 4-18. Here, the full P-C 

method was used to get rid of error of semi P-C method and this makes 

the comparison of solution improvement clear. The default depletion 

method with the 1000 MWD/TU time step size shows the significant 

difference of k-inf behavior. But the 2nd order depletion method reduces 

the discrepancy of k-inf effectively and agrees well with the reference 

solutions. To see the effectiveness of pre-correction scheme 

incorporating 2nd order Gd depletion, the test problem was performed 

with and without pre-correction scheme and for the both of semi P-C and 

full P-C method. And the obtained results are compared in Fig. 4-19 and 

Fig. 4-20. Without using the pre-correction scheme, it turns out that the 

two flux calculation are essential even though the 2nd order method with 

single flux calculation gives somewhat improved solution. Both of the 

semi P-C and Full P-C method results with the pre-correction shows the 

excellent agreement with the reference solution. In this calculation, the 

semi P-C method with pre-correction could predict the Gd depletion 

effect successfully. The pre-correction scheme is based on the 

assumption that pre-corrected number density of Gd isotopes would be 

more closed to the number density of corrector step. As shown in Fig. 

4-20, the validity of this assumption was checked by investigating the 

depletion of Gd-155 and Gd-157 which are the dominant neutron 

absorber among the Gd isotopes. It is observed that the differences of the 

number density between predictor and corrector step are mitigated with 

corrector step. For Gd-155, the pre-corrected number density gives larger 

difference at 9000 MWD/TU burnup, however, this error does not pose 
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the error in the solution accuracy because the number density itself is so 

small that it cannot affect the k-inf. 

 

        

6% Gadolina-Bearing Pin

3.43% UO2 Pin
 

Fig. 4-17 Configuration of 3x3 Pin-cell Test Problem 
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Fig. 4-18 Effect of 2nd Order Gd Depletion Method for 3x3 Pin-cell 

Test Problem 

 

Fig. 4-19 Effect of Pre-Correction Method for 3x3 Pin-Cell Test 

Problem 
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(a) Gd-155 

 

(b) Gd-157 

Fig. 4-20 Effect of Pre-correction on Number Density of Gd Isotopes 

for Pin-Cell Test Problem 
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In order to verification of the depletion capability with the Gd 

treatment, nTRACER was applied to OPR1000 assembly depletion 

problems54. It is selected for calculation that the C1 assembly of YGN3 

and the B1 assembly of UCN5 because those assemblies have 

considerable loading of 4% and 6% Gd pins. And the assembly 

configurations of OPR1000 are shown in Fig. 4-21. The obtained k-inf 

behaviors are shown as a function of burnup in Fig. 4-22 and Fig. 4-23. 

For obtaining the reference solutions, the nTRACER calculations were 

performed with the refined time step size (250 MWD/TU). It is noted 

that the results obtained with the Gd depletion method agree well with 

the references whereas large errors greater than ~1% are observed near 

the peak k-inf for the conventional depletion method (Semi P-C). 

Therefore, it is confirmed that the rapid depletion of the Gd isotopes 

could be properly mitigated with sufficiently large time step sizes. 

CL CL

Gadolina-Bearing Pin

Normal Fuel Pin

Lower Enrichment Fuel Pin

(2.85% for YGN3 C1/ 2.92% for UCN5 B1)

(2.36% for YGN3 C1/ 2.42% for UCN5 B1)

(4 % for YGN3 C1/ 6 % for UCN5 B1)

 

Fig. 4-21 Configurations of YGN3 C1 and UCN5 B1 Assemblies 
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Fig. 4-22 k-inf vs. Burnup for C1 Assembly of YGN3C1 

 

 
Fig. 4-23 k-inf vs. Burnup for B1 Assembly of UCN5C1 
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Chapter 5. Performance Examinations 
Do not edit this line (equation chapter break here) 

The initial application target of PNR is the OPR1000 reactors 

which are an improved version of the 1000 MWe Combustion 

Engineering (CE) reactor characterized by the 16x16 fuel assemblies 

involving large guide tubes. The core follow calculations were then 

performed for two OPR1000 reactors, Yonggwang Nuclear Unit 3 

(YGN3) and Ulchin Nuclear Unit 5 (UCN5) to verify the nTRACER 

solutions by comparing with the plant measured data such as the critical 

boron concentrations and assemblywise power distributions. The notable 

impact of IPPP was observed in the single pin-cell cases thus it is need 

to be confirm the impact of IPPP on the core follow calculation. The 

impact of the explicit IPPP treatment for the core follow calculation was 

examined for critical boron concentration and Doppler power 

coefficients.  

In the following sections, the key modeling issues to achieving 

reliable core follow calculations are addressed first. Then, the nTRACER 

features for realistic core follow calculations are then examined and the 

core follow calculation results are compared with the measured data of 

the two OPR1000 reactors for the initial and reload cycles. Finally, the 

impact of the intrapellet power profile (IPPP) on the core follow 

calculations is presented. 

 

5.1 Modeling and Calculation Issues for Accurate Core 
Follow Calculations 

 

In order to perform the core follow calculation with high-fidelity, 
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the appropriate usage of the whole core transport features of the core is 

as crucial as implementing the calculation functionalities. In this work, 

it was found that the followings issues of core modeling and calculations 

have significant influences on the accuracy of the core following 

calculations: 1) ray tracing parameter, 2) Zirconium (Zr) resonance, and 

3) core shroud modeling. Prior to presenting the core follow calculation, 

those issues are described in the following subsections.  

 

5.1.1 Ray Tracing Parameters 
 

The ray tracing parameters shown in Fig. 5-1 are key elements 

which control the accuracy of the angular flux, thus it is necessary to 

make sure that the assigned ray tracing parameters gives converging the 

solution spatially and angularly. The sensitivity study of ray tracing 

parameters was carried out for C0 assembly problem of YGN3 and the 

configuration of the assembly is identical with the C1 assembly by 

replacing Gd pins to normal fuel pins. The obtained results are shown in 

Table 5-1. With the default ray tracing parameters which are 2 polar 

angles in 90° and 4 azimuthal angle in 90° with 0.05 cm ray spacing, the 

eigenvalue can be under-predicted about 350 pcm. The optimal ray 

tracing parameters for the core follow calculation was selected as the 4 

polar angles in 90° and 8 azimuthal angles in 90° with 0.05 cm ray 

spacing. And these optimal parameters were used for the following 

analyses to ensure sufficient angular convergence. In addition to the 

sensitivity study for eigenvalue, the effect of the ray refinement was 

examined for the depletion calculation for the C0 assembly of YGN3 and 

the obtained k-inf vs. burnup behavior is shown in Fig. 5-2. Comparing 
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the result with the optimal ray tracing parameters, the multiplication 

factor is under-predicted about 300 pcm for the entire burnup domain 

and it is roughly 30 ppm difference in boron concentration which is the 

non-negligible difference in the core follow calculation. 

 

Fig. 5-1 Ray Tracing Parameters 

 
Table 5-1 Effect of Ray Tracing Parameters on k-inf in OPR1000 

Assembly Calculations 

No. Polar Angle 2 4 

No. Azi. Angle 4 8 12 4 8 12 

Ray 
Spacing 

0.05 
cm 1.157951) 1.16053 1.6131 1.15817 1.161402) 1.16150 

0.02 
cm 1.15799 1.16035 1.16136 1.15820 1.16141 1.16155 

0.01 
cm 1.15798 1.16036 1.16134 1.15820 1.16145 1.16153 

1) Default Ray Tracing Parameters  
2) Optimal Ray Tracing Parameters for Core Follow Calculations 
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Fig. 5-2 Impact of the Ray Tracing Parameter on OPR1000 Assembly 

Depletion Calculation 
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5.1.2 Zirconium Resonance Treatment 
 

Due to the neutron transparent characteristic, Zr is selected 

widely for the structure materials including the fuel clad. Traditionally, 

the resonance treatment for Zr had not been applied in the many lattice 

codes, e.g. HELIOS, because of its low absorption cross section. As 

shown in the Zr absorption cross section of Fig. 5-3, the level of the 

absorption itself is small but the resonance absorption exists in the 0.1 

keV to 0.1 MeV energy. Noting that the Zr is the third largest material 

loaded in the core after fuel and coolant, the resonance absorption does 

affect the cross section in the resonance energy regions. Therefore, it is 

essential to employ the resonance treatment for Zr to achieve the accurate 

simulation of power reactor. To verify the effect of the Zr resonance 

treatment, the C0 assembly depletion calculation in the previous 

subsection was performed and the obtained depletion result is presented 

in Fig. 5-4. Due to the enhanced neutron absorption from the resonance 

treatment of Zr, the multiplication factor is reduced about 300 pcm 

uniformly in the entire burnup. Thus it turns out that the Zr resonance 

treatment is crucial for the core follow calculations. 
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Fig. 5-3 Absorption Cross Section of Zr 

 

Fig. 5-4 Impact of the Zr Resonance Treatment on OPR1000 Assembly 

Depletion Calculation 
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5.1.3 Core Shroud Modeling 
 

The shroud is the component of reactor core located at the 

interface of the fuel assembly and radial reflector and its purpose is to 

separating those two regions. In the Westinghouse design, it is referred 

as a baffle. The shroud is manufactured with the stainless steel which has 

a large absorption cross section and it affects a notable depression of 

power at the core periphery. As consequence, the shroud needs to be 

treated explicitly in the core modeling and it is possible with the 

nTRACER modeling capability. The detailed modeling is shown in 

Appendix A. In the conventional nodal method, the shroud is smeared 

into the radial reflector region and the shroud effect is reflected in the 

calculation with the reflector discontinuity factor. Hence, there would be 

the superior accuracy of should modeling because the explicit 

description of the flux depression at the baffle is possible in nTRACER. 

To investigate the impact of shroud modeling, the 2-D core calculations 

with YGN3C1 core configuration at HZP was performed for the core 

models with and without shroud and the power distributions were 

compared to each other as shown in Fig. 5-5. The significant power 

differences were observed at the core periphery as well as core center. It 

turns out that the modeling of the shroud affects not only the flux 

distribution near the shroud but also the global flux shape.  
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Fig. 5-5 Impact of the Shroud Modeling on Power Distribution of 

YGN3C1 
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5.2 Verification of Core Follow Calculation Using 
Measured Data 

 

The core follow calculations for OPR1000 reactors with 

nTRACER provide the core characteristics during the cycle depletion, 

and the results from the core depletion calculations can be verified 

against the measured date30, 31. In this regard, the nTRACER core follow 

calculations were performed for the first two cycles of YGN3 and for the 

first cycle of UCN5. In addition, the low power physics tests (LLPTs) 

were simulated and verified with the actual experiment data for the fresh 

core of UCN5. The nTRACER runs were made on a 12 node LINUX 

cluster each of which uses XEON E5650 CPUs which can make use of 

12 cores simultaneously so that 144 computing threads were used in 

parallel. A 47 group cross section library was used so that the direct 

whole core calculations were performed with 47 energy groups. Under 

this computing condition, it took about two hours in wall clock for a 

single step calculation and about 40 hours were needed for a depletion 

calculation consisting of 20 depletion steps. The nTRACER results for 

LLPTs, CBC, radial and axial power distributions are compared with the 

measured data in the following. 

 

5.2.1 Low Power Physic Tests 
 

Prior to operating the fresh or reloaded cores with the power 

generating conditions, LLPTs are performed to validate the fidelity of the 

core designs by verifying the measured core parameters with designed 

values. The calculation capabilities for OPR1000 cores, hence, can be 
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verified by evaluating the accuracy of LLPT calculation against the 

measured data.  

The Critical Boron Concentration (CBC), Isothermal 

Temperature Coefficient (ITC), Fuel Temperature Coefficient (FTC) and 

Moderator Temperature Coefficient (MTC) which are measured in the 

LLPTs were calculated with nTRACER and are compared with the 

measured data and calculated values obtained from the other 

conventional codes: ASTRA56 and ROCS. The ROCS code is the core 

analysis code of CE which was used for the nuclear design of UCN5 and 

the ASTRA code is the core analysis tool developed at KEPCO Nuclear 

Fuel (KEPCO NF) to replace ROCS code. In the prediction of the CBC, 

the nTRACER results agree well with the measured value within 10 ppm 

difference while the about 20 pcm error is observed for ROCS and 

ASTRA results. In the comparison of FTC and ITC, nTRACER 

calculation has the smallest errors with the measured values. Even 

though the nTRACER result gives the best-estimate of the MTC, there 

is the large difference with the measurement. In the measurement of 

MTC and FTC, it is note that those parameters are not pure measured 

data. Instead, those values are evaluated based on the measured ITC and 

the calculated FTC using the nodal design code. As a consequence, there 

is a substantial uncertainty on the measured MTC. It is confirmed that 

the whole core transport calculation with nTRACER has the good 

agreement with measured data and a superior predictability of LLPTs 

over the conventional nodal design codes. 
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Table 5-2 Comparison Result of UCN5 Low Power Physics Tests  

Code CBC, ppm ITC, 
pcm/℃ 

FTC, 
pcm/℃ 

MTC, 
cm/℃ 

nTRACER 1073 -3.10 -3.02 -0.085 

ASTRA 1041 -3.59 -2.75 -0.85 

ROCS 1095 -2.03 -2.77 0.74 

Measured 1066 -2.83 -2.88 0.046 
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5.2.2 Critical Boron Concentration 
 

The nTRACER calculated CBCs are compared with the 

measured values for the two cycles of YGN3, which had a 4-batch annual 

loading scheme, in Fig. 5-6 and Fig. 5-7. The cycle 1 CBC let down curve 

shows the effect of gadolinium depletion which is distinctive for the 

initial core because of high poison loading to control the power 

distribution of all fresh fuel assemblies. It is noted that nTRACER could 

predict the gadolinium depletion behavior very well and the end of cycle 

CBC agrees within about 10 pm for both cycles signifying that the cycle 

length prediction of nTRACER is quite good.  

The CBC comparison for UCN5-C1 which was started with a 3-batch 

scheme from the beginning reveals, however, noticeable discrepancies 

between the nTRACER values and measured data as shown in Fig. 5-8. 

It turned out the larger difference noted in the middle of the cycle is due 

to the effect of depletion of boron-10 (B-10) in the soluble boron. If B-

10 depletion is corrected with an approximate rate of 1%/1000MWD, the 

corrected CBCs agree very well with the measurement. The reason why 

the B-10 correction was important only for this reactor was that this 

reactor had operated essentially without shutdowns after stabilizing the 

OPR1000 operation technology while there were numerous shutdowns 

in the case of YGN3C1 which was the first OPR1000 reactor in Korea. 

Note that fresh boron is inserted during the restart so that B-10 depletion 

effect would not be revealed after the restart. 
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Fig. 5-6 Boron Letdown Curve Comparison for YGN3 Cycle 1 

 

Fig. 5-7 Boron Letdown Curve Comparison for YGN3 Cycle 2 
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Fig. 5-8 Boron Letdown Curve Comparison for UCN5 Cycle 1 
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5.2.3 Power Distribution 
 

In OPR1000 reactors, the measured assemblywise power is 

determined using incore detector signals obtained at 45 radial and 5 axial 

locations. The power of the uninstrumented assemblies is synthesized 

using the inter-assembly coupling coefficients calculated by the core 

design nodal code ASTRA. The power distribution synthesis is done by 

the CECOR code. The nTRACER-CECOR assemblywise power 

comparison for YGN3-C1 is shown in Fig. 5-9 and the variations of the 

maximum error and the RMS error vs. the core burnup are shown in Fig. 

5-10 for two cases: one for the entire assemblies and the other for the 

instrumented assemblies only. The maximum error of 2.5% as well as 

large errors noted in Fig. 5-9 occurs in uninstrumented assemblies and 

the maximum error does not decrease as the core depletes. But if the 

maximum error is observed only for the instrumented assembly it does 

decrease to 1% at the end of the cycle. This observation result can be 

understood by the fact that the coupling coefficients for the 

uninstrumented assemblies would involve the calculation error of the 

nodal design code. 

The axial power distribution obtained by nTRACER can be 

plotted in a continuous form as shown in Fig. 5-11 by using the intranodal 

flux expansion coefficients determined by the SP3 solver. An axial 

thermal flux shape constructed with the flux expansion coefficients 

clearly represents the thermal flux dip near the spacer grids. For the 

comparison with the CECOR axial power, however, only the plane 

averaged power distributions were obtained and are compared in Fig. 

5-12. Note that the dips are still noted at the grid positions which are 
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modeled with 5 cm thick planes at the grid locations. Although the 

middle of cycle axial profile of nTRACER is somewhat more different 

from the CECOR solution than other burnup points, the agreement in the 

axial power distribution is excellent in general. 
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(a) BOC                                        (b)EOC 
Fig. 5-9 Assemblywise Power Comparison of YNG3 Cycle 1 
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1.144 0.961 1.208 0.964 1.192 0.926 1.066 0.563
1.140 0.962 1.203 0.964 1.166 0.935 1.068 0.559
0.004 -0.001 0.005 0.000 0.027 -0.009 -0.002 0.004
0.36 -0.14 0.38 -0.04 2.25 -0.97 -0.14 0.75

0.959 1.263 0.964 1.201 0.952 1.187 0.913
0.963 1.254 0.964 1.195 0.956 1.191 0.907

-0.003 0.009 0.000 0.006 -0.005 -0.004 0.006
-0.34 0.72 -0.04 0.49 -0.49 -0.35 0.69
1.136 0.953 1.192 0.952 1.168 1.083 0.583
1.134 0.954 1.166 0.956 1.174 1.090 0.580
0.002 -0.001 0.027 -0.005 -0.006 -0.007 0.002
0.18 -0.12 2.25 -0.49 -0.55 -0.69 0.39

1.094 1.124 0.926 1.187 1.083 0.695
1.097 1.128 0.935 1.191 1.090 0.695

-0.003 -0.004 -0.009 -0.004 -0.007 0.001
-0.27 -0.32 -0.97 -0.35 -0.69 0.08
1.129 1.104 1.066 0.913 0.583
1.142 1.115 1.068 0.907 0.580

-0.013 -0.011 -0.002 0.006 0.002 Max Err, % 2.25
-1.12 -0.99 -0.15 0.69 0.39 RMS Err. % 0.71
0.846 0.759 0.563 x.xxx nTRACER
0.846 0.760 0.559 x.xxx CECOR
0.001 -0.002 0.004 x.xxx Abs. Err
0.06 -0.21 0.75 x.xx Rel. Err %
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Fig. 5-10 Variation of Maximum and RMS Errors with burnup for 

YGN3 Cycle 1 

 

Fig. 5-11 Axial Thermal Flux Distribution at a Center Fuel at BOC of 

YGN3 Cycle 1 
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(a) BOC                    (b) MOC                     (c) EOC 

Fig. 5-12 Comparison of Axial Power Distributions for YGN3 Cycle 1 
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5.3 Effect of Intrapellet Power Profile on OPR1000 Core 
Calculations 

 

In the Chapter 4, the consideration of the exact power profile on 

the thermal feedback was examined with the single pin-cell problem and 

it was observed that the right profile for the pellet leads to smaller power 

defects than the predicted values obtained with a flat profile. In order to 

investigate the effects of IPPPs on the whole core transport calculation 

for a commercially operating PWRs, nTRACER was applied to the 

depletion calculation of the first two cycles of YGN3 and to the Doppler 

power coefficient calculations.  

 

5.3.1 Effect on Critical Boron Concentrations 
 

As shown in Fig. 5-13 which provides the critical boron 

concentration data obtained with and without the consideration of IPPPs 

as well as the measured ones for the first cycle of YGN3, essentially no 

difference is found between the two calculation cases. The same 

comparison was done for the subsequent cycle of YGN3 as shown in Fig. 

5-14. The slight increase of difference is found due to the higher burn of 

fuel but it is about 20 pcm difference in terms of reactivity which is quiet 

small. Therefore, it implies that the impact of the intrapellet power 

profile during the normal power operation is marginal. 
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Fig. 5-13 Effect of Intrapellet Power Profile on YGN3C1 Core 

Depletion 

 

Fig. 5-14 Effect of Intrapellet Power Profile on YGN3C2 Core 

Depletion 
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5.3.2 Effect on Doppler Power Coefficients 
 

The Doppler power coefficient is expected to be over-predicted 

with the flat power profile within pellets because the average fuel 

temperature will be higher than the actual value obtained with edge-

peaked power profile. Thus, it would lead to an under-prediction of 

reactivity with the increasing core power level. This effect was examined 

for the YGN3 cycle 1 and 2 by performing the core calculation at higher 

power levels. The coolant temperature was made unchanged by adjusting 

the flow rate. As shown in Fig. 5-15 and Fig. 5-16 which show the 

difference between the two calculations, more under-prediction is 

observed at higher burnup because of the increased rim effect. From 

these results, the Doppler power coefficients were also calculated and are 

compared in Table 5-3 and Table 5-4 for three burnup levels. The under-

prediction of the Doppler power coefficient is promoted as depleting the 

fuels. The reduction in the Doppler coefficient is observed at the EOC of 

both cycles by a factor of about 4% which is not negligible. The error at 

BOC of second cycle is small than error of EOC of 1st cycle because the 

alleviation of the rim effect from the fresh fuels.  
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Fig. 5-15 Reactivity Under-prediction of Flat Power Profile on 

YGN3C1 

 

Fig. 5-16 Reactivity Under-prediction of Flat Power Profile on 

YGN3C2 
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Table 5-3 Effect of Intrapellet Power Profile on Doppler Power 

Coefficients of YGN3C1 

Burnup, 
MWD/TU 

Doppler Power Coefficient, pcm/% power 
w/ IPPP w/o IPPP Error, % 

0 8.66 8.72 0.6 
6 8.12 8.35 2.8 
13 8.42 8.75 3.9 
 

Table 5-4 Effect of Intrapellet Power Profile on Doppler Power 
Coefficients of YGN3C2 

Burnup, 
MWD/TU 

Doppler Power Coefficient, pcm/% power 
w/ IPPP w/o IPPP Error, % 

0 8.60 8.82 2.5 
5 8.58 8.87 3.4 
10 8.82 9.15 3.8 
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Chapter 6. Decoupled Planar MOC based 

3-D CMFD Scheme for Efficient Whole 

Core Transport Calculation 
 

The planar MOC based 3-D CMFD scheme was proven to be 

quite effective on the whole core transport calculation for the realistic 

core calculation. In that formulation, the planar MOC problems are 

coupled tightly with the 3-D CMFD problem through the axial leakage 

information and thus simultaneous solutions need to be obtained for both 

and CMFD problem through the repeated alternate calculations of the 

two solutions. For a problem where the axial leakage affects as the 

dominant source on the planar MOC problems, i.e. problem with the thin 

axial plane size, there is the possibility of the calculation instability in 

the tightly coupled planar MOC calculation. In the decoupled planar 

MOC based on 3-D CMFD scheme28 which was developed for 

eliminating the inherent instability, the planar MOC solver serves only 

as an online cross section generator for the 3-D CMFD problem. Each 

planewise planar MOC problems forms an independent 2-D eigenvalue 

problem while in the conventional coupled formulation, the planar MOC 

problem is a fixed source problem constructed with the axial leakage 

source specified by the 3-D CMFD problem. To formulate each 

planewise decoupled MOC problem which has its own distinct 

eigenvalue, the axial leakage term which is estimated from a 3-D CMFD 

solution is replaced by a pseudo absorption cross section. 

In the direct whole core calculation to be performed for power 
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generating conditions, the sub-pin level temperature and coolant density 

distributions have to be determined concurrently with the flux 

distribution. Since the thermal condition is not fixed and it is gradually 

converging, the planar MOC calculation as well as the 3-D CMFD 

calculation has to be performed repeatedly with the changing cross 

sections incorporating thermal feedback. This poses a significant 

computational burden particularly on the planar MOC calculation which 

takes the most computing time. As a measure to alleviate the 

computational burden for the planar MOC calculation, it was devised 

that the decoupled calculation scheme through which a functionalization 

of dynamically generated pin-cell group constants57 is possible so that 

only 3-D CMFD calculation can be performed afterwards to determine 

the power distributions with thermal feedback.  

In this chapter, the formulation and calculation procedure of 

decoupled planar MOC based 3-D CMFD scheme is explained and then 

the cross section functionalization scheme for efficient thermal feedback 

is followed. Finally, the performance examination of the newly 

developed scheme with the decoupled planar MOC is presented. 

 

6.1 Decoupled Planar MOC based 3-D CMFD Scheme 
 

The basic transport equation of the planar MOC calculation 

which is also shown in Chapter 2 is as follow: 

 

 ,( , ) ( , ) ( , ) ( , )ϕ ϕ
 ∂ ∂
Ω +Ω +Σ = − ∂ ∂ 

m m k k k k k
x y m tr m m z mx y x y Q x y L x y

x y
 (6.1) 
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where k  and m  are the plane and angle indices respectively while the 

axial leakage source defined as: 

 

 , ,
, ( , ) ( ( , ) ( , ))

m
k T k B kz
z m m m

z

L x y x y x y
h

ϕ ϕΩ
= −  (6.2) 

 

with  and  being the angular fluxes at the top and 

bottom of the plane. In the planar MOC problem, the axial leakage term 

of Eq. (6.2) need to be specified as an additional angle dependent source 

and it is determined in the SP3 solution available from the 3-D CMFD 

results. In the planar MOC based 3-D CMFD which is reffered as the 

coupled formualtion in this chapter, each planar MOC problem becomes 

a source problem.  

The basic idea of decoupled scheme is to convert the MOC fixed 

source problem into an eigenvalue problem. To transform Eq. (6.1) into 

an eigenvalue problem, an approximation that can transform properly the 

independent source term into a term proportional to the eigenfunction is 

needed. By introducing a pseudo absorption cross section defined as:  

 

 
( , )

( , )
( , )ϕ

Σ =
∑
∑

k
m m

l m
k k

m m
m

w L x y
x y

w x y
 (6.3) 

 

where mw is the angular weights, Eq. (6.1) now can be converted into an 

eigenvalue problem where the removal cross section is increased by l
kΣ . 

, ( , )T k
m x yϕ , ( , )B k

m x yϕ
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The conversion from the fixed source problem to an eigenvalue problem 

yields a decoupled problem in which every planar problem has its own 

eigenvalue. 

The axial leakage term to be used in the determination of the 

pseudo absorption cross section is simply approximated following 

manner: 

 

 
, ,( , ) ( , )( , )

4π
−

=
T k B k

k m m
m

z

J x y J x yL x y
h

 (6.4) 

 

where ,T k
mJ  and ,B k

mJ  are the net current at top and bottom of the plane 

determined in the 3-D CMFD calculation. These are the pin-cell-wise 

axial currents. Because of the use of the cell average value for the axial 

current, the flat source regions in the same pin cell share same pseudo 

absorption cross section. The same pseudo absorption cross section being 

used in all the regions within a cell is in full agreement with the use of 

the same axial leakage source in all the internal regions in the coupled 

mode which turned out to have insignificant impact in the final result of 

the eigenvalue and pin power distribution. 

The solution of each planar MOC problem can be used to 

generate cell-wise homogenized group constants including the radial 

current correction factor which specifies the CMFD relation for the cell 

interface current in terms of the two neighboring cell average fluxes. 

Since the pseudo absorption cross section for axial leakage is used in the 

planar MOC calculation, the resulting cell homogenized group constant 

can be regarded as a function of axial leakage. Once this functional 

 

148 



 

dependence is established, the 3-D CMFD problem can be solved as an 

independent problem and the planar MOC problems serves as the 

homogenized cross section generator. Overall calculation flow of the 

decoupled scheme is shown in Fig. 6-1 and it is essentially same with the 

coupled one except the planar MOC is replaced to the decoupled MOC.  

For the case with the fixed T-H conditions, it turns out that the two 

iterative calculation of the 3-D CMFD and the decoupled planar MOC is 

enough to generate the solution which is comparable to the solution from 

the coupled scheme thus this scheme could reduce the computational 

time significantly. However, there is no advantage of the computational 

cost when the thermal feedback is involved.  

For the incorporation of thermal feedback, several decoupled 

planar MOC calculations have to be performed to generate the cell 

homogenized cross sections every time the thermal condition changes. 

Once the cross sections are determined for a given thermal condition, the 

global CMFD calculation can be performed to update the 3-D flux 

distribution and the eigenvalue. The thermal condition is then updated 

with the resulting power distribution of the 3-D CMFD solution. The 

updated thermal conditions and pseudo absorption cross sections are fed 

into the decoupled planar MOC calculation again. 
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Perform 3-D CMFD

Update T/H Conditions

Converged?

Perform Planar 
Decoupled MOC

Update Pseudo Absorption 
Cross Section

Perform 2-D CMFD 
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Update Cell-Homogenized
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Update 3-D CMFD System

End

Y

N

Decoupled Planar MOC Calcualtion

 

Fig. 6-1 Calculation Flow of Decoupled Whole Core Transport 

Calculation Scheme  
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6.2 Efficient Thermal Feedback Treatment Using Planar 
MOC Generated Cross Section 

 

For an ordinary incorporation of thermal feedback, the iterative 

treatment of thermal feedback is exactly same as that of the coupled 

calculation except that the transport solution scheme is replaced with the 

decoupled one. The iterative thermal feedback treatment employed in the 

both of decoupled and coupled scheme requires a significant number of 

iterations between the MOC and CMFD calculations and thus poses 

considerable computational burdens. To alleviate the computational 

burden of planar MOC calculations, advance functionalization of 

homogenized cell-wise cross section was developed in this work.  

The decoupled MOC incorporating iterative thermal feedback 

treatment is formulated such that each MOC planar MOC problem is 

solved in an eigenvalue problem mode to serve online homogenized 

cross section generator for the thermal conditions determined in the 

previous 3-D CMFD calculation. As a measure to improve the thermal 

feedback calculation efficiency, the functionality of decoupled MOC is 

extended as the functionalization of homogenized cross section. With the 

functionalization of homogenized cross section, the 3-D CMFD 

calculation can be performed in a standalone mode to determine the 

power distribution incorporating thermal feedback. 

In general, the pin cell-wise homogenized cross sections can be 

represented as a function of fuel and coolant temperatures. By neglecting 

the cross term the cross section change from a reference condition can 

be represented simply by the following function: 
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  (6.5) 

 

where ref
fT , ref

fT  and ( , )ref ref
f mT TΣ  are fuel temperature, coolant 

temperature and macroscopic cross section a the reference thermal 

condition, var( , )ref
f mT TΣ  and var( , )ref

f mT TΣ  are the cross section 

determined at single variation cases where only one thermal condition 

change is made at a time to the reference thermal condition. The 

reference cross section of each cell is generated from the decoupled 

planar MOC calculation for each plane of which the thermal condition is 

determined by the previous 3-D CMFD calculation. In order to evaluate 

a two differential term of Eq. (6.5), two set of cross section is need to be 

calculated at two different thermal conditions. At first, the fuel 

temperature is increased by changing the local pin power by 20% from 

the reference thermal conditions, keeping the moderator temperature as 

same. The pellet internal temperatures are updated with the increased 

power density consistently so that the Doppler effect can be taken in to 

account properly. From this calculation, the fuel temperature derivative 

of cross section, i.e. / fT∂Σ ∂ , can be determined. Secondly, the 

moderator temperature is increased by 5℃, keeping the fuel and clad 

temperature unchanged to determine the moderator temperature 
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derivative term. The effect of moderator density change is considered by 

this variation because the functionalization is established with 

macroscopic cross section. 

In this functionalization scheme, the MOC calculation for each 

plane is performed three times with different temperature and density 

distributions. The pseudo absorption cross sections of the reference case 

whose thermal condition is specified by the previous 3-D calculation are 

used for the additional tow MOC calculations. The functionalization is 

done twice: first time with the trial reference T/H condition and the 

second time with the corrected reference T/H condition. For each 

functionalization, three planar MOC calculation (one reference and two 

variations) are performed. The second functionalization is required since 

accurate cross section functions cannot be obtained with the initial trial 

thermal condition. The functionalization of the radial current correction 

factor is not, however, considered and the correction factors determined 

for the reference condition are used in the subsequent 3-D CMFD 

calculation. The procedures of the decoupled planar MOC calculation 

with the functionalization scheme are depicted in Fig. 6-2. 
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Fig. 6-2 Calculation Flow Incorporating Thermal Feedback in 

Decupled Planar MOC Method with Cross Section Functionalization 
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6.3 Performance Examinations of Decoupled Planar MOC 
Scheme 

 

The decoupled planar MOC based 3-D CMFD scheme was 

implemented in nTRACER as an alternative whole core transport solver. 

In order to examine the decoupled planar MOC based 3-D CFMD 

scheme denoted as decoupled scheme for brevity, the set of problems 

was calculated with the decoupled scheme and the obtained solutions 

were verified with the solutions of the coupled planar MOC scheme, 

shortly coupled scheme. The first benchmark problem is the 3-D 

C5G7MOX benchmark and it is for verifying the solution accuracy of 

the decoupled planar MOC scheme. The calculation of PWR assembly 

checkerboard problem was performed with thermal feedback to examine 

incorporation of thermal feedback. Finally, the OPR1000 core problem 

was solved with the decoupled planar MOC to demonstrate the 

applicability to the realistic power reactor analysis. For both cases, the 

T/H conditions were calculated with the closed-channel model for 

simplicity because the purpose of calculation is in the verification of the 

devised methodology. 

 

6.3.1 3-D C5G7MOX Benchmark Problems 
 

Two rodded cases of 3-D C5G7MOX benchmark problem was 

analyzed with the decoupled calculation option of nTRACER to confirm 

that this scheme can provide the comparable solution with the 

conventional coupled scheme. Note that the rodded cases were selected 

because the effect of the axial leakage on the decoupled calculation 
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would be more prominent in the rodded configuration. The nTRACER 

model for the benchmark problem of the decoupled calculation is 

identical with the coupled calculations which are dealt in Chapter. 2 and 

the SP3 method was employed as for the axial solver. The obtained 

results of the decoupled and coupled result compared with the MC 

reference solutions are summarized in Table 6-1 and Table 6-2. The 

differences of eigenvalue have within a few pcm difference for the same 

axial mesh structures. For the power distribution comparison with the 

reference MC solutions, the almost similar error behavior is observed in 

the both rodded case. To quantity the solution degradation which might 

occur in the decoupled method, the axially integrated power distributions 

were compared with those distribution of coupled scheme taken as the 

reference and the relative differences presented in Fig. 6-3 are less than 

0.1 % for both case. Even though the effect of axial leakage on the 

homogenized pin cell cross section is expected to be significant for the 

rodded cases, the results indicates that the difference in the accuracy 

between the coupled and decoupled case is insignificant in both of k-eff 

and power distributions.  
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Table 6-1 Comparison of Coupled and Decoupled Solutions for 
C5G7MOX Rodded A 

Solution Scheme Coupled Decoupled 

No. Axial Planes 4 8 16 4 8 16 

K-eff1) 1.12993 1.12867 1.12839 1.12981 1.12865 1.12838 

Del_k, pcm 187 61 33 175 59 32 
Slice 1 Pin 

Power 
Error, % 

Max 1.28 1.14 1.33 1.16 1.15 1.35 

RMS 0.63 0.28 0.31 0.54 0.30 0.24 
Slice 2 Pin 

Power 
Error, % 

Max 1.07 1.30 1.35 1.05 1.30 1.37 

RMS 0.44 0.32 0.33 0.43 0.32 0.33 
Slice 3 Pin 

Power 
Error, % 

Max 3.49 2.00 1.24 3.13 1.98 1.26 

RMS 1.90 0.82 0.38 1.56 0.79 0.40 
Axially 

Integrated 
Pin Power 
Error, % 

Max 0.91 1.06 0.99 0.91 1.05 0.99 

RMS 0.21 0.30 0.26 0.21 0.29 0.25 

1) Reference k-eff = 1.12806 

 
Table 6-2 Comparison of Coupled and Decoupled Solutions for 

C5G7MOX Rodded B 

Solution Scheme Coupled Decoupled 
No. Axial Planes 4 8 16 4 8 16 

K-eff1) 1.08056 1.07838 1.07803 1.08047 1.07835 1.07800 
Del_k, pcm 279 61 26 270 58 23 

Slice 1 Pin 
Power 

Error, % 

Max 2.22 1.51 1.65 2.14 1.31 1.65 

RMS 0.92 0.39 0.42 0.89 0.33 0.40 
Slice 2 Pin 

Power 
Error, % 

Max 1.71 1.55 1.55 1.42 1.44 1.59 

RMS 0.71 0.59 0.44 0.61 0.54 0.45 
Slice 3 Pin 

Power 
Error, % 

Max 7.07 2.07 1.46 677 1.98 1.44 

RMS 2.96 0.75 0.60 2.90 0.50 0.41 
Axially 

Integrated Pin 
Power 

Error, % 

Max 0.86 1.50 1.44 0.75 1.47 1.42 

RMS 0.30 0.38 0.36 0.30 0.37 0.36 

1) Reference k-eff = 1.07777 
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(a) Rodded A, %             (b) Rodded B, % 

Fig. 6-3 Axial Power Distribution Comparison between Decoupled and 

Coupled Solution for 3-D C5G7MOX Rodded Case 

 

The planewise eigenvalues of decoupled MOC problem should 

be same as the eigenvalue of global solution obtained in the 3-D CMFD 

calculation, in principle, if the axial leakage sources are specified 

properly through the pseudo absorption cross sections. In addition, the 

eigenvalue of each decoupled planar MOC problem was examined to 

verify the underlying rational of decoupled scheme. In Fig. 6-4, the 

planewise eigenvalues are compared with the global eigenvalue for the 

rodded A case with 8 planes (6 fuel planes). The decoupled MOC 

calculation is performed only twice in the ordinary decoupled scheme, 

however, it was performed 4 times in this particular calculation. In the 

first decoupled calculation, the notable difference of eigenvalue at each 

plane is observed due to the pseudo absorption cross section specified by 

the initial CMFD calculation has a considerable error. In the result of 

second decoupled calculation, the error of eigenvalue is reduced 

critically to have tens of pcm difference so that the generated 

homogenized cross section would be sufficiently accurate for 
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determining the converged global solution.  

 

 

Fig. 6-4 Planewise Eigenvalue Convergence of Decoupled Planar MOC 

for C5G7MOX Rodded A Case with 8 Axial Planes 
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6.3.2 Assembly Checkerboard Problem 
 

A toy problem of UO2/MOX checkerboard consisting of 17x17 

fuel PWR assemblies was designed to investigate the feedback 

calculation scheme based on the decoupled MOC generated cross 

sections. The active core height is 2 m which originates from the 

SMART-220 reactor which uses the same fuel assemblies. The active 

core regions are meshed with 10 planes axially so that the plane thickness 

is 20 cm. The problem consist of unrodded and rodded cases. For the 

rodded case, the control rod is inserted into the UO2 assembly up to the 

half of the axial region. The reference solutions were generated with the 

coupled calculation with the iterative thermal feedback update. The 

performance comparison of two coupled solutions are given in Table 6-3. 

For unrodded case, the eigenvalues of two scheme agree well with the 

reference value obtained in the coupled calculation. The planewise local 

pin power error is less than 0.3 % except the top and bottom plane where 

the pin power values are so small that relative error appears somewhat 

large. The absolute difference of normalized pin power turns out to be 

less than 0.01 for both schemes. For rodded case, the eigenvalue error is 

less than 30 pcm for both scheme which is slightly larger than that of 

unrodded case. The planewise pin power error are largely exaggerated 

because of the low power level of rodded region. However, the absolute 

pin power errors in the normalized pin power is also very small. These 

results for the checkerboard model problem indicate that the decoupled 

method with thermal feedback generates essentially the same solution as 

the conventional coupled calculation.  
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Table 6-3 Performance of Decoupled Solution for the PWR 
Checkerboard Problem 

Thermal Feedback 
Scheme Iterative  Cross Section 

Functionalization 

Configuration Rod Out Rod In Rod Out Rod In 

Del_k-eff, pcm 6 25 6 24 

Axially Integrated 
Pin Power Error, % 0.02 0.14 0.03 0.11 

Plane 3 Pin Power 
Error, % 0.06 0.25 0.10 0.24 

Plane 5 Pin Power 
Error, % 0.05 0.15 0.14 0.19 

Plane 8 Pin Power 
Error, % 0.26 2.91 0.28 2.98 
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6.3.3 OPR1000 Core Problem 
 

The accuracy and effectiveness of the decoupled scheme with 

thermal feedback for practical problem was examined with the OPR1000 

core problem. The thermal-hydraulic conditions form the problem are 

the HFP condition of OPR1000 core. In the core model, the spacer grid 

model is simplify to smear into the coolant region homogeneously. In 

this problem, the radial power variation is sever compared to the previous 

checkerboard problem. Thus the effect of the thermal feedback on the 

solution would be more significant. The solution was obtained with two 

schemes: coupled scheme and decoupled scheme with the cross section 

functionalization. The comparison results of two solution taken the 

coupled solution as the reference are shown in Table 6-4, Fig. 6-5 and 

Fig. 6-6 below. As shown in Table 6-4, the k-eff obtained with the 

functionalization scheme have a only 2 pcm difference to the one with 

the coupled calculation and other core characteristics including the 

peaking factor agree very well with each other. The error in the axially 

integrated power distribution is within 1 % for the functionalization 

scheme. Because of the severe radial variation the error of radial power 

is higher than the checkerboard cases. Noting that the almost large pin 

power errors around 1% are located at the core periphery where the pin 

powers are relatively small. The axial power of decoupled scheme does 

not show a notable difference as shown in Fig. 6-6. Thus, these result 

demonstrates that the cross section functionalization for decoupled 

planar MOC is able to handle the cross section changes caused by 

thermal feedback. In the computing time, the cross section 
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functionalization scheme can save about 25% of total computing time by 

reducing the number of ray tracing sweeping. 

 
Table 6-4 Performance Examination of Decoupled Planar MOC 

Scheme for OPR1000 Core Problem 

Transport Calculation 
Mode Coupled Decoupled 

w/ XS Functionalization 

k-eff 1.14007 1.14009 

Radial Peaking Factor 1.6030 1.5938 

Avg. Coolant Outlet 
Temperature, ℃ 328.10 328.10 

Max. Coolant 
Temperature, ℃ 343.64 343.45 

Max. Fuel Center-line 
Temperature, ℃ 1864.5 1840.2 

 

 
Fig. 6-5 Pin Power Error Comparison of Coupled and Decoupled 

Solution for OPR1000 Core Problem 
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Fig. 6-6 Axial Power Comparison of Coupled and Decoupled Solutions 

for OPR1000 Core Problem 

  

 

164 



 

Chapter 7. Conclusions 
 

In this work, the Practical Numerical Nuclear Reactor (PNR) 

was developed by combining the nTRACER direct whole core neutron 

transport code and the MATRA subchannel analysis code for power 

reactor applications. It was shown that the planar MOC and axial SP3 

solution based CMFD formulation, which was devised as a way to obtain 

high fidelity solution on affordable parallel machines, produces 

sufficiently accurate solutions as demonstrated by the solutions for the 

3-D C5G7MOX rodded problems and the fixed temperature YGN3 core 

problem for which the reference MC solutions were available. 

Among the various improvements implemented into the 

nTRACER code to properly handle thermal feedback, the number 

density adjustment scheme to account for the nonuniform temperature 

conditions in the application of the subgroup method for resonance 

treatment appears to be quite effective in that it could resolve the fuel 

temperature under-prediction problem amounting about 10% more 

stably than the level adjustment scheme. The effect of the cross flow 

modeling by the use of the MATRA solver turned out to somewhat 

significant in that the nonconservative under-prediction of pin power of 

the closed channel modeling by about 1% can be resolved with the cross 

flow modeling. The cross flow effect would become more significant in 

an abnormal condition involving an asymmetric power distribution. In 

the investigation of the explicit modeling effect of intrapellet power 

profile (IPPP) which had not been considered in the conventional core 

analysis, a marginal impact was observed in the normal operation 
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condition of the realistic core calculation. But a non-negligible decrease 

of the Doppler power coefficients 4% is observed and it implies that the 

modeling of IPPP would be significant in the accident analysis, e.g. rod 

ejection accidents where the Doppler Feedback has a significant impact 

in the transient. Along with the thermal feedback capability, the depletion 

module of nTRACER was confirmed that isotopic composition change 

even for rapid depleting gadolinium isotopes can be estimated with 

sufficiently large time step sizes. 

In addition to the essential core analysis capability, nTRACER 

has the decupled planar MOC based transport solver developed for 

alternative transport solver. It is confirmed that the new solution scheme 

enables performing more stable and efficient core calculations when 

thermal feedback is involved. The control rod modeling feature 

embedded in the transport calculation framework of nTRACER can 

mitigates effectively the cusping problems which introduces substantial 

errors in the cases with partial control rod insertion. 

The nTRACER model for the two OPR1000 reactors can 

represent explicitly the major constituents of the core and fuel assemblies 

including the fuel pellets, inter-assembly water gaps, and the core shroud. 

The thin planes introduced to explicitly represent the spacer grids axially 

results in the flux and power dip without any solution instability. The 

core follow calculation for the two cycles of YGN3 shows a very good 

agreement with the measurements in the prediction of the critical boron 

concentration and the cycle length. The fact that the nTRACER radial 

power agrees much better at the instrumented positions proves clearly 

fidelity of the whole core transport solution. On the other hand, it is 

 

166 



 

necessary to compensate for the B-10 depletion effect for a stably 

operated core. 

Based on the high solution fidelity of PNR verified against the 

real core measurement data and the reasonable computing time of about 

two hours for a state point on an affordable parallel computer, it can be 

claimed that direct whole core calculations are now practically possible 

with the nTRACER approaches introduced here. As the computer 

performance gets better and better, the direct solution approach which 

requires no prior calculation and adjustment, but only the specification 

of the core and assemblies would gain more popularity because of its 

simplicity in usage and also because of the availability of the accurate 

and very detailed information for a given reactor design. 
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Appendix A. OPR 1000 PWR Core 

Modeling 
 

The first OPR1000 unit built in Korea was Yonggwang Nuclear 

Unit 3 (YGN3) and numerous other reactors of the same type such as 

Ulchin Nuclear Unit 5 (UCN5) have been operating since 1995. The 

nTRACER modeling of the entire core of an OPR1000 reactor was done 

in three hierarchical levels: fuel rod, assembly, and core. First, the pellet, 

air gap, cladding, and coolant were explicitly modeled. The as-built data 

were used to specify the fuel density and enrichment. As seen in Fig. A-1, 

each fuel pellet is sub-divided into 3 annual rings with 8 azimuthal 

sectors to take into account the sub-pin level flux distributions. The 

coolant region was refined with 24 regions to resolve the substantial flux 

gradient caused by neutron slowing down. For the gadolinium bearing 

fuel rods, the pellet regions were refined with 9 annular rings to handle 

the significant flux variation as gadolinium depletes. The cutback of the 

burnable absorber rod was also explicitly modeled. Additionally the 

spacer grid element as shown in Fig. A-2 was modeled together with 

each fuel rod, but the spacer grid was smeared in the corner region as 

shown on the right.  
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Fig. A-1 Fuel Rod Modeling 

 

Fig. A-2 Spacer Grid Modeling. 

 

An ORP1000 fuel assembly contains 5 large guide tubes. The 

assemblies were modeled with these large guide tubes and different fuel 

and poison rod arrangements. There were 9 types of fuel assemblies in 

YGN3C1 and 7 types in UCN5C1. A 3x3 array of fuel assemblies with 

control rod insertion in the center assembly is illustrated in Fig. A-3 

which shows the flux distribution for Group 5 (~1MeV). Note that the 

annular regions are displayed as polygons only for convenience in 

visualization. The actual annular regions were used in the calculation. In 

the core of an OPR1000, 177 fuel assemblies are loaded in a 15x15 grid 

array of which a quarter is displayed in Fig. A-4. The inter-assembly 

water gaps and the core shroud were explicitly modeled as shown in the 

figure. 
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Fig. A-3 Example of OPR1000 Fuel Assembly Modeling 

 

Fig. A-4 Explicit modeling of shroud and assembly water gap 
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Appendix B. MOC Formulation for 2-D 

Transport Problem 
 

As a mathematical technique for solving the first order partial 

differential equation, the MOC can be applied for 2-D neutron transport 

equation. In order to apply the MOC method, let’s consider the 

characteristic line starting at a certain point in 2-D plane with mΩ

direction: 

 

 , m m m
x y z

x y zand
l l l
∂ ∂ ∂

= Ω = Ω = Ω
∂ ∂ ∂

  (B.1) 

 

where l  is a variable of characteristic line. Then, 2-D transport equation 

in Eq. (2.2) can be converted into characteristic equation below: 

 

 ( ( )) ( ( )) ( ( )) ( ( ))m m m m
tr

d r l r l r l Q r l
dl
ϕ ϕ+Σ =  (B.2) 

 

For the brevity, the axial leakage source term is included in the source 

term and the plane index k is omitted. As shown in Fig. B-1, the 

characteristic equation can be rewritten with respect to the projected 

characteristics line on planar plane as the following: 
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( ( ), )

m m m
m m tr m m

m
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d r s r s r s
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Q r s

θ ϕ θ θ ϕ θ

θ

+ Σ
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where s  is moving distance along the projected characteristic line and 

θ  is azimuthal angle of characteristics line. From now on, and the ϕ  

and Q  are expressed as ϕ  and Q respectively for simplicity. Finally, 

the 2-D transport equation is transformed into 1-D ordinary differential 

equation which is easily to solve. Then, the obtained solution using 

integration factor is expressed as follow: 

 

( )
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Fig. B-1 Illustration of Characteristic Line in Planar Geometry 
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Assuming flat flux and cross section are constant in the range of 

, the integral terms of Eq. (B.4) can be evaluated analytically. 

Then, the following simplified form of the planar transport equation: 

 

 
( ( ), ) ( (0), ) exp

sin

1 exp [0, ]
sin

trm m
m m

m

tr

mtr

s
r s r a

sQ where s C

ϕ θ ϕ θ
θ

θ

Σ −=  
 

 Σ  −+ − ∈  Σ   

 (B.5)  

 

In the realistic application of the MOC equation shown in Eq. 

(B.5), the 2-D domain is discretized into regions assumed to have flat 

cross section and source. As illustrated in Fig. B-2, the set of discretized 

characteristic lines with uniform spacing is introduced for discretized 

angles. Then, the Eq. (B.5) can be applied for each segment defined by 

the intersections of region boundaries. The angular flux profiles are 

evaluated along the characteristic lines. Accordingly, the outgoing 

angular flux from the calculated region becomes the incoming angular 

flux of next region. The relation of the incoming and outgoing angular 

flux is express in Eq. (B.6) below: 

 

 , ,
, , exp 1 exp

sin sin

n n n nn
out n in n tr k tr km
m k m k n

m mtr

s sQϕ ϕ
θ θ

    Σ Σ
− −= + −    Σ    

 (B.6) 

 

where n and k are region and ray segment index respectively and n
ks  is 

the corresponding length of ray segment. Because the calculations is 

made by tracking the lines, this method is referred as ray tracing method 

[0, ]s C∈
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and the characteristic lines are called tracking rays.  

,
,

in n
m kϕ

,
,

out n
m kϕ,

n
m ks

 raythk

1  raythk −

1  raythk +

n  regionth

m∆

 
Fig. B-2 Application of MOC Equation in the 2-D Calculation 

 

The average scalar flux of each flat source region should be 

calculated to update the source and eigenvalue. and the construction of 

the region average scalar flux is made with the following three steps: 1) 

calculation of segment averaged angular flux, 2) calculation of region 

average angular flux, and 3) calculation of region average scalar flux. In 

the formulation of MOC, the angular flux profile for each ray segment is 

given and the segment averaged scalar flux can be obtained by 

integrating the Eq. (B.6). Then, the resulting averaged angular flux for 

the given ray segment is expressed as follow: 

 

 
, out,
, ,

,
, / sin

in n n n
m k m kn m

m k n n
tr m k m tr

Q
s

ϕ ϕ
ϕ

θ
−

= +
Σ Σ

 (B.7) 
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where ,
n
m kϕ  is the region average angular flux of k-th ray segment 

belonged to n-th region. Next, the region averaged angular flux is 

evaluated by carrying out the volume weighted summation of segment 

averaged angular flux as below: 

 

 ,
1n n n

m m k k m
k nn

s
V

ϕ ϕ
∈

= ∆∑   (B.8) 

 

where m∆  is ray spacing and nV  is volume of the n-th region. In order 

to satisfy the neutron balance equation of each region, the value of Eq. 

(B.8) should be unity if the segment averaged angular flux is set to be 

one. However, this relation cannot be hold with the discretize 

representation with ray segments of region. To satisfy the neutron 

balance equation, the ray segment belonged to the same region is 

adjusted uniformly so that the following volume conservation can be 

hold. 

 

 n
n k m

k n
V s

∈

= ∆∑   (B.9) 

 

where n
ks  is the corrected ray segment length. In the implementation, 

the correction of the ray segment is performed prior to the ray tracing 

calculation and the corrected one is used for evaluation of the out-going 

angular flux as well. As the final step for determination of scalar flux, 

the region averaged scalar flux is calculated from the angular flux as 
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follow: 

 

 n
n m m

m
φ ω ϕ=∑  (B.10) 

 

where mω  is the weight of quadrature set which is employed for the 

solid angle discretization. By combining the Eq. (B.7), (B.8) and (B.10), 

the region averaged scalar flux is expressed in terms of in-coming and 

out-going angular flux as shown in Eq. (B.11). 

 

 , out,
, ,

1 sin ( )
n

in n nm
k m m m k m kn n

k ntr tr

Qφ θ ω ϕ ϕ
∈

= + −
Σ Σ ∑  (B.11) 

 

During the ray sweeping calculation, the summation of 

incoming and outgoing angular flux for each region is performed without 

saving the angular flux information which reduces the computational 

memory significantly. 
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Appendix C. Derivation of Whole 1-D 

SP3 SENM Formulation 
 

This appendix provides the detailed derivation of Whole 1-D 

SP3 SENM given in Chapter 2 starting from the general solution of SP3 

equation in the modal space which is show in Eq. (2.9). The solution can 

be written simply as a matrix-vector form as follow: 

 

 ( ) ( ) A ( ) B ( )pκ κξ ξ ξ ξΨ = + +ΨC S   (C.1) 

 

where A and B  are the vector of undetermined coefficient of cosine 

hyperbolic and sine hyperbolic, pΨ  is vector of the particular solution,  

and ( )κ ξC  and ( )κ ξS  are the coefficient matrix defined below in Eq. 

(C.2) and (C.3). For brevity, the (1)κC  are (1)κS  are expressed as κC  

and κS . 

 

 1

2

cosh( ) 0
( )

0 cosh( )κ

κ ξ
ξ

κ ξ
 

=  
 

C   (C.2) 

 1

2

sinh( ) 0
( )

0 sinh( )κ

κ ξ
ξ

κ ξ
 

=  
 

S   (C.3) 

 

In the whole 1-D formulation, the angular moment and current 

continuity are applied at each nodal interface not in the modal space but 
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in the original space. The relation between the modal space and original 

space is given as follow. 

 

 ( ) ( )ξ ξΦ = ΨS  (C.4) 

 

where S  is the similarity transform matrix which is defined in Chapter 

2. And the following current expression can be derived from the Eq. 

(C.4): 

 

 ( ) ( ) ( )J ξ ξ ξ′ ′= − Φ = − ΨM MS  (C.5) 

 

where matrix M  is defined in Eq. (C.6) 

 

 0 2

2

22
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D D
M

Dh
 

=  
 

  (C.6) 

 

In order to apply the moment continuity relation at the node 

interface between i-th and i+1-th node, the surface moment is evaluated 

using Eq. (C.1) and (C.4).  
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By applying the identity of surface moment which is 

,R 1 1,Li i i i+ +Ψ = ΨS S , the following relation are obtained. 

 

 
, 1 , 1 1 , 1 , 1 1

1

i i i i i i i i i i i i

L R
i p i p

A A B Bκ κ κ κ+ + + + + +

+

− + +
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  (C.9) 

 

The surface current at the node interface can be obtained 

independently with the intranodal moment profile of i-th and i+1-th node. 
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By applying the equality of Eq. (C.10) and Eq. (C.11), the 

current continuity condition can be obtained. 
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  (C.12) 

 

For the top and bottom node, the albedo boundary condition 
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should be imposed and the albedo relation between current and moment 

can be written as follow form: 

 

 ( ) ( )J ξ ξ= Φα  (C.13) 

 

where α is the albedo matrix for SP3 equation. For the reflective 

boundary condition, the albedo matrix is the 2x2 matrix filled with zero 

entities. For zero incoming albedo condition where the out-going 

direction is defined as positive, the albedo matrix is expressed as shown 

in (C.14). 

 

 

1 5
2 8
1 5
8 8

vacuum
+

 
 

=  
 −  

α   (C.14) 

 

For the case with the negative is the out-going direction, i.e. 

bottom node, the albedo matrix is same as (C.14) with opposite signs.  

 

 

1 5
2 8
1 5
8 8

vacuum
−

 
 

= −  
 −  

α   (C.15) 

 

Here, the albedo condition for the top is given only because it 

can be derived as a same manner for the bottom. The relation for albedo 

condition can be derived directly combining the Eq. (C.7). Eq. (C.10) 
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into Eq. (C.13), then the resulting equation is given as following form. 
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By applying the derived conditions for the entire node interfaces, 

the set of linear system which is given in Eq. (2.10) is constructed. The 

corresponding entities of the linear system which are not given in 

Chapter 2 can be found here easily in Eq. (C.9), Eq. (C.12) and Eq. (C.16). 
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초 록 

 

본 연구는 동력로에 대한 통상적인 노심 핵설계 절차에 활용할 

고신뢰도 노심해석을 위해, 전노심 코드 nTRACER, 부수로 열수력 코드 

MATRA, 수백 대의 프로세서가 장착된 LINUX 클러스터를 결합하여 

실용적인 수치원자로(Practical numerical nuclear reactor, PNR)를 

개발하였다. 효율적이고 정확한 전노심 수송계산을 달성하기 위해, 3차원 

전노심 수송계산법, 공명 자가 차폐 처리법, 연소 계산, 제어봉 

디커스핑(Decusping) 처리법을 새롭게 정립하거나 기존의 방법론을 

개선하고, 이를 전노심 직접 수송계산 코드인 nTRACER에 구현하였다. 

부수로 간의 횡방향 교차류(Cross flow) 계산이 가능하도록 부수로 코드인 

MATRA를 nTRACER에 결합하였으며, 또한 핵연료 소자 내의 온도 분포 

계산하여 도플러 효과 처리에 반영하였다. 노심 추적 계산에 대한 실제 

실측치 자료와 고정 된 열수력 조건에서 계산된 몬테칼로(Monte Carlo) 

결과와 비교함으로써, PNR의 성능 확인과 검증을 수행하였다. 

 구체적으로 층별 특성 곡선법(Method of characteristics, MOC) 

기반 3차원 소격격자 유한 차분법(Coarse mesh finite difference, CMFD), 

비균질 온도 분포 조건하에서 공명처리, Krylov 부공간 확장법과 가돌리늄 

핵종에 대해 사전 보정법을 결합한 2차 연소 모델을 이용한 연소계산 

방법론의 경우, 기존의 계산 방법론을 개선하여 정확도와 속도 그리고 

안정성을 확보하였다. 또한 층분리 MOC에 기반 CMFD 법이라는 기존의 

전노심 기존의 방법론과 다른 새로운 전노심 수송 계산법을 개발하였고, 

전노심 수송계산의 안정성과 열궤환 처리시의 계산 효율을 향상시켰다. 

제어봉이 계산 격자 내에 부분적으로 삽입된 경우를 처리를 위해 정교한 

디커스핑 처리법 개발하였다. 또한 가압경수로의 주요 구성 요소에 대한 

기하 구조 처리능이 구현하여, 핵연료봉뿐만 아니라 집합체 지지 

격자(Spacer grid)와 노심의 슈라우드(Shroud) 같은 요소의 명시적으로 
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처리하였다. 핵연료봉의 연소도에 따른 열 전도도와 간극 컨턱턴스(Gap 

conductance)를 핵연료 온도 계산에 사용하여 운전 중의 실제 노심 

상태와 최대한 근접하게 계산에 반영하도록 하였다. 

 다수의 검증문제의 대하여 표준해와 비교를 수행하여 일차적으로 

수송 계산능의 정확도를 확인한 다음, 한국형 표준 가압 경수로에 대한 

노심 추적 계산 결과를 임계 붕산 농도와 반경 방향 출력분포 실제 

실측치와 비교를 수행하였다. 이를 통해 노심 계산에 앞서 어떠한 사전 

계산과 조정 없이, 본 연구에서 개발한 PNR을 이용하여 동력로에 대한 

정확하고 정밀할 뿐만 아니라 실용적인 전노심 직접 계산이 가능하다는 

것을 입증하였다.  

 

주요어:  

전노심 직접 수송계산  

 부수로 열수력 계산 

 서브그룹 방법론 

 고신뢰도 노심해석 

 수치원자로 

 

학번: 2008-21153 
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