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업무
번호 업무/세부업무 주관 

연구기관
1.0 KAERI/SNU
1A SNU
1B KAERI
1C SNU
1D KAERI
1E KAERI
1F KAERI
1G SNU
2.0 ANL
2A ANL
2B ANL
2C ANL
3.0 ANL/KAERI
3A ANL
3B ANL
3C ANL
3D KAERI
4.0 ANL
4A ANL
4B ANL
5.0 KAERI/ANL
5A KAERI
5B ANL
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(a) Old Cell Model (b) Old Gap Model 

(c) New Cell Model (d) New Gap Model 

keff Error,pcm -9.6
Pin Power
 Error, %

Max. 1.83
Average 0.38
RMS 0.50

keff Error,pcm -16.2
Pin Power
 Error, %

Max. 1.07
Average 0.19
RMS 0.25

(e) Errors for C5G7 Hexagonal
    Variation Problem
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Symmetric

Option

keff Number of

Iterations

Computing Time, Sec

MOC CMFD Total

30-Reflective 1.16222 4 13.7 0.6 16.1

60-Reflective 1.16222 4 27.7 1.28 31.4

60-Rotational 1.16222 4 27.9 1.14 31.3

120-Rotational 1.16222 4 56.2 2.41 62.9

Full Core 1.16222 4 172.2 8.0 193.1
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Packing   Fraction (%) 23.5 27.5 

RPT Radius (cm) 0.4247647 0.3973653 

Atomic 

Number 

Density 

(#/barn/cm)

U-235 2.58375E-04 2.52846E-04 

U-238 1.87082E-03 1.83078E-03 

O-16 4.25838E-03 4.16725E-03 

C-Natural 7.09847E-02 7.13218E-02 

Si-Natural 4.91990E-03 4.81462E-03 

Density (g/cc) 2.59876 2.58017 
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해석 변수 값
  핵연료 칼럼 열출력 (MW)
  핵연료 칼럼 높이 (m)
  냉각재 유량 (kg/s)
  냉각재 입구온도 (oC)
  냉각재 압력 (MPa)

  5.8
  7.93
  2.0
  490
  7.0
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항목 노드 수 노드 당  CPU 수 노드 당 코어 수 노드 당 메인 
메모리 [GB]

사양 34 1~2 4~12 16
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Project Status Summary

The objective of this three-year collaborative project between ANL and KAERI is to develop 
a suite of advanced multi-physics simulation methods and codes that are capable of 
performing first-principle based, spatially-detailed prediction of the coupled neutronics and 
thermo-fluid behavior in prismatic VHTRs. Neutronics simulation capabilities of DeCART 
were improved by both KAERI and ANL in terms of reload design, control rod modeling, 
depletion, transient calculation, numerical stability, parallel performance, and so on. Cross 
section libraries specific for VHTR were generated using ENDF/B-VII.0 data. Systematic 
verification tests of the updated DeCART were performed using pin, block, 2D and 3D 
VHTR core benchmark problems with various control rod configurations, indicating a good 
agreement of eigenvalues and power distributions with Monte Carlo solutions. Initial 
validation tests of DeCART were conducted against the two HTR criticality experiments, 
HTTR and VHTRC, resulting in very good predictions of the measured eigenvalues and 
isothermal temperature coefficients. For the coupled system, ANL established 
DeCART/STAR-CD while KAERI developed DeCART/CORONA, producing the initial 
benchmark problems with a single-block column, multi-block columns, and even one-sixth 
3D NGNP/VHTR core to verify those coupled systems. The preliminary results showed very 
good agreement of axial temperature profiles between the two coupled suites. Future 
collaboration should be dedicated to complete in-depth verification and validation tests of 
DeCART and its coupled system with STAR-CD and CORONA.
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Project Organization:

 

This project is a collaborative research activity involving ANL and KAERI including both 

project management and integration in addition to performing work on various technical 

tasks. In this project, the ANL effort was devoted to Tasks 3 and 4 and part of Task 5, 

while the KAERI/SNU effort was focused on Task 1 and part of Tasks 3 and 5. The 

following figure summarizes the project organization. Details of the tasks are presented in 

the following sections.

 

Narrative:

Objectives

The project objective is to develop a suite of advanced multi-physics simulation methods 

and codes that are applicable to high-fidelity, spatially-detailed analyses of the coupled 
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neutronics and thermo-fluid behavior of VHTRs. The research scope includes the generation 

of neutronic and thermo-fluid models that accurately account for important physical 

phenomena in VHTRs and the consistent coupling of these models to obtain detailed, 

highly accurate multi-physics solutions.

The neutronics analysis capabilities to be developed include methods for generating 

fine-level multigroup cross sections that account for the double heterogeneity of coated 

particle fuels, plutonium resonances in the thermal energy range, and the thermal scattering 

kernel of graphite. Adaptive neutron transport solution methods are developed for whole 

core calculations ranging from homogenized-assembly calculations with an in-line 

homogenization approach (for accurate treatment of assembly boundary conditions) to 

detailed, 3D whole core transport calculations with explicit geometry modeling of fuel 

compacts and coolant holes.

The thermo-fluid analysis methods to be developed accurately predict convective heat 

removal by the coolant flowing through the block and multi-dimensional conduction within 

the block. Bypass coolant flow effects in the gap regions between blocks and radiative heat 

transfer are also predicted. Various modeling strategies ranging from lower-order 

lumped-parameter models to higher-order large eddy simulations are investigated, and a 

practical multi-resolution approach is developed in which the local flow characteristics of 

“sub-domains” are simulated using higher-order models and those results are used to 

provide lower-order model calculations for the larger solution domain.

Background

Under the Next Generation Nuclear Plant (NGNP) program of the 

USandtheNuclearHydrogenDevelopmentandDemonstration(NHDD)programofRepublicofKorea(R

OK), two candidate designs of VHTRs have been examined for the past several years: 

prismatic- and pebble-based fuel elements. Several VHTR-specific issues have been 

investigated and discussed, including the double heterogeneity of VHTR fuel elements, high 

power peaking at the core-reflector interface, neutron streaming effects through large hollow 

gas flow channels in the prismatic reactor, and large neutron leakage effects due to the 

large meanfreepathofthermalneutronsinthegraphitemoderator.

Through a previous I-NERI project (2004-2006) [Taiwo, 2006], ANL (US) and KAERI 

(ROK) developed their respective computer code systems for physics analysis of prismatic 

VHTR cores (DRAGON/REBUS-3/DIF3D at ANL and HELIOS/MASTER at KAERI), based 

on a two-step procedure that includes a transport lattice calculation step to generate 

few-group cross sections and a 3D core calculation step to perform reactor physics analysis 

using the cross sections generated in the lattice calculation step. 

For high fidelity coupled simulation of LWR cores, the Numerical Nuclear Reactor (NNR) 

[Weber, 2007] was developed as a product of another US/ROK I-NERI project (2001-2004) 

in which the ANL and KAERI developers worked together to couple a commercial CFD 

code (STAR-CD) with a direct whole core transport code (DeCART).  In the 

aforementioned I-NERI project for VHTR physics analysis, KAERI extended the geometric 

modeling capability of DeCART to hexagonal geometries and implemented an initial 

modeling capability to account for the double heterogeneity of TRISO particles. ANL also 

has built extensive experience on VHTR neutronics and fuel cycle analyses [Kim, 2004; 

Yang, 2004; Joo, 2008]. Most of the initial fuel cycle analyses to support the DB-MHR 

concept of General Atomics were carried out at ANL [Kim, 2006].
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ANL has been developing a suite of modern high-fidelity simulation tools within the 

Simulation-based High-efficiency Advanced Reactor Prototyping (SHARP) framework, 

specifically for sodium-cooled fast reactors analysis, under the fast reactor simulation project 

of the Global Nuclear Reactor Program (GNEP) [Siegel, 2007; Palmiotti, 2007; Fisher, 

2007; Caceres, 2007]. In addition, work is ongoing to adapt and apply the SHARP code 

system for high-fidelity, spatially detailed analysis of the coupled neutron and thermo-fluid 

behavior of the prismatic block VHTR and to identify desired improvements that enhance 

and extend the applicability of the code for VHTR applications [Yang, 2008].

As aforementioned, through the previous I-NERI collaborations, the direct whole core 

transport code DeCART was developed, in which the preliminary modeling capabilities for 

prismatic VHTR cores with TRISO particles were implemented. For application to practical 

design analysis of VHTR, however, the capabilities need to be further improved and 

additional capabilities need to be developed for appropriate modeling of thermal feedback, 

depletion, control rod movement, fuel shuffling, transient behavior, etc. Substantial 

verification and validation efforts are also required. 

Status of Tasks

This project includes five big tasks under each of which several subtasks are assigned. The 

tasks involves development or improvement of methods and capabilities of the existing 

whole-core neutronics code DeCART required for accurate simulation of the prismatic 

VHTR (Tasks 1 and 2), development of the coupled system with the thermo-fluid codes, 

STAR-CD (ANL) and CORONA (KAERI) (Tasks 3 and 4), and verification and 

preliminary validation of the neutronics and coupled calculations (Task 5).

Among the five tasks under the project, Task 1 was assigned to KAERI/SNU and Tasks 2 

and 4 are led by ANL. Tasks 3 and 5 were performed by ANL and KAERI together. In 

Tasks 1 and 2 which are associated with the improvement of DeCART capabilities of 

simulating VHTR cores, their scopes were somewhat overlapped due to different time 

schedules and work priorities between the two organizations, developing the similar 

capabilities for different versions of DeCART. A focus was made by ANL on improving 

and developing the capabilities necessary for simulating the NGNP/VHTR core at the 

beginning of cycle and two HTR criticality experiments as accurately as possible with 

practical parallel computation resources in order to perform the initial verification and 

validation the code and the methods that the code uses. KAERI placed priorities on 

restructuring the code, adding reload core design and transient calculation capabilities, 

improved depletion, etc. Those versions of DeCART will be integrated with continuous 

collaboration in future. Both ANL and KAERI/SNU also generated new cross section 

libraries tailored for VHTR cores using ENDF/B-VII.0 data to use them for benchmark 

calculations of DeCART and its coupled system. 

Systematic verification tests of the updated DeCART were performed using pin, block, 2D 

and 3D VHTR core benchmark problems with various control rod configurations, indicating 

a good agreement of eigenvalues and power distributions with MCNP Monte Carlo 

solutions. Initial validation tests of DeCART were conducted against the two HTR criticality 

experiments, HTTR and VHTRC, resulting in very good predictions of the measured 

eigenvalues and isothermal temperature coefficients. For the coupled system, ANL 

established DeCART/STAR-CD while KAERI developed DeCART/CORONA, producing the 

initial benchmark problems with a single-block column, multi-block columns, and even 
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one-sixth 3D NGNP/VHTR core to verify those coupled systems. The preliminary results 

showed very good agreement of axial temperature profiles between the two coupled suites. 

Future collaboration should be dedicated to complete in-depth verification and validation 

tests of DeCART and its coupled system with STAR-CD and CORONA.

Task 1: High Performance Direct 3D Whole Core Transport Calculation (KAERI/SNU)

The objective of this task is to develop an accurate and efficient neutronics analysis tool 

that can produce detailed, local power distributions via the direct solution of the neutron 

transport problem in the prismatic VHTR considering thermal feedback effects.

Task 1A: Improvement of Resonance Treatment for Non-Uniform Temperature Conditions 

(SNU)

This subtask is to develop a more robust technique employing a multi-subgroup approach 

for the application to non-uniform temperature conditions with acceptable accuracy. To meet 

the objective, the subgroup level adjustment [Joo 2005] and number density adjustment 

[Wemple 2007] were implemented and tested for the resolution of the non-uniform 

temperature profile problem. A rigorous generation of subgroup parameters for VHTR 

applications was also performed to stabilize the sub-group method.

Since the resonance treatment is based on the subgroup parameters and their accuracy is of 

prime importance in the temperature-dependent resonance absorption, generation of the 

rigorous and accurate subgroup parameters for the VHTR-specific conditions should precede 

treatment of non-uniform temperature conditions. As shown in Figure 1.A.1, the subgroup 

weights for the fuel compacts of VHTR were generated using the ENDF-B/VII.0 data.

Figure 1.A.1 Subgroup Parameter Generation Procedure
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A new multigroup cross section library (SNU library) was generated using the new 

procedure of subgroup parameter generation. The SNU library were compared with the 

cross section library (ORNL library) provided by ANL that was generated using the 

SCALE/CENTRM system. Both libraries were based on the ENDF/B-VII data.

The accuracy of the libraries was examined first for two types of NGNP/VHTR fuel pins 

with different packing fractions: 28.9% for Type A and 25.0% for Type B. As shown in 

Table 1.A.1, the 190-group SNU library showed better agreements in the multiplication 

factors for the homogeneous cases and also in the double heterogeneity (DH) effects than 

the ORNL libraries with 70 groups or 238 groups, when compared to the MCNP5 Monte 

Carlo solutions. 

In the detailed comparison of the multigroup cross sections of U-238 and U-235 in the 

resolved and unresolved resonance energy range, as shown in Figure 1.A.2, the SNU library 

resulted in better agreement of the resonance cross sections with the MCNP5 cross sections 

than the ORNL libraries. In particular, it was observed from the results with the ORNL 

library that the unresolved absorption resonances cross sections as well as the resolved 

resonance cross sections of U-238 were underestimated by up to ~5%, which resulted in 

higher multiplication factors. 

 Table 1.A.1 Multiplication Factors of VHTR Pin Cells Obtained with SNU and ORNL Libraries

Code

Type A Type B

Homogeneou

s

Heterogen

eous
DH effect

Homogene

ous

Heterogen

eous

DH 

effect

MCNP5
(σ)

1.35088
(0.00008)

1.41345
(0.00037)

3277　 1.23946
(0.00012)

1.30194
(0.00036)

3872　
SNU   190G 

Library
Error   (pcm)

1.34827 1.40558 3024 1.24061 1.29776 3549

-143 -396 -253 +75 -248 -323

ORNL   238G
Error   (pcm)

1.35518 1.413 3020 1.24346 1.29767 3360

+235 -23 -257 +260 -253 -512

ORNL   72G
Error   (pcm)

1.35813 1.40908 2662 1.24016 1.29469 3396

+395 -220 -615 +46 -430 -476

(Left: U-238, Right: U-235, Blue: SNU Library, Red: ORNL Library)

Figure 1.A.2 Group-wise Absorption Cross Section Differences for Homogenous VHTR Pin Cell Type A
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For the resolution of the non-uniform temperature profile problem, the subgroup level 

adjustment scheme was employed in DeCART, in which the subgroup level is adjusted in 

accordance with the temperature width which varies at different regions. The subgroup level 

adjustment scheme works fine in most cases, but it may fail if the temperature width 

becomes negative. This problem can occur quite often because the subgroup weights are 

determined mathematically using a least square method. In order to resolve the negative 

weight problem, an approach using the temperature-dependent resonance integral (RI) was 

developed for HELIOS applications by Studsvik. This scheme involves a number density 

adjustment rather than the subgroup level adjustment. In terms of the macroscopic cross 

sections, however, both adjustment schemes change eventually the macroscopic cross section 

which is to be used in the subgroup fixed-source problem. The number density adjustment 

factor was obtained using RIs at a temperature and a region average temperature as well as 

the background cross section. The number density adjustment scheme was implemented in 

the DeCART code to examine its performance compared to the subgroup level adjustment 

method. As a result, the number density adjustment scheme seems to be comparable to the 

subgroup level adjustment scheme in terms of accuracy, but it showed a more stable 

behavior despite that the same adjustment factor is applied to all the subgroup levels. It has 

also been noted that the original subgroup level adjustment scheme becomes more stable by 

limiting the range of the adjustment factor from 0.6 to 1.4 to prevent the subgroup levels 

from large unphysical corrections. However, the number density adjustment scheme was 

chosen as a default correction scheme because of the better behavior.

Task 1B: Stability and Efficiency Enhancement of DeCART Flux Solver (KAERI)

The subtask is to improve the stability and efficiency of the DeCART code. The stability 

in the 3D problem solution was considerably improved by moving the outgoing partial 

current term of the axial transverse leakage to the left-hand-side. The code efficiency was 

also improved significantly by introducing the 3D CMFD acceleration module, the back 

tracing and decomposition concept in the resonance calculation, the equilibrium assumption 

for the short-lived isotopes in the burnup module, and the fast run mode for the lattice or 

benchmark calculation.

a) Code Restructuring

The structure of the current DeCART code was complicated because the main frame was 

developed in the first I-NERI project for the rectangular geometry and the hexagonal 

features were added to the original code in the second I-NERI project. Therefore, the code 

has been restructured and rewritten introducing a consistent programming logic and 

integration of similar functions or subroutines. By these reasons, the restructuring of the 

DeCART code was performed based on the kernel programming, variable separation and 

integration of similar functions. By the kernel programming, three kernels of MOC, CMFD 

and T-H kernels were separated from the main program. The functional kernels of utility 

(UTIL), cross section (XSPROC), and depletion (DeCBURN) modules were already 

separated in the released version. The roles of the main driver routine are I/O processing, 

geometry analysis and calculation flow control. The main roles of the MOC kernel are ray 

tracing parameter determination, fixed source MOC calculation for resonance self-shielding, 

main MOC calculation, double heterogeneity treatment, criticality and depletion calculations, 

and cell homogenization. The role of CMFD kernel is to accelerate the MOC solutions by 

performing cell-based CMFD calculation. By the variable separation, the MOC, CMFD and 

T-H variables were separated from the main variables by using module-based variable 

definition. The header file was removed in the new version. In the integration of similar 
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functions, the rectangular and hexagonal geometries were merged into one subroutine, and 

some invalid functions were abolished. Cell ray approximation, NEM and SANM based 

axial solvers were abolished for the program simplicity and computational efficiency of the 

code. Only the axial solver based on the LPEN (Lower order Polynomial Expansion Nodal) 

method [Cho 2007] remains in the new version. In the geometry analysis, a consistent 

coordinate system was used for cells, assemblies, and a core.

b) CMFD Kernel Improvement

The main role of CMFD calculations is to resolve the axial dependence and to accelerate 

the MOC solution. To achieve this, the CMFD module performs a multi-group CMFD 

calculation for each subplane by coupling axial 1D and radial 2D calculations (1D/2D). In 

the old version, the 2G CMFD calculation was performed to accelerate the 1D/2D 

calculation. In the new version, however, a 3D MG CMFD kernel only was implemented 

to accelerate the 1D/2D calculation. Figure 1.B.1 compares the old CMFD and the new 

improved CMFD calculation procedures. In the new procedure, the 1D/2D kernel requires 

iterations with the pure 3D kernel giving the updated axial current correction factors and 

taking the updated 1D/2D solutions.

 

Figure 1.B.1 Change in CMFD Kernel

 

c) Improvement in Solving the Resonance Fixed Source Problem

The old version of DeCART performed a few number of ray sweeping iterations for the 

resonance fixed source problem to generate a converged scalar flux with the normal ray 

sweeping in the eigenvalue calculations, and it uses about two-thirds of the total computing 

time for depletion calculation. In this fixed source problem, if the boundary angular flux is 

fixed, one ray sweep is enough for a converged solution. Therefore, in the new version, a 

back tracing and decomposition concepts were introduced for an efficient resonance 

calculation. In the back tracing concept, the boundary angular flux is calculated only in the 

reflective boundary condition by accumulating the effective regional source contribution. The 

regional sources are ignored if their contribution probabilities are less than 10
-5

. This 

concept enables the code to obtain a converged solution with only one ray sweeping for a 

given resonance fixed source problem in case of fixed boundary angular fluxes. In the 

decomposition concept, the original resonance fixed source equation is decomposed into the 

homogeneous and heterogeneous equations. The original resonance equation can be written 

as:
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( ) ppam Σ=Σ+Σ+∇⋅Ω λϕλϕ

where, the source term of pΣλ  appears in most of all regions but amΣ  in a few 

resonance regions. If we decompose the angular flux into homogeneous and heterogeneous 

solutions as

10 ϕϕϕ +=
where,  0ϕ  is the solution of the following homogeneous equation

pp Σ=Σ+∇⋅Ω λϕλϕ 00 .
Then the original equation can be reduced to the following heterogeneous equation

( ) 011 ϕϕλϕ ampam Σ−=Σ+Σ+∇⋅Ω .

In the decomposition scheme, the homogeneous and heterogeneous equations are solved 

instead of the original equation. The solution of the homogeneous equation is known to be 

‘1.0’ for the reflective boundary condition. Therefore, the homogeneous equation is solved 

only if the non-reflective boundary condition is given. Also, the solution of the 

homogeneous equation is independent of either the subgroup flux level or the resonance 

category. Therefore, the homogeneous equation is solved only once for a resonance energy 

group when a non-reflecting boundary condition is given. The heterogeneous equation is 

easier to solve than the original equation because the given fixed sources are zero for the 

non-resonance regions. If the zero sources appear in several subsequent regions, those zero 

source regions can be passed in one time by just accounting for the total attenuation factor 

for the angular flux. By using the back tracing and decomposition concepts, the 

computational time for the resonance calculation for a block problem of the NGNP core is 

reduced by about a half.

d) Improvement of DeCBURN

As the burnup module of DeCART, DeCBURN solves the matrix exponential using the 

Krylov subspace method. The old version of the DeCART code sets up the depletion 

matrix including not only the long-lived isotopes but also the short lived isotopes. 

Therefore, the old version needs very higher Krylov subspace order of 80 and requires a 

significant computing time. In the new version, the very short-lived isotopes are extracted 

from the original depletion matrix assuming equilibrium number density. This makes it 

possible to reduce the Krylov subspace order from 80 to 30. Once the depletion matrix is 

solved, the number densities of the short-lived isotopes are calculated using the equilibrium 

assumption. The test calculations show that the new version reduces the depletion 

calculation time by about 30% without any loss of accuracy in the isotope number 

densities.

e) Fast Run Mode

The DeCART code performs the ray tracing calculation based on the modular geometry to 

reduce the memory requirement. However, in lattice or benchmark problem calculations, the 

memory space required for the ray tracing is small and thus the modular geometry does 

not need to be used. In the new version, the fast run mode is implemented to solve these 

small problems quickly. In the fast run mode, the segment and the region information are 

stored sequentially for the ray tracing calculation. Also, the exponential function values for 

all the optical lengths are stored sequentially for the next within-group calculation.

Task 1C: Optimization of Double Heterogeneity Treatment in DeCART (SNU)

The DeCART code uses the double heterogeneity (DH) treatment module based on the 

Sanchez-Pomraning formulation. In this task, the fidelity of the DH treatment module was 
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verified and the collision probability routine of the DH module was improved to achieve 

better accuracy. In the course of verification, it was proved that the current DH module is 

sufficiently accurate when used with the SNU cross section library tailored for the VHTR 

applications. In the following sections, the improvement of the collision probability module, 

the verification of the DH treatment in DeCART and the assessment of the accuracy of the 

DH treatment are presented in details. 

a) Improvement of Collision Probability Module for Spherical TRISO-Particles

In the Sanchez-Pomraning method which is implemented in DeCART as the DH treatment 

module, the fuel compact region filled with the trio-particles is converted into an equivalent 

homogenous medium by employing a statistical analysis for the stochastic medium instead 

of the explicit modeling of TRISO-particle. The most basic building block for construction 

of the homogenized problem is the calculation of collision probability for multi-layer 

spherical particles. The collision probability calculation determines the volume-to-volume 

collision probabilities and escape probabilities. The resultant probabilities are fed up to the 

subsequent calculation for evaluating the group constants and the effective neutron source 

for the homogenized region. The collision probability routine for the spherical geometry in 

the DH module of DeCART was taken from the SYBALS routine of the DAGON code. 

Therefore, there was lack of the verification for the corresponding routine.

Assuming that a neutron is born at the i-th region from a uniformly distributed source, the 

volume-to-volume collision probability ( ijP ) is defined as the probability that makes the 

first collision at the j-th region. The functionality of the SYBALS routine is to calculate 

the collision probability for the configuration illustrated in Fig. 1.C.1.

 

Fig. 1.C.1 Evaluation of Volume-to-volume Collision Probability

 

An independent collision probability routine for the spherical configuration depicted in Fig. 

1.C.1 was developed. The new feature of the new routine compared with the previous one 

is that the Gauss-Kronrod quadrature set was employed for numerical integration instead of 

the conventional Gauss quadrature set. The Gauss-Kronrod quadrature set has advantage in 

terms of accuracy over the previous one. The verification of this routine was performing 

using the analytic solution that could be obtained in the case of a homogenous particle, 
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showing that the solution of the new collision probability routine was converged to the 

analytic solution. The escape probability and the transmission probability derived from the 

volume-to-volume collision probability were evaluated for the heterogeneous sphere, and it 

turned out that the results agreed well with those from the SYBALS routine.

b) Verification of Double Heterogeneity Treatment

The assessment of the DeCART DH treatment depended on the comparison with the 

MonteCarloresults conventionally. The MonteCarlocalculationhasthe benefit of modeling of 

the DH effect explicitly by distributing the TRISO particles randomly. Due to the difference 

in the cross section library, the agreement of the general trend of the DH effect could be 

confirmed, but rigorous comparisons of both results are difficult. In order to make a clear 

comparison between DeCART and MonteCarlo solutions, the multiplication factors were 

calculated by reducing the radius of a TRISO while keeping the same packing fraction. 

Based on the fact that the DH effect diminishes as the radius of the TRISO reduces, the 

multiplication factor should be converged to the value of the homogenous case. The 

calculations were done for the NGNP fuel compact and a homogenous calculation was also 

made by constructing a volume averaged homogenous fuel compact. The fidelity of the 

DeCART DH treatment could be confirmed by observing the convergence of the 

multiplication factor to the homogenous value, as shown in Fig. 1.C.2.

Fig. 1.C.2 Comparison of the DH Effect with Different Sizes of TRISO Particles

 

In the DH treatment, the verification of the renormalization technique was conducted. The 

original Sanchez-Promraning formulation was estabulished based on the boundary layer 

approximation which assumes some TRISO particles in the boundary as illustrated in Fig. 

1.C.3. The renormalization technique was developed to resolve a problem in the neutron 

conservation caused by the assumption of the boundary layer.
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Lattic

e 

Type

Tem

p. 

K

DH Effect [pcm] Reactivity Error

McCA

RD

w/o

ReNor

m

w/

ReNorm

M-D

w/o 

RN

M-D

W/ RN

M-D

w/o 

RN

M-D

W/ RN

1x1

300 3249 3086 3004 163 246 208 125

600 3932 3690 3594 242 338 166 69

900 4315 4104 3997 211 318 71 -36

2x2

300 2342 2264 2206 78 135 6 -52

600 2728 2659 2600 69 128 57 -2

900 3053 2919 2860 134 194 4 -56

3x3

300 3110 2980 2903 130 207 29 -48

600 3709 3548 3465 161 244 35 -49

900 4103 3940 3858 163 245 -38 -120

Fig 1.C.3. Illustration of Boundary Layer Approximation

 

In order to verify the effect of the renormalization technique on the DH treatment, the DH 

effect on the multiplication factors was evaluated by comparing with the McCARD 

calculations which were carried out for various temperatures and lattice structures. The 

renormalization effect was obtained by calculating the same case with and without the 

renormalization. As shown in Table 1.C.1, the renormalization technique increases the error 

of the DH effect slightly. Note that the error of the multiplication factors is reduced with 

renormalization.

 

Table 1.C.1. Effect of the Renormalization Technique on the Multiplication Factors

 

c) Assessment of the accuracy of double heterogeneity treatment

The assessment of the accuracy of the DeCART DH treatment was performed with the 

SNU cross section library for VHTR applications. Before examining the DH treatment, the 

effect of the double heterogeneity on neutron spectra was addressed to have a better 

understanding of the DH effect. As shown in Fig 1.C.4, the energy spectra for the NGNP 

fuel compact were obtained for both the homogenous and heterogeneous cases. The 

spectrum softening was observed in Fig 1.C.4 because the DH effect enhances the neutron 

self-shielding in the resonance energy region.
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’

Fig 1.C.4. Effect of DH on the energy spectra

 

As a test problem set, the control block of the NGNP core was selected because of the 

several gradient of flux caused by the presence of a control rod. The configuration of the 

control block is shown in Fig 1.C.5. The control rod hole, as illustrated in Fig 1.C.6, was 

divided into 6 rings to capture the control rod effect accurately. As shown in Table 1.C.2 

that compares the DeCART and MCNP5 results, the DeCART multiplication factors agree 

well with the MCNP5 values for the rodded and unrodded cases. Especially, the error of 

the DH effect for the rodded control block with the DH treatment is 240 pcm comapred 

with MCNP5, for which the DH effect was estimated about 6000 pcm. It turned out that 

the current DH module of DeCART is sufficiently accurate. 

 

 

Fig 1.C.5. Configuration of NGNP Control Block 
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Fig 1.C.6. DeCART model of Control Rod Hole

 

Table 1.C.2. Double Heterogeneity (DH) Effect for NGNP/VHTR Fuel Blocks

Model
Control 

Rod
MCNP5 DeCART Dk [pcm]

Homogeneous Out 1.50732 ±22 1.50299 -191

In 0.56432 ±26 0.56566 421

Heterogeneous Out 1.56440 ±30 1.56018 -173

In 0.58349 ±34 0.58431 240

DH Effect Out 0.02421 0.02439 18

In 0.05822 0.05641 -181

 

Task 1D: Functionality Extension for Practical Design Calculations (KAERI)

This subtask is to implement new functions for practical core calculation. Many new 

features including geometry handling functionalities, resonance calculation capability, 

adaptation of the KARMA library format [Hong 2009], gamma calculation and output 

editing capabilities were implemented. The followings detail these features. 

a) Extended Geometry Handling

Figure 1.D.1 compares the old and the new cell division schemes of the DeCART code. 

The old version of DeCART divides the cylindrical cell azimuthally into 6 flat source 

regions and the gap cells based on 2 meshes per cell side. The new version divides the 

cylindrical cell azimuthally into 12 flat source regions and the gap cells based on 4 meshes 

per side. Test results for the hexagonal variation of the C5G7 2D problem show that this 

modification makes the keff estimation a little worse, but improves a lot in pin power 

distribution. The old version can treat the full, 1/3 and 1/6 reflective symmetric condition. 

For the realistic symmetric condition, the geometry treatment capability for 1/3 and 1/6 

rotational symmetric core and 1/12 reflective symmetric core was added to the new version. 

Therefore, the current DeCART version can treat all the possible symmetric conditions for 

hexagonal core problems. Table 1.D.1 shows the solution and computing time for the C5G7 

hexagonal 2D problem. The solutions are the same for all the symmetric conditions and the 

computing time increases in proportion to the problem size.
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Symmetric

Option

keff Number of

Iterations

Computing Time, sec

MOC CMFD Total

30-Reflective 1.16222 4 13.7 0.6 16.1

60-Reflective 1.16222 4 27.7 1.28 31.4

60-Rotational 1.16222 4 27.9 1.14 31.3

120-Rotational 1.16222 4 56.2 2.41 62.9

Full Core 1.16222 4 172.2 8.0 193.1

Figure 1.D.1 Improvement in Base Cell Meshing

 

Table 1.D.1 Symmetric Option Test for C5G7 Hexagonal 2D Problem

(Intel(R) Core(TM) i7 2.67 GHz)

 

b) Entire Group Resonance Calculation

While the thermal conditions such as fuel temperature, moderator temperature and density 

are given in the lattice problems, those conditions vary according to the power distribution 

in the practical 3D core problems. Therefore, the resonance calculation and the thermo-fluid 

(T-F) calculation should be performed iteratively until the solution is converged, and too 

much computational burden is loaded in the resonance calculation. To reduce the 

computational burden in the resonance calculation, the concept of entire group resonance 

calculation is introduced to the DeCART code. In the entire group resonance calculation, 

the resonance calculation is performed for one entire resonace group. The multi-group 

resonance parameters are collapsed into one group parameters using the infinite resonance 

integrals. The entire group resonance calculation shows about 100~200 pcm of eigenvalue 

error and trivial error in power distribution. This capability is not to be used in the fixed 

thermal condition but it can be used only for the intermediate iteration stages of T-F 

feedback problems.

c) Adaptation of the KARMA library format

The old version of DeCART uses a multi-group library reformed from the HELIOS 1.8 

library. KAERI developed a multi-group library for VHTR cores in the KARMA library 

format. KARMA is a lattice code being developed in KAERI, which uses an inhouse 

library. The new version of DeCART does no longer treat the old library format, dealing 

with the KARMA formatted library only.
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d) Gamma Calculation

While the gamma power distribution is not much important in the lattice calculation due to 

the near flat power distribution, it is important in the core problem. The gamma calculation 

capability was implemented to the DeCART code. The gamma source and cross section 

library is established from the HELIOS 1.8 library in the KARMA library format. DeCART 

solves the gamma diffusion equation based on the homogenized cell as:

( ) ( ) ( )rrr ggrg qD =Σ+∇− γγ ,

2

,

where the bar mean the cell homogenized quantities, and the source term of right hand side 

includes not only the fixed (n,r)sourcebutalsotheCompton scattering and pair production 

sources. Figures 1.D.2 and 1.D.3 show the gamma power ratio versus burnup and the pin 

power distribution for a block NGNP problem, respectively.

Figure 1.D.2 Gamma power ratio

Figure 1.D.3 Pin power distribution

 

e) Interface File Generation for Two-Step Procedure 

DeCART solves 3D transport equation by deriving 2D and 1D transverse integrated 

equations without any priori spatial homogenization. Therefore, the DeCART code is easy 

to implement the lattice code capability into. One essential function of the lattice code is to 

produce the homogenized few group constants for a nodal core calculation code. In KAERI, 

a standard form of HGC (Homogenized Group Constant) file is used for the group 
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constants. [Kim 2011] This HGC file contains the following information.

-  Node averaged flux

-  Flux and currents at each surfaces and corners

-  Macroscopic few group constants

-  Microscopic few group constants and number density for each isotope

-  Pin-wise flux, power and burnup distributions

-  Node averaged xenon and samarium yield data

-  (n,2n) and (n,3n) data for U-235 and U-238

-  Detector cross section

-  Reflector cross section in case that reflector is included

The HGC file generation capability is implemented to the DeCART code. In multi-assembly 

problems, the HGC file is generated for each assembly. The few-group macroscopic 

diffusion constants are generated from the multi-group diffusion constants of the 

B1criticalitycalculationbygroupcondensation.Theisotope-wisemicroscopictransportcrosssectionsarea

djustedtopreservetheassembly-wisediffusionconstants.

f) Implementation of Block Shuffling for Reload Core Design

New functions were implemented into DeCART for a reload core design of VHTR. Those 

include restart calculation, block shuffling, and fuel decay during pooling. Restart calculation 

is essential to reload core design, reactivity coefficient calculation, or parametric study. A 

new input was added to read or write the restart files. The data to be contained in the 

restart file are isotope number densities and burnup. The restart file is generated on the full 

block basis and thus the blocks on the symmetric lines of the core should be expanded to 

a full block before saved. In addition, the restart input was made it possible to deal with 

multiple restart files and decay during fuel reloading. To test this scheme, the restart 

calculation was performed without shuffling and pooling to confirm that the solution 

remained unchanged.

The shuffling scheme was added to treat the 3D radial and axial shuffling scheme in the 

reload core design of VHTR. The inputs for shuffling include cycle and block 

identifications as well as rotation information. 

Fuel decay is also allowed for the unstable isotopes in fission products and actinides. This 

function was made by modifying the depletion module with very small flux level and the 

additional input of decay time. 

In order to verify the implemented features for the reload core calculation, the core follow 

calculation was performed for Cycles 1, 2 and 3 of the PMR200 2D core problem. In this 

calculation, the 60° rotational symmetry condition was used. Figure 1.D.4 shows the fuel 

loading pattern for those three cycles of PMR200 Core. Note that the loading patterns for 

the reload cycles were designed for this verification study only. Fuel pooling time was set 

to 60 days. Figure 1.D.5 shows the block burnup distributions for the beginning (BOC) and 

end (EOC) of each cycle. Reloaded blocks at Cycles 2 and 3 show the initial burnups 

corresponding to the EOC burnups of the previous cycle. This indicates that the shuffling 

routine in the DeCART code was implemented correctly. Figure 1.D.6 shows the k-effective 

values with burnup for the three cylces. While k-effective increases rapidly with burnup at 

Cycle 1, it goes up slowly at Cycles 2 and 3. This tendency is mainly due to the 

depletion effect of burnable poisons and the initial cycle contains more number of burnable 

poisons than the reload cycles.
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Figure 1.D.4 Loading Pattern for the First Three Cycles of PMR200 Core

Figure 1.D.5 Blockwise Burnup (MWD/kgHM) for the First Three Cycles of PMR200 Core
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Figure 1.D.6 K-effective with Burnup for the First Three Cycles of PMR200 Core

 

g) Summary File Edit

The summary file consists of 6 blocks. Block 1 summarizes the operating conditions such 

as xenon option, search option and rod positions. Block 2 presents the reactivity related 

data such as inlet temperature, total power, gamma power, boron concentration, keff and the 

k value with critical spectrum. Block 3 summarizes the peaking data in power, burnup, 

fluence and temperature distribution. Xenon and samarium axial offsets with their 

concentrations are also edited in Block 3. Block 4 digests the total heavy metal mass for 

actinides such as uranium, neptunium, plutonium, americium and curium. Block 5 shows the 

2D burnup, power and fluence distributions. While the pin base distributions are edited for 

assembly problems, and the assembly base distributions are edited for core problems with 

the pin peak values. Block 6 summarizes the axial power distribution. The block data are 

arranged with the calculation number. The cycle burnup and effective full power days 

(EFPDs) are included in all the blocks.

For the fluence edit, the FLUENCE card in the EDIT block is designed to give the cut-off 

energy. Usage of the modified FLUENCE card is as follow:

 FLUENCE  EBDFLU

where EBDFLU is the cut-off energy for the fluence edit.

The optional 3D pin-wise output edit is designed to prevent it from a too big output file. 

The old DeCART version edited all the 3D pin-wise burnup, coolant temperature and 

density, pin average and centerline fuel temperatures, fission rate, and fission and 

gamma-smeared power distributions with the axially averaged 2D pin-wise distributions and 

the 3D and 2D assembly-wise distributions. Among these data, the 3D pin-wise distributions 

data are the main cause for the big output, and are now edited selectively by the user 

options. The DIST3D card in the EDIT block is a new user option card for this purpose, 

and the usage is as follow:

   DIST3D  LPFISS LRFISS FTFUE LTFUE0 LTCOO LDCOO
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All the options are logical. LPFISS and LRFISS are to edit 3D pin-wise fission power and 

fission rate, respectively. FTFUE and LTFUE0 are to edit pin average and centerline fuel 

temperatures, whereas LTCOO and LDCOO are to edit the coolant temperature and density, 

respectively. The 3D pin-wise burnup and gamma smeared power distributions are always 

edited.

Task 1E: Cross Section Library Generation (KAERI)

This subtask is to develop the DeCART cross-section library tailored for VHTR analysis 

based on EDNF/B-VII. The new 190-group library was generated in the HELIOS 1.8 

library format by using the KAERI library processing system. Figure 1.E.1 shows the flow 

chart of KAERI library processing system to generate the cross section library. [Kim 2008] 

 

Figure 1.E.1 KAERI Cross Section Library Processing System

 

Multigroup microscopic cross sections for all the nuclides are processed using the NJOY 

code. These cross sections are reformulated by GREDIT to be used in the transport lattice 

code. Intermediate resonance parameters (l) called hydrogen equivalent parameters and the 

resonance integral tables are generated by the MERIT code. This code includes a solver for 

the ultrafine group slowing down calculation in homogeneous and heterogeneous 

one-dimensional cylindrical geometries to obtain an effective resonance cross section from 

the fine-group BROADR cross sections. This code also involves a solver to obtain the 

background cross sections corresponding to the effective resonance integral by using the 

method of characteristics (MOC) and the interface current method. The code is capable of 

generating the hydrogen-equivalent parameters to be used in the resonance treatment. The 

SUBDATA code is to generate the subgroup data. The LIBGEN code is to assemble all 

the prepared data in a specified format and to collapse the multigroup data into a smaller, 

user-defined number of group data by using the given neutron spectra. The formatted 

library is converted into the binary one through the LIBFORM code.

Since the subgroup method in HELIOS is not able to explicitly treat the resonance 

interference effect, a special correction should be made for resonance interference. The 

resonance integral table for 
238

U is adjusted to conserve the total reaction rates with the 
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Case 1 2 3 4 5 6 7 8 9 10 11 12 13

MV
a

0.5 0.5 0.5 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.0 4.0

MD
b

0.55 0.70 0.85 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

FD
c

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.25 0.125

MCNP5 Monte Carlo solutions by using the following equation:
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where T,g,andRdenotetemperature,energygroup,andresonanceintegral,respectively.

The HELIOS calculations for VHTR pin cell problems with various dilutions were 

performed using the new 190-group library based on ENDF/B-VII.0 data and the original 

unadjusted and adjusted 190-group HELIOS libraries based on ENDF/B-VI. Table 1.E.1 

provides sample problems with various dilutions which were achieved by using the variation 

of geometrical and compositional configurations. Figure 1.E.2 shows comparison of the 

reactivity differences between the HELIOS results with the adjusted and unadjusted 

190-group libraries and the MCNP results, together with k-effective from MCNP. The 

HELIOS results with the new ENDF/B-VII.0 based HELIOS library show smaller 

differences from the MCNP results over the entire dilution range listed in Table 1.E.1.
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Figure 1.E.2 Comparison of Reactivities for Typical VHTR Pin Cell Problem 

 
Table 1.E.1 Variation of Geometrical and Compositional Configurations

a
 MV: Moderator volume relative to reference case 5

b
 MD: Moderator density relative to reference case 5

c
 FD: Fuel density relative to reference case 5

 

Figure 1.E.3 compares the reactivity errors during depletion calculation of a typical VHTR 

fuel element. The blue line is the k∞ obtained with a Monte Carlo depletion code, 

McCARD [Shim 2002]. The red line is the reactivity error of HELIOS with 190-group 
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HELIOS library and the orange one is the reactivity error of DeCART with the 190-group 

DeCART library. The errors of the two codes become larger as the burnup increases, 

resulting in about 1800 pcm and 1400 pcm at 150 GWD/T, respectively.

 .

Figure 1.E.3 Depletion Calculation Results for a Typical VHTR Fuel Element

 

An attempt was made to improve the 190-group library. The multi-group cross-sections 

were regenerated for the following nuclides with various background cross sections 

corresponding to a typical VHTR fuel element instead of a typical LWR fuel pin: Gd-152, 

Gd-154, Gd-155, Gd-156, Gd-157, Gd-157, Gd-158, Gd-160, Er-166, Er-167, Er-168, 

Er-170, U-235, and U-235. The upper energy limit for the thermal scattering of graphite 

was extended from 2.3824eV to 4.90eV. However, these improvements in the library did 

not significantly affect the multiplication factors during the depletion calculation.

The material composition of a burnt fuel element was obtained by depleting the 

homogeneous fuel element given in Table 1.E.2 up to 150 GWD/T. With the material 

composition of this burnt homogeneous fuel, the reactivity worth of each nuclide was 

evaluated by removing each nuclide from the composition. Table 1.E.3 shows the reactivity 

worth of some nuclides evaluated with McCARD and DeCART. It should be noted that the 

fission product nuclides in Table 1.E.3 are treated as non-resonant nuclides in DeCART as 

well as in HELIOS even though they have large resonances. [Stamml’er 1998] The errors 

in the nuclide worth for the fission products can be reduced by treating those nuclides as 

resonant nuclides in DeCART. The resonance integral tables and the corresponding subgroup 

data for the fission product nuclides in Table 1.E.3 were generated with MERIT and 

SUBDATA, respectively, and the cross-section library was updated by adding the resonance 

data for the nuclides. Table 1.E.3 also shows that the nuclide worth for the fission products 

is much improved by being treated as resonant nuclides.
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Table 1.E.2 Composition of Homogeneous Fresh Fuel Element

Nuclide
Number Density

[#/barn-cm]
Nuclide

Number Density

[#/barn-cm]

U-235 3.21161E-04 Nat. Si 8.06328E-04

U-238 2.32544E-03 Graphite 1.19841E-01

O-16 5.29319E-03  

 

Table 1.E.3 Nuclide Worth Error with the Initial 190-group DeCART Library

Nuclide

Nuclide Worth Δk [pcm]

McCARD

With Initial Library With Improved Library

DeCART Difference DeCART Difference

Sm-152 -496 -297 +199 -493 +3

Pm-147 -467 -377 +90 -463 +4

Ag-109 -403 -321 +82 -395 +8

Nd-145 -383 -320 +63 -358 +25

Sm-147 -133 -112 +21 -133 0

Eu-153 -439 -425 +14 -441 -2

 

The green line in Figure 1.E.3 is the reactivity error of DeCART with the 190-group 

DeCART library improved. The figure shows that the accuracy of depletion calculation was 

significantly improved by treating the fission product nuclides listed in Table 1.E.3 as 

resonant nuclides.

For transient analysis of DeCART code, the LIBGEN program was revised to include the 

decay constants, the delayed neutron fractions, and the delayed neutron spectra for the six 

precursor groups. A new version of 190-group library provides these detailed delayed 

neutron data in preparation for the DeCART transient calculation.

Task 1F: Implementation of Transient Analysis Capability (KAERI)

This subtask is to implement the transient capability for practical core calculation. Control 

rod treatment model, cusping effect treatment model, and transient calculation modules are 

required for this purpose.

a) Control Rod Modeling

This function is to treat the control rod movement efficiently, which is applicable to both 

steady state and transient situations. Newly designed input cards are ROD, BANK and 

BANK_POS included in the GEOM block. The ROD, BANK, BANK_POS cards are to 

define control rod geometry, control bank, and bank axial position, respectively. 

The ROD card is input as follow:
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ROD  NAM (MAT0(i),MAT1(i),i=1,N) / HAB / Z0 Z1 / STEPS

This control rod is defined by replacing MAT0 with MAT1. HAB means the absorber 

length, Z0 and Z1 are fully inserted and fully withdrawn positions, and STEPS is the total 

number of control rod steps between Z0 and Z1. Figure 1.F.1 shows the control rod model 

in DeCART code and an example for the BANK card. The number following the BANK 

card means the number of input lines. With this card, user can define control bank.

The BANK_POS card is to be used as follow:

BANK_POS  NB

NAM   Z

where NB means the number of following data lines, and NAM denotes the BANK name 

which is defined in the BANK card, and Z is the position of this bank in steps.

The above three cards are examined using the test problems with control rods inserted at 

the plane boundaries. In these problems, the rod cusping effect does not exist and thus 

additional control rod modeling is unnecessary to treat the cusping effect. Table 1.F.1 

shows that there is no difference in eigenvalue, indicating that the control rod model was 

implemented correctly.

Figure 1.F.1 Control Rod Model and Input of DeCART
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Rod Position, %
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Table 1.F.1 Results of Control Rod Modeling

 

b) Rod Cusping Treatment Model

Figure 1.F.2 shows the differences in control rod treatment between the conventional nodal 

and the DeCART codes. If the control rod is inserted, the cross section change in the 

rodded part can be smeared to the whole assembly in the nodal code, and then the rod 

cusping effect is calculated solving the one-node or three-node problems using the unrodded 

and rodded cross sections with the axial and radial boundary conditions. However, in 

DeCART, the radial calculation is conducted based on heterogeneous geometry inside a pin, 

but the axial calculation is performed based on pin-homogeneous geometry. Therefore, 

DeCART adopts the user-defined material homogenization model for the rod cupsing 

treatment model instead of the conventional one.

Using the user-defined material homogenization model, DeCART performs the material 

homogenization as:

( ) urrrrr NFNFCN −+= 1hom ,

where

   Cr    = Cusping Function Value, 
∑ ×=
=

4

0n

n
rn FCF

,

Fr     = Rod insertion fraction in a plane (1.0 for wholly inserted),

Nr,Nur=Numberdensitiesforroddedandunroddedmaterial,

CFn  = User defined material homogenization coefficients.

For the user-defined material homogenization model, the ROD_CUSP card in the GEOM 

block is designed. The ROD_CUSP card is to be used as follow:

ROD_CUSP (CF(n), n=1,4) / (IPL(k),k=1,NPL)

where CF(n) is the n-th coefficient for cusping treatment, and IPL(k) is the plane number 

to be applied.
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Figure 1.F.2 Difference of Rod Cusping Treatment

 

c) Cards for Transient Calculation

For the transient calculation, the input cards TRAN_DEF, SHUTDOWN, TIME_STEP and 

TIME_EDIT in the TRAN block are newly designed. The TRAN_DEF card is to define 

the transient conditions related with the control rod position and boron concentration. The 

SHUTDOWN card is to define the core shutdown conditions with regard to total power, 

power increase rate, time delay and rod insertion speed for core shutdown, and the stuck 

rods. The TIME_STEP and TIME_EDIT cards are to define the transient time steps and 

the transient times for detail edit, respectively. The usage of the TRAN_DEF is as follow:

TRAN_DEF  NTRAN

  (i=1,NTRAN)

  TTRAN(i)  PPMTR(i)  NBK(i)

    (j=1,NBK(i))

    BANKNM(j,i)   ZBANKTR(j,i)

The transient condition of control rod position and the boron concentration varies depending 

on PPMTR(i-1) and ZBANK(:,i-1) to PPMTR(i) and ZBANK(:,i) between the times of 

TTRAN(i-1) and TTRAN(i).

The usage of the SHUTDOWN card is as follow:

SHUTDOWN SDPPCT, SDPRAT, SDPMWT, SDTD, (SDVEL(i),i=0,4)

where SDPPCT, SDPRAT and SDPMWT are the shutdown setpoints of percent core power, 

power increase rate, and the total core power in MWth, respectively. SDTD is the time 

delay after the shutdown setpoint is met. SDVEL defines the control rod insertion velocity 

for core shutdown. Control rod insertion velocity is calculated as:

∑ ×=
=

4

0

)(
i

i
stisdvelV

 where 
i
st is the time after SDTD.

The usage of the TIME_STEP is as follow:

TIME_STEP  (T(i)/DT(i), i=1,NTGRP)
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 where T and DT should be given in pair. The transient time increases in DT(i) between 

T(i-1) and T(i). The usage of the TIME_EDIT card is as follow:

TIME_EDIT  (TEDT(i), i=1,NTEDT)

where TEDT(i) is the transient time point for detailed output edit. In the transient times 

which are not given in the TIME_EDIT card, the gamma-smeared power distribution is 

only edited. For the transient time given in TIME_EDIT, all the results defined in the 

DIST3D card are edited.

d) Transient Formulation

The transient calculation is performed based on cell-based 3D CMFD formulation. In this 

formulation, the cell homogenized diffusion coefficient, cross sections and the fission spectra 

are given in the same way as the steady state formulation. Only a difference from the 

steady state formulation is the addition of the transient fixed source (TFS) that is derived 

as:

( ) ( ) ( ) ( ) ( ) ( )2

' '

'

1 ,
n n n g n n
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where (n) means the transient time step, and )(nΩ  and 
)(nw  are the frequencies in 

the flux and fission source, respectively. The other notations are conventional. The above 

transient fixed source is negligible for the null transient case. The transient radial MOC and 

axial SP3 formulation uses the above cell averaged transient fixed source assuming that the 

cell averaged transient fixed source is distributed uniformly over all the regions within a 

cell.

Two test calculations, a null transient problem and a power recovery problem, were 

performed for a single 3D fuel assembly in order to examine the above transient 

formulation. Thermal feedback was not considered in these tests. The core power for the 

null transient turned out to be almost constant. Figure 1.F.3 shows the control rod position 

and the resulting core power for the power recovery problem. A control rod moveed from 

300 steps gradually to 500 steps in 0.1 seconds, and then back to the 300 steps in 0.1 

seconds so that the control rod was placed to the initial position at 0.2 seconds The core 

power increased and then decreased in accordance with rod withdrawal and then rod 

insertion, and finally became the original core power of 100 %. These results show that the 

transient formulation implemented in the DeCART code works correctly.
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Figure 1.F.3 Result of Transient Calculation for Power Recovery Problem

 

Task 1G: Incorporation of Plane-wise Decoupled Whole Core Calculation with Thermal 

Feedback (SNU)

The underlying motivation for developing the decoupled MOC solution based cross section 

functionalization scheme is to perform the 3D CMFD calculation without frequent invoking 

of the planar MOC module when thermal feedback is involved. For this purpose, the 

homogeneous pin cell cross sections should be functionalized on the thermal state variables 

such as fuel temperature and coolant temperature. The cross section functionalization scheme 

was devised and tested which involves a priori planar MOC calculations first at the 

reference thermal condition and then at two perturbed thermal conditions. The first 

perturbed condition is for the fuel temperature effect, which is generated by increasing the 

pin power of each pin by 20%. The second perturbed condition is for the coolant 

temperature effect, which is formed by increasing the coolant temperature by 5◦C. This 

cross section functionalization scheme were further refined. The first refinement was to 

share the cross section functions generated for a thick plane in several thin CMFD planes 

which belong to the thick plane. This is quite similar to the subplane scheme, but it is 

different from the subplane scheme in that different cross sections are used in each CMFD 

plane because the temperatures are different from one CMFD plane to the other as shown 

in Figure 1.G.1.
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Figure 1.G.1 Cross Section Function Sharing Scheme vs. Subplane Scheme

 

The second refinement is to update the cross section function when better thermal condition 

is available. The new calculation logic is shown in Figure 1.G.2. 
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Decoupled Planar MOC

XS Functionalization for 
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Figure 1.G.2 Planar Cross Section Function Based Whole Core Calculation Logic

 

In order to verify the refined cross section function based scheme, an actual reactor 

problem involving the OPR1000 reactor was examined. As shown in Table 1.G.1 and 

Figure 1.G.3, the cross section function scheme gives essentially the same result as the 

coupled calculation scheme.

Table 1.G.1 Comparison between Coupled and Decoupled Calculations

Parameter Coupled Decoupled

Multiplication   factor 1.14007 1.14009

Radial   Pin Peaking Factor 1.6030 1.5938

Average   Coolant Temp., °C 328.10 328.10

Maximum   Outlet Temp., °C 343.64 343.45

Maximum   Centerline Temp., °C 1864.5 1840.2



- 102 -

 

Figure 1.G.3 Pin power Error (%) of the Decoupled Calculation for the Initial Core of OPR1000 

For the test of the cross section function sharing method, a mini core consisting of UO2 

and MOX fuels and involving a severely heterogeneous power distribution was tested by 

changing the number of planes used for the cross section function generation. As shown in 

Table 1.G.2, the result is good as long as more than 3 planes are used for cross section 

functionalization. Compared to the 10 plane case where no sub-plane is defined, the 3 

plane case requires only about half of the computing time. Therefore, it can be concluded 

that the cross section function sharing method is an effective means to save the 

computation time.

Table 1.G.2 Effect of the Number of Planes for Cross-Section Functionalization

Number of Planes for Cross Section 

Functionalization
10 5 3 1

Error in Multiplication Factor [pcm] 22 27 26 13

Error in Axially Integrated Pin Power [%] 0.29 0.44 0.35 0.24

Maximum Pin Power Error on Plane 3 [%] 0.36 0.54 0.36 3.36

Maximum Pin Power Error on Plane 5 [%] 0.32 0.36 0.28 0.62

Maximum Pin Power Error on Plane 8 [%] 0.28 0.45 0.51 2.53

Computing Time 4h 47m 3h 4m 2h 17m 1h 31m
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Task 2: Adaptation of the SHARP Modeling and Simulation Capability (ANL)

The objective of this task is to provide capabilities of accurately modeling and simulating 

prismatic VHTR cores for the neutron transport code DeCART. The scope of is task is 

somewhat overlapped with Task 1 conducted by KAERI/SNU. Due to different time 

schedules and work priorities between the two organizations, development was made 

separately exchanging information and data. A focus by ANL was made on improving and 

developing the capabilities necessary for simulating the NGNP/VHTR core at the beginning 

of cycle and two HTR criticality experiments as accurately as possible with practical 

parallel computation resources in order to perform the initial verification and validation the 

code and the methods that the code uses.

Task 2A: Neutron Transport Calculation

This subtask is to develop a 3D neutron transport code for multi-physics, high-fidelity, 

spatially-detailed analysis of prismatic VHTRs. In order to achieve the goal in an efficient 

way, it was decided to leverage the prior experience of developing the “Numerical Nuclear 

Reactor (NNR),” which is a high-fidelity simulation tool for coupled neutronics and 

thermal-hydraulics calculations of Light Water Reactors (LWRs), developed jointly by ANL 

and KAERI under a previous US/ROK I-NERI project. For the NNR project, a 3D 

transport code DeCART was developed at KAERI for explicit geometry whole-core 

transport calculation without conventional homogenization and coupled with the fluid 

dynamics code STAR-CD. The initial version of DeCART developed for Cartesian geometry 

was later extended to hexagonal geometry for the prismatic VHTR analysis under another 

I-NERI project. In this task, following a systematic assessment of the latest KAERI’s 

version of DeCART (DeCART v1.2) using various VHTR benchmark problems, a new 

version (DeCART v1.2anl.0) has been produced with enhanced modeling capabilities for 

VHTR analysis., The enhanced modeling capabilities implemented in DeCART v1.2anl.0 are 

summarized below along with verification test results. 

a) Periodic Boundary Condition

For the hexagonal geometry, DeCART v1.2 allows only the reflective boundary condition 

for 1/3 or 1/6 core models. In order to reduce the required computation resources for full 

core modeling, a new modeling capability of 1/3 and 1/6 cores with rotational symmetry 

was added by implementing 60 and 120 degree periodic boundary conditions. The MOC 

ray tracing was modified such that the rays encountering a periodic boundary line are 

mapped to enter into the other boundary line at the corresponding points. The pin-cell 

based CMFD (coarse mesh finite difference) module was also modified so that the node 

surfaces at a symmetry boundary line are mapped to the corresponding nodes at the other 

boundary line.

b) Anisotropic Scattering

In DeCART v1.2, the anisotropic scattering source is approximated using the transport 

approximation. That is, the P1 anisotropic scatting source is indirectly represented by 

replacing the total cross-section with the transport crosssection. To eliminate the transport 

approximation and to improve the solution accuracy, a new capability to represent the P1 

anisotropic scatting source explicitly was added to DeCART v1.2anl.0 as an option.

c) Modeling of Large Control Rod Holes
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The annular control rod absorbers and circular control rod holes are explicitly modeled in 

the 2D MOC calculations, but in the 3D CMFD calculations based on the hexagonal 

pin-cells, the large control rod holes are represented by a group of hexagonal cells. In the 

current CMFD calculation scheme, the neutron balance equations for the hexagonal cells 

with low nuclide densities (below a certain criterion) are separately formulated using the 

lumped coarse mesh rebalance (LCMR) method instead of the CMFD (i.e., 

equivalence-corrected finite difference) method. These LCMR equations are coupled with the 

CMFD equations for other cells through the partial currents at the interfaces. In the LCMR 

method, the axial leakage effect is ignored to circumvent the numerical problems caused by 

the large diffusion coefficients of very low density (almost void) regions. 

To improve the axial solution around large control rod holes by accounting for the axial 

leakage properly, a response matrix (RM) approach was developed and implemented. In this 

method, the outgoing current at a surface of polygonal prism depicted in Figure 2.A.1 is 

determined from the incoming currents of all other surfaces using the pre-calculated 

reflection and transmission probabilities. In a very low density region in which

1<<Σ t ,theMOCequationcanbeapproximatedas:
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where ϕ  is the angular flux, q  is the source term including fission and scattering 

neutron sources, and s  is a track length. For given neutron source in a hexagonal 

prism node and incoming angular fluxes at boundary surfaces, the contribution of the 

incoming current at a surface i  to the outgoing current at a surface k  is determined 

by integrating the ray equation over surfaces i  and k . By assuming that the 

incoming angular flux at surface i  is isotropic, the outgoing current at surface k  due 

to the incoming current at surface i  can be expressed with reflection and transmission 

probabilities as:
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Figure 2.A.1 Surface-to-surface Transmission Probabilities in Polygonal Prism Geometry
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d) Improvement of Numerical Stability

During the assessment of DeCART v1.2, various numerical instability problems were 

encountered in 3D calculations, mainly due to the 2D MOC and 3D CMFD coupled 

calculation scheme. The observed numerical instability problems and their resolutions can be 

summarized as: 

(1) Transport correction sometimes yields negative graphite scattering cross sections in the 

high energy groups, especially in a fine group library (190- or 238-group library); this 

problem was fixed by an explicit representation of anisotropic scattering, 

(2) 2D MOC calculation without axial transverse leakage causes an inconsistency between 

3D CMFD and 2D MOC calculations, which in tern results in negative local sources in 

some graphite regions; this problem was partially fixed by having axial leakage back in 

2D MOC calculation, 

(3) Poor initial guess can cause negative flux solutions during iterations of 2D MOC and 

3D CMFD calculations; this problem was partially resolved by a simple negative flux 

fix-up approach, 

(4) Current correction factors become too large when the fluxes of neighboring nodes are 

too small; this problem was fixed by simply limiting the magnitude of current correction 

factors, and 

The combination of these four remedies above has eliminated the instability problem 

encountered in the previous version of DeCART.

e) 3D CMFD Formulation of Solution Acceleration

Similarly to the 3D CMFD kernel that KAERI devised, a new acceleration scheme based 

on multigroup 3D CMFD calculation was implemented. The multigroup 3D CMFD 

formulation uses the current correction factors for all directions: the same current correction 

factors as the 2D CMFD in the radial direction, which are derived from the 2D MOC 

solution, and the ones in the axial direction which are calculated from the 1D nodal 

diffusion or transport solution. Efficient numerical algorithms can be easily applied to the 

multigroup 3D CMFD matrix equation. Currently, BiCGSTAB is used without 

preconditioners which will be implemented in future.

f) Simplified Thermo-Fluid Module for VHTR

A single-channel based thermo-fluid routine specific to VHTR applications was implemented 

in DeCART. The routine was originally developed for the conventional two-step approach 

with REBUS-3 for VHTR analysis and has been modified to be fit to DeCART. This 

routine would not only provide a good initial guess to the coupled system but also to 

refine the model for use in the two step approach.

g) 2D and 3D Benchmark Calculations

Two- and three-dimensional VHTR benchmark problems were developed based on the 

NGNP/VHTR core concept that adopts the core radial layout and the prismatic block 

dimensions from the GT-MHR core design. While the original core design has a 120-degree 

rotational symmetry, the benchmark models were developed to have 60-degree rotational 

symmetry for modeling simplicity.
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For each of 2D and 3D models, four different core configurations were considered. One is 

composed of standard blocks only (STD) without control rods, and the others represent the 

standard core with control rods but different insertion states: all control rods out (ARO), all 

control rods in (ARI), and operating control rods in (ORI). The control rod blocks are 

distinguished from “standard” fuel or graphite block by a large hole at a one-sixth sector 

of hexagonal block, and the operating control rods are located at outer graphite reflector 

blocks adjacent to fuel blocks. In order to examine the double heterogeneity effect, each 

core model was analyzed with homogeneous and heterogeneous fuel compact models. For 

all the benchmark problems, reference core multiplication factor and block-average power 

distributions were determined from MCNP5 Monte Carlo calculations.

DeCART calculations were performed for the 2D and 3D benchmark cores at ARO, ORI, 

and ARI conditions using the 47- and 190-group libraries based on ENDF/B-VI. For 3D 

calculations, only 47-group calculations were possible due to the memory limitation of 

processors available, even though the current 47-group library prepared for LWR 

applications turned out to be inadequate for the VHTR analysis. The calculated group 

fluxes and radial power distributions of the 3D benchmark configurations are shown in 

Figures 2.A.2 and 2.A.3. 

 

All Rods Out Operating Rods In All Rods In

2.A.2 DeCART Group fluxes of 3D VHTR cores, at group 19(6.48-7.34 eV) of 47 groups

All Rods Out Operating Rods In All Rods In

Figure 2.A.3 DeCART pin power distributions of 3D VHTR cores
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h) Enhanced Parallelization

The current version of DeCART performs the parallel computation for MOC calculations by 

decomposing the three-dimensional problem domain into the user-specified number of 

two-dimensional MOC planes. As a result, the maximum number of processors to be used 

is limited by the number of two-dimensional MOC planes. In order to improve the parallel 

calculation performance, an angular domain decomposition algorithm for the MOC 

calculation has been implemented.

The planar MOC calculation in DeCART uses a Gauss-Seidel iterative scheme in energy 

and source iteration (scattering iteration) to solve the within-group system. Scattering 

iteration consists of solving the propagation equation which propagates the flux solution at 

an entrant boundary surface through the domain and out an exiting boundary surface, 

accounting for the source contributions to/from each element that is crossed in the mesh. 

Each trajectory that crosses the domain is independent of the other trajectories and thus 

parallelization of the work is straightforward. At the end of the sweep for all trajectories, 

the contributions from each trajectory to each element in the mesh are accumulated by the 

Global Reduce operation in the MPI environment. To ensure even load balance, the number 

of intersections is balanced on each processor thereby assigning a different number of 

trajectories to each process. 

Initial verification tests were performed using small three-dimensional core problems with 

various boundary and symmetry conditions, and performance tests were conducted using 

small and large VHTR benchmark problems. Three-dimensional test problems include 3-, 5-, 

and 11-hexagonal block rings of cores which contain 19, 61, and 331 hexagonal fuel and 

reflector columns, respectively. The test problems have the same spatial discretization 

including 10 axial MOC planes with 5 sub-planes per MOC plane and the second-order 

NEM to make the CMFD time least. Using the 5-hexagonal block rings of core, one more 

problem is defined with 10 sub-planes and the fourth-order NEM so that the CMFD time 

is relatively increased. For a 1/6 core three-dimensional problem, ~30,000 core trajectories 

are typically used to sample the domain leading to ~91 million intersections for each MOC 

plane in the active core region. 
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2.A.4 Strong Scalability of Angular Domain Decomposition of DeCART

Using the small and large three-dimensional core problems, strong scaling tests were 

performed on two different machines named Cosmea and Fusion, the results of which are 

shown in Figure 2.A.4. Note that Cosmea has 32 nodes, each of which consists of 4 cores 

(i.e., total 128 cores) of Intel Xeon CPU 5130, 2.0 GHz, and 16 GB RAM; Fusion is 

composed of 320 nodes, each of which consists of 8 cores (i.e., total 2560 cores) of Intel 

Xenon CPU E5540, 2.53 GHz, and 36 GB RAM. In the following studies, the number of 

processors used to partition the planar MOC work is increased from 1 to 10, leading up to 

a total of 120 processors in the whole calculation. 

As seen in Figure 2.A.4, strong scaling is generally good at low processor counts but there 

is a notable degradation on both Cosmea and Fusion at higher processor counts which may 

be attributed to the increased communication requirements between processors. Variability in 

the scaling associated with the number of CMFD planes was observed. This is expected of 

course because no additional parallelism was implemented in the CMFD solver and thus the 

percentage of time spent in the routine diminishes the strong scaling of the DeCART code 

as a whole. Fortunately, however, the CMFD time is relatively minor, compared to the 

MOC time in the actual 3D problems. Therefore, the initial verification and scaling tests 

indicate that the angular domain decomposition implemented in DeCART works correctly 

with acceptable performance.

i) Gamma Transport Capability

A gamma transport calculation capability was implemented for coupled neutron and gamma 

heating calculation. The coupled heating calculation begins with the neutron transport 

calculation. For an eigenvalue problem, the neutron flux level is normalized such that the 

total fission power is equal to the specified power level, but it is renormalized after gamma 

transport calculation. Using the calculated neutron flux and the photon production cross 

sections, the gamma source distribution due to neutron reactions is uniquely determined. 

With this gamma source distribution, the gamma transport calculation is performed as a 

fixed source problem. The total heating contributed by neutron and photon reactions is 

calculated as:
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where, )(Enφ and )(Eγφ are neutron and photon fluxes, respectively, and
n

ik α is the 

neutron KERMA factor for isotope, and
γ
ek is the photon KERMA factor for element e. 

For gamma transport calculation, the existing MOC and CMFD solution schemes for the 

neutron transport calculation were utilized with necessary modifications for preparation of 

interaction cross sections and evaluation of source distributions. It was necessary to modify 

a large number of subroutines since lots of arrays were allocated with the number of 

neutron groups and cross sections were computed on the fly based on the neutron cross 

section structure for the sake of minimizing the required memory.

Preliminary tests of the coupled neutron and gamma heating calculation scheme were 

performed with a 2D one-sixth core VHTR model with standard fuel blocks. The fuel and 

graphite blocks are composed of five isotopes: U-235, U-238, O-16, graphite, and silicon. 

In these preliminary tests, 47 neutron groups and 18 gamma groups were used. Figure 
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2.A.5 shows the normalized total power and gamma induced power distributions obtained 

from the coupled neutron and gamma transport calculations. The gamma rays are mainly 

produced in fuel regions and transported to neighboring regions, resulting in the gamma 

flux distribution more widely dispersed toward the inner and outer graphite reflector 

regions, compared to the neutron flux distribution. For this test problem, the gamma 

contribution to the total power was 9.4%; 7.6 % from fuel blocks, 0.7% from inner 

reflector graphite blocks, and 1.1% from outer reflector graphite blocks.

  

 (a) Total Power Distribution         (b) Gamma Induced Power Distribution

Figure 2.A.5 Normalized Total and Gamma Power Distributions for 2D One-sixth Core 

Model of VHTR

j) Gamma Library Generation

Using the NJOY code with ENDF/B-VII data, gamma production cross sections and neutron 

heating factors were generated for 261 isotopes in 238 neutron groups and 48 gamma 

groups. The gamma productions due to fission and capture reactions, of which cross 

sections are self-shielded, are represented by photon yield data while production cross 

sections are directly used for other reactions. Photon interaction cross sections were 

produced for 100 elements in 48 gamma groups.

For generation of gamma production cross sections, a series of NJOY modules were run in 

turn: MODER, RECONR, BROADR, UNRESR, HEATR, and GROUPR. For gamma 

interaction files, we processed only three NJOY modules - MODER, RECONR, and 

GAMINR - to produce total, coherent scattering, incoherent scattering, pair production and 

photoelectric cross sections as well as total heating.

For the delayed gamma data, an appropriate spectrum was first computed from the data 

provided in the DLYFIS file which were prepared at ANL in 1993 for coupled neutron and 

gamma heating calculations of fast reactors. The DLYFIS file contains six different delayed 

gamma spectra for Th-232, U-235, U-233, U-238, Pu-239, and Pu-241 based on the 94 

gamma group structure. The spectra produced in the new library were renormalized using 

the total delayed gamma energy given in the ENDF/B-VII file and then condensed to the 

48 gamma group structure.

Task 2B: Multigroup Cross Section Generation

This subtask is to develop multigroup cross section libraries tailored for VHTR analysis, 

since the current 47-group and 190-group cross section libraries of DeCART were prepared 
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for LWR applications. Three new libraries with different number of energy groups were 

generated based on the ENDF/B-VII data using the SCALE/CENTRM system of Oak Ridge 

National Laboratory (ORNL).

Figure 2.B.1 shows the library generation procedure for each isotope using the 

SCALE/CENTRM system. For this task, a couple of modules were modified; the utility 

module CRAWDAD for CENTRM library preparation was modified to specify a desired 

resonance nuclide, and the point-wise slowing-down calculation module CENTRM was 

changed to solve the point-wise slowing-down equation for an absorber nuclide with 

potential scattering moderators. The intermediate resonance (or hydrogen equivalent) 

parameter λ  of a nuclide was determined by comparing the resonance integrals obtained 

from CENTRM calculations for homogeneous mixtures of U-238 and hydrogen and mixtures 

where hydrogen is partly replaced with the target nuclide. The resonance integral tables 

were generated from CENTRM calculations for the 1D cylindrical model of VHTR pin cell. 

The geometry and compositions were varied to obtain different background cross sections. 

A new module IRVING was developed to derive subgroup parameters from resonance 

integral tables and integratein to the master library.

The new ORNL libraries were generated in three energy group structures of 49, 72, and 

238 groups. The new libraries contain the same cross section and subgroup parameter data 

as the current DeCART libraries, but use different scattering resonance self-shielding 

approach and data formats. The resonance energy range was also extended to an energy 

interval from 0.1 eV to 500 keV, relative to the current resonance energy range from 1.86 

eV to 9.12 keV. The 72-group library contains most of the energy grids in the resonance 

energy range of the 238-group library. Table 2.B.1 shows data types included for a sample 

set of 16 isotopes. As in the current library, graphite is distinguished from natural carbon 

(C-NAT) to represent the thermal scattering S(a,b), and oxygen in UO2 (O-UO2) is 

separated from O-16 because of the different weighting spectra used. The decay constants 

are prepared only for depletable isotopes.

DeCART has been modified to process the new library properly. Significant changes were 

made to comply with the new scattering resonance self-shielding method while maintaining 

the capability to process the existing library data which are not used in the new library. 

The current libraries of DeCART provide fixed, representative scattering matrices which are 

self-shielded with a typical weighting spectrum of LWR, and thus resonance scattering cross 

sections are not self-shielded for specific compositions in DeCART calculations. The new 

library includes the resonance integral (RI) tables and infinite-dilute transfer matrices for 

scattering reaction. Thus, self-shielded resonance scattering cross sections can be calculated 

as

( , )

1 ( , ) /

eff s b
s

a b b

RI T

RI T

σ
σ

σ σ
=

− ,

where ),( TRI bs σ and ),( TRI ba σ are respectively the scattering and absorption resonance 

integrals which depend on the background cross section bσ and temperature T . Using 

the RI tables in the library and the Segev interpolation scheme, the scattering, fission and 

absorption RI values are interpolated for specific background cross section values obtained 

from the subgroup calculations. The effective group-to-group scattering cross sections are 

calculated by multiplying the ratio of effective to infinite dilute scattering cross sections and 

the infinite dilute group-to-group scattering transfer matrix. Since the infinite dilute 
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Isotope
Base

Cross Section

Absorption

Subgroup 

parameter

Nu-Fission

Subgroup 

parameter

Scattering   

Matrix

(up to P3)

(n,2n), (n,3n) 

reaction

Decay 

Constant

U-235 O O O O O O

U-236 O O O O O O

U-238 O O - O O O

H-1 O - - O - -

HE-4 O - - O - -

B-10 O - - - - O

B-11 O - - - - O

C-NAT O - - O - -

Graphite O - - - - -

N-14 O - - - (n,2n) -

O-UO2 O - - O - -

O-16 O - - O - -

Si-NAT O - - - - -

Zr-90 O - - - - -

scattering matrix provided in the library is transport-corrected, the within-group scattering 

term is adjusted after restoring the scattering matrix to the original, uncorrected one.

DeCART calculations for VHTR pin cell problems were performed using the new 49-, 72-, 

and 238-group libraries based on ENDF/B-VII.0 data. Those spectra are compared with that 

obtained from MCNP5 calculation. As can be seen in Figure 2.B.2, all the spectra agree 

well each other.

 

Figure 2.B.1 Cross Section Library Generation in the SCALE System

Table 2.B.1 Cross Section Data in the Preliminary ORNL Library
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0.E+00

2.E-02

4.E-02

6.E-02

8.E-02

1.E-01

1.E-04 1.E-02 1.E+00 1.E+02 1.E+04 1.E+06 1.E+08

Energy (eV)

N
o

rm
a

li
ze

d
 F

lu
x

238 Groups

49 Groups

72 Groups

MCNP5

Figure 2.B.2 Neutron Spectra of VHTR Pin Cell Problem (ENDF/B-VII)

 

Task 2C: Visualization

This subtask is to develop a detailed visualization capability as a means to present the 

large amount of DeCART output data effectively, using the visualization tool VisIt.  

For visualization of the detailed fuel compact power and flux distributions from DeCART 

calculations, a DeCART output processor was developed to translate the fuel compact 

power and flux distributions into the Silo data format. Accordingly, the output routines of 

DeCART were modified to provide the necessary data for the output processor for VisIt. 

DeCART writes the “.plot” file which includes fuel compact power and group flux data for 

all pins as well as the geometry information. Reading the “.plot” file, the output processor 

writes the pin power and group flux data of each block to separate files and a master file 

which contains a list of the separate files. Figures 2.A.2 and 2.A.3 show example 

visualization products. 
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Task 3: Development of Thermo-Fluid Methods (ANL/KAERI)

The primary objective of this task is to demonstrate the applicability of conventional 

RANS-based thermo-fluid simulations and to select appropriate thermo-fluid modeling 

options for multi-scale multi-physics simulation coupled with neutronics simulations for a 

large periodic segment of a prismatic VHTR core. This task includes the KAERI’s effort to 

develop the thermo-fluid code and model for application to prismatic VHTR.

Task 3A: Evaluation of SHARP Thermo-fluid Models for VHTR Analysis (ANL)

A preliminary benchmark problem has been defined for the assessment of turbulence model 

applicability for prediction of VHTR flow and temperature fields. The problem considers a 

unit cell geometry containing a single circular coolant channel from the GT-MHR, the 

surrounding graphite moderator, and a 120 degree segment of each of the six surrounding 

fuel pins, as shown in Figure 3.A.1. 

The three-dimensional steady state RANS simulations utilize the commercial CFD code 

STAR-CCM+. Steady state simulations were completed using the default STAR-CCM+ 

segregated flow solver – the SIMPLE algorithm with Rhie-Chow interpolation for 

pressure-velocity coupling and algebraic multi-grid preconditioning. A second-order central 

differencing scheme was applied to all cases. In baseline simulations, the realizable 

k-epsilon turbulence model with a two-layer all y+ wall treatment (Norris & Reynolds) was 

applied. The convergence criteria were defined as the reduction of all equation residuals by 

4 orders of magnitude, or, in other words, reducing the normalized residual values below 

10
‑4

. Steady state simulation predictions of the outlet temperature distribution are shown in 

Figure 3.A.2.

In order to evaluate the sensitivity of the simulations to the computational mesh length 

scales, a parametric study was completed in which the baseline mesh was successively 

coarsened or refined. Extracted outlet temperature contours are shown in Figure 3.A.2(a) for 

each of the mesh densities considered. In general, the nominal and fine meshes show good 

agreement, with the largest discrepancy appearing in the prediction of the turbulence data 

itself. These results suggest that the mesh density used in the nominal case can likely be 

used as a minimum acceptable resolution to guarantee mesh convergence in future 

simulations of larger components of a VHTR core. Further coarsening of the mesh will 

likely be necessary for the near term consideration of large segments of the core, but such 

coarsening clearly increases the relative uncertainty of the simulation predictions. Also note 

that coarsening of the mesh introduces asymmetries to the predicted quantities.

As an initial step toward the selection of a turbulence modeling strategy for the VHRT 

core coolant, the predictions of four unique turbulence models have been compared:

  ● The standard two-layer k-epsilon model with the Wolfstein all-y+ wall treatment 

  ● The realizable two-layer k-epsilon model with the Wolfstein all-y+ wall treatment

  ● The Stanford V2F k-epsilon model

  ● The two-layer linear pressure-strain Reynolds Stress Transport Model (RSM)

A comparison of the predicted temperature fields in the coolant, moderator and fuel 
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compact is shown in Figure 3.A.2(b). The standard k-epsilon, realizable k-epsilon, and V2F 

models all predict similar temperature distributions. However the modified near wall layer 

treatment of the linear pressure-strain RSM model predicts a much higher thermal resistance 

in the boundary layer, resulting in a higher moderator and fuel temperature. Based on these 

studies, the realizable k-epsilon model was selected for use in the continuing studies.

 

(a)                                  (b)

Figure 3.A.1 (a) Polyhedral mesh describing a single coolant channel surrounded by six fuel 

compacts. The blue region is the helium coolant channel, the yellow region is the graphite 

moderator, and the red regions are the channels filled with fuel compacts. (b) Predicted 

temperature field using the baseline mesh and the realizable k-epsilon model.

 

(a)                                     (b)

Figure 3.A.2 Comparison of predicted temperature profiles in the single channel model 

using (a) four ,and(b)fourdifferentturbulencemodels.

 

Task 3B: Reynolds-Averaged Navier-Stokes Simulation of Single Prismatic Block (ANL)

As an initial test of meshing and coupling strategy, a single fuel column model was 

developed which includes 210 fuel compacts and 108 coolant channels within each block. 

The fuel compacts and the innermost ring of six coolant channels have a diameter of 1.27 

cm. The outer rings of coolant channels have a diameter of 1.5875 cm. The upper and 

lower plena are represented explicitly, although upper and lower shielding regions are 

neglected. Boundary faces of the hexagon are assumed to be reflective symmetry 
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boundaries. The final computational mesh uses 8.8 million polyhedral mesh elements.

A constant mass flux condition is applied at the inlet of the inlet plenum and a constant 

pressure condition is applied at the outlet of the outlet plenum. A constant heat generation 

rate of 3.35 x 107 W is specified as a volumetric source in the fuel regions. Adiabatic 

boundaries are specified at the periphery of the column. The distribution of flow into the 

coolant channels of different sizes and the resulting impact on the radial temperature 

distribution is predicted by the CFD simulation rather than prescribed as a boundary 

condition. Initial simulations correctly predict reduced flow in reduced diameter channels 

and resultant variations in temperature distributions. 

Task 3C: Multi-Resolution Multi-block Analysis (ANL)

A computational fluid dynamics (CFD) model of the prismatic VHTR core, reflector, upper 

plenum and lower plenum was developed. The VHTR core considered in these studies 

contains four primary types of prismatic blocks: fuel, fuel with a shut down control rod, 

graphite reflector, and graphite reflector with an operating control rod. The CAD models 

describing each block type were assembled into a single CAD representation of one-sixth of 

the VHTR core. An axially-uniform paved hexahedral mesh was then generated based on 

the CAD description. Based on average bypass gap width data from Fort St. Vrain, a 

uniform vertical gap with a width of 3.0 mm is assumed between all blocks as a 

preliminary representation of the bypass flow path. In reality, the gap width may be highly 

variable within the core and will likely vary significantly with irradiation. The initial mesh, 

which uses approximately 22 million cells, is coarsened axially to reduce computational 

burden and simplify post processing during initial scoping simulations to support 

development of the coupled multi-physics framework.

Steady-state simulations were completed using the default STAR-CD segregated flow solver – the SIMPLE algorithm with Rhie-Chow interpolation for pressure-velocity coupling. The 

Mixed Advection Reconstruction Scheme (MARS) 2nd-order central differencing scheme was 

used. The realizable k-e model was also used, but the simpler high-Reynolds number 

formulation with a logarithmic “law of the wall” function was used rather than the 

two-layer formulation. A constant velocity, constant temperature inlet was specified at the 

top surface of the upper plenum and a zero-gradient outlet condition was specified at the 

bottom of the lower plenum. The inlet mass flow rate was assumed to be 289.9 kg/s, 

which corresponded to an inlet velocity of 2.73 m/s. The inlet temperature was assumed to 

be 784 K. A constant volumetric heat generation rate of 28.96 MW/m
3 

was assumed in the 

fuel material regions. Convergence was defined as the reduction of the equation residuals 

by 4 orders of magnitude as in all prior simulations. The evolution of the temperature field 

in each material region was also monitored using a single monitoring point in each region.

Baseline simulations with the nominal coarse mesh and the solver options were completed 

using 32 nodes (128 CPU cores) of a commercial grade cluster with a high speed 

interconnect. Fully converged results were obtained after 4252 steady-state iterations, when 

the maximum residual was reduced to 10
-4

.TheoutletvelocityprofileisshowninFigure3.C.1 

where 74.1% of the total flow passes through the coolant channels, 10.5% passes through 

the gap bypass between blocks and 15.4% passes through the control rod holes. For the 

simplified upper and lower reflector configuration considered, the frictional pressure loss 

within the coolant channels was quite small (~25 kPa) so that the form losses at the inlet 

and outlet were substantial contributions to the total pressure loss. In reality the total core 

pressure drop would be larger as a result of small offsets in the vertical column alignment 

as well as the more complex interconnected network of channels proposed in the upper and 
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lower reflectors of VHTR designs to reduce the number of inlet and outlet holes. Future 

studies will evaluate the implications of these design features on core flow distributions. 

The predicted temperature profile assuming radially uniform power with a cosine axial 

distribution is shown at the outlet plane for all materials in Figure 3.C.1.

 

Figure 3.C.1 Predicted Velocity and Temperature Distributions at the Active Core Outlet Plane

On the other hand, a strategy was developed for generation of more refined models 

containing many more computational cells than the baseline model. An initial simulation 

was completed using a refined mesh with the same radial mesh distribution but twice as 

many axial nodes as the baseline model. The refined mesh uses approximately 44 million 

hexahedral computational elements. As a result of the significant change in axial mesh 

resolution the optimization of the solver from the baseline case cannot be directly applied. 

While the normalized residual convergence criterion of 10
-4 

was met after 5545 iterations, 

the initial simulation using the refined mesh required ~15,500 iterations before the 

monitoring point temperature reached a fully converged solution. The un-optimized model 

required ~25 hours to complete and used more than 2700 total CPU hours. In the refined 

mesh simulations the average coolant channel velocity is 35.5 m/s, which is 4.6 percent 

higher than predicted by the coarse mesh model, primarily because the refined mesh model 

predicts lower frictional pressure losses. As a result of the increased flow velocity in the 

coolant channels, the refined mesh simulation predicts lower fuel centerline temperatures.

Task 3D: Improvement of Thermo-Fluid Capability of DeCART (KAERI/ANL)

The objective of this task is to improve the thermo-fluid capability of DeCART. The 

original version of DeCART used a simplified single channel model to approximate 

temperature effects in the neutronics calculation. In order to improve the thermo-fluid 

capability of DeCART, KAERI has decided to couple the DeCART code with the 

CORONAcode[Tak2011] which is thermo-fluid analysis codes specialized to the VHTR 

system. The CORONA code is under development in KAERI supported by mid- and 

long-term national nuclear R & D program funded by Korean Ministry of Education, 

Science and Technology (MEST). Therefore, the main task of the this project is to develop 

the interfacing module for coupling between DeCART and CORONA and to verify the 

coupled code system.
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Thermo-fluid models suitable for the coupled calculations have been investigated. For fluid 

channels, one-dimensional model is considered to be sufficient to provide the boundary 

conditions for solid heat conduction. For the solid part, the detailed model within the fuel 

block is required. In particular, the TRISO particle fuel model could be important under 

some transient conditions. As shown in Figure 3.D.1, CORONA code simulates all the unit 

cells within the fuel block and generates unstructured grids within the unit cell.

 

Figure 3.D.1 COROAN grid within a fuel block.

 

The interfacing module between DeCART and CORONA was developed. Data 

communication between DeCART and CORONA is accomplished based on socket 

programming. A single fuel column problem shown in Figure 3.D.2(a) is considered to test 

the interfacing module and the coupled analysis. Table 3.D.1 shows major thermo-fluid 

parameters for the test case. The helium coolant flows downward through the coolant 

channels in the fuel block. The fuel block is modeled by six types of the basic unit cells 

as shown in Figure 3.D.2(a).

Figure 3.D.2(b) shows the calculated axial power and temperature distributions from the 

coupled calculation. Both the coolant and fuel temperature profiles are gradually increased 

in the flow direction. The peak axial power is shifted to the upper part of the fuel column 

due to the temperature feedback. Figure 3.D.3 shows the maximum fuel temperature 

calculated by the coupled system. The maximum fuel temperature is located at the central 

region of the fuel block, which is mainly due to the adjacent hot coolant channel. It is 

obvious that the calculated results shown in Figure 3.D.2(b) and Figure 3.D.3 are in the 

reasonable behavior. 

   Figure 3.D.2 (a) Geometry of Single-Column Benchmark Problem and (b) Coupled 

Analysis Results
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Table 3.D.1 Major Thermo-fluid Parameters for Single Fuel Column Problem

Parameter Value

Column Thermal Power (MW) 5.8

Coolant Flow Rate (kg/s) 2.0

Coolant Inlet Temperature (
o
C) 490

Number of Stacked Fuel Blocks 10

Block Height (m) 0.793

 

 

(a)  Relative Power and Fuel Temperature

(b)  Coolant Temperature

(c)  Maximum Fuel Temperature

 

Figure 3.D.3 Axially Averaged Relative Power and Temperature Distributions
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The final target of the validation study would be a coupled calculation for a full core of 

VHTR. Since there is no available experimental data for a coupled behavior of a VHTR 

core, a code-to-code benchmark study is considered in this work as a validation activity. In 

order to systematically understand the differences in the results by different code systems, 

only thermo-fluid calculations were considered in this work before coupled calculations.  A 

prismatic 600 MWth VHTR core was selected as a reference. Blind calculations using 

CORONA (KAERI) and STAR-CD (ANL) were carried out for the 1/6 section of the core 

using symmetry. The same boundary conditions (e.g., axially cosine power profile) were 

adopted by the two codes. Figure 3.D.4 shows a CORONA model for the considered 

problem. Computational grids and the obtained temperature contour by STAR-CD are 

illustrated in Figure 3.D.5.

 

Figure 3.D.4 CORONAmodelfora1/6coreof600MWthVHTR

 

Figure 3.D.5 Computational grids of STAR-CD and calculated temperature contour for a 

1/6 core of 600 MWthVHTR
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Table 3.D.2 shows a comparison of the coolant velocity distributions predicted by 

CORONA and STAR-CD. It shows a good agreement. It seems that the small differences 

are mainly due to the uncertainties in the form loss coefficients at the entrances and exits 

through the columns. Rough values (i.e., 0.5 and 1.0 for entrance and exit, respectively) 

were applied in the CORONA calculation.

Table 3.D.2 Comparison of Predicted Coolant Velocity Distributions

Figures 3.D.6 and 3.D.7 show comparisons of the axial temperature profiles predicted by 

CORONA and STAR-CD. Two positions (centers of fuel and reflector columns) were 

selected for the comparisons. They also show good agreements between the results by the 

two codes. The small differences seem to be mainly due to the difference in the heat 

convection model. STAR-CD solves the k-� turbulence equations whereas CORONA uses 

an empirical correlation.

Considering the difference in the thermo-fluid models adopted by the two codes, it can be 

concluded that the observed differences are not significant.
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Figure 3.D.6 Axial Temperature Profiles Predicted by CORONA and STAR-CD at the 

Center of the Central Fuel Column.
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Figure 3.D.7 Axial Temperature Profiles Predicted by CORONA and STAR-CD at the 

Center of a Reflector Column Adjacent to the Central Fuel Column.

Task 4: Development of the Coupling Strategy (ANL)

The objective of this task is to develop an optimized strategy for the coupled neutronics 

and thermo-fluid calculation and to perform the coupled analysis for 3D VHTR cores using 

the developed strategy. Optimization of the coupled analysis (Task 4A) was completed 

through sensitivity studies in terms of spatial discretization in the neutronics and 

thermo-fluid calculations. The coupled analysis of the VHTR core (Task 4B) was initiated 

using one of the 3D VHTR benchmark problems. Additional analysis of the coupled system 

was conducted in Task 5A using the numerical benchmark problems for the coupled 

system.

Task 4A: Optimization of Coupled Analyses

The DeCART neutron transport code has been directly linked to the commercial CFD code 

STAR-CD for multi-physics core analysis applications. The communication between the two 

physics modules is direct; data is passed from STAR-CD to DeCART by arguments to 

special subroutines with no need for file input/output. The mapping of the STAR-CD and 

DeCART spatial meshes is performed by assigning each CFD cell to the DeCART region 

in which its centroid lies, utilizing the native geometry description in DeCART. The 

mapping of DeCART regions to the STAR-CD mesh is shown in Figure 4.A.1.

In coupled multi-physics simulations, the modeled semi-infinite array of hexagonal fuel 

blocks is observed to exhibit much lower moderation and considerably less leakage than 

would be expected for a more realistic core. However, the simple single column 

demonstration problem does clearly show that the consideration of the detailed 

multi-dimensional multi-physics is significant. Azimuthal variations in predicted power 

densities that arise as consequence of the relative positioning of fuel and coolant channels 

within the fuel block can be seen in Figure 4.A.2(a). The more realistic representation of 

radial power distribution within the block results in a much different temperature 

distribution within the block, shown in Figure 4.A.2(b), than was observed in the previous 
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uniform power case.

Ongoing work focuses on the extension of these capabilities to models of large segments of 

a realistic VHTR core. In present studies, a rotationally periodic 60-degree wedge of the 

prismatic core is being considered. A STAR-CD model has been developed using an axially 

coarsened mesh to describe the 60-degree wedge and includes explicit representations of 

coolant channels, fuel compacts, annular control rods, and a uniform 3 mm gap between 

adjacent hexagonal blocks. The model uses approximately 21 million cells, which are 

primarily concentrated in the blocks containing fuel, as shown in Figure 4.A.3. As in the 

single block case, initial simulations assume constant mass flow rate, constant 

thermo-physical properties, and a uniform power distribution. 

In initial STAR-CD simulations, shown in Figure 4.A.4(a), significant bypass flow velocities 

are observed in the gap regions and in the control rod holes. The effects of these coolant 

flow paths are clearly visible in the predicted graphite temperature, shown at the outlet 

plane in Figure 4.A.4(b). Little radial mixing occurs within the bypass gap flow, and 

coolant temperature rise is primarily isolated to the fueled annulus, as shown in Figure 

4.A.4(c). Peak coolant temperatures occur in the gap bypass flow. As a consequence of the 

large surface area, the much slower bypass flows have a non-negligible impact on local 

fuel temperatures, as shown in Figure 4.A.4(d). 

Ongoing efforts are focused on the coupled multi-physics simulation of a 60-degree 

rotationally periodic wedge of a prismatic core. Future efforts will incorporate additional 

features of the core physics, including variable thermo-physical properties, buoyancy and 

radiative heat transfer.
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Figure 4.A.1 Contour plot showing the mapping of DeCART regions onto the STAR-CD 

mesh shown in Figure 4-1A.

 

(a)                           (b)

Figure 4.A.2 (a) Predicted pin power densities and (b) temperature profiles from coupled 

multi-physics simulations of a single column of prismatic fuel blocks using reflective 

boundary conditions on the hex faces.

 

(a)                              (b)

Figure 4.A.3 (a) Computational mesh describing 1/6
th
of a prismatic VHTR core. (b) Detail 

view of a single fuel block from the 1/6
th 

core model.
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(a)                                (b)

(c)                                (d)

Figure 4.A.4 Predictions from CFD simulations of heat transfer in a 1/6th core model 

assuming a uniform power distribution: (a) coolant velocity in coolant holes and gaps 

between blocks, (b) graphite temperature, (c) helium coolant temperature, and (d) fuel 

compact temperature near the outlet of the core.
 

a) Sensitivity of Coupled Analysis to STAR-CD Discretization

In DeCART, the neutron transport problem is solved in two iterative kernels: the 3D 

CMFD kernel based on homogenized cells and the 2D MOC kernel based on fine meshes 

within a cell. Although the MOC kernel uses a heterogeneous representation of the core 

geometry, the mesh in the axial direction is coarser than that of the CMFD kernel. Thus, 

the temperature distribution calculated by STAR-CD influences the neutronics solution on 

the coarse axial mesh. In the 1/6th core model, this axial MOC mesh is coarser than both 

coarse and fine STAR-CD meshes (by factors of 3 and 6, respectively). Moreover, the 

power profile provided to STAR-CD in this case was calculated on the same axially coarse 

MOC mesh. 

The results of the simulation show a 350 pcm difference in the final prediction of keff 

between the coarse and fine CFD grids. While this difference is relatively small, it is not 

insignificant considering that the MOC mesh is coarser than both STAR-CD grids. The 

temperature and power profiles appear to agree quite well. Because the axial discretization 

in MOC is coarser than both STAR-CD models, the discrepancy between the coarse and 

fine STAR-CD mesh is likely caused by the STAR-CD mesh convergence. Since the axial 

discretization of the CFD mesh is too coarse, averaging the fine-mesh temperature profile 
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onto the coarse mesh does not reproduce the coarse mesh results. 

b) Sensitivity of Coupled Analysis to DeCART CMFD Discretization

The DeCART axial discretization was examined in order to determine the required number 

of CMFD subplanes for an accurate solution. In DeCART, the MOC kernel uses relatively 

coarse axial planes to generate homogenized cross sections for the global CMFD kernel. In 

CMFD, the flux solution can be obtained for a finer axial mesh by further dividing the 

planes into subplanes. In the coupled DeCART/STAR-CD demonstration exercise, the active 

fuel region was divided into ten 79.3 cm thick planes, each of which was divided into 

three 26.43 cm thick subplanes. In earlier exercises with comparisons to MCNP, a finer 

mesh was used with up to 20 subplanes. The run time for the CMFD kernel is nearly 

proportional to the number of subplanes since no spatial domain decomposition within 2D 

MOC plane is applied.

Using DeCART in standalone mode with temperatures provided from the result of the 

previous DeCART/STAR-CD coupled analysis, a sensitivity analysis was performed for the 

number of subplanes in the 1/6th core model employing from 1 up to 20 subplanes per 

MOC plane. The 20-subplane/plane case is considered the reference solution; no 

comparisons with MCNP or other codes are in the scope of this exercise. Note that the 

temperature distribution is evaluated for the coarser MOC axial mesh, which is fixed for all 

cases in this study. In all cases, there were a total of 12 MOC planes, so the total number 

of CMFD subplanes ranges from 12 (1 subplane/plane, △z=79.3 cm) to 240 (20 

subplanes/plane, △z=3.965 cm).

From the results of this analysis, it is clear that the 3 subplanes used in the previous 

coupled DeCART/STAR-CD analysis are insufficient. For the radially integrated and selected 

local axial flux profiles, it seems that 12-subplane case agrees reasonably well with the 

20-subplane case. Axial profile predictions using 16-subplanes are not visibly different than 

the 20-subplane case. The discrepancy in keff was higher than expected, however. There is 

a 10 pcm discrepancy between the 16- and 20-subplane cases, indicating that even further 

discretization may be necessary if high accuracy in the eigenvalue is desired. Ten pcm is 

small compared to other uncertainties in the physics, so 12 subplanes (△z = 6.6 cm) is 

deemed sufficient for near term work.

c) Sensitivity of Coupled Analysis to DeCART MOC Discretization

In coupled DeCART/STAR-CD simulations, the temperature profile is computed by 

STAR-CD on a relatively fine mesh and then averaged onto the spatial grid employed by 

the MOC kernel in DeCART. In the axial direction, the resolution of the temperature field 

used to determine self-shielded resonance cross sections is determined by the thickness of 

the planes used in the MOC kernel. Another spatial mesh sensitivity analysis was 

performed for DeCART to determine the influence of the axial MOC discretization on 

coupled DeCART/STAR-CD simulations. In this parametric study, the total number of 

CMFD subplanes in the fuel was held fixed, but the number of MOC planes was allowed 

to vary. 

It should be noted that refining the MOC planes has two effects. First, there is the 

neutronics effect of having a higher resolution local flux solution from MOC transport on 

heterogeneous geometry. That is, the MOC planes should be sufficiently thin to capture the 

influence of the axial flux shape on the homogenized pin-cell cross sections. The second 

effect is the temperature profile from STAR-CD. In the coupled simulations, the STAR-CD 

discretization is 3 times finer (△z=26.43 cm) than the MOC planar discretization (△z=79.3 
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cm). Thus, the temperature data from three STAR-CD axial layers are averaged before 

providing the temperature to DeCART. Thus the influence of the axial temperature 

distribution is provided to DeCART on a coarser mesh than it was computed by 

STAR-CD.

In this study, the MOC planar thickness was reduced to the same thickness as the 

STAR-CD mesh. In both cases, there is one 160 cm thick reflector plane below and one 

120 cm thick reflector plane above the fuel region. The CMFD discretization in the fuel 

region is fixed: 240 planes with 3.3 cm thickness. Note that the CMFD discretization in 

this study is finer than previous coupled simulations. 

Comparisons of integral core data include the keff prediction and the radially-averaged axial 

power profiles. The discrepancy in keff between the △z=79.3 cm case and the △z=26.43 

cm case is about 200 pcm, which shows there is a nontrivial influence in the axial shape 

of the temperature profile on the global neutronics solution. In the axial power profiles, the 

regions near the graphite reflectors are poorly represented by the △z=79.3 cm mesh, and 

even in the vicinity of the peak power the difference is close to 8%. 

Task 4B: Coupled Analysis of the VHTR Core

A realistic 1/6-th core models of VHTR were developed for the coupled system 

DeCART/STAR-CD, based on NGNP/VHTR cores. This model includes single fuel 

enrichment, 10.5%, and places burnable poison channels at all six corners of selected fuel 

columns. These fuel columns are located near the inner reflector, in order to suppress the 

high power provided by the moderator.

As part of the verification activities of the coupled system, Argonne provided KAERI with 

the detailed data of the NGNP/VHTR benchmark problem. Figure 4.B.1 shows the fluid 

zones in the STAR-CD model, the inlet boundary of which was provided for CORONA. 

Figure 4.B.2 depicts the STAR-CD model of the 1/6-th VHTR core, in which axial 

temperature profiles at the center of selected columns and at the center of selected control 

rod channels are compared between STAR-CD and CORONA.

The main idea of this collaboration is to compare various solutions from 

DeCART/STAR-CD (Argonne) and DeCART/CORONA (KAERI) since no reference 

solutions can be provided for the coupled calculation. Along with the simple single-column 

and seven-column problems described in Task 5A, this actual size of VHTR problem would 

be a good practice to benchmark the coupled code system.
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(Note: small coolant channels (green), large coolant channels (cyan), shutdown rod channels 

(red), regulating rod channels (blue), and gap bypass (violet))

Figure 4.B.1 Fluid Zones in the STAR-CD Model Used to Provide the Inlet Boundary for 

CORONA

 

(Note: predicted axial temperature profiles at the center of selected columns (marked by 

“x”) and at the center of selected control rod channels (marked by “*”) are compared to 

CORONA predictions)

Figure 4.B.2 The STAR-CD Model of the 1/6
th
VHTRCore

 

More realistic 1/6th core models of VHTR were developed for DeCART and STAR-CD, 

based on NGNP/VHTR cores. The core configuration is provided in Figure 4.B.3. This 

model includes single fuel enrichment, 10.5%, and places burnable poison channels at all 

six corners of selected fuel columns. These fuel columns are located near the inner 

reflector, in order to suppress the high power provided by the moderator. The operating 

control rods in the outer reflector region, are fully inserted whereas the control rods in the 

fuel region are fully withdrawn. DeCART calculations were performed using the 72-group 

ORNL cross section library based on ENDF/B-VII. DeCART used a total of 12 MOC 

planes; 10 for the active core height of 793 cm and 2 for the 120 cm upper axial reflector 

and 160 cm bottom reflector. The CMFD mesh was relatively coarse: 3 sub-planes per 
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MOC plane yielding a CMFD axial mesh height of 26.43 cm.

 

 

Figure 4.B.3 Core Layout in Coupled DeCART/STAR-CD Models

The STAR-CD model employs a hexahedral mesh generated by extruding a 2D paved 

quadrilateral mesh. An example of the mesh near the corner of three blocks is shown in 

Figure 4.B.4(a). The model has approximately 22 million mesh cells, which is considerably 

coarser, especially in the axial direction, than what would be required for a validated 

model. The lateral gaps, i.e., spaces between adjacent columns of fuel blocks, are modeled 

explicitly as fixed 3 mm lateral spaces. Flow enters through an open inlet plenum with a 

uniform velocity and temperature of 1.95 m/s and 784K. The core geometry is axially 

uniform such that the coolant channels provide straight flow paths from inlet plenum to 

outlet plenum. The default segregated flow solver - the SIMPLE algorithm with Rhie-Chow 

interpolation for pressure-velocity coupling - was employed with conjugate gradient 

preconditioning. Turbulence was modeled with the realizable k-e model with a logarithmic 

function for near-wall treatment.

In order to initialize the flow solution, a steady state STAR-CD analysis was performed 

with a simple axial cosine power distribution in the fuel. A total of 4825 iterations of all 

7 transport equations were performed until the convergence criterion below 10
-4

. During the 

coupled phase of the calculation, STAR-CD performs a fixed number of iterations before 

updating DeCART, and DeCART reaches its built-in convergence criteria on the global flux 

solution before updating STAR-CD.

The quadrilateral-based CFD mesh in Figure 4.B.4(a) must be mapped to the 

geometry-based DeCART regions. During this mesh mapping, each STAR-CD element is 

assigned to a DeCART element based on the geometric location of its centroid. Each 

STAR-CD element is permitted to lie in multiple DeCART elements in the current model. 

To verify the correct assignment, several checks are performed at run time, including 

material index assignment and volume checks. Additionally, the mapping may be visualized 

in the STAR-CD post-processor. As an example, the uniform cross section region index is 

portrayed graphically in the colored contour plot in Figure 4.B.4(b). In the vicinity of a 

fuel compact, the region indices ascend from outside the compact inward; thus the centers 

of the fuel compacts appear red and the outer graphite region appears violet. Such 

verification tools provide some confidence of the mapping process.
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Figure 4.B.4 (a) Example CFD Mesh near the Boundary of Fuel and Reflector Blocks, 

(b) Visualization of the Mapping of CFD Cells to DeCART Regions

During the coupled calculations, DeCART received six temperature updates from STAR-CD 

and provides an updated multiplication factor (keff) estimate and power distribution for 

STAR-CD. Coupled simulations begin and end with STAR-CD; thus the final temperature 

distribution is consistent with the final DeCART power distribution update. At each step, 

the changes in keff estimate and power distribution are monitored for the global 

convergence of the coupled calculation. The error in power distribution is computed as the 

RMS of the relative difference in the local power density in each CFD cell from two 

consecutive CFD updates. A plot of keff and the RMS error in the power distribution is 

provided in Figure 4.B.5 At the end of the calculation, the reactivity change is less than 1 

pcm and the change in power distribution is less than 0.1%. The jump in the RMS power 

distribution error is believed to be caused by the lack of CMFD iterations following the 

final MOC update. The coupling scheme could be changed to force such CMFD iterations 

at the last step, but the error is still below the chosen criterion.

Sample results of the fuel temperature and heat generation rate follow. Radial profiles are 

provided 1 cm above the bottom of active fuel and 1 cm below the top of active fuel, 

with temperatures in Figure 4.B.6 and power densities in Figure 4.B.7. 
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Figure 4.B.6 Radial Temperature Profile Predictions near Inlet (Top) and Outlet (Bottom)

Figure 4.B.7 Radial Power Density Profile Predictions near Inlet (Top) and Outlet (Bottom)
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The fission reaction rate is enhanced along the inner ring of the core due to increased 

moderation, and depressed near the outer ring because of the insertion of operating control 

rods in the neighboring graphite blocks. This tilt is exaggerated in these results; perhaps the 

results of excessive by-pass flow, particularly in the control rod holes. The power density is 

significantly lower near the outlet plane, due to temperature feedback.

Simulations were performed on twelve 8-core nodes on the Linux cluster Fusion. Tasks 

were divided such that each of the 12 nodes drove the CMFD kernel for one DeCART 

plane, and the remaining cores on the node only performed MOC. STAR-CD was 

decomposed in the usual way onto all 96 cores. The STAR-CD standalone calculation to 

initialize the flow field required approximately 4 hours to run. The coupled phase of the 

simulation required 13 hours to perform the 6 updates between the two physics modules, 

i.e., to obtain the 6 keff estimates. The number of iterations required is reduced each 

DeCART update, and the run time diminishes accordingly. STAR-CD is forced to perform 

2000 iterations each update, so its run time remains relatively flat. In the end, the 

STAR-CD and DeCART simulations were well-balanced, each requiring nearly the same 

total run time.

Task 5: Verification and Validation (ANL/KAERI)

The objective of this task is to verify and validate the neutronics code DeCART and its 

coupled system for VHTR analysis by using numerical benchmark problems and criticality 

experiments. For numerical benchmarks (Task 5A), the depletion problem for PMR200 2D 

core and the neutronics/thermo-fluid coupled seven column problem were proposed and 

simulated by DeCART/STAR-CD (ANL) or DeCART/CORONA (KAERI). In addition, the 

two HTR criticality experiments were analyzed using DeCART in Task 5B.

Task 5A: Benchmark Problems for Prismatic VHTR (KAERI)

a) Depletion Benchmark Problems

A two-dimensional core depletion benchmark problem was defined for verification tests. In 

this benchmark problem, the fuel compact was modeled using the RPT method instead of 

the double heterogeneity method. Figure 5.A.1 and Table 5.A.1 show geometry and material 

definition of the two-dimensional core depletion problem derived from PMR200 [Lee 2010] 

reactor. There is a 2mm gap between fuel blocks in the core. The radius of the outer 

reflector is 274.26 cm and the linear power density is 0.444 MW/cm. The temperature is 

assumed to be uniform at 1000K. No control rod holes in fuel and reflector blocks are 

modeled in this problem and thus the fuel blocks with the control rod holes are replaced 

with the standard fuel block as shown in the Fig. 5.A.1(b).

The latest 190 group DeCART library was used for the DeCART calculations. Monte Carlo 

depletion calculations with the McCARD code were performed for reference solutions. 

Figure 5.A.2 and Figure 5.A.3 show the depletion calculation results from DeCART and 

McCARD. The DeCART depletion calculation with the 190-G DeCART library gives much 

better results than that with the 47-G HELIOS library.
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Figure 5.A.1 Geometry of the 2D Core Depletion Problem

 

  

 

Table 5.A.1 Material Definition of the Fuel Cell Model in the 2D Core Depletion Problem

Packing   Fraction (%) 23.5 27.5 

RPT Radius (cm) 0.4247647 0.3973653 

Atomic 

Number 

Density 

(#/barn/cm)

U-235 2.58375E-04 2.52846E-04 

U-238 1.87082E-03 1.83078E-03 

O-16 4.25838E-03 4.16725E-03 

C-Natural 7.09847E-02 7.13218E-02 

Si-Natural 4.91990E-03 4.81462E-03 

Density (g/cc) 2.59876 2.58017 

 

 

(a) Effective Multiplication Factor             (b) keffErrorandMaximumPowerError

Figure 5.A.2 DeCART Depletion Calculation Results with 47-G HELIOS Library
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(a) Effective Multiplication Factor             (b) keffErrorandMaximumPowerError

Figure 5.A.3 DeCART Depletion Calculation Results with 190-G DeCART Library

 

Compared to the Monte Carlo solutions, DeCART underestimates keff by maximum 160 

pcm at all the burnup steps. The maximum block power errors are 2.5% at all the burnup 

steps. Compared to the depletion calculation results with the 47 group HELIOS library 

reported previously, the accuracy of DeCART depletion calculation, especially for keff, was 

improved significantly. Note that the keff error at 1200K with the 47 group HELIOS 

library was about 1200 pcm.

 

b) Coupled Neutronics and Thermo-Fluid Calculation

The seven-column benchmark problems developed for the coupled analysis were analyzed 

using DeCART and CORONA. Figure 5.A.4 and Table 5.A.2 show the geometry and 

thermo-fluid parameters of those problems, respectively. Two problems were considered: a 

seven regular column case (Case A) and a six regular column case with one control 

column (Case B). Cross-flow gaps between blocks are neglected. Six fuel blocks designed 

for PMR200 are stacked to form the active part of the column. Top and bottom reflectors 

are placed above and below the active part. The heights of the top and bottom reflectors 

are 120 and 160 cm, respectively. Each column is surrounded by 1mm radial helium gap, 

which makes 2mm radial gap between columns. The control rod is fully withdrawn and the 

control rod channel is open to a helium flow all the way to the out-surface of the bottom 

reflector. An adiabatic boundary condition is adopted at the outer surfaces of the helium 

gaps for thermo-fluid calculations. For neutronics calculation, a vacuum boundary condition 

is employed at the out-surfaces of the top and bottom reflectors; a radially reflective 

boundary condition is employed at artificial boundary surfaces shown in Figure 5.A.4. A 

large helium hole in the control column cannot be modeled in the DeCART code at the 

current version. Therefore, it is assumed that graphite is filled in the control rod hole 

instead of helium.
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Parameters Unit Values
Parameters

Unit Values

Total Thermal Power MW 21.21 Compact Thermal Conductivity W/mK 6.85

Total Helium Flow Rate kg/s 8.89 BP Thermal Conductivity W/mK 6.85

Core Operating Pressure MPa 7.0 Graphite Thermal Conductivity W/mK 29.97

Helium Inlet Temperature
o
C 490.0 Control Rod Position Fully out

Figure 5.A.4 Geometry of the Seven-Column Benchmark Problem for Coupled Calculation

 

Table 5.A.2 Thermo-fluid parameters of the Seven-Column Benchmark Problem

   

Table 5.A.3 shows the calculated flow distributions by the CORONA code for the 

seven-column benchmark problems. In Case A, 3.8% of the coolant flow is bypassed 

through the gap between blocks. In Case B, the flow through the bypass gaps is slightly 

reduced to 3.6%, and 11.1% of the coolant flow goes through the control rod hole.

  

Table 5.A.3 Calculated Flow Distributions of the Seven-Column Benchmark Problems

Regions
Coolant velocity (m/s) Flow fraction (%)

Case A Case B Case A Case B

Large coolant hole 17.7 16.0
96.2 85.3

Small coolant hole 15.4 13.9

Bypass gaps 8.3 7.7 3.8 3.6

Control rod hole N/A 37.0 N/A 11.1

 

 Figure 5.A.5 shows the calculated axial power and fuel temperature distributions for Case 

A. For comparison, the result with a uniform power is presented as well. The uniform 

power was initially assumed for the CORONA calculation. The data exchange between 

CORONA and DeCART was performed six times until the solutions were converged. The 

result of the coupled calculation shows the highest power peak at the top due to the 

temperature feedback and the presence of the top reflector. A small peak at the bottom is 

due to the presence of the bottom reflector. High temperature peaks are observed at the 

high power peak regions.
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Figure 5.A.5 Calculated Axial Power and Fuel Temperature Distributions for Case A.

 

Figure 5.A.6 shows the calculated axial power and fuel temperature distributions for Case 

B. The profiles are similar with those of Case A. The amount of power generated in the 

control column is similar to that of the standard fuel column although it contains a less 

number of fuel compacts. This is due to the assumption that the control rod is filled with 

graphite in the DeCART model. Figures 5.A.7 and 5.A.8 show the local power and 

temperature profiles in the control column, respectively. High power densities are shown 

around the control rod hole. However, the temperatures at the regions are not so high 

because of the convective cooling through the control rod hole. The symmetric behaviors 

are well shown in Figures 5.A.7 and 5.A.8. Therefore, it is concluded that the results of 

the coupled analyses for the present benchmarks are qualitatively reasonable.

  

Figure 5.A.6 Calculated Axial Power and Fuel Temperature Distributions for Case B.
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Figure 5.A.7 Calculated Relative Power Densities in the Top Plane of the Control Fuel 

Column of Case B.

 

Figure 5.A.8 Calculated Fuel Temperatures in the Bottom Plane of the Control Fuel 

Column of Case B.

(Maximum Value within Unit Cell)
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Task 5B: Prismatic-type HTR Critical Experiment Analysis (ANL)

a) Modeling HTTR Experiments

The High Temperature Engineering Test Reactor (HTTR) was built in 1992 by the Japan 

Atomic Energy Research Institute (JAERI) for the irradiation test that a prismatic block 

type core structure was proposed with a thermal power rating of 30 MW and a coolant 

outlet temperature of 850
o
C. The active core of HTTR consists of 30 fuel columns and 7 

control rod guide columns, which have a height of 2.9 m and an effective diameter of 2.3 

m. Each column is composed of 9 prismatic hexagonal blocks piled up axially. A prismatic 

block is 58 cm high and 36 cm wide across the flats. A fuel column consists of 2 top 

reflectors, 5 fuel blocks, and 2 bottom reflector blocks. The five fuel blocks are loaded 

with differently enriched fuels.

Before fuel loading, the whole fuel region in the core is filled with graphite dummy 

blocks. To implement an annular core, the loading order of the fuel columns into the core 

was determined: the fuels are loaded at first into the outermost rings of the active core and 

sequentially loaded into the core center. In experiments, the first critical core was obtained 

with 19 fuel columns and all control rods fully withdrawn from the core. After the first 

criticality, subsequent core criticality was maintained by inserting control rods in the core. 

An actual full core model of HTTR was established for DeCART calculations, in which BP 

rods are axially heterogeneous in a fuel block: two pieces of BP rods with 20 cm high 

each are apart with 10 cm distant and are loaded in the middle of fuel block with graphite 

rods of 4 cm thick at top and bottom. This requires five MOC planes with different 

compositions for each fuel block, leading to a large number of axial meshes. It would be 

difficut for DeCART to solve since thin 2D MOC planes with 4 cm thick involve 

relatively large axial leakage contributions and could cause a numerical stability problem in 

the 2D/1D methodology.

In order to reduce the large computational burden, the BP compositions were smeared, 

keeping the mass of composition the same and reducing the radius of BP rods. According 

to MCNPX results from two different models in terms of BP configurations, keff of the 

core with homogeneous BP rods with the reduced radius was ~400pcm smaller than that of 

the core with the original heterogeneous BP configuration ( 1.15693 ± 0.00010 vs. 1.15284 

± 0.00010 ).Theaxial power distributions agreed very well between the different axial 

configurations of BP rods. This change was not desirable, but it was helpful to produce 

preliminary results because obtaining the DeCART solutions for actual heterogeneous BP 

configurations was delayed due to the limited processors available and the numerical 

stability issue with thin planes.

Using the axially homogeneous BP configuration, the fuel loading experiment of HTTR was 

simulated with DeCART, starting from 12 up to 30 fuel columns. Due to asymmetry of 

fuel loading, 3D full core calculations were performed. The DeCART results showed that 

criticality was achieved between 17 and 18 fuel loadings while the experiments reached 

criticality between 18 and 19 fuel loading. DeCART overestimated keff by 1700~1900 pcm 

upto 18 fuels compared to the experiments, but the difference in keff became smaller with 

more fuel loading.

As can be seen in Table 5.B.1 and Figure 5.B.1, the trend of large overestimation of keff 

in DeCART is infact the same as shown in MCNP results, but the magnitude is smaller by 

~1300 pcm. The boron impurity of graphite blocks has been so far known as one of the 

reasons for that large discrepancy.
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Column Experiment(E) DeCART (D) MCNPX(M) D – E, pcm D – M, pcm

12 0.9481 0.96477  1667  

15 0.9652 0.98228  1708  

16 0.9701 0.98782  1772  

17 0.9785 0.99717  1867  

18 0.9913 1.00913 1.02245 ±0.00010 1783 -1304

19 1.0152 1.02759  1239  

21 1.0417 1.05733  1563  

24 1.0842 ±2.0% 1.09843 1.11072 ±0.00010 1423 -1229

27 1.1198 1.13134  1154  

30 1.1363 ±3.6% 1.13991 1.15284 ±0.00010 361 -1293

Comparisons of DeCART and MCNPX solutions were performed for 18, 24, and 30 fuel 

loadings only. The radial block-average power distributions for selected planes were 

compared between MCNPX and DeCART: top and bottom planes and the 6
th
 plane from 

top which is almost a middle plane of the core. Those block-average power distributions 

agreed very well between MCNPX and DeCART within maximum 1.45% and RMS 0.84%. 

Relatively larger differences occurred at the bottom plane partly because of the larger 

statistical error of MCNPX in the low power region.

 

Table 5.B.1 Core Multiplication Factors with Progressive Fuel Loading of HTTR
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Figure 5.B.1 First Criticality Test of HTTR
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L19

L21

Figure 5.B.2 Fuel Loading and Integrated Intermediate-group Flux Distributions of HTTR

Figure 5.B.2 illustrates the integrated intermediate-group flux distributions, 1.8 eV < E < 20 

keV, for the HTTR cores with 19 and 21 fuel loadings. The flux change with progress of 

fuel loading is shown distinct, yielding almost symmetry in the flux distribution from 21 

fuel loading. 

 

b) Modeling VHTRC Experiments

The very high temperature reactor critical assembly (VHTRC) is a split-table critical 

assembly which was built at the Japan Atomic Energy Research Institute (JAERI) in 1994 

to support the development of the 30 MWt High Temperature Engineering Test Reactor 

(HTTR). The assembly is composed of two split hexagonal-prism half assemblies sounded 

by a graphite reflector, as shown in Figure 5.B.3. Each half assembly is loaded with 

pin-in-block fuel of low enriched uranium in the oxide form. Fuel rods are inserted in 

holes in the graphite block. Fuel compacts in the fuel rod are made of coated fuel particles 

dispersed in the graphite matrix. A fuel rod is an annular type which contains air inside. 

The outer annular of the fuel rod is the graphite sheath surrounded by graphite block. The 

fuel rods are only in the blocks of the second ring and in six of the twelve blocks in the 

third ring, total twelve blocks. The height of VHTRC is 240 cm including an actual core 

of 145.4 cm and top and bottom reflectors of 47.3 cm each.

Physical parameters measured in the experiments include core criticality, control rod and 

burnable poison worths, isothermal temperature defects and coefficients, flux distributions, 

and delayed neutron fraction. In the experiments, the assembly reached a critical state at 

room temperature and then was heated stepwise up to about 200 °C by using electric 

heaters. At each step of temperatures, the assembly temperature was kept constant so that 

an isothermal condition was achieved.
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The VHTRC benchmark problem consists of two parts: VH1-HP and VH1-HC. While 

VH1-HP requires the determination of the temperature reactivity coefficients for five 

temperature steps and core physics parameters, VH1-HC requires the determination of the 

effective multiplication factors for two temperature states at which the core is nearly 

critical. The VH1-HP benchmark uses B-4 type fuel pins with 4 wt% uranium-enrichment 

and 29% fuel packing fraction, while the 2
nd

 step of the VH1-HC benchmark contains B-2 

type fuel pins with 2 wt% enriched uranium and 29.5% fuel packing fraction.

The VH1-HP benchmark includes 12 fuel blocks in the 2
nd 

and 3
rd

 hexagonal block rings. 

Each fuel block has twelve B-4 type fuel pins. A fuel pin is an annular type in which the 

inner region contains air. The fuel region contains the fuel compacts with dispersed coated 

fuel particles which are composed of inner kernel with enriched UO2 fuel, an intermediate 

buffer region, and an outer SiC region. The VH1-HC benchmark includes six additional 

fuel blocks containing twelve B-2 type fuel pins at the 3rd hexagonal block ring. The two 

benchmarks are shown in Figure 5.B.3.

Figure 5.B.3 (a) Bird’s Eye View of VHTRC, (b) VH1-HP, and (c) VH1-HC

The assembly was heated from room temperature to 199.6 °C for VH1-HP and to 200.3 °C 

for VH1-HC by using cartridge type electric heaters inserted axially in the radial reflector. 

At the room temperature, the assembly was critical in experiments corresponding to both 

VH1-HP and VH1-HC problems. During assembly heating, the assembly temperature was 

kept constant so that isothermal condition was made at several steps of assembly 

temperature. Subcritical reactivity was measured by the pulsed neutron method in the 

experiment corresponding to VH1-HP, whereas critical point was measured by fuel rod 

addition and control rod adjustment in the experiment corresponding to the second step of 

VH1-HC.

  DeCART calculations were performed for both VH1-HP and VH1-HC problems with 

different temperature conditions. The differences in keff between DeCART and measurements 

are 800 to 1000 pcm for the VH1-HP problem as listed in Table5.B.2. Since DeCART and 

MCNP5 were in good agreement each other within 100 pcm at the room temperature for 



- 141 -

the problem, that large difference would be attributed to the mismatch in compositions, 

cross section data, temperature effect, and measurement uncertainties.

The calculated isothermal temperature coefficients (ITCs) were compared with the measured 

in Table 5.B.3. The difference in ITC between DeCART and measurements shows a trend 

that ITC from DeCART is more negative at low temperature and more positive at high 

temperature compared to the measurements. Due to that compensation, average ITC over 

25.5 - 199.6 °C is found to agree very well with the measurement. The keff estimation of 

DeCART for VH1-HC shows similar accuracy to that for VH1-HP, as shown in 

Table5.B.3. The experimental data of ITC for the second step of VH1-HP was not given.

We analyzed two Japanese experiments: HTTR and VHTRC. In the HTTR analysis, using 

the axially homogeneous BP configuration, the fuel loading experiment of HTTR was 

simulated with DeCART, starting from 12 up to 30 fuel columns. Due to asymmetry of 

fuel loading, 3D full core calculations were performed. The DeCART results showed that 

criticality was achieved between 17 and 18 fuel loadings while the experiments reached 

criticality between 18 and 19 fuel loading. DeCART over estimated keff by 1700 ~ 1900 

pcm upto 18 fuels compared to the experiments, but the difference in keff became smaller 

with more fuel loading.

 

Table 5.B.1 Core Effective Multiplication Factors for VH1-HP

Temp (°C) Experiment(E) DeCART(D) D – E, pcm

25.5 1.008 1.01865 1100

71.2 1.001 1.00966 900

100.9 0.996 1.00436 800

150.5 0.987 0.99632 900

199.6 0.979 0.98922 1000

 

Table 5.B.2 Isothermal Temperature Reactivity Coefficients for VH1-HP

Temp (°C) 25.5 – 71.2 71.2 – 100.9 100.9 – 150.5 150.5 – 199.6 25.5 – 199.6

Experiment(E) -15.6 -17.9 -18.1 -17.7 -17.3

DeCART(D) -19.1 -17.6 -16.2 -14.7 -16.8

% Diff. 22 -2 -10 -17 -3

* Unit: 10
-5 Δρ/°C

Table 5.B.3 Core Effective Multiplication Factors for VH1-HC

Temp (°C) Experiment(E) DeCART(D) D – E, pcm

8.0 
a)

1.010 1.02240 1200

200.3 
b)

0.998 1.00548 800

a) 1
st
stepofVH1-HCwhichhasthesamecoreconfigurationwithVH1-HP

b) 2
nd

stepofVH1-HCwhichhassixmoreB-2typefuelblocksthanVH1-HP

The trend of large overestimation of keff in DeCART is in fact the same as shown in 

MCNP results, but the magnitude is smaller by ~1300 pcm. The boron impurity of graphite 

blocks has been so far known as one of the reasons for that large discrepancy.
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Comparisons of DeCART and MCNPX solutions were performed for 18, 24, and 30 fuel 

loadings only. The radial block-average power distributions for selected planes were 

compared between MCNPX and DeCART: top and bottom planes and the 6th plane from 

top which is almost a middle plane of the core. Those block-average power distributions 

agreed very well between MCNPX and DeCART within maximum 1.45% and RMS 0.84%. 

Relatively larger differences occurred at the bottom plane partly because of the larger 

statistical error of MCNPX in the low power region.

In the VHTRC analysis, DeCART calculations were performed for both VH1-HP and 

VH1-HC problems with different temperature conditions. The differences in keff between 

DeCART and measurements are 800 to 1000 pcm for the VH1-HP problem. Since 

DeCART and MCNP5 were in good agreement each other within 100 pcm at the room 

temperature for the problem, that large difference would be attributed to the mismatch in 

compositions, cross section data, temperature effect, and measurement uncertainties.

The calculated isothermal temperature coefficients (ITCs) were compared with the measured. 

The difference in ITC between DeCART and measurements shows a trend that ITC from 

DeCART is more negative at low temperature and more positive at high temperature 

compared to the measurements. Due to that compensation, average ITC over 25.5 - 199.6 

°C is found to agree very well with the measurement. The keff estimation of DeCART for 

VH1-HC shows similar accuracy to that for VH1-HP. The experimental data of ITC for the 

second step of VH1-HP was not given.

The two models of VHTRC experiments, VH1-HP and VH1-HC, were calculated with 

MCNP5 to tally pin power distributions. The pin powers were tallied for 10 axial planes to 

compare with those from DeCART solutions. Even though the cores were 30-degree 

symmetric, MCNP solutions were found to be asymmetric because of its statistical nature 

and thus the pin power obtained from full core calculations of MCNP were averaged at 

symmetric locations. Comparisons of pin power distributions between DeCART and MCNP 

showed very good agreements within maximum and RMS differences of 1.5% and 0.7% for 

VH1-HP and 1.9% and 0.7% for VH1-HC. The maximum difference of 1.9% for VH1-HC 

came from the top plane where the relative power is ~0.6%. Figure 5.B.4 shows the pin 

power comparisons for the middle plane.

Our validation results of MCNP and DeCART against HTTR and VHTRC experiments 

showed about 2~3% and about 1% overestimation of keff, respectively, compared to 

measurements. Recently, we have noticed that the capture cross sections of carbon were 

increased in the new nuclear data JENDL 4.0 (2010) and ENDF/B-VII.1 b3 (2011), 

compared to the previous ones such as ENDF/B-VI.8 (2001), ENDF/B-VII.0 (2006), JENDL 

3.3 (2002), and JEF 3.1 (2005). The magnitude of the difference is as much as about 14%, 

as seen in Figure 5.B.5. Even though the magnitude of thermal capture cross sections of 

carbon is just in the range between 10-2 and 10-4 barns, the effect of that change should 

be large for such a VHTR core which is composed of a large amount of graphite. In order 

to examine the impact of carbon cross section change to keff, MCNP calculations were 

performed for the two HTR experiments using ENDF/B-VII.0 and ENDF/B-VII.1 b3. For 

clear comparison, two MCNP calculations were conducted by switching carbon cross 

sections only between ENDF/B-VII.0 and ENDF/B-VII.1 b3. Comparison results show in 

Table 5.B.4 that the keff of MCNP with the new carbon cross sections from ENDF/B-VII.1 

b3 was reduced significantly by 0.9~1.6% for HTTR and ~1.2% for VHTRC. With the new 

carbon cross sections, keff of MCNP and DeCART would be in much better agreement 

with measurements for both experiments.
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Figure 5.B.4 Comparison of Pin Powers for the Mid-plane of VH1-HP and VH1-HC of 

VHTRC 
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Core Exp. k-eff Dk, pcm

E6 E7 E7.1 E6 E7 E7.1

 

HTTR

18 0.9913 1.02245 1.02501 1.00933 3115 3371 1803

24 1.0842 1.11072 1.11313 1.09991 2652 2893 1571

30 1.1363 1.15284 1.15403 1.14491 1654 1773 861

VHTRC VH1-HP 1.008 1.01930 1.02337 1.01145 1130 1537 345
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Figure 5.B.5 Capture Cross Sections of Carbon from Nuclear Data

 

Table 5.B.4 Comparison of kefffromMCNPUsingDifferentNuclearData
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