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DEVELOPMENT TEAM

AMonte Carlo (MC) development at UNIST (Since 2013.)
A3 Post-doc., 5 Graduate students

DeokjungLee JiankaiYu

- Associate Professor - Post Doctoral Program

- Manage the development - On-The-Fly XsGeneration
- TH coupling

Peng Zhang Hyunsuk Lee Matthieu Lemaire
- Post Doctoral Program - Post Doctoral Program
- Modified Power Method iR - MHTGR350
™ . - Main developer
- TH coupling - Gamma Transport

WonkyeongKim JinsuPark AzamatKhassenov Yunki Jo
- Graduate Student - Graduate Student - Graduate Student - Graduate Student
- Depletion solver - Monte Carlo acceleration (CMFD) - OTRDB (multipole) - Adjoint calculation

- Hybrid Depletion
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GENERAL OVERVIEW

AMonte Carlo Code MCS
A Language: Fortran 2003
APurpose

" Large Scale Reactor Analysis with accelerated Monte Carlo simulation

" University research: MC methodology development, advanced reactor design
A General 3-D geometry (CSG)
ANuclear Data

" ENDFB/VII.0 and ENDF-B/VII.1 Gamma transport

" Continuous energy and multi -group

" Double indexing method
A Physics

" Resonanceupscattering (DBRC, FESK)

I

On the fly Doppler broadening

" Probability table method " CTF coupling
" S0 hn)
A Acceleration
" MOC and MC Hybrid solver " \Wielandt method
" Modified power iteration " CcMFD
AParallelism
" Parallel fission bank
A Depletion

" CRAM , MEMKrylov Subspace
" Hybrid depletion
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FUNCTIONS

UrisT
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FUNCTIONS

WrisT

ACollision Kernel
A Probability -table
A Resonance Up-scattering (DBRC)

A Acceleration Technique
A Modified Power Method
A Coarse Mesh Finite Difference (CMFD)
A MC-MOC Hybrid

AFeedbacks
A Depletion
A Hybrid Depletion
A Simple TH1D coupling
A Cobra-TF (CTF) Coupling
A Multipole (On -The-Fly Doppler broadening)

A SIGMA1 Kernel (inline broadening)
AETC

A lmage
A Gamma Transport

A Indexing
A Triso Particle Sampling
A Parallel Fission Bank

CUHE COmputational Reactor Physics & Experiment lab in UNIST
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FUNCTIONS

UrisT

Probabllity -table
(unresolved resonance range)
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PROBABILITY TABLE METHOD

AENDF data provide average cross section in
the unresolved resonance range

L=
= | I

\ J\ J
1 |

Resolved Unresolved
Resonance Resonance
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PROBABILITY TABLE METHOD

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

probability

1 1 T T T T T 1 | T T 1 1 T 1 1 T
10° 10’ 10°
total cross section (barns)
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PROBABILITY TABLE METHOD

AThe International Criticality Safety Benchmark Experimental

Problem (ICSBEP)
AWell -publicized neutronics benchmark problems

Y
[ Pu 0.8 "]‘ R13.9
[Ee 0.2—m| |4 3
. R12.5
. Cu 0.15 l‘:i
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.- 5.20 -
- 30w R11.0 o« 10.85 >
PUMET-019

International Handbook of Evaluated Criticality Safety Benchmark Experiments, NEA/NSC/DOC(95)03, OECD  Nuclear Energ$, 200
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PROBABILITY TABLE METHOD

Handbook ID

Experiment keff (Uncertainty)

Case

Handbook ID

Experiment keff (Uncertainty)

UNisT

10

11

12

13

CUHE COmputational Reactor Physics & Experiment lab in UNIST

HEU-MET-FAST001

HEU-MET-FASTF003, case2l

HEU-MET-FASTF003, case22

HEU-MET-FAST003, case23

HEU-MET-FASTF003, case24

HEUMET-FAST028

HEU-SOLTHERMO013, case 1

HEUSOIL-THERMO013, case 2

HEU-SOL-THERMO13, case 3

HEU-SOLTHERMO13, case 4

IEU-MET-FAST015

IEU-SOL-THERMO002

PU-MET-FAST001

1.00000 (0.00100)

1.00000 (0.00500)

1.00000 (0.00500)

1.00000 (0.00500)

1.00000 (0.00500)

1.00000 (0.00300)

1.00120 (0.00260)

1.00070 (0.00360)

1.00090 (0.00360)

1.00030 (0.00360)

1.00070 (0.00110)

1.00010 (0.00540)

1.00000 (0.00200)

14

15

16

17

18

19

20

21

22

23

PUMET-FASTO002

PUMET-FASTO019

PU-MET-FASTF022

PU-SOLTHERMO0O0O1-casel61

PUSOILTHERMO0O1-casel65

PU-SOL-THERMO011-casel81

PU-SOLTHERMO11-casel86

U233-MET-FASTF001

U233-MET-FASTF002

U233-MET-FASTF003

1.00000 (0.00200)

0.99920 (0.00150)

1.00000 (0.00210)

1.00000 (0.00520)

1.00000 (0.00520)

1.00000 (0.00520)

1.00000 (0.00520)

1.00000 (0.00100)

1.00000 (0.00100)

1.00000 (0.00100)
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PROBABILITY TABLE METHOD Ak

with probability table
Case MCS MCNP MCS MCNP
keff SD keff SD keff SD keff SD
0.99998 0.00010 0.99994 0.00008 0.99998 0.00009 0.99985 0.00007
1.00832 0.00010 1.00846 0.00008 1.00930 0.00009 1.00955 0.00008
1.00913 0.00009 1.00945 0.00008 1.00997 0.00010 1.00999 0.00008
1.01256 0.00009 1.01271 0.00009 1.01064 0.00010 1.01087 0.00009
1.01676 0.00010 1.01701 0.00008 1.01278 0.00010 1.01291 0.00007
B 100301 0.00009 1.00284 0.00008 1.00313 0.00009 1.00309 0.00009
0.99873 0.00007 0.99871 0.00007 0.99876 0.00007 0.99868 0.00007
B 099758 0.00007 0.99769 0.00008 0.99774 0.00008 0.99793 0.00024
B 099426 0.00008 0.99421 0.00008 0.99419 0.00008 0.99432 0.00042
0.99597 0.00009 0.99570 0.00009 0.99585 0.00008 0.99568 0.00009
0.99938 0.00008 0.99928 0.00012 0.99798 0.00008 0.99820 0.00019
1.00849 0.00006 1.00852 0.00011 1.00850 0.00006 1.00864 0.00011
1.00017 0.00011 0.99986 0.00007 1.00013 0.00011 0.99977 0.00008
1.00028 0.00011 0.99990 0.00008 1.00033 0.00010 1.00008 0.00008
0.99770 0.00011 0.99782 0.00008 0.99838 0.00011 0.99835 0.00008
0.99861 0.00011 0.99857 0.00007 0.99862 0.00012 0.99852 0.00008
1.00992 0.00012 1.01009 0.00011 1.01013 0.00013 1.00990 0.00010
1.00618 0.00013 1.00614 0.00012 1.00622 0.00013 1.00642 0.00011
0.99424 0.00011 0.99448 0.00009 0.99429 0.00010 0.99423 0.00009
1.00028 0.00011 0.99999 0.00012 1.00009 0.00011 1.00010 0.00010
0.99967 0.00010 0.99959 0.00007 0.99973 0.00010 0.99983 0.00007
0.99922 0.00011 0.99912 0.00007 0.99926 0.00010 0.99907 0.00008
0.99838 0.00011 0.99860 0.00008 0.99899 0.00011 0.99889 0.00008
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PROBABILITY TABLE METHOD

200. L L L L
100~ o ]
£ .
) LIS i ] E T I 8 o 3 ° .
04 ° ¢ =, TR R EEE R
e ptecee pgoe” g 82
= -100 - 7 1
g .
5 -200 - ) 1
300 - ]
% *  MCS - MCNP
-400 - * * MCS - MCS (without PT) |~
MCS - MCNP (without PT)
_500' r r r r C
0 5 10 15 20 25

case
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FUNCTIONS

UrisT

Resonance Up-scattering (DBRC)

CUHE COmputational Reactor Physics & Experiment lab in UNIST 2017-03-02 15



RESONANCE UPSCATTERING

OAZEd $08 "AAEAOG6O bDOAVORNIAMe&ihglT AO qmpm - AU

AThe sampling of the target velocity method is based on
the probability function:

. gs (vp, 0) vpp (V

which is directly obtained from the Doppler broadening eq
uation.

A Commonly Monte Carlo codes assume:

o Sy
oV, m)e LB Bl o

a The temperature effect is kept but the XS dependence is ne
glected: WignerWilkins scattering kernel

CUHE COmputational Reactor Physics & Experiment lab in UNIST



RESONANCE UPSCATTERING

WrisT

OAEd $08 "AAEAOGO POAOMORNMAMREINGIT AO cmpm

ADirect implementation of the resonant scattering kernel: Doppler
Broadening Rejection Correction (DBRC)
Aldea: Modification of the approximated MCNP SVT probability function;
removal of the constant XS assumption

AThe basic PDF can be rewritten as:

P (Vi) = 0{ o }{ M V)

g;n(@ (_.Ug ) 0)

M E o AP SRR )

. . . . '.?1?1(1-'.13 EC 0
with the normalization consté&ht C = f’*’ ( )
2uos (E.T)

- AU

“maYE,0) is the maximal cross section in an specific dimensionless speed interva

(like in NJOY):
\/ KT \/ KT \(, kT
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RESONANCE UPSCATTERING

OAZEd $08 " AAEAO6O bOAOIUORNAMeéingiT AO c¢cmpm - AU
A This leads to:

- e Ts (Er U)
P (Vi) =C { e Ef.o)} (1)

{7 @

2;-341__.-*3E-.J—BEL.rz + (:’Ift‘ﬁfg)(4-33};-\/?)I-'?Qf'-'-_-‘ﬁgl'rz (3)
1+ foy/m/2

o™z (e 0) (1 + Boy/7/2)

v
= 2uos (E,T) B\/m/2

A (2) + (3) standard MCNP rejection and sampling

A (1) an additional rejection in terms of cross sections is adde
the code. This term completes the full Doppler broadening o
the kernel

CUHE COmputational Reactor Physics & Experiment lab in UNIST



RESONANCE UPSCATTERING

AMosteller UO2 benchmark problem

2r
2.5
E 3k
2
<
o
S
£ 35
[@]
o
3
g
o Ar
a
MCS
a5k MCS-DBRC
MCNP
MCNP-DBRC
-5 C

r r r r r r r r r L
0.5 1 15 2 25 3 3.5 4 4.5 5 5.5
U Enrichment [%]
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FUNCTIONS

UrisT

Modified Power Method

CUHE COmputational Reactor Physics & Experiment lab in UNIST 2017-03-02 20



WrisT

Power Method (PM)

Operator Form:

1 M = Al O —A ceveen
MF=—FE f yO=AyY Aqy gy -+ GH)
. Cou 4 e Gy g
= = U dr Y y
'%/ y ée |2§ZI - H
A=FM‘ty =Ff °kigy (asl - 9
Only
| fundamental
Eigenvalues: > k. 2k, 2. mode is not
enough.
Eigenfunctions U, U

Decay ratio of nth mode: K /k;

Dominance Ratio (DR): @

Converge slow if
$2 hHp8

COHE COmputational Reactor Physics & Experiment lab in UNIST
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Modified Power Method (MPM)

Start with two arbitrary 7™ =3 au, " =3bu.
functions: i=0 i 9

Power lteration: Anflimt =a k'ay, A émt =akKbu
i

i=0
The linear combination:  A'f(x) = A" " +x& JFf
=a k'(g =b)y
i=0
0 %o Do not have ®*modeif X= 4/h

NF(9°K(3 € albb)y CR=

0 %o Do not have fundamental mode if X= -&,/h,

AF(° K'(a € a/R) By cr-X
% 1stmode

solution. -

CUHE COmputational Reactor Physics & Experiment lab in UNIST




The general solution strategy o

AAlgorithm: < Initialization >
Al. Apply power iteration to Vo, Yii- X1 v

A2, Obtain the integrations over every Power Iteration <
subregions :
Y
avV,, ... V.., 0
_e. Y SN _V\?e’l . W:'l'l Calculate Transfer Matrix
Vagi " 8 @ =
@O,n Vn-l,n 9 \/\51 \M-l,n .

Eigen Decomposition

A3. Calculate the transfer matrix: p=wv=™

\ 4
A4. Apply eigen decomposition to transfer Calculate Correction
matrix: Matrix

PQ=Qs, P = Qs \
A5. Get the correction matrix: X = wWQ. Update Eigenfunctions
A6. Update the eigenfunctions :

(J/O. J/nl) ( J6 ryl)
A7. Determine the convergence. v
es
If not, goto 1.

COHE COmputational Reactor Physics & Experiment lab in UNIST 23



3D PWR core problem

Shannon Entropy of different methods
——OQOriginal -=-MPM_16_Accu_TM
15

|_\
N
©

L
14.8 A
MRV=4N

14.7

Shannon Entropy

1 10 100 1000
Cycle

Simulation parameters: 200 inactive cycles / 600 active cycles / 500000 histories per cycle.
ORE COmputational Reactor Physics & Experiment lab in UNIST 2014 Korean Nuclear Society Fall 2017-03-02 24



3D PWR core problem

WrisT

Method Eigenvalue Results ki/kO
Original power

method kO 1.01936 (4) --
kO 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

MPM_6 6 6 16mo( K7 0.99138 (8) 0.9725

es 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

CUHE COmputational Reactor Physics & Experiment lab in UNIST

2014 Korean Nuclear Society Fall 2017-03-02
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3D PWR core problem

Mode3

Mode2

Mode1

Mode0

Mode7

Mode6

Mode5

Mode4

26

2017-03-02

2014 Korean Nuclear Society Fall
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3D PWR core problem

Mode11

Mode10

Mode9

Mode8

Mode15

Mode14

Mode13

Mode12

27

2017-03-02

2014 Korean Nuclear Society Fall
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FUNCTIONS

UrisT

Coarse Mesh Finite Difference Method
(CMFD)

CUHE COmputational Reactor Physics & Experiment lab in UNIST 2017-03-02 28



Effect of MC-CMFD on active cycle

ACMFD Method AAlgorithm
ACoarse Mesh Finite Difference Method. .
AOriginally developed for storage Start cycle “
- 7
red uction. Monte Carlo simulation
AFast convergence of nodal solutions.
AVery effective in accelerating source er
convergence in direct whole core Obtain J, ¢, VE/, %, Zica> D
: )
transport calculation. Update D, D
ASignificant reducing in the number !
. . . . Inner iteration .
Inactive cycles in MC eigenvalue (Flux update) .
calculation.

No

Yes

Outer iteration
(Source, k5 update)

N
0

Yes

Update fission source
(Weight adjustment)
|

COHE COmputational Reactor Physics & Experiment lab in UNIST 29



Monte Carlo - CMFD

Al-Dimensional CE Problem
AProblem specification
"'1D slab problem
" 2.1wt% enriched UO , fuel, zirconium cladding, and water were mixed.
1,000,000 histories per cycle/ 1,000 inactive cycles / 1,000 active cycles

" Black boundary condition _

" CMFD start from 1,000 inactive cycle Isotope Density (g/cm”)

" CMFD mesh = 260 23U 1.88E-01

" Window size = 10 235U 8.50E+00

Z3'Np 2.90E03

238py 5.99E04

160 1.21E+00

NZr 6.45E01

> 927r 9.97E01

* 0 cm %47y 1.03E+00

9%Zr 1.70E01

1H 8.27E02

COHE COmputational Reactor Physics & Experiment lab in UNIST 30



Effect of MC-CMFD on active cycle

A1D CE Problem

APlot the fission reaction rate for each cycle and simulation
ATo check the CMFD gave the correct solution or not
AFission reaction rate at most left mesh for 260 mesh tally

o oF1ssion reaction rate (Number of mesh = 260)

+  Pure MC :
+  MC with CMFD feedback | :

88|88

x=0.0 X=26D.0 cm

Fission reaction rate

2 |8 8|26
Mesh index

i i i ! i i i i
0 1 2 3 4 5 6 7 a g 10
Number of histories % 10

COHE COmputational Reactor Physics & Experiment lab in UNIST 31



Effect of MC-CMFD on active cycle

A1D CE Problem
ADominance ratio = 0.9956

1E|D 1 .......................................................................................
_ Tdeal (usqn(n;.) : : : . | —e—Pure MC :
------------ +{ —%—Pure MC (Real 5TD) oo 0o | =%=MCwith CMFD feedback |:
............ | —&—MC wi CMFD feedback (Real STD) ' : ; : : ; : : ; : :
10 Lo | —% —Pure MC (Apparent 3TD) 1
SREERERE i | —%—NC Wf CMFD feedback (ﬁpparmt STD) i

Autocorrelation coefficient

1E| . iiiiiiii . ;iiiiiil L N A )
10° 0 10 10 "0 100 200 300 400 500 600 700 800 900 1000

Number of histories lag k

COHE COmputational Reactor Physics & Experiment lab in UNIST 32



Numerical test results

A3D 1G Problem (20.00cm) A3D 1G Problem (100.00cm)

A3-Dimensional 1 -Group A3-Dimensional 1 -Group
ABlack boundary condition ABlack boundary condition
AActive cycle: 1,000 AActive cycle: 1,000
Alnactive cycle: 100 Alnactive cycle: 100
AHistories/cycle: 1,000,000 AHistories/cycle: 1,000,000

ANumber of simulation : 10 ANumber of simulation : 10

AWindow size: 10

20cm 100cm

20cm

20cm
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Numerical test results

A3D 1G Problem
AReal & Apparent RMS STD

Problem 1 (20.00cm) Problem 2 (100.0cm)

107 107
o0—O6—6-6<
107 -
D D e \ L
~ 10° — - ]
0 7)) » L -
<b~.4k4r‘*""« L
10°
|| = Ideal (1/sqrt(n)) [} me—=|deal (1/sqrt(n)) .
—©— Pure MC (Real STD) .| —©— Pure MC (Real STD)
+ —©— MC w/ CMFD feedback (Real STD) r| —©— MC w/ CMFD feedback (Real STD)
==%-= Pure MC (Apparent STD) - ==%==Pure MC (Apparent STD)
4| 7%~ MC w/ CMFD feedback (Apparent STD) 4T MC w/ CMFD feedback (Apparent STD)
10= 2 F F _F F FFFF 2 2 F _F F FFFF 10= E E FF F FFFF E E F F FFFFF
10° 10’ 10° 10° 10° 10’ 10° 10°
Number of histories Number of histories

CUHE COmputational Reactor Physics & Experiment lab in UNIST 34



Numerical test results

A3D 1G Problem
AAutocorrelation Coefficient

Problem 1 (20.00cm) Problem 2 (100.0cm)
T | | | =@== Pure MC | | | =@= Pure MC
0.8 ——MCW CMFD|| (4« —&— MC w/ CMFD ||

ACC
ACC

| | |
| | |
| | |
-0.4° : : : : -0.4° : : : : :
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

lag k lag k
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FUNCTIONS

MC-MOC Hybrid Method

UrisT

CUHE COmputational Reactor Physics & Experiment lab in UNIST 2017-03-02 36



MC-MOC HYBRID

AHybrid of MC & MOC

AMC for resonance energy
AMOC for thermal and fast energy

Total cross section of U238

1.0E+5

1.0E+4

1.0E+3

1.0E+2

1.0E+1

Cross section [barn]

=
=]
m
+
=]

1.0E-1
1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07
Energy [eV]

MC MOC
Method Probabilistic Deterministic
Data Continuous energy Multi-group
Accuracy High Low

(8 AAh 38 #EIT Eh $8 , AAbf-#@AOARMDADE O-OEIADA - ADEI TAT A OE VAREESTIE A
CUEE%O%nslgu% 8&?%&@ E?'nysics & Experiment lab in UNIST 37



MC-MOC HYBRID

WrisT

AHybrid form of neutron transport equation

g=1
MOC (high E)

9=09,
MC

9=0
MOC

g=G

Upscattering by MC

L LN

Down scattering source

§§§§§§§§§§§§§

Thermal

D MC simulation range

MOC simulation range

CUHE COmputational Reactor Physics & Experiment lab in UNIST

Resonance

BEGIN

Initialization; N=1

v

Update fast region with MOC

(g=1~(g 1)
Il

Sample scattering source for
MC fixed source calculation

I

Update resonance region with MC
(g=g~¢g.)

!

Update thermal region With MOC
(g=(2. 1) ~G)

Multiplication Factor £

N=N+1

Active Iteration?

Yes

No

Statistical process

38



MC-MOC HYBRID

WrisT

AScattering source from MOC to MC
AMulti -group -> continuous energy

Subgroupﬁ
| | | | | | | |

Group g

Group g’

ASlowing -down source neutron energy distribution
A Analytic form of slowing down equation is derived

2

OA_l -~
€ Cc a1 1 0o a=g— 5
o, _iQU-a)°E® E .
P(E)*" ° =| . _ & et S (E)/ (E) i,
i C al a o e . Q=n, cal 1 (- a)E; dEidE
loe- )& E ° (B <&)

C= Y(E) (E)E #(F)AE) Eis constan
E@,g’b Is the upper boundary energy of group _ _ h
Eé’e is the lower boundary energy of group Als atomic weight

COHE COmputational Reactor Physics & Experiment lab in UNIST 39



MODEL PROBLEM

A single pin cell witl8 group macroscopic cross section

Fuelradius 0.49%cm
L1

Cladradius 0.55cm

- Coolant radius 0.6545cm

"] Coolan® pitch: 1.47cm

AMonte Carlo
AMulti -group
A Continuous energy

AMOC
A Azimuthal/polar/ray space = 128/10/0.01
AHybrid

A1z 2 groups: MOC
A3z 4 groups: MC < Thermal >1<— Resonance -Sé— Fast —>

A5 7 8 groups: MOC I | | |

8 7 6 5 4 3 2 1 Group

COHE COmputational Reactor Physics & Experiment lab in UNIST 40



MODEL PROBLEM

WrisT

A Material composition

, : Number Density

Region T(K) Nuclide (#/barn -cm)
; ; U-235 7.30E-04
Fuel 300 ! U-238 2.18E-02
i | 0-16 4.51E-02
Clad 300 ! Zr-90 2.23E-02
Coolant 200 H-1 4.86E-02
1&2 | | 0-16 2.43E-02

A Energy boundary

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 6.25E01
5 6.25E01 2.80E01
6 2.80E01 1.40E01
7 1.40E01 5.80E02
8 5.80E02 1.00E05

COHE COmputational Reactor Physics & Experimeoinfahadtiddbli®&actor physics &Experiment lab.
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VERIFICATION

ATallied Elastic: tallied during elastic Monte Carlo
ATallied Inelastic + Elastic: tallied during Monte Carlo

Alnelastic SDP is small relative to elastic SDP

Fuel reglon group 2 -> group 3 X 1072 Coolant reglon group 2 -> group 3
0.025 T -
—Tallled Elastlc L —Tallled Elasuc |
— Tallied Inelastic + Elastic — Tallied Inelastic + Elastic
0025 | —— Analytic 1 108 mmmm A 02| ytic |
106 _
0.015F 1.04 _
o o
Q O 1.02 il
) n
0.01+ 1 _
0.98 —
0.005F 0.96 J i
0.94 i
[] b, 1 1 1 1 1 1 0_92 1 1 1 1 1
4 42 44 48 438 5 52 54 56 ] 1 2 3 4 5 6
Energy [MeV] x10° Energy [MeV] x 107
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VERIFICATION

WrisT

MC: 50/1000/100000 (active/inactive/history)
HYBRID: 10/100/100000 (active/inactive/history)

Error
Method Keff Stdew) FOM
(pcm)
MC 1.38339 0.00010 - 9,531
MOC 1.38011 - 328 -
HYBRID A 1.38303 0.00004 36 612,130
HYBRID 2r 1.38311 0.00004 28 54,796

1) HYBRID_A = hybrid method with analytic SDP

2) HYBRID_T = hybrid method with tallied SDP

3) Stdev= standard deviation
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VERIFICATION

AReactivity error

L& 5o
. . a é}maﬂRf,n ¥ B
. a 1 1 (0] kg’i _ ii g=l =
g,i = P o = = = g. = ',g ‘C,g
TR e 8 B § % R, RIT R
- a éea i I i i
ii é;g =L =
Fuel region
5':' T T T T T T T T
D P
= _
S 50
Z
O 100 ]
@D
% -150 -
©
5
-200 -
o
-250 -
_3':”:' | | | | 1 1
1 2 3 4 3 B
Energy group
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FUNCTIONS

UrisT

Depletion
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Implementation of depletion module

AData library
AENDF/B-VII.O for transport calculation
ASame decay and fission yield data with McCARD
A1,374 isotopes is considered in burnup calculation

ADepletion solver
AChebyshev Rational Approximation Method(CRAM) with 16 order
AAcceleration of the matrix solver with sparse Gauss Seidel
AParallel depletion

ABurnup interval treatment
ASemi/full predictor -corrector method

AHybrid depletion
A72-group XSs from STREAM(in-house lattice code)
A1-group condensation with 1 -group flux solution of MCS
AMemory reduction in reaction rates tally
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Verification(Model description : 1/3)

A3.1% enriched UO , fuel pin from VERA Benchmark
AGeometry

0.4096 cm

Helium
0.4180 cm

0.4750 cm

ATemperature: Fuel z 900K / Clad and Moderator 7 600K
APower density: 40W/ gU

A3 equi-volumetric burnup regions

A20000(Histories per cycle)/80(Active)/20(Inactive)

AFull predictor -corrector

AHELIOS kappa(McCARDdefault)
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DEPLETION

AVERA Benchmark
A3.1% Enrichment, No BP

[

[ ——SERPENT

e

o
oo
|

Reference k-inf

S
o)}
L
L
—
.
L
-
i

Difference (pcm)

10 15 20 25 30 35 40 45 50 55 60
Burnup (MWd/kgU)
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MEM vs CRAM

WrisT

VERA Depletion Benchmark: Pin-1C problem

—— MCS(CRAM, 40 burnup intervals)

inf

300 | X McCARD(MEM, 157 burnup intervals)
/A McCARD(MEM, 40 burnup intervals)

Difference (pcm)
(=]

% ELy ‘zﬁﬁ )

_400 | | | | | 1 | |
0 5 10 15 20 25 30 35 40 45 50 55

Burnup (MWd/kgHM)
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FUNCTIONS

UrisT

Hybrid Depletion
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Introduction

WrisT

AHigh-fidelity full -core modelling capabilities for LWRs
AKord Smith Challenge

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

] 50~60 million burnup regions(200~300 fuel pins for 200 fuel assemblies in a core)
" 1% pin -power accuracy

" Within one hour on a desktop computer
" Estimated that it will be 2030 before

AMCS
AThe 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
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Introduction

AThe main drawback of depletion calculation in Monte -Carlo
method
A9 reaction types are considered during the depletion calculation
"iTh AgQgh j1Th rqQh j17Th y1qqh §Th ¢l gh jT1Ah
] 3-group fission reaction rates are required by employing 3  -group fission yields
A400 axial burnable regions and 10 radial zones for one fuel rod
A~250 isotopes in a burnup region (EOC for VERA pin depletion)
A50,952 burnable regions (BEAVRS whole core)
A8 byte for double precision data type

AVariables for the statistical process
"o, Be Be
"Y1 OEABe Bte30h AGA Al 1T AAOAA ET TT1T1U 1

—_)
T

A

¢

-H— L 4-7 Tb
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Introduction

AHybrid depletion method
ANo reaction rate tallies since STREAM resonance treated XSs
A72-group structures

MC Hybrid
Reaction typée) 9 -
Flux?) 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
Total® 4,322Gb 115 Gb Recuced factor

" 1) reaction rates are calculated for every nuclides in every burnable regions
" 2) Flux is calculated in every burnup region
" 3) (# of reaction type * # of nuclides + # of flux groups) * # of burnable regions
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Implementation(1/2)

AHybrid depletion method

WrisT

A72-group flux(MCS) + 72-C OT OB 8 3 O} 3 4gmopleffeiive XSsp

AParallel algorithm

Computing server

[ Transport calculation]

1 burnup region

l

Data server

[72-group XSs processing]

Thread 1 Thread n
72-group flux tally 72-group flux tally
}

[Statistical processing] —
!
[1g XSs & Depletion calculation]
' I
Thread 1 Thread n

m burnup region

[Number density of nuclides
for next transport calculation]

Fig. Flow scheme for parallel hybrid depletion
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2017-03-02

54



Implementation(2/2)

AHybrid depletion method

AData server
" Management of the memory usage for generating MG
" Independently managed in other computational node
| MG XSs can be generated during the transport simulation
| No time requirement for reaction rates tally
AParallel depletion
" Burnable regions are allocated as tasks in each thread

" MG XSs from STREAM are provided when they proceed the burnup
J Data Communication 4{ Computing serverI

[Transport calculation]

Thread 1 Thread n
72-group flux tally 72-group flux tally
!
[Statistical processing] ~{ Data server }7
1 .
[1g XSs & Depletion calculation] [72-group XSs processing]
! ]
Thread 1 Thread n
1 burnup region m burnup region

[Number density of nuclides
for next transport calculation]

CUHE COmputational Reactor Physics & Experiment lab in UNIST 2017-03-02 55



Verification

A3.1% enriched UO, fuel assembly from VERA Benchmark

' ' ' O STREAM - MCS
| | | O HYBRID - MCS
200 eeeeee oo oo preveeeeees e e

Difference (pcm)

200 f---nnemnee- e ennes e ennnes bomneeennnes fomeeeennas bmeemnnnas -

200 | | | | |
0 10 20 30 40 50 60
Burnup (MWd/kgl)
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Preliminary results (1/2) T Time requirement

A3.1% enriched UO , fuel assembly from VERA Benchmark
ASingle core calculation

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

AHybrid method takes 10% less time than original MC depletion

The specification of calculation cluster :
Intel Xeon CPU E2690 v2 3.00GHz, 250Gb memory
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Preliminary results (2/2) i Memory requirement

A3.1% enriched UO , fuel assembly from VERA Benchmark
AParallel calculation(40 thread)

Unit. Kb
MCS Hybrid
Geometry 6.6 6.6
Tracking 193.4 193.4
Indexing 6.6 6.6
Read ACXSs 5.1Gb 5.1Gb
Material 4,734.9 4,738.3
Depletion 24,887 1,013

AThe reduction factor is around 24.5 times

The specification of calculation cluster :
Intel Xeon CPU E2690 v2 3.00GHz, 250Gb memory
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UrisT

TH1D
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TH1D Solution Method

WrisT

ARadial heat conduction

Aaxial heat conduction is neglected

Afuel rod is divided into multiple rings ‘
to get the radial temperature ’
distribution

Clad

\

Fuel Pellet T, ]

P
|

CpuT:} pa(_l_)rTug Ty

- | 4
th I pg rg = /
Cp: the production of the heat capacityde

gas gap
the material densitg, - JemOC ;
k(T): the heat conductivityw/ cnO T ;

Coolant Flow

0 the volumetric heat sourcey/ cnt . L1 W .

rD I ry rr r

n n+1 n+3

Mesh structure fir heat conduction calculation
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TH1D Solution Method

AAxial heat convection in Coolant

A1D, single-phase model Node i+1
" no boiling is considered
Aconstant pressure (p. h.v) T 7.
. . out 1+1
" only mass continuity and energy
conversation equations are solved (p. h )
nodal averaged Node 1
r
u + W :O ( h, v) i
Ut 4| P vy i i
l,lfh l.l/hV Z ) Node i-1
+ Y, +0q, ¢
it a A

Node structure and variables

r: the coolant densitykg/n? b : the coolamtiealpy, J kg
v. the coolant velocityjry s z : the heatedrimeter, m;

A.: the cross section of the channf,
0. the heat source generated inside thaant, w/n? ;
(orecona,: the heat flux of the fuelw/n? . o1



Coupled Problem Formulation

WrisT

ANotation:
Anuclide field N (r)
Atemperature distribution T (I’)

Aneutron flux f (I’ W, E)

AMCS find f andk by solvingk-eigenvalue form of neutron
transport equation:

e geo 1
B(N, T = L(N,T) — N =
(NT)g BEUNT) RN
ATHI1D soIvesT() and\l(r) ;
elr(r) o
m(ne. ) go
eN(r) g
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lteration Methods

WrisT

AGradient-AAOAA | AOET AO . AxOT1
AJacobian
AJFNK

AFixed-point (Picard) iteration
AThe most common iterative approach

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

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

N N+l

" TH1D is called with updated flux distribution:

1%}

B(N”,T”) 1 EO

|v|(f”+1)2Tnn++l1 5 0
eN™ ¢
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lteration Methods

Currently only the
coolant density
feedback is considered.

\

\
T _coo|D cool

WrisT

T fuel

Stead State TH
Calculation

|

Update Power

.—- One cycle

Statistics of
tally results

Distribution

[ = e e e e

TH1D

[ START ]
— i ............ .
: L-t
!> Broadcast | ; |
L NOTO |
; |
; l |
: Transport ?Yes s
i | Cycle Finished| ! |
: | i
| Cod
i l No L
| -
| Power :
; Distribution | ; !
AN
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BEAVRS BENCHMARK

ABEAVRS benchmark (2013)

APublished by MIT reactor physics group

AUpdated reactor challenge problem to replace the H -M benchmark
A4 Contains detailed description of most reactor core components
Aloop Westinghouse PWR EPNMLEKSHCEEDCE A

000000000000 00000
o0 00 00 00 00 o0
000000000000 00000
0000000000000 0000
o0 00 00 00 060 o0
0000000000000 0000
000 000000000 000
00000 00 00 00000
0000000000000 0000
000 0000000000000

D 3.1 w/o U235 D 2.4 w/o U235
D 1.6 w/o U235
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BEAVRS TH CALCULATION
ABEAVRS CORE

A# of fuel cells : 50952

A# of axial meshes : 20

A# of radial meshes 3

ACell tallies ; Fission (collision and track -length),

absorption, flux

ALibrary : ENDFB/VII.1
AOpenw : On
AEquilibrium Xenon  : On

ATH feedback : On

ACritical Boron Search : On
ATempdiff : 30 K

AActive : 40

Alnactive ; 4
AMulticycle : 300
AHistories : 100,000
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BEAVRS TH CALCULATION

WrisT

Core Power 3,411 MW
Inlet Coolant Temperature 560
Pressure 2,250 psia
Core Flow Rate 61.5310° kg/ hr
Control Rod Position ARO

Kest 1.00001 0.00004
CBC 660 0.281 ppm
Memory per Process ~17 GB
Simulation Time 29.8hours
# of processes 48

COHE COmputational Reactor Physics & Experiment lab in UNIST
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CONVERGENCE CHECK

ASimulation time for TH1D solver is about 20 seconds

ADiverged pin
Alf TH1D solver diverges

Alf The solution is wrong
" Fuel temperature is too high ( > 3,000 K)
" Water density is negative
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3D FIGURES

ANormalized power and Relative Standard Deviation

Normalized Power [-] SD of Power [-]

1.971

—-1.489

IIOOG

—0.5238

IO.04139

—0.09006

I006366

—0.03726

IO.01087
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3D FIGURES

AFlux and Relative Standard Deviation

Flux [#/cm2-sec]

I 6.346e+014

—4.795e+014

SD of Flux [-]

I 0.06929

—0.05368

3.244e+014 0.03806

—1.694e+014

I1.434e+013

—0.02244

I0.006827
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3D FIGURES

AFuel temperature, coolant temperature, and coolant density

Fuel Temperature [K] Coolant Temperature [K]

I611.3
- 600.2

Coolant Density [g/cm3]

l 0.7397
-0.7106

I 0.6815
—0.6524
I 0.6232

753.2
I 580.5
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3D FIGURES

ARelative Statistical Error
AFuel temperature : ~1.4%
ACoolant temperature : ~0.07 %
ACoolant density : ~0.2%

SD of Fuel Temperature [K] SD of Coolant Density [K]

l 0.002296
-0.001724

SD of Coolant Temperature (K]

I 0.0007227
-0.0005432

I 0.0003637
—0.0001841
I4.625e 006
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CTF Coupling
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Introduction to CTF coupling

AT/H Feedbacks

A TH1D

" Very simplified model
A CTF

" Sub-channel TH solver

__|THID CTF

ConservedEgas Mass+Energy Mass+Energy+Momentum
Two-phase Model No Yes(iquid+Vapor+Droplet)
CrossFlow Model No Yes

Boron Tracking No Yes

DNBR Analysis No Yes

CalculationEfficiency High Low

Parallelism No Yes(Assemblybased)
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Iteration Methods i On the fly feedback

START
E Iri:ner Cdlu A — ¢ .......... —- E o I
i [ T_coolD_cooj| ipling: , [ Broadcast | it~ ne cycle
i T fuel Boron L N(r), T(r) N
| : : |
| o v ¥
5 L Transport i
Stead State or| ! : Cycle :
Transient TH | B
Calculation i N | Statistics of
i L N tally results
E lhner cpu :i
i | pling; | ;
i Update Power | | ~Power : : END
i Distribution i | i | Distribution | :

CT_F shared MCS

library

ORE COmputational Reactor Physics & Experiment lab in UNIST 75



Coupling Interface

A Coupling Procedure

A Read MCS input file and generate input files
Initialization of CTF for CTF_Preprocessor

A Initialize CTF and allocate memory

Generation Input Files A Ca” CTF_PI’epI’OCeSSOI’tO generate InpUt f||e
for CTF preproc for CTF

: A Transfer pin -by-pin power distribution to
Send Data to CTF Call CTF preproc CTF Val’iableS
, A Execute CTF_Solver_ Standaloneto solve T/H
models

Call CTF Solve standalone

A Transfer temp. and density distribution
: from CTF to MCS

Get Data from CTF A Print visualized result and release memory

use ctf_prepro, only: preprocessor
use CTF Coupling Interface, cnly : CTF_Initialize
use CTF_Coupling Interface, only : CTF_Solve_ Standalone
use CTF_Coupling Interface, cnly : CTF_Cleanup
use CTF_Coupling Interface, cnly : CTF_Edits
use CTF_Coupling Interface, only : CTF_set_rodpowers_W_cm3
use CTF_Coupling Interface, only : CTF_set_rodpowers_W cm
use CTF_Coupling Interface, only : CTF_set_inlet temp
use CTF _Coupling Interface, only : CTF_get cocolant temp
use CTF_Coupling Interface, only : CTF_get_coolant_dens
v use CTF_Coupling Interface, cnly : CTF_get clad_temp

use CTF_Coupling Interface, only : CTF_get fuel temp
( Stop ] use CTF _Coupling Interface, only : CTF print coupling data

use transfer_io, only: basefn, filename_set in CTF_Coupling Interface

Yes—- Call CTF Edit

l.ast Run

¥

Call CTF Cleanup
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Index Mapping

Alndex numbering

ACTF
" Global core-wise index
" Homogenized gap b/w assemblies

AMCS

n

Assembly-wise index
" Detailed gap b/w assemblies ndex Mappin

123 456 910 1112 131 15 % 17 1.8 1 0 A 2 B ¥ B BT BB N N R 753 754 755 758 759 | 760 761 762 763 764 765 766 767 768 1009 1010 1011 1012(1013 1014 1015 1016 1017 1018|1019 1020|1021 1022 1023 1024
3 0% 3B % 3|38 4|42 43|44 45|46 47 48 49 50 51 52 53 5455 56 57 58 59 60 6L 62| 63 6 737 738 739 740 741 742 743 744 TA5 746 747 748 749 750 751 752 993 994 995 996 997 998 999 1000 1001 1002 1003 1004 1005 1006 1007 1008
6 66 |67 68| 6 |70 7|7 7|7 5|7 7|8 7 w0 |8 8|8 8 &5 8| & | 88| 8 0oL 9| o3 a5 o 720 722 23 T4 725 26 72T 728 T29 730 731 732 733 734 735 736 977 978 979 980 981 982 983 934 985 986 987 988 989 990 951 992

705 706 707 0 | O 710 711 712 713 714 715 0 | 0 718 719 720 961 962 963 0 | O 966 967 968 969 970 971 O 0 974 975 976
689 630 691 0 O 694 695 696 B97 698 695 O O 702 703 704 945 945 947 0 0 950 951 952 953 954 955 O O 958 959 960
| 673 674 675 676 677 678 679 680 681 682 683 684 685 686 687 688 929 930 931 932 933 934 935 936 937 938 939 940 941 942 943 944
657 638 639 660 661 662 663 664 665 666 667 668 669 670 671 672 913 914 915 916 917 918 919 920 921 922 923 924 925 926 927 928
641 642 643 044 645 646 647 O O 650 651 652 653 654 655 636 897 898 893 900 01 902 903 O 0 906 907 908 S09 910 911 912
625 626 627 628 629 630 631 0 O 634 635 636 637 638 639 640 B81 882 883 834 885> 886 887 O 0 890 891 892 893 894 BI5 8%
609 610 611 612|613 614 615|616 617 618 619 620 621 622 623 624 865 866 867 B68 869 870 871 872 873 874 875 876 877 878 879 880
593 534 595 596 597 598 533 600 601 602 603 604 605 606G 6O7 | 608 849 850 851 852|853 B34 855 856 857 858 839 860 861 862 863 864
577 578 579 0 | 0 582 583 584 385 586 587 0 | 0 350 591 592 833 834 835 0 | 0 833 839 B840 341 842 843 0 0 346 847 843
561 562 563 0 | O 566 567 568 569 570 571 0 | O 574 575 576 B17 818 819 0 | 0 822 823 824 825 826 827 0 0 830 831 832
545 546 547 548 549 550 551 552 553 554 555 556 | 557 558 559 560 801 802 803 804 805 806 807 808 809 810 811 812 813 814 BI1S 816
529 530 531 532533 534 533 536 537 538 539 540 541 542 543 544 785 736 787 788 789 790 791 792 793 794 795 736 797 798 739 800
1 513 514 515 516 517 518 519 520 521 522 523 524|525 526 527|528 769 770 771 772|773 774 715 76 777 778 | 779 780 78l 782 783 734
241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 497 498 493 500 501 502 503 504 505 506 507 508 509 510 511 512
225 226 227 228229 230 231 232 233 234 235 236 237 238 239 240 481 432 483 434 485 486 487 488 489 490 491 492 493 494 495 | 496
209 210 211 212 213 214 215 216 217 218 218 220 221 222 223 224 465 460 467 468 463 470 471 472 473 474 475 476 477 4783 479 430
1193 194 195 0 0 198 199 200 201 202 203 O O 206 207 208 443 450 451 0 | 0 434 455 436 457 458 433 0 0 462 463 464
177 178 179 0 0 182 183 184 185 186 187 0 0 190 191 192 433 434 435 0 0 438 439 440 441 442 443 0 0 44 447 448
161 162 163 164 165 166 167 168 169 170 171 172|173 174 175 176 417 418 419 420 | 421 422 423 424 425 426 | 427 428 429 430 431 432
145 146 147 143 149 150 151 152 153 154 155 156 157 158 159 160 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416
129 130 131 132 133 134 135 0 0 138 139 140 141 142 143 144 385 335 387 388 389 390 391 0 0 394 395 396 397 398 399 400
113 114 115 116 117 118 119 0 0 122 123 124 125 126 127|128 369 370 371 372|373 374 375 0 | 0 378 379 380 381 382 383 384
197 98 99 100 101 102 103 104 105 106 107 108 | 109 110 111 112 353 354 355 356 357 358 359 360 361 362 363 364 365 366 367 368
8 82 8 8 B85 8 87 8 83 90 91 92|93 94 95 96 337 338 333 340 341 342 343 344 345 346 347 348 349 350 351 352
65 66 67 0 0O 70 71|72 73 7 73 0|0 783 79 80 321 322 323 0 0 326 327 328 329 330 331 0 0 334 335 336
43 50 51 0O 0 54 55|56 57 58 59
133 03 35 3637 38 39 40 41 42 43 44| 45 46 47 | 48 289 290 291 292|293 294 295 296 297 298 299 300 301 302 303 304
17 18 19 20 21 22 23|24 25 26 27 28|29 30 31 32 273 274 275 276 277 273 279 280 281 282 283 284 285 286 287 283
1.2 3 4,5 6 7 8 9 10 11 12 13 14 15|16 257 258 259 260|261 262 263 264 265 2606 267 268 269 270 271 272

CTF MCS
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Numerical test

A4m pin -cell problem

Node 20
20 cm

. Composition
(#/barn -cm)

U-235 7.0473E4

Fuel  U-238 2.2499E2 6
016 4.6407E2 < L.cbtm — e

< 1.26cm —

Node 19
20 cm

Zr-90 2.2158E2
Zr-91 4.8322E3
Clad Zr-92 7.3862E3
Zr-94 7.4852E3

400.0 cm

Zr-96 1.2059E3
H-1 4.6838E2 |njtial Temperature: Eg
Coolant O16 23419E2 593 6k (al) SQ

B-10 1.5613E5  pijtial Coolant Density: v

B-11 6.2450E5 0.7 gl/cc -
o
B o
> N
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Numerical test

WrisT

AResults
AEigen-values

Vs ~ ~ pd ~ Ve ~ s N

—
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T
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|
|
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%)
5
)
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O
N

Pin power: 0.0834684 MW

Flow rate: 0.335276 kg/sec

Inlet Temperature: 566.6 K (293.45 )
Gap conductance: 5678.3 W/rK

Table 1. Result of difference TH feedback

Pin w/o 1.1299900.00005 61664.2 --
Pin TH1D 1.1274760.00006 75257.8 1.22
Pin CTF 1.1276100.00007 72853.3 1.18

CUHE COmputational Reactor Physics & Experiment lab in UNIST 79



Numerical test

AResults
A Power distributions
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Numerical test

risT

AResults

AFuel Temperatures
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Numerical test

AResults
ACoolant Temperatures
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Numerical test

risT

AResults
ACoolant Density

7.60E-01

7.40E-01 -

7.20E-01

7.00E-01

6.80E-01

6.60E-01

+—th1ld

Coolant Density/K

6.40E-01

6.20E-01

6.00E-01

5.80E-01

5.60E-01 . .

20 40 60 80 100120 140160 180 200 220 240 260 280 300 320 340 360 380 400

== ctf

Axial Height/cm

ORE COmputational Reactor Physics & Experiment lab in UNIST

83



Numerical test

AResults
ARadial Fuel Temperature
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FUNCTIONS

UrisT

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

A Alternative to the conventional R -Matrix theory

A Hwang converted resonance parameters given in nuclear data files into

multipoles.
/ \ u=E
Energy Space, Momentum Space,
Resonance HalWidths Poles and Residues
Energy-dependent Energy-independent
Less parameters More parameters: 2(l + 1)
Real parameters Complex parameters

AHwang proposed using pseudo-poles to decrease number of parameters

In order to obtain poles, following polynomial equation should be solved:

F(u)=det(l K) 4(u) OgE - 12§
I G

|- O: Ot
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Multi-pole representation

risT

Real and Imaginary parts of F(u) for the first 10 p-wave resonances of U?3® (s-wave like poles)

Real part of F(u)

Imaginary axis

v
j
1 4
'
A0 15

Real axis

Imaginary part of F(u)

@y 1

(‘lr

log(Im[F(u)])

5 Imaginary axis
Real axis

Real and Imaginary parts of F(u) for the first 10 s-wave resonances of U?*®

Real part of F(u)

Imaginary axis

Real axis
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Multi-pole representation

Isotope: An¥#! (SLBW) Isotope: P#3° (Reichz Moore)
Temperature: OK Temperature: OK
Energy range: 1eV ~ 150eV Energy range: 1PeV ~ 1lkeV

Total reaction cross section Total reaction cross section

108 ¢ 71100 108 ¢ 71100

107 F ACE 110° 107 F ACE 110°

108 k -~ In-house 1108 108 E - In-house 1108

105 b Relative error | 4 107 105 b Relative error | 4 107

- + 6

104 F ‘102 104k ‘105
N 10° — N 10° —
~ 10 {104 & - 10 {104 &
o] 2L I o] 2L I
g jo2 & | S o0 8
S 10"k 4102 2 S 10"k 4102 2
8 100 F 110! 2 8 100 F {10" £
7] o] (2] ©
%) 10-1 L 3 100 [0y 7] 10'1 E 3 100 (]
3 Jai01 2 3 14n1 =
S 1072k : 10_2 T S 1072 : 10_2 T
103 100 @ 103 F 100 @

I I

1078 F 110 1078 F 1105

107 F 110 1078 F 110

107 F 1107 107 F 1107

10.8 L 1 1 L 1 | L | L 10.8 10.8 L 1 1 L 1 | L | L 10.8

10 10°% 10* 10° 102 10" 10° 10" 102 10® 10* 10 10°% 10* 10° 102 10" 10° 10" 102 10® 10*
Energy (eV) Energy (eV)
Table 1. Maximum relative difference (%) Table 2. Maximum relative difference (%)
Total Scattering Capture Fission Total Scattering Capture Fission
0.030 0.033 0.035 0.035 0.0038 0.0056 0.0033 0.0033

Note: swave resonances case is working well.
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Multi-pole Representation ol

* Proposed by Hwang (ANL)
* Implemented into OpenMC (MIT)
= Window Concept: Inner and Outer

| Select Inner Windows |

St (E’T) = ‘%( E) +p( E)polei’? Witer

s 3 RegR(f},,,j\/,EW( 2( T))
1,0 poles Wer 2\/)_(

+

m| =

0 200 / 400 600 \ 800 1000

Add Outer Windows To Each Inner Window

Curve Fit Explicit Resonance Evaluation Curve Fit
For any point in the blue inner window

* E energy point of interest within (2,,,,. .
window;

*Ninner and 2,,,+0. are inner and outer
window ranges;

* D(E)polesgn, ., i the polynomial fitting of
the all poles outside the outer window;

. p(E ) potential scattering cross section

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

AConverting resonance parameters into Multi -poles
ASimultaneous Root finding
ARestart Capability
AArbitrary Precision
AHigher orbital angular momenta resonances

AOn the fly Doppler broadening for in -house Monte Carlo code
AReducing the number of poles
APolynomial fitting
AWindow energy concept
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ON-THE-FLY DOPPLER BROADENING

AMultipole representation
AOpenW module is implemented

ABenchmark problem : BEAVRS Full core
ATemperature : 293.6K
ASimulation specifications
A# of inactive cycles : 200
A# of active cycles : 2,000
A# of histories per cycle : 100,000
A# of cores : 20
Cross section Eigenvalue STD N/sinactive N/s Active
ACE 1.01860 0.00005 22,870 23,705
OTF DB 1.01873  0.00005 20,409 21,204
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FUNCTIONS

SIGMA1 Kernel
(Makxsf)

UrisT
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WrisT

INTRODUCTION

AThe makxsf code is a utility program for manipulating cross -
section library files for the MCNP5Monte Carlo code.

Amakxsf 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 | » h 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 )

A 4

Read original data library

| <
_<

<
<

Interpolate thermal | _J ——
scattering table \( Y )
| (p "9zY ) @Yy

-
||
p— ,‘Q i _

T 7
Interpolate | ¢ 1 1g
probability table

~

0 Y
— (p Qz0o(Y ) xOY

Doppler Broadening

\ 4

Get new data library
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CROSS SECTION LIBRARY GENERATION

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

ADifferent 600K Cross section libraries are generated by
makxsf.

| | | |
0K 300K 450K 550K

' AXXXXX.00:NJOYB00 K 500K
AXXXXX.01:makxsf from NJOY550 K
AXXXXX.02: makxsf from NJOY450 K
AXXXXX.03: makxsf from NJOY300 K
AXXXXX.04: makxsf from NJOYO K
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TEST PROBLEM i UO2 PINCELL

AUO?2 pin cell geometry with reflective boundary
AR1~R4 =0.98 cm, 1.10 cm, 1.34 cm, 1.47 cm / Z = 40cm
AM1~M4 = UO2, Air, Zr, Coolant

AMaterial composition
A Fuel density (900 K) = 10.176 g/cm3
" 2341 (0.03%) + 235U (2.96%) + 238U (85.16%) + 160 (11.85%)
A Air density (600 K) = 0.001 g/cm3
" 160 (100%)
A Zr density (600 K) = 6.55 g/cm3
" 907y (100%)
A Coolant density (600 K) = 0.7 g/cm3
" 1H (11.19%) + 160 (88.81%) + 1°B (0.01%)

AMCS is used for calculation.

A 100,000 neutron histories per a cycle,
50 inactive cycle and 500 active cycle

s | Sremetr
NJOYO00K,NJOY00OK pE T CcomBimmmmpaq -

makxsfZEO I NJOYD ¢ 8 ¢ + 8 PR TCPTBITITIP T 6.85 sec

makxsf 0 TNJOYYOwao 8 @ + & PE T CCRBITITIP G 12.43sec

-1

makxsfZEO I NJOYD+ 8 PE T CTESITITIP C 40.28 sec
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FUNCTIONS

UrisT

Image
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Input Visualization Module

AFormat
APPM (Portable Pixmap Format)

AAdvantage
AFormat is very easy

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

ADisadvantage

AThe file size is huge
(100 times than PNG format, 50 times larger than JPG format)
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Input Visualization Module

APWR assembly
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