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Pressured Water Reactor and Its Constituents
(Korean OPR1000 Reactor w/ CE Type 16x16 FAS)
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_ 200 FAs x 300 pins/FA x 50 radial regions/pin x -... .Different COF|OI' for different
400 axial regions = 1.2 x 10° Spatial Regions fuel enrichment or burnup
URPL

Neyt. 3

Difficulties of Direct Transport Solution

OBoltzmann Transport Equation
Q-Vo(r,E, Q) +Z,(r,E)p(r,E,Q)
=Ij25(Q'—>Q,E'—> E)(p(r,E,Q)dE'dQ'+$;((E)1//(r)

OComplicated Dependence Cross Sections on Conditions
* Resonance behavior

* Anisotropic scattering :

* Temperature dependence of macro Xsec '..-

- Microscopic cross section: Doppler effect ol

- Coolant number density: scattering power F

£(F,E) = YN, (7. T (7))o (T (7). E) !
OSevere Spatial Dependence S =S

* Large flux gradient across material discontinuity
* Boundary effect determining the global shape of flux

NGE 4 SNURPL




Two-Step Core Calculation Procedure

Step | Feve Group Step 2-1. Core Diffusion Calculation atep. 22 Fin Rower

Cross Section Generation Reconstruction
N A /\
‘ \_/ Homogenized Flux
1
Homogenization X
Group Condensation
Pl Form Function
- I
.’ Reconstruction

Few Group XS

_ Nodal Calculation = =
Core Configuration
Hetro. Flux Pin Power

Fori: Furiction with Homogenized Assemblies
Distribution

I

~

N®ME 5 SNURPL

Problems of Two-Step Procedure

JAccuracy Loss Due to Homogenization/Condensation

* Infinite medium spectrum different from actual spectrum in the core
- Errors in the homogenized and condensed cross sections

* Solution for homogenized problem different from heterogeneous sol.
- Need equivalence parameters such as ADF and SPH factors
- No thorough theoretical background and thus temporary fixes

Oinability to Accurately Model Real T/H so0eworu
* Assemblywise flow channels with an averag| |
* T/H feedback incorporated only in the avera
* Pin powers within an FA are determined witf = o

Olnability to Accurately Incorporate Detailed BU Effects

* Rim effect that lowers pellet interior temperature to give lower
average fuel temperatures can not be considered

e Power defect overestimated

NEE 6 SNURPL




Direct Whole Core Calculation

O Requirements
* Transport calculation with explicit geometry
and compositions

- Dimensions of pellet, clad, grid, shroud etc.
- Intrapellet isotopic inventory

* Fine energy group with more than 40G
* Resonance self-shielding on the fly

- Composition, configuration and temperature
dependence

* Detailed thermo-fluid calculation

- Subchannel coolant temperature profiles and intrapellet
fuel temperature profiles

¢ Subpin level depletion
¢ Short and long term transient calculation
- kinetics calculation and xenon transient
O Capabilities
* Subpin level detailed output
- Flux, power, temperature and isotopic inventory

* Cycle depletion with a single input deck
without any prior calculations

* Transient calculation at any burnup point
after restart

NBE 7 SNURPL

Planar MOC Formulation

O Planar MOC Problem
* Axially Integrated Planar Transport Equation (for Plane k)

Full 3-D Axial
Transport Problem Integration

(¢l1—m(xl y)_¢fm(x1 y))
e lin 2iu 2 %Y, 2)+Z*0 (x,v,2)=Q, (X, Y,2) £ O in 2 P (X, Y) +ZK(x, y)P (x )—(3k (x )—I_',‘nz;l )

max nmay :umaz (0m !y! I¢m !y! — Xm ’y’ max nmay (Dm ’y t 'y¢m 'y_ m ’y 'y
* Each planar MOC is coupled with other planes through axial leakage source Axial Leakage Source
* Given the axial leakage term, each planar MOC problem becomes a source problem

* The axial leakage term can be determined in an approximated manner from a 3-D CMFD
result

H
hk
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CMFD Formulation

O Dynamic Homogenization
zxx,iﬂvi
5, =
24V

Cell-wise Homogenization

Planar MOC Solution Cell-wise homogenized Flux and XS
O Construction of CMFD Relation for Net Current
* CMFD relation for the current vs. mesh average flux containing the correction coefficient D-
hat is obtained from the base planar MOC soluyion for full consistency between homo and
hetro problems

Js =—Ds (¢ —9.) + Ds(d: +4,)
* To build the full 3-D CMFD system, the axial CMFD relation is obtained using the axial SP3

nodal calculation solver embedded in the 3-D CMFD module such that cell homogenized
cross sections are used in the axial SP3 calculation

N®NE 9 SNURPL

Planar MOC Based 3-D CMFD Calculation

3-D CMFD Calculation with Axial SP3 Kernel Planar MOC Calculations
to Resolve Global Balance and Generate 3-D Left, Right g Generate Planewise Pin-cell

FOET NN EET NN OFF

HHT NN CEE N XN J=_5(¢TR_¢TL)+I5(¢TR+EL)

¥y F OEES NN NN FF
¥y N OECES NN NN NN
LAy A A B L LA N A 4

W & CEET XN XN

o waww Cell Homogenized XS
Py N { Radial Cell Coupling Coefficient

Cell Average Flux
Axial Leakage

:

Intranodal Axial Flux Shape
by SP3 Nodal Solution

3D CMFD Solver Planar MOC Solver
incorporating with Axial SP3 Nodal Method
CMFED=Coarse Mesh Finite Difference

NEE 10 SNURPL
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Subgroup Method

O Subaroup Representation of Resonance and Effective XS

Broad Group g

subgroup level 1

_subgroup level 2 J‘ ;9 o(E)¢(E)dE Z 0,09,
o g+l —_Mm

9~ J‘EE;¢(E)dE B S 0.8,

Cross Section

Energy

O Space Dependent Flux Level for Effective XS
AZ,(r) +2g,(r)

esc Single Resonance Isotope

NG (No, + AT, () + 20 (1) in medium

esc

& (1)

O Escape XS to Reflect the Heterogeneity Effect due to Leakage
* obtained as a function of subgroup level by solving the following subgroup fixed source problem
(SGFSP)

Q, -V, 1) +(Ny(No, +/1Zp(r))(pm(r)=$/12p(r)

NEE 11 SNURPL

Subchannel Analysis Code MATRA

OFunctions
* Determine the temperature and flow field in the core employing
subchannels ‘ —
* Estimate DNBR A
OMATRA Subchannel Code |
* Based on COBRA-VI-I (HEM Model) | paani
- Homogeneous mixture of fluid and vapor ' C v
at thermal equilibrium Subchannel i Subchannel j
* Assumption and Limitations MATRA Features
- Axially dominant flow Governing eq. Subchannel integral balance (HEM)

Implicit, marching scheme
(B.C.: inlet flow/exit pressure distributions)

Lateral flow has no direction Solution scheme

Combmed (aXIaI+|ateraI) momentum equatlon Steam table NIST/ASME Steam DB Ver. 2.21, or TAF

TWO'phase fluid VeIOCIty modeled with S“p ratio Void correlation Levy (subcooled), Chexal-Lellouch (bulk)

* Applicable Reactors CHF correlation
- PWR’ HTTR1 SFR, LFR1 SCWR Turbulent mixing SMART specific models

- Annular fuel Pressure loss
model

NGE 12 SNURPL




NTRACER-MATRA Coupling

Perform Neutronics Calculation

Update Relative Power

Distribution
Initialize
MATRA
Assign Relative Power Calculate Fuel Temperature
Distribution to MATRA Distribution
Performing MATRA l

Coolant Calculation
Update Temperature and

density distribution for
neutronics mesh

l

Update Effective XS for given
TH conditions

Obtain Temp. and
Density Distribution
from MATRA ‘

MATRA Static Library

NGE 13 SNURPL

OPR1000 Modeling
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______ In 3-D whole core

modeling, represent
1 explicitly
* Fuel pellets
1 + Cladding
""" + Coolant channel
{ <« Grid
+ Core Shroud

using a 47G cross
section library.

{ Calculate subpin level
power & temperature
distributions
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Flux and Power Distribution Results

Thermal

Fast Neutron
Flux (0.1eV)

Flux (1MeV)

uuuuu

NTRACER-MATRA Coupled Calculation Results

Plane 20
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Comparison with Measured Data

ATRACER 84 73 EFPDN3. 12 MWDAQU) maxE=3 11 rmsE=1.48
5

Initial Core Critical 1

900 .
Boron Concentration

400 \o
300 \o

N
—+— Calculated \Q ¥

100

800 P — 2
—et ~ .

" e EN Assemblywise 3
H f’\q Power Difference 2
g 07 N from Measurement .
S 500+ \q At 3 GWD/T *
c 0
g (max 3%)
8 |
§
o
o

i

Burnup, MWD/T

, At EOC1
(max 2%)

nTRACER 37154 EFPD{13.70 MWODAQU) maxE=2 03 rmsE=093

800 Cycle 2 Critical Boron '-
0 Concentration i

=

Boron Concentraion, ppm
g

200 & Measured

=o~nTRACER

B-10 Depletion adjustment
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Effect of Intra-pellet Power Profile on Doppler Power Coeff.
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INERI Project Team up

UNIST

Deok Jung Lee

+{SNU: Han Gyu Joo|-; ;| ORNL: Jess Gehin -

Univ. of Michigan
William Martin
Thomas Downar

i NTRACER Team | i i | MPACT Team

i|  Han GyuJoo i+ Kang Seog Kim
! McCARDTeam | ii | SHIFT Team

i| Hyung Jin Shim 7| Thomas M. Evans

‘CASL

MIT
== Kord Smith
Benoit Forget

19

SNURPL

History of High Fidelity Reactor Simulator Development

Cross T/H Code Ap'gllcatlon
Institution/ P Transport Resonance g o Depletion el
Project/Year Methods Method ) Method
Library
A Joo, Han Gyu 2D MOC ST SIS 6 Krylov
INERI-1 A " Method/ Based STAR-CD
DeCART ] Cho, Jin Young 1D Diffusion ) Subspace PWR Only
(in AN Kim, Kang Seo 3D CMFD HEELE F1aHes Method {EiAD)
2001-2004 »Rang seog Adjustment 47 G
KAERI Cho, Jin Young 2D MOC VHTR
INERI-2 Kim, Kang Seog 1D SP3 ;l;lzggzt;p Eg‘szz ! Krylov Double Hetero.
DeCART2 (with ANL) (until 2011) NEM Weiaht KARMA Subspace GAMMA Treatment
2004-Present Shim, Cheon Bo Subplane A d'ugstment 247G Method XS Generator
(from 2015) 3D CMFD ! for Nodal Codes
SNU Jung, Yeon Sang Subgroup SFR Calculation
Unique & (2006-2014) Dus Method/ St Krylov MATRA  Capability &
nTRACER Competitive Ban, Young Seog Number Subspace (Sub XS Generator
SENM X SNU Own
Tech. Develop.  (2011-Present) 3D CMED Density 276G Method Channel) Under
2006-Present Joo, Han Gyu Adjustment Development
L Kochunas, B (UM) Subgroup ENDF 7 : BWR
ghwfh'gan/ Kim, Kang Seog ig zlgsc Method/ AMPX ORNL %?BTA Calculation
MPACT (ORNL) . Number Based ORIGEN Capability
CASL Collins. Beniami Hybrid Brered ORNL O Method (Sub Und
2011-Present 0flins, Benjamin 3D CMFD e_nsny wn Sl channel) naer
(UM/ORNL) Adjustment 47 G Development
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CIPS Impact on Core Power Distribution
Watts Bar Cycle 7

A
% o= 13.82%' e |11.59%|
.mJ %

)

] - ’|3.50% <|-0.36%

11.90% | ° 9.77%

13.283:::%5; '.\

Power: 99.9%

2D RMS: 1.82%

3D RMS: 9.58%

AAD: 7.1%

:-“":f“-‘i‘“ “11.75% “ 12.53%
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VERA Simulation of CIPS

T MPACT

COBRA-TF

Common Input/
Output MAMBA
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Watts Bar 1 Cycle 7 Predicted Crud Distribution

Power Distribution Crud Distribution

—_— o’
Exposure: 16.080 GWD/MTU Exposure: 16,080 GWD/MTU
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Watts Bar 1 Cycle 7 Predicted Boron Distribution

Psoudocolor
Var: Boron Mams (g/em)

0000301
[efeseinl. 4
00002508

- Q0001254

= 0.0000
Maxc 00003018
Min: Q0000

Boron
Distribution
at 16.08 GWD/MTU

F4
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Watts Bar 1 Cycle 7 Measured and Predicted
Axial Offset Behavior

® @& Measured Data

= VERA-CS Solution
— VERA-CS-MAMBA Solution
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Drift Flux @& 7|dt 2CiQ| L AMH~2 A E ESCOT 7=

Typical PWR fuel bundle with
16x16 pins

SHEdEea Temperature C “elocity profile migec

5.6

320

5.4

R of 9x9
§ of fuel ggSemblies

4.8

4.6

o yim)

Axial meshing: 9.525cm x 40 planes = 3.81m (active height length)
# of total meshes: 841,000 (145 x 145 x 40)
Nominal assembly power: 15.904 MW

Stuck control rod position
295.83°C _ ; 265.83°C
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Thank you for attention!
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