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DEVELOPMENT TEAM

ÁMonte Carlo (MC) development at UNIST (Since 2013. )
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GENERAL OVERVIEW

ÁMonte Carlo Code MCS
ÅLanguage: Fortran  2003

ÅPurpose
Large Scale Reactor Analysis״ with accelerated Monte Carlo simulation

University research: MC methodology development, advanced reactor design״

ÅGeneral 3-D geometry (CSG) 

ÅNuclear Data
 ENDF-B/VII.0 and ENDF-B/VII.1״

Continuous energy and multi״ -group

Double indexing method״

ÅPhysics
Resonance upscattering״ (DBRC, FESK)

Probability  table method״

S(♪ȟ♫)״

ÅAcceleration
MOC and MC Hybrid solver״

Modified power iteration״

ÅParallelism
Parallel fission bank״

ÅDepletion
CRAM , MEM, Krylov״ Subspace

Hybrid depletion״
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On the fly Doppler broadening״
CTF coupling״

Wielandt״ method
CMFD״

Gamma transport״
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FUNCTIONS 

ÁCollision Kernel
ÅProbability -table

ÅResonance Up-scattering (DBRC)

ÁAcceleration Technique
ÅModified Power Method

ÅCoarse Mesh Finite Difference (CMFD)

ÅMC-MOC Hybrid

ÁFeedbacks
ÅDepletion

ÅHybrid Depletion

ÅSimple TH1D coupling

ÅCobra-TF (CTF) Coupling

ÅMultipole (On -The-Fly Doppler broadening)

ÅSIGMA1 Kernel (inline broadening)

ÁETC
ÅImage

ÅGamma Transport

ÅIndexing

ÅTriso Particle Sampling

ÅParallel Fission Bank
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FUNCTIONS

Probability -table 
(unresolved resonance range)
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PROBABILITY TABLE METHOD

ÁENDF data provide average cross section in 
the unresolved resonance range
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Resolved 
Resonance

Unresolved 
Resonance

Total cross section of U-235



PROBABILITY TABLE METHOD

ÁProbability distribution for the total cross section at 20 KeV
(solid) and 140 Kev (dashed) of U -238
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PROBABILITY TABLE METHOD

ÁThe International Criticality Safety Benchmark Experimental 
Problem (ICSBEP)
ÅWell -publicized neutronics benchmark problems

ÅAEN-NEA
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International Handbook of Evaluated Criticality Safety Benchmark Experiments, NEA/NSC/DOC(95)03, OECD     Nuclear Energy, 2005.

PU-MET-019



PROBABILITY TABLE METHOD
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Case Handbook ID Experiment keff (Uncertainty) Case Handbook ID Experiment keff (Uncertainty)

1 HEU-MET-FAST-001 1.00000 (0.00100) 14 PU-MET-FAST-002 1.00000 (0.00200)

2 HEU-MET-FAST-003, case2-1 1.00000 (0.00500) 15 PU-MET-FAST-019 0.99920 (0.00150)

3 HEU-MET-FAST-003, case2-2 1.00000 (0.00500) 16 PU-MET-FAST-022 1.00000 (0.00210)

4 HEU-MET-FAST-003, case2-3 1.00000 (0.00500) 17 PU-SOL-THERM-001-case16-1 1.00000 (0.00520)

5 HEU-MET-FAST-003, case2-4 1.00000 (0.00500) 18 PU-SOL-THERM-001-case16-5 1.00000 (0.00520)

6 HEU-MET-FAST-028 1.00000 (0.00300) 19 PU-SOL-THERM-011-case18-1 1.00000 (0.00520)

7 HEU-SOL-THERM-013, case 1 1.00120 (0.00260) 20 PU-SOL-THERM-011-case18-6 1.00000 (0.00520)

8 HEU-SOL-THERM-013, case 2 1.00070 (0.00360) 21 U233-MET-FAST-001 1.00000 (0.00100)

9 HEU-SOL-THERM-013, case 3 1.00090 (0.00360) 22 U233-MET-FAST-002 1.00000 (0.00100)

10 HEU-SOL-THERM-013, case 4 1.00030 (0.00360) 23 U233-MET-FAST-003 1.00000 (0.00100)

11 IEU-MET-FAST-015 1.00070 (0.00110)

12 IEU-SOL-THERM-002 1.00010 (0.00540)

13 PU-MET-FAST-001 1.00000 (0.00200)



PROBABILITY TABLE METHOD
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Case

with probability table without probability table

MCS MCNP MCS MCNP

keff SD keff SD keff SD keff SD

1 0.99998 0.00010 0.99994 0.00008 0.99998 0.00009 0.99985 0.00007

2 1.00832 0.00010 1.00846 0.00008 1.00930 0.00009 1.00955 0.00008

3 1.00913 0.00009 1.00945 0.00008 1.00997 0.00010 1.00999 0.00008

4 1.01256 0.00009 1.01271 0.00009 1.01064 0.00010 1.01087 0.00009

5 1.01676 0.00010 1.01701 0.00008 1.01278 0.00010 1.01291 0.00007

6 1.00301 0.00009 1.00284 0.00008 1.00313 0.00009 1.00309 0.00009

7 0.99873 0.00007 0.99871 0.00007 0.99876 0.00007 0.99868 0.00007

8 0.99758 0.00007 0.99769 0.00008 0.99774 0.00008 0.99793 0.00024

9 0.99426 0.00008 0.99421 0.00008 0.99419 0.00008 0.99432 0.00042

10 0.99597 0.00009 0.99570 0.00009 0.99585 0.00008 0.99568 0.00009

11 0.99938 0.00008 0.99928 0.00012 0.99798 0.00008 0.99820 0.00019

12 1.00849 0.00006 1.00852 0.00011 1.00850 0.00006 1.00864 0.00011

13 1.00017 0.00011 0.99986 0.00007 1.00013 0.00011 0.99977 0.00008

14 1.00028 0.00011 0.99990 0.00008 1.00033 0.00010 1.00008 0.00008

15 0.99770 0.00011 0.99782 0.00008 0.99838 0.00011 0.99835 0.00008

16 0.99861 0.00011 0.99857 0.00007 0.99862 0.00012 0.99852 0.00008

17 1.00992 0.00012 1.01009 0.00011 1.01013 0.00013 1.00990 0.00010

18 1.00618 0.00013 1.00614 0.00012 1.00622 0.00013 1.00642 0.00011

19 0.99424 0.00011 0.99448 0.00009 0.99429 0.00010 0.99423 0.00009

20 1.00028 0.00011 0.99999 0.00012 1.00009 0.00011 1.00010 0.00010

21 0.99967 0.00010 0.99959 0.00007 0.99973 0.00010 0.99983 0.00007

22 0.99922 0.00011 0.99912 0.00007 0.99926 0.00010 0.99907 0.00008

23 0.99838 0.00011 0.99860 0.00008 0.99899 0.00011 0.99889 0.00008



PROBABILITY TABLE METHOD
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FUNCTIONS

Resonance Up-scattering (DBRC)
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RESONANCE UPSCATTERING
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ÁThe sampling of the target velocity method is based on 
the probability function:

which is directly obtained from the Doppler broadening eq
uation.

Ã Commonly Monte Carlo codes assume:
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ü The temperature effect is kept but the XS dependence is ne
glected: Wigner-Wilkins scattering kernel
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RESONANCE UPSCATTERING

ÁDirect implementation of the resonant scattering kernel: Doppler 
Broadening Rejection Correction (DBRC)
ÅIdea: Modification of the approximated MCNP SVT probability function; 

removal of the constant XS assumption

ÁThe basic PDF can be rewritten as:

with the normalization constant C:

ˋmax(E̩,0) is the maximal cross section in an specific dimensionless speed interval ̩

(like in NJOY):

4 4
B B B

AEAE AE

k T k T k T

x
- ¢ ¢ +
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RESONANCE UPSCATTERING

Á This leads to:

Ã (2) + (3): standard MCNP rejection and sampling

Ã (1): an additional rejection in terms of cross sections is added to 

the code. This term completes the full Doppler broadening of 

the kernel

(1)

(2)

(3)

ÒÅÆȡ $ÒȢ "ÅÃËÅÒȭÓ ÐÒÅÓÅÎÔÁÔÉÏÎ ÁÔ ςπρπ -ÁÙ ρχ-21 ORNL Meeting



RESONANCE UPSCATTERING

ÁMosteller UO2 benchmark problem
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FUNCTIONS

Modified Power Method
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Power Method (PM)
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Modified Power Method (MPM)
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The general solution strategy

ÁAlgorithm:
Å1. Apply power iteration to

Å2. Obtain the integrations over every 
subregions :

Å3. Calculate the transfer matrix:

Å4. Apply eigen decomposition to transfer 
matrix:

Å5. Get the correction matrix:

Å6. Update the eigenfunctions :

Å7. Determine the convergence. 
If not, goto 1.
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3D PWR core problem
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3D PWR core problem

Method Eigenvalue Results ki/k0

Original power 

method
k0 1.01936 (4) --

MPM_6_6_6_16mod

es

k0 1.01945 (4) --

k1 1.01084 (8) 0.9916

k2 1.01078 (7) 0.9915

k3 1.00635 (7) 0.9872

k4 0.99907 (8) 0.9800

k5 0.99827 (8) 0.9792

k6 0.99816 (7) 0.9791

k7 0.99138 (8) 0.9725

k8 0.98691 (7) 0.9681

k9 0.98498 (7) 0.9662

k10 0.97937 (8) 0.9607

k11 0.97999 (9) 0.9613

k12 0.97695 (8) 0.9583

k13 0.97672 (7) 0.9581

k14 0.97523 (8) 0.9566

k15 0.97603 (8) 0.9574

2017-03-022014 Korean Nuclear Society Fall 25



3D PWR core problem
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3D PWR core problem
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FUNCTIONS

Coarse Mesh Finite Difference Method
(CMFD)
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Effect of MC-CMFD on active cycle

ÁCMFD Method
ÅCoarse Mesh Finite Difference Method.

ÅOriginally developed for storage 
reduction.

ÅFast convergence of nodal solutions.

ÅVery effective in accelerating source 
convergence in direct whole core 
transport calculation.

ÅSignificant reducing in the number 
inactive cycles in MC eigenvalue 
calculation.

29

ÁAlgorithm



Monte Carlo - CMFD

Á1-Dimensional CE Problem
ÅProblem specification

1D slab problem״

2.1wt% enriched UO״ 2 fuel, zirconium cladding, and water were mixed.

histories per cycle/ 1,000 inactive cycles / 1,000 active cycles 1,000,000״

Black boundary condition״

CMFD start from 1,000 inactive cycle״

CMFD mesh = 260״

Window size = 10״

30

Isotope Density (g/cm3)

235U 1.88E-01

238U 8.50E+00

237Np 2.90E-03

238Pu 5.99E-04

16O 1.21E+00

91Zr 6.45E-01

92Zr 9.97E-01

94Zr 1.03E+00

96Zr 1.70E-01

1H 8.27E-02

x=0.0 cm x=260.0 cm



Effect of MC-CMFD on active cycle

Á1D CE Problem
ÅPlot the fission reaction rate for each cycle and simulation

ÅTo check the CMFD gave the correct solution or not

ÅFission reaction rate at most left mesh for 260 mesh tally

31

x=0.0 cm x=260.0 cm

1 260

Mesh index

ȢȢȢȣ

ȢȢȢȣ2



Effect of MC-CMFD on active cycle

Á1D CE Problem 
ÅDominance ratio = 0.9956

32



Numerical test results

Á3D 1G Problem (20.00cm)
Å3-Dimensional 1 -Group

ÅBlack boundary condition

ÅActive cycle: 1,000

ÅInactive cycle: 100

ÅHistories/cycle: 1,000,000

ÅNumber of simulation : 10

33

Á3D 1G Problem (100.00cm)

Å3-Dimensional 1 -Group

ÅBlack boundary condition

ÅActive cycle: 1,000

ÅInactive cycle: 100

ÅHistories/cycle: 1,000,000

ÅNumber of simulation : 10

ÅWindow size: 10

20cm

20cm

20cm

100cm

100cm

100cm



Numerical test results

Á3D 1G Problem
ÅReal & Apparent RMS STD
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Numerical test results

Á3D 1G Problem
ÅAutocorrelation Coefficient
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FUNCTIONS

MC-MOC Hybrid Method
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MC-MOC HYBRID

ÁHybrid of MC & MOC
ÅMC for resonance energy 

ÅMOC for thermal and fast energy

37

MC MOC

Method Probabilistic Deterministic

Data Continuous energy Multi-group

Accuracy High Low

(Ȣ ,ÅÅȟ 3Ȣ #ÈÏÉȟ $Ȣ ,ÅÅȟ Ȱ! (ÙÂÒÉÄ -ÏÎÔÅ #ÁÒÌÏȾ-ÅÔÈÏÄ-of-#ÈÁÒÁÃÔÅÒÉÓÔÉÃÓ -ÅÔÈÏÄ ÆÏÒ %ÆÆÉÃÉÅÎÔ .ÅÕÔÒÏÎ 4ÒÁÎÓÐÏÒÔ !ÎÁÌÙÓÉÓȟ Ȱ Nucl. Sci. 
Eng., 180 (1) pp.30-40 (2015)



MC-MOC HYBRID

ÁHybrid form of neutron transport equation
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MC-MOC HYBRID

ÁScattering source from MOC to MC
ÅMulti -group -> continuous energy 

ÁSlowing-down source neutron energy distribution
ÅAnalytic form of slowing down equation is derived
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MODEL PROBLEM

A single pin cell with 8 group macroscopic cross section

ÁMonte Carlo
ÅMulti -group

ÅContinuous energy

ÁMOC
ÅAzimuthal/polar/ray space = 128/10/0.01

ÁHybrid
Å1 ɀ2 groups: MOC

Å3 ɀ4 groups: MC

Å5 ɀ8 groups: MOC

40

Fuelradius: 0.49cm

Cladradius: 0.55cm

Coolant1 radius: 0.6545cm

Coolant2 pitch: 1.47cm



Á Material composition

Á Energy boundary

MODEL PROBLEM

Group Upper boundary Lower boundary
1 1.00E+07 8.21E+05
2 8.21E+05 5.53E+03
3 5.53E+03 4.00E+00
4 4.00E+00 6.25E-01
5 6.25E-01 2.80E-01
6 2.80E-01 1.40E-01
7 1.40E-01 5.80E-02
8 5.80E-02 1.00E-05

mputational eactor physics & xperiment lab. 41

Region T(K) Nuclide
Number Density

(#/barn -cm)

Fuel 300

U-235 7.30E-04

U-238 2.18E-02

O-16 4.51E-02

Clad 300 Zr-90 2.23E-02

Coolant

1&2
300

H-1 4.86E-02

O-16 2.43E-02



VERIFICATION

ÁTallied Elastic: tallied during elastic Monte Carlo

ÁTallied Inelastic + Elastic: tallied during Monte Carlo

ÁInelastic SDP is small relative to elastic SDP

42



VERIFICATION

Method Keff Stdev3)
Error

FOM
(pcm)

MC 1.38339 0.00010 - 9,531

MOC 1.38011 - 328 -

HYBRID_A1) 1.38303 0.00004 36 612,130

HYBRID_T2) 1.38311 0.00004 28 54,796

43

1) HYBRID_A = hybrid method with analytic SDP
2) HYBRID_T = hybrid method with tallied SDP
3) Stdev= standard deviation

MC: 50/1000/100000  (active/inactive/history)

HYBRID: 10/100/100000 (active/inactive/history)



VERIFICATION

ÁReactivity error
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FUNCTIONS

Depletion
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Implementation of depletion module

ÁData library
ÅENDF/B-VII.0 for transport calculation

ÅSame decay and fission yield data with McCARD

Å1,374 isotopes is considered in burnup calculation

ÁDepletion solver
ÅChebyshev Rational Approximation Method(CRAM) with 16 order

ÅAcceleration of the matrix solver with sparse Gauss Seidel

ÅParallel depletion

ÁBurnup interval treatment
ÅSemi/full predictor -corrector method

ÁHybrid depletion
Å72-group XSs from STREAM(in-house lattice code)

Å1-group condensation with 1 -group flux solution of MCS

ÅMemory reduction in reaction rates tally

2017-03-02 46



Verification(Model description : 1/3)

Á3.1% enriched UO 2 fuel pin from VERA Benchmark
ÅGeometry

ÅTemperature: Fuel ɀ900K / Clad and Moderator ɀ600K

ÅPower density: 40W/ gU

Å3 equi -volumetric burnup regions

Å20000(Histories per cycle)/80(Active)/20(Inactive)

ÅFull predictor -corrector

ÅHELIOS kappa(McCARDdefault)

2017-03-02 47



DEPLETION

ÁVERA Benchmark
Å3.1% Enrichment, No BP

2017-03-02 48



MEM vs CRAM
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FUNCTIONS

Hybrid Depletion
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Introduction

ÁHigh-fidelity full -core modelling capabilities for LWRs
ÅKord Smith Challenge

Depletion sub״ -regions(100 axial and 10 radial zones in a fuel pin)

ȷ50~60 million burnup regions(200~300 fuel pins for 200 fuel assemblies in a core)

pin 1%״ -power accuracy

Within one hour on a desktop computer״

Estimated that it will be 2030 before״

ÁMCS
ÅThe current MCS functions for the whole core depletion

Acceleration of depletion solver״

Parallelization of depletion module״

Indexing technique for high performance tally״

Hybrid depletion method for the reduction of computational requirements״

2017-03-02 51



Introduction

ÁThe main drawback of depletion calculation in Monte -Carlo 
method
Å9 reaction types are considered during the depletion calculation

ɉÎȟ ÁɊȟ ɉÎȟ ɾɊȟ ɉÎȟ ɻɊȟ ɉÎȟ ςÎɊȟ ɉÎȟ σÎɊȟ ɉÎȟ ÐɊ ÁÎÄ σ ɕ ɉÎȟ ÆɊ״

ȷ3-group fission reaction rates are required by employing 3 -group fission yields

Å400 axial burnable regions and 10 radial zones for one fuel rod

Å~250 isotopes in a burnup region (EOC for VERA pin depletion)

Å50,952 burnable regions (BEAVRS whole core)

Å8 byte for double precision data type

ÅVariables for the statistical process

●В●, В ,●״

Î ÔÈÅ -#3ȟ ȰВ●, В●ȱ ÁÒÅ ÁÌÌÏÃÁÔÅÄ ÉÎ ÏÎÌÙ ÏÎÅ ÐÒÏÃÅÓÓ ÆÏÒ ÐÁÒÁÌÌÅÌ ÄÅÐÌÅÔÉÏÎ(״

Å ȟ ╫◐◄▄.7 Tb
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Introduction

ÁHybrid depletion method
ÅNo reaction rate tallies since STREAM resonance treated XSs

Å72-group structures

reaction rates are calculated for every nuclides in every burnable regions (1״

Flux is calculated in every burnup region (2״

of burnable regions # * (of reaction type * # of nuclides + # of flux groups #) (3״

2017-03-02 53

MC Hybrid

Reaction type1) 9 -

Flux2) 1 72

Fuel pin cell 50,000 50,000

Axial domain 400 400

Radial ring 10 10

Nuclides 300 -

Data type 8 byte 8 byte

Total3) 4,322 Gb 115 Gb Reduced factor
: ~40 times 



Implementation(1/2)

ÁHybrid depletion method
Å72-group flux(MCS) + 72 -ÇÒÏÕÐ 83Óɉ342%!-Ɋ  ρ-group effective XSs

ÅParallel algorithm
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Fig. Flow scheme for parallel hybrid depletion



Implementation(2/2)

ÁHybrid depletion method
ÅData server

Management of the memory usage for generating MG״

Independently managed in other computational node״

ȷMG XSs can be generated during the transport simulation

ȷNo time requirement for reaction rates tally

ÅParallel depletion

Burnable regions are allocated as tasks in each thread״

MG XSs from STREAM are provided when they proceed the burnup״

ȷData communication
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Verification

Á3.1% enriched UO 2 fuel assembly from VERA Benchmark
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Preliminary results (1/2) ïTime requirement

Á3.1% enriched UO 2 fuel assembly from VERA Benchmark
ÅSingle core calculation

ÅHybrid method takes 10% less time than original MC depletion
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The specification of calculation cluster :
Intel Xeon CPU E5-2690 v2 3.00GHz, 250Gb memory

Unit. Second

MCS Hybrid

Transport 163,886 147,640

Read ACEXSs 252 258

Read Input 0.1 0.6

Depletion 771 678

Executiontime 164,909 148,577



Preliminary results (2/2) ïMemory requirement

Á3.1% enriched UO 2 fuel assembly from VERA Benchmark
ÅParallel calculation(40 thread)

ÅThe reduction factor is around 24.5 times
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The specification of calculation cluster :
Intel Xeon CPU E5-2690 v2 3.00GHz, 250Gb memory

Unit. Kb

MCS Hybrid

Geometry 6.6 6.6

Tracking 193.4 193.4

Indexing 6.6 6.6

Read ACSXSs 5.1Gb 5.1Gb

Material 4,734.9 4,738.3

Depletion 24,887 1,013



FUNCTIONS

TH1D
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TH1D Solution Method

ÁRadial heat conduction
Åaxial heat conduction is neglected

Åfuel rod is divided into multiple rings 
to get the radial temperature 
distribution
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Mesh structure fir heat conduction calculation
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TH1D Solution Method

ÁAxial heat convection in Coolant
Å1D, single-phase model

no boiling is considered״

Åconstant pressure

 only mass continuity and energy״
conversation equations are solved
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Coupled Problem Formulation

ÁNotation:
Ånuclide field 

Åtemperature distribution

Åneutron flux

ÁMCS find     and    by solving k-eigenvalue form of neutron 
transport equation:

ÁTH1D solves           and              :
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Iteration Methods

ÁGradient -ÂÁÓÅÄ ÍÅÔÈÏÄÓ ɉ.Å×ÔÏÎȭÓ ÍÅÔÈÏÄɊ
ÅJacobian

ÅJFNK

ÁFixed-point (Picard) iteration
ÅThe most common iterative approach

ÅAllows for independent MC and TH solvers which exchange flux, 
temperatures and desities .

:MCS starts with nuclide composition and temperature of last iteration״

:TH1D is called with updated flux distribution״
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Iteration Methods
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Transport 
Cycle Finished

START

Broadcast 
N(r ),T(r )

Power 
Distribution

END
Update Power 
Distribution

Stead State TH 
Calculation

T_cool, D_cool, 
T_fuel

Yes

No

Statistics of 
tally results

MCSTH1D

One cycle

Currently only the 
coolant density 
feedback is considered.



BEAVRS BENCHMARK

ÁBEAVRS benchmark (2013)
ÅPublished by MIT reactor physics group

ÅUpdated reactor challenge problem to replace the H -M benchmark

Å4 Contains detailed description of most reactor core components 

Åloop Westinghouse PWR
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BEAVRS TH CALCULATION

ÁBEAVRS CORE
Å# of fuel cells : 50952
Å# of axial meshes : 20
Å# of radial meshes : 3

ÅCell tallies : Fission (collision and track -length), 
absorption, flux

ÅLibrary : ENDF-B/VII.1 
ÅOpenW : On
ÅEquilibrium Xenon : On
ÅTH feedback : On
ÅCritical Boron Search : On
ÅTempdiff : 30 K

ÅActive : 40
ÅInactive : 4
ÅMulticycle : 300
ÅHistories : 100,000
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BEAVRS TH CALCULATION

Core Power 3,411 MW

Inlet Coolant Temperature 560 

Pressure 2,250 psia

Core Flow Rate 61.5Ǝ106 kg/ hr

Control Rod Position ARO
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keff 1.00001 0.00004

CBC 660 0.281 ppm

Memory per Process ~ 17 GB

Simulation Time 29.8hours

# of processes 48



CONVERGENCE CHECK

ÁSimulation time for TH1D solver is about 20 seconds

ÁDiverged pin
ÅIf TH1D solver diverges

ÅIf The solution is wrong

Fuel temperature is too high ( > 3,000 K)״

 Water density is negative״
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3D FIGURES

ÁNormalized power and Relative Standard Deviation
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3D FIGURES

ÁFlux and Relative Standard Deviation 
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3D FIGURES

ÁFuel temperature, coolant temperature, and coolant density
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3D FIGURES
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ÁRelative Statistical Error 
ÅFuel temperature : ~ 1.4 %

ÅCoolant temperature : ~ 0.07 %

ÅCoolant density : ~ 0.2 %



FUNCTIONS

CTF Coupling
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Introduction to CTF coupling

TH1D CTF

ConservedEqas Mass+Energy Mass+Energy+Momentum

Two-phase Model No Yes(Liquid+Vapor+Droplet)

Cross-Flow Model No Yes

Boron Tracking No Yes

DNBR Analysis No Yes

CalculationEfficiency High Low

Parallelism No Yes(Assembly-based)
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ÁT/H Feedbacks
ÅTH1D

Very simplified model״

ÅCTF
Sub-channel TH solver״



Iteration Methods ïOn the fly feedback
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Transport 
Cycle

START

Broadcast 
N(r ),T(r )

Power 
Distribution

END
Update Power 
Distribution

Stead State or 
Transient TH 
Calculation

T_cool, D_cool, 
T_fuel, Boron

Yes

No

Statistics of 
tally results

MCS
CTF shared 

library

All cycle 
finished?

One cycle

Inner cou
pling

Inner cou
pling



Coupling Interface 
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ÁCoupling Procedure

ÅRead MCS input file and generate input files 
for CTF_Preprocessor

ÅInitialize CTF and allocate memory

ÅCall CTF_Preprocessorto generate input file 
for CTF

ÅTransfer pin -by-pin power distribution to 
CTF variables

ÅExecute CTF_Solver_Standaloneto solve T/H 
models

ÅTransfer temp. and density distribution 
from CTF to MCS

ÅPrint visualized result and release memory



Index Mapping

ÁIndex numbering

ÅCTF 

Global core-wise index״

Homogenized gap b/w assemblies״

ÅMCS

Assembly-wise index״

Detailed gap b/w assemblies״
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Index Mapping

CTF MCS



Numerical test

Á4m pin -cell problem
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Composition
(#/barn -cm)
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U-235 7.0473E-4
U-238 2.2499E-2
O-16 4.6407E-2

Clad

Zr-90   2.2158E-2
Zr-91   4.8322E-3
Zr-92   7.3862E-3
Zr-94   7.4852E-3
Zr-96   1.2059E-3
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H-1     4.6838E-2
O-16   2.3419E-2
B-10   1.5613E-5
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Initial Temperature:
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Numerical test

ÁResults
ÅEigen-values
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Case # TH_mode keff Time/sec Ratio

Pin w/o 1.12999Õ0.00005 61664.2 --

Pin TH1D 1.12747Õ0.00006 75257.8 1.22

Pin CTF 1.12761Õ0.00007 72853.3 1.18

Table 1. Result of difference TH feedback

ЃÃÒÉÔÉÃÁÌÉÔÙ ÁÃÔÉÖÅЀͼςππͼ ÉÎÁÃÔÉÖÅЀȰςππͼ ÈÉÓÔÏÒÙЀȰυπππππͼ Ë-initial="1.0" />

Pin power: 0.0834684  MW
Flow rate:  0.335276 kg/sec
Inlet Temperature: 566.6 K (293.45 )
Gap conductance: 5678.3 W/m-K



Numerical test
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ÁResults
ÅPower distributions

CTF
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Numerical test
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ÁResults
ÅFuel Temperatures
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Numerical test
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ÁResults
ÅCoolant Temperatures
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Numerical test
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ÁResults
ÅCoolant Density
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Numerical test

ÁResults
ÅRadial Fuel Temperature
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FUNCTIONS

Multipole
(On-The-Fly Doppler Broadening)
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Multi-pole Representation

ÁAlternative to the conventional R -Matrix theory 

ÁHwang converted resonance parameters given in nuclear data files into 
multipoles.

ÅHwang proposed using pseudo-poles to decrease number of parameters
.

Energy Space, 
Resonance Half-Widths

Momentum Space, 
Poles and Residues

u E=

Energy-dependent

Less parameters

Real parameters

() ( ) () 2det 0
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lF u I K q u E u i
gl

l

l

Gå õ
= - ³ ³ - - =æ ö
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In order to obtain poles, following polynomial equation should be solved:
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Multi-pole representation
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Multi-pole representation

Total Scattering Capture Fission

0.0038 0.0056 0.0033 0.0033

Table 2. Maximum relative difference (%)

Note: s-wave resonances case is working well.

Isotope: Pu239 (Reich ɀMoore)
Temperature: 0K
Energy range: 10-5eV ~ 1keV

Total Scattering Capture Fission

0.030 0.033 0.035 0.035

Table 1. Maximum relative difference (%)

Isotope: Am241 (SLBW)
Temperature: 0K
Energy range: 10-5eV ~ 150eV
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Multi-pole Representation

C. Josey et al., Windowed multipole for cross section Doppler broadening, J. Comput. Phys (2015).
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Multi-pole representation

ÁConverting resonance parameters into Multi -poles
ÅSimultaneous Root finding

ÅRestart Capability

ÅArbitrary Precision

ÅHigher orbital angular momenta resonances

ÁOn the fly Doppler broadening for in -house Monte Carlo code
ÅReducing the number of poles

ÅPolynomial fitting

ÅWindow energy concept

90



ON-THE-FLY DOPPLER BROADENING

ÁMultipole representation
ÅOpenW module is implemented

ÁBenchmark problem : BEAVRS Full core

ÁTemperature : 293.6K

ÁSimulation specifications
Å# of inactive cycles : 200

Å# of active cycles : 2,000

Å# of histories per cycle : 100,000

Å# of cores : 20
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Cross section Eigenvalue STD N/s inactive N/s Active

ACE 1.01860 0.00005 22,870 23,705

OTF DB 1.01873 0.00005 20,409 21,204



FUNCTIONS

SIGMA1 Kernel
(Makxsf )
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INTRODUCTION

ÁThe makxsf code is a utility program for manipulating cross -
section library files for the MCNP5Monte Carlo code.
Åmakxsf can be used to 

 convert ACE data files between ASCII and binary formats and to make״
customized libraries containing selected datasets.

 Doppler broaden the resolved data to any higher temperature with using״
several routines from the NJOYand DOPPLER.

♫interpolate ╢♪ȟ״ thermal scattering kernels and probability tables for 
unresolved resonance data between two bracketing temperature with using 
several routines from the NJOYand DOPPLER.
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makxsf FLOW CHART IN MCS

makxsf

Read original data library

Ὓ‌ȟ‍

ptable

Interpolate thermal 
scattering table

Interpolate 
probability table

No

Yes

No

Yes

Doppler Broadening

Ὢ
Ὕ Ὕ

Ὕ Ὕ

ὛὝ

ρ Ὢ ὛzὝ Ὢz ὛὝ

Ὢ
ÌÏÇὝ ÌÏÇὝ

ÌÏÇὝ ÌÏÇὝ

ὖὝ

ρ Ὢ ὖzὝ Ὢz ὖὝ

Get new data library
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CROSS SECTION LIBRARY GENERATION

ÁCross section libraries are generated by NJOYat different 
temperatures (0, 300, 450, 550, 600, 650, 750, 900, 1200 K).

ÁDifferent 600K Cross section libraries are generated by 
makxsf.

ÅXXXXX.00: NJOY600 K  

ÅXXXXX.01: makxsf from NJOY550 K

ÅXXXXX.02: makxsf from NJOY450 K

ÅXXXXX.03: makxsf from NJOY300 K

ÅXXXXX.04: makxsf from NJOY0 K

600K

550K450K300K0K
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TEST PROBLEM ïUO2 PINCELL

Library MCS_Ὧ
Crosssection

generation time

NJOY900K,NJOY600K ρȢςτςστπȢπππρσ -

makxsfÆÒÏÍ ȬNJOYυφφȢφ+ȭ ρȢςτςρππȢπππρπ 6.85 sec

makxsfÆÒÏÍ ȬNJOYςωσȢφ+ȭ ρȢςτςςχπȢπππρς 12.43sec

makxsfÆÒÏÍ ȬNJOYπ+ȭ ρȢςτςπρπȢπππρσ 40.28 sec

ÁUO2 pin cell geometry with reflective boundary
ÅR1~R4 = 0.98 cm, 1.10 cm, 1.34 cm, 1.47 cm / Z = 40cm

ÅM1~M4 = UO2, Air, Zr, Coolant

ÁMaterial composition
ÅFuel density (900 K) = 10.176 g/cm3
234U (0.03%) + 235U (2.96%) + 238U (85.16%) + 16O (11.85%)״

ÅAir density (600 K) = 0.001 g/cm3
16O (100%)״

ÅZr density (600 K) = 6.55 g/cm3
90Zr (100%)״

ÅCoolant density (600 K) = 0.7 g/cm3
1H (11.19%) + 16O (88.81%) + 10B (0.01%)״

ÁMCS is used for calculation.
Å100,000 neutron histories per a cycle, 

50 inactive cycle and 500 active cycle
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FUNCTIONS

Image
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Input Visualization Module

ÁFormat
ÅPPM (Portable Pixmap Format)

ÁAdvantage
ÅFormat is very easy

ÅProcessing speed is faster than others 
(since it does not compress the image files)

ÁDisadvantage
ÅThe file size is huge 

(100 times than PNG format, 50 times larger than JPG format)
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Input Visualization Module

ÁPWR assembly
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